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ELECTRIC AND MAGNETIC OBSERVATIONS OF THE STRUCTURE OF STANDING WAVES 
IN THE MAGNETOSPHERE 

L. J. Cahill, Jr., 1N. G. Lin, 1, 2 M. J. Engebretson, 3 D. R. Weimer, 4, 5 and M. Sugiura 6, 7 

Abstract. Electric and magnetic field 
instruments on the DE 1 spacecraft provided 
observations of toroidal standing wave oscilla- 
tions of magnetic shells in 1981 and 1982. The 
amplitude and nodal structure of these waves, as 
a function of increasing magnetic latitude, was 
studied and compared with model calculations of 
these waves. Eight pulsation events were 
selected for study. The pulsations in these 
events ranged in period from 20 to 300 s. They 
were observed at L values between 2.8 and 9.7 

and at magnetic latitudes from the equator to 
48 ø. The duration of these pulsation events was 
20 to 30 min, and they usually consisted of a 5- 
to 10-min growth in amplitude, a 5- to 10-min 
interval of fluctuating amplitude, and a 5- to 
20-min interval of decreasing amplitude. The 
relative E and B amplitudes and the phase rela- 
tions between the E and B waves could be quali- 
tatively explained by the nodal structure of the 
waves predicted by model calculations. Detailed 
quantitative comparisons of E and B amplitudes 
were in agreement with more recent model calcu- 
lations. In a few cases, electron densities 
were also available as derived from plasma fre- 
quency observations; in these cases the standing 
wave periods calculated were reasonably close 
to, but somewhat less than, the observed 
periods. 

Introduction 

A variety of hydromagnetic waves propagate in 
the magnetosphere. Perhaps the most impressive 
of these waves are the long period standing 
waves which involve majestic oscillations of 
large portions of the magnetosphere. Dungey 
[1954] first suggested that magnetic pulsations 
observed on the ground might be due to standing 
waves, while Sugiura and Wilson [1964] compared 
them to waves on a string and determined the 
oscillation mode by studying the polarization of 
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the waves on the ground at the feet of the field 
lines. Cummings et al. [1969] presented a model 
calculation obtaining eigenfrequencies for 
standing waves at geosynchronous orbit, More 
recently, Allan and Knox [1979] offered a new 
model calculation giving the relative magnitudes 
of the electric and magnetic components of the 
wave along the oscillating field line. Their 
model included a realistic ionosphere so the 
calculations could be compared in detail with 
observations. A large-amplitude standing wave 
during a magnetic storm was observed by investi- 
gators of the DE 1 satellite, using electric, 
magnetic, and plasma records [Cahill et al., 
1984; J. H. Waite et al., unpublished 
manuscript, 1985]. Availability of both 
electric and magnetic wave components allows a 
more positive identification of wave mode 
[Singer and Kivelson, 1979]. In this report we 
show further examples of the electric and magne- 
tic components of wave events obtained from the 
DE 1 data. These events occur at latitudes up 
to 48 ø and L values between 2.8 and 9.7; the 
periods of the waves range from 20 to 300 s. 
Evidence of nodal structure and of multiple 
standing wave harmonics is observed in these 
events [Takahashi and McPherron, 1982]. The 
purpose of this report is to use the electric 
and magnetic components of the standing waves in 
a study of the latitudinal structure of the 
waves and a comparison of the observations with 
the models. After a brief review of the 

observing instruments and the satellite orbit, 
the observations of eight wave events will be 
presented and interpreted. 

Instruments and Orbit 

The DE 1 magnetometer (MAG-A) is a three- 
component vector instrument with three ranges, 
controllable by ground command [Farthing et al., 
1981]. Most of the data to be presented here 
were taken in the most sensitive range wit b 
0o02-nT resolution. Sixteen vector samples per 
second was the data collection rate, but the 
records shown here were averaged to one point 
each 6 s. The electric field measurements, with 
the University of Iowa plasma wave instrument 
(PWI), were obtained with two 100-m probes per- 
pendicular to the spin axis and a 9-m double 
probe along the spin axis [Shawhah et al., 
1981]. The data shown here were obtained from 
the long booms. One determination of the 
electric field was made each 4 s; we averaged 
these to one point each 8 s. The satellite was 
launched in August 1981 into an elliptical orbit 
with apogee at 4.65 R E over the north pole. By 
June 1982, apogee had moved to the equator but 
the orbital plane was still nearly parallel to a 
geographic meridian plane, so the satellite 
passed over the north and south pole during each 
orbit. Near apogee in June 1982, the satellite 
was traveling nearly along the geomagnetic field 
lines for a few hours near the equator. The 
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Fig. 1. Record of the electric field and magne- 
tic field fluctuations associated with a 
standing wave pulsation from 1502 to 1526 UT on 
September 30, 1982. The electric field com- 
ponent Eœ (Er) , measured in millivolts per 
meter, is perpendicular to the observed total 
magnetic field vector and lies in the plane per- 
pendicular to the satellite spin axis; it is 
also approximately in the local magnetic meri- 
dian plane and, when positive, points radially 
outward. The magnetic field component ABe, 
measured in nanotesla, when positive, points to 
the magnetic east. The predicted (Magsat) 
magnetic field has been subtracted from the 

measured field to obtain ABe, and a 10-min 
sliding average has also been subtracted to 
remove slow field changes. 

satellite spin period was about 6 s, and the 
spin axis was nearly perpendicular to the local 
meridian plane. This caused one component of 
the magnetometer to be nearly perpendicular to 
the meridian plane and the other two to lie in 
that plane. In addition, the long booms pro- 
vided measurements of the electric field meri- 

dian plane components. 

