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Abstract. Continuous wind measurements using partial reflection radars and specular meteor radars have been carried out for

nearly two decades (2004-2022) at middle and high latitudes over Germany (∼54°N) and northern Norway (∼69°N), respec-

tively. They provide crucial data for understanding the long-term behavior of winds in the mesosphere and lower thermosphere.

Our investigation mainly focuses on the summer season, characterized by the absence of intense planetary wave activity and

relatively stable stratospheric conditions. This work presents the long-term behavior, variability and trends of the maximum5

velocity of the summer eastward, westward and southward winds. In addition, the geomagnetic influence on the summer zonal

and meridional wind is explored at middle and high latitudes. The results show that a westward summer maximum is located

around 75 km with velocities of 35-54 m/s, while the eastward wind maximum is observed at ∼97 km with amplitudes of 25-

40 m/s. A weaker southward wind peak is found around 86 km ranging from 9-16 m/s. The findings indicate significant trends

at middle latitudes in the westward summer maxima with increasing winds over the past decades, while the southward winds10

show a decreasing trend. On the other hand, only the eastward wind in July has a decreasing trend at high latitudes. Evidence of

oscillations around 2-3, 4 and 6 years modulate the maximum velocity of the summer winds. Particularly a periodicity between

10.2-11.3 years found in the westward component is more significant at middle latitudes than at high latitudes, possibly due

to solar radiation. Furthermore, stronger geomagnetic activity at high latitudes causes an increase in eastward wind velocity,

whereas the opposite effect is observed in zonal jets at middle latitudes. The meridional component appears disturbed during15

high geomagnetic activity, with a notable decrease in the northward wind strength below approximately 80 km at both latitudes.

1 Introduction

The Earth’s atmosphere constitutes a complex and dynamic system. The mesosphere and lower thermosphere (MLT) spanning

between 50 and 110 km is the region where the neutral and ionized atmosphere coexists. The ionization process due to the

absorption of solar irradiance governs the thermosphere, whereas the neutral atmosphere is subjected to active winds and wave20
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interactions, leading to chemical mixing and temperature regulation. Below the mesosphere is located the stratosphere where

the ozone layer absorbs the ultraviolet radiation from the Sun.

In the 80s the ozone hole was discovered, which led to the awareness of health problems due to UV radiation. In 1987 the

Montreal Protocol was implemented to stop the emission of ozone-depleting substances and studies show a positive shift in

the trends of stratospheric ozone in 1995 at equatorial latitudes and 2000 at high latitudes (e.g. Weber et al., 2022). Since25

then, researchers have been studying long-term compositions, temperatures and dynamics to understand the behavior of the

atmosphere and the human footprint on the environment. Greenhouse gases, including CH4, H2O, O3 and CO2 are studied as

tracers to monitor the evolution of the atmosphere(Bremer and Berger, 2002; Bremer and Peters, 2008; Peters and Entzian,

2015; Peters et al., 2017, etc.). At an altitude of 96 km, atomic oxygen is formed through the photo-dissociation of O2 and O3

in the mesopause. The atomic oxygen then interacts with CO2 through collisions, resulting in a radiative cooling effect that30

leads to hydrostatic contraction of the atmosphere (Gu et al., 2022; Akmaev, 2002; Li et al., 2021; Pisoft et al., 2021; Dawkins

et al., 2023, etc.). As a consequence, carbon dioxide serves as a reliable indicator of cooling in the middle atmosphere, even

during periods of disturbed geomagnetic activity (e.g. Liu et al., 2020).

The dynamics of the MLT are governed by the interaction from large-scale planetary waves to small-scale gravity waves. The

latter is driven by gravity and buoyancy in the atmosphere and is generated by orographic forcing, convection, wind shear, or35

wave interaction (Fritts and Alexander, 2003). Most gravity waves are generated in the troposphere and propagate upward and

horizontally, breaking in the troposphere and lower stratosphere. During winter the zonal-mean zonal wind in the stratosphere

and mesosphere is eastward and reverses in summer to westward. The mean wind flow is crucial for the propagation of

gravity waves. The linearized theory explains that gravity waves with an eastward velocity phase filtered by the westward

wind reach the mesopause, where they break and deposit the momentum that decelerates the mean flow. This deceleration40

causes a wind reversal from westward to eastward in the lower thermosphere. As a consequence of the injection of energy

from the breaking of the gravity waves and under the Coriolis force, a mean meridional circulation is induced from the summer

hemisphere to the winter hemisphere that transports and mixes the molecules in the atmosphere, generating an upwelling in

summer and a downwelling in winter. This circulation is the cause of the cold (warm) summer (winter) mesopause (Andrews

et al., 1987; Holton and Alexander, 2000; Holton, 2004). In a non-linear regime, the contribution of anisotropic gravity waves45

has been proven to deposit a significant amount of momentum to the mean flow at lower altitudes (Medvedev et al., 1998).

Furthermore, regions characterized by intense wind jets exhibit significant anisotropy, particularly in the upper area of a strong

wind jet (Warner et al., 2005; Gong et al., 2008), which is a characteristic of the summer MLT. Additionally, the MLT exhibits

sensitivity to external phenomena such as the stratospheric quasi-biennial oscillation (QBO), which alters the direction of the

zonal winds over a span of 26-28 months, as well as the equatorial ocean-atmospheric warming (and cooling) that occurs during50

the northern hemisphere winter season. This phenomenon, referred to as El Niño-southern oscillation (ENSO), has periods that

are not precisely defined but generally span around three to six years (Baldwin et al., 2001; Jacobi and Kürschner, 2002; Wang

and Picaut, 2004; Espy et al., 2011; Offermann et al., 2015; French et al., 2020; Jaen et al., 2022).

Sprenger and Schminder (1969) studied the wind at 95 km during winter at middle latitudes and identified changes in the

wind due to solar activity. The eastward component would reach 30-40 m/s during solar maximum, but around 23 m/s during55
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low solar activity. On the other hand, the meridional component shifted from 0 m/s to 15 m/s in the southward direction during

solar maximum and minimum, respectively. Later on, Bremer et al. (1997) identified weakly negative correlations with solar

activity during most months (1964-1994) in the zonal component but with low significance, although the authors identified

significant non-solar trends. Jacobi (1998) identified weaker eastward winds during solar maximum between 1972 and 1996.

