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Magnetopause motion driven by interplanetary magnetic field

variations

D. G. Sibeck,! K. Kudela,? R. P. Lepping,® R. Lin,* Z. Nemecek,” M. N. Nozdrachev,’
T.-D. Phan,* L. Prech,’ J. Safrankova,® H. Singer,” and Y. Yermolaev®

Abstract.

We use previously reported observations of hot flow anomalies (HFAs) and

foreshock cavities to predict the characteristics of corresponding features in the dayside
magnetosheath, at the magnetopause, and in the outer dayside magnetosphere. We compare
these predictions with Interball 1, Magion 4, and GOES 8/GOES 9 observations of magneto-
pause motion on the dusk flank of the magnetosphere from 1800 UT on January 17 to 0200
UT on January 18, 1996. As the model predicts, strong (factor of 2 or more) density enhance-
ments bound regions of depressed magnetosheath densities and/or outward magnetopause
displacements. During the most prominent event, the geosynchronous spacecraft observe an
interval of depressed magnetospheric magnetic field strength bounded by two enhancements.
Simultaneous Wind observations indicate that the intervals of depressed magnetosheath
densities and outward magnetopause displacements correspond to periods in which the east/
west (By) component of the interplanetary magnetic field (IMF) decreases to values near zero
rather than to variations in the solar wind dynamic pressure, the north/south component of the

IMF, or the IMF cone angle.

1. Introduction

Processes within the foreshock can significantly modify so-
lar wind parameters just prior to their interaction with the mag-
netosphere. Sibeck et al. [1989] reported evidence for strong
(factor of 3) solar wind density variations whose extent was
limited to the region immediately upstream from the Earth’s
bow shock. Fairfield et al. [1990] showed that densities and
magnetic field strengths decrease when energetic particles are
observed but increase when the particles are absent. Although
they were not identified on the basis of greatly deflected flows,
the resulting cavities of hot tenuous plasma bounded by narrow
regions of cold dense plasma greatly resemble the hot flow
anomalies (HFAs) reported by Schwartz et al. [1985] and
Thomsen et al. [1986].

Thomas et al. [1995] reported the results of a kinetic simu-
lation indicating that pressure variations upstream from the bow
shock only perturb that boundary for a limited time before they
propagate coherently downstream through the magnetosheath at
the magnetosonic velocity. If so, the foreshock pressure varia-
tions may be an important cause of magnetopause motion. Both
Sibeck et al. [1989] and Fairfield et al. [1990] associated
foreshock cavities with compressions and rarefactions of the
dayside magnetospheric magnetic field. Laakso et al. [1998]
presented a case study indicating that the magnetopause moves
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outward during periods of radial IMF orientation, i.e., when the
foreshock lies upstream from Earth.

To date, there has been no model for the detailed
plasma, magnetic field, and energetic particle signatures ex-
pected during the passage of boundary waves driven by pres-
sure variations generated in the foreshock. The purpose of this
paper is to predict the characteristics of such magnetopause
motion and then to compare these predictions with high time
resolution Interball 1 plasma, magnetic field, and energetic ion
observations in the vicinity of the northern dusk magnetopause.
We use simultaneous Wind solar wind observations to demon-
strate that both magnetopause crossings and geosynchronous
perturbations correspond to variations in the IMF orientation,
not variations in the solar wind dynamic pressure.

2. Conceptual Model

The IMF orientation constantly varies, connecting and dis-
connecting spacecraft just upstream from the bow shock to that
boundary. A fraction of the solar wind ions incident on the
bow shock is energized and reflected back into the solar wind
along field lines connected to the bow shock. These reflected
beams are unstable to cyclotron instabilities that scatter a small
fraction of the ions to create a diffuse suprathermal population.
Although their number density is small, the suprathermal ions
contribute substantially to the thermal pressure in the region of
connected IMF lines near the bow shock. The enhanced pres-
sures cause the bundle of connected magnetic field lines to ex-
pand outward into the surrounding solar wind plasma. Densities
and magnetic field strengths decrease diamagnetically within
the expanding bundle but increase just outside the bundle in
the region of compressed magnetic field lines unconnected to
the bow shock [Thomas and Brecht, 1988].

Figure 1 illustrates the formation of a foreshock cavity and
its subsequent interaction with the magnetosphere. In Figure la,
a narrow slab of sunward and northward magnetic field lines
first encounters the southern bow shock. Prior to the arrival of
this slab, the IMF points dawnward. After the passage of the
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slab, the IMF points duskward. Consequently, the only up-
stream field lines in the noon-midnight meridional plane con-
nected to the bow shock are those within the slab itself. As
these magnetic field lines first graze the bow shock, ions are
energized and reflected to stream back upstream into the solar
wind. The ions depress IMF strengths and densities within the
slab creating a diamagnetic cavity (light shading). The expand-
ing cavity compresses and enhances IMF strengths and densi-
ties just outside the leading edge of the slab (dark shading).