Observations and Interpretation 

September 30, 1982 

As the first example we show the electric and 
magnetic components of a wave event near L = 5. 
DE 1 is in the morning quadrant and south of the 
equator (Figure 1). Apogee is about 30 ø south 
of the equator, so the satellite is moving 
slowly across L shells. There is a good corre- 
lation between E and B, with amplitudes near 1.5 
mV/m and 1.5 nT. In determining the period 
(about 100 s) by measuring the time interval 
between individual pulsation peaks, there is 
some variation but no systematic increase or 
decrease. The period is constant from L = 5.7 
to L = 5.2. The envelopes of the E and B com- 
ponents are very similar with the amplitudes 
rising rapidly from 1502 to 1508 UT; The ampli- 
tudes both decrease near 1510 UT, recover, and 
then decrease more slowly from 1514 to 1522 UT. 
The phase difference is constant, with B leading 
E by 90 ø. In Figure 2 the frequencies of the 
two components are identical, with the major 

peak at 0.01 Hz and similar structure in the 
minor peaks. This is an excellent example of a 
typical, brief duration, standing wave oscilla- 
tion that appears frequently in the DE 1 data. 
Now we attempt to identify the wave mode. Both 
E and B are of substantial amplitude, so the 
observation must not be near a node. Figure 3 
is a plot of the relative amplitudes of E and B 
atomg a field line, normalized to the ground 
level value of B, calculated using the model of 
Cummings et al. [1969]. Note the locations of 
the nodes in E and B. Since the period of the 
September 30 oscillation is quite long, 100 s, 
we expect the wave to be either the fundamental 
or the n = 2 harmonic. There is a node of the n 

= 2 harmonic in B at 22 • magnetic latitude, so 
the wave must be the fundamental. The phase 
difference with B leading E by 90 • is correct 
for the fundamental south of the equator but not 
for the n = 2 harmonic north of the B node at 
-22 • latitude or for the n = 3 harmonic south of 

the node in E at -12 • (Figure 4). 

October 10, 1982 

In the event shown in Figure 5 there is a 
clear correlation between E and B in an approxi- 
mately 4-min period pulsation between 1500 and 
1510 UT, although both components are more irre- 
gular than in the previous example. The 
satellite is again in the morning and south of 
the equator near L = 5. B leads E by 90 ø for 
the three pulsations between 1500 and 1510 UT. 
The period decreases abruptly to about 2 min at 
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Fig. 2. Spectra of the wave components for the 
interval from 1500 to 1534 UT on September 30. 
The top panel shows the E power in (mV/m)2/Hz 
for the frequency interval 0 to .03 Hz and the 
bottom panel shows the B power in nT2/Hz. 
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1510 UT, then E and B slowly decrease in ampli- 
tude (1510 to 1520 UT). B appears to lead E by 
90 ø for the 2-m pulsation, but the amplitude of 
B relative to E is less than that for the 4-m 

pulsation. Spectra for this event, not shown, 
indicate peaks near 0.0045 Hz (220 s) and 
0.0075 Hz (130 s). The relative amplitude of B 
to E is higher for the 0.0045-Hz peak than it is 
for the 0.0075-Hz peak. We first identify the 
0.0045-Hz pulsations as fundamental, as in the 
September 30 event, because of the 220-s period 
and because B leads E by 90 ø. The 0.0075 Hz 
pulsation might then be an n = 2 harmonic, 
although the period is longer than might be 
expected. The low amplitude of B compared with 
E would be due to the proximity to the B node at 
-22 ø. The phase between B and E is wrong for 
the n = 2 harmonic, however. Also lacking is an 
explanation for the sudden change from 220- to 
130-s period. We will consider this event 
further in the discussion section. 

A second wave interval on October 10 is shown 

in Figure 6. A pulsation about 100 s in period 
in E grows and decays between 1545 and 1600 UT. 
The amplitude rises to 1.5 mV/m at 1555 UT. 
Shorter-period waves obscure the 100-s pulsation 
after 1600 UT. In B the 100-s wave barely rises 
above the shorter-period ones and is visible 
only near 1555 UT with amplitude of about 0.5 
nT. DE 1 has moved to 4 ø below the equator by 
1600 UT and is near L -- 4. In order to deter- 

mine the phase difference between B and E, the 
data were filtered with a band pass centered on 
0.01 Hz (Figure 7). B leads E again by 90 ø, 
appropriate for odd harmonics south of but near 
the equator. The small B amplitude indicates 
the fundamental, since the n -- 3 harmonic 
increases more rapidly in amplitude away from 
the equator. 

