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Abstract. The modulation of electromagnetic ion cyclotron 1 Introduction
(EMIC) waves by longer-period ULF waves has been pro-
posed as a method for producing pearl structured Pc 1-Electromagnetic ion cyclotron (EMIC) waves generated in
EMIC waves. This study examines frequency and phase rethe equatorial region of Earth’s magnetosphere as left-hand
lationship between Pc 1 EMIC wavepacket envelopes andLH) polarised waves propagate field-line guided towards the
simultaneously occurring Pc 5 ULF waves using magneticionosphere (e.gMauk and McPherrgn1980Q. When ob-
data measured by the CRRES spacecraft. Intervals fronserved on the ground, EMIC waves are usually measured
three days in 1991 where CRRES observed pearls are prawith frequencies in the Pc 1-2 or 0.1-5.0 Hz rang@cobs
sented along with simple statistics for 58 EMIC wavepackets.et al, 1964. The Pc 1-2 pulsations can be categorised into
The observations were dominated by EMIC waves propagattwo types: structured and unstructureghitq 1969. The
ing away from the equatorial region. Comparisons betweerstructured Pc 1-2 waves are frequency band limited, can last
pearl wavepacket envelopes and Pc 5 waves show excellefitom tens of minutes to several hours at mid to high latitudes
agreement. The pearl wavepacket duration timggs, were  (Troitskaya 1961 and are sometimes referred to as “pearl
statistically correlated with Pc 5 wave period$.s, result-  pulsations” as time series magnetograms often show repeat-
ing in a correlation coefficient oR=0.7 and best fit equa- ing periodic structure that resembles a necklace pearl pattern
tion tqur=0.8-Tpcs5t6'S. In general, phase differences varied (Tepley and Landshaffl966.
although time intervals of constant in-phase or anti-phase Conjugate studies from the 1960s observed the pearl
correlation were observed. Anti-phase modulation may bewavepackets to alternate between Northern and Southern
explained by a decreasing background magnetic field dudiemispheres (e.gepley 1964. This alternating pearl type
to the negative cycle of the ULF wave decreasing Alfv  structure between hemispheres, was interpreteddmpbs
velocity and minimum resonant energy. In-phase modula-and Watanab€1964) and Obayashi(1969 by the “Bounc-
tion could be the result of adiabatic modulation of temper-ing Wave Packet” (BWP) model. According to the BWP
ature anisotropy in-phase with variations in the backgroundmodel, wavepackets bounce back and forth along a geomag-
field. Non-adiabatic processes may contribute to intervalnetic field-line between ionospheric mirror points in a man-
that showed varying phase differences with time. Resultsner similar to VLF whistlers. Only a small part of the EMIC
suggest that future theoretical developments should take intwave energy reflects from the ionosphere and when this sig-
account the full range of possible wave particle interactionsnal reaches the source region it is re-amplified and continues
inside the magnetosphere. traveling to the opposite ionosphere. The remainder of the
energy is transmitted into the ground (eMcPherron et a.
Keywords. Magnetospheric physics (MHD waves and in- 1972 Bossen et a].1976.
stabilities; Plasma waves and instabilities) — Space plasma Recent observations do not support the BWP model and
physics (Wave-wave interactions) have all but discredited the concept of bouncing wavepackets
to explain pearl formation (e.g., sdééursulg 2007. EMIC
wave Poynting vector measurements show wavepacket prop-
agation predominately unidirectionally away from the equa-
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study of 248 EMIC wave events observed by the CRRES2 Data analysis and results

satellite. They estimated the Poynting vector in the dy-

namic spectral domain permitting studies of energy propa-The Combined Release and Radiation Effects Satellite (CR-
gation of simultaneous waves located in different frequencyRES) was operational for about 14 months during 1990 to
bands. The direction of wave energy propagation was foundl991 and traversed the middle magnetosphere bw3-8

to be independent of wave frequency but dependent on magand up to~30° [MLat| (Singer et al. 1992 Wygant et al.
netic latitude. EMIC wave energy propagates bidirectional1992 Anderson et a).1992. Three component vector mag-
both away and towards the equator for events observed benretic field measurements onboard CRRES were provided
low 11° |MLat|, but unidirectionally away from the equator by the Air Force Geophysics Laboratory (AFGL) fluxgate
for all events located at latitudes greater than |MLat|. magnetometer sampled to provide data with 8 Hz Nyquist
They found no measurable wave energy propagating equdfequency (seeSinger et al. 1992. The University of
torwards beyond the source region, in contradiction to thelowa/AFGL Plasma Waves Experiment (PWE) was used
BWP model. to estimate cold electron densities at the CRRES locations

