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Abstract. Statistical analyses of the magnetopause (MP)
motion observed by THEMIS suggested that the MP os-
cillates preferably at some prominent (sometimes called
“magic”) frequencies, which were found to stand out also in
ground-based and ionospheric measurements of geomagnetic
ultra-low frequency pulsations. In this paper we present an
extension to these statistical analyses of the observed MP os-
cillations examining their dependence on the prevalent inter-
planetary magnetic field (IMF), solar wind (SW) flow speed
and cone angle conditions as well as their local time of oc-
currence. Our results show enhanced oscillation activity at
these frequencies in the noon local time sector during pe-
riods of northward IMF, slow or moderate SW speed and
low SW cone angle. This combination of conditions sup-
ports an interpretation in terms of standing Alfvénic Kruskal-
Schwarzschild surface modes on the MP.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Solar wind-magnetosphere interac-
tions)

1 Introduction

The magnetopause (MP) is the boundary which separates so-
lar wind (SW) particles and magnetic fields from their mag-
netospheric counterparts. Its average location, around which
boundary oscillations take place, is well characterized by the
pressure balance between the total pressure on the magne-
tosheath side exerted by the impinging SW and the magnetic
pressure on the magnetospheric side of the boundary (e.g.,
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Spreiter et al., 1966; Aubry et al., 1970). It was early noted
that this location depends on the strength and orientation of
the interplanetary magnetic field (IMF). In-situ observations
of the MP during different SW conditions made the mod-
elling of its shape and location possible (e.g.,Fairfield, 1971;
Sibeck et al., 1991; Shue et al., 1997).

The location of the MP is, however, far from being static.
Changes in the dynamic pressure of the constantly buffeting
SW, the highly turbulent magnetosheath and intrinsic bound-
ary instabilities provide different mechanisms accountable
for the perpetual MP motion and undulation. Variations in
the SW dynamic pressure or frozen-in IMF can produce MP
motion on time scales ranging from seconds to hours (e.g.,
Song et al., 1988; Sibeck et al., 1989). Kelvin-Helmholtz in-
stability generated surface waves are thought to display peri-
odicities of minutes (Southwood, 1968; Fujita et al., 1996).
The same applies to boundary motion produced by reconnec-
tion or the reconnection related flux transfer events (FTEs)
(Russell and Elphic, 1978; Lockwood and Wild, 1993).

First MP boundary velocity estimations could be obtained
from single spacecraft measurements (e.g.,Aubry et al.,
1971) by combination of the minimum variance (Sonnerup
and Cahill, 1967) and deHoffmann-Teller frame analyses or
by the minimum Faraday residue technique (Khrabrov and
Sonnerup, 1998). Direct determination of the MP veloc-
ity, however, is only possible when at least two spacecraft
are present in the area of motion. Hence, the ISEE satel-
lite pair provided the first measurements from which this ve-
locity could be reliably estimated using timing techniques
(Elphic and Russell, 1979; Berchem and Russell, 1982;
Phan and Paschmann, 1996); similar techniques were ap-
plied to data from the Interball 1 and Magion 4 satellite pair
(Sibeck et al., 2000). Years later measurements from the four
CLUSTER spacecraft, which are flying in quasi-tetrahedral
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configuration, allowed for a three-dimensional determina-
tion of the boundary velocity vectors (e.g.,Haaland et al.,
2004; Paschmann et al., 2005), which are snapshots of the
MP motion. Unfortunately, a spatio-temporal estimation of
this motion (MP tracking) over extended periods of time re-
mained restricted to a few cases where the empirical recon-
struction method introduced byDe Keyser(2005) or other
similar methods could be used.

The new Time History of Events and Macroscale Inter-
actions during Substorms (THEMIS) mission (Angelopou-
los, 2008) facilitates for the first time direct MP motion re-
construction from subsequent crossing observations at sev-
eral radially separated positions in space. During its early
coast phase between February and September 2007 the
five THEMIS spacecraft were flying in a row (“string of
pearls” configuration) on extremely similar near-equatorial
and highly elliptical orbits. Since the orbit apogees lay be-
yond the sub-solar bow shock, the THEMIS spacecraft tra-
versed the dayside MP several thousand times with inter-
spacecraft separations of up to a few thousand kilometers.
This particular configuration of five radially aligned space-
craft in the area of MP motion is virtually ideal to reconstruct
this motion using the observed MP-spacecraft crossing posi-
tions and times as supporting points.

In a case studyGlassmeier et al.(2008) used spline func-
tions to interpolate between successive MP crossings in or-
der to infer the MP position at inter-crossing times and
compare its motion with magnetosheath density variations.
Plaschke et al.(2009a) presented a statistical survey of MP
undulation and motion characteristics based on the THEMIS
coast phase measurements. They inferred velocity, amplitude
and period characteristics from interpolations. A follow-up
study (Plaschke et al., 2009b) found that the MP oscillations
showed characteristic frequencies, which coincide with a set
of stable and recurrent, sometimes called “magic” frequen-
cies, which were first observed in high latitude ionospheric
radar measurements and later in ground-based magnetome-
ter measurements (Samson et al., 1992; Francia and Villante,
1997).

The regularity of the sequence of these frequencies sug-
gests them to be fundamental eigenfrequencies of the magne-
tospheric system. Hence, their appearance has usually been
attributed to magnetospheric cavity or waveguide modes.
These modes are thought to be confined within a region de-
limited in radial direction by the static magnetopause and
a turning point for compressional mode waves inside the
magnetosphere (Harrold and Samson, 1992). It is, however,
disillusioning that no final observational evidence has been
found so far confirming their existence (Sarafopoulos, 2005).
Another possible interpretation has more recently been pro-
posed byKepko et al.(2002) andKepko and Spence(2003),
who found that some length scales of SW density fluctuations
appear more frequently than others. These length scales map
to certain characteristic frequencies due to the constant SW
flow towards the Earth. Hence, they claim that these SW den-

sity fluctuations directly drive geomagnetic pulsations at cer-
tain frequencies inside the magnetosphere (e.g.,Viall et al.,
2008).

