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Abstract. In summer 2013 the WADIS-1 sounding rocket

campaign was conducted at the Andøya Space Center (ACS)

in northern Norway (69◦ N, 16◦ E). Among other things, it

addressed the question of the variability in mesosphere/lower

thermosphere (MLT) turbulence, both in time and space. A

unique feature of the WADIS project was multi-point turbu-

lence sounding applying different measurement techniques

including rocket-borne ionization gauges, VHF MAARSY

radar, and VHF EISCAT radar near Tromsø. This allowed for

horizontal variability to be observed in the turbulence field in

the MLT at scales from a few to 100 km. We found that the

turbulence dissipation rate, ε varied in space in a wavelike

manner both horizontally and in the vertical direction. This

wavelike modulation reveals the same vertical wavelengths

as those seen in gravity waves. We also found that the verti-

cal mean value of radar observations of ε agrees reasonably

with rocket-borne measurements. In this way defined 〈εradar〉
value reveals clear tidal modulation and results in variation

by up to 2 orders of magnitude with periods of 24 h. The

〈εradar〉 value also shows 12 h and shorter (1 to a few hours)

modulations resulting in one decade of variation in 〈εradar〉
magnitude. The 24 h modulation appeared to be in phase

with tidal change of horizontal wind observed by SAURA-

MF radar. Such wavelike and, in particular, tidal modulation

of the turbulence dissipation field in the MLT region inferred

from our analysis is a new finding of this work.

Keywords. Meteorology and atmospheric dynamics (turbu-

lence)

1 Introduction

Since the pioneering work of Lindzen (1981) followed by

modeling efforts (see, e.g., Holton, 1982; Fritts and Alexan-

der, 2003; Eckermann et al., 2015b, a) and experimental evi-

dences (e.g., Goldberg et al., 2004, 2006; Rapp et al., 2004),

it is now understood that the thermal structure and circula-

tion pattern of the mesosphere/lower thermosphere (MLT)

region is essentially determined by dynamic processes. The

latter include gravity waves, tides, their interaction with each

other and with the background atmosphere, generally sum-

marized by terms wave–wave and wave–mean flow interac-

tion. Another important aspect of the MLT dynamics is tur-

bulence generation by wave breakdown and wind shears. It
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548 B. Strelnikov et al.: MLT turbulence variability

is, in particular, well known that the dynamics drive sum-

mer mesopause region about 80 K below radiative equilib-

rium temperature (e.g., Becker and Schmitz, 2003), giving

rise to formation of ice particles and, ultimately, to such phe-

nomena as polar mesosphere summer echoes (PMSEs) and

noctilucent clouds (NLCs) (e.g., Rapp and Lübken, 2004).

The resulting thermal structure directly influences the at-

mospheric chemistry, which, in turn, gives its feedback to

the temperature field. That is, there are several exothermic

reactions (mainly with odd oxygen) which do heat the at-

mosphere at rates of several tens of kelvin per day (e.g.,

Mlynczak and Solomon, 1991; Mlynczak, 1996; Formichev,

2009). Another competitive heat source in the MLT region is

neutral air turbulence generated in situ by wave breaking and

wind shears. Lübken et al. (2002) have shown that turbulent

heating rates in the polar summer mesopause region are on

average in the range of 10 K d−1, which is on the same order

of magnitude as the chemical heat input.

Although many physical mechanisms driving the atmo-

spheric dynamics are qualitatively understood, their quanti-

tative input to global or local atmospheric system is poorly

known. This lack of knowledge is circumvented in models

by tuning them to achieve a somewhat better agreement with

observations of the resulting temperature and/or wind fields.

Our knowledge of properties of the MLT turbulence is still

very limited. The main reason for this lack of knowledge is

difficulty of experimental research in the MLT. It is, for ex-

ample, known from radar observations of PMSEs, whose ex-

istence indicates the presence of turbulence (whether active

or fossil), that MLT turbulence is a mesoscale phenomenon

(e.g., Rapp and Lübken, 2004). On the other hand, it is also

known that turbulence is highly intermittent in both space

and time (e.g., Fritts et al., 2009a, b, 2015; Achatz, 2005).

However, the degree of this intermittency is not yet quantified

by measurements. To reproduce realistic circulation patterns,

models need to set up an integral effect of turbulence which

can only be inferred from experimental studies. Mostly, the

MLT turbulence variability studies address seasonal changes

in the time domain (e.g., Lübken, 1997; Lübken et al., 2002)

and latitudinal dependence in the spatial domain (e.g., Rapp

et al., 2006). Turbulence variability at smaller scales is not

yet quantified.

This paper shows results of experimental investigation of

MLT turbulence in the frame of the WADIS sounding rocket

mission. WADIS stands for WAve propagation and DISsipa-

tion in the middle atmosphere and, among other things, ad-

dresses the question of how variable the MLT turbulence is

both in time and space. The paper is structured as follows.

First, we give a short overview on turbulence measurements

techniques applied in the MLT region. Then an introduction

of the WADIS project and instrumentation is given. Next, in

Sect. 5 the measurements results are shown followed by a

deeper analysis of turbulence variability in Sect. 6. Finally,

we discuss possible biases and uncertainties and summarize

our findings.

2 Turbulence measurement techniques

MLT turbulence was studied experimentally applying both

in situ and remote sensing techniques. In situ methods in-

clude mass spectrometers (e.g., von Zahn et al., 1990), elec-

trostatic probes (e.g., Thrane and Grandal, 1981; Thrane

et al., 1985; Blix et al., 1990a, b; Blix and Thrane, 1991),

chemical release experiments (Larsen, 2002), and ionization

gauges (Lübken, 1992, 1997; Lübken et al., 1993; Giebeler

and Lübken, 1995). All these methods do not directly mea-

sure the velocity field but rather an effect of turbulence on

different tracers. The currently most often applied techniques

rely on ionization gauges, which measure relative fluctua-

tions of neutral air density. The neutral density fluctuations

seem to be to date the best tracer for MLT turbulence since

they are passive, conservative, and precisely measurable with

high time (spatial) resolution.

Remote sensing techniques for measurements of meso-

spheric turbulence are currently limited to radar observations

which are based on measurements of backscatter from inho-

mogeneities of the refractive index of the atmosphere. The

refractive index in the MLT is almost solely determined by

electron density. It is assumed that the electron density vari-

ations in the lower ionosphere are caused by neutral air tur-

bulence. Suitable reviews of radar turbulence measurements

can be found in Hocking (1985) and Lübken (2014).