MAGNETIC LATITUDE 

Fig. 3. The nodal structure of the magnetic and 
electric components of toroidal standing waves. 
The top panel shows the amplitude of the magne- 
tic wave component relative to its value at the 
foot of the field line, B s, plotted against 
magnetic latitude. It is symmetrical about the 
equator. The bottom panel shows the value of 
the electric wave component in millivolts per 
meter divided by the product of B s in nanotesla 
and 100 over the wave period in seconds. Nodes 
of the magnetic and electric waves are at the 
zeroes of the relative amplitudes. The calcula- 
tion is with the model of Cummings et al. 
[1969], which assumes an infinitely conducting 
earth. This graph shows the nodes for L = 4, 
but it may be used to give approximate node 
locations for nearby L shells. 

n=l n=2 n=3 

:Fig;. 4, Schematic views of the shape of the 
field lines for the first three azimuthal har- 

monics, looking •oward the earth. The longer 
horizontal line segments indicate the equator; 
north is at top. The fundamental, n = 1, is 
shown in the left view solid trace when it is at 

rest at the westward limit of its motion. At 

that time the electric component and the plasma 
velocity are zero. The magnetic field pertur- 
bation above the equator is toward the east, as 
is shown by the vector labeled B•. At the 
equator the field line is perpendicular to the 
equator, and the B• perturbation is zero. The 
perturbation is toward the west below the 
equator. The dashed line shows the unperturbed 
field line in the direction of the dipole field, 
Bo, at the midpoint of its motion toward the 
w•st. At that time the electric wave component 
E r is at its maximum value pointing radially 
outward, and the plasma and field line velocity 
are maximum toward the west. There is a node of 

the B• perturbation and an antinode of E at the 
equator. The n -- 2 harmonic, in the middle 
panel, shows the magnetic field at its greatest 
displacement (solid line) and at its greatest 
velocity (dashed line). There is an antinode in 
B• and a node in E r at the equator in this case. 
The E r and v vectors apply to locations above 
the equator. They are reversed below the 
equator. The B• perturbation vector is west, as 
is shown, between the B• nodes below and above 
the equator; it points east between the B• nodes 
and the ends of the field line. Similar conven- 

tions apply to the n = 3 view on the right. The 
September 30 observation point is below the 
equator in these views and below the B• antino- 
des in the n = 3 view. 

August 23, 1982 

Here is another event with a relatively 
strong E component and a weak B. Figure 8 shows 
a modulated 40-s pulsation in E rising to 2 mV/m 
near 1830 UT. B shows some evidence of this 

pulsation but with relatively low amplitude. 
The amplitude of waves near 40-s period in B is 
comparable to those in E near 1822 and 1845 UT, 
while at 1830, where E has the largest ampli- 
tude, B is very low. A band pass filtered ver- 
sion of Figure 8, not shown, with 0.02- to 
0.03-Hz band pass indicates that B, although 
weak near 1830 UT, is modulated with the same 
pattern as E, so apparently there is a valid B 
component. The latitude change during this 
pulsation observation is from 18 ø to 27 ø above 
the equator. This passes through the B node for 
the n = 2 harmonic. Since the B amplitude, 
relative to E, is lowest near 22 ø latitude (1830 
UT), we identify the 40-s pulsation as the n = 2 
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Fig. 5. Record of a standing wave pulsation 
event on October 10, 1982. Scales are the same 
as those in Figure 1. 

harmonic. The fundamental should be near 95 s 

but is absent in both E and B. Figure 9 gives 
dynamic spectra for this event. The line just 
below 0.03 Hz decreases slightly in frequency 
during the event. The L value is constant at 
4.1, so a decrease in frequency may be due to an 
increase in plasma density. 

August 24, 1.982 

Here is a case with two, quite different, 
frequencies (Figure 10). The satellite is near 
L = 3 and north of the equator. In B a strong 
20-s (0.05 Hz) pulsation dies out near 0142 UT 
just as a 75-s (0.013 Hz) pulsation is growing. 
The 75-s pulsation is clear in E, but the 
earlier 20-s one is weak before 0136 UT. As the 

75-s pulsation dies out in B from 0146 to 0158 
UT it is quite free of short period waves, while 
a 20- to 30-s wave in E, present before 0140 UT, 
becomes dominant by 0156 UT. The 20- to 30-s 
waves are strongest before 0145 in B and after 
that time in E. The spectra in Figure 11 show 
peaks near 0.013 Hz and 0.052 Hz in both E and B 
as well as a peak at 0.032 Hz (30 s) in E. 
Dynamic spectra for B and E in Figure 12 show 

U T 1540 .... 15•50 .... 16•00 .... 
M LT 0947 0946 0945 

ML AT -10.3 -7.2 -3.9 
L 4.3 4.1 3.9 

Fig. 6, Record of a second October'10 pulsation 
event. 
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Fig. 7. A filtered version of the second 
October 10 event where the filter allows fluc- 

tations in a pass band of 70 to 130 s. 

the onset of the 0.013-Hz pulsations near 0140 
UT and the time dependence of the E and B pulsa- 
tions near 0.05 Hz. A line just above 0.03 Hz 
is present in the E spectrum, while a weaker 
line at that frequency in B appears near 0150 
U•. The B spectrum above 0.04 Hz is quite 
broad, 0.04 to 0.07 Hz, but the most intense 
band rises from 0.045 Hz at 0130 UT to above 

0.05 Hz by 0145 UT. Close inspection of the 
wave form data (Figure 10) also shows this rise 
in frequency. We interpret the 0.013-Hz wave as 
the fundamental, since E leads B by 90 ø (see 
Figure 10 near 0145 UT). This is the 
appropriate phase relation, above the equator, 
for the fundamental but not for the n-- 2 har- 

monic. The 0.032-Hz (30 s) wave in E has about 
the right period for the second harmonic. 
Remember the node in the B second harmonic at 

