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Abstract. We have developed a new compact balloon pay-and generate new gravity waves at the same time. Typically
load called LITOS (Leibniz-Institute Turbulence Observa- the stratosphere is statically stable and well stratified, due
tions in the Stratosphere) for high resolution wind turbulenceto its small negative or even positive temperature gradient.
soundings in the stratosphere up to 35 km altitude. The wind\Nevertheless gravity waves can induce instability leading to
measurements are performed using a constant temperatuveave breaking and turbulence.

anemometer (CTA) with a vertical resolution 2.5 mm, Stratospheric turbulence is assumed to be weak on aver-
i.e. 2kHz sampling rate at 5m/s ascent speed. Thereby, foage compared to, for instance, mesospheric turbulence (e.g.,
the first time, it is possible to study the entire turbulence Liubken 1992 Hocking 1990. Breaking gravity waves in
spectrum down to the viscous subrange in the stratospherghe stratosphere however potentially modify the energy trans-
Including telemetry, housekeeping, batteries and recoveryer from the troposphere into the mesosphere. Observations
unit, the payload weighs less than 5kg and can be launchedhow that the vertical growth rate of gravity waves in the
from any radiosonde station. Since autumn 2007, LITOS hastratosphere is smaller than expected for undisturbed propa-
been successfully launched several times from the Leibnizgation (e.g.Rauthe et a).2008. This implies that some of
Institute of Atmospheric Physics (IAP) in ilungsborn, the wave energy is deposited in the stratosphere. Therefore
Germany (54N, 12° E). Two additional soundings were car- this energy cannot contribute to the mesospheric energy bud-
ried out in 2008 and 2009 in Kiruna, Sweden {8V, 21° E) get. Moreover stratospheric turbulence is a potentially im-
as part of the BEXUS program (Balloon-borne EXperimentsportant process in the vertical mixing of trace species (e.g.,
for University Students). We describe here the basic prin-Lilly et al., 1974.

ciple of CTA measurements and prove the validity of this Turbulence in the stratosphere appears on scales between
method in the stratosphere. A first case study allows a cleasome millimeters and several meters. Previous observations
distinction between non-turbulent regions and a turbulenthave shown that it occurs in thin isolated layers extending
layer with a thickness of some tens of meters. Since oursome ten or hundred meters in the vertical and some hun-
measurements cover the transition between the inertial andred kilometers in the horizontal (e.®arat 1982 Sato and
viscous subrange, energy dissipation rates can be calculatatfoodman 1982. The turbulent regions are vertically di-
with high reliability. vided by sharp boundaries with non-turbulent regions.

Figure 1 shows a schematic energy spectrum for turbu-
lence in the stratosphere. The spectrum is separated into the
characteristic subranges which are based on the dominating
physical processes. The transition between the inertial sub-

Gravity waves and turbulence play a crucial role in the under-ange and the VIScous subrange defines the inner &gale
standing of the energy budget, momentum transfer and tracdyPical values forlo in the stratosphere are in the range of

gas distribution in the atmosphere. Breaking gravity wavesentimeters. At very small scales (viscous subrange), the

produce turbulent structures in temperature and wind fielgSNeroy 1S d|SS|p.ated mto_hea_t by V'SCOSI.ty'. Th_e aim of our
measurements is to obtain this energy dissipationg ated

thereby quantify the influence of turbulence on the strato-
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the measurement principle of the CTA sensor. Since CTA
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@ < < é systems have never been used before in the stratosphere, we
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Fig. 1. Theoretical turbulent spectrum for 20 km altitude. In con- 2 Experimental method
trast to a standard radiosonde, the constant temperature anemometer
(CTA) provides measurement of the spectrum down to the viscousAs mentioned above the precise calculation of energy dis-
subrange. sipation rates requires to resolve the inner scale, i.e. spatial
scales of a few cm. This measurement resolution can only
be achieved by in-situ soundings. We developed the new
Remote sensing systems like radars, lidars and satelliteballoon payload LITOS (Leibniz-Institute Turbulence Obser-
based sounders do not provide sufficient resolution to meavations in the Stratosphere) which consists of a commercial
sure the turbulence spectrum down to the smallest scale€TA system plus a specially designed A/D converter, teleme-
or provide no signal at all in the middle stratosphere (e.g.,try, tracking hardware and housekeeping electronics. Addi-
Engler et al. 2005 Luce et al, 2002 Smalikho et al. tionally a standard radiosonde (Vaisala RS92) provides atmo-
2005 Gurvich and Brekhovskikf2001; Sofieva et a|.2007). spheric background profiles of wind, temperature, humidity
In-situ measurements are typically performed either belowand pressure.

