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Experimental aspects of low-latitude pulsations — A review

J. Vero

Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, Sopron, Pf. 5, H-9401 Hungary

Abstract. This paper reviews results mainly from the past
3 years. In the first part the connection between interplane-
tary medium/solar wind and pulsation parameters is dealt
with. The effects due to modification of the primary waves
in the magnetosphere, i.e., propagation and field line reso-
nances, are summarized in Sect. 3. A survey of a few specific
questions (ionospheric effects, man-made pulsations, etc.)
and of some recent results on low-latitude Pi 2 conclude
the review.

Key words: Geomagnetic pulsations — Low-latitude phe-
nomena — Solar wind-magnetosphere coupling — Hydro-
magnetic waves — Magnetosphere — Pi 2 pulsations

1 Introduction

Within the more than one-century-long history of geomag-
netic pulsations, there were several intervals of increased
interest which stressed the clarification of some more or
less essential problems. Over about the last 10 years there
has been a rise in interest due to discoveries of the connec-
tions between pulsation parameters and parameters of the
interplanetary medium. In recent years several investiga-
tions have been carried out at low-latitude (below the aur-
oral zone, i.e. roughly below L~ 3) ground stations and
arrays because it was thought that they would carry clearer
information than high-latitude or outer-magnetospheric
ones (Yumoto, 1985a, b). One problem with the low-lati-
tude pulsations is that corresponding satellite data cannot
be obtained; therefore, ground-based data are of special
importance.

2 Connections between Pc 3—4 pulsations
and the solar wind

2.1 Connection between Pc 3—4 amplitudes
and solar wind velocity

Since it was first suggested that the solar wind controls
the pulsation amplitudes, this relationship has been nearly
unanimously accepted. Many details remain, however, to
be clarified. Odera (1984 b) computed correlations between
the amplitudes of about 100 Pc 3 and Pc 4 events and the
solar wind velocity (Vsw) with the result that at L~2.8
(Eskdalemuir) the correlation factor was 0.43 for Pc 3 and
only 0.13 for Pc 4, and at L ~2.4 (Cambridge) both correla-
tions were nearly zero. Wolfe et al. (1985) found correlation

coefficients of 0.08-0.50 for 9 low-latitude stations (hourly
averages) with higher values in an open magnetosphere
(with negative, southward B,), but the main factor govern-
ing pulsation activity was B,, and not Vsw. In the case
of longer (daily) averages, the correlation is closer, e.g.,
Strestik (1984) found a value of 0.6 both for Pc 3 and Pc 4
at L~2.0 (Furstenfeldbruck).

Vero et al. (1985) found at L~ 1.9 (Nagycenk) that the
exponent x in the function 4=c V3 (4 is the amplitude
of the pulsation, ¢ a constant) depended on the period of
the pulsations studied (Fig. 1). For short periods the expo-
nent is greater than 2; for periods around 60 sec it is less
than 1 or even nearly zero. This corresponds to a shift
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Fig. 1. Average amplitudes of the pulsations in 11 period bands
(P2, 5-10sec; P3, 10-15sec; P4, 15-20 sec; PS, 20-25 sec; P6,
25-30 sec; P7, 30-40sec; P8, 40-60sec; P9, 60-90 sec; P10,
90-120 sec; P11, 2-5 min; P12, 5-10 min) as a function of solar

wind velocity at L~ 1.9 (Verd, 1980)
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lar maximum by the winter minima of the pulsation activity
due to ionospheric screening (see Sect. 4).

This stability is somewhat surprising as Troitskaya and
Bolshakova (1984) found different pulsation types in differ-
ent solar wind conditions. For instance, quiet, homoge-
neous, high-velocity solar wind generates regular Pc 3, and
more variable solar wind, mixed Pc 3—4. The occurrence
of these conditions does change quite strongly within the
solar cycle.

The better correlations for averages from longer time
intervals may be due to the elimination of IMF effets which
change on a much shorter time scale than FVgy. In longer
time intervals, the IMF effects are averaged out from the
results, and therefore correlations become better.

2.2 Connection between interplanetary
magnetic-field magnitude and pulsation periods

As clear as the connection between IMF magnitude and
pulsation periods seemed to be at the time of its discovery,
much controversy has developed around it. Because the
time scale of IMF variations is shorter than those of Vgy,
an hourly basis is often insufficient for correlation studies.

Ground period, s
Fig. 3. Scatter plot of measured periods (7%,) of waves in the solar

wind on board, the ISEE-2 satellite and measured periods (Ty,)
on the ground at Nagycenk (L~1.9) (Odera, 1984a)

If two or more spectral peaks are superimposed the * pe-
riod” of a time series (pulsations) within an interval can
be defined in several ways. Thus, the *“ period of pulsations™
is an ambiguous notion if several spectral components ap-
pear simultaneously. Both these facts mean serious prob-
lems in investigations involving pulsation periods.

