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Abstract. On 18 January 2005, two small, instrumented less intense, occur more sporadically, and occur at lower alti-
rockets were launched from Andgya Rocket Range (89,3 tudes than their summer counterpart, polar mesosphere sum-
16° E) during conditions with Polar Mesosphere Winter mer echoes (PMSE), which occur in the mesopause region,
Echoes (PMWE). Each of the rockets was equipped with aypically between 80 and 90 km. Both phenomena require
Positive lon Probe (PIP) and a Faraday rotation/differentialfluctuations in the electron density on a scale of at most a few
absorption experiment, and was launched as part of a salvimeters to be detected by a 50-MHz radar, although the mag-
of meteorological rockets measuring temperature and winchitude of the fluctuations needs to be much larger for PMSE
using falling spheres and chaff. Layers of PMWE were de-than for PMWE, to account for the much stronger PMSE
tected between 55 and 77 km by the 53.5 MHz ALWIN radar. radar backscattered signal. PMWE are primarily seen at day-
The rockets were launched during a solar proton event, antime (Kirkwood et al., 2002; Zeller et al., 2006), and their
measured extremely high ion densities, of ordéh0-3, in occurrence is strongly correlated with solar proton events or
the region where PMWE were observed. The density meaenhanced high-energy electron precipitation, which indicates
surements were analyzed with the wavelet transform techthat large electron densities are a necessary prerequisite for
nique. At large length scales;y10°m, the power spec- their occurrence.

tral density can be fitted with &~3 wave number depen- PMSE are by now fairly well understood, being caused by
dence, consistent with saturated gravity waves. Outside théhe presence of large (a few nanometers or more) particles,
PMWE layers thek—3 spectrum extends down to approxi- probably created by condensation of supersaturated water
mately 1& m where the fluctuations are quickly damped and vapour at the extremely cold summer mesopause. Such large
disappear into the instrumental noise. Inside the PMWE lay-particles quickly become electrically charged by the plasma.
ers the spectrum at smaller length scales is well fitted with an order to preserve charge neutrality in the plasma, free elec-
k—5/3 dependence over two decades of scales. The PMWHrons are essentially “frozen” to the ice particles, with density
are therefore clearly indicative of turbulence, and the data ardluctuations that mirror the ice particle density fluctuations.
consistent with the turbulent dissipation of breaking gravity Once small-scale ice-particle density fluctuations have been
waves. We estimate a lower limit for the turbulent energy dis-created, for instance through turbulence, their low diffusivity
sipation rate of about T¢ W/kg in the upper (72km) layer.  then implies that the corresponding small-scale electron den-
sity fluctuations may last for a long time, up to hours, even in
the absence of active turbulence. The time constant for de-
struction of fluctuations depends on particle sizd,(i.e. on
altitude (Lie-Svendsen et al., 2003; Rapp aridbken, 2004).

Polar mesosphere winter echoes (PMWE) are layers of en- " MWE are currently not well understood, despite that

hanced radar echoes occuring between about 55 and 85 ki€ first observations of mesospheric radar echoes were
altitude in the high-latitude mesosphere during winter, with made in 1978 at mid latitudes with the SOUSY VHF radar

an occurence rate of 2.9% (Zeller et al., 2006). They arelCZzechowsky et al., 1979) and at high latitudes in 1979 by
the Poker Flat radar in Alaska (Ecklund and Balsley, 1981;
Correspondence to: A. Brattli Balsley et al., 1983). The polar winter mesosphere is much
(alvin.brattli@ffi.no) too warm for water ice particles to form, and therefore the
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mechanism explaining PMSE cannot explain PMWE. In themost interest for the generation of PMWE. Section 2 gives a
absence of heavy, charged particles to influence the electroshort summary of the wavelet technique that we use. Sec-
motion, meter-scale density fluctuations should be stronglytion 3 gives a brief presentation of the rocket ion probe, and
damped, even in the presence of active turbulence, becausew the measured current is converted into density. Section 4
viscous dissipation of turbulent eddies becomes importanpresents the main results of the wavelet analysis, while Sec-
at these length scales. Without invoking very large energytion 5 discusses implications for energy deposition rates.
dissipation rates or without large background electron densi-

ties and gradients, it has been speculated that the fluctuations

would be much too small to explain the radar echoes (Belove2 Wavelets

et al., 2005). Kirkwood et al. (2002) have therefore proposed_l_h Wavelet T ¢ WT) is | .
that charged aerosols may cause PMWE after all, corrob- e Wavelet Transform (WT) is in many ways superior to

orated by lidar measurements of enhanced backscatter thgfe t.radmonal V\f/mdoyved fFouner Tra]msf?rm '(WFT),b?ver-
Stebel et al. (2004) interpreted as aerosol layers. Since jc§oming many of its time-frequency localization problems.