15 km with aircraft and tethered lifting systems (eSjebert The measurement principle of CTA is based on convec-
et al, 2007 Frehlich et al. 2003 Balsley, 200§ or above tive cooling caused by the air flow passing a heated thin wire
60 km with sounding rockets (e.gLiibken et al. 2002. (see Sect2.2). For our measurements we use a platinum

Thus in-situ high resolution balloon soundings still provide plated tungsten wire (Type 55P03, Dantec Dynamics), which
the only possibility for detailed observations of stratosphericis 5 um in diameter and 1.25 mm long. The CTA signal out-
turbulence. During the 1980s, pioneering work has beerput is A/D converted using a 16 bit ADC with 2000 sam-
done by J. Barat and coworkers with balloon-borne ionicples per second resulting in a vertical resolution of 2.5mm
anemometers (e.dBarat 1982 Barat et al. 1984 Dalaudier  at 5m/s ascent speed. In an improved version of LITOS the
et al, 1989. Their measurements resolved scales down tosampling rate has been increased to 8000 Hz, resulting in a
some ten centimeters (i.e. within the inertial subrange). But~0.6 mm spatial resolution. (It should be noted here that the
more precise turbulent energy dissipation rates can best b€TA system is generally specified up to 100 kHz.) The wire
deduced by measurements covering the turbulent inner scalgxis has been mounted vertically to achieve largest sensitiv-
lop and part of the viscous subrangeiibken et al. 1993. ity for horizontal flow and less sensitivity for vertical flow
This implies that the spatial resolution must be at least 1 cndue to the ascent of the balloon.
in the stratosphere. But those soundings are technically chal- LITOS has been launched fromiKlungsborn with a spe-
lenging and up to now stratospheric soundings quantifyingcial designed gondola of 35 cm side length. To minimize in-
turbulence are rare. In fact a sub-centimeter resolution hagluences of the gondola on our measurements, the CTA sen-
not been achieved yet. sor is placed~20 cm above the top of the payload (outside
We describe here an approach using a constant tempethe shear layer around the box). Additionally the payload
ature anemometer (CTA) for high resolution balloon-bornemay be affected by pendulum and rotational motions. While
wind soundings. The CTA allows us to measure wind fluctu-the pendulum motions have comparatively long periods of
ations with a vertical resolution of 2.5 mm. Therewith for the 15s, the rotations may occur on different scales. In order
first time, a study of the whole turbulence spectrum down toto minimize the rotations we have attached a wind vane of
the viscous subrange in the stratosphere is presented. Withiabout 40 cm diameter on a 70 cm boom to the payload box.
this paper we concentrate on the presentation of a new tech- For the launches from Kiruna, LITOS has been integrated
nique for the estimation of energy dissipation rates in theinto the BEXUS gondola which has a side length of 60 cm. In
stratosphere by use of CTA, while the geophysical interpre-order to minimize influences of the gondola, we used a long
tation will be the task of a subsequent paper. In the follow-tube (2m long) attached to one edge of the gondola. The
ing section, we present the instrument design of LITOS andCTA sensor was attached to the top of this tube and therefore
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was located 1.4 m above the gondola. Thus the influence of altitude

the gondola was minimized. As the BEXUS gondola is not A
actively stabilized, rotational and pendulum motions may in- l
fluence the measurements. We studied the acceleration of the Z+h—IL V(z+h)

gondola measured by another instrument on the same gon-
dola (BEXUS 6). Their measurement reveal a typical pendu-
lum velocity of 1.5 m/s (maximum 2 m/s) which affects the
observation as a bias varying sinusoidal with a 20 s period.
This bias is removed before further analysis. For further ex-
aminations of this possible bias a special developed house-
keeping device measuring the rotation and pendulum motion
of the gondola has been integrated in the latest version of the
payload.

LITOS can be used as one-way instrument if the telemetry
conditions are sufficient (no obstruction by trees, houses or /V'(z) .
terrain). If safe recovery of the instrument is assured, the z—|+ '\AV(Z)

|
|

50..100 m

effective wind:

payload can also be used with on-board data storage. More
details about the LITOS payload can be foundderding
et al.(2009.

In the next section we explain the general principle of tur-
bulence measurements with balloons. Secfidhincludes
the description of constant temperature anemometry with a
special focus on our application.

Fig. 2. Schematic drawing of the principle of balloon-borne wind
turbulence soundings.

2.2 Constant temperature anemometry

2.1 Balloon measurement principle

Constant temperature anemometry is a well known and
Due to its Iarge diameter, the balloon follows the ambientwide|y used technique for flow measurements in gases and
wind field during the ascent phase (see Bjglgnoring pen-  liquids in laboratory. Their small size and light weight make
dulum motions for a moment, the payload at altitudés ~ CTA sensors particularly suitable for balloon-borne measure-
also following the wind field at balloon height at-h. For  ments. But so far they have never been used for stratospheric
a wind constant with aItitude, the effective flow observed atsoundings_ Regarding the genera| sensor behaviour, several
payload height would be zero. Consequently, any variation ofextensive studies were performed and have given theoretical
the wind as observed by our sensor is the difference betweeand semi-empirical descriptions of the measured signal (e.g.,
the wind vectors at balloon height (z+4) and at payload  Bruun, 1970 Bruun et al, 1988 van Dijk and Nieuwstadlt
height 7 (z). As a result, we obtain an altitude profile of 2004. We refer to the literature for more details and only

the wind differencez v . In the fO”OWing, we will use the emphasize the main aspects with a specia| focus on our ap-
term “wind” for the measured quantity instead of “wind dif- pjication.

