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Abstract. Low-frequency magnetic wave activity in Earth’s 1 Introduction

plasma environment was determined based on a statistical

analysis of THEMIS magnetic field data. We observe that!n Earth’'s solar wind interaction region, a variety of low-
the spatial distribution of low-frequency magnetic field fluc- frequency magnetic field fluctuations is observed. The term
tuations reveals highest values in the magnetosheath, but théow-frequency” is used here in the same sense #3uitk-
observations differ qualitatively from observations at Venusing et al. (2010, Espley et al(2004, and Schwartz et al.
presented in a previous study since significant wave activ{1999: frequencies below or at the proton gyrofrequency.
ity at Earth is also observed in the nightside magnetosheattzreat efforts have been undertaken to characterise and iden-
Outside the magnetosheath the low-frequency wave activitfify different wave modes (cf. e.g. the review Sthwartz
level is generally very low. By means of an analytical stream-€t al, 1996. For instanceNarita and Glassmei¢2009 de-

line model for the magnetosheath plasma flow, we are able téived dispersion relations of low-frequency waves upstream
investigate the spatial and temporal evolution of wave inten-2nd downstream of the terrestrial bow shock in order to im-
sity along particular streamlines in order to characterise posProve the understanding of wave transmission, mode conver-
sible wave generation mechanisms. We observe a decay @ion, and wave excitation in the vicinity of the bow shock.
wave intensity along the streamlines, but contrary to the situFurthermoreDenton et al(1998 determined transport ratios
ation at Venus, we obtain good qualitative agreement with theh order to identify wave modes ahderson et al(1994
theoretical concept of freely evolving/decaying turbulence.focused on magnetic spectral signatures with respect to the
Differences between the dawn region and the dusk region cafccurrence of mirror modes and cyclotron waves. With the
be observed only further away from the magnetopause. Wéour satellites of the CLUSTER mission (eEscoubet et a|.
conclude that wave generation mechanisms may be primaril2003), one has the additional possibility to determine wave
attributed to processes at or in the vicinity of the bow shock.pPropagation directions and wave vectors, respectively. The
The difference with the observations of the Venusian magnestudies of, e.gNarita and Glassmeig200§ and Schafer
tosheath we interpret to be the result of the different types oft al. (2009, focused on this topidu et al.(2010 studied
solar wind interaction processes since the Earth possessegragnetosheath magnetic field variations based on DOUBLE
global magnetic field while Venus does not, and therefore theSTAR TC-1 and CLUSTER observations with periods from
observed magnetic wave activities may be caused by diversé s to 240s (corresponding to a frequency range from 4 mHz

magnetic field controlled characteristics of wave generationfo 250 mHz) for a data set of the year 2004. They found a de-
processes. pendency on the fluctuation characteristics from the angle of

. _ ] the interplanetary magnetic field orientation with respect to
Keywords. Magnetospheric physics (Magnetosheath; MHD the bow shock normal, particularly, more intense fluctuations

;/;i\(/;.;, and instabilities) — Space plasma physics (Turbu—alt smaller angles.
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1272 L. Guicking et al.: Magnetic field fluctuations in Earth’s plasma environment

cedure at Venus bguicking et al.(2010 and thus it allows
us to compare the low-frequency characteristics of two types
of interaction processes of the solar wind with planetary ob-

Magnetic field strength

10*

30 £l stacles: with Earth where its magnetic field characterises the
g interaction process and with Venus where no intrinsic mag-
2 g netic field is believed to exist and as a consequence its dense
Bk 3 [{10° atmosphere interacts directly with the solar wind.
S 2
10 § 10
2 Data analysis and results
i 1 10°
30 20 10 0 -10 -20 -30 We use in this study THEMIS magnetometer data from

March 2007 to February 2010 which were recorded during
Fig. 1. Spatial distribution of the magnetic field strength (colour- 5450 days in total by the five spacecraft. The temporal res-
coded) in Earth’'s plasma environment measured by THEMIS dur-olution At of the data is 3's, which allows us to resolve fre-
ing the period March 2007 to February 2010. Data are binned andjuencies up to a maximum of 167 mHz (Nyquist frequency
presented in cylindrical coordinates. The dashed and dashed-dotteflyq = (2A1)~1). The frequency range below 167 mHz in-
lines represent bow shock (BS) and magnetopause (MP) models dejudes the low-frequency range in many regions of the so-
rived from Spacecraﬁ measurements and a theoretical model. lar wind interaction region of Earth, in particular the magne-

tosheath, as the proton gyrofrequergy= g B/m (q: elec-

tric charge B: magnetic field strengtly: mass of protons) of

NASA's current satellite mission to study geomagnetic 187 MHz corresponds to a magnetic field strengtiydi nT