Plaschke et al.(2009b) proposed a third possible interpre-
tation: They suggest that Alfvénic MP surface waves gener-
ated by mode coupling from magnetosheath compressional
disturbances may develop into standing Alfvén waves (or
Kruskal-Schwarzschild modes) on the boundary due to re-
flection on the northern and southern ionospheres. The ge-
ometry of the MP boundary would determine in this case a
set of eigenfrequencies at which it is able to oscillate prefer-
entially.

The possibility of mode conversion between compres-
sional magnetosheath fluctuations and Alfvén waves running
along the MP has been discussed byBelmont et al.(1995)
and later byDe Keyser et al.(1999). They presented ana-
lytical considerations and numerical computations of solu-
tions in the magnetohydrodynamic (MHD) regime for in-
cident waves on the MP under different conditions on both
sides and found, that under various conditions resonant am-
plification can occur. This effect is similar to the mode con-
version mechanism discussed bySouthwood(1974) describ-
ing the resonant mode coupling as part of the field line res-
onance theory. Within the same theoretical framework the
response of the MP to realistic magnetosheath broad band
spectra of incident low-frequency waves has been treated by
De Keyser anďCaděz (2001). Their results confirm and ex-
plain the fluctuation amplitude enhancements inside the MP
transition region (e.g.,Rezeau et al., 1989) as well as the rel-
atively low fluctuation level on the magnetospheric side.

The propagation of boundary surface waves in the frame-
work of ideal MHD theory has first been discussed by
Kruskal and Schwarzschild(1954) and was later revisited
by Hasegawa and Chen(1974). They examined the situ-
ation of a planar boundary between two different plasma
regimes, across which magnetic field strength, plasma den-
sity and pressure jump, such that the total pressure is con-
served. MHD equations are solved after linearization with
a plane wave ansatz, which decays exponentially away from
the boundary. As boundary conditions the continuity of the
normal plasma velocity and of the scalar pressure are used.
A stable solution for the surface or Kruskal-Schwarzschild
(KS) waves can be found satisfying the dispersion relation:

ω = kz

√
B2

0 +B2
1

µ0(ρ0+ρ1)
(1)

whereB andρ denote the magnetic field strength and plasma
density in the two plasma half-spaces,ω is the angular fre-
quency andkz the wave vector component along the mag-
netic field. The tension of the magnetic flux tubes acts as
restoring force. Field aligned currents associated with its
propagation may close in the ionospheres, where the waves
may be reflected to set up a standing surface wave on the MP.
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The aim of this paper is to address the question if the
observed MP oscillation frequency distribution displaying
the prominent frequencies may have been caused by SW
pressure variations, reconnection related phenomena such as
FTEs or if it is a feature caused by the MP itself, either via
MP eigenoscillations or intrinsic instabilities (e.g. Kelvin-
Helmholtz).

2 Data and methods

The set of MP oscillation half periods presented in Fig. 2
of Plaschke et al.(2009b) is the starting point of our inves-
tigation: Fluxgate Magnetometer (FGM, seeAuster et al.,
2008) and Electrostatic Analyzer (ESA, seeMcFadden et al.,
2008) spin frequency sampled data, measured onboard the
five THEMIS spacecraft during their early coast phase (be-
tween February and September 2007), were manually in-
spected to identify sequences of MP-spacecraft crossings. In
particular we looked for rotations in the magnetic field tem-
porally coinciding with characteristic changes of its modulus
and of the particle (electron and ion) energy flux spectra be-
tween magnetospheric and magnetosheath levels. Thereby,
6697 MP crossings were selected in total, where both FGM
and ESA data had to be available for their identification. Fig-
ure1exemplarily shows a sequence of MP crossings detected
on four of the five THEMIS spacecraft between 18:15 and
18:30 UT on 16 June 2007. On that day ThB was the leading
and ThA the trailing spacecraft in the coast phase “string of
pearls” configuration. As can be seen in the upper five panels
of Fig. 1, ThB was the first to cross the MP exiting the mag-
netosphere, the probes ThD, ThC and ThE followed. After a
brief excursion into the magnetosheath these four spacecraft
returned to the magnetosphere before the end of the selected
interval at 18:30 UT. Only the innermost spacecraft ThA re-
mained in the magnetosphere during the whole interval.

Crossings of the MP boundary are marked with vertical
black lines in the magnetograms of Fig.1. These times and
the corresponding positions of the spacecraft have to be fur-
ther processed before a spline interpolation can be applied
to infer the MP position also at inter-crossing times, when it
was not observed: The positions of the spacecraft were trans-
formed into an aberrated geocentric solar magnetospheric co-
ordinate system (AGSM). In this coordinate system thex-
direction is inclined by 5◦ from the Earth-Sun line towards
the direction of motion of the Earth to align it with the di-
rection of incidence of the SW;z points in the direction of
the Earth’s magnetic dipole axis andy completes the right
handed orthogonal coordinate system.