Based on a study including globally coordinated low-
latitude stations (L~ 1.15-1.8), a high-latitude station (Col-
lage) and the GOES-2 satellite, Yumoto (1985a) found cor-
relation coefficients of 0.54-0.66 between B and F (fre-
quency of the pulsations) at low-latitude stations; in College
it was 0.36, and for GOES, 0.70 (Fig. 2). He attributed
the low-latitude increase in the correlation to a filtering
effect during magnetospheric propagation, when localized
waves in the high-latitude ionosphere and magnetosphere
are effectively removed. Yumoto’s data refer to spectral
peaks from 20-min-long periods of the records.
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Fig. 4a—c. Scatter plots of ground pulsation frequencies against
IMF magnitude. a Data from station Ha alone, b data from station
Borok alone, ¢ data when period at Hartland ~ period at Borok
(dotted line, F=6 B; full line, F=¢, B+ ¢,, with the free constants
¢o and ¢;) (Green et al., 1983)

QOdera (1984a) compared pulsation periods from Nagy-
cenk (L~ 1.9) with those onboard ISEE-2 and found rather
low correlation (Fig. 3). He considered the differences only
partly due to differences in response of the instruments.

From a wider data basis, Odera (1984 b) found the best-
fitting regression lines between F=1/T (Pc 3) and B of the
form F=cy,+ ¢, B, i.e., not forced through the origin. This
idea is shared by Green et al. (1983 ; Fig. 4). As their statisti-
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Fig. 5. Pulsation amplitudes at the observatory Nagycenk (L~1.9)
at different solar wind velocities and at different values of B. The
three panels correspond to three discontinuous ranges of Vsw,
increasing from bottom to top

cal treatment was very careful, the form given by Green
et al. and Odera must be taken into account. We suppose
that at least a part of the deviations from the F=c¢B law
is due to an effect of Vsw (or Kp). Figure 5 shows data
from Nagycenk for selected ranges of the solar wind veloci-
ty as amplitudes vs B. At lower Fgy values, the ¢-B law
is correct at least up to a B value of 10 nT, but with increas-
ing Vsw, the change in T vs B becomes less and less evident
(Fig. 6). In the limits, at a solar wind velocity below 300 km/
s, the F=c¢B law is correct in a rather wide range of B
while at very high velocities (> 700 km/s) there is little or
no dependence of F on B. If different values of Fsw occur
in a sample, the correlation decreases, and depending on
the amount of higher Fgy values, the regression line does
not cross the origin. It is characteristic that Yumoto’s
(1985a) data are from a time interval of quiet and very
quiet magnetic conditions with the exception of a single
day.

An intriguing problem is how to select solar-wind-con-
trolled pulsations. As supposed by Gul’elmi et al. (1973)
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Fig. 6. Peaks in amplitude distribution of Fig. 5 against B at
different solar wind wvelocities and the corresponding linear
approximations

and Plyasova-Bakounina et al. (1982) and accepted by
Odera and Stuart (1985), the correlation between B and
F can be significantly improved if pulsations are used whose
periods coincide at distant stations (of distances more than
20° in longitude, surpassing the supposed dimension of in-
framagnetospheric pulsation sources). They used data from
Borok (L ~2.9) and Hartland (L~ 2.4) and then from Cam-
bridge (L~2.5) and Faroes (L~4.4) with the result that
the connection improved for pulsations with identical peri-
ods at both stations (Fig. 7).

This selection is very difficult to harmonize with Cz.
Miletits’s (1980) result that regular pulsations have a strong
latitude dependence of periods corresponding to a field line
resonant amplification of certain periods. Accepting the lat-
itude dependence of periods, however, the criterion of the
period identity would exclude a very essential part of the
pulsations from the direct F— B connection for which a
reasonable fit with the predicted periods is evident. This
problem will be discussed in Sect. 3.1.

2.3 Connection between the cone angle
and Pc 3—4 amplitudes

The cone angle, @=cos™ !(B,/|B|), was shown by Saito
(1964) and Bolshakova and Troitskaya (1968) to control
Pc 34 activity. After some initial discussion, the existence
of such a control became generally accepted; nevertheless,
there are many controversial points within this dependence.

As the two main factors controlling pulsation activity,
the solar wind velocity Vsw, and the cone angle @ have
very different time scales for the variations (typical value
for Vsw, around one day; for ©®, some tens of minutes
to a few hours), the changes in the Pc 3-4 activity due
to these two factors can be quite easily separated. Switches,
i.e., sudden changes in the activity, are connected to changes
in @, while smooth changes, e.g., in daily averages, are
mostly due to changes in Fgw. Thus, in addition to looking
for correlations between @ and pulsation amplitudes, the
immediate effect of switch-offs and switch-ons can be
found, too.

Wolfe et al. (1985) found a decrease by about a factor
of 3 between the cone angles of 30° and 90° (Fig. 8), and
the correlation coefficients between pulsation power and
©® were rather high, —0.4 to —0.8.
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Fig. 7a—c. Scatter plot of measured periods (7) against predicted
period (T,) at Borok and Hartland using 160/B as a general model.
a Borok data alone (T, Ty,), b Hartland data alone (Ty, # Tgo),
¢ Hartland and Borok data when the period range at both stations
are the same within 10% error ( Ty, = Tg,) (Odera and Stuart, 1985)