particles are ruled out, Stebel et al. suggested that ablatio mong th(_a advantag_es of th_e WT over the_WFT is that it
and recondensation of meteoric material could be a source df&> good time resolution for high-frequency signals and good

aerosol particles. This meteoric smoke (Hunten et al., 1980 requency resolution for low-frequency signals, whereas with

has also been suggested as the condensation nuclei on whi © WFL you can gc(jetfgood time reslt)lgt|on (‘_Nr':h a pc?r-
PMSE ice particles grow, and recent in situ measurementé,o_\"’dWln O\tl)v) or gok? hrequellwcy resolut|onF(W|th a\x/v::_?
have shown that charged nano-particles do exist in the wintefVi"doW), but not both simultaneously.  For the ,
mesosphere (Lynch et al., 2005; Rapp et al., 2005). HOW_the time/frequency resolution is relat.ed throughvr, =
ever, the lidar observations would require roughly a factorcc_’nStzl/z’ whereo; and o, are the t!me and fre_quency
10° more dust particles than modelled by Hunten et al., orW'dths' relatgd to the shape of the w!ndow funct'lon. The
a large increase in dust particle size. Until such particlesprOdUCt”’% is smallest for Gaussian window functions. For

have been better characterised, it remains an open questi He WT, the time and frequency resolutions are e_zxpressed as
whether they can explain PMWE. so; ando, /s (and thus depend on the scate defined be-

To resolve these issues, radar measurements are not Sl{?—w)’ aIthoughgtqw still remains constant- at all scales (Ma]-
ficient, as these only contain information about fluctuations at, 1999). This is analogous to the Heisenberg uncertainty

in the electron density. The required detailed information principle. Due to these advantages of the WT over the WFT,

about the state of the mesosphere during PMWE must be ObStreInikov et al. (2003) recently applied this technique to the
tained in situ by sounding rockets. Recentlyibken et al analysis of neutral air turbulence in the mesosphere, and is

(2006) presented results from a series of meteorological an&,ISO the reason we have chosen to use wavelets in this analy-

instrumented rockets launched into PMWE from Andﬂyas's' . . L
Rocket Range in January 2005, where it was shown that The WT of the discrete time series is given by the con-

even weak turbulence can create PMWE, without involving VO!ution
charged aerosol particles. N-1 (' — n)st
This paper is an extension of the study biytbken et al. W, (s) = Z X W* < ) 1)
(2006), analysing the data from the instrumented rockets in n'=0 s
considerably more detail. Although electron densities from here
the PMWE scattering regions, approximately 65—70 km, are
not directly available from these rocket flights, measure- (n' —n)ét st\ Y2 (n' —n)ét
ments around 60 km by the Faraday rotation technique foun (7) - (?) Yo <f) @

electron densities up t0,~10'° m=3, which are extremely _ .
large densities for this altitude region, and even higher thariS the scaled, translated, and normalised (to unit energy) ver-
measured in the auroral zone at these heights. “Pragmaticall§ion of the “mother wavelet¥o(n), and the* denotes the
extending” these densities into the PMWE scattering region COmplex conjugate. The sampling time intervadisand the
Liibken et al. found that the radar echoes could in fact be exavelet scales are given by
plained by turbulence without invoking unrealistically high - 1 NSt
energy deposition rates. In other words, in these particulas; = 502/%,j=0,1,..., — log, ( )
cases PMWE could be explained from “normal” turbulence 8]
alone, without invoking aerosol particles to reduce the elecwheres; determines the sampling in scale (smafigigives
tron diffusivity. a better resolution). The smallest scajés given by 3z. In

In this paper, we analyze the positive ion density measurethe present work, we have used the usual approximation to
ments using the wavelet transform technique. This techniquehe Morlet wavelet (Foufoula-Georgiou and Kumar, 1994),
allows us to extract the altitude dependence of the small-scale
plasma density fluctuations, and easily identify the regions ofWg () = 7~ Y/4¢%%0n=1%/2 (4)

— ®)

S0

Atmos. Chem. Phys., 6, 5515-5524, 2006 www.atmos-chem-phys.net/6/5515/2006/



A. Brattli et al.: Rocket measurements of positive ions during PMWE

where Qg is a nondimensional frequency. For the Morlet

wavelet, the equivalent Fourier period is given by

4 s

Qo+ /2+ Q3

Tr(s) = )

For numerical computations, it is considerably faster to

compute the WT in Fourier space:

N—1
Wi(s) = ) &l (saop)e! (6)
k=0
where
2k ; N
FuS if k <=
— 1 N3 =2 7

and the Fourier transformed quantitigsand & are given by

xAk — N Z xne—kan/N (8)
n=0

and

N 275\ Y2 .

W(swy) = (7) Wo(swy) 9)

respectively, where

Uo(sw) = n_l/4H(a))e_(‘”"_Q°)2/2 (20)

for the Morlet wavelet, and

0ifw<O
H@”={1Ww>o

is the Heaviside step function. Note thé is normalised
to have unit energy, i.e. thdtfoff |Wo(2)|2d2=1. For the
present analysi$20=48, andsj=0.0125. These values were
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Fig. 1. Wavelet power spectral density for the RWMM-01 PIP di-
rectly before launch, while the payload was at the launch pad. For
the wavelength, a velocity of 560 m/s is assumed, which corre-
sponds to an altitude of 62.6 km for this payload.

