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Oscillations of Magnetospheric Boundaries Driven by
IMF Rotations
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Abstract. The arrival of the magnetic cloud on January
10, 1997, 01:05 UT, was preceded by a 12-hour interval of
increased fluctuations in the IMF orientation, which drove
boundary oscillations in the magnetosphere. The GEO-
TAIL spacecraft, initially located near the dawnside mag-
netopause, experienced multiple crossings of the magne-
topause; at the geosynchronous distance, GOES 9 observed
weak perturbations associated with these oscillations. Dur-
ing this time, the POLAR spacecraft encountered the dense
high-latitude boundary layer, followed by several rapid en-
counters with the tenuous lobe. The boundary between the
mantle and the lobe was observed to be thin as the cross-
ings lasted only 30 seconds. The source of these boundary
oscillations is magnetosheath pressure variations produced
by rapid IMF directional changes.

Introduction

The outer regions of the magnetosphere, the magne-
topause and the boundary layers, are continuously and di-
rectly under the influence of the shocked solar wind (called
the magnetosheath) which drives a large variety of physical
processes at these regions. The magnetopause is a tran-
sition layer between the magnetosheath and the magneto-
sphere where the magnetosheath pressure equals the magne-
tospheric pressure. Therefore magnetosheath pressure vari-
ations can move the magnetopause back and forth with re-
spect to the Earth [Song et al., 1988; Sibeck et al., 1991].

Magnetosheath pressure variations can often be gener-
ated in the bow shock region (e.g., during variable IMF
conditions) [Fairfield et al., 1990; Lin et al., 1996]. In par-
ticular, Fairfield et al. observed that upstream pressure dis-
turbances convect through the bow shock and impinge on
the magnetopause, and therefore rotational IMF discontinu-
ities at the bow shock are transformed into magnetosheath
pressure pulses (see also numerical simulations by Lin et
al.). On the other hand it has been observed that IMF
Bz can affect the magnetopause position so that when IMF
Bz is negative, the magnetopause tends to move closer to
the Earth [Sibeck et al., 1991; Petrinec and Russell, 1993].
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During a quasiparallel bow shock, observations show the
magnetosheath to be particularly turbulent, and a large va-
riety of waves can exist near the magnetopause [Anderson,
1995]. Phan et al. [1994] observed that the magnetosheath
plasma characteristics (e.g., density and flow) near the mag-
netopause can depend on magnetic shear, i.e., the angle be-
tween the local magnetosheath and the magnetopause mag-
netic fields.

Earthward of the magnetopause there exist boundary lay-
ers which are filled primarily with ions and electrons of solar
wind origin. The boundary layer near the equator is called
the low-latitude boundary layer (LLBL), where the plasma
properties are known to be dependent on the magnetic shear
across the magnetopause [Phan and Paschmann, 1996]. At
higher latitudes, a boundary layer, called the plasma man-
tle, is located tailward of the cusp [Rosenbauer et al., 1975],
although this region is not well understood, as it has been
observed by only a small number of high-inclination, high-
altitude satellites. During the ISTP era, the plasma mantle
can be investigated in great detail with the POLAR satellite.

In this study we investigate a 12-hour interval on January
9, 1997, during which the IMF orientation varied strongly
and caused prolonged oscillations of the outer boundaries
in the magnetosphere. Not only was the magnetopause
oscillating but the plasma mantle was in motion as well.
These oscillations were observed by both GEOTAIL near
the dawnside magnetopause and POLAR in the mantle/lobe
regions. The magnetopause oscillations also caused weak
signatures at the dayside geosynchronous distance observed
by GOES 9. During these boundary oscillations, the solar
wind was monitored by the WIND satellite.

Instrumentation

This study presents data from four spacecraft (WIND,
GEOTAIL, POLAR, and GOES 9) during the 12-hour in-
terval before the arrival of the magnetic cloud at 01:05 UT
on January 10, 1997. At that time, WIND was located
in the upstream solar wind (appr. Xgse = 80 RE and
Ygse = −56 RE) while the other spacecraft were closer to
the Earth. GOES 9 is a geosynchronous satellite located at
about 135◦ geographic west longitude (i.e., the local time is
UT – 9 hours). Figure 1a shows the GEOTAIL orbit in the
xy plane, and the positions of the magnetopause (solid line)
and the bow shock (dashed line) for average solar wind con-
ditions (dynamic pressure = 2.1 nPa, IMF Bz = 0). GEO-
TAIL is expected to be very close to the dawnside magne-
topause. Figures 1b and 1c illustrate the POLAR orbit in
the xz and xy planes of the GSM coordinate system, respec-
tively, indicating that the spacecraft was moving over the
northern polar cap from dusk to dawn.
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Figure 1. GEOTAIL AND POLAR positions from 12 UT on Jan 9 to 02 UT on Jan 10, 1997 in GSM coordinates. (a)
GEOTAIL in the xy plane; asterisks give GEOTAIL’s position every two hours; POLAR in the (b) xz and (c) yz planes;
asterisks show POLAR’s position every one hour.

