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Abstract

Long-term measurements of winds in the mesosphere and lower thermosphere are of
fundamental importance to detect global circulation patterns and their e�ects on the
entire atmosphere. However, measurements of winds and atmospheric waves seem to
depend on the used instrument and the applied method to infer a decompose of the
observed time series. Furthermore, di�erences in the measurements occur due to the
observed location, the season, and the altitude range. The aim of this thesis is a study
of horizontal winds and their oscillations at the middle and polar latitudes, in view
of their long-term change. Primarily, meteor radars are used for the determination of
the winds, which have the advantage to operate independently of the solar radiation
and the weather. The resulting winds are determined with the same wind estimation
approach, which promises consistency between the measurements. In addition to the
investigation of long-term changes, a comparison of the winds of two di�erent radars, as
well as a possible connection between the zonal wind and a change in the atmospheric
density, is analyzed.
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Zusammenfassung

Langzeitmessungen von Winden in der Mesosphäre und unteren Thermosphäre sind
von fundamentaler Bedeutung, um globale Zirkulationsmuster und deren Auswirkungen
auf die gesamte Atmosphäre zu erkennen. Messungen von Winden und atmosphäris-
che Wellen variieren jedoch stark, je nach dem verwendeten Messinstrument, sowie der
generellen Berechnungsmethode. Ferner können auch Unterschiede in den Messungen
aufgrund des Beobachtungsortes, der Jahreszeit, sowie dem Höhenbereich auftreten.
Das Ziel dieser Arbeit ist eine Studie von horizontalen Winden und deren Oszillatio-
nen in mittleren und polaren geogra�schen Breiten, in Hinblick auf deren langfristige
Änderung. Für die Bestimmung der Winde werden hauptsächlich Meteorradare ver-
wendet, welche gegenüber anderen Messinstrumenten den Vorteil haben unabhängig
von der Sonneneinstrahlung und dem Wetter zu operieren. Um Konsistenz zwischen
den resultierenden Windenmessungen zu erhalten wird bei allen Systemen die gleiche
Windberechnungsmethode verwendet. Hierbei wird neben der Untersuchung langfristi-
ger Änderungen, ein Vergleich der Winde zweier verschiedener Radargeräte, sowie eine
mögliche Verbindung zwischen dem Zonalwind und einer Änderung in der atmosphä-
rischen Dichte analysiert.
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Chapter 1 Introduction

In several studies on long-term measurements, it has been reported that global cli-
mate change is the result of human activities since the mid-20th century (e.g., Masson-

Delmotte et al., 2018). An increase in temperature takes place in the troposphere but
also shows dramatic cooling in the mesosphere and lower thermosphere (MLT). The
temperature changes are caused by the increasing amount of anthropogenic released
greenhouse gases. These gases, such as carbon dioxide (CO2) or methane (CH4) lead
to a heat up in the troposphere by the absorption of infrared radiation and to a cooling
e�ect above (e.g., Thomas, 1996; Qian et al., 2011). Within the mesosphere, any per-
turbation happens faster due to an exponentially decreased density compared to the
layers below, which makes the MLT to an excellent early warning system for physical
and chemical future changes in the lower atmosphere. The global climate change does
not only a�ect the temperature, it also in�uences the wind (e.g., La�stovi�cka et al.,
2008). With the use of global climate models, forecast and backcast simulations can
be made for several heights to estimate long-term changes.
Hoewever, measurements are essential to validate these models, but direct observa-

tions in the MLT are quite hard to conduct. The heights of the mesosphere are located
between the maximum of aircraft �ight level and the minimum range of orbital satelli-
tes. Therefore, other methods are required to get measurements for long-term periods.
Millions of meteors entering the Earth's atmosphere every day and burn up as a result
of collisions with air particles mostly at mesospheric heights. This corresponds to ap-
proximately a global input rate of cosmic dust particles between 5 to 300 tons per day
(Plane, 2012). These numbers are still heavily discussed in science. Nevertheless, the
plasma induced by ablating meteoroids include several information of the background
atmosphere as winds and temperature in these heights with the use of radar (radio
detection and ranging) instruments. Within this thesis, long-term measurements of
winds in the mesosphere and lower thermosphere are investigated, as well as the main
dynamic which in�uence the whole wind pattern: atmospheric tides, gravity waves,
and planetary waves.
The thesis is structured as follow: Chapter 2 gives a brief overview of the thermal

structure and wind pattern of the atmosphere, with a particular focus on the latter
one in the MLT. Chapter 3 describes the used instruments and wind estimation pro-
cedure. The objectives of the thesis are described in Chapter 4. The Chapters 5 to 7
summarize the attached publications. Chapter 5 includes a comparison of winds obtai-
ned with the Andenes meteor radar system and the Saura medium frequency system.
Both systems are located close by and provide winds in an overlapping altitude range.
Chapter 6 includes long-term measurements of three di�erent northern latitude meteor
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Chapter 1 Introduction

radar systems and based on their observations climatologies and the long-term changes
are estimated for horizontal winds, tides, as well as the kinetic gravity wave energies
and planetary wave energies. Further, it includes an investigation of the impact of
solar radiation based on an 11-year oscillation in the measurements. Subsequently, a
connection of the in�uence of the solar radiation on the neutral density and further on
the winds in the MLT is shown in Chapter 7. In the end, Chapter 8 summarizes the
thesis and gives an outlook on future investigations.
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Chapter 2 Theoretical principles of wind and
temperature in the Earth's at-
mosphere

2.1 Neutral atmosphere

The Earth's atmosphere is the gaseous �lm around the Earth, which is divided into se-
veral layers. The classi�cation into separate shells is made either based on the electron
density and more common on the vertical temperature pro�le, as shown schematically
for mid-latitudes in Figure 2.1. The layers regarding the temperature pro�le are cal-
led troposphere, stratosphere, mesosphere, thermosphere, and exosphere. The heights
above the troposphere up to approximately 110 km are called middle atmosphere. Each
atmospheric layer is demarcated by a boundary layer which is called with the su�x
pause. Each pause denotes a reversal of the temperature gradient between two atmosp-
heric layers. The heights of the pauses vary regarding latitude, due to various physical
processes, as e.g., by the absorption of O3 for sunlit latitudes. Also other e�ects in�u-
ence the height of the pauses, as e.g., does gravity wave driven processes a�ect at high
latitude the height of the stratopause (e.g., France et al., 2012).

The troposphere, which contains about 85% of the atmospheric mass, ranges from
the Earth's surface up to ∼12 km. It is characterized by a temperature decrease from
∼290K at the Earth's surface to ∼230K at the summer tropopause. The temperature
increases within the stratosphere (12 - 50 km) and reaches its maximum at about 50
km at the stratopause. Within the mesosphere (50 - 90 km), the temperature decrea-
ses to minimum values lower as ∼130K during the polar summer. This region, named
mesopause, is the coldest place in the whole atmosphere and the source of regularly
high-latitude observed phenomena as e.g., polar mesospheric clouds and mesospheric
echoes (e.g., Lübken et al., 2008). The thermosphere is the layer directly above the
mesosphere in which the temperature rises due to absorption of solar radiation up to
2000K. The outer layer of the atmosphere is called exosphere and marks the transition
into the space. In the thesis, dynamical processes in the mesosphere and lower ther-
mosphere (MLT) are investigated.

An alternative classi�cation of atmospheric layers, in the MLT for mid- and high
latitudes, can be done by turbulent processes and ionization: 1. The turbopause re-
gion, which covers the heights of about 100 - 115 km, describes the transition layer
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Figure 2.1 Structure of the atmosphere for the northern mid-latitudes, courtesy to
G. Stober

between the well-mixed atmosphere below and heights with turbulent mixing. 2. The
ionosphere is an ionized shell of electrons, electrically charged atoms and molecules
created due to absorption of solar radiation. It covers the mesosphere, thermosphere,
and exosphere and can be divided into three layers (D, E, F). All these layers have a
similar characteristic of high concentrations of ionized particles. The lowest layer, the
D layer between approximately 50 and 100 km and is the result of ionization of NO,
N2, and O2 by X-rays (0.1 - 1 nm). Directly above the D layer follows the E layer which
covers the altitudes between 100 and approximately 150 km. Only during daylight, air
parcels get ionized by extreme ultra violett radiation (80 - 103 nm) or soft X-rays (1
- 20 nm). The layer disappears nearly completely during the absence of daylight (e.g.,
Kelly , 2009). The F-layer covers the heights of around 150 - 800 km.

Temperature variations occur not only with height, they also change on a seasonal
basis. Due to stronger solar radiation in summer higher temperatures are reached in the
troposphere and stratosphere. Noticeable is the temperature pro�le in the mesosphere.
The mesopause is ∼100K colder than the thermal equilibrium suggests (e.g., Holton,
1992; Becker , 2012). The state of a system is in thermal equilibrium if the temperature
di�erence is balanced and in which no heat �ow within the heat balance takes place.
All closed systems aim for a thermal equilibrium by the exchange of heat by radiation,
mass �ow or heat conduction. Within the atmosphere the thermal imbalance is main-
tained by di�erent radiations and heat balances on global, regional and on microscale
levels. This temperature deviation in the mesospause by up to 100K is expressed in a
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2.1 Neutral atmosphere

warm winter mesosphere and a cold summer mesosphere for high latitudes. A result
of this temperature di�erence is the so called shrinking e�ect. A further down located
mesopause is observed during the summer (∼86 km) compared to the winter (∼100
km) for high and mid-latitudes (e.g., Xu et al., 2007; Lübken et al., 2013; Wilhelm

et al., 2019b). As a further result, noctilucent clouds, consisting of water-ice crystals,
can occur only during summer at mid- and high latitudes at heights of around 83 km
as a result of a supersaturated cold atmosphere with temperatures below 150K (e.g.,
Schmidt et al., 2018).

The phenomena of a comparable colder summer mesopause cannot purely be ex-
plained by solar radiation. Additionally, the atmospheric circulation and temperature
changes due to chemical processes need to be considered, whereby the latter will not
be discussed within this thesis. One theory that describes the temperature di�erences
is the following: Under the assumption of a non-rotating Earth, the Sun lead to an im-
balance in temperature with higher values at the summer pole and lower temperatures
at the winter pole. Due to the large scale temperature di�erences in the mesosphere,
high-pressure cells are formed over the summer pole and lower pressure cells over the
winter pole. Consequently, pressure compensation leads to a meridional �ow from the
summer pole to the winter pole (e.g., Holton and Alexander , 2000), which can be seen
in Figure 2.2. Taking the Coriolis force into account, the Earth rotation converts the
meridional northward directed �ow into an eastward directed wind, which leads to an
eastward directed wind regime at the winter hemisphere and a westward directed wind
regime at the summer hemisphere. The Coriolis force is de�ned by −fcv =

−→
∇F , where

v the meridional wind and F the momentum �ux and fc is the Coriolis frequency which
can further be divided into fc = 2ωsin(θ), with ω the angular velocity of the Earth
and the latitude θ.

Additionally, above the mesopause a vertical wind reversal occurs with westward
directed wind below to eastward directed wind above a certain transition height. This
wind reversal varies regarding latitude and is the result of the increasing temperature
gradient in combination with the thermal wind, which describes the vertical wind shear
and rotation (e.g., Gudadze et al., 2019). The thermal wind is de�ned, according to
e.g., Holton (1992); Malberg (2007); Matthias and Ern (2018), as the di�erential vector
in the geostrophic wind between two pressure levels (p0, p1, where p0 > p1). To derive
this shear, �rst, the geostrophic wind components ug and vg, for the zonal and the
meridional component, can be expressed by:

ug = − 1

fc

∂Φ

∂y
(2.1)

vg =
1

fc

∂Φ

∂x
(2.2)

where Φ is the geopotential. Under the use of the hydrostatic equation dp = −gρdz
and ideal gas law p = ρRTv, the thermal wind uT , vT between two pressure levels is
received by:
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Chapter 2 Theoretical principles of wind and temperature in the Earth's atmosphere

Figure 2.2 Composite of zonal (left) and meridional (right) wind component for
the Andenes (top), Juliusruh (middle), and the CMOR (bottom). The black line
corresponds to the wind reversal. Note the di�erent labels of the colorbar. Figure
taken from Wilhelm et al. (2019a), Figure 2.

uT = ug(p1)− ug(p0) = −R
fc

∂T̄v
∂y

ln

(
p0
p1

)
(2.3)

vT = vg(p1)− vg(p0) =
R

fc

∂T̄v
∂x

ln

(
p0
p1

)
(2.4)

where T̄v is the layer mean temperature between the layers (p0 and p1). It is shown
that the change in the geostrophic wind between two pressure levels is directly related
to the layer mean temperature. According to the equations 2.3 and 2.4, the meridional
component of the thermal wind is a function of the zonal gradient of the layer mean
temperature, and the zonal part of the thermal wind is a function of the meridional
gradient of the layer mean temperature. Similarities occur in equations 2.1 and 2.2, the
meridional component of the geopotential wind is a function of the zonal geopotential
height gradient, and the zonal component of the geopotential wind is a function of
the meridional geopotential height gradient. Summarized, a change of the meridional
temperature gradient leads to a change in the zonal wind and a change in the zonal
temperature gradient to a change in the meridional wind. In contrast to some models
(e.g., Fomichev et al., 2002; Schmidt et al., 2006), during the winter the wind reversal
for high latitudes is not visible in the meteor radar observations (Figure 2.2), which
means that it most likely occurs above the maximum height of the MR observations.
Beside the general circulation, short time wind �uctuations as gravity waves play an
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2.2 Atmospheric waves

important role for the seasonal wind and temperature pattern, which will be explained
in Section 2.2.

2.2 Atmospheric waves

Winds and temperatures di�erences occur not only on seasonal basis, they also vary
on much shorter time scales. For a full understanding of the atmospheric temperature
and wind regime wave activities needs to be considered. The basic characteristics of
atmospheric waves are described by the classical linear theory. Motions of waves are
considered by linear perturbations on a spherical isothermal atmosphere. According to
Forbes (1995), these are described by the basic equations for the horizontal momentum
(2.5, 2.6), the conservation of energy (2.7), and the equation for continuity (2.8).

∂u

∂t
− 2ωsinθ v +

1

a cosθ

∂Φ

∂φ
= 0 (2.5)

∂v

∂t
+ 2ωsinθ u+

1

a

∂Φ

∂θ
= 0 (2.6)

∂

∂t
Φz +N2w =

κJ

H
(2.7)

1

acosθ

(
∂u

∂φ
+

∂

∂θ
(v cosθ)

)
+

1

ρ0

∂

∂z
(ρ0w) = 0 (2.8)

where
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Chapter 2 Theoretical principles of wind and temperature in the Earth's atmosphere

u zonal velocity

v meridional velocity

w vertical velocity

t time

ω angular velocity of the Earth

θ latitude

Φ geopotential

λ longitude

z altitude

N2 Brunt-Väisälä frequency squared

κ R/cp ≈ 2/7

J heating per unit mass

H constant scale height

a radius of the Earth

ρ0 basic state density

Atmospheric waves are present in nearly all measurements as periodic perturbation
of the mean �ow and can be classi�ed according to their temporal and spatial charac-
teristics into planetary waves, tidal waves, and gravity waves. Figure 2.3 shows the
separation of each of these waves for the year 2009, measured with a meteor radar.

� Large scale planetary waves are primarily the result of large scale air motions over
orography, geographic land-sea di�erences and by baroclinic instabilities. They
have global extensions and remain between 2 and 30 days in the atmosphere. Due
to their restoring force, the Coriolis force, they are transporting warm air from the
equator to the pole and return cold air to the equator to keep the atmosphere in
balance. Furthermore, they play an important role in coupling processes between
atmospheric layers (e.g., Forbes, 1995; Holton and Alexander , 2000; Matthias

et al., 2013). Beside the global comprehensive horizontal movement, planetary
waves are also able to propagate vertically under the condition of a not too
strong, but prevailing, eastward directed mean wind (Charney and Drazin, 1961).
The eastward directed mean wind prevails in the stratosphere during the winter,
allowing planetary waves to propagate from the troposphere up to the mesosphere.
One exception of this propagation is visible during sudden stratospheric warmings
when a wind reversal towards westward directed wind takes place.

� Atmospheric tidal waves, or tides, are essential to explain dynamical coupling in
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2.2 Atmospheric waves

Figure 2.3 Wavelet of the zonal wind component of a meteor radar for the year 2009
for the Juliusruh, extracted planetary waves, tides and gravity waves.

the atmosphere by transporting momentum from their source region up into ther-
mospheric heights. Tides can be distinguished into migrating and non-migrating
tides. Migrating waves, which propagate synchronous to the movement of the
Sun, are created due to periodic absorption of solar infrared and ultraviolet radi-
ation by chemical components, as tropospheric water vapor, stratospheric ozone,
and thermospheric Oxygen/Nitrogen (e.g., Lindzen and Chapman, 1969). Furt-
hermore, they can be generated due to a release of latent heat in deep tropospheric
convections (e.g., Hagan and Forbes, 2002).

Non-migrating or non-sun-synchronous tides are generated by several mechanisms

9



Chapter 2 Theoretical principles of wind and temperature in the Earth's atmosphere

as longitudinal di�erences in the release of latent tropospheric heat or due to
radiative heating (e.g., Davis et al., 2013). According to Oberheide et al. (2002),
they can further be generated by non-linear interaction between planetary waves
and migrating tides.

Tides, in general, have a period of a solar day or a lunar day and their harmo-
nics (e.g, Fiedler and Baumgarten, 2018). The amount of solar radiation di�ers
regarding latitude, therefore for equatorial latitudes, the most dominant tide is
the diurnal (24h) component, but at middle and high latitudes the semidiurnal
(12h) components are more pronounced (Lindzen and Chapman, 1969; Ho�mann
et al., 2010; Jacobi , 2012; Conte et al., 2018; Pokhotelov et al., 2018; Wilhelm

et al., 2019a). Furthermore, also other integral subharmonics of a solar day
occur, but these will not been considered in this thesis.

� The third wave type which is of enormous importance for the atmosphere are
gravity or buoyancy waves. The restoring force of these waves is gravity, and
they have characteristic periods of minutes up to some hours in the atmosphere.
The horizontal extension ranges between a few km and up to several 100 km.
The primary cause of gravity waves is located in the troposphere when air �ows
over orographic irregularities as mountains. Furthermore, they can be generated
due to vertical movements in convention cells and due to strong wind shears (e.g.,
Baumgarten et al., 2018). Gravity waves can also be generated in the stratosphere
and lower mesosphere (Becker and Vadas , 2018). While traveling upwards up
to the mesosphere, propagating gravity waves show an exponential growth in
amplitude to compensate the decrease of the atmospheric density. Large wave
amplitudes break as they reach a critical level which is de�ned by the background
wind speed or as the amplitude of the wave is so large that they become unstable
and dissipate their stored transported energy and momentum onto the mean
�ow. This transfer of momentum onto the mean wind, which is called gravity
wave drag, can accelerate or decelerate the mean �ow (e.g., Fritts and Alexander ,
2003; Smith, 2012). It further also reverse the whole wind regime. The gravity
wave interaction with the mean �ow in�uences the residual summer-to-winter
pole circulation in the mesosphere.

The typical horizontal phase speed of gravity waves is in the same order as the
background mean �ow. Gravity waves can get �ltered by the mean wind, if the
phase speed of the waves is in range of the background mean �ow. Therefore,
only wave who move against the background mean �ow are able to reach higher
altitudes. Under typical summer conditions the background mean wind reaches
westward wind values of around 20 m/s for the stratosphere at mid-latitudes.
Gravity waves with an eastward directed phase speed or a westward phase slower
than 20 m/s are able to propagate up the the mesosphere (Placke, 2014). Gravity
waves with phase speeds larger than the background mean �ow are hindered to
pass the stratosphere. During the winter, the prevailing eastward directed wind
with values of around 5 m/s at mid-latitudes allows only gravity waves with eas-
tward directed phase speeds below 5 m/s and westward directed phase speeds to
move upward to mesospheric heights. A detailed description of the characteristics
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2.3 Neutral density variations and its in�uence on the Earth rotation

and dynamics of gravity waves is provided by e.g., Fritts and Alexander (2003).

Gravity waves play also an essential role in the mesospheric temperature. Due
to the back and forth between the upward propagating wave and their restoring
force arises oscillations of air parcels which oscillate in a stable atmosphere with
a frequency called Brunt-Väisälä frequency N (e.g., Andrews et al., 1987). This
frequency is de�ned by:

N =

√
g

T

(
∂T

∂z
+
g

cp

)
, (2.9)

where T is the background temperature, g the acceleration of the Earth, cp the
speci�c heat capacity at a constant pressure level.

Furthermore, a vertical displacement of such an air parcel lead to an adiaba-
tic cooling for upward displacements and an adiabatic heating for descent mo-
vements, which explains the decrease of the mesospheric temperature for the
summer hemisphere and increase in the winter hemisphere, respectively. An air
parcel, which adiabatically displace upwards/downwards, cools/warms at a rate of
9.8K per km under the assumption of a dry atmosphere (Shepherd , 2007; Hocking
et al., 2016). Based on this adiabatic heating/cooling associated with the verti-
cal displacement of the air parcels, the residual-mean circulation maintains the
thermal structure of the middle atmosphere (e.g., Sato et al., 2013).

The activity of gravity waves can mathematically be expressed in terms of wave
numbers and wave frequencies, which is usually not directly observable. The-
refore, according to Tsuda et al. (2000) the total wave energy provides a good
approximation to describe the gravity waves activity. This total wave energy
Etotal is de�ned as the sum of the potential energy Ep and kinetic energy Ek per
unit mass and is given by:

Etotal = Ep + Ek =
1

2

g2

N2

(
ρ
′

ρ̄

)2

+
1

2
(u′2 + v′2 + w′2), (2.10)

where u′ and v′ are the perturbation of the horizontal wind velocity and w′ is the
vertical wind perturbation to the wave propagation direction. Even with exact
measurements w′ is much smaller than the horizontal perturbations and is very
often neglected. ρ̄ and ρ

′
are the background density and its perturbation. The

kinetic part of the total energy can be estimated the from MR wind observations,
while the estimation of the potential energy is more challenging due to the lack
of direct density measurements.

2.3 Neutral density variations and its in�uence on the

Earth rotation

Within one year the Earth revolves once around the Sun. According to the �rst Kepler
law, this happens in a reasonable approximation on an elliptical trajectory. During the
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Chapter 2 Theoretical principles of wind and temperature in the Earth's atmosphere

northern hemispheric winter, the distance between both celestial bodies is approxima-
tely 3.29% shorter than during the northern hemispheric summer. Based on the inverse
square law

intensity ∝ 1

distance2
, (2.11)

this leads to an increased heating of the MLT, resulting in an expansion of the neu-
tral density compared to the annual mean. On longer periods, as e.g., the 11-year solar
cycle, the e�ect on the neutral density is stronger than within a year. Previous studies,
as e.g., Walterscheid (1989), Marsh et al. (2007) and Emmert (2015) showed the in-
�uence of the solar cycle oscillation on the atmospheric density, temperature, chemical
compositions, and winds. Especially the height between mesosphere and ionosphere is
a�ected. Emmert et al. (2010) showed, based on satellite measurements at about 400
km height, that a reduction of the solar radiation by 3.7% lead to a decrease in the
neutral density of approximately 28%. Later, Stober et al. (2014) showed a connection
between the neutral density and the expansion/shrinking of the MLT using meteor
radar measurements. Additionally, they mentioned a correlation between the neutral
density and the zonal wind.

The Earth's atmosphere is permanently in motion. Even under the consideration
of a stationary atmosphere above the ground, the atmosphere is still moving due to
the rotation of the Earth. Therefore, the absolute velocity va of an air parcel in the
atmosphere can be described as:

va = vrel + ωxr, (2.12)

where ωxr is the velocity due to the rotation of the Earth (e.g., Driscoll , 2010). r is
the distance from the center of the Earth towards the air parcel. Further, the angular
momentum m of an air parcel of unit volume in the atmosphere is described as:

m = ρrx(vrel + ωxr), (2.13)

where ρ is the density of the air parcel. The global angular momentum M describes
the rotation of the Earth system, which includes the rotation of the solid Earth and
the rotation of the atmosphere. It is described according to e.g., Egger et al. (2007)
by:

M =

∫
V
mdV =

∫
V
ρrx(vrel + ωxr)dV (2.14)

and can further be separated into a mass part Mω and a relative part Mr (e.g.,
Madden and Speth, 1995; Wilhelm et al., 2019b). The mass part represents the value
of the angular momentum would take if the atmosphere is stationary to the ground.
The relative part describes the part of the angular momentum which results due to
the motion of the atmosphere relative to the Earth's rotation. Under the use of the
spherical coordinate system, these parts of the angular momentum can be written as:
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2.3 Neutral density variations and its in�uence on the Earth rotation

M = Mω +Mr =
r4ω

g

∫ 2π

0

∫ π/2

−π/2
pscos

3θ dθ dλ+
r3

g

∫ ∞
0

∫ 2π

0

∫ π/2

−π/2
vrelcos

2θ dθ dλ dp.

(2.15)
Here, ps is the surface pressure, λ is the longitude, and θ is the latitude, and g is the

acceleration due to gravity. Furthermore, the surface pressure is given by:

ps =

∫ ∞
0

ρ(z)g(z) dr. (2.16)

To list here a full derivation of the angular momentum would be beyond the scope
of this thesis. However, a more detailed description and derivation of the underlaying
physics is given in e.g., Trenberth and Guillemot (1994); Madden and Speth (1995) and
Egger et al. (2007).

The rotation speed of the Earth is not constant. Any changes on seasonal time
scales are connected mainly with variations in the tropospheric zonal wind. These wind
changes are accompanied with a transfer on their angular momentum on the Earth's
surface and these �uctuations results in changes in the duration of a day. Since the
early 1960s, these �uctuations are measured using very long baseline interferometry
networks. The detection of far distance quasi-stationary light sources, like quasars,
lead to daily Earth rotation speed measurements. Based on these measurements the
duration of a day is estimated. The di�erence between 84600s and a measured day is
called length of day (LOD). Large scale geophysical processes as e.g., El Niño (e.g.,
Dickey et al., 1994) and the stratospheric quasi-biennial oscillation (QBO) also a�ects
the LOD (e.g., Volland , 1988; Eubanks et al., 1988).
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Chapter 3 Experimental methods

3.1 Instruments for wind measurements in the MLT

For atmospheric studies, a variety of di�erent radars are used and they operate at
di�erent frequencies. Table 3.1 gives an overview of the classi�cation of radio bands,
including their frequencies and wavelengths. In this thesis, two types of radars are
used; the specular meteor radar (MR) and the high/medium frequency radar (MF).
Here, the MF is mainly used to �ll existing data gaps at a single location, as described
in Chapter 5. The following part describes the characteristics of each radar system, as
well as the wind estimation approach. A general overview of the system parameters for
each radar is listed in Table 3.2.