3 Instrumentation and measurements

The two instrumented payloads in the rocket salvo were iden-
tical, and they carried instruments for measuring number
densities of positive ions and electrons. Positive ion den-
sity was measured using a Positive lon Probe (PIP) (Blix
et al., 1990b; Sagalyn et al., 1963) in the front of the pay-
load. These PIPs consisted of an outer grid (25 mm diam-
eter) at payload potential (floating potential) and an inner
electrode biased at6 V relative to the outer grid, thus at-
tracting positive ions. The inner electrode was connected to
an electrometer with 4 decades automatic ranging, and a 12-
bit linear digital to analog converter with a sampling rate of
2441 .4 Hz, giving a theoretical resolution-e0.02% for the
fluctuations, and a spatial resolution of better thah5 m.
However, noise in the electronics raised the noise floor, so
the actual spatial resolution was around 5-7 m inside the
PMWE layers, where the small-scale signal was strongest.
Fig. 1 shows the wavelet power spectral density of this noise

chosen in order to properly resolve the spin frequency and it§rom the PIP of RWMM-01 directly before launch, while the

harmonics.

rocket was still at the launch pad. The noise spectrum has

The wavelet analysis was performed on the time series oft characteristic shape, with a broad peak in the higher fre-

the relative ion density fluctuations,

N; — (N;

n= N0 (12)
(Ni)

whereN; is the calculated ion density, akd;) is the running

mean ofN; over 50 spin periods.

guencies. The shape of the noise spectrum does not change
significantly for the entire flight (for both flights), thus mak-
ing it easy to identify in the wavelet spectra.

Absolute electron density measurements were made with a
Faraday rotation/differential absorption experiment that was
also included on the payloads. These measurements have a
height resolution on the order of 1 km, as the payloads must

We will not go into more details on the theory of wavelets complete a full spin revolution to get one data point. Lin-

here, but refer to some of the extensive literature available forearly polarised RF waves are transmitted from the ground to
details, e.g. Foufoula-Georgiou and Kumar (1994), Torrencethe flying payload and the receiving antenna, spinning with
and Compo (1998), Mallat (1999), and references therein. the payload, scans the polarisation at the altitude under inves-

www.atmos-chem-phys.net/6/5515/2006/ Atmos. Chem. Phys., 6, 5515-5524, 2006
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Fig. 2. Left panel: PMWE, as measured by the ALWIN radar. Integration times for the two radar profiles-d@rg@min, centered around

the launch times of the rockets. Middle panel: lon densities as calculated from the PIP measurements on the instrumented payloads, average
over one spin cycle. The red and black curves denote RWMM-01 and RWMM-02, respectively, while solid and dashed lines denote up- and
downleg. The nosecone was jettisoned at 53.7 km (58.3 km), and there are thus no data below this on upleg. Right panel: Vertical temperature
profile as measured by the first falling sphere launched after the instrumented payloads. Above the dashed line we have used the temperatul
profile for January from lbken and von Zahn (1991).

Table 1. Launch times and trajectory data for the instrumented pay- Conversion from ion current to ion density was done using

loads. Launch date was 18 January 2005. (Sagalyn et al., 1963)
1 _.» X 1
RWMM-01 RWMM-02 I, = ﬂrZNiquif(V)~|:§€ 4 \/E (E + E) erf(x):| , (12)
Launch time (UTC) 11:36:30 12:06:00 whereJ; is the ion currenty=2v, //v;, r is the radius of
Nose cone jettisoned  53.7km 58.3km the outer grid of the PIP (0.0125 mly; is the ion densityg,
Apogee 78 km 86.9 km

is the elementary charge; is the ion thermal velocityy, is

Spin frequency 13.7Hz 13.3Hz the payload velocity, and

X
erf(x) = i/ e_Ezdé

tigation. The rate of change of the polarisation (orientiation, VT Jo
ellipticity) is a function of the electron density. This type of is the error function. The functiofi(V) is a function of the
measurement is insensitive to distortions caused by payloagayload potential (floating potential), and requires a spe-
charging or aerodynamic effects (Mechtly, 1974; Jacobsertial probe mode and analysis (Sagalyn et al., 1963). This
and Friedrich, 1979). mode was not available on these instrumentsf €0) is set

The payloads were launched on 18 January 2005 fronto unity (Folkestad, 1970). The error introduced by this un-
Andgya Rocket Range (69.8l, 16° E) during a period with  certainty should not be large: The mesospheric conditions
solar radiation storms and increased geomagnetic activityduring the rocket flights will cause a negative payload po-
Around this time the GOES-11 satellite showed proton fluxestential, in which casef (V) is only weakly dependent oW
that were about a factor #@arger than during quiet condi- (the ions are attracted by the payload). Moreover, we shall
tions. Launch times and trajectory data for the instrumentedocus on relative fluctuations in ion density on scales smaller
payloads (RWMM-01 and RWMM-02) are listed in Tadle  than~10% m, which are not influenced by slow changes in
The distance between the ALWIN radar measurements anthe payload potential. Finally, settinfV)=1 for RWMM-
the rockets were=7.8 km (=25 km) at 56 km altitude on up- 01 yields a positive ion density at 60 km that agrees within a
leg (downleg) for RWMM-01, and5.8 km 22 km) for  factor two with the electron density obtained from the wave
RWMM-02. propagation experiment.