As seen in Figure 1b, the solar wind sweeps the slab and

foreshock cavity antisunward. Both the intersection of the slab
with the bow shock and the foreshock cavity move northward.
Ions continue to be reflected from the bow shock and scattered
within the slab, creating a growing diamagnetic cavity that fur-
ther compresses surrounding regions both ahead of and behind
the slab. Finally, those portions of the cavity that were up-
stream from the southern bow shock in Figure la now lie
downstream of that boundary: the density increases and de-
creases associated with the cavity have been transmitted as
pressure variations into the magnetosheath.
X (RE) Figure 1c depicts the subsequent evolution of the cavity and
its interaction with the magnetopause. The magnetosheath flow
continues to sweep the growing foreshock cavity northward and
the trailing pressure enhancements bounding the cavity through
the magnetosheath: around the dawn and dusk flanks and
over the northern magnetopause. The pressure increases com-
press the magnetopause inward, whereas the decrease within
the cavity allows it to expand outward. As there was no sig-
nificant cavity upstream from most of the southern bow shock,
there is little or no response on the southern magnetopause.

Consider the signatures spacecraft located in the vicinity of
the magnetopause observe during the passage of the cavity. If
the spacecraft remain within the magnetosheath, they observe
the cavities as regions of depressed densities and magnetic field
strengths but enhanced suprathermal particle fluxes, bounded by
7 regions of enhanced densities and magnetic field strengths.

OO However, the spacecraft may not remain within the magneto-

MP -
sheath. The depressed magnetosheath densities and pressures
220 -10 0 10 20 within the cavi.ties permit the magnetopause to move outward
past the observing spacecraft, which must then observe density
. X (RE) increases bounding an interval of magnetospheric magnetic
fields. Spacecraft located in the outer magnetosphere should
exit into the magnetosheath on both sides of a region of rar-
efied magnetospheric magnetic field strengths. Finally, space-
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Figure 1. The interaction of a slab of sunward and northward
IMF lines with the bow shock and magnetopause. Prior to the
—_ i 1 arrival of the slab, the IMF points dawnward. After the arrival
Mm 0 @ __________ a 28 of the slab, the IMF points duskward. (a) The slab’s first en-
~ Enhanced B counter with the southern bow shock is shown. The region to
N -Densities which reflected ions gain access, thermalize, and depress IMF
densities and magnetic field strengths to form a cavity upstream
from the bow shock (shown in light shading) is rather limited.
As the cavity expands, it compresses the surrounding solar wind
plasma, enhancing densities and magnetic field strengths (shown
| 3 in dark shading). (b) The situation when the intersection of the
/ IMF slab with the bow shock has moved northward and parts

) MP A / of the cavity have been transmitted through the southern bow
shock is shown. A region of enhanced densities and magnetic
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-20 -10 0 10 20 field strengths has formed on the trailing edge of the slab. (c)
X (R The situation at a later time when the density variations associ-
( E) ated with the slab alternately compress the magnetopause and

allow it to expand outward is shown.
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craft that remain within the magnetosphere should observe tran-
sient magnetic field strength increases bounding a region of de-
pressed magnetic field strengths.

3. Data Sets

Interball 1 was launched into a highly elliptical orbit with a
period of 92 hours, an apogee of 31.4 Rr and an inclination of
62.8° on August 3, 1995 [Zelenyi and Sauvaud, 1997]. The
Interball 1 spacecraft spins with a period of 2 min about an
axis oriented to within 10° of the Earth-Sun line. To achieve
this accuracy, the axis is reoriented each second orbit. Interball
1 carries several Omnidirectional Plasma Sensors (VDP), which
provide total flux measurements at time resolutions ranging
from 1 to 16 Hz. Each VDP plasma detector [Safrankova et
al., 1997] measures the sum of the total ion flux and the elec-
tron flux with energies greater than 170 eV entering a wide-
angle (£67°) Faraday cup. We will present observations by
Interball 1’s sunward-looking VDPO detector with 1 s time
resolution.

Interball 1 also carries the CORALL ion energy spectrom-
eter [Yermolaev et al., 1997] and FM 31 magnetometer
[Nozdrachev et al., 1998]. CORALL measures ion distribution
functions within the energy per charge range 30 < E/g < 24200
eV/g via 32 energy steps in five angular sectors covering a 5°
X 110° fan-shaped field of view. The centers of the sectors are
oriented at look directions 42°, 66°, 90°, 114°, and 138° rela-
tive to the Earth-Sun line. Densities, velocities, and tempera-
tures can be calculated once each 120 s spin period. We
present three-component magnetic field observations by the FM
31 fluxgate magnetometer with a time resolution of 0.25 s.