Name Frequency Wavelength

Low frequency (LF) 30 - 300 kHz 10 - 1 km

Medium frequency (MF) 0.3 - 3 MHz 1000 - 100 m

High frequency (HF) 3 - 30 MHZ 100 - 10 m

Very high frequency (VHF) 30 - 300 MHZ 10 - 1 m

Ultra-high frequency (UHF) 300 - 3000 MHZ 1 m -10 cm

Microwave region > 3000 MHz <10 cm

Table 3.1 Classi�cation of radio bands.

3.1.1 Meteor Radar

When a meteoroid enters the Earth's atmosphere its velocity gets strongly decelerated
due to friction with the increasing density of the atmosphere. The impinging atmos-
pheric molecules lead to the formation of plasma around the meteoroid. The released
meteoric material further collides with atmospheric molecules and causes an ambipolar

14



3.1 Instruments for wind measurements in the MLT

geographical coordinates Frequency (MHz) Peak pulse power(kW)

Andenes 69.3◦N, 16.0◦E 32.55 15

Juliusruh 54.6◦N, 13.4◦E 32.55, 53.5 30

Collm 51.3◦N, 13.0◦E 36.2 6

CMOR 43.3◦N, 80.8◦W 17.45,29.85,38.15 6-12

Davis 68.6◦S, 78.0◦E 33.2 7.5

SAURA 69.1◦N, 16.0◦E 3.17 120

Table 3.2 System parameters for the each radar
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Figure 3.1 Antenna setup for a specular meteor radar, with one transmitting antenna
(red) and 5 receiving antennas (green), arranged in a Jones con�guration. The
transmitted signal (red dotted) gets re�ected perpendicular from the meteor trail
(blue) and travels back the receiving antenna array (green dotted). The dark blue
and light blue waves correspond to a change of doppler velocity.

di�using plasma trail or an ionized column of gas along its �ight path.
From the meteor radar transmitted radio waves are re�ected, under specular condi-

tions, at heights between of approximately 75 and 110 km. The all-sky MRs operate
between the HF and VHF band. In this thesis, the MR consist of one circular polarized
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pre-t0 phase
meteoroid velocity

post-t0 phase
wind velocity

Figure 3.2 Amplitude (top) and phase (bottom) of two di�erent specular meteors,
measured with the radar system MAARSY. Figure provided by C. Schult

transmitting and �ve circular polarized receiving antennas (see Figure 3.1). The recei-
ving antennas are arranged in an asymmetric Jones array with distances of 2 and 2.5 λ.
Under the assumption of only one observable meteor trail per time at a speci�c range,
it is possible to use the phase di�erences between all �ve antenna pairs to determine
its position in the sky.
Based from the backscattered signal, it is possible to determine winds and tempe-

ratures of the neutral atmosphere. The received signal can be split into an amplitude
and phase, as shown for two examples of the VHF radar MAARSY in Figure 3.2. The
upper part shows the amplitude of the measured meteor trail and the lower part the
time evolution of the phase.
The atmospheric temperature T is determined by estimating the exponential decay

of the signal amplitude, which corresponds to the ambipolar di�usion coe�cient Da.
The temperature can then be inferred from equation Da = K T 2

p either assuming a
pressure or by replacing the pressure or density by a empirical temperature gradient
model. K is a theoretically derived constant and p the atmospheric pressure, which
turned out to be untrustworthy documented (Hocking et al., 2001). The main focus of
this thesis relies on the determined winds and the estimation of these will be described
in more detail in Section 3.2, but basically the radial velocity of each meteor trail is
used to estimate the atmospheric wind.
In this thesis the used MR systems are from �ve di�erent locations: Andenes (69.3◦N,

16◦E; Norway), Juliusruh (54.6◦N, 13.4◦E; Germany), Collm (51.3◦N, 13.0◦E; Ger-
many), Tavistock, named CMOR (43.3◦N, 80.8◦W; Canada), and Davis (68.6◦S, 78.0◦E;
Antarctica). Figure 3.3 displays the geographical positions of each radar.
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3.1 Instruments for wind measurements in the MLT

The high latitude locations Andenes and Davis are located within the polar vortex, a
large rotation area of low pressure and cold air which surrounds the poles. During the
winter the polar vortex can become unstable and allows the transport of cold air from
the poles towards the mid-latitudes. Furthermore, the location of Andenes at northern
Scandinavia as well as the location of Davis in the Antarctica are highly in�uenced
by mountain waves, which is not the case for the other locations. The geographical
location is rather important to understand potential e�ects due to orographic mountain
waves or secondary wave generation, which can signi�cantly alter the observed gravity
waves energies or mean wind climatologies.

Canada

Antarctica

Europe
Andenes (69°N, 16°E)

Juliusruh (55°N, 13°E)

Collm (51°N, 13°E)

Tavistock (43°N, 81°W)

Davis (69°N, 78°E)

Figure 3.3 Geographical positions of the used radar instruments.

3.1.2 Medium Frequency Radar

The second radar used in this thesis is the MF radar Saura (69.1◦N, 16.0◦E; Norway).
Historically build as a MF radar, it is operating nowadays in the HF band at a fre-
quency of 3.17 MHz. The transmitting and receiving antenna array is formed by 29
halfwave cross-dipole antennas, with a distance of 0.7 λ to the neighbor, arranged in
a so-called Mills Cross array, complemented by two additional antennas close by (see
Figure 3.4). The system has in total an extension of 1x1 km2 and is able to operate
in spaced antenna mode, as well as to conduct Doppler beam swinging experiments,
which requires to tilt the beam towards o�-zenith angles between 6.8◦ and 7.3◦. The
system observes changes in the electron density at heights between 60 to 100 km. In
this work, the measurements of the MF radar are mainly used for MR data optimiza-
tion. Furthermore, this is only done at the location of Andenes, simply due to the lack
of MF capabilities at the other MR locations. More information about the Saura radar
and its measurements possibilities can be found in Singer et al. (2008); Wilhelm et al.

(2017) and Renkwitz et al. (2018).
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N

70m = 0.7λ 

Figure 3.4 Antenna setup of the MF Saura radar, consisting of 29 antennas in a Mills
Cross arrangement with two additional transmission antennas.

3.1.3 Other instruments

Further instruments can be used to investigate the MLT region, whereby all of these
systems have their strengths and weaknesses. Beside meteor radar other instruments
exists, with partly higher spatial and temporal resolution, but are limited to measure
continuously, simply due to weather conditions or due to the occurrence of their scatte-
rer. Below are few examples, which are used to determine winds in the MLT altitudes.

� Fabry-Perot Interferometer: By the detection of airglow emissions of several che-
mical components as OH (892 nm at 87 km); OI (557.7 nm at 98km) winds can
be estimated on speci�c height levels (Yuan et al., 2010).

� lidar: With the use of a metal resonance lidar, wind measurements can be obtai-
ned at MLT heights (Kawahara et al., 2017; Li et al., 2018). The system is able
to measure during night and day, but is limited on clear sky conditions.

� Other radars: Depending on the frequency, also other radar systems are able
to measure atmospheric winds, as e.g., the very high frequency (VHF) Middle
Atmosphere Alomar Radar System (MAARSY), which is able to derive winds
by using e.g., polar mesospheric echoes (Stober et al., 2012, 2018; Gudadze et al.,
2019), or as low frequency systems LF D1, which detect the re�ection of transmit-
ted waves in the D-layer and therefore can be used to interpret wind measurements
(Jacobi et al., 2001).

� Satellite: Based on geopotential height measurements, the Mircowave Limb Soun-
der (MLS) on board of the Aura satellite can derive horizontal wind components
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3.2 Deriving winds from atmospheric remote sensing

(Matthias and Ern, 2018).

� Sounding rocket: Measurements of the neutral winds in the mesosphere and lower
thermosphere can be done by releases of chemical components (Larsen, 2002), or
by the use of falling spheres (Müllemann and Lübken, 2004).

3.2 Deriving winds from atmospheric remote sensing

Atmospheric radar observations require some understanding of the underlaying backs-
catter processes. As a result radars operating at di�erent frequencies are more or less
capable to observe speci�c atmospheric altitude regions. An overview of the main fre-
quencies is summarized in Table 3.1. Shorter wavelengths are in general used to detect
scatterers like raindrops or ice clouds, while longer lengths are more suitable to observe
the clear neutral or ionized atmosphere as just turbulence driven perturbations of the
refractive index n are required to backscatter the radio waves. These changes in n are
de�ned in terms of the following components:

n = 1 + 3.73 · 10−1
e

T 2
+ 7.76 · 10−5

p

T
− 40.3

Ne

f2
(3.1)

where T is atmospheric temperature, e is partial pressure of water vapor, p is at-
mospheric pressure, Ne is the density of free electrons, and f the radar frequency. The
second term on the right side of the equation is the contribution of the permanent
dipole moment of water vapor which is only signi�cant in the lower troposphere. In
the middle troposphere and the stratosphere, the third term takes into account, which
is the contribution from the dipole moment due to the polarization �eld of neutral mo-
lecules. The fourth term is relevant in the mesosphere and describes the contribution
of the change of the refractive index due to free electrons (Fukao and Hamazu, 2014).
Changes in the electron density are caused for example by e.g., energetic particles from
the sun or di�using meteors. Furthermore, changes in the gradient of the electron den-
sity can be induced by turbulence.

As described in section 3.1.1 an ionized meteor trail is formed when a meteoroid is
entering the Earth's atmosphere. Coherent re�ection from meteor plasma provide a
su�cient radar target. For the case of a meteor scatter, two geometries are involved:
the specular (90° backscatter) re�ection from the linear column of ionization scattering
from a long cylinder of plasma; and the re�ection from the spheroidal plasma generated
around the ablating meteoroid, called head-echo. Within this thesis the latter one will
be neglected, but more information can be found in e.g., Westman et al. (2004); Schult
et al. (2013, 2018).

For the interpretation of the meteor trail echo some premisses need to be done:
Each individual electron oscillates freely within the cylindric column without colliding
with other particles (coherent scattering). Further, the geometry of the ionized trail
is important and the re�ection of the signal is described by Fresnel scattering. Under
these assumptions, the received echo power from a target can be estimated considering
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the gain of transmitter and receiver antennas GT and GR (McKinley , 1961; Baggaley ,
2002) by:

PR =
PTGTGRλ

3σe
128π3r3

q2
(
C2 + S2

2

)
(3.2)

where PR and PT are the received and transmitted power, λ is the radar wavelength,
σe is the electron scattering cross section, r is the range between the radar and the
meteor trail, and q is the electron line density. C and S are conventional Fresnel
integrals of optical di�raction theory and are further de�ned as:

C =

∫ x

−∞

(
cos

πx2

2

)
dx and S =

∫ x

−∞

(
sin

πx2

2

)
dx (3.3)

Based on C and S, the echo amplitude di�raction can be estimated by Vr = (C2 +

S2)
1
2 and its phase by tan(φ) = S/C. The numerical solution of the integrals is

not trivial. Therefore, Baggaley (2002) described that the behavior of the complex
di�raction of the Fresnels integrals can be displayed in a good approximation by the
Cornu-spiral (Figure 3.6). The relative amplitude is given by the length of the vector
from C = −0.5 and S = −0.5 (x = −∞) to a point along the curve. This expresses
the length of the meteor trail in the atmosphere, which is assumed to be in�nitely long
along the direction of motion of the trail. As the meteor approaches the coordinate
(0, 0), a strong increase of the signal power occurs, which is visible at around pulse
250 in the amplitude in Figure 3.2. At pulse 300 the t0-point is reached, where the
meteoroid is passing the specular condition (Stober and Jacobi , 2007). The receiving
information of the Cornu spiral is used to separate the receiving power into S and C.
Further, the meteor velocity in the Fresnel interval can be estimated by:

v =

√
rλ

2

dx

dt
. (3.4)

During the detection time, the range of the meteor trail to the radar changes very
slowly, so �uctuations in the trail position results directly in changes of the radial
velocity and can be assigned to movement of the neutral wind. Any change in the
post-t0 phase (3.2, right side of the dashed line) apart from a constant phase will show
�uctuations of the neutral wind. The phase shift is derived according to the Doppler
e�ect by:

ft =

(
c

c± vs

)
fr (3.5)

where ft and fr are the transmitted and received frequencies. c is the speed of light
and vs is the velocity of the meteor trail motion relative to the radar. The radial velocity
vrad is the velocity component in the direction of the source is given by vrad = vscos ε
(see Figure 3.5). If the trail moves towards the radar vrad get negative, and positive
if the trail moves away from the radar. ε is the angle between the direction of the
transmitted signal and the direction of the movement of the trail.
For the meteor observations within this thesis an arrangement of several receiving

antennas were used to estimate the spatial position of the detected meteor tails. This
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3.2 Deriving winds from atmospheric remote sensing

Figure 3.5 Illustration of the radial velocity component in respect to the background
wind.
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Figure 3.6 Cornu spiral representation as a function of the Fresnel integrals C and
S. The coordinate (0,0) shows the specular condition.

array is arranged in an asymmetric cross which is used to determine the azimuth and
zenith angle of the scatterer. Based on the time t between the transmitted and the
received radio wave the distance r between the MR and the scatter is estimated using
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r = c t/2. The wind measurements from the meteor radar are obtained using a modi�ed
version of the all-sky approach by Hocking et al. (2001), which needs within a given time
and altitude bin at least four randomly distributed meteors. Beside the MR, also winds
by the MF radar are used. The MF radar derives winds by detecting changes in the
electron density, using a Doppler beam swinging method. Hereby, it combines radial
velocities of four oblique beams using trigonometry by taking the zenith angle into
account (see Figure 3.7). More information about the capability of the MF radar and
its wind estimation can be found in e.g., Singer et al. (2008). For both radar systems,
the wind vector (u, v,w) for each observed meteor target is obtained according to Stober
et al. (2018) by:

vrad(θ,φ) = u cosφ sinθ + v sinφ sinθ + w cosθ (3.6)

where vrad is the radial velocity of each target, θ and φ are the zenith and azimuth
angle (mathematical convention with reference to East and counterclockwise rotation).
The radial velocity refers to the velocity component along the track that points from
the radar to the e.g., meteor trail. The coe�cients u, v,w are the zonal, meridional and
vertical wind components for each single meteor trail. In earlier studies the vertical
winds were set to 0 m/s, which lead to a simpler estimation of the horizontal winds. In
the current version of the �t approach, the vertical velocity is estimated, but is only used
for quality control of the horizontal winds. To obtain an usable hourly wind pattern,
a time window of 2 hours shifted by 1 hour and an altitude window of a 3 km kernal
centered at the referenced altitude shifted by 2 km is used. Further, each meteor that
enters the �tting is weighted with a Gaussian retrieval kernal to account for potential
di�erences in the time and altitude of occurrence compared to the reference bin center.
Also considered in the wind estimation is the curvature of the Earth, as described in
detail in Stober et al. (2018). The conversion of each spatial meteor position into ge-
odetic position increases the accuracy of the height and angle estimation of each meteor.

Following Stober et al. (2017), Baumgarten and Stober (2019) and Wilhelm et al.

(2019a), the mean winds and its harmonics are obtained using an adaptive spectral
�lter. This allows the decomposition of the observed wind and its harmonic oscillations
by adapting the window length for each tidal component by using the classical harmonic
approach:

u, v = u0, v0 +
3∑
i=1

ansin(2π/Tn · t) + bncos(2π/Tn · t). (3.7)

u0, v0 corresponds to the mean winds and Tn takes the values of 24 hours and 12
hours for the diurnal and semidiurnal tidal component of each wind direction. an, bn
are coe�cients of the relevant wind. The residuum oscillations corresponds to the
gravity wave activity on hourly basis. To visualize the separation into its subharmonic
Figure 3.8 shows for a time series of a few days the approach with the observed zonal
wind data (top) into the the mean zonal wind including the tides (middle), and the
gravity waves residuum (bottom). The adaptive spectral �lter method is based on least
squares and therefore robust against data gaps shorter than the used window length.
Additionally, restrictions are implemented for the calculation of the mean winds and
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3.2 Deriving winds from atmospheric remote sensing

Figure 3.7 Schematic of the dual beam method for the MF SAURA radar (left) and
for the all-sky meteor radars (right). Colored arrows corresponds for several meteor
positions. Figure adopted from Placke (2014). The radial velocity (vrad) of a target
to the radar is that part of the trail velocity that is directed toward or away from
the radar.

tides, which implies vertical information. The vertical wavelength is assumed to show
only small changes within a vertical kernel function of 8 km for the mean winds and
10 km for the tidal phases.
The resulting daily mean winds can further be used to derive planetary wave acti-

vities. The activity of these waves include oscillations which have a period of at least
one season. For the estimation of the planetary wave activity winds, �rst, seasonal
background winds (um, vm) are estimated using the daily mean time series of u0, v0 by:

u0, v0 = um, vm +
2∑
i=1

ansin(2π/Tn · t) + bncos(2π/Tn · t). (3.8)

an, bn are coe�cients for the subharmonics on seasonal basis with periods of Tn =
365.25/n days (n = 1, 2). The background wind �eld for every month is derived by
�tting the seasonal model to the daily mean wind time series. The sliding window
length is 2 years centered at the 15th of the respective month. The planetary wave
activities are then derived by subtracting the daily mean winds from the seasonal
background winds. Based on the derived monthly values, short time events as e.g.,
sudden stratospheric warmings are not a�ecting the monthly mean values. The bene�t
of the ASF compared to the classical wavelet analysis is that the ASF can handle
unevenly sample data and data gaps. Further implemented is a full error propagation
to all derived parameters. Another bene�t of the ASF, a regularization constrain for
the mean winds and the tides is implemented, which make use of vertical wavelength
information. Additional information about the adaptive spectral �lter can be found in
Stober et al. (2017), Baumgarten and Stober (2019) and Wilhelm et al. (2019a).
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Figure 3.8 Decomposition of the observed wind (top) into the mean wind and
tidal component (middle), and the gravity wave residuum (bottom) for Andenes
01/09/2017 - 11/09/2017. Note the di�erent labels of the colorbar. Figure adopted
from Wilhelm et al. (2019a), Figure 1.
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During the past decade, there were many studies investigating long-term wind mea-
surements to obtain and infer changes at the MLT of anthropogenic or solar origin.
In general, many of these studies showed similarities in the observations and tenden-
cies in the winds and atmospheric waves, exhibiting the high quality and advances of
instruments. Nevertheless, also di�erences between several observations occur, which
among other things, are the result of the usage of di�erent observational devices, as
e.g., lidars, radars, microwave radiometers, or satellites. All these systems have their
advantages and disadvantages. Some have an higher temporal and spatial resolution,
but require speci�c weather conditions, others are only stationary, but measure nearly
continuously at a speci�c location. Regarding their technical design all instruments are
restricted to a certain altitude range and resolution.

To overcome discrepancies in the measurements, comparisons between several instru-
ments were made at the same location e.g., between lidar and radar system as shown
in e.g., Liu et al. (2002), or between di�erent radar types as presented in e.g., Jacobi
et al. (2008). In general, di�erent systems show similar mean wind climatologies, but
di�er distinctly in the magnitude, e.g., in a study by Franke et al. (2005) by up to
17 m/s. Furthermore, some clear atmospheric structures occur at di�erent heights as
shown e.g., in a survey by Jacobi (2011). Di�erent altitudes used along the summerly
zonal transition height between radar and LF measurements. One goal of this thesis is
to compare two separate radar systems, which are located close by to �nd a potential
bias between the systems and to estimate a correction factor, which allows merging the
measurements of both systems to one homogeneous data set. The advantage of a cor-
rection factor is that prospective measurement losses of one system can be compensated.

Beside the instrumental discrepancies, long-term observation of similar systems can
also di�er, regarding the evaluation method, the used temporal and spatial sampling,
or by physical reasons as geographical location or measurement periods. Therefore,
it is complicated and not straight forward to compare long continuous measurements
with each other. Additionally, models can be used to capture a global picture of wind
climatologies and help to explain long-term changes, but they also come with di�e-
rent results compared to instruments or di�erent model types. Nevertheless, long-term
observations are essential to improve our understanding of on-going atmospheric dyna-
mical changes. Within this thesis, the bene�t of meteor radar observations are used to
estimate horizontal winds in the upper mesosphere and lower thermosphere. Compared
to other radar systems, meteor radars have the immense advantage of a nearly time
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independent and continuous �ow of measurable targets, which allowed for the second
part of the thesis to determine nearly continues long-term measurements and tenden-
cies of winds and wave activities for several locations over the extended period. For an
optimal comparison of several measurement locations, it is bene�cial to use the same
analysis scheme or wind retrieval method to avoid other systematic e�ects that might
be related to the analysis (as described in Section 3.2).

The long-term behavior of the mesosphere-lower thermosphere and its physical pa-
rameters underlies the in�uence of several factors. On a long time scale, it was found
among other things, that an enhancement of CO2 leads to cooling in the mesosp-
here (Lübken et al., 2013). Furthermore, several studies show the connection between
changes of atmospheric mass density in combination with temperature �uctuations in
the thermosphere (e.g., Emmert et al., 2004; Marcos et al., 2005) or long-term chan-
ges electron density (e.g., Akmaev et al., 2006; La�stovi�cka et al., 2012). Within the
thermosphere, Emmert et al. (2010) showed, based on satellite measurements, that
the neutral density decreases strongly between the minima of the solar cycle 22/23.
Changes in the neutral density also occur in the MLT region, and a�ect the detection
altitude of meteor measurements, as well as the behavior of the prevailing horizontal
wind, as shown in a study by Stober et al. (2012) for the winter season 2009/10. Within
the third part of this thesis, a connection between density changes due to variations
in the solar radiation and changes in the zonal wind pattern, on seasonal time scales,
is investigated to improve the understanding of long-term dynamical processes in the
MLT region.
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Chapter 5 Comparison of MR winds and
MF winds

Summary of :
Wilhelm, S., G. Stober, and J. L. Chau, A comparison of 11-year mesospheric and

lower thermospheric winds determined by meteor and MF radar at 69◦N, Annales
Geophysicae, 35, 893-906, doi:10.5194/angeo-35-893-2017, 2017.

The comparison of wind measurements by di�erent instruments usually shows a
di�erence in wind values. While the mean wind pattern for an extended period results to
be in a good agreement, the magnitude of the amplitudes di�er. In the study ofWilhelm

et al. (2017), two di�erent radar systems, which are located close by, are compared to
estimate a factor which allows to correct this magnitude di�erence regarding height and
season. Additionally, does the estimation of this correction factor allows to merge both
data sets. This combination is useful to �ll data gaps in the observations of system,
which are created due to e.g., maintenance.
The two radar systems, located at 69◦N, 16◦E, can observe wind speeds in an enhan-

ced altitudinal coverage from 60 to 110 km. The two systems are the Andenes specular
meteor radar (MR, 32.55 MHz, 30 kW Power) and the medium frequency radar SAURA
(MF, 3.17 MHz, 116 kW Power). The MR can obtain the radial velocities of ionized
meteor trails, and the MF uses its capability of oblique beams to observed changes in
the electron density in several directions. While both systems are technically di�erent,
the hourly horizontal winds which are obtained were computed with the same modi�ed
approach of the so-called all-sky-�t method (Hocking and Thayaparan, 1997; Hocking
et al., 2001; Stober et al., 2017). Furthermore, the tidal components are obtained from
the observed wind by estimating the diurnal (24h) and semidiurnal (12h) components
using a decomposition, as described in Stober et al. (2017). The resulting winds and
tides of the MR cover the heights between 78 and 110 km, and for the MF in the range
between 60 and 100 km, resulting in a comparable altitude coverage between 78 and
100 km. The comparison was made for the years 2004 - 2014.
In the �rst step, the horizontal winds of both radar systems were compared by

estimating an annual composite. While both radars showed the typical mesospheric
seasonal zonal wind climatology, it �gured out that the winds of the MF radar compared
to the MR radar are in general weaker, and that the meridional component above
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∼92 km show opposite directions between both systems. Earlier studies also found
di�erences in the wind amplitudes, so Hall et al. (2005) determined an o�set of 20% in
the meridional wind below 90 km, and in a study by Manson et al. (2004), occurred a
di�erence during the winter between 20 and 50%. In the current study, a di�erence of
10-60% for the meridional component below 92 km was estimated which varies regarding
season and altitude. Regarding the zonal values, the MF radar underestimates the MR
winds for nearly every season and every altitude.
Furthermore, a comparison between the diurnal and semidiurnal tidal components

of both systems was done, resulting in an amplitude di�erences and a phase o�set.
The phase di�erence corresponds to a time o�set of the apparent tidal wave between
both systems. Below 90 km the amplitudes and the phases of both radar are in a
good agreement. Above 90 km the phase di�erence of the daily phase increases with
increasing altitude and reaches an o�set of up to ∼12h for the summer and of up to
∼6h for the winter.
Mainly two reasons can be named to describe di�erences in the wind, and therefore

the tidal measurements between both systems. The �rst is based on the MF measu-
rement volume for the oblique beams. Assuming an homogenous mesosphere means
that electron density decreases exponentially even within a horizontal area. In this
case, a vertical measurement volume beam will show the same electron density value
at every position within the beam, for the same distance between the radar and the
measurement height. The angular pointing of the beam is determined by taking the
average of the horizontal beam volume. This results that for the vertical beam the
angular pointing of the beam is equal to the averaged beam. By the use of a oblique
beam, the volume beam doesn't show anymore the same electron density for every
point within the beam. This leads to small pointing di�erences between the actual
beam pointing and the nominal direction and therefore results in not correct estimated
heights. Later, Renkwitz et al. (2018) optimize this inconsistency by implementing a
mean angular correction, similar to proposed in the present study. The second reason
which causes di�erences of the MF winds to the MR winds is based on the di�erent
scattering processes. According to Singer et al. (2008), di�erences for the MF radar
of up to 10 dB occur between the main lobe of a vertical beam and the corresponding
side lobes. The dynamic range of scattering in the D layer is about 35 dB. Therefore, a
side lobe contamination can a�ect the measurement itself, which can result in incorrect
wind values.
Based on the di�erent winds and tides and on the aim to combine both data sets,

the estimation of a correction factor has been done to receive similar monthly mean
values. To achieve this correction factor in a �rst approach a correlation coe�cient
R2 between the winds of both radars were determined. In Figure 5.1 is shown R2 as
a composite to point on inter-annual features. The highest correlation with values of
larger than ∼0.6 was found at heights between 80 and 92 km for the months May until
February. Above 92 km for the zonal, and 94 km for the meridional wind R2 drops
below 0.5 and decreases further with increasing heights.
Furthermore, a second minimum occurred during the spring and summer below ∼80

km. Comparable results were found for the tidal components. Taking these results
into account and add one another approach to remove potential biases, the correction
factor was determined, for each season and each altitude (Figure 5.2). It �gured out
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Figure 5.1 Composite of R2 for the zonal (a) and meridional (b) wind component of
the overlap altitude of MF radar and meteor radar for the years 2004 - 2014. The
data have been smoothed by a 5-day running mean. Figure taken fromWilhelm et al.