ference” or “effective flow”. Nevertheless it should be kept
in mind that the absolute wind profile is only provided by the ¢ 4 heated thin wire (here: 5um diameter, 1.25 mm length)

simulte_meous radiosonde SOL_‘”di”Q (1s resolution). . caused by air flow passing the wire. The wire forms one
Additionally, we want to p0|.nt out that we also considered leg of a Wheatstone bridge and is heated to a temperature of
the balloon wake effect described by eBarat etal(1984. 5ok, The Wheatstone bridge is balanced by controlling
As ogtllned there, the gondola will be outside the wake, 'f_the current through the wire so that the resistance — and hence
the distance between the gondola and the center of wake igynerature — is kept constant. Changes in the ambient flow
>4 times the radius of t,?ef' balloon. The balloon in Kiruna \q|5city cause changes in the convective heat loss of the wire
has a V‘?'“me of 10000°, 1.e.a radius of~20m (assuming 4 q consequently, change the wire temperature, i.e. its resis-
a spherical shape) and the distance between the gondola agghce The resulting difference in the bridge voltage therefore
the balloon has been 50m. From the vertical shear of horijirecty depends on the ambient flow velocity. Generally, the
zontal winds we calculated a distance between the gondolge from the wire is transferred to the surrounding fluid by

and the wake of at least 80m and typicalil50m during 4 gjiation, free convection, heat flow through the prongs and
the ascent phase (except the first 3 km after launch). Thus Wg, ceq convection. The sum of these heat fluxes equals the
conclude that our measurements are not influenced by th@upplied hea) &, which is given by:

balloon wake.

CTA measurements are based on the convective cooling

2

. U . . . .
Q= 12R = ? = Qrad+ Qfreeconvt Qprongs+ Qforcedconv (1)
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whereU is the bridge voltageR the wire resistance and been done and the properties of the CTA sensor are com-
the electric current. Based on this relation, the further de-pletely unknown for stratospheric conditions. Therefore we
termination of the heat loss implies the definition of the heatperformed laboratory tests within a climate and a vacuum
transfer coefficiente. The latter is expressed by the Nus- chamber to check the response of the CTA on varying ambi-
selt numbeNu, which is a dimensionless number describing ent conditions, i.e. temperature and pressure.
the convective heat transfer from a surface. In Appendix A,
we discuss the determination of the heat loss of the wire and
the difficulty in obtaining the correct definition dfu. Dueto 3 Laboratory experiments of CTA response
the complexity of the Nusselt number and the uncertainties in
its determination, we would prefer the individual calibration During all laboratory test procedures, we used a small wind
of each wire. Later in this section we will describe that for calibration unit for CTA sensors, which we placed into a cli-
the determination of turbulence parameters the wire calibramate and a vacuum chamber. The wind calibration unit uses
tion is not necessary. Nevertheless we shortly describe herthe effect of laminar flow behind a nozzle. By measuring the
the calibration principle as it provides important insights into pressure drop across the nozzle the flow velocity can be cal-
CTA measurements. culated. Possible uncertainties of the calculated flow velocity

During the calibration procedure, the wire is placed in acan be caused by temperature changes during the experiment
wind tunnel to adjust to different laminar flow velocities. As and by the measurement accuracy of the pressure sensors.
a result, a static calibration curve of the output voltagles The temperature has been observed during the experiments
as a function of the flow velocities is obtained. Based on and its effect is considered in the equation for the determina-
King (1914, the calibration data can be fitted by the modified tion of the flow velocity. Thus the remaining uncertainty is
King’s law: only caused by the accuracy of the pressure sensors, which is
U2—= A+ Bv". @) §pecified .withill%. Hence, the velocity behind the npzzle

is determined with an accuracy #0.2 m/s. While knowing

A and B are empirical calibration constants for each fluid. the exact flow velocities, we were able to set different values
The exponent: depends slightly on the flow velocity. Ac- for temperature or pressure (i.e. density) of the flow passing
cording toJgrgense(R002, n=0.45 is arecommended start- the wire. Overall, we took measurements for a velocity range
ing value. By determining these calibration constants, it isfrom 3 to 35 m/s at pressure levels between 50 and 1000 hPa
possible to convert the measured voltages to wind velocitiesand for a temperature range of 233 to 293 K. Due to technical

The crucial point is that the calibration coefficients are limitations of the wind calibration unit, we could not perform
only valid if the ambient conditions do not differ from those measurements below 3 m/s and below 50 hPa.
during the calibration. This concerns not only the wind con-
ditions, but also the density, temperature and humidiiyn¢ 3.1 Temperature dependence of the CTA response
bala and Parkl99Q Cardell 1993 Durst et al, 1996 Hugo
etal, 1999. Thus the calibration should be performed under Basically the heat transfer from the wire to the surrounding
ambient conditions similar to the conditions during the mea-fluid is proportional to the temperature difference between
surements. In our case, i.e. for stratospheric conditions, théhe sensor and the fluid (see Appendix A, Bd.). From
density varies between.Zkg/m? and ~ 1.0x10~2kg/m?, other experiments, it is known that the CTA response is influ-
the (relative) wind velocities are up to 2 m/s and the temper-enced by temperature variations during the experiment (e.g.,
ature decreases t0200 K. The water vapour mixing ratio in  van Dijk and Nieuwstadt2004). For the correction of this
the stratosphere amounts+t® ppm and therefore the influ- temperature influence, different methods are suggested in
ence on our measurements is negligitdei(st et al, 1996. the literature (e.g.Bruun 1995 Jgrgensen2002. But all