Portnyagin et al. (2006) studied the annual winds at middle latitudes between 1964 and 2004 and reported that zonal winds60

exhibited a decreasing trend while meridional winds increased until 1980. However, after this time period, no significant trends

were observed. The authors also identified different trends for the summer winds, an increase in the summer zonal component

in the 90s, as well as in the summer meridional component in the 70s, and concluded that these trends are non-uniform. Keuer

et al. (2007) also found a correlation between solar activity and the MLT winds during summer and the trend shows an increase

in the zonal wind and a decrease in the meridional component during 1990-2005. Later on, Jacobi et al. (2015) reported an65

increase with weaker tendencies in the eastward winds with a decrease in the southward component (1979-2014).

Hoffmann et al. (2010) compared one year of measurements from radars with the Kühlungsborn Mechanistic General Cir-

culation Model (KMCM), showing the role of gravity wave drag in the summer MLT and the differences between middle and

high latitudes and the interaction with waves between 12 h and 72 h. Later on, Hoffmann et al. (2011) studied the long-term be-

havior of the winds and gravity wave activity from kinetic energy over Germany and Norway and showed differences between70

the amplitudes of these two. Particularly, they found trends in the westward wind increasing around 75 km and a corresponding

increase in gravity wave activity of 3-6 h above 80 km at middle latitudes, while this was not the behavior observed at high

latitudes (Hibbins et al., 2007). Offermann et al. (2011) also identified trends in the eastward wind due to an increase in gravity

waves at 87 km with OH measurements.

Considering all the mentioned studies, the MLT exhibits varying trends over time, with distinct behavior during winter and75

summer due to differences in the seasonal wind dynamics inherent to the wind field properties. Additionally, many studies have

focused solely on wind velocities at fixed altitudes. However, as mentioned before, research suggests that the MLT height has

been decreasing over the past decades (e.g. Peters et al., 2017; Vincent et al., 2019). In light of this, the present study examines

the maximum velocity amplitude of the horizontal winds, independent of altitude, variability, and trends over 19 and 33-year

time series at high and middle latitudes during summer. Therefore, an introduction to the radar system and analysis methods80

implemented to extract the time series and analyze the trends is in Section 2. Section 3 describes all the results obtained, the

discussion and concluding remarks are in Sections 4 and 5, respectively.

2 Instruments and methods

2.1 Radar observations

The observational data used in this work is entirely from two types of radars: partial reflection radars (PRRs, also called85

MF radars) and specular meteor radars (SMRs). The PRR typically covers between 60 and 90 km altitude. Saura (69.14◦ N,

16.02◦ E) is located on Andøya, Norway, and has been in operation since 2004. This particular system operates with a peak

power of 116 kW at a frequency of 3.17 MHz, the Mills-Cross array is composed of 29 crossed half-wave dipoles and thus

3

https://doi.org/10.5194/egusphere-2023-1465
Preprint. Discussion started: 11 July 2023
c© Author(s) 2023. CC BY 4.0 License.



offers a narrow beam for measurements (more information in Singer et al., 2005; Renkwitz and Latteck, 2017). A slightly

smaller system is located in Juliusruh (54.63◦ N 13.37◦ E), Germany. With a coverage between 60 and 90 km and only 1390

antennas in a Mills-cross shape works at a frequency of 3.18 MHz and a peak power of 64 kW. Starting as an FMCW radar in

1990, it was modernized to a modular pulsed system (more details on the Juliusruh PRR systems can be found in Keuer et al.,

2007).

The SMRs use the plasma trails left by meteors disintegrating in the atmosphere to retrieve the MLT winds, by measuring

their position and Doppler shift (e.g. Hocking et al., 2001). These systems are capable of measuring winds between 70 and95

110 km (depending on the number of meteor detections). Particularly for this work, we have combined detections from two

closely-located SMRs. This combination allows us to estimate the MLT mean winds reducing data gaps and improving the

precision and continuity of the time series. The latter is especially useful for long-term studies (e.g. Jaen et al., 2022).

At high latitudes, the Andenes SMR (69.27◦ N, 16.04◦ E) and Tromsø SMR (69.58◦ N, 19.22◦ E), are combined for

measurements between 2004 and 2022 and with a 4 km-4 hr resolution in order to derive winds from 70 up to 110 km. In100

the case of middle latitudes, winds with 1 km-1 hr resolution have been obtained by combining meteor detections from Collm

SMR (51.3◦ N, 13.0◦ E) and Juliusruh SMR (54.63◦ N 13.37◦ E), both operating in a pulsed mode. Note that both Andenes

and Juliusruh SMR systems were changed in 2021 to operate in a coded continuous wave (CW) and MIMO (Multiple Input,

Multiple Output) mode (e.g. Huyghebaert et al., 2022; Poblet et al., 2023, for details of the upgrades in Andenes and Juliusruh).

In this work, measurements from only one receiving station located close to each coded-CW transmitter are used.105

These radars measure the winds over a volume above the radar thus the proper name is mean winds to refer to the wind

product, although we will refer to winds to avoid misunderstanding of the mean winds nomenclature.

2.2 Data analysis

In this study, most of the measurements have a length of 19 years (2004-2022), except for Juliusruh PRR with 33 years (1990-

2022) at middle latitudes, from which we studied the westward jet. To study the long-term behavior of the summer winds and110

their variability, we focus on the maximum amplitude of the velocity per month as a proxy of the MLT dynamics. The different

ranges in the zonal and meridional data used for the climatologies aim to capture the maximum wind velocity. The zonal

component is built with the combination of two datasets from different instruments while the meridional component is only

from SMRs since it captures the maximum wind velocity during summer. To obtain the time series, we calculated monthly

median values and extracted the maximum velocity amplitude between a range of altitudes corresponding to the peak and115

latitude, (i.e. westward jet 65-96 km, southward wind 75-95 km, and eastward jet 80-106 km). With the maximum amplitude

of the wind velocity per month v, we implemented a linear function to fit by least squares v = m ·yr+b, where m is the slope,

yr is the year and b is the v-intercept. To test the slope of the linear fit we implemented the Student’s t-test to reject the null

hypothesis (Ho : m = 0) and calculated the confidence interval with the 95% confidence for the slope.

