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Abstract. We investigate wave properties of low-frequency wave intensity in the dayside magnetosheath and the decay
magnetic field fluctuations in Venus’ solar wind interaction towards the nightside magnetosheath. But, the concept of
region based on the measurements made on board the Venfreely evolving or decaying turbulence is in good qualitative
Express spacecraft. The orbit geometry is very suitable taagreement with the observations, as we observe a power law
investigate the fluctuations in Venus’ low-altitude magne- decay of the intensity along the streamlines. The observa-
tosheath and mid-magnetotail and provides an opportunitytions support the assumption of wave convection through the
for a comparative study of low-frequency waves at Venus andmagnetosheath, but reveal at the same time that wave sources
Mars. The spatial distributions of the wave properties, in par-may not only exist at the bow shock, but also in the magne-
ticular in the dayside and nightside magnetosheath as well amsheath.

in the tail and mantle region, are similar to observations atKeywords. Magnetospheric physics (MHD waves and in-

Mars. As both planets do not have a global magnetic field, S o . . .
; . . . - stabilities; Solar wind interactions with unmagnetized bod-
the interaction process of the solar wind with both planets is;

similar and leads to similar instabilities and wave structures.'es) — Space plasma physics (Turbulence)
We focus on the spatial distribution of the wave intensity of
the fluctuating magnetic field and detect an enhancement of

the intensity in the dayside magnetosheath and a strong der  |ntroduction

crease towards the terminator. For a detailed investigation of

the intensity digtribution we adopt an analytical streamlineWaveS in plasmas, which are generally considered as fluc-
model to describe the plasma flow around Venus. This alyations in the electric field, the magnetic field, the density,
lows displaying the evolution of the intensity along different 5 the temperature, play an important role in the interaction
streamlines. Itis assumed that the waves are generated in “Frocesses of the solar wind with planets and other solar sys-
vicinity of the bow shock and are convected downstream withiey podies. Because the particle densities in space plasmas
the turbulent magnetosheath flow. However, neither the dif-g;rrounding the obstacles are low, collisions between parti-
ferent Mach numbers upstream and downstream of the bowes occur rarely and the transfer of momentum and energy
shock, nor the variation of the cross sectional area and thggp, only be accomplished by waves. Hence, it is important
flow velocity along the streamlines play probably an impor- 1, study wave characteristics, their origins, and generation
tant role in order to explain the observed concentration of,achanisms in order to improve our understanding of the
complex interaction processes. Many observations of waves
in the ultra-low-frequency and low-frequency range at vari-

Correspondence td-. Guicking ous planets are reported (e@lassmeier and Espleg006.
BY (I.guicking@tu-bs.de) Above all, it is interesting to study the plasma environment
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of Venus, because it does not possess an intrinsic magnetioetter coverage of the Venusian dayside and nightside mag-
field and the solar wind interaction is similar to that at Mars netosheath as well as the magnetotail provides an opportu-
(e.g.Cloutier et al, 1999, also lacking a global planetary nity to study statistically magnetic field fluctuations in these
magnetic field (e.gAcufia et al, 1998. A statistical study regions in more detail. Recently, proton cyclotron waves up-
of low-frequency magnetic field oscillations in the Martian stream of the Venusian bow shodRdlva et al, 2008ab,c)
plasma environment is presentedibgpley et al(2004). and mirror mode structures in the magnetoshe¥itiwerk
Since the early 1960s Venus has been an object of exploet al, 2008ab) have been detected using the magnetic field
ration by more than 20 spacecraft missions from the Unitedmeasurements of the fluxgate magnetometer on board the
States and the former Soviet Union. However, most ofVenus Express spacecraltiiang et al.2006. Voros et al.
the current understanding of the solar wind interaction with (2008gb) studied properties of magnetic field fluctuations in
Venus comes from the Pioneer Venus Orbiter (PVO) due tathe Venusian magnetosheath and wake and observed varying
its long-lasting mission from 1978 to 199Rssel] 1991). scaling features of the fluctuations in the different regions.
At Venus the solar wind interacts directly with the planet’s  In this work we present a statistical study of magnetic field
upper atmosphere, creating various boundaries and regions ftuctuations near Venus in the low-frequency regime. We
the Venusian plasma environment (e.ghmann 1986. Ob- adopt the definition given b¥spley et al.(2004 who re-
servations of plasma waves, mainly detected by the Orbitefer frequencies near or below the proton gyrofrequency as
Electric Field Detector (OEFD) on board the PVO at frequen-the low-frequency range and frequencies below the lowest
cies from 100Hz to 30kHz are summarised Hyba and local ion gyrofrequency as the ultra-low-frequency range.
Strangeway1997) andStrangeway1991) and are compared As Espley et al.(2004 provide a statistical study of low-
to observations at Mars b$trangeway(2004. The tem-  frequency magnetic field oscillations at Mars, including the
poral resolution of the PVO magnetometer samples reachesiagnetosheath, the magnetic pileup region, and the tail, our
12 Hz Russell et al.1980 and thus allows to investigate study provides also the basis for a comparative wave study
magnetic field fluctuations up to a few Hz. Waves upstreambetween Venus and Mars.
of the Venusian bow shock have been studieddulowski
et al. (1999 and Strangeway and Crawfor1995. Down- )
stream of the bow shodBrace et al(1983 detected iono- 2 Data and analysis methods

spheric wave structures nightward of the terminator Whichln this study we use a Venus Express magnetometer data set
they call post-terminator ionospheric waves. Large magnetic y P g

field fluctuations in the magnetosheath of Venus with peri-\g:r'czhogn;wgﬁ‘céig; Ogtrjgls’r:sezﬁ%i?] 'g‘]? ;IISZ(')I%Ge Zr;?a[;?gecrg;_
ods from 10 to 40 s have been observedLojymann et al. P :

rected for perturbations caused by the spacecraft so that the
(1983. They supposed that these waves are generated moa%ta have an accuracy of about 1 nT for the absolute field and
likely in the vicinity of the quasi-parallel bow shock and

are convected downstream in the magnetosheath with the Sﬁgcﬁfggraﬁgsbﬁg; t:]ea;lisoéé an fgrnt:\(/aeIvzz?twgrgelféclglljsre
lar wind plasma. Their possible origin has been studied by y y P

means of numerical simulations Minske (1986, suggest- applied to the dual-sensor measurements of the Venus Ex-

ing that plasma instabilities can generate these waves eithdy ©5° _magnetometeZMang e_t al.20083c). Th_e data set is :
directly by the interaction of the solar wind with the quasi- given in the Venus solar orbital (VSO) coordinate system in

parallel bow shock or with the oxygen ions of planetary ori- which the x-axis points towards the sun, the y-axis is in the
gin (pickup ions). Luhmann (1995 investigated magnetic opposne direction to_the planetary orb|FaI motion and the z-
field fluctuations in the low-altitude subsolar magnetosheathﬁ)(;';'h(\:,\c;;gl?rtoe; ttr;]ee rcl)%gitt-glanliii C?r?rglgitret?iztfgnag'r;g.]g
and found predominantly linearly polarised waves of trans- P )

