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Characteristics of Wave-Particle Interactions During Sudden Commencements

1. Ground-Based Observations
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ELF-VLF (0.3-30 kHz) wave data measured at ground-based observatories for 250 sudden com-
mencements were analyzed for amplitude and spectral modifications and correlated with magnetic
field and precipitating particle observations. Changes in ELF-VLF wave activity at high-latitude
stations were observed in 50-60% of the events studied and for approximately 80% of the events
when the observing station was on the dayside. Characteristic, well-defined modifications of both
coherent and incoherent ELF-VLI® wave emissions were observed, including wave growth of the
order of 20 dB, increases in the upper frequency limit of the waves, and enhanced triggering of
discrete emissions. Wave growth generally occurred first at lower frequencies and with increasing
delay at upper frequencies. The growth rate for the incoherent wave emissions (0.3-2.7 dB/s) was
found to be at least 2 orders of magnitude less than known growth rates for coherent waves. Mea-
surable particle precipitation inferred from cosmic noise signal absorption was observed to begin
simultaneous to within 5 s of the wave growth onset in a significant number of cases, suggesting

that at least a part of the observed precipitation results from wave-induced scattering.

1. INTRODUCTION

Observations have shown that sudden changes in the am-
plitude and spectrum of magnetospheric wave activity in the
ULF, ELF, and VLF bands occur during sudden impulses
(si) and sudden commencements (sc). The changes suggest
that wave-particle interaction properties are significantly af-
fected by the magnetic perturbation and plasma variations
associated with si and sc. It is commonly believed that the
interactions leading to the observed wave activity involve ion
gyroresonance in the ULF band and electron gyroresonance
in the ELF and VLF bands.

The occurrence of changes in wave activity during si has
been well established, but the characteristic features, such
as changes in the ELF-VLF amplitude and spectrum and
the relation of ELF-VLF to particle precipitation, have not
been carefully studied. Morozums [1965] was the first to
recognize that changes in ELF-VLF wave activity in the
magnetosphere are associated with sc. Hayashi et al. [1968]
examined several si and concluded that si were usually ac-
companied by abrupt changes in VLF chorus activity in the
daytime and that positive/negative magnetic impulses were
associated with increases/decreases in VLF noise. Hayashi
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et al. [1968] also noted that VLF emissions were always
seen about 30 s prior to the magnetic perturbation at high
latitudes and that the center frequency of chorus bands in-
creased during positive si. These results led them to sug-
gest that VLF wave growth rates along the dayside equa-
tor increase/decrease as a result of the magnetic compres-
sion/expansion. In their model, based on the gyroreso-
nance theory of Kennel and Petschek [1966], the magnetic
field change preferentially affects the perpendicular energy of
gyrating electrons through betatron acceleration, changing
the pitch angle anisotropy and thus modifying the growth
rate. Kokubun [1983] suggested that betatron acceleration
could provide an explanation for simultaneous VLF inten-
sity enhancements and magnetic field changes which were
observed during a several-hour period. Korth et al. [1985]
used a recent refinement of the Kennel-Petschek theory by
Cornilleau- Wehrlin et al. [1985] to explain wave activity
observed by the GEOS 2 spacecraft during an sc. Work re-
lated to ULF phenomena [e.g., Tepley and Wentworth, 1962;
Kokubun and Oguti, 1968; Oguti and Kokubun, 1969; Hira-
sawa, 1981; Olson and Lee, 1983] has indicated that ULF
(0.1-1 Hz) emissions associated with si have spectral char-
acteristics which are analagous to those of the ELF-VLF
emissions. In addition, Tepley and Wentworth [1962] noted
that the ULF emissions tend to be characterized by a tran-
sient amplitude enhancement lasting several minutes follow-
ing the sc.

Observations of electron precipitation at the time of sc
can be used to infer the existence and location of magneto-
spheric processes that drive the precipitation. Brown et al.
{1961] first described ionospheric absorption and X ray pro-
duction during an sc and suggested that they could result
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from either precipitation of trapped particles or injection of
particles from the solar wind. Oriner et al. [1962] and Hartz
[1963] reported that ionospheric absorption during sc was lo-
calized around the maximum of the auroral zone, was rarely
observed at geomagnetic latitudes below 57° or above 75°,
and was most probable near local noon. They also noted
that the absorption was generally limited to a duration of
less than 15 min. Observations of X ray fluxes from balloon
measurements near L~6 during an sc [Ullaland et al., 1970]
indicated periodicities of 1.8 s and 50 s in the observed par-
ticle precipitation during the event. Leinbach et al. [1970]
found in a case study that absorption effects were similar at
conjugate stations but that the time profile of the observed
absorption depended on latitude. They concluded that pre-
cipitation of trapped electrons resulting {rom interactions
with waves was the most probable cause.

In this paper we report on a study of ground-based obser-
vations which was undertaken to quantitatively characterize
changes in ELF-VLF wave activity and ionospheric absorp-
tion associated with sc. In the companion paper [Gail and
Inan, this issue] we describe similar observations of wave ac-
tivity obtained with spacecraft. Waves observed at ground
stations are generally believed to have propagated in magne-
tospheric ducts, while spacecraft instruments normally mea-
sure waves that are primarily nonducted. Ducted waves have
small wave normal angles and propagate along field-aligned
paths to their ionospheric exit points; nonducted waves may
have a widc range of wave normal angles and can propa-
gate across field lines. In addition to providing a descrip-
tive model of the phenomenology of wave generation and
particle scattering during sc, this set of papers is intended
to establish an observational basis for understanding how
wave-particle interactions in the magnetosphere are affected
by dynamic variations in the magnetic field and plasma.

2. DESCRIPTION OF DATA SETS

Lists of sc were obtained from J. Geophys. Res., Inter-
national Association of Geomagnetism and Aeronomy 12
Bulletin (to 1969) and No. 32 (1970-1980), and NOAA
Solar-Geophysical Data (1981-1983). Ground data for the
study were obtained from several stations, which are listed
in Table 1 along with geophysical and data set parameters.
The Antarclic stations Palmer, Siple, and Sounth Pole, which
form a roughly meridional chain (collocated within 1 hour
geomagnetic local time with corrected geomagnetic latitudes
of 48.5°, 61.1°, and 73.8°, respectively), were used to pro-
vide latitudinal comparisons. Magnetic local time (LT) at
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Palmer, Siple, and South Pole correspond to UT—4.5 hours,
UT-5 hours, and UT—3.5 hours respectively (see Table 1).

