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Abstract. We present results of in situ measurements of
neutral temperature during the ECOMA/MASS rocket cam-
paign. We present and compare results of turbulence mea-
surements conducted simultaneously by both in situ and
doppler radar techniques. We show that the derived values
of the turbulence energy dissipation rates are similar on av-
erage. We also find a region with a near adiabatic lapse
rate with turbulence detected at the upper and lower edge.
We note that it is consistent with expectation for a Kelvin-
Helmholtz instability.

We also present an estimate of the Schmidt numbers,Sc,
for the charged aerosols that utilizes in situ measured small-
scale density fluctuations of charged aerosols and both in situ
and radar turbulence measurements. The derived Schmidt
numbers fall within the range between 100 and 4500. This re-
sult agrees with previous estimates based on multi-frequency
observations of PMSE (Rapp et al., 2008) and also with esti-
mates of microphysical parameters presented in the compan-
ion paper by Rapp et al. (2009).
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1 Introduction

With the invention of suitable in situ techniques heavy me-
teoric smoke particles (MSP) in the mesosphere/lower ther-
mosphere (MLT) region have recently been in the focus of
several experimental studies (Havnes et al., 1996; Gelinas
et al., 1998; Lynch et al., 2005; Rapp et al., 2005; Strelnikova
et al., 2009). It is believed that these particles play a key role
in MLT phenomena like polar mesosphere summer echoes
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(PMSE) and noctilucent clouds (NLC). Under the conditions
of the extremely cold summer polar mesopause these parti-
cles may act as nuclei for building large ice particles and,
therefore, better knowledge on them is important for under-
standing the microphysics of these phenomena (e.g.Rapp
and Thomas, 2006).

MSPs and ice particles are surrounded by the ionospheric
plasma and gain a charge because of electron and ion capture
processes. As initially proposed byKelley et al.(1987) and
later extended byCho et al.(1992) and Rapp and L̈ubken
(2004), charged aerosols should ultimately reduce the diffu-
sivity of free electrons. In turbulence theory, this reduced
diffusivity can be expressed in terms of high Schmidt num-
bersSc=ν/D, a dimensionless number defined as the ratio
of momentum diffusivity (viscosity) and mass (molecular)
diffusivity. The first in situ measurements ofSc at PMSE
heights byLübken et al.(1994) andLübken et al.(1998) uti-
lized small-scale electron density and neutral density mea-
surements and resulted in values between∼6 and 500.

In August 2007 the joint European-American
ECOMA/MASS sounding rocket campaign took place
at the North-Norwegian Andøya Rocket Range (69◦ N,
seeRapp et al., 2009; Robertson et al., 2009, for details).
The European part ECOMA stands for “Existence and
Charge state Of meteoric smoke particles in the Middle
Atmosphere” and is a sounding rocket program lead by the
Leibniz-Institute of Atmospheric Physics (IAP) in Germany
and the Norwegian Defense Research Establishment (FFI)
with contributions from Sweden, Austria and the US. The
main scientific objective of this program is studying MSPs
in the middle atmosphere and their relation to mesospheric
ice clouds. The first results of this program from an
initial rocket flight in September 2006 are presented in
Rapp and Strelnikova(2009) andStrelnikova et al.(2009),
respectively.

In this paper we present results of the in situ measurements
of small-scale structures in neutral air and charged aerosols
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(ice particles) during the ECOMA/MASS rocket campaign.
These measurements allow us to derive Schmidt numbers for
the charged aerosols.

2 Instrumentation

The instrumentation of the ECOMA payload is described in
detail in Strelnikova et al.(2009). As further described in
detail in Rapp et al.(2009), the ECOMA sounding rocket
campaign was supported by numerous ground-based obser-
vations. Here we briefly describe the instruments which were
the main data sources for this paper.