2.1 In situ techniques

High-resolution neutral air density measurements with the

ionization gauges “TOTAL” (which stands for total num-

ber density, used in 1980–1992; Lübken, 1987; Hillert et al.,

1994) and “CONE” (“Combined sensor for Neutrals and

Electrons”, which have been used since 1992; Giebeler et al.,

1993) yield absolute densities of the atmosphere in the height

range 70–110 km (Rapp et al., 2001). These instruments

have an effective altitude resolution of ∼ 0.3 m for a typi-

cal rocket velocity of 1000 m s−1. CONE is sensitive to rel-

atively small density fluctuations of as low as 0.05 %. These

relative density fluctuations are used as a tracer (scalar) for

turbulence. Its power spectral densities (PSDs) can be cal-

culated by using either Fourier (Lübken, 1992) or wavelet

analysis techniques (Strelnikov et al., 2003). Next, a one-

dimensional model spectrum for a turbulence tracer is fitted

to the measured PSD yielding the turbulent energy dissipa-

tion rate, ε. The best known and most frequently used spec-

tral models which have been adapted to neutral air density

fluctuations are those by Heisenberg (1948), Tatarskii (1971),

and Driscoll and Kennedy (1985). The last of these is bet-

ter suited for tracers that have different viscosity to diffusiv-

ity ratio than the background media. For detailed description

of the instruments, the analysis technique, and an overview

of measurements conducted so far, the reader is referred to

Strelnikov et al. (2013).

Ann. Geophys., 35, 547–565, 2017 www.ann-geophys.net/35/547/2017/
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Table 1. Radar system parameters.

MAARSY EISCAT VHF EISCAT UHF SAURA

Frequency (MHz) 53.5 224 930 3.17

Wavelength λR (m) 5.6 1.34 0.32 94.57

Bragg wavelength λR/2 (m) 2.8 0.67 0.16 47.29

Bragg wave number k = 4π/λR (m−1) 2.24 9.38 39.27 0.13

Minimal range resolution (m) 50 300 300 1000

Half-power full beam width θ (◦) 3.6 1.2 × 1.7 0.5 6.4

Transmitter peak power (MW) 0.8 1.5 (1 klystron) 2 0.116

Antenna gain (dBi) 33.5 46 48.1 19.5

Antenna geometry Yagi 120 × 40 m parabolic cylinder 32 m parabolic 2 × 1 km cross

Antenna area ∼ 6300 m2 2400 m2 (1 klystron) 804 m2

Table 2. Radar experiment parameters.

MAARSY EISCAT VHF

vertical arc-dlayerv-

beam zenith

Time resolution (s) 163 5

Lag resolution (ms) 25.6 1.35

Nyquist frequency (Hz) 19.53 370

Nyquist frequency (m s−1) 54.72 248

Spectral resolution (Hz) 0.038 2.9

Spectral resolution (m s−1) 0.11 1.94

Ranges (km) 50–115 60–140

Range resolution (km) 0.3 0.3

2.2 Remote sensing techniques

The radar turbulence measurement techniques are based on

the assumption that the broadening of the Doppler spectrum

is mainly caused by velocity fluctuations around a mean

Doppler shift in the observational volume. If wind fluctua-

tions are caused by a turbulent medium, this measured spec-

tral width in velocity units can be uniquely related to the

turbulent energy dissipation rate in the volume, ε (see, e.g.,

Hocking, 1983, 1985; Lübken, 2014). Strelnikova and Rapp

(2010) demonstrated that backscattering from PMSEs is a

coherent scattering from turbulent structures and that ob-

served spectral width in velocity units is a measure of en-

ergy dissipation rate independent of radar frequency. In this

work we analyze PMSE measurements with two radars, the

MAARSY (Middle Atmosphere ALOMAR Radar System)

(Latteck et al., 2012) and the EISCAT (European Incoherent

SCATter Scientific Association) radar near Tromsø.

The main parameters of radars used in this study are

summarized in Table 1. Particular experiment configurations

used for turbulence measurements are compiled in Table 2.

3 WADIS project

The WADIS sounding rocket project was led by the Leib-

niz Institute of Atmospheric Physics (IAP) in Kühlungsborn,

Germany, in partnership with the Institute of Space Systems

(IRS) in Stuttgart and contributions from Austria, Sweden,

the USA, and Norway. It comprised two field campaigns

conducted at the Andøya Space Center (ACS) in northern

Norway (69◦ N, 16◦ E). The first campaign was conducted

in June 2013 and the second in March 2015. The project title

reads “Wave propagation and dissipation in the middle atmo-

sphere: Energy budget and distribution of trace constituents”.

The mission aimed at studying the propagation of gravity

waves (GWs) from their sources in the troposphere to their

level of dissipation in the MLT and at quantifying their con-

tribution to the energy budget of the MLT. The project also

aimed to measure the concentration of atomic oxygen to es-

timate the contribution of radiation and chemical heating to

the energy budget, as well as the transport of atomic oxygen

by turbulent diffusion.

To characterize the GW properties the ALOMAR RMR li-

dar and Na Weber lidar were running continuously through-

out the campaign period measuring temperature and horizon-

tal wind in the height range from 20 to ∼ 100 km whenever

weather permitted. Both the RMR and the Na lidar make use

of two steerable telescopes. One of the telescopes was point-

ing towards the northwest to measure close to the predicted

trajectory of the rocket, while the other measured in the op-

posite direction to facilitate wind measurements.

The SAURA MF radar and MAARSY operated by IAP are

located close to the rocket launch site and are continuously

running. The SAURA MF radar yields, among other things,

long-term wind measurements enabling reliable analysis of

long-period waves like tides (e.g., Hoffmann et al., 2008,

2010). MAARSY was used to detect mesospheric echoes,

which, if present, allow for geophysical parameters to be de-

rived, such as winds and turbulence energy dissipation rates

(e.g., Rapp et al., 2011; Latteck et al., 2012). For the cam-

paign period MAARSY was operated in a scanning mode

using up to 69 different beam positions around zenith cover-

www.ann-geophys.net/35/547/2017/ Ann. Geophys., 35, 547–565, 2017
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Figure 1. Geometry of MAARSY measurement setup. The circles

show single beams’ positions at 85 km altitude. Filled blue cir-

cles show 17 additional beam pointing directions for the WADIS-1

launch. The thin dashed magenta line shows the predicted rocket

trajectory. The solid magenta line shows the actual rocket trajec-

tory.

ing a horizontal area of about 80 km diameter at 85 km alti-

tude. A vertical beam experiment covering the altitude range

between 50.1 and 114.6 km with 150 m range resolution was

followed by four experiments each pointing to 17 different

oblique beam directions and towards zenith covering a range

between 75.3 and 118.2 km with 300 m resolution. The cir-

cles in Fig. 1 indicate the areas at 85 km illuminated by these

beams positions The experiment details relevant for the high-

resolution (150 m) vertical beam are listed in Table 2. For the

time of the rocket flight, 17 additional beam directions as in-

dicated by the filled blue circles in Fig. 1 pointing towards

the planned rocket trajectory (magenta dashed line) were in-

cluded to the experiment sequence to provide spatially re-

solved information of PMSEs along the rocket trajectory. The

maximum off-zenith angle used in this experiment was 37◦.