Atmos. Chem. Phys., 6, 5515-5524, 2006 www.atmos-chem-phys.net/6/5515/2006/
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Fig. 3. Wavelet transform of relative fluctuations in ion density for RWMM-01 (top) and RWMM-02 (bottom). The wavelet transform for
upleg (downleg) is at the left (right), while an ALWIN radar echo profile taken near the time of launch is shown in the middle. The payload
spin frequency and its harmonics are clearly visible throughout the entire flight for both payloads. The horizontal white patches indicate
masking of the data due to data dropout.

4 Results the first falling sphere launched after the instrumented rock-
ets. At the top of the trajectory for the falling sphere the

The mesospheric conditions at the time of the rockett€mperature data are unreliable, due to a rather long reaction

launches are shown in Fig. 2. The ion densities, as calculateiMe of the sphere to density changes in the atmosphere, so
by solving Eq. (12) forN;, are shown together with PMWE W€ have used the average January temperature profile _from
radar profiles and the neutral temperature as measured withUPken and von Zahn (1991) above 80 km, with a spline

www.atmos-chem-phys.net/6/5515/2006/ Atmos. Chem. Phys., 6, 5515-5524, 2006
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a) Wavelength [m] interpolation to merge the two profiles. The ion density pro-
; 10° 10° 0" 10° files shown in Fig. 2 have been averaged over one payload
- A A A LA spin cycle to make the graph less cluttered.

102k T Smvathos sonmm 1 The ion densities in Fig. 2 are about two orders of magni-
10“; Eiﬁ?ﬁiﬁﬁﬂﬁﬁin a tude higher than what is normal for the season (Bilitza, 2001,
E — 3 Libken et al., 2006), caused by the high solar activity at the
107F = E time of the rocket campaign.
ok | . In Fig. 2 we have also plotted the radar echoes, as mea-
o , ] sured by the ALWIN radar at the time of launch for each
10°g “1* 3 rocket. The PMWE measured at the time of the launch of the
M 3 first payload consisted of two layers$5-63 km and-70—
10°E RWMM-01 M 3 75 km). The lowest layer subsequently split up into two lay-
;73775 8km (d"w“'eg)w R L ers, and eventually died out. By the time the second payload
1010'3 102 10" 10° 10" was launched, the remains of the lowest layer were just above
Wavenumber [m'] the detection threshold of the radar. Thus, this layer was still
b) Wavelength [m] there, but only barely visible.
3 102 10! 10° The wavelet transforms of the positive ion data from the

A two rocket flights are shown in Fig. 3, with spectral power

—— Wavelet spectrum

102F ——- Smoothed spectrum 3 density as a function of wavenumber and altitude. Portions

ok o ‘i?f“"“i“ noise ﬁ of the data have been masked out due to data dropout and
_— other erroneous behaviour, and can be seen as horizontal,

10105 3 white stripes on downleg on both flights. Boundary effects
oL 4 from the start and the end of the time series (the cone of in-

Spin + harmonics

fluence; COI) have also been masked out, and the result can
E be seen as a gradual limitation of low wavenumbers in the
3 lower part of each leg. The instantaneous payload velocity

10’E Inside PMWE

106; RWMM-01 4 was used for calculating the wavenumber from the period
b 725726 km (downleg) T Tr(s) at each altitude. The spin frequencies (13.7 Hz for
10,3 107 10" 10" RWMM-01 and 13.3 Hz for RWMM-02) can be extracted
Wavenumber [m’'] from the raw data with high accuracy, and are clearly visible
¢) Wavelength [m] along with their harmonics in Fig. 3 as thin bands with high
s 10° 102 10 10° power density. The spin frequency itself is the most dom-
_ 10 g ;‘;‘V;vclcmgmlr#” 3 inating of these, but the harmonics are also clearly visible
£ 10"k - Smoothed spectrum 3 (increasing frequency towards the right). Since the payload
1 ok o i‘fﬁ"""‘“ noise velocities decrease with increasing altitude, we have higher
2 lo? gl ] spatial resolution near apogee than at lower altitudes. From
Z10°F 3 Fig. 3 we can clearly see enhancements in the power spec-
E 10°E . tral density at precisely those altitude ranges where PMWE
Ei 108; Spin + harmonies 4 were measured (55-63 km and 68-75 km for RWMM-01;
g Al 3 55-63 km and 7075 km for RWMM-02).
‘:é 10 Inside PMW Jii ol 3 In the altitude ranges with PMWE, we have more power
o
=W