ELF-VLI wave data were obtained with Stanford Uni-
versity receivers which have a bandwidth of 300 Hz to 20
kHz. Broadband data recorded on analog tape were gen-
erally available only for periods of 1 min out of every 5 or
15 min, although longer recordings were obtained for some
events. Signals from the wave receivers as well as magne-
tometers and riometers were recorded in analog form on pa-
per charts or in digital form with 1 sec resolution on Uni-
versity of Maryland digital data systems (depending on the
station and year). Wave data were recorded as narrow-band
amplitudes in the frequency ranges 0.5-1 kHz, 1-2 kHz, 2-4
kHz, 11-13 kHz, and 31-38 kHz.

TABLE 2. The Limited Set of sc Events Used for
Detailed Analysis.

Year Nate uT Day
1982 Jan. 29 1744 029
1982 Feb. 5 1611 036
1982 March 1 1138 060
1982 April 1 1305 091
1982 April 16 1702 106
1982 June 12 1443 163
1982 July 16 1519 197
1982 Sept. 25 1703 268
1982 Oct. 31 1338 304
1982 Nov. 23 0917 327
1982 Nov. 24 0923 328
1983 Jan. 9 1544 009
1983 Feb. 4 1614 035
1983 April 12 1055 102
1983 April 13 1100 103
1983 Oct. 21 1324 294

Magnetometer data were obtained with the Bell Labora-
tories triaxial flux gate magnetometers which measure the
magnetic field in the geomagnetic north-south (H), east-
west (D), and vertical (Z) directions. The magnetometer
noise level was ~0.2 nT over the band dc to the Nyquist
frequency in each component. The digitizer increment was
equivalent to 0.06 nT. Riometer data were obtained with
University of Maryland riometers at frequencies of 20.5

TABLE 1. Geophysical and Data Sel Parameters for Ground Stations
Geographic Geographic Geomagnetic Geomagnetic
Latitude Longitude Latitude noon
Station deg deg deg UT Data Set
Byrd (BY) 80.0 S 1200 W 67.9 S 1800 1963-1965,1967-1968
Eights(EI) 75.2 8 T2 W 59.5 S 1700 1963, 1965
Palmer A) 64.8 S 64.1 W 48.5 S 1630 1982-1983
Roberval (RO) 484 N 72.3 W 61.3 N 1700
Siple (SI) 75.9 S 843 W 61.1S 1700 1977-1978, 1982-1983
South Pole (SP) 90.0 S 73.88 1530 1981-1985
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MHz, 30.0 MHz, and 51.4 MHz. Spacecraft magnetic field
data were obtained with NOAA GOES satellites in geosta-
tionary orbit.

Approximately 250 sc from the period 1963 to 1985 were
examined using the analog chart data during the preliminary
portion of the study. Subsets of this data set were chosen for
different types of analysis. Statistical results were based on
data from South Pole, Siple, and Palmer during the period
1977 to 1985. A limited data set of 16 sc from the period
1982 to 1983 was used for much of the quantitative analysis;
these events are listed in Table 2. A separate set of 6 sc was
chosen for detailed ELF-VLF wave spectral analysis (the
restriction to 6 sc was based on the availability of continuous
broadband ELF-VLF wave data during the sc interval).

3. OBSERVATIONS

3.1. Occurrence Statistics

Statistical data on the occurrence of changes in wave ac-
tivity associated with sc were compiled {or South Pole, Siple,
and Palmer covering the periods 1981-1985 at South Pole,
1977-1978 and 1982-1983 at Siple, and 1982-1983 at Palmer.
Changes in wave activity were identified by examining am-
plitude plots from the narrow-band ELF-VLF filters for in-
creases or decreases in wave amplitude within a few minutes
of the time of the sc (see Figure 2 for examples). Events
for which such changes could not be unambiguously differ-
entiated from wave activity in the surrounding time period
were identified as having no change. Histograms of the ob-
served occurrence rates plotted versus universal time (UT)
are shown in Figure 1. The number of reported sc during
periods when data were available was 132 at South Pole, 104
at Siple, and 62 at Palmer. Distinct changes in wave ampli-
tude in the narrow-band chart channels were observed in 67
of the cases at South Pole, 62 of the cases at Siple, and 22
of the cases at Palmer, corresponding to overall observation
probabilities of 0.5, 0.6, and 0.3 respectively.

A broad maximum in occurrence rate of changes around
geomagnetic noon (1530 UT) was noted at South Pole with
a corresponding minimum near geomagnetic midnight (0330
UT). Occurrence rates as high as 0.8-1.0 were noted within
several hours of local noon. A similar minimum near geo-
magnetic midnight occurred at Siple, but the distribution
near noon was less peaked. Occurrence rates of 0.6-0.9 were
observed at all local times excepl near midnight,."At both
stations, the occurrence rates near midnight were in the
range 0.0-0.3. At Palmer, a maximum with occurrence rates
of 0.3-0.6 was observed near local noon with a minimum ob-
served near midnight. The occurrence statistics from Palmer
are somewhat less reliable than the statistics for South Pole
and Siple due to the smaller sample size.

Tsurutani et al. [1979] found no statistically significant
longitudinal variation in the occurrence of natural ELF-VLF
emissions, although there is some evidence for localized geo-
graphic dependence in particular regions such as the South
Atlantic Anomaly. Consequently, the occurrence rate of 0.8
recorded at South Pole near local noon may be viewed as
the probability that a station near local noon at the latitude
of South Pole would observe emissions during any sc. This
suggests that changes in ELF-VLF emissions observable at
ground stations should occur during at least 80% of reported
sc.
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Fig. 1. Normalized occurrence rate of wave activity associated

with sc at South Pole, Siple, and Palmer. Events are binned in
2-hour intervals and normalized by the total number of reported
sc for which data were available (shown at the top of each bin).

3.2. Wave Amplitude Characteristics

Basic observations. Amplitude-time plots from South
Pole for four of the limited data set of 16 sc are shown in
Figure 2. Each panel shows the magnetic field H, D, and Z
components as well as the ELF-VLF wave amplitudes in the
bands 0.5-1 kHz, 1-2 kHz, and 2-4 kHz for a period of 1 hour,
with times marked in UT. The impulse spaced at 5-min in-
tervals in the ELF-VLF channels (e.g., Figure 2¢) represent
artificial calibration tones injected into the receiving system.
The ELF-VLF channel amplitudes are uncalibrated, and the
scale factors and zero levels of the linear displays have been
adjusted for clarity in presentation.
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Fig. 2. Magnetic field and wave amplitude recorded at South Pole for four sc. Each panel shows the H, , D, and
Z components of the magnetic field and the ELF-VLF amplitude in the 0.5- to 1-kHz, 1- to 2-kHz, and 2- to 4-kHz
channels. The periodic “spikes” in the ELF-VLF are calibration tones. The 2- to 4-kHz channel in Figure 2a does
not accurately reflect the natural activity during this period as it was dominated by a subionospheric signal from

the Siple transmitter.