substorms, THEMISAngelopoulos 2008 Sibeck and An-  (Cf- Fig. 1). S , o
gelopoulos 2008, operates in the near Earth plasma envi- The data are given |n|t_|ally in geO(_:entn_c solar ecliptic
ronment and provides simultaneous measurements of fivéGSE) coordinates in which the x-axis points from Earth
spacecraft. The satellites cover large areas of Earth’s soldPWards the sun, the z-axis is perpendicular to the ecliptic
wind interaction regionRrey et al, 2008. Therefore, the Plane pointing northward and the y-axis completes the right-
THEMIS data are very suitable for a statistical investigation '@nded coordinate system pointing into the opposite direc-
and the magnetic field data set provides a unique possibiltion Of the planetary motion (e.Gong and RussglL999.
ity to study globally magnetic field fluctuations in Earth's 1he GSE coordinate system is useful for e.g. bow shock and
plasma environment under solar minimum conditions. In par-magnetosheath phenomena, so for problems in which the ori-
ticular, primarily two satellites (THEMIS-B and THEMIS-C) entaﬂ_on of _Earth’s dlpole axis is less m_portant than for prob-
expand into the magnetosheath and cross the bow shock, r€MS in which the orientation plays an important role as e.g.
spectively, so that they even stay temporarily in the upstreani’@gnetospheric phenomeriofig and Russell999. The
solar wind. In July 2009 the ARTEMIS missioAigelopou- data were first transferrgd into the aberrated geocentric so-
los, 201) has started and the THEMIS-B and the THEMIS- 1 ecliptic (AGSE) coordinate system'{X,z). The aberra-
C spacecraft were navigated into transfer orbits to the Moontion is realised by a constant Sotation of the coordinate

This flight manoeuvre is associated with a spatial coveragéYStem around the z-axis due to Earth’s orbital velocity with
of plasma regions still further away from Earth. respect to the solar wind flow velocity. Théaxis has a bet-

Liu et al. (2009 studied statistically the spatial distribu- ter alignmept with the incident solar wind flow d.irection and
tion of Pc4 and Pc5 ULF pulsations in the inner magneto-d“e to that it r.educes.on average the systematic error caused
sphere on the basis of THEMIS electric and magnetic fieldPy Earth’s orbital motion (cf. with e.¢laschke et al2009
observations. They conclude that the field line resonance an@N0 defined the same rotation of the GSE related geocentric
the Kelvin-Helmholtz instability may be important sources S0lar magnetospheric coordinate system). o
of the ULF waves and that the results are important with re- " Fig. 1 the spatial distribution of the magnetic field
gard to the characterisation of Pc4 and Pc5 waves and thet'ength observed by the five THEMIS satellites for the anal-
transport of energetic particlekiu et al. (2010 extended ~YS€d data setis displayed. The coordinate system inlfg.
the investigation of ULF wave intensity to a larger data set? cylindrical coordinate system which arises from the AGSE
and studied the dependency on solar wind parameters. ~ coordinate system by averaging the magnetic field strength

The aim of this study is to provide a global overview of the around the %axis. The three d|_rect|ons of the magnet!c f|eld.
low-frequency magnetic field fluctuation pattern in Earth’s Méasurements are hence projected to a two-dimensional fig-
plasma environment based on a statistical analysis of th&r® Where &, =X represents the apparent solar wind di-
comprehensive THEMIS magnetic field data set. The resultsection and yy, = /Y2 + 7?2 the distance from the/x-axis.
are compared to a study based on a similar data analysis prdhe magnetic field data are binned in the figure and the bin
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size is 05 Rg x 0.5 Rg (Rg:radius of Earth). The mean mag- In Fig. 1 the dipole-like character of Earth’s magnetic field
netic field strength of each bin is colour-coded. with a magnetic field strength of more than 10000 nT close
Models of the bow shock (BS) and the magnetopause (MP}o the planet is clearly visible. Furthermore, the compres-
are also plotted for orientation. The dashed lines represent aion of the magnetic field on the dayside due to the plane-
bow shock model fronslavin and Holze(1981) and a mag- tary obstacle accompanied by the deflection of the solar wind
netopause model fro@hue et al(1997). Earth’s bow shock  around the magnetopause, as well as the formation of the tail
is modelled by the equation (polar form) structure on the nightside characterised by an enhanced mag-
netic field strength (relative to the solar wind magnetic field
;= L i (1) strength upstream of the bow shock), can be observed. Data
1+ecoy gaps in the upstream solar wind region and the tail region

whereL is the semi-latus rectum ardthe eccentricity. We ~ Cl0Se to the g-axis are due to gaps in the data set itself and
usedL = 233 Rg ande = 1.16. These values are mean pa- & lower spatial coverage of measurements in these regions

rameters obtained from model fits which were performed®S well as the data selection process for the spectral analysis
on the basis of the bow shock crossings of the missiondiesScribed later in this section.
EXPLORER 28 (IMP 3), EXPLORER 34 (IMP 4), HEOS 1 For our statistical study with the focus on the low-

PROGNOZ 1 and RROGNOZ 2. The hyperbola (Eql) is frequency wave activity, we picked out intervals with a length
shifted in the model byo = 3 Re in positive direction along of 102 s from the data set. Each following interval is shifted

the x-axis, which means that the bow shock stand-off dis-3 s forward. Data gaps greater than 4.5 s occurring occasion-
tance writes as ally in the data set have not been considered, meaning that in-
tervals containing these gaps are excluded from the analysis.
_ @) The length of the intervals is a compromise between the tem-
1+e poral and spatial resolution as well as the presence of data
gaps. Due to the different orbit geometries of the satellites,

Slavin and Holze (1981 restrict their model to-10Rg in . o -
. o he spatial coverage is inhomogeneous, but a sufficient cov-
the anti-sunward direction. Furthermore, they conclude tha : ; . .
erage is overall still achieved. We note that we did not con-

the bow shock shape and position vary only minimally during sider data within a distance of$Rg around Earth, because

the solar cycle for the data set (standard deviatomd the . o g
) arange change of the instrument leads to significant artificial
parameterd. ande: o = 0.3, ando. = 0.05), and thus we L ) C
. wave activity (the 3pT resolution of the magnetic field data
consider the bow shock model and the chosen value& for : : 0 i
ande suitable to show the approximate position of transition becomes more coarse during high magnetic field strengths;
PP P Auster et al. 2008. The frequency range considered in this

between the solar wind and the magnetosheath. . .
The magnetopause is modelled by the equation (polarStUdy is 30 to 167 mHz, as our focus is on the low-frequency
range. We note that it may be also worthwhile to investigate

