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Abstract

A balloon-borne instrument called LITOS (Leibniz-Institute Turbulence Observations in the
Stratosphere) has been developed to study turbulence in the stratospheric wind and temper-
ature field down to the smallest spatial scales of millimeters. LITOS has been successfully
launched two times from Kiruna (67 ◦N, 21 ◦E) and several times from the institute site
in Kühlungsborn (54 ◦N, 12 ◦E). Since hot and cold wire techniques have never been used
before on balloon platforms, laboratory measurements have been performed to verify their
applicability for stratospheric conditions. The Kiruna flights show the intermittent struc-
ture of turbulence in the stratosphere. In addition, the results of a cluster algorithm reveal
that more turbulent layers have been observed within the stratosphere than in the tropo-
sphere. On average the turbulent layers are only several ten meters thick. Furthermore,
turbulent layers within the temperature field are typically thinner compared to layers in the
wind field. Based on a modified theory, the energy dissipation rate has been determined
with high precision, and detailed altitude profiles are obtained. The dissipation rates vary
between 9.9× 10−4 and 7.5× 10−2 W/kg. The profiles reveal an increase of the energy dis-
sipation rate with altitude. The mean energy dissipation rates unexpectedly differ between
turbulence in the temperature and wind field. The values for the temperature profile are
typically one to two orders of magnitude higher than for the wind profiles. To relate the
turbulent layers to the atmospheric background conditions, the Richardson number has been
determined. However, the analyses reveal that no direct relation between the Richardson
number and turbulent layers has been found. The investigations of possible sources show
that Kelvin-Helmholtz instabilities are the main source for some of the turbulent layer.

Zusammenfassung

Zur Untersuchung der stratosphärischen Turbulenz im Temperatur- und Windfeld auf klein-
sten räumlichen Skalen von Millimetern wurde das neue ballongetragene Intrument LITOS
entwickelt. Mehrere erfolgreiche Starts von LITOS erfolgten von Kühlungsborn (54 ◦N, 12 ◦O
aus, sowie in 2008 und 2009 von Kiruna (67 ◦N, 21 ◦O) aus. Die LITOS Messtechniken wur-
den zuvor nicht für Ballonexperimente genutzt, aber die Anwendbarkeit für stratosphärische
Bedingungen wurde in umfangreichen Laboruntersuchungen nachgewiesen. Die Beobach-
tungen der Flüge von Kiruna zeigt die große räumlich-zeitliche Variabilität der Turbulenz in
der Stratosphäre. Die Ergebnisse eines Cluster-Verfahrens zeigen, dass in der Stratosphäre
mehr turbulente Schichten erfasst wurden als in der Troposphäre. Im Mittel sind die turbu-
lenten Schichten nur wenige zehn Meter dick. Die turbulenten Schichten im Temperaturfeld
sind dabei im Mittel dünner als die Schichten im Windfeld. Auf der Basis einer weiteren-
twickelten Theorie wurden äußerst genaue Werte für die Energiedissipationsrate berechnet
und detaillierte Höhenprofile erstellt. Die Dissipationsraten liegen zwischen 9.9× 10−4 und
7.5 × 10−2 W/kg und steigen im Allgemeinen mit der Höhe an. Ein unerwarteter Unter-
schied zeigt sich zwischen der mittleren Dissipation der Temperatur und des Windes. Im
Mittel liegen die Dissipationsraten der Temperatur ein bis zwei Größenordnungen über den
Werten für den Wind. Der Zusammenhang der beobachteten Turbulenzschichten zur Hinter-



grundatmosphäre wurde mit Hilfe der Richardson-Zahl analysiert. Ein direkter Zusammen-
hang zwischen der Richardson-Zahl und dem Auftreten von Turbulenz konnte jedoch nicht
nachgewiesen werden. Als eine der Hauptquellen für die beobachteten turbulenten Schichten
konnten Kelvin-Helmholtz-Instabilitäten ermittelt werden.
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Chapter 1

Introduction

Just 100 years ago, pioneering aerological experiments performed by Aßmann and Teisserenc
de Bort led to the discovery of an unexpected phenomenon [Assmann, 1902; Teisserenc de
Bort , 1902]. They observed a temperature increase above 10 km altitude and thus discovered
the beginning of a new atmospheric layer - the stratosphere. In the following decades the
technical progress enabled further research on the atmospheric structure above 10 km. The
sum of all these measurements resulted in a temperature profile which allows a division of
the atmosphere into specific layers as shown in Fig. 1.1.

Figure 1.1.: Midlatitude mean temperature
profile [from Holton, 2004].

The lowest part of the atmosphere extends to an
altitude of ∼ 10 km and is called the troposphere.
Within this layer the temperature decreases and
due to the high amount of water vapor it is char-
acterized by clouds and weather systems. The
tropopause marks the transition between the tro-
posphere and the stratosphere. The exact alti-
tude of the tropopause varies with latitude and
weather situation, while it typically reaches lower
altitudes at the pole and higher altitudes towards
the tropics.
The stratosphere is characterized by an increase
of the temperature up to the stratopause at
∼ 50 km. Since this study focuses on measure-
ments in the stratosphere, the characteristics of
this altitude layer and some important phenom-
ena will be described in more detail below. Af-
ter the temperature has reached a maximum
at the stratopause, the mesosphere begins and
the temperature starts to decrease again. The
mesosphere extends up to the mesopause in 86 -
105 km (depending on season), where the coldest
temperature on Earth is found and phenomena
like noctilucent clouds appear [e.g. Gadsden and
Schöder , 1989]. Above the mesopause the tem-
perature increases and the thermosphere begins.
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Chapter 1. Introduction

As mentioned above, the temperature in the stratosphere increases with altitude, which is
caused by the fact that ozone in the stratosphere absorbs the ultraviolet radiation coming
from the sun. Almost 90% percent of the atmospheric ozone is found in the stratosphere
leading to the increasing temperature [Labitzke and van Loon, 1999]. A global circulation
within the stratosphere has been detected by Brewer [Brewer , 1949] and Dobson [Dobson,
1956]. Basically this residual circulation (or Brewer-Dobson circulation) consists of an up-
ward motion from the troposphere into the stratosphere within the tropics, a poleward
transport within the stratosphere and a downward motion in the middle and polar latitudes.
By this circulation mass and trace gases are transported from the tropical tropopause to the
extratropics [Holton, 2004]. The average time an air parcel needs to be transported from
the tropical tropopause to a given location in the stratosphere is defined as the mean age of
stratospheric air [Engel et al., 2009]. So far, a wide discrepancy exists between observations
of the age of stratospheric air and numerical models and further investigations are needed
[Waugh and Hall , 2002; Waugh, 2009].
One of the most striking stratospheric phenomena has been discovered by Scherhag in 1952
[Scherhag , 1952]. A dramatic warming within a few days occurs during winter in the North-
ern Hemisphere (minor warming) which can be accompanied by a total change of the strato-
spheric circulation (major warming) [Labitzke, 1972]. Even though the described effects
influence not only the stratosphere but also the atmospheric layers above and below, the
stratosphere has long been underestimated within climate models. Instead it has solely been
considered as a kind of upper border [Labitzke and van Loon, 1999]. But the role of the
stratosphere changed fundamentally due to experimental and theoretical studies over the
past two decades [Gerber et al., 2012]. For instance, any long-term changes to stratospheric
winds and temperatures possibly affect the surface climate and climate variability [Bald-
win et al., 2007]. Comprehensive climate simulations and experiments have revealed that
the vertical coupling between the troposphere and stratosphere occur in both directions,
e.g. changes in stratospheric ozone or temperature can lead to changes in the troposphere
[Labitzke and van Loon, 1999]. Consequently, a better representation of the stratosphere is
needed to improve weather forecasts and climate predictions [Gerber et al., 2012]. However,
there are still many stratospheric processes like the mean age of air, which are not or not
fully understood and therefore further experiments and theoretical studies are needed in
order to improve the understanding of the stratosphere.
Due to the small negative or even positive temperature gradient in the stratosphere, it is a
region of stability and stratification. However, turbulence occurs because of breaking grav-
ity waves or strong wind shears, which induce Kelvin-Helmholtz instabilities. Stratospheric
turbulence appears on scales ranging from only millimeters up to several meters. Previ-
ous observations have shown that it occurs in thin isolated layers, also called “pancakes”,
extending some ten or hundred meters in the vertical and some hundred kilometers in the
horizontal [e.g. Barat , 1982a; Sato and Woodman, 1982]. The turbulent regions are sepa-
rated vertically by sharp boundaries from the non-turbulent regions. Although turbulence
and associated processes play a quite important role within many different aspects of the
atmosphere, they have not been fully quantified or understood [e.g. Wyngaard , 1992; Fritts
et al., 2003]. In fact, almost all theoretical and numerical models dealing with atmospheric
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1.1. Overview

circulation, dynamics, energetics and composition, must contain the effects of turbulence
[Gavrilov et al., 2005]. Even though turbulence in the stratosphere is weak on average com-
pared to e.g. mesospheric turbulence [e.g. Lübken, 1992; Hocking , 1999], it nevertheless
affects a large number of atmospheric processes. For instance, the energy transfer from the
troposphere to the mesosphere is modified by energy dissipation within the stratosphere due
to turbulence. Examinations of stratospheric turbulence is therefore not only important for
understanding the stratosphere itself, but for understanding the energy budget of the whole
middle atmosphere. Moreover, stratospheric turbulence is a potentially important process
in the vertical mixing of trace species [e.g. Lilly et al., 1974]. Besides the more scientific
interests, turbulence in the troposphere and lower stratosphere can also be quite dangerous
for aviation [Sharman et al., 2012]. Probably everyone ever traveled by plane experienced
the huge amount of energy connected with turbulence.
An important turbulence parameter for atmospheric models is the energy dissipation rate ε,
i.e. the amount of energy dissipated into heat. In the stratosphere dissipation occurs at the
very small scales of only some centimeters or even less. Remote sensing systems like radars,
lidars and satellite-based sounders do not provide sufficient resolution to measure turbulence
down to the smallest scales, or provide no signal at all in the middle stratosphere [e.g. Gur-
vich and Brekhovskikh, 2001; Luce et al., 2002; Engler et al., 2005; Smalikho et al., 2005;
Sofieva et al., 2007]. In-situ measurements are typically performed either below 15 km with
aircraft and tethered lifting systems [e.g. Frehlich et al., 2003; Siebert et al., 2007] or above
60 km with sounding rockets [e.g. Lübken et al., 2002]. Thus in-situ high resolution balloon
soundings still provide the only possibility for detailed observations of stratospheric turbu-
lence. During the 1980s, pioneering work has been done by J. Barat and coworkers with
balloon-borne ionic anemometers [e.g. Barat , 1982a; Barat et al., 1984; Dalaudier et al.,
1989]. Their measurements resolved scales down to some ten centimeters. However, the
higher the measurement resolution and therefore the precision is, the more exact results are
obtained for the energy dissipation rate. But those soundings are technically challenging and
up to now stratospheric soundings quantifying turbulence are rare. In fact a sub-centimeter
resolution has not been achieved yet.

1.1. Overview

The aim of this study is to examine turbulence in the stratosphere with a new balloon-borne
instrument down to the smallest scales for the first time. In Chapt. 2 theories and termi-
nologies relevant for the analysis of turbulence measurements with will be briefly described.
Additionally, a statistical method will be presented, which allows the exact determination
of the energy dissipation rate based on measured spectra of velocity or temperature fluc-
tuations. The measurement method as well as the new balloon-borne instrument itself will
be described in Chapt. 3. This chapter also includes the results of laboratory experiments
performed to prove the applicability of the sensors for stratospheric conditions. In Chapt. 4
the turbulence observations of LITOS will be presented and with the help of a developed
cluster algorithm characteristics of the turbulent layers are determined. Furthermore the
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Chapter 1. Introduction

turbulent spectra are analyzed in order to retrieve altitude profiles of the energy dissipation
rate. Chap. 5 describes the relation of the turbulence observations to the geophysical back-
ground conditions and discusses possible source of the turbulent layers. Finally, Chapt. 6
contains a summary of the most important results and an outlook. The appendices include
detailed mathematical descriptions or further figures of the observations.
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Chapter 2

Theoretical description of turbulent flows

Turbulence is omnipresent, since most flows in nature and engineering applications are turbu-
lent [e.g. Tennekes and Lumley , 1985]. However, after decades of turbulence investigations,
a comprehensive understanding of this phenomenon is still missing and it continues to be one
main issue in physical researches [e.g. Frisch, 1995; Pope, 2006]. Turbulence measurements
in the atmosphere are analyzed based on theoretical assumptions, which will be shortly in-
troduced in the following. Thereby, the main focus lies on the description of theories and
terminologies relevant for the analysis of turbulence measurements with LITOS. A more
detailed and general review of turbulence theories can be found in standard literature e.g.
[Hinze, 1959; Tennekes and Lumley , 1985; Lesieur , 1997; Pope, 2006]. The first section
includes a short description of turbulence characteristics and definitions of relevant param-
eters. In Sec. 2.2 the main aspects of the statistical theory of turbulence will be presented.
A method will be described, which allows the exact determination of the energy dissipation
rate on basis of the measured spectra of velocity or temperature fluctuations.

2.1. Characteristics of turbulent flows

Due to the complexity of turbulent flows, it is not feasible to give a precise definition of
turbulence itself. Alternatively, a list of most important characteristics has been summa-
rized from e.g. Tennekes and Lumley [1985]; Lesieur [1997] and Pope [2006]. Accordingly,
turbulence

• is unpredictable and chaotic in space and time

• is a formation of eddies

• appears, if inertial forces prevail viscous forces

• transports and mixes effectively momentum, kinetic energy, and contaminants like
heat, particles, and moisture

• is dissipative

• extends over a wide scale range.

7



Chapter 2. Theoretical description of turbulent flows

Apart from these characteristics, different parameters have been stated determining the
transition from laminar to turbulent flows as well as describing the turbulent flow itself.
Since some parameters are relevant for the understanding of turbulence theory and the
measurement analyses, they are shortly presented in the next section.

2.1.1. Parameters to describe turbulent flows

As described above, turbulence appears if inertial forces prevail viscous forces. The ratio
between these two forces is described by the so called Reynolds number, which is given
by [Tatarskii , 1961]:

Re = vL/ν (2.1)

where v, L, and ν are the velocity, characteristic length (characterizes the dimension of the
flow) and kinematic viscosity, respectively. A laminar flow is stable as long as the Reynolds
number does not exceed a critical value. Once, Re gets larger than its critical value (e.g.
the velocity of the fluid increases), the motion becomes unstable and turbulence arises from
instabilities [Tatarskii , 1961; Tennekes and Lumley , 1985].
Within the atmosphere it can be observed that the critical Reynolds number is mostly ex-
ceeded within the troposphere. Therefore, turbulence with different intensity can be found
anywhere in this altitude range. Going higher up, the Reynolds number decreases, since the
viscous forces increase. Hence, above a certain altitude, the viscous forces dominate and will
damp efficiently turbulent fluctuations.

Theoretical descriptions of turbulence production lead to the turbulent kinetic energy equa-
tion (TKE). The TKE equation contains different terms of turbulence generation, namely
terms for mechanical production, buoyant production (or loss), frictional dissipation and for
redistribution by transport and pressure forces. Considering the relation between buoyant
and mechanical production, another important turbulence parameter, the flux Richardson
number is defined:

Rif =
w′T ′ (

g

T
)

u′w′
δu

δz

(2.2)

where u′, w′ are the fluctuating horizontal and vertical wind components, T ′ are the temper-
ature fluctuations, T and u are the mean temperature and the mean horizontal wind. Due to
difficulties in obtaining the flux Richardson number, the gradients of potential temperature
and horizontal wind are usually assumed to be proportional to the mean flux of temperature
w′T ′ and momentum u′w′ [Tennekes and Lumley , 1985]. Thus the gradient Richardson
number is used instead:

Ri =

g

θ

δθ

δz(
δu

δz

)2 =
N2

B

S2
(2.3)
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2.1. Characteristics of turbulent flows

where N2
B is the Brunt-Väisälä frequency and S2 is the wind shear. A common assumption is

that if Ri becomes negative, the production of turbulent kinetic energy increases and the at-
mosphere is statically unstable. Whereas positive values of Ri indicate that kinetic energy is
lost and the atmosphere becomes stably stratified. Turbulence will be completely suppressed,
when positive Ri gets large enough [Tennekes and Lumley , 1985]. More precisely, from lin-
ear theory it is suggested that turbulence cannot be maintained above a critical Richardson
number Ric = 1/4. Only if Ri becomes smaller than Ric, the mechanical production is
intense enough to maintain turbulence in a stable layer [Holton, 2004]. But once created,
turbulence may sustain up to Ri ∼ 1. However, the existence of such a critical Richardson
number has recently been questioned [e.g. Achatz , 2005, 2007; Galperin et al., 2007; Bal-
sley et al., 2008]. Observations have shown that turbulent motions occur far beyond any
critical Richardson number predicted by linear theory [e.g. Mauritzen and Svensson, 2007].
In Sect. 5.2 measurement results will be shown and the existence of a critical Richardson
number Ric will be discussed.

2.1.2. Energy cascade, spectrum and Kolmogorov hypothesis

Once turbulence is initiated, the so called energy cascade takes place linking all scales of
motion within a turbulent flow. Based on the dominating physical processes, this cascade
is divided in its typical subranges and each subrange can be described by a specific form of
the corresponding energy spectrum. Generally, the energy spectrum represents the averaged
turbulent kinetic energy TKE per unit mass [Tatarskii , 1971; Pope, 2006]:

TKE =

ˆ ∞
0

E(k)dk (2.4)

where k is the wavenumber. A second main quantity in this context is the rate of energy
dissipated into heat by molecular viscosity. The so called energy dissipation rate ε is related
to E(k) by [Pope, 2006]:

ε =

ˆ ∞
0

2νE(k)dk (2.5)

with ν = kinematic viscosity.

Figure 2.1 presents a turbulent energy spectrum with its subranges and their intersections.
At the beginning of the energy cascade (small wave numbers), primary instabilities extract
energy from the ambient flow. Thus the large eddies are determined by the mean flow field
and boundary conditions.
The resulting buoyancy subrange is dominated by buoyant forces and the form of the
energy spectrum is solely related to the Brunt-Väisälä frequency N2

B:

E(k) ∝ N2
B k−3. (2.6)

While producing secondary motion, those instabilities become unstable themselves and trans-
fer their energy to smaller eddies [Tennekes and Lumley , 1985]. These smaller eddies undergo

9



Chapter 2. Theoretical description of turbulent flows

Figure 2.1.: Theoretical turbulent spectrum for 20 km altitude with typical slopes of m−3, m−5/3

and m−7 for the buoyancy, the inertial and the viscous subrange. The transition between the sub-
ranges are called the outer scale lb and the inner scale l0. The Kolmogorov microscale characterizes
the smallest, dissipative eddies at the end of the viscous subrange. Spectrum is calculated based
on Lübken et al. [1993].

a similar break-up process and consequently transfer their energy to even smaller eddies, i.e.
higher wave numbers [Pope, 2006]. The transfer of energy to smaller eddies is the dominating
physical process in the inertial subrange of the turbulent spectrum. Here, the motions are
solely determined by inertial forces. Any viscous and buoyant effects are negligible and no
energy is added by the mean flow or taken out by viscous dissipation. As the relation between
the inertial forces to viscous forces is presented by the Reynolds number (2.1), an inertial
subrange can only emerge if Re is large enough, typically larger than 1000 [Tennekes and
Lumley , 1985]. Accordingly, the inertial range expands as the Reynolds number increases.
Furthermore, Kolmogorov stated in his second similarity hypothesis, that in every turbulent
flow at sufficiently high Reynolds number, the statistics of motion in the inertial subrange
are determined uniquely by ε, independent of ν [Pope, 2006]. Thus, from dimensional rea-
soning the form of the energy spectrum in the inertial subrange is given by [Tennekes and
Lumley , 1985]:

E(k) ∝ ε2/3k−5/3. (2.7)

The subrange is limited by the so called outer scale lb to the buoyancy subrange and by the
inner scale l0 to the viscous subrange. Both transition scales depend on the rate of energy
dissipation ε and this relation will be used later in Sect. 2.2.5.
Finally, at very large wave numbers, within the viscous subrange, energy is dissipated
into heat by molecular viscosity. Based on similarity considerations, the form of the energy
spectrum is expected to be [Heisenberg , 1948]:

10



2.2. Statistical description of turbulence

E(k) ∝ k−7. (2.8)

As the directional information of small wave numbers are lost as the energy passes down the
cascade, all information about the geometry of the large eddies are also lost. Consequently,
the statistics of the motions at scales smaller than the inner scale l0 have a universal form
determined uniquely by ν and ε [Pope, 2006]. This assumption constitutes the first simi-
larity hypothesis of Kolmogorov, which states basically that in every high-Reynolds-number
turbulent flow, the statistics of small-scale motions are in a sense universal. Based on the
first hypothesis, the inner scale l0 can be defined, because there is only one combination
of ε and ν which has the dimension of length [Tatarskii , 1971]:

l0 =
4

√
ν3

ε
. (2.9)

Summarizing, the downward energy cascading is quite important, because it means that
the dissipation of energy at the end of the process is determined by the amount of energy
available at the beginning of the cascade.

2.2. Statistical description of turbulence

Since turbulent flows are unpredictable and chaotic in space and time, statistical methods
are expedient for turbulence analyses.
Basically, the two mostly applied methods are the structure function and the determina-
tion of the power spectral density. Both methods are usually applied to obtain turbulence
parameters like the energy dissipation rate ε. Hence, a short description of the structure
functions will be followed by the explanation of the power spectral density method.