Odera (1984b) called attention to internal correlations
between different parameters of the solar wind. & depends
both on Fgw and B. In his sample, & increases from 35°
to 55° for Vgw values of 300 and 600 km/sec, and from
45° to 55° for B values of 4 and 12 nT. The correlation
between Fsw and @ may contribute to lower correlations
in certain samples between Vgy and pulsation power if the
cone angle effect is neglected. Moreover, Odera (1984b)
found also correlations of —0.45 between Pc 3 power and
@ and of —0.35 between Pc 4 power and @, in accordance
with the previously mentioned results. Without continuing
the enumeration of correlation results, two effects should
be mentioned which are of particular interest.
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Fig. 9. The rate of occurrence of dayside Pc 3-4 pulsations at five
IGS stations as a function of the cone angle. The rates have been
normalized by the rate of occurrence of orientations of the IMF
during the period of survey (Russell et al., 1983)

The first one is from Russell et al. (1983) who found
a significant change in the cone angle effect with latitude
in the sense that the effect was felt at larger @ at higher
latitudes (Fig. 9). The sharp dependence at low L on @
reflects the dependence of upstream wave amplitudes at
the nose of the magnetosphere on @, while at high L the
weak effect should be due to a shift of the stream lines

which convect the waves from the magnetopause and indi-
cates cross-stream line propagation.

The other, controversial point is the cone angle opti-
mum. Generally, an optimum at 0° is accepted, but the
number of cases around @=0° is quite low; therefore, in
smaller samples values around 0° are mostly lacking (see,
e.g., Wolfe etal’s and Odera’s data). At Nagycenk
(L~1.9), from the data of two years, a maximum in ampli-
tude at 30° was found in the period of 15-30 sec, but a
similar investigation at the Uzur observatory at similar lati-
tude failed to confirm this result (Verd et al., 1985). The
cause of this difference lies neither in a difference in the
period ranges (which does not exist) nor in a difference
in the processing method. The Nagycenk values for cone
angles of 0°-20° are averages for about 200 hand-scaled
amplitudes.

Switch-ons and switch-offs are conspicuous events; per-
haps this is why a considerable amount of research has
been concentrated on them. Anyway, in satellite and ground
data both simultaneous and noncoinciding events can be
found. A characteristic positive example is presented by
Yumoto et al. (1984) and Yumoto (1985a) for three stations
and several switches. Odera (1984a, b) presented on the
contrary a few cases in which switches in the solar wind
were absent in ground records (Fig. 10). His figure contains
data from Cambridge (at L ~2.5) and ISEE-2. The switch-
off and switch-on sequence around 0800 UT on De-
cember 3, 1977, was clearly present on ISEE-2 and much
less evident and shorter at the ground station. Nagycenk
records, however, are more similar to the ISEE-2 spectra
than to the Cambridge ones. Both frequency ranges and
the switches are evident there as shown in Fig. 10 by dotted
areas. The interruption of the activity at ~25 mHz lasts
on ISEE-2 for about 90 min, at Cambridge for about
15 min, and at Nagycenk for about 120 min.

Wolfe et al. (1985) discussed a time interval with evi-
dence both of an association and lack of it between inter-
planetary conditions and ground-based hydromagnetic en-
ergy at low latitudes. They found two consecutive switch-
on/switch-off sequences, identified at stations between L ~2
and L~4. Both events were connected with the IMF. The
first event occurred after a short deviation in the IMF direc-



tion; the second followed a change of the IMF direction
(Figs. 11 and 12). The duration of the disturbance at the
ground station was longer than in the solar wind within
roughly identical period ranges.

Hollé and Verd (1985a) selected events on an hourly
basis from IMF data when @ changed from unfavorable

ISEE-2Y Day 337 1977

9,21.3

ik 10%

Cumbridge H
&0~ 20%.

mHz

Fig. 10. Dynamic spectra of waves in the solar wind (top panel)
and the simultaneous Pc 3—4 pulsations on the ground (bottom
panel) for 0400-1400 UT on day 337 at Cambridge. The active
pulsation periods in Nagycenk are shown by dotted areas for
comparison (after Odera, 1984a)

111

to favorable and vice versa. The simultaneous changes in
the activity of several period ranges are shown in Fig. 13.
For Pc 3, the average changes are 30%—45% both for
switch-offs and switch-ons, but the latter have a more uni-
form change in all period ranges studied. Two hours after
the switch-on, amplitudes return to the previous level. In
switch-offs, the amplitudes remain low for a longer time.
This corresponds to Wolfe et al.’s (1985) result where the
high activity events were of rather short duration (less than
1 h).
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If for synchronization similar switch-like events in
ATS 6 records are used (Hall6 and Verd, 1985b), only those
occurring between 0600-1200 UT (0700-1300 LT in Nagy-
cenk, with the difference in LT between Nagycenk and ATS
being 8 h) were present at the ground station. Afternoon
events were poorly correlated; the events were synchronous
mostly only at periods of 15-30 sec. It seems that the inward
propagating upstream waves can be seen in favorable situa-
tions at a synchronous orbit, too.

Summarizing these observations, solar wind velocity
and cone angle control at least a significant part of Pc 34
pulsations. The effects of Vsw on the activity are more im-
portant on longer time scales; on shorter ones the @ effects
prevail. Both connections are, however, disturbed by other
factors. Higher solar wind velocities promote the occur-
rence of shorter Pc 3 periods for which the & control is
stronger than for longer Pc 4 periods. The upper limit of
favorable cone angles changes with the L value, i.e., it is
less at lower L. Switches are sometimes very complicated
events, and only a fraction of them can be identified in
the solar wind, on synchronous-orbit and at ground-based
stations.