25,157

The DOK 2 energetic particle experiment [Lutsenko et al.,
1998] onboard Interball 1 was not operating during the time in-
terval to be considered in this paper. However, the Magion 4
subsatellite accompanies Interball 1 along its orbit, and the
very similar DOKS experiment aboard Magion 4 was operating
[Kudela et al., 1996]. The separation vector from Magion 4 to
Interball 1 during this interval was GSE (x, y, 2) =(0.27, 0.30,
0.03) Rz. We present the geosynchronous magnetic field
strength observed by the GOES 8 and GOES 9 spacecraft with
0.5 s time resolution [Singer et al., 1996] and the solar wind
observations by the 3DP plasma [Lin et al., 1995] and MFI
magnetic field [Lepping et al., 1995] instruments on Wind with
3 s time resolution.

4. Overview of the Interball 1 Observations

Nemecek et al. [1998] reported Interball 1 and Magion 4
observations of a series of antisunward moving transient plasma
flux enhancements (TFEs), each lasting from 10 s to several
minutes, during the interval from 1800 UT on January 17,
1996, to 0200 UT on January 18, 1996. They attributed the
TFEs to the interaction of solar wind discontinuities with the
bow shock but were unable to associate those observed on this
day with particular magnetic field orientations either in situ at
Interball 1 in the magnetosheath or further upstream at Wind in
the solar wind. We wish to show that the characteristics of the
TFEs were consistent with the predictions for pressure varia-
tions generated in the foreshock described above.

As shown in Figure 2, from 1800 UT on January 17, 1996,
to 0200 UT on January 18, 1996, the Interball 1 spacecraft
moved antisunward along the northern dusk flank of the mag-
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Figure 2. Interball 1, GOES 8, and GOES 9 spacecraft locations in the GSE X-Y plane from 1800 UT

on January 17 to 0200 UT on January 18, 1996.
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January 17 to 18, 1996
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Figure 3. An overview of Interball 1 observations from 1800 UT on January 17 to 0200 UT on January

18,

1996. (Top to bottom) VDP plasma flux, CORALL ijon density, velocity, and temperature, and FM
the magnetosphere and/or observed greatly reduced magnetosheath densities, fluxes, and magnetic field

magnetosheath. Numbered pairs of vertical dashed lines indicate six intervals when the spacecraft entered
strengths.

31 magnetometer observations in GSE coordinates. The spacecraft was generally within the
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netosphere from GSE (x, y, z) = (—8.0, 14.8, 12.5) to (—11.2,
19.1, 12.8) Rg. The Interball 1 plasma and magnetic field ob-
servations shown in Figure 3 indicate that the spacecraft was
generally in the magnetosheath throughout this 8-hour interval.
While in the magnetosheath proper, VDP measured flux levels
ranging from 2 to 4 X 108 cm™?s™!, CORALL measured den-
sities near 3 cm™ and antisunward, duskward, and northward
velocities ranging from 300 to 400 km s~!. Temperatures
ranged from 200 to 300 eV. The magnetometer, FM 3I, re-
corded high-frequency fluctuations superimposed upon a 15—
20 nT background magnetosheath magnetic field that pointed
sunward and dawnward.

As indicated by the numbered pairs of vertical dashed lines
in Figure 3, Interball-1 encountered six periods with character-
istics differing from those of the nominal magnetosheath. Dur-
ing periods 1, 2, and 5, VDP and CORALL observed greatly
depressed densities, velocities, and fluxes bounded by enhanced
densities and fluxes. FM 31 observations indicate enhanced
(>20 nT) magnetic field strengths bounded by depressed (<10
nT) magnetic field strengths during each of these periods. Dur-
ing periods 3, 4, and 6 the VDP plasma detector and magne-
tometer on Interball 1 observed depressed fluxes and magnetic
field strengths with occasional transient increases in the plasma
flux to values exceeding those of the magnetosheath proper.
CORALL, with a much lower time resolution, generally did not
track these features.

January 17, 1996
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There were no further VDP flux decreases during the 8-hour
interval. However, there were several VDP flux increases at
2210, 2308, and 2326 UT corresponding to magnetic field
strength decreases. Because these VDP flux increases were less
than those attending the events in periods 1-6, and were not
accompanied by any flux decreases, they will not be considered
further here.

The purpose of this paper is to demonstrate that the charac-
teristics of the six periods identified in Figure 3 are consistent
with expectations for foreshock cavities swept downstream into
the magnetosheath and their subsequent interaction with the
magnetopause. To accomplish this task, we first examine the
Interball 1/Magion 4 periods in greater detail and then inspect
corresponding Wind solar wind observations.

5. High-Resolution Observations of the
Magnetospheric Intervals

As shown in Figure 4, Interball 1 and Magion 4 observed a
set of nested regions with distinctly different plasma, magnetic
field, and energetic particle characteristics during the 30-min
period from 1800 to 1830 UT. From 1806 to 1810 UT, the
spacecraft pair was in the northern plasma sheet, a region
marked by depressed VDP plasma fluxes (<1 X 10® cm™2s7}),
enhanced (and spin-modulated) DOKS 60-80 keV energetic ion
fluxes (>5 counts s™) and strong sunward, dawnward, and

Interball-1

AN KA Ay g

#s' f (108 cm_zs'l)

107k ;

] L

.
,
:
:
:
+ 1
\
H
H
1
1
;

B, (nT)