(2017), Fig. 7.

that the correction factor can be described well by a polynomial function to a second
degree with the minimal values during the months June, July, and August.
With the use of the correction factor, it was possible to combine both data sets.

Therefore, the correction factor was applied as a weighting function to the MF data
for the heights between 78 and 92 km to �ll existing MR data gaps. Above 92 km,
only meteor data were used for the combined data set, due to increasing discrepancies
between both systems. Below 78 km only MF data were used without any correction,
due to lack of MR data. Figure 5.3 shows the combination of both data sets for the
randomly chosen year 2006 (a) and as a composite for the complete data set (b).
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Chapter 5 Comparison of MR winds and MF winds

Figure 5.2 Theoretical seasonal correction factor for the zonal (a) and meridional
(b) wind component of the MF radar. The points between 78 and 100 km are based
on a comparison between two radars and �tted curves are polynomial functions of
second degree. Figure taken from Wilhelm et al. (2017), Fig. 10.

Figure 5.3 Zonal wind component for the year 2006 (a) and the composite for the
years 2004 - 2014 (b). Below 78 km the data are based on the MF system, and above
92 km they are based on the MR radar. The overlapping area is based on the MR
and the gaps within this area are �lled with weighted MF radar. The white areas
during June 2006 are missing values. Figure taken from Wilhelm et al. (2017), Fig.
14.
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Chapter 6 Long-term MLT wind measure-
ments

Summary of :
Wilhelm, S., G. Stober, and P. Brown, Climatologies and long-term changes of me-

sospheric wind and wave measurements based on radar observations at high and mid
latitudes, Annales Geophysicae, 37, 851-875, doi:10.5194/angeo-37-851-2019.

Long-term observations of mesospheric and lower thermospheric winds, tides and
the kinetic energy of planetary and gravity waves are reported in the study of Wilhelm

et al. (2019a). The parameters were estimated based on meteor radar measurements
between the years 2002 and 2018 for the high-latitude location Andenes (69.3◦N, 16◦E;
Norway) and the mid-latitude locations Juliusruh (54.6◦N, 13.4◦E; Germany) and the
CMOR radar at Tavistock (43.3◦N, 80.8◦W; Canada). The setup of all meteor radars
is similar and the winds are derived with the same wind �t approach. The observations
cover the heights partly between 70 and 110 km, with a vertical resolution of 2 km and
an hourly temporal resolution. The statistical uncertainties are based on a full error
propagation of the radial wind errors and the number of detected meteors per altitude
and time bin. The resulting wind velocity uncertainties vary between 2 and 16 m/s,
whereby larger errors mainly occur due to a smaller count rate at the upper and lower
edge of the meteor observation layer.
The observed wind consist of a superposition of several waves. A decomposition into

the spectral components requires a good knowledge for data handling and interpre-
tation. Over the last years, several studies address this issue in di�erent ways (e.g,
Eckermann et al., 2016; Hysell et al., 2017). Within this study, the decomposition of
the observed wind into its harmonics was done according to Stober et al. (2017), by
applying an adaptive spectral �lter technique on the classical harmonic approach. The
adaptive spectral �lter allows the decomposition the original wind series into a mean
wind, a diurnal and a semidiurnal tidal component, and a gravity wave residuum. Af-
ter removing the tides and the gravity waves from the daily mean wind, it is further
possible, to obtain planetary wave activity. By handling wind measurements which ex-
ceeding a period longer than a solar cycle, the in�uence of the Sun on the observations
need to be considered.
The resulting long-term measurements of winds and waves were used in combination
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Chapter 6 Long-term MLT wind measurements

with a linear trend model, which includes an 11-year oscillation, to estimate climatolo-
gies and long-term changes for each location. Comparing tendencies with other studies
results to be di�cult due to di�erent prerequisite as e.g., observed time series, �lter
processes, location, and instruments. Nevertheless, the main speci�c conclusions of
Wilhelm et al. (2019a) are:

� The climatologies of the mean wind of the three radar systems indicate a similar
pattern for the high and mid-latitude locations, but it occurs a latitudinal de-
pendence of the summer zonal mesospheric transition height between eastward
and westward winds (see Chapter 2, Figure 2.2). This transition height increases
in altitude towards higher latitudes. Also, there are latitudinal di�erences in the
eastward directed wind during winter (December - February), which results in
westward winds above 100 km for the lowest mid-latitude location CMOR, and
oppositely directed winds for Juliusruh and Andenes. The meridional wind cli-
matologies also show a typical summer and winter wind pattern which vary with
latitude. During the winter, a jet reversal from northward to southward winds is
con�rmed, which is located lower at heights towards high latitudes. Furthermore,
the altitude of the directed southward wind decreases in height for lower latitudes
and corresponds to the behavior of the summer zonal wind reversal. The general
pattern of the climatologies �t previous measurements and model studies but dif-
fers partly in the magnitude due to disparities in period and in di�erent window
�t length (e.g., Schminder and Kürschner , 1994; Yuan et al., 2008; Lukianova
et al., 2018).

� Long-term tendencies (Figure 6.1) of the horizontal seasonal winds di�er regar-
ding latitude, height and component for each month. The most apparent linear
response is an enhancement of the southward directed wind at Andenes and a
southward directed weakening at Juliusruh from June to September. For CMOR,
an overall eastward acceleration takes place during the months April - June, which
corresponds to a weakening of the westward directed wind jet below 84 km and
a strengthening of the eastward winds above. Concordant and contradictory ten-
dencies were found in earlier studies, which underlines the importance of continu-
ous long-term observations and the use of similar �lter methods (e.g., Ho�mann
et al., 2011; Geiÿler and Jacobi , 2017).

� Annual mean winds show nearly no linear changes for the mid-latitude locations,
only the yearly mean wind of Andenes shows an intensi�cation of the winds
towards south-west increasing with higher altitudes.

� The diurnal tidal component shows a similar pattern for the zonal and for the
meridional component, with an increase of the amplitudes above 100 km for
Andenes and Juliusruh. The magnitudes of meridional tide also exceeds the values
of the zonal tides for these two locations. Furthermore occurs a second, but weaker
enhancement around the summerly eastward jet. At CMOR a signi�cant increase
of the zonal amplitude takes place, but at all locations almost no signi�cant linear
long-term changes arise.
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Figure 6.1 Linear long-term changes of zonal (left) and meridional (right) wind for
Andenes (top), Juliusruh (middle), and CMOR (bottom). Note the di�erent labels
of the colorbar. The solid black lines corresponds to 95% signi�cance, the dashed
black lines to the 90% signi�cance. The changes of the wind are presented in m/s
per year. Figure taken from Wilhelm et al. (2019a), Fig 5.

� The dominant semidiurnal tide (Figure 6.2) shows similar values for amplitudes
and occurrence for the zonal and the meridional component. Only during the
fall transition, the semidiurnal tide at CMOR appears to di�er in magnitude
with higher values for the zonal part. In contrast to the diurnal tides, signi�cant
long-term changes occur for the semidiurnal tides, which alter regarding latitude.
While at Andenes during November and December the tidal amplitude above 90
km weakens by ∼1 m/s/year, nearly no changes arises for Juliusruh. CMOR
shows a strengthening of the semidiurnal tides of ∼0.5 m/s/year. Additionally
during the fall transition, a decrease in the linear tendency occurs at CMOR.

� Latitudinal dependent year-to-year variabilities occur for the planetary wave acti-
vity, with enhanced energies during winter with major sudden stratospheric war-
mings. In general, the mid-latitude locations show weaker mean activity than
Andenes.

� Climatologies of gravity wave activities indicate a similar pattern for all three
locations, which strongly varies on seasonal timescales. During the months De-
cember until February and September enhanced gravity wave energies occur at
each location above 90 km. Additionally, a second but weaker enhancement arises
below 80 km at the sites of Andenes and Juliusruh.

� The feedback of an 11-year oscillation on the mean winds (Figure 6.3) shows a
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Figure 6.2 Composite for the semidiurnal tidal components. Figure taken from
Wilhelm et al. (2019a), Fig. 11.

characteristic seasonal cycle e�ect for the zonal component. During the summer-
time, at all locations an 11-year oscillation occurs below 82 km with amplitudes
of 3 - 5 m/s. During the winter a response between the heights 84 to 95 km for
Andenes and CMOR is shown.

� For the diurnal tidal component, almost no responses of the 11-year oscillation for
the locations of Andenes and Juliusruh are pronounced. Only a weak amplitude
modulation for Andenes is indicated for the meridional component above 90 km.
Overall, at CMOR the oscillation does the most forceful response above 95 km
for both diurnal tidal parts. These amplitude modulations arise during summer
and for the zonal component from January to April.

� The feedback of the 11-year oscillation for the semidiurnal tides is clearly shown
at all three locations. An amplitude of 5 - 8 m/s from October until November
in the heights between 84 and 100 km arises at each location. Additionally, a
signi�cant response occurs for CMOR for the months January until March above
100 km.
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Figure 6.3 Linear change of the solar radiation on the zonal (left) and meridional
(right) wind for Andenes (top), Juliusruh (middle), and CMOR (bottom). The
solid black lines corresponds to 95% signi�cance, the dashed black lines to the 90%
signi�cance. Figure taken from Wilhelm et al. (2019a), Fig 16.
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Chapter 7 Connection between �uctuations
in the neutral density and the
zonal wind

Summary of :
Wilhelm, S., G. Stober, V. Matthias, C. Jacobi, and D. J. Murphy, Connection bet-

ween the length of day and wind measurements in the mesosphere and lower thermosp-
here at mid- and high latitudes, Annales Geophysicae, 37 (1), 1-14, doi:10.5194/angeo-
37-1-2019, 2019

The aim of the study by Wilhelm et al. (2019b) was to investigate a connection
between changes in the intensity of the solar radiation and the zonal wind, which
occurs together with variations in the neutral density. Within a year, the Earth travels
around the Sun on an elliptical trajectory which is shown schematically in Figure 7.1.
During the northern hemispheric winter, the distance between both celestial bodies
is ∼3.29% closer than during the northern hemispheric summer. This di�erence in
distance leads according to the inverse square law, to a decreased amount of solar
energy entering the Earth's atmosphere during the summer compared to the winter.
According to previous studies, as (e.g., Emmert et al., 2010) does an increase of the
intensity of solar radiation lead to a rise of the neutral density. This enhancement of
the transmitted radiation results in an expansion of the atmosphere. The expansion
e�ect mainly takes place in the thermosphere, where the amount of mass is comparable
small and sensitive enough towards changes in the intensity of solar radiation, as well
as temperature changes. Later on, Stober et al. (2012) showed a connection between
changes in the neutral air density to an expansion/shrinking of the atmosphere, and
furthermore a strong anti-correlation of neutral air density changes and the zonal wind
on short timescales.
Within the present study, a simpli�ed approach concerning the conservation of the

angular momentum L was used to describe the connection between changes in the
neutral density and the Earth's rotation speed. The conservation of angular momentum
includes the atmospheric mass and consequently the atmospheric density. As a result,
a theoretical decrease of the rotation speed of up to 4 m/s was estimated for a density
increase of 1% between the heights of 70 to 100 km. Due to lack of mesospheric density
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Figure 7.1 Schema of Earth and Sun correlation and the resulting e�ects on the
thickness of the atmosphere and the Earth's rotation velocity. Figure taken from
Wilhelm et al. (2019b), Fig. 1.

measurements, direct proof of the e�ect turns out to be di�cult. Therefore, another
method was chosen to estimate variations in the rotation speed of the solid Earth,
the so-called �uctuation in the length of day (LOD). The LOD is de�ned as the time
di�erence between 24 h and the measured real time the Earth need for one turnaround.
On time scales less than a few years the dominant driver for changes in the Earth's
rotation speed is the momentum exchange between the Earth and its atmosphere. The
LOD gets measured by the use of a very large baseline interferometry network which
determines the rotation speed of the Earth in respect to the stars. The LOD varies in
a range of milliseconds per day. An increase of the LOD corresponds to a slower Earth
rotation speed.

Additionally on seasonal scales, the in�uence of the Earth-Sun constellation on me-
sospheric winds was investigated using wind measurements from four locations. Two
of these are located at similar high latitudes for the northern and the southern hemis-
pheres and the other two locations are at northern mid-latitudes. Based on winter and
summer mean values, it �gured out that during the northern hemispheric winter, where
the MLT expands, an increase in the LOD occurs together with a decrease in the zonal
wind and that during the northern hemispheric summer the opposite behavior is visi-
ble. Figure 7.2 shows the oscillation of the zonal wind and the LOD for two northern
(69.3◦N, 51.3◦N) and one southern (68.6◦S) hemispheric locations at 96 km height, with
strikingly opposite peaks of both parameters during the northern hemispheric summer,
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which occurs due to the typical seasonal wind pattern at these heights.

Figure 7.2 Smoothed zonal wind (blue) values based on meteor radar wind data at
96 km and smoothed LOD (black) values. The modulation of the smoothed zonal
wind is displayed in red after removing the impact of the solar cycle, whereby the
smoothing is stronger as in blue. The dashed lines corresponds to the tendency of
the wind/LOD based on linear regression. Figure taken from Wilhelm et al. (2019b),
Fig. 7.
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Figure 7.3 Annual mean values for the LOD (black) and the zonal wind (red), for
the station Collm (51.3◦N), after removing seasonal variations and the solar cycle
for the altitudes between 80 and 100 km. The errorbars corresponds to the standard
deviation. The dashed lines represents the tendency. Figure taken from Wilhelm

et al. (2019b), Fig. 9.

Further, after removing seasonal �uctuations and the in�uence of the 11-year solar
cycle, the zonal wind and the LOD still show a connection. Figure 7.3 displays, based
on annual timescales, the occurrence of an increase in the LOD together with an en-
hancement of the westward directed wind between the years 2005 until 2015. It needs
to be mentioned that, based on the �ndings within this study, a connection between
the LOD and the zonal wind exists, which can be explained due to the variability of
the atmospheric density, but within the MLT stronger geophysical e�ects exists, which
are responsible for the typical wind pattern, as e.g., gravity waves. Furthermore, on
shorter time scales a connection between the wind and the LOD cannot be �gured out,
because the LOD consists of oscillations with at least a 6-month period, which needs
further studies to resolve the superpositions of both parameters.
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Chapter 8 Summary and outlook

In this cumulative thesis, measurements of mesospheric and lower thermospheric winds
and waves with the focus on long-term changes are analyzed. Primary, meteor radars
are used within this study. These systems use for the wind determination ionized
plasma of meteor trails. Additionally, for one part of the thesis winds from the medium
frequency radar SAURA are used, which are based on changes of the atmospheric
electron density.
Comparing measurements of the same periods, but based on di�erent instruments,

often result in a similar seasonal pattern, but can di�er strongly in magnitude. To
overcome the issue, in the study of Wilhelm et al. (2017), a comparison for the very
high-frequency specular meteor radar system (MR, 32.55 MHz) and the medium fre-
quency radar (MF, 3.17 MHz) was done. The aim of this study was on the one side to
�nd potential biases between the systems, and on the other side to combine both data
sets. These radar systems are located close by and can measure winds at comparable
heights, allowing only a comparison at this location. Another additional prerequisite
for the estimation of both radar system is that the wind determination was done with
the same approach, a modi�ed version of the so-called all-sky-�t method (Hocking and
Thayaparan, 1997; Hocking et al., 2001; Stober et al., 2017). The comparison between
both systems was made for the period 2004 - 2014, in an altitude range (78 - 100 km)
that both systems can cover. It results that below 92 km the wind and tides of the MF
radar show a di�erence in the magnitude of 10 - 60%. Above 92 km opposite mean
wind pattern occur during the summer in the meridional component and a signi�cant
di�erence for the zonal component is recognized. Similar results were shown in earlier
studies. Based on the mean wind value, a correction factor was estimated which allows
adapting mean wind values of one system to the other. Further, it was �gured out
that the mean values for the whole year di�er signi�cantly above 92 km. As a possible
reason for the bias between both systems is an a di�erence between the nominal and
true beam pointing for the MF system due to the layering of electron density with
altitude. This pointing di�erence varies regarding season and increases in value with
height. Based on this result, Renkwitz et al. (2018) implemented an angular correction
for the MF system to overcome this issue. Even if the values of the correction factor can
only be used for these two systems, the method for the determination is also applicable
for other measuring instruments.

Not only the use of di�erent instruments can lead to various geophysical measu-
rements, but they are also highly dependent on their measurement time, region and
position. In the study of Wilhelm et al. (2019a), three meteor radars at di�erent locati-
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ons provide long-term observations between the years 2002 and 2018. The observations
were done for winds, tides, kinetic gravity wave energy, and kinetic planetary wave
energy. For the locations Andenes (Norway), Juliusruh (Germany) and Tavistock (Ca-
nada) the parameters were determined using the same wind retrieval approach. The
result is shortly summarized by: The climatologies of the mean wind show, in general,
a similar pattern for each location. Nevertheless, latitudinal dependencies are visible
for several features. The locations di�er concerning altitude, and season for long-term
changes of several parameters. Annual winds for Andenes show an overall tendency to-
wards the south-west with variations of up to 3 m/s, while at the mid-latitude locations
nearly no changes are observed. The seasonal pattern of the diurnal tide shows almost
no signi�cant tendency, while the long-term measurements of the dominant semidiurnal
tide show latitudinally dependent changes. Furthermore, kinetic energies of planetary
waves and gravity waves were estimated. During the winter, strong planetary wave
activities taking place for years with a major stratospheric warming. Gravity wave
activities show a distinct seasonal pattern with maximum energies during the winter
and later summer above 90 km and a second, but weaker, maximum during summer
below 80 km. Finally, the in�uence of an 11-year oscillation on the winds and tides was
investigated. Our results reveal that the mean winds and the semidiurnal tides exhibit
a clear 11-year response at the mid- and high latitudes. It turns out that long-term
measurements and tendencies of several parameters di�er strongly regarding the ob-
served altitude, the season, and the location. It also shows the complexity of tendency
estimations and the resulting need to investigate and compare the results with global
models.

Several reasons can be named to describe variations in the MLT seasonal wind pat-
tern. In this thesis, seasonal variations of the zonal wind due to changes in the neutral
density are investigated. Within a year, the neutral density of the MLT is highly
in�uenced by the Earth's movement around the Sun. During northern hemispheric
winter, the distance between the Earth and the Sun is closer than during the northern
hemispheric summer. This leads, on a global scale, to an enhancement of incoming
solar radiation and therefore to an expansion of radiative sensitive heights (mesosp-
here, thermosphere, ionosphere). With the background of the conservation of angular
momentum, this further leads to a slower angular rotation of these atmospheric heig-
hts. Within the MLT, direct long-term density measurements over several years are
scarce goods. Therefore, daily data of the Earth's rotation velocity is taken to �nd
a long-term connection between the prevailing zonal wind and density �uctuations in
the MLT. The time, the Earth needs for one full turnaround, also varies within a year.
It takes longer during the northern hemispheric winter, and it goes faster during the
northern hemispheric summer, which �ts the expansion/shrinking of the atmosphere.
In the study of Wilhelm et al. (2019b), a connection between the winds above 90 km
and the length of a day is found. It is essential to mention that these �ndings only show
a connection between the length of a day and the zonal wind, based on the variations
of the neutral density. These results do not explain on how strong a possible e�ect
is between the parameters. Other physical processes have a much stronger impact on
the typical seasonal wind pattern, as e.g., the chemical composition of the atmosphere,
the propagation of gravity waves. Nevertheless, higher eastward directed wind values
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occur during the summer together with a faster Earth's rotation. This connection is
taking place in the upper atmosphere, where the amount of mass is small to be sensitive
enough to changes in solar radiation, as well as to temperature changes. A connection
between the length of a day and the zonal wind is found on time scales of at least 1 year.

In future the results presented in this thesis can be used to improve the understanding
of long-term observations in the MLT. This includes the spatial distribution of winds
and waves in the MLT, but also coupling processes to higher and lower atmospheric
layers. A �rst good way in that direction is the further technical development of the
radar network system MMARIA, which allows to observe a larger horizontal area by
using several meteor radars (e.g., Stober and Chau, 2015; Stober et al., 2018; Chau
et al., 2019). In general, the outcome of this thesis can be used to improve the quality
of models, which partly struggle with the estimation of the seasonal wind pattern in the
lower thermosphere and also with the long-term estimations. An intense research with
the use of global models, regarding geophysical di�erences, needs to be done to explain
the latitudinal/height/seasonal di�erence in the long-term changes. During each parts
of this thesis questions occur, which can be addressed in the future:

� Wilhelm et al. (2017) :

* Comparison of MF and MR wind data, after optimizing the MF winds by cor-
recting the angle of arrival Renkwitz et al. (2018).

* The method of data set merging can be used for other instruments, which are
located at the same station.

� Wilhelm et al. (2019a) :

* For the long-term changes occur some strong latitudinal di�erences, which needs
to be investigated.

* In the climatology of the semidiurnal zonal tide occur for the location CMOR
a strong enhancement during the spring, which is not seen in the semidiurnal
component, neither in the meridional diurnal tidal component.

* Spatial connection of the long-term changes between each location.

* Comparison of the observations with global circulation models.

� Wilhelm et al. (2019b) :

* Closer investigation of the connection between the length of a day and the zonal
wind when global long-term density data are available.

* Dissolve the superposition of the length of day into oscillations shorter than a
year and compare connection on global basis.
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Abstract. The Andenes Meteor Radar (MR) and the Saura
Medium Frequency (MF) Radar are located in northern Nor-
way (69◦ N, 16◦ E) and operate continuously to provide wind
measurements of the mesosphere and lower thermosphere
(MLT) region. We compare the two systems to find poten-
tial biases between the radars and combine the data from
both systems to enhance altitudinal coverage between 60 and
110 km. The systems have altitudinal overlap between 78
and 100 km at which we compare winds and tides on the
basis of hourly winds with 2 km altitude bins. Our results
indicate reasonable agreement for the zonal and meridional
wind components between 78 and 92 km. An exception to
this is the altitude range below 84 km during the summer, at
which the correlation decreases. We also compare semidiur-
nal and diurnal tides according to their amplitudes and phases
with good agreement below 90 km for the diurnal and below
96 km for the semidiurnal tides.

Based on these findings we have taken the MR data as a
reference. By comparing the MF and MR winds within the
overlapping region, we have empirically estimated correction
factors to be applied to the MF winds. Existing gaps in that
data set will be filled with weighted MF data. This weighting
is done due to underestimated wind values of the MF com-
pared to the MR, and the resulting correction factors fit to
a polynomial function of second degree within the overlap-
ping area. We are therefore able to construct a consistent and
homogenous wind from approximately 60 to 110 km.

Keywords. Radio science (instruments and techniques)

1 Introduction

During the past decades, radars have been used to investi-
gate mesospheric phenomena, e.g., polar mesospheric echoes

(Rapp et al., 2008, Suzuki et al., 2013, Chau et al., 2014)
and atmospheric dynamics (e.g. Andrews et al., 1987, Fritts
et al., 2012, Iimura et al., 2015). Mesospheric radars are dis-
tributed over the whole globe and depending on their antenna
arrays, frequencies, locations, and transmitting power, they
provide valuable information about winds at different ver-
tical and spatial scales. One of the main advantages of radar
systems, compared to other remote sensing techniques for the
mesosphere and lower thermosphere (MLT), is that they pro-
vide continuous measurements independent of weather con-
ditions. A crucial aspect of the measured winds is the reliabil-
ity of each technique. This requires a proper understanding of
the underlying scattering processes and possible instrumen-
tal effects, analysis related simplifications, and assumptions
that could introduce biases or systematic errors in the derived
winds (Reid, 2015).

In this study we analyze data from the Saura Medium Fre-
quency (MF) Radar and the Andenes Meteor Radar (MR),
which are both located on the island of Andøya in northern
Norway (69◦ N, 16◦ E). The comparison is done based on
data collected between 2004 and 2014. This study pursues
two primary goals. First we want to quantify potential bi-
ases between the two techniques, and secondly we intend to
merge both wind fields in order to compile a consistent and
homogenous wind from approximately 60 to 110 km of alti-
tude. Further we examine whether it is possible to fill gaps
in the time series and generate a long continuous time se-
ries, ideally throughout the whole comparison period, that
is suitable to study atmospheric patterns with periods be-
tween months and years. Similar comparisons have already
been performed within the past few decades by Valentic et al.
(1997), Hocking et al. (2001b), and Hall et al. (2005) with
smaller data sets and different locations. Their results showed
particularly good agreement between MF and MR for alti-
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tudes between 75 and 85 km, but they indicate larger discrep-
ancies at higher altitudes in the obtained winds.

Former studies very often used MF winds obtained by full
correlation analysis (FCA). Most MFs employ a wide beam
and use only three receiving antennas. However, due to the
large observation volume there were issues with the analy-
sis that can mainly be attributed to the underlying assump-
tion that the FCA technique requires homogeneous volume-
filled backscattering within the beam volume (Sommer et al.,
2016). A technical upgrade in 2003 for the Saura MF radar
allows us to operate the MF in a Doppler beam swing-
ing (DBS) mode and to derive winds from multiple oblique
beams (Singer et al., 2008). The main difference of Saura,
compared to many other MF radars, is its large antenna array
(Mills Cross), which permits a rather narrow beam. The ben-
efit of the MF DBS mode is that a wind and tidal comparison
with MR can now be done based on the same wind fit routine.
We operated the MF in DBS mode for this comparison.