Pulsation periods are controlled by B, but the exact
form is not yet clear, and the solar wind velocity may also
disturb this connection. At low Vsw, the F=cB law may
be valid, and the fit deteriorates at higher Vgw.

2.4 Comparison of observations with
predictions for the upstream wave source

It should be mentioned first that there are evidently waves
present in the low-L magnetosphere which do not follow
the usual pattern of waves from the upstream source. To
mention only a few, low-latitude Pc 4 exists irrespective of
IMF (e.g., Gul’elmi, 1974), resonances of localized field
lines may be excited also at very low B values with periods
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of a SI (1054 UT) followed after an interruption of pulsations by
a change of the pulsation regime around 1102 UT (Tatrallyay and
Verd, 1973; Verd6, 1975)

of around 20 sec at L~2 (Verd, 1980), and Pi-type pulsa-
tions excite Pc 3—4-type pulsations (Sect. 6). In spite of all
this, low-latitude pulsations reflect better interplanetary
conditions than high L pulsations do (Yumoto, 1985a, b).

Magnetosonic upstream waves excited by the anoma-
lous Doppler-shifted, ion-cyclotron resonance with the nar-
rowly reflected ion beam in the Earth’s foreshock explain
at least two of the three major connections between Pc 3—4
and interplanetary conditions, i.e., the period dependence
on B and the O effect on the amplitude (Yumoto, 1985b).
As these connections are clearer at low latitudes, some
waves having other properties than the upstream source
(e.g., waves due to a KH instability) in the outer magneto-
sphere are filtered out during inward propagation. Solar
wind velocity may also influence pulsation periods (Yumoto
et al., 1984; Yumoto, 1985b; Sect. 2.2).

The most easily identifiable events at geostationary or-
bits (L~ 6.6, GOES 2, ATS 6) and on the ground, namely
switches, indicate that there is no general coincidence of
pulsations at the two sites. Events may be observed at syn-
chronous orbit without a counterpart on the ground when
the corresponding wave is localized or filtered out during
propagation, and only on the ground when the satellite
does not see the corresponding low-amplitude wave which
is amplified at lower L values.



In the context of the interplanetary medium, an earlier
observation should be mentioned. Geomagnetic SI impulses
indicate sudden changes in the interplanetary medium. The
pulsation activity often ceases at such SI (Tatrallyay and
Verd, 1973; VerS 1975). After a few minutes pulsations
with other periods appear in a part of the events, corre-
sponding to the new situation. The reappearance of the
activity is, however, delayed by several minutes (Fig. 14),
and the time interval without pulsations may correspond
to the growth time of the upstream source in the new situa-
tion. This idea does not conflict with Hoppe et al.’s (1981)
result that changes in the ion population and of the up-
stream waves are quite simultaneous. Here, the interval is
between a change in the IMF and the corresponding change
of ions and waves.

The solar wind control of the pulsation amplitudes is
not included in the original upstream source theory. As
this control is quite stable in the long run (Verd, 1981;
Polyushkina and Potapov, 1983), in complete solar cycles
any of the following mechanisms may contribute to it: an
increase of hydromagnetic noise with Vs initiating the
beam cyclotron instability in high velocity streams; weaker
attenuation of the waves in a narrower magnetosheath at
higher Vgw; a more transparent magnetosphere (Vero et al.,
1985).

3 Propagation of upstream waves to low latitudes

In recent years, the number of in situ magnetospheric mea-
surements of pulsations has increased rapidly, partly due
to the discovery of the presence of several harmonics in
the pulsation spectra at synchronous orbits (Takahashi
et al,, 1981). In the outer magnetosphere there is a wide
variety of waves, including radially inward propagating,
compressive waves and guided transverse waves, both of
azimuthal and radial polarizations. Waves propagating
from the magnetopause region excite field line resonances
up to the sixth harmonic at L ~6.6. The compressive propa-
gating waves reach lower L shells, and there they may excite
surface waves on the plasmapause, and in the plasmasphere,
trapped oscillations (L=1.7 L,,), fundamental (L=1.7—
2.6), and higher harmonic (L =2.0 L,,) standing oscillations
(Yumoto, 1985b). (L,,= L value at the plasma pause.) Only
a part of the waves observed at high L shells reach lower
L. This fact explains the sometimes poor correlation be-
tween high- and low-latitude observations. The observa-
tional problems which need clarification include the identi-
fication of waves which can reach low latitudes, the low-
latitude structure of pulsation periods which contributes
to the selection of the mechanism being active there, the
problem of the harmonic structure at low latitudes and
its connection with the primary source and the harmonic
structure at high L values, as well as polarization character-
istics of the waves.

3.1 Dependence of Pc 3—4 parameters on latitude

The dependence of pulsation parameters on latitude is quite
a delicate problem. Complications are due to the sometimes
rapidly changing parameters which may be smoothed out
by averaging over longer distances (or times). Anyway,
closely spaced stations in the meridional direction are neces-
sary for this problem, and the visual determination of “av-
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erage” periods may be of equal value or even superior to
power spectra. Dynamic spectra are best used for the detec-
tion of temporal variations.

