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Field-Line Resonances Triggered by a Northward IMF
Turning

H. Laakso,1, D. H. Fairfield,2 C. T. Russell,3 J. H. Clemmons,4 H. J. Singer,5

B. L. Giles,6 R. P. Lepping,2 F. S. Mozer,7 R. F. Pfaff,2 K. Tsuruda,8 and J.
R. Wygant9

Abstract. A sudden northward rotation of the IMF ob-
served by IMP 8 near the bow shock at 21:22 UT on Jan-
uary 10, 1997, triggered surface waves and fast mode waves
at the flanks of the duskside magnetosphere, as observed by
GEOTAIL instruments. The power spectral density of these
waves peaked in the frequency range where field-line reso-
nances were observed by the POLAR satellite in the region L
= 6.6–10.2. The oscillation periods of the observed field-line
resonances were L-dependent with two distinct peaks which
may be explained by increased heavy ion content at those
field lines. The ULF waves also caused enhanced low-energy
ion fluxes from the ionosphere.

Introduction

Field-line resonances (FLRs) are standing modes of the
Earth’s dipole magnetic field lines, and their polarization
properties depend on local time and L shell [Samson et al.,
1971; Hughes, 1994]. The FLRs are usually quite narrow in
the radial direction while a large part of an L shell can os-
cillate azimuthally. This is a toroidal resonance mode with
an azimuthal magnetic field component and a radial electric
field component, commonly observed at geosynchronous dis-
tances [Laakso and Schmidt, 1989].

A well-known driver of an FLR is a fast mode wave which
is coupled to a shear Alfven wave at a certain resonant L
shell [Southwood, 1974; Singer et al., 1982]. There is a va-
riety of energy sources that can produce fast mode waves
in the magnetosphere. It has been suggested that a ma-
jor source is the Kelvin-Helmholtz (K-H) instability which
can produce surface waves along the magnetopause and emit
fast mode waves into the magnetosphere [Pu and Kivelson,
1983]. The orientation of the magnetic field with respect
to the surface can play an important role in switching on
the K-H instability [Miura, 1995b]. As a consequence of
this instability, large-scale vortices are formed in the flanks
of the magnetosphere [Hones et al., 1981; Miura, 1995a].
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On the other hand, it has been found that wide-band
sources, like sudden impulses in the solar wind, produce
field-line resonances only at a few L shells, implying that
fast modes of certain frequencies can only exist in the mag-
netosphere. Therefore it has been suggested that only those
fast modes that can get trapped within the magnetospheric
cavity between the magnetopause and the plasmapause, can
be coupled to shear Alfven waves, producing field-line reso-
nances [Allan et al., 1986].

In this paper we investigate field-line resonances observed
on January 10, 1997. At 21:22 UT, the magnetometer on
the IMP 8 satellite located near the bow shock observed
a sudden northward turning of the IMF. Then GEOTAIL
instruments began to observe fast mode waves and magnetic
field vortices in the LLBL/plasma sheet region for several
hours. The fast mode waves can trigger field-line resonances
on dipole field lines. In fact, POLAR, while moving from the
northern polar cap onto dipole field lines, observed field-line
resonances at L = 10.2–6.6.

Observations

This study presents data from four spacecraft (WIND,
IMP 8, GEOTAIL, and POLAR) on January 10, 1997, 21–
24 UT. At that time the WIND spacecraft was located in
the upstream solar wind at (92,–53,–23)RE in GSM. Figure
1 shows the positions of the other spacecraft in the GSM xy
and yz plane; the bow shock (dashed thin lines) and the mag-
netopause (solid thin lines) are for the average solar wind
conditions (dynamic pressure = 2.1 nPa, IMF Bz = 0). All
three spacecraft are almost in the dawn-dusk meridian: IMP
8 is in the solar wind (see Figure 1b), GEOTAIL is in the
magnetosphere near the LLBL, and POLAR moves from the
northern polar cap towards the equator.

We present electric and magnetic field data from PO-
LAR in spacecraft coordinates. Two of the three electric
field components are measured with two perpendicular long
antennas in the spin plane [Harvey et al., 1995]: the xy com-
ponent points radially outward, and the z component points
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Figure 1. Orbits of IMP 8, GEOTAIL, and POLAR in the
GSM (a) xy and (b) zy planes on January 10, 1997, 21-24
UT.
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Figure 2. Magnetic field observations from the WIND
(solid lines) and IMP 8 (dashed lines) spacecraft. The
WIND data are shifted forward by 35 minutes.

to the north and is perpendicular to xy. The third compo-
nent, measured along the spin axis with a shorter antenna
using probes 5 and 6, points into an azimuthal direction and
is called 56 (i.e., E56 and B56). The magnetic field, mea-
sured at the end of a 6 meter boom, is sampled eight times
per second with 11 pT resolution [Russell et al., 1995].