Spacecraft positions in the AGSM system can now be eas-
ily reduced to a one-dimensional equivalent standoff distance

r0 = r

(
2

1+cosθ

)−α

(2)

Fig. 1. Top five panels: FGM magnetic field measurements (GSM
coordinates) of the five THEMIS spacecraft (ThB, ThD, ThC, ThE
and ThA) between 18:15 and 18:30 UT on 16 June 2007. Vertical
lines depict crossings out of or into the magnetosphere. Bottom
panel: diagonal lines show the equivalent standoff distancer0 of the
spacecraft. Dots depict the observed crossings, the red lines show
the spline interpolations between crossing times and positions.

using the MP shape function of the model introduced byShue
et al. (1997). Herer andθ denote the radial distance to the
probe location from Earth and the angle between this radial
line and the AGSMx-axis (aberrated Earth-Sun line). The
parameterα is set it to a constant value ofα = 0.5959. The
result is a set of 6697 equivalent standoff distances (r0) and
the corresponding times of MP observations. This set is di-
vided into subsets of consecutive MP crossings, where the
maximum time between two of them is set to 10 min in or-
der to avoid bridging of too long intervals without supporting
points of known MP position with spline interpolation. Fur-
thermore, the subset sequences are checked for soundness:
The inward or outward motion of the MP detected at two
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consecutive times should correspond to the relative positions
of the detecting spacecraft; else the subset is divided such
that this criterion is fulfilled in the two resulting subsets. Two
consecutive crossings detected by the same spacecraft may
only account for motion reversals; if more than two cross-
ings are observed in succession by the same spacecraft the
subset is also further divided to avoid a senseless interpola-
tion of the spacecraft position. If the resulting subsets contain
more than 3 MP crossing positions (r0) and times a spline in-
terpolation is performed using the function pair CURV1 and
CURV2 withσ = 3 as described inCline (1974).

The result of the division into subsets is shown in the bot-
tom panel of Fig.1: in this panel the equivalent standoff dis-
tance of the spacecraft (in units of the Earth radiusRE) is de-
picted by the diagonal lines. As can be seen, they are moving
outward during the interval. The observed MP crossings are
marked with black circles. Between 18:20 and 18:24 UT ThE
traverses the MP four times. The initial set of crossings is di-
vided into two subsets, from which the first one comprises
the first 4 MP crossings (spacecraft sequence: B, D, C, E)
and the second one the last 9 crossings (spacecraft sequence:
E, E, C, D, D, C, C, D, B). Spline interpolation is performed
on both subsets, the result is shown by the red lines. The
time intervals between MP motion reversals (extremal points
of the second spline interpolation) can now be interpreted as
MP oscillation half-periods; they are denoted withT1 andT2
in Fig.1. From these full oscillation periods (2T ) and MP os-
cillation frequencies (1/(2T )) can be computed. In total 682
MP oscillation half-periods could be obtained. The dataset
of these half-periods also comprises the AGSM longitude of
observation informationλ, which is computed by averaging
of the spacecraft positions (in the AGSM coordinate system)
belonging to the corresponding sets of MP crossings.

OMNI high resolution (HRO, sampling period: 1min)
SW data were added to this dataset. They constitute a
combination of SW measurements from several spacecraft
time-shifted to represent the SW conditions at the bow
shock nose. The composition of the OMNI dataset is
extensively explained inhttp://omniweb.gsfc.nasa.gov/html/
HROdocum.html. To take into account the variable SW par-
ticle propagation time from the bow shock to the MP under
different conditions we opted for extending (and not time-
shifting) all half-period intervals by 5min precursory inter-
vals to compute averages of the interplanetary magnetic field
(IMF) Bz (in the GSM coordinate system), SW flow speed
vsw and cone angleϑsw (defined as the angle between the
Sun-Earth line and the IMF direction): Linear interpolations
of the respective SW measurements were computed for ev-
ery second of the selected intervals; afterwards those inter-
polated values were averaged in a second step. This could,
of course, only be performed if the necessary SW data were
available, which was the case for 508 half-period determi-
nations. The dataset comprising these MP oscillation events
will from now on be denoted as the sample population.

Frequency distributions under different SW conditions and
observation longitudes may be obtained from this dataset.
Given a probability density function (PDF) for the frequency
P(f |Bz,vsw,λ,ϑsw) dependent only onBz, vsw, λ andϑsw
the integrated (independent) probability densityP(f ) is ob-
tained by Bayes theorem:

P(f ) =

∫∫∫
P(f |Bz,vsw,λ,ϑsw) ·

· P(Bz ∩vsw∩λ∩ϑsw)dBzdvswdλdϑsw (3)

where P(Bz ∩ vsw ∩ λ ∩ ϑsw) is the joint probability of
the four quantities. Computing frequency histograms
from sample population events (or half-period determina-
tions) without any weighting would imply taking not only
P(f |Bz,vsw,λ,ϑsw) but alsoP(Bz ∩vsw∩λ∩ϑsw) from this
small population. The joint PDF, however, can be obtained
from the OMNI SW dataset with much higher accuracy:
Consecutive 550s averages ofBz, vsw andϑsw, which cor-
respond to the aforementioned 300s precursory intervals and
T = 250s half-period intervals (of typical oscillations with a
low frequency of 2 mHz=1/(2T )), were taken for the times
between March and September 2007. These averages con-
stitute basic populations for the respective quantities. The
reference PDF for the AGSM longitudeλ should be uniform,
since the THEMIS coverage of the dayside and dusk flank
regions is equilibrated for the coast phase times (steady orbit
rotation).