We should point out here that for the analysis of turbu- correction methods are specified for only small temperature
lence, it is not necessary to derive absolute wind velocitydrifts and temperature ranges not found in the stratosphere.
values from the CTA signal. Instead, we perform a spectralin other words, the CTA response has never been investigated
analysis of the unscaled voltage signal to retrieve the spectrdielow ~ 280K. Therefore, we performed measurements
slope of the observed variations. Typically we analyse 8—20 sithin a climate chamber for the temperature range expected
(i.e. 40-100 m) of data for a single spectrum. Within this pe-during a balloon flight, i.e. 233-293 K. Figugqtop) shows
riod, values like temperature, are sufficiently constant. Fromthe voltage signal for various velocities obtained at differ-
the spectral slope of the observed fluctuations, we deduce irent temperatures. The thin lines represent the King’s law fits
formation about the stratospheric turbulence. For instance byaccording to Eg2) for each temperature level. As expected,
determining the inner scale, we derive the energy dissipatiorthe results reveal an influence of the temperature on the CTA
ratee. It is important to note, that does not depend on ab- response. For our examined temperature range, we found a
solute velocity values, but rather on the particular inner scalemaximum slope of 5mV/K, i.e. 0.23%/K. The question is
of the spectrum of relative fluctuations. However, no investi- now, whether this temperature influence will have an impact
gations for these wide pressure and temperature ranges haea the sensitivity of the wire response. In Fg&j(bottom)
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Fig. 3. Results of the climate chamber tests. The King’s law (thin Fig. 4. Results of the vacuum chamber tests. The King's law (thin
line) was fitted to the CTA voltage signals (data points) as a func-line) was fitted to the CTA voltage signals (data points) as a func-
tion of velocity for different temperatures (top). The bottom figure tion of velocity for different pressure levels (top). At 50 hPa, only
shows the sensitivity of the CTA signal as a function of velocity at two points are obtained. Thus the King’s law fit is omitted due to
different temperatures. remaining ambiguities. The sensitivity of the CTA signal as a func-
tion of velocity at different pressure levels is shown in the bottom
figure.
we therefore show the sensitivitAyoltage/Avelocity) as
a function of velocity for the different temperatures. Obvi-
ously the temperature has no significant effect on the sensdihanged less than 5K and therefore does not affect the re-
response. But, besides these findings, we noticed that thaults. In Fig.4 (top) we present the voltage signal for vari-
velocity considerably influences the sensor sensitivity. We0US velocities together with the King’s law fits (according to
will discuss this subject further in Se&. Nevertheless, we EQ.- 2) represented by thin lines at different pressure levels.
have noted earlier that we use the unscaled voltage signd} direct pressure influence can easily be seen, as the slope
for the determination of the spectral slope of the turbulentOf the King’s law fit at 1000 hPa varies significantly from the
fluctuations. Since the temperature does not affect the sent00 hPa curve. In the same way as for the temperature varia-
sitivity of the sensor response, we do not have to correct thdions, we also show the sensitivityvoltage/A velocity as a
temperature influence. But if one would like to obtain ab- function of velocity for the different pressure levels. As can
solute velocity fluctuations, the temperature influence has td€ seen from Figd (bottom) the sensitivity decreases with
be corrected before converting the voltage values to wind vedecreasing pressure and this effect is most evident at lower
locities. For the temperature correction the method given byvelocities. Again, the velocity directly influences the sen-

e.g.,Jergensef2002 can be used (after adjusting the expo- Sitivity of the sensor response and this effect is even much
nent mentioned therein). more pronounced than the pressure influence. However, us-

ing the results of the vacuum chamber tests we will demon-
3.2 Pressure dependence of the CTA response strate later in this paper (see Segjtthat the dependence of

the sensitivity on the velocity has no significantimpact on the
So far the pressure influence on the CTA response has beeapectral slopes of the turbulence measurements. Addition-
barely investigated and the few approaches do not cover presily, we show in the Appendix B that there exists an upper
sure ranges we expect for stratospheric soundingskugg  limit for the use of CTA sensors in the atmosphere around
et al, 1999. In order to study the pressure influence on the ~1hPa (~45km). During our measurements, however, we
sensor response, we therefore performed tests within a va@re sufficiently below this limitation.
uum chamber. The temperature during the measurements
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Table 1. Overview of launched LITOS payloads.

launch site Kihlungsborn  Kiruna =

(54N,12E) (6PN, 21°E) &
balloon weight/volume ~ 1200-3000g 10 008/i® 000 n¥ E
balloon type rubber plastic
gondola weight 5kg 121 kg/140kg ‘ ‘ ; : ; : ; : ;
distance balloon-gondola  100m 60m 26350 26450 26550 26650 26750 26850
max. altitude 35km 29km aitude [m]

Fig. 5. Time record (converted to altitude) of the measured voltage
fluctuations during the BEXUS 6 flight on 8 October 2008. Between
4 Balloon observations of turbulence 26500 and 26 800 the gondola passes a turbulent layer, which is
defined by sharp boundaries to the non-turbulent region.
We have successfully launched our payload LITOS six times

since December 2007. Four soundings have been carried out
from our site at the Leibniz-Institute of Atmospheric Physics jnstrumental noise and do not excee®.002 V. These re-

(IAP) in Kuhlungsborn (Germany, SN, 12’ E). Inaddition,  gyjts demonstrate that our instrument works properly and is
two soundings took place at the Esrange Space Center iggnapie of detecting small-scale turbulent fluctuations.
Kiruna (Sweden, 67N, 21° E) as part of the BEXUS (Bal-

loon EXperients for University Students) campaigns in 2008 . . .
and 200%. The main differen)(/:es betwe?an th(fla?mches fror’ﬁl'2 Spectral analysis of the BEXUS 6 timeseries
Kihlungsborn and Kiruna are given in Talile

