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ABSTRACT
We utilized measurements obtained during WADIS-2

sounding rocket campaign to study the strongly stratified

turbulence that is present in the mesosphere and lower ther-

mosphere region. The measurements are complemented by

results from the global circulation model that suggest that

the gravity wave breaking generates a strongly stratified tur-

bulent regime in mesosphere. It is found that at very high

buoyancy Reynolds numbers, such as Reb = 1000, and suf-

ficiently low horizontal Froude numbers, such as Frh < 0.01

vertical spectra of density fluctuation variance exhibits k−1
z

spectral range in the region between buoyancy (k−3
z ) and

inertial (k
−5/3
z ) subranges.

INTRODUCTION
It is well known, that winter mesosphere is the home of

a very energetic process, which is responsible for an energy

injection into mesoscales and generation of a turbulence

(Fritts & Alexander, 2003; Becker & Vadas, 2018). This

process is a gravity wave breaking and it takes place in the

mesosphere and lower thermosphere (MLT) region between

50 and 100 km at the middle and high latitudes. The energy

released from the breaking process transforms into strati-

fied turbulence (Billant & Chomaz, 2001; Lindborg, 2006)

which can be observed remotely by radars or lidars and pre-

cisely measured in-situ by sounding rockets.

ROCKET MEASUREMENTS
In this work we utilize measurements obtained during

the WADIS-2 sounding rocket campaign, which is a part of

WADIS project. WADIS stands for WAve propagation and

DISsipation in the middle atmosphere. A detailed descrip-

tion of WADIS mission, particular rocket campaign, and

overview of measured parameters can be found in Strelni-

kov et al. (2017) and Strelnikov et al. (2019). The WADIS

rocket experiment was configured to earn the best quality

turbulence measurements available to date in the altitude

range from 60 to 110 km. The rocket was launched from

north Norwegian Andøya Space Center (ASC, 69◦N, 16◦E)

on 5 of March 2015 at 01:44 UTC. The ASC is located close

to the ALOMAR observatory (von Zahn & Rees, 1994) and,

therefore, a vast of ground based observations complemen-

ted the rocket-borne measurements yielding, among other

things horizontal wind measurements (see Strelnikov et al.,

2019, for more details).

The applied turbulence measurement technique is ba-

sed on the fact that turbulence creates fluctuations in den-

sity of neutral air which is shown to be a conservative and

passive turbulence tracer at scales smaller than Ozmidov

length scale in the MLT (Lübken, 1992; Lübken et al., 1993;

Lübken, 1997). The ionization gauge CONE (COmbined

measurements of Neutrals and Electrons) carried by a soun-

ding rocket measures vertical profile of tiny density fluctu-

ations (down to 0.01 %) which are used to derive the tur-

bulence kinetic energy dissipation rate, εK . We apply a

spectral model method introduced by Lübken (1992) and

extended by Strelnikov et al. (2003) to derive εK-altitude

profile with 100 m vertical resolution. A detailed descrip-

tion of this instrument, data analysis technique, measure-

ment uncertainties, and gathered geophysical results can be

found in Strelnikov et al. (2013). Importantly, apart from

density fluctuations measurements for turbulence analysis,

CONE yield absolute density and temperature altitude pro-

files measured in the same measurement volume. Within

the altitude region relevant for this study absolute density

and temperature measurements error does not exceed 2 %

and 2 K, respectively. This allows to precisely derive back-

ground parameters like kinematic viscosity ν using Su-

therland’s formula (e.g. Sissenwine et al., 1962) or Brunt-

Väisälä (buoyancy) frequency N.

Briefly, the spectral model analysis technique works as

follows. We derive power spectral densities of the turbu-

lent tracer (spatial fluctuations of neutral air density) and fit

a theoretical function that covers both the inertial (i.e. the
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Table 1. Summary of measurements obtained during the WADIS-2 rocket campaign. Here Reb = εK/νN2; Frh = εK/NU2
h ;

Lo =
√

εK/N3 and Lb =Uh/N, where εK is the turbulent kinetic energy dissipation rate, ν is the kinematic viscosity, N is the

buoyancy frequency and Uh is the horizontal root-mean-square of the velocity fluctuation.