It has been known for a long time that Pc 3—4 periods
change sometimes rapidly with geomagnetic latitude or L
value even at low latitudes (Voelker, 1962, 1963). Quite
a great number of studies have been published but mostly
were based on little data. The main effects found should
be summarized, based mainly on a chain of stations in cen-
tral Europe consisting of 6 stations between 43° and 64°
geomagnetic latitudes (Cz. Miletits, 1980), in the following:
1. There are two groups of Pc 3—4 pulsations; the first one
has periods rapidly changing with latitude (4%-10%
change for one degree of latitude), the other has constant or
nearly constant periods (less than 4% change for one degree
of latitude).

2. The group with latitude-dependent periods has at L~2
mostly periods of about 20-30 sec and regular waveforms
(one sharp peak in the spectrum). The constant period
group has a much wider period range (12-100 sec) and less
regular waveforms.

3. Pc4 occurrence frequency and amplitude decrease
quickly toward lower latitutes around L~ 2.

4. Pc 3 with regular waveform sometimes appears on the
background of irregular Pc 4.

5. The change of the period with latitude is monotonic,
but discontinuous; the period changes quickly within short
distances, and then remains nearly constant.

6. The amplitude increases around L~ 2 smoothly with the
latitude to about L~2.5 (50°-55°) where in certain cases
a maximum occurs. Plyasova-Bakounina et al. (1985) found
that solar-wind-controlled pulsations have an amplitude
maximum within the polar cap at about 74°-77°(corre-
sponding to a K— H source) while those of magnetospheric
origin have the amplitude peak at much lower latitudes.
However, at low L the solar-wind-controlled pulsations pre-
vail.

The fact that the most regular pulsations have the great-
est latitude dependence sometimes leads to subjectively pro-
duced predominance of this group in selected samples. On
the average there are more pulsations with constant rather
than with latitude-dependent periods (the ratio is about
1:1.5 to 1:2 in occurrence frequency).

From the effects listed, Wolfe et al. (1985) confirm, for
example, 3 and in part 6. The events presented by Lanzer-
otti et al. (1981) in their Fig. 7a and b have a latitude depen-
dence at the 10% upper limit given in 1.

Accepting such a latitude dependence, the problem is
that it should be reconciled with the dependence of the
pulsation periods on B. In spite of the rather strong fre-
quency decrease at higher latitudes, the coefficient ¢, in
F=c, B is not latitude dependent (Fig. 15). In Fig. 15b the
two straight lines from Fig. 15a are redrawn in the form
of ¢, =f(L) to enable a comparison with experimental data.

Another observation difficult to understand with the
latitude-dependent periods is why the F— B relationship im-
proves when events are considered with equal periods at
two stations. Odera and Stuart (1985) used data at L~2.4
(Hartland) and 2.9 (Borok), corresponding to a latitude
difference of about 4°, and as Fig. 7 shows, the fit was
much better when the periods were the same. As they ac-
cepted only those cases in which the periods differed by
less than 10%, events with 4%-10% change in period for
one degree of latitude are excluded from this comparison.
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These seemingly contradictory facts can be partly under-
stood within the following scheme.

The upstream source produces waves centered at a fre-
quency corresponding to F=6B, but in a wider range
(Varga, 1980). Yumoto et al. (1985) found a range of fre-
quencies active between F=4.5B and F=7.5B. Individual
shell resonances are possible within this range. Shells are
not constant formations; they shift both in extent and posi-
tion. Thus, there is some scatter in the periods observed,
but the average for a certain L value is just 6.0 B.

Figure 16 summarizes the situation. Events 1-6 corre-
spond to different B values as indicated on the ordinate
axis. The straight line corresponds to f, =6 B; three shells
are investigated which have resonant periods 40-50 mHz,

50-60 mHz and 15-25 mHz, respectively. The (constant)
width of the source spectrum is supposed to be +12 mHz
around the central frequency f, of each event. In case of,
for example, event 3, B=6.7 nT, f, =40 mHz, and the range
is 28-52 mHz. Shell 3 has a resonant period outside of this
range, shell 1 is fully within the range 40+12 mHz, and
shell 2 is partly within. Therefore, the characteristic fre-
quency of shell 3 (dots in Fig. 16) is equal to f,=40 mHz,
that of shell 1 is at say 45 mHz, and that of shell 2 at
51 mHz. In such a case all three shells have nearly the same
frequency, and this corresponds to f,=6B, as Odera and
Stuart (1985) observed. In case of event 2, shells 1 and 3
are within the range of 35+ 12 mHz, so they experience
different periods (corresponding to the shell resonance) and
cannot be fit to the f,=6B equation. Both the primary
upstream waves and those from field line resonances should
have the possibility to reach the ground, they correspond
to the following two classes of pulsations. Regular, narrow-
peaked pulsations with periods of about 20-30 sec at L~2
are due to shell resonances. Longer period Pc 4 could prop-
agate through the whole magnetosphere to the ground with
the nearly unchanged original spectrum of the upstream
waves. (Surface waves at the plasmapause cannot cause this
Pc 4, as the close correlation with interplanetary parameters
would be hardly possible.) In the case of sudden changes,
field lines get excited even outside of the primary spectrum.
The period changes more or less quickly at the boundary
of neighboring shells, otherwise it remains nearly constant.