For the launches from #hlungsborn, we used rubber bal-
loons whereas the launches from Kiruna were performe
with plastic balloons. The different type and size of the

balloon lead to different motions in the vertical and hori- hod cul | densi oAl
zontal planes. For further investigation of this subject, weMethod to calculate power spectral density valude ¢h

have developed a housekeeping device, including a 6-axid967- To reduce spectral leakage, we apply a Hanning win-
sensor, which measures the rotation and acceleration of thoW function to the data before fitting. As a typical example,
payload at a rate of 50 Hz. This device has been part of recerff'd- & (10P) presents the spectrum for the turbulent region
launches at Khlungsborn. Moreover, the disturbing effects between 26550m and 26 650m (see F5y. The spatial

of rotation and acceleration are also considered in the datSC2/€L is derived fromL=2r/k=vo/f (k =waver13umber,
analysis (see next section) f=frequencypp=nballoon ascent velocity). An n/3 slope

is well identified between spatial scales of 8m and 0.3m as
4.1 Timeseries of signal fluctuations well as the transition to an nf slope below 0.1 m. The ob-
served slopes nicely agree with the slopes expected from the-

We now show some initial results of LITOS measurementsOry (see Figl). The noise level of our instrument starts at
obtained during the BEXUS 6 flight from Kiruna in 2008. @ power spectral density value ofL0~’ V2/s. This demon-

As mentioned in Sect arbitrary movements of the gon- Strates that our instrument has the required resolution and
dola produce sinusoidal signal variations on temporal scale§ensitivity to cover the inertial and part of the viscous sub-
of some ten seconds. We eliminate these low frequency eftange. To our knowledge, these are the first in-situ measure-
fects by removing a spline trend from the signal. During this ments of turbulent spectra down to the viscous subrange in
launch, we observed many layers of turbulence. The vertithe stratosphere.

cal extent of these layers ranges from a few meters to some For comparison, the spectrum of the non-turbulent region
hundred meters, but normally do not exceed 500 m. Fifure between 26350 m and 26450 m (see Faj.is shown in
shows a typical example of such a turbulent layer obtainedrig. 6 (bottom). In contrast to the turbulent spectrum, the
during the BEXUS 6 launch. The measured voltage fluctua-slope does not follow the characteristic ®® behaviour.
tions have been plotted as a function of altitude. It can easilyThe power spectral densities for scales smaller than 1 m are
be seen that at26 500 m the laminar flow suddenly became much lower than in the turbulent case and basically show in-
turbulent for 300 m. The observation of those sharp bound-strumental noise. At very small spatial scales there are still
aries between turbulent layers and non-turbulent regions isome apparentirregularities (in both spectra) presumably due
typical for the layered structure of stratospheric turbulence.to electronic disturbances. But they do not hamper the spec-
Our findings are consistent with earlier observations of e.g.fral analysis. Since the BEXUS gondola is not stabilised,
Sato and Woodma(1982 andBarat(1982. The small re-  slow rotation occurs. That pendulum and rotation would
maining fluctuations in the non-turbulent region are due tocause distinct peaks in the spectrum at lower frequencies

As explained before, we obtain information about turbulence
oand turbulent energy dissipation rates from the spectral anal-
ysis of the measured relative voltage fluctuations. After re-
moving a spline trend from the signal, we use the Welch
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between the inertial and the viscous subrange and basically
10" 1,= 8.8 cm . determines the turbulent energy dissipation rate. Since the
: method presented Hylibken et al(1993 is derived for den-

sity fluctuations and cannot directly be applied to velocity
spectra, we accordingly adjusted certain equations (see Ap-
pendixC). As a result we obtain the following relation:

lo=1135 <V—3> ' (4)

&

power spectral density [V?#/s]

10° 10 10 10° 16 10° 16°

. wherev is the kinematic viscosity. Taking into account that
spatial scale L [m]

we analyse relative voltage fluctuations instead of absolute
velocity fluctuations, we inserted a proportionality factor for

10 1 . - the fitted equation. This factor basically scales the fitted

spectrum upward or downward and has no influence on the
10" \ | determination of the energy dissipation rate, sincdepends

on the spatial scale of the break in the spectrum only. As
an example we plotted the best fit model as a black line to
the spectrum in Fig6 (top). The theoretical fit nicely agrees

. with our measured spectrum and we obtain an inner ggale
107 I of 8.8 cm and an energy dissipation ratef 29 mW/kg.

power spectral density [V?/s]