: o &ount the orbital velocity of Venus with respect to the mean
verse character with regard to the background magnetic fiel L lar wind velocity. we adoot the aberrated VSO coordinate
which have also been observed at Ear@rebowsky et al. Y, P

, .
(2009 observed ultra-low-frequency waves in the vicinity of system (Xy',Z) suggested biartinecz et al(200§ for the

detected ion pickup regions which suggest an association ofgfesjr\]/tgg)goo;rz}ﬁ;; s:lt;e;hzavt;%qs(f;ror?;tr:c;r;etz t:*ﬁaril))?g
wave generation with the pickup ions. y y

The current knowledge about Venus and its space environ[ealised by a constant rotation ¢f dround the z-axis.
Figure 1 shows the spatial distribution of the observed

ment is now further completed by the Venus Express space- o ) o .
craft, the first European mission to the planet VenLisoy magnetic field strength in a cyllndrlca}l coordinate system
et al, 2006. Launched in November 2005, the spacecraftm. Wh.'Ch the magnetlc/ f|e|_d strength is avgrag_ed over the
arrived at Venus in April 2006 and was inserted into a polardlrecthns aroun% thghaaX|s. d So, htge pylundr:jgal sym-
orbit with a period of 24 h. The orbit geometry of Venus Ex- metré/' 'S as;umle wit regﬁr hto t a«E /ea (;”9 to_a
press allows magnetic field measurements in the Iow-altitudetwo' Imensional picture with the axegyx_x and Yey =
region near the terminator and the mid-magnetotail regiony'y'?+2z2. This means that thex-axis represents the ap-

which were not covered by the PV@l{ang et al.2006. The parent solar wind direction and thécyyaxis the distance
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Fig. 1. Spatial distribution of the magnetic field strength in the plasma environment surrounding Venus. The measurements are averaged
around the axis of the apparent solar wind directidé]lex Downstream of the bow shock (BS) the magnetic field strength is enhanced
relative to the solar wind region upstream of the bow shock and piles up towards the terminator in the low-altitude dayside magnetosheath
forming the magnetic barrier. Draping of the magnetic field around the planet leads to the formation of the magnetotail which is characterised
by a slightly enhanced magnetic field strength in the planet's wake, too.

from the >gy|—axis (Martinecz et al.2008. It is convenient to For our statistical study intervals with the time length 100 s
locate regions and boundaries at Venus. In Fithe data are  are selected with a shift of 1 s from one interval to another.
presented in the rangeR; < x/Cyl <—4 Ry and ycyl <4 Ry Gaps in the data set greater than 1.5 s are excluded from the
and each colour-coded bin has a size @8Ry x 0.05Ry analysis. The interval length is chosen as a trade-off between
(Rv: Venus radius). The locations of the bow shock (BS), the temporal and spatial resolution as well as the occurrence
the upper mantle boundary (UMB), and the ion compositionof data gaps. With respect to the bin size that means that
boundary (ICB) determined by the modeld\értinecz etal.  almost every bin is well covered by observations which is
(2009 are plotted for orientation and distinction of the dif- shown in Fig.2. The statistical analysis is performed in
ferent solar wind interaction regions, too. The magnetic fieldthe frequency range 30 to 300 mHz, as we focus on low-
strength becomes enhanced downstream of the bow shockiequency magnetic field fluctuations. The lower boundary
This region downstream of the bow shock, between the bowof this frequency range acts as a band-pass filter such that
shock and the UMB, is the so-called magnetosheath anascillations with periods longer than 33s do not contribute
characterised by slowed down and heated plasma with reto the statistical results. The gyrofrequency is defined as
spect to the solar wind plasma upstream of the bow shockw =g B/m whereB is the magnetic field strength agdand
The field piles up on the dayside of the planet and forms then are the electric charge and the mass of the ion species. The
magnetic barrierdhang et al.2008h). The UMB and the upper boundary of the analysed frequency range, 300 mHz,
ICB confine the mantle region which is characterised by acorresponds to the proton gyrofrequency at a field strength
mixture of solar wind ions and ions of planetary origin. Be- of about 20 nT, a typical magnetic field strength in the Venu-
low the ICB the solar wind protons disappear. Finally, the sian magnetosheath (Fitj); therefore the frequency range
draping of the magnetic field lines around the planet leads tavell covers the low-frequency range in Venus’ solar wind in-
the formation of the magnetotail in which the magnetic field teraction region. In spite of that, we realise that it is also
strength is also slightly enhanced compared to the strengthttractive to expand or reduce the frequency band depend-
upstream of the bow shock. ing on the conditions in specific regions (e.g. with respect
to the gyrofrequency) which would allow a comparison of
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Fig. 2. Observational coverage. Almost every bin is well covered by observations, but the spatial distribution is not homogenous. The polar
orbit of Venus Express provides in the vicinity of the pericentre relatively more observations.

different frequency bands. In particular, studying the ultra-the mean magnetic field in the interval, the second direction
low-frequency range in more detail would be worthwhile, but (x-axis) is perpendicular to the plane spanned by the vector
we mention again that increasing the frequency resolution igointing into the new z-direction and the spacecraft position
at the expense of the spatial resolution and is thus always &ector in VSO coordinates, and the third direction (y-axis)
balancing issue. completes the right-handed coordinate system. This transfor-