A number of different alternatives to the BWP model have through observations of the upper hybrid resonance fre-
been proposed. One of these alternatives suggest EMIQuency (funr) (seeAnderson et al.1992. In the middle
pearls are generated through modulation of EMIC wavemagnetospherefynr is approximately equal to the plasma
growth rate by longer-period ULF waves (eMursula et al, frequency.,f,., and electron density can be approximated as
1997. ULF wave observations in the magnetosphere oftenNesze/Bl (Gurnett and Inan1988. The magnetic field
show simultaneous presence of both Pc 1-2 waves and longéiata are presented in field-aligned coordinates, where the z-
period pulsations €0.1 Hz) (e.g.Barfield and McPherrgn  component is aligned parallel to the ambient magnetic field
1972 Maltzeva et al.1982 Fraser et a).1986 1992). vector.

Barfield and McPherrorf1972 using ATS 1 spacecraft The EMIC wave Poynting vectors were calculated in the
data found that EMIC waves appeared during 55% of Pc Sspectral domain as discussedlmto’aniu et al.(2005. The
(2—-10 mHz) wave events whildaltzeva et al(1982 found EMIC wavepacket envelopes were estimated as the magni-
that observations of Pc 4 pulsations during the recoverytude of the EMIC wave analytic signals. Pc 5 ULF wave
phase of geomagnetic storms were often accompanied bglata were obtained by detrending the magnetic field data and
EMIC waves. In studying EMIC wave bursts observed lowpass filtering with a 30 mHz cutoff.
by the Viking spacecraft and on the groultiirsula et al. For individual event comparisons, spectral analysis was
(1997 suggested that long-period ULF wave modulation used to idenfity both Pc 5 wave and Pc 1 envelope frequen-
could best explain the conjugate observations of repetitiorcies. Once frequencies were identified, the data was further
periods.Mursula et al (2001 studied an EMIC event using band-pass filtered to remove background noise and empha-
conjugate ground-space observations and found that longsise the frequency region of interest. Power spectral widths
period ULF wave modulation with possibly additional maser were defined as-0.5x FWHM (Full width half maximum),
effects could explain their observations. The magnetospherigvhile the FWHMs were determined by fitting power spectra
maser Polyakov et al. 1983, where EMIC waves form a to 6th order Gaussians.
resonator between the two ionospheres may provide positive For statistical analysis, the Pc 5 periods were estimated by
feedback to the equatorial generation region enhancing theneasuring times between consecutive Pc 5 cycle peaks dur-
EMIC waves Mursula et al. 2001). ing each EMIC wavepacket time interval. EMIC wavepacket

In this study, pearl Pc 1 EMIC waves measured onboarddentification and duration (in time) follows that béto’aniu
CRRES on three different days are presented, which repreet al. (2005, where observed wave power must be above
sent typical pearl events observed by the CRRES spacecraf.06 nT2/Hz for at least 60s. Wavepacket repetition is de-

Five time intervals, which showed constant in-phase or antifined as the observed time between wavepacket midpoints.
phase correlation between pearl wavepacket envelope peri-

ods and Pc 5 wave periods are further analysed. For the firg2.1 EMIC wave interval with f < fier

time direct spectral frequency comparisons between pearl

wavepacket envelopes and Pc 5 waves are presented. The s@n 12 August 1991, orbit 926, CRRES observed EMIC

tistical correlation between 58 pearl EMIC wavepackets andwaves with dominant power in the Hevave band or with