spatial scale L [m] 5 Discussion

Fig. 6. Power spectrum of the voltage fluctuations for a turbulent re- The laboratory results shown in Se8t2 reveal a non-linear
gion (26 550-26 650 m) together with the best model fit (top). Val- dependence of the sensor sensitivityoltage/Avelocity
ues of 8.8cm for the inner scalg and 29 mW/kg for the energy  \yjth respect to pressure and furthermore a decreasing sen-
d_lSSlpe_ltlo_n rates are die4rlvgd from the fit routine. The kinematic sitivity of the sensor response with decreasing pressure. In
;’ésc.os'tééssgd“gg 41500 e/ S'h The fSpeCtrum of a nt? nt;t”rbu'em addition, the sensor sensitivity also varies for different wind
gion ( a m) is shown for comparison (bottom). velocities (Fig.4 (bottom)). In other words, the sensor sen-
sitivity depends not only on pressure but also on the relative
(«1Hz). The measured spectra show no significant signaP_aCkground wind. Since we measure rglatlve wind Ve'f’c'
at that frequency. ities up to 2m/s, we are in t_he region with thg Iargest_ in-
fluence of pressure and relative background wind (cf. &ig.
4.3 Calculation of energy dissipation rate (bottom)). The question arises whether this could influence
our turbulence measurements, i.e. the slope of the turbulence
From turbulent spectra, it is possible to derive relevant geo-spectrum. Thus, we exemplarily normalized the voltage fluc-
physical parameters like turbulent energy dissipation rateguations between 26 550 and 26 650 m (see $)igo the rel-
e. Libken et al.(1993 described a method to determine ative background wind measured simultaneously by the ra-
¢ from rocket-borne measurements of density fluctuationsdiosonde. Due to the lower sampling rate of the radiosonde
Their routine includes the fitting of a theoretical spectrum data (1s) we interpolated the values to the sampling rate of
model to the measured turbulent spectrum and from the beshe measured voltage fluctuations (0.5 ms) and therewith de-
fit they obtain the energy dissipation rate The theoreti-  rived a value of the relative background wind for each value
cal model refers back tbleisenberg 1948 and exhibits an  Of the fluctuations. Based on the 100 hPa curve (Figpot-
m~>/3 power law in the inertial subrange and anm frslope ~ tom)) we then determined an individual correction factor for
in the viscous subrange: 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. In fact, by using the 100 hPa curve for
this sequence, we overestimated the influence of the relative
background wind. As can be seen from Hgbottom), the
whereT is the Gamma functionI{(5/3) = 0.90167),v;, is sensitivity change decreases with decreasing pressure, so at
the balloon velocityw = 2 f the cyclic frequency and?f an altitude of 26 550 m (about 18 hPa) it is very likely that the
the structure function. Based on this model it is possible tosensitivity varies less than at 100 hPa. Unfortunately, due to
calculate the inner scalg, which characterises the transition technical limitation of the wind calibration unit, we could not

L&/3sincr/3) (/vp) ™53
2y {14 (@/vp) [ ko)B3)

W(w) = )
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1 an accelerometer in our payload. However, for the conver-
sion 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 we therefore estimated an error of the inner scale due
to ignorance of relative horizontal wind e§10% resulting

in 30-50% error ire. This error can be significantly reduced

‘ : ‘ —0.6 by careful analysis of the acceleration data. A second error
26550 26570 26590 26610 26630 26650 source is the fact, that the data sequence taken for a single tur-
altitude [m] bulence spectrum is not necessarily filled with homogeneous
turbulence. Typically spectra are calculated from 40-100 m

26 650 m (see Figh). The black line shows the measured fluctua- se.ctlons.of data. The turbulent layer has t.o fill a large part of
tions and the red line shows the fluctuation corrected for changes 0}h|s section to produce a Clea_r spectral _S|gnal. Nevertheless
background relative wind. The blue line presents the relative windInhomOgeneous tu.rbUI?nce might resu“ In .Some §me§1r|ng of
measured by radiosonde (used for the correction). the spectra especially in the transition region of inertial and
viscous subrange even for this high resolved observations.
‘ ‘ ‘ ‘ ‘ By this the determination of the inner scale might be affected
-1 —— measured signal and thus also the energy dissipation rate. For turbulent lay-
10 — corrected signal [ ers thinner than 40-100 m we assume a maximum error of
~10% for the inner scale, similar to the factor induced by ig-
noring the relative horizontal wind. Nevertheless, we would
; like to point out that in contrast to other methods, the cal-
10 1 culation ofe does not depend on absolute spectral densities
4 (which may be affected by changing instrument sensitivities)
10 1 i but only on the precise measurement of the temporal vari-
5 ¢ 0 ] s 3 ations. The range of values which can be observed with
10 10 10 10 10 10 10 LITOS vary between 2x10-%W/kg (maximumig of 1 m)
spatial scale L [m] and 5.3 W/kg (minimump of 0.025m). We would like to
underline that this range of energy dissipation rates can be
Fig. 8. Spectra of the corrected (red) and uncorrected (black) volt-measured by LITOS from the boundary layer up to the mid-
age fluctuations from Fig. dle stratosphere, as the noise level is constant with altitude.

0.014

o
oo
relative wind [m/s]

-0.014

voltage fluctuations [V]
o

— measured signal
- corrected signal = relative wind

Fig. 7. Voltage fluctuations for the altitude region of 26 550 m—

-3
10 1

power spectral density [V#/s]

obtain measurements of pressure values below 100 hPa. (The )
50 hPa values are omitted due to remaining ambiguities.) © Summary and conclusions

Nevertheless, by applying the individual correction factor
(obtained at 100 hPa) to the measured voltage fluctuations i this paper, we presented the first results of a new compact
the sequence, we eliminated the influence of the backgroungalloon-borne instrument called LITOS (Leibniz-Institute
relative wind. Figure? shows the uncorrected signal (black) Turbulence Observations in the Stratosphere). LITOS mea-
and the corrected signal (red) together with the relative windsures wind fluctuations in the stratosphere with very high
measured by the radiosonde (blue). The influence of the relavertical resolution (2.5mm). The first launch took place on
tive background wind is obviously rather small. Furthermore 12 December 2007 and the instrument has been improved
the spectra of the corrected and uncorrected signals are quifgrther since. A constant temperature anemometer (CTA) is
similar (Fig.8). Here the largest deviations appear at largerthe main part of the balloon payload LITOS, which has a to-
spatial scales and decrease down to smaller scales. The r&al weight of less than 5kg and can be launched from any
sulting energy dissipation rates for the corrected and uncorradiosonde station.
rected spectra deviate by2%. Thus it is well justified to use There is very little knowledge in the literature about CTA
the uncorrected signal for the determination of turbulence pameasurements at low pressures and we have performed our
rameters. own laboratory studies within a vacuum chamber. The stud-