2.2.1. Structure function

Within turbulence theory, meteorological quantities like temperature and wind are described
by so called random functions or random fields. More specifically, the temperature is defined
as a scalar random field, whereas the wind is a vector random field comprising three random
velocity components. Before starting with the description of the structure function, it is
necessary to introduce some definitions for the random field as they are fundamental for
turbulence theory. Provided that all statistics of such a random field are invariant under a
shift in time, it is called statistical stationary [Pope, 2006].
Similarly, in the case that the statistics are independent of position, i.e. the mean value of
the quantity is uniform, the random field is called statistical homogeneous [Tennekes and
Lumley , 1985]. It should be pointed out, that only the statistics are independent of position,
whereas the components of a quantity can certainly vary in all three coordinate directions
and time.
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Chapter 2. Theoretical description of turbulent flows

If a homogeneous random field is invariant under rotations and reflections of the coordinate
system, then it is statistically isotropic.
A first important characteristic of the random field, also called Reynolds decomposition, is
the separation into a (slowly varying) mean and the corresponding fluctuations. Apart from
the Reynolds decomposition, the correlation function B(~r1, ~r2) is an important characteristic
of the random field f(~r) [Tatarskii , 1961]:

B(~r1, ~r2) = [f(~r1)− f(~r1)] [f(~r2)− f(~r2)]. (2.10)

The correlation function determines, whether the random field of e.g. velocity fluctuations
is statistically dependent or independent at two different points r1 and r2. To derive further
statistical characteristics of the turbulent field, it is usually assumed to be homogeneous and
isotropic. Here the problem is, that meteorological fields are typically functions of altitude
or time containing large scale variations which destroy homogeneity and isotropy.
However, on small enough spatial scales the turbulent field can be considered to be homoge-
neous and isotropic. More precisely, if the distance between two points ~r1 and ~r2 of the field
f(~r) is not too large, the largest inhomogeneities have no effect on the difference f(~r1)−f(~r2)
and Kolmogorov therefore defined the so-called structure function [Tatarskii , 1961]:

D(~r1, ~r2) = [f(~r1)− f(~r2)]2. (2.11)

The structure function describes basically the covariance of the difference between the two
points r1 and r2. The underlying concept of the structure function is the definition of local
homogeneity: If the mean value and the structure function of a random field in a region
G depend only on ~r1 − ~r2 for all ~r1, ~r2 in G, the field is called locally homogeneous
[Tatarskii , 1971]. Providing that the structure function depends only on |~r1 − ~r2|, the field
is called locally isotropic.
Since turbulence observations with LITOS are obtained within the velocity field as well as
within the temperature field, their specific structure functions will be shortly described in
the following.

2.2.2. Velocity structure function in the inertial and viscous subrange

The vector random field of velocity v(~r) is composed of nine structure functions consisting
of the different components in the x, y and z axes of the velocity vector [Tatarskii , 1961]:

Dik(~r) = (vi − v′i)(vk − v′k) (2.12)

with i, k = 1, 2, 3. For a locally isotropic velocity field, the structure function can be defined
as:

Dik(~r) = [Dll(r)−Dtt(r)] nink +Dtt(r)δik (2.13)

where δik is the Kronecker delta and ni, nk are components of the unit vector in direction of
~r. Dtt is the transversal structure function and Dll the longitudinal structure function. After
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2.2. Statistical description of turbulence

solving Eq. 2.13 over i, k by considering the expansion of the transversal and longitudinal
structure function, it follows for the “total” structure function [Tatarskii , 1971]:

Dii(~r) = Dtot(~r) = Dll(r) + 2Dtt(r) (2.14)

For the inertial subrange of the turbulent spectrum, Kolmogorov deduced from dimen-
sional combinations that [Tatarskii , 1971]:

Dll(r) = C2
V ε2/3 r2/3 (2.15)

where CV is a dimensionless constant also called the structure function constant and ε is the
energy dissipation rate. This famous relation is also called 2/3rd law of Kolmogorov and
Oboukhov. Inserting this definition for Dll(r) in 2.14, an expression for the transversal
component is obtained [Tatarskii , 1971]:

Dtt(r) =
4

3
C2
V ε2/3 r2/3 (2.16)

as well as for the total structure function for the inertial subrange:

Dtot(r) =
11

3
C2
V ε2/3 r2/3. (2.17)

Within the viscous subrange, following the first similarity hypothesis of Kolmogorov, the
statistics of motions are solely determined by the kinematic viscosity ν and the energy
dissipation rate ε (see Sect. 2.1.2). Hence, the structure functions for the viscous subrange
for both velocity components can be obtained [Pope, 2006]:

Dll(r) =
1

15

ε

ν
r2, (2.18)

Dtt(r) =
2

15

ε

ν
r2. (2.19)

With Eq. 2.14 the total structure function within the viscous subrange is defined as:

Dtot(r) =
1

3

ε

ν
r2. (2.20)

2.2.3. Temperature structure function in the inertial and viscous
subrange

In contrast to the vector field of the wind velocity, the temperature is a scalar field and
can be approximately regarded as a conservative passive tracer. This means, that it has no
effect on the dynamical regime of the flow (passive) and it only changes due to turbulent
motion (conservative). The structure function of temperature fluctuations within the inertial
subrange depends on ε, r and one external parameter N , characterizing the intensity of
fluctuations.
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Chapter 2. Theoretical description of turbulent flows

Dimensional reasoning then determines the structure function in the inertial subrange
[Tatarskii , 1971]:

DT (r) = C2
T r

2/3 =
a2N

ε1/3
r2/3 (2.21)

with a = numerical constant.
Analog to the structure function of the velocity field in the viscous subrange, the structure
function of the temperature field depends on two quantities only. Instead of the energy
dissipation rate the parameter N is used and the kinematic viscosity is replaced by the
thermal diffusion coefficient χ. Accordingly, it follows for the structure function in the
viscous subrange [Tatarskii , 1971]:

DT (r) =
1

3

1

fα

N

χ
r2. (2.22)

The factor 1/fα goes back to Lübken [1993] in order to account for different normalizations
of N .
A short summary of the specific structure functions for velocity and temperature fluctuations
can be found in Table 2.1.

Table 2.1.: Structure functions for velocity and temperature fluctuations within the inertial and
viscous subrange of the turbulent spectrum.

velocity temperature

inertial subrange Dtot(r) = 11
3
C2
V ε

2/3r2/3 DT (r) = C2
T r

2/3

viscous subrange Dtot(r) = 1
3
ε
ν
r2 DT (r) = 1

3
1
fα

N
χ
r2

2.2.4. Inner scale derived from structure function of temperature
fluctuations

As mentioned before, one main goal of turbulence statistics is the determination of parame-
ters like the inner scale l0 to describe the turbulent motion.
The inner scale is often defined as the intersection of the asymptotic form of the structure
function in the inertial and viscous subrange [Lübken, 1993]. For instance, the relation of
Eq. 2.21 and Eq. 2.22 gives for temperature fluctuations (with r = l0):

l0 =

(
3fαC

2
Tχ

N

)3/4

. (2.23)

Accordingly, to obtain the inner scale, C2
T has to be determined from turbulence measure-

ments within the inertial subrange (see Eq. 2.21). This, in turn, reveals the major drawback
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2.2. Statistical description of turbulence

of the structure function method. It is not possible to obtain ε alone from measurements. In-
stead only the combination C2

T = a2N/ε1/3 can be specified. Together with the uncertainties
in the constants (e.g. a2, fα), rather imprecise values for l0 can be attained.
Owing to this uncertainty, an alternative method which determines directly the inner scale
has been introduced by Lübken [1992] and subsequent publications.

2.2.5. Spectral method

In this section the alternative method to determine precisely the inner scale and therewith
the energy dissipation rate stated by Lübken [1992]; Lübken et al. [1993] and Lübken [1993]
is considered. The method includes a spectral model describing the inertial and viscous
subrange of the turbulent energy spectrum. Within their studies, they used two different
models, namely the Heisenberg and the Tatarskii model. As the Heisenberg model is nu-
merically more stable it has been preferred in the turbulence analyses and the main aspects
of the analysis method will now shortly be presented. It should be noted, that the method
of Lübken [1992]; Lübken et al. [1993] and Lübken [1993] has been formulated for density
fluctuations. Since only velocity and temperature fluctuations are measured with LITOS
and not density fluctuations, certain equations had to be modified.
Therefore, the method has been recalculated in order to adapt it to velocity and temperature
fluctuations.
The 1-dimensional model W by Heisenberg [1948] exhibits an k−5/3 power law in the inertial
subrange and a smooth transition to the k−7 slope in the viscous subrange. It is given by:

W (ω) =
Γ(5/3) sin(π/3)

2πvb

C2 (ω/vb)−5/3

[1 + (ω/vb/k0)8/3]
2 (2.24)

where Γ is the Gamma function (Γ(5/3) = 0.90167), vb is the balloon velocity, ω = 2πf the
cyclic frequency, and C2 the structure function constant. The Heisenberg model ”breaks”
at k0, which is the intersection of the asymptotic form of W (ω) in the inertial and viscous
subrange. Tatarskii [1971] has shown that k0 is determined from the behavior of the structure
function D at the origin.
Therefore, to proceed, a relation between the structure function and the 1-dimensional power
spectrum W is needed. Based on the Wiener-Khinchine’s theorem the Fourier transform of
the correlation function B(~r) (Eq. 2.10) is equal to the 3-dimensional power spectrum Φ(~k).
As the correlation function can be expressed in terms of the structure function, one obtains
[Tatarskii , 1971]:

D(~r) = 2

ˆ ∞
−∞

ˆ ∞
−∞

ˆ ∞
−∞

[
1− cos~k~r

]
Φ(~k)d3k. (2.25)

If the turbulent field is isotropic, after introducing spherical coordinates in ~k-space and
integrating over angular variables, Eq. 2.25 takes the form [Tatarskii , 1971]:

D(r) = 8π

ˆ ∞
0

(
1− sin kr

kr

)
Φ(k)k2dk. (2.26)
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Chapter 2. Theoretical description of turbulent flows

The next step is the conversion of the 1-dimensional spectrum of Heisenberg W (ω) into the
3-dimensional spectrum Φ(k). In order to do this, the time i.e. frequency domain of the
Heisenberg spectrum must be related with the wavenumber domain of the spatial spectrum.
Usually, an instrument is passing a turbulent field rather rapidly and measures the turbulent
fluctuations as a function of time. Taylor [1938] assumes in his frozen field hypothesis,
that during the time of measurement, the turbulent field does not change appreciably [Ten-
nekes and Lumley , 1985]. Consequently, k is substituted with ω/vb and the following relation
between the 3-dimensional spectrum (Eq. 2.26) and the 1-dimensional frequency spectrum
W (ω) (Eq. 2.24) is derived:

Φ(k) = − v2
b

2πk
· d
dω
W (ω) (2.27)

where vb represents the balloon velocity, i.e. the speed by which the instrument is moved.
Using condition 2.27, one arrives at the following form for the 3-dimensional Heisenberg
spectrum:

Φ(k) =
Γ(5/3) sin(π/3) · C2

4π2
· 5

3
k−

11
3 ·

1 + 21
5

(k/k0)
8
3{

1 + (k/k0)
8
3

}3 . (2.28)

A detailed derivation of the 3-dimensional form of the 1-dimensional Heisenberg spectrum
can be found in the Appendix A.
As mentioned above, k0 is determined from the behavior of the structure function D at the
origin [Tatarskii , 1971]. Therefore Eq. 2.26 forms to:

d2

dr2
D(0) =

8π

3

ˆ ∞
0

Φ(k)k4dk. (2.29)

Using this relation, the inner scale and therewith the energy dissipation rate are derived in
the next section.

2.2.6. Inner scale for velocity fluctuations derived from Heisenberg
spectrum

Based on the detailed recalculation, the method of Lübken [1992]; Lübken et al. [1993] and
Lübken [1993] is now adapted to velocity and temperature fluctuations. Due to the fact,
that the structure functions in the viscous subrange differ for temperature and velocity
fluctuations, two different equations for the inner scale of the spectrum has to be derived.
Beginning with velocity fluctuations, the structure function within the viscous subrange is
given by (2.20):

Dtot(r) =
1

3

ε

ν
r2

where ε is the energy dissipation rate and ν is the kinematic viscosity.
Inserting this equation and Eq. 2.28 in Eq. 2.29 yields the relation:
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d2

dr2
D(0) =

2

3

ε

ν
=

8π

3

ˆ ∞
0

Γ(5/3) sin(π/3) · C2
V

4π2
· 5

3
k−

11
3 ·

1 + 21
5

(k/k0)
8
3{

1 + (k/k0)
8
3

}3 dk

=
10 Γ(5/3) sin(π/3)C2

V

9π

ˆ ∞
0

1 + 21
5

(k/k0)
8
3{

1 + (k/k0)
8
3

}3k
1
3 dk.

(2.30)

After integration and rearranging for k0 it follows (see App. B):

k
4
3
0 =

16 ε

9 Γ(5/3) sin(π/3)C2
V ν

. (2.31)

With the definition of the structure function constant for velocity fluctuations C2
V = 4α ·ε2/3

[Barat and Bertin, 1984b] and the empirical constant α = 0.5 [Antonia et al., 1981; Bertin
et al., 1997] one obtains:

k
4
3
0 =

8 ε1/3

9 Γ(5/3) sin(π/3) ν
. (2.32)

Finally, by inserting Γ(5/3) = 0.9027 and using l0 = 2π/k0 the inner scale for velocity
fluctuations is defined:

lV0 = 2π

(
9 · 0.9027 · sin(π/3)

8
· ν

ε1/3

)3/4

= 5.7 ·
(
ν3

ε

) 1
4

. (2.33)

Here, another important parameter in turbulence theory has been obtained, namely the
Kolmogorov microscale:

η =

(
ν3

ε

) 1
4

(2.34)

which characterizes the very smallest, dissipative eddies [Pope, 2006]. Therewith, a rela-
tion between the inner scale for the spectrum of velocity fluctuations and the Kolmogorov
microscale is stated:

lV0 /η = 5.7. (2.35)

2.2.7. Inner scale for temperature fluctuations derived from
Heisenberg spectrum

Similarly, the inner scale for the spectrum of temperature fluctuations can be determined.
The structure function in the viscous subrange is given by (2.22):

D(r) =
1

fα

1

3

N

χ
r2 (2.36)
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Chapter 2. Theoretical description of turbulent flows

where the parameter N characterizes the intensity of fluctuations (similar to ε for velocity
fluctuations) and χ is the thermal diffusion coefficient. The factor 1/fα accounts for different
normalizations of N . For temperature fluctuations fα is taken as 2.
Inserting Eq. 2.36 and the 3-dimensional form of the Heisenberg spectrum (Eq.2.28) in the
relation Eq. 2.29 leads to:

d2

dr2
D(0) =

1

3

N

χ
=

10 Γ(5/3) sin(π/3)C2
T

9π

ˆ ∞
0

1 + 21
5

(k/k0)
8
3{

1 + (k/k0)
8
3

}3k
1
3 dk. (2.37)

Again, after integration and solving the equation for k0 one obtains:

k
4
3
0 =

8N

9 Γ(5/3) sin(π/3)C2
T χ

. (2.38)

The structure function constant for temperature fluctuations is defined as C2
T = α2N/ε1/3,

where α2 is a numerical constant [Tatarskii , 1971; Lübken et al., 1993]. Inserting in Eq. 2.38
yields (equal to Eq. 2.32 for velocity fluctuations):

k
4
3
0 =

8N

9 Γ(5/3) sin(π/3)α2N/ε1/3 χ
. (2.39)

Replacing χ with the molecular Prandtl number Prmol = ν/χ [Tennekes and Lumley , 1985]
yields:

k
4
3
0 =

8Prmol ε
1
3

9α2 Γ(5/3) sin(π/3) ν
. (2.40)

Thus, using the relation l0 = 2π/k0, the inner scale for temperature fluctuations lT0 is given
by:

lT0 = 2π ·
(

9 a2 Γ(5/3) sin(π/3)

8Prmol

) 3
4

.

(
ν3

ε

) 1
4

(2.41)

With α2 = 1.74, Γ(5/3) = 0.9027 and Prmol = 0.73 a relation between the inner scale for
the spectrum of temperature fluctuations and the Kolmogorov microscale is given by:

lT0 = 10.9 ·
(
ν3

ε

) 1
4

or lT0 /η = 10.9. (2.42)

Using these definitions for the inner scale lT0 and lV0 , energy dissipation rates from measured
spectra of temperature and velocity fluctuations obtained with the new balloon borne in-
strument LITOS can be determined. The data processing and the results achieved will be
presented in Chap. 4 and 5, respectively.
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Chapter 3

Measurement method of LITOS

As described in Sect. 2.2.5, for the precise determination of energy dissipation rates, the
determination of the inner scale l0 is essential. Within the stratosphere, spatial scales of l0
are in the range of only a few centimeters. Such a high measurement resolution can only
be achieved by in-situ soundings. Earlier in-situ soundings measured only down to scales of
some ten centimeters, i.e. they do not resolve the inner scale [e.g. Barat , 1982a]. Therewith,
a new light-weight, compact balloon-borne instrument called LITOS (Leibniz-Institute Tur-
bulence Observations in the Stratosphere) has been developed at the IAP. The instrument is
designed for investigations of small-scale turbulent fluctuations in the temperature and wind
field. Achieving a measurement resolution of at least 2.5 mm, the entire turbulence spectrum
down to the viscous subrange in the stratosphere is studied for the first time. So far, LITOS
has been launched successfully several times from the institute site in Kühlungsborn (54◦N,
12◦ E) as a stand-alone payload. During two BEXUS campaigns (Balloon-borne EXperi-
ments for University Students) in 2008 and 2009 from Kiruna (67◦N, 21◦ E), LITOS has
been integrated into a bigger gondola for stratospheric balloons.
Section 3.1 describes the instrument in more detail including the applied measurement tech-
nique. As the technique has never been used before within the stratosphere, laboratory
measurements were performed to study its general behavior and applicability. The results
are presented in Sect. 3.2, respectively. Finally, in Sect. 3.3, the implementation of LITOS
in a small gondola for launches from normal weather balloon stations, as well as a LITOS
version for the BEXUS gondola, i.e. stratospheric balloon launches are described.

3.1. General measurement principle of LITOS

LITOS has been developed for balloon-borne in-situ studies of small-scale velocity and tem-
perature fluctuations. To observe velocity fluctuations a Constant-Temperature-Anemometer
(CTA) also called hot-wire is used, where the measurement principle is based on convective
cooling caused by the air flow passing a constantly heated thin wire. Temperature fluctu-
ations are measured with a Constant-Current-Anemometer (CCA) or also called cold-wire,
which operates basically as a thermistor. Both techniques are well known and used widely
for flow measurements in gases and liquids in laboratory studies. The small instrument size
and its light weight make them particularly suitable for balloon-borne measurements. But,
they have never been applied on balloon platforms yet. Hence, additional laboratory mea-
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surements are required (see Sect. 3.2). Another advantage besides the size and weight, are
the combination of a fast frequency response (up to several hundred kilohertz) of CTA/CCA
systems and the slow ascending rate of a balloon. Therewith, a very high spatial measure-
ment resolution of at least 2.5 mm is achieved. Additionally, CTA as well as CCA cover a
wide range of velocity and temperature values. One disadvantage of CTA or CCA systems
for field observations is the fragility of the sensor elements, which requires a certain careful-
ness during the launch procedure. However, the advantages predominate and convincingly
results of stratospheric turbulence are obtained (described in Chapt. 4 and 5). As mentioned
above, there exist two measurement methods: the constant-temperature mode (CTA) and
the constant-current mode (CCA). Both methods will be described more precisely below.

3.1.1. Constant-Temperature-Anemometer for velocity observations

Generally, due to its large diameter, the balloon follows the ambient wind field during the
ascent phase (see Fig. 3.1). Accordingly, the payload at altitude z is also following the wind
field at balloon height ~v(z + h). Hence, any variation of the wind velocity results in a dif-
ference ∆~v between the wind vectors at balloon height ~v(z + h) and at payload height ~v(z).
Conversely, for a wind constant with altitude, the effective horizontal flow or velocity differ-
ence at payload height is zero. Consequently, with the LITOS sensor at payload height an
altitude profile of the wind differences ∆~v is obtained. The term wind will be used hereafter
for the measured quantity instead of wind difference or effective flow.

Figure 3.1.: Schematic drawing of
the principle of balloon-borne wind
turbulence soundings. The LITOS
sensor observes the difference ∆~v(z)
between the wind vectors at balloon
height ~v(z+h) and at payload height
~v(z).

In the following, the general principle of both LITOS sensors and their theoretical sig-
nal behavior as well as the calibration procedure are described. Constant-Temperature-
Anemometers have a long history of application in measuring flow properties like mean and
fluctuating velocity components. Early experiments with CTAs have already been performed
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at the beginning of the last century [Comte-Bellot , 1976, and references therein]. In Fig. 3.2
the schematic diagram of a Constant-Temperature-Anemometer is presented. The working
principle of CTAs consists basically in detecting the differential voltage of a Wheatstone
bridge. More precisely, a thin wire (typical diameter: > 5µm, typical length: ∼ 1 mm, e.g.
Dantec Dynamics Type 55P03) forms one leg of the Wheatstone Bridge and is heated to
∼500 K. To keep the bridge balanced, a servo amplifier controls the current to the wire so
that the wire resistance - and hence temperature - is kept constant.

Figure 3.2.: Principal circuit of a Constant-Temperature-Anemometer [from Durst , 2008].
Changes of the hot wire resistance, i.e. temperature due to convective cooling arises at the servo
amplifier as differential voltages and therefore represent directly the ambient flow velocity. More
details are described in the text.

If the bridge is balanced, no voltage difference occurs between the input and output of the
servo amplifier. But due to convective cooling by the flow velocity, the wire temperature will
accordingly be modified and its resistance changes. Consequently, a differential voltage arises
at the servo amplifier. In order to restore the balance of the bridge, the wire current has
to be increased or decreased, respectively. Therefore, the resulting bridge voltage depends
directly on the ambient flow velocity.
Concerning the general sensor behavior, several extensive studies were performed and have
resulted in theoretical and semi-empirical descriptions of the measured signal [e.g., Bruun,
1970; Bruun et al., 1988; van Dijk and Nieuwstadt , 2004]. Only the main aspects will
be summarized here, while the reader is referred to standard text books for more details
[e.g., Bruun, 1995; Hinze, 1959]. Generally, the heat from the wire is transferred to the
surrounding fluid by radiation, free convection, forced convection, and the heat flow through
the leads (see Fig. 3.3).