Figure2 shows these basic population PDFs forBz, vsw,
λ andϑsw (yellow bars) as well as the corresponding sam-
ple population distributions (solid lines). Both distributions
may be assimilated by proper weighting of the sample pop-
ulation events. Since its sample size is small, only a first
order correction may be applied: Thresholds for each of
the 4 quantities (̃Bz = 0nT, ṽsw = 500km/s, λ̃ = 40◦ and
θ̃sw = 30◦) are chosen, which divide the populations into 16
groups. The choice for theBz andvsw thresholds are mo-
tivated from the corresponding basic populations depicted
in Fig. 2: B̃z = 0nT divides the populations symmetrically
(northward and southward IMF events);ṽsw = 500km/s di-
vides the populations into low/moderate SW flow velocity
events (increased PDF in Fig.2 panel (b) below̃vsw) and high
SW velocity events, which are observed with lower probabil-
ity of occurrence. In the case of the parametersλ andθsw the
respective thresholds were selected ensuring an almost sym-
metric distribution of events on either side of them. Events
of the sample population in each of the 16 groups are now
weighted by:

Pb(Bz ≷ B̃z,vsw≷ ṽsw,ϑsw≷ ϑ̃sw) ·Pb(|λ| ≷ λ̃)

N(Bz ≷ B̃z,vsw≷ ṽsw,|λ| ≷ λ̃,ϑsw≷ ϑ̃sw)/Ntotal
(4)

wherePb is the occurrence probability for events under cer-
tain conditions obtained from the basic population dataset,
N(conditions) is the number of events of the sample popula-
tion in the group (for which the specific conditions hold) and
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Fig. 2. Probability density functions (PDFs) of events from the half-
period sample population (solid lines) and the basic population ob-
tained from 7 months of OMNI SW data (yellow bars in panels A,
B and D). Distributions are plotted against:(A) IMF Bz, (B) SW
flow speedvsw (C) AGSM longitude angleλ and(D) IMF cone an-
gle ϑsw. In panel (C) the basic population (yellow bars) is given
by the constant PDF in the interval[−50◦,90◦

]. It should be noted
that the longitude distributions are asymmetric, because the dawn
flank magnetospheric regions were not covered by the THEMIS
coast phase orbits before the injections into the main phase orbits
took place in September 2007.

Ntotal = 508 is the sample population size. Corrected condi-
tioned frequency distribution histograms may now be com-
puted by summing up the weighting factors of the condition-
corresponding sample population events.

It should be noted that this correction would be rather
small if only the probability discrepancies in the three first

quantities would be considered. As can be seen in panels (a),
(b) and (c) of Fig.2 basic population and sample population
distributions roughly match (without regard of the fluctua-
tions due to the relatively small number of half-period events
available). In panel (d), however, where sample and basic
distributions are shown against the IMF cone angle, a sys-
tematic discrepancy is visible: The usual cone angle distri-
bution maximizes between 60◦ and 90◦. The cone angle dis-
tribution obtained from the 508 half-period events, instead,
maximizes at quite low angles of about 20◦. The question
why this discrepancy is apparent as well as its implications
on the results obtained shall be discussed later on.

In order to approximate the distributions, weights of
low/high cone angle events must be significantly re-
duced/increased. Table1 shows the occurrence probability
for events in both basic (Pb) and sample (Ps) populations un-
der the conditions specified; the eighth column of the table
indicates the weighting factors applied to the sample popu-
lation events. The mismatch between the cone angle distri-
butions is reflected in the low weighting factors (Pb/Ps) for
events of low cone angle (rows 2, 4, 6, . . . ) and the high
weighting factors for the events of opposite condition (rows
1, 3, 5, . . . ). The lowest weighting factors (below 0.3) are
found for conditions specified in rows 2, 6 and 8; all three
groups correspond to northward IMF conditions. The high-
est weighting factor is applied to group (row) 5, which corre-
sponds to MP oscillations measured at the flanks during low
SW speed and high SW cone angle intervals; these events are
underrepresented in the sample population. The last column
of the table indicates the number of events in each group.

3 Results and discussion

The original frequency distribution as presented inPlaschke
et al. (2009b) before further selection is depicted in Fig.3
(thick solid line). Reduction of this original dataset by ex-
traction of those events, for which no SW data from the
OMNI database is available, yields the MP oscillation fre-
quency distribution depicted by the hatched area. This area
is completely enclosed by the thick solid line (original distri-
bution) and also resembles the shape of this distribution, be-
cause the reduction due to lacking SW data can be regarded
as a random extraction of events: main features of the dis-
tribution are being conserved. Application of the weighting
factorsPb/Ps from Table1 to the corresponding half-period
events yields the distribution depicted by the yellow bars in
Fig. 3. For this case the second (right) axis indicates the
probability density function (PDF) normalized in the inter-
val ranging from 0 to 6mHz.

Comparing the unweighted and weighted event distribu-
tions (hatched and yellow areas in Fig.3) it can be seen that
the latter exhibits much stronger fluctuations. This is related
to the fact that some few events, particularly those observed
during high IMF cone angle conditions, have to be weighted
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Table 1. Probability of occurrence of events in the basic population (Pb, column 6) and in the sample population (Ps, column 7) with the
conditions specified in the columns 2 to 5. The threshold levels are:B̃z = 0nT, ṽsw = 500km/s, λ̃ = 40◦ and ϑ̃sw = 30◦. The last two
columns indicate the weighting factorPb/Ps applied to the half-period events and the number of eventsN in the corresponding groups.

# Bz ≷ B̃z vsw≷ ṽsw |λ| ≷ λ̃ ϑsw≷ ϑ̃sw Pb Ps Pb/Ps N

1 > > > > 0.052 0.089 0.592 45
2 > > > < 0.010 0.057 0.175 29
3 > > < > 0.070 0.051 1.367 26
4 > > < < 0.013 0.008 1.692 4
5 > < > > 0.129 0.043 2.976 22
6 > < > < 0.023 0.093 0.249 47
7 > < < > 0.172 0.079 2.183 40
8 > < < < 0.031 0.144 0.214 73
9 < > > > 0.051 0.061 0.834 31
10 < > > < 0.012 0.024 0.489 12
11 < > < > 0.068 0.047 1.437 24
12 < > < < 0.015 0.039 0.391 20
13 < < > > 0.126 0.063 2.007 32
14 < < > < 0.025 0.057 0.443 29
15 < < < > 0.169 0.089 1.903 45
16 < < < < 0.034 0.057 0.591 29

with large coefficients, which in some cases exceed factors of
2 (groups/rows 5, 7 and 13 in Table1). This results in over-
estimated occurrence probabilities for the frequency bins to
which these few events correspond. Weighting is, however,
necessary in order to reduce the effect of the unbalanced dis-
tribution of events within parameter space in comparison to
the basic population (see Fig.2).