There are several possibilities to detect certain parame-
ters of the shells. One of these possibilities is the phase
(or polarization) change. Lanzerotti et al. (1981) quite often
observed phase and polarization changes at closely spaced
stations. Gough and Orr (1984) found similar changes, too,
but they argued that due to damping of the waves, the
phase changes are partially smoothed out at such bound-
aries, and there is no complete phase reversal (by 180°)
when crossing the shells. Baransky etal. (1985) used
gradyH, the gradient of the H amplitudes in meridional
direction to determine the frequency of the shell (gradyH
changes its sign just at this frequency).

Yumoto et al. (1984) listed the possible waves from the
upstream source at low latitudes. The main contribution
should come from fundamental standing oscillations in the
plasmasphere (regular waves with latitude-dependent peri-
ods) and directly from compressional waves (less regular
waves without latitude dependence of periods). Higher har-
monic waves in the plasmasphere will be considered in the
next section. Waves originating at the plasmapause are
probably of less importance at low latitudes, and for other
modes no observational evidence is known.

3.2 Harmonic structure of pulsations at
low and high latitudes

The harmonic structure of high L-pulsation spectra has
been discovered by Takahashi et al. (1981) using ATS 6
data. There are also early indications for a low-latitude
harmonic structure of Pc 3—4 pulsations (Stuart and Usher,
1966; Adam etal. 1972). At the ground, equally spaced
frequencies were found to be active at one station or at
the stations of an array. The harmonic structure was, how-
ever, by no means unambiguous (see also Ansari and
Fraser, 1985a).

A comparison of ground-based daily indices for differ-
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ent period ranges with the number of harmonics on ATS 6
(Holl6 and Verd, 1985b) has shown that if there are more
than three harmonics in the ATS 6 spectra, then the
ground-pulsation spectrum is broader, too (Fig. 17). (The
number of harmonics can be quite easily counted for a
full day as in such a case the absence of a harmonic, e.g.,
due to the position of the satellite at a node, can be de-
tected.) In such a case the ground activity in the ranges
of 10-20 sec and 40-90 sec is higher; if there are less har-
monics, the activity is concentrated at the ground station
into the 20-40-sec range. There are many features which
differ in the two records, the most characteristic being the
regular daily variation of the period lacking at the ground
station. These results led to the conclusion that the har-
monic structure on ATS 6 records is only correlated with
ground data to the extent that it indicates the width of
the primary spectrum.

3.3 Phase and polarization characteristics
of low-latitude pulsation

It has been already mentioned that polarization changes
may be used for the detection of resonant shells. Recently,
several studies were devoted to the polarization characteris-
tics of low-latitude pulsations to help clarify problems con-
nected with the magnetospheric wave sources.

The polarization sense of the low-latitude pulsations has
two rather characteristic changes during the day. The first
one is at sunrise and may be connected to the ionospheric
E layer. At this time the polarization changes from an
“identical” to a “mirror” situation at conjugate stations
(Yumoto, 1985b). This change is, however, rather difficult
to study as it coincides with the rapid growth of Pc 3 ampli-
tudes, and thus prior to it, mostly low-amplitude pulsations
exist. The second change is around local noon, when the
morning left-hand polarization changes to a right-hand or
linear one on the northern hemisphere. This change should
be understood as true in a statistical sense, as exceptions
occur (more often in the afternoon) and even the time of
the transition changes. Fraser and Ansari (1984) also found
the same situation in the southern hemisphere (Fig. 18),
while Yumoto et al. (1985) found opposite polarizations
there. The noon reversal of the polarization is accompanied
by a number of other changes, e.g., rotation of the polariza-
tion ellipse, characterized by low amplitudes in the H, com-
ponent in the afternoon, etc. These changes are not con-
nected with the change of any ionospheric parameter, i.e.,
they should be characteristic for the pulsation source.
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Fig. 18. Diurnal variation in polarization azimuth and ellipticity
for March 25, 1982, at four Australian stations (NC, BH, WM
at L~1.8; LN at L~2.6). AEST is within4+1 h LT for all stations.
Positive (negative) azimuth indicates a major axis in the NE (NW)
quadrant. Error bars indicate the standard deviation (Fraser and
Ansari, 1984)

Wave numbers deduced from phase differences of coher-
ent waves at several separated stations were recently pub-
lished by Fraser and Ansari (1984) and Sutcliffe (1985).
The direction of propagation changes sign before local
noon, between 0900 and 1100 LT. Azimuthal wave numbers
are in the range of 3-6, at least in the morning hours.
This value is in accordance with theoretical calculations
for the upstream wave source (Yumoto, 1985b). Neverthe-
less, the results in this field are contradictory in several
points, and some authors think that the observations can
be better explained by a K— H source (e.g., Southwood,
1983). This may be, at least partly, due to sudden jumps
in the parameters of the pulsations over limited areas, as
described by Sutcliffe and Boshoff (1985) for the frequency
and by Ansari and Fraser (1985b) for phases. Such jumps
indicate sudden changes in the resonant conditions over
limited areas. The phase studies are also rendered more
difficult by period changes with the latitude.