In addition to the ALOMAR facilities, the WADIS-1 cam-

paign also benefited from measurements with the EISCAT

VHF and UHF radars in Tromsø, which were running dur-

ing the night of the WADIS-1 launch and thereby extended

the observational area to approximately 100 km (Rapp et al.,

2008).

The two WADIS campaigns comprised in total launches

of 24 meteorological rockets carrying data sondes for wind

measurements and two instrumented sounding rockets. A

successful salvo of eight data sondes with other comple-

mentary launches allowed validation of wind measurements

by the ALOMAR RMR lidar and is discussed in detail in

Lübken et al. (2016).

Table 3. Rocket-borne instrumentation on WADIS-1 payload.

Instrument Parameter measured Status

CONE (NP) neutral density success

CONE (EP) electron density failed

PIP positive ion density success

Wave prop. abs. electron density success

LP electron density success

neutral aerosols success

FIPEX oxygen density success

Photometers oxygen density success

PD charged aerosols qualitative

Figure 2. WADIS payload. See text for details.

4 WADIS payload

The instrumented WADIS payload was designed to gain two

near-identical data sets on both up- and downleg of the rocket

trajectory at a horizontal distance of a few tens of kilometers.

Figure 2 shows the WADIS payload with the instrumentation

exposed to the atmosphere.

The front and the rear decks of the WADIS payloads were

equipped with identical CONE ionization gauges to measure

turbulence and neutral air density. The latter also yields tem-

perature measurements assuming hydrostatical equilibrium

(Rapp et al., 2001).

The FIPEX instruments were developed by IRS and were

for the first time ever flown on a sounding rocket during the

WADIS-1 campaign, yielding profiles of atomic oxygen den-

sities with high altitude resolution (see Eberhart et al., 2015).

Photometers operated by Meteorological Institute at

Stockholm University (MISU) measured oxygen densities

Ann. Geophys., 35, 547–565, 2017 www.ann-geophys.net/35/547/2017/
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Figure 3. PMSE display observed by the vertical beam of MAARSY in terms of radar reflectivity. The vertical line marks the WADIS-1

launch time, 23:52:30 UTC.

using a well-established reliable technique applied before on

a large number of sounding rockets (e.g., Hedin et al., 2009).

Both FIPEX and the photometers measured atomic oxygen

densities, but utilizing different measurement techniques.

The photometers yielded precise absolute density measure-

ments, whereas FIPEX instruments supply high altitude res-

olution data. Also, the absolute values of the FIPEX mea-

surements were validated by the photometers.

Ionospheric plasma densities were measured by a set

of different probes, yielding relative densities of electrons

(Langmuir probe and CONE), positive ions (by positive ion

probe), and charged aerosols (by particle detector, PD), in-

cluding their variations down to meter scales (e.g., Blix et al.,

1990a). Absolute electron densities were precisely measured

with the radio-wave propagation technique (Bennett et al.,

1972; Jacobsen and Friedrich, 1979).

A novel Langmuir probe (LP) developed and operated by

Embry-Riddle Aeronautical University in Florida, USA, not

only yielded high-resolution electron density measurement,

but also indicated the presence of heavier neutral aerosol par-

ticles.

Thus, the set of different plasma probes yielded density

measurements of all the constituents of the E-region dusty

plasma. Those measurements are beyond the scope of this

study and will be discussed in detail in a forthcoming paper.

5 Data

In this paper we discuss measurement results obtained dur-

ing the WADIS-1 sounding rocket campaign conducted in

June 2013, focusing on turbulence measurements. We start

with a description of launch conditions in the next section,

followed by description of the background atmosphere, as

inferred from our measurements. Then we show details of

turbulence measurements by different techniques employed

and discuss the results.

5.1 Launch conditions

The WADIS-1 payload was launched into both PMSEs ob-

served with the MAARSY and NLCs monitored with the

ALOMAR RMR lidar on 27 June at 23:52:30 UTC. The EIS-

CAT VHF radar in Tromsø was also continuously detecting

PMSEs during the entire night of the WADIS-1 launch. The

EISCAT UHF radar observed PMSEs during the launch win-

dow, but these were only sporadic and very weak. Also, Na

lidar observed a large sporadic Na layer several hours around

the WADIS-1 launch.

Figure 3 shows a height–time intensity plot of radar vol-

ume reflectivity observed by the vertical beam of MAARSY.

The volume reflectivity was converted directly from the ab-

solute value of the received signal power as described in

Latteck et al. (2008). The vertical magenta line marks the

WADIS-1 launch time when MAARSY was detecting a

double-layered structure. Figure 4 shows the signal-to-noise

ratio detected by the MAARSY beams along the expected

rocket trajectory shortly before launch time, indicating an ex-

tension of the double-layer structure towards the direction of

the planned rocket flight.

Figure 5 shows NLC observations by the RMR lidar. The

vertical dashed line marks the WADIS-1 launch and one can

see that the NLC was co-located with the lower PMSE layer,

which is a common feature (see e.g., von Zahn and Bremer,

1999; Lübken et al., 2004; She et al., 2006; Taylor et al.,

2009; Robertson et al., 2009; Kaifler et al., 2011).

Figure 6 also shows EISCAT measurements in terms of

radar reflectivity. One can see a prominent PMSE signature

in the VHF data. Also, a double-layered structure similar to

that observed by MAARSY is seen in the VHF display. The

strong persistent signature in the UHF data appearing above

90 km heights is a sporadic E layer, i.e. a layer of enhanced

electron density, which is also seen in the VHF measure-

ments. The UHF PMSE is so weak that it cannot be iden-

tified on this volume reflectivity plot without special treat-

ment. Yellow contours in the UHF plot mark regions where

www.ann-geophys.net/35/547/2017/ Ann. Geophys., 35, 547–565, 2017
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Figure 4. PMSE display observed by MAARSY along the rocket

trajectory. Dashed and solid lines show predicted and actual trajec-

tories, respectively.

the VHF radar observed PMSEs. The gap in the UHF data

is because of some technical issues that briefly interrupted

the radar operation during that night. Around the time of the

WADIS-1 launch (23:52:30 UTC) both MAARSY and the

EISCAT radars produced high-quality measurements, which

we discuss in detail in the Sect. 6.