22 ø latitude. The latitude changes from about 
10 ø to 30 ø in this event, right across the node 
in B, explaining the weak B component at 0.032 
Hz (Figure 11) and the appearance of the 0.032 
Hz line in B only at the end of the event 
(Figure 12). Figures 10 and 12 appear to 
disagree about the appearance of the 30-s pulsa- 
tion. In Figure 10, higher-frequency pulsations 

El 

AB• DE-1 ' ' ' 8223• ' 
2 nT 

U T 1820 1830 1840 
MET 1238 1237 1234 

MEAT 17.7 22.0 26.8 
L 4.1 4.1 4.1 

Fig. 8. Record of a pulsation event on August 
23, 1982. 
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Fig. 9. Dynamic spectra of the August 23 event. 
Data in a time interval of 12 min are included 

in each vertical line of power density spectra. 
Each line occupies 20 s on the spectral plot and 
is plotted at a time corresponding to the center 
of the 12-min time interval. The gray scale is 

logarithmic with 8 levels of density, ran•ing 
from 0 to 0.3 (mV/m)2/Hz and 0 to 0.03 nT•/Hz. 
The Nyquist frequencies for Eœ and AB• are dif- 
ferent because each E l point includes 8 s of 
data and each AB• point includes 6 s. 
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Fig. 11. Spectra of the August 24 event. 

seem to be weak or absent in B from 0148 to 0158 

UT, while the line above 0.03 Hz in Figure 12 
starts near 0146 UT. Times in Figure 12 are 
shown for the center of the data interval that 

is used for each vertical spectral power line. 
The line at 0150 UT, for example, contains data 
from a 12-m interval, 0144 to 0156 UT. Moving 
to shorter periods, the pulsation near 20 s must 
be the third harmonic. The absence of this wave 

in E at 0130 UT is consistent with the third 

harmonic node in E at 12 ø , while the disap- 
pearance of the wave in B after 0145 UT is due 
to the node in the B third harmonic at 28 ø . 

October 27,1981 

The wave event shown in Figure 13 was 
observed early in the satellite operation. 
Apogee was still at quite a high latitude then 

-4- 

E.L 
mV/m 

U T 01•30 01•40 0150 02'00 
MLT 1229 1226 1222 1216 

ML AT 9.6 14.9 21.3 29.3 
L 3.3 3,2 3.1 3.1 

Fig. 10. Record of the pulsation event of 
August 24, 1982. 

(N70ø), so the satellite was crossing L shells 
rapidly as it moved from 13 ø to 27 ø magnetic 
latitude. Local time was midmorning, near 0900. 
A wave event started at 0518 UT and grew slowly 
in amplitude in E and B until about 0532 UT, 
when the wave suddenly disappeared in both com- 
ponents. The period, the same in E and B, 
increased from 60 to 80 s while the wave was 

growing. The amplitude of E was about 1.5 mV/m 
during the 14-min event, while the B amplitude 
was 1 nT. The envelopes of the fluctuating wave 
amplitudes are very similar. For example, near 
0522 UT there is a decrease in the amplitude of 
both E and B. In addition, there is a constant 
phase difference between the components, with E 
leading B by 90 ø . 

Hz Hz 

0130 0140 0150 UT 0130 0140 0150 UT 

E / 82236 AB• 

Fig. 12. Dynamic spectra of the August 24 
event. Description is given in the Figure 9 
caption. 
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Fig. 13. Record of the pulsation event of 
October 27, 1981. 
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Fig. 15. Filtered version of the October 27 
event with a pass band of 0.008 to 0.02 Hz. 

In contrast, there is an interval of 40-s 
pulsations in E between 0537 and 0541UT with no 
apparent corresponding B component. There are, 
however, irregular pulsations in B in the inter- 
val 0532 to 0544 UT with periods from 20 to 200 
s. Spectra of both components are shown in 
Figure 14. Both spectra are broad, but that for 
B extends only to 0.02 Hz, while there is a pro- 
minent peak in the E spectrum between 0.02 and 
0.03 Hz. To see if there is a weak B pulsation 
of 40-s period near 0540 UT, the data were 
filtered with a 0.02- to 0.03-Hz band pass, not 
shown. The 40-s E pulsation shows up between 
0536 and 0541UT with a weaker precursor 0532 to 

(rnV/rn) • 
Hz 

,2-- 
E.L 

.00 .61 .62 .(53 .64 
Hz 

81300 
0515 - 0545 UT 

nT • A Be 

o f-• , 
.OO .O1 .O2 .(53 

Hz 

Fig. 14. Spectra of the October 27 event. 

0536 UT, but there is only a slight increase in 
the filter signal for B near 0540 UT. The rela- 
tively small B component of the 40-s pulsation 
indicates that this may be the n = 2 harmonic 
with node in B at 22 ø latitude. Figure 15 is a 
filtered version of the 60- to 80-s waves where 

it can be seen that the E and B amplitudes 
decrease more slowly after 0530 UT than is 
apparent in Figure 13. The abrupt decrease in 
Figure 13 is due to interference from the 40-s 
waves. As the longer period waves decrease in 
amplitude the period continues to increase, to 
100 s. Figure 16 shows dynamic spectra with the 
frequency of the pulsation in B decreasing from 
0.02 to 0.01 Hz and perhaps lower. Narrow lines 
in B near 0.005 Hz start at 0530 UT; these are 
the 200-s pulsations that can be seen in Figure 
13 between 0536 and 0545 UT. Weaker pulsations 
near 0.04 Hz also start near 0530 UT. In E the 
band between 0.01 and 0.02 Hz lasts until 0535 