B, (nT)

B, (nT)

B (nT)

0 | |
18:00 18:04 18:08

1
18:12 18:16

|
18:20 18:24 18:28

UT

Figure 4. (top to bottom) Interball 1 VDP plasma flux, Magion 4 DOKS energetic ion (60 < E < 80
keV), and FM 31 magnetometer observations from 1800 to 1830 UT on January 17, 1996, in GSE coor-
dinates. Vertical dashed lines bound an interval of magnetospheric observations.
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Figure 5. (top to bottom) Interball 1 VDP plasma flux, Magion 4 DOKS energetic ion (60 < E < 80
keV), and FM 3I magnetometer observations from 1900 to 1930 UT on January 17, 1996, in GSE coor-
dinates. A vertical dashed line indicates a magnetopause crossing.

southward FM 31 magnetic fields. Just outside the magneto-
sphere, from 1801 to 1805 UT and at 1812 UT, the spacecraft
pair observed magnetosheath-like plasma fluxes accompanied
by energetic ions and weak variable magnetic fields. The By
component of the magnetic field fell to values near zero at
1801 and 1812 UT but rose toward the magnetopause from
1801 to 1805 UT. This region was in turn bounded by one in
which the plasma flux reached values greatly exceeding those
seen nearby in the magnetosheath proper, i.e., 8 X 108 cm™2s™!
at 1800 UT and almost 6 X 10® cm™2 s™! from 1814 to 1815
UT. The By component of the magnetic field was large (about
—10 nT) in this region. There was a data gap in the energetic
ion observations at 1800 UT, but the instrument recorded
fluxes at background levels from 1814 to 1815 UT. Finally, the
spacecraft pair emerged into the magnetosheath proper at 1816
UT, after which they observed high VDP fluxes (>2 X 10¢
cm™2 s7!), background energetic ion fluxes, and variably
sunward and dawnward magnetic fields.

The observations from 1800 to 1830 UT are consistent with
the predictions for a spacecraft located immediately outside the
magnetopause during the passage of a foreshock cavity. Mag-
netic field strength and density increases bound a region of
weaker magnetic field strengths, depressed densities, and en-
hanced energetic ion flux levels. Near the center of the cavity,
pressures decrease so greatly that the magnetosphere expands
outward to engulf the observing spacecraft.

Figure 5 presents Interball 1 and Magion 4 observations for
the period from 1900 to 1930 UT. From 1912 to 1921:30 UT,
the spacecraft were in the northern plasma sheet and lobe ob-
serving low plasma fluxes, intermittent energetic ion fluxes,
and strong sunward, dawnward, and slightly southward mag-
netic fields. By contrast, the spacecraft were in the
magnetosheath proper prior to 1910 UT, observing plasma
fluxes near 2 X 108 cm™2 s}, no energetic ions, and sunward
and dawnward magnetic fields. After 1921:30 UT, the space-
craft were again in the magnetosheath observing similar plasma
fluxes but no energetic ions and a weak variable magnetic
field. A large transient increase in the plasma flux to 6 X 108
em ™% 57! from 1910 to 1912 UT bounded the leading edge of
the magnetospheric interval. There was only a modest increase
in the plasma flux to 3 X 10% cm™2s™! on the trailing edge at
1925 UT. Pronounced decreases in the By component of the
magnetic field at 1912:30 and after 1921:30 UT bounded the
magnetospheric interval.

Overall, the observations during the 1900-1930 UT interval
also coincide with expectations for a spacecraft located imme-
diately outside the magnetopause during the passage of a pres-
sure pulse or an HFA. The spacecraft originally lay behind the
quasi-perpendicular shock and failed to observe any energetic
ions. A strong increase in the magnetosheath density preceded
the arrival of a region of low pressure that allowed the magne-
topause to move outward. Once the magnetopause moved back
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inward, the spacecraft lay behind the quasi-parallel shock, indi-
cating that the magnetosheath/interplanetary magnetic field ori-
entation had changed.

Figure 6 presents Interball 1 and Magion 4 observations
covering the fifth period, from 0015 to 0045 UT on January
18, 1996. Prior to 0027 and after 0041 UT, the spacecraft were
in the magnetosheath proper, observing plasma flux levels near
3% 10® ecm™2 57!, no energetic ions, and draped magnetic
fields pointing sunward and dawnward. By contrast, from 0030
to 0032 UT, both spacecraft were in the northern plasma sheet
observing very low plasma fluxes, energetic ions, and stronger
sunward and dawnward magnetic fields. This region of
enhanced magnetospheric magnetic field strengths was encom-
passed by one of depressed magnetosheath magnetic field
strengths (By ~ 0), low plasma fluxes, and energetic ions from
0028 to 0030 and 0032 to 0034 UT. The By component of the
magnetic field increased from 0027 to 0030 UT as the space-
craft approached the magnetopause. Sharp plasma flux in-
creases to nearly 8 X 108 cm™2s~! at 0028 UT and from 0035
to 0041 UT bounded the low flux regions.