The persistent PMSE observations with the MAARSY and

the EISCAT radars indicate that turbulence was occurring

over an extended horizontal area in the mesopause region.

We note, however, that PMSEs also occur during periods of

fossil turbulence (Rapp and Lübken, 2003, 2004) such that

the PMSE spectral width also needs to be evaluated in or-

der to draw firm conclusions concerning the spatial extent of

turbulence.

The rocket WADIS-1 was launched as vertically as pos-

sible based on launch safety requirements. The geometry of

the measurements is sketched in Fig. 7.

The upleg and downleg measurements at a height of

∼ 80 km are separated horizontally by about 30 km.

As stated above, one of the telescopes of the twin ALO-

MAR lidar system, i.e. of both RMR and Na lidars, was

pointing to the direction of the anticipated rocket trajectory to

achieve the best possible common-volume measurements. In

the next section we discuss the measured parameters starting

with the background state of the atmosphere.

5.2 Background atmosphere

The background wind field was continuously monitored with

the SAURA-MF radar (Latteck et al., 2003; Singer et al.,

2008). The zonal and meridional wind measurements around

the WADIS-1 launch time are shown in Fig. 8. SAURA mea-

surements reveal that between 80 and 90 km altitude mean

horizontal wind was stably directed to the southwest sev-

eral hours around the WADIS-1 launch time. The zonal wind

shows a quite stable field, whereas the meridional component

reveals a fluctuating behavior with prominent shears at ∼ 80

and 90 km.

Temperatures were continuously measured both by ALO-

MAR RMR and Na Weber lidars. The Na lidar additionally

measured winds with relatively high temporal and spatial

(vertical) resolution. The joint measurements by both lidars

are shown in Fig. 9.

Also, as mentioned above, the RMR lidar was contin-

uously observing NLCs throughout the entire night of the

WADIS-1 launch, meaning that low temperatures below the

frost point persisted in the corresponding altitude range of

80–90 km during that time.

The temperature was also measured in situ, applying the

ionization gauge CONE. The corresponding temperature

profiles are shown in Fig. 10 for up- and downleg in red and

blue, respectively. The two temperature profiles measured

with the Na and RMR lidars at the time of the rocket launch

are shown in yellow and green, respectively. The black line

shows temperature from the NRLMSISE-00 reference atmo-

sphere (Picone et al., 2002). Pronounced wave signatures are

seen in all temperature profiles above ∼ 80 km. The differ-

ence of ∼ 30 K at heights of 85–90 km between temperatures

measured on the up- and downleg can be attributed to grav-

ity waves with a horizontal wavelength on the order of 60 km

(twice the distance between the up- and downleg). Notably,

between 90 and 95 km height the temperature reveals a very

similar structure and very similar values in all profiles. This

may be seen as an indication for a reduction of GW activ-

ity due to wave breakdown at heights of 80 to 90 km; for a

detailed discussion of this hypothesis see below.

It can be seen in Fig. 10 that the temperature profiles often

exhibit near-adiabatic lapse rates. The in situ turbulence de-

tection technique based on neutral density fluctuations mea-

surements with CONE can be insensitive to turbulent lay-

ers where temperature gradient is adiabatic (e.g., Lehmacher

et al., 2011). However, the plasma density fluctuations reveal

positive vertical gradients in these regions and therefore can

be used as a tracer for turbulence. The results of plasma den-

sity measurements during upleg of the WADIS-1 rocket flight

are shown in Fig. 11. The high-resolution electron density

measurements with the LP are shown by red line. It is seen

that inside the NLC or lower PMSE layer the electron density

profile exhibits a bite-out. This is a well-known and common

feature (see, e.g., Friedrich et al., 2011; Li and Rapp, 2013,

and references therein). Since the electron density in such a

case is drastically affected by ice charging process, it can-

not be considered as a passive tracer for turbulence, which

prevents turbulence analysis from the electron density data

inside PMSE layers. Note that beside the bite-out region, the

LP yielded high-quality plasma density measurements. The

Ann. Geophys., 35, 547–565, 2017 www.ann-geophys.net/35/547/2017/
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Figure 5. NLC observations by the RMR lidar. The vertical line marks the WADIS-1 launch.

Figure 6. EISCAT measurements in terms of radar reflectivity. The upper and lower panel show UHF and VHF data, respectively. Yellow

contours in the UHF plot mark regions where the VHF radar observed PMSEs. Note the different scales of the reflectivity.

ion density measurements were not sensitive enough to re-

solve full spectrum of turbulence needed for ε derivation.

To summarize, the snapshot of the background tempera-

ture field in the mesopause region reveals a wealth of wave

signatures in both vertical and horizontal extent. The rela-

tively stable wind field between 80 and 90 km height suggests

a dynamically stable atmosphere at these altitudes. Taken

together this suggests that turbulence generation at these
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Figure 7. Geometry of in situ and ground-based measurements dur-

ing WADIS-1 sounding rocket campaign.

heights may be attributed to GW breakdown processes. In

the next sections we investigate the corresponding variation

in the turbulent energy dissipation rate to see whether these

are consistent with our hypothesis.

5.3 Turbulence measurements

Profiles of measured turbulence energy dissipation rates, ε,

are compiled in Fig. 12. The blue and green lines show ε val-

ues derived from the in situ measurements using Heisenberg

(1948) and Tatarskii (1971) spectral models, respectively. It

is seen that both models yield very close values and gener-

ally agree very well. The left and right panels show upleg

and downleg measurements, respectively. The lines in ma-

genta show energy dissipation rates derived from the ver-

tical beam measurements with MAARSY during the time

of the rocket ascent. The dark-red profile represents the re-

sults of turbulence estimates from the EISCAT VHF radar

measurements, also during the time of the WADIS-1 launch.

The solid gray and black lines show ε climatologies derived

from the same in situ technique for winter (Lübken, 1997)

and summer (Lübken et al., 2002), respectively. The black

dashed line shows low limit estimate for turbulence energy

dissipation rate derived as εmin = ν×ω2
B , where ν is the kine-

matic viscosity of neutral air and ωB is the Brunt–Väisälä

frequency (see, e.g., Lehmacher et al., 2011; Strelnikov et al.,

2013).

Between 82 and 90 km height both radars (MAARSY and

EISCAT) and the sounding rocket detected two major turbu-

lent layers, marked in Fig. 12 by the shaded areas. This is

consistent with the PMSE display observed by MAARSY.