R5=x0+

form) frequencies below this frequency range in more detail, but
2 o increasing the frequency resolution is at the expense of the
r=ro <m) ’ ®3) spatial resolution and thus it is always an issue which has to
be balanced.
whererg is the stand-off distance andis the level of tail The further wave activity calculation described in this
flaring. We used herep = 10.15Rg anda = 0.59 (for that  paragraph was done in the same way as it was performed by
we used implicitB; =0 and a dynamic pressure éf, = Guicking et al(2010 for magnetic field data of Venus’ solar

1.915nPa). These fit parameters were derived on the basiwind interaction region on the basis of the analysis meth-
of the measurements of thesde 1, ISSE 2, AMPTE/IRM ods of Song and Russe(lL999, with the goal to determine a
and ExPLORER 50 (IMP 8) missions. The magnetopause mean wave intensity value for each interval ensuring a com-
model was plotted bhue et al(1997) up to—40Rg in the parison of the results for Earth and Venus. The data were
anti-sunward direction. As the shape and position are contransformed into a mean field aligned (MFA) coordinate sys-
trolled by the solar activity, we have chosen a dynamic prestem in which one axis points into the direction of the mean
sure which is typical for solar minimum conditions accord- magnetic field. The data are then Fourier transformed into
ing to low solar activity during the period of selected mea- frequencies, and with the Fourier transfoliw) the power
surements. Thus, we consider the magnetopause model witkpectral density matrix
the chosen and derived values ®y, Dy, ro, anda suitable "
to show the approximate position of F3[ransition between the! v = (Bi(@) B (@) )
magnetosheath and the magnetosphere. was calculatedi(j = 1, 2, 3 are the three components of the
The dashed-dotted lines represent models of the bownagnetic field; the asterisk denotes the complex-conjugate).
shock and the magnetopause derived from parabolic coorFinally, the minimum variance analysis was applied to
dinates, which are presented in more detail in Seahd are  the data, yielding the three eigenvectors and eigenvalues
accompanied by a magnetosheath streamline model. (A1,A2,A3) for the maximum, intermediate, and minimum
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Wave intensity, 30— 167 mHz
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Fig. 2. Spatial distribution of the wave intensity in the frequency range 30 to 167 mHz (aftieking 2011). The underlying THEMIS
magnetic field data are shown in Fias well as the bow shock (BS) and magnetopause (MP) models.
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Fig. 3. Spatial coverage of the THEMIS wave intensity observa-
tions displayed in Fig2 with the same bow shock (BS) and magne- 30 R 4 10°
topause (MP) models. The spatial coverage is inhomogeneous due  3q 20 10 0 10 -20 -30

to a better coverage of observations close to Earth. Nonetheless, X [Re]

sufficient observations within a radius f30Rg are available.
Fig. 4. Spatial distribution of the wave intensity in the ecliptic plane
(afterGuicking 2011).

variance directions, respectively. The intensity (wave activ-

ity) is then defined as

I =3i1+ X2 — 223, (5)
the same format and have the same bow shock and magne-

assuming isotropic noise which we consider as a reasonabl®pause model boundaries as Flj. Since we related the
estimate for our statistical analysis. These intensity valuedime at the centre of each analysed interval to the spacecraft
denote a mean spectral density of the chosen frequency barbsition, observations are spatially closer to each other dur-
and is at the same time an estimate of the total magnetiéng times of lower spacecraft velocity (as e.g. at the apocen-
energy density over the frequency range. The spatial distritre) than during times of higher spacecraft velocity (as e.g. at
bution of the wave intensity about the mean field is dis- the pericentre). The calculated intensities are normalised to
played in Fig.2, with the corresponding spatial coverage this spatial coverage of observations (RByand thus differ-

of the observations in Fig3 (both figures are presented in ences in the observation time are considered.

Ann. Geophys., 30, 12711283 2012 www.ann-geophys.net/30/1271/2012/
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This analysis procedure has already been applied to thé&ern of Spreiter and Stahafd980 determined from numer-
THEMIS data set inGuicking (2011) and the spatial wave ical calculations. The streamline pattern and velocity distri-
intensity distribution (cf. Fig2) was presented there. The bution derived from the modifiedobel and Fickigermodel
wave intensity is enhanced in the entire magnetosheath, witlvas already used by e.@énot et al(2011]), Tatrallyay et al.
peak values in the dayside magnetosheath. Except for the taff008, and Tatrallyay and Erds (2002 to investigate the
region close to the’3§|-axis where also moderate wave ac- timing and characterise the evolution of mirror mode struc-
tivity can be observed, the wave activity has overall a verytures in the terrestrial magnetoaheath.
low level outside the magnetosheath. Figeshows that the Taking as the starting point thé@bel and FHickigermag-
wave intensity decreases with increasing solar zenith anglaetic field model, at first parabolic coordinatas, ¢) have
(SZA; the SZA is the angle between thg xaxis and the line  to be introduced which are related to Cartesian coordinates
connecting the point of origin with a point on the bow shock), (x, y, z) via
implying that wave energy decays from the bow shock to-
wards downstream regions. The THEMIS orbits are close to* = 4V cog¢), (6)
the ecliptic plane and thus they provide as well a spatial cov-
erage over all local times for the analysed data set. This is
useful for taking into account potential dawn-dusk asymme-y = uv sin(¢), )
tries, and Fig4 shows (in addition to Fig2) the projection
of the wave intensity distribution into the ecliptic plané-(x
y'-plane). Figure4 was also presented iBuicking (2011 1/, 5
and the wave intensity distribution shows no well developed® = 2 <” -V ) ’ ®)
dawn-dusk asymmetry. There is only a slight enhanced wave .
activity at the dawn side{y’-axis) observable compared to with u > 0, v > 0, and 0= ¢ <2 (e.g. Madelung 1957).