The article is structured as follows. First we describe the
radar systems used in this study. We explain the method to
determine the wind and tides for both systems in Sect. 3, and
in Sect. 4 we compare the winds and tides obtained from
both systems. The discussion and conclusions are found in
Sects. 5 and 6, respectively.

2 Experimental setup

In this study we present observations from two different
radars located at Andenes (69.3◦ N, 16◦ E). The systems are
the Andenes Meteor Radar, which measures radial veloci-
ties from meteor trails, and the Saura MF radar, which ob-
tains measurements from refraction index variations due to
dynamic processes (e.g., gravity waves) and D-layer ioniza-
tion and associated irregularities (Reid, 2015). The technical
details for both systems are summarized in Table 1.

In 2001 the Andenes Meteor Radar started its continu-
ous operation up to the present. The radar has been updated
several times and the peak transmitting power has increased
from 6 to 30 kW. The radar consists of one circular polar-
ized transmitting 3-element Yagi antenna and five circular
polarized receiving 2-element Yagi antennas. The receiver
antenna array is arranged as five-antenna Jones configuration
(Jones et al., 1998). The system operates at 32.5 MHz. Most
specular meteors are detected at an approximate altitude of
90 km (Stober and Chau, 2015, Vierinen et al., 2016). At this
altitude, the observed measurement volume has a diameter
of ∼ 400 km. A detailed description of the so-called All-Sky
meteor radar is found in Hocking et al. (2001a).

The Saura HF radar, historically called “MF”, is located
15 km south of the Andenes MR location and operates on a
frequency of 3.17 MHz. Although the frequency used is in
the HF band, Saura was designed and built as an MF radar
(Singer et al., 2003). In 2002 the Saura MF started its ob-
servations. The transmitting and receiving antenna is formed

by 29 crossed half-wave dipole antennas in a Mills Cross ar-
rangement. In addition to differential absorption and phase
measurements of electron density, the system is able to pro-
vide winds (Singer et al., 2003) based on atmospheric irregu-
larities (Briggs, 1984). The altitudinal coverage ranges from
50 to 100 km. Since 2003, the radar has allowed for Doppler
beam swinging (DBS) experiments, which were done for this
study, and spaced antenna applications. In DBS mode, off-
zenith beams towards N, S, E, W and NW, NE, SW, SE at
zenith angles between 6.8◦ and 7.3◦ were used. More tech-
nical information for the Saura MF radar can be found in
Singer et al. (2003), Singer et al. (2008).

3 Wind and tidal analysis

We compared wind measurements obtained from the MR and
MF instruments using a DBS retrieval technique. In the case
of the MR, horizontal winds are preserved using a modi-
fied All-Sky-fit Doppler approach (Hocking and Thayaparan,
1997, Hocking et al., 2001a, Stober et al., 2017), for which
an ensemble of at least five randomly distributed meteors in a
given time and altitude bin are used to estimate the 3-D wind.
In the case of the Saura MF, winds are derived by combin-
ing the radial velocity measurements from four oblique and
one vertical beam. In both cases, the wind vector (u, v, w) is
obtained from the following set of equations:

vi(θ,φ)rad = ucosφi sinθi + v sinφi sinθi +w cosθi, (1)

where u, v, and w are the zonal, meridional, and vertical
wind components, θi and φi are the zenith and the azimuth
angle, respectively, and vradi is the radial velocity for each
measurement. Hourly winds are obtained by binning the data
in height and time. We use a 2 h sliding window centered at
the reference time. A similar procedure is used for the alti-
tude bins by applying a 3 km window shifted by 2 km and
centered at a reference altitude.

The wind is computed considering the statistical uncer-
tainties in each radial velocity measurement by applying an
additional Gaussian weighting depending on its time of oc-
currence with respect to the reference time and for the alti-
tude coordinate. The Gaussian-shaped window is used to pro-
vide an additional weighting of the individual meteors within
a time and altitude bin. The regularization already estimates
a temporal or vertical shear. This shear is used to penalize
the impact of each measured radial velocity depending on its
temporal or spatial offset from the reference grid. Further,
this shear provides an estimate of the shear error for each
time and altitude. This error is added to the statistical uncer-
tainty in the radial velocity measurement. More information
about the applied regularization can be found in Stober et al.
(2017).

The accuracy of the wind is obtained from the fitting
procedure to estimate the wind by taking into account the
number of measurements per bin and the statistical uncer-
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Table 1. Technical data and main parameters for the radars used in this study.

Meteor radar Medium-frequency radar

Location 69.3◦ N, 16◦ E 69.3◦ N, 16◦ E
Scattering processes meteor trail irregularities
Wind analysis height range 75–110 km 50–100 km
Wind analysis vertical resolution 2 km 2 km
Antenna crossed crossed
Frequency 32.55 MHz 3.17 MHz
Power 30 kW 116 kW

Figure 1. Statistical uncertainties for the hourly zonal wind of the
MR for June 2011.

tainties in the measurements in the error covariance matrix.
This leads to uncertainties of approximately 2–6 m s−1 for
the hourly MR winds with larger errors at the edges of the
observation range. This can be seen in Fig. 1, which shows
the MR uncertainties based on the hourly zonal wind values
for June 2011. The same structure occurs for the meridional
wind component (not shown here). A more detailed descrip-
tion of the fitting routine can be found in Stober et al. (2017).

Furthermore, we apply two additional assumptions to sim-
plify the retrieval method. These assumptions are (1) zero
acceleration within the altitude and time bin and (2) zero ver-
tical velocity, which leads to a smoother wind field solution.
The assumptions are used to constrain our wind retrieval by
applying Tikhonov regularization (Aster, 2013, Stober et al.,
2017). Considering the rather large observation volume of a
meteor radar, which has a diameter of approximately 400 km
at 90 km of altitude, it is not advisable to fit for the verti-
cal velocity directly. A wind field spanning such a volume
likely also shows patterns of horizontal divergence or con-
vergence. Using a simple gradient expansion of the wind
field (Browning and Wexler, 1968 or Waldteufel and Corbin,
1978) shows that the horizontal divergence and the vertical
wind are linked. Thus, applying the standard 3-D wind fit as
it is typically applied for MST radars (Hooper et al., 2007) is
not applicable to MRs.

The Saura MF winds are obtained from the radial ve-
locity measurements. The determination of winds for the

medium-frequency radar is done with the same wind fit rou-
tine based on the capability of using our five-beam exper-
iments with one vertical and four oblique. In DBS mode,
off-zenith beams towards N, S, E, W and NW, NE, SW, SE
at zenith angles between 6.8 and 7.3◦ were formed for the
measurements. The radial velocities of the MF radar are es-
timated using the momentum method (Strauch et al., 1984),
and there is no available information about the statistical un-
certainties in the radial velocity measurements (Hooper et al.,
2007). Hence, we are not able to conduct a full error propa-
gation to estimate the statistical uncertainties in the observed
winds.

Theoretically, it would be possible to compare the ra-
dial velocities of meteors, which occur directly in the Saura
beam, while Saura is measuring the radial Doppler. This
would be more direct than using meteor wind fits. However,
the systems are located only 20 km apart, and the Saura beam
only points at approximately 6.8◦ off-zenith, so the number
of meteors would not be sufficient to provide statistically sig-
nificant winds by the meteor radar. Hall et al. (2006) already
showed that the number of detected meteors in zenith over
and within an MF beam is strikingly marginal. Only by inter-
polating over a longer time bin would it be possible to pro-
vide winds by the meteor system, but these winds are not
meaningful for our study.

The tidal components are obtained by estimating the diur-
nal, semidiurnal, and terdiurnal tidal oscillation components
and applying an adaptive spectral filter (Stober et al., 2017).
Therefore we decompose the time series as follows:

u,v = u0,v0+

3∑
n=1

an sin(2π/Tn · t)+ bn cos(2π/Tn · t). (2)

Here u0 and v0 are the mean zonal and meridional wind.
Tn takes values of 24, 12, and 8 for the three tidal components
and an and bn are coefficients of the tidal amplitude and the
associated phases for each wind component. In this study we
focused on the diurnal and semidiurnal tidal amplitudes and
phases using a 5-day mean centered at the respective day to
suppress smaller-scale variations in the amplitudes. We apply
the same procedure to both data sets.
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Figure 2. Altitude profile of the available wind data for the MR
(blue) and the MF (red) according to season. The gray area shows
the wind values for which at least one system is able to provide
winds. The white area corresponds to the overlapping data area,
which is used for comparison.

4 Results

4.1 Wind comparison between radar systems

In the following section we compare the obtained hourly
winds. In Fig. 2 we show altitude profiles of the avail-
able wind data for both radars averaged over the seasons
December–February (DJF), March–May (MAM), June–
August (JJA), and September–November (SON). The white
shaded area indicates the overlapping altitude range used for
the comparison.

The MR measurements clearly have the best statistics be-
tween 80 and 96 km, as there is a clear maximum in the num-
ber of detections at these altitudes. In SON the amount of
available wind data is reduced compared to the rest of the
year due to maintenance in the years 2013 and 2014. Be-
low 78 km and above 104 km, the number of continuous MR
wind observations is decreased for all seasons due to the de-
creased number of meteor detections. These reduced statis-
tics are reflected by the statistical uncertainties, which are
increased for these altitudes.

For the MF radar, the number of available wind values
varies highly with background ionization, so during the sum-
mer the amount of valid wind data is the largest, while dur-
ing the winter the amount is decreased. The measurements
have the best statistics for all seasons between 80 and 88 km,
and within the white shaded area the number of valid winds
decreases strongly above 92 km to ∼ 50 % of the maximum
possible number of wind measurements.

In order to assess whether there are systematic seasonal
deviations between the two radar systems, we compile a
yearly composite by using a 5-day mean centered at the re-
spective day. This composite mainly suppresses the impact
of short-term variations, e.g., tides and gravity waves. The
composite for both wind components and both radar systems
for the years 2004–2014 is shown in Fig. 3. The left two fig-

ures show the typical mesospheric annual wind climatology
for the zonal wind component with eastward-directed wind
during the winter, a wind reversal during the spring, and a
vertical wind shear in summer with eastward winds above
∼ 90 km and westward winds below ∼ 88 km. This is con-
sistent with the results presented in Hoffmann et al. (2010).
The strongest zonal mean winds occurs during winter and
summer with a mean wind velocity up to ±40 m s−1. Cer-
tainly even with smoothing the typical planetary wave activ-
ity during the winter season is reflected by both radars. Be-
tween March and April the zonal wind component changes
from eastward to westward over the whole observed altitude
range. However, the gradient during the transition of the wind
direction is stronger at all altitudes for the MR than for the
MF winds. During the summer, both radars show a strong
westward-directed wind with values of about 20 m s−1 be-
low 85 km and eastward-directed winds above 90 km. Never-
theless, there is a clear discrepancy in the magnitude above
90 km. The MR measures values around 35 m s−1, whereas
the MF shows lower values around 10 m s−1. The system-
atic underestimation of the MF winds compared to MR
winds was pointed out by other studies; e.g., Valentic et al.
(1997), Hocking and Thayaparan (1997), Hall et al. (2005)
and Singer et al. (2008).

In addition to the amplitude of the wind, we show in Fig. 4
the comparison of the wind direction between the two radars
for winter and summer at the altitudes of 80, 86, and 92 km.
These scatter plots are based on hourly zonal and merid-
ional wind data and mainly show good agreement between
the radars. With increasing altitudes, the compared azimuth
angles of the systems start to diverge from the line of equal-
ity.

4.2 Comparison of tidal signatures

Now we proceed to analyze the MF and MR winds with re-
spect to the tides. The tidal signatures should be almost iden-
tical considering the global structure and long vertical wave-
lengths of these waves. The upper part of Fig. 5 shows the
12 and 24 h tidal amplitude for a selected year (2011), and
the lower part shows the differences between the MR and
the MF tides for the zonal wind. We focus on a compari-
son of the zonal component because the differences in the
winds are more dominant. The stronger tidal component at
the MLT is the semidiurnal tide, which reaches mean val-
ues of approximately ∼ 40 m s−1, whereas the diurnal tide
reaches values of ∼ 25 m s−1. This pattern with similar val-
ues also occurs in the other years. In the diurnal component a
strong enhancement of the amplitude occurs during June and
July below 85 km for both data sets. During September and
October the systems measure an enhancement of the semidi-
urnal tide above 85 km in both tidal components with higher
values for the MR. The main discrepancies between the two
radar systems appear at higher altitudes; the amplitude of the
MR increases with height, while the amplitude of the MF
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Figure 3. Composite of zonal (a, b) and meridional (c, d) wind component for meteor radar (a, c) and MF radar (b, d) for the years
2004–2014. The data have been smoothed by using a 5-day mean centered at the respective day.

Figure 4. Scatter plots of the wind direction for DJF (a) and JJA (b)
for 80, 86, and 92 km. The black dashed line shows the line of equal-
ity.

stays nearly constant. Below 90 km the pattern and size of
both systems look quite similar.

Within every frame in the lower part of Fig. 5, the dif-
ferences in each component are shown for different seasons.
Figure 5a shows that the semidiurnal tidal amplitudes from
the MR are larger than the MF amplitude at nearly every al-
titude. The differences increase with increasing heights. This
behavior is evident for every season of the year. Nevertheless,
the differences at every altitude are within the given uncer-
tainties, which reflects the seasonal variability. For the sea-
sonal difference in the diurnal tidal component (right panel),
the values of both radars are equal within the given uncertain-
ties. With larger altitudes, the MR radar shows larger mean
values than the MF radar. Similar behavior for the amplitude
and the differences in each tidal component can be found in
the meridional wind (not shown here).

In addition to the amplitudes we compare the phases of the
tides (Fig. 6). The phases can reach values between −π and
π . If the phases for one system show a value of 0 and for the
other system the value is π , then the phases of the two sys-
tems point in opposite directions, which corresponds, e.g., in
the case of the diurnal tide, to a phase offset of 12 h between
the two radars. Figure 6 shows the mean seasonal (winter
and summer) zonal phase structure based on seasonal means
for the winter and summer from 2004 to 2014. Figure 6b
shows that the semidiurnal phases of both radars for the win-
ter months are equal between 78 and 94 km and similar up
to 98 km within the variance. For the summer in the altitude
range between 78 and 96 km, the systems provide the same
tidal mean phases within the variance. The given uncertain-
ties show the statistical variability, which increases for both
systems with height for the semidiurnal tide. The meridional
semidiurnal component (not shown here) provides reason-
able agreement between the two radars within the errors for
every altitude.
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Figure 5. Semidiurnal (a) and diurnal tides (b) in 2011 for both systems. The white areas are missing values bases on outliers or due to
maintenance. (c, d) Calculated difference for SDT and DT between MR and MF for the seasons DJF (solid black), MAM (dashed black),
JJA (solid red), and SON (dashed red) for the year 2011. The error bars correspond to the seasonal variability.

Figure 6. Vertical mean phase structure for the summer and winter seasons between 2004 and 2014. Semidiurnal (a) and diurnal tidal phases
(b) of the zonal wind component for winter (DJF; in black) and summer (JJA; in red) for the meteor radar (solid) and the medium-frequency
radar (dashed). The error bars show the variability in all seasons compared to the mean.

The comparison of the diurnal tidal phase (Fig. 6a) shows
agreement below 90 km for both seasons within the uncer-
tainties. Above 90 km the phase difference increases with in-
creasing altitudes and can be up to ∼ 12 h for the summer
and ∼ 6 h for the winter. The diurnal meridional component
shows similar agreement only up to 82 km and above the off-
set increases and reaches differences of ∼ 12 h during sum-
mer and winter.

4.3 Correlation

One goal of this study is to combine the two data sets to
close gaps in the time series due to maintenance of one of the
radars. To achieve that, it is necessary to find whether there
is a general offset in the wind between the two systems. In
order to generate a homogenous wind time series we intend
to remove biases by defining one system as a reference.

Based on the estimated winds for both radars, the correla-
tion coefficient R2 is determined for different altitudes and
times through the year. We apply two different approaches.
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Figure 7. Composite of R2 for the zonal (a) and meridional (b) component of the overlapped altitude of MF radar and meteor radar for the
years 2004–2014. The data have been smoothed by using a 5-day running mean.

The first uses a 5-day running mean centered to the respec-
tive day. With this approach we estimate R2 using hourly
wind values over 5 days for each system. Figure 7 shows
the resulting annual climatology for the zonal and merid-
ional wind component. For the zonal wind component the
highest correlation occurs during the summertime between
84 and 90 km. This is the area in which the wind transition
between the eastward and westward wind occurs. During the
spring the correlation drops below 0.5, which fits well with
the occurrence of the wind transition during that time. Above
92 km the correlation drops below 0.5 and decreases further
with increasing altitude. The same pattern is formed for the
meridional wind component with decreasing correlation dur-
ing the spring wind transition and above 94 km.

The second approach aims to remove potential biases be-
tween the two data sets shown in Fig. 8. To find a possible
linear relationship according to the least square fit method,
one radar system needs to be defined as an independent and
the other as a dependent variable. According to Hall et al.
(2005), based on different measurement volumes, it is not
possible to determine, a priori, one of the radar data sets as
an independent variable. Several studies have shown good
agreement between meteor radar and other instruments and
models (e.g., Jacobi et al., 2009, Stober et al., 2012, McCor-
mack et al., 2017). Therefore we use for our study the winds
of the MR as a reference. Figure 8 shows a scatter plot for 80,
86, and 92 km for the zonal and meridional wind component
of hourly wind values for the complete time period. These
show a decreased correlation accompanied by an increased
tilt of the scatter for increasing heights. The increased tilt
is caused by the stronger winds of the MR, as shown in
Fig. 3. The MF winds tend to systematically underestimate
the winds compared to the MR at all altitudes. The colors of
the scatter represent the counts of the compared hourly wind
values of both systems at the same time step.

Table 2 shows R2 for the hourly wind values for the
years 2004–2014 without any smoothing for the following
cases: all zonal wind values, all meridional wind values, only
February zonal winds, and only June zonal winds. The mean
correlation values are slightly higher for the zonal wind com-
ponent (0.55) than for the meridional wind (0.50). These val-

Figure 8. Scatter plots of MR versus MF zonal (a) and merid-
ional (b) wind component for 80, 86, and 92 km. The contour shows
the number of wind values for 2004–2014. The black dashed line
shows the line of equality. The red dashed line shows the least ab-
solute deviation linear fit with MR as an independent variable, and
the blue line is with MF as an independent variable. The ellipse
within the contour plot is a criteria for the correlation of the two
systems; ε is calculated by the width divided by the length of the
ellipse.

ues decrease with increasing altitude, from 0.75/0.70 (zonal
at 82 and meridional at 84 km) to less than 0.4/0.4 (zonal and
meridional > 94 km), which is in agreement with the results
in Fig. 7. In addition to the altitudinal differences, we also
observe seasonal differences with this approach. We found
that for the zonal wind component, R2 decreases for Febru-
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Figure 9. Schematic illustration of a tilted Saura beam (black) in
a stratified atmosphere. The reddish area symbolizes an increas-
ing electron density in the stratified medium. The observed tilted
beam volume is not equally filled with larger electron density at
the nearer-zenith beam edge. This results in a shifted beam pointing
angle (yellow) relative to the main beam (blue).

ary from 0.79 to below 0.4 with increasing altitude. In con-
trast, however, R2 for June increases between 78 and 88 km
and decreases above 88 km. The same pattern occurs for the
meridional wind component.

The ellipse within the colored area in Fig. 8 is another
measure for determining the correlation between the radars.
The thinner the ellipse, the higher the correlation between the
two data sets. The ratio (ε) between the width and the length
of the ellipse indicates the quality of the ellipse. The values
can vary between 0 and 1 with 0 as an ideal correlation inde-
pendent of a possible offset between the data and 1 with no
correlation between the two data sets. According to Table 2
the values for the zonal component vary between 0.25 and 0.3
below 86 km and increase with increasing height. The values
for the meridional component are on average slightly higher.

5 Discussion

The aim of this study is the comparison of the obtained winds
and tides from two different radar systems. On the one side
we have the meteor radar and on the other side the medium-
frequency radar; the two systems are able to measure wind in
an overlapping observation altitude between 78 and 100 km.
We compared data gathered between 2004 and 2014. Based
on this comparison, we will present in the following section
a method to combine both radar winds into a consistent and
homogenous data set.

As a first step we analyzed the provided zonal and merid-
ional wind components based on a running mean composite.
The zonal wind structure in Fig. 3 exhibits the expected be-
havior with eastward-directed winds during the winter and
a westward-dominated wind during the summer. By visual
comparison of the annual climatology, which is computed
from a 5-day running mean centered to the respective day,

we obtain good agreement between the two systems below
the altitude of 92 km for the zonal wind component, except
during the wind transition period in spring. The presence
of planetary waves in the wintertime can be seen in both
radars. The main difference in the zonal wind component
occurs above 92 km during the summer and shows for the
meteor radar a strong eastward-directed wind pattern with
mean values above 40 m s−1, which do not occur at the same
amplitude for the medium-frequency radar with mean values
around 10 m s−1.

The meridional wind component shows, as expected,
lower amplitudes in both systems. Maximal wind values of
±20 m s−1 can be seen in both systems. Below 92 km the
wind pattern of both radars looks similar, according to Fig. 3,
expect during the transition time in spring and autumn when
the systems sometimes show opposite wind directions.

Moreover, we compare the wind directions based on
hourly data. According to Fig. 4, below 92 km the directions
are mainly identical and above 92 km discrepancies occur,
which is shown in a displacement to the line of equality. This
phenomenon occurs for the whole year and increases with
increasing altitudes.

Especially for lower wind values, these wind differences
can be attributed to the different observation volumes of the
two systems with ∼ 400 km of diameter for the MR com-
pared to∼ 30 km of diameter for the MF at 90 km of altitude.
In addition to that volume effect, Hall et al. (2005) found a
systematic bias (20 %) in the meridional wind component by
the MF radar for altitudes below 90 km. They explained that
the difference between the two systems occurs because the
radars do not measure at the same altitude. The echoes of
the MF radar measure in lower altitudes as expected. The
reason for this is the group delay due to background ioniza-
tion. Another reason could be that the signal the MF radar
receives is purely due to the neutral wind (Hall et al., 2005).
Manson et al. (2004) note that for the zonal wind compo-
nent the difference is altitude dependent. They show good
agreement during summer but with lower MF values (20–
50 %) during the winter. Jacobi et al. (2009) further support
these results. In agreement with their findings, we discovered
an underestimation for the meridional wind below 92 km of
approximately 10–60 %, which varies with season and alti-
tude. The zonal component also shows lower wind values for
the Saura MF in nearly every season and at every altitude. A
reason to use the measured winds with Saura MF carefully
above 92 km is due to E-region total reflection and the group
retardation near midday (Reid, 2015). A study by McCor-
mack et al. (2017), in which the Andenes MR was compared
with the Navy Global Environmental Model (NAVGEM), a
global spectral forecast model with a data assimilation algo-
rithm, showed good agreement between their model and the
MR measurements for the overlapping altitude range of each
mean wind component. Furthermore a comparison between
the VHF radar system MAARSY (Middle Atmosphere Alo-
mar Radar System) and the MR at Andenes was done with
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Table 2. Coefficient of determination for the altitudes 78 to 100 km for the zonal and meridional wind component based on hourly wind
values. February and June R2 are for the zonal wind component, and ε describes the ratio between the length and the thickness of the scatter
plot.

Altitude R2 zonal R2 meridional R2 only Feb R2 only June ε zonal ε meridional

78 0.75 0.55 0.78 0.27 0.27 0.38
80 0.77 0.62 0.79 0.38 0.25 0.34
82 0.78 0.67 0.77 0.51 0.25 0.31
84 0.77 0.70 0.74 0.61 0.26 0.30
86 0.72 0.70 0.68 0.67 0.29 0.30
88 0.66 0.67 0.61 0.66 0.32 0.31
90 0.58 0.60 0.52 0.62 0.36 0.35
92 0.50 0.51 0.45 0.54 0.40 0.39
94 0.41 0.40 0.36 0.44 0.44 0.44
96 0.30 0.29 0.27 0.30 0.48 0.49
98 0.21 0.20 0.16 0.16 0.52 0.52
100 0.14 0.12 0.12 0.09 0.54 0.53

Mean 0.55 0.50 0.52 0.44 0.36 0.39

Figure 10. Theoretical seasonal correction factor for the zonal and meridional wind component of the MF radar. The points between 78 and
100 km are based on a comparison between the two radars according to Fig. 11. The fitted curves are polynomial functions of second degree
according to Table 3.

correlations for the zonal (0.78) and meridional (0.79) wind
components that supports the quality of the MR winds (Sto-
ber et al., 2012).

Differences in the wind measurements between the MR
and the MF radars occur for two reasons. First, under the as-
sumption of a stratified mesosphere, which means that the
mesosphere is homogenously filled with electron irregular-
ities for every layer, the measured center of scatters in a
tilted Saura beam (Fig. 9) is not necessarily in the middle
of the beam volume (theta nominal). The measured cen-
ter of backscatter is weighted by the electron density (theta
eff) within the beam. In most cases the scattering center is
weighted to lower zenith angles and therefore higher alti-
tudes. This effect also plays an important role during strong
electron events in the D and E regions. With higher altitudes
this effect will increase due to broadening of the beam and
can explain the differences between the MR radar and MF
radar below 92 km in the wind amplitude and partially in the
wind direction.

A second effect that influences the wind-derived measure-
ments of the Saura radar is the scattering process. According
to Singer (2003) and Singer (2007), sometimes there are dif-
ferences of up to 10 dB between the main lobe of a vertical
pointed narrow Doppler beam and the appropriate side lobes.
However, the dynamic range of scattering in the D layer is
about 35 dB. This side lobe contamination may affect the
Doppler measurement itself, as the spectra contain multiple
or show smeared and asymmetric peaks, which are difficult
to take into account with the momentum method. More infor-
mation about the momentum method can be found in Strauch
et al. (1984). Thus the analysis is not able to derive a reli-
able radial velocity for these altitudes. Another relevant ef-
fect above 90 km is the pointing of the beam itself, the range,
and the Doppler measurement. The electron density reaches
values of 1011e-m−3 (Bilitza and Renisch, 2007) that require
a more complex analysis, including height retardation, sim-
ilar to ionosondes. Further, the beam pointing is no longer
given by the pointing geometry alone, but becomes more and
more affected by wave refraction. Considering electron den-
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Figure 11. Comparison of sorted hourly wind values according to season, here DJF. MR (red) with values determined by the radar, MF (blue)
with original values (left side), and values multiplied (right side) with a proportionate number according to the correction function of Table 3
to receive the same shape as the MR.