Therewith, an equation for the supplied heat Q̇E is derived which is equivalent to the sum
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Figure 3.3.: Heat balance at the
sensor: The supplied heat Q̇E

is transferred to the surrounding
fluid by radiation Q̇rad, free con-
vection Q̇freeconv, forced convection
Q̇forcedconv and the heat flow through
the leads Q̇leads.

of the heat fluxes:

Q̇E = I2R =
U2

R
= Q̇rad + Q̇freeconv + Q̇leads + Q̇forcedconv (3.1)

where U is the bridge voltage, R the wire resistance and I the electric current. Due to the
small size of the heated wire, radiative cooling Q̇rad is considerably smaller than the heat
which is emitted by the sensor by e.g. forced convection Q̇forcedconv [Durst , 2008]. To ascertain
this assumption, the radiative cooling for stratospheric conditions has been determined based
on data from the BEXUS flights.The heat transfer due to radiation amounts to a maximum
factor of 1.3 % of the total heat transfer. Therefore, the heat loss resulting from radiation
can be neglected.
According to Collis and Williams [1959], free convection Q̇freeconv can also be omitted, if

Re > Gr1/3 (3.2)

where Re is the Reynolds number

Re =
v dw

ν
(3.3)

(v=flow velocity, dw= wire diameter and ν= kinematic viscosity of the fluid) and Gr the
Grashof number

Gr = g(Tw − Ta)
d3

w

ν2 Ta

, (3.4)

(g is the gravitational acceleration, Tw the wire temperature and Ta the temperature of the
ambient fluid). To verify the requirement in Eq. 3.2, the Grashof number and the Reynolds
number have been calculated using typical data from the BEXUS soundings (see Fig. 3.4).
Throughout the entire ascent phase, Re is much larger than Gr 1/3 and therefore it is possible
to omit the free convection term in the heat transfer Eq. (3.1).
In order to minimize the heat flow from the wire to the leads (Q̇leads), the wire has gold-
plated ends connecting it with the wire leads. Thereby, a much more uniform temperature
along the wire is achieved. Nevertheless, for typical CTA applications, the heat loss to the
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Figure 3.4.: The Reynolds number Re (blue line) and the Grashof number Gr (red line) plotted
as a function of altitude using data from BEXUS soundings. Since Re is much larger than Gr the
heat transferred from the wire to the surrounding fluid by free convection can be omitted.

leads amounts to about 10–20 % of the total heat loss from the sensor [Durst , 2008]. Thus
the heat flow through the leads is considered to be proportional to the forced convective flow
and Eq. (3.1) simplifies to

Q̇E ≈ c · Q̇forcedconv (3.5)

where c is a constant. Finally according to Eq. (3.1) one gets

U2 = c R Q̇forcedconv. (3.6)

The measured voltage signal is therefore directly related to the heat loss through forced
convection. The latter is defined as:

Q̇forcedconv = α π lw dw (Tw − Ta), (3.7)

where α is the heat-transfer coefficient, lw the wire length, dw the its diameter, Tw the
temperature of the wire, and Ta the temperature of the ambient flow. The heat-transfer
coefficient is given by

α =
Nu k

dw

(3.8)

where Nu is the Nusselt number and k represents the heat conduction of the fluid. The
Nusselt number is defined to be a function of

Nu = Nu (Re, Gr, Kn, Pr, Ma, lw/dw, δTa, . . .). (3.9)
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By inserting Eqs. (3.1), (3.7), and (3.8) in Eq. (3.5) one obtains for the measured voltage

U2 = c Nu k π lw R (Tw − Ta). (3.10)

For further examination, Nu has to be determined individually for every wire and the flow
properties described by e.g. Re, Gr, the Knudsen number Kn, the Prandtl number Pr, and
the Mach number Ma. There exist several approaches in the literature for the empirical
estimation of the Nusselt number for specific flow conditions [e.g., Collis and Williams ,
1959; Cimbala and Park , 1990; Durst et al., 1996]. The advantage of those formulations
of Nu would be that the heat loss from the wire and the dependence on the flow velocity
could be obtained without calibration. However, a precise knowledge of all influencing
parameters can not be provided with sufficient accuracy. For example, parameters of the
wire (i.e. effective length and diameter) are not available with the required precision due to
the complicated process of the wire manufacturing. Consequently, for practical reasons, an
individual calibration of each wire is usually preferred. It should be pointed out here that
for geophysical analysis, it is not necessary to derive absolute wind velocity values from the
CTA signal. Instead, the spectrum of the unscaled voltage signal is used to retrieve turbulent
parameters (see Sect. 4.3).
However, in order to understand the principle of the CTA techniques and the laboratory
experiments, the calibration procedure is briefly described here. During such a calibration
procedure, the wire is placed in a wind tunnel to adjust to different laminar flow velocities.
As a result, one obtains a static calibration curve of the output voltages U as a function
of the flow velocities v. Based on King [1914], the calibration data can be fitted by the
modified King’s law:

U2 = A+Bvn (3.11)

where A and B are empirical calibration constants for each fluid. The exponent n depends
slightly on the flow velocity. According to Jörgensen [2002], n=0.45 is a recommended
starting value and one has to vary n until the curve fit errors are acceptable. By determining
the calibration constants A and B, it is then possible to convert the measured voltages to
wind velocities. Figure 3.5 shows a typical example with a series of calibration points between
1 and 15 m/s. The measurements were taken at the Lehrstuhl für Strömungsmechanik (LSM)
at the University of Rostock with a calibrated wind tunnel providing independent values for
the wind velocity. Obviously, the wire is most sensitive at small wind velocities, where also
the LITOS measurements are expected to occur. Unfortunately, wind velocities below 1 m/s
cannot be obtained at the LSM with sufficient stability. Nevertheless the calibration curve
is still valid in the low velocity range, as for an accurate King’s law fit sufficient calibration
points have been taken at higher velocities.
However, the crucial point is that the calibration coefficients are only valid if the ambient
conditions do not differ from those during the calibration. This concerns not only the wind
conditions, but also density, temperature, and humidity [Cimbala and Park , 1990; Cardell ,
1993; Durst et al., 1996; Hugo et al., 1999]. Thus, the calibration should be performed under
ambient conditions similar to the conditions during the measurements. For stratospheric
conditions, the air density varies between 1.2 kg/m3 and ∼ 1.0×10−2 kg/m3, the (relative)
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3.1. General measurement principle of LITOS

Figure 3.5.: Example of a calibration curve: The King’s law (red line) has been fitted to the
voltage U (data points) as a function of the flow velocities v. More details are described in the
text.

wind velocities are up to 2 m/s and a minimum temperature of ∼200 K can be obtained.
The water vapor mixing ratio in the stratosphere amounts to ∼ 5 ppm and therefore the
influence on the measurements is negligible [Durst et al., 1996]. For geophysical analyses,
i.e. for the calculation of spectra, only 8 – 20 s (40 – 100 m) of data are used and one can
assume sufficiently constant background values for e.g. the temperature within this period.
However, the CTA behavior for the wide pressure and temperature ranges has occurring
during a balloon flight never been investigated and the properties of the CTA sensor are
therefore unknown for stratospheric conditions. Hence, laboratory tests within a climate
and a vacuum chamber have been performed to check the response of the CTA on varying
ambient conditions, i.e. temperature and pressure. The results are presented in Sect. 3.2.

3.1.2. Constant-Current-Anemometer for temperature observations

Constant-Current-Anemometers (CCA) operate basically as a resistance thermometer and
are eminently suitable for measurements of high-frequency temperature fluctuations. Fig-
ure 3.6 presents the schematic diagram of a CCA. Contrary to CTAs, the Wheatstone bridge
is operated with a constant current and the wire resistance varies with the fluid temper-
ature. The resistance variations modify the voltage of the bridge. Hence, the measured
voltage fluctuations are directly related to the resistance fluctuations and therewith to the
fluid temperature. The important aspect hereby is that the probe current has to be quite
low to avoid disturbances by the flow velocity, but on the other hand high enough to provoke
a off-balance of the bridge. Therewith, the CCA is usually operated with the lowest possible
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current [Bruun, 1995], i.e. 0.2 mA for LITOS. Additionally, the diameter of the wire is of
special importance. As the time constant varies with the wire diameter, it is favorable to
use very thin wires (here: length 0.4 mm, diameter 1µm, Dantec Dynamics Type 55P13).

Figure 3.6.: Principal circuit of a Constant-Current-Anemometer [from Durst , 2008]. Changes of
the cold wire resistance caused by ambient temperature fluctuations lead to modifications of the
bridge voltages.

Now, the relationship between the fluid temperature and the bridge voltage will be addressed.
First of all, the voltage U can be expressed in term of the probe resistance:

U = Gain · (100 · I · (Rsensor +Rleads +Rsupp +Rcable)− Uoffset) (3.12)

where Rleads is the probe leads resistance, Rsupp the supporting resistance and Rcable the
resistance of the connection cable, with all data supplied by the manufacturer. I represents
the current of the wire and Gain and Uoffset are the possible settings of the Wheatstone
bridge to adjust for the specific measurement conditions. The probe resistance Rsensor varies
directly with the ambient temperature Ta by:

Rsensor = Rsensor,0 · (1 + α0 · (Ta − T0)) (3.13)

where Rsensor,0 the sensor resistance at temperature T0 = 20 ◦C and α0 its temperature coef-
ficient, both provided by the manufacturer. By inserting Eq. 3.13 in Eq. 3.12, the following
expression for the temperature of the ambient flow is derived:

T =

[(
U + Uoffset

100 ·Gain · I
−Rleads −Rsupp −Rcable

)
1

Rsensor,0

− 1

]
1

α0

+ T0. (3.14)

Similar to the CTA system, a relation between the ambient temperature and the supplied
voltage is derived via direct calibration. Figure 3.7 shows such a calibration curve for the
CCA system obtained within a climate chamber. In contrast to the King’s law procedure for
CTA calibration, the temperature is directly related to measured voltages via a linear fit:
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3.2. Laboratory measurements of CTA and CCA response

T = A · U +B. (3.15)

Therewith the measured voltage fluctuations are converted to absolute temperature fluctu-
ations.
Besides the calibration procedure, another important question concerning the applicability
of CCA systems for balloon soundings appears. Will the general behavior of the CCA sen-
sor be influenced by the ambient stratospheric conditions or not? Therefore, the two main
influencing factors, namely flow velocity and pressure, have been investigated by laboratory
measurements (see next Sect. 3.2).

Figure 3.7.: Example of a CCA calibration curve. The red line represents the linear fit to the
measured voltage values U (data points) as a function of temperature T .

3.2. Laboratory measurements of CTA and CCA response

As mentioned above, CTA and CCA sensors have never been used for balloon soundings and
their properties are therefore unknown for applications besides standard laboratory and lower
tropospheric conditions. Hence, laboratory tests within a climate and a vacuum chamber
have been carried out to simulate stratospheric conditions. All laboratory measurements
have been performed at the German Aerospace Center (DLR) Berlin-Adlershof.
Since both sensors measure directly the wind velocity (CTA) or could possibly be influenced
by it (CCA), a small wind calibration unit designed especially for CTA/CCA sensors has
been used during all laboratory test procedures. This wind calibration unit contains a nozzle
and by measuring the pressure drop across the nozzle the flow velocity is calculated via the
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equation of Venant-Wantzel. The wind calibration unit has been integrated into a climate
and a vacuum chamber and thereby different values for temperature or pressure (i.e. den-
sity) of the flow passing the CTA/CCA sensor have been set, while knowing the exact flow
velocities. Overall, measurements for a velocity range from 3 to 35 m/s at pressures between
50 and 1000 hPa and for a temperature range of 233 to 293 K have been taken. Due to
technical limitations of the wind calibration unit (i.e. overheating of the motor), no mea-
surements below 3 m/s and below 50 hPa have been performed. Temperature changes have
been observed during the entire experiment phase with a data logger from MSR Electronics
GmbH and have been considered in the determination of the flow velocity. The accuracy of
the calculated flow velocity is therefore solely determined by the precision of the pressure
sensors manufactured by Kalinsky Sensor Elektronik GmbH & Co. KG, which is specified
with±1 %. Hence, the velocity behind the nozzle is determined with an accuracy of±0.2 m/s.

The next sections present the results obtained from the laboratory measurements. First, the
temperature and pressure influence on CTA measurements will be described in Sect. 3.2.1
and Sect. 3.2.2. Afterwards, the velocity and pressure influence on CCA observations will be
studied in Sect. 3.2.3 and Sect. 3.2.4. Finally, in Sect. 3.2.5 possible limitations of CTA and
CCA measurements at low density flow will be discussed.

3.2.1. Temperature influence on CTA measurements

In Sect. 3.1.1 it is shown that the heat transfer from the wire to the surrounding fluid is
proportional to the temperature difference between the sensor and the fluid. From other
studies, it is known that the CTA response is influenced by temperature variations of the
surrounding fluid during the experiment [e.g., van Dijk and Nieuwstadt , 2004]. For the
correction of this temperature influence, different methods are suggested in the literature
[e.g., Bruun, 1995; Jörgensen, 2002]. However, all correction methods are specified for only
small temperature drifts and for temperature ranges not found in the stratosphere. In other
words, the CTA response has never been investigated below 0 ◦C. The climate chamber
at the DLR offers measurements down to −40 ◦C. The performed measurements therefore
describes the sensor behavior at temperatures below 0 ◦C, for the first time.

Figure 3.8 shows the voltage signal for various velocities obtained at different temperatures.
The thin lines represent the King’s law fits (according to Eq. 3.11) for each temperature
level. As expected the results reveal an influence of the temperature on the CTA response.
For the examined temperature range, a maximum slope of 5 mV/K (i.e. 0.23 % / K) has been
found.

The question is now, whether this temperature influence will have an impact on the sensi-
tivity of the wire response, i.e. on the wind measurements. Therefore, Fig. 3.9 shows the
sensitivity (∆U/∆v) as a function of velocity for different temperatures. Obviously, the
temperature has no significant effect on the sensor sensitivity. But, besides these findings, a
considerable velocity influence on the sensor sensitivity can be noticed. In appendix . C it is
shown that the influence of the relative background wind is rather small. For the calculated
energy dissipation rate a deviation of only ∼2 % has been obtained.
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Figure 3.8.: CTA response for different temperatures. The King’s law (thin lines) has been fitted
to the CTA voltage signal U (data points) as a function of velocity v for different temperatures
ranging from −40 ◦C to 20 ◦C.

Figure 3.9.: The sensitivity of the CTA signal (∆U/∆v) as a function of velocity shows no
significant temperature influence for the examined range from −40 ◦C to 20 ◦C.
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However, as noted earlier the unscaled voltage signal is used for the determination of the
spectral slope of the turbulent fluctuations. Since the temperature does not affect the sen-
sitivity of the sensor response, no correction of the temperature influence is required.

3.2.2. Pressure influence on CTA measurements

So far, the pressure influence on the CTA response has been barely investigated and the few
approaches do not cover pressure ranges expected for stratospheric soundings [e.g., Hugo
et al., 1999]. In order to study the pressure influence on the sensor response, tests within a
vacuum chamber have been conducted. The temperature during the measurements changed
less than 1 K and therefore does not affect the results.

Figure 3.10.: The King’s law fit (thin lines) has been calculated for the CTA voltage signals
(data points) as a function of velocity for different pressure levels. At 50 hPa, only two points are
obtained. Thus the King’s law fit is omitted due to large ambiguities.

In Fig. 3.10 the voltage signal is presented for various velocities together with the King’s law
fits (according to Eq. 3.11) represented by thin lines at different pressure levels. A direct
pressure influence can easily be seen, as the slope of the King’s law fit at 1000 hPa differs
significantly from the 100 hPa curve. In the same way as for the temperature variations, also
the sensitivity ∆U/∆v is shown as a function of velocity for the different pressure levels. As
can be seen from Fig. 3.11 the sensitivity decreases with decreasing pressure and this effect is
most evident at lower velocities. Again, the velocity influences directly the sensitivity of the
sensor response and this effect is even much more pronounced than the pressure influence.
However, it is demonstrated in appendix C that the dependence of the sensitivity on the
velocity has no significant impact on the spectral slopes of the turbulence measurements.
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Figure 3.11.: Sensitivity of the CTA signal as a function of velocity for the different examined
pressure levels. With decreasing pressure, the sensitivity decreases. For more details: please see
text.

Figure 3.11 raises the questions whether the sensor sensitivity decreases further at pressures
below 100 hPa and whether there is a lower pressure limit for CTA soundings. This issue
will be discussed in Sect. 3.2.5.

3.2.3. Velocity influence on CCA measurements

As described in Sect. 3.1.2, the CCA sensor is operated with a very low current in order to
reduce the influence of the surrounding flow velocity to a minimum. To verify this assump-
tion also for stratospheric conditions, laboratory studies for different temperature levels and
different flow velocities have been carried out. Figure 3.12 shows the results for temperatures
between +20 ◦C and −40 ◦C and a velocity range from 0 m/s up to ∼ 35 m/s. Obviously,
the velocity has no impact on the sensor response as the voltage values show almost no
variations for different flow velocities. The maximum voltage difference for one tempera-
ture level amounts to 5 mV. This difference can be due to temperature variations inside the
climate chamber or due to uncertainties of temperature sensors. Consequently, a velocity
influence on the CCA sensor can be excluded and the measured voltage values solely reflect
the ambient temperature of the fluid.

3.2.4. Pressure influence on CCA measurements

The CCA behavior at low density flows has never been investigated. But during balloon
launches, the pressure varies significantly compared to laboratory applications of CCAs.
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Figure 3.12.: CCA voltage values as a function of flow velocity for different temperature levels
obtained within the climate chamber. No influence of the velocity is observed.

Therefore, the pressure influence on the CCA response has been studied. The temperature
within the vacuum chamber at the DLR has been measured for different pressure levels with
the CCA system and simultaneously with the independent sensor MSR 145 (MSR Electronics
GmbH) placed next to the CCA system. Based on a calibration performed within the climate
chamber, the CCA voltage values have been converted to temperature values with Eq. 3.15.
Both temperature profiles are presented in Fig. 3.13. The CCA system represents nicely
the temperature change within the vacuum chamber measured by the MSR sensor. The
maximum difference of 0.26 ◦C between both profiles is well within the accuracy of the MSR
sensor specified by the manufacturer with ±0.5 ◦C. Additionally, even though the MSR
sensor has been placed as near as possible to the CCA system, temperature inhomogeneities
within the vacuum chamber are likely.

The important result is, that no systematic pressure influence on the sensor behavior is ob-
served. Therewith, the CCA system can be used without restrictions for balloon soundings
in the stratosphere.

3.2.5. Limitations of CTA/CCA at low density flows

The heat-transfer equation for the interpretation of the CTA signal (shown in Sect. 3.1.1)
and the adjustment of the CCA wire resistance to the fluid temperature requires continuum
flow conditions. Therefore, it has to be investigated whether continuum flow approximations
are applicable during the balloon flight or not.
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Figure 3.13.: Comparison of the temperature profile obtained inside the vacuum chamber with
the CCA system (blue line) and with an independent temperature sensor (green line).

The Knudsen number Kn is a parameter describing the type of flow. Kn is defined as the
dimensionless ratio of the mean free path λ to a characteristic length scale, here the wire
diameter dw,

Kn = λ/dw. (3.16)

Therewith, the flow regime can be divided into the continuum flow (Kn<10−2), the slip flow
regime (10−2<Kn<10−1), the transition regime (10−1<Kn<10) and the free molecular flow
for Kn>10 [e.g., Devienne, 1965]. Typically, CTA and CCA measurements are performed in
the slip flow regime, where continuum flow equations are still appropriate. With decreasing
pressure, the heat transfer by convection to the surrounding medium decreases. Finally, in
the free molecular flow, continuum approximations are no longer applicable. Therewith, a
lower pressure limit for CTA and CCA soundings can be estimated when Kn>10, i.e. at
∼1 hPa (∼45 km).
Figure 3.14 shows the Knudsen number calculated for the vacuum test and for the BEXUS 6
flight. It can easily be seen, that for both cases the Knudsen number is well below the
limitation of Kn>10.
Based on this result and the fact that the maximum altitude which can be reached with
balloons is ∼ 40 km, it can be concluded that balloon-borne CTA and CCA measurements
do not occur in the free molecular flow regime, i.e. the measurement principle is valid.
Hence, the CTA and CCA system are well suitable for balloon soundings.
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Figure 3.14.: The Knudsen number has been calculated using data from the vacuum test and from
the BEXUS 6 flight. The slip flow and the transition flow regime are defined as 10−2<Kn<10−1

and 10−1<Kn<10, respectively. More details are described in the text.

3.3. LITOS gondola system

LITOS has been launched as a small and compact stand-alone version for small weather
balloon stations and has also been integrated into a bigger gondola for large stratospheric
balloon soundings. Certain parts are equal for both versions and will be described in more
detail below.