Although the weighted and unweighted event distributions
seem to be quite different, it can be shown that these differ-
ences are not significant. On the basis of the unweighted
event distribution, as probability density function for the fre-
quency interval from 1 to 6 mHz, and of the total number of
events of the weighted event distribution in this frequency
interval, confidence intervals can be computed for each bin
(binomial distribution) to see if both distributions differ sig-
nificantly. At the 95% confidence level only one value of
the weighted event distribution is outside of its correspond-
ing confidence interval; at the 99% confidence level all bin
values are within the computed confidence intervals. Hence,
the distributions depicted in Fig.3 do not significantly differ
from each other, which gives us confidence in our weighting,
conducted in order to avoid heavy over or underweighting of
some event groups.

Unfortunately, it is not possible to diminish the apparent
bias in the lowest frequency part of the distributions depicted
in Fig. 3 by weighting. As can be seen, below 1mHz the
relative probability of occurrence is considerably decreased.
There are basically two reasons therefor: First, longer MP os-
cillation periods produce larger gap times between MP cross-
ing observations. However, the largest gap time has been set
to 10 min in order to avoid the bridging of too long time inter-
vals by spline interpolation without further supporting points

of known MP position. Consequently, MP oscillations with
lowest frequencies are less probably identified; the spectra
of Fig. 3 are attenuated below 1mHz. Secondly, the finite
residence time in the region of MP motion also reduces the
maximal length of identifiable MP oscillation periods. Since
the spectrum of oscillations cannot be derived from other
than MP motion observations, it is not possible to compute
weighting factors in order to correct the bias apparent in the
low frequency part. In any case, since the number of ob-
served events there is relatively low, the weighting factors
would probably be quite large producing distorted results due
to heavy overweighting of a few oscillation events.

As discussed inPlaschke et al.(2009b), the maxima of the
original MP oscillation frequency PDF (at 1.3, 1.9, 2.7 and
3.1mHz with 0.2mHz bin size) are on or quite close to the
fundamental frequencies reported bySamson et al.(1992)
(only difference: 3.3 instead of 3.1mHz). In order to inves-
tigate which source might be primarily responsible for MP
oscillations at these frequencies it is sensible to select MP os-
cillation half-periods with regard to the conditions that were
prevalent during the respective times of observation to see if
the resulting frequency distributions show an increased oc-
currence probability at the respective frequency bins. If this
is the case, sources for which these conditions are favorable
are more likely causing the prominent maxima.

Consequently, we computed frequency PDFs in the range
between 0 and 6mHz for different event selections apply-
ing all possible combinations of criteria (Bz ≷ B̃z, vsw≷ ṽsw,
|λ| ≷ λ̃, ϑsw ≷ ϑ̃sw) including the non-application of any se-
lection with regard to some or any of the parameters under
consideration. From these PDFs the events were counted
which belong to the frequency bins 1.3, 1.9, 2.7 and 3.3 mHz
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Fig. 3. Number of half-period MP oscillations observed under
different conditions against frequency. The thick solid line his-
togram depicts the original distribution as presented inPlaschke
et al. (2009b). The hatched area shows the same distribution re-
duced by those events for which no SW data from the OMNI dataset
were available. Weighting of the events to approximate SW param-
eter distributions shown in Fig.2 yields the distribution depicted
by the yellow bars. For this case the probability density function
(normalized for integration in the interval between 0 and 6mHz) is
indicated by the right axis.

as introduced bySamson et al.as well as to the bin corre-
sponding to the low frequency continuation of the regularly
spaced frequency series (0.7 mHz). Each of these numbers
was divided by the total number of events in the whole fre-
quency interval (0 to 6 mHz). This quantity (PMF) is the
probability for the MP to oscillate with the fundamental (or
so-called “magic”) frequencies mentioned above under the
given SW conditions at the specified longitude sector. The
procedure is applied to unweighted and weighted events to
allow for a comparison of the results.

These are depicted in Fig.4. The solid line in both top
(weighted events) and bottom panels (unweighted events)
shows the probability of occurrence for MP oscillations at
the fundamental frequencies (PMF). The combinations of ap-
plied event selection criteria have been sorted by this quan-
tity, which increases monotonically towards the right side of
the diagrams. The color schemes below them display these
corresponding combinations of criteria. Their application as
specified left of the schemes is indicated by a green box; the
application of the opposite criterion is shown by a red box.
Bars within the diagrams indicate the total number of events
selected within the frequency range between 0 and 6 mHz.
Combinations of criteria resulting in less than 60 events se-
lected (2 per bin on average) were dismissed, becausePMF
may not be computed accurately any more if too few events
contribute to the underlying frequency distribution.