Spectral analysis is widely used in order to determine waveMation allows us to distinguish between the transverse and
properties such as the wave power, ellipticity, polarisation,the compressmna}l power of the fluctu_atlons with respect to
and propagation direction. The wave analysis methods ard'€ mean magnetic field. (2) The data in the MFA system are
well developed by e.gArthur et al.(1976; Samsor(1973: Fourier transformed into frequencies. (3) With the I_:ourler
McPherron et al(1972; Means(1972; Sonnerup and Cahill trgnsformB(w) we calculate the power spectral density ma-
(1967) and are frequently applied to space time series datallix P for the selected frequency range
The methods are based on several assumptions and there age

also limitations. First of all, the analysis method is based on” */ — (Bi(w)B; (w)), (1)

the assumption of plane waves and there is an ambiguity ofyhere ; and j are the three components of the magnetic
+180 in determining the propagation direction of the waves fjq|q (i,j = 1,2,3) and the asterisk denotes the complex-
as one determines the minimum variance direction only. Thisconjugate. The power spectral density matrix issa®Bcom-
comes from the fact that the magnetic field is measured by &ex matrix and can therefore be written as the sum of its real
single spacecraft. Furthermore, from single spacecraft meas imaginary part®;; = Re(P;;) +iIm(P;;)). In the MFA
surements one can only determine wave parameters in th§ystem two diagonal element®,; and P»y, represent an es-
sp_acecraft frame_ of reference which is subject to the DOpp_le'Eimate of the transverse power, wherdag corresponds to
shift of frequencies, when the measurements are made in g¢ compressional power. (4) Finally, the principal axis anal-
flow. The analysis of a certain frequ_ency band, finally, IeadsysiS is applied in order to determine the minimum and max-
to averaged wave parameters for this frequency band. imum variance directions. In particular, diagonalisation of
The wave analysis is performed as follows: (1) The mag-the real part of the power spectral matrix yields three eigen-
netic field components of each time interval are transformedvectors €4,£,,&3) and three eigenvalueg.j(A2,A3) for the
to a mean field aligned (MFA) coordinate system in which maximum, intermediate, and minimum variance directions,
the principal direction (z-axis) is defined as the direction of respectively. The matrix of the three eigenvecibrsan then

Ann. Geophys., 28, 95867, 2010 www.ann-geophys.net/28/951/2010/
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Fig. 3. Example of the analysis in the interval from 01:27:54 UTC to 01:29:34 UTC on 25 May J@)@lisplays the three components

of the magnetic field in VSO and MFA coordinates as well as the magnetic field strength. The mean magnetic field strength is 38nT
corresponding to the proton gyrofrequentyyro = 580 mHz; (b) shows a sketch of the orbit in the dayside plasma environment close to
Venus in cylindrical VSOcoordinates. The black rectangle denotes the analysed time int@stiows the power spectra of the magnetic

field data in the frequency range from 30 to 500 mHz of the total powgf{) as well as the transvers® () and the compressionaPy()
component (here a window function is applied to the spectra in order to increase the significance of the structures, but the spectra do not
exhibit spectral peaks larger than the 95% confidence interval in this single spectrum). The dotted straight line indicates a linear fit in the
logarithmic scaled spectrum revealing the spectral index—1.56.

be used to transform the entire spectral ma®rinto the prin-  01:29:34 UTC). In this time interval Venus Express is located
cipal axis (PA) system vi® =T~1PT. Various wave prop- in the high-latitude dayside magnetosheath. Figushows
erties are derived from the spectral matrix, the eigenvectorsthe magnetic field components in VSO (first to third panel
and the eigenvalues and the results are presented in the folh Fig. 3a) and MFA coordinates (fourth to sixth panel in
lowing section. Here one should note that the propagatiorFig. 3a) as well as the magnetic field strength (bottom panel
direction of the wave is well determined only if the inter- in Fig. 3a), the orbit trajectory in the cylindrical VS@o-
mediate eigenvalue is sufficiently larger than the minimumordinate system (Figb) and the power spectrum (Figc).
eigenvalue, otherwise the fluctuations are isotropic and thé'he mean magnetic field is 38 nT corresponding to the pro-
polarisation plane is not clearly determined. ton gyrofrequencyfgyro =580 mHz.
The field components in the MFA coordinate system are
Fourier transformed and the transverse Powerand the
3 Results compressional poweP; are determined from the power
spectral density matrix.
The analysis procedure in the previous section is demon-
strated for one interval (25 May 2006, 01:27:54UTC-

www.ann-geophys.net/28/951/2010/ Ann. Geophys., 28,961-2010
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Fig. 4. Difference between the transverse and compressional power normalised to the total power about the mean field. The coordinate systen
is the same as in Fid. Blue regions indicate regions where the transverse power domigates { purely transverse) and red regions where

the compressional power dominategs= —1 purely compressional). In the vicinity of the dayside bow shock the magnitude of transverse

and compressional power are of the same size, whereas in the vicinity of the nightside bow shock the compressional portion increases. In the
dayside magnetosheath as well as in the mantle and tail region the compressional power is slightly higher than the compressional power in the
nightside magnetosheath. In the solar wind upstream of the bow shock the transverse portion of the power dominates over the compressione
portion.

We furthermore define the quantifyas sign of Im(Py,). The average sense of polarisation over the
P _p frequency band yields the valde= —0.72 which indicates
=+~ (2)  aslightly increased left-handed polarisation for the selected
Pootal frequency band. Furthermore, the angle between the mini-
which is positive in the case of dominating transverse powerMum variance direction and the mean magnetic field is about
and negative in the case of dominating compressional powef0°, so the wave vector direction is practically perpendicu-
In the example interval we obtain the valgie= 0.31, there- lar to the mean magnetic field. Finally, the intensity of the
fore the transverse power exceeds the compressional onéuctuations! is defined as§ong and Russel1999
This can also be seen in the power spectrum plot F&pin
which the dashed line represents the transverse power spe(I:-= htho—2h3, “)
tral densityP, and the dashed-dotted line the compressionalThe intensity is a mean spectral density of the chosen fre-
power Py. After rotation into the PA coordinate system, quency band and we obtain= 157.2 nT?/Hz. The intensity
we obtain further parameters describing the wave propertiess an estimate of the total magnetic energy density in the fre-
namely the ellipticity, the sense of polarisation, the propagaqguency range 30 to 300 mHz. In summary, the analysis of the
tion directions, and the intensity. The absolute value of thewave properties in this example exhibits dominating trans-
ellipticity |¢| can be determined from the eigenvalues and isverse, slightly left-handed polarised fluctuations with a large

defined as§ong and Russel1999 propagation angle relative to the mean field and enhanced
wave intensity. We apply this analysis procedure to all avail-
le| = [A2—2A3 3) able time intervals of the data set. The spatial distributions
Al—A3 of various wave parameters are presented in the same fashion
asin Fig.1.

assuming isotropic noise which means thatorresponds to
the noise in thé-direction. The sign ot is the same as the

Ann. Geophys., 28, 95867, 2010 www.ann-geophys.net/28/951/2010/
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Fig. 5. Ellipticity of the waves in the space plasma environment surrounding Venus. TheewalQaedenotes a pure linear polarisation and
€ =1 a pure circular polarisation.