The observations from 0015 to 0045 UT are again consistent
with expectations for those by a spacecraft just outside the mag-
netopause during the passage of a cavity or HFA. Two density
increases bound a region of depressed plasma fluxes, enhanced
energetic ion fluxes, and low magnetic field strengths. Presum-
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ably the depressed pressures briefly allowed the magnetopause
to move outward past the observing spacecraft.

A final encounter with the magnetosphere occurred during
the sixth period from 0045 to 0115 UT shown in Figure 7.
Throughout most of this interval, the magnetic field was weak
and variable, energetic ions were present, and the plasma flux
remained at magnetosheath levels of 4 X 108 cm™2 s™!. How-
ever, at 0107 UT, the plasma flux fell to very low values, and
the magnetic field strength increased, indicating a brief encoun-
ter with the magnetosphere. This encounter was immediately
followed at 0108 UT by the largest plasma flux value (8 X 10
ecm™2 s7!) seen during the 30-min period. The magnetic field
orientation rotated from sunward, dawnward, and northward
prior to the event to antisunward, duskward, and ecliptic orien-
tations after the event. The observations suggest the passage of
a decrease in the magnetosheath pressure followed by an abrupt
increase. The presence of the energetic particles indicates that
the spacecraft lay behind the quasi-parallel bow shock through-
out this interval.

5.1 High-Resolution Observations of a Magnetosheath
Cavity

Figure 8 presents Interball 1 and Magion 4 observations for
the third period, from 2000 to 2100 UT on January 17, 1996.
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Figure 6. (top to bottom) Interball 1 VDP plasma flux, Magion 4 DOKS energetic ion (60 < E < 80
keV), and FM 3I magnetometer observations from 0015 to 0045 UT on January 18, 1996, in GSE coor-
dinates. Vertical dashed lines bound an interval of depressed magnetic field strengths that in turn bound

a magnetospheric interval.
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Figure 7. (top to bottom) Interball 1 VDP plasma flux, Magion 4 DOKS energetic ion (60 < E < 80
keV), and FM 3I magnetometer observations from 0045 to 0145 UT on January 18, 1996, in GSE
coordinates. Vertical dashed lines bound an interval of depressed magnetosheath magnetic field strengths.
A sharp transient decrease in the VDP flux at 0107 UT indicates a grazing encounter with the

magnetopause.

As indicated by the plasma fluxes, which never fell below
1 X 10% cm™2 57!, the spacecraft remained within the
magnetosheath at all times. Nevertheless, they observed a re-
gion of depressed plasma fluxes, weak variable magnetic fields,
and enhanced energetic ion fluxes from 2035 to 2042:30 UT.
Large enhancements in the plasma flux to 6 X 108 cm™2s7! at
2033 and 2045 UT bounded the region of depressed fluxes and
field strengths. The By component of the magnetosheath mag-
netic field fell to values near zero in this region. These obser-
vations are consistent with expectations for a spacecraft that re-
mains in the magnetosheath during the passage of a foreshock
cavity. A similar sequence of events occurred during the fourth
interval from 0000 to 0015 UT on January 18, which is not
shown here for brevity.

5.2 High-Resolution Observations of the Magnetospheric
Response

Figure 9 compares Interball 1 VDP plasma flux and GOES
8 and GOES 9 geosynchronous magnetic field strength obser-
vations for the full 8-hour interval studied in this paper. By the
times of the fourth, fifth, and sixth periods, GOES 8 and
GOES 9 were located near dusk, far from the dayside magneto-
pause. It becomes impossible to associate features at the vari-
ous spacecraft, probably because the geosynchronous spacecraft

begin to observe nightside magnetospheric phenomena. For ex-
ample, the strong decrease in the GOES 8 magnetic field
strength centered on 2245 UT and the decrease in the GOES 9
magnetic field strength at 2310 UT were associated with
substorm activity.

However, the two spacecraft observed the magnetic field
strength decreases bounded by enhancements predicted by the
model for foreshock cavities during the first and second inter-
vals. They observed a less pronounced decrease in the magnetic
field strength just prior to the third interval. Figure 10 presents
GOES 8 and GOES 9 geosynchronous magnetic field strength
observations at higher time resolution for the second interval.
GOES 9 (near 1030 LT at 1900 UT) observed the compres-
sions at 1911 and 1930 UT, with a rarefaction from 1914 to
1928 UT. There was a slight compression centered on 1920
UT. By contrast, GOES 8 (near 1400 LT at 1900 UT) ob-
served compressions at 1908, 1924, and 1931 UT, with the rar-
efaction from 1915 to 1930 UT. For comparison, Figure 10
(top) repeats the VDP observations of a transient flux enhance-
ment at 1912 UT, an outward magnetopause displacement from
1913 to 1922 UT, and a gradual return to higher flux levels.

In a general sense, the features seen at GOES 8 and GOES
9 correspond to expectations for magnetopause motion induced
by the passage of a cavity generated in the foreshock.