UT, but the decrease in frequency is less 
apparent. The frequency band near 0.025 Hz (40 
s) starts after 0530 UT, and a band near 0.017 
Hz (60 s) also appears. This last band can be 
seen in Figure 15 from 0534 to 0541 UT. E leads 
B by 90 ø in the 60- to 100-s pulsations (0520 to 

Hz .06 

.OC 

Hz 
.08- 

.06- 

.04- 

.02 

.00 , , , 

0520 0530 0540 
UT 

E/ 81300 

Fig. 16. Dynamic spectra of the October 27 
event. 
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Fig. 17. Record of the pulsation event of October 28, 1981. 

0535 UT), so the pulsation has the correct phase 
for the fundamental. There is a node in the n = 

3 harmonic of E at 12 ø latitude, while in Figure 
13 the ratio of the E to B amplitude is constant 
from less than 13 ø to 20.3 ø . Also, the phase is 
not right for n = 3 in this latitude interval. 
The wave must be fundamental. The period of the 
pulsations increases from 60 to 100 s while the 
satellite moves from L = 2.8 to L = 3.7. This 

suggests a series of resonant shells with reso- 
nant frequency decreasing as L increases. As 
was mentioned earlier, the 40-s pulsation pre- 
sent in E but weak in B from 0535 to 0541 UT 

occurs while the latitude changes from 23 ø to 
27 ø . This suggests the n = 2 harmonic because 
of the node in B at 22 ø , but note also the n = 3 
node in B at 28 ø . If the 40-s pulsation in E is 
the n = 3 harmonic, then the 60-s E pulsation 
near 0540 UT, also weak in B (Figures 15 and 
16), may be the n = 2 harmonic. The fundamental 
would be about 150 s (0.007 Hz) and this may be 
seen in the lines near 0.005 Hz in B from 1530 

to 1540 UT (Figure 16). The absence of this 
frequency in the E spectrum is puzzling, 
however. 

October 28, 1981 

This midmorning event was observed at higher 
latitudes than were the previously discussed 
events, while passing into auroral zone field 
shells. A 4-min pulsation in B is relatively 
free of shorter period waves particularly before 
0254 UT, while the E component has substantial 
20- to 100-s period waves superimposed (Figure 
17). The amplitude of the long-period B pulsa- 
tion is about 6 nT, and the corresponding E 
pulsation is about 3 mV/m. The short-period E 
waves are less than 1 mV/m in amplitude. 
Spectra of this event, not shown, indicate con- 
siderably more power in B than in E for the 
4-min pulsation in comparison with some of the 
lower-latitude events such as the September 30 
event. Note in Figure 3 that the normalized 
amplitude of the E fundamental is relatively 
constant from the equator to 40 ø latitude then 
decreases with latitude, while the B amplitude 
rises steadily from the equator to higher lati- 

tudes. At the latitudes of this event, 35 ø to 
45 ø , we see the effects of the increasing B 
amplitude. The dynamic spectra, not shown, 
indicate long period waves in both E and B below 
0.01 Hz, with frequency decreasing with time 
(0.006 to 0.004 Hz) and therefore decreasing 
with increasing L value. For the long-period 
waves, E leads B by 90 ø , so the 4-m pulsation is 
probably the fundamental. The 20- to 100-s 
waves, strong in E in Figure 17 but weak in B, 
are then higher harmonics. The n = 2, 3 and 4 
harmonics of 0.005 Hz are approximately 0.012, 
0.019, and 0.025 Hz. The nodes of these har- 
monics are at 22 ø , 30 ø , and 34 ø for B but at 
lower latitudes, 0 ø , 12 ø , and 19 ø , for E. 
Higher harmonics are similarly displaced. This 
explains the low amplitudes of the shorter- 
period waves in B relative to those in E in 
Figure 17. The nodes shown in Figure 3 were 
calculated for L = 4, while the October 28, 
1981, event is above L = 6. The nodes move to 
slightly higher latitudes for higher L values. 
For example, the n TM 3 and n = 4 nodes of B are 
at 28 ø and 32 ø for L = 4; they are at 30 ø and 
34 ø for L = 6.6. The n = 1 node remains at the 

equator, and the n = 2 node latitude increases 
about 10. 

October 29, 1981 

This is another high-latitude pass across 
auroral field shells in the morning hours. The 
B record has a long-period pulsation growing in 
amplitude from 1940 UT (Figure 18). It starts 
at 1 nT and 4-min period and grows by 2010 UT to 
6 nT and over 8-min period. The E record is 
different, with pulsations of 30- to 100-s 
period growing to 6 mV/m in amplitude. Despite 
the apparent lack of correlation between E and B 
there are some similarities. The B record has 

some short-period waves superimposed that are 
similar in period to those in E, particularly 
near 1955 and 2005 UT. Also, the E record is 
modulated with a periodicity similar to the long 
period B pulsations. For example, near 1955 and 
2005 UT the E wave has greatest amplitude, while 
B is changing from positive to negative. In 
order to isolate some of the short period waves, 
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Fig. 18. Record of the pulsation event of October 29, 1981. 