3.1 Transverse vs. compressional power in the mantle and tail region the ellipticity values are rather
mixed and no clear tendency can be observed.

Figure 4 displays the spatial distribution of the parameter
¢, the difference between the transverse and compression

power relative to the total power. Some features can be_ o
observed here: in the vicinity of the dayside bow shock Figure 6 shows the spatial distribution of the average sense

the transverse and compressional power are almost equa‘{’f polarisation of the low-frequency magnetic field fluctua-

whereas the compressional power tends to be slightly greatdfonS: The distribution does not show any clear distinct re-
in the vicinity of the nightside bow shock, because of the 910ns of either dominating left-handed or right-handed po-

increased occurrence of red-coloured bins. However, by ndarisation close to Venus. At larger distances from the planet

means the compressional power clearly dominates this rethere are areas of enhanced_polarlsatlon. ngever, neither
gion. In the dayside magnetosheath as well as in the mant-he magnetosheath nor the tail and mantle region show large-

tle and tail region the compressional power is slightly higherscale connected areas with a preferred sense of polarisation.

than that in the nightside magnetosheath. But the transversi Should also be noted that for almost linear polarisation it is
power still exceeds the compressional power. In the solaot meaningful to discuss the sense of polarisation due to the

wind (upstream of the bow shock) the transverse power dom€rror in the determination of the ellipticity; the results should
inates over the compressional one. be treated with care. Furthermore, direct comparisons to po-

larisations derived from theoretical studies can lead to mis-
o interpretations, as the Doppler shift from the plasma frame
3.2 Ellipticity to the spacecraft frame of reference may reverse the senses
of polarisation. Waves which propagate downstream from
The spatial distribution of the ellipticity is presented in Bg.  the bow shock do not change the polarisation. This is only
On average the absolute value of the elliptidity reaches  the case if the waves propagate in opposite direction to the
higher values in the magnetosheath (arouss) @ith respect  solar wind flow with a phase velocity lower than the solar
to the upstream solar wind and the tail and mantle regionwind flow velocity (e.g.Hoppe and Russelll983. In this
Though, the waves are only moderately polarised, rarely exeontext one should note that on the one hand averaging over
ceeding the value.B, but also a few regions exist where the the absolute values of the ellipticity may shift the average
ellipticity is less than . In the upstream solar wind and of a bin away from zero, but on the other hand a reversal

33 Polarisation

www.ann-geophys.net/28/951/2010/ Ann. Geophys., 28,961-2010
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Fig. 6. Average sense of polarisation of the low-frequency magnetic field fluctuations in Venus’ space plasma environment. Blue colours
indicate regions of dominating right-handed polarisation and red colours regions of dominating left-handed polarisation. Close to the planet
a tendency to less distinct regions of either preferentially left-handed or right-handed polarised waves is observable. The other regions are
locally dominated by right-handed or left-handed polarisation, but no connected areas of larger size with a preferential sense of polarisation
is visible.

of the polarisation between the plasma frame and the spacewind interaction region in the cases satisfying the specified
craft frame of reference could also act conversely. Thereforegigenvalue ratio criterion. In FigZ. one can see that in the

some caution has to be exercised discussing the observatiotmwv-altitude dayside magnetosheath the wave vector direc-
displayed in Figs5 and6. With a single spacecraft we are tions are almost perpendicular to the mean magnetic field.

not able to correct for the Doppler shift. Also in the mantle and tail region a majority of the angles
reaches values greater than°4%vhereas in the nightside
3.4 Wave vector direction magnetosheath a tendency to smaller angles can be observed,

in particular, events with an angle below°4d&ccur quite fre-
qguently. Data gaps in the magnetosheath are due to the se-
lection criterion of the intermediate to minimum eigenvalue
ratio. In the upstream solar wind the results are fairly mixed
with a slight predominance of angles greater thah 45

As already mentioned in Se@, the determination of the
propagation direction or the wave vector direction is valid
only, when the ratio of the intermediate to the minimum
eigenvalueX2/13) is large enoughEspley et al(2004 used

a ratio of 2 as a criterion in order to determine the wave vec- ]

tor direction of low-frequency magnetic field oscillations in 3:5  Intensity

the Martian plasma environment. We note that according to

Song and Russe(l1999 high ratios are favoured, because The spatial distribution of the wave intensifyabout the

the propagation direction is better determined for higher ra-mean field in the plasma environment surrounding Venus is
tios of the eigenvalues. Therefore, we use a more stringenpresented in Fig3. The intensity is largest in the entire day-
condition thanEspley et al(2004 and consider only cases side magnetosheath and decreases rapidly towards the ter-
with the intermediate to minimum eigenvalue ratio greaterminator region. In the nightside magnetosheath the inten-
than 5. This is a compromise, because otherwise we lossity is still moderately enhanced in the vicinity of the bow

a significant portion of the data set in the analysis. We ac-shock, but further downstream and in the mantle and tail re-
cept possible limitations so far as we give a statistical resultgion only very small wave intensities can be observed. We
Figure7 shows the spatial distribution of the angle betweenwould like to note that the lower end of the colour bar dis-
the wave vector and the mean magnetic field in Venus’ solaplaying the intensity in Fig8 is two orders of magnitude

Ann. Geophys., 28, 95867, 2010 www.ann-geophys.net/28/951/2010/
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Fig. 7. Spatial distribution of the angles of the wave vector direction with respect to the mean magnetic field. Data gaps in the figure are due
to the selection criterion of a ratio of the intermediate to the minimum eigenvalue greater than 5. The low-altitude dayside magnetosheath is
characterised by the occurrence of large angles between the wave vector direction and the mean magnetic field. The tail and mantle region i
dominated by angles greater thar? 4&whereas in the nightside magnetosheath also smaller angles occur. In the upstream solar wind a wider
distribution of angles is observed.

above the threshold of the data accuracy. Almost all intensitransverse ones. In the tail the decay of the transverse com-
ties are above this threshold and therefore the artificial conponent is steepest.