Solar wind observations

WIND observed a rapid northward IMF rotation at 20:47
UT, and IMP 8 detected this event 35-min later at 21:22 UT.
The IMF data are shown in Figure 2, where the WIND data
(solid lines) are shifted forward by 35 minutes. At both
satellites, the IMF Bz suddenly increased from a few nT to
10 nT without any significant change in the IMF magnitude.
The solar wind speed is about 430 km s−1 and the distance
between these two spacecraft along the x-axis is 98 RE, sug-
gesting a 24-min time delay. The observed delay is obtained
if the discontinuity is tilted +45◦ in the xy plane.

POLAR observations

Figure 3 displays the radial electric field component (Exy)
and an azimuthal magnetic field component (B56) measured
by POLAR instruments on January 10, 1997, 21–24 UT,

LLBL plasma sheet

Figure 5. Magnetic field and Vsc observations from GEOTAIL at 22:39-23:00 UT. During the shaded intervals the
spacecraft was in the LLBL; at the other times it was in the plasma sheet.
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Figure 3. Radial electric field component (Exy) and az-
imuthal magnetic field component (B56) measured by the
POLAR satellite on January 10, 1997, 21-24 UT.
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Figure 4. Bandpass-filtered time series of Exy and B56 for
the 21:50-23:10 UT interval.

while moving from the northern polar cap toward the equa-
tor at 05:30 MLT. At 21:53 UT, POLAR began to observe
B-field oscillations whereas E-field oscillations were not ob-
served before 22:10 UT presumably due to the unfavorable
orientation of the E-field long booms. The B-field perturba-
tions appear mainly in the azimuthal direction (B56), and
the electric field oscillates in the radial direction (Exy); wave
signals in other components are weak. The background mag-
netic field is oriented along the z-axis, and therefore we con-
clude the observed wave is a toroidal mode. Both compo-
nents are observed at L shells from 9.0 to 6.6. The observed
wave periods vary in the 150–250 s range, corresponding to
wave frequencies of 4–7 mHz.

Figure 4 presents bandpass-filtered time series data for
the 21:50–23:10 UT interval. Here we have used a Butter-
worth band-pass filter at 5±2 mHz to remove noise from the
data shown in Figure 3. The E- and B-field components are
clearly 90◦ out of phase, indicating that the observed mode
is a standing wave.
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Figure 6. Wave characteristics as a function of the satel-
lite’s L shell. See the text for details.

GEOTAIL observations

During the IMF rotation, GEOTAIL was in the duskside
magnetosphere. At 21:28 UT, GEOTAIL suddenly moved
into a denser plasma environment, most probably the LLBL.
Afterwards, oscillatory perturbations appear in many vari-
ables, which persist over several hours.

Figure 5 shows an example of GEOTAIL data for the
interval of 22:39-23:00 UT. The bottom panel shows the
potential difference Vsc between an electric field probe and
the satellite which is related to the ambient electron den-
sity[Laakso and Pedersen, 1997]; the more negative Vsc, the
lower the density. When Vsc < –5 volts, the spacecraft is
well inside the magnetosphere, whereas it is in the mag-
netosheath when Vsc ≥ –2 volts. When Vsc is between
these two regimes, the spacecraft is usually in the LLBL.
Therefore the observed Vsc’s suggest that during 21:30-24:00
UT, GEOTAIL encountered the magnetopause a few times,

Figure 7. Energy fluxes of ions (top panel) and the total ion density (bottom panel). Enhanced fluxes occur parallel
(indicated + signs) and antiparallel (– signs) to the field lines.

otherwise the spacecraft was either in the LLBL or in the
plasma sheet, as illustrated in Figure 5. The top three pan-
els in Figure 5 show magnetic field vectors in three planes,
indicating that magnetic field perturbations are dominated
by large-scale vortices, particularly whenever the spacecraft
is in the LLBL. In the plasma sheet, both magnetic field vor-
tices and compressional waves were observed. The strongest
signals were observed at 1-15 mHz.

The total magnetic field Bt and Vsc (i.e., the electron
density) are well correlated so that large Bt’s occur at large
densities. Figure 6 shows the power spectral densities of Vsc
(solid line) and Bt (dashed line) at 1-20 mHz for the 22:05-
22:56 UT interval. A good correlation between these two
variables suggests that the fluctuations are compressional
perturbations; possible sources are surface waves moving the
spacecraft between two plasma regions and fast mode waves
generated by the K-H instability. Lowest frequencies in Fig-
ure 6 are related to surface waves and are in agreement with
the power spectra of ULF waves observed with the high-
latitude ground-based magnetometers [Clauer et al., 1997].