In each example the onset of the sc was indicated by a sud-
den increase or decrease in the amplitude of the magnetic
field components and was accompanied by distinct changes
in the ELF-VLF amplitude in all three channels. Though
both the 11- to 13-kHz and 31- to 38-kHz channels were
also recorded during the 1982-1983 period, they rarely in-
dicated amplitude changes associated with sc and thus are

not included in the figures. The limitation of noise to the
lower-frequency channels is consistent with the noise being
primarily mid-latitude hiss, chorus, or polar chorus [Helli-
well, 1965] rather than auroral hiss, in agreement witl the
observations of Morozumi [1965] and Hayashi et al. [1968].
Dynamic spectra for these events, which will be presented
later in the section, confirm this conclusion.
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Figure 2 shows four examples of sc observations at South
Fole in which transient enhancements of wave activity last-
ing several minutes were observed (in Figure 2a, the ampli-
tude of the 2- to 4-kHz channel does not accurately reflect
the natural activity amplitude, since it was dominated by
modulated or CW signals from the Siple transmitter at 3.8
kHz propagating subionospherically to South Pole). Each
example shows that the wave amplitude increased for a pe-
riod of 1-8 min at the time of the sc and subsequently re-
turned to a steady level which differed from the original am-
plitude. The duration of the enhancement was dependent
on frequency. The amplitude increase preceded the arrival
of the magnetic perturbation at South Pole by up to 1 min.
The growth time, defined loosely as the amount of time for
the wave amplitude to increase from the preevent level to
the first significant peak level, was 15-60 s for each channel
in these events. The growth onset occurred first in the 0.5-
to 1-kHz channel and with increasing delay in the 1- to 2-
kHz and 2- to 4-kHz channels. A more complete analysis of

the growth period using broadband data for several events

is discussed in section 3.4.

Magnetic field — ELF-VLF correlation. Several authors
[Hayashi et al., 1968; Korth et al., 1985] have suggested that
wave amplitude increases/decreases are correlated with com-
pression/decompression of the magnetic field. As indicated
by Figure 2, the wave response to an sc is more complex
than a simple increase or decrease of the wave amplitude.

In order to examine the magnetic field-wave relation-
ship in more detail, the events in the limited data set were
compared with the magnetic field at geostationary altitude
recorded by the GOES satellites. In five of the six cases
in which field strength increases were observed at GOES,
the wave amplitude at South Pole was characterized by a
several-minute transient increase followed by a decrease last-
ing several tens of minutes or longer. In the sixth case the
wave amplitude was characterized by an increase lasting ap-
proximately 15 min. The duration of the transient enhance-
ment, although clearly {requency dependent, was in most
cases roughly comparable to the rise time of the magnetic
disturbance at GOES. In both cases in which field strength
decreases were observed at GOES, long-duration wave am-
plitude decreases were observed at South Pole. In one of
the two cases in which a decrease was observed at GOES,
an amplitude increase occurred in the 2- to 4-kHz channel
at Siple. In spite of the clear correlation between the onset
of the magnetic perturbation and changes in the wave activ-
ity, the correlation between the subsequent ground/satellite
magnetic field signatures and further wave activity in each
case was not obvious.

Wave amplitude oscillations. Periodicities in the data
were analyzed by using a high-pass filtered to eliminate os-
cillations with periods smaller than 10 s. Well-defined os-
cillations in the wave amplitude were observed during the
transient wave enhancement in several events. In 12 of the
16 events in the limited data set, 3-4 cycles of a damped
oscillation with period 60-90 s were observed in the ELF-
VLF channels. The extent of the correlation between the
oscillations in the magnetic field and the wave amplitude is
not clear, however. Oscillations with periods in the range
60-90 s were apparent in the magnetic field at South Pole as
well as in the wave amplitude in at least eight of the cases
when the data were high-pass filtered to emphasize the os-
cillations. However, the magnetic field oscillations did not
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have the damped structure observed in the wave amplitude,
and in most of the eight cases there was a small but mea-
surable difference (typically 10-20%) between the magnetic
field and wave periods. In two of the events studied the 0.5-
to 1-kHz and 1- 2-kHz channels showed clear fluctuations of
approximately the same period prior to the sc, suggesting
the possibility that the oscillations associated with the sc
represented a fundamental periodicity of the system inde-
pendent of the sc-induced perturbation.

A possible explanation for the oscillations is an oscillatory
modulation of the magnetoplasma superimposed on the sc
compression. Baumjohann et al. [1983] found 2-min oscilla-
tions in both the plasma drift and the magnetic field at the
GEOS 2 spacecraft during an sc and attributed them to an
overshoot and subsequent oscillation of the magnetopause
velocity about the expected value. The 2-min periods are
slightly longer than the observed ELF-VLF periods of 60-90
s. A number of investigators have reported damped mag-
netic oscillations with fundamental periods typically 4-5 min
both on the ground [e.g., Wilson and Sugiura, 1961] and at
spacecraft altitudes [Barfield and Coleman, 1970; Baumjo-
hann et al., 1984] as well as apparent harmonics starting
near 40 s [Fukunishi, 1979; Sakurai et al., 1984; Wedeken
et al., 1986]. Such oscillations are often attributed to field
line resonance. The fundamental periods tend to be some-
what longer than the ELF-VLF periods, but the harmonic
periods are in the correct range. The similarity of the ELF-
VLF and magnetic field oscillation periods at South Pole
supports the relation between magnetic field and wave ac-
tivity. The lack of one-to-one correlations, however, limits
conclusions regarding an intervening mechanism. Another
possible explanation of the oscillations is that the transient
response of the wave growth rate to the steplike magnetic
perturbation results in an overshoot and subsequent oscilla-
tion of the wave amplitude about the equilibrium level. The
oscillation period would be a function of the wave-particle
interaction time scales (e.g., diffusion time, drift rate) but
would probably be independent of the magnetic field driving
function. This explanation is consistent with the observa-
tion of oscillations prior to as well as after the sc.