tribution to our results is expected to be very small. In re-

gions with lower intensities the wave property results may

be subject of a somewhat increased uncertainty compared th Discussion

regions with larger intensities, though. The wave intensity

distribution is further investigated and discussed in more de-The statistical analysis reveals the wave properties of the
tail in the next section, as it may give a hint about how rapidly low-frequency magnetic field fluctuations in various Venu-

turbulence evolves in the magnetosheath. This is of great inSian solar wind interaction regions. The observations are
terest in fundamental plasma physics. summarised and compared to the wave properties observed

at Mars. We also investigate the spatial distribution of the in-
tensity in more detail and discuss possible mechanisms and

3.6 Spectralindices processes which may lead to the made observations.

Power spectra for the both transverse and compressional flu&.1  Wave properties at Venus and Mars

tuations exhibit a power law spectrum in the analysed fre-

quency range. From our statistical analysis we have deterin the dayside magnetosheath and the vicinity of the bow
mined the average spectral indices of the total, transverseshock the compressional and transverse power are approxi-
and compressional power in the magnetosheath, mantle, andately equal and the waves are moderately elliptically po-
tail region (Tablel) providing an estimate of the different larised with changing senses of polarisation. With larger dis-
turbulent states. The spectral indices of the total power in theances from the planet the respective polarisation increases.
dayside and nightside magnetosheath are slightly flatter thafloser to the planet the senses of polarisation are not much
in the mantle and tail region. Furthermore, in the dayside andpronounced. The wave vector has largest angles with re-
nightside magnetosheath as well as in the mantle the spectrapect to the mean magnetic field in the low-altitude magne-
indices of the compressional component are steeper than thesheath and smaller angles at higher altitudes. The wave

www.ann-geophys.net/28/951/2010/ Ann. Geophys., 28,961-2010
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Fig. 8. Spatial distribution of the wave intensity. The intensity is enhanced in the entire dayside magnetosheath and drops rapidly towards
the terminator. In the nightside magnetosheath the intensity has a reduced level. No significant intensity occurs in the upstream solar wind
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Wave intensity

and the mantle and tail region.

Table 1. Observed spectral indices with its standard deviations o
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sthe regions close to the vicinity of the bow shock. The el-

the mean in Venus’ solar wind interaction region. The values in lIPtiCity is still moderate, but also in a few areas the ellip-
brackets represent the sample standard deviations.

region component spectral index
davside total —1.854+0.001(0.588
m;’ etosheatn | ansverse  —1783+0.001(0.622
g compressional —1.988+0.001(0.660)
. . total —1.879+0.001(0.639
mght:g:ssheath transverse —1.851+0.001(0.696)
g compressional —1.950-+0.001(0.636)
total —2.407+0.001(0.433
mantle transverse —2.4174+0.001(0.49)
compressional —2.471+0.001(0.624)
total —2.407+0.001(0.390
tail transverse —2.4704+0.001(0.464)

compressional —2.406+0.001(0.625

ticity becomes lower and left-handed or right-handed senses
of polarisation can locally be observed. A significant part of
the angles between the propagation direction and the mean
magnetic field has values below*4%ut they increase near
the bow shock and the UMB. The wave intensity is signifi-
cantly lower compared to the dayside magnetosheath, but in
the vicinity of the bow shock areas of higher intensity are still
present. The transverse and compressional power in the man-
tle and tail region are fairly mixed with a slight majority of
areas in which the transverse power dominates. The elliptic-
ity varies over a wider range compared to the magnetosheath
and areas of locally dominated left-handed or right-handed
polarisation also occur, but rather at larger distances from
the planet. The wave vector directions have in most cases
angles greater than 43vith respect to the mean magnetic
field. The intensity is in the entire mantle and tail region at
a very low level. In contrast, the upstream solar wind re-
gion is characterised by dominating transverse power with a
broad spectrum of ellipticity values and various angles be-
tween the propagation direction of the waves and the mean
field with no clear areas of enhanced wave intensity. The

intensity is enhanced in the entire dayside magnetosheatipectral indices (Tablé) indicate a turbulent behaviour of
and drops rapidly at the terminator. Towards the nightsidethe magnetic field fluctuations at Venus. In particular, the

magnetosheath the transverse power increases and exceaflagnetosheath reveals slightly smaller indices than expected
the compressional power in the majority of cases except for