In order to study the variability of the time series, we implemented a Generalized Lomb-Scargle periodogram analysis with120

the difference between the 75% and 25% quartiles (third minus first) as an indication of the variability taken as the signal

error (Czesla et al., 2019). The periodograms give the periods in years and normalized power provided by PyAstronomy
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(Zechmeister and Kürster, 2009). With this implementation, it is possible to obtain the False Alarm Probability (FAP) that

responds to the questions of "What is the probability that a signal with no periodic component would lead to a peak of this

magnitude?” over the highest peak, but it does not give information on the remaining peaks (VanderPlas, 2018).125

It is widely known that there are many indices to categorize the atmosphere’s external or internal forcing. In this case, we

use the daily Ap index calculated from a network of magnetic observatories around the world. The Ap index varies between 0

and 400 and is the product of a conversion of the daily average of the 3-hour-mean Kp index (Matzka et al., 2021). Following

the study at middle latitudes by Jacobi et al. (2021), we extend the work to 33 years below 82 km at middle latitudes, and to

high latitudes with the complete 19-year time series and investigate the response to disturbed and undisturbed geomagnetic130

conditions during summer. We divided the days of the years with low geomagnetic activity, Ap ≤ 5, and high geomagnetic

activity, Ap≥ 20 for middle latitudes and Ap≥ 15 for high latitudes. The reason for the distinction comes from the nature of

the behavior of the geomagnetic field with the change of latitudes. Juliusruh is located at 52◦N geomagnetic latitude, while

Andenes is located at 67◦N. Renkwitz and Latteck (2017) showed the response of the MLT to the change in the Kp index at

the location of the radar. In the case of middle latitudes, we use the limits already established by Jacobi et al. (2021). The time135

period used for the summer mean is 2004-2022, except for the zonal vertical profile (below 82 km) and meridional (below

80 km) at middle latitudes, where the time period used is 1990-2022. Considering this selection, from 2004 through 2022 the

total number of days is 888, 171 and 115 for Ap ≤ 5, Ap≥ 15 and Ap≥ 20, respectively. In the case of 1990-2022 reaches

1228 (Ap ≤ 5) and 355 days (Ap≥ 20).

The summer means vertical wind profile is determined by utilizing the complete time series from the selected Ap index. The140

difference between high and low geomagnetic activity in the summer winds is computed and then subjected to a Behrens-Fisher

Student’s t-test since the variance hypothesis is not satisfied (i.e. the variance of the samples are not assumed to be equal) and

a combined degree of freedom is calculated for this objective (Robinson, 1976).

3 Results

3.1 Seasonal variations of winds145

Figures 1a and 1b depict the climatologies of the mean-zonal winds between 60 and 110 km at middle and high latitudes,

respectively. The climatologies are the mean of all the years (2004-2021) after a 16-day smoothing window shifted by 1-day.

The horizontal line at 79.5 km at middle latitudes and 85.5 km at high latitudes indicate the transition between the SMR and

PRR measurements. The color represents the wind direction and intensity and the contour line marks the wind velocity levels.

Between January and March, the mean winds remain eastward until the springtime, when the wind reversal occurs and the150

summertime begins (Jaen et al., 2022). During the summer months, the altitude wind profile (60-100 km) depicts the formation

of the summer wind jets with an increase in the wind velocity in May and reaching the maximum velocities between June

and August (see Figs. 1a and 1b in blue). As a result of the eastward wind in the lower thermosphere and the westward wind

in the mesosphere, a strong wind shear around 83-86 km at middle latitudes (87-90 km at high latitudes) is located in the

mesopause. The intensity of the wind jets differs quantitatively, at middle latitudes they are stronger than at high latitudes155
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due to the mesospheric wind circulation. Below the zonal wind shear height, and between 72 and 76 km (75 and 78 km), the

westward wind velocity amplitude reaches a mean of approximately 54 m/s (45 m/s). Above the strong wind shear and in the

range of 93-98 km (97-100 km) the eastward jet mean is approximately 40 m/s (32 m/s). As August progresses the velocity

amplitudes of the wind reduce and by the end of the summer (middle of September) the wind reversal occurs below 85 km

(88 km) leaving eastward wind during the winter conditions in the MLT (Jaen et al., 2022).160

(a) Middle latitudes (∼ 54◦N): zonal wind
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Middle latitudes climatology (b) High latitudes (∼ 69◦N): zonal wind
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(c) Middle latitudes (∼ 54◦N): meridional wind
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Figure 1. Horizontal wind height-time cross-section of the annual variation at middle (left column) and high (right column) latitudes. The

upper row depicts the zonal (a, b) component with eastward (red) and westward (blue) wind velocity (m/s) by the color bar and the contour

lines. The horizontal grey lines mark the change in the instrument. Similarly, the bottom row depicts the meridional component (c, d) with

the northward (red) and southward (blue) wind velocity. Note that the meridional wind climatologies are only from SMR.

The meridional wind climatologies, Figures 1c and 1d were obtained equally as for the zonal component with the difference

of using only the SMRs since the wind component altitude range is well captured by these radars. The meridional wind is less

intense than the zonal wind. The velocity is quite variable in the observed range of 75-100 km. The velocity during the winter
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remains in the range of -5 to 5 ms−1. The time period between June and July depicts the strongest southward wind throughout

the year and is located between 82-86 km at middle latitudes (85-89 km at high latitudes) with medians of 16 m/s (13 m/s).165

3.2 Trend in the horizontal winds

Figure 2 shows the time series peak velocity of the wind. Figures 2a and 2b are the eastward lower thermospheric jets per year

for June, July and August (blue, red and green) at middle and high latitudes, respectively. For each time series, the shaded area

represents the interval between the first and the third quartiles (25th and 75th empirical quartiles) and the linear fit is displayed

in the corresponding color. Through the implementation of the Student t-test and rejecting the null hypothesis (i.e. null slope, as170

discussed in Section 2.2), we obtain a statistical p-value. The color lines are the possible trends where m is the slope, wherein a

dashed color line indicates a significance level exceeding 95%. Conversely, a dotted line suggests that the Student t-test did not

reject the null hypothesis, implying that the slope could potentially be zero and thus no significant trend exists. As a summary,

the median height, the median velocity of the wind maxima, the slopes and the 95% confidence interval for the individual fit

are listed in Table 1. In addition, the slopes with more than 95% significance are highlighted in bold.175