. . . - .. The parabolic coordinates were also used Kgbel
the dusk side-{y’-axis), which may be originated from dif- and Flickiger (1994 and e.g. Tatrallyay and Erds

ferent wave generation processes present in both regions. A(%OOS. As our statistical results are presented in a two-

we focus in Sect4 primarily on the wave intensity evolution dimensional coordinate system (cf. Se&), we reduce the
in the magnetosheath and not on the identification of WaVE o dimensional parabolic coordinate .system to a two-

gener_atlon mechamsms and ”“? un_derlymg |r_15tab|l|t|es, "€ dimensional representation by settifig= 0. Models of the
spectively, we will retain the cylindrical coordinate system

in the following. Beyond that, the cylindrical coordinates im- bow shock and the magnetopause are determined from the re-

prove the statistical significance of the results as more inten[n aining parabolic coordinate equations. The shapes of these

. . . . . . twi ndari re intrinsically given h ion
sity values per bin are available, but we will also discuss |n-t 0 boundaries are intrinsically given by these equations, but

dividual results for the dawn region and the dusk region. the exact stand-off positions are defined by the two parame-

Considering that the solar wind plasma is deflected in theters Kobel and Rickigey 1999

magnetosheath around Eath’s mggngto_sphgre,_ we want to_ oo — \/m, 9)
study furthermore the wave intensity distribution in connec-

tion with the plasma flow, opening also the possibility to where Rgs is the subsolar stand-off distances of the bow
compare the results with former studies of the Venusian magshock andRwp the subsolar stand-off distance of the mag-
netosheath. Hence, a plasma flow model for Earth’s magnenetopause and

tosheath is required and will be introduced in the following

section. v = vmp = v/ Rup- (10)
The modelled boundaries thus depend only on their stand-off
) distances.
3 Magnetosheath streamline model Since the origin of the parabolic coordinate system is lo-

cated halfway between the centre of Earth and the subsolar

! , stand-off distance of the magnetopause and thus shifted from
in Earth’s magnetosheath was adopted from a mod#ld®y  yhe centre of Earth in opposite direction to the apparent solar

bel and Riickiger (1994 developed originally to model the ;4 fiow direction, the relation to the cylindrical Cartesian

steady state magnetic field in the magnetosheath. The auys,oginate system introduced in the previous section is given
thors comment that the magnetic field lines of their model,,

represent also the streamlines of the solar wind flow around

the magnetosphere in case of parallel or antiparallel orienta-, 1 1 ( 2 2) 1

. o L . =—z+-Rwp=—= — =R 11
tion of the magnetic field direction with respect to the solar Yoyl ot 2 "MP 2\ Y + v (11)
wind flow direction upstream of the bow shock. They note 44

that the streamline pattern of their model is for this situa-

tion in good qualitative agreement with the streamline pat—y(’:yl =X =uv. (12)

An analytical streamline model describing the plasma flow

www.ann-geophys.net/30/1271/2012/ Ann. Geophys., 30, 127283 2012
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The magnetosheath velocity potential and flow pattern areThe function

derived as follows: Adapting the scalar potential of the to- s ) )

tal magnetic field in the magnetosheath of tebel and  , _ _ [ _“mpVBs v uv-—uvgg\) uv (20)
Fliickiger model and substituting the initial magnetic field vEs—vip 2035y 2

by the initial solar wind flow velocity yields the velocity po-

tential function (withvmp < v < vgs and¢ = 0) satisfies Eq.X8) and Eq. L9), respectively, and is thus the
streamline function where each constantepresents a flow
vl%/lP”I%S w2 — 2 line. I_:rom Eq. 18) we get with Eq. 20) also the parabolic
o=—|— > o2 +In(v) velocity components (Ed.6 and Eq.17).
YBs ™ YmP 'Bs The only parameters for the parabolic bow shock and mag-

lro 2 netopause boundary models are the subsolar stand-off dis-
Y3 (u —Y >+ ¢ (13 tances. We have chosen the distanfgs = 15Rg for the
bow shock andRyp = 10Rg for the magnetopause, as then
the Slavin and Holzel(1981) and Shue et al(1997) mod-
els overlap qualitatively well with the parabolic boundary
model. Choosing a lower bow shock stand-off distance of
the parabolic model would lead, especially on the nightside,
| to diverging bow shock shapes of both models (cf. Figs.

where each constadt represents one velocity potential line,
v is the initial flow velocity upstream of the bow shock, and
C is an arbitrary constant.

