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Abstract: In this paper, we investigate the activity of atmospheric turbulence in the MLT region and
the relationship between the activity of atmospheric turbulence and atmospheric wave activity. We
use data from the Langfang MF radar (39.4◦ N, 116.7◦ E) from July 2019 to June 2020 and NRLMSIS
2.0 to calculate the parameters of atmospheric wave activity and atmospheric turbulence energy
dissipation rate (ε). Atmospheric ε is modulated by different periods at different altitudes, and while
there are 12 h and 24 h periods at all altitudes, the main period is different at different altitudes.
A comparison of the ε with atmospheric tide activity shows that tides have an effect on ε, and the
influence of tides on ε may be different at different altitudes. The pattern of variation in ε is similar to
that of the atmospheric activity of the gravity wave, with both ε and the atmospheric activity of the
gravity wave showing significant semi-annual variation.

Keywords: medium-frequency radar; turbopause; turbulence; MLT region

1. Introduction

The mesosphere and lower thermosphere (MLT) region has an altitude of about
50 to 110 km and there is an overlap with the lower ionosphere (60–130 km). This region is
subject to a number of dynamical processes that are different from those in the rest of the
atmosphere, many of which result in turbulence. Turbulence is a key active factor in the
atmosphere and has a significant impact on the thermal structure and on the various types
of waves in the atmosphere. Turbulence can transfer their potential and kinetic energy to
the molecular scale through cascading processes, and energy is converted to heat through
viscous dissipation and thermoconductivity. Furthermore, turbulence also affects wind
shear and temperature inversions at about 100 km, as well as the transport of small species.

There have been many studies on the activity of atmospheric turbulence in the MLT
region. Lübken [1] observed significant seasonal dependence of the turbulence energy
dissipation rate (ε). Sasi et al. [2] also observed that ε shows a seasonal variation, with a
dominant summer maximum. Roper et al. [3] observed the diurnal variation of ε at the Bear
Lake Observatory (41.9◦ N, 111.41◦ E) and Holdsworth et al. [4], using the Buckland Park
MF radar (34◦ N, 138◦ E), observed the diurnal variation of the turbulent velocity. Focusing
on turbopause, where ε has a value of zero, Hall et al. [5,6] found an annual cycle in its
position and studied its long-term pattern of variation. Lehmacher et al. [7] examined the
relationship between the spatiotemporal variation of the middle atmospheric turbulence
and the static stability of the background atmosphere.

Wave breaking is one of the main sources of turbulence, with strong reverse influ-
ence. Li et al. [8] estimated the values of the diffusion coefficient and energy dissipation
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rate of turbulent vortices and investigated their relationship to gravity wave breaking.
Roper et al. [9] found the correlation between gravity waves and turbulent velocity is
remarkable and suggested that there might be a correlation between the rate of dissipation
of turbulent energy and the 24 h component of the mean wind in the meteor region by com-
paring monthly averages [10]. Strelnikov et al. [11] observed significant tidal modulation in
ε. The study of the short-term variability of turbulent activity facilitates the observational
search for the relationship between turbulent activity and atmospheric waves.

In this study, we used one year of data provided by the medium frequency (MF) radar
at LangFang, China (39.4◦ N, 116.7◦ E) to calculate ε and find the height of turbopause.
The main objective of this study is to analyze the structure of the activity of turbulence in
the mesosphere and lower thermosphere atmosphere and its short-period variation pattern
with height, and to study the relationship between ε and atmospheric wave activity.

2. Data and Methods

The Langfang MF radar was installed and began its observations in June 2009. The radar
operates at a frequency of 1.99 MHz with a spatial resolution of 2 km and a temporal
resolution of 4 min and operates continuously for 24 h. The radar has a pulse repetition
rate of 80 Hz and a coherent accumulation of 32 at daytime, and a pulse repetition rate of
40 Hz and a coherent accumulation of 16 at night. A lot of data have been gathered with
this radar [12,13], and we use radar data from July 2019 to June 2020.

The radar antenna transmits a narrow vertical beam and the radio waves within the
beam are scattered as they propagate until they are completely reflected by the E region
of the ionosphere, due to the high electron density. The MF radar senses the field pattern
on the ground through spaced receiving antennas. Due to the irregularity of the electron
density, there are scatterers with different refractive indices. The time- and space-dependent
function of the ground diffraction pattern of a radar echo generated by a scatterer can be
expressed as an ellipsoidal function.