3.3.1. General setup of the LITOS payload

For the measurement of wind fluctuations a commercial CTA system from Dantec Dynamics
is used consisting of a probe support, a Wheatstone bridge and special connection cables.
Depending on the application, one can choose between different types and forms of the
sensing element of the CTA system. For LITOS a single wire probe is used, as they have
highest frequency response and a higher flow sensitivity compared to other probes. The wire
is made of platinum plated tungsten with gold-plated ends (Dantec Dynamics Type 55P03)
and is 5µm in diameter and 1.25 mm long. During all measurements, the wire axis has
been mounted vertically, i.e. parallel to the ascent direction, to achieve largest sensitivity
for horizontal flow and less sensitivity for vertical flow. To observe temperature fluctuations
a CCA system also from Dantec Dynamics has been applied. Similar to the CTA system, it
consists of the probe support, the Wheatstone bridge and connecting cables. The sensor is
a 0.4 mm long, 1µm diameter platinum wire.
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The output signal of the CTA or CCA system is converted using a specially designed 16 bit
ADC with a sampling rate of 2 kHz or 8 kHz. Hence, a spatial resolution of 2.5 mm or
∼ 0.6 mm is achieved, assuming that the balloon ascends with an average speed of 5 m/s.
The ADC device also includes a data recording system, which saves the output signal on an
SD card. Optionally, the data can be transmitted by telemetry to the ground station.
The telemetry system was developed by Reimesch Kommunikationssysteme. It consists of
an ARF35 radio modem with a transmission power of 500 mW, a bandwidth of 38.4 kbps for
the 869 MHz band and a crossed-dipole transmitting antenna. In order to transmit the full
resolved signal, a special data compression scheme has been developed at the IAP. The data
stream is divided into frames. Due to the fact, that the changes of velocity or temperature
are comparatively small within a few milliseconds, the compression algorithm saves only the
average value within a certain period (frame) together with the deviations from the mean.
Additional information like a time stamp and a checksum to identify possible transmission
errors, is added. To receive the telemetry signal, a directional antenna system is used on
ground. The system contains of four helical antennas mounted in a specific distance to each
other, which follow actively the balloon based on GPS data. In combination with the emis-
sion power of the modem on board of LITOS, a horizontal distance of ∼ 150 km is covered.
This range is sufficient for a typical balloon launch.
In addition, a housekeeping device has been developed at the IAP to measure the tem-
perature, humidity, and pressure inside the electronic box. The battery voltage as well as
the status of the CTA/CCA system is observed to identify any disturbances or possible
failures of the system. As the gondola is not actively stabilized, rotational and pendulum
motions may influence the measurements. Therefore, a tri-axis gyroscope and accelerometer
(ADIS16350AMLZ) has been integrated to measure the attitude of the gondola with a sam-
pling rate of 50 Hz (see appendix D). Thus, any spurious maxima in the obtained spectra
of turbulent fluctuations can be identified and excluded. All housekeeping data are stored
on-board on a second SD card.
The LITOS payload is recovered after flight. One reason is that, up to know, it is not pos-
sible to transmit all measured data. For instance, the housekeeping data are only saved on
board. Also, the data stream of the CTA or CCA signal sampled with 8 kHz is too high to be
transmitted completely. Only a reduced data stream of 2 kHz is sent to the ground station,
while the whole 8 kHz signal is saved on board. Furthermore, all the electronic devices can
be used again after recovery. Therefore, a tracking system manufactured by NAL Research
Inc. has been included into the LITOS payload. Every two minutes during the whole flight
including landing, it provides a GPS position transmitted via Iridium satellite communica-
tion.
Information about the atmospheric background are quite important for turbulence analy-
sis and interpretation. Thus, a standard radiosonde (Väisälä RS92) completes the LITOS
gondola system, providing atmospheric background profiles of wind, temperature, humidity
and pressure at 2 s steps, i.e. ∼ 10 m. The whole system of LITOS consisting of CTA/CCA,
ADC, telemetry, housekeeping, and tracking device. It may be launched together with the
radiosonde on small gondolas or together with other independent instruments on large pay-
loads. Specific properties of both launch configurations are described in the following.
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3.3.2. LITOS on small gondolas

Figure 3.15.: Schematic drawing of the
small gondola system of LITOS including a
weather balloon, a parachute for safe land-
ing, the Iridium GPS tracking system and
the LITOS box with a wind adjusting vane
as well as a radiosonde.

LITOS has been launched from Kühlungsborn
with a specially designed gondola of 35 cm side
length. As the overall weight of the payload
is only ∼ 5 kg, this version of LITOS can be
launched at any radiosonde station with a large
weather balloon. Because of the limited weight,
the flight configuration of LITOS on small gondo-
las includes only a CTA system to measure wind
fluctuations. However, attempts are made to de-
velop a combined CTA/CCA system for small
LITOS gondolas. Figure 3.15 shows the flight
train of LITOS consisting of a rubber balloon, a
parachute for a slow descent after balloon burst,
the recovery system, the payload itself including
the CTA system and the housekeeping device,
and finally a radiosonde. Unwinders enable a
distance of 100 m between the balloon and the
gondola. Such large distance is required, to pre-
vent measurements within the turbulent wake of
the balloon. A short overview of the performed
launches with LITOS from Kühlungsborn and
their differences is presented in Tab. 3.1.
The CTA sensor is placed ∼ 20 cm above the top
of the payload in order to avoid disturbances
induced by the shear layer around the payload
box. Laboratory measurements performed by
A. Schneider (IAP, private communication) con-
firmed this assumption. Furthermore, the pay-
load may be affected by pendulum and rotational
motions (see appendix D). While the pendulum
motions have comparatively long periods of 15 s,
the rotations may occur on different scales. Thus,

significant influence on the turbulent measurements has been observed, which hampers fur-
ther analysis. In order to minimize the rotations, different configurations of wind vanes
attached to the payload box have been tested. Best results are obtained with a combination
of three wind vanes that decelerate significantly pendulum and rotational motions. This
configuration will be further examined and optimized in future flights. Due to the difficul-
ties in turbulence measurements with the small LITOS gondola caused by movements of the
gondola, this study focuses on results of the BEXUS flights.
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Figure 3.16.: Schematic drawing of the small LITOS gondola. The CTA sensor is placed ∼ 20 cm
above the top of the box. A wind vane is mounted to the box in order to stabilize the gondola. All
electronic devices are placed inside the box, which has a side length of 35 cm.

Table 3.1.: List of the performed launches of LITOS from the institute site in Kühlungsborn
including some of their most important parameters.

Kühlungsborn (54 ◦N, 12 ◦E)

12.12.2007 17.11.2008 27.01.2009 11.03.2010 01.07.2010 25.02.2011

balloon
size/type

3000 g 1200 g 2000 g 3000 g 2000 g 300 g

gondola weight 3 kg 5 kg 5 kg 5 kg 5 kg 5.7 kg

distance bal-
loon gondola

50 m 50 m 100 m 100 m 100 m 100 m

mean ascent
rate

6.7 m/s 3 m/s 6.4 m/s .5 m/s 5.1 m/s 4 m/s

max. altitude 35.3 km 28.9 km 31.5 km 30 km 31.5 km 30.8 km

sampling rate 2 kHz 2 kHz 2 kHz 8 kHz 8 kHz 8kHz

rot. and acc.
sensor

- - - + + +
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3.3.3. LITOS on big gondolas

For the launches from Kiruna, LITOS has been integrated into the BEXUS gondola. The
flight train of BEXUS, shown in Fig. 3.17, consists of a stratospheric plastic balloon and a
cutting system connected to a parachute. Via uplink, the balloon is cut above a safe landing
area and the payload descends slowly on parachute. Furthermore, the flight train includes
the BEXUS telemetry system (EBASS), a radar reflector, and the payload. The distance
between the lower edge of the balloon and the gondola is ∼ 50 m.

Figure 3.17.: The flight train of the BEXUS 6
gondola with a zero pressure balloon, a cutting
mechanism, a parachute, the EBASS system (ser-
vice system operated by SSC providing func-
tion for e.g. altitude control, flight termination),
safety devices (Strobe light, Radar reflector), a
release plate and the BEXUS gondola including
the LITOS system. Schematic drawing was taken
from the BEXUS user manual.

The gondola has a side length of 75 cm
and weighs ∼ 120 kg (BEXUS 6) or ∼ 140 kg
(BEXUS 8). The flow around the gondola
can significantly influence the turbulence
measurements. In order to minimize those
influences, the CTA and CCA sensors have
been attached to long extensions (2 m long)
mounted to the edges of the gondola (see
Fig. 3.18). Therefore, the sensors were lo-
cated 1.4 m above the gondola and a direct
influence of the shear layer of the gondola
can be excluded.
As the BEXUS gondola is not actively sta-
bilized, rotational and pendulum motions
may influence the measurements. There-
fore, the attitude of the gondola has been
studied for the BEXUS 6 gondola. The
pendulum motions were measured by the
LowCoINS instrument on the same pay-
load (P. Montefusco, private communica-
tion). Their measurements reveal a typi-
cal pendulum velocity of 1.5 m/s (maximum
2 m/s) which affects the LITOS observations
as a bias varying sinusoidal with a 20 s pe-
riod. Before further analysis this bias is re-
moved (see Sect. 4.3). Additional informa-
tion about the gondola movements is found
in appendix D.During the BEXUS 6 cam-
paign in October 2008, only turbulent fluc-
tuations in the velocity field were observed
with a CTA system. For the BEXUS 8 cam-
paign in October 2009, the velocity observa-
tions have been combined with CCA mea-
surements to study temperature fluctuations. A short overview about the main differences
between both launches is shown in Tab. 3.2. Due to much lower gondola motions and
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therewith less disturbances on the measurements compared to launches from Kühlungsborn,
further data analysis will be focused on the results from the BEXUS campaigns only.

Figure 3.18.: The BEXUS 8 gondola in flight configuration. The CTA/CCA sensors of LITOS
are placed 1.4 m above the gondola. All electronic devices have been integrated inside the gondola.

Table 3.2.: Overview of some parameters of the BEXUS 6 and 8 launch from Kiruna. (1 from
LowCoINS experiment)

Kiruna(67◦N,21◦E)

BEXUS 6 BEXUS 8
08.10.2008 10.10.2009

balloon size/type 10 000 m3 12 000 m3

gondola weight 121 kg 140 kg
distance balloon gondola 50 m 50 m
sensor type CTA CTA + CCA
mean ascent rate 4.45 m/s 4.7 m/s
max. altitude 29 km 27.8 km
sampling rate 2 kHz 2 + 8 kHz
rot. and acc. sensor +1 +
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Turbulence observations with LITOS

LITOS has been developed to study small-scale turbulent fluctuations in the temperature
and wind field. Within this chapter first results of in-situ turbulence observations in the
stratosphere will be presented. All data shown here were obtained during the BEXUS 6
campaign on 8 October 2008 and the BEXUS 8 campaign on 10 October 2009 performed at
Kiruna (67◦N, 21◦ E). Details concerning the technical set-up and the integration of LITOS
into the BEXUS gondola can be found in Sect. 3.3.3.
Section 4.1 deals with observations of wind and temperature fluctuations and their spatial
separation in turbulent and non-turbulent regions. In order to find all turbulent layers within
the data set, a new algorithm has been developed and implemented. Its great advantage
resides in the autonomous analysis of the complex and inhomogeneous data set. The method
itself and the results are presented in Sect. 4.2. In Sect. 4.3 it is demonstrated that the ob-
served turbulent regions are real atmospheric turbulence and not due to instrumental effects.
For this purpose, spectra of the wind and temperature fluctuations have been calculated and
compared with the turbulent spectrum expected from theory. In a second step, the energy
dissipation rate is derived by fitting a theoretical model to the turbulent spectrum. The
accuracy of the calculated energy dissipation rates is discussed in Sect. 4.3.1. In Sect. 4.4
altitude profiles of the dissipation rate are presented for the temperature and wind field.
Finally, averaged values of energy dissipation rates obtained with LITOS are compared to
values found in the literature in Sect. 4.4.3.

4.1. Turbulent fluctuations in the wind and temperature
field

The data obtained with LITOS comprises voltage values of the CTA and CCA system
sampled with a rate of 2 kHz (i.e. 0.5 ms time step) or 8 kHz (i.e. 0.125 ms time step). Before
further analyses, these data have to be associated with time and altitude values. Based on
the exact starting time and sampling rate and the fact, that there are no gaps within the data
stream, time indexes for the measured voltage signal are constructed. These indexes are used
to obtain the altitude profile. The altitude information has been taken from a commercial
radiosonde (Väisälä RS 92), which is one main part of the LITOS payload. Via the time
altitude information of the radiosonde, the time scale of the voltage signal is converted to
an altitude scale. Therewith, an altitude profile of the measured voltage values of the CTA
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and CCA sensor is obtained.
The voltage signal contains fast variations (with periods in the order of milliseconds) due to
temperature and wind shear and slow variations (� 1 s period) caused by gondola motions
and decreasing sensitivity. In order to eliminate the low frequency effects, a spline trend

Figure 4.1.: Example of the observed profiles of velocity fluctuations (left panel) and temper-
ature fluctuations (right panel) between 18.5 km and 20 km during the BEXUS 8 flight. Regions
with strong turbulent fluctuations can be clearly distinguished from calm regions which are solely
characterized by instrumental noise.

is removed from the measured voltage signal. The resulting profile then shows voltage
fluctuations generated solely by atmospheric turbulence.

As a typical example, Fig. 4.1 shows measured wind (blue) and temperature fluctuations
(red) after the spline removal for the altitude region between 18.5 km and 20 km during the
BEXUS 8 flight. It can easily be seen, that within the wind field several turbulent layers have
been detected. They can be identified by a varying amplitude of the fluctuations between
3 mV (larger than the noise level) and ∼ 20 mV. For example, one turbulent region can be
identified between 19350 m and 19450 m or above from 19600 m up to 19750 m with more
frequent voltages of ∼ 20 mV. Also thin isolated turbulent layers have been detected, e.g.
around 19900 m. The question arises whether these regions belong to the same event, i.e.
have the same source of turbulence. It is difficult to find an answer to this question, since the
knowledge about stratospheric turbulence is limited and up to now experimental evidence
or theoretical modeling of this phenomenon is rare. However, in Chap. 5 the occurrence of
the turbulent layers and their relation to the background atmosphere as well as possible
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indications of their source will be discussed.
The right part of Fig. 4.1 shows the measured temperature fluctuations for the same alti-
tude region as the wind fluctuations. It should be noted, that the small gaps within the
temperature profile are due to short-term disturbances caused by instrumental effects which
have been removed from the data profile. Similarly to the observations within the wind field,
several turbulent layers within the temperature field have been identified by voltage values
between 1 mV (larger than the noise level) and ∼8 mV, partly up to 14 mV. But, the layers
seem to be thinner and the distance in between seems to be larger compared to the turbu-
lent layers of the wind field. Hence, the turbulent regions of the temperature field do not
cover the same altitude area as the regions of the turbulent wind field. The discrepancies
can be indicative of different sources or different time scales of the measured turbulence.
Furthermore, it should be emphasized, that if the mean background temperature gradient
is adiabatic, no or only small temperature fluctuations appear while fluctuations within the
wind field can still be present [Holton, 2004]. The combination of wind and temperature
measurements with LITOS offers an excellent possibility to examine the theoretical state-
ments concerning the differences between thermal and kinetic energy and the formation of
turbulent layers (see Chap. 5). In addition to the continuing alternation between turbulent
and non-turbulent regions, the observations reveal a quite abrupt and distinct transition
between both regions.
Figure 4.2 (left) shows a detailed profile of one single turbulent layer within the stratospheric
wind field. Again, the plot on the right hand side shows the same altitude region for the
temperature field. One can see that in both profiles the laminar flow changes suddenly to
turbulence at 19300 m. The turbulent layer within the wind field extends up to 19390 m.
In contrast, the turbulent layer within the temperature field is less pronounced and less
vertically extended. Already at 19320 m the temperature fluctuations diminish and up to
19370 m only very thin layers of turbulent temperature fluctuations appear. Above 19370 m
there are no more temperature fluctuations, whereas the wind field is still turbulent. Ob-
viously, both profiles of the wind and temperature fluctuations are quite inhomogeneous as
they are characterized by a continuing but unpredictable alternation between turbulent and
non-turbulent regions with sharp boundaries in between.
The layered structure has also been detected by earlier observations of e.g. Sato and Wood-
man [1982] and Barat [1982a]. But the high sampling rate of LITOS of 0.5 ms and less
provides the possibility to observe even the variability within the turbulent layer itself. For
instance, Fig. 4.2 shows that the amplitude of the turbulent fluctuations varies strongly and
therefore the turbulent layer is highly inhomogeneous. Moreover, based on the high resolu-
tion data set, detailed profiles of the energy dissipation rate ε are obtained (see Sect. 4.3 and
4.4).
The non-turbulent region shown in Fig. 4.2 is characterized by small-amplitude fluctuations
of 3 mV (wind) and 1 mV (temperature) which are caused by instrumental noise. Analyses
of the given data sets reveal that the noise level is constant with altitude. Naturally, the
specific value for the noise level depends on each individual sensor and the electronic set-
up, which has been described in Chap. 3. However, the constant noise level demonstrates,
that the changing ambient conditions during the flight do not influence instrument perfor-
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Figure 4.2.: Detailed profile of a single turbulent event observed during the BEXUS 8 flight within
the wind (left panel) and temperature field (right panel). Typical of stratospheric turbulence is the
sudden change from laminar to turbulent flow clearly visible in both profiles at ∼ 19.3 km.

mance. This point emphasizes nicely that LITOS is well suited for small-scale turbulence
measurements in the stratosphere. Finally, it should be noted that due to the simultaneous
observation of wind and temperature fluctuations it is possible to analyze e.g. the relation be-
tween thermal and kinetic energy dissipation. Furthermore potential sources of the observed
turbulent layers may be determined. The next Chap. 5 will address these questions.

43



Chapter 4. Turbulence observations with LITOS

4.2. Cluster analysis to identify turbulent layers

One major point of interest is the number and vertical expansion of turbulent layers detected
with LITOS. Already emphasized in Sect. 4.1, the obtained data set is quite heterogeneous
and comprehensive. Thus, an autonomous and effective method is required to analyze the
given data profiles. Basically, turbulent layers are characterized by a high variability of the
measured wind or temperature values within a certain altitude distance. Hence, an algorithm
has been developed detecting such concentrations or clusters of turbulent values within the
wind or temperature profile. Before the cluster algorithm can be applied, a preprocessing of
the given data set has to be done in order to isolate turbulent data points from non-turbulent
data points. Therefore, the noise level has been determined via the power spectrum for each
sensor individually. Since the noise level is constant with altitude, this value has been used as
a threshold to classify each data point of the signal as turbulent (larger than the threshold)
or non-turbulent (smaller than the threshold).1 After that procedure, the vertical profile of
turbulent and non-turbulent points provides the basis for the cluster algorithm. It should
be pointed out that data points can be classified as non-turbulent although they are located
within a turbulent layer. The reason for this is that not all data points within a turbulent
layer are necessarily larger than the noise level. That means, that there are in fact more data
points within a turbulent layer than determined by the preprocessing. However, the aim of
the cluster algorithm is to identify the beginning and ending of a turbulent layer and not
the exact amount of data points within a turbulent layer. In order to determine the altitude
for the beginning or ending of a turbulent layer only the data points which are larger than
the noise level (provided by the preprocessing) are needed.
Based on the preprocessed data set, the algorithm assigns turbulent data points to one
turbulent layer, i.e. cluster, depending on a certain number of adjacent turbulent points
within a certain altitude distance. In other words, if a turbulent point has at least n turbulent
neighbors within distance d, it is associated with a cluster. If this is not the case the point
is considered as an outlier. Therefore the results of the cluster algorithm depend on these
two parameters, namely the distance d and the minimum number of turbulent data points
n. These parameters are based on the assumption about the density of turbulent points
representing turbulent layers. Figure 4.3 shows an example of a turbulent layer (a) and the
result of the cluster algorithm (b–d) depending on the values for the distance d and minimum
number of neighbors n. In Fig. 4.3/a the measured wind fluctuations have been plotted (blue)
together with the turbulent data points (red) determined by the preprocessing. Obviously
several turbulent layers with different thicknesses have been detected. For a distance d = 5 m
and a minimum number of neighbors n = 100 (Fig. 4.3/b) one cluster has been identified
from 9695 m up to ∼ 9740 m, a second cluster from 9750 m up to 9765 m and so on. In total
14 clusters have been identified with this parameter combination. For comparison, d = 10 m
and n = 100 (Fig. 4.3/c) yield only 3 clusters for the same altitude range. For instance, the
region between 9800 m and 10130 m has been summarized to one big cluster, while it has been
divided into several smaller clusters for the previous parameter combination. The reason is,

1Of course, a single data point can not indicate turbulence. But, the term turbulent data point is used to
mark a data point as potentially belonging to a turbulent layer.
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that d = 10 m allows a lower concentration of turbulent data points for the same altitude
range and therefore clusters with a higher vertical expansion, i.e. thicker turbulent events
can result. This is also evident from Fig. 4.3/d, where the distance d has been increased to
15 m and the minimum number of neighbors n is again 100. Now, the whole turbulent region
has been merged to one big cluster, i.e. one turbulent layer from 9700 m up to 10130 m.

Figure 4.3.: Turbulent region obtained during the BEXUS 6 flight and the result of the cluster
algorithm with different parameter combinations. Panel a) shows the fluctuations within the wind
field (blue) and the points marked as turbulent by the preprocessing (red). Panels b), c), and d)
present the clusters identified for d = 5 m and n = 100, d = 10 m and n = 100, and for d = 15 m
and n = 100. For more details see text.

The example demonstrates the difficulty in determining the beginning and ending of a tur-
bulent event. It raises the question of the minimum or maximum possible thickness of a
turbulent event or which single turbulent layers belong to the same turbulent event. An-
swers can only be obtained by relating the cluster results with atmospheric background
data provided by e.g. the radiosonde. Such geophysical analyses are the subject of the next
Chapt. 5. However, the cluster algorithm is an effective method to get an overview of the
turbulent layers within the measured profile of temperature and wind fluctuations. Further-
more, it is important to note that due to the limited knowledge of stratospheric turbulence,
the statistics obtained with the cluster algorithm contain completely new insights in e.g. the
distribution and depths of turbulent layers as well as the difference between their occurrence
in the wind and temperature field.