As can be clearly seen, the green boxes tend to be concen-
trated on the right side in both top and bottom panels. Conse-
quently, the conditionsBz > 0nT,vsw < 500km/s, |λ| < 40◦

Fig. 4. Probability of occurrence of weighted (top panel) and un-
weighted (bottom panel) MP oscillation events with the frequen-
cies 0.7, 1.3, 1.9, 2.7 and 3.3mHz normalized to all MP oscilla-
tion events within the frequency band 0 to 6mHz (PMF, solid line,
left axis). Below each diagram the corresponding criteria applied
for event selection are shown: green indicates its application, red
the application of the opposite criterion. If unconsidered the corre-
sponding block is left white. Bars in the diagrams show the number
of events selected (right axis). 60 has been chosen as lower limit
(dotted line). Red bars indicate that one or more criteria have been
applied in the opposite sense to the one specified.

andϑsw < 30◦ correspond to higher probabilities of occur-
rencePMF. Interestingly, there is a difference in slope of the
PMF graphs obtained from weighted and unweighted event
frequency distributions: the former one is over large parts
much shallower. Only the last twoPMF data points (on the
right edge) appear significantly increased; the probability of
occurrence of MP oscillation events at the fundamental fre-
quencies selected with the corresponding criteria is highest in
both panels. This indicates that only if several of the above
stated conditions are fulfilled simultaneously, the excitation
of the MP with the frequencies under consideration is signif-
icantly enhanced.

In row (group) 8 of Table1 basic and sample popula-
tion probabilities of occurrence for events observed under
these favorable conditions can be found (Pb = 0.031 and
Ps= 0.144). It is noticeable thatPs of this group is by far the
highest; the absolute difference between both probabilities is
also the largest. Hence, the weighting factor for the events
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Fig. 5. Probability density functions of MP oscillation frequen-
cies in the interval between 0 and 6mHz derived from unweighted
(solid lines) and weighted (yellow bars) events. The conditions
applied are given in the upper right corners of each panel(A) to
(G). The color code indicates the condition with regard to each pa-
rameter according to the legend given below all panels. No green
or red background indicates, that no selection of events was per-
formed with regard to the specific parameter. Numbers (N ) on the
right side of each panel show the (real/fictitious) numbers of (un-
weighted/weighted) events contributing to the corresponding dis-
tribution. Grey bars display the positions of the fundamental fre-
quency bins.

of this characteristic is among the smallest. This shows that
events of this group are in particular heavily overrepresented
in the sample population and in the original dataset of MP
oscillations. It is, hence, not surprising that their frequency
maxima stick out even in the general MP frequency distribu-
tion discussed inPlaschke et al.(2009b).

Subsequent application of the aforementioned criteria
gradually increases the relative number of fundamental fre-
quency events as can be seen in the graph ofPMF for
unweighted event frequency distributions (bottom panel of
Fig. 4). By this process a background of events in the fre-
quency distribution, which lacks in characteristic frequency
maxima, is progressively removed. Hence, the more con-
ditions are fulfilled, the higher probabilityPMF is obtained,
particularly if three (or more) criteria are applied (see right-
most part of both panels of Fig.4). Unfortunately, less than
60 events are within group 8 (between 0 and 6 mHz), and
thus, its corresponding occurrence probabilityPMF = 0.364
is not displayed in this figure, which is larger than any of the
values of this quantity shown there.

As known from Fig.2 sample population events are biased
towards lower cone angles. Weighting of events is intended
to counteract any bias in the sample population with regard to
the basic parameter distributions. If the MP oscillation events
at the fundamental frequencies are found to be clustered in
one specific group, and if these events are not overrepre-
sented in the sample population or its relative importance
has been reduced by proper weighting, subsequent applica-
tion of criteria towards the ones applying for the group of
interest may lead to a less gradual increase in the probability
of occurrencePMF, because other frequency enhancements
(corresponding to other conditions) may be equally impor-
tant and mask the fundamental frequency enhancements. As
a result most combinations of criteria applied for the selec-
tion of weighted events will result in almost equal probabil-
ities of occurrence for MP oscillations with these frequen-
cies, even if adverse conditions are applied (see red bars in
the upper panel diagram of Fig.4 among the green ones on
the right side). Only when most of the criteria are applied
together, the probability increases noticeably. This explains
the shallower increase inPMF for weighted event frequency
PDFs in comparison to the more gradual increase observed
for unweighted events as described before.

Initially, the question was posed if a dominant source
mechanism for the “magic” frequency maxima in the fre-
quency PDFs could be identified. At this stage it can be
stated that a strong dependence of the PDFs on the examined
SW parametersBz, vsw andθsw is apparent. If periodic pres-
sure perturbations (of typical length scales) in the SW were
primarily accountable for the MP oscillations observed, an
enhanced appearance of these periodic perturbations during
times of the above stated SW conditions would be expected.
Such a dependence has not been reported.

Figure5 displays the frequency PDFs for some selected
combinations of applied criteria. These criteria are given
in the upper right corner of each panel (a to g) indicated
by the color coding (see legend at the bottom part of the
figure), which also corresponds to the one used in Fig.4.
Solid line/yellow bar histograms show the frequency PDFs
computed from unweighted/weighted events. Numbers (N )
at the right of each panel indicate the numbers of events
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contributing to each PDF in the range between 0 and 6mHz.
In the case of the weighted events (yellow background) this
number corresponds to a fictitious number given by the sum
of all weighting factors of the corresponding events. Grey
bars show the positions of the fundamental frequency bins at
0.7, 1.3, 1.9, 2.7 and 3.3mHz.

Panel (a) corresponds to the events from row (group) 8
in Table 1; as can be seen in the figure these frequencies
stick out extraordinarily well. The number of contributing
events in this group is relatively high in the shown frequency
range (N = 44), however, not sufficient to be considered for
Fig. 4. The next panels (b) to (f) display frequency PDFs
related to condition combinations, under which weighted
events showed highest occurrence probabilitiesPMF (upper
panel of Fig.4). It is evident that panels (a) and (b) exhibit
maxima at the specific frequencies most prominently. For the
PDFs of panel (b) only the restriction with respect to the lon-
gitudeλ has not been applied. Numbers of events, however,
have not increased dramatically (from 44 to 66) indicating
that fewer events have been observed at high flank condi-
tions, while other conditions still apply. These are spread
across the frequencies and, hence, do not disrupt the over-
all picture. The good agreement between unweighted and
weighted event distributions (solid line and yellow bar his-
tograms) results from most events belonging to one group
and, therefore, weighting not having a great effect. For
panel (a) this is strictly true; both distribution must and do
agree.