The eastward jets at middle latitudes (Fig. 2a) show no significant trends. While at high latitudes, July depicts a significant

trend with more than 98% (see Fig. 2b), indicating weaker eastward winds over the years. In the case of the mesospheric

westward jet at high latitudes, the Student t-test could not reject the null slope hypothesis, but the westward jet at middle

latitudes depicts significant trends with more than 99.9% for all the months, indicating a tendency of stronger westward winds

since 1990 (Fig. 2c).180

Figures 2e and 2f depict the southward winds at middle and high latitudes, respectively. In both cases, the jets are stronger

during June and July than during August. While the amplitude of the southward wind maximum velocity remains approximately

constant at high latitudes, at middle latitudes a significant trend (more than 95% confidence) is visible indicating a weakening

of the meridional wind component over the years.

3.3 Inter-annual variability of winds185

The time series in Figure 2 reveal a year-to-year variability, which motivates us to investigate the periodogram of the time

series. Figure 3 depicts the Lomb-Scargle periodograms of winds in each summer month, where the upper row corresponds

to middle latitudes, while the bottom row refers to high latitudes. From left to right columns are the eastward, westward and

southward wind, respectively.

Table 2 summarizes the corresponding periods. At high latitudes, the eastward wind exhibits significant (over 90% confi-190

dence level) periodicities of 2-3 years in June and August, and of 12 years in July. At middle latitudes, significant periodicities

are seen in the eastward wind around 6 years in June, in the westward wind around 10-11 years in June and August, and 2-4

years in the southward wind in July and August.
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(a) Middle latitudes ∼ 53◦N
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(c) Middle latitudes ∼ 54◦N
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Figure 2. Middle (left column) and high (right column) latitudes zonal and meridional wind maxima for every year. The eastward (upper

row), westward (middle row) and southward (bottom row) velocity maxima. Each wind component has the yearly velocity maxima obtained

with a monthly median and their respective quartile difference (i.e. 75 and 25 quartiles). June (blue), July (red), and August (green) with the

linear fit where m represents the slope.
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Wind proxy Latitude (◦ N), years Month Height (km) Velocity (m/s) Slope (m/s yr−1) 95% confidence interval

Eastward High (69) June 99 ± 2 25 ± 2 -0.12 ± 0.21 ( -0.54, 0.30)

2004-2022 July 98 ± 2 30 ± 3 -0.45 ± 0.18 (-0.81, -0.09)

August 99 ± 2 32 ± 3 -0.28 ± 0.19 (-0.68, 0.11)

Middle (53) June 97 ± 1 39 ± 2 -0.25 ± 0.17 (-0.66 , 0.16 )

2004-2022 July 95 ± 1 40 ± 1 0.15 ± 0.12 (-0.27, 0.56)

August 94 ± 1 38 ± 2 -0.02 ± 0.12 (-0.45, 0.40)

Westward High (69) June 76 ± 2 -37 ± 2 0.02 ± 0.16 (-0.40, 0.44)

2004-2022 July 77 ± 1 -45 ± 2 -0.08 ± 0.21 (-0.50, 0.34)

August 77 ± 3 -39 ± 2 0.06 ± 0.15 (-0.36, 0.48)

Middle (54) June 74 ± 1 -43 ± 4 -0.39 ± 0.10 (-0.64, -0.14)

1990-2022 July 74 ± 2 -54 ± 6 -0.64 ± 0.10 (-0.84, -0.44)

August 74 ± 1 -35 ± 6 -0.41 ± 0.09 (-0.64, -0.17)

Southward High (69) June 88 ± 2 -12 ± 2 0.05 ± 0.09 ( -0.36, 0.47)

2004-2022 July 87 ± 2 -13 ± 1 -0.06 ± 0.08 (-0.48, 0.35)

August 86 ± 2 -9 ± 1 -0.02 ± 0.06 ( -0.44, 0.40)

Middle (53) June 84 ± 2 -16 ± 2 0.33 ± 0.12 (-0.03, 0.70)

2004-2022 July 82 ± 1 -16 ± 2 0.26 ± 0.12 (-0.13, 0.65)

August 85 ± 1 -7 ± 2 0.23 ± 0.10 (-0.13, 0.60)

Table 1. Summary with the wind maxima characteristics with the respective latitude, the year periods, median height, median velocity, the

slope obtained with the linear fit by month, and the 95% confidence interval. Highlighted in bold, are the significant trends with more than

95% confidence.

3.4 Winds response to geomagnetic activity

Figure 4 shows the summer wind at high latitudes under quiet and disturbed geomagnetic conditions over the years. Figures195

4a and 4b depict the yearly median summer zonal mean wind at low (Ap ≤ 5) and high (Ap ≥ 15) geomagnetic activity,

respectively. On a simple visual examination, the enhancement in the eastward jet (red) under high geomagnetic activity

is evident, while the westward jet (blue) remains in the same velocity range. The meridional component under disturbed

geomagnetic conditions (Fig. 4d) displays a more variable velocity than at low geomagnetic activity (Fig. 4c).

In order to quantify the possible differences, a summer mean with its standard deviation is calculated. The altitude velocity200

profiles for the summer mean at high latitudes with low (green) and high (purple) geomagnetic activity for the zonal component

(Fig. 5a) and the meridional component (Fig. 5b). They show stronger eastward winds under high geomagnetic activity above

92 km, while the rest of the profile does not exhibit a distinct difference between high and low geomagnetic activity. In the
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Figure 3. Middle (a, b, c) and high latitudes (d, e, f) periodograms calculated with Lomb-Scargle. The left column are the periodograms

from the timeseries of the eastward maxima (a, d), the middle are the westward maxima (b, e) and the right column is the southward winds

maxima.