However, in order to valuate the results of the cluster algorithm, the first step is to investigate

45



Chapter 4. Turbulence observations with LITOS

how sensitive are the results of the algorithm to the predefined parameters d and n, i.e. the
assumptions made about the density of turbulent points. Hence, the algorithm has been
applied to the same data set with different parameter combinations. Figure 4.4 shows the
result of the cluster algorithm where the distance parameter d has been kept constant,
i.e. 5 m, and only the minimum number of neighbors has been changed from 100 to 1000.
Obviously, for all values of n the number of turbulent layers decreases for increasing layer
thicknesses. Looking at the single n-classes more thick layers are found at low n-numbers.
This is consistent with the fact that for lower values of parameter n less turbulent data
points within distance d are needed to form a cluster. Consequently, altitude regions with
a lower concentration of turbulent data points can lead to bigger clusters. In other words,
the smaller the values of n, the higher the number of thick turbulent layers, i.e. turbulent
layers with a thickness of more than 100 m. Accordingly, higher values for parameter n lead
to more and thinner turbulent layers. This is also evident from Fig. 4.4, where the number
of turbulent layers with a thickness smaller than 10 m increases for higher values of n. In
summary, the smaller n, the higher the number of thicker layers and vice versa.
Now the variation due to a varying distance parameter d is examined. In Fig. 4.5 the cluster

Figure 4.4.: Sensitivity study of the cluster algorithm: The cluster algorithm has been applied with
a constant distance parameter d to the complete profile of velocity fluctuations of the BEXUS 6
flight. The results for the different values of parameter n (minimum number of neighbors) are
plotted as bars for the classified vertical thickness of identified clusters, i.e. turbulent layers.

results are shown for a constant n = 300 and different values for the distance parameter d.
The number of identified turbulent layers is plotted against five groups with different vertical
thicknesses of the turbulent layers.
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Figure 4.5.: Sensitivity study of the cluster algorithm: Result of the cluster algorithm for a
constant minimum number of neighbors (n) and a changing distance parameter d. All clusters
(i.e. turbulent layers) identified within the profile of velocity fluctuations of the BEXUS 6 flight
where classified depending on their vertical thicknesses.

Obviously, for d = 1 m (blue) only turbulent layers with a thickness smaller than 50 m have
been classified. That means that the distribution of turbulent points is not that dense to
find larger altitude ranges with 300 turbulent points per meter. The most turbulent layers
have been identified for a distance parameter of 5 m (red). Here, the cluster algorithm found
turbulent layers for all groups of turbulent layers with a thickness from < 10 m and up to
> 200 m. A similar amount of layers yields only a distance of 10 m. The higher the distance
parameter d, the lower the number of thin turbulent layers. This follows from the fact, that
thinner turbulent layers could be merged to thicker turbulent regions for increased values of
d. Hence, a distance parameter of 5 m or 10 m seems to be able to cover all five turbulent
layer groups. But one question still remains: What is the best combination of d and n to
obtain a representative turbulent layer thickness and distribution?
By considering the statistics of turbulent points per meter a nice possibility is found to
answer this questions. In a first step, the mean ascent rate of the BEXUS 6 gondola has
been calculated, namely ∼ 4.45 m/s. Since the voltage signal was sampled at a rate of 2 kHz,
2000 data points were obtained for 4.45 m. Now the amount of data points for the specific
distance parameter d is calculated. Table 4.1 shows the result for d = 1 m, 5 m, and 10 m.
The result of the preprocessing enables the determination of the percentage of data points
marked as turbulent of the total amount of data points, namely 49% for the troposphere
and 17% for the stratosphere. Using these values, the number of turbulent data points for
each individual distance parameter (column 2) has been calculated for the tropospheric and
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for the stratosphere region. Since the cluster algorithm should be applied to the complete
profile at once and in order to retrieve correct results for the troposphere and stratosphere,
the following analyses have been performed with stratospheric values. Hence, the value for
the minimum number of neighbors n has been derived from column 4.

Table 4.1.: Based on the mean ascent rate of the BEXUS 6 gondola (4.45 m/s) the number of
measured data points within 1 m, 5 m, and 10 m have been assessed by means of the sampling
frequency of 2 kHz (i.e. 2000 data points within 4.45 m). The percentage of points marked as
turbulent by the preprocessing has been determined individually for the tropospheric region (7–
15 km), i.e. 49% and for the stratospheric region (15–29 km), i.e. 17%. These values have been used
to calculate the percentage of turbulent data points for both height ranges based on the values in
column 2. The results are shown in column 3 and 4 and the last column contains the derived value
for the parameter n.

parameter d data points turbulent data
points tropo-
sphere (49%)

turbulent
data points
stratosphere
(17%)

parameter n

1 m 449 220 76 70

5 m 2247 1101 382 300

10 m 4494 2202 763 700

A similar statistic has been compiled for the 8 kHz CCA signal of the BEXUS 8 flight and
the results are summarized in Tab. 4.2 for the tropospheric and stratospheric region.

Table 4.2.: Analogous statistic for the temperature sensor BEXUS 8 flight. Based on the mean
ascent rate of the gondola (∼ 4.7 m/s) and the sampling rate (8 kHz), the amount of data points
for parameter d in column 1 have been determined. During the preprocessing, data points have
been marked as turbulent and their percentage have been calculated for the troposphere (8 %) and
for the stratosphere (15 %). These values have been adopted to column 2 in order to obtain the
turbulent data points for the troposphere (column 3) and stratosphere (column 4). The last column
contains the result for the parameter n.

parameter d data points turbulent data
points tropo-
sphere (8%)

turbulent data
points strato-
sphere (15%)

parameter n

d = 1 m 2235 179 335 100

d = 5 m 11173 894 1676 800

d = 10 m 22346 1788 3352 1700

The choice of the parameter combination of d and n used for the following analyses is
based on geophysical considerations and on the performed sensitivity studies of the cluster
algorithm. A value of 1 m for the distance parameter d leads to depths of the turbulent
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layers solely smaller than 50 m, while for d = 100 no turbulent layers thinner than 50 m and
with a thickness between 100 m and 200 m have been identified (see Fig. 4.4). Hence, both
values yield only one-sided results for the depths of the turbulent layers. That means that
for d = 1 m, the distance between the turbulent layers must be quite small (≤ 1 m) in order
to get thicker turbulent layers. But measurements performed by e.g. Barat [1982a] reveal,
that especially in the stratosphere the distance between the turbulent layers is certainly
> 1 m. On the other hand, for d = 100 more thin turbulent layers have been merged to
bigger clusters, even though the distance in between can reach 100 m. Hence, the results
are less objective than for a lower value of d. However, based on geophysical considerations
and the sensitivity studies, a distance parameter of d = 5 m seems to be appropriate to give
representative results of the cluster algorithm. As already explained above, the choice of
n depends on the statistics presented in Tab. 4.3 and Tab. 4.4. Besides this statistic, the
sensitivity study reveals that the value of n is less critical than for d. Hence, n has been set
to 300 for BEXUS 6 or 800 for data sampled with 8 kHz during BEXUS 8.

4.2.1. Statistic of turbulent layers observed during BEXUS 6

In the previous section the cluster algorithm has been described as well as the statistical
determination of d, the distance parameter and n, the minimum number of adjacent turbulent
data points.

Figure 4.6.: Number of turbulent layers identified within the profile of wind fluctuations during the
BEXUS 6 flight. The profile is analyzed separately for the troposphere (blue) and the stratosphere
(red). Depending on their vertical thickness, the turbulent layers are classified into 5 groups.
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With d = 5 m and n = 300 the cluster algorithm has been applied to the profile of wind
fluctuations of the BEXUS 6 flight. The resulting turbulent layers are divided into five
groups depending on their thickness. In Fig. 4.6 these groups are plotted against the number
of layers per group. The blue bars show the results for the tropospheric region (7–15 km) and
the red bars for the stratosphere (15–29 km). Clear differences appear in the groups for layer
thicknesses smaller than 10 m and between 10 m and 50 m, where almost three times more
turbulent layers have been found in the stratosphere than in the troposphere. The differences
decrease for an increasing layer thickness, so that the smallest difference occurs for turbulence
with a vertical thickness of more than 200 m. However, for both regions, considerably more
thin layers than thick layers are detected. For the troposphere 115 turbulent layers and for
the stratosphere 330 layers are identified, resulting in 445 turbulent layers for the complete
profile of wind fluctuations.

Figure 4.7 shows the thickness of all turbulent layers against the altitude where each layer
begins. Here, the difference between troposphere and stratosphere is not that easily recogniz-
able as in Fig. 4.6. In the stratosphere above 20 km, a higher number of turbulent layers with
a thickness smaller than 50 m have been found. Furthermore, a slightly decreasing number
of thicker layers with altitude can be noticed. Besides these findings, turbulent layers with
a varying vertical thickness have been detected within the troposphere as well as within the
stratosphere. In order to quantify the turbulent layer statistics, the maximum, minimum
and mean thickness, as well as the maximum, minimum and mean distance between the
layers have been calculated for the troposphere, stratosphere and for the complete altitude
profile. Accordingly, Tab. 4.3 shows the result for the wind fluctuations of the BEXUS 6
flight.

Figure 4.7.: The vertical thickness of all identified turbulent layers within the wind field during
BEXUS 6 plotted against the altitude, where each turbulent layer begins.
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On average, turbulent layers in the wind field of the BEXUS 6 flight are 38.2 m thick. If
the profile is separated into troposphere and stratosphere, thinner layers (29.8 m) have been
detected in the stratosphere, while in the troposphere the turbulent layers are 62 m thick on
average, i.e. twice as thick. The mean distance of nearly 70 m in the troposphere indicates
that the layers are further apart from each other compared to the stratosphere, where a
mean distance of 41.9 m has been obtained. The maxima of thickness and distance show a
similar behavior. Here the values for the troposphere are about three times higher than in
the stratosphere.
Summarizing the results of the cluster algorithm for the BEXUS 6 flight, more turbulent
layers have been observed within the stratosphere and they are only half as thick as in the
troposphere.

Table 4.3.: Characteristics of the turbulent layers obtained for the wind fluctuations of the
BEXUS 6 flight with the cluster algorithm. Maximum, minimum and mean values were determined
for the troposphere (column 2), the stratosphere (column 3) and the complete profile (column 4).

7000–15000 m 15000–29000 m 7000–29000 m

maximum thickness (m) 1464.4 413.3 1464.4

minimum thickness (m) 1.3 1.1 1.1

mean thickness (m) 62.0 29.8 38.2

maximum distance (m) 1474.6 500.7 1474.6

minimum distance (m) 1.7 1.3 1.3

mean distance (m) 68.6 41.9 49.5

4.2.2. Statistic of turbulent layers observed during BEXUS 8

During the BEXUS 8 flight profiles of both wind and temperature fluctuations have been
obtained. A statistic for the data sets has been compiled which yields an overview of the
detected turbulent layers. Based on Tab. 4.2 the cluster algorithm has been applied with
d = 5 m and n = 300 to the 2 kHz sampled data and n = 800 to the 8 kHz sampled data.
Since the wind fluctuations during BEXUS 8 have been measured with two individual CTA
sensors (one sampled with 2 kHz and the other with 8 kHz), the cluster algorithm has been
applied to both data sets with the appropriate parameters. Only the turbulent layers de-
tected with both sensors have been used for the further analyses. In Fig. 4.8 the resulting
number of turbulent layers within the wind field has been plotted against five groups of
thickness ranges for the troposphere (blue) and stratosphere (red). Likewise the result of
BEXUS 6, a larger number of turbulent layers with a thickness smaller than 50 m have been
detected within the stratosphere compared to the troposphere. There are nearly twice as
many stratospheric turbulent layers in the group 10 m–50 m than tropospheric layers. Fur-
thermore, one can notice that the thicker the layer gets, the less becomes the number of
detections. Within the troposphere 102 and within the stratosphere 178 turbulent layers
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have been identified. In total, 280 turbulent layers were measured, which are considerably
less than during BEXUS 6. Furthermore, an increase of the number of turbulent layers can
be observed between the first group (< 10 m) and the second group (10 m–50 m). The con-
trary result has been obtained for the BEXUS 6 flight, where the number of layers decreases
from the first to the second group of layer thicknesses.

Figure 4.8.: Determined number of turbulent layers within the wind field of the BEXUS 8 flight for
the troposphere (blue) and stratosphere (red). The calculated layer thicknesses have been divided
in five classes.

Figure 4.9 shows the thickness over the starting altitude of each turbulent layer. Similar to
BEXUS 6, a slight tendency towards a decrease of thick layers and towards a higher number
of turbulent layers with depths < 50 m above 20 km can be noticed. Furthermore, as Fig. 4.8
has already shown, the number of thin layers is generally higher than the number of thicker
layers.
The cluster algorithm has also been applied to the BEXUS 8 profile of temperature fluctu-
ations. Again, the thickness of the turbulent layers has been split into groups and plotted
over the number of layers for each group in Fig. 4.10 individually for the troposphere (blue)
and stratosphere (red). Obviously, a similar behavior as for the turbulent layers within the
wind field can be observed for the temperature field. Within the stratosphere the number
of thinner layers is higher compared to the troposphere and only half of the number of tur-
bulent layers smaller than 10 m in the stratosphere have been observed in the troposphere.
Generally, there are more stratospheric turbulent layers in all groups than tropospheric lay-
ers, but the difference is smaller compared to the results for the wind profiles of BEXUS 6
and BEXUS 8. On the other hand, in contrast to the turbulent layers within the wind field,
no turbulent layer with a vertical thickness above 200 m has been identified.
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Figure 4.9.: All identified turbulent layers of the BEXUS 8 wind field with their depths against
the start altitude of each layer.

The individual thickness of all turbulent layers in the temperature field is plotted against
their starting altitude in Fig. 4.11. More or less no variation with altitude can be observed.
Furthermore, it can easily be seen that most of the layers are thinner than 50 m and that
there are considerably less turbulent layers with a higher vertical thickness. In fact, no
turbulent layers thicker than 150 m have been detected. In order to quantify this statement,
Tab. 4.4 contains the extremes and mean values for the layer thickness and the distance
between the layers for the wind field as well as for the temperature field.

For the turbulent layers within the wind field an averaged depth of 46.4 m has been deter-
mined. A splitting into stratosphere and troposphere shows that thinner layers have been
found in the stratosphere (36 m) in comparison with the troposphere (64.6 m). Looking at
the results for the temperature field, the turbulent layers have been only half as thick as
for the wind field, namely 24 m. Furthermore, in contrast to the wind, the mean thickness
of turbulent layers in the troposphere (24.9 m) is almost identical with the thickness in the
stratosphere (23.4 m). The maximum values are particularly different for both fields. For in-
stance, in the stratosphere wind field turbulent layers with a maximum thickness of 225.6 m
have been identified, whereas in the temperature field the turbulent layers are only 139 m
thick at maximum. The difference within the troposphere (7 km - 15 km) is even higher.
Here the thickest turbulent layer within the temperature field is 146.6 m and the thickest
turbulent wind layer 1237.3 m. Comparing the maximum distances between the turbulent
layers, one can notice that the turbulent wind layers in the stratosphere are closer together
than in the troposphere. Exactly the opposite is the case for the turbulence in the temper-
ature field. Here the higher distance is found in the stratosphere. On average, a distance
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Figure 4.10.: Identified turbulent layers within tropospheric (blue) and stratospheric (red) tem-
perature field of BEXUS 8. Their vertical depths have been classified and the number of layers per
group were counted.

of 68.5 m has been obtained for the complete profile of wind fluctuations and 50.9 m for the
temperature fluctuations.
Finally, the values for the turbulent layers within the wind field of the BEXUS 8 flight have
been compared with the values of the BEXUS 6 flight. During both flights thinner turbulent
layers have been observed in the stratosphere and also the distances between the layers were
smaller above 15 km. Besides the fact that all individual values for the thicknesses and dis-
tances have the same order of magnitude for BEXUS 6 and BEXUS 8, the most remarkable
point is the small difference of the mean thicknesses between both flights. For the complete
profile of wind fluctuations the mean thickness of the BEXUS 8 flight amounts to 46.4 m and
is therewith just ∼ 8 m larger than the mean thickness of the BEXUS 6 flight. In particular,
within the troposphere the mean layer thickness of BEXUS 6 differs by only 2.6 m from the
BEXUS 8 flight. The similarity between the BEXUS 6 and BEXUS 8 results as well as the
difference between the identified temperature and wind layers demonstrate nicely, that the
results are no artifacts of the cluster algorithm.
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Figure 4.11.: The thickness of the temperature layers observed during BEXUS 8 plotted against
the start altitude of the layers.

Table 4.4.: Statistic of the turbulent layers observed within the wind and temperature field dur-
ing BEXUS 8. Individual values have been determined for the maximum, minimum and mean
thicknesses and distances. Column 2 contains the results for the troposphere, column 3 for the
stratosphere and column 4 presents the results for the complete profile.

7000 – 15000 m 15000 – 26500 m 7000 – 26500 m

w
in

d

maximum thickness (m) 1237.3 225.6 1237.3
minimum thickness (m) 1.3 1.3 1.3

mean thickness (m) 64.6 36.0 46.4
maximum distance (m) 1243.8 440.8 1243.8
minimum distance (m) 1.4 1.3 1.3

mean distance (m) 79.2 62.6 68.5

te
m

p
e
ra

tu
re

maximum thickness (m) 146.6 139.0 146.6
minimum thickness (m) 1.1 1.0 1.0

mean thickness (m) 24.9 23.5 24.0
maximum distance (m) 252.8 529.0 529.0
minimum distance (m) 1.7 1.33 1.3

mean distance (m) 54.2 48.4 50.9
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4.2.3. Comparison of the cluster analysis results with other
measurements

In the literature only little information is given concerning the vertical thickness of turbulent
layers in the stratosphere or the distance between the layers. This means that the results of
the cluster algorithm provide not only new insights in the distribution and thicknesses of the
turbulent layers but also offer the possibility to compare the occurrence of turbulent layers
within the wind and temperature field.
During the 1980s pioneering balloon measurements studying stratospheric turbulence were
performed by e.g. Barat and Aimedieu [1981]; Barat [1982a, b]; Barat and Genie [1982].
Their observations reveal vertical depths of the turbulent layers ranging from less than
50 m up to 800 m. Another paper by Sato and Woodman [1982] shows radar measurements
of thin stratospheric turbulent layers. The thickness were usually less than the altitude
resolution of the radar, so that they could only estimate the vertical depth to be less than
150 m. But from a zenith-swinging experiment they got an average value of about 50 m.
Additionally, they determined a vertical separation between the turbulent layers from a few
to several hundred meters. The measurements obtained with LITOS yield similar results for
the vertical thicknesses as well as for the distance between the layers. But in contrast to the
earlier observations, a more detailed statistic has been achieved with LITOS.

4.3. Spectral analysis of turbulent fluctuations

In Sect. 4.1 examples of turbulent layers within the temperature and wind field have been
shown. However, it needs to be verified that the observed layers in the raw data field are
really turbulence and not regions of e.g. increased noise or other instrumental artifacts. In
order to answer this question, the spectrum of the fluctuations has been calculated and
compared with the turbulent spectrum expected from theory.
Before calculating the individual spectrum, large scale disturbances (e.g. gondola movements)
were removed from the raw data signal by subtracting a spline trend. Afterwards, Welch’s
method has been applied to obtain the power spectral density values [Welch, 1967]. Welch’s
method divides a data segment into overlapping sections, calculates the periodogram of each
section and finally averages those periodograms to estimate the power spectral densities of
the complete data segment. The great advantage of this method is, that it reduces the
variance of the estimation of the power spectral densities and therefore provides results
with a higher accuracy compared to other methods like e.g. the Bartlett method. Within
spectral analyses a smearing of the signal energy over a wide frequency range could appear,
due to the fact, that the sampled section does not end with exactly the same period as it
has started. This phenomenon is called spectral leakage and can be reduced by applying
window functions. Accordingly, during the calculation of the periodogram of each section a
Hann window has been used. As a typical example, Fig. 4.12 presents the spectrum of wind
fluctuations for the turbulent region between 19310 m and 19350 m of the BEXUS 8 flight
(see Fig. 4.2). The spatial scale L has been derived from L = 2π/k = vb/f (k= wavenumber,
f = frequency, vb = balloon ascent velocity). An m−5/3 slope is well identified between spatial
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scales of 10 m and 0.1 m as well as the transition to an m−7 slope below 0.08 m. Hence, the
observed slopes agree nicely with the slopes expected from theory, which have been discussed
in Sect. 2.1.2. The noise level of the CTA system starts at a power spectral density value of
∼ 10−7 V/s. This demonstrates that LITOS has the required resolution and sensitivity to
cover the inertial subrange and part of the viscous subrange. Until now, there is no other
instrument known with such a high resolution for wind and temperature measurements in
the stratosphere. Consequently, these are the first in-situ measurements of turbulent spectra
down to the viscous subrange in the stratosphere!
For comparison, the spectrum of the non-turbulent region between 19250 m and 19280 m
(see Fig. 4.2) is shown in Fig. 4.13. In contrast to the turbulent spectrum, the slope does not
follow the characteristic m−5/3 behavior. The power spectral densities for scales smaller than
3 m are much lower than in the turbulent case and basically show instrumental noise. At
small spatial scales (. 0.02 m) there are still some apparent irregularities (in both spectra)
presumably due to electronic disturbances. But they do not hamper the spectral analysis.
Since the BEXUS gondola is not stabilized, slow rotation occurs (see appendix D). That
pendulum and rotation would cause distinct peaks in the spectrum at lower frequencies
(∼ 1 Hz). The measured spectra show no significant signal at that frequency.

Figure 4.12.: Turbulent spectrum of velocity fluctuations for a 40 m altitude interval obtained
during the BEXUS 8 flight. The black line shows the theoretical fit based on the Heisenberg model.
An inner scale of 3.4 cm and an energy dissipation rate of 3 mW/kg have been determined.
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Figure 4.13.: Spectrum of an non-turbulent region of velocity fluctuations during the BEXUS 8
flight. In contrast to the turbulent spectrum (Fig. 4.12) no m−5/3 or m−7 slope has been observed.