SIBECK ET AL.: MAGNETOPAUSE MOTION DRIVEN BY IMF VARIATIONS

Magnetosheath density and magnetospheric magnetic field
strength increases bound a cavity of depressed densities and
weakened magnetic field strengths. However, the timing of the
features is rather curious. One might expect compressions asso-
ciated with solar wind features to sweep past the magnetosphere
in a consistent manner. Instead, GOES 8 (at postnoon local
times) observed the first compression before GOES 9, whereas
GOES 9 (prior to local noon) observed the second and third
compressions before GOES 8. Interball 1 failed to observe any
clear impulsive increase in the density or flux corresponding to
the second or third compressions at GOES 8 and GOES 9. We
defer further consideration of this topic until section 6 of this
paper, where we identify solar wind features corresponding to
the events seen at GOES 8, GOES 9, and Interball 1.

6. Solar Wind Observations

Several previous studies used observations from spacecraft
located directly upstream from the subsolar bow shock to dem-
onstrate the strong relationship between pressure variations gen-
erated in the foreshock and compressions of the dayside mag-
netosphere. For example, Fairfield et al. [1990] used subsolar
Ion Release Module (IRM) observations to show that the pres-
sure applied to the dayside magnetosphere diminishes during
periods of near-radial IMF and low IMF cone angles. Unfortu-
nately, subsolar foreshock observations were unavailable for
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this case study, and we must instead rely upon observations by
Wind. Because Wind was located far upstream and far off the
Earth-Sun line near GSE (x, y, z) = (45, —56, 5) Rg, we must
verify that it was an appropriate monitor for Interball-1 before
attempting to identify features in the Wind observations corre-
sponding to the Interball-1 events.

Figure 11 compares Wind interplanetary and Interball 1
magnetosheath/magnetospheric magnetic field observations for
the same 8-hour interval shown in Figure 3. With the exception
of the three brief intervals when Interball 1 was inside the
magnetosphere (1806-1810, 1912-1921:30, and 0030 to 0032
UT), the Interball 1 magnetosheath magnetic field observations
should reflect the IMF features seen by Wind. As indicated by
the solid line segments in Figure 10, this was indeed the case
for a number of features in the By and Bz components with du-
rations ranging from 10 to 30 min. Although Wind was located
upstream from Interball 1, it observed these features 0-15 min
after Interball 1 due to the relative positions of the spacecraft
and the nearly spiral IMF orientation.

While the overall trends in the By and Bz components at the
two spacecraft are similar, the same cannot be said for either
the Bx or B traces. In particular, there were no decreases in the
Wind magnetic field strength corresponding to the decreases in
the Interball 1 magnetosheath magnetic field strength at 1800,
1925, 2040, 0010, 0035, and 0100 to 0130 UT. While the com-
parison of the By and Bz traces demonstrates that Wind can be
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Figure 8. (top to bottom) Interball 1 VDP plasma flux, Magion 4 DOKS energetic ion (60 < E < 80
keV), and FM 31 magnetometer observations from 2000 to 2100 UT on January 17, 1996, in GSE coor-
dinates. Vertical dashed lines bound an interval of depressed magnetosheath magnetic field strengths.
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Figure 9. A comparison of Interball 1 VDP flux observations with GOES 8 and GOES 9 geosynchro-
nous magnetospheric magnetic field strengths from 1800 UT on January 17 to 0200 UT on January 18,
1996.
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Figure 10. A corﬁparison of Interball 1 VDP flux observations with GOES 8 and GOES 9 geosynchro-
nous magnetospheric magnetic field strengths from 1900 to 2000 UT on January 17, 1996. Solid lines
connect compressions in the GOES 8 and GOES 9 traces.
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Figure 11. A comparison of Wind interplanetary and Interball 1 magnetosheath magnetic field observa-
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Figure 12. A comparison of Wind solar wind and Interball 1 magnetosheath/magnetospheric observa-
tions. (top to bottom) Wind 3DP observations of the solar wind dynamic pressure, Wind MFI observa-
tions of the IMF strength, latitude, cone angle, longitude, and the azimuthal angle between the IMF lon-
gitude and the Earth-Sun line, the Interball 1 VDP plasma flux, and the Interball 1 FM 3I magnetic
field strength. Vertical dashed lines indicate six intervals during which Interball 1 either entered the
magnetosphere or observed depressed magnetosheath magnetic field strengths and plasma fluxes.

used to monitor the solar wind input into the magnetosphere
from 1800 to 0200 UT, the comparison of the total magnetic
field strength traces indicates that some process in the
foreshock or magnetosheath significantly modifies the solar
wind shortly prior to its interaction with the magnetosphere.

To help identify this process, Figure 12 compares Wind and
Interball 1 plasma and magnetic field observations. Pairs of
vertical dashed lines identify six intervals in which Interball 1
observed magnetospheric and/or depressed magnetosheath mag-
netic fields. As Interball 1 observed a relatively constant
magnetosheath velocity but flux variations ranging from 2 to
8 X 10® cm™2 57! on timescales of 10 to 60 s, we might expect
to observe a factor of 4 variations in the solar wind dynamic

pressure on similar timescales. By inspection of Figure 12
(top), we can immediately rule out the simplest explanation for
the Interball 1 events, namely that they corresponded to de-
creases in the solar wind dynamic pressure.