2.1 Rocket-borne instruments

The payload instrumentation was similar to that described in
Strelnikova et al.(2009). The main instrument, the ECOMA
particle detector, is mounted on the front deck of the payload,
and is designed to measure aerosol properties. A detailed de-
scription of the ECOMA instrument is presented inRapp and
Strelnikova(2009). In short, the ECOMA particle detector
is a Faraday cup with two shielding grids biased at±6.2 V,
similar to the one first used byHavnes et al.(1996). Heavy
aerosols pass through the biased grids and, if they carry a
charge, produce a current which can be measured by a sensi-
tive electrometer. Measurements of this current are analyzed
in this article. Note, that neutral particles cannot be mea-
sured by this method. Also, because of aerodynamical ef-
fects, this method only allows to measure particles with radii
larger than∼2 nm (Horanyi et al., 1999; Rapp et al., 2005;
Hedin et al., 2007).

In the rear, the payload was equipped with the CONE
(=COmbined measurements of Neutrals and Electrons) in-
strument (seeGiebeler et al., 1993). Basically, the CONE
sensor is a spherical ionization gauge for the measurement of
neutral density and is surrounded by a negatively biased grid
(to shield the gauge from ambient electrons) and a positively
biased spherical grid which is connected to a sensitive elec-
trometer to measure electrons. The measurements of both
neutrals and electrons are made at very high spatial resolu-
tion and high precision (i.e., altitude resolution≈10 cm; pre-
cision better than 0.1%). Hence these measurements allow
for the detection of small scale fluctuations in both species
that arise due to processes like neutral air turbulence (Lübken
et al., 2002) or plasma instability processes (Strelnikov et al.,
2009). In addition, the height profile of neutral number den-
sities can be integrated assuming hydrostatic equilibrium to
yield a temperature profile at∼200 m altitude resolution and
an accuracy of∼3 K (Rapp et al., 2001, 2002). The electron
current measured by the outermost grid of the CONE sensor
can also be converted to absolute electron number densities
by normalizing it to the absolute (but spatially coarse) elec-
tron number densities derived from the radio wave propaga-
tion experiment (Friedrich et al., 2009).

2.2 Ground-based instruments

The ALWIN MST radar (Latteck et al., 1999) operating at
53.5 MHz is located close to the rocket launch site at the
Andøya Rocket Range. The radar is operated continuously
throughout the whole year to study the dynamics and struc-
ture of the troposphere/lower stratosphere and Polar Meso-
sphere Summer Echoes (PMSE). PMSE observed by AL-
WIN with high temporal and spatial resolution were used as
rocket launch criteria throughout the ECOMA/MASS cam-
paign. During the rockets flights radar measurements of the
PMSE power, radial velocity, and spectral width were ob-
tained with a time resolution of 14 s and a height resolution
of 50 m.

3 Data

In situ measurements preformed during the ECOMA flight
provided simultaneous and high-resolution measurements of
neutral temperature, turbulence, density of neutral air and
heavy charged particles. In this work we also use turbulence
energy dissipation rates derived from the ALWIN radar mea-
surements.

3.1 Temperature

In Fig. 1 we present the temperature profile derived from the
CONE measurements. We see a well defined mesopause
around 85 km height with temperatures lower than 120 K.
Comparing this profile with the frost point temperature
(Fig. 1, dotted line) derived using the water vapor satura-
tion pressure formula fromMarti and Mauersberger(1993)
and assuming a water mixing ratio 4.5 ppmv, which is a typ-
ical value for the NLC season at 69◦ N (Seele and Hartogh,
1999), we see that the air was supersaturated at altitudes be-
tween∼80 and 87 km. As shown inRapp et al.(2009) the
PMSE heights observed during the ECOMA rocket launch
fall within these altitudes.

The dashed line in Fig.1 shows the dry adiabatic lapse
rate. We see that in the height region between∼79.5 and
83.5 km the measured temperature profile exhibits a near
adiabatic to superadiabatic lapse rate, that might be an in-
dication of strong and persistent turbulent mixing at those
heights.