During the BEXUS 8 flight not only wind turbulence but also turbulent structures within
the temperature field have been observed. Accordingly, also the spectra of temperature fluc-
tuations have been studied. Figure 4.14 shows an example of a turbulent spectrum of tem-
perature fluctuations, which has been calculated for the altitude region 19300 m to 19313 m
(shown in Fig. 4.2). The spectral behavior corresponds very well with the theoretical slope,
which has been described in Sect. 2.1.2. Looking at the inertial subrange, an m−5/3 slope ex-
ists between 2 m and 0.04 m which proceeds to an m−7 slope within the viscous subrange, i.e.
below 0.02 m. Similar to the velocity spectrum, the instrumental noise starts at a power spec-
tral density value of ∼ 10−7 V/s, but it apparently shows less disturbances than the noise of
the CTA system. Obviously, the CCA system seems to be less susceptible to e.g. movements
of the gondola or electronic disturbances by other systems or telemetry. A complete CCA
noise spectrum is shown in Fig. 4.15 for a non-turbulent region between 19260 m and 19290 m.
As expected, the spectrum does not contain a slope indicating turbulence, i.e. neither an
m−5/3 slope nor an m−7 slope arises in this altitude region.

Based on the spectral analyses one of the most essential turbulence parameter can be deter-
mined, namely the energy dissipation rate ε. The energy dissipation rate is normally used
to estimate the turbulence effect on e.g. atmospheric dynamics, chemistry and coupling. For
the calculation of the energy dissipation rate the method of Lübken [1992] and Lübken et al.
[1993] has been adopted. The mathematical implementation of this method is briefly de-
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Figure 4.14.: Example of a turbulent spectrum calculated for temperature fluctuations measured
during the BEXUS 8 flight. The Heisenberg model has been fitted to the spectrum (black line) in
order to determine the inner scale (1.9 cm) and the energy dissipation rate (0.37 W/kg).

scribed here, while the theoretical background is found in Sect. 2.2.5.
In order to obtain ε the Heisenberg model (Eq. 2.24) has been fitted to the measured spectrum
using the equation for the inner scale l0 for velocity fluctuations (Eq. 2.33) or for temperature
fluctuations (Eq. 2.41). The kinematic viscosity has been calculated based on the radiosonde
data. For the fitting routine, the least mean square method from Matlab (lsqcurvefit) has
been applied. The best fitting result yields the inner scale l0 which in turn determines the
turbulent energy dissipation rate ε. As an example the best fit model has been plotted as a
black line to the spectrum in Fig. 4.12. The theoretical fit agrees nicely with the measured
spectrum and an inner scale l0 of 3.4 cm has been obtained. Based on this value the energy
dissipation rate has been determined as 0.003 W/kg. Similarly, the black line in Fig. 4.14
represents the best fit of the Heisenberg model to the measured spectrum of temperature
fluctuations. Again, the model corresponds quite well with the observed spectrum. The
result for the inner scale l0 is 1.9 cm and for the energy dissipation rate ε ∼ 0.37 W/kg.

4.3.1. Accuracy of the determination of the energy dissipation rate

The applied method to calculate the energy dissipation rate depends crucially on the ac-
curacy of the determination of l0. Small errors in l0 lead to significant uncertainties of ε,
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Figure 4.15.: Spectrum of a non-turbulent region within the profile of temperature fluctuations
during BEXUS 8. The noise level shows no large disturbances at all.

because l0 ∝ ε1/4. A possible uncertainty within the determination of l0 is the conversion
of frequency scales into spatial scales which can be affected by the relative movement of
the gondola. For that reason an accelerometer has been included in the LITOS payload.
However, for the conversion the particular ascent rate is used, which is modulated by the
relative horizontal wind by the root of the sum of squared velocities (vertical and relative
horizontal). For the BEXUS 6 launch an error of the inner scale due to ignorance of relative
horizontal wind of ∼10% has been estimated resulting in 30–50 % error in ε. This error can
possibly be reduced by careful analysis of the acceleration data. A second error source is the
fact, that the data sequence taken for a single turbulence spectrum is not necessarily filled
with homogeneous turbulence. Typically spectra are calculated from 40–100 m sections of
data. The turbulent layer has to fill a large part of this section to produce a clear spectral
signal. Inhomogeneous turbulence might result in some smearing of the spectra especially
in the transition region of inertial and viscous subrange even for this high resolved observa-
tions. By this the determination of the inner scale might be affected and thus also the energy
dissipation rate. For turbulent layers thinner than 40–100 m a maximum error of ∼ 10 % is
assumed for the inner scale, similar to the factor induced by ignoring the relative horizontal
wind. Nevertheless, it should be pointed out that in contrast to other methods (e.g. structure
function method, see Sect. 2.2.4), the calculation of ε does not depend on absolute spectral
densities (which may be affected by changing instrument sensitivities) or more or less un-
known “constants”, but only on the precise measurement of the temporal variations. The
range of ε values which can be observed with LITOS vary between 2.1× 10−6 W/kg (max-
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imum l0 of 1 m) and 5.3 W/kg (minimum l0 of 0.025 m). It should be emphasized that this
range of energy dissipation rates can be measured by LITOS from the boundary layer up
to the middle stratosphere, as the noise level is constant with altitude. Furthermore, up
to know a sub-cm measurement resolution has not been achieved within the stratosphere
and LITOS therefore provides the possibility to determine the energy dissipation rate with
a precision that has not been achieved so far in the stratosphere.
In the next section profiles of the energy dissipation rate for the BEXUS 6 and BEXUS 8
flight will be shown, which have been obtained based on the fitting procedure described here.

4.4. Measured profiles of energy dissipation rate

In order to obtain a complete profile of ε the data set is divided into segments by a moving
window of 5 s, i.e. 25 m (assuming a balloon ascent rate of 5 m/s) with an overlap of 2 s,
i.e. 10 m. For each segment, the spectrum is calculated based on Welch’s Method [Welch,
1967], see also Sect. 4.3). After evaluating whether the spectrum is turbulent or not by
means of the individual noise characteristic, the Heisenberg model is fitted to the turbulent
spectrum. The resulting ε value is assigned to the mean altitude of the segment. For the
non-turbulent spectra ε is assigned as zero. Thus, a profile of the energy dissipation rate
with a step size of 10 m for the complete altitude profile is obtained. In the following, the ε
profile for the BEXUS 6 and BEXUS 8 flight will be presented and discussed in relation to
the atmospheric background conditions during each flight.

4.4.1. BEXUS 6

Figure 4.16 shows the energy dissipation rate ε from 7 km up to 29 km for the BEXUS 6
flight on 8 October 2008 from Kiruna. It can easily be seen, that the energy dissipation
rate increases with altitude. Accordingly, the lowest value of 1.45 × 10−6 W/kg has been
measured below 16 km and the highest value of 1.81 W/kg above 25 km, respectively. Hence,
the values of the energy dissipation rate cover several orders of magnitude within an height
range of ∼ 22 km. The linear regression of log ε (red line) reveals an exponential increase
of the energy dissipation rate with altitude. In order to get a more detailed picture of the
individual turbulent regions, Fig. 4.17 shows again the profile of the energy dissipation rate,
but this time in linear scale and divided into three altitude ranges. The left panel presents
the altitude region between 7 and 14 km, the middle panel between 14 and 22 km, and the
right panel shows the altitude region between 22 and 29 km. It should be emphasized, that
due to the height variation of the ε values, the ε-axes have been scaled differently for the
three plots to visualize individual turbulent layers within the complete altitude region. Now,
the intermittency of the turbulent regions is clearly recognizable by the alternation between
regions with high ε values, i.e. turbulent layers, and regions with lower values of ε, i.e. calm
regions. Up to 10.3 km the predominant part is characterized by very low energy dissipation
rates and only a few smaller turbulent layers stand out of the calm background. Above
10.3 km several distinct turbulent regions have been observed. Especially the turbulent layers
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at 10.3 km, 11 km, and 12.6 km directly become apparent. Also in between these layers as
well as above 12.6 km turbulent layers with lower but varying rates of ε have been detected.
Hardly no altitude region can be found here, where there is no turbulent layer. Within
the middle panel, i.e.,from 14 km up to 22 km, the increase of the energy dissipation rate
is again clearly visible. Hence, higher energy dissipation rates can be found above 19.6 km,
while below only a few turbulent layers with ε larger than ∼ 0.02 W/kg have been detected.
On the contrary, the turbulent layer with the highest ε value in this altitude region is located
at 20.4 km. The increase of the energy dissipation rate proceeds also in the altitude region
from 22 km up to 29 km (right panel). The turbulent region above 27.5 km raises instantly the
attention. Here the highest ε values of the complete altitude profile can be found, namely up
to 1.8 W/kg. The two thinner separated turbulent layers at 27.7 km and 28 km are followed
by a turbulent region with a higher vertical extension. Hence, the thickest clearly defined
turbulent layer of the profile is found between 28.6 km and ∼ 28.9 km. Below this strong
turbulence region, i.e. below 27.5 km, more turbulent layers can be found even though they
are less pronounced. In summary, the BEXUS 6 profile of energy dissipation rates displays
nicely the intermittency of the stratospheric turbulence. Moreover, a significant increase of
the ε values with altitude is found.

Figure 4.16.: The energy dissipation rate (blue) of the wind fluctuations during BEXUS 6 plotted
in a logarithmic scale against the altitude. The red line presents the linear regression of log ε.
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Figure 4.17.: Profile of the energy dissipation rate obtained during BEXUS 6 in a linear scale and
divided into three altitude segments to visualize the layered turbulence structure. Due to the high
variation of ε, the ε-axes have been scaled different for the three plots.

4.4.2. BEXUS 8

During the BEXUS 8 flight simultaneous measurements of the stratospheric wind and tem-
perature fluctuations have been performed. Accordingly, profiles of the energy dissipation
rates for both parameters have been calculated. It should be noted, that two CTA sensors
have been used during BEXUS 8 to measure the wind fluctuations and they were located
at different corners of the gondola (see Sect. 3.3.3). For the determination of the ε-profile
only the turbulent regions detected by both sensors have been included. Figure 4.18 shows
the resulting profile for the wind fluctuations. Similar to the BEXUS 6 data, the energy
dissipation rate increases with altitude. Thus, the lowest value of 5.12×10−6 W/kg has been
measured at 7.1 km and the highest value of 0.73 W/kg at 25.8 km, respectively. By means
of linear regression analyses of log ε (red line), an exponential increase of ε with altitude is
manifested which is, however, smaller compared to BEXUS 6. Figure 4.19 shows the energy
dissipation rate profile in a linear scale divided into three altitude regions. In the altitude
region from 7 to 14 km (left panel) several turbulent layers have been observed. Between
7.5 km and ∼ 12.6 km a continuous change between turbulent and non-turbulent region takes
place, where the turbulent layers possess different vertical thicknesses. For instance, one of
the thickest turbulent layers is located at 10 km, while a more quiet region can be found
between 8.6 km and 8.8 km. Longer sections with barely no turbulence have been observed
between 11.1 km and 11.6 km and especially between 12.8 km and 13.8 km. The energy dis-
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sipation rate within the turbulent layer at ∼ 13.9 km comprises the highest value within
that altitude region. A tendency to higher ε values can also be noticed within the altitude
region from 14 to 21 km (middle panel). Furthermore, the intermittency of the detected
turbulence can easily be recognized again. Regions with considerably less or even no turbu-
lence dissipation at all (e.g. 16.2— 16.8 km) alternate with turbulent regions (e.g. 18–19 km).
Particularly prominent is the turbulent layer just above 16 km, because it has the highest
value of ε of 0.42 W/kg (not shown), i.e. nearly eight times higher than almost all other ε
values in this altitude range. The right panel shows the measurement section between 21
and 27 km, which is characterized by turbulent layers with much higher energy dissipation
rates than in the altitude regions below. In addition, there exist much larger regions without
turbulence. For instance, between 21.7 km and 23.2 km not one single turbulent layer has
been observed and between 23.4 and 24.4 km only one layer has been detected with a much
lower ε value than the other dissipation rates in this section. The turbulent layer with the
highest energy dissipation rate is located just below 26 km. Summing up, one can see an
increase of ε with altitude. Furthermore, the distance between the individual layers also
increases with altitude.

Figure 4.18.: Energy dissipation rate (blue) of the wind fluctuations during BEXUS 8 together
with the linear regression (red line). Only turbulent regions detected by both CTA sensors were
used to obtain ε.

Also for the temperature fluctuations during the BEXUS 8 flight a profile of the energy
dissipation based on the spectral analyses has been determined. Figure 4.20 shows ε as a
function of altitude. Strikingly, the values do not show such an increase with altitude like the
values for the wind fluctuations of BEXUS 6 and BEXUS 8. Hence, the corresponding linear
regression of log ε (black line) reveals only a small increase with altitude. Just like before,
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Figure 4.19.: Profile of energy dissipation rate of BEXUS 8 in a linear scale showing turbulent
layers with increased ε values.

the ε-profile has been divided in three different altitude regions in order to visualize the
individual turbulent layers. The left panel of Fig. 4.21 contains the altitude region between 7
and 14 km. There are only a few turbulent layers with a clear distance in between. However,
at 11.8 km the energy dissipation rates increase suddenly significantly by a factor of ∼10. Up
to an altitude of 12.8 km several turbulent layers with such higher energy dissipation rates
occur. This region is in turn followed by a more or less non-turbulent section, which lasts up
to 14.2 km. The altitude region between 14 and 22 km is presented in the middle panel. In
comparison with the altitude region in the left panel, the profile now possesses considerably
more turbulent layers and a continuous alternation between turbulent and calmer regions
characterizes this height range. But, in contrast to the wind fluctuations (see Fig. 4.17
and Fig. 4.19), it is not possible to identify an increase of ε values with altitude, though
the values vary strongly. In addition, no increasing or decreasing of the distances between
the individual turbulent layers can be observed. Similar results have been obtained for
the altitude region 22 to 27 km (right panel). Only slightly different characteristics of the
turbulent region are found. For instance, between 22 and 23 km the energy dissipation rate
is much weaker compared to the region 21–22 km. Between 22.4 and 22.7 km no turbulence
has been detected at all. Similar to the observations within the wind field, a turbulent layer
with a higher vertical extent has been observed between 25.6 and 26 km. The observed layer
within the wind fluctuations has almost the same vertical depth.
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Figure 4.20.: The energy dissipation rate (red) of the temperature fluctuations measured during
BEXUS 8. The linear regression is shown by the black line.

Figure 4.21.: Turbulent layers identified within the temperature field of BEXUS 8 shown by a
linear plot of the energy dissipation rate for three altitude segments.
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4.4.3. Summary and discussion of the energy dissipation rate

Based on the energy dissipation rate profiles shown above, mean ε values and the corre-
sponding heating rate have been determined. In order to emphasize the large amount of
energy which is dissipated into heat within the turbulent layers, the mean values have been
determined for the turbulent regions only. Additionally for comparison, mean values have
also been calculated for the complete altitude profile including turbulent and non-turbulent
regions. Table 4.5 contains the mean values for both BEXUS flights divided into tropo-
spheric and stratospheric region. Clear differences appear between εmean for the turbulent
layers and εmean when also the non-turbulent region are taken into account. For almost all
altitude regions, the energy dissipation rate is up to one order of magnitude higher within the
turbulent layers compared to the sum of turbulent and non-turbulent regions. The higher ε
values within turbulent layers point out, that if turbulence occurs in the stratosphere it has
indeed the potential to influence e.g. the mixing of trace species.
Similar to the altitude plots of the energy dissipation rate shown in Sect. 4.4.1 and 4.4.2, all
values of ε are higher in the stratosphere than in the troposphere. Especially the results for
the velocity fluctuations reveal larger differences between both altitude regions. The differ-
ence between troposphere and stratosphere occurs regardless of whether only the turbulent
regions or the complete altitude regions are considered. The increase of ε is partly caused
by the fact that kinematic viscosity increases with altitude. In Sect. 2.2 it is shown that the
relation between the energy dissipation rate and the inner scale depends on the kinematic
viscosity. An increase of ν therefore influences the energy dissipation rate.
Strikingly, the ε values for temperature fluctuations are always higher than ε for velocity
fluctuations. This result is rather unexpected, since it was assumed that the energy dissi-
pation rate within the temperature field should be similar to the wind field. However, so
far it is not clear why this difference between temperature and wind appears. Although an
error in the determination of ε of 30–50 % has been estimated (see Sect. 4.3.1, this can not
explain the fact, that the mean ε values for the temperature profile are almost one to two
orders of magnitude higher than the mean values for the velocity profiles. Furthermore it
should be noted that also during a further BEXUS flight in in 2011, a difference between
the mean energy dissipation rates for temperature and wind has been observed (private
communication A. Schneider, IAP). During this flight another temperature sensor has been
used and therefore technical reasons causing the difference are excluded. However, further
experiments and analyses are needed to confirm the difference between the dissipation rates
of temperature and wind.

In order to compare the energy dissipation rates of LITOS with literature values, Tab. 4.6
contains ε values for the troposphere and stratosphere found in the literature. The values
range from 1 × 10−6 up to 1.7 × 10−1 W/kg. The lowest values and at the same time the
highest variation of ε have been measured by Clayson and Kantha [2008] during radiosonde
campaigns. Airplane measurements performed in the 1960s result in energy dissipation rates
around 10×10−2 W/kg, which are the highest values in this list. Pioneering balloon soundings
have been carried out by Barat [1982a] and Barat and Bertin [1984b]. They determined a
dissipation rate between 1× 10−5 and 5× 10−5 W/kg within the stratosphere. The ε values
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Table 4.5.: Overview of the obtained mean energy dissipation rates of the BEXUS 6 and BEXUS 8
flight for the turbulent layers only and for the specific altitude regions including turbulent and non-
turbulent regions. The values have been determined for the tropospheric and the stratospheric
region as well as for the complete energy dissipation profile.

only turbulent layers turbulent and non-
turbulent regions

[W/kg] [K/d] [W/kg] [K/d]

w
in

d

BEXUS 6 7 - 15 km 1.3× 10−3 0.1 9.9× 10−4 0.1

15 - 29 km 3.8× 10−2 3.3 2.9× 10−2 2.5

7 - 29 km 3.4× 10−2 2.9 1.8× 10−2 1.6

BEXUS 8 7 - 15 km 4.6× 10−3 0.4 2.7× 10−3 0.3

15 - 26.5 km 1.9× 10−2 1.6 6.9× 10−3 0.6

7 - 26.5 km 1.1× 10−2 1.0 5.0× 10−3 0.4

te
m

p

BEXUS 8 7 - 15 km 1.8× 10−1 15.6 1.6× 10−2 1.4

15 - 26.5 km 3.7× 10−1 32.0 7.5× 10−2 6.5

7 - 26.5 km 3.4× 10−1 29.4 5.3× 10−2 4.6

obtained with LITOS in the stratosphere are higher compared to the values of Barat [1982a]
and Barat and Bertin [1984b]. This can be related to the fact, that due to technical progress
a much higher measurement resolution is achieved with LITOS compared to earlier balloon
soundings. On the other hand, especially the radiosonde results of Clayson and Kantha
[2008] show strongly varying energy dissipation rates. Overall, the energy dissipation rates
of LITOS agree nicely with the rates specified in the literature.
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Table 4.6.: List of measured energy dissipation rates in the troposphere and stratosphere found
in the literature.

author year of mea-
surement

measurement
location

measurement
method

altitude region energy dissipation
rate [W/kg]

[Lilly et al.,
1974]

1964 – 1968 HICAT (all over
the globe)

airplane 14 – 21 km 6.6×10−2−1.7×10−1

[Barat , 1982a] 1978 CNES at
Aire-sur adour &
Gap Tallard,
France

balloons ∼ 25 – 28 km 1.4×10−5−3.9×10−5

[Sato and
Woodman,
1982]

1978 – 1981 Arecibo, Puerto
Rico

radar 5–30 km 2× 10−4

[Barat and
Bertin, 1984b]

1978 CNES at
Aire-sur adour &
Gap Tallard,
France

balloons ∼ 25 – 28 km 1× 10−5 − 5× 10−5

[Alexander and
Tsuda, 2008]

1995 Shigaraki, Japan MU radar UTLS region UT:∼ 0.5× 10−3

LS:∼ 0.7× 10−3

[Clayson and
Kantha, 2008]

1997 FASTEX, North
Atlantic

radiosondes ≤ 30 km 10−6 − 10−2

[Clayson and
Kantha, 2008]

2005 Tallahassee,
Florida &
Denver, Colorado

radiosondes ≤ 30 km 10−6 − 10−2

[Kantha and
Hocking, 2011]

2007 Ontario, Canada radar &
radiosondes

radar:
≤ 11 km,
radiosonde:
≤ 34 km

10−4 − 10−2

[Zhang et al.,
2012]

1998 – 2008 Miramar Nas,
California

radiosondes 2 – 30 km 2 – 10 km: 2× 10−4

12 – 18 km:
> 6× 10−4 > 20 km:
< 4× 10−4

this work 2008 &2009 Kiruna, Sweden balloons 0 – 30 km 7 – 15 km:
9.9×10−4−1.6×10−2

15 – ∼ 28 km:
6.9×10−3−7.5×10−2
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Chapter 5

Relation to the atmospheric background
field

Within this chapter, the turbulence observations of LITOS are related to the background
conditions of the atmosphere during BEXUS 6 and BEXUS 8. The general atmospheric
conditions during both flights are briefly described with the help of the radiosonde data
in the Sect. 5.1. In Sect. 5.2 the classical relation between the Richardson number as an
indicator for the stability of the atmosphere and the occurrence of turbulence is discussed.
An increasing number of observations and theoretical investigations cast doubts on the direct
relation of Ri to turbulence. Hence, the measurements of LITOS provide an substantial
contribution to this discussion. Finally possible sources of the observed turbulent layers are
studied in Sect. 5.3.