The upper layer is located between 85 and 90 km and the

lower between 82 and 85 km height. Here the rocket upleg

measurements are noteworthy, which show turbulence lay-

ers between 82 and 70 km altitude, something rather unusual

for summer conditions. Note that both the MAARSY and the

EISCAT radar are only capable of measuring turbulence in-

side the PMSE layers that is between ∼ 80 and 90 km.

To better compare the in situ and radar turbulence mea-

surements, we plotted mean energy dissipation rates derived

between 80 and 90 km heights from the rocket-borne and

radar measurements which are shown by vertical dashed

lines. Note that the mean values compare well. The rocket

upleg data were measured spatially close to the verti-

cal MAARSY beam and the derived dissipation rates re-

veal close values: 〈εHeisenberg
upleg 〉 = 74 mW kg−1, 〈εTatarskii

upleg 〉 =
73 mW kg−1, 〈εMAARSY〉 = 58 mW kg−1, where 〈. . .〉 de-

notes spatial averaging over the height range 80–90 km.

The downleg rocket measurements reveal larger en-

ergy dissipation rates and the derived mean values are

closer to those of the EISCAT radar, which was located

∼ 100 km east of the rocket launch site. The corresponding

mean values are 〈εHeisenberg
downleg 〉 = 492 mW kg−1, 〈εTatarskii

downleg 〉 =
307 mW kg−1, and 〈εEISCAT〉 = 769 mW kg−1. Also, within

the upper turbulent region the in situ downleg measurements

show two pronounced sub-layers with very high ε values.

The lower one is found between 85.5 and 85.8 km that is

only 300 m thick and reveals energy dissipation rates of up

to ∼ 7 mW kg−1. The upper one appears between 87.2 and

87.8 km and shows ε ≈1 mW kg−1.

This indicates that the high ε values, derived from the

EISCAT measurements in this study or, for example, by

Strelnikova and Rapp (2013) are likely realistic. Another

important remark regarding these measurements is that the

mean ε values differ from high-resolution instantaneous

measurements by orders of magnitude. The latter must be

kept in mind when comparing means and especially clima-

tologies by Lübken (1997) and Lübken et al. (2002) with

other measurements in the context of case studies.

Another characteristic feature seen in the in situ turbu-

lence measurements is the large vertical gradients in the ε

profiles. Thus, for instance the downleg data between 85.0

and 85.5 km reveals an increase by 5 orders of magnitude in

the turbulence dissipation rate value. Also, intermittency, i.e.,

the rapid change in ε values on very short (down to 100 m)

vertical scales, and discontinuities in the ε profiles are clearly

seen in the in situ measurements. Such pronounced gradients

and intermittency in the ε profiles were previously observed

by the same instrument (e.g., Strelnikov et al., 2003; Rapp

et al., 2004) and also appear in direct numerical simulations

(see, e.g., Fritts et al., 2009a, b, 2015) and seem to be an

immanence of atmospheric turbulence.

Radars do not detect such very strong gradients, most

probably because of the large measurement volume and

the additional time averaging needed to achieve a reason-

able signal-to-noise ratio (SNR). For example, the EISCAT

VHF radar beam reveals 300 m vertical and 2300 m hori-

zontal extent at 85 km height (e.g., Strelnikova and Rapp,

2011). The maximum vertical gradient of the ε values ob-

served by the EISCAT VHF during WADIS-1 campaign was

33 mW kg−1 km−1, whereas the maximum ε gradient re-

vealed by the in situ measurements is ∼ 44 mW kg−1 km−1.

Though the ε gradient value derived from the EISCAT ob-

servations is slightly lower than those from the rocket-borne

measurements, the values are still remarkably close to each

other. This further supports the reliability of the EISCAT tur-

bulence measurements. Unfortunately, the EISCAT measure-
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Figure 8. Wind measurements by SAURA-MF radar around WADIS-1 sounding rocket launch. Black isolines mark zero wind.

Figure 9. Temperature field measured with RMR (lower part) and

Na lidar (upper part) around WADIS-1 sounding rocket launch

(27 June 2013, 23:52:30 UTC).

ments are only available on a campaign basis, which makes

it difficult to get a large data set of concurrent measurements

with MAARSY. However, the 5 h of the EISCAT measure-

ments yield important geophysical information, discussed in

Sect. 6.

The MAARSY beam geometry at those heights was set

up for ∼ 10 km horizontal extent, and the maximum ε gra-

dient value observed during WADIS-1 campaign was only

3 mW kg−1 km−1. On the other hand, MAARSY yields con-

tinuous observations and therefore allows investigations of

temporal evolution of mesospheric turbulence, which are dis-

cussed below.
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Figure 10. Simultaneously measured temperature profiles during

WADIS-1 launch. The rocket-borne measurements were done with

the ionization gauge CONE. See text for details.

To summarize, even though the MAARSY turbulence

measurements are somewhat limited in magnitude of ε val-

ues, their vertical mean agrees reasonably with the mean over

the same height range derived by the reliable in situ tech-

nique.

6 Analysis

As shown in the previous section, comparison of instant

rocket measurements with the radar PMSE observations sug-

gests that the mean values of turbulence energy dissipation
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Figure 11. Plasma density measurements during upleg of the

WADIS-1 rocket flight. The green line shows absolute electron den-

sities measured with the radio-wave propagation experiment. The

blue and red lines are for ion and electron densities, respectively.

rates obtained from the entire hight range between 80 and

90 km by radar and in situ techniques agree reasonably well.

This implies that by considering the vertical mean (i.e., aver-

age value over measurement range) a more appropriate pic-

ture of the mesospheric turbulence field can be inferred from

the radar observations.

In this section we first validate this statement by analyz-

ing distributions of the turbulence energy dissipation rates in

terms of mean values and compare them with distributions of

instant ε values. Next, we study variation in the mean ε value

on different temporal and spatial scales.

6.1 Turbulence variability

Figure 13 shows histograms of all measured single ε values

for 5 h of the EISCAT and MAARSY measurements during

the WADIS-1 launch night (red and green, respectively), as

well as in situ measurements (blue).

First of all, due to their high sensitivity, the rocket-borne

ε measurements reveal a much broader distribution than

those derived from the radar measurements. In situ measured

turbulence energy dissipation rates span over five decades,

whereas radar measurements only vary by 3.5 and 4 or-

ders of magnitude for MAARSY and EISCAT, respectively.

Also, the in situ data reveal two subsets separated at ε =
10 mW kg−1. The subset with high energy dissipation rates

results from the strong turbulent sub-layers observed on the

downleg.