3.2 Turbulence

The CONE turbulence measurements are based on the spec-
tral model method introduced byLübken et al.(1994) and
extended byStrelnikov et al.(2003). First, we derive relative
density fluctuations (residuals) by extracting a reference pro-
file. The reference profile is usually derived from a moving
average of the measured time series over the rocket spin pe-
riod (∼5 Hz). Then the Fourier or global wavelet spectra of
these residuals are subsequently fitted by a theoretical model
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Fig. 1. Temperature measurements by CONE during
ECOMA/MASS rocket campaign. The doted line shows frost
point temperature derived using water vapor mixing ratio 4.5 ppmv.
The dashed line shows the dry adiabatic lapse rate(g/cp).

of Heisenberg(1948) or Tatarskii(1971) yielding the energy
dissipation rate,ε.

The results of the turbulence measurements during
ECOMA flight are shown in Fig.2. Two reference profiles
shown by dotted and dashed lines are the minimum and the
meanε-values, respectively, representing turbulence clima-
tology for polar summer MLT (seeStrelnikov et al., 2003,
for more details). In Fig.2 we see two major regions of
turbulence activity, one between∼79 and 86 km and the
other between∼89 and 96 km height. For the upper tur-
bulence region our analysis yielded a continuous profile of
the energy dissipation rates with values ranging from weak
(∼10 mW/kg) to very strong (∼2000 mW/kg) turbulence for
those heights. In contrast, the lower turbulence region split
into several turbulence layers revealing values of the energy
dissipation rate which are on average more typical for those
heights in summer season at 69◦ N. It is interesting to note
that at heights between∼79.5 and 83 km, where the tempera-
ture measurements reveal a near-adiabatic to super-adiabatic
lapse rate, a thin layer of turbulence activity was detected.
Note that if turbulent mixing persist for some time then the
neutral density fluctuations (used here as tracer) will adiabat-
ically be washed out and our technique will not detect such
structures. The actual temperature gradient is, however, not
perfectly adiabatic everywhere so that the CONE sensor de-
tects some structures at those heights (see also a similar ob-
servation and discussion inLehmacher and L̈ubken, 1995).

As shown byRapp et al.(2009) during the rocket launch
the ALWIN radar observed a decaying PMSE event. From
the sufficiently strong radar echoes it is possible to derive
energy dissipation rates as described byEngler et al.(2005).
Basically, that technique goes back toHocking (1983) who
applied a correction for beam and shear broadening based
on the background wind field measurements, applied to the
measured signal.

Fig. 2. In situ turbulence measurements during ECOMA flight. The
dotted and dashed lines are the minimum and the meanε-values,
respectively, representing turbulence climatology for polar summer
MLT.

Figure3 shows energy dissipation rates derived from the
radar measurements by the vertical (0◦) and 7◦ NW-tilted
beam. Theε-values derived from the ALWIN radar around
the ECOMA launch time are close to the mean value mea-
sured in situ in the region between 79 and 86 km and are
equal to 16 mW/kg on average. Similar to the in situ mea-
surements, the backscattered power also shows two primary
regions of structuring, one between∼82 and 84 km and the
other between∼86 and 89 km height (see also Fig.5 be-
low). However, around the rocket launch time the power
in the lower region is relatively weak so that it was not
possible to derive energy dissipation rates at those heights
with a sufficient reliability. As discussed inRapp et al.
(2009), where also the power of the radar echo is shown, the
strength of the PMSE was drastically changing during the
ECOMA/MASS salvo. Also the derivedε-values vary from
∼10 to∼40 mW/kg during that time (Fig.3).

Note that the ascending part of the rocket trajectory lies
close to the ALWIN’s 7◦ NW-tilted beam whereas the de-
scending part, that is when the CONE measurements were
done, is∼50 km away. Also the radar observations are repre-
sentative of an average activity over a spatial region of about
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Fig. 3. Turbulence energy dissipation rates,ε, derived from ALWIN
radar measurements during ECOMA/MASS salvo. Upper panel
shows results from the vertical beam and the lower panel from the
7◦ NW-tilted beam. Vertical black line marks time of the ECOMA
launch at 23:22:00 UT.

10 km in diameter at 85 km height whereas the CONE mea-
surements can be considered as a point measurement.