Table 3. Seasonal parameters used for a polynomial function to
minimize the amplitude difference of the MF radar to the MR.

a0 a1 a2

Zonal

DJF 4.03 −0.0952 0.000734
MAM 11.0 −0.248 0.00155
JJA 28.6 −0.637 0.00369
SON 5.38 −0.128 0.000933

Meridional

DJF 22.21 −0.5078 0.0030875
MAM 31.67 −0.7067 0.0041333
JJA 71.78 −1.615 0.0092282
SON 23.44 −0.5217 0.0030844

sities close to 1011e-m−3 shows that the refractive index de-
viates significantly from n= 1 at medium and high frequen-
cies. Assuming a typical electron density profile, the refrac-
tive index n is between 0.4 and 0.8 for altitudes above 92 km
and the Saura frequency. This implies that the range and the
Doppler measurements need to be corrected for the group-
and phase-velocity effects.

It would be possible to improve the measurement of Saura
by applying interferometry or imaging to account for the an-
gular or range distribution of velocities; imaging Doppler in-
terferometry (IDI; more information can be found in, e.g.,
Reid, 2015) could be a suitable approach for more reliable
radial velocity measurements in the D layer, but in retro-
spect this adjustment cannot be done for the existing data.
However, within this study we compare the winds of the MF
and MR to find a statistical correction factor to construct a
merged MR–MF time series for the complete available data
set of both systems. For altitudes that are likely not affected
by wave refraction, a correction factor is used to estimate an
average pointing difference from the nominal beam pointing.

Based on the hourly wind values of both systems, we are
able to determine a correlation for both wind components
for every year by using a running mean boxcar. The shape of
the correlation coefficient pattern (Fig. 7) shows the expected
reasonable agreement below 92 km nearly for the whole year.
The lower altitudes during summer and the wind transition
time during spring show decreased correlations. The values
of the meridional wind component are, according to these fig-
ures, higher than for the zonal component. The reason for the
larger meridional values is an artifact due to the running box-
car method. According to Table 2 the values for the merid-
ional wind are lower but the general pattern of the merid-
ional figures is trustworthy. Manson et al. (2004) estimated
a correlation (R) between the Esrange MR and the Tromsø
MF radars at a height of 88 km for winter (zonal) with 0.71,
winter (meridional) with 0.75, summer (zonal) with 0.8, and
summer (meridional) with 0.83. OurR2 shows similar values
for all cases (Table 2). The difference between Manson et al.
(2004) and our findings can be explained by different lengths
of the observation time and further by our hourly data com-
pared to get the same shape for the histogram as the 2-hourly
mean data of Manson et al. (2004).

The amplitude pattern of the tidal components (Fig. 5) is
similar to the wind components with strong differences in
the amplitude above 92 km for both components. The tidal
amplitude of the MF radar does not grow with higher alti-
tude due to no increasing winds with height. The semidiurnal
tide is the main dominant tidal component in both systems,
which fits with the results of Hoffmann et al. (2010). Yu et al.
(2015) showed, however, increasing tidal amplitudes with in-
creasing heights for several locations. The amplitudes in tidal
modes vary with height, season, component, and location.
Further studies investigated differences in the tidal compo-
nents between MF and MR at Tromsø with the result that
the surface topography influences the deposition of momen-
tum flux, and therefore a tidal acceleration can be expected
to vary with altitude over the observed area and with sea-
son (McIntyre, 1989, McLandress, 1998, Hall et al., 2005).
In our case the surface topography does not play such an im-
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Figure 12. Seasonal plots to adjust the difference in the zonal wind value between the MF and the MR based on two different methods
(colored). The correction factor is estimated by sorting the hourly winds according to their values and multiplying the correction factor (CF)
on the MF value to get the same shape for the histogram as the MR (see Fig. 11). This is done for every altitude and season manually
(red) and by dividing the maximum peak of MR by the maximum peak of MF (green). In black is the variance in the hourly winds for the
corresponding season for MF (dashed) and MR (solid) based on hourly wind values over the whole time period for every altitude.

Figure 13. Theoretical average pointing difference from the nominal beam pointing of the Saura radar for DJF (red), MAM (black), JJA
(green), and SON (blue) for the years 2004–2014. The left panel shows the zonal wind component, and the right panel shows the meridional
wind component.

portant role because the two systems are only 20 km apart.
By taking wind values within a 1 h bin, the influence of dif-
ferent measurement volumes of both systems and a strong
change in the wind to the previous and next time bin can
almost be neglected. Along with the altitudinal differences
in the tidal amplitude, a distinct difference also occurs be-
tween the semidiurnal and diurnal components; the correla-

tion between the two systems for the 12 h tide is higher than
for the 24 h tide with maximal values for the zonal case of
∼ 0.6 compared to ∼ 0.4 (not shown here). These values de-
crease with increasing altitudes. In addition to the amplitudes
of the tidal components we compared the phases with a sim-
ilar result. Below 88 km for the diurnal and 94 km for the
semidiurnal component, the phases of both systems are in
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Figure 14. Zonal wind component for the year 2006 (a) and the composite for the years 2004–2014 (b). Below 78 km the data are based on
the MF system, and above 92 km they are based on the MR radar. The overlapping area is based on the MR and the gaps within this area are
filled with weighted MF radar data according to the correction functions in Table 3. The white areas during June 2006 are missing values.

good agreement within the uncertainties, but the difference
increases with increasing heights up to a time delay of 12 h
for the diurnal phases.

Due to the mentioned reasons and under the assumption
that the derived tidal components of the MR are correct,
we recommend that the tidal components based on the MF
should not be used for tidal studies above 92 km.

On the basis of these findings we propose MR wind mea-
surements as primary wind for the overlapping coverage and
filling existing gaps with weighted MF winds with respect to
each wind component, altitude, and seasonal appearance. By
comparing the amplitude wind differences between the two
systems, we estimated theoretical correction factors (CFs)
that fit, in most cases, to a polynomial function of second
degree. Table 3 shows the parameters for the polynomials for
each season and wind component. By using these parame-
ters we show in Fig. 10 a theoretical profile of the CF down
to 60 km for both wind components. The points between 78
and 100 km show estimated CFs based on hourly wind ampli-
tudes without any smoothing but with respect to seasons. The
estimation of these CFs is done by comparing these data for
every altitude and according to their shape and multiplying
the MF radar data with an associated CF (Fig. 11). Figure 10
shows good agreement between the polynomial function and
the estimated correction factors for all seasons. The highest
theoretical CF below the overlapping area can be found dur-
ing the summer. It should also be briefly mentioned that be-
low and above the overlapping area these functions need fur-
ther investigation because polynomials with a higher degree
also fit within the overlapping area; beyond the overlapping
area, where the CF is extrapolated, strong differences appear.

Figure 12 shows vertical profiles of the observed differ-
ence factors and our empirical correction factors. The green
line shows the correction factors based on dividing the peak
of MR by the peak of MF, and the red line and red dots are
CFs and correction functions of Fig. 10. Both curves show a
similar pattern. The black curves are the seasonal wind vari-
ances for MR (solid) and MF (dashed), which increase in the
case of the MR with increasing heights. The variance curve
of the MR fits well in shape with the two CF lines. This illus-
trates that one reason for the shape of the correction function
is the growing wind values of the MR compared to the MF.

With the use of CF we show in Fig. 14 two examples for
a combined zonal wind data set of both systems with alti-
tude coverage between 60 and 100 km. They are based on a
5-day running mean for the year 2006 (Fig. 14a) and as a
composite for the years 2004–2014 (Fig. 14b). Below 78 km
the combined data set of the MF system is shown without
the correction factor and above 92 km with only the meteor
radar data. In the area in between we take mainly the MR data
and fill gaps with the Saura radar data winds by applying the
correction factors in Table 3. In general this leads to good
results for both figures. Only the transition between 78 km
and the altitudes below, at which the MF winds without any
weighted function are connected, tend to still contain a small
offset between the MF and MR winds.

Based on the correction factor we estimate an average
pointing difference from the nominal beam pointing of the
Saura beam, which can be seen in Fig. 13. Theoretically, by
using a modified value of the Saura zenith pointing angle in
the analysis, the MF and MR winds would agree better.

6 Conclusions

In this study we have compared the winds of the Saura MF
and Andenes MR by applying a DBS wind analysis for both
systems. Data from 11 years have been studied with the ob-
jective of obtaining a vertical wind profile between approxi-
mately 60 and 110 km. To acheive this, biases between the
two systems were determined, mainly to remove system-
specific differences, such as scattering processes, technical
setup, and frequencies. Inside the overlapping altitude in the
range from 78 to 100 km, the highest agreement (zonal and
meridional R2

= 0.78/0.70) of the two wind components
is between 78 and 94 km, except during the transition time
(spring) and during the summer below 82 km. Above 92 km
the correlation decreases with increasing altitude. It is clear
that there is no perfect correlation between the two radars,
especially on shorter timescales, which is due to fundamen-
tal differences in the systems, e.g., different measurement
volume, frequency, and scattering processes. We compared
the derived tidal components between the two radars. The
amplitudes and the phases of the diurnal and semidiurnal
tides from both sets of measurements are in agreement be-
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low 90 km. With increasing altitudes above 90 km, the mean
semidiurnal phases are in agreement within ±6 h and the di-
urnal phases are within ±12 h. The use of tidal phases at
these heights should therefore be taken with caution. The best
agreement occurs during the winter period below 90 km for
the semidiurnal tide. With increasing altitudes the agreement
decreases because the phase and the amplitude of the MF-
based tides remain almost constant with increasing altitude.
This is not supported by the MR observations, which show
a clear phase propagation with altitude and increasing alti-
tudes. Based on our findings we provide a correction func-
tion for every season to minimize differences in wind ampli-
tudes between the two systems. These correction functions
fit to a polynomial function of second order, but should only
be used for the altitudes at which both systems are able to
obtain winds. Extrapolating the correction function beyond
the overlapping area can cause problems and needs further
investigation. By combining the MR and the weighted MF
data set, we are able to construct a continuous data set with
altitude coverage from 60 to 110 km over 11 years, which can
be used for further studies.

Data availability. The radar data are available upon request from
Gunter Stober (stober@iap-kborn.de).
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Abstract. We report on long-term observations of atmo-
spheric parameters in the mesosphere and lower thermo-
sphere (MLT) made over the last 2 decades. Within this
study, we show, based on meteor wind measurement, the
long-term variability of winds, tides, and kinetic energy of
planetary and gravity waves. These measurements were done
between the years 2002 and 2018 for the high-latitude loca-
tion of Andenes (69.3◦ N, 16◦ E) and the mid-latitude loca-
tions of Juliusruh (54.6◦ N, 13.4◦ E) and Tavistock (43.3◦ N,
80.8◦W). While the climatologies for each location show
a similar pattern, the locations differ strongly with respect
to the altitude and season of several parameters. Our results
show annual wind tendencies for Andenes which are toward
the south and to the west, with changes of up to 3 m s−1

per decade, while the mid-latitude locations show smaller
opposite tendencies to negligible changes. The diurnal tides
show nearly no significant long-term changes, while changes
for the semidiurnal tides differ regarding altitude. Andenes
shows only during winter a tidal weakening above 90 km,
while for the Canadian Meteor Orbit Radar (CMOR) an en-
hancement of the semidiurnal tides during the winter and
a weakening during fall occur. Furthermore, the kinetic en-
ergy for planetary waves showed strong peak values during
winters which also featured the occurrence of sudden strato-
spheric warming. The influence of the 11-year solar cycle on
the winds and tides is presented. The amplitudes of the mean
winds exhibit a significant amplitude response for the zonal
component below 82 km during summer and from November
to December between 84 and 95 km at Andenes and CMOR.

The semidiurnal tides (SDTs) show a clear 11-year response
at all locations, from October to November.

1 Introduction

Over the last several decades, studies of wind and wave ac-
tion in the mesosphere and lower thermosphere (MLT) have
focused on coupling processes to layers above and below
(e.g., Yiğit et al., 2016), dynamical processes of the wind
(e.g., Fritts and Alexander, 2003), the local variability of the
measured winds (e.g., Stober et al., 2018), and long-term
changes (LTCs) in winds and waves (e.g., Keuer et al., 2007).
Wind measurements at these heights rely mainly on remote-
sensing techniques, like satellites, lidars, radars, and passive
microwave radiometers. Each of these techniques has its own
strengths and limitations with regards to the time and al-
titude resolution or measurement conditions. Meteor radar
wind observations of the MLT have a long proven record
due to their reliable, long-term measurement capability, inde-
pendent of weather conditions. These radars detect the ion-
ized plasma trails of meteors left behind after the hypersonic
passage of meteoroids in the Earth’s atmosphere. The re-
sulting meteor trails drift with the neutral background wind.
By measuring the radial velocities and the positions of the
trail echoes in the sky, wind velocities of the atmosphere
can be determined. The measurements of these local winds
and the associated tides are key inputs to validate and up-
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date global circulation models. Basically, climatologies of
winds and tides in the mesosphere are well represented in
global circulation models (GCMs). With the onset of the
mesopause, differences occur between models and observa-
tions, which are shown in several studies. Yuan et al. (2008a)
showed differences between three models and observations,
as well as also between the models themselves, by mention-
ing that the height of the summer mesopause differs. Stronger
differences occur during the winter, and opposite prevailing
wind directions occur above the mesopause between models
and observations (e.g., Pokhotelov et al., 2018). A reason for
these differences is probably based on the use of different
gravity wave parameterizations.

The general circulation of the MLT is strongly influenced
by the transfer and deposition of atmospheric momentum,
transported by upward-propagating waves. This momentum
perturbs the purely zonal geostrophic flow, which would ex-
ist in the absence of any momentum exchange for the case
of an atmosphere in radiative equilibrium. In particular, the
ageostrophic meridional flow is affected by this momentum
exchange, which leads to mesospheric upwelling and down-
welling. As a consequence, adiabatic cooling and heating
occur, forcing the atmospheric temperature structure away
from radiative equilibrium, resulting in a non-radiative equi-
librium wind pattern (e.g., Middleton et al., 2001; Becker,
2012). The observed wind, in turn, is a superposition of sev-
eral atmospheric waves, such as planetary waves (PWs), tidal
waves, and gravity waves (GWs), which are categorized ac-
cording to their spatial extents and periods.

Large-scale PWs are primary formed in the troposphere by
topography and diabatic heating. They influence the general
circulation by transferring warm air from the tropics to the
poles and by returning cold air towards the tropics. Plane-
tary waves with periods of 2, 5, 10, and 16 d and their role
in dynamical processes within the MLT and regions above
and below have been frequently discussed in the literature
(e.g., Iimura et al., 2015; Egito et al., 2016; Matthias and
Ern, 2018).

Migrating and non-migrating atmospheric tides in the
MLT are crucial for understanding the dynamics in the at-
mosphere, in particular for vertical coupling processes be-
tween several atmospheric layers. They serve as a carrier
of momentum, which can be deposited in areas far away
from their source region (e.g., Pedatella et al., 2012; Yiğit
and Medvedev, 2015). Non-migrating tides are generated by
longitudinal differences in radial heating (e.g., Hagan and
Forbes, 2002), and while propagating upwards the tidal am-
plitude grows significantly due to the exponential density de-
crease. The dissipation of tides contributes to fluctuations in
the mean wind flow (e.g., Lieberman and Hays, 1994). For
equatorial latitudes, the most dominant tide is the diurnal
(24 h), but according to the linear tidal theory (Lindzen and
Chapman, 1969), at middle and high latitudes, the diurnal
tide does not primarily dominate at the MLT. Therefore, at
these latitudes it is the semidiurnal (12 h) tide which is impor-

tant, having the highest amplitudes during the winter months
and during the autumn transition (e.g., Hoffmann et al., 2010;
Jacobi, 2012; Pokhotelov et al., 2018).

Primary GWs, which are generated in the troposphere,
propagate upwards, with the amplitude of the waves increas-
ing exponentially and efficiently transporting momentum and
kinetic energy into the middle atmosphere. The main tropo-
spheric source of GWs is the airflow over orographic irreg-
ularities, such as mountains, the vertical movements in con-
vection cells, and strong wind shears in combination with
jet instabilities. Here, gravity acts as the wave’s restoring
force against vertical movement. Depending on the propa-
gation direction of the background wind relative to that of
the GWs, strong filtering can occur at different heights. For
example, during the summer, the mainly eastward-directed
GWs are able to reach the mesosphere because most of the
westward-propagating waves get filtered by the westward-
directed stratospheric background wind. If GWs break at the
MLT, they deposit upward transported momentum onto the
background wind, which can lead to a wind reversal (e.g.,
Fritts and Alexander, 2003). The horizontal scale of the as-
sociated excitation varies between several tens and several
thousand kilometers with associated periods of minutes up
to 1 day (Tsuda, 2014).

Examining the observed wind by decomposing it into its
distinct spectral components has been performed by several
studies in recent years (e.g., Eckermann et al., 2016; Hysell
et al., 2017; Shibuya et al., 2017; Baumgarten et al., 2018).
For this study, we use the approach of decomposing the wind
according to Stober et al. (2017) and Baumgarten and Sto-
ber (2019) by applying an adaptive spectral filter technique
(ASF). In this technique the decomposition of the observed
wind is basically done by adapting the window length for
each tidal component and a vertical regularization of the
phase slope using the classical harmonic approach:

u,v = u0,v0+

3∑
n=1

an sin(2π/Tn · t)+ bn cos(2π/Tn · t), (1)

where Tn takes the values of 24, 12, and 8 h to determine
the diurnal, semidiurnal, and terdiurnal tides for each wind
component. an and bn are the coefficients of the appropriate
amplitude. The gravity wave activity is the residuum, which
includes all fluctuations different than tides and planetary
waves.

GW activity is often expressed in terms of spectra as a
function of wave frequencies and wave numbers, which is
rather challenging considering the observational limitations.
Therefore, Fritts and VanZandt (1993) described an energy
spectrum for the wind velocity, which is composed of a com-
bination of several GWs. Tsuda et al. (2000) defines the total
wave energy as the sum of the potential energy and kinetic
energy Ek per unit mass, the latter being given by

Ek =
1
2
(u′

2
+ v′

2
+w′

2
), (2)
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Figure 1. Decomposition of the observed wind (a) into the mean
wind and tidal component (b), and the gravity wave residuum (c)
for Andenes 1–11 September 2017. Note the different labels of the
color bar.

where u′ and v′ are the perturbation of the horizontal wind
velocity and w′ is the vertical wind perturbation to the wave
propagation direction. Even with very precise measurements
w′ is much smaller than the horizontal perturbations and
therefore can be and is very often neglected.

To illustrate the different components, Fig. 1 shows a de-
composition of the observed wind (top) into the mean wind
and tidal component (middle) and the GW residual (bottom).
The decomposition is shown for the location of Andenes for
10 d. Further information and a more detailed description re-
garding the algorithm can be found in Sect. 2.

LTCs in the atmosphere are complex. They are influenced
by several factors, including fluctuations in solar and geo-
magnetic activity, which in turn can induce changes in the
neutral density together with changes in the zonally directed
winds (e.g., Emmert et al., 2008; Stober et al., 2012), or by
anthropogenic emissions of greenhouse gases, which affect
the troposphere through increased heating and causing cool-
ing in the upper atmosphere (e.g., Beig, 2011; Las̆tovic̆ka
et al., 2012). Several studies have investigated LTCs based
on radar measurements for the northern high and mid lati-
tudes, e.g., Middleton et al. (2001), Portnyagin et al. (2004),
Portnyagin et al. (2006), Keuer et al. (2007), Jacobi et al.
(2008), Hoffmann et al. (2011), Iimura et al. (2011), and Ja-
cobi et al. (2015). From these studies, meteor radar wind ob-

servations show for the last decade season-dependent results
for the mid latitudes, with stronger eastward- and southward-
directed tendencies during the autumn and winter and oppo-
site tendencies during the spring (e.g., Jacobi et al., 2015).
For high latitudes, the zonal wind shows a time-varying ten-
dency with an overall eastward-directed wind during the win-
ter and also an increase in the semidiurnal tidal amplitude.
However, large differences are present among these studies,
which are based on different measurement intervals and dif-
ferent latitudes (e.g., Iimura et al., 2011).

In this study, we present climatologies and the decadal
variability of winds, tides, gravity waves, and planetary
waves from the northern high-latitude location of Andenes
and the mid-latitude locations of Juliusruh and Tavistock
(Canadian Meteor Orbit Radar – CMOR). The data are de-
scribed in Sect. 2 and the resulting climatologies and decadal
climate variabilities for the wind are presented in Sect. 3 and
for diurnal and semidiurnal tides, gravity waves, and plan-
etary waves in Sect. 4, respectively. The wind and tidal re-
sponse on an 11-year oscillation is described in Sect. 5. Sec-
tion 6 concludes the paper.

2 Data

This study uses observations from three meteor radars
(MRs), which are located at the polar latitude station of An-
denes (69.3◦N, 16.0◦ E; Norway), the Juliusruh mid-latitude
location (54.6◦ N, 13.4◦ E; Germany), and the mid-latitude
location of Tavistock, the Canadian Meteor Orbit Radar
(CMOR, 43.3◦N, 80.8◦W; Canada).

The Andenes MR was installed in 2002 and was run
with a 15 kW transmitter at 32.55 MHz until May 2008. In
May 2008 the system was moved to a new location 4 km
away from the original site. Later in 2009, the system was
further upgraded to 30 kW transmitting power. In 2011 and
2012 the original antennas were updated and replaced. Since
2012 the system has run in a stable hardware configura-
tion. However, the experiment settings also underwent some
changes during this interval. From 2002 to 2015 (October)
the radar ran an experiment with a pulse repetition frequency
of 2096 Hz and a 3.6 km mono pulse using a 2 km range sam-
pling. In October 2015 the experiment was changed and the
system is now operated with a pulse repetition frequency of
625 Hz and transmits a 7 bit Barker code with 1.5 km range
sampling.

The time series of the Juliusruh MR is a composite of
several different radar systems. From 2002 to 2010 the OS-
WIN radar was operated in a meteor mode interleaved to its
normal MST-radar observations at a transmitting frequency
of 53.5 MHz. These measurements were conducted 118 km
west of the later Juliusruh MR site. In November 2007 the
Juliusruh MR started its operation as a dual-frequency radar
at 32.55 and 53.5 MHz. The experiment settings were similar
to the ones in Andenes between 2002 and 2015. From 2014 to
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2015 the system underwent several modifications. First, the
experiment settings were changed to run the 625 Hz pulse
repetition frequency and a 7 bit Barker code with 1.5 km
range sampling (Stober and Chau, 2015). From January 2014
until autumn 2014 the transmitter of the Juliusruh 32.55 MHz
system was not operating and only the 53.5 MHz system
was observing. In spring 2015 the Juliusruh 53.5 MHz radar
ceased its operation and the Juliusruh 32.55 MHz system re-
mained operational, but with an increased transmitting power
of 30 kW. Since this last modification, the system has oper-
ated continuously in a stable hardware and experiment con-
figuration.

The CMOR MR provides the longest and most homoge-
neous MR time series used in this study. The system has
run in a more or less unchanged configuration since 2002
as a triple-frequency system (17.45, 29.85, and 38.15 MHz)
near Tavistock, Canada. Observations are carried out with
a pulse repetition frequency of 532 Hz using a 11 km mono
pulse and 3 km range sampling. The 17 and 38 MHz radars
each use a 6 kW transmitter; the 29 MHz system was up-
graded from 6 to 12 kW in the framework of the CMOR2
upgrade in May 2009. In this study, we compiled one ho-
mogeneous wind data set involving all available data of the
triple-frequency observations.

In this study, the composites and LTCs are based on data
sets for the years 2002–2018 for each location. The winds
are obtained by applying a modified version of the all-sky fit
(Hocking et al., 2001; Stober et al., 2018), and they have an
hourly temporal resolution and partly cover the heights be-
tween 70 and 110 km, with a vertical altitude resolution of
2 km. The different atmospheric waves are extracted by an
ASF (Stober et al., 2017; Baumgarten et al., 2018). In this
study, we focus on observed mean winds, tides, gravity, and
planetary waves. The statistical uncertainties are based on
the applied fitting procedure by taking into account full error
propagation of the radial wind errors as well as the number
of meteors per altitude and time bin. The resulting uncertain-
ties of the wind vary in the range of 2–16 ms−1, with larger
errors occurring in bins with fewer meteors or at the upper
and lower edges of the meteor layer. More information about
the experimental setup and the technical specifications for
the Andenes and Juliusruh meteor radars, as well as about
the wind analysis and the obtained uncertainties for all three
radars, can be found in Stober et al. (2017, 2018). More tech-
nical information about CMOR and CMOR2 is described in,
e.g., Webster et al. (2004), Jones et al. (2005), and Brown
et al. (2008).

2.1 Homogenization of time series

The instruments used in this study were operational for al-
most 2 decades and some meteor radars did undergo substan-
tial maintenance and modifications on the hardware. Most
crucial for the wind measurements are the phase calibration
and stability, the range sampling, and the Doppler measure-

ment. The Andenes and Juliusruh meteor radars were main-
tained twice a year, including a test of the phase match of the
cables and antennas. Further, the SKiYCORR software runs
a phase test and provides a summary file of the impedance
for each channel and day indicating potential problems. In
addition to the regular maintenance, the CMOR meteor radar
interferometry (phases) is cross-validated to optical obser-
vations. In particular, meteor showers are monitored with
CMOR throughout the year, providing another source of in-
formation on the phase stability. The Andenes and Juliusruh
meteor radars were also checked and cross-validated using
selected meteor showers during the course of the year.