The solid lines in Fig. 13 show the probability density

functions (PDFs) for normal distributions of log10(ε), fit-

ted to the respective histograms. Interestingly, the widths of

these PDFs for both radar data sets are equal to the third

decimal digit, σ = 0.489 in log10 space. The subset of in

situ data with higher ε values (i.e., 101–104 mW kg−1) has

broader width of σ = 0.750 in log space. The mean values

in log10 space for these distributions of single ε points in

the range 80–90 km are highest for the EISCAT and small-

est for the in situ measurements. The dynamic range of the

ε values, i.e., [max(ε) − min(ε)], is also larger for EISCAT

than for MAARSY data. The in situ data reveal a larger

range of the observed turbulence energy dissipation rates,

and if we fit a single PDF to the entire range of the measured

dissipation rates, i.e. from 10−1 to 104 mW kg−1, it reveals

σ(log10(ε)) ≈ 1 (discussed below and shown in Fig. 15).

Next, we look how vertical mean values derived from the

radar measurements are distributed by their magnitude. The

same sort of distributions as in Fig. 13, but for vertical mean

of the radar measurements between 80 and 90 km are shown

in Fig. 14. The PDFs of the vertical means are closer to the in

situ data and the σ values are equal to the first decimal digit,

σ = 0.5. Also, the entire distribution lies closer to the in situ

data.

Now, we take larger data sets, which are available for us

for the in situ and MAARSY measurements and compare the

same statistics in Fig. 15. The statistics of all the rocket-borne

turbulence measurements in summer (Szewczyk, 2015) in

the altitude range between 80 and 90 km are shown in Fig. 15

in black. It yields a mean of ε ≈ 10 mW kg−1 and σ ≈ 1 in

log10 space (Szewczyk, 2015). The highest ε values in the

total statistics only slightly exceed those derived from the

WADIS-1 flight data. However, the entire ε range is broader

by 2 orders of magnitude and thereby spans over seven

decades of ε values. The blue line in Fig. 15 shows PDFs fit-

ted to the entire (not split) set of the WADIS-1 rocket-borne

measurements.

The histogram of all MAARSY turbulence measurements

during the PMSE season of the year 2013 is shown in Fig. 15

in green. The histogram represents distribution of the verti-

cal mean ε values obtained by MAARSY between 80 and

90 km height. The solid line shows the corresponding PDF

and the dashed line shows PDFs derived for distribution of

single ε values similar to those, shown in Fig. 13, but for the

entire PMSE season 2013 (the corresponding histogram is

not shown here). It is apparent that the rocket-borne and the

MAARSY mean-based ε distributions reveal close mean val-

ues (i.e., peak of the probability) of about 10 mW kg−1. The

width of the distributions, σ , is 1.5 orders of magnitude larger

for the in situ measurements than for mean MAARSY obser-

vations. It is seen from the MAARSY measurements statis-
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.

tics that distribution of the vertical mean ε values is centered

at values almost 1 order of magnitude smaller and thereby

agrees better with the in situ statistics, than that of the single

ε points (Fig. 15, dashed line).

To summarize, the comparison of statistical distributions

of ε values derived using different approaches in the alti-

tude range 80–90 km shows that probability to measure mean

value of the energy dissipation rate by MAARSY is close to

those by the in situ results. Further, in Sect. 6.3 we will show

that this vertical mean ε value reflects wave activity at differ-

ent timescales, which is otherwise not seen.

6.2 Wave modulation of ε profiles in space

Another interesting feature apparent in the in situ measure-

ments is the wavelike behavior of the ε profiles. It is espe-

cially seen in the downleg data (Fig. 12, right panel). It is

intuitive to suggest that this might be a signature of gravity

waves that could, for example, modulate the turbulence field.

In situ measurements of the background density and/or

temperature can be used to derive vertical wavelengths of

the gravity waves in the same measurement volume, get-

ting insight into the observed oscillating feature. Since the

turbulence field in the MLT is essentially intermittent, and

therefore the in situ measured energy dissipation rate profiles

have many singularities, we apply the Lomb–Scargle spec-

tral analysis technique (Scargle, 1982) to infer wavelengths

of the observed modulation. The Lomb–Scargle scalograms

of the two in situ measured ε profiles are shown in Fig. 16

as green lines. For consistency, we use the same technique to

infer GW parameters from the relative fluctuations of density

and temperature which are shown in Fig. 16 as blue and red

lines, respectively. The upper panel of Fig. 16 shows upleg

data and the lower panel is for downleg measurements.

Both up- and downleg data reveal most pronounced spec-

tral peaks inferred from density and temperature fluctuations

at ∼ 3.2 km. The upleg turbulence measurements also reveal

a strong signature at this scale, but not the downleg ε mea-

surements. The upleg data also reveal an obvious and pro-

nounced maximum at 5 km scale in both density and tem-

perature fluctuations as well as in the spectral morphology

of the turbulence energy dissipation rates. The downleg data
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Figure 14. The same as Fig. 13 but for the vertical means between

80 and 90 km heights for the EISCAT and MAARSY data. See text

for details.

reveal a wealth of wavelengths larger than the 5 km apparent

in the upleg measurements, which are merged and cannot be

discriminated. The wavelength range from about 2 to 10 km

is characteristic for gravity waves propagating to the MLT

region (e.g., Holton, 1982; Fritts et al., 2014) and suggests

a modulation of the turbulence dissipation field by gravity

waves.
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Figure 15. Distributions of the turbulence energy dissipation rates,

derived from MAARSY during PMSE season 2013 (green), from all

the rocket-borne measurements (black), and from in situ WADIS-1

measurements (blue). All data were measured between 80 and

90 km. The dashed green line shows the distribution of single ε val-

ues, whereas the solid green line and histogram represent vertical

mean values.

Both upleg and downleg ε profiles also reveal clear sig-

natures at smaller scales, i.e. ∼ 2.1, ∼ 1.5, and ∼ 1 km (see

Fig. 16). At the same time, only the downleg measurements

of temperature and density fluctuations clearly show the pres-
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Figure 16. Lomb–Scargle scalogram of the in situ measured ε pro-

files shown in Fig. 12 as green and of the temperature (red) and

density (blue) fluctuations derived from the in situ measured data

(Fig. 10). The upper and lower panel show up- and downleg data,

respectively.

ence of peaks at the ∼ 2.1 and ∼ 1.5 km wavelengths. The

smallest scale of the strong wavelike modulation of both ε

profiles at ∼ 1 km is not so clearly present in the in situ tem-

perature and density profiles.

To summarize, the spatial variation in the in situ measured

turbulence energy dissipation rates shows wavelike modu-

lations typical for the MLT-GW range of wavelengths and

thereby suggests that the morphologies of these two dynami-

cal processes are ultimately coupled. If the observed oscillat-

ing behavior of the ε profiles is indeed a signature of gravity

waves, we should be able to find similar signatures in other

turbulence measurements, e.g., in MAARSY data.