3.3. ELF-VLF Wave Spectral Characteristics

Synoptic dynamic spectra. The relative rarity of sc and
the multiminute duration of the wave response makes it dif-
ficult to obtain continuous broadband data for the full du-
ration of an sc. For most cases studied here, broadband
data were available only at the synoptic intervals of 1 min
in every 5 or 15 min. Figure 3 shows dynamic spectra {from
synoptic recordings for each of the events illustrated in Fig-
ure 2. The figures illustrate a number of long-term changes
in ELF-VLF spectra commonly observed during sc. Spec-
trograms are shown for the band 0-4 kHz or 0-5 kHz for
three 10-s periods with samples separated in time by 15
min. For each event, spectrograms from South Pole, Siple
(or Roberval), and Palmer are included for intervals prior
to, during, and after the sc whenever possible. The samples
can be compared with the corresponding amplitude records
to determine the extent to which each sample represents
typical wave activity for the corresponding period. Some of
the features of the spectrograms result from terrestrial in-
terference effects. The vertical lines are due to atmospherics
(sferics) from lightning, and the noise band below 400 Hz,
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which appears to consist of impulsive emissions, is also due
to sferics. The nearly monochromatic lines seen mostly at
lower frequencies are power line harmonics from the local
power distribution systems. In the following discussion the
approximate upper and lower cutoff frequencies of the ob-
served wave activity will be referred to as the UCF and LCF,
respectively.

In each of the examples, the first sample shows that po-
lar chorus consisting of diffuse and discrete emissions with
a UCF in the range 0.5-2.5 kHz was observed prior to the
sc at South Pole. In eight of the 16 examples (e.g., Figures
3a, 3b and 3d), data from Siple/Roberval were available and
showed similar polar chorus activity with a UCF within a
few hundred hertz of that observed at South Pole, although
differences in band structure and LCF were apparent. In
three of the eight cases (e.g., Figure 3b), similar discrete
emissions were identifiable in the spectrograms from South
Pole and Siple after the sc, indicating that both stations
were observing wave activity from the same source region.
In Figure 3b, in spite of the clear correlation between dis-
crete emissions, the LCF at Siple was significantly higher
than that at South Pole. Differences in the subionospheric
propagation losses between the ionospheric exit point of the
wave activity and the two receivers may account for such
differences, or South Pole may have been observing an addi-
tional source region not observed at Siple. In four of the 16
examples (e.g., Figure 3¢), wave activity observed at Siple
prior to the sc was distinctly different from that observed at
South Pole.

The second sample in each example shows the wave spec-
trum during or immediately after the sc. Comparison with
the first samples shows the changes that occurred in the
ELF-VLF signals due to the sc. In Figures 34, 3¢ and 3d,
the second sample includes some portion of the transient
wave enhancement associated with the first few minutes af-
ter the onset of the sc. In each case an increase in the UCF
was observed at both South Pole and Siple/Roberval (when
available), in several cases by as much as 1 kHz or more.
Five of the cases showed an increase in the LCF as well, as
is evident in Figures 3a, 3b and 3d. In general, both the dif-
fuse and discrete emissions components of the observed wave
spectra were modified following the sc. In Figure 3d, well-
defined discrete emissions are evident near the new UCF at
Siple with no comparable emissions apparent in the South
Pole data, in spite of the fact that similar emissions occurred
at both stations prior to the sc.

The third sample represents the long-term (order of ~10
min after the sc) modification of the wave spectrum associ-
ated with each event. In each case the spectrum in the third
sample was distinctly different from that in the first sample,
suggesting that modifications of the wave source were not
simply transient. The long-term modifications varied con-
siderably among events. In Figures 3a-3d, decreases in the
amplitude of the diffuse emissions and the occurrence rate
of discrete emissions were observed. Distinct amplitude in-
creases and corresponding modifications of the bandwidth
and spectral structure were observed in other events.

In only one of the 16 events (Figure 3a) did Palmer
(L ~ 2.3) record a change in wave activity associated with
the sc. In this case, Palmer observed very little wave ac-
tivity prior to the sc. During the transient enhancement,

diffuse emissions in the band 0-3 kHz with some evidence of
discrete (and periodic) structure were observed. Following
the transient enhancement, the wave activity was similar to
that prior to the sc.

Continuous dynamic spectra. For the limited data set,
continuous data were available for only one event (that of
Figure 2a). A dynamic spectrogram for the event is shown
in Figure 4a. This event provides a good illustration of
the initial amplitude enhancement as well as the long-term
spectral modification. Prior to the onset of wave growth
near 1519 UT, the spectrum consisted of a diffuse emissions
band with LCF below 100 Hz, UCF at approximately 0.8
kHz, and a band of discrete emissions from the UCF of the
diffuse emissions to about 1.4 kHz (spectral features such
as discrete emissions may be more apparent in the higher-
resolution spectrograms for four of these events shown in
Figures 6-9). At the time of the sc the UCF of the dif-
fuse noise began to increase, reaching 2.2 kHz after 30 s
and remaining near this frequency for about 3 min. No
similar increase was noted in the UCF of the discrete emis-
sions, which disappeared entirely starting at the time of the
transient enhancement (during the transient enhancement
this may have been due simply to an inability to distinguish
them from the diffuse emissions). An increase in the LCF
to about 300 Hz was also observed. The UCF of the diffuse
noise subsequently decreased to 300 Hz, and the discrete
emissions became sporadic. The growth onset period will
be discussed in more detail in section 3.5.

Figures 4b-4d and Figure 5 show dynamic spectra for
six other events for which continuous broadband data were
available at the time of the sc (including data from both
Byrd and Eights for one event). In each case a transient en-
hancement of the wave activity was observed together with
an increase in the UCF. The length of the transient ampli-
tude increase varied from 1 to 6 min, and the corresponding
rise time of the UCT varied from less than 1 min to several
minutes. In all examples except Figure 4¢, the wave activ-
ity consisted primarily of a diffuse component with discrete
emissions that occurred primarily near the UCF of the dif-
fuse emissions. In Figure 4c, only discrete emissions were
observed, and a clear increase in both the frequency range
and the UCF of the emissions was observed following the sc.

3.4, Wave Growth Characteristics

Basic observations. The initial wave growth period, in
most cases the first several tens of seconds of the event, pro-
vides the best opportunity for making measurements which
can be compared with theoretical predictions. For this study
the growth period was examined in detail for six sc (data
from both Byrd and Eights were available for one sc). Dy-
namic spectra for each of the events are shown in Figures
4 and 5. Measured values for the initial and final UCF,
onset delay between lowest and highest frequencies, total
wideband growth amplitude, narrow-band growth rate and
growth duration, maximum narrow-band growth amplitude,
growth bandwidth and center frequency, and dynamic range
of the growth band prior to the sc are listed in Table 3 for
the six events.