loo; RWMM-01 4 at high wavenumbers (short wavelenghts) compared with
: 5‘5'6‘5"5‘5;?‘ T where we do not have PMWE, and the enhanced fluctuations
1047 107 10" 10 10! are confined to several narrow subranges. While turbulence
Wavenumber [m'] is clearly involved, as we will show below, the mechanism
behind these narrow subranges is not known, but a likely can-
didate is breaking gravity waves.
Fig. 4. Positive ion spectra for WMM-01 at selected altitudes a) For RWMM-01, the upper ledge of the topmost layer is lo-
outside and b,c) inside PMWE altitude ranges. The gray parts ofcated at 74.5 km on upleg, and 75.1 km on downleg. The hor-
the spectra indicate the instrumental noise level. h#&/3, k=3, jzontal distance travelled by the payload between the cross-
andk—7 parts of the spectra are indicated with red, blue, and Iightings of the layer ledges is 6.75 km. Neglecting drift of the
blue lines, respt_actively. These lines are drawn to guide the eye, the}é\yer and assuming that the situation did not change signif-
have not been fitted. icantly during the 50 s between the crossings, we get a tilt
of the layer of approximately°s For RWMM-02, the up-
per ledge is located at 74.35 km on upleg and 74.7 km on

km (downleg)

Atmos. Chem. Phys., 6, 5515-5524, 2006 www.atmos-chem-phys.net/6/5515/2006/
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b) Wavelength [m]
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Fig. 5. Positive ion spectra for WMM-02 at selected altitudes a) outside PMWE, but inside the assumed plasma instability, b) outside
PMWE, and c,d) inside PMWE altitude ranges. The gray parts of the spectra indicate the instrumental noise &V 3The3, andk
parts of the spectra are indicated with red, blue, and light blue lines, respectively. These lines are drawn to guide the eye, they have not beer

fitted.

downleg (100 s time difference). The horizontal separationthe rocket trajectory. Fluctuations due to spin can be as large
between the ledge crossings was 10.9 km, giving a tilt ofas 10%.

In Figs. 4 and 5 we compare typical ion density fluctua-
The heavy influence of the payload spin frequency and itstion spectra from outside and inside the PMWE layers. The
harmonics right in the middle of the interesting frequency ion density fluctuation spectra within the PMWE show char-
range of the time series makes it difficult to remove the spinacteristics that we would expect from turbulence, with the
from the time series, without also filtering out a lot of data. slope being almost proportionalto>/3, wherek=2x /A and
This, in combination with the dominating electronics noise 1 is the wavelength, over a significant part of the frequency
at high frequencies (see Fig. 1) makes estimating the magrange, indicating the inertial subrange of a turbulent cascade.
nitude of the ion density fluctuations problematic. Still, the The k—%/2 slope extends frorai~10-2 m~1 (corresponding
magnitude of the fluctuations on scales larger than one spiio wavelengths of roughly 400-600 m) and upktel m~1
(wavelengths of roughly 6-10 m), where the signal drops be-
low the electronics noise. In these ranges, a least squares fit
(after removing spin and its harmonics) gives us slopes rang-
ing from —5/3-0.19 to—5/3+0.14. The noise originating in
the onboard electronics prevented us from measuring fluctu-
ations all the way down to the Bragg wavelength (2.8 m) of
above estimate gives us ion density fluctuations on the ordethe ALWIN radar (see the light gray parts of the curves in
of 1-3% for lengths between one and 50 spin periods alond-igs. 4 and 5).

about 1.8.

period can be estimated by

(Ni)1 — (Ni)so

Al’l,‘ =
(Ni)s0

where (-),, iS @ running average ovet spin periods. The

(13)
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Wavelength [m] 5 Energy dissipation rates
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— Wavelet spectrum up the ion density fluctuations (and hence also the electron

107 ——- Smoothed spectrum3 A >
na Electronics noise ] density fluctuations) needed to get PMWE, the turbulence
107 & spin harmonics 3 must have created density fluctuations all the way down to
10" kL, E the Bragg wavelength of the radar. The smaller the scale
o :1127 N where we still have a turbulent cascade, the higher the energy

dissipation rate will be. The inner sca&—=2xr/ko, where

] the asymptotic forms of the spectra in the inertiatY/3)

3 and viscousK~’) subranges merge, is related to the energy
h ] dissipation rate through (Liibken et al., 1993)
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Fig. 6. An example of a transitional spectrum where we can seeWh_ere‘) is the klnemat_lc V'S_C(_)S'ty' S'nce_the electronics
slopes proportional ta—3, k=53, andk—7. The inner scale is at Noise prevents us from identifying the transition between the
approximately 50 m. inertial and viscous subranges (the inner scale) in the turbu-
lent spectra of Figs. 4 and 5, we cannot calcukatesing a
spectral fit. We can therefore only calculate a lower limit for
P _ e. If we let/y be the wavelength where tite®2 spectrum