Case Reb Frh εK (m2/s3) Lo (m) Lb (m) N (1/s) Altitude range (km)

RE10 10.0 1.6× 10−4 8.7× 10−4
± 21% 11.7 1058.4 1.9× 10−2 69.3 - 69.6

RE100 102.2 5.9× 10−4 1.3× 10−2
± 41% 42.3 1752.5 1.9× 10−2 70.7 - 70.9

RE500 501.1 1.2× 10−3 3.7× 10−2
± 29% 64.5 1883.2 2.1× 10−2 66.8 - 66.9

RE1000 998.4 7.6× 10−3 6.6× 10−2
± 33% 81.7 935.4 2.1× 10−2 65.4 - 65.5

k
−5/3
z slope) and the viscous part (i.e. the steeper part to-

wards higher kz) of the spectrum. The break in the spectrum

is given by εK and ν only (ν is the kinematic viscosity de-

rived from simultaneously measured background densities

and temperatures) and is used to unambiguously derive εK .

The length scale where this break occurs is called the inner

scale and is related to the Kolmogorov scale (e.g., Lübken,

1992). Typical values of the inner scale measured in MLT

are in the range from 10 to 50 m (e.g., Lübken et al., 2002).

The instrument is moved through the MLT region with a

speed of ∼1000 m/s. The measured data is sampled with

frequency of 3.3 kHz which results in a theoretical altitude

resolution of approximately 30 cm. The effective, i.e. ac-

tual resolution of the measured spectra is rather limited by a

noise-floor of the instrument and for strong to weak turbu-

lence is between 1 and 10 m. Note, that the spectral model

technique used to derive εK does not utilize the absolute va-

lue of density fluctuations, i.e. their variance, but only the

frequency (or k) dependence of the measured spectra.

The WADIS-2 rocket campaign utilized both the in-

situ and ground-based measurement techniques to study

the small-scale fluctuations in different quantities, including

density, temperature, as well as horizontal mean and root-

mean-square velocity fluctuations.

Horizontal wind velocities were measured both by AL-

OMAR RMR (von Zahn et al., 2000; Baumgarten, 2010)

and Na Weber lidars She et al. (2002); Arnold & She (2003)

to cover altitude range from 20 km to ∼105 km. Limi-

ted spatial resolution of the horizontal wind measurements

(∼150 m) by the ground-based lidars only allows to cha-

racterize the background atmosphere and is not sufficient

to derive energy dissipation rate εK (see Baumgarten, 2010;

Lübken et al., 2016; Strelnikov et al., 2019, for details).

Besides this, in order to obtain a reasonable signal-to-noise

ratio (SNR), horizontal root-mean-square velocity fluctua-

tion measurements must be averaged over at least 15 min.

Another source of uncertainty in velocity fluctuations data

for our study is that they were conducted not exactly in the

same measurement volume as the rocket soundings. Ta-

king into account absolute horizontal wind speeds of ∼50–

100 ms−1 at MLT altitudes, it is well justified that these data

adequately represent mean state of the background atmos-

phere during the rocket experiment (see Strelnikov et al.,

2019, for experiment and data description in more detail).

VERTICAL SPECTRA OF DENSITY FLUCTU-
ATION VARIANCE

Stratified turbulence generated by the GW breaking

process can be found in different states at different altitu-
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Figure 1. Vertical spectra PSD(kz) versus kz/kb, where

kb = L−1
b

. Buoyancy Reynolds number grows from Reb =

10 (top) to Reb = 1000 (bottom). Circle straight lines cor-

respond to N2k−3
z range of stratified turbulence.

des in the winter MLT region. At altitudes above 80 km

the stratified shear flow instabilities arise when the Miles-

Howard criterion for stability is violated (Miles, 1961; Ho-

ward, 1961). This gives rise to the development of Kelvin-

Helmholtz instabilities (KHI). However, when stratification

is strong and the thickness of the layer of inflectional shear

(buoyancy scale Lb) is much larger than the thickness of

any passive scalar (outer scale of isotropic turbulence or Oz-

midov scale Lo) in the stable density gradient, we can ob-

serve bifurcation of the KHI into the Holmboe wave instabi-

lity (HWI) (Holmboe, 1962; Peltier, 2003). Most energetic

regimes of the latter type of turbulence in terms of buoy-

ancy Reynolds number with strong stratification (in terms

of horizontal Froude number) have been found in the re-

gion between 55 km and 70 km. Examples of this type of

stratified turbulence are listed in the Table 1 (cases from

RE10 through RE1000). This regime is called strongly stra-

tified turbulence (SST) (Billant & Chomaz, 2001; Lindborg,

2006; Davidson, 2013) or layered anisotropic stratified tur-

bulence (LAST) (Falder et al., 2016; Lucas et al., 2017).