Figures 6-9 illustrate four examples of wave activity dur-
ing the wave growth period of the sc. The data for the
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Fig. 4. Continuous dynamic spectra for four sc. The figure illustrates the transient wave enhancement commonly

observed during sc.

figures were digitized from the original broadband analog
tapes and processed in digital form. In each example the
top panel is a dynamic spectrogram showing the changes
in the wave spectrum observed during the growth period.
The time scale shows elapsed seconds starting from the time
shown at the top of the plot. The bottom panel shows the
amplitude in a number of narrow-band channels correspond-
ing to the period shown in the spectrogram. The 0-dB ref-
erence level is the same for both the spectrogram and the
amplitude plot. The bandwidth of the narrow-band filters
was 50 Hz. The filter output was low passed, in order to
distinguish the growth trend from higher-frequency fluctu-

ations in the wave amplitude, and processed to remove the
impulses caused by sferics. The filter center frequencies are
indicated by the legend on the right-hand side of the plot. In
each of the figures, however, amplitude generally decreases
with frequency so that the figure can be viewed in a simple
manner by recognizing that the center frequency of the filter
channels increases as the plot is scanned downward.

The upper cutoff frequency. As noted previously, the UCF
increases during the growth phase with growth observed first
at lower frequencies and with increasing delay at higher fre-
quencies. The increase was a factor of 1.3-2.8 times the
initial UCF for these events, corresponding to a frequency
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Fig. 5.
observed during sc.

increase of 0.3-1.4 kHz. The delay between the growth onset
at lower frequencies and at higher frequencies was 10-35 s.
Narrow-band measurements. The maximum total narrow-
band growth varied from 12 dB to 29 dB in the seven exam-
ples. Defining the growth bandwidth as the frequency range
for which the total growth was within 3 dB of the maximum
total growth, the growth bandwidth for the events was 0.4-
1.2 kHz. The narrow-band growth rates within the growth
band were within the range 0.3-2.7 dB/s and were roughly
constant over the 3-dB bandwidth. The growth rate and
total growth at a given frequency showed no dependence on
the initial wave amplitude. These features are particularly

min

Continuous dynamic spectra for four sc. The figure illustrates the transient wave enhancement commonly

evident in Figure 6, for which growth rate and total growth
were roughly constant over a bandwidth of 1.2 kHz and an
initial dynamic range of 20 dB.

Total growth. The total growth integrated over the entire
growth band (for this measurement, all frequencies for which
growth was observed were included in the filter band) is
shown in Figure 10 for each of the events. Total integrated
growth for the events ranged from 5 dB to 20 dB with growth
times of 20-45 s.

Multiple station observations. The sc on September
27, 1963 (Figure 5) is of particular interest because data
are available which show the growth period for one event
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Fig. 6. Dynamic spectra and narrow-band amplitude plots for the wave growth period. The top panel shows
dynamic spectra for the period during which wave growth was observed. The bottom panel shows amplitude in a
number of narrow-band channels for the same period.

recorded at two stations, in this case Byrd (L ~ 7) and  of 1.1-1.2 kHz in the UCF. The onset of the growth phase
Eights (L ~ 4.1). Total growth and growth time were ap- appears to have occurréﬂ at about 55 1+10 s at each station.
proximately equivalent at both stations. The UCF was ap-  The maximum total narrow-band growth was the same (13-
proximately 0.3-0.4 kHz higher at Eights than at Byrd both 14 dB) at both stations. Thus the two stations appear to
prior to and after the sc. Both stations observed an increase  have observed very similar phenomena during this event.

TABLE 3. Measured Values for Growth Phase Characteristics.

Wide- 3-dB 3-dB 3-dB
Initial Final Onset band Growth Growth Maximum Band- Center Dynamic
UCF, UCF, Delay Growth, Rate, Time, Growth, width, Frequency, Range,

Event kHz kHz s dB dB/s S dB kHz kHz dB
July 16,1982 SP 0.8 2.2 30 10 1.3-1.8 8-14 16 1.2 1.5 20
July 13,1968 BY 0.4 1.1 35 20 29 0.4 0.8 7
May 29,1980 RO 3.3 10 6 1.5-2.5 9-14 12 1.2 2.4 2
June 1,1978 SI 0.7 1.0 10 6 1.3-2.7 8-16 14 0.5 0.9 17
Jan.28,1964 BY 1.4 1.8 35 5 1.5-1.3 10-30 14 0.5 1.5 14
Sept.27,1963 BY 2.4 3.5 20 5 0.3-0.4 20-30 13 1.2 2.9 13
Sept.27,1963 EI 2.7 3.9 20 S 1.3-2.0 10-20 14 1.2 3.1 13
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Fig. 7. Dynamic spectra and narrow-band amplitude plots for the wave growth period. The top panel shows
dynamic spectra for the period during which wave growth was observed. The bottom panel shows amplitude in a

number of narrow-band channels for the same period.

3.5. ELF-VLF Wave Growth Onset Time

Since it is possible to make accurate measurements of the
arrival time of both the whistler mode waves and the mag-
netic disturbance on the ground as well as the magnetic dis-
turbance at spacecraft locations, the measurements may be
used to help identify the wave source region. This technique
was first suggested by Hayashi et al. [1968], who proposed
that the approximately 30-s delay they observed between
the arrival of the waves and the magnetic disturbance rep-
resented a propagation time difference between the waves
traveling at the whistler mode group velocity and the mag-
netic disturbance propagating at the much smaller Alfvén
velocity from a source region in the equatorial plane. For
this analysis, events were chosen for which both the wave
and magnetic perturbation onset could be determined from
the University of Maryland South Pole digital data to within
an estimated accuracy of +10 s or better. The GOES mag-
netometer data were measured to an estimated accuracy of
=45 s. The errors are in general significantly larger than the
sampling period and reflect a subjective determination of
the accuracy with which a particular onset can be identified.

The error bars in the data plots refer to these measurement
errors. These measurements will be discussed further in sec-
tion 4 in an effort to determine the location and extent of
the wave generation regions associated with sc.