The velocity potential function is defined as the function
from which one can derive the velocity in a particular di-
rection by calculating the derivative of the velocity potentia
function in that direction (e.g/allentine 1967), so the veloc- ) . ) i
ity in parabolic coordinates can be defined as (the gradient in We discussed the origin of the model in the first paragraph

arabolic coordinates can be found in delung 195 of this chapter and complete the discussion now regarding
P B g L the validity of the model and the magnitude of the velocity.

oD od 10® The Kobel and Hickigermagnetic field line model is valid
v=-Vo= <_)‘3_u’ _)”3_,)’ _;£> ’ (14) for arbitrary orientations of the interplanetary magnetic field
_ lines with respect to the solar wind flow direction. Deriving
wherex is the streamline model from this magnetic field line model as-
1 sumes geometric equivalence between streamlines (velocity
A= ﬁ (15) potential lines) and mggnetic fjeld lines (potential Iin.es)_ in
case of parallel or antiparallel interplanetary magnetic field
The two parabolic velocity components andv, are then line orientation with respect to the upstream solar wind flow
5 direction (cf.Kobel and Hickiger 1994. Thus, we have an
v, = YmP v+ uv (16) independent static streamline model which is based on a spe-
vis—vip ’ cial case of the more general magnetic field line model equa-
tions.
In order to calculate the magnitude of the magnetosheath
Ve vis flow velocity vms based on the original magnetic field model
W=z 2 J\7, Tv)veve (17) " equations, one has to introduce a scaling factor. Wi
V2o —v2p v q , g factor. We use
Streamlines are defined as the lines which are tangential to v,%,,P -
the velocity vectors (e.gvallenting 1967 and streamlines YMS = UKF 1+ m ’ (21)

and velocity potential lines are perpendicular to one another.
We can find the streamline function by finding the function \wherewge is the velocity magnitude obtained by tKebel

W satisfying the equation (the basic idea and a detailed theand Flickigermodel. We have derived the scaling factor em-
oretical background of fluid mechanics is presented by e.gpirically on the basis of the resulting velocity contour profile
Prandtl et al.1969 in the magnetosheath. Considering this scaling factor leads
for different upstream solar wind velocities to a velocity pro-
file comparable to the magnetosheath velocity profiles ob-

with the ¢ unit vectore, of parabolic coordinates. Equa- tained byGénot et al(201]) andTatrallyay et al(200§. In

tion (18) writes in parabolic coordinates (the expression of Particular, we use in our model the same initial solar wind
the curl in parabolic coordinates is given in eMadelung  Velocity of [v] = 400knys asTatrallyay et al(2008, which

v=-VX [\IJe¢], (18)

1957 as is a good estimate for the mean solar wind flow velocity.
Geénot et al(201]) andTatrallyay et al(2008 state also that
E)a_v (uvW) Vi their velocity distributions are in good agreement with gasdy-
—“VXWV¥=-—— —;’—u wvw) | = v |. 19) namic simulations done bgpreiter and Stahaf@d980 and
uy 0 0 Spreiter et al(1966. Therefore, we assume the analytical

Ann. Geophys., 30, 12711283 2012 www.ann-geophys.net/30/1271/2012/
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Magnetosheath flow velocity Table 1. Decay exponents of the wave intensity in the magne-
AQ[TTTTT T T T T T T T tosheath derived from Fig® (total) as well as for the dawn and
BS dusk side of the magnetosheath derived from Eig.

35

Number of streamline decay exponerk

30
total dawn dusk

25 -128 -1.66 —1.68
7 ~123 -149 -152
= 20 ~1.47 -1.67 -156
- 130 -1.55 -1.48

—-1.46 -125 -1.33
-1.03 -1.20 -1.28
—-1.18 -1.86 —-1.03
-1.07 -1.16 -1.10
—-0.65 -0.93 -0.54
-0.27 -1.18 0.10

.......

P

pa 200 km/s

/¢ 724150 kmls

¢ 2 710 km/s
7450

Boo~N~ouas~wNk

o b b b by
20 15 10 5 0 -5 -10 -15 -20 -25
X’cyl [RE]

contour lines, and in Figs showing the different streamlines

Fig. 5. Flow velocity in Earth's magnetosheath calculated from the @nd velocity potential lines for Earth’s magnetosheath.

analytical streamline model. The dashed-dotted lines mark the ve-

locity contour lines for the listed velocities. The initial solar wind

flow velocity in the model igv] = 400kms™L. BS and MP denote 4  Evolution of magnetosheath wave intensity

the bow and the magnetopause models.

In order to investigate the evolution of wave intensity along
particular streamlines, at first a certain number of stream-
lines and velocity potential lines within the magnetosheath

Magnetosheath streamline model

40; | | | | | BS | 1 has been calculated from the streamline function g&and
350 ceaeas streamlines ] the velocity potential function (EdL3). Precisely, this was
Eomn velocity potential lines 1 done by choosing a constant differenc@ andA ® between
30[ . two neighbouring streamlines and two neighbouring veloc-
i 1 ity potential lines. The composition of the streamline pattern
50 . together with the velocity potential line pattern divides the
= I 1 overall magnetosheath area into multiple smaller subareas
5; 20|~ 4 (cf. Fig. 6). Each of these polygons is therefore edged by
= 0 ] two neighbouring streamlines and two neighbouring velocity
15[ . potential lines (or the bow shock/magnetopause at the edges
r ] of the magnetosheath); we then averaged the intensities over
100 . the polygon areas. Thus, it leads finally to the result that a
r ] certain number of polygons fills up the magnetosheath with
5k . a mean intensity value assigned to each polygon. In this way,
r ] the data are binned in another way than before (cf. Big.
oL ..k T considering the situation we want to investigate in this chap-
20 15105 )?,Cyl [R'j’ 101520 25 ter, but ensuring also from the statistical point of view that the