5.1. Geophysical background conditions during flight

5.1.1. BEXUS 6

In order to study the atmospheric background conditions during flight, a radiosonde has
been integrated into the BEXUS 6 gondola. The radiosonde measurements provide altitude
profiles with a resolution of ∼ 2 s, i.e.∼ 10 m. Figure 5.1 shows the profile for the temperature
in the left panel and the meridional (black) and zonal (blue) wind components are plotted in
the right panel. The horizontal black line marks the tropopause, which has been determined
according to the WMO definition (temperature gradient decreases to ≤ 2 ◦C/km). Starting
around 0 ◦C the temperature decreases down to a minimum of ∼ −64 ◦C around 27 km.
Obviously, the temperature decreases slightly further in the lower stratosphere, instead of
increases above the tropopause altitude at ∼ 10 km. Above the tropopause, one can regu-
larly find short altitude ranges, where a positive temperature gradient is observed, e.g. at
∼ 12 km and ∼ 20 km. However, a slight tendency to small negative temperature gradients is
prevailing and therefore more or less instable regions inducing turbulence can be expected.
The right panel of Fig. 5.1 contains the profiles for the meridional and zonal wind compo-
nent. Up to the tropopause, the meridional wind v decreases down to a minimum value
of −26.6 m/s while the zonal wind component u increases up to 31 m/s. Therewith the jet
stream is clearly visible at an altitude of ∼ 10 km, i.e.ȧt the tropopause. Above 10 km the
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zonal wind decreases slowly but remains positive, i.e. in eastward direction, up to maximum
altitude of this profile and higher than 8 m/s. An increase of u arises again above 27 km.
The profile of v shows an increase with altitude, but does not achieve values higher than
−2 m/s. Since the meridional wind component is negative, a wind flow in southward di-
rections dominates. No clear wave signature can be observed within the wind profiles, but
further studies will follow in Sect. 5.3.1.

Figure 5.1.: Radiosonde data from the BEXUS 6 flight. The left panel shows the temperature
profile and the right panel the meridional(black) and zonal (blue) wind velocity. The tropopause
height is presented by the black line.

5.1.2. BEXUS 8

Similarly to BEUXS 6, a radiosonde has been part of the BEXUS 8 gondola to gain more
information about the atmospheric background conditions. The results of that radiosonde
are shown in Fig. 5.2. The left panel contains the temperature profile and the right panel the
meridional and zonal wind component. The tropopause altitude is presented by the black
line. Compared with the BEXUS 6 flight, the temperature profile shows a similar behavior
with altitude. The temperature decreases within the troposphere, until it reaches a local
minimum at an altitude of ∼ 8 km, i.e. defining the tropopause. Above 8 km the temperature
rises slowly more or less up to 15 km, before it starts to decrease again up to 20 km. From
20 km up to 27 km the profile is characterized by regions with increasing and regions with
decreasing temperature values. Finally, above 27 km the temperature increases again. Due
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to the multiple changes in the temperature gradient with altitude, there exist several instable
regions providing necessary conditions for turbulence.

Figure 5.2.: Profiles of the radiosonde temperature during BEXUS 8 in the left panel. The right
panel contains the meridional (black) and zonal (blue) wind velocity. The black line marks the
tropopause height.

Figure 5.2 presents the profiles of the zonal (blue) and meridional (black) wind. Up to 20 km
the values for the meridional wind component are negative, i.e. corresponding to a meridional
wind flow in southward directions. Only a slight tendency towards positive values of v can be
observed at tropopause height. Above 20 km the radiosonde reveals that the meridional wind
component changes to northward directions. The zonal wind component remains positive,
i.e. an eastward wind flow dominates in the entire profile. In the height of the tropopause u
decreases slightly but stays positive and increases again up to 24 km. Above 24 km, u shows
more variation and reaches a maximum value of 24.9 m/s around 25 km. The profiles of u
and v do not show a clear indication for gravity waves. However, further examinations of
gravity wave activity will follow in Sect. 5.3.1.
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5.2. Relation to the Richardson number

A classical approach to analyze the relation of turbulence to the atmospheric background
conditions, is the determination of the Richardson number Ri. As already explained in
Sect. 2.1.1, Ri is the ratio of the Brunt-Väisälä frequency to the wind shear, i.e. the ratio
of the buoyant consumption or production of turbulence to the kinetic production of tur-
bulence. Hence, the Richardson number is used commonly as an indicator for the stability
of the atmosphere. Additionally, the so called critical Richardson number Ric defines the
threshold where the atmosphere changes from stability to turbulence, i.e. the laminar flow
becomes turbulent. From linear theory Ric is suggested to be 1/4. However, an ongoing
discussion questions the existence of such a critical Richardson number or rather the relation
of the Richardson number to the occurrence of turbulence regions. An increasing number
of observations and also theoretical simulations reveal a more complex and not straight-
forward relation of Ric to turbulent flows [Achatz , 2005, 2007; Mauritzen and Svensson,
2007; Galperin et al., 2007; Balsley et al., 2008]. The different analyses lead to three main
assumptions:

1. suggestion of hysteresis: laminar air flow must drop below Ric = 1/4 to become tur-
bulent, but turbulent flow can exist up to Ri = 1.0 before becoming laminar [Galperin
et al., 2007; Balsley et al., 2008]

2. scale-dependent problem: the distribution of Ri depends strongly on scale size and Ric
may exist if sufficiently small scales are examined [Balsley et al., 2008]

3. Ric does not exist: extensive body of experimental, observational and theoretical re-
sults points to the fact that a single-valued Ric at which turbulence is suppressed
totally and laminarized, simply does not exist and turbulence can survive in flows with
Ri far exceeding unity [Achatz , 2005, 2007; Galperin et al., 2007]

It is examined whether the turbulence results of LITOS show a correlation with the Richard-
son number or not. The radiosonde measurements are used to obtain Ri with the method
proposed by Balsley et al. [2008]. That means, that the vertical gradient of the linear fits of
the wind and potential temperature profiles are determined over a certain height increment,
which is shifted in 5 m steps along the whole altitude profile. Afterwards Ri is calculated
following Eq. 2.3. In order to investigate the scale dependence of the Richardson number,
different height increments for the determination of the vertical gradients are used. The
resulting Ri profiles are compared with the profiles of the energy dissipation rate ε measured
with LITOS.
Figure 5.3 shows an altitude section of the energy dissipation rate profile (left panel) and the
Richardson number Ri (right panel) of the BEXUS 6 flight. The critical Richardson number
Ric is plotted as a red line, indicating the theoretical threshold under which Ri is supposed
to fall in order to enable the development of turbulence. This condition is given around
12 km, where Ri is smaller than 1/4. Accordingly, a turbulent layer, i.e. an increase of the
energy dissipation rate ε is observed around 12 km.
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Figure 5.3.: Left panel: The obtained profile of the energy dissipation rate between 11.9 km and
14.1 km during the BEXUS 6 flight. Right panel: The Richardson number for the same altitude
region. The red line marks Ric = 1/4. For a better presentation the x-axis scale is split into a
linear part up to 10 and a logarithmic scale up 105.

However, this clear correlation expected from theory between Ric and ε is not observed
again within the shown altitude section. Instead, even though Ri tends to 1/4 at 13.5 km no
distinct turbulent layer can be identified, i.e. absolutely no increase of ε has been detected.
On the other hand, turbulent layers have been observed, where Ri is far beyond any critical
number. For instance, at 13 km a turbulent layer is well identified, while the values for
Ri exceed 100. Similarly, the distinctive turbulent layer shortly above 12.6 km occurs in a
region where Ri is between 5 and 10, i.e. larger than Ric. The altitude section from 11.9 km
to 14.1 km illustrates well the observations with LITOS during both BEXUS flights.
By looking at the profiles of ε and Ri no clear relation has been obtained. The first assump-
tion mentioned above suggests that Ri must drop below 1/4 before turbulence can occur
and that turbulence can exist until Ri becomes 1. The profiles of the energy dissipation rate
and the Richardson number of the BEXUS 6 flight shown in Fig. 5.3 clearly do not confirm
this suggestion. Turbulent layers have been observed at Ri far beyond 1. In fact, only one
turbulent layer (12 km) can be associated with a Richardson number smaller than 1/4 and
one turbulent layer while Ri is smaller than 1 (13.9 km). In contrast, at 13 km a turbulent
layer has been detected while the Richardson number reaches a value of nearly 200.
The second assumption implies a scale-dependent problem, i.e. the relation between Ri and
ε depends on the scale at which both profiles have been obtained. That means that, in order
to resolve turbulent layers with vertical depths of only some 10 meters, Ri has to be deter-
mined at approximately the same scale. That means, that the lower limit of the Ri scale is
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given by the thickness of the turbulent layers. If Ri is calculated over even smaller scales,
there would be no more difference between turbulence and the scales where turbulence is
produced. Based on the radiosonde observations which provide data at ∼ 10 m steps, Ri has
been calculated for different altitude increments. In Fig. 5.4 an example of a turbulent layer
with a thickness of 62 m observed during the BEXUS 6 flight is plotted. The Richardson
number has been calculated over 10 m, 70 m, and 200 m, and the profiles are shown in panel
b), c), and d), respectively. The red line marks the critical Richardson number Ric. Obvi-
ously, if Ri is calculated over 10 m or 70 m, the occurrence of the turbulent layer corresponds
to a region where Ri is smaller than Ric. Whereas, if the Richardson number has been
determined with a scale of 200 m, its values do not drop below 1/4 but rather remain larger
than 6. Even though Ri tends to small values between 24.25 km and 24.42 km, this region
would have been declared as non-turbulent which is contradictory to the observed turbulent
layer within the wind field.

Figure 5.4.: Example of a 62 m thick turbulent layer observed during BEXUS 6 and the corre-
sponding scale dependent Richardson number Ri. The ε profile (a) has been determined with a
moving average over 25 m. In order to investigate the scale dependence of Ri, the profiles have been
calculated over 20 m (b), 70 m (c), and 200 m (d). The red line presents the critical Richardson
number Ric = 1/4.

However, the relation between Ri and ε seems to depend on the scale over which Ri has
been calculated. For further investigations, Ri has been plotted as a function of the obtained
energy dissipation rates of BEXUS 6 and BEXUS 8. Figure 5.5 shows the Richardson number
of the BEXUS 6 flight determined for 10 m (top panel), 70 m (middle panel), and 200 m
(bottom panel) against the ε values. It should be noted, that only energy dissipation rates
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above zero have been used for this analysis. Surprisingly, even for rather small scales like
10 m or 70 m, the majority of Ri values are larger than 1. That means that turbulence
has been observed although Ri indicates stability. For 10 m and 70 m only a few cases arise,
where the theoretical criterium for instability (i.e.Ri < 1/4 or <1) is fulfilled and turbulence
has actually been observed. For a scale of 200 m Ri is in fact always higher than 1.
A similar result has been obtained for the BEXUS 8 flight. Figure 5.6 shows the result for
the wind fluctuations and Fig. 5.7 for the temperature fluctuations. Again, a strikingly low
number of turbulent events occur at Ri smaller than 1 for a scale of 10 m and 70 m. For
a Richardson number calculated over 200 m even none of the turbulent layers have been
observed below Ric neither for wind fluctuations nor for temperature fluctuations. Instead
the Richardson number is highly variable. Values of up to ∼ 105 have been obtained during
both BEXUS flights. Obviously, the Richardson number can not be directly related to the
occurrence of turbulence. Even though high values of Ri have been measured, turbulence
has been detected within the wind and temperature field. Additionally, the comparison of
the ε profiles also reveals regions where Ri is smaller than Ric but no increase of the energy
dissipation rate, i.e. no turbulent layer has been found. That means, regardless of the scale
over which the Richardson number has been calculated, it can not be used as a reliable
indicator for turbulence. Consequently, the common assumption to use Ri as an indicator
for turbulence must be questioned.
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Figure 5.5.: Energy dissipation rates of the BEXUS 6 flight plotted against the Richardson number
Ri which has been scaled over 10 m (top panel), 70 m (middle panel), and 200 m (bottom panel).
The black lines present Ric = 1/4 and Ri=1 as the stability criterium. For more details see text.
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Figure 5.6.: The obtained energy dissipation rates for the wind fluctuations of BEXUS 8 have
been plotted against Ri. The Richardson number has been calculated for 10 m (top panel), 70 m
(middle panel), and 200 m (bottom panel). Ri=1/4 and Ri=1 are shown by the black lines.
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Figure 5.7.: Same as above, but for the temperature fluctuations of the BEXUS 8 flight.
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5.3. Possible sources of turbulence observations

The two main turbulence sources in the stratosphere are Kelvin-Helmholtz instabilities (KHI)
and the breaking of gravity waves, even though different sources can coexist and reinforce
each other [Sharman et al., 2012]. Due to the complexity of the dynamic processes of
gravity waves and KHI, a theoretical description of the sources is not given here. Instead,
the characteristics of turbulent layers caused by gravity wave breaking and KHI are shortly
outlined and compared with the observations of LITOS.

5.3.1. Gravity wave breaking

The restoring force for gravity wave oscillations is the buoyancy force. Gravity waves are
important for the transport of energy and momentum into the middle atmosphere and there-
fore strongly influence the atmospheric circulation, structure, and variability [e.g., Fritts and
Alexander , 2003; Holton, 2004]. The main gravity wave sources are topography, convection,
and wind shear. These waves then propagate from the troposphere into the middle atmo-
sphere with a growing amplitude. Different factors can cause a breaking of the wave (already
in the stratosphere) and therewith induce turbulence. A detailed overview of gravity wave
characteristics, sources, and breaking processes is found in Fritts and Alexander [2003]. The
theoretical simulations of Fritts et al. [2003] regarding the formation of turbulent layers due
to gravity wave breaking shall be shortly outlined here. Following these simulations, turbu-
lence and mixing occur within the unstable phase of the gravity wave. Because the gravity
wave continuously propagates vertically, the induced turbulent layers are rather transient
phenomena. Only at the beginning of the turbulent layer formation, strong thermal gra-
dients can be observed at the edge regions of the layer, while at later times, the gradients
disappear and a more uniform structure dominates. Furthermore, there is no specific point
where maxima of thermal and kinetic energy dissipation are found during the wave propa-
gation.
Due to the facts that the turbulent layers caused by gravity wave breaking are transient
and dissipation maxima occur in different phases of the wave, it is rather difficult to relate
directly the turbulence observations of LITOS to breaking gravity waves. The Scandinavian
mountain ridge has a sufficient width to induce gravity waves and generally gravity waves
can occur above Kiruna [Dörnbrack et al., 2001]. Therefore, in order to examine whether
breaking gravity waves might be a source for the turbulence observations or not, the profiles
of the meridional and zonal wind components obtained by the radiosonde have been used for
hodographic analyses. None of the hodographs, neither for BEXUS 6 nor for BEXUS 8, shows
a elliptical rotation being indicative of a single monochromatic gravity wave (see App. F).
Figure 5.8 shows the hodograph (top) and the meridional and zonal wind profile with their
fluctuations (bottom) between 20 and 27 km of the BEXUS 8 flight. No distinct ellipse can
be found in the hodograph and also no clear wave signature appears within the profiles of u′

and v′. Instead, the figures indicate a variety of superimposing waves of generally small am-
plitude. It is not possible to identify a specific wave vanishing at a particular altitude and
by this inducing turbulence. Consequently, the observed turbulence during both BEXUS
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flights can not be clearly attributed to gravity wave breaking. Therefore, within the next
section, it is studied whether Kelvin-Helmholtz instabilities are the source for the observed
turbulent layers.

Figure 5.8.: Top: Hodograph of the altitude region between 20 km and 27 km of the BEXUS 8
flight. Bottom: Profiles of the wind component u (blue), left panel, and v (black), right panel,
together with the 4th order polynomial (red) and the profiles of u′ and v′ (green).
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5.3.2. Kelvin-Helmholtz instabilities

In the case of strong wind shear the statically stable layering in the stratosphere can become
instable and Kelvin-Helmholtz instabilities (KHI) arise forming billow structures. Those
wavelike oscillations grow in amplitude and consequently break, which leads to turbulence.
Following the theoretical simulations performed by Fritts et al. [2003], stratospheric turbu-
lence due to KHI is longer lasting compared to turbulence induced by gravity wave breaking.
Furthermore, the formation of a turbulent layer caused by KHI occurs in different time steps.
Fritts et al. [2003] obtained profiles of temperature, velocity, Richardson number, and the
thermal and viscous dissipation during the development of a turbulent layer, which are il-
lustrated in Fig. 5.9. In the beginning of the formation process, alternating gradients of
temperature and velocity at the edge regions are visible. Also the profiles of the mechanical
and thermal dissipation show initially a similar behavior at the boundary of the layer. But
soon afterwards, the two dissipation fields separate themselves and vigorous turbulent mix-
ing of the billow cores takes place. The thermal gradients are destroyed and thus the thermal
dissipation inside the layer is reduced. At the end, the largest mechanical dissipation occurs
in the center of the turbulent layer and the largest thermal energy dissipation in the strongly
stratified edge regions. Due to the fact, that in-situ observations of stratospheric turbulence
are rare, the simulations of Fritts et al. [2003] are confirmed by only a few experimental stud-
ies so far. For instance, Barat and Bertin [1984b] report C2

T maxima near the boundaries of
turbulent layers and smaller values in the interior of the layers. Another example has been
cited by Fritts et al. [2003]. The radiosonde measurements of Coulman et al. [1995] reveal a
series of turbulent layers with sharp temperature gradients and C2

T maxima at the edges and
C2
T minimum within the layer. Hence, the profiles of temperature, wind shear, Richardson

number, and energy dissipation rate obtained with LITOS have been analyzed in order to
find KHI structures.
During both BEXUS flights Kelvin-Helmholtz instabilities have been detected and their
structure has been found in the measured profiles. Figure 5.10 shows an example of a KHI
between ∼ 25.28 km and ∼ 26.08 km for the BEXUS 6 flight. The left panel contains the en-
ergy dissipation rate of the wind field and the middle panel the temperature profile and the
wind shear profile. The right panel shows the Richardson number calculated over 25 m and
over 200 m. Within the last section, the reliability of Ri as an indicator for turbulence has
been questioned. However, it has been shown, that in some cases the relation between Ri
and the occurrence of turbulence depends on the scale over which Ri has been determined.
Accordingly, the profile of Ri will be shown here for different scales in order to enable a
comparison with the simulations of Fritts et al. [2003].

The Kelvin-Helmholtz instability is clearly recognizable by the expected structure within the
temperature profile between 25.28 km and 26.08 km. The beginning and ending of the KHI is
characterized by increased fluctuations, while inside the layer the temperature is isothermal.
This observed behavior agrees nicely with the simulations of Fritts et al. [2003] shown in
Fig. 5.9. Obviously, the measurements of LITOS show an early state during the develop-
ment of a turbulent layer. As described by Fritts et al. [2003], especially at the beginning
of the formation an alternating temperature gradient can be observed at the edge regions.
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Figure 5.9.: Profiles of temperature, velocity, Ri, thermal dissipation, and viscous dissipation
during a Kelvin-Helmholtz billow at the different time steps of turbulent layer development[from
Fritts et al., 2003]. The solid lines represent the billow center of a KHI and the dashed lines the
braid between adjacent billows. The profiles have been obtained with idealized high-resolution
simulations.
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Figure 5.10.: Example of a Kelvin-Helmholtz instability between 25.28 km and 26.08 km observed
during BEXUS 6. The profiles of temperature (red) and wind shear (black) in the middle panel
show the expected structures of a Kelvin-Helmholtz billow. The energy dissipation rate (left panel)
increases inside the layer, while Ri (right panel) tends to smaller values. The red line marks Ric.

Also the measured dissipation profile shows increased values at the boundaries and smaller
values inside the layer, similar to the simulated profile in Fig. 5.9. Looking at the Richardson
number calculated over 20 m, it drops actually below the critical value inside the billow at
25.8 km but also outside the layer. If the profile of Ri is scaled over 200 m, it shows a local
minimum related to the billow core which corresponds to the theoretical results.
Also during the BEXUS 8 flight, KHI have been observed. But compared to BEXUS 6 they
have been measured less frequent. Figure 5.11 presents the profiles of the energy dissipa-
tion rates, temperature, wind shear, and Richardson number for a KHI between 12 km and
12.5 km. Again, the structure of the temperature profile, i.e.,the fluctuations at the edge re-
gions, agree nicely with the simulated profile of Fritts et al. [2003] (see Fig. 5.9). The energy
dissipation rate profiles display a structure indicating an advanced development of the KHI.
Both profiles show increased values not only at the edge region of the layer but also inside
the layer. The simulations of Fritts et al. [2003] reveal an increase of the viscous dissipation
also inside the billow core at a later state (e.g. fourth profile in Fig. 5.9) in combination with
a decrease of the thermal dissipation at the edges. Similar observations were made in the
shown example of BEXUS 8. Additionally, instead of one distinct minimum inside the core of
the KHI, the Richardson number profile shows several regions with smaller values. Whereas
more regions with values tending to Ric = 1/4 are determined if Ri is calculated over 25 m
compared to a scale of 200 m. However, following the simulations of Fritts et al. [2003], the
varying Ri profile points to a later state of the turbulent layer formation. Furthermore, also
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the less pronounced temperature gradients at the boundaries of the KHI layer characterize
an advanced development compared to the KHI observed during BEXUS 6 (see Fig. 5.10).
Summarizing, Kelvin-Helmholtz instabilities have been clearly identified as a source for some
of the turbulent layers which have been detected during BEXUS 6 and BEXUS 8.