Periods (years)

Latitude (◦N) Wind (mean height) June July August

High (∼69) Eastward (99 km) 3.2* 6.7, 12.0 2.5, 3.8

Westward (76 km) 4.3, 11.3 3.3, 4.6, 8.6 3.1, 9.0

Southward (87 km) 3.9 2.2, 3.6 2.8, 4.7

Middle (∼54) Eastward (95 km) 2.3, 3.1, 6.3 3.8, 9.0 2.5, 3.1, 9.0

Westward (74 km) 11.3* 11.3 10.2*

Southward (84 km) 3.8 2.3, 4.4 2.3*, 4.1

The periods in bold are the ones that passed the false alarm probability of 90% and the ones with a star the 95%

Table 2. Summary with the periods obtained from LS monthly time series.

case of the meridional component (Fig. 5b), the difference appears below 85 km, with stronger northward wind under quiet

geomagnetic conditions. Figure 5c shows the difference between low and high geomagnetic activity for the zonal (red) and205

meridional (blue) summer wind components. Significant mean differences beyond 95% according to the Behrens-Fisher test
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(a) Zonal wind (Ap≤5)
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Figure 4. Summer zonal mean winds at high latitudes over the years with low (a) and high (b) geomagnetic activity. In the same way, the

bottom row depicts the summer meridional mean winds with low (c) and high (d) geomagnetic activity, also for high latitudes.

are denoted by stars, while circles indicate instances where the hypothesis of equal means was not rejected by the test. The

summer eastward wind is significantly affected by geomagnetic activity with 2-6 m/s stronger eastward wind velocities above

94 km and 1-3.5 m/s weaker northward wind below 83 km for strong geomagnetic activity.

A similar analysis is done for mid-latitudes, with the results shown in Figure 6. Note that the zonal wind between 70-82 km210

and meridional wind 70-80 km are obtained between 1990 and 2022, while the winds above are obtained from 2004-2022

due to the use of different systems (see Section 2). The selection of the different range of altitudes/systems over the wind

components is to avoid the instrument shift over the wind maxima, the focus of our study. As shown in Figure 6c, higher

geomagnetic activity has a significant impact on the zonal wind, decelerating both the eastward jet (by up to -10 m/s) above

95 km altitude and the westward jet below 80 km (by up to 8 m/s). Its impact on the meridional wind is mainly seen below215

78 km altitude, decelerating the northward wind by up to -3 m/s. Table 3 contains the trends calculated for July eastward and

the summer westward maximum at high and middle latitudes, respectively with only the days of low geomagnetic activity to

compare with the significant trends in the zonal wind.

11

https://doi.org/10.5194/egusphere-2023-1465
Preprint. Discussion started: 11 July 2023
c© Author(s) 2023. CC BY 4.0 License.



(a) Zonal wind

50 30 10 0 10 30 50
Velocity (m/s)

60

65

70

75

80

85

90

95

100

105

110

He
ig

ht
 (k

m
), 

[2
00

4-
20

22
]

Ap 5
Ap 15

HL Zonal comp. (lga 888, hga 218)
(b) Meridional wind

20 10 0 10 20
Velocity (m/s)

60

65

70

75

80

85

90

95

100

105

110

He
ig

ht
 (k

m
), 

[2
00

4-
20

22
]

Ap 5
Ap 15

HL Meridional comp. (lga 888, hga 218)
(c) Differences

4 2 0 2 4 6 8
Velocity (m/s)

60

65

70

75

80

85

90

95

100

105

110

He
ig

ht
 (k

m
)

ZW (p > 95%)
MW (p > 95%)

Differences

10

Figure 5. Mean velocity profiles at high latitudes for low (green, Ap ≤ 5) and high (purple, Ap ≥ 15) geomagnetic activity for the summer

zonal (a) and meridional (b) winds. The difference between both profiles under high and low geomagnetic activity (c) for the zonal (red) and

the meridional (blue) wind component. The stars depict the values with more than 95% significance, tested with the Behrens-Fisher test and

the circles the values with no significant difference between the means.

Latitude Wind proxy Slope (m/s/y)

∼69◦N July eastward (99 km) -0.44 ± 0.15

∼53◦N Summer westward (74 km) -0.41 ± 0.08

Table 3. Wind maxima slopes obtained with the linear fit with days of low geomagnetic activity. Highlighted in bold, are the significant

trends with more than 95% confidence.

4 Discussion

In this work, we explored the long-term variability of MLT summer wind dynamics using the maximum amplitude of the wind220

velocity as a proxy. The resulting time series were fitted with linear functions and the slopes were tested in search of significant
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Figure 6. Mean velocity profiles at middle latitudes for low (green, Ap≤ 5) and high (purple, Ap≥ 20) geomagnetic activity for the summer

zonal (a) and meridional (b) winds. In the range of 70-82(80) km the zonal (meridional) component between the years 1990 to 2022. Above

these heights, the analyzed years are 2004-2022. The difference between both profiles under high and low geomagnetic activity (c) for the

zonal (red) and the meridional (blue) wind component. The stars depict the values with more than 95% significance, tested with the Behrens-

Fisher test and the circles the values with no significant difference between the means.

13

https://doi.org/10.5194/egusphere-2023-1465
Preprint. Discussion started: 11 July 2023
c© Author(s) 2023. CC BY 4.0 License.



trends. In addition, we investigated the periodograms of the time series. We explored the response of the wind under disturbed

and non-disturbed geomagnetic conditions at high and middle latitudes.

The wind climatologies are in agreement with previous studies at similar latitudes, considering the difference of height and

investigated time lengths (Wilhelm et al., 2019; Hoffmann et al., 2010; Jaen et al., 2022; Schminder et al., 1997; Manson225

et al., 2004, etc.). The wind trends observed in July for lower thermospheric eastward maxima at high latitudes and southward

maxima at middle latitudes are consistent with the study made by Wilhelm et al. (2019). In their work, the authors studied

the trends at high latitudes and middle latitudes from 2002 to 2018 with specular meteor radars, and with this limitation,

the westward wind maxima are not captured in their study, although a significant westward wind trend is visible below 85 km

during the summer months. Hall and Tsutsumi (2013) made a similar study comparing two SMR at latitudes of 70◦N and 78◦N230

between 2001 and 2012. The authors identified a strengthening of the summer westward jet contradicting our results. However,

considering the time period that their results overlap our study (i.e 2004-2012), it is visible in Figure 2d a possible significant

trend could be found. On the other hand, Jacobi et al. (2023) analyzed 43 years of the winds near 90 km and 81–85 km over

Collm and Juliusruh, respectively, obtaining significant trends at Juliusruh in the summer month eastward wind that do not

agree with our findings. The differences can be attributed to the varying heights that were studied, which do not capture the235

proxies from this study. Hoffmann et al. (2011) studied the trends in the zonal wind for July at middle latitudes and found

significant trends at 72 km and 76 km where the lower and upper limit of the westward jet is located. These trends showed

stronger westward winds of 1.1 m/s/year and 0.643 m/s/year, respectively, over the period of 1990-2010. Vincent et al. (2019)

studied the trends in the meridional wind over the Antarctic (∼69◦S) between 1994 and 2018 during the Austral summer.