3.4 Types of HM waves observed at
low-latitudes during the day

An essential part of Pc3—4 events have periods which
change rapidly, monotonically and discontinuously with the
L value. In spite of magnetospheric modification, the pulsa-
tion periods are correlated to the B value of the IMF, and
thus the source should be sought outside the magnetos-
phere. The width of the coherently excited shells lies at
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a few to about 10 ° in latitude (some tenths of L). The
monotonic increase indicates that waves of higher harmonic
numbers occur seldom (or they are everywhere the same
higher harmonic). Exceptions do exist, as Sutcliffe and Bos-
hoff (1985) have shown. Thus, the F=6 B law remains valid
in a rather wide range of frequencies (about 10-100 sec).
This is in favor of a direct propagation of the upstream
waves to the ground. Waves propagating compressionally
in the magnetosphere and locally amplified waves by field
line resonance would thus be the two main types present
at low latitudes around L~ 2. Other mechanisms have less
importance there, but their share increases rapidly with lati-
tude.

4 Ionospheric effects from/on pulsations

Most studies on the ionospheric modification/origin of pul-
sations, whether theoretical or experimental ones, refer to
high latitudes. Several effects are expected due to ionospher-
ic modification, but only a few are experimentally con-
firmed.

The best-known effect from the ionosphere is the rota-
tion of the polarization ellipse by 90°, resulting in a mutual
substitution of the components H and D.

Ionospheric damping, as a decrease in consecutive am-
plitudes was studied by Hughes and Southwood (1976a,
b) and experimentally by Gough and Orr (1984). The latter
compared computed waveforms with measured ones and
concluded that in addition to Joule heating, another mecha-
nism contributes to the damping which is therefore stronger
than computed on the basis of the Joule heating. Such
mechanisms may be coupling between adjacent flux tubes
or energy loss to plasma populations in the magnetosphere.
The damping is accompanied in the ionosphere by a
“smearing” (Poulter and Allan, 1985) which means an
averaging of spatially rapidly changing characteristics, e.g.,
latitudinal period changes.

The ionosphere may also screen pulsations when they
propagate downward. There are many computations for
the amplitude ratios above and below the ionosphere, but
mostly for periods shorter than Pc 3—4. Verd (1981) and
Veré and Menk (1986) were able to show that if a certain
limit in foF2 is surpassed (10-11 MHz), pulsations are lo-
cally screened (amplitudes decrease by a factor of about
0.6). The screening does not originate in the outer magne-
tosphere as opposite hemispheres experience screening in
respective local winter, also not from the ionosphere, as
the screening does not follow the daily variation of f,F2.
Thus, only a region of intermediate position, i.e., the upper
ionosphere-lower plasmasphere where the shell resonances
take place, can be the source region of this screening.

Disturbances and fields in the ionosphere associated
with pulsations have been reported from the Chatanika in-
coherent radar (Doupnik et al., 1977) and from the Scan-
dinavian STARE (Walker et al., 1979). Lathulliere et al.
(1981) reported on Pc 34 waves in the incoherent scatter
facility at Saint Santin in France and concluded that they
had a very short horizontal wavelength. Menk et al. (1983)
used a high-resolution, computer-controlled phase path ion-
osonde at L~2.1 and detected changes by some tens of
meters in the height of the reflection point which were corre-
lated with Pc 3—4 bursts (Pi 2 had effects greater by one
order of magnitude). Sutcliffe and Poole (1984) detected
oscillations in the ionospheric Doppler velocity using the
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Fig. 19. Deviation of the pulsation activities on different days of
the week at Nagycenk from the average of four years (1958, 1970,
1974, 1984). 99% confidence level of the deviations is indicated

Grahamstown chirp ionosonde in South Africa. To explain
the results, both variations in the ionospheric refractive in-
dex due to the transient oscillating magnetic field and a
vertical drift in the ionosphere as a whole due to ExB
were necessary.

Lanzerotti et al. (1981) attributed the already mentioned
frequent changes of the polarization pattern of Pc 34 at
closely spaced stations to ionospheric effects. Such polariza-
tion jumps are at all times usual, e.g., magnetotelluric field
work would be hardly possible without changing polariza-
tion.

5 Man-made pulsations

Without speaking about the artifical generation of pulsa-
tions by radio waves, an interesting observation by Tsirs
and Loginov (1985), who found a Thursday minimum in
Pc 1 and Pi 2 activities, is mentioned here. They referred
to Fraser-Smith and Roxburgh (1969) when they pleaded
for a human origin of this weekly variation. A survey of
the Nagycenk daily pulsation indices from 4 years between
1958 and 1984 (this index characterizes the daily average
amplitude of pulsations, see e.g., Verd, 1981) indicated a
Saturday maximum in all years (Fig. 19), deviating some-
what from Tsirs and Loginov’s result; the Saturday peak
is, however, significant at a 2% level. As the effect was
present in 1958, and it was strongest from the years studied
just then, it cannot be due to satellite transmissions.