For k510 i the spectra are very close to beip®-  gisappears into the noise, the inner scale must be smaller than
portional to k™, which indicates saturated gravity waves s o /.. Hence the lower limit on the energy dissipation
(Blix et al., 1990a,b). Our interpretation of these data is that, 5¢a is given by

we have gravity waves breaking in the altitude rarg&s—
60 and~70-75 km, giving rise to turbulence that dissipates 3 (9.9)4
€ >V -— .

its energy at scales10 m. (15)

Iy

In_the altitude ranges where we_do notsee PMWE there arg- o, Figs. 4 and By~10 m. Thus, the inner scalig must
no signs of a turbulent cascade with /3 power spectrum.
Instead we see Puoyancy range spectra with &slope up Table 2 lists the corresponding limits on the energy dissi-
to k~4-107* m™= (wavelengths down to about 150 m), at haiion rate. We note that the lower limit efis very small for
WhIC7h p0|_nt_ th_e slope of the spectrum_ changes directly Ohe lowest PMWE layer, and on the order of 20W/kg for
~k~". This indicates that we have gravity waves that do noty, e nner layer. From Eq. (14)is very sensitive to the value
preate turbulence. Alternatlvely,. the ePergy“dlssmat_lon rateof fo, € Za4_ This is also illustrated in Table 2, showing
is so low (see below) that there is not “room” for an inertial 4 if the inner scale is on the order of the radar wavelength,
sub_range, S0 that th_e wave energy flux is converted dlrectlye0 — o, the required energy dissipation rate increases by
to viscous heating without going through a turbulent cascade, , order of magnitude for both layers. And if the inner scale

In the uppermost part of the RWMM-02 flight (above matches the Bragg wavelength=A0/2, the energy dissipa-
82 km), strong ion density fluctuations were seen, while notion rate becomes very high for the upper layee2 W/kg),
PMWE echoes were seen in this region. This is consis-while it is still in the mW/kg range for the lower layer. A
tent with these ion fluctuations being strongly damped be-heating rate of more than 18 W/kg (about 1 K/day) for the
fore they reach thé~1 m~! region where PMWE are gen- upper layer is more than a factor 10 larger than the typical
erated. These fluctuations therefore seem to be unrelated toeinter time measurements byibken et al. (1993).
the PMWE echoes. Anion density fluctuation spectrum from The transition between turbulent and non-turbulent spec-
this region is shown in Fig. 5a. One possibility is that they tra happens over just a few hundred meters, at the top and
are generated by the two-stream instability described by Di-bottom of the PMWE layers, and the spatial distribution of
mant and Sudan (1995). Observational evidence for this typéurbulent/non-turbulent spectra matches the height variation
of instability has been presented by Blix et al. (1996). Usu-of PMWE/no PMWE exactly. Fig. 6 shows an example of
ally, this type of plasma instability is restricted to heights a “transitional” spectrum from directly above the topmost
above 90 km, but may, under favourable conditions, be lo-PMWE layer for RWMM-02. We note that the power spec-
cated even below 80 km. This instability requires the pres-tral density at small wavenumbers is quite similar to the tur-
ence of an electric field (usually50 mVv/m). Since electric  bulent spectra, both in slope and magnitude, but it quite sud-
fields were not measured, we may only hypothesize that thislenly drops off ak~10-1 m~1. Further up (away from the
is the cause. We will not discuss this further in this paper. PMWE layer), the power spectral density drops off at smaller

be smaller than this for both PMWE layers.
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Table 2. Calculated energy dissipation raténside PMWE, for the observed case where the inner gggkesmaller thariy~10 m, and for
the hypothetical cases whefg=1q, and¢g=Ag/2, whererg=>5.6 m is the radar wavelength. The kinematic viscosityis taken from the
U.S. Standard Atmosphere, 1976.

RWMM-01 RWMM-02
Altitude [km] 55.65-55.75 72.5-72.6 55.0-55.1 72.4-72.5
v [m?2/s] 32.10°2 0.24 29.1072 0.24
€ (g <ly) Wikg] >31-10° >14.102 >25.10° >13.1072
€ (Lo = hg) [W/kg] 30-104 0.14 25.107% 0.14
€ (Lo =1ro/2) [WIkg] 49.10°3 2.3 39.10°3 2.2

k, while further down (closer to the PMWE layer), it happens unambiguously identify the turbulent spectra with PMWE,
at a largerk. If we still interpret the spectrum as a turbulent since we have not established that the fluctuations at the
spectrum, hence identifying the change in slope asate- Bragg wavelength are sufficient to produce radar backscatter
tion of the inner scale, the increase in inner scale compared tof the right magnitude. Clearly, new rocket measurements
the spectra inside PMWE (where we could only put an uppemwith increased sensitivity at high frequencies are required to
limit on the inner scale) indicates that the energy dissipationresolve these issues.

is much lower than in the turbulent layer. Witb~50 m and
v=0.3 /s at 74.25 km, we find~5x10-° W/kg, which is

a factor 18 lower than the lower limit on the dissipation rate
in the turbulent PMWE layer just below (see Table 2).