choice of AW andA ® keeps a sufficient number of intensity
Fig. 6. Streamlines and velocity potential lines of the analytical values within one polygon.
streamline model in Earth’s magnetosheath bounded by the bow Then, the streamlines between two streamlines (offset to
shock (BS) and magnetopause (MP) models. the streamline below and above is in each cade/2) dis-

played in Fig 6 are calculated and the centre of each polygon

along the streamlines was determined @fiicking et al,
streamline model derived herein to be adequate for our esti2010. Figure7 shows the result of this procedure and Hg.
mate of the wave intensity behaviour in the terrestrial mag-shows the corresponding spatial coverage of observations. It
netosheath. shows that the spatial coverage is better in the dayside mag-

The complete model is displayed in cylindrical coordi- netosheath and decreases towards the nightside and is mainly

nates in Figs showing the flow velocity vectors and velocity caused by the satellite orbits (cf. FI§).

www.ann-geophys.net/30/1271/2012/ Ann. Geophys., 30, 127283 2012



1278 L. Guicking et al.: Magnetic field fluctuations in Earth’s plasma environment

Wave intensity along streamlines
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Fig. 7. Evolution of wave intensity along streamlines. The bow shock (BS) and magnetopause (MP) models as well as ten streamlines
(dashed lines) which are numbered by (1) to (10) are shown. The spatial and temporal evolution of wave intensity along these ten streamlines
is investigated.

Spatial coverage of observations line integral along a streamline from the bow shock (BS) to

1.2:10* .
4o rTTTTT T I 0 a selected pointengand can be calculated as

Send

30 4, []e010° S = / ds, (22)
: 1 5
250 1 8 BS
Ef 200 B % 6.0-10° or for the discrete model situation here, the sum over partic-
N i s ular distanced\s can be calculated as
15[ 4 &
L ] £
L 1 S S = (As)k . (23)
10F - Z Wso010° ;
5* * The elapsed tim& since the bow shock crossing is the inte-
ol ] 0 gral
20 15 10 5 0 -5 -10 -15 -20 -25
X'oyi [Rel Send 1
: . . . g = ds (24)
Fig. 8. Spatial coverage of magnetosheath observations displaye ums(s)
in Fig. 7. BS
along a streamline or again in the discrete case
Connecting the mean intensities to the coordinates of th 1
: : =Y ——(As);. (25)
polygon centres, we are able to derive an estimate on how the — TMS.i
F )

intensity evolves in space and time with the magnetosheath

flow. For this purpose, the distance along a streamline startwherevys ; is the averaged velocity along a distanee so

ing at the bow shock as well as the elapsed time since théhe mean of the velocity at the starting position and at the
bow shock crossing moving with the flow along a streamline ending position of each differencs. Both parameters, the
can be calculated. The distan§ealong a streamline is the discrete line elemenf\s and the mean velocityus ;, are
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Spatial evolution of intensity
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Fig. 9. Wave intensity as function of distance from bow shock. Numbers in parentheses indicate the spatial evolution curve of the associated
streamline in Fig7. The asterisks denote the calculated intensity values along a streamline and the dashed lines are power law fits to the
intensity values. The exponent of the power law represents thus the strength of the decay and variest8&2em1d—0.70 indicated by

dP.

taken from the magnetosheath streamline model introducedicular, this turbulence model describes the dissipation of the

in the previous section. fluctuating part of the energy while the fluctuations are con-
Figure 9 shows the evolution of the wave intensity with vected with the flow. The magnetic energy dendityf the

distance. Fitting the data with a power law of the form fluctuations, which is equivalent to the wave intenditye

I =ad? where[ is the intensity and/ the distance from calculated, follows then the power law

the bow shock along a particular streamline confirms quan-

titatively the visual impression of Fig, where the wave in-  E oct* (26)

tensity decreases on average with increasing distance. The. )

power law fit reveals exponengsin the range from-0.32 ~ With A = —10/7~1.43 as a result of the hydrodynamic tur-

to —0.70. In order to investigate the decay of the fluctua- Pulence model bykolmogorov (1941), and 1 = —2/3 for

tions in terms of turbulent processes in the magnetosheatH'® magnetohydrodynamic cadgigkamp 2003. Figure10

and especially in terms of a theoretical decay model as welfNOWs the evolution of wave intensity with time. We fitted a

as in order to compare our study with the results for VenusPOWer law of the formy = le where/ is again the intensity

we have to derive furthermore the temporal evolution of the@nd? the elapsed time since the bow shock crossing along

wave intensity. a particular streamline to the decaying part of the intensi-
The basic theoretical model we compare and discusdies and one reveals ex_ppnemtwhich lie @n the range from

our results with is the theoretical concept of freely evoly- —0-27 t0 —1.47. In addition, we determined the exponents

ing/decaying turbulence. It describes thg t_)ehavipur of a tur- 1g — C1 whereC is a constant comprised of the number of fre-

bulent flow when there was once energy injected into the sys-

) h guency samples and the frequency resolution of the power spectra
tem and the system is then left to its own resources. In paryct. Guicking et al, 2010
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Temporal evolution of intensity
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Fig. 10. Wave intensity as function of the elapsed time since bow shock crossing. Numbers in parentheses indicate the evolution curve of
the associated streamline in Fig.The asterisks denote the calculated intensity values along a streamline and the dashed lines are straight
lines in the double-logarithmic plots which were fitted to the intensities. The straight lines’ slope is in non-logarithmic scale the exponent of
a power law and represents thus the strength of the decay. The decay along a particular streamline is indicateerby varies between