Full correlation analysis (FCA) is used to estimate atmospheric wind speed from the
surrounding diffraction pattern produced by atmospheric backscattering of the transmis-
sion signal with irregular refractive indices. The pattern is typically sampled at three
non-collinear locations and the the spatio-temporal correlation function is parameterized
using the temporal auto-correlation function and cross-correlation function calculated from
the complex signals recorded at these antennas. The velocity of the scatterer’s motion can
be obtained by measuring the motion of the ground diffraction pattern. The scattered signal
is not only influenced by the background wind, but also by the disturbance of the random
motion of the scattering body.

The horizontal wind can be calculated from the cross-correlation function between
signals received at different antennas, while the auto-correlation function determines the
fading time of the echoes. These fading times characterize the irregular structure of the
scatterer, which is usually caused by turbulence [14–16]. We use the horizontal wind speed
data obtained by the cross-correlation function and the characteristic fading time data
obtained by the auto-correlation function.

The relationship between the velocity fluctuations, V′, caused by the random motion
of the scatterer and the signal characteristic fading time, τc, can be expressed as [14]:

V′ =
λ
√

ln 2
4πτc

, (1)

where λ = 150.65 m is the radar wavelength. The energy per unit mass of this fluctuation
is V′2 [17]. The energy dissipation rate can be obtained by dividing the turbulent kinetic
energy by a time scale. Assumed that the spectrum of the turbulent motions is inertial and
that the vertical length scale will be limited by buoyancy, the Brunt–Väisälä period (also
called buoyancy period) could be identified as a suitable timescale [18]. Weinstock [19]
derived the following equation: ε = 0.4σ2

z ωB (σz is the vertical velocity fluctuations and
ωB is the Brunt–Väisälä frequency), but did not discuss the effects of horizontal velocity
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fluctuations. Hall et al. [5,6] assumed a total velocity fluctuation, and thus, the total
turbulence energy dissipation rate (εtotal) can be expressed as follows:

εtotal = cV′2ωB. (2)

The factor c is 0.8, which is related to the total velocity perturbation. As the signal may
be affected by fluctuations in the buoyancy scale in the experiment and the estimate of ε
only goes to the buoyancy scale, Equation (2) calculates an upper limit to the turbulent
energy dissipation rate that can be obtained by this method.

When the scale of turbulence generation is comparable to the scale of viscous forces,
turbulence generation will be suppressed and the kinematic viscosity will approach the
turbulent diffusivity, so there will be a minimum value of the turbulence energy dissipation
rate (εmin) [5,6]:

εmin = υω2
B/β, (3)

where υ is the kinematic viscosity, which is inversely proportional to the atmospheric
density, and β is called the mixing coefficient representing the ratio of potential energy
to kinetic energy dissipation [20]. The generally used approximation is β = R f /(1− R f ),
where R f is the flux Richardson number. Lilly et al. [21] used R f = 1/4 and obtained
β = 1/3 ≈ 0.3, which is generally accepted [5,6,22,23], so we use the same parameters.
Because of a lack of atmospheric temperature and density data, we use NRLMSIS 2.0,
an empirical atmospheric model [24], and calculate buoyancy frequency and kinematic
viscosity. The actual measured data will make the calculations more accurate.

The actual energy dissipation rate can be accessed by subtracting the dissipation rate
corresponding to the viscosity from the radar-derived total dissipation:

ε = εtotal − εmin. (4)

The turbopause is located as the height at which ε = 0.
Figure 1 gives an example of a radar profile, which shows the different characteristic

changes of εtotal and εmin. It can be seen from Figure 1 that εtotal is more heavily influenced
by the real-time atmosphere, while the εmin generally increases exponentially with height.
The Brunt–Väisälä frequency also varies with height, but the variation is relatively small
and it is not the dominant ε.
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Figure 1. An example of the method for determining the turbopause. The red line represents εtotal
and the black line represents εmin. The position of the intersection of the two lines is the height
of turbopause.
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3. Results and Discussions
3.1. Short-Period Variation of ε in the MLT Region

The one-year variation in ε for different heights and the location of turbopause based
on daily average data are illustrated in Figure 2. The daily average is averaged over a
24-h period and the radar will obtain about 360 profiles per day. There was a gap in the
radar data for several days. The black line represents the turbopause, above which ε is
negative (not shown in the figure). The altitude of the turbopause is obtained by linear
interpolation. The regions of the greatest turbulence intensity are usually found to be
5–10 km below the turbopause, similar to the results of Hall et al. [5], with larger rates
of turbulent energy dissipation sometimes present at lower heights. There are significant
time-dependent variations in ε at different heights and locations of turbopause.