ELF-VLF wave growth/ground magnetic field delay. Fig-
ure 11a shows the measured delay between the arrival of
the waves and the magnetic perturbation plotted versus the
magnetic local time of South Pole. Positive delays indicate
that the magnetic perturbation arrived after the wave onset.
The delays had a mean value of 30 s and a standard deviation
of 18 s. Although the delays were almost exclusively within
the range 0-60 s, there was no strong tendency toward any
single value nor an obvious dependence on local time. The
observed variations are much larger than would be reason-
able to expect from the measurement errors. These observa-
tions suggest that if the explanation proposed by Hayashi et
al. [1968] is correct, differences in Alfvén velocity or location
of the wave source region from case to case add variability
in the delay of the order of the measured standard deviation
in the data. In individual cases, such variability complicates
the use of delay measurements at single locations to identify
the source region.
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Fig. 8. Dynamic spectra and narrow-band amplitude plots for the wave growth period. The top panel shows
dynamic spectra for the period during which wave growth was observed. The bottom panel shows amplitude in a

number of narrow-band channels for the same period.

ELF-VLF wave growth/GOES magnetic field delay. Fig-
ute 11(b) shows the measured delay between the arrival of
the waves on the ground and the onset of the magnetic dis-
turbance at GOLS plotted versus the local time at GOES.
The figure shows a clear dependence of the delay on local
time with apparent minimum and maximum values of 10420
s at noon and 100£20 s at midnight. Such a delay could
have a number of causes, but it should be noted that 120
s is approximately the delay time for the sc disturbance to
propagate from noon to midnight at geostationary altitudes,
as can be inferred from the results of Kuwashima and Fukun-
ishi [1985]. The variation in the delays is again significantly
larger than the measurement errors.

3.6. Particle Precipitation Characteristics

Numerous investigators have studied particle precipita-
tion during sc using riometer observations. In this section,

riometer data from the University of Maryland riometer sys-
tems at South Pole and Siple are presented for the events in
the limited data set.

The output of the 20.5-, 30.0-, and 51.4-MHz riometer
channels along with the corresponding magnetic field H com-
ponent and 0.5- tol-kHz amplitude at South Pole are shown
for four events from the limited data set in Figure 12. Each
channel was low-pass filtered to remove high-frequency fluc-
tuations. Each plot covers an interval of 10 min. The dashed
line indicates the time when the onset of wave growth was
observed. The pre-sc absorption level was measured just
prior to the increase in riometer absorption. The post-sc
level was measured at the first distinct maximum, in the
absorption. In half of the events the absorption continued
to increase after the first distinct maximum, and an overall
maximum was reached typically several tens of minutes af-
ter the absorption onset (not shown in these figures). The
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earlier maximum was chosen to best represent the initial ab-
sorption due to precipitation associated with the transient
wave enhancement and to eliminate possible contributions
from subsequent storm effects. The typical measurement
error was estimated to be £0.05 dB.

Absorption values. Of the 16 events 12 showed riometer
absorption that was clearly associated with the sc (e.g., Fig-
ures 12a-12d). In 8 of the 16 events, a background absorp-
tion level greater than 0.1 dB at 30 MHz was present prior
to the sc. Typical sc absorption values, with the background
level subtracted, were 0.2-1.0 dB at 20.5 MHz, 0.1-0.4 dB at
30.0 MHz, and 0.0-0.2 dB at 51.4 MHz.

Absorption onset timing. In five of the events (e.g., Fig-
ures 12¢ to 12¢), the onset of both the ELF-VLF wave
growth and the riometer absorption could be identified quite
clearly and appeared to be coincident within a measurement

GAIL ET AL.: WAVE-PARTICLE INTERACTIONS DURING SC, 1

error of £5 s. In four other events (e.g., Figure 12d), there
is some indication that riometer absorption may have be-
gun coincident with the wave growth onset, but the signal
was too noisy to make a positive identification. In the five
most well-defined cases the time delay between the onset of
riometer absorption and the arrival of the magnetic pertur-
bation at South Pole was 20-50 s. The onset of the riometer
absorption clearly preceded the arrival of the magnetic per-
turbation in most of the cases.

Absorption structure. As shown in Figure 12, the first
absorption maximum typically occurred 2-3 min after the
absorption onset, a time period comparable to the length
of the transient ELF-VLF wave enhancement. Absorption
generally continued for a period somewhat longer than that
of the transient enhancement, however. In 10 of the 16 cases,
absorption continued for 30 min or longer.

4. DISCUSSION

The compression of the magnetosphere during an sc
causes the dipolar geomagnetic field lines to move earth-
ward, as shown schematically in Figure 13. For the particle
energies of interest, the azimuthal drift velocities are suffi-
ciently small that both thermal and energetic particles are
effectively “tied” to a given field line throughout the sc com-
pression, violating the third adiabatic invariant [e.g., Schulz
and Lanzerotii, 1974]. A duct, which is a field-aligned en-
hancement of thermal plasma, thus remains collocated with
a given field line, and both the waves and particles associ-
ated with a particular duct prior to the sc will be associated
with that duct throughout the sc. In order to interpret
the observations, we need to understand how to translate
ground-based measurements (e.g., growth rate) into param-
eter values that would be valid within the interaction region.
Ground-based wave receivers measure a signal which has un-
dergone an integrated growth process along the length of a
duct. The signal may be composed of contributions from
several source regions; each contribution will have been mod-
ified by propagation between the source and the receiver, so
that the importance of both source location and propagation
effects must be discussed.

4.1. Location of Source Regions

The sc disturbance originates near the subsolar point on
the magnetopause and propagates as a compressional wave
at the local Alfvén speed throughout the entire inner mag-
netosphere within several minutes. Presumably, changes in
wave activity occur with some local time and radial depen-
dence as a result of the sc perturbation. It is thus desir-
able to know the location and extent of wave source regions
and their relative contribution to the signal observed on the
ground. Ground-based ELF-VLF wave receivers suffer, in
this instance, from their large viewing area (500-1000 km
[Walker, 1974; Tsuruda et al., 1982]), which limits the de-
gree to which wave observations can be related to source
regions. There are, however, a number of techniques that
can be used to address the problem.

Onset time measurements. A simple estimate of the lo-
cation of the source region for the earliest wave growth ob-
served on the ground can be made using the onset time
measurements described in section 3.5. The arrival of the
magnetic perturbation at geostationary altitudes is known
to be strongly local time dependent (corresponding to the
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Fig. 13. Schematic diagram showing the displacement of a mag-
netic field line, the motion of the interaction region, and the cor-
responding consequences for the wave and particle populations.

azimuthal propagation of the sc disturbance) [Kuwashima
and Fukunishi, 1985], while the ground magnetic onset oc-
curs nearly simultaneously at all local times at high latitudes
as a result of subionospheric transmission of the earliest ar-
riving signal [Kikuchi et al., 1978; Kikuchs, 1986].