—0.27 and—-1.47.

separately for the dawn side and the dusk side on the basis & Discussion and conclusions
the wave intensity distribution presented in Fgln Tablel

the results are listed. The observed low-frequency wave activity in Earth’s plasma
As the exact solution of Eq26) is environment in the range 30 to 167 mHz (cf. F2)concen-
trates almost entirely on the magnetosheath, and thus one
E=Eo(t—10)", (27)  can expect a connection with plasma physical processes at

) o ) the bow shock and its vicinity as well as inside the magne-
wherery is the initial eddy-turnover time, the power law be- {5sheath which provide sources of wave energy. The first data
haviour becomes clearly visible fors> 7o (Biskamp 2003.  points in each panel in Fig0 (below 100's) which do not
For this reason, intensity values close to the bow shock Wltkbekmg to the decaying part of the plotted data points could
an elapsed time below 100's are neglected for the power lawgpresent the area where instabilities rise and wave gener-
fit and only the decaying party is approximately considered.atjon processes are dominant, respectively, and thus energy
Accompanied by this choice we can give also an estimate Ofs jnjected. Later (above 1005s), a turbulent energy cascade
fo, which is about tens of seconds up to about 100s. begins, characterised by an energy decay following in good
_ Plotting the wave intensity as the function of the elapsedapproximation a power law. We therefore conclude that insta-
time assumes Taylor's hypothesis, meaning that the velocityjjities and wave generation processes can be referred rather
of the fluctuations, e.g. the phase velocity of a wave, is muchy, the how shock and its vicinity, and a developed turbulent
smaller than the mean flow velocity. The validity of this as- giate rather to the deeper magnetosheath away from the bow
sumption will be discussed in more detail in the final section.ghock. Since the magnetopause prevents efficiently the pen-

etration of solar wind particles into the magnetosphere, as a
result the solar wind is deflected around the magnetosphere
and the spatial distribution of magnetosheath wave activity
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may be coupled with properties of the magnetosheath flowwith regard to the plasma flow velocity and downstream
pattern. propagating waves. Upstream propagating waves with veloc-
The observed spatial and temporal decay of magneities comparable to the plasma flow velocity would increase
tosheath wave intensity along streamlines leads us to the inthe time scale and Taylor’s hypothesis may become inappro-
terpretation that the bow shock may play a substantial rolepriate. At this point, we accept such limitations of our model
in this process. Our observations in the terrestrial magneas we do not distinguish between different wave modes, but
tosheath are in good qualitative and quantitative agreementwant to get a quantitative estimate of the observed wave in-
with theoretical considerations of freely evolving/decaying tensity decay in the magnetosheath which is the result of the
turbulence since they reveal a wave energy decay with decagtatistically analysed THEMIS magnetic field data set.
exponentsh (cf. Sect.4) in the approximate range of hy- As already suggested by several authors @anot et al,
drodynamic £ = —10/7) and magnetohydrodynamia & 2012, Tatrallyay et al. 2008 Tatrallyay and Erds 2005

—2/3). 2002 Schwartz et a).1996 Gary et al, 1993 Gary, 1993
The mean of the first five exponents (streamlines 1 to 51991), different wave energy sources and wave generation
which pass through the lower magnetosheati)isan 1-5= mechanisms exciting low-frequency wave modes are be-