Both European meteor radars were frequently range and
power calibrated using a delay line (Latteck et al., 2008; Sto-
ber et al., 2010). The CMOR radar is also routinely checked
for potential issues in the range sampling by applying var-
ious cross-calibrations. All systems used the same software
package over the complete time span to derive the Doppler
velocities to avoid artefacts due to changes in the parame-
ter estimation (e.g., Doppler velocity or the velocity uncer-
tainty).

Before the multi-frequency data sets for CMOR and
Juliusruh are compiled, we analyze the winds for each fre-
quency independently and cross-validate the resultant time
series. If one instrument shows systematic issues in the wind
time series compared to the other instruments and the clima-
tology, these data are flagged and are no longer considered in
the finally compiled and merged wind time series. The An-
denes meteor radar data are campaign-wise cross-validated
with other meteor radars in Norway.

2.2 Adaptive spectral filtering of time series

The ASF provides a wave decomposition of our original ob-
served time series into a daily mean wind, diurnal and semid-
iurnal tides, as well as a gravity wave residuum with an
hourly resolution. Here, the gravity wave residuum also in-
cludes the terdiurnal tidal component. The hourly resolved
time series are then averaged to daily means keeping the er-
ror information. The ASF is designed to account for the inter-
mittency of waves, in particular, of tides and mean winds for
time periods less than a day. Therefore, we adapt the window
length of the harmonic tidal fit to the number of wave cycles.
In the first step, we fit the daily mean wind with a window
length of 24 h plus all tidal components. The next step uses
the daily mean wind and the diurnal tidal component as a
boundary to extract the information of the semidiurnal tide
and so forth. This procedure is applied as a sliding window
along the time series and all wave information (amplitude
and phase) for all waves is determined for each time step. The
technique is least squares based and, hence, robust against
unevenly sampled data or data gaps shorter than the length
of the window. Another benefit of the least squares imple-
mentation is the error propagation to all derived parameters.
Further, we implemented a regularization constraint for the
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mean winds and diurnal and semidiurnal tides making use of
the vertical wavelength information assuming that the mean
winds and tidal phase should only show gradual changes
within a vertical kernel function of 8 km for the mean winds
and 10 km for the tidal phases. The daily mean wind time se-
ries (tides and gravity waves removed) are further analyzed
to obtain the planetary wave activity. Therefore, we define a
seasonal background wind based on the daily mean time se-
ries of u0 and v0 for the zonal and meridional components,
respectively:

u0,v0 = um,vm+

2∑
i=1

an sin(2π/Tn · t)

+ bn cos(2π/Tn · t). (3)

Here um and vm are an annual mean zonal and meridional
wind, and an and bn are coefficients for the seasonal subhar-
monics with periods Tn = 365.25/n d (n= 1,2). We deter-
mine the background wind field for every month at the 15th
by fitting the above-described seasonal model to the daily
mean wind time series using a 2-year window centered at
the respective month and reconstruct the background wind
time series for the other days for each month. The planetary
wave activity is then given by subtracting the previously ob-
tained daily mean winds and the reconstructed background
wind field. The benefit of this approach compared to other
techniques, e.g., smoothing the data or running averages, is
that it is more robust against larger data gaps of up to months
in length. Another benefit is that, due to the long window
used for the fitting, seasonal peculiarities, e.g., sudden strato-
spheric warmings, do not affect the monthly means, but are
well captured in the planetary wave activity.

Monthly mean tidal amplitudes and GW and PW activity
are derived by computing monthly medians of the available
data sets. Thus, the resultant time series contain some data
gaps. However, there are still enough data points to estimate
a LTC and a potential solar cycle effect for all these waves for
each month. The LTC and solar cycle effect are derived by
using a linear trend model plus an 11-year oscillation, which
is not tied to the F10.7 solar radio flux or the sunspot num-
ber. Qian et al. (2019) analyzed WACCM-X and wind obser-
vations above Collm (51◦ N, 13◦ E) and found that the wind
signature is less statistically significant than the temperature
response to the solar radio flux. Other studies exploring the
stratospheric/tropospheric response to solar forcing indicate
a clearer dependence (Salby and Callaghan, 2006; Rind et al.,
2008; Lu et al., 2017) on solar activity. At the MLT, the wind
seems to be less directly influenced by the F10.7 or sunspot
number. Pokhotelov et al. (2018) found almost no correla-
tion between the occurrence of mesospheric echoes at mid
latitudes and the solar radio flux (F10.7), but a clear depen-
dence on the occurrence of these echoes due to meridional
winds. Further, Stober et al. (2014) investigated the neutral
air density response during solar cycle 23 and found a phase
delay of almost 1 year between the F10.7 proxy and the neu-

tral air density variation. Considering all the aspects above,
we model the resulting mean winds as

umm,vmm = au,v +mu,v · t + a · sin(2π/11.0 · t)

+ b · cos(2π/11.0 · t), (4)

where umm and vmm are the monthly mean zonal and merid-
ional components for the mean wind and each wave, mu,v is
linear change over the whole period, a and b are the solar cy-
cle components, au,v is the mean at year 0, and t is the time
in years.

3 Climatologies and long-term changes in the mean
wind

Analyzing long time series always requires an estimate of the
associated confidence values of the measured linear changes
or other derived parameters. In this study, we conduct a full
error propagation to all parameters using the covariance ma-
trices of the fitted functions. Based on this statistical uncer-
tainty we are able to define the 90 % and 95 % confidence
levels given by x± σz. Here x is a parameter, σ is the sta-
tistical uncertainty of x, and z is a factor, which takes values
z= 1.64 for the 90 % confidence interval and z= 2 for the
95 % interval, respectively, assuming a Gaussian error distri-
bution. We label the different confidence intervals by dashed
(90 %) and solid (95 %) contours for all derived parameters.
We tested our confidence intervals for whether they are sig-
nificant by introducing two null hypotheses. The long-term
linear changes are tested under the assumption that there is
no linear change as a null hypothesis, and the solar cycle is
tested with the null hypothesis that there is no significant
solar cycle. However, it is also important to note that there
could be a potential autocorrelation in our time series due to
the solar cycle. We estimated all confidence levels under the
assumptions that the Gauss–Markov theorem holds and our
least square estimators are an unbiased solution, viz. that the
fit residuals are uncorrelated.

Mean wind climatologies at the MLT are often shown for
a particular location or instrument or as averages over differ-
ent periods. In this study we present climatologies of mean
winds, diurnal and semidiurnal tides, and PW and GW ac-
tivity covering more than 25◦ latitude from mid latitudes to
polar latitudes. Thus we are providing a profile of the mean
wind systems at the MLT over the Northern Hemisphere.
Furthermore, the data sets span the same observational pe-
riods from 2002 to 2018 and the winds are obtained by the
same type of analysis.

The mean wind climatologies are shown in Fig. 2. Every
location shows a distinct seasonal pattern, with eastward-
directed winds during the winter and a transition/reversal
between eastward and westward winds during the summer.
Meridional winds are northward-directed during the winter
and southward-directed during the summer. The zero line
transition is shown as a black contour line. The zonal wind
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Figure 2. Composite of zonal (a, c, e) and meridional (b, d, f) wind components for Andenes (a, b), Juliusruh (c, d), and CMOR (e, f). The
black line corresponds to the wind reversal. Note the different labels of the color bar.

pattern indicates two pronounced features when comparing
the different latitudes. In winter, the eastward-directed winds
are much stronger at CMOR, with up to 40 ms−1, and de-
crease towards higher latitudes with 6–10 m s−1. Further,
CMOR shows a zero line crossing in the zonal winds around
100 km altitude, which is not seen at Juliusruh and Andenes.
During the fall transition, Juliusruh shows for a month at alti-
tudes above 95 km westward-directed wind. During summer
the wind pattern looks rather similar; just the zonal wind re-
versal altitude increases from the mid latitudes towards the
polar latitudes by almost 8–10 km (June, July, August).

The meridional wind climatology also shows latitudinal
differences. During the winter season, the mid latitudes show
northward winds of magnitude 10 ms−1. The summertime
is characterized by a southward mesospheric jet of 10–
15 ms−1, which is closely related to the zonal wind reversal.
The most prominent features in the meridional winds are the
zero line and its altitude variation during the course of the
year. At Andenes, northward winds occur only below 90 km
altitude and then for only a few months in winter. In contrast,
at the mid-latitude stations northward winds are found at all
altitudes throughout the winter and southward winds for the
summer months. Due to the different lengths of time series
compared to other studies, these results are only partly con-
sistent with findings of, e.g., Yuan et al. (2008b), Kishore Ku-
mar and Hocking (2010), Hoffmann et al. (2011), Jacobi
(2012), Conte et al. (2018), and Lukianova et al. (2018).

Although the climatologies are statistically robust regard-
ing the mean patterns in both wind components, there is a
year-to-year variability and also changes over much longer
timescales. Figure 3 shows the time series of the zonal (left)
and meridional (right) winds for the Andenes high-latitude
location (top) and the Juliusruh (middle) and CMOR (bot-
tom) mid-latitude locations. As described in Sect. 2, espe-
cially for Juliusruh, the system modifications resulted in an
increase in the altitude coverage due to software and hard-
ware improvements over several years. The seasonal pattern,
shown in the climatologies (Fig. 2), is even more clearly vis-
ible in Fig. 4, where the year-to-year variability is more pro-
nounced, by using the seasonal fit removing the PW activity
from the time series.

Just by visual inspection of Fig. 4, some of the year-
to-year variability or LTC becomes visible; e.g., for the
years 2003–2007 CMOR shows a westward-directed wind
regime above 100 km during summer, which disappears in
more recent years. Furthermore, there is an enhancement of
the southward-directed winds in Andenes after the year 2015
at altitudes above 95 km.

Monthly changes are estimated using Eq. (4) and are
shown in Fig. 5 for both wind components. The dashed black
lines represent the 90 % confidence level and the solid black
lines the 95 % confidence level. It is rather obvious from
Fig. 5 that there is no common linear change at all three
latitudes, and thus we discuss each site separately. At An-
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Figure 3. Observed zonal (a, c, e) and meridional (b, d, f) wind components for Andenes (a, b), Juliusruh (c, d), and CMOR (e, f) for the
locations according to available data series. Note the different labels of the color bar.

denes, an enhancement of the westward-directed wind oc-
curs during the beginning of the year with values of up to
0.3 m s−1 year−1, as well as for the summer in the area above
the transition height. After the fall transition, a small en-
hancement of eastward winds is found, with values of up
to 0.3 ms−1 year−1 below 100 km. The meridional wind for
Andenes shows a pronounced southward-directed wind long-
term variability, with values of up to 0.5 m s−1 year−1 above
∼ 96 km for the winter and above ∼ 90 km for the summer.
The LTC for Juliusruh is less significant, with changes which
correspond to an eastward-directed tendency during the be-
ginning of April and May and westward-directed below
90 km at June/July. Furthermore, eastward enhancements be-
low 90 km between September and November and at the
beginning of the year above 90 km, with values of up to
0.5 m s−1, are found. The meridional component of Julius-
ruh shows tendencies towards south between January and
April and an opposite tendency between May and Novem-
ber. At the location of CMOR, the strongest significant LTC
occurs between April and August with an eastward accelera-
tion of the zonal wind, enhancing the zonal jet above 90 km
and weakening the westward jet below with values of up to
0.5 m s−1 year−1. Meridional winds at CMOR show a south-
ward long-term variability between 90 and 100 km at the

beginning of the year and some northward accelerations in
summer.

The seasonal analysis provides information about the
mean zonal and meridional wind for each year and alti-
tude. Figure 6 shows the vertical LTC based on annual mean
values. The vertical profiles indicate the linear change per
decade of the zonal (red) and meridional (blue) wind. The
most significant changes occur at Andenes in both wind com-
ponents. The mean zonal wind speed is decreasing between
85 and 100 km by up to 3 ms−1 decade−1. The LTC of the
meridional wind reaches values up to 2 ms−1 decade−1. At
mid latitudes (Juliusruh) the zonal wind shows only a weak
change per decade and an eastward acceleration with 0–
0.5 ms−1 decade−1. The meridional winds indicate a more
pronounced linear tendency. Below 85 km the meridional jet
seems to be further westward accelerated, whereas at higher
altitudes an eastward acceleration is found. At CMOR the
zonal wind shows almost no long-term variability at all alti-
tudes between 75 and 110 km. The meridional wind indicates
a LTC above 90 km altitude corresponding to a northward ac-
celeration of the mean circulation.
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Figure 4. Seasonal mean zonal (a, c, e) and meridional (b, d, f) wind components for Andenes (a, b), Juliusruh (c, d), and CMOR (e, f) for
the locations according to available data series. Note the different labels of the color bar.

4 Climatologies and long-term changes in waves

4.1 Diurnal tides

The monthly median amplitudes and the associated com-
posites for the tidal 24 h diurnal components are shown in
Figs. 7 and 8. The seasonal pattern of the diurnal tidal (DT)
amplitude shows a rather rapid increase around 100 km al-
titude and at least during the summer a secondary enhance-
ment around 80 km altitude with values of∼ 15 m s−1. Com-
paring all three locations, CMOR shows the strongest max-
imum and strongest mean amplitudes for the zonal diur-
nal tides, with mean values larger than 25 m s−1. This oc-
curs at heights above 90 km and especially between January
and April shows a general enhancement of the zonal diur-
nal tidal amplitude. Juliusruh reaches maximum mean val-
ues of ∼ 25 m s−1 only between the late summer and au-
tumn above 100 km. During this time, Andenes also shows
the strongest diurnal tidal amplitudes in the zonal direction,
but with weaker maximal mean values of up to 20 m s−1.
The meridional diurnal tidal component at all three locations
shows a similar pattern, with enhancements of the amplitudes
between summer and winter, for heights above 94 km, where
it reaches maximum mean values of over 30 ms−1. All lo-

cations show a second increase during the summer around
82 km, and even higher up for CMOR, with mean values
of 15–20 ms−1. Another very prominent feature of the diur-
nal tidal amplitudes is related to its polarization relation. At
Andenes and Juliusruh the meridional component is signif-
icantly enhanced compared to the zonal diurnal tidal ampli-
tude. At CMOR this effect is less pronounced during June–
December and reverses in spring, where the zonal diurnal
tidal amplitude is much larger compared to the meridional
component.

Comparing our climatologies to previous studies reveals
some interesting differences. Portnyagin et al. (2004) and Ja-
cobi (2012) found a distinct maximum during the summer
months and almost no tidal signature in winter at altitudes
from 92 to 98 km. Both studies also did not show the diur-
nal summer maximum below 82 km. These differences are
partly explainable by the different length of the analyzed
time series. Portnyagin et al. (2004) could only use a bit
more than 1 year of data for the Scandinavian climatology.
Jacobi (2012) compiled a climatology from 6 years during
solar minimum conditions. However, the ASF decomposition
of tides and mean winds considering the intermittent behav-
ior of the diurnal amplitude and phase may also play a role.
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Figure 5. Linear long-term changes in zonal (a, c, e) and meridional (b, d, f) wind for Andenes (a, b), Juliusruh (c, d), and CMOR (e, f). Note
the different labels of the color bar. The solid black lines correspond to the 95 % significance, the dashed black lines to the 90 % significance.

The diurnal tidal phases are shown in Fig. 9. The phases
are referenced to a longitude of 13◦ east. The white contour
line labels phase jumps and zero phases. The CMOR phases
are shifted as if they would have been observed at the CMOR
latitude but at the above-mentioned longitude in the Euro-
pean sector. The diurnal tidal phases show a distinct seasonal
pattern and latitudinal differences. Throughout the year there
are substantial changes in the phases at a given altitude; in
particular, at the polar latitudes during the winter months, the
phases undergo phase drifts of several hours within a month.

Based on the long-term series, Fig. 10 indicates the in-
terannual LTC for the diurnal components. For the loca-
tions of Andenes and Juliusruh, the diurnal component shows
small but significant tendencies. During the summer at An-
denes, a westward-directed amplitude gradient is present
in the westward wind regime below 85 km, with values of
up to 0.3 ms−1 year−1. Furthermore, there is a northward-
directed wind amplitude change during the fall at around
100 km. At the location of Juliusruh, changes take place in
the zonal component during the winter, with a tendency to-
wards a decreasing diurnal tidal activity above 90 km. How-
ever, at Andenes and Juliusruh the zonal and meridional di-
urnal tidal amplitudes show only rather small changes from
2002 to 2018. At CMOR changes emerge between 82 and
100 km in January. During the early winter, the LTC shows
an increasing diurnal tidal amplitude activity, with values up
to 0.4 m s−1 year−1 for the zonal component and almost no

change for the meridional component. During the summer
months, the LTC points towards a decreasing tidal amplitude,
with up to 1 ms−1 year−1 for heights above 100 km. Merid-
ional tidal diurnal amplitudes at CMOR exhibit only small
changes.

4.2 Semidiurnal tides

The 12 h semidiurnal tide is the most dominant wave in the
MLT throughout the year at mid and high latitudes. The time
series of semidiurnal tidal (SDT) amplitudes is presented in
Fig. 11 and the SDT climatology is given in Fig. 12. SDT
amplitudes are usually larger compared to DT amplitudes
and reach at the mid latitudes for the zonal wind component
maximum mean values of ∼ 30–40 ms−1 and for the merid-
ional component maximum mean values of 20–40 ms−1. In
general, the semidiurnal tidal components at all locations
show similar seasonal patterns. SDT amplitudes increase
with increasing heights and reach maximum values around
100 km altitude. The seasonal pattern of the SDT shows a
very similar morphology throughout the year at all three MR
sites. There is a winter maximum, a spring minimum, and a
second amplification during September–October and a sec-
ond minimum in November. At Andenes the SDT amplitude
reaches mean values for both components of up to 30 m s−1.
The highest SDT amplitudes are seen at mid-latitude sta-
tion Juliusruh during the winter months, with values of up
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Figure 6. Linear long-term changes in zonal (red) and meridional
(blue) wind, based on annual values for Andenes (a), Juliusruh (b),
and CMOR (c). The error bars correspond to the statistical variance.

to 40 ms−1. In contrast, the fall transition reaches its highest
SDT amplitudes of∼ 40 ms−1 (zonal component) at CMOR.

At Andenes and Juliusruh the zonal and meridional wind
components indicate similar values for amplitudes and oc-
currence of the SDT. Comparable amplitudes are present dur-
ing the winter months at CMOR. However, the fall transition
above looks slightly different for the CMOR MR. The zonal
SDT amplitude appears to be larger than the meridional com-
ponent.

Figure 13 shows the phase behavior for the SDT. The sea-
sonal pattern indicates an asymmetry and rapid phase change
during the fall transition and the winter months. During the
spring transition the phases also are altered, but are less
prominent compared to the fall and winter time. The phases
also reflect the seasonal asymmetry similar to the amplitudes
of the SDT. Further, it appears that latitudinal differences be-
tween Andenes and Juliusruh are small, whereas the phase
differences to the CMOR latitude are much more significant.
SDT phases also show continuous phase changes throughout
the year. During the fall transition the phase changes within
a month by more than 6 h at all three latitudes. However,
the winter time is also characterized by drifting SDT phases
within a month.

The LTC for the semidiurnal tides is shown in Fig. 14. At
Andenes a significant change emerges above 90 km during
the winter (November, December), showing a rather strong
decrease in the SDT with amplitudes of 1 m s−1 year−1. Ad-
ditionally, a significant enhancement of the SDT occurs dur-
ing the autumn transition, showing an increase of up to
1 ms−1 year−1. Similar patterns for the summer also oc-
cur for Juliusruh. This behavior is not reflected at CMOR.
There, it appears that the SDT amplitudes in November are
further increasing in the zonal and meridional components.
CMOR also exhibits a significant increase in the wintertime
(December–February) of SDT amplitudes above 90 km.

4.3 Planetary and gravity waves

The planetary wave activity is estimated as residual between
the daily mean winds, as obtained from the adaptive spec-
tral filtering and the seasonal fit shown in Eq. (3). The sea-
sonal fit provides a robust estimate of a background wind
field for every day of the year and each wind component.
The zonal and meridional wind residuals can be written as
u′ and v′ and are considered a good proxy of a planetary
wave amplitude. However, this method does not allow us to
distinguish between a planetary-wave-like oscillation and a
SSW event, which typically lasts 3–5 d at the MLT. How-
ever, Matsuno (1971) already pointed out that PWs play a
major role in the evolution of SSWs. Figure 15 shows the
PW energy. All three locations show striking enhancements
during the winter, especially during years when a major sud-
den stratospheric warming (red arrow) takes place. During
the years with a major sudden stratospheric warming event,
the PW energy appears to be increased and takes values of
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Figure 7. Time series of the zonal (a, c, e) and meridional (b, d, f) diurnal tidal components for Andenes (a, b), Juliusruh (c, d), and
CMOR (e, f).

up to 300 m2 s−2 in the winter months. Minor sudden strato-
spheric warmings (green arrow) show also an increase in the
PW energy, but are usually weaker than during years with a
major sudden stratospheric warming. Even for the year 2016,
where we found an exceptional circulation pattern at the
MLT, an enhancement of the PW energy is present Stober
et al. (2017), although this year did not show the evolution
of a typical SSW (Matthias and Ern, 2018). For the rest of
the year, the PW activity is comparatively low, with sparse
enhancements observed at CMOR.

In Figs. 16 and 17 the long-term observations of kinetic
gravity wave energy (GW) and the corresponding GW en-
ergy climatology are presented. The general seasonal pattern
for all three locations appears to be quite similar. An en-
hancement of the kinetic GW energy with increasing heights
is noticeable, as well as a seasonal pattern with increased
GW energies between the autumn transition and the end of
the winter, with values of up to 400 m2 s−2. Below a height
of∼ 82 km during the summer there is a secondary enhance-
ment, which is especially noticeable at Andenes and Julius-
ruh. At that time, values of up to ∼ 150 m2 s−2 are recorded
for Andenes, and up to ∼ 250 m2 s−2 for Juliusruh.

5 Wind dependencies on an 11-year oscillation

For long-term wind data which exceed the period of a solar
cycle it is advantageous to consider the influence of an 11-
year oscillation on the wind. Figure 18 visualizes the impact
of an 11-year oscillation on a seasonal basis. All three sta-
tions show nearly no changes in the meridional component,
while the zonal winds appear to be highly responsive to the
solar activity during the summer around 80 km and during
the winter. At the equinoxes, the zonal wind component is
unaffected by the 11-year modulation. During the summer,
all three locations show an 11-year oscillation with an ampli-
tude response between 3 and 5 ms−1 below 82 km.

In addition to the annual profile, Figs. 19 and 20 show sea-
sonal linear influences of solar radiation on the tidal compo-
nents. The influence of the 11-year oscillation on the diur-
nal tides is shown in Fig. 19. Andenes and Juliusruh show
no changes in the zonal component, while the 11-year os-
cillation in CMOR becomes prominent above 90 km. For
the meridional component, only Andenes and CMOR are af-
fected above 94 km during the summer months, by values of
up to 4 ms−1. For the semidiurnal tides (Fig. 20) all locations
show for both components enhancements during and after
the autumn transition above ∼ 90 km, which last at CMOR
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Figure 8. Composites of the zonal (a, c, e) and meridional (b, d, f) diurnal tidal components for Andenes (a, b), Juliusruh (c, d), and
CMOR (e, f).

Figure 9. Composites of the zonal (a, c, e) and meridional (b, d, f) diurnal phase information for Andenes (a, b), Juliusruh (c, d), and
CMOR (e, f).
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Figure 10. Linear long-term changes in zonal (a, c, e) and meridional (b, d, f) diurnal tidal components for Andenes (a, b), Juliusruh (c, d),
and CMOR (e, f). The solid black lines correspond to 95 % significance, the dashed black lines to the 90 % significance.

until the spring. These enhanced values are remarkable be-
cause during the time after the autumn transition the tidal
amplitudes are quite low (see Fig. 12), which indicates an in-
creased response to the solar cycle for this period of the year.
The modulation of the semidiurnal tidal amplitudes due to
the solar cycle forcing ranges between 3 and 6 m s−1 for the
winter season. Considering that some of the previous tidal
climatologies are compiled during different phases of a so-
lar cycle explains some of the discrepancies (Jacobi, 2012;
Pokhotelov et al., 2018).

The phase information for the solar cycle can be found
in the Appendix. The phase is referenced to the year 2002.
The yellowish to light orange color indicates a zero phase
shift compared to the reference year and corresponds to the
maximum solar activity during solar cycle 23 (e.g., F10.7
or sunspot number). Phases that are outside the 90 % con-
fidence interval are shaded and should not be treated as reli-
able due to the weak signal. The phase behavior itself seems
to be rather complex and depends on season and altitude. The
phase pattern of mean winds also shows a strong latitude de-
pendence in both wind components. Only the winter season
exhibits similarities in the response to the solar cycle of the
sun with respect to the phase behavior. There is a certain
coherence of the phases between the latitudes, in particular
for the semidiurnal tide, which indicates a pronounced phase
offset between September/October and December/January,
which requires further investigation. However, the diurnal

tide is basically only affected at the CMOR station and shows
phases close to zero corresponding to a more or less direct re-
sponse to the solar forcing. A more detailed discussion of the
phase behavior and the potential causes requires modeling
and is beyond the scope of this paper.

6 Discussion

We have used meteor radar observations to characterize the
mesospheric and lower thermospheric (MLT) winds, tides,
gravity waves, and planetary waves for the northern high-
latitude site of Andenes and the northern mid-latitude sites of
Juliusruh and CMOR. Based on measurements between the
years 2002 and 2018, long-term changes (LTCs) were esti-
mated for winds and tides at each location. Depending on the
length of the data series, the latitudinal location, and the ob-
served heights, long-term tendencies can differ significantly
with latitude.

For the mean zonal and meridional wind, the typical wind
pattern occurs with eastward-directed winds during the win-
ter and a switch from westward to eastward winds during the
summer. The transition heights were located at lower heights
for the mid-latitude locations. Changes between northward-
directed winds in the winter and southward winds during the
summer were apparent from all the measurements. Further-
more, above 100 km a westward-directed wind field occurs
only for CMOR after the autumn transition, which lasts un-
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Figure 11. Same as Fig. 7 but for the semidiurnal tidal components.

Figure 12. Same as Fig. 8 but for the semidiurnal tidal components.
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Figure 13. Same as Fig. 9 but for the semidiurnal tidal components.