Panels (c) and (d) differ from (a) and (b) with respect to the
non-application of the IMFBz criterion. As a consequence
the matching of maxima at the fundamental frequency posi-
tions is notably worse. The distributions obtained from un-
weighted events display broader maxima at the correct posi-
tions. For weighted events the PDFs differ more: the maxi-
mum at 2.7mHz is absent. This shows the dependence of the
PDF maxima with respect to the constraint on IMFBz. A few
events measured under southward IMF conditions (where all
other conditions coincide) are able to disturb the distribu-
tion. Taking further into account that for both unweighted
and weighted event distributions selection of only southward
events (without any other condition applied) yields less prob-
ability of occurrencePMF than if no selection takes place (see
Fig. 4), we have to conclude thatBz > 0nT is a necessary in-
gredient for the appearance of prominent MP oscillations at
the specified frequencies.

Thus, sources of MP oscillations dependent on southward
IMF Bz conditions for their appearance can be discarded as
predominant sources. This applies, for instance, to periodic
reconnection on the equatorial MP, which is known to be
strongly dependent on the IMFBz direction. Flux transfer
events (FTEs) are observed at the dayside noon sector al-
most always during southward IMF conditions (e.g.,Russell
and Elphic, 1978), when reconnection is enhanced. For flank
sector FTEs the distribution with regard to IMFBz is some-
what more equilibrated; yet more FTE events are seen here

atBz < 0nT conditions as well (Kawano and Russell, 1997).
FTE periodicities of a wider spectrum with an average of
8min (Rijnbeek et al., 1984; Lockwood and Wild, 1993) have
been reported, which caused them to be considered a quasi-
periodic phenomenon: Reconnected flux tubes are dragged
antisunward causing pulsations on the MP. However, our re-
sults showing that MP oscillations at the fundamental fre-
quencies are primarily seen during times of northward IMF
effectively rule out FTEs as their dominant source.

For computing the PDFs of panels (e), (f) and (g) of Fig.5
event selection criteria unfavorable to the prominent devel-
opment of MP oscillations at the fundamental frequencies
have also been applied (red bars). As can be clearly seen,
the distributions differ very much from the one displayed
in panel (a). No prevalence for these frequencies can be
found in these PDFs, neither for the weighted nor for the
unweighted event distributions.

Events observed under conditions particularly favorable
to the development of Kelvin-Helmholtz instability (KHI)
waves on the MP have been selected to compute the fre-
quency PDF shown in panel (g); these are high solar wind
velocity and flank events, where the velocity shear driving
possible KHI waves is larger. With the exception of the max-
imum at 2.7mHz other maxima of both distributions dis-
played do not agree with the fundamental frequency bins
highlighted by the grey bars. Hence, this result may sug-
gest that the KHI cannot be regarded as the major source for
the appearance of the specific frequency maxima. It should
be noted, however, that changing SW conditions after the ini-
tial growth phase of a KHI wave and later observation of this
wave at a different location may lead to an erroneous inter-
pretation of the wave source; the computed PDFs cannot con-
tribute to ruling out this scenario.

Assuming the MP surface or Kruskal-Schwarzschild (KS)
eigenmodes as described inPlaschke et al.(2009b) to be the
primary origin of the observed peaks in the unconditioned
PDF (see Fig.3), enhancements at these frequencies should
be visible in PDFs conditioned by northward IMF, low SW
velocity and low longitude angle: The stability of the MP
against reconnection during northward IMF should favour
the unperturbed propagation of Alfvénic surface waves on
it. This is also enhanced by low SW velocities, as known
from KHI theory. Increased KS wave occurrence is expected
around local noon due to bending of MP flux tubes at the
flanks. Therefore, the conditions of northwardBz and mod-
erate or low SW velocityvsw seem to be specially favorable
for the propagation of Alfv́enic KS surface waves particu-
larly on the dayside noon MP.

As can be seen in both Figs.4 and 5, a low cone angle
is among the favorable conditions for the development of
MP oscillations at the fundamental frequencies. In contrast
to the other three conditions this one may be related to the
excitation of MP Alfv́enic surface or Kruskal-Schwarzschild
mode (KS) oscillations. A low IMF cone angle shifts the
foreshock to the region upstream of the dayside noon sector
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bow shock, which then acts as an additional source of com-
pressional disturbances for the MP in the same sector (see
Fairfield et al., 1990). Normal IMF magnetic field condi-
tions (low cone angle) could also be responsible for higher
normal speed streams within the magnetosheath leading to
local indentations of the MP, which would also have to be
regarded as localized compressional disturbances. Since MP
oscillations were predominantly observed during low cone
angle conditions, although the basic population suggests that
times of higher SW cone angle are much more probable (see
bottom panel of Fig.2), the question may be posed if these
external localized compressional disturbances constitute a
stronger source of MP oscillations than boundary instabili-
ties of the MP itself (Shue et al., 2009; Hietala et al., 2009).
As described inGlassmeier and Heppner(1992) these com-
pressional disturbances disrupt the Chapman-Ferraro current
system locally and may drive an Alfvénic surface wave via
the closing field-aligned currents on the MP. The tension of
the MP field lines would then act as restoring force transport-
ing the indentations away in field-aligned direction.