Finally, we would like to discuss possible uncertainties ies show a decreasing sensitivity with decreasing pressure.
within the determination of the energy dissipation rate. SmallNevertheless we have shown that for our purpose, the CTA
errors in the determination of the inner sciléead to signif-  technique is well suited. The main goal of our study is to
icant uncertainties of, becauséy oc /4. The conversion of  obtain geophysical parameters like the turbulent energy dis-
frequency scales into spatial scales can be affected by the resipation rate. This rate only depends on the particular inner
ative movement of the gondola. For that reason we includedcale of the spectrum of relative fluctuations. Thus we can
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deduce information about the stratospheric turbulence from{v= flow velocity, dy,=wire diameter and= kinematic vis-

the unscaled voltage signal. cosity of the fluid) and the Grashof numh@r
We have shown results of the BEXUS 6 flight launched 3
from Kiruna on 8 October 2008, where we observed severaGr= g(Tw —Ta) ﬁ (A3)
a

turbulent layers with a vertical extent ranging from a few me- L i ,

ters to some hundred meters. There are sharp boundaries b IS the gravitation accelerationty, the wire tempera-
tween turbulent and quiet regions. Our observations confirmfu'® @nd7a the temperature of the ambient fluid). To ver-
the findings of e.g.Barat(1982. The measurement resolu- Y Ed- (A1), we calculated the Grashof number and the
tion has been significantly improved compared to the soundXeYnolds number using typical data from our soundings.
ings by Barat and coworkers in 1980s. Due to the highly im- 1 hroughout the entire ascent phag, is much larger than

X 1/3 . . .
proved resolution of our measurements, we are able to mea>" ' and therefore we can omit the free convection term in

sure the turbulent spectrum in the stratosphere down to visthe heat transfer qu_X' Tominimize the (artificial) hgat flow
cous subrange. To our knowledge this was not done befordM the tungsten wire to the pronggfrongd, the wire has
The turbulent spectra of the measured voltage fluctuationg0!d-plated ends connecting it with the wire prongs. Nev-
nicely agree with the theoretically expected behaviour of tur-6rtheless, for typical CTA applications, the heat loss to the
bulence in the inertial and viscous subrange. For the deterPfONgs amounts to about 10-20% of the total heat loss from
mination of the energy dissipation rate, we have adapted théhe sengor[Qurgt 2008. Thus the heat flow through the
spectral model method of {ibken et al. 1993. Since this  Prongs is considered t(_) be_ proportlonal to the forced con-
method was derived for density fluctuations we accordinglyVective flow and Eq.) simplifies to

adjusted the theory. By fitting the spectral model to the spec-Qr ~ c- Oforcedcony (A4)
trum of voltage fluctuations, we determine the inner scale anQ/vherec is a constant.

therewith the energy dissipation rate. For the presented ex- Finally according to Eq.1) we get

ample of a turbulence spectrum measured by LITOS, the fit- ]

ting procedure yields an energy dissipation rate of 20 mw/kgl~ = ¢ R Qforcedconv (A5)

and an inner scale of 8.8cm. The valuesofieviates by a The measured voltage signal is thus directly related to the
factor of up to 100 from earlier indirect measurements. Fur-heat loss through forced convection. The latter is defined as:
ther geophysical analysis like variation of epsilon, turbulent - .

layer thickness and distances will be the task of a subsequerit °"cedcom = & 7 bw dw (Tw = Ta). (A6)
paper. Additionally, future launches of LITOS are planned Wherex is the heat-transfer coefficient akgthe wire length.
to obtain a “climatology” of stratospheric turbulence and to The heat-transfer coefficient is given by

characterise selected wave breaking situations. Nuk (A7)
o =
dw
, whereNu is the Nusselt number andrepresents the heat
Appendix A

conduction of the fluid. The Nusselt number is defined as

Theoretical determination of the heat transfer Nu = Nu(Re, Gr, Kn, Pr, Ma, lw/dw, §Ta,...). (A8)
By inserting Egs. A4), (A6) and A7) in Eq. (1) one ob-

The heat transfer from the wire to the surrounding fluid is tains for the measured voltage

a sum of the heat flow due to forced convection, free con- ,
vection, radiative cooling and heat flow through the prongs?~ = ¢ N# k7 lw R (Tw —Ta). (A9)
(see Eqg.1). Due to the small size of the heated wire, ra-  For further examinatioriu has to be determined individ-
diative cooling Orad iS considerably smaller than the heat ually for every used wire and the flow properties described by
which is transferred from the sensor by e.g. forced convece.g.Re Gr, the Knudsen numbe{n, the Prandtl numbe®r
tion Qforcedconv(Durst 2008. For the case of the BEXUS 6 and the Mach numbévia. There exist several approaches in
launch the heat transfer due to radiation amounts to a maxithe literature for the empirical estimation of the Nusselt num-
mum factor of 1.3 % of the total heat transfer. Consequentlyber for specific flow conditions (e.gCollis and Williams
the heat loss resulting from radiation can be neglected. 1959 Cimbala and Parki99Q Durst et al, 1996. The ad-