Ann. Geophys., 28, 95867, 2010

www.ann-geophys.net/28/951/2010/



L. Guicking et al.: Statistical analysis of wave properties at Venus 961

for hydrodynamic ¢ = —5/3) and magnetohydrodynamic sults of numerical simulations byinske (1986 who stud-
(MHD) turbulence & = —3/2) and the mantle and tail region ied the origin of large magnetic fluctuations in the magne-
even more smaller indices meaning that the spectral powetosheath of Venus and concluded that the most likely source
decreases more rapidly there. The spectral slopes observexd these waves is the bow shock itself. But the numerical
by Voros et al.(2008ab) for a case study along the Venus simulations have also shown that waves could be generated
Express trajectory and a statistical analysis of 20 days in thdy direct interaction of the solar wind with oxygen ions of
magnetosheath (not close to boundariespare—1 (termed  planetary origin which tends to generate right-handed po-
as noisy fluctuations), near the terminator and in the nightdarised waves, whereas the bow shock related waves would
side near-planet wake~ —2.5 (termed as wavy structures), generate left-handed polarised waves. However, the simula-
and close to boundaries~ —1.6 (termed as turbulent re- tion by Winske (1986 is performed in an idealised situation
gions). Hence, our observations of a much longer time interand our results of the sense of polarisation can be subject
val are rather similar in the tail and mantle region, but differ to an uncertainty due to the Doppler shift. As already men-
in the magnetosheath. Different behaviour of the transversd¢ioned in Sect3.3 upward propagating waves could reverse
and compressional indices indicate that an anisotropy develtheir senses of polarisation. Assuming that the waves are
ops with increasing frequencies which tends to be most promainly bow shock generated and propagate downstream one
nounced in the dayside magnetosheath. may conclude that right-handed and left-handed wave gen-
Espley et al.(2009 presented a statistical study of low- eration mechanisms are balanced as our observations show
frequency magnetic field oscillations in the Martian mag- that the senses of polarisation are rather mixed. At Venus
netosheath, the magnetic pileup region, and the tail usthe average Parker spiral angle is abolit @uhmann et al.
ing observations of the magnetometer/electron reflectome1997. Thus, the most developed quasi-parallel bow shock
ter (MAG/ER) experiment on board Mars Global Surveyor geometry in the ecliptic plane (dusk sector) with angles be-
(MGS). Below the local proton gyrofrequency they found tween the bow shock normaland the interplanetary mag-
waves in the dayside magnetosheath which are predomiretic field (IMF) B of less than 19 we estimate to appear
nantly compressional and elliptically polarised with wave at moderate solar zenith angles (SZA's; the SZA is the an-
vectors that have large angles relative to the mean maggle between the x-axis and the line connecting the point of
netic field. These oscillations were identified as mirror origin with a point on the bow shock in the VS@oordi-
mode fluctuations. In the nightside magnetosheath they obnate system) of about 3@o 7C°. In our cylindrical coordi-
served waves which are predominantly transverse and ellippate system the wave intensity related to quasi-parallel bow
tical, propagating at smaller angles relative to the mean fieldshock processes would occur in the same angle range, but
The waves were associated with ion/ion-resonant instabilitieglue to the averaging the wave intensity may be reduced. We
arising from counter-streaming plasma populations like solamotice a localisation of the majority of red-coloured bins in
wind pickup ions of planetary origin. Waves in the Martian Fig. 8 between 30 and 70 SZA. Altogether, the enhanced
magnetic pileup region and tail have considerably smallerwave intensity downstream of the bow shock is remarkable.
amplitudes with linear polarisation and oblique propagationTherefore, we refer a substantial part of the wave activity to
directions. They may be a mixture of different wave modes.bow shock related processes and interpret that, in particu-
The intensity of the oscillations was not presented in theirlar, the wave generation could be associated with the quasi-
study. parallel shock itself as aldathmann et al(1983 suggested.
Our dayside observations at Venus reveal similar resultdHowever, the bins showing the largest wave intensity at low
in comparison to the wave properties in the Martian mag-SZAss are closer to the UMB than to the bow shock suggest-
netosheath, except for the fact that the compressional flucing that wave sources may also exist in the magnetosheath
tuations are not dominating at Venukspley et al(2004 and in the vicinity of the UMB, respectively. The genera-
interpret their observed fluctuations as mirror mode wavestion of mirror mode waves in Earth’s magnetosheath is be-
but they also admit that this interpretation is in conflict with lieved to occur not only at the bow shock, but also within
the observation of a moderate elliptical polarisation of thethe magnetosheatfétrallyay and Erds, 2002. The origin
waves, as theoretical studies suggest that mirror modes arnd evolution of mirror mode structures observed at Venus
linearly polarised. But they argue that elliptically polarised (Molwerk et al, 2008ab) may be similar and mirror modes
mirror mode waves have also been observed in Earth’s magare thus a candidate for waves generated downstream of the
netosheathMolwerk et al.(2008ab) detected mirror mode- bow shock. A differentiation between the quasi-parallel and
like structures in Venus’ dayside magnetosheath so that thguasi-perpendicular bow shock regions based on Venus Ex-
properties of mirror modes may give a contribution to our sta-press measurements of the IMF direction is beyond the scope
tistical results. On the other hariddyhmann et al(1983 sug-  of this paper and will be subject of future work. A first case
gested that magnetic field fluctuations may be generated istudy has recently been presentedchyet al.(2009.
the vicinity of the quasi-parallel portion of the bow shock by =~ The wave properties of the nightside magnetosheaths at
plasma instabilities and are convected downstream throughenus and Mars also show similarities: at both planets the
the magnetosheath. Indeed, this is an agreement with the rggower or amplitude is more in the transverse direction than
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in the compressional one, the oscillations tend to be elliptical slowed down to submagnetosonic velocities, when cross-
and the propagation directions are below 4é&lative to the  ing the shock wave. Further downstream of the shock the
mean field Espley et al(2004) refer the observations at Mars flow should reach again supermagnetosonic velocities at a
to ion/ion-resonant instabilities. “magnetosonic” line similar to the so-called sonic line in-

Finally, the tail and mantle regions of Venus show a wider ferred from numerical simulations b§preiter and Stahara
range of observations. This is also similar to the Martian(1980. A similar behaviour may occur for the Alan Mach
case where a mixture of wave modes are believed to exnumber in MHD. Downstream of the bow shock also the
ist. Boundary related processes and current systems (e.@\lfvén Mach number may become less than 1, because of
the ionospheric current system) may become more importanthe varying magnetic field strength, density, and temper-
there and instabilities may cause a variety of wave modes. ature. In a sub-Alfénic/submagnetosonic regime waves

The presented statistical analysis of the low-frequencyare not only convected by the flow, but can also propagate
magnetic field fluctuations reveals first-order results of theupstream and populate the entire region between the bow
wave characteristics in specific regions. They show onlyshock and an Alfen or a magnetosonic line. In a super-
the dominating waves properties in different interaction re-Alfv énic/supermagnetosonic regime the wave energy trans-
gions and provide a general picture of possible wave modegort is only in the direction of the background flow. Thus,
in Venus’ solar wind interaction region. While much of the transition region from sub-Alanic/submagnetosonic to
our discussion assumes MHD wave modes, we note thasuper-Alfenic/supermagnetosonic flows could represent a
more complex kinetic plasma models take account of tem+easonable boundary in the wave activity level. Without fur-
perature anisotropies and non-Maxwellian velocity distribu-ther knowledge of parameters like the plasma temperature
tions which lead to various micro-instabilities and additional and the density the location of such a boundary and the spa-
waves modes. For anisotropic proton-electron plasGay  tial distributions of the Mach numbers remain speculative
et al. (1993 argue several low-frequency plasma instabili- for the moment. It can be investigated in more detail with
ties. For non-Maxwellian plasma distributioary (1991, a comprehensive plasma moment data set which is yet not
1993 also present possible wave generation mechanismsprovided by the Analyser of Space Plasmas and Energetic
Case studies give a detailed view of the wave modes and wilAtoms (ASPERA-4) on board the Venus Express spacecraft.
be an interesting issue of future work using Venus Expresgiowever, an estimate of the A Mach number we deter-
data. In this paper we restrict our analysis to the statisticamined on the basis of preliminary ASPERA-4 density and
point of view, as it is motivated by a comparative study to the magnetic field observations. It indicates an AtiwWach
Mars. The observations of the wave properties show generumber greater than 1 in Venus' magnetosheath and thus
ally results which emphasise the similarities of the interac-waves with velocities up to the Alén velocity should be
tion of the planets with the solar wind assuming that the ob-convected with the plasma flow.
served wave properties are attributed to the same generation
processes. 4.3 Wave intensity along streamlines