The latter name of this regime indicates the presence of the

well-mixed layers with sharp density interfaces, which are
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(a)

Frh & Reb (July-March)

Lo(m) & Lb(m) (July-March)

(b)

Figure 2. (a) Nine months cycle of Frh (shown in colors) and Reb (shown in contours) obtained from KMCM at latitude of

ASC (69◦N). (b) Nine months cycle of Lo =
√

εK/N3 (shown in colors) and Lb =Uh/N (shown in contours)

also known as the pancake vortices. Routes to the spontane-

ous layering in strongly stratified regime are still an impor-

tant subject of investigation and they include gravity wave

breaking, intrusions from a density currents and shear flow

instabilities (Thorpe, 2016).

Figure 1 shows the power spectral density (PSD) of

density fluctuation variance versus vertical wavenumber

scaled with kb, where kb = 1/Lb and Lb =Uh/N is the buoy-

ancy scale and Uh is the horizontal rms velocity fluctuation.

The buoyancy Reynolds number Reb = εK/(νN2) increases

from top to the bottom from ten to one thousand (for more

detail, see Table 1).

As it can be seen from figure 1 at low Reb and horizon-

tal Froude number Frh = εK/(NU2
h ) we see a k−3

z region

that spans almost for two decades. This region is charac-

terized by gravity waves and turbulent pancake structures

and is called stratified buoyancy spectrum range. As the

Reb and Frh increase to Reb = 100 and Frh = 5.9× 10−4,

respectively, the buoyancy range becomes narrower while

inertial range broadens. At larger buoyancy Reynolds num-

bers (Reb = 500) k−3
z range becomes narrower as Frh furt-

her increases in size. The narrowest k−3
z range (if such even

exist) was found in the RE1000 case, as it shrinks to half

decade.

RESULTS FROM THE GENERAL CIRCULA-
TION MODEL (GCM)

Apart from the in-situ sounding rocket measurements

in the present analysis we employ a gravity wave resolving

GCM. The Kühlungsborn Mechanistic general Circulation

Model (KMCM) is a free-running atmospheric GCM which

spans from the Earth surface up to the lower thermosphere

(135 km) (Becker & Vadas, 2018). The model employs a

standard dynamical spectral core in streamwise and span-

wise (horizontal) directions and a staggered vertical grid as

it was initially proposed by (Simmons & Burridge, 1981).

The horizontal grid space resolution is 55 km, while ver-

tical is ∼600 m between the surface and ∼100 km. The

model also has an enhanced orography, which allows to

avoid parametrization of orographic gravity waves. Model-

ling of all subgrid-scale processes in the KMCM fulfill the

energy conservation law. For unresolved dynamical scales

a Smagorinsky’s diffusion parametrization scheme is em-

ployed for both horizontal and vertical diffusion (Becker &

Burkhardt, 2007). In the current version of the model we

couple the resolved flow with the sub-grid scale scheme by

means of hard interfacing strategy (Fröhlich & von Terzi,

2008), which uses prescribed horizontal and vertical mix-

ing lengths.

In order to check if KMCM provides us with similar

stratified turbulence regime as it is presented in Table 1,

we simulated certain non-dimensional parameters such as

Reb,Frh and length scales Lb and Lo. Results of the nu-

merical simulation are shown on figure 2. As it can be ta-

ken from figure 2 (a) horizontal Froude number is below

critical value of Frh = 0.02 proposed in Lindborg (2006).

KMCM correctly simulates an increase of the Reb in the

region between 55 km and 70 km in winter months. This

increase of the stratified turbulence in mesosphere is as-

sociated with a very intensive gravity wave breaking pro-

cess that takes place in the mesosphere in winter months

(Avsarkisov et al., 2019; Becker & Vadas, 2018). Both pa-

rameters shown on figure 2 (a), Frh and Reb that define the

strength of the strongly stratified regime, nicely fit to expe-

rimental measurements from the WADIS-2 sounding rocket

campaign. Figure 2 (b) suggests that length scales listed in

table 1 are very similar to the length scales simulated with

KMCM. Figure 2 (b) also indicates that there is a certain

correlation between the buoyancy and Ozmidov scales and

that with increase of the buoyancy Reynolds number up to

Reb = 1000 the ratio Lb/Lo becomes very close to ten.
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Figure 3. Vertical spectra of density fluctuation variance for RE1000 case. (a) Non-compensated form. (b) Compensated

vertical spectra PSD(kz)Nε
−1
K kz versus kz/kb, where kb = L−1

b
. Circle straight lines correspond to N2k−3

z range, dotted lines to

N−1
εKk−1

z range and solid lines to ε
−2/3
K k

−5/3
z range.