Discussion

A rapid northward IMF turning produced a variety of
magnetospheric processes on January 10, 1997. This ro-
tation was followed by the formation of surface waves in
the magnetopause/LLBL region via the K-H instability, re-
sulting in the motion of GEOTAIL between two plasma re-
gions, mainly between the plasma sheet and the LLBL. In
the LLBL, large-scale magnetic field vortices were observed,
whereas in the plasma sheet both vortices and fast mode
waves were observed. The strongest compressional waves
occurred at 1-15 mHz whereas the field-line resonances ob-
served by POLAR occurred at 4-7 mHz. One open question
is how a broad-band source produces only resonances with a
narrow-band frequency range (see e.g., Allan et al. [1986]).

Figure 6 presents wave characteristics of the field-line res-
onances as a function of POLAR’s L shell. The panels from
top to bottom are: phase difference between B56 and Exy
(positive values mean that E-field leads B-field), oscillation
periods Tobs , oxygen content, peak-to-peak amplitudes, and
velocities. The phase difference between Exy andB56 is near
90◦, indicating that observed waves are standing modes.
Tobs, derived from E- and B-field measurements (dia-

monds - B56, circles - Exy), are in good agreement with
each other and tend to increase with L shell, indicating that
different L shells oscillate independently. At L = 7.4 and 8.5,
Tobs has peaks that deviate from the trend over the inter-
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val. The solid line represents the model oscillation period,
Tmod , of the fundamental mode of the field-line resonance of
dipole field lines; Tmod is based on the local Alfven speed VA
at POLAR, and on the assumptions that 5% of the ions are
oxygen ions and VA is constant along each dipole field line.
The electron density is derived from the spacecraft potential
measurements. The differences between Tobs and Tmod sug-
gest that there are more heavy ions on the field-lines where
Tobs has peaks. The third panel in Figure 6 shows the O+

number density, assuming that Tobs and Tmod match. Ac-
cording to this result, the background O+ density is usually
a few percent, but some field lines are filled with higher O+

densities.
The TIDE detector is turned off below about L = 8, but

before that starting at 21:53 UT, it detected 5-10 eV ions
streaming outward from the ionosphere along the magnetic
field (see Figure 7). Note that ions flowing parallel to the
field lines are observed later because they need to propagate
from the southern hemisphere to the northern one. This
suggests that the ion outflow has been initiated by field-
line resonances. Unfortunately the ion masses cannot be
determined. Therefore the predicted peaks in O+ density
cannot be confirmed with TIDE. On the other hand, the
TIMAS instrument on POLAR, which measures ions with
energy greater than 15 eV, shows no enhancements in the
O+ density (Bill Peterson, private communication, 1997).
The explanation may be that the energies of the outflowing
heavy ions are below 15 eV or high O+ densities exist at
lower altitudes because of their lower speeds.

The fourth panel from the top in Figure 6 shows the wave
amplitudes for Exy and B56 (units are mV m−1 and nT ,
respectively), which both are peaked at 7.4 (68.2◦ inv. lat.)
and 8.1 (69.2◦ inv lat). It seems that oscillation periods and
wave amplitudes are somewhat anticorrelated so that high
O+ densities tend to reduce wave amplitudes.

In the bottom panel of Figure 6 the dashed line repre-
sents the Exy/B56 ratio. The solid line represents the av-
erage VA along field lines, derived from Tobs of the field
line resonances. The dotted line represents the local VA
on POLAR, using the electron densities derived from the
spacecraft potential measurements, and assuming a 5% O+

number density. The measured Exy/B56 is related to VA,
as expected; notice that these parameters have been derived
from different data. The actual difference between these
two parameters is not significant, because the Exy/B56 ra-
tio varies along the field line so that at magnetic field nodes
it approaches infinity, and at electric field nodes it goes to
zero.

Summary

A sudden northward rotation of the IMF was observed
by IMP 8 near the bow shock at 21:22 UT on Jan 10, 1997,
coincided with the formation of the K-H instability at the
magnetopause/LLBL layer. GEOTAIL located in these re-
gion moved between the LLBL and the plasma sheet as a
result of the surface waves. During this time, its instru-
ments detected magnetic field vortices and fast mode waves.
The fast mode waves have much broader power spectra than
the narrow- banded field-line resonances simultaneously ob-
served by POLAR at L = 10.2-6.6. The ULF waves are a
likely candidate to produce ion outflow from the ionosphere.
In addition, the field-line resonances show two unexpected
peaks in the oscillation periods which can be explained with
O+-rich field lines.
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