Concerning the post-terminator waves observe@tace
et al.(1983 at Venus, we do not see a relation to our obser-As a further possibility to interpret the observed wave in-
vations at the moment since these waves are observed beld®nsity distribution, we discuss the geometric effect on the
200 km altitude, while the lowest altitude of the Venus Ex- decay of the waves with the hypothesis that a spatial varia-
press spacecraft was about 250 km in the data set we analion of the wave intensity is due to varying distances between
ysed. ButBrace et al(1983 discuss as one possible source Streamlines and the change of the flow velocity. Testing this
of the waves turbulence at higher altitudes and thus it will hypothesis requires knowledge of the magnetosheath flow
be interesting to look whether this phenomenon and observaPattern. For this, we apply an analytical streamline model
tions can be connected or not once data of lower altitudes art0 describe the flow in the magnetosheath which allows us to

available. trace the evolution of the intensity along different streamlines
in the statistical sense. We use the model of a hydrodynamic,
4.2 Wave intensity and Alfvenic/magnetosonic irrotational flow (e.g.Vallenting 1967 past a cylinder for
boundary the dayside magnetosheath continued by a flow parallel to a

straight line for the nightside. This model was already used
One possibility to explain the localisation of enhanced wavesuccessfully by uhmann et al(1983 tracing magnetic field
activity in the dayside magnetosheath may be spatial varifluctuations along streamlines back to the quasi-parallel por-
ations of the Mach numbers in Venus’ solar wind interac- tion of the bow shock. They also pointed out that the model
tion region. The solar wind upstream of the bow shock streamlines are in good agreement with that of the gasdy-
is characterised by supersonic, super-Atfic, and super- namic model ofSpreiter and Stahargl980 for the solar
magnetosonic velocities (e.guhmann et al.1997. The  wind interaction with Venus. We note here that the nightside
bow shock is a fast magnetosonic shock wave (Rhdllips mantle boundaries dflartinecz et al(2009 are modelled in
and McComas 1991 and thus the solar wind flow is a different way than the dayside boundaries and a continuous
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Wave intensity along streamlines
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Fig. 9. Intensity along streamlines. The intensities connected to the different positions along any streamline are averaged over the neigh-
bouring streamlines and velocity potential lines. Solid lines display magnetosheath streamlines which are also numbered.

transition is lacking at the terminator which cannot be re- Figure 9 shows the spatial distribution of the wave in-
produced by the analytical streamline model. As our focustensity connected to the streamlines. The intensity is aver-
lies on the dayside magnetosheath and the intensity on thaged over two neighbouring streamlines and velocity poten-
nightside is generally much lower, no major deviations aretial lines.

expected by considering a straight streamline parallel to the Considering now a geometric effect on the wave intensity

x'-axis. The streamline functions are given as decay along a streamliriés) due to the varying velocity and
cross sectional area, the continuity equation of a stationary
’ r2 flow as a function of the distance along the streamlirie
_x/ +y/ glven as
_ !/
Wn = vy, ®)  I(s)v(s)A(s) = const, 9)

for the d_ayside (d.) and the nigh_tside (n),_ respectivelys wherev(s) is the velocity andi (s) the cross sectional area of
the nominal velocity (100 km/sj, is the radius of the obsta- 4 o\ line. Here, we assume that there is no wave source

cle, a”‘?'x" V7 are the Cartesian _coordinates._ The vel_ocit_y or sink in the magnetosheath. It is also assumed that the
vector is .tgngentlal to the'streamllne at all points (wh|ch IS\ vaves are generated in the bow shock region only and wave
thel d_eflnltlon c_>f IE:‘ stre_amlme)_ Furthermore, we define thedamping is restricted to frequencies close to the proton cy-
velocity potential functionsb given as clotron frequency that is why the damping is not considered

2 here. Equation9) determines theoretically the evolution of
&g = vy’ <1+ %) 7) the wave intensity and this can be compared to the observa-
X'ty tions. Here, the flow velocity(s) and the cross sectional
Op = vy, (8) areaA(s) can be estimated using the proposed flow model.

Figure 10 shows examples of the evolution of the intensity
for the dayside and the nightside, respectively. The velocityalong four different streamlines. The intensity evolution es-
potential lines are defined such that, when differentiated withtimated from the continuity equation remains almost constant
respect to distance in any particular direction, it yields thealong the streamlines (solid lines), while the observed in-
velocity in that direction. The velocity potential lines are tensities (asterisk symbols) show a steeper decay. However,
perpendicular to the streamlines. the observed wave intensity does not decrease monotonically
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Intensity along streamlines suggested biuhmann et al(1983 andWinske(1986. The
i ——— 1 hypothesis to be tested is if the energy loss of the fluctuations
100 % 3 due to dissipation while convected with the flow through the
**;% » magnetosheath is large enough in order to explain the spatial
oL O " - )e;** x % decay of the wave energy along magnetosheath streamlines.
F ** X ek ¥ The energy-decay laws for different types of turbulence
L 1 are discussed comprehensively in the literaturdiskamp
100 f\wﬁr 4 (2003 and Davidson(2004), known as freely evolving or
DO *% 1 decaying turbulence. A hydrodynamical example is wind-
E W @ KK e y " X x X tunn_el turbulenceEQ_awdson 2009 WhICh is _genera?ed by
= % 2Kk Ko an air _stream passing through a grid. The mte_rac'_uon of_the
2 . flow with the obstacle results in turbulence which is carried
5 100% il downstream by the mean flow. This situation is similar to
£ * E that at Venus, as we relate the wave generation mainly to the
o ek o X, « 1 bow shock. Hydrodynamic turbulence predicts that the time
10; *x*w)@“*w K %"%& evolution of the fluctuation energy behaves like a power law
I *** ] Eoxt™, (10)
100 &W‘* where the exponent is characteristic for the turbulent sys-
L S X ox x X ] tem. According tdKolmogorov(1941) one can derive an ex-
0 @ R X ol x *f S ponent ofx = 10/7, while for MHD turbulence the exponent
; x T 1 is A =2/3 (Biskamp 2003. These exponents are derived un-
0.0 1.0 2.0 3.0 4.0 5.0

der the assumption of self-similarity behaviour in turbulence.
More complex models are also possible which consider var-
ious ratios of kinetic to magnetic energy and they provide
Fig. 10. Evolution of the intensity along different streamlines (the further solutions of EqQ.10). Note that the exact solution of
numbers (1) to (4) in the panels correspond to the streamlines irEq. (10) is E = Eo(¢ —19)~*, where the constang is of the
Fig. 9). The solid line denotes the calculated intensity function de- order of the initial eddy-turnover time and that is why the
rived from the continuity e_quatio_n_ (EQ), while the asterisk sym-  power law decay becomes visible only at sufficiently large
bols denote the observed intensities. times? > 1 (Biskamp 2003.