—1.35 with a standard deviation ef.5 = 0.11, and the mean lieved to be present in Earth’s magnetosheath. Sources are
of the following five exponents (streamlines 6 to 10 which mainly processes upstream of or at the bow shock and pro-
pass through the upper magnetosheathhigin 6-10= —0.84 cesses within the magnetosheath; the presence o&@fitan-
with a standard deviation ofg.10= 0.38. Hence, the en- cyclotron and mirror modes are often discussed in this con-
ergy decay in the lower magnetosheath is on average steeptaxt. However, individual modes are favoured by parameters
than in the upper magnetosheath, and we can interpret thdike e.g. the plasm#- or the configuration like e.g. the bow
in the upper magnetosheath more sources of energy may bghock geometry.
present than in the lower magnetosheath. However, the ex- In this study, we are able to compare the derived wave ac-
ponent of the first streamline.{ = —1.28) which passes the tivity with observations in the Venusian plasma environment
magnetosheath closest to the magnetopause is close to tlas the analysis of the magnetic field data was done in a sim-
mean exponentnean,1-5= —1.35), and thus no unique be- ilar way. Guicking et al (2010 determined the spatial distri-
haviour characterises the wave intensity evolution at the magbution of low-frequency magnetic field fluctuations at Venus
netopause compared to the rest of the lower magnetosheatfin the frequency range 30 to 300 mHz. Although both fre-
Furthermore, we determined the decay exponenter guency ranges, the frequency range discussed here in the
the dawn region and the dusk region (cf. Tallle The  case of Earth and the frequency range discussed in the case
means of the lower magnetosheath argean,dawn,1-5= of Venus, do not overlap exactly and vary with respect to
—152 (0dawn1-5=0.17) and Amean dusk1-5= —1.51 the proton gyrofrequency, respectively, a qualitative compar-
(odusk 1-5= 0.13), and the means of the upper magne-isonis justified because both ranges reflect the low-frequency
tosheath areAmean dawn6-16¢ —1.27 (0dawn,6-10= 0.35) range for the most part. Comparing FRwith the results of
andAmean,dusk,6-16 —0.77 (0dusk 6-10= 0.56). In the lower  Guicking et al(2010 for Venus, we observe a qualitative dif-
magnetosheath the projection to the ecliptic plane reveal$erence between both observations: while at Venus the wave
decay exponents which yield a slightly steeper decay tharactivity decreases from the subsolar magnetosheath region
predicted for hydrodynamic turbulence, but no dawn-dusktowards the terminator rapidly, at Earth a significant amount
asymmetry can be observed. In the upper magnetosheathf wave intensity is also present on the nightside (the day-
the dawn side shows a slightly steeper decay than the dus&ide magnetosheaths of both planets contain each the highest
side, but one has to note that the standard deviation is highawave activities compared to the other regions).
than in the lower magnetosheath. We conclude from these As fluctuations in the magnetosheath are often considered
observations that dawn-dusk dependent wave generatioto be in a turbulent state, the transport of wave energy re-
mechanisms and instabilities, respectively, may influencdated to turbulence was discussed. At Venus the turbulent
the evolution of the wave intensity only in the upper magne-character of magnetic field fluctuations was suggested by
tosheath. On average, increasing and differing (in case of th&Vinske (1986 and Luhmann et al. (1983, and Guicking
dawn-dusk distinction) exponents with increasing streamlineet al. (2010 report on a qualitative agreement between their
numbers may also be partly caused by a reduced numbesbservations and the concept of freely evolving/decaying tur-
of data points due to limitations in the spatial coverage ofbulence (e.gDavidson 2004 Biskamp 2003, assuming
observations. that waves are mainly generated at the bow shock and con-
One has to note that the wave intensity as a functionvected downstream with the plasma flow. For the Venusian
of time assumes Taylor's hypothesis, which means that thenagnetosheath they found exponehtgcf. Sect.4) from
phase velocity of waves in the plasma frame of reference—1.7 to —3.9.
should be much smaller than the plasma flow velocity. The above mentioned qualitatively differing intensity dis-
Hence, this assumption is well justified for e.g. mirror modestribution at Earth compared to Venus is also reflected by
which have a zero phase velocity, slowly propagating waveghe quantitative results concerning the temporal decay of
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wave intensity along magnetosheath streamlines. At Earttbenton, R. E., Lessard, M. R., LaBelle, J. W., and Gary, S. P.: Iden-
the decay is flatter than at Venus and for this reason it tification of low-frequency magnetosheath waves, J. Geophys.
matches better with the theoretical predictions of freely Res., 103, 23661-236760i:10.1029/98JA02196.998.
evolving/decaying turbulence, meaning that the exponent®U. J., Zhang, T. L., Baumjohann, W., Wang, C., Volwerk, M.,
» are closer to the values for hydrodynamic and magneto- V00s. Z., and Guicking, L.: Statistical study of low-frequency
hydrodynamic turbulence. Hence, the results are consistent M2gnetic field fluctuations near Venus under the different in-
with the scenario that the wave energy decays due to a tur- terplanetary magnetic field orientations, J. Geophys. Res., 115,

. ~ . A12251,d0i:10.1029/2010JA0155492010.
bulent cascade while waves are convected downstream WItESCOUbet C. P., Fehringer, M., and Goldstein, M. Introduc-

the plasma flow and imply that wave generation for the se- {jon: The Cluster mission, Ann. Geophys., 19, 1197-1200,
lected frequency range occurs mainly in the vicinity of the  §oi:10.5194/angeo-19-1197-2Q®D01.
bow shock. Espley, J. R., Cloutier, P. A., Brain, D. A., Crider, D. H., and Aau
The different type of interaction process between the so- M. H.: Observations of low-frequency magnetic oscillations in
lar wind and the planetary obstacles influences and char- the Martian magnetosheath, magnetic pileup region, and tail, J.
acterises the wave activity distributions, since Earth com- Geophys. Res., 109, A0721di:10.1029/2003JA010193004.
pared to Venus is surrounded by its own intrinsic magneticFrey. S.. Angelopoulos, V., Bester, M., Bonnell, J., Phan, T., and
field, causing a different size and configuration of the magne- Rummel, D.: Orbit Design for the THEMIS Mission, Space Sci.

tosheath and may favour different or additional plasma phys- Rev., 141_’ 61-80i:10.1007/511214-008-9441:A008.
ical processes. Gary, S. P.: Electromagnetic ion/ion instabilities and their conse-

he ai £ this | S he alobal quences in space plasmas: A review, Space Sci. Rev., 56, 373—
The aim of this investigation is to present the global sta- 415 doi:10.1007/BF00196632991.

tistical wave activity distribution based on a comprehensiveGary’ S. P.: Theory of Space Plasma Microinstabilities, Cambridge
THEMIS magnetometer data set which provides a large spa- atmospheric and space science series, Cambridge Univ. Press,
tial coverage of the terrestrial plasma environment and to New York, 1993.
provide a theoretical interpretation of the observations. Gary, S. P., Fuselier, S. A., and Anderson, B. J.: lon anisotropy
instabilities in the magnetosheath, J. Geophys. Res., 98, 1481—
1488,d0i:10.1029/92JA01844.993.
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