While the study shows a descent in the height of the maximum amplitude by 1.5 km, the strengths of the wind maxima did not240

change, which agrees with our findings in the northern hemisphere.

4.1 Inter-annual oscillations

From the periodograms, several periods are identified (Fig. 3). Those periods of around 2-3 years could be associated with

modulations from the stratospheric QBO, also called mesospheric QBO (MQBO). Espy et al. (2011) showed modulation

of QBO on the summer mesospheric OH temperatures at 60◦N. The periods between 3-4 years have been associated with245

modulation from ENSO. Reid et al. (2014) obtained oscillations of 3-4 years in OH and O(1s) airglow at 96 and 87 km∼35◦S.

Perminov et al. (2018) obtained similar oscillation in OH temperatures 56◦N (2000-2016). While these findings are a result of

mesospheric temperature observations, they are intrinsically linked to the mesospheric dynamics as expressed in the thermal

wind equation. Jacobi and Kürschner (2002) identified a possible signature of ENSO with Collm zonal winds in the 1980s

and 1990s, and later on, Jacobi et al. (2017) found that this signal changes between the mesosphere and lower thermosphere.250

However, having common periodicity does not necessarily mean causality and dedicated work needs to be done to connect

these oscillations to QBO and ENSO phenomena.
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4.2 Solar cycle dependence

The summer wind also shows significant periodicity around 6 years and 10-12 years, which could be a signature of the solar

cycle and its harmonic (see Table 2). Previous works have shown connections between the solar cycle and the winds (e.g. Jacobi255

and Kürschner, 2006), while other authors have shown these signatures have disappeared in past solar cycles (Portnyagin et al.,

2006; Fiedler et al., 2011; DeLand and Thomas, 2015). For our data, a simple Pearson correlation between the Lyman-α and

the June westward peak at middle latitudes gives a ρ = -0.11 with a p-value of 0.56, which indicates a non-significant anti-

correlation. When considering the periods of 1990-2004 and 2004-2022 separately, we find two different correlations of ρ =

-0.69 (p-value = 0.01) and ρ = -0.17 (p-value= 0.51), respectively. The first one shows a significant (≥ 95%) anti-correlation260

between the westward peak and Lyman-α during the time length of 1990 to 2004, while the latter is not significant. Recently,

Vellalassery et al. (2023) showed how the missing solar cycle is correlated with the increase in H2O in the mesosphere at polar

latitudes and the attenuation of Lyman-α as a consequence.

4.3 Impact of geomagnetic activity on trends

Our results reveal an impact of geomagnetic activity on mesosphere wind in summer (Figures 5 and 6), with higher geomagnetic265

activity weakening the winds at both middle and high latitudes, except for the eastward wind at high latitudes, which strengthens

under disturbed conditions. The results at middle latitudes agree with Jacobi et al. (2021), who found weaker wind at a higher

geomagnetic activity at two mid-latitude stations Collm and Kazan during the summers of 2016-2020.

The geomagnetic activity could significantly affect long-term trend studies as demonstrated by Liu et al. (2021). Given

the significant geomagnetic activity effect on the mesosphere wind, the long-term variation of the geomagnetic activity could270

potentially contribute to the wind trend we obtained in Figure 2. The histogram in Figure 7 shows the count of days from 1990

to 2022 with Ap≤ 5 (green) and Ap≥ 20 (purple). On the right axis, scaled is Lyman α (red line) to illustrate the solar activity

over the investigated time period. Comparatively, the first half of the time series has more days with high geomagnetic activity

than the second half. This could imply that the negative trend in the westward jet can partially be due to more quiet days in the

recent two decades. To test this, we calculated the summer mean (June-August averaged) maximum velocity amplitudes from275

the yearly summer winds under only quiet conditions. At high latitudes, the eastward jet shows a significant summer trend of

-0.23± 0.13 m/s/yr and a July eastward trend of -0.44± 0.08 m/s/yr, in agreement with the complete time series (see Table 1).

At middle latitudes, the westward jet also shows a significant trend of -0.41± 0.08 m/s/yr which is similar to the summer mean

with the complete time series (-0.49± 0.13 m/s/yr). This result suggests that the winds are getting stronger due to different

causes.280

As to the cause of the long-term trend in the wind observed here, it could be related to changes in various atmospheric

waves, such as planetary waves, tides, and gravity waves as discussed by Laštovička et al. (2012). However, during summer

the contribution of planetary waves is filtered at lower altitudes in the stratosphere leaving less contribution in the mesosphere

(Conte et al., 2017; Wilhelm et al., 2019; Pedatella et al., 2021). A likely scenario could be an acceleration of the westward

wind due to a change of gravity wave filtering and momentum deposition in the mean flow. This could explain the simultaneous285
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Figure 7. Histogram with the counts of days for Ap ≤ 5 (green) and Ap ≥ 20 (purple). On the right axis is the Lyman α (red) scale with

yearly summer mean values.

acceleration of the westward jet and a weakening of the southward wind in the mesopause at middle latitudes. In the future, we

want to explore this possibility to identify the origin of this long-term trend.