The results presented here showed no apparent local time
dependence for the onse t time of wave giowth at South
Pole when referenced to the arrival of the magnetic pertur-
bation at the ground (Figure 11a) but a strong local time
dependence when referenced to the magnetic perturbation
at GOES (Figure 11b). The mean delay of 30 s between the
onset of wave growth and the arrival of the ground magnetic
perturbation is similar to the value of ~30 s measured by
Kuwashima and Fukunishi [1985] for the propagation delay
of the magnetic disturbance between GOES near local noon
and ground observatories. The results are consistent with
the source of the earliest ELF-VLF wave growth being near
local noon.

Differences in the propagation path between events pro-
vide a possible explanation for the point scatter in Figure
1la (0 =18 s). Variations in the whistler mode delay (which
is of the order of a few seconds) can probably be neglected,
but significant variations in the propagation delay for Alfvén
waves could be caused by differences in either the length of
the propagation path or the integrated mass density along
the path. A factor of 4 difference in integrated mass den-
sity between events would provide a sufficient variation in
the propagation delay to account for the observed scatter.
Differences in the location of the source 1egion provide an
alternate explanation. Using a mean Alfvén speed of 1000
km/s for the outer magnetosphere [Wilken et al., 1982], a
deviation of 18 s corresponds to variations of 3 Rg in ra-
dial position or £2 hours local time for the location of the
earliest source region. It is probable that both effects play
some role in determining the point scatter.

Particle precipitation measurements. Measurements of
particle precipitation associated with sc provide a poten-
tially powerful tool for determining the wave source regions.
The 30° hali-power beam width of the riometers corresponds
to a field of view with a radius of about 60 km for ab-
sorption occurring at an altitude of 105 km. Since parti-
cles follow field-aligned paths from the interaction region to
the ionosphere, riometer absorption associated with wave
growth should provide a good indicator of the source region

if the observed particles and waves can be associated with
the same interaction region.

Previous work [Ortner et al., 1962; Hartz1963] has shown
that riometer absorption is associated with sc at all local
times and is generally limited to the geomagnetic latitude
zone between 57° and 75°. Wave-induced particle precip-
itation is often assumed to be the cause of the absorption
[Leinbach et al., 1970; Perona, 1972], implying that changes
in wave activity are triggered by the sc throughout a large
portion of the inner magnetosphere. However, the prob-
lem has never been carefully studied, and other mechanisms
(such as particle injection) may be responsible for some of
the observed absorption effects.

The effect of other mechanisms can be minimized by an-
alyzing absorption effects that occur during the first several
tens of seconds of the sc. Of the 16 events discussed in sec-
tion 3.6, five had well-defined absorption onsets (e.g., Fig-
ures 12a-c). In all five cases the absorption onset occurred
simultaneously with the onset of ELF-VLF wave growth
within an uncertainty of +10 s. Since the adiabatic changes
in particle trajectories can only increase the pitch angle, adi-
abatic effects alone cannot increase the particle flux within
the loss cone and thus cannot account for the absorption.
With the assumed absence of other scattering mechanisms
during the initial perturbation, the increased absorption is
inferred to result from precipitation caused by interactions
with the observed wave emissions.

The observation of wave-induced particle precipitation at
South Pole implies that South Pole (A = 73.8°) was associ-
ated with closed field lines during these events (see Brown
[1977] for a good discussion of the use of riometer observa-
tions during sc to detect the boundary of closed field lines).
The local time at South Pole was within 2 hours of noon in
four of the five cases. Since the closed field boundary in the
noon region is nearly coincident with the magnetopause, the
observation of wave-induced particle precipitation at South
Pole suggests that an enhancement of wave-particle inter-
actions occurs in a region extending to the vicinity of the
dayside magnetopause.

In the four well-defined cases in which South Pole was
near local noon, the approximate simultaneity of wave
growth and absorption would be expected. The simultane-
ity in the filth case (Figure 12¢), for which the local time
at South Pole was about 0550, cannot be easily explained.
The wave growth and absorption onsets were observed at
South Pole at 0920:25 UT, and the ground magnetic pertur-
bation arrived at 0921:00 UT. The 35-s delay between the
wave growth onset and the arrival of the magnetic pertur-
bation is consistent with previous results, suggesting that
the waves propagated subionospherically from a source re-
gion near noon. Precipitation effects due to these waves
could not have been observed at South Pole (near dawn lo-
cal time), however. Wave-induced precipitation should have
been observed at South Pole with a delay of the order of
60 s (the propagation time for the magnetic disturbance be-
tween noon and dawn) after the disturbance began in the
noon region. The magnetic perturbation arrived at GOES
(0220 LT) at 0921:50, indicating that the perturbation could
not have reached the dawn meridian prior to about 0921:10
(a time which would be consistent with the disturbance at
local noon occurring at about 0920:25, the same time as
the wave growth onset). The absorption observation for
this event cannot be explained by wave-induced precipita-
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tion triggered locally by the sc. An alternate explanation
is that waves generated in the noon region propagated in
a nonducted mode to the dawn region, in advance of the
magnetic disturbance, where they interacted with and pre-
cipitated particles. Such a scheme seems rather unlikely,
but raytracing has shown that nonducted waves generated
in the noon region can propagate as far away as the dawn
meridian [I. Kimura, private communication, 1987]. The
“hybrid mode” [Rastani et al., 1985], in which waves are
ducted along some portions of a path and nonducted along
others, could also be important in such azimuthal propa-
gation. Although no other similar events were noted, the
results suggest the possibility that precipitation could be
observed at a given local time significantly in advance of
when the sc disturbance reaches overhead field lines.

4.2. Distribution of Source Regions

Duct distribution. Knowledge regarding the occurrence
of ducted propagation at high-latitude stations is limited.
Carpenter [1981] studied whistlers from Byrd station and
concluded that ducted propagation of whistlers at equato-
rial distances of 6-8 Rg is probably observed on 30-50% of
all days and that chorus and hiss propagate at equatorial
distances 0.5-1.0 Rg beyond the observed limit of whistler
propagation on the dayside. The common occurrence of po-
lar chorus at high latitudes is also strong, though indirect,
evidence that ducts ordinarily exist at equatorial distances
greater than 6 Rg. These considerations support the results
discussed in section 4.1 suggesting that wave growth during
sc could originate in ducts near the dayside magnetopause.