The mechanism of resonant mode coupling of magne-
tosheath compressional and MP Alfvén or slow mode bound-
ary surface waves has been extensively discussed byBelmont
et al. (1995) and De Keyser et al.(1999) in the MHD ap-
proximation. They found four possible classes of solutions
for incoming compressional waves: transmission of the wave
into the magnetosphere or total reflection (evanescent wave
on the magnetospheric side) combined with resonant mode
coupling or its absence. Resonant mode conversion occurs
when at any point inside the MP transition layer the Alfvén
or slow mode resonance conditions are met locally such that
energy can be transferred to these surface waves. The mag-
netic field configurations on both sides of the boundary (and
other changing quantities across the boundary) determine the
range of possible tangential wave vectors of incoming waves
for which mode coupling should occur. An increasing shear
angle between the magnetic fields (rotation across the MP)
also extends this range for initial compressional waves; the
likelihood of resonant mode coupling is increased. From this
point of view a strictly northward pointing magnetosheath
field may not be as favorable for the development of KS
waves than a sheared magnetic field with a northward com-
ponent on the magnetosheath side.

Finally, we would like to point out that all the above stated
interpretations do not exclude the possibility of MP surface
waves to be present also during conditions other than those
mentioned to be favorable for their development. In these
cases a potentially higher level of non KS wave MP fluctu-
ations may be responsible for hiding them in the frequency
spectra.

4 Conclusions

Comparing the SW parameter and longitude of observation
distributions from the sample population with the basic popu-

lation directly obtained from the OMNI SW dataset we found
that except for the IMF cone angle the distributions generally
agree. The MP oscillation half-period events observed took
place mainly during times of low SW cone angle whereas the
opposite (higher solar wind cone angle) is usually the case.
This can be explained in terms of additional stability of the
dayside MP when the magnetic field of the incident SW is al-
ready tangential to the boundaries upstream of the bow shock
(dayside perpendicular shock).

The inequalities in the parameter distributions of sample
and basic populations have to be taken into account in order
to draw correct conclusions from the appearance of the MP
oscillation frequency PDFs under different SW conditions.
Otherwise overrepresented groups corresponding to certain
parameter ranges tend to impose their distributions. This is
done by weighting of events.

Computing frequency distributions from events selected
by applying different criteria we found that the particular pa-
rameter combination of northwardBz, low or moderate SW
speedvsw, low longitude angleλ (dayside noon events) and
low IMF cone angleϑsw favors the development of MP oscil-
lations or waves with the fundamental (or so-called “magic”)
frequencies suggested bySamson et al.(1992) among others.
The probability of occurrence of MP oscillations with these
frequencies increases significantly if several of the men-
tioned conditions are fulfilled. This is particularly visible
from the weighted event distributions (see Fig.4 top panel).
Since the group of events observed under these conditions
is overrepresented, the unconstrained frequency distribution
also displays maxima at the corresponding positions.

It is, hence, reasonable to conclude that sources which
are known to be predominantly active during SW conditions
other than the above stated, cannot be the main source for
the specific frequency enhancements observed, although it
should be clear that a lot of different sources of MP motion
act simultaneously on the MP and will contribute to the over-
all shape of the full and unconstrained MP oscillation fre-
quency PDF.

SW periodic density or pressure variations directly driving
the MP oscillations (Kepko et al., 2002) were not reported to
occur more often during some specific SW conditions. From
this perspective they may also be disregarded as the primary
source of the frequency enhancements observed due to the
found SW dependence. However, their exclusion may be
premature, since it is not clear if and how their appearance
(with certain frequencies) may be dependent on the preva-
lent SW conditions. Further investigation on possible source
mechanisms of these perturbations is needed to determine a
possible dependence.

The KHI, which is known to be most significantly gen-
erated during periods of high solar wind velocity at the
flanks of the MP (opposed conditions to the ones found
to be favorable for fundamental frequency MP oscillations)
do not seem to be the major source; the fact, that the fre-
quency PDFs of KHI favorable conditions do not present any
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particular enhancements at the fundamental frequencies, also
contributes to this conclusion. With higher certainty periodic
reconnection or FTEs may be ruled out as main source for
MP oscillations observed at these frequencies, because these
are almost always observed during southward IMF.

Nevertheless, there are other sources acting on the MP
not further considered here, for instance changes in the in-
ner magnetospheric ring current, which change the position
of the MP, or also cavity or waveguide modes, which might
have a repercussion on the MP position. However, it is dif-
ficult to assign these internal magnetospheric sources of MP
motion specific SW parameter conditions most favorable for
their development. Yet they may not be excluded as possi-
ble sources for oscillations at the fundamental frequencies.
In particular, cavity modes have been reported to be respon-
sible for the development of standing inner magnetospheric
Alfv én waves at the fundamental or “magic” frequencies. As
a volume oscillator they would be capable of providing a fre-
quency selection. However, in our case it might be difficult
to explain, for instance, why the generation of these cavity
modes should be dependent on IMFBz.

Instead the combination of parameters for which max-
ima at the fundamental frequencies appear most enhanced is
also favorable for the development of Kruskal-Schwarzschild
eigenmodes of the MP. From this point of view they might
be regarded as the most important source of these enhance-
ments. Our results constitute, hence, indirect evidence for
the existence of the Kruskal-Schwarzschild (KS) eigenmodes
excited via localized compressional disturbances on the MP,
although other sources occurring at similar conditions may
also be responsible. For a more definitive answer on the
question of their existence a more detailed analysis on a case
study basis in needed, which shall include a careful wave
vector determination of observed surface waves and a com-
parison of spacecraft measurements at the MP and ground
based observations with theoretical predictions.
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