Figure 2. Estimation of daily ε with seasonal and elevation changes. The black line shows the results
of a 5-day Gaussian smoothing process for the position where ε is zero, which is identified as the
turbopause. The altitude of the turbopause is obtained by linear interpolation.

There are three distinct regions in Figure 2: the lower altitude (76–80 km), where both
larger and smaller values of ε are usually observed, the middle altitude (84–88 km), where
ε is relatively constant, and the region of maximum turbulence energy dissipation rate
(94–98 km), where the maximum turbulence energy dissipation rate over the whole altitude
usually occurs, and above which ε decreases rapidly. The turbulence energy dissipation
rate for different regions is shown in Figure 3.

Figure 3. Estimation of daily ε for 76–80 km (red line), 84–88 km (black line), and 94–98 km (blue
line).
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As seen in Figure 3, at 76–80 km, there is an obvious semi-annual cycle in ε, with
larger peaks occurring around July and December, sometimes exceeding those at 94–98 km.
Holdsworth et al. [4] also observed that turbulent velocity have similar changes with
equinoctial minima and solstice maxima value below 80 km. At 84–88 km, there is also an
approximately semi-annual periodic variation in ε, but the variation is smaller in compari-
son and not synchronous with the variation at 76–80 km. Furthermore, at 94–98 km, there
is no obvious semi-annual variation.

In order to study the short period variation of ε, ε at different regions and the altitude
of the turbopause are hourly averaged and the time series are analyzed using Lomb–Scargle
periodograms. The results are presented in Figure 4.

As can be seen in Figure 4, turbulence energy dissipation rate is modulated by the
different periods, which are characteristic of the tides. At 76–80 km, ε has various periods.
The most obvious one is the 24 h (24 h) periodic variation, followed by the 12 h (12 h)
periodic variation, and it also has 8 h (8 h) periodic variation. At 84–88 km, as at 76–80 km,
the most obvious periods of variation of ε are 24 h and 12 h, while the variation of other
periods of ε is relatively small. At 94–98 km, the main periods of ε are 8 h, 12 h and 24 h,
and unlike 76–80 km and 84–88 km, the most obvious period at 94–98 km is 12 h, and the
24 h periodic variation is relatively the least obvious. It can be seen that the 24 h period
variation gradually loses its dominance as the height increases.

The turbopause is defined as the region in which the transition between turbulent
mixing and molecular diffusion happens. Above the turbopause, mixing mechanism
is dominated by molecular motion because the kinematic viscosity is so large that the
turbulent motion is dampened. Below the turbopause, it is dominated by turbulence
diffusion. The turbopause is occasionally considered to be the homopause, because at
this height, the distribution of atmospheric components becomes different. Below this
height, the atmospheric components are uniformly distributed by turbulent mixing, while
above this height, the vertical distribution of the neutral components is related to their
respective relative molecular masses. The height of the turbopause is a key parameter in
many atmosphere models [24].

The period of variation of altitude of turbopause is similar with the 84–88 km ε, with
the most pronounced 24 h periodic variation, followed by the 12 h periodic variation.
Yuan et al. [25] noted very different diurnal tidal behavior in the upper middle atmosphere
and in the region above turbopause.

In Figure 4, the 24 h change of ε loses its dominant position with the increase of
altitude, which may be related to the propagation of diurnal tides in the atmosphere.
Holdsworth et al. [4] pointed that the mechanism that produces the enhanced turbulence
velocity may vary above and below 94 km and the large turbulent velocities were observed
above 94 km, which is consistent with our result about the region where ε is the highest
in Figure 2. This may explain the difference in the behavior of ε with a 12 h dominating
period above 94 km and a 24 h dominating period below 94 km. At 94–98 km, the enhanced
turbulence appears to be generated by diurnal tide breaks.