band pass filtered records are shown in Figure 
19. The 75-s waves after 1950 UT are well 

correlated, with E leading B by 90 ø . Dynamic 
spectra are given in Figure 20. The B spectrum 
shows a line starting near 1945 UT at 0.005 Hz 
and expanding down to 0.002 Hz by 2000 UT while 
maintaining the upper edge at 0.005 Hz. The E 
spectrum has several bands of approximately 
equal power: 0.002 to 0.005 Hz, 0.01 to 0.015 
Hz, 0.023 to 0.025 Hz, and near 0.028 Hz. The 
band from 0.01 to 0.015 Hz can also be seen in 

the B spectrum, but it is fainter than the 0.002 
to 0.005 Hz band. The 0.01 to 0.015 Hz band is 

the dominant signal in the E record of Figure 18 
while the 0.002 to 0.005 Hz band is the dominant 

B signal. Presumably, the low-frequency pulsa- 
tion is the fundamental decreasing in frequency 
from 0.005 to 0.002 Hz as the satellite moves to 

higher L value. Assuming that the low-frequency 
pulsation is fundamental, the n -- 2 harmonic 
appears to be absent in the spectra of Figure 
20. Take 0.004 Hz as fundamental; the next four 
harmonics are approximately 0.009, 0.014, 0.02, 
and 0.025 Hz. There is a gap between 0.005 and 
0.01 Hz, where the n = 2 harmonic band should 
fall, for both the E and B spectra. The 0.01 to 
0.015 Hz band must be the n = 3 harmonic. The 

phase relation from Figure 19 with E leading B 
by 90 ø agrees with this assignment. The n -- 4 
harmonic near and below 0.02 Hz also seems to be 

missing in the E spectrum while the n-- 5 har- 
monic near 0.025 Hz is present. The fundamental 
E amplitude is expected to be lower in relation 
to B at these latitudes than it is in the first 

examples shown. In contrast, the amplitude of 
the n -- 3 harmonic of E is expected to be higher 
in relation to B, since there is a node of B 
near 30 ø (Figure 3). 

Discussion 

Table 1 summarizes the properties of the 
pulsation events. The events were chosen by 
visual inspection of magnetic and electric 
records. First, a list of magnetic pulsation 
events were compared with available electric 

records. In some parts of some of the magnetic 
events there were also visible electric pulsa- 
tions. These matches are the first five events. 

These events are parts of longer pulsation 
intervals which were compared with ground data 
by Lin et al. [1986]. Three more events were 
found initially in the electric records, the 
last three events presented. In all of the 

6 E j_ 
mV/m 
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Fig. 19. Filtered version of the October 29 event with a pass band of 65 to 115 s. 
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Fig. 20, Dynamic spectra of the October 29 event. 

events the east-west (B•) component was domi- 
nant, and we have chosen to discuss the B• and 
E r (Eœ) components. There were in some cases 
smaller B r components, and these have been 
discussed for the first five events of Lin et 

al. [1986]. The events shown here all were near 
and before local magnetic noon (0700 to 1300 
MLT) and the first six events were between 0 ø 
and 30 ø magnetic latitude. The events occurred 
during relatively low magnetic activity, Kp near 
3, Dst negative but small, and in the recovery 
phases of moderate magnetic storms. The 
September 30 event was 4 days after a -200-nT 
storm main phase, the October 10 events 3 days 
after a -100-nT storm, the August 23 and 24 
events 16 and 17 days after a -170-nT storm and 
the Ocotober 27, 28 and 29 events 5, 6 and 7 
days after a -180-nT storm. Most of the events 
were of relatively small amplitude, 1 to 2 nT 
and 1 to 2 mV/m. In comparison in the near 
equatorial, storm main phase event previously 
reported the amplitudes were 5 nT and 5 mV/m 
[Cahill et al., 1984]. 

Duration 

The duration of the events was relatively 
short, 14 to 40 min, in comparison to the pulsa- 
tion events lasting several hours observed at 
geostationary orbit [Junginger and Baumjohann, 
1984; Takahashi et al., 1984]. In most cases 
the events consisted of a 4- to 10-min interval 

of rising amplitude, a 10- to 20-min period of 
nearly constant or fluctuating amplitude, and a 
5- to 10-min period of falling amplitude. The 
second October 10 event had only rising and 
falling amplitude intervals. In many cases the 
events shown were part of a longer interval of 
pulsation observations, but in these longer 
intervals there was the tendency for the pulsa- 
tions to be divided into a series of discrete 

events of 10- to 30-min duration [Lin et al., 
1986]. Most of the pulsation intervals were 
determined by the duration of the fundamental, 
although harmonics were present in many cases. 
Since both E and B wave components were 
available, the duration of the intervals was not 
limited by movement into the various nodes. The 
node of one component was the antinode of the 

other. Neither does it appear likely that the 
duration was limited by spacecraft travel out- 
side the resonance region. For example, in the 
event of August 23 the pulsation had two growth 
and decay intervals while remaining on the L = 
4.1 shell. In the October 28 and 29 events, 
pulsations were observed continuously while the 
spacecraft was traversing 3 L values. Instead, 
it appears that the duration is determined by 
the source of the pulsations. In the case of 
toroidal oscillations, Kelvin-Helmholtz instabi- 
lity at the magnetopause or the low-latitude 
boundary layer is usually cited as the source of 
the pulsations. Time variations in this insta- 
bility at the boundary, due to variations in the 
solar wind, are proposed as the cause of the 10- 
to 40-min duration of the pulsations. 