Figure 14. Same as Fig. 10 but for the semidiurnal tidal components.
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Figure 15. Time series of planetary wave energy for Andenes (a),
Juliusruh (b), and CMOR (c). The red (green) bold arrows corre-
spond to winter with a major (minor) sudden stratospheric warm-
ing.

til the spring transition. These climatologies fit generally to
model studies made by, e.g., Jacobi et al. (2009) and Geißler
and Jacobi (2017), or to the results of remote-sensing instru-
ments by Schminder and Kürschner (1994). However, some
of these studies show smaller differences in the wind values
than we find, which we ascribe to different time series or dis-
parities in the window fit length.

Based on annual mean values, the winds in the MLT
over Andenes show a tendency of decreasing amplitude for
the zonal and meridional components. In contrast, the mid-
latitude locations show weaker tendencies or only increasing
tendencies above a certain altitude. Stronger differences oc-
cur when comparing seasonal tendencies for each location,
where in some cases opposite tendencies for the same height
and same season can occur. Comparing these tendencies with
previous studies, differences are to be expected based on dif-
ferently used time series and on different averaging periods.
Enhancements or weakenings of the mean zonal wind are
also expected to take place due to several geophysical pro-
cesses, such as the quasi-biennial oscillation or the El Niño–
Southern Oscillation, which are not incorporated in some
studies.

Figure 16. Time series of kinetic gravity wave energy for An-
denes (a), Juliusruh (b), and CMOR (c).

In Hoffmann et al. (2011) long-term tendencies were mea-
sured based on medium-frequency meteor radar for the lo-
cation of Juliusruh. They found a similar increasing ten-
dency during the autumn but a different tendency during the
spring. This difference may be due to the particular time se-
ries they used, namely from 1990 until 2010. In the work by
Jacobi et al. (2015), LTCs were estimated for the Collm mid-
latitude meteor radar station (Germany) for the years 2004
until 2014. They used monthly mean meteor measurements
and found tendencies similar to our work for the winter
through to the summer months for both wind components.
However, they reported an opposite LTC for the meridional
component during autumn compared to our results. Using
the MUAM model (Geißler and Jacobi, 2017) also shows the
northward tendency during the summer for both mid-latitude
MRs, based on trends over a 37-year period. In addition, they
found a strong opposite LTC for summer at Andenes.

Concerning tides, we find that the observed SDT com-
ponent dominates over the DT component at Andenes and
Juliusruh but reaches nearly similar zonal amplitudes for
the lower-latitude location of CMOR. The amplitudes of the
meridional diurnal component exceeds the value of the SDT
for heights above 100 km. The diurnal component is charac-
terized by a second enhancement during the summer, while
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Figure 17. Composite of kinetic gravity wave energy for An-
denes (a), Juliusruh (b), and CMOR (c).

the SDT component shows an increase in amplitude during
the autumn transition at all locations.

The amplitudes and the seasonal occurrence of tides, es-
pecially the SDT, correspond well to an earlier study made
by Manson et al. (2009). Their work covered 1 year with
the SDT and DT reported for several northern latitude lo-
cations. Similar to the case for the winds, the seasonal LTC
pattern differs by location. While for the tidal components
Andenes and Juliusruh show similar changes, CMOR shows
somewhat opposite tendencies. Similar climatologies for the
SDT tides were found at the latitude of ∼ 40◦ N based on
model results and lidar measurements in several earlier stud-
ies (e.g., Yuan et al., 2008a). Later, Pokhotelov et al. (2018)
showed agreement between model data and radar SDT tidal
measurements for the locations of Andenes and Juliusruh.
For diurnal tides, Portnyagin et al. (2004) found similar am-
plitudes and also a small enhancement during the summer
at around 80 km based on medium-frequency radar measure-
ments of the diurnal tides between 1990 and 2000.

The climatology of tidal phases for the DT and SDT points
out that the tidal phases are not very stable at the MLT and
are more or less continuously changing throughout the course
of the year. In particular, the rapid phase changes during the
fall transition and the winter months (DJF) for the SDT are
critical for many other analysis using long windows to deter-
mine tidal features. Typically, such long windows are used
to separate the lunar tide from the SDT (Chau et al., 2015;

Conte et al., 2017). However, Fuller-Rowell et al. (2016) al-
ready pointed out that the phase stability is highly important
in such an analysis. They found a lunar tide in model data
(Whole Atmosphere Model – WAM) as a result of a drifting
phase of the SW2 and TW3 tide during an SSW.

For each of the three locations in our study, the planetary
wave energy shows abnormally high peak values during the
winter when sudden stratospheric warming also is present.
According to Matsuno (1971) these warmings are caused by
the interaction of upward-propagating planetary waves. The
values we find for the planetary wave energy correspond well
to earlier studies (e.g., Tsuda et al., 1988), with similar values
for the kinetic energy reported by Dowdy et al. (2007). The
kinetic gravity wave energy for each location shows larger
values at higher altitudes and also during the winter, with
values of up to 400 m2 s−2. The summer gravity wave energy
enhancement, which occurred in Juliusruh at around 80 km,
can also partly seen with the use of medium-frequency radar
data. It is even more apparent with the use of model data
(Hoffmann et al., 2010).

The 11-year oscillation is found to affect both the observed
winds and tides. The strongest influence is on the zonal wind
during the solstices. A study made by Keuer et al. (2007)
suggests that for the location of Juliusruh, the strongest in-
fluences of solar radiation on the zonal wind should be at
80 km than above during the winter, as well as nearly similar
influences for all heights during the summer. Their work sug-
gests that the meridional component should show no impact
from solar radiation on the winds. Both findings correspond
well to our results. For the tidal diurnal component, partic-
ularly at the lower mid-latitude location of CMOR, there is
a strong influence from the 11-year oscillation for heights
above∼ 95 km, while for the SDT components all three MRs
show a noticeable response to the 11-year oscillation during
the winter for heights above 90 km.

7 Conclusions

Measuring long-term climatologies (LTCs) in the atmo-
sphere requires continuous and consistent observations. In
this study, we analyzed observations from three MRs at An-
denes, Juliusruh, and CMOR (Canada) at mid and high lati-
tudes to obtain LTC in mean winds, diurnal and semidiurnal
tides, gravity waves and planetary waves, and their latitudi-
nal dependence for the time period between January 2002
and December 2018.

The focus of this study is to characterize the LTC and solar
cycle effects on mean winds, atmospheric tides, and gravity
wave and planetary wave energy at three different latitudes.
Our results demonstrate that it is valuable to sustain contin-
uous observations at the MLT region at several locations as
there is no common LTC or solar cycle response. Although
we provide confidence levels with our measurements, the un-
certainties depend on the chosen time windows. However, the
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Figure 18. Linear change in the solar radiation on the zonal (a, c, e) and meridional (b, d, f) wind for Andenes (a, b), Juliusruh (c, d), and
CMOR (e, f). The solid black lines correspond to 95 % significance, the dashed black lines to the 90 % significance.

Figure 19. Linear change in an 11-year oscillation on the diurnal zonal (a, c, e) and meridional (b, d, f) tidal components for Andenes (a, b),
Juliusruh (c, d), and CMOR (e, f). The solid black lines corresponds to 95 % significance, the dashed black lines to the 90 % significance.
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Figure 20. Same as Fig. 19 but for the semidiurnal component.

very long data sets used in our study show that there is a sig-
nificant year-to-year variability.

Our main specific conclusions are the following.

– Mean wind climatologies show similar patterns between
the mid and high latitudes. However, there is a clear lat-
itudinal dependence of the summer zonal mesospheric
jet reversal altitudes from westward to eastward winds,
which increases with increasing latitude. There are also
remarkable differences in the eastward zonal winds dur-
ing the winter time (December–February), which de-
creases with latitude as well. However, only the Cana-
dian MR shows a zonal wind reversal to westward
winds above 100 km altitude. Meridional wind clima-
tologies also reflect the latitudinal dependence, with
northward winds during winter and southward winds in
summer. In particular, the magnitude of the southward
wind increases with decreasing latitude and the altitude
of the meridional jet corresponds to the altitude behav-
ior of the summer zonal wind reversal.

– The linear change in the zonal and meridional seasonal
winds indicates different latitudinal tendencies for each
month and component. The most prominent changes are
the southward acceleration of the meridional winds at
Andenes, the northward acceleration and, thus, weaken-
ing of the southward meridional winds at Juliusruh from
June to September. CMOR shows the strongest linear
response in the zonal wind component, with an intensi-

fying summer eastward jet above 84 km and a weaken-
ing of the zonal westward winds below.

– The yearly mean winds show only weak linear changes
at CMOR and Juliusruh. At Andenes, the yearly mean
wind speed seems to become more southward and west-
ward with altitude.

– Diurnal tides show a strong polarization between the
zonal and meridional components. Above Andenes and
Juliusruh the meridional tide amplitude exceeds the
zonal component. The diurnal tide shows only a weak
latitudinal dependence of the meridional component but
a significant increase in the zonal amplitude at the lati-
tude of CMOR. Diurnal tides indicate almost no signif-
icant linear changes at the investigated latitudes.

– The climatology of the semidiurnal tide shows the high-
est amplitudes at mid latitudes above Juliusruh and a
similar pattern at all latitudes. The semidiurnal tide
shows a similar pattern, regarding occurrence and mag-
nitude, of the zonal and meridional components. Only
during the fall transition above the CMOR MR does the
semidiurnal tide not show comparable values in ampli-
tude and occurrence time. During September the zonal
amplitude exceeds the meridional component.

– Semidiurnal tides show latitudinally dependent lin-
ear responses. Above Andenes and during the winter
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months (November, December) the SDT amplitude de-
creases with about 10 m s−1 decade−1 amplitude above
90 km altitude. Mid-latitude station Juliusruh exhibits
almost no significant linear change in the SDT. The
CMOR mid-latitude station shows the most significant
linear changes in the SDT. During the winter months
(November, December, January) SDT amplitudes in-
crease by 5 m s−1 decade−1. Further, SDT amplitudes
during the fall transition (October) seem to be further
weakening.

– The climatology of the tidal phases for the diurnal tide
and the semidiurnal tide is not very stable. They change
continuously through the year. Phase changes for the
semidiurnal tide occur especially during the fall tran-
sition and the winter.

– The planetary wave activity shows a large year-to-
year variability and latitudinal dependence, with the
strongest activity at the polar latitudes. Juliusruh and
CMOR MR indicate a weaker mean activity compared
to Andenes.

– The gravity wave activity also shows a distinct seasonal
pattern at all three latitudes, with a maximum during
the winter months (December, January, February) and
late summer (September) above 90 km. Andenes and
Juliusruh exhibit a secondary much weaker enhance-
ment in June, July, and August below 80 km altitude.
CMOR shows a significant increase in the GW energies
at higher altitudes compared to the other two stations.

– The mean winds also exhibit a significant amplitude re-
sponse to an 11-year oscillation. In particular, the zonal
mean winds show a characteristic seasonal solar cy-
cle effect. During summer all three stations exhibit an
11-year oscillation with an amplitude of 3–5 ms−1 in
the zonal component below 82 km altitude. The win-
ter months (November, December, January, February)
show a solar cycle response below 82 km at mid and
high latitudes and from November to December a rel-
evant solar cycle amplitude between 84 and 95 km at
Andenes and CMOR.

– The solar cycle response to the DT is less prominent.
Andenes shows some weak amplitude modulation in the
meridional component above 90 km between April and
November. Almost no solar cycle effect is visible above
Juliusruh. CMOR shows the strongest solar cycle effect
in both wind components during summer above 95 km
altitude and in the zonal component from January to
April.

– The SDT exhibits a clear 11-year response at mid and
high latitudes. The SDT zonal and meridional winds
show a similar pattern of the confidence levels and am-
plitudes. All three stations exhibit a strong solar cycle

amplitude of 5–8 ms−1 from October to November and
in the altitude range between 84 and 100 km. The Cana-
dian station also presents a significant change from Jan-
uary to March above 100 km.

– DT and SDT phases show a characteristic seasonal
behavior. The temporal evolution of the phases indi-
cates continuous changes throughout the course of the
year. SDT phases show rapid phase changes during the
fall transition and at polar latitudes during the winter
months (DJF). The mean phase behavior as well as the
continuous changes should be considered by analyzing
the lunar tides.

– Mean winds, DT, and SDT show a season-dependent
solar cycle effect and considerable different seasonal-
phase responses to the solar forcing. In particular, the
SDT fall transition is characterized by an anticorrelation
in September/October with the solar activity, whereas
the winter months (DJF) seem to respond more directly
to the solar forcing (e.g., F10.7 or sunspot number).

Data availability. The Andenes and Juliusruh radar data are avail-
able upon request from Gunter Stober (stober@iap-kborn.de,
gunter.stober@iap.unibe.ch). The CMOR radar data are available
upon request from Peter Brown (pbrown@uwo.ca).
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Appendix A

Besides the amplitude information of the solar cycle fit-
ting (Figs. 18–20), we also computed the phase information.
These are shown for the wind component in Fig. A1, for the
diurnal tidal phase in Fig. A2, and for the semidiurnal tidal-
phase component in Fig. A3. The shaded areas are not sig-
nificant. It turned out to be a very complex situation of all
the different features as described in Sect. 5. Some of them
seem to be correlated with the solar cycle and others anticor-
related. The phase behavior reflects a very complex time and
altitude pattern that can also be observed in the solar cycle
amplitude plots.

Figure A1. Phase information of the solar cycle fit for the wind component. The shaded areas are not significant.
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Figure A2. Same as Fig. A1 but for the diurnal component.

Figure A3. Same as Fig. A1 but for the semidiurnal component.
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Abstract. This work presents a connection between the den-
sity variation within the mesosphere and lower thermosphere
(MLT) and changes in the intensity of solar radiation. On a
seasonal timescale, these changes take place due to the rev-
olution of the Earth around the Sun. While the Earth, during
the northern-hemispheric (NH) winter, is closer to the Sun,
the upper mesosphere expands due to an increased radiation
intensity, which results in changes in density at these heights.
These density variations, i.e., a vertical redistribution of at-
mospheric mass, have an effect on the rotation rate of Earth’s
upper atmosphere owing to angular momentum conservation.
In order to test this effect, we applied a theoretical model,
which shows a decrease in the atmospheric rotation speed of
about ∼ 4 m s−1 at a latitude of 45◦ in the case of a density
change of 1 % between 70 and 100 km. To support this state-
ment, we compare the wind variability obtained from meteor
radar (MR) and Microwave Limb Sounder (MLS) satellite
observations with fluctuations in the length of a day (LOD).
Changes in the LOD on timescales of a year and less are pri-
marily driven by tropospheric large-scale geophysical pro-
cesses and their impact on the Earth’s rotation. A global in-
crease in lower-atmospheric eastward-directed winds leads,
due to friction with the Earth’s surface, to an acceleration
of the Earth’s rotation by up to a few milliseconds per ro-
tation. The LOD shows an increase during northern winter
and decreases during summer, which corresponds to changes
in the MLT density due to the Earth–Sun movement. Within
the MLT the mean zonal wind shows similar fluctuations
to the LOD on annual scales as well as longer time series,
which are connected to the seasonal wind regime as well as

to density changes excited by variations in the solar radia-
tion. A direct correlation between the local measured winds
and the LOD on shorter timescales cannot clearly be identi-
fied, due to stronger influences of other natural oscillations
on the wind. Further, we show that, even after removing the
seasonal and 11-year solar cycle variations, the mean zonal
wind and the LOD are connected by analyzing long-term ten-
dencies for the years 2005–2016.

1 Introduction

According to the first Kepler law, the Earth travels in a good
approximation on an elliptical trajectory around the Sun.
Within a year the distance between both celestial bodies
changes. During the northern-hemispheric (NH) winter the
range is approximately 3.29 % shorter than in the NH sum-
mer. Due to the inverse square law, where the intensity I of
the radiation is inversely proportional to the Earth–Sun dis-
tance squared, this shorter distance between the Sun and the
Earth during boreal winter leads to an increased heating of
the mesosphere and lower thermosphere (MLT) resulting in
an expansion of the MLT and thermosphere, compared to the
annual mean. Another effect on the expansion–shrinking of
the MLT is given by the variability of solar radiation due to
the 11-year solar cycle effect. Figure 1 shows a scheme of
the Earth–Sun constellation and the resulting effects, which
will be explained in the following. Previous studies such as
Walterscheid (1989), Marsh et al. (2007), Emmert (2015),
and Lee et al. (2018) showed that solar cycle variations af-
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fect the atmospheric density, temperature, chemical compo-
sition, and winds over the whole atmosphere, but in particu-
lar in the MTI (mesosphere–thermosphere–ionosphere) sys-
tem. A model simulation by Marsh et al. (2007) showed re-
sponses to changes in the 11-year solar cycle for the whole
atmosphere. For example, they showed that due to differ-
ences in the solar radiation between solar maximum and so-
lar minimum temperature changes by over 100 K occur in the
lower thermosphere. Further, they showed the occurrence of
tropospheric wind and temperature changes due to changes
in solar radiation. But they also mention that changes in
the climatology due to solar radiation are too complex to
be explained by simplified methods. Stober et al. (2014)
showed that a solar cycle effect between 2002 and 2013 led
to changes in the neutral density within the MLT region by
up to 2.5 %. Furthermore, satellite measurements showed on
global scales a neutral density decrease by up to ∼ 30 % be-
tween solar maximum and solar minimum at about 400 km
(Emmert et al., 2010). For the 2009–2010 winter season,
Stober et al. (2012) showed a connection between the neu-
tral density and the expansion–shrinking of the atmosphere
by using meteor radar (MR) winds, lidar, and Microwave
Limb Sounder (MLS) satellite temperature measurements.
Further, they showed a strong anti-correlation of neutral air
density and prevailing zonal winds. This indicates that an in-
crease/decrease in the neutral density occurs almost simul-
taneously with a decrease/increase in zonal wind speed, re-
spectively.

Changes in the thickness of the atmosphere, resulting from
differences in the distance between the Earth and Sun as well
as from solar cycle effects, go along with changes in the
Earth’s rotation speed. Based on the conservation of angular
momentum L, the angular velocity ω for an altitude-defined
atmospheric layer a, with the thickness ao− ai, can be esti-
mated by

L= Jω =
2
5
m
a5

o − a
5
i

a3
o − a

3
i
ω, (1)

where J is the moment of inertia for a spherical shell, which
rotates about an axis through the center; ai and ao are the
inner and outer radius of the spherical shell; and m is the
atmospheric mass. On this occasion the atmospheric mass is
calculated according to Trenberth and Guillemot (1994) by

m=

∞∫
r0

2π∫
0

π/2∫
−π/2

ρr2 cosφ dφ dλ dr, (2)

where ρ = ρ(λ,φ,r) is the density of air at longitude λ
and latitude φ, and r is the distance from the Earth’s cen-
ter, while r = r0 at the surface of the Earth. In a good ap-
proximation the Earth’s surface can be described as an el-
lipsoid r2

0 = a
2(1− 2αsin2φ), where a is the equatorial ra-

dius, α = (a2
− b2)/2a2 is related to the flattening, and b is

the polar radius. With respect to the height above the sur-
face z, this results in r2

= (a+ z)2(1− 2αsin2φ) and dr =
(1− 2αsin2φ)

1
2 dz. Further, under the assumption that ρ =

ρ1(r)ρ2(λ,φ), the atmospheric mass can be derived by

m=

2π∫
0

π/2∫
−π/2
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0

ρ1(z)(a+ z)
2dz
]
ρ2(λ,φ)

(
1− 2αsin2φ

) 3
2

cosφdφdλ. (3)

The integral with respect to z and the relation to the mea-
surements of the surface pressure ps can be estimated by
solving

ps =

∞∫
0

ρ1(z)g(z)dr, (4)

where g is the acceleration due to gravity. Considering that
g is a function of height and latitude, the total atmospheric
mass can be written in numerical terms as m= 5.22371×
1015 ps, where m is given in kilograms and ps is given in
hectopascal, for standard gravity at 45◦ latitude. More de-
tailed information about the estimation of the total mass of
the atmosphere can be found in Trenberth and Guillemot
(1994). According to Trenberth and Smith (2004) the total
mean mass of the atmosphere is 5.148× 1018 kg and varies
slightly on annual scales mainly due to the amount of avail-
able water vapor.

A method to measure variations in the rotation speed of the
solid Earth is estimating the time the Earth needs for a full ro-
tation. In the following, we define the crust, mantle, and core
of the Earth as solid Earth. To estimate the percentage of the
atmospheric rotation velocity from the solid Earth rotation
velocity, their rotation rate and their variations are necessary.
The time the Earth needs for a full rotation is not constant.
The rate of rotation and the orientation of the Earth’s axis
varies in time and space. Perturbations in the Earth’s rotation
rate are caused either by external forces, such as the influence
of celestial bodies, or by internal torques, which are large-
scale geophysical processes (Brzezinski et al., 2001). These
internal torques are a combination of relative movements and
mass reallocation of Earth’s core, mantle, crust, oceans tides,
and the atmosphere. Geographical differences in wind pat-
tern and oceans cause shifts in the air and in the water masses.
Earthquakes displacing the Earth’s mantle might also influ-
ence the Earth’s rotation on longer timescales (Carter and
Robertson, 1986).

On timescales less than a year the dominant geophysical
process to influence the duration of the Earth’s rotation is
the atmosphere (Volland, 1988). Every large-scale momen-
tum exchange in the Earth’s atmosphere on the Earth’s sur-
face increases or decreases the Earth’s surface rotation, due
to the law of conservation of total angular momentum within
its system. The total angular momentum of the Earth’s atmo-
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Figure 1. Schema of Earth and Sun correlation and the resulting effects on the thickness of the atmosphere and the Earth’s rotation velocity.

sphere M can be approximately written as

M =

∫
v

ρapcLapcdV =
∫
v

ρapcr × (urel+ω× r)dV, (5)

where Lapc is the angular momentum of an air parcel of unit
mass, ρapc the density of the air parcel, urel the relative ve-
locity, and ω× r the velocity due to the rotation of the Earth
(Madden and Speth, 1995).

The total angular momentum and the velocities can be split
into two parts. The mass part Mω represents the value the
angular momentum would take if the atmosphere were ver-
tically and horizontally stationary relative to the ground, and
the relative part Mr describes the part of the atmosphere an-
gular momentum that is due to the motion of the atmosphere
relative to the Earth’s rotation. Following Madden and Speth
(1995), Egger et al. (2007), and Driscoll (2010) these parts
of angular momentum can be written as

M =Mω+Mr =
r4ω

g

2π∫
0

π/2∫
−π/2

psfccos3θdθdλ

+
r3

g

1000∫
0

2π∫
0

π/2∫
−π/2

urelcos2θdθdλdp. (6)

Thus, changes in the atmospheric angular momentum
depend on the sum of different torques dM/dt = TF+

TM+ others. Here TF is the friction torque, TM is the moun-
tain torque, and others torques include, for example, the grav-
ity wave torque, which is small compared to the other two
mentioned. The friction torque is exerted on the Earth’s sur-
face mainly due to frictional forces between the wind and the
surface. If eastward-directed surface winds are prevailing on

a global scale, this torque leads to an increase in the rotation
rate due to a transfer of angular momentum from the atmo-
sphere to the Earth’s surface. The mountain torque is based
on the surface pressure and orography, and it is the torque
which is exerted on the Earth’s surface due to a difference in
pressure on two sides of a mountain. Both torques vary ac-
cording to their global location and reach values in the range
of 1019 Nm (Egger et al., 2007; Driscoll, 2010; de Viron and
Dickey, 2014). The dominant exchange of the angular mo-
mentum between the atmosphere and Earth takes place in the
atmospheric boundary layer, which, depending on the orog-
raphy and latitude, has a typical thickness of about 1 km at
midlatitudes (Volland, 1988).

Already in the 1960s and 1970s scientists showed that
fluctuations in the orientation of the Earth’s rotation axis,
on seasonal timescales, are associated with changes in the
east–west tropospheric wind on a global scale and therefore
accompanied with a transfer of angular momentum between
the Earth’s crust and the atmosphere (Munk and MacDon-
ald, 1961; Lambeck, 1978). Changes in the speed of the
Earth’s rotation axis can be seen in fluctuations in the du-
ration around a day. These fluctuations have been measured
since the 1960s using the very long baseline interferometry
(VLBI) technique. The fluctuation in the day length is the
difference between the astronomically determined duration
of a full day 2π/D and the standard 86 400 s, whereby D is
the angular velocity (Aoki et al., 1981). Henceforth, we use
the acronym LOD for the fluctuations in the length of day.
The LOD can be written as

LOD(t)=
2π
D
− 86 400 s. (7)

Within the estimation of the LOD the sidereal time gets
converted into solar time, by taking into account the Earth’s
position, nutation, precession, and motion with respect to
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4 S. Wilhelm et al.: Connection between the length of day and wind measurements

the stars. Detailed information about the transformation from
sidereal time into solar time can be found in Aoki et al. (e.g.,
1981); Schnell (e.g., 2006).

Carter and Robertson (1986) studied the influence of geo-
physical processes of the atmosphere on the duration of a
day. They showed that, when the globally averaged mean
winds from east to west increase, the rotation rate of the Earth
decreases and the day gets longer. Rosen and Salstein (1991)
showed that the effect of the wind on the LOD decreases with
heights, by showing that winds in the atmospheric layer be-
tween 1000 and 10 hPa contribute 0.5 ms, winds from 10 to
1 hPa contribute 0.03 ms, and winds above 1 hPa contribute
less than 4 µs to the interannual LOD budget. The impact of
large-scale geophysical processes like El Niño (e.g., Dickey
et al., 1994) and the stratospheric quasi-biennial oscillation
(QBO) can also be seen in the LOD (e.g., Volland, 1988; Eu-
banks et al., 1988).

On short timescales a change in the Earth rotation can lead
to an uneven heating of the Earth’s surface, which results
in temperature differences between the surface and the at-
mosphere above. This can further cause convection currents,
which leads to pressure differences in the atmosphere and re-
sults in a different wind formation, which can influence the
day length. The influence of the solar radiation is stronger for
higher altitudes and also for longer time series. An increase
in the solar radiation, which can be caused due to a slowing
of the Earth’s rotation, leads to an expansion of the higher
atmosphere, which further results, due to the conversion of
angular momentum, in a slower rotation of the atmosphere.
What further needs to be considered is, for example, the in-
fluence of volcanic eruptions, which influence the Earth’s ro-
tation as well as the atmospheric chemistry and temperature
(e.g., She et al., 2015). Changes in these parameters can fur-
ther lead to changes in the neutral density.