HIGH-REYNOLDS-NUMBER EFFECTS
Probably the most important property of the high-

Reynolds-number wall-bounded turbulence is the scale se-

paration between near-wall and outer regions (Perry et al.,

1986; Smits et al., 2011). This scale separation is caused

by the presence of a very large scale structures in the ou-

ter region of the flow and small-scale isotropic structures in

the near-wall region. A similar variety of structures is ob-

served in the strongly stratified turbulence, where there are

large pancake-like structures and gravity waves that live in

the stratified turbulence and small-scale (Ozmidov scale or

smaller) size structures that live in the isotropic turbulence.

This similarity between wall-bounded and strongly strati-

fied turbulence allows us to suggest that the similar scale

separation should be present in the high-Reynolds-number

strongly stratified turbulence.

As it can be seen from figure 1, Reb = 100 is not high

enough to detect such a region of the scale separation. Ho-

wever, at Reb = 500 the overlap region is already emerged

and it becomes wider with increase of the buoyancy Rey-

nolds number. At Reb = 1000 the region spans almost from

the buoyancy to the inertial subrange over one decade in kz.

An implication to the form of the slope in the overlap

region can be made by analysis of vertical spectra (Billant &

Chomaz, 2001), which can be defined by EK(kz) ∝ U2/kz.

Using the assumption that U is a characteristic velocity

scale in inertial range U = ULo
=

√

εK/N, it is found that

EK(kz) should be of the form

EK(kz) ∝ εKN−1k−1
z . (1)

The vertical spectrum of density fluctuation variance at

Reb = 1000 in uncompensated and compensated by mul-

tiplication by Nε
−1
K kz forms is shown in figure 3. It pro-

vides a clear support for a k−1
z form of the spectrum in

the strongly stratified region between the buoyancy and in-

ertial subranges. The overlap region first emerges when

Reb = 300 and Frh < 0.01 (not shown here). As it can be

taken from figure 1 the scale separation k−1
z range gets wi-

der as Reb grows, while both the strongly stratified (k−3
z )

and the inertial (k
−5/3
z ) regions become narrower.

CONCLUSIONS
In the present study we analyze a new results from the

in-situ sounding rocket measurements in winter MLT region

at middle latitudes. It is found, that atmosphere in this re-

gion is in the strongly stratified turbulent regime. The mea-

surements performed in the current study are made at very

high Reb numbers, which are by far out of the range of ca-

pabilities of present day experiments and simulations. Very

low horizontal Froude numbers Frh indicate that turbulence

should be induced by the Holmboe wave instability. Due

to its complexity this turbulence regime is not well studied

yet and we believe that our study can fill some gaps in the

theory of stratified turbulence. In particular, present mea-

surements and analytic results resolve an open issue of the

presence of k−3
z buoyancy spectral range and suggest a new

scale separation k−1
z range that emerges at high buoyancy

Reynolds numbers, when Frh is sufficiently low.

The new k−1
z spectral range is observed in the region

between buoyancy and inertial subranges. It should not be

mixed with the well known k−1 Batchelor spectrum (Bat-

chelor, 1959), as the latter one is observed at scales much

smaller than Ozmidov scale. Apart from that, for neutral air

density fluctuations in the winter MLT region, e.g., Lübken

(1992, 1997) showed, that for scales below the buoyancy

scale which, for MLT is of order kilometer the Schmidt

number is close to one.

In the present study we propose that the new k−1
z

spectral range is a scale separation region that emerges

between buoyancy and inertial subranges at high Reb.

This analogy between the wall-bounded turbulence and the

strongly stratified turbulence is even clearer in this respect

if we recall that both these turbulent flows are strongly af-

fected by the vertical shear of the horizontal velocity.
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Lübken, F.-J., Baumgarten, G., Hildebrand, J. & Schmid-

lin, F. J. 2016 Simultaneous and co-located wind mea-

surements in the middle atmosphere by lidar and rocket-

borne techniques. Atmospheric Measurement Techniques

Discussions 2016, 1–23.
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