5 Concluding remarks

The current manuscript examines long-term variations by analyzing the median maximum wind velocity in June, July, and

August as an indicator of wind dynamics over the years. Linear functions were adjusted to the time series, and the slope290

was tested using Student’s t-test, in addition, Lomb-Scargle periodograms were extracted. This study also investigates the

relationship between wind patterns and geomagnetic activity by using the Ap index and tests its influence on the identified

trends. The results are summarized as follows:

– The eastward summer peak in July shows a significant trend at high latitudes. It exhibits a decrease of (0.45±0.18) m/s

per year with a statistical significance exceeding 95%. The wind intensity reaches its peak between June and August,295

ranging from 25 to 32 m/s at an altitude of 98-99 km.

– The westward summer maximum is becoming stronger in the past 33 years (1990-2022) at middle latitudes. The highest

velocities are during July with a slope of 0.64 ± 0.10 m/s per year with more than 95% significance. This trend is

independent of the geomagnetic activity.

– The southward wind velocity is experiencing a notable decline during the three studied months at middle latitudes. The300

maximum decrease in amplitude occurs in June and July, with a slope of 0.33 ± 0.12 and 0.26 ± 0.12 m/s per year,

respectively.
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– The summer westward maxima is the only component that presents signatures during the three months with oscilla-

tions related to the solar cycle (8.6-11.3 years). Other oscillations around 2.3-2.8 years and 3.2-4.4 years that could be

associated with modulation from QBO and ENSO or the quasi-quadrennial oscillation are present in most of the time305

series.

– The geomagnetic activity induces higher eastward winds above 94 km at high latitudes, while weaker zonal winds at

middle latitudes, above 95 km and below 79 km.

– The southward wind displays a disturbed pattern under high geomagnetic activity, reducing the wind velocity below

84 km at high latitudes and below 78 km at middle latitudes.310

As the Earth’s atmosphere continues evolving, the pursuit of long-term studies becomes increasingly challenging, yielding

changing results over the years. Therefore, the acquisition of longer time series becomes imperative in order to truly compre-

hend the dynamics of the MLT. Although models have made notable improvements in their results, they still encounter certain

limitations that need to be addressed. While measurements provide localized insights and show specific latitudinal character-

istics, they inherently lack a comprehensive view of the entire system. Additionally, understanding the complexities of gravity315

waves in the middle atmosphere becomes crucial, as they emerge as a significant source of energy in the MLT dynamics.

Data availability. The data to produce the figures is available in HDF5 format at DOI: 10.22000/1603. This link is temporary for the

reviewing process. Once it is accepted, it will become permanent.

(https://www.radar-service.eu/radar/en/dataset/HOYslSXhNytHHPUf?token=TkzTyxslRwCelhXQwwAN)
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Laštovička, J., Solomon, S. C., and Qian, L.: Trends in the Neutral and Ionized Upper Atmosphere, Space Science Review, 168, 113–145,

https://doi.org/10.1007/s11214-011-9799-3, 2012.

Li, T., Yue, J., Russell, J. M., and Zhang, X.: Long-term trend and solar cycle in the middle atmosphere temperature re-

vealed from merged HALOE and SABER datasets, Journal of Atmospheric and Solar-Terrestrial Physics, 212, 105 506,410

https://doi.org/10.1016/J.JASTP.2020.105506, 2021.

Liu, H., Tao, C., Jin, H., and Nakamoto, Y.: Circulation and Tides in a Cooler Upper Atmosphere: Dynamical Effects of CO2 Doubling,

Geophysical Research Letters, 47, 1–9, https://doi.org/10.1029/2020GL087413, 2020.

Liu, H., Tao, C., Jin, H., and Abe, T.: Geomagnetic activity effects on CO2-driven trend in the thermosphere and ionosphere: ideal model

experiments with GAIA, Journal of Geophysical Research (Space Physics), 126, https://doi.org/10.1029/2020JA028607, 2021.415

Manson, A. H., Meek, C. E., Hall, C. M., Nozawa, S., Mitchell, N. J., Pancheva, D., Singer, W., and Hoffmann, P.: Mesopause dynamics from

the scandinavian triangle of radars within the PSMOS-DATAR Project, Annales Geophysicae, 22, 367–386, https://doi.org/10.5194/angeo-

22-367-2004, 2004.

Matzka, J., Stolle, C., Yamazaki, Y., Bronkalla, O., and Morschhauser, A.: The Geomagnetic Kp Index and Derived Indices of Geomagnetic

Activity, Space Weather, 19, https://doi.org/10.1029/2020SW002641, 2021.420

Medvedev, A. S., Klaassen, G. P., and Beagley, S. R.: On the role of an anisotropic gravity wave spectrum in maintaining the circulation of

the middle atmosphere, Geophysical Research Letters, 25, 509–512, https://doi.org/10.1029/98GL50177, 1998.

Offermann, D., Hoffmann, P., Knieling, P., Koppmann, R., Oberheide, J., Riggin, D. M., Tunbridge, V. M., and Steinbrecht, W.: Quasi 2

day waves in the summer mesosphere: Triple structure of amplitudes and long-term development, Journal of Geophysical Research, 116,

D00P02, https://doi.org/10.1029/2010JD015051, 2011.425

Offermann, D., Goussev, O., Kalicinsky, C., Koppmann, R., Matthes, K., Schmidt, H., Steinbrecht, W., and Wintel, J.: A case study of multi-

annual temperature oscillations in the atmosphere: Middle Europe, Journal of Atmospheric and Solar-Terrestrial Physics, 135, 1–11,

https://doi.org/10.1016/j.jastp.2015.10.003, 2015.

Pedatella, N. M., Liu, H. L., Conte, J. F., Chau, J. L., Hall, C., Jacobi, C., Mitchell, N., and Tsutsumi, M.: Migrating Semidiurnal Tide

During the September Equinox Transition in the Northern Hemisphere, Journal of Geophysical Research: Atmospheres, 126, 1–14,430

https://doi.org/10.1029/2020JD033822, 2021.

Perminov, V., Semenov, A., Pertsev, N., Medvedeva, I., Dalin, P., and Sukhodoev, V.: Multi-year behaviour of the midnight

OH ∗ temperature according to observations at Zvenigorod over 2000–2016, Advances in Space Research, 61, 1901–1908,

https://doi.org/10.1016/j.asr.2017.07.020, 2018.

Peters, D. H. and Entzian, G.: Long-term variability of 50 years of standard phase-height measurement at Kühlungsborn, Mecklenburg,435

Germany, Advances in Space Research, 55, 1764–1774, https://doi.org/10.1016/j.asr.2015.01.021, 2015.