The number of ducts contributing to the wave signal ob-
served at ground stations during sc is difficult to determine.
The large viewing area of ground-based receivers allows for
superposition of wave activity from different ionospheric exit
points and thus makes distinction of multiple source regions
difficult. Comparison of data from stations separated by dis-
tances of the order of the viewing radius (~1500 km in the
magnetic north-south direction; e.g., South Pole and Siple)
allows for some resolution of this problem. As shown in
Figure 3, spectra at Siple and South Pole appeared simi-
lar in many cases (including correlated discrete emissions as
in Figures 3b and 3d), but showed clear differences in other
cases. In at least one case, similar polar chorus bands with a
UCEF near 500 Hz were observed at both stations while a hiss
band with a UCF above 5 kHz was observed at Siple but not
South Pole. In those cases with similar spectra particularly
when similar emissions were identified, it is probable that
both stations were viewing the same wave source regions,
but the number of such regions cannot be determined. In
those cases with different spectra it appears that the stations
were viewing at least two different source regions, although
some overlap is possible.

Sensitivity to source distribution. While the observations
do not resolve the question of the number of ELF-VLF
source regions, there is a simple argument suggesting that
the measured growth values are not very semsitive to the
number of contributing source regions or ducts. Three pri-
mary factors affect the contribution of a particular source
region to the observed ELF-VLF wave growth: the rela-
tive wave amplitude, the relative growth rate, and the rel-
ative onset time of the growth for a particular source re-
gion. Source regions with small relative wave amplitudes

compared to other source regions will not be important.
Source regions with small relative growth rates will also be
insignificant since they will contribute less and less to the
total signal amplitude with time. Differences in relative on-
set time (due, for instance, to different radial positions of
the source regions) would result in larger comparative wave
amplitudes for those signals with the earliest growth onset,
and these signals would provide the greatest contribution.
Signals with the highest initial amplitudes and growth
rates and the earliest growth onsets thus dominate the ob-
served wave growth process. A given source distribution,
however, may have no one source which dominates all three
categories. To investigate this further, a simple computer
simulation of the contribution of a number of ducts with
different initial wave amplitudes, growth rates, and radial
positions was conducted. The results showed that the mea-
sured values of growth rate and total growth are only weakly
dependent on the number and distribution of source regions.
The variation from a wide range of simulated cases was com-
parable to the observed variation in the measured values.

4.3. Propagalion Effects

Since we use relative rather than absolute measurements
of wave properties, only those propagation effects which
change during the sc are of interest. The effects which must
be considered include propagation within the duct, trans-
mission through the ionosphere, and propagation from the
ionospheric exit point to the receiver.

The frequency at which waves remain trapped within an
enhancement duct is theoretically limited by refractive index
effects to f < fy /2 [Helliwell, 1965). During an sc the fre-
quency range for ducted propagation thus increases in pro-
portion to the gyrofrequency. The range of possible wave
normal angles, which is described by the ratio of the elec-
tron densities inside and outside the duct [Helliwell, 1965],
changes appreciably only for f ~ fy/2. Scattering losses
from the duct are generally considered to be negligible ex-
cept for frequencies near fgr /2 [Scarabucci and Smith, 1971;
Karpman and Kaufman, 1984].

Observations of enhanced riometer absorption during sc
suggest that ionospheric absorption losses for ELF-VLF
waves should also increase. Additional absorption losses
would reduce values for growth rate and total growth mea-
sured at ground stations. The spectral distribution would
not be significantly modified, however, since absorption
losses at the wave {requencies of interest are proportional
to +/f [Helliwell, 1965] and would result in less than 3 dB of
differential absorption over the frequency range 0.5-4.0 kHz.
Quantitative absorption values, which depend on both the
flux and energy spectrum of the precipitated particles, are
very difficult to determine. For the growth period measure-
ments, made within the first several tens of seconds of the
event, the absorption was in general significantly less than
the value measured at the absorption maximum. It is prob-
ably reasonable to assume that measurements made during
the growth period are not significantly affected by changes
in ionospheric absorption losses or changes in propagation
losses between the ionospheric exit point and the receiver.

5. SUMMARY AND CONCLUSIONS

The occurrence statistics suggest that the magnetic field
and plasma perturbations associated with sc are sufficient
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to cause measurable modification of the gyroresonance pro-
cess during at least 80% of sc. The amplitude response is
characterized by a transient enhancement lasting 1-8 min
after which the amplitude is usually reduced to below the
pre-sc amplitude but may be significantly higher than the
pre-sc level. Ionospheric absorption losses corresponding to
the observed riometer absorption provide a possible expla-
nation for amplitude reductions, although the continued am-
plitude reduction in a number of cases following the riome-
ter recovery as well as the clear change in the spectra sug-
gest that ionospheric absorption is not the primary cause.
Damped oscillations with period 60-90 s are commonly ob-
served during the transient enhancement. The oscillations
may be associated with resonant field line oscillations, al-
though the evidence is not clear. An alternate explanation
is that they represent an overshoot and subsequent oscilla-
tion of the wave amplitude about the new equilibrium value
with a period determined by time scales associated with the
wave-particle interaction mechanism.

Wave activity associated with sc usually involves ampli-
tude and spectral modification of preexisting bands of polar
chorus or mid-latitude hiss in the frequency range 0-5 kHz.
During the growth period the upper cutoff frequency of the
wave activity increases by a factor of 1.3-2.8. In some cases,
the lower cutoff frequency increases as well. Growth is ob-
served first at lower frequencies and with increasing delay (of
the order of 10- to 35-s) at higher frequencies. The onset of
ionospheric absorption measured by riometers was found to
occur within +5 s of the earliest wave growth observations in
the most well-defined cases, suggesting that the absorption
results from wave-induced scattering of electrons. The 10-
to 35-s time delay is significantly shorter than the typical
sc rise time (2-6 min), so the increase is probably not sim-
ply due to the change in fg,, for a single duct. A possible
explanation is that wave growth is triggered in ducts with
successively higher values of fg,, as the disturbance prop-
agates radially earthward. An alternate explanation is that
the upper cutoff frequency is not controlled by fg, q but is
a function of other medium parameters. The narrow-band
growth rate (0.3-2.7 dB/s) and total growth (12-29 dB) are
independent of frequency over a bandwidth of 0.4-1.2 kHz
and a dynamic range of as much as 20 dB. This growth rate
is at least 2 orders of magnitude less than known growth
rates for coherent waves [Burtis and Helliwell, 1975; Stiles
and Helliwell, 1977]. Triggering of discrete emissions is ob-
served in some cases. Onset time measurements indicate
that waves observed during the growth phase correspond to
contributions from wave sources in the noon region, prob-
ably outside the plasmapause and possibly in some cases
from near the magnetopause. A measurable enhancement
of ionospheric absorption due to pitch angle scattering of
electrons commonly accompanies the growth process.
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