Pc 5 wave periods is also examined. Results show clear comwave frequencyf < fuer, Where fye. is the He™ ion cy-

relation between pearl Pc 1 EMIC wavepacket envelopes andlotron frequency. The waves occurred over 11:30-12:05UT

simultaneously observed compressional Pc 5 ULF waves(13:30-14:04 MLT) when CRRES was outbound and near

Discussion focuses on exploring whether Pc 5 wave mod-apogee coverind.=5.40-6.08 in the Southern Hemisphere

ulation of parameters important to EMIC wave growth may with MLat~—20°, shown in Fig.1 . According to the PWE

generate the pearl structure. Heavy ion effects on the moduspectrogram, shown in Fi@, when the EMIC waves were

lation process are also discussed. observed CRRES was within the plasmatrough but inside an
enhanced plasma region. The enhanced plasma density is
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Fig. 1. Orbit 926, 12 August 1991 ever(g) transverse magnetic cross powg), field-aligned Poynting vectas, spectrogram an(t) the
ULF magnetic compressional wave (thickline) and the EMIC wavepacket transverse magnetic amplitude envelope (thinline). The black lines
in (@) and (b) represent the local Hé fiue ) and O (fo..) cyclotron frequencies.

inferred by the observed increase in the upper hybrid fre-ously observed Pc 5 ULF wave compressional component
quency over the time interval 11:30-12:50UT in FB. (thickline). Peaks in the EMIC wavepacket envelope aligned
A sudden storm commencement (SSC) was seen the prawith troughs of the Pc 5 compressional wave cycle suggest-
vious day starting at 02:50 UT. The EMIC waves consisteding anti-phase modulation of the EMIC wave by the Pc 5
of at least six wave packets shown in the crosspower speocwvave. Since the Pc 5 compressional wave modulates the

trogram, Fig.1la. Wave frequencies centered ¢gr0.45—  background field, this anti-phase modulation suggests that
0.50 Hz or normalised (by the'Hcyclotron frequency) local the EMIC wavepacket amplitudes were maximised during
and equatorial frequenci€§oca=0.10-0.13 an&,,=0.17—  minimum background field.

0.21, respectively. The transverse components dominated Figure3 shows normalised static frequency power spectra

with field amplitudes ranging from 1.0-3.3nT 8B, and  for the observed Pc 5 wave (thickline) and Pc 1 wavepacket

8By. There was minimal power in the field-aligned direction envelope (thinline) on 12 August. The Pc 5 wave frequency

(not shown). of 3.8+0.4 mHz (263t25s) is close to the Pc 1 envelope re-

peat time of 31350 s (32+0.6) mHz, while the general fre-

The field-aligned Ponyting vectd, is shown in Fig.1lb guency coverage shows excellent agreement. Hence, Pc 1

with the colour bar indicating magnitude and direction of pearls observed by CRRES on 12 August have wavepacket

energy flux. Since CRRES was located south of the magrepeat times and/or duration times approximately equal to the

netic equator, yellow to red is positive (south to north) en- periodicity of a simultaneously observed Pc 5 wave. The im-

ergy flux and light blue to dark-blue negative (north to south) plications of this result along with observed anti-phase cor-

energy flux. Clearly, energy propagates predominately awayelation to pearl generation are discussed in Sct.

from the equatorial region towards the Southern Hemisphere,

which conflicts with the BWP model. Figurle shows the

transverse EMIC wave envelope (thinline) and simultane-
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CRRES Plasma Wave Data  Orkit 926 12 AJG 91 Day 224

k]
100.0 4 -
10.0 5 o
1.0 3 -
a1 |
T 99:00  10:0C 11:00  1Z:C0 0 1300 1400 1500 1£:00 1700 185:00  19:00  Z0:00
MLT 10:08  12:49  13:37 1443 1522 16:00 1840 17:26 18528  20:30
MLAT —11.45 -20.,50 -20.03 —-18.02 —-1543 -12,50 -%.28 -370 -138 497
R 2.04 3.89 5.25 65.02 841 5.46 B.15 347 435 259
L 2.27  4.89 5.8 6.61 £.85 5.81 6.45 573 453 283

Fig. 2. Orbit 926, 12 August 1991 plasma waves spectrogram. fTjag is indicated, which estimates the plasmapause location.