6 Some recent observations of Pi 2 at low latitudes

The current wedge model (McPherron et al., 1973) has been
accepted at least as a working hypothesis for the basis of
the organization of Pi2 observations at subauroral lati-
tudes. The primary process is essentially short-circuiting
the enhanced cross-tail current by field-aligned currents
(FAC) and currents in the auroral ionosphere. The model
offers a natural system of coordinates centered at the center
of the current wedge and the width of the wedge between
the upward and downward FAC is characterized by the
values of 4 H=0. An other local and substorm-centered
system of coordinates can be deduced from the polarization
pattern of Pi 2; Lester et al. (1983, 1984) have shown that
the two systems coincide if there is no preexistent current
system which would shift the two systems with respect to
each other. If Pi 2 on a quiet background is selected, there
then is seldom any difference between the two systems. In
case of such events, Lester et al. (1983, 1984) found polar-
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ization patterns and a number of other characteristics of
Pi 2 which correspond to expectations on the basis of the
current wedge model. Figure 20 is a summary of the results:
it shows that the direction of the major axis of the polariza-
tion ellipse changes according to predictions within the
wedge from E-W through the NE quadrant to N-S, then
through the NW quadrant again to E-W, and the polariza-
tion is predominantly counterclockwise. This is confirmed
by Lanzerotti and Medford (1984) who found constantly
counterclockwise polarization at latitudinally spread sta-
tions. W of the wedge there are more cases in the NW
quadrant, E of it in the NE quadrant, and the polarization
is in the majority of cases counterclockwise here as well
with more clockwise-polarized events than within the
wedge. The angular azimuthal wave number indicated west-
ward propagation with more exceptions occurring E of the
wedge. Lester et al. (1984) interpreted the results as the
consequence of the superposition of two circularly polarized
waves propagating azimuthally in opposite directions with
different amplitudes (Southwood and Hughes, 1985). These
waves are generated by a partially reflecting boundary west
of the model system. These surface waves would be respon-
sible for the observed characteristics of Pi2, e.g., the E-
propagating wave (E of the wedge) is due to reflection from
the western current. The eastern current causes less reflec-
tion as it is more distributed longitudinally.

Among the few features not explained by this model,
the frequency changes in certain events are the most signifi-
cant ones. They occur both inside and outside the wedge,
and they can be explained by field line resonances or local-
ized surface waves at the plasmapause.

As the sequence of events organized in the substorm-
defined system of coordinates can be transferred into a local
time-dependent system, even if the centers of substorms
have rather great time spread, similar results are expected
for the LT variations of the direction of the major axis
of the polarization ellipse with the center of the substorm
substituted by a LT around 23 h. This is in reality what
was found by Lanzerotti and Medford (1984).

The westward travelling surge greatly modifies Pi-2
properties at auroral latitudes, but at lower latitudes less,
as, for example, the counterclockwise polarization of Sam-
son and Rostoker (1983) is shown to be in accordance with

the results of Lester et al. (1984). The former authors sup-
posed a lower-latitude, second Pi 2 source region but they
found only an increase in amplitudes toward the equator
around 60° as no low-latitude stations were used. This in-
crease leads sometimes to an amplitude maximum around
55°.

By comparing data from the AFGL network (the same,
as used by Lester et al., 1983, 1984) with magnetospheric
Pi 2, Singer et al. (1983) found that Pi 2 has much narrower
occurrence in longitude (sometimes less than 30°) on syn-
chronous orbit than on the ground (here up to 60°). They
found a clear difference between low- and high-Kp situa-
tions, as in latter cases the events were quite often seen
both at synchronous orbit and on the ground, while in
quiet conditions only the ground stations experienced Pi 2.
They supposed that the position of the source region (plas-
masheet) is responsible for this difference, and the inner
edge is beyond synchronous orbit at low Kp. The difference
in the longitudinal extent should be due to the transforma-
tion of low-amplitude compressional waves (below the de-
tection limit) into resonant modes similarly to dayside Pc 3—
4. Maltsev and Lyatsky (1984) computed a period of 100 sec
for the surface wave on the plasmasheet, corresponding
to the typical period of Pi 2.

Sastry et al. (1983) identified daytime Pi 2 at Indian
equatorial stations. The period of their cases, however, is
shorter than normal Pi 2 periods, being around 30 sec.

The possibility that Pi 2 can trigger Pc 34 pulsations
in the sunlit hemisphere has been suggested by Yanagahira
and Shimazu (1966) and Holl6é and Verd (1970). Propaga-
tion is more likely toward the west, i.e., afternoon hours
are more favorable for Pi 2-triggered Pc 3-4. These Pc 3-4
may be identical with Voelker’s Pse (Pulsational single ef-
fects) (1962, 1963). Such “transformed” Pi2 or Pse are
amplified 1.5-3.5 times at equatorial latitudes relative to
somewhat higher latitudes (Sastry et al., 1983).

The mentioned role of field line resonances in Pi2 is
also supported by the observation that noiselike, continu-
ous Pi 2 may have smooth transitions both in morning and
evening hours from/into Pc 34 (Verd, 1964).

As a conclusion, the problem of the generation of low-
latitude pulsations seems to be near to a solution. There
are, however, a number of problems which need further
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experimental and theoretical work. Such problems are, for
example, the conditions of the propagation of upstream
waves through the magnetopause and the magnetosphere,
the nature of low-latitude field line resonances and their
changes, the form of the connection between frequency of
pulsations and IMF B magnitude, the complex nature of
ionospheric modification, and the postulated low-latitude
additional source for Pi 2.
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