Now consider the possibility that the magnetopause motion
resulted from HFAs battering the magnetopause. In this case,
each Interball 1 event should correspond to a single abrupt
change in the IMF orientation. Figure 12 shows that there were
isolated and abrupt changes in the IMF azimuth just after the
first event at 1815 UT, during the second event at 1925 UT,
and just prior to the third event at 2030 UT. However, there
were no isolated abrupt changes in the IMF orientation at the
times of the latter three events, and the fact that lag times must
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range from positive to negative during the first three events di-
minishes the likelihood of any association between the Interball
1 events and the IMF discontinuities.

Another possibility is that southward IMF turnings eroded
the dayside magnetopause inward and northward IMF turnings
allowed it to move outward. However, as indicated in the third
panel of Figure 12, the intervals during which Interball-1 ob-
served magnetospheric magnetic fields do not correspond to
northward IMF turnings.

Yet another possibility is that Interball 1 observed magneto-
spheric magnetic fields and/or depressed magnetosheath mag-
netic fields during intervals when Wind observed low IMF cone
angles. However, the fourth panel of Figure 12 shows that this
too was not the case. While the IMF cone angle was small for
the first interval and became small shortly after the second in-
terval (consistent with lag times estimated in the discussion of
Figure 11), it was not small for the third interval and ranged
from very large to very small during the remaining intervals. As
noted by Nemecek et al. [1998], there was no clear correspon-
dence between the Wind cone angle and Interball 1 ion flux.

Continuing the search for the cause of the Interball 1 mag-
netopause crossings and intervals of depressed magnetosheath
magnetic field strength requires returning to Figure 11. As can
be seen in the fourth panel of this figure, the magnitude of the
By component of the magnetosheath magnetic field diminished
each time Interball 1 entered the magnetosphere or observed
depressed magnetosheath magnetic field strengths. As the short
solid lines between panels 3 and 4 of Figure 11 indicate, de-
creases in By at Interball 1 corresponded to decreases in the
magnitude of By at Wind. The combined Wind and Interball 1
observations provide evidence for an unexpected result, namely
that the magnitude of IMF By controls the location of the flank
magnetopause.

Finally, with the origin of the Interball 1 events identified,
we can inspect the Wind observations to see if they provide an
explanation for the lag times seen in the VDP, GOES 8, and
GOES 9 event from 1910 to 1930 UT. We have just associated
this event with a decrease in the By component at Wind from
1925 to 1938 UT. Applying minimum variance analysis [Siscoe
et al., 1968] to the Wind observations yields a normal that
points in the GSE (x, y, z) =(0.26, 0.42, and —0.87) direction
for the Wind discontinuity at 1925 UT and a normal that
points toward (0.28, —0.17, 0.94) for the Wind discontinuity at
1938 UT. Consequently, the first discontinuity sweeps across
the Earth’s bow shock and magnetopause from southern dusk
to northern dawn, whereas the second discontinuity sweeps
across these boundaries from northern dawn to southern dusk.
The sense of the motion is precisely that required to explain
the sequence of events shown in Figure 10 and discussed
above, in which postnoon GOES 8 observes the leading edge
of the event prior to prenoon GOES 9 and further antisunward
Interball 1. By contrast, prenoon GOES 9 observes the trailing
edge prior to postnoon GOES 8.

7. Discussion and Conclusions

We used previously reported observations of HFAs and
foreshock cavities upstream from the bow shock to infer the
characteristics of corresponding features in the magnetosheath,
at the magnetopause, and inside the magnetosphere. If the solar
wind flow simply sweeps the upstream features downstream,
then magnetosheath events should be identifiable as diamag-
netic cavities filled with a heated tenuous solar wind plasma
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and depressed magnetic field strengths bounded by narrow re-
gions of enhanced densities. We reported high time resolution
Interball 1 and Magion 4 observations of one such event in the
magnetosheath at 2040 UT on January 17, 1996, and noted a
second event at 0015 UT on January 18, 1996. Paschmann et
al. [1988), Schwartz et al. [1988], and Safrankova et al. [2000]
have reported examples of similar magnetosheath events.

The arrival of a density/pressure cavity increase bounding a
cavity should cduse spacecraft located in the magnetosheath
just outside the dayside magnetopause to observe density in-
creases bounding a magnetospheric interval. We identified two
such intervals in the Interball 1 and Magion 4 observations of
the dusk magnetopause at 1800 and 1915 UT. Sibeck et al.
[1999] reported Geotail observations of a third event on the
dawn magnetopause. .