In this paper we utilize spacecraft potential measure-
ments from the double probe experiments on the GEOTAIL
and POLAR spacecraft. These experiments monitor the po-
tential difference ∆V between an electric field probe (Vp)
and the spacecraft (Vs), i.e., ∆V = Vp − Vs , which is well
correlated with the ambient electron density Ne in tenuous
plasmas [Laakso and Pedersen, 1997]. This is because Vp
is kept close to the plasma potential by means of a bias
current. Hence, ∆V is approximately −Vs which is, on the
other hand, sensitive to Ne as long as Ne is less than a few
hundred electrons per cm3 [Laakso and Pedersen, 1997].

Observations

Figure 2 presents data from WIND, GEOTAIL, and PO-
LAR during the interval from 12:00 UT on January 9, 1997,
to 02:00 UT on January 10, 1997. The top five panels taken
from WIND show the solar wind dynamic pressure, mea-
sured by the 3DP experiment, the magnitude, polar angle
(θ), and azimuthal angle (ϕ) of the IMF, and the angle θBn
between the IMF and the bow shock normal. The interplan-
etary shock associated with the magnetic cloud passes the
spacecraft at 00:52 UT on January 10, 1997, and reaches the
Earth 13 minutes later. The propagation time from WIND
to GEOTAIL is expected to be 19 minutes which suggests
that the cloud front was tilted with the Sun-Earth axis by
∼ 38◦. The shock is preceded by a 12-hour interval of in-
creased fluctuations in the IMF orientation.

The dynamic pressure does not vary much, although
some weak fluctuations are visible in the data, whereas
the IMF rotates continuously after 13:47 UT. Large oscil-
lations in θBn change the bow shock between quasiparallel
(θBn < 45◦) and quasiperpendicular (θBn > 45◦) states
which affect the level of turbulence and plasma pressure in
the magnetosheath.

During this interval the GEOTAIL spacecraft was lo-
cated near the dawnside magnetopause (see Figure 1a). The
second panel from bottom of Figure 2 shows an increase
in ∆V (i.e., thermal density) at 14:12 UT, when GEO-
TAIL suddenly moves into the magnetosheath. During the
following two hours, the spacecraft has multiple magne-
topause crossings. After 16:00 UT, GEOTAIL remains in
the magnetosheath for several hours, which may be due to

a slightly higher solar wind pressure, but more probably be-
cause θBn > 45◦, which may increase the magnetosheath
pressure on the magnetopause.

After 19:50 UT the IMF direction shows a number of
rapid directional changes, making the IMF more parallel
to the bow shock normal. These events are followed by sev-
eral additional magnetopause encounters by GEOTAIL. The
GEOTAIL observations of the magnetopause oscillations are
finally interrupted by the arrival of the interplanetary shock
at 01:05 UT on Jan 10 which pushes the magnetopause closer
to the Earth.

The bottom panel in Figure 2 shows ∆V (thermal den-
sity) measurements from the POLAR spacecraft. At 16:35
UT POLAR crosses the plasmapause (see Figure 1b and 1c),
and a little later enters the northern lobe, where ∆V is about
–30 volts, corresponding to Ne ∼ 0.1 cm−3 (Wygant et al.,
manuscript in preparation, 1997). At 17:58 UT, ∆V sud-
denly rises up to - -12 volts (Ne ∼0.5 cm−3) in 30 seconds.
At the same time, the TIDE instrument on POLAR stops
detecting low-energy ions (energy below 300 eV); partly due
to high spacecraft potential values. These data suggest that
the spacecraft moves into a relatively dense and hot plasma
region, which is probably the plasma mantle rather than the
cusp. After 20 UT Ne begins to oscillate so that POLAR
encounters the lobe several times. These rapid oscillations
can be explained by means of earthward and anti-earthward
motions of the plasma mantle due to magnetosheath pres-
sure decreases and increases, respectively. After 22:20 UT
Ne remains lower and the spacecraft ceases enteries into the
plasma mantle any more. At that time POLAR is already
moving equatorward. Notice that the arrival of the shock
at 01:05 UT cannot clearly be detected by the POLAR EFI
experiment.

Discussion

During 12 hours prior to the arrival of the magnetic cloud
at 01:05 UT on January 10, 1997, the IMF rotates strongly
and causes oscillations of magnetospheric boundaries. Mag-
netopause motions are observed by GEOTAIL and oscilla-
tions of the plasma mantle are detected by POLAR.
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Figure 2. Solar wind fluctuations and boundary oscilla-
tions in the Earth’s magnetosphere during the interval from
January 9, 1997, 12:00 UT, to January 10, 1997, 02:00 UT.
The panels from top to bottom are solar wind dynamic pres-
sure; the IMF magnitude, θ and ϕ; θBn at 11 and 12 MLT;
∆V measurements of the GEOTAIL and POLAR satellites.
The dashed vertical line shows the start of the IMF fluctu-
ations at WIND, and the dotted vertical line indicates the
shock arrival at WIND.