Since the flow velocity in the magnetosheath is supposed
. i i i . to be super-Alfenic and the fluctuations are more Adfvic
with increasing distance from the bow shock. At first, the in- transverse), we relate the distan@ong a streamline to the

tensity increases slightly and only then the decrease begin lapsed time since the bow shock crossing by using Taylor's
(streamlines 2 to 4; at streamline 1 no observations are ava"hypothesis

able close to the bow shock) which may indicate also that
a wave source further downstream of the bow shock exists; — _ 5 (11)
Generally, Fig.10 suggests that the variations of the veloc- v(s)

|ty and the cross sectional area along the streamlines are tO@/e note that this a reasonab|y good approximation for not
small to account for the observed Spatial decay of the Wav%ropagating waves like mirror modes or downstream propa-
intenSity. Since the estimated intensities are almost Constanbating waves in the p|asma frame of reference, but the time
the changing velocity and cross sectional area play only &cale would increase in case of upward propagating waves
minor role in the evolution, even if one would assume that dand Tay|0r’s hypothesis should be used with caution. The
wave source is located in the magnetOSheath. Then, the inhqeasured intensity is proportiona| to the magnetic energy
tial value of the estimated intensity in FigOwould change,  density E of the fluctuations in the frequency range 30 to
but the almost constant curve shape would not be changedoo mHz if normalised by a constaft such thatt = C1
significantly. For this reason, we rule out the effect of ve- with ¢ = NAf(2u0)~1 (N: Number of frequency samples
locity and cross section variations to explain the rapid spatialver which has been averagetf: frequency resolution in

Distance from bow shock [R,]

decay of the wave intensity in the magnetosheath. the spectrago: permeability of free space).
Figure 11 shows the evolution of the intensity with time
4.4 Turbulence and wave energy transport after the bow shock crossing. A power law fitting to the de-

caying part of the observed intensity evolution gives a good
Magnetic field fluctuations in the magnetosheath are ofteragreement with the data. Some parts in the measurements
interpreted to be in a turbulent state. We discuss finally waveshow approximately a constant behaviour (data points clos-
energy transport due to turbulence in the magnetosheath asst to the bow shock, particularly in the third panel). They
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Evolution of intensity 5 Conclusions

100+ é%g - We performed a statistical analysis of low-frequency mag-
g {39 § 1 netic field fluctuations in the frequency range 30 to 300 mHz
i 1 X in the Venusian solar wind interaction region. The magnetic
10§ field data set was obtained by the fluxgate magnetometer
o —— on board the Venus Express spacecraft. The observations
100; * *’@%k | cover the low-altitude magnetosheath as well as the mid-
g magnetotail. The observations reveal similar wave properties
[ e ] in the magnetosheaths of Venus and Mars as well as their tail
101 @ )ﬁ% E regions, suggesting a similar solar wind interaction between
g ] the two planets. However, only a global picture of the domi-
- y N ] nating wave properties is provided which is suitable to com-
100¢ Yo % E pare the observations at both planets, but we are not resolving
B EN ] individual wave modes. This is left to future studies. We also
10; @) % | note that the wave propagation directions and the wave prop-
g e erties in the plasma frame of reference are not determined in
r X : 1 our measurements and this makes it difficult to get clearer
100, c¥ 4 results. This is due to measurements from a single spacecraft
i 17 % only.
wr The wave intensity reaches a maximum in the dayside
E magnetosheath and drops rapidly towards the terminator re-
1’ 10 100"‘ - gion. The further regions do not show significant wave in-
Time since bow shock crossing [s] tensities. Different hypotheses have been considered in or-
der to explain our observation. The influence of varying
Mach numbers can not be evaluated accurately at the mo-
Fig. 11. Evolution of the intensity with time after the bow shock ment. It has to be studied in more detail in the future with a
crossing (the numbers (1) to (4) in the panels correspond to thg;omprehensive plasma moment data set. A geometric effect
streamlines in Fig9). The x-axis is relabelled from FidO us-  pjays only a minor role. A reasonable explanation is freely
ing Ta_y_lor’s hypothe5|§. The a_ste_rlsk symbols denote the Obs‘?rve%volving or decaying turbulence, because of the power law
intensities. The decaying part is fitted by a power law (dashed “ne)'behaviour. But the quantitative agreement is poor with the
freely decaying turbulence model which may probably be

may be related to the constagtvhich is of the order of afew IMProved by taking wave generation in the magnetosheath
into account. On the other hand, further mechanisms like

tens of seconds. The observed expongntry from—1.7 to ) ,
—3.9.and are steeper than the exponents predicted by theorefi2MPing could be responsible for the loss of energy. Per-

ical models of turbulence, but nevertheless the observation32PS the decrease in the magnetic field fluctuations may be
exhibit the power law decay and it is suggestive of turbuIentcompensat,ed py a relative increase in the -electnc field flyc-
decay. Considering wave sources in the magnetosheath, gfyation as in high-frequency phenomena in the solar wind

¢ =0 point has not to be located necessarily at the bow shock{Bale et al. 2009. Unfortunately, this can not be verified by

but can be located further downstream. This would shift the VeNUS EXpress, since the spacecrait is not equipped with an
electric field detector. Also, a dissipation process could take

data in Fig.11to the left leading to a lower exponent of the : N R )
power law. Then, the power law exponents would probablypla_ce like Landau or cyclotron damping. This v_wII be studied
be more consistent with the theoretical exponents and therg#S'ng plasma moment data once they are avr?ulable soon.
fore, one may consider further wave sources possible. Of [Nsummary, we conclude that the observations suggest the
course the theoretical models describe an idealised picture dionvection of waves by the plasma flow. Doubtless, waves

turbulence (spatially unbounded, etc.) and a realistic modef'® 9enerated at the bow shock or in its vicinity. But the
observations indicate also wave sources within the magne-

would be needed for a quantitative study (considering e.qg. i :
the magnetosheath geometry, the bow shock shape and ﬂligsheath and thus it may occur that beside the bow shock re-

solar wind conditions). We note in this context that it is also gk:on waves iri also generated W'tlh'n the magnetosheath and

worthwhile to consider in future studies, performing a more th€ Vicinity of the UMB, respectively.
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