The 7◦ NW-tilted beam was pointing towards the rocket
trajectory and probed the region through which the rocket
passed during the upleg. That was the reason why we choose
to use the data from the 7◦ beam for further analysis. Also,
comparing the vertical (0◦) and the 7◦ beam (see below,
Fig. 5) we see that the lower layer of PMSE shifts up to-
wards the rocket pass direction. The difference seen in the
radar echoes from these two beams indicates that the ob-
served structures were considerably inhomogeneous. This
is also supported by the other in situ measurements byRapp
et al. (2009) andMegner et al.(2009) that observed a con-
siderably different morphology of the ice layers during the
upleg and downleg.

3.3 Small-scale signatures in the particle measurements

The measurements conducted with the ECOMA instrument
are described in detail inRapp et al.(2009). Among other
things, the classical Faraday cup data channel of the ECOMA
detector gives a current which is proportional to the number
density of charged particles (DC-channel measurements, see
Rapp and Strelnikova, 2009, for more details). Those mea-
surements were done with a sufficiently high altitude resolu-
tion making it possible to perform a spectral analysis simi-
lar to that one described in Sect.3.2 for the neutral density
fluctuations. In the leftmost panel of Fig.4 we show the
ECOMA DC-channel (black line) and the reference profile
(red line) that was determined to derive the relative fluctu-
ations of the particle charge density (residuals). The resul-

Fig. 4. In situ charged aerosol density measurements during
ECOMA flight (ECOMA DC-channel). Left panel: particle density
(black) and reference profile (red) used to derive residuals. Middle
panel: relative density fluctuations of charged particles (residuals).
Right panel: wavelet power spectrum of the residuals (derived using
Morlet-12 wavelet function).

tant residuals are shown in the middle panel of Fig.4. The
right panel of Fig.4 shows the wavelet power spectrum of the
charged particle residuals derived using a Morlet-12 wavelet
function. This figure shows that the charged particles were
highly structured around 83 km and between 84 and 86.5 km
height. The gap in small-scale structures between 83.5 and
84 km height is close to the altitudes where an adiabatic tem-
perature gradient was measured in situ and, therefore (taking
into account the distance between the turbulence- and par-
ticle probe measurements), can be explained either by the
absence of turbulence or, as mentioned above, by persistent
active turbulence that washed out the structures also in the
charged aerosols.

Similar to Strelnikov et al.(2009), we now compare the
charged particle density fluctuations with the ALWIN radar
echo observed around the time of the in situ observations
in order to check if the observed enhancement of spectral
power in the dust data at altitudes between 83 and 88 km
is indeed in situ evidence of PMSE (Fig.5). According
to Røyrvik and Smith(1984), the powerP observed by
radar is directly proportional to the power spectral density
(PSD) of the absolute electron number density fluctuations
(1Ne) at the radar Bragg scaleλBragg (i.e., the radar half
wavelength):P∝PSD(1Ne, k), wherek=2π/λBragg is the
wavenumber corresponding to the radar Bragg scale, which
is 2.8 m for the ALWIN radar. However, high resolution
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measurements of the electron number density that could be
used to determine PSD(1Ne, k) are not available because the
electron probe of the CONE instrument failed. However, it
was shown byRapp and L̈ubken(2003) andLie-Svendsen
et al.(2003) that fluctuations of electrons, positive ions, and
charged aerosol particles that constitute the plasma at PMSE
altitudes are coupled through multipolar diffusion processes.
Hence, PSD(1Ne, k) and PSD(1Nice, k) are proportional to
each other (seeRapp et al., 2003, Fig. 5). Thus, we may com-
pare the radar power with the corresponding particle density
fluctuations shown in the spectrogram of Fig.4. We note
however, that this comparison is certainly only qualitative
since the radio refractive index is given by the electron den-
sity and not by the particle charge density. Fluctuations of
the particle density are indeed proportional to fluctuations of
the electron density and, hence, the radio refractive index,
but the proportionality factor is not precisely known (Rapp
et al., 2003).