The present results and the results lifpken et al. (2006)
do not make any statement about the occurrence or non-
occurrence of charged particles, and they are consistent with
an explanation for PMWE that does not involve charged

aerosols. We conclude that observational data suggest that
PMWE are caused by turbulence. Also, the data support the
conclusion that we have a connection in both directions be-
tween turbulence and PMWE: Given a large enough electron
In both rocket flights we see a distinct difference between thedensity (for example due to a solar proton event), turbulence
ion density fluctuation spectra inside and outside of altitudegives rise to PMWE, and conversely, if we observe PMWE,
ranges with PMWE. Inside the PMWE the spectra display aturbulence is also present.
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k avenumber dependence over about two decades, Acknowledgements. The authors would like to thank professor

dicating the inertial subrange of a turbulent cascade. Outsid% Havnes and the engineers S. Olsen and T. Tannesen at the
the PMWE altitude ranges we see little or no signs of a t“r'Uﬁiversity of Tromsg, Norway, for their help. '

bulent cascade, with-ak—3 spectrum at small wavenumbers
and a~k~’ spectrum at higher wavenumbers. Other obser-ggited by: P. Hartogh
vations (spectral broadening of radar signals consistent with
turbulent velocity fluctuations, adiabatic lapse rates caused
by turbulent mixing, etc.) from the same rocket campaignReferences
support this conclusioriL{ibken et al., 2006).

At the boundaries of the PMWE regions the small scale

6 Conclusions

Balsley, B. B., Ecklund, W. L., and Fritts, D. C.: VHF echoes from

fluctuations, ak>10"1 m~1, quickly disappear as we move

the high-latitude mesosphere and lower thermosphere: Observa-
tions and interpretations, J. Atmos. Sci., 40, 2451-2466, 1983.

away from the PMWE. Interpreting this as an increase inggjoya, E.. Kirkwood, S., Ekeberg, J., Osepian, Aaggstom, |.,
the inner scale, it means that the energy dissipation rate is Nisson, H., and Rietveld, M.: The dynamical background of

quickly reduced as we move up/down at the upper/lower
boundaries of the PMWE. Inside the PMWE layers the small-

scale fluctuations are located in several narrow sublayers.

polar mesosphere winter echoes from simultaneous EISCAT and
ESRAD observations, Ann. Geophys., 23, 1239-1247, 2005,
http://www.ann-geophys.net/23/1239/2005/.

in PMWE, and the slope of the spectra are consistent wit
damping of gravity waves through a turbulent cascade. Lim-
itations in the instrumentation prevented us from measuring

h 36,261-275, 2001.

Blix, T. A., Thrane, E. V., Fritts, D. C., von Zahn, U.jibken, F.-
J., Hillert, W.,, Blood, S. P., Mitchell, J. D., Kokin, G. A., and
Pakhomov, S. V.: Small-scale structure obseriwedtu during

fluctuations at the Bragg wavelength, where PMWE are gen- \1ac/EpSILON. J. Atmos. Terr. Phys., 52, 835-854, 1990a.
erated. Hence we can only put a lower limit on the turbulentB”X, T. A, Thrane, E. V., and Andreassen, @.: In Situ Measure-

energy dissipation rate, wi#>3x 10> W/kg for the lowest
PMWE layers (around 55 km) ard>10~2 W/kg for the up-

per layers (72 km). This limitation also means that we cannot

www.atmos-chem-phys.net/6/5515/2006/

ments of the Fine-Scale Structure and Turbulence in the Meso-
sphere and Lower Thermosphere by Means of Electrostatic Pos-
itive lon Probes, J. Geophys. Res., 95, 5533-5548, 1990b.

Atmos. Chem. Phys., 6, 5515-5524, 2006


http://www.ann-geophys.net/23/1239/2005/

5524 A. Brattli et al.: Rocket measurements of positive ions during PMWE

Blix, T. A., Thrane, E. V., Kirkwood, S., Dimant, Y. S., and Sudan, Lubken, F.-J., Strelnikov, B., Rapp, M., Singer, W., Latteck, R.,
R. N.: Experimental evidence for unstable waves in the lower Brattli, A., Hoppe, U.-P., and Friedrich, M.: The thermal and dy-
ElupperD-region excited near the bisector between the electric namical state of the atmosphere during polar mesosphere winter
field and the drift velocity, Geophys. Res. Lett., 23, 2137-2140, echoes, Atmos. Chem. Phys., 6, 13-24, 2006,

1996. http://www.atmos-chem-phys.net/6/13/2006/.