Frequ. ency Variation 

In some cases the frequency of the pulsations 
was relatively constant during the event. The 
event of September 30, the second event of 
October 10, the event of August 23, the event of 
August24, and the event of October 28 are 
examples. The spectra of these events have 
relatively narrow peaks. The change in L value 
for these ranges from 0 for August 23 to 0.4 for 
September 30, with the high-latitude event of 
October 28 in a special class with the change in 
L value equal to 2. In contrast, the October 27 
event had a broad spectrum with the period 
increasing from 60 to 100 s while the L value 
increased from 2.7 to 3.7. The first event of 

October 10 had a sudden shift in period from 220 
s to 130 s at L -- 5, and the October 29 event 
had a more gradual shift from 200 to 500 s. 
Both of these last events had two definite 

periods and not a continuous change in period. 
Looking more closely at the periods of indivi- 
dual pulsations for the October 27 event 
(Figures 13 and 15), it is clear that the period 
does not change smoothly and continuously in 
this event. Instead, there is a period of about 
60 s from 0519 to 0524 UT, about 75 s from 0524 
to 0529 UT and about 95 s from 0529 to 0533 UT. 

This suggests a series of resonant shells with 
thickness a few tenths of an L value, with 
constant frequency within each shell. 
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Nodal and Harmonic Structure 

The nodal structure of standing waves pre- 
dicted by the model of Cummings et al. [1969] 
agrees well with most of the observations shown 
here. Evidence of B and E nodes at the latitu- 

des predicted has been presented in six of the 
events. Harmonics were more rare. Five of the 

eight events, the September 30 event, both 
October 10 events, the August 23 event, and the 
October 28, 1981, event were dominated by a 
single frequency wave. Harmonics, if present, 
were weak. The other three events were clear 

examples of multiple harmonics. One puzzling 
event, the first event of October 10, cannot be 
explained by passage through a node or by har- 
monic structure. The sudden decrease of t he 
period of the pulsation at 1510 UT might be due 
to passage of the spacecraft into a region of 
lower plasma density. The plasma density calcu- 
lated using the initial 220-s period at L = 5 is 
150 cm -3. A drop ih plasma density by a factor 
of 3 between 1510 and 1512 UT would change the 
Wave period By th• amount observed. Since the 
spacecraft was inbound, near the plasmapause 
from the evidence of the calculated density, the 
density would normally be expected to increase 
st, eadily. A sudden inward motion of the plasma- 
pause or rapid passage of some structure of the 
plasmapause surface, a hol•e, or a wave past the 
spacecraft could cause such a drop in density. 

Plasma Density 

During three of the events a•d for an inter- 
val a few minutes before another event we have 
determined the plasma density from observation 
of the plas ma frequency with the PWI [Persoon et 
al., 1983]. Table 2 gives samples of the plasma 
density for these intervals. From the density 
data we set that the satellite encounters the 

plasmapause 30 min after the wave event on 
September 30. The event is observed near L = 
5.3, between 4.65 and 4.56 R E in radial 
distance, while the plasmapause is near L = 4. 
This is a plasmatrough event just outside the 
plasmapause. Taking the density during the wave 
event as 7 cm -3 and the location as L • 5.3, 
and using a model of Orr and Matthew [1971], we 
calculate the fundamen6al field line resonance 
period as 62 s, compared with the observed 
period, 100 s. Of course, the Center of the 
field line resonance i•s not necessarily at L = 
5.3. A small increase in L increases the calcu- 

lated period substa•tialiy. The August 24 
observation of high plasma density, just before 
the wave event, shows that the event is clearly 
inside the plasmasphere, since the satellite is 
moving inward. The Octobe• 27 event is also 
inside the plasmasphere, but the rapid decrease ß 

in density as the satellite m•6ves outward 
suggests that it is near the plasmapause. The 
period increases with time, despite the decrease 
in density, since T ~ L4n «. The October 29 
eveat is located just outside the plasmapause. 
Table 2 shows fundamental periods calculated, a• 
above, from the density observed. For the 
August 24 event we used the 0115 UT density. 
Using the observed fundamental wave period for 
the other four events, we calculated the plasma 
density' October 10, first event, period of 220 
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Table 2. Plasma Densities, Calculated Periods and Observed Periods 