In the left panel of Fig.5 we show the radar power from the
vertical beam (0◦, grey) and the 7◦ NW-tilted beam (black)
measured close to the rocket launch time. In the right panel
of Fig. 5 we show the profile of the PSD(1Nice, 2.8 m) in dB
(black) derived as a slice of the spectrogram from Fig.4 at
2.8 m. In the right panel of Fig.5 we also show absolute elec-
tron density profile (grey) measured by the radio wave prop-
agation technique and discussed inFriedrich et al.(2009). It
is seen that the heights of the upper and the lower edge of
the PMSE signature in the in situ measured charged particle
fluctuations are similar to those observed by the radar. How-
ever, in contrast to the radar observations, the in situ data also
show significant fluctuations inside the entire height region
between 83 and 88 km, that is between the PMSE layers ob-
served by the ALWIN radar. There is, however, no contradic-
tion between those in situ and radar data. As it is seen from
the measurements (Fig.5, right panel, grey profile), there was
a “bite-out” in the electron densities observed in situ during
the ECOMA flight (seeFriedrich et al., 2009; Rapp et al.,
2009, for details). As shown by Rapp et al. (2002a), there is
lower electron density threshold for PMSE observations that
is readily explained in terms of the standard theory of the
scattering of the VHF radio waves. These authors found that
at least a few hundreds electrons/cm3 are required for a de-
tectable PMSE. Hence, in our case there were too few elec-
trons between∼84 and∼86 km to lead to detectable radar
backscatter.

It is interesting to note that the residual structuring in the
charged particle density data is strongest at the top and the
bottom of the entire region, that is inside the PMSE layers.

As for the case of the neutral density fluctuations, one can
also fit a theoretical model to the spectra shown in Fig.4.
Following Lübken et al.(1994) who first derived Schmidt
numbers from the high resolution in situ measurements of
plasma (electron) density fluctuations, we fitted the model of
Driscoll and Kennedy(1985) to the relative density fluctua-
tions of the charged particle density.

Fig. 5. Comparison of radar power and charged aerosol density
fluctuations. Left panel: ALWIN radar power from vertical (0◦,
grey) and 7◦ NW-tilted beam (black) observed near ECOMA launch
time. Right panel: charged aerosol density fluctuations at ALWIN’s
Bragg scale (2.8 m) in dB (black) and absolute electron density pro-
file (grey) measured by the radio wave propagation technique from
Friedrich et al.(2009).

This procedure requires independently derived turbulence
energy dissipation rates for the same volume where the
plasma (charged particles in our case) fluctuations were ob-
served. As described above, however, the CONE turbulence
measurements are only available from the downleg, whereas
the shown charged particle data were measured during the
upleg. This leads to an uncertainty because the turbulent
structures are most probably not as homogenous to reveal the
same strength over∼50 km extent. We have, however, also
the radar turbulence measurements from the 7◦ NW-radar
beam, i.e., from the volume through which the ECOMA
rocket passed. That means that we may also use theε-values
derived from the ALWIN measurements.

Taking into account that the radar averages over the rela-
tively large volume, compared to the in situ measurements,
we took the averageε-value which is 16 mW/kg for the entire
altitude range between∼83 and 89 km.

Figure6 shows an example of the residuals (upper panel),
its 2-D spectrum (lower panel, thin oscillating line), and
the best fit of the model byDriscoll and Kennedy(1985)
(lower panel, bold line). The fit results in a Schmidt num-
ber Sc=541. By changing theε-value from the lowest
(1 mW/kg) to the highest (1000 mW/kg) derived by the in
situ technique we find that theSc-value changes from∼917
to ∼500. This represents the uncertainty in the derivation of
the Schmidt number presented here.

Thus, we fitted all the spectra shown in Fig.4 in colour
in the altitude range between 83 and 87 km. The resul-
tant Schmidt numbers are presented in Fig.7 where the re-
sults shown by the thin black line utilize the ALWIN radar
ε-measurements and theSc-values shown by the bold grey
line were derived using in situε-measurements (Fig.2).
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Fig. 6. Upper panel: relative density fluctuations (residuals) of the
charged particle density measured in situ between 85.3 and 85.5 km
height. Lower panel: Power spectral density of the residuals (thin
line) and the best fit of the model byDriscoll and Kennedy(1985).
The energy dissipation rateε=16 mW/kg was taken from radar
measurements. The derived Schmidt numberSc = 541.