Within this study, we focus on heights between 60 and
100 km. These heights are sensitive enough to density
changes due to the changes in the intensity of solar radiation.
After we describe the data we used in this study in Sect. 2,
we show results and discuss the theoretical change in the ro-
tation speed due to an expanding–shrinking atmosphere in
Sect. 3. We will show that due to the expansion–shrinking ef-
fect, even under the assumption of equal density distribution
between the Northern and Southern Hemisphere (SH), dif-
ferences in the prevailing wind occur. Furthermore, we will
show a connection between the LOD and the prevailing wind
by showing correlations in the MLT region by using MR and
MLS data for one polar and two midlatitude locations. We
use the LOD data to show how deep the influence of solar ra-
diation penetrates into the atmosphere. The conclusions are
found in Sect. 4.

2 Data

The wind data we use in this study are derived from MR
and MLS satellite measurements. The MRs are located
at the northern high-latitude station Andenes (32.5 MHz;
69.3◦ N, 16.0◦ E; Norway), the midlatitude stations Julius-
ruh (32.5 MHz; 54.6◦ N, 13.4◦ E; Germany) and Collm
(36.2 MHz; 51.3◦ N, 13.0◦ E; Germany) on the Northern
Hemisphere, and the southern high-latitude station Davis
(33.2 MHz, 68.6◦ S, 78.0◦ E, Antarctic). The radars cover an
altitude range between 75 and 110 km and the obtained winds
have an hourly temporal resolution and a vertical altitude res-
olution of 2 km in the applied analysis. At 90 km altitude,
the observed volume of each radar has a diameter of ap-
proximately ∼ 400 km, and the mean wind above each sta-
tion is a weighted average over this volume. In the case of
the Andenes, Davis, and Collm, MR data are available be-
tween 2005 and 2016 and for Juliusruh since 2008. We fo-
cus on an altitude range between 78 and 100 km where we
obtain continuous measurements. The statistical uncertain-
ties of winds are obtained from a fitting procedure by tak-
ing into account the number of detected meteors per altitude
and time bin, as well as a full nonlinear error propagation of
the radial wind errors. Therefore the resulting uncertainties
for the hourly winds vary in a range between 2 and 6 m s−1

with larger errors at the upper and lower part the of the me-
teor layer. More information about the all-sky meteor radars
and the wind estimation method used can be found in Hock-
ing et al. (2001), Holdsworth et al. (2004), and Stober et al.
(2017). For this research, we focus primarily on the zonal
wind component, because a connection between winds and
changes in day length will be mainly seen in the main rota-
tion direction of the Earth.

In addition to local radar observations, we use satellite
data from the Microwave Limb Sounder to extend the verti-
cal coverage. MLS onboard the Aura satellite (Waters et al.,
2006; Livesey et al., 2015) has a global coverage from 82◦ N
to 82◦ S and an useful height range from approximately 11
to 90 km (261 to 0.001 hPa). The vertical resolution varies
between ∼ 4 km in the stratosphere and ∼ 14 km at the
mesopause (Livesey et al., 2007). The geometric heights are
approximately estimated from pressure levels as described
in Matthias et al. (2013): h=−7 · ln(p/1000), where h is
the altitude in km and p the pressure in hPa. Furthermore,
we are aware about a difference between the geometric and
geopotential heights, which increase especially above 80 km.
Therefore, we focus in this work on the height range be-
tween 60 and 80 km (if not otherwise specified) to investigate
a connection between the LOD and the density depending
on zonal wind within these heights. Daily quasi-geostrophic
winds for the years between 2005 and 2016 are derived from
MLS geopotential height observations. For this study we use
three different horizontal grids which are located around An-
denes (70◦ N and 0–20◦ E) and around Juliusruh and Collm
(50–60◦ N, 0–20◦ E), which are further referred to as north-

Ann. Geophys., 37, 1–14, 2019 www.ann-geophys.net/37/1/2019/
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ern high- and midlatitude stations, respectively. For the SH
we use a horizontal grid around Davis (70◦ S, 60–80◦ E).

Further we use in this study combined data from the in-
ternational Earth Rotation and Reference System Service
(IERS, 2017). The use of interferometry between several
stations, which observe radio sources, leads to fundamen-
tal geodetic information such as changes in the Earth’s spin-
ning or in the Earth orientation (Rothacher, 2002; Altamimi
et al., 2007; Boeckmann, 2010). Based on this information
the mean rotation rate and the astronomical duration of the
day were computed according to Eq. (6) (Aoki et al., 1981).
The IERS provides uncertainties for the day length measure-
ments, which most of the time vary by ∼ 5 %. More infor-
mation about the data provided by IERS and their algorithm
to estimate the duration of a day can be found in Bizouard
et al. (2017).

3 Results and discussion

3.1 LOD and neutral air density at the MLT

Figure 2 shows composites of zonal winds from MR mea-
surements at Andenes, Juliusruh, Collm, and Davis. These
data are estimated by using a mean wind adaptive spec-
tral filter (Stober et al., 2017). It uses a 1-day sliding win-
dow, which mainly removes the impact of short-term varia-
tions, such as atmospheric tides and gravity waves. All three
NH stations show almost similar wind patterns, with typi-
cal mesospheric eastward-directed winds during the winter,
with mean values of up to 10 m s−1, and a wind reversal dur-
ing spring. The spring wind reversal occurs earlier at midlati-
tudes than at polar latitudes. During the summer considerable
vertical wind shear is present with westward-directed winds
below 90 km for Andenes, below 88 km for Juliusruh, and
below 85 km for Collm. Above these heights a strong east-
ward jet occurs. The westward and the eastward jets reach
wind values of up to 40 m s−1 at all three locations. These
annual wind climatologies are consistent with previous stud-
ies, e.g., Manson et al. (2004), Hoffmann et al. (2010), and
Jacobi (2012). Compared to Andenes a nearly opposite wind
pattern can be seen for Davis. A dominant eastward-directed
wind occurs between March and September for the complete
observation range. Between September and March a verti-
cal wind shear occurs, which reaches heights above 100 km
around October. Compared to the NH stations the summer
vertical wind shear remains mainly below 90 km.

Besides the radar data, we additionally use MLS data
within this study to extend the vertical coverage down to
60 km. In Fig. 3 the zonal wind is shown for the high-latitude
location of Andenes, for middle latitudes at Collm, and for
the southern latitude location Davis. The altitude ranges be-
tween ∼ 60 and ∼ 90 km geopotential height. A compari-
son of the MLS composite winds with MR composite winds
results in a qualitatively good agreement for the seasonal

amplitudes and phases. Both NH locations show eastward-
directed winds between September and April for nearly all
altitudes, with values of up to 40 m s−1 for the high-latitude
area and up to 60 m s−1 for the midlatitudes. During summer
westward-directed wind dominates below 95 km and reaches
values of up to 30 m s−1 for the high latitudes. For the mid-
dle latitude, below 90 km, the wind reaches values of up to
50 m s−1. A similar pattern of an eastward-directed wind oc-
curs in both cases during summer above 90 km geometric
height. The SH location also shows a similar wind pattern
to the observed MR data. In the following discussion we will
focus on the MLS altitude range 60–80 km and use the MR
data for the altitudes between 80 and 100 km.

According to previous studies such as Emmert et al. (2004)
and Stober et al. (2012), a connection exists between the
thickness of an atmospheric layer and the density fluctuation
within that layer. Stober et al. (2012) explained the occur-
rence of this connection by showing variations in the neu-
tral density, based on MLS and MR observations, together
with changes in the MLT geometric height. Furthermore they
showed a strong anti-correlation between the simultaneous
occurrence of the zonal wind and the density change within
the mesosphere.

To underline this statement, we show in the following part
the connection between the expanding MLT and the atmo-
spheric rotation speed. Figure 4 shows, as an example, the
theoretical variation in the atmospheric rotation velocity with
height due to a density increase up to 1 % between 70 and
100 km. The calculation is done in 2 km height layers and
for the latitude of 45◦. Different latitudes lead to slightly dif-
ferent values of g, which is used in Eq. (4). The density in-
crease takes place for longer timescales during a solar max-
imum (e.g., Emmert et al., 2010) and on annual timescales
during the winter, when the Earth–Sun distance is smaller.
Both cases influence the temperature within this atmospheric
layer as well as their expansion compared to the annual mean.
Overall the density variation during an 11-year solar cycle
is stronger than the variation caused by the changes in the
Earth–Sun distance. According to Eqs. (1)–(4), we estimated
for three different cases (linear, red; exponential, green; and
a Gaussian-shaped, blue, density increase) the resulting theo-
retical change in the rotation speed within these heights, with
the solid Earth rotation speed (black) as background flow.
Based on the conserved quantity of the angular momentum
within a narrow atmospheric layer (2 km vertical) this sums
up, according to each case, to a decrease in the rotation speed
by up to ∼ 2–4 m s−1, with the strongest variation within the
Gaussian-shaped curve. These results fit to the observations
by Stober et al. (2012) and show the dependence of the rota-
tion speed within an atmospheric layer due to changes in the
neutral density. However, we are not able to extract a specific
wind value only based on wind measurements.

Based on ERA40 data, Trenberth and Smith (2004)
showed that the global mean of the surface pressure is nearly
constant, and surface pressure anomalies at the Northern and
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6 S. Wilhelm et al.: Connection between the length of day and wind measurements

Figure 2. Composites of zonal wind for the Northern Hemisphere stations Andenes (a), Juliusruh (b), and Collm (c). (d) shows the southern-
hemispheric station of Davis. The composite for Andenes, Collm, and Davis includes 12 years of meteor radar data and that of Juliusruh
includes 9 years. Positive values correspond to eastward-directed winds and negative to westward-directed winds.

Figure 3. Composite of zonal wind for the high-latitude location (a) and midlatitude location (b). The composite of both figures includes
12 years of wind data derived from MLS geopotential height data. Positive values corresponds to eastward-directed winds and negative to
westward-directed winds. The altitude is given in geopotential height.

the Southern Hemisphere are nearly identical, but the fluctu-
ations are opposite in sign. These anomalies are mainly due
to the changing amount of available water vapor in the at-
mosphere. Under the assumption of opposite surface pres-
sure anomalies within both hemispheres and therefore by ne-
glecting other factors such as different gravity wave forcing

between the hemispheres, we assume, on annual scales, sim-
ilar pressure values within the MLT region. Therefore the
prevailing wind within the MLT region should be similar in
magnitude between Andenes and Davis, which are located at
the same latitude in the Northern and Southern Hemisphere.
To underline the influence of the intensity of the solar radi-
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Figure 4. Theoretical change in the rotation speed (left side) for a
rigid atmospheric layer. In black we show the theoretical rotation
speed of the Earth’s atmosphere and in colors the change due to a
density increase of 1 % according the legend. On the right side the
density progress is shown for specific altitudes.

ation on the density and also on the amplitude of the zonal
wind, we compare the evolution of the seasonal mean wind
measurements from the NH station Andenes (69.3◦ N) and
SH station Davis (68.3◦ S). Figure 5 shows, for both stations,
the winter and summer mean wind for the altitudes at 88 and
96 km. The northern winter includes the mean of the months
of December, January, and February and the southern win-
ter the months June, July, and August. The northern winter
period comes along with the perihelion, which is the point
where the Earth comes nearest to the Sun. At the perihelion,
the intensity of the solar radiation on the upper atmosphere
is stronger during the aphelion. While during the winter sea-
son the wind values are higher over Davis for both altitudes,
they are higher over Andenes during the summer season, es-
pecially at 96 km, with values of up to 10–20 m s−1. Both
seasonal wind differences are consistent with the change
in the average density within the upper mesosphere, result-
ing from the different distance between the Earth and Sun
and leading to the variation of the averaged zonal wind, as
shown in Stober et al. (2012). We have to note that others
factors exists, which are more dominant for the wind differ-
ences between both locations at theses altitudes. Other phys-
ical processes also have a strong effect on the hemispheric
wind differences, e.g., the topography, chemical composi-
tion of the atmosphere (Marsh et al., 2007; Lee et al., 2018),
and the occurrence and propagation of gravity waves. These
waves are the main drivers of the atmospheric wind circula-
tion and therefore also influence the local wind differences
at both hemispheres. Furthermore, gravity waves lead, com-
pared to the annual mean, to a colder summer mesosphere
and a warmer winter mesosphere (e.g., Lübken et al., 2014).
These temperature differences also fit well to the atmospheric
expansion–shrinking. Unfortunately, we are not able to esti-
mate a precise value on how strong the connection is between

Figure 5. Zonal wind amplitudes for the winter and summer season
at 96 and 88 km for Andenes and Davis.

mean zonal wind and the LOD based only on wind measure-
ments. For a more detailed understanding of these phenom-
ena global density observations would be required.

3.2 Correlation of mean winds and LOD

In the following we want to show that the LOD (fluctua-
tions in the length of a day) correlates with the prevailing
wind from the four stations. If the Earth’s rotation is con-
stant the LOD should be zero; however, small wobbles of
the Earth’s rotation between the days cause tiny fluctuations
in the day length. These have to be compensated for by a
momentum transfer between the different parts of the Earth
including the atmosphere. As the atmosphere is slaved to the
Earth crust, because the atmospheric momentum and mass
are much smaller than that of the Earth core, the atmosphere
has to respond to changes in the rotation velocity. So far we
use the LOD explicitly as reference for the changes in the ro-
tation speed, which can be seen in the zonal wind, as well as
to verify up to which height the solar-driven density effect is
dominant. Therefore, Figs. 6 and 7 show wind values for An-
denes, Collm, and Davis at different altitudes and the LOD
by using the same filtering method as done for the winds.
Two different altitudes in the MLT are considered from the
MR winds for all locations: (1) 80 km, where within a year
a change between eastward- and westward-directed wind oc-
curs; and (2) 96 km, which is the altitude where the wind,
during each hemispheric summer, shows the opposite direc-
tion compared to at 80 km (see Fig. 2). Positive wind val-
ues correspond to eastward-directed winds and positive LOD
values correspond to a longer duration of the day. If not ex-
plicitly mentioned, the results of the two midlatitude stations
are nearly identical. Therefore we only show the results for
the location around Collm.
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8 S. Wilhelm et al.: Connection between the length of day and wind measurements

Figure 6. Smoothed zonal wind (blue) values based on meteor radar wind data at 80 km and smoothed LOD (black) values. The modulation
of the smoothed zonal wind is displayed in red after removing the impact of the solar cycle. All curves are done by smoothing over several
days, without removing the day-to-day variations, to show the seasonal pattern of the parameters. The dashed lines correspond to the tendency
of the wind and LOD based on linear regression.

At 80 km (Fig. 6) the oscillation pattern of the smoothed
zonal wind (blue) and the smoothed LOD (black) are similar
for Andenes. According to previous studies the LOD con-
sists of superpositions of several periods, such as 0.5 years,
1 year (see also Vondrák and Burša, 1977), 2–3 years (Buf-
fet, 1996), 5.9 years (Abraca del Rio et al., 1999), and oth-
ers (e.g., Munk and MacDonald, 1961; Holme and de Viron,
2013). According to Abarca del Rio et al. (2003) an accu-
rate estimation of the impact of the solar radiation is quite
complicated, due to the fact that internal oscillations in the
climate system show variations with the same frequency as
the 11-year solar cycle. Further, Gray et al. (2010) support
this statement and mention that the problem is further com-
plicated due to the small influence of the solar forcing on the
climate. Nevertheless, Chapanov and Gambis (2008) showed
that, based on a decomposition of the LOD, the solar activity

(10.47 years) is included. Also the zonal wind includes a su-
perposition of several periods such as the solar cycle, diurnal
and semidiurnal tides, and more (e.g., Emmert et al., 2010;
Hoffmann et al., 2010). Therefore, we additionally show with
the red line a smoothed zonal wind after removing variations
due to the 11-year solar cycle. The influence of the solar cy-
cle on the daily zonal wind is relatively small; therefore the
smoothness of the red line is enhanced for better visualiza-
tion. Changes in the LOD are sluggish compared to varia-
tions in the wind, due to the amount of momentum which is
needed to influence the Earth’s rotation speed. According to
Dickey et al. (1994), a direct effect between the stratospheric
and tropospheric zonal wind and the day length exists on an-
nual timescales due to long-term geophysical effects, such as
QBO and El Niño. They found that the stratosphere cannot be
neglected in the Earth’s angular momentum. Around 20 % of
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Figure 7. Same as Fig. 6, but for 96 km.

the LOD relative to the atmosphere below 100 hPa belongs to
the impact of the stratosphere. Furthermore, they mentioned
a small lag (10–20 days) between the LOD and variations
in the angular momentum, but the lag does not appear to be
statistically significant. Therefore only comparisons on sea-
sonal and longer timescales are useful to consider. All pa-
rameters which are displayed in Fig. 6 show a seasonal pat-
tern. First we describe the results for the NH stations. For
the NH the zonal wind and the LOD show decreasing val-
ues during summer and increasing values during winter. Be-
side the striking seasonality, short time fluctuations within
a year are observable during the winter in the zonal wind
for some years. During the winter of 2010 and 2011, and
on even shorter timescales such as a few months during the
winter 2006, 2014, and 2015, decreases in the LOD together
with decreases in the zonal wind are visible. The LOD varies
between −1 and 4 ms. The LOD oscillation shows seasonal
variations of a fluctuation with shorter day lengths during NH
summer and longer day lengths during winter, which fits to

the density increase and decrease in the MLT as described
above. For the midlatitude station the oscillation patterns in
the LOD and the wind are qualitatively similar, but shifted in
time. The wind peaks occur earlier in the year than the LOD
peaks, which goes along with the earlier wind transition at
midlatitudes that can be seen in Fig. 2. For Davis a time shift
of approximately 6 months occurs between the zonal wind
and the LOD, due to the opposite seasonal wind pattern.

In the summer wind transition altitude, a time shift occurs
between both parameters. The altitude of the wind transition
in these cases is defined as the height between the above-
located eastward and the below-located westward wind dur-
ing summer. At these heights the wind and the LOD are al-
most uncorrelated. Above the summer wind transition alti-
tude the oscillation patterns between the LOD and the winds
are quite opposite to those for 80 km altitude, with a 180◦

shift between both parameters, which can be seen in Fig. 7.
The phase shift, which is pronounced during the summer, ob-
viously results from the opposite wind regime compared to
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Figure 8. Zonal MLS wind (red) and LOD (black) at ∼ 80 km geometric height for 0–20◦ E. The left part shows the values for the Southern
Hemisphere and the right for the Northern Hemisphere for every 10◦ latitude. The black correlation coefficients (r) are estimated for the
mean between 0 and 20◦ E, and the green coefficients correspond to the global average over all longitudes.

Table 1. Correlation coefficients between the zonal wind and the LOD. Positive values corresponds to the occurrence of an eastward-directed
mean zonal wind together with a positive fluctuation in the LOD.

Altitude (km) 80 82 84 86 88 90 92 94 96 98

Andenes 0.57 0.56 0.52 0.42 0.21 −0.13 −0.45 −0.61 −0.67 −0.69
Juliusruh 0.43 0.36 0.23 0.04 −0.23 −0.48 −0.62 −0.67 −0.68 −0.68
Collm 0.3 0.19 −0.01 −0.3 −0.54 −0.65 −0.68 −0.68 −0.66 −0.64
Davis −0.37 −0.37 −0.38 −0.39 −0.41 −0.42 −0.41 −0.38 −0.35 −0.32

the 80 km altitude. Nevertheless, above the transition height,
changes in the density, due to the intensity of the solar radi-
ation, are more pronounced than at lower heights. Therefore
the existing seasonal wind pattern fits well to the atmospheric
density increase and decrease at these layers.

Additionally, we show in Table 1 correlation coefficients
for the four locations for the altitudes between 80 and 98 km.
Positive correlation values correspond to the occurrence of an
eastward-directed wind together with an increased LOD. The
values of the NH follow a similar pattern, with positive coef-
ficients below the vertical transition height and negative ones
above. Davis shows a different pattern, with overall negative
correlation coefficients. This is owing to the opposite zonal
wind pattern compared to the NH. Theoretically, a time shift
of ∼6 months would lead to a similar correlation pattern to
that in the NH.

Figure 8 shows the mean zonal wind at ∼ 80 km geomet-
ric height, based on MLS data, and the LOD. These mean
zonal winds include wind values within the longitude grid be-
tween 0 and 20◦ E, which is comparable to the NH stations.
The figure is divided in 10◦ latitude steps centered at lati-

tudes from 80 to 10◦ S/N. Each latitude grid includes values
for±6◦. For the MLS observations the comparisons between
the wind and the LOD are similar to the 80 km meteor re-
sults at the respective latitudes. Furthermore, the occurrence
of a time shift of 6 months between both polar hemispheres
can be seen. A 180◦ phase shift would lead to the wind–
LOD pattern of the opposite hemisphere. Furthermore, the
strongest correlation between both parameters can be seen
at northern polar latitudes. Due to an increase in the differ-
ence between the geometric and geopotential heights, we do
not show comparisons for higher altitudes. We added corre-
lation coefficients (black) between the mean zonal wind and
the LOD for each latitude. A correlation increase towards the
northern high latitudes is visible. The same would be seen if a
180◦ phase shift is added to the time series. Additionally, we
present global correlations (green) by averaging mean zonal
wind data over all longitudes, whereby possible stationary
planetary waves are filtered. The global correlation coeffi-
cients are nearly similar to the values for previous average
winds between 0 and 20◦ E. The shape of the curves between
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Figure 9. Annual mean values for the LOD (black) and the zonal wind (red), for the station Collm, after removing seasonal variations and
the solar cycle for the altitudes between 80 and 100 km. The error bars correspond to the standard deviation. The dashed lines represents the
tendency.

Figure 10. Same as Fig. 9, but for Davis.

the global average winds is also nearly equal; therefore we
did not add them in the figure.

In Figs. 9 and 10, long-term changes in annual LOD
(black) and annual mean zonal winds (red) are shown for
Collm and for Davis. At this point, we have to mention that
the tendency over a long time series is not linear in time. Pa-
rameters which influence the tendency of the wind and the
LOD also vary over time. Such changes are often approxi-
mated by a piecewise linear trend model (e.g., Tomé and Mi-
randa, 2004; Merzlyakov et al., 2009; Jacobi et al., 2011),
where different linear fit tendencies are estimated for dif-
ferent time periods. Nevertheless, due to the length of the
available data series we decided not to use a piecewise lin-
ear trend model. The wind values exclude seasonal and solar
cycle variations and the LOD excludes the seasonal varia-
tions. As an example for the location of Collm (Fig. 9), the

altitudes between 80 and 96 km are displayed. The error bars
correspond to the annual variance for each height and the
dotted lines show the long-term tendency for each param-
eter. Figure 9 shows that a long-term increase in the LOD
occurs together with a long-term decrease in the zonal wind.
Above 94 km the tendency reverses into a slightly positive
wind. This reversal can be explained by the stronger influ-
ence due to gravity wave filtering, which has to be consid-
ered and cannot be excluded by filtering the data. The ten-
dencies of an increased value for the LOD and a decreased
value for the mean zonal wind can be seen for all midlatitude
locations and also for Davis (see Fig. 10). Andenes shows
for all altitudes an increased tendency in the zonal wind (not
shown). The results indicate that the connection between the
LOD and the wind is more pronounced at lower latitudes
and is simply explainable by the rotation velocity, which is
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higher at the middle latitude stations than at the polar lati-
tudes like at Andenes and Davis. The results of an increase
in the LOD and a decrease in zonal wind agree with the rela-
tion between fluctuations in the neutral density and the zonal
wind, as shown in Stober et al. (2012).

4 Conclusions

Within this work we show that the mesospheric winds are
affected by an expansion–shrinking of the upper atmosphere
that takes place due to changes in the intensity of the solar
radiation, which affects the density within the atmosphere.
A reason for this, besides the solar cycle effect, is the an-
nual movement of the Earth around the Sun, which leads to
a shorter distance between both celestial bodies during the
NH winter and a longer distance during summer. This leads
to a shrinking/expansion of the atmosphere during the NH
summer/winter. This shrinking effect mainly takes place in
the upper atmosphere, where the amount of mass is small
enough to be sensitive enough to changes to the intensity of
solar radiation, as well as temperature changes. According to
Stober et al. (2012) an increase in the neutral density together
with a decrease in the zonal wind in the MLT region occurs.
Based on these findings we showed that a theoretical density
increase of 1 % between 70 and 100 km leads to a decrease in
the atmospheric rotation speed, within a defined layer, of up
to 4 m s−1. The influence of the Earth–Sun distance on the
wind speed was further investigated using winds from four
stations in total, whereby two stations are located at simi-
lar high latitudes for the Northern and Southern Hemisphere.
The other two meteor radar systems are located at the north-
ern midlatitudes. Based on summer and winter mean wind,
we found that during the perihelion, where the MLT expands,
a decrease in the zonal wind speed for the respective location
occurs together with an increase in the LOD. During the op-
posite aphelion, an increase in the zonal wind occurs beside
a decrease in the day length.

Further, we showed that even after removing the sea-
sonal and the 11-year solar cycle variations the zonal wind
and the LOD (fluctuations in the length of a day) are con-
nected. We showed on the basis of annual timescales that
an increase in the LOD occurs together with a stronger pro-
nounced westward-directed wind for the middle latitude lo-
cations. This effect is weaker at the polar station and is, on
the one hand, due to a smaller radius, which affects the rota-
tion speed of the atmospheric layer. On the other hand, there
are further natural factors, such as the gravity wave drag, that
strongly influence these tendencies. Further, we were only
able to investigate the connection between these parameters
on timescales which are at least 1 year. On shorter timescales
a connection between the LOD and the winds cannot be fig-
ured out; the LOD consists of oscillations with at least a 6-
month period and with the currently available data we are
not able to fully resolve the superpositions of both parame-

ters. Future work remains necessary to fully understand these
effects when global density data measurements are available.
Additionally, in future work the estimation of a time lag be-
tween the LOD and the winds needs to be considered.

We want to mention that based on our findings a connec-
tion between the zonal wind and the LOD exists, which we
explain by the variation of the available atmospheric density.
Furthermore, we only compare global LOD data with local
measurements, and within the MLT stronger geophysical ef-
fects which drive the wind regime at these altitudes exist.
Within this work we only want to point out this effect, and for
closer investigations we need global longtime density data.
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