Date Time, UT Distance, R E Ne, cm -3 L, R E Tcal, s Tobs, s 
Sept. 30, 

1982 

Aug. 24, 
1982 

Oct. 27, 
1981 

Oct. 29, 
1981 

1508 4.63 4.8 
1515 4.61 7.3 

1520 4.58 6.4 

1525 4.56 6.4 

1530 4.53 8.8 

1540 4.46 9.8 
1550 4.37 17.1 

1600 4.25 26.4 

1615 4.06 46.4 

1630 3.83 108.0 

1645 3.54 155.7 

1653 3.36 182.6 

0100 3.86 481.6 

0110 3.68 538.1 

0115 3.58 631.7 

0140 

0518 2.26 60 7.6 

0523 2.78 461.1 

0525 2.84 409.9 

05 30 2.99 319.2 

0536 3.14 207.0 

0547 3.39 111.6 

1850 2.47 2035.1 

1900 2.77 872.5 

1910 3.04 413.3 

1920 3.29 176.4 

1930 3.50 11 . 1 

1935 3.61 9.7 

1940 3.70 10.6 

1945 3.80 4.0 

1950 3.88 4.6 

1955 3.96 5.2 

2000 4.04 4.6 

5.3 62 100 

3.1 64 75 

2.8 42 60 

3.2 59 75 

3.5 60 95 

6.7 131 240 

s, density of 145 cm-3; October 10, second 
even•, period of 100 s, density of 187 cm-3; 
August 23, fundamental period (estimated, not 
observed) of 100 s, density of 187 cm-3; 
October 28, period of 240 s, density of 177 
cm -3. The model used for the calculation assu- 
mes protons as the positive ions. The presence 
of O + ions will raise the mass density and bring 
the calculated periods closer to those observed. 
The two events with the largest discrepancy bet- 
ween observed and calculated periods are those 
of September 30, 1982, and October 29, 1981. 
Both of these events were in the plasmatrough. 
Recent work indicates that O + ions are important 
in the plasmatrough and their presence can 
increase the standing wave period over that of a 
plasma with only protons as the positive ion 
[Singer et al., 1979; Gough et al., 1984]. 

Comparison of E and B Amplitudes With Models 

The model of Cummings et al. [1969] has been 
very useful in studying the nodal structure of 
the standing waves. In that paper, E and B wave 
amplitudes are given along the field line rela- 
tive to the ground level value of B. The 
assumption of an infinitely conducting layer at 
the surface of the earth is used in the model 

calculations. The more recent paper by Allan 

and Knox [1979] uses ionospheric conductivities 
closer to observation, and the relative amplitu- 
des of E and B along the field line are somewhat 
different from those of the Cummings model. The 
simultaneous observations of E and B in this 

study allow a comparison between the obser- 
vations and the two models. For the September 
30 event (Figure 1) we draw straight lines 
approximating the maximum and minimum values of 
E and B for three cycles of the oscillation bet- 
ween 1512 and 1518 UT. The peak to peak ampli- 
tudes of E and B are 4.50 + 0.15 mV/m and 3.8--+ 
0.3 nT. Using the model of Cummings et al. 
[1969] with the observed value of B, we calcu- 
late the peak to peak value of E as 14 mV/m, 3 
times larger than was observed. From Allan and 
Knox [1979], however, using the example at L = 4 
with conductivities of 10 S at both ends of the 

field line, we obtain 4.27 mV/m for E. When 
this comparison is made with several other 
examples, the infinite conductivity model gives 
electric fields 2 to 4 times those observed, 
while the finite conductivity model predicts 
fields closer to those observed. 

Field Line Velocity and Displacement 

The east-west velocity of the oscillating 
plasma and magnetic field line can be obtained 
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from v = Er/B o. In the September 30 event the 
largest amplitude of E r was 2.25 mV/m when B o 
was about 250 nT. The corresponding field line 
velocity was 9 km/s. The maximum east-west 
field line displacement, at the latitude of the 
DE 1 measurement, was Er/Bo• = 143 km. The 
other events presented here have E r amplitudes 
between 1 and 5 mV/m with field line velocities 
and displacement amplitudes similar to those of 
the September 30 event. 

Polarization 

All of the pulsation events presented here 
are mainly azimuthal oscillations, that is 
toroidal, east-west motions of magnetic shells. 
These azimuthal oscillations are more common 

than oscillations in the magnetic meridian 
plane, either transverse oscillations or 
compressional oscillations [Linet al., 1986]. 
In addition, pulsations with strong B• and E r 
components were chosen, since the axial electric 

field booms (in the east-west, or E+ direction) 
were shorter and the E• measurements were less 
reliable. Only two of the events had a signifi- 
cant poloidal component, and we will now examine 
the polarization of these events. The September 
30 event started at 1503 UT with a small B r 
component, but it was essentially linear and 
azimuthal until 1510 UT. From 1510 to 1515 UT 

the B r component grew larger and the polariza- 
tion was linear, with the B r and B• components 
in phase and the polarization line inclined at 
30 ø to the east-west axis. From 1515 to 1520 UT 
the polarization became elliptical with left- 
hand sense. Although the first event of October 
10 was linear and azimuthal, the second event, 
with very weak B•, is of interest. There was 
also a B r component of about the same amplitude 
and also obscured by the higher-frequency waves. 
The r and + components were in phase, giving a 
linear polarization at 45 ø to the east-west 
direction. 

Occurrence 

This report has focused on a few selected 
examples of Pc 3, Pc 4, and Pc 5 pulsations 
observed with the DE 1 spacecraft where there 
were simultaneous E and B wave observations. 

These examples were a subset of a larger number 
of DE 1 observations of Pc 3, 4, and 5 pulsa- 
tions [Lin, 1985; Lin et al., 1986]. Pc 3 
pulsations (10 to 45 s)were most commonly seen 
on the dayside of the magnetosphere near the 

equator, particularly in the east-west (B•) com- 
ponent, with an occurrence rate of 26%. The 
lower end of the Pc 4 range (45 to 80 s) pulsa- 
tions were also principally in the east-west 
component with an occurrence rate of 8%, while 
in the upper end (80 to 150 s), pulsations in 
the meridian plane including compressional 
pulsations were slightly more common, 5 to 8%, 
compared with 3 to 5% for the east-west pulsa- 
tions. The meridian plane pulsations were most 
common in moderately disturbed times (Kp from 3 
to 5), while the east-west pulsations showed 
little dependence on Kp. 
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