6.3 Wave modulation of 〈ε〉 profiles in time

In Sect. 6.1 we showed that the vertical mean over the alti-

tude range 80–90 km of radar ε measurements appears to be a

suitable measure of the overall turbulence activity for a given

time. In this section we investigate how this mean varies in

time. Figure 17 shows variation in the vertical mean of the

MAARSY turbulence measurements, with full time resolu-

tion shown by the blue line. Similarly, the green line rep-

resents the full time resolution of the mean of the EISCAT

turbulence measurements. Bold red and black lines were de-

rived as running means of the blue and green profiles for

MAARSY and EISCAT, respectively.

Figure 17 shows quite prominent wavelike features with

smaller modulations at about 1 h periods modulated by an

about 24 h wave. The short-period (∼ h) ε variations have

amplitudes of up to ∼ 1 order of magnitude, whereas 24 h

modulation introduces change of up to ∼ 2 orders of magni-

tude in the energy dissipation value.

The general trend of the 5 h of EISCAT measurements

during the WADIS-1 launch night falls quite well on the

MAARSY data, suggesting that both radars might reveal

similar time variability.

Since the MAARSY-based measured vertical mean of tur-

bulence energy dissipation rate is available for the entire sea-

son, we constructed a continuous and smooth time series that

can be analyzed applying, for example, the Fourier analysis

technique. The resulting power spectrum is shown in Fig. 18.

The 24 h period inferred from the time-series plot (Fig. 17)

is clearly seen as a peak in the spectrum, and its significance

can be judged by the naked eye. Also, a 12 h peak is apparent

in the spectrum in Fig. 18.

By applying different filters and looking at the spectrum of

the shown in Fig. 17 time series, but over the entire season,

one can also find some short-period wave signatures, which

are not pronounced in the spectrum of the full-resolution data

shown in Fig. 18. Thus, one can isolate, for example, 1.6 and

0.9 h peaks in the spectrum which are also apparent in the

time-series plot (Fig. 17).

7 Discussion

As described above, radar wind measurements show a rela-

tively stable wind field in the height range 80–90 km. That

is, there were no wind shears that could produce turbulent

structures. This suggests that the observed turbulence activ-

ity can likely be attributed to GW breakdown processes. At

the same time, temperature measurements show strong GW

activity at those heights and reduced wave amplitudes right

above the 90 km altitude. The two temperature profiles mea-

sured in situ were horizontally separated by ∼ 30 km at an

altitude of ∼ 80 km and show a temperature difference of

∼ 35 K. This difference could possibly result from, for ex-

ample, a GW with a horizontal wavelength of ∼ 60 km and

amplitude of 17.5 K. On the other hand, this difference might

be a demonstration of horizontal variability in the GW am-

plitudes in MLT. That is, the temperature difference could be

produced by independent GW packages.

Temperature profile measured in situ on the downleg

shows huge fluctuations around 85 km. The same data reveal

turbulence layers with very high energy dissipation values

at those heights. Interestingly, such a strong temperature en-

hancement of 40 K accompanied by vigorous turbulence that

was measured by the WADIS-1 rocket was also observed by

Szewczyk et al. (2013) and led to a mesospheric temperature

inversion layer (MIL). In their case a MIL was seen for a

long time in lidar data and also revealed a mesoscale extent

as was inferred from satellite temperature measurements. In

our case we deal with an event that is shorter on both tempo-

ral and spatial scales.

Somewhat smaller GW amplitudes seen in the upleg in

situ temperature data are accompanied by weaker turbulence.

The MAARSY turbulence measurements located spatially

close to the rocket’s ascent also show similar 〈ε〉 values. The

EISCAT turbulence measurements were done at ∼ 100 km
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Figure 18. Left: power spectral density derived by applying fast

Fourier transform to a time series of vertical means between 80 and

90 km of MAARSY turbulence measurements during PMSE season

2013, i.e. 1 May to 31 August. Right column: zoom in on selected

periods marked on the left panel. Note linear scales for both axes.

horizontal distance and show strong turbulence similar to

those measured on the rocket’s descent. Note that the rocket’s

upleg is spatially located between the downleg and the EIS-

CAT sites. Since we consider simultaneous measurements,

these differences are consistent with an assumption that the

turbulence field is modulated by atmospheric waves with hor-

izontal wavelength of the order of 60 km, and we observed

〈ε〉 variation that corresponds to the experiment geometry

30 km 30 km 30 km 30 km

WADIS-1 EISCATLidars & MAARSY
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Figure 19. Schematics of the observed spatial variability: 〈ε〉 mod-

ulation, temperature variation, and its relation to the locations of

measurements. See text for details.

sketched in Fig. 19. The temperature variations shown in

Fig. 10 also suggested the presence of GWs with horizontal

wavelength λhor ≈ 60 km. This horizontal variation in tem-

perature appears to be in phase with the 〈ε〉 modulation in

the spatial domain, as sketched in Fig. 19.

The difference in the vertical mean energy dissipation

rates, 〈ε〉, is on average almost an order of magnitude at hor-

izontal scales of ∼ 30 and ∼ 100 km. This is a clear manifes-

tation of the spatial variability in the MLT dissipation field

and is consistent with the hypothesis of 〈ε〉 modulation by a

GW in the spatial domain.
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Figure 20. Vertical mean values over altitude range 80–90 km. Thin semitransparent lines show full-resolution data, while bold lines show

running mean values. Dark- and light-blue bold profiles show 〈ε〉 values for MAARSY before and after applying correction for horizontal

wind, respectively. Red lines and the right y axis show SAURA measurements of horizontal wind.

The in situ measured turbulence energy dissipation rates

profiles also reveal a wavelike modulation in magnitude. Our

analysis shows that both GWs and ε profiles reveal vertical

wavelengths of 2 to 10 km, which can be attributed to GWs.

On the other hand, both ε profiles show a pronounced signa-

ture at 1 km scale which is not present in density or tempera-

ture fluctuation data. The 1 km structure might be an internal

feature of the MLT turbulence field. We have no reasonable

explanation for this so far and will look for such a behavior

in other turbulence data.

The summer turbulence climatology by Lübken et al.

(2002) shows that the main region of turbulence generation

observed at high northern latitudes is located between 82 and

∼ 95 km height. This can be explained by seasonal condi-

tions for the GW propagation, in particular by critical layer

filtering of GWs in the troposphere and stratosphere (e.g.,

Lindzen, 1981; Holton, 1982; Fritts and Alexander, 2003).