Magnetopause oscillations

The magnetopause crossings by GEOTAIL appear as
steep Ne gradients, usually lasting 5–15 sec, although the
outbound crossings tend to take a little longer (5–25 sec).
During these crossings, ∆V changes between 2 volts in the
magnetosheath and 6–8 volts in the LLBL/magnetosphere,
corresponding to an Ne change by a few 10’s of electrons
per cm3 or Ne gradients of 0.5- -2 cm−3 per sec. We ap-
plied minimum variance analysis to the magnetic field data
during the crossings. The crossings are well-determined and
the normals to the magnetopause are within 10 degrees of
the predicted magnetopause normal angles [Fairfield, 1971],
suggesting that the observed magnetopause motions simply
reflect magnetosheath dynamic pressure changes.

The solar wind dynamic pressure does not correlate with
the magnetopause oscillations in Figure 2, whereas the IMF
orientation changes do correlate. The IMF orientation
changes so that the dawnside bow shock varies frequently
between quasiparallel and quasiperpendicular states in the
intervals 14-16 UT and 20-23 UT, when boundary oscilla-
tions are observed. Note that in the interval 16-20 UT,
when no proper magnetopause crossings are observed, the
dawnside bow shock is mostly quasiperpendicular, suggest-
ing that the magnetosheath pressure has increased during
this time.
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Figure 3. Two magnetopause oscillation events at 20:20
UT and 21:10 UT; similar events happened on POLAR with
some delay. GOES 9, located at a geosynchronous orbit near
noon, also observed weak disturbances. The top five panels
from WIND suggest that plasma pressure does not vary,
while the IMF has rapid directional changes.

Figure 3 displays a two-hour interval where two boundary
oscillation events occur; the third and second panels from
bottom present ∆V from GEOTAIL and POLAR, respec-
tively. The bottom panel shows the northward component
of the magnetic field from GOES 9 at geosynchronous or-
bit near noon. Decreases near 20:05 and 20:55 UT suggest
reductions of magnetosheath pressure on the magnetopause
which would cause outward movements of this boundary.
These times are closely followed by magnetosheath to mag-
netosphere transitions by GEOTAIL (near the same merid-
ian) and the related boundary motions observed by POLAR.
The top five panels present the solar wind dynamic pressure
and IMF data from WIND; the propagation time of a signal
is expected to be about 15 minutes to the magnetopause at
this moment. The most probable cause of these outward
movements and oscillations of the magnetopause near 20:00
UT and 20:55 UT are the IMF ϕ changes that produce a
quasi-parallel bow shock in the pre-noon sector.

Oscillations of the Plasma Mantle

During the magnetopause oscillation in the interval 20-
22 UT, the POLAR spacecraft is in the plasma mantle near
22–02 MLT and encounters the tenuous lobe several times
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as the mantle moves earthward/anti-earthward in response
to the magnetosheath pressure variations. POLAR tends
to observe the boundary motion with some delay with re-
spect to GEOTAIL (see Figure 3). It is important to notice
that the directions of the boundary motions at GEOTAIL
and POLAR are in agreement: decreases in ∆V at GEO-
TAIL mean that the outward motion of the magnetopause
is caused by reduced magnetosheath pressure. At this time
the high-latitude boundary layer is also expected to move
earthward (or sunward near 24 MLT) and POLAR should
enter the lobe, as is observed. At 2010–2030 UT the bound-
ary crossings of POLAR occur 7–11 minutes after those of
GEOTAIL, while at 21–22 UT, the delay is only a few min-
utes. The actual length of delay is not important because
it is strongly affected by the distance of the spacecraft from
the boundary.

The Ne gradients observed at the boundary between the
mantle and the lobe are steep. Inbound and outbound cross-
ings are quite similar; a typical crossing time is 25–40 s dur-
ing which ∆V changed by 10–20 volts or 0.2–0.6 volts per
s. This corresponds to an Ne change from 0.5 cm−3 in the
mantle to 0.1 cm−3 in the lobe. The crossing times suggest
that the Ne change occurs in a narrow transition layer which
has a thickness of 1000–2000 km, assuming that the bound-
ary moves at 50 km s−1; this speed is a typical value for
fast magnetopause motion, which, however, may not be a
representative value for the high-latitude boundary motion.

Summary

The magnetic cloud that arrived at the Earth at 01:05 UT
on January 10, 1997 was preceded by a 12-hour interval of
fluctuations in the IMF orientation which caused prolonged
oscillations in the positions of the outer boundary of the
Earth’s magnetosphere. Both the IMF ϕ and θ vary, but
it seems that the boundary oscillations are due to θBn vari-
ations. Specifically, the magnetosheath pressure decreased
several times during quasiparallel shock conditions, which
caused the expansion of the dayside magnetopause and the
earthward motion of the high-latitude boundary layer.
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