Czechowsky, P., Bster, R., and Schmidt, G.: Variations of meso- Lynch, K. A, Gelinas, L. J., Kelley, M. C., Collins, R. L., Wid-
spheric structures in different seasons, Geophys. Res. Lett.,, 6, holm, M., Rau, D., MacDonald, E., Liu, Y., Ulwick, J., and
459-462, 1979. Mace, P.: Multiple sounding rocket observations of charged dust

Dimant, Y. S. and Sudan, R. N.: Kinetic theory of the Farley- in the polar winter mesosphere, J. Geophys. Res., 110, A03302,
Buneman instability in th& region of the ionosphere, J. Geo- doi:10.1029/2004JA010502, 2005.
phys. Res., 100, 14 605-14 623, 1995. Mallat, S.: A wavelet tour of signal processing, Academic Press,

Ecklund, W. L. and Balsley, B. B.: Long-term observations of the  2nd edn., ISBN 0-12-466606-X, 1999.

Arctic mesosphere with the MST radar at Poker Flat, Alaska, J.Mechtly, A. A.: Accuracy of Rocket Measurements of Lower lono-
Geophys. Res., 86, 7775-7780, 1981. sphere Electron Density Concentrations, Radio Sci., 9, 373-378,

Folkestad, K.: lonospheric studies by in situ measurements in 1974.
sounding rockets, NDRE Report No. 59, Norwegian Defence Re-Rapp, M. and libken, F.-J.: Polar mesosphere summer echoes
search Establishment, 1970. (PMSE): review of observations and current understanding, At-

Foufoula-Georgiou, E. and Kumar, P. (Eds.): Wavelets in Geo- mos. Chem. Phys., 4, 2601-2633, 2004,
physics, Vol. 4 of Wavelet analysis and its applications, Aca- http://www.atmos-chem-phys.net/4/2601/2004/.
demic Press, ISBN 0-12-262850-0, 1994. Rapp, M., Hedin, J., Strelnikova, |., Friedrich, M., Gumbel, J.,

Hunten, D. M., Turco, R. P,, and Toon, O. B.: Smoke and dust and Lilbken, F.-J.: Observations of positively charged nanoparti-
particles of meteoric origin in the mesosphere and stratosphere, cles in the nighttime polar mesosphere, Geophys. Res. Lett., 32,
J. Atmos. Sci., 37, 1342-1357, 1980. L23821, doi:10.1029/2005GL024676, 2005.

Jacobsen, T. A. and Friedrich, M.: Electron density measurement$Sagalyn, R. C., Smiddy, M., and Wisnia, J.: Measurement and Inter-
in the lower D-region, J. Atmos. Terr. Phys., 41, 1195-1200, pretation of lon Density Distributions in the DaytinieRegion,
1979. J. Geophys. Res., 68, 199-211, 1963.

Kirkwood, S., Barabash, V., Belova, E., Nilsson, H., Rao, T. N., Stebel, K., Blum, U., Fricke, K.-H., Kirkwood, S., Mitchell,
Stebel, K., Osepian, A., and Chilson, P. B.: Polar Mesosphere N. J., and Osepian, A.: Joint radar/lidar observations of possi-
Winter Echoes during Solar Proton Events, Advances in Polar ble aerosol layers in the winter mesosphere, J. Atmos. Solar-Terr.
Upper Atmosphere Research, 16, 111-125, 2002. Phys., 66, 957-970, 2004.

Lie-Svendsen, @., Blix, T. A, and Hoppe, U.-P.. Modeling Strelnikov, B., Rapp, M., and itbken, F.-J.: A new technique
the plasma response to small-scale aerosol particle perturba- for the analysis of neutral air density fluctuations measured in
tions in the mesopause region, J. Geophys. Res., 108, 8442, situ in the middle atmosphere, Geophys. Res. Lett., 30, 2052,
doi:10.1029/2002JD002753, 2003. doi:10.1029/2003GL018271, 2003.

Libken, F.-J. and von Zahn, U.: Thermal Structure of the Torrence, C. and Compo, G. P.: A Practical Guide to Wavelet Anal-
Mesopause Region at Polar Latitudes, J. Geophys. Res., 96, ysis, Bull. Amer. Meteor. Soc., 79, 69-78, 1998.

20841-20857, 1991. Zeller, O., Zecha, M., Bremer, J., Latteck, R., and Singer, W.:

Libken, F.-J., Hillert, W., Lehmacher, G., and von Zahn, U.: Ex- Mean characteristics of mesosphere winter echoes at mid and
periments Revealing Small Impact of Turbulence on the Energy high latitudes, J. Atmos. Solar-Terr. Phys., 68, 1087-1104,
Budget of the Mesosphere and Lower Thermosphere, J. Geo- doi:10.1016/j.jastp.2006.02.015, 2006.
phys. Res., 98, 20 369—-20 384, 1993.

Atmos. Chem. Phys., 6, 5515-5524, 2006 www.atmos-chem-phys.net/6/5515/2006/


http://www.atmos-chem-phys.net/6/13/2006/
http://www.atmos-chem-phys.net/4/2601/2004/