Peters, D. H., Entzian, G., and Keckhut, P.: Mesospheric temperature trends derived from standard phase-height measurements, Journal of

Atmospheric and Solar-Terrestrial Physics, 163, 23–30, https://doi.org/10.1016/j.jastp.2017.04.007, 2017.

Pisoft, P., Sacha, P., Polvani, L. M., Añel, J. A., de la Torre, L., Eichinger, R., Foelsche, U., Huszar, P., Jacobi, C., Karlicky, J., Kuchar,

A., Miksovsky, J., Zak, M., and Rieder, H. E.: Stratospheric contraction caused by increasing greenhouse gases, Environmental Research440

Letters, 16, 064 038, https://doi.org/10.1088/1748-9326/abfe2b, 2021.

20

https://doi.org/10.5194/egusphere-2023-1465
Preprint. Discussion started: 11 July 2023
c© Author(s) 2023. CC BY 4.0 License.



Poblet, F. L., Vierinen, J., Avsarkisov, V., Conte, J. F., Charuvil Asokan, H., Jacobi, C., and Chau, J. L.: Horizontal Correlation Functions of

Wind Fluctuations in the Mesosphere and Lower Thermosphere, Journal of Geophysical Research: Atmospheres, 128, e2022JD038 092,

https://doi.org/10.1029/2022JD038092, 2023.

Portnyagin, Y. I., Merzlyakov, E. G., Solovjova, T. V., Jacobi, C., Kürschner, D., Manson, A. H., and Meek, C.: Long-term trends and445

year-to-year variability of mid-latitude mesosphere/lower thermosphere winds, Journal of Atmospheric and Solar-Terrestrial Physics, 68,

1890–1901, https://doi.org/10.1016/j.jastp.2006.04.004, 2006.

Reid, I. M., Spargo, A. J., and Woithe, J. M.: Seasonal variations of the nighttime O(1S) and OH (8-3) airglow intensity at Adelaide, Australia,

Journal of Geophysical Research, 119, 6991–7013, https://doi.org/10.1002/2013JD020906, 2014.

Renkwitz, T. and Latteck, R.: Variability of virtual layered phenomena in the mesosphere observed with medium frequency radars at 69°N,450

Journal of Atmospheric and Solar-Terrestrial Physics, 163, 38–45, https://doi.org/10.1016/j.jastp.2017.05.009, 2017.

Robinson, G. K.: Properties of student’s t and of the Behrens-Fisher solution to the two means problem, Annals of Statistics, 4, 963–971,

https://doi.org/10.1214/aos/1176343594, 1976.

Schminder, R., Kürschner, D., Singer, W., Hoffmann, P., Keuer, D., and Bremer, J.: Representative height-time cross-sections of the

upper atmosphere wind field over Central Europe 1990-1996, Journal of Atmospheric and Solar-Terrestrial Physics, 59, 2177–2184,455

https://doi.org/10.1016/S1364-6826(97)00062-X, 1997.

Singer, W., Latteck, R., Friedrich, M., Dalin, P., Kirkwood, S., Engler, N., and Holdsworth, D. A.: D-region electron densities obtained

by differential absorption and phase measurements with a 3-MHz-Doppler radar, in: ESA Symposium on European Rocket and Balloon

Programmes and Related Research, 17th, pp. 233–238, https://ui.adsabs.harvard.edu/abs/2005ESASP.590..233S/abstract, 2005.

Sprenger, K. and Schminder, R.: Solar cycle dependence of winds in the lower ionosphere, Journal of Atmospheric and Terrestrial Physics,460

31, 217–221, https://doi.org/10.1016/0021-9169(69)90100-7, 1969.

VanderPlas, J. T.: Understanding the Lomb–Scargle Periodogram, The Astrophysical Journal Supplement Series, 236, 16,

https://doi.org/10.3847/1538-4365/AAB766, 2018.

Vellalassery, A., Baumgarten, G., Grygalashvyly, M., and Lübken, F.-J.: Greenhouse gas effects on the solar cycle response of water vapour

and noctilucent clouds, Annales Geophysicae Discussions, 2023, 1–35, https://doi.org/10.5194/angeo-2023-3, 2023.465

Vincent, R. A., Kovalam, S., Murphy, D. J., Reid, I. M., and Younger, J. P.: Trends and Variability in Vertical Winds in the Southern

Hemisphere Summer Polar Mesosphere and Lower Thermosphere, Journal of Geophysical Research: Atmospheres, 124, 11 070–11 085,

https://doi.org/10.1029/2019JD030735, 2019.

Wang, C. and Picaut, J.: Understanding ENSO physics—a review, Geophysical Monograph Series, 147, 21–48,

https://doi.org/10.1029/147GM02, 2004.470

Warner, C. D., Scaife, A. A., and Butchart, N.: Filtering of parameterized nonorographic gravity waves in the Met Office Unified Model,

Journal of the Atmospheric Sciences, 62, 1831–1848, https://doi.org/10.1175/JAS3450.1, 2005.

Weber, M., Arosio, C., Coldewey-Egbers, M., Fioletov, V. E., Frith, S. M., Wild, J. D., Tourpali, K., Burrows, J. P., and Loyola, D.: Global

total ozone recovery trends attributed to ozone-depleting substance (ODS) changes derived from five merged ozone datasets, Atmospheric

Chemistry and Physics, 22, 6843–6859, https://doi.org/10.5194/ACP-22-6843-2022, 2022.475

Wilhelm, S., Stober, G., and Brown, P.: Climatologies and long-term changes in mesospheric wind and wave measurements based on radar

observations at high and mid latitudes, Annales Geophysicae, 37, 851–875, https://doi.org/10.5194/angeo-37-851-2019, 2019.

Zechmeister, M. and Kürster, M.: The generalised Lomb-Scargle periodogram, Astronomy & Astrophysics, 496, 577–584,

https://doi.org/10.1051/0004-6361:200811296, 2009.

21

https://doi.org/10.5194/egusphere-2023-1465
Preprint. Discussion started: 11 July 2023
c© Author(s) 2023. CC BY 4.0 License.