Figure 5.11.: Kelvin-Helmholtz instability observed during BEXUS 8 between 12 km and 12.5 km,
clearly recognizable at the temperature profile (red) in the middle panel. The energy dissipation
rates of the temperature fluctuations (red) and velocity fluctuations (blue) in the left panel exhibit
increased values at the edges of the billow as well as inside the layer. Also the Richardson number
in the right panel shows smaller values related to the billow, but stays larger than Ric (red line).
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Chapter 6

Summary and outlook

Within this study turbulence observations in the stratospheric wind and temperature field
with unprecedented temporal and spatial resolution are obtained with a special designed
balloon-borne instrument called LITOS. Based on the observation analyses new insights
in stratospheric turbulence have been gained. The following sections summarize the main
results of the study.

Instrument development

LITOS is a new light-weight, compact balloon-borne instrument which has been developed
to investigate small-scale turbulent fluctuations in the temperature and wind field of the
stratosphere. Due to the very high spatial measurement resolution of typically 2.5 mm, the
entire turbulence spectrum down to the viscous subrange in the stratosphere is studied for
the first time. The instrument has been successfully launched several times from the insti-
tute site in Kühlungsborn as a stand-alone payload. Additionally, LITOS has been flown
two times as part of the BEXUS campaigns in 2008 and 2009 from Kiruna (67 ◦N, 21 ◦E).
The applied CTA and CCA techniques have never been used before on balloon platforms.
Therefore, their properties are completely unknown for stratospheric conditions and exten-
sive laboratory measurements within a climate and a vacuum chamber have been performed.
The results of these measurements reveal that the CTA and the CCA systems are well suit-
able for balloon soundings.

Turbulence observations

During both BEXUS flights turbulence has been detected with LITOS. The observations
show an alternation between turbulent and non-turbulent regions and a quite abrupt and
distinct transition between both regions. This intermittent structure has also been detected
by earlier observations, but with the high sampling rate of LITOS it is now possible to ob-
serve even the variability within turbulent layers themselves.
One major point of interest is the number and vertical thickness of the observed turbu-
lent layers. The obtained data set is quite heterogeneous and comprehensive, therefore an
autonomous and effective method is needed to analyze the given data profiles and to deter-
mine the characteristics of the turbulent layers. Basically, turbulent layers are characterized
by a high variability of the measured wind or temperature values within a certain altitude
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distance. Hence, an algorithm has been developed which detects such concentrations or clus-
ters of turbulent values within the wind or temperature profile. The results of the cluster
algorithm reveal that during both BEXUS flights more turbulent layers in the wind and
temperature field have been observed within the stratosphere (above 15 km) compared to
the tropospheric region (7-15 km). The turbulent layers within the stratospheric wind field
of BEXUS 6 and BEXUS 8 are thinner on average and also the distances between the layers
are smaller than below 15 km. For the complete profile of wind fluctuations the mean tur-
bulent layer thickness of the BEXUS 8 flight amounts to 46.4 m and is therewith just ∼ 8 m
larger than the mean thickness of the BEXUS 6 flight (38.2 m). In contrast to the wind,
the mean thickness of turbulent layers within the temperature field in the troposphere is
almost identical with the thickness in the stratosphere. The mean thickness for the entire
temperature profile is 24.0 m.
It is important to note that due to the limited knowledge of stratospheric turbulence, the
statistics obtained with the cluster algorithm contain completely new insights in e.g. the
distribution and depths of turbulent layers as well as the difference between their occurrence
in the wind and temperature field.

Geophysical results

Based on the high resolution data set, the energy dissipation rate ε, one of the most essential
turbulence parameter, has been determined with high precision and detailed profiles of ε
are obtained. For the calculation of the energy dissipation rate the method of Lübken
[1992] and Lübken et al. [1993] formulated for density fluctuations has been adopted. The
method includes the fitting of the theoretical Heisenberg model to the measured turbulent
spectrum and from the best fit ε is obtained. Since velocity and temperature fluctuations are
measured with LITOS, the method has been recalculated in order to adapt it to velocity and
temperature fluctuations. The profiles of the energy dissipation rate for velocity fluctuations
of the BEXUS 6 and BEXUS 8 flight show a significant increase of ε with altitude. In
contrast, the ε profile for the temperature fluctuations of the BEXUS 8 flight shows more or
less no increase with altitude. Additionally, the mean ε values for the temperature profile
are almost one to two orders of magnitude higher than the mean values for the velocity
profiles for unknown reasons. The values for ε obtained with LITOS show high variability.
Nevertheless, these findings are in general agreement with the values found in the literature.

Another main aspect within this study is the relation of the observed turbulent layers to the
atmospheric background conditions. A classical approach to analyze this relation is the de-
termination of the Richardson number Ri as an indicator for the stability of the atmosphere.
However, the direct relation of small Richardson numbers to the occurrence of turbulence is
recently questioned. The analyses of the BEXUS 6 and BEXUS 8 flight reveal that it is in
fact not straightforward to find a direct correlation between low values of Ri and ε. Tur-
bulence has been detected in regions with high values of Ri as well as in regions with low
values of Ri regardless of the scale over which the Richardson number has been calculated.
Consequently, following the results of this study, Ri does not seem to be a reliable indicator
for the occurrence of turbulence.
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Finally, possible sources of the turbulent layers have been examined. The two main turbu-
lent sources in the stratosphere are Kelvin-Helmholtz instabilities (KHI) and the breaking
of gravity waves. The profiles of the meridional and zonal wind components obtained by the
radiosonde have been used for hodographic analyses. None of the hodographs, neither for
BEXUS 6 nor for BEXUS 8, show distinct gravity wave activity. Hence, the observed turbu-
lence during both BEXUS flights can not be attributed to gravity wave breaking. On the
other hand, during both BEXUS flights Kelvin-Helmholtz instabilities have been detected.
The temperature and wind shear profiles agree nicely with the theoretical simulations of
Fritts et al. [2003] and show different stages of the turbulent layer formation due to Kelvin-
Helmholtz instabilities. Therefore, it is evident from the observations, that Kelvin-Helmholtz
instabilities are the main source for some of the turbulent layer detected during BEXUS 6
and BEXUS 8.

Outlook

One of the future plans concerning the instrumental development of LITOS is to improve the
attitude control of the small LITOS gondola during flight using e.g. a suitable combination
of wind vanes. Therewith disturbances within the measured stratospheric turbulence spectra
can significantly be reduced. This would enable more flexible possibilities to launch LITOS
e.g. from different atmospheric research stations.
Besides the technical improvements, additional launches are planned during specific geo-
physical conditions and different seasons. This would enable e.g. analyses of the turbulent
sources or the investigation of possible seasonal difference in the occurrence of turbulent
layers. However, the existing data set still provide further interesting topics to be inves-
tigated. For instance, there have been a floating phase of the BEXUS 6 and BEXUS 8
balloon which have been excluded from this study. However, the data from floating phase
can also be checked for turbulent layers. Furthermore, within oceanographic studies, the
Thorpe displacement is usually determined based on potential temperature profiles in order
to determine the energy dissipation rate. Here, a statistical approach has been used for
the calculation of ε, however, it is worthwhile to compare both methods. It should be em-
phasized, that the unique combination of wind- and temperature measurements on sub-cm
scale with LITOS offers an excellent possibility to examine the theoretical statements con-
cerning the differences between thermal and kinetic energy and the formation of turbulent
layers. Especially, the observed unexpected difference between thermal and kinetic energy
dissipation motivates further experiments and analyses.
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Appendix A

Determination of inner scale for
temperature fluctuations

The 1-dimensional Heisenberg spectrum [Lübken, 1993, p. 43, Eq. 3.109] is given by:

W (ω) =
Γ(5/3) sin(π/3)

2πvb
· C2

T ·
( ω
vb

)−
5
3{

1 + (ω/vbk0)
8
3

}2 (A.1)

where C2
T is the structure function constant, ω is the frequency and vb the balloon velocity.

(A normalization factor fα is mistakenly used in the original equation of Lübken [1993]. As
it will be seen later, this factor will be applied in Eq. A.10 and thus must be omit in the
equation of the Heisenberg spectrum.)
The breakpoint between the asymptotic form of W (ω) in the inertial and viscous subrange
is defined as k0. With B := Γ(5/3) sin(π/3) · C2

T Eq. A.1 forms to:
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The 1-dimensional frequency spectrum W (ω) is related to the 3-dimensional spectrum Φ(k)
by [Lübken [1993], p. 31, Eq. 3.53 and Tatarskii [1971], p. 35]:

Φ(k) = − v2
b

2πk
· d
dω
W (ω) (A.3)

Inserting Eq. A.2 in Eq. A.3 gives:
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Calculation of the derivative:
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Inserting Eq. A.6 in Eq. A.5 gives:
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Thus the 3-dimensional spectrum for the Heisenberg spectrum is given by:
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The 3-dimensional spectrum Φ must obey the condition [Lübken [1993], p. 43, Eq. 3.108
and Tatarskii [1971], p.65]:

d2

dr2
D(0) =

8π

3

ˆ ∞
0

Φ(k)k4 dk (A.9)

The structure function D for temperature fluctuations in the viscous subrange is given by
[Lübken [1993], p.38 and Tatarskii [1971], p. 63]:

D(r) =
1

fα

1

3

N

D
r2 (A.10)

where N represents the amount of inhomogeneity which disappears per unit time due to
molecular diffusion and D is the molecular diffusion coefficient. The factor fα takes into
account the different normalization used for the inhomogeneity. In the case of temperature
fluctuations fα is taken as 2 [see Lübken, 1993, p. 27].

With Eq. A.10 Eq. A.9 forms to:
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Inserting Eq. A.8 in Eq. A.11 gives:
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Appendix A. Determination of inner scale for temperature fluctuations

By substituting s = k/k0 (ds = dk/k0 → dk = k0 dk) one finds:
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After integration it follows:
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The structure function constant for temperature fluctuations is defined as C2
T = α2N/ε1/3

[Lübken [1993], p. 37 and Tatarskii [1971], p. 66] where α is a numerical constant and N
the inhomogeneity dissipation rate. Inserting in Eq. A.18 gives:
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With the molecular Prandtl number Prmol = ν/D:
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with l0 = 2π/k0
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With α2 = 1.74, Γ(5/3) = 0.9027, fα = 2 and Prmol = 0.73 (calculation of Prmol [see
Lübken, 1993, Appendix A] one gets:
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Appendix B

Determination of inner scale for velocity
fluctuations

The structure function D for velocity fluctuations in the viscous subrange is given by
[Tatarskii , 1971, p.49]:

Dii(r) =
1

fα

1

3

ε

ν
r2 (B.1)

where ε is the energy dissipation rate and ν is the kinematic viscosity. The factor fα takes
into account the different normalization used for the inhomogeneity. In the case of velocity
fluctuations the inhomogeneity in a volume V is equivalent to the kinetic energy per unit
mass and fα is taken as 1 [see Lübken, 1993, p. 27]. Dii is the sum of the transversal
component Dtt and the longitudinal component Drr of velocity fluctuations. It is defined as:
Dii(r) = 2Dtt +Drr.

Thus Eq. A.9 forms to:
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Inserting Eq. A.8 in Eq. B.2 gives:
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By substituting s = k/k0 (ds = dk/k0 → dk = k0 ds) one finds:
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After integration it follows:
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The structure function constant for velocity fluctuations is defined as C2
V = 4α · ε2/3 [Barat

and Bertin, 1984b]. Consequently
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Appendix B. Determination of inner scale for velocity fluctuations

with l0 = 2π/k0

l0 = 2π ·
(

9 fα αΓ(5/3) sin(π/3)

4
· ν
ε

1
3

) 3
4

(B.12)

l0 = 2π ·
(

9 fα αΓ(5/3) sin(π/3)

4

) 3
4
(
ν3

ε

) 1
4

(B.13)

Since velocity fluctuations are considered, fα is taken as 1 Lübken [1992, 1993]. The empirical
constant α is taken as 0.5 [Bertin et al., 1997; Antonia et al., 1981] and with Γ(5/3) = 0.9027
one gets:
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Appendix C

Discussion of CTA sensitivity

The laboratory results shown in Sect. 3.2.1 and 3.2.2 reveal a non-linear dependence of the
sensor sensitivity ∆voltage/∆velocity with respect to pressure and furthermore a decreasing
sensitivity of the sensor response with decreasing pressure. In addition, the sensor sensitivity
also varies for different wind velocities. In other words, the sensor sensitivity depends not
only on pressure but also on the relative background wind. Since relative wind velocities
up to 2 m/s are observed with LITOS, the measurements are in the region with the largest
influence of pressure and relative background wind. The question arises whether this could
influence our turbulence measurements, i.e. the slope of the turbulence spectrum. Thus,
voltage fluctuations between 26 550 and 26 650 m are exemplarily normalized to the relative
background wind measured simultaneously by the radiosonde. Due to the lower sampling rate
of the radiosonde data (1 s) the values are interpolated to the sampling rate of the measured
voltage fluctuations (0.5 ms) and therewith derived a value of the relative background wind
for each value of the fluctuations. Based on the 100 hPa curve (Fig. 3.11) an individual
correction factor for the sensor sensitivity of each value along the data sequence according
to the relative wind at 26 550 m, i.e. the first value of the sequence is determined. In fact, by
using the 100 hPa curve for this sequence, the influence of the relative background wind is
overestimated. As can be seen from Fig. 3.11, the sensitivity change decreases with decreasing
pressure, so at an altitude of 26 550 m (about 18 hPa) it is very likely that the sensitivity
varies less than at 100 hPa. Unfortunately, due to technical limitation of the wind calibration
unit, no measurements of pressure values below 100 hPa could be obtained. (The 50 hPa
values are omitted due to remaining ambiguities.) Nevertheless, by applying the individual
correction factor (obtained at 100 hPa) to the measured voltage fluctuations in the sequence,
the influence of the background relative wind is eliminated. Figure C.1 shows the uncorrected
signal (black) and the corrected signal (red) together with the relative wind measured by
the radiosonde (blue). The influence of the relative background wind is obviously rather
small. Furthermore the spectra of the corrected and uncorrected signals are quite similar
(Fig. C.2). Here the largest deviations appear at larger spatial scales and decrease down
to smaller scales. The resulting energy dissipation rates for the corrected and uncorrected
spectra deviate by ∼2 %. Thus it is well justified to use the uncorrected signal for the
determination of turbulence parameters.
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Appendix C. Discussion of CTA sensitivity

Figure C.1.: Voltage fluctuations for the altitude region of 26 550 m–26 650 m. The black line
shows the measured fluctuations and the red line shows the fluctuation corrected for changes of
background relative wind. The blue line presents the relative wind measured by radiosonde (used
for the correction).

Figure C.2.: Spectra of the corrected (red) and uncorrected (black) voltage fluctuations from
Fig. C.1.
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Appendix D

Analyses of gondola movements

In order to estimate the gondola movements during the flight, a housekeeping device mea-
suring the rotation and pendulum motion displacement has been integrated into the LITOS
payload. The data have been kindly provided by A. Schneider (IAP). Figure D.1 resents the
gondola movements of the small LITOS gondola during a test flight between 12 and 12.3 km.
During this flight, only one wind vane has been mounted to the payload box to stabilize
the gondola. The profile of the pendulum motion shows fast and frequent movements of the
gondola. The rotation profile shows a varying azimuth angle (i.e. rotation) of the gondola
of up to 100 ◦ below 12.15 km and even complete turns of the gondola within a short period
of time above this altitude. Those motions strongly influence the turbulence measurements
of LITOS and further improvements of the attitude control of the gondola have to be made.
Figure D.2 shows the gondola movements during a flight from Kühlungsborn with an im-
proved configuration of wind vanes. Now, the fast and frequent pendulum motion could
be reduced to a slower motion of the gondola. Also the rotation of the gondola has been
significantly reduced. Only slow rotation over several ten degrees occurs. In comparison,
Fig. D.3 shows the movements of the bigger BEXUS 8 gondola. It is clearly visible, that
the gondola moves less compared to Kühlungsborn. Especially, the pendulum motion varies
less then 1 ◦. The gondola rotates quite slowly. These slow movements are easily removed
from the measured signal and do not hamper the turbulence analyses. Therefore this study
focuses on the results of the Kiruna flights. Further improvements of the attitude control of
the small gondola are planned.
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Appendix D. Analyses of gondola movements

Figure D.1.: Pendulum motion and rotation of the small LITOS gondola with one wind vane.

Figure D.2.: Pendulum motion and rotation of the small LITOS gondola in Kühlungsborn with
improved wind vane combination.
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Figure D.3.: Pendulum motion and rotation of the BEXUS 8 gondola during flight.
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Appendix E

Radiosonde data

E.1. BEXUS 6

Figure E.1.: Temperature profiles of the radiosondes during the BEXUS 6 campaign.
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E.1. BEXUS 6

Figure E.2.: Meridional and zonal wind profiles of the radiosondes during the BEXUS 6 campaign.

Figure E.3.: Wind speed and wind direction profiles of the radiosondes during the BEXUS 6
campaign.
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Appendix E. Radiosonde data

E.2. BEXUS 8

Figure E.4.: Temperature profiles of the radiosondes during the BEXUS 8 campaign.

Figure E.5.: Meridional and zonal wind profiles of the radiosondes during the BEXUS 8 campaign.
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E.2. BEXUS 8

Figure E.6.: Wind speed and wind direction profiles of the radiosondes during the BEXUS 8
campaign.
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Appendix F

Gravity wave analyses

Figure F.1.: Top: Hodograph of the altitude region between 10 km and 20 km of the BEXUS 6
flight. Bottom: Profiles of the wind component u (blue), left panel, and v (black), right panel,
together with the 4th order polynomial (red) and the profiles of u′ and v′ (green).
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Figure F.2.: Top: Hodograph of the altitude region between 20 km and 29 km of the BEXUS 6
flight. Bottom: Profiles of the wind component u (blue), left panel, and v (black), right panel,
together with the 4th order polynomial (red) and the profiles of u′ and v′ (green).

Figure F.3.: Top: Hodograph of the altitude region between 10 km and 20 km of the BEXUS 8
flight. Bottom: Profiles of the wind component u (blue), left panel, and v (black), right panel,
together with the 4th order polynomial (red) and the profiles of u′ and v′ (green).
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Appendix F. Gravity wave analyses

Figure F.4.: Top: Hodograph of the altitude region between 20 km and 27 km of the BEXUS 8
flight. Bottom: Profiles of the wind component u (blue), left panel, and v (black), right panel,
together with the 4th order polynomial (red) and the profiles of u′ and v′ (green).
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Lübken, F.-J., On the extraction of turbulent parameters from atmospheric density fluctua-
tions, J. Geophys. Res., 97, 20,385–20,395, 1992.
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Ber. Dtsch. Wetterdienstes U.S. Zone, 6, 51–38, 1952.

Sharman, R., S. Trier, T. Lane, and J. Doyle, Sources and dynamics of turbvulence in the
upper troposphere and lower stratosphere: a review, Geophys. Res. Lett., 39, L12,803,
2012.

Sheih, C., Optimal choice of parameters for the measurement of small-scale atmospheric
turbulence with an airborne hot-wire anemometer, J. Appl. Meteor., 11, 81–84, 1972.

Siebert, H., K. Lehmann, and R. Shaw, On the use of hot-wire anemometers for turbulence
measurements in clouds, J. Atmos. Oceanic Technol., 24, 980–993, 2007.

Smalikho, I., F. Kopp, and S. Rahm, Measurement of atmospheric turbulence by 2-µm
doppler lidar, J. Atmos. Oceanic Technol., 22, 1733–1747, 2005.

Sofieva, V. F., A. S. Gurvich, F. Dalaudier, and V. Kan, Reconstruction of internal gravity
wave and turbulence parameters in the stratosphere using gomos scintillation measure-
ments, J. Geophys. Res., 112, D12,113, 2007.

Sofieva, V. F., F. Dalaudier, R. Kivi, and E. Kyrö, On the variability of temperature profiles
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with improved wind vane combination. . . . . . . . . . . . . . . . . . . . . . 100

D.3. Pendulum motion and rotation of the BEXUS 8 gondola during flight. . . . . 101

E.1. Temperature profiles of the radiosondes during the BEXUS 6 campaign. . . . 102
E.2. Meridional and zonal wind profiles of the radiosondes during the BEXUS 6

campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
E.3. Wind speed and wind direction profiles of the radiosondes during the BEXUS 6

campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
E.4. Temperature profiles of the radiosondes during the BEXUS 8 campaign. . . . 104
E.5. Meridional and zonal wind profiles of the radiosondes during the BEXUS 8

campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
E.6. Wind speed and wind direction profiles of the radiosondes during the BEXUS 8

campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

120



List of Figures

F.1. Top: Hodograph of the altitude region between 10 km and 20 km of the
BEXUS 6 flight. Bottom: Profiles of the wind component u (blue), left panel,
and v (black), right panel, together with the 4th order polynomial (red) and
the profiles of u′ and v′ (green). . . . . . . . . . . . . . . . . . . . . . . . . . 106

F.2. Top: Hodograph of the altitude region between 20 km and 29 km of the
BEXUS 6 flight. Bottom: Profiles of the wind component u (blue), left panel,
and v (black), right panel, together with the 4th order polynomial (red) and
the profiles of u′ and v′ (green). . . . . . . . . . . . . . . . . . . . . . . . . . 107

F.3. Top: Hodograph of the altitude region between 10 km and 20 km of the
BEXUS 8 flight. Bottom: Profiles of the wind component u (blue), left panel,
and v (black), right panel, together with the 4th order polynomial (red) and
the profiles of u′ and v′ (green). . . . . . . . . . . . . . . . . . . . . . . . . . 107

F.4. Top: Hodograph of the altitude region between 20 km and 27 km of the
BEXUS 8 flight. Bottom: Profiles of the wind component u (blue), left panel,
and v (black), right panel, together with the 4th order polynomial (red) and
the profiles of u′ and v′ (green). . . . . . . . . . . . . . . . . . . . . . . . . . 108

121



List of Tables

2.1. Structure functions for velocity and temperature fluctuations within the iner-
tial and viscous subrange of the turbulent spectrum. . . . . . . . . . . . . . . 14

3.1. List of the performed launches of LITOS from the institute site in Kühlungsborn
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