Variations in the foreshock density/dynamic pressure alter-
nately compress and rarefy the dayside magnetospheric mag-
netic field strength. Pressure increases bounding a cavity shouild
generate transient magnetospheric compressions b_bunding a re-
gion of reduced magnetospheric magnetic field strengths. We
presented high time resolution GOES 8 and GOES 9 observa-
tions of one such event at 1915 UT. Sibeck [1992, Figure 6]
presented Charge Composition Explorer (CCE) and IRM obser-
vations of two similar magnetospheric events at 1020 and 1040
UT on October 28, 1984. The geosynchronous observations
used in the present study allowed us to demonstrate that the
leading and trailing edges of the cavity swept past the space-
craft in differing directions, and we suggested that this might
be consistent with past work indicating strikingly different ori-
entations for leading and trailing edges of HFAs upstream from

‘the bow shock [e. g., Paschmann et al., 1988; Schwartz et al.,

1988].

We sought to identify a cause for the magnetopause motion
and magnetosheath density/magnetic field variations seen by
Interballl in the Wind solar wind observations. We eliminated
variations in the dynamic pressure of the pristine solar wind,
fluctuations in the IMF cone angle, and north/south variations
in the IMF orientation. Instead, we noted that the magneto-
pause moved outward during intervals when the magnitude of
the IMF By component decreased, i.e., when the IMF longitude
was nearly along or antiparallel to the Earth-Sun line. We sup-
pose that the foreshock lay upstream from Interball 1 during
intervals when IMF By was small but not when it was large.
Magnetosheath densities and pressures diminished behind the
foreshock, allowing the magnetopause to move outward during
each Interball 1 event. Increases in the By component seen just
prior to the 1805 and 0030 UT magnetopause crossings were
probably caused by draping of the magnetosheath magnetic
field against the magnetopause.

Magnetosheath plasma fluxes varied by at least a factor of 4
during an interval of relatively steady velocities, indicating that
densities (and therefore pressures) applied to the magnetosphere
also varied by a factor of 4. Pressure balance considerations al-
low us to set an upper limit on the amplitude of the corre-
sponding magnetopause motion. Because densities and tempera-
tures within the magnetosphere were low and the magnetic
field strength strong (see Figure 3), the contribution of the
magnetic field to the total pressure in the magnetosphere
greatly exceeded that from the plasma. The magnetospheric
magnetic field strength diminishes with radial distance (R) from
Earth as R™3, the magnetic pressure as R™S. Consequently, a
factor of 4 variations in the pressure applied to the magneto-
sphere drive ~26% variations in the magnetopause position. At
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the time of the events reported in this paper, Interball 1 was
located some 21 Rg from Earth, thus the potential amplitude
for the magnetopause motion was ~5.4 Rp. However, because
the pressure enhancements only last for 10-60 s, amplitudes of
this magnitude were probably not achieved. Observed fluctua-
tions in the magnetopause velocity on this day were of the or-
der of 100 km s™!. At these speeds, the magnetopause would
move ~1 Rg in 60 s, a better estimate for the amplitude of the
magnetopause motion on this day.

Because the cavities are as common as solar wind
discontinuities and provide large amplitude pressure variations
on timescales of 10 s to several minutes, they are at least po-
tentially the dominant cause of magnetopause motion. Observa-
tions indicating a close correspondence between foreshock pres-
sure variations and transient compressions at geosychronous or-
bit [Sibeck et al., 1989; Fairfield et al., 1990] suggest that
there is no need to invoke any other source for dayside magne-
topause motion. The fact that the motion attains greater ampli-
tudes behind the prenoon bow shock than behind the postnoon
bow shock [Howe and Siscoe, 1972; Wrenn et al., 1981;
Rufenach et al., 1989; Russell et al., 1997] also indicates the
importance of foreshock density variations in driving the mag-
netopause motion. Because magnetic field lines in the outer
magnetosphere map to cusp latitudes, pressure variations asso-
ciated with foreshock cavities may be an important source of
transient events in the high latitude dayside ionosphere, like au-
roral brightenings [Sitar et al., 1998] and mesoscale iono-
spheric convection vortices [e. g., Southwood and Kivelson,
1990].

Finally, consider the significance of the foreshock cavities,
and the kinetic processes that create them, to the overall solar
wind-magnetosphere interaction. Axford [1964] invoked solar
wind turbulence striking the magnetopause as the driving
mechanism for the interaction when he presented his well-
known viscous interaction model. Subsequent studies ruled out
the model in part because it could not explain the observed de-
pendence of magnetospheric and ionospheric phenomena on
IMF Bz but also in part because estimates for the available
wave power and transmission rate across the magnetopause
were too small [e. g., Verzariu, 1973; Hill, 1979]. These esti-
mates were, however, based on lower-amplitude (2-3 nT) and
shorter-period (10 s) waves than those discussed in this paper.
A quadrupling of the pressure applied to the magnetosphere
must double the magnetospheric magnetic field strength (30 nT
in this case study). While it seems unlikely that waves at the
magnetopause ever dominate the solar wind-magnetosphere in-
teraction, their contribution may become significant during peri-
ods of northward IMF orientation [Pu and Kivelson, 1983].
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