On the other hand, She et al. [26] noted that semi-diurnal tidal amplitudes can increase
consistently to 100 km or more, which is consistent with the results of our harmonics
analysis of tides. Semi-diurnal tides with longer vertical wavelengths suffer much less
dissipation than diurnal tides with shorter vertical wavelengths saturated at lower altitudes.
This may indicate that the semi-diurnal tide can propagate to higher positions, and therefore,
ε is more influenced by it in higher altitude regions.
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Figure 4. Lomb-Scargle periodograms for (a) 76–80 km; (b) 84–88 km; (c) 94–98 km ε. (d) The altitude
of the turbopause. The red line represents a confidence level of 99%.
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3.2. Relationship between the Activities of Atmospheric Turbulence and Atmospheric Tides

In order to analyze the relationship between the activities of atmospheric turbulence
and atmospheric tidal wave, Lomb–Scargle periodograms are used for ε and the atmo-
spheric total horizontal wind speed, and the results are presented in Figure 5.

At 76–80 km, ε and the atmospheric total horizontal wind speed have strong 24 h
period activity in different months, as well as strong 12 h period activity in some months.
Furthermore, they are more heavily split in the 24 h period, which may be due to the
insufficient data. Furthermore, the relationship between the two at different periods is not
that obvious.

(a)

(b)

(c)

Figure 5. Normalized Lomb–Scargle periodograms for (a) 76–80 km, (b) 84–88 km, and (c) 94–98 km,
with the turbulence energy dissipation rate and total horizontal wind speed in different months. Each
graph displays the turbulence energy dissipation rate at the top and total horizontal wind speed
below.
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At 84–88 km,ε and the atmospheric total horizontal wind speed also have strong 24 h
periods in different months, as well as strong 12 h periods in summer. At the same time, it
can be seen that the corresponding relationship between the two is obvious in the 24 h and
12 h period.

At 94–98 km, for the total horizontal wind speed, 12 h period and 24 h period alternate
with different months as the main period. For ε, 12 h period is the main activity period in
summer and winter, while the 24 h period is the main activity period, except in August and
September 2019 and May and June 2020. In summer, the 8 h period activity becomes appar-
ent. Furthermore, the 12 h correspondence is more obvious than the 24 h correspondence.
The value of the turbulent energy dissipation rate is also larger at this height, while the
daily tide does not dominate, suggesting that the source of the turbulent energy dissipation
rate may be the daily tide.

Meanwhile, some non-tidal periods may occur at different altitudes in some months,
which may be caused by the coupling of tidal waves with other waves. For example, the
22 h period activity in April 2020 at 84–88 km may be caused by the coupling of 24 h tides
and 6.5 day planetary waves. This may indicate that atmospheric turbulent activity is also
influenced by some larger-scale waves.

It can be seen from Figure 5 that the 12 h period gradually replaces the 24 h period
as the primary activity period as the height increases. The 24 h tidal component and
12 h tidal component of the horizontal wind speed and ε can be extracted by harmonic
analysis. Compared with 84–88 km, the amplitude of ε increases slightly at 94–98 km in
the 24 h period, while the amplitude of ε increases significantly at 94–98 km in the 12 h
period. This also corresponds to a larger amplitude of the 12 h tidal component at higher
altitudes for the total horizontal wind speed. These results show that ε is associated with
tides. Holdsworth et al. [4] observed a strong diurnal component of turbulence velocity
enhancement in the phase with the zonal wind component. During summer observations
with the Scott Base MF radar (78◦ S, 167◦ E), Fraser and Khan [27] observed there to be a
semidiurnal variation of the signal fading time (τc), and at 87–95 km, the minimum values
of τc occur when the zonal component of the semidiurnal tide is at its westward maximum.
Strelnikov [11] also noted that ε was modulated by 12 and 24 h.

The way tides modulate turbulence can be very complex: tides can modulate tur-
bulence directly, tides breaking can generate turbulence [28], and tidal waves can even
influence turbulence by modulating gravity waves [29].

Lindzen [28] argued that diurnal tidal wave breaking appears to be the main contribu-
tor to turbulent energy at tropical latitudes, while gravity wave breaking will dominate
at middle and high latitudes. Furthermore, he shows that wave breaking appears to
occur around 85 km, leading to a layer of enhanced eddy diffusion and wave-induced
acceleration that extends between 85 km and about 108 km, with molecular transport
dominating above this altitude. This is consistent with the height of turbopause calculated
by us. Guo et al. [30] also found that the turbulence-induced temperature perturbations are
strongest in the same altitude range where wave activity is most active, and weakest where
the wave activity is the least active.