. According toCollis and Williams(1959, free convection  vantage of those formulations s that the heat loss from

OfreeconvCan also be omitted, if the wire and the dependence on the flow velocity can be ob-
tained without calibration. However, a precise knowledge
Re> Grl/3 (Al)  of all influencing parameters can not be provided with suf-
) ficient accuracy. For example, parameters of the wire (i.e.
whereReis the Reynolds number effective length and diameter) are not available with the re-
vy quired precision due to the complicated process of the wire
Re=— (A2) manufacturing.

v
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1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ Appendix C

Derivation of the inner scale from the Heisenberg

L spectrum
<, transition flow
g For the calculation of the energy dissipation rate we have
§ adopted the method dfiibken (1992 and Liibken et al.
s (1993 which was formulated for density fluctuations. Since
T BEXUSE we measure velocity fluctuations and not density fluctuations
‘ ‘ ‘ ‘ ‘ ‘ we have to modify certain equations. Basically the theoret-
04 06 08 1 1214 16 ical spectrum is derived from the Heisenberg model. This
Knudsen number model exhibits an m>3 power law in the inertial subrange

and a smooth transition to the Thpower law in the viscous
subrange. The 1-dimensional frequency spectrum is given
by:

Fig. B1. Knudsen number for the vacuum test and for the BEXUS 6
flight.

T(5/3)sin(T/3) o,  (w/vy) %3
- W(w) = &
Appendix B @ 2 vp {1+ ((w/vb)/k0)8/3}2

Knudsen number whereT is the Gamma functionI{(5/3) = 0.90167),v;, is
the balloon velocity and = 27 f is the cyclic frequencycf

Figure 4 (bottom) raises the questions whether the sensois the structure function constant and for velocity fluctuations
sensitivity decreases further at pressures below 100 hPa aritlis given by:
whether there is a lower pressure limit for CTA soundings. C2 — 4?3

. . =doe (C2)

Furthermore the heat-transfer equation for the interpreta- *

tion of the CTA signal (as explained in Appendij requires ~ (e.g.Barat and Bertin1984 Bertin et al, 1997 Hocking
continuum flow conditions. We therefore have to investigate1999. The empirical constant is taken as 0.58ertin et al,
the flow conditions during the balloon ascent phase. By de-1997 Antonia et al, 1981). The Heisenberg model “breaks”
termining the Knudsen numbém, it is possible to assess at ko, which is the intersection of the asymptotic form of
whether continuum flow approximations are applicable or W () in the inertial and viscous subranggatarskii(1971)
not. The Knudsen number is defined as the dimensionlesBas shown thako is determined from the behaviour of the
ratio of the mean free pathto a characteristic length scale, structure functiorD at the origin and that the structure func-
in our case the wire diametéy, tion is related to the 3-dimensional spectrum by:

C1)

Kn=2x/d B1 d? 8t [ 4
n=2»x/dw. (B1) 3D = o | @Kk dk (C3)
r 0

The flow regime can be divided into the continuum flow
(Kn<1072), the slip flow regime (10°<Kn<1071), the
transition regime (10'<Kn<10) and the free molecular
flow for Kn>10 (e.g.Devienne 1965. FigureB1 shows the
Knudsen number for our vacuum tests and for the BEXUS 6 ;) — Ef,,z (C4)
flight. Typically CTA measurements are performed in the 15v
slip flow regime, where continuum flow equations are still (Tatarskij 1971). Thus Eq.C3forms to:
appropriate. With decreasing pressure, the heat transfer tog ., g, o 4
the surrounding medium by convection decreases. Finally; ¢~ = ?/(; O (k)k™dk (C5)
in the free molecular flow, continuum approximations are i ] ] ]
no longer applicable. Therewith, a lower pressure limit for ASSuming an isotropic “frozen” random field, the 1-
CTA soundings can be estimated whém- 10, i.e. at~1 hPa dimensional spectrum can be converted to the 3-dimensional

(~45km). As can be seen from Figl in our case, the SPectrumTatarskii 1971 Lubken et al.1993:

Since our measurement axis is perpendicular to the propa-
gation direction, we use the transversal structure function for
velocity fluctuations:

Knudsen number is well below 10, i.e. our measurements do vf
not occur in the free molecular flow regime. Hence, for our ) =—=2-—"-—=W(w) (C6)

purpose,_CTA_ls well suitable since the measurement p”nc"lnserting EqC1and Eq.C2in Eq. C6 gives:
ple itself is valid.

5T(5/3sin(r/3)-6%° _u 1+ Z(k/ko) 3

k)= 2 3
i [1+(k/ko>§]

(C7)
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Combining Eq.C7 and Eq.C5 and rearranging fokg fi- Devienne, F. M.: Low-density heat transfer, Adv. Heat Transfer, 2,
nally leads to the inner scalg=2r/ ko: 271-356, 1965.
. L Durst, F.: An Introduction to the Theory of Fluid Flows, Springer-
3 i Z .
451(5/3) sin(/3)\ 4 (v3\* A Verlag, Berlin, Germany, 676-694, 2008.
lo=27f~( 8 - =1135. - (C8) Durst, F., Noppenberger, S., Sill, M., and Venzke, H.: Influence

of humidity on hot-wire measurements, Meas. Sci. Technol., 7,

wheren = (v3/¢)%/4 is the Kolmogorov microscale. 1517-1528, 1996. . .
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