We see that almost all the derived Schmidt numbers fall
within the range from 100 to 2000 with only a few excep-
tions. Importantly, the small changes of the energy dissipa-
tion rate from one case to the other do not change the general
range of Schmidt numbers derived from our measurements.
Hence, the derived range of values, i.e., between 100 and
2000, can be considered a robust result of our analysis.

4 Discussion

The mesopause temperature that was measured on the down-
leg reveals two local minima: above and below∼84 km. The
other in situ downleg data by the photometer and ECOMA
detector measured a relatively thin ice layer which only coin-
cides with the upper local mesopause minimum (seeMegner
et al., 2009; Rapp et al., 2009). This ice layer also coincides
with a relatively weak turbulence layer withε-values ranging
from 10 to 30 mW/kg.

Further below we observed turbulence layers and an adi-
abatic temperature gradient. We note that we observe tur-
bulence above and below the altitudes with a near adiabatic
lapse rate. This is somewhat reminiscent of the case of
a Kelvin-Helmholtz billow studied inGibson-Wilde et al.

Fig. 7. Schmidt numbers derived from charged particle density and
turbulence measurements during ECOMA flight. Thin black: using
ε-values from ALWIN radar measurements. Bold grey: using in
situ turbulence measurements.

(2000). They found that inside the billow strong mixing
led to the disappearance of small-scale structures, and most
pronounced irregularities were found at the upper and lower
boundary of the billow.

Comparing the radar turbulence measurements with the in
situ data (between 70 and 90 km heights) it is remarkable that
they agree quite well if we only consider the upper turbulent
layer from the in situ data. On average they show near the
same turbulence strength.

Due to the∼50 km horizontal separation of neutral air and
charged particle measurements, we do not expect to see an
exact overlap of the structures in those data. We utilized
both the ALWIN radar and the in situ turbulence measure-
ments to derive the Schmidt numbers for charged aerosols.
Based on those measurements, we also varied the strength
of turbulence in a large range of values which, however, did
not lead to significant change in the derived Schmidt num-
bers. Moreover the both derivedSc-profiles qualitatively
agree (see Fig.7).

We note that the very largeSc-values of up to 4500 in our
case derived for the heavy PMSE plasma constituent is in
agreement with a previous independentSc-estimate byRapp
et al.(2008) derived from simultaneous radar measurements
at different frequencies.

The large Schmidt numbers observed during the ECOMA
flight are evidence of the low diffusivity of the detected par-
ticles which, according toLübken et al.(1998), is related
to the particle size bySc=6.5r2, wherer is the particle ra-
dius. Using this estimate we can compare results of our com-
bined in situ and radar observations with those fromRapp
et al.(2009) where the authors deduced an altitude-profile of
the particles radii from a combination of the two data chan-
nels of the ECOMA particle detector, i.e., the Faraday cup
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measurements shown in Fig.4, and the photoelectrons ex-
cited by the UV-photons of the xenon flashlamp of the de-
tector,Rapp et al.(2009) derived radii of order 30 nm cor-
responding to Schmidt-numbers of∼6000. Taking into ac-
count the rather large uncertainty of the radii-estimates pre-
sented inRapp et al.(2009), we consider this to be in good
qualitative agreement with the estimates presented in Fig.7.

5 Conclusions

We presented results of in situ temperature measure-
ments and turbulence measurements conducted simultane-
ously by both in situ and doppler radar techniques during
ECOMA/MASS rocket campaign. The derived values of the
turbulence energy dissipation rates are similar on average.

We found a region with a near adiabatic lapse rate with
turbulence detected at the upper and lower edge. We note
that it is consistent with expectation for a Kelvin-Helmholtz
instability.

We also showed estimated Schmidt numbers,Sc, using
high resolution measurements of charged particles along
with our in situ and radar turbulence measurements. This
resulted in largeSc-values in the entire altitude range of the
PMSE observation, i.e. Schmidt numbers between 100 and
4500 were observed. This is in line with previous estimates
based on multi-frequency observations of PMSE (Rapp et al.,
2008) and is also qualitatively consistent with the estimates
of microphysical parameters presented in the companion pa-
per byRapp et al.(2009).
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