The small-scale GWs characterized by vertical wave-

lengths in the MLT of less than ∼ 10 km are one of the large

uncertainties for, for example, climate models since they oc-

cur at so-called sub-grid scales which cannot be resolved in-

ternally in such models. Their action is parametrized by, for

example, mean amount of dissipation that they produce in

the MLT. The WADIS-1 rocket campaign shows that these

wavelengths are also apparent in the MLT dissipation field

when considering spatial ε variability. Exact mechanism for

such vertical modulation is a subject for our future work. At

this point we can only speculate, for example, that occasion-

ally a certain spectrum of GWs made such favorable condi-

tions that we were able to observe the pronounced modula-

tion, which simply reflected the breakdown process of iso-

lated GWs, thereby creating turbulent layers separated by a

GW wavelength.

Vast efforts have been made to derive turbulence energy

dissipation field in the MLT by means of radar soundings

(e.g., Hocking, 1983, 1985; Hall et al., 1998, 2003; Strel-

nikova and Rapp, 2013; Lübken, 2014). It is understood that

the radar-based turbulence measurements can be biased by

both instrumental effects as well as some GWs’ contributions

to the measured variances of the wind fluctuations. Inter-

comparison of the radar-based and in situ measured turbu-

lence energy dissipation rates has always been difficult to in-

terpret (e.g., Engler et al., 2005). Our statistical distributions

shown in Fig. 13 and dashed line in Fig. 15 reveal large dis-

crepancies between the ε values derived by the different tech-

niques. It was argued that radars probe much larger volumes

which, in turn, might only partly be filled with turbulence.

Hocking (1985) summarized radar turbulence measurements

available to that date and found that the median values mea-

sured between 80 and 90 km fall within the range 0.05 to

0.1 mW kg−1. This range agrees reasonably well with our

statistics when considering single ε points, i.e., with Fig. 13

and dashed line in Fig. 15.

As mentioned above, summer conditions suggest that tur-

bulence appears mainly in the range 82–95 km. Also, as

shown by Rapp and Lübken (2004) PMSEs can be consid-

ered (to a first approximation) an acceptable proxy for turbu-

lence occurrence. That is, if a PMSE is present, then either

active or fossil turbulence must also be present there. This

suggests that the non-turbulent part of the probed volume

can be considered as revealing a dissipation value of zero.

This way the derived mean dissipation value agrees with in

situ measurements as shown in Figs. 14 and 15 and in time

domain reveals an oscillatory behavior.

Next, we discuss possible biases in these oscillations. The

instrumental effect, the so-called beam broadening (Hocking,

1983), could potentially cause an increase in the measured
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562 B. Strelnikov et al.: MLT turbulence variability

spectral width. This undesirable effect can be significant for

broad beam radars. It results in the broadening of the Doppler

spectrum by projection of the horizontal wind on the tilted

part of the beam. This effect can be corrected if we know the

horizontal wind speed (e.g., Hocking, 1985). The MAARSY

and the EISCAT radars used in this study have very narrow

beam and range gate. This implies that the correction term is

rather small and only small ε values will be affected by this

correction. That is, this correction will not change the general

oscillating behavior of the observed mean energy dissipation

rates. Analysis of wind measurements by either MAARSY

or SAURA radars during the PMSE season 2013 shows that

horizontal wind speed in the height range 80–90 km reaches

average values of ∼ 60 m s−1. For the MAARSY beam width

of 3.6◦, this can result in a beam broadening that will pro-

duce at most 1.2 m s−1 bias in spectral width estimates. This

in turn leads to bias in the derived energy dissipation rates of

εerr ≈ 7.8 mW kg−1. High values of turbulence energy dissi-

pation rates derived from the radar observations are of the

order of 103 mW kg−1 and the bias of ∼ 8 mW kg−1 can be

considered negligible. It is also well known that such a cor-

rection can be larger than the measured spectral width (e.g.,

Hocking et al., 2016, and references therein). In our analysis

about 8 % of the data points during the PMSE season 2013

turned negative after applying this wind correction. However,

the maximum value affected by such an overcorrection was

〈ε〉 = 10.6 mW kg−1, which is in accord with the above esti-

mate. Figure 20 demonstrates the applied correction for non-

turbulent beam broadening. Dark-blue thin and bold lines in

Fig. 20 show the same 〈ε〉 data as blue and red profiles in

Fig. 17, respectively. The light-blue line in Fig. 20 shows the

corrected 〈ε〉 values.

In Fig. 20 we additionally compare the mean turbulence

energy dissipation rates, 〈ε〉, with horizontal wind observa-

tions (
√

u2 + v2, where u and v are zonal and meridional

winds) with the SAURA-MF radar (shown in red). This com-

parison shows an obvious positive correlation between hori-

zontal wind amplitudes and strength of turbulence on tempo-

ral scales of 24 h. As mentioned in Sect. 3 SAURA-MF radar

is well suited for observations of tidal waves (e.g., Hoffmann

et al., 2010). The spectrum of horizontal wind measurements

with SAURA also shows pronounced peaks at 12 and 24 h

periods (not shown here).

The simplest explanation can be that the background hor-

izontal wind modulates the favorable conditions for wave

breaking. This results in more breaking events when hor-

izontal wind increases. However, one should also consider

the sources and propagation conditions to make a more solid

statement. A deeper investigation of such wave modulations

of the turbulence field and its connection to the properties

of atmospheric waves is a subject of our future work and is

beyond the scope of this paper.

8 Conclusions

In this paper we presented results of turbulence measure-

ments during the WADIS-1 sounding rocket campaign. A

unique feature of the WADIS project is multi-point tur-

bulence sounding by applying different measurement tech-

niques. This allowed us to observe horizontal variability in

the turbulence field in the MLT. We found that turbulence

dissipation rate values vary in space in a wavelike manner

both in horizontal and vertical direction. This wavelike mod-

ulation reveals the same vertical wavelengths as those seen

in the gravity waves.

We also found that the vertical mean value of the

radar-based turbulence measurements agrees reasonably with

rocket-borne measurements, which is to date the most pre-

cise turbulence measurement technique in the MLT region.

In this way defined 〈εradar〉 value reveals clear tidal modula-

tion and results in up to two decades of variation with periods

of 24 h. This modulation appeared to be in phase with tidal

change of horizontal wind observed by SAURA-MF radar.

Mean turbulence energy dissipation rates also show 12 h and

shorter (∼ hours) modulations resulting in one decade varia-

tion. Such tidal modulation of the turbulence dissipation field

in the MLT region inferred from this analysis is to our knowl-

edge a new finding that has so far not been explicitly stated

in the literature.
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