3.3. Relationship between the Activities of Atmospheric Turbulence and Atmospheric Gravity Waves

The 24 h and 12 h tidal components are found by harmonic analysis of the hourly
average of total horizontal wind speed and ε. The prevailing winds and the 24 and 12 h tidal
components were stripped of from the u (zonal) and v (meridional) data. The procedure
gives a time series of u’, v’ perturbations, which are then split into 1-day segments and the
gravity wave variance over the 20–120 min period range is calculated by integrating the
power spectral density over the period range between 20 and 120 min [31]. Due to data
limitations, we cannot effectively extract atmospheric wave parameters below 82 km, so
we will concentrate on the region above 82 km.

It can be seen from Figure 6 that peaks of the activity of gravity wave and ε at different
altitudes occurred in November and December 2019 and April and May 2020, which
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indicates that the activity of gravity wave and ε are related. Furthermore, the peaks at
94–98 km are not synchronized.
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Figure 6. The ε value and the amplitude of the gravity wave with the monthly variation of
(a) 84–88 km, (b) 94–98 km.

Turbulence energy dissipation rate has a semi-annual variation with solstice maxima,
and the maximum value appeared in December and May 2019. The amplitude of gravity
wave has a similar semi-annual maximum value variation. Our results about ε is consistent
with the results of Kurosaki et al. [32] about the eddy diffusivity measured in the meso-
sphere over Shigaraki (35◦ N, 136◦ E). At the same site, similar variations in the activity
of gravity wave were found by Tsuda et al. [33]. Furthermore, Sasi et al. [2] suggested
that the observed enhancement of ε and vertical eddy diffusion coefficients during the
summer monsoon season (June to September) may be associated with enhanced the ac-
tivity of gravity wave over the Indian subcontinent at low latitudes. These observations
support the hypothesis that turbulence is mainly generated by gravity waves breaking in
the mesospheric region.

Gravity wave maximums generally occur in summer and winter, which may explain
that the amplitudes of ε in different periods are also higher in summer and winter because
of the influence of gravity waves. Furthermore, with respect to tides modulating gravity
waves, Kinoshita et al. [29] showed the relationship between 1 and 4 h period gravity
wave kinetic energy and latitudinal winds over 12 and 24 h. The results in Figures 5 and 6
indicate that gravity wave breaking and tide breaking may simultaneously have an effect
on the generation of ε in the mid-latitude region.
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With respect to gravity waves breaking into turbulence, Avsarkisov et al. [34] con-
ducted a scaling analysis of three different dynamic states in the atmosphere: rotating
stratified large turbulence (MST), stratified turbulence (ST), and small scale isotropic tur-
bulence (KT). They suggested that the ST regime plays a significant role in the winter
mesosphere region between 45 and 90 km and a secondary maximum of ST and KT above
90 km due to secondary gravity waves.

4. Conclusions

The atmospheric ε is modulated by different periods at different altitudes. The atmo-
spheric ε is subject to 12 h and 24 h periodic variations at different altitudes. At higher
altitudes, the 12 h periodic variation is more obvious than the 24 h periodic variation.
The 12 h period gradually replaces the 24 h period as the primary activity period as the
height increases. However, the periodic variation in the height of turbopause does not coin-
cide with the region where ε is usually greatest, suggesting that there may be differences in
the mechanisms affecting the two.

The activity of atmospheric turbulence is modulated by atmospheric tides, and the 12 h
period correspondence is more pronounced than the 24 h period correspondence at higher
altitudes. ε has a similar semi-annual maximum variation to the activity of gravity wave,
which supports the hypothesis that the turbulence is generated by gravity wave breaking.

As the atmospheric density decays exponentially with height, the amplitude of the
various atmospheric waves propagating vertically also increases rapidly, which can lead to
saturation fragmentation and other instabilities. When waves propagate to a certain height,
the breaking of the waves causes the momentum and energy of the large-scale waves to
be transferred to the small and medium scales. This process then generates and enhances
instability and turbulence. The difference in the behavior of ε above and below 90 km is
significant, which may be due to the different sources of turbulent energy. Below 90 km,
gravity wave breaking is the source of turbulent energy and also generates secondary
gravity waves. The secondary gravity waves are a response to the localized momentum
and thermal forcing associated with wave breaking. The source of turbulent energy above
90 km is mainly the breaking of daily tides and the breaking of secondary gravity waves.
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