101 August 12, 1991 EMIC waves between 04:50-06:07 UT (14.4-15.3 MLT), or
N r 11:30-12:00 UT i in the local afternoon withMLat|~26° andL=6.3-7.3. CR-
0;) 0.8 b RES observed EMIC waves on 1 October close to the equa-
S i — Envelope of Pc 1 | tor ((MLat|~3°) and in the local afternoon (18:10-19:40 UT)
o 0.6 wavepackets 5 sector. The EMIC wave intervals were observed shortly after
o i - Pc5 1 or during SSCs, while the PWE spectrograms (not shown)
S 0.4+ indicate CRRES was inside the plasmatrough on both occa-
€ i sions.
2 0.2 L The Poynting vector spectrum for data recorded on 11
r August (Fig.4b) was dominated by unidirectional propa-
0.0t gation away from the equator. On 1 October, EMIC wave

0.001 0.010 Poynting vector (Figde) were again dominated by propa-
gation away from the equator, although in this case signifi-
cant propagation towards the equatorial region was also ob-
served. The observed bidirectional energy flux close to the
Fig. 3. Orbit 926, 12 August 1991 normalised power spectra over@guator is consistent with results lofto’aniu et al.(2003.
the interval 11:30-12:00 UT. The thinline is the Pc 1 transverse The near-equatorial region generates EMIC waves that prop-
wave amplitude envelope spectrum while the thickline is the Pc 5agate in different directions. However, once outside this
wave spectrum. region wave energy propagation is predominately unidirec-

tional away from the equatorial region.

Simultaneous Pc 5 waves were also measured during the

2.2 EMIC wave intervals with f> fyet pearl intervals on 11 August and 1 October (see Fgs.

and4f). However, in these cases, phase differences between
Pearl Pc 1 EMIC waves were observed by CRRES on 11 AuPc 5 wave cycles and Pc 1 wavepacket envelopes were not
gust (orbit 923) and 1 October (orbit 1043) 1991 (see &ig. constant throughout the observed time intervals. In order
In both cases, dominate wavepacket power appeared at free simplify discussion of phasing between Pc 5 waves and
guencies withf > fher. On 11 August CRRES observed pearls, example time intervals were chosen for closer study.

Frequency (Hz)
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Fig. 4. EMIC waves observed by CRRES during 11 August and 1 October 1@)%&nd(d) transverse magnetic cross powgis, and

(e) field-aligned Poynting vector spectrograms dopand (f) ULF magnetic compressional waves (thickline) and the EMIC wavepacket
transverse magnetic envelopes (thinline). The black lines in (a), (b), (d) and (e) represent the To¢glkie) and O (fo,) cyclotron
frequencies.

Table 1. Example intervals of simultaneous pearl Pc 1 EMIC wave envelopes and Pc 5 wave observations.

Event Orbit Date uT MLT L  MLATC) Pc 1 envelope Pc 5 wave Phase
frequency (mHZ  frequency (mHZ3

1 926 12 August 11:30-12:00 14 58 -20 32+0.6 3.8+0.4 anti-phase

2 923 11 August 05:00-05:40 15 6.7 —-25 20+0.7 2.0+0.9 anti-phase

3 923 11 August 05:40-06:00 15 7.1 -25 38+0.7 38+0.8 in-phase

4 1043 1 October 18:40-18:55 13 6.0 3 3414 3.3+0.8 in-phase

5 1043 1 October 19:15-19:30 13 6.2 3 4511 4.440.9 anti-phase

@ Numbers aftet: represent spectral width (0WHM), see Sect2.

These intervals represent times when phasing between peanlavepacket envelopes; the interval 18:40-18:55UT is in-
wavepacket envelopes and Pc 5 wave cycles were visuallphase, while the second interval from about 19:15-19:30 UT
observed to remain constant at approximatéhpbase (in-  is anti-phase. The power spectra during the approximate time
phase) or 180phase (anti-phase). The time intervals are intervals of events 2 to 5 are shown in Fig.The frequency
summarised in Tabléd along with 12 August EMIC wave coverage for all four time intervals displayed in Figshow
results. Sectiol includes discussion on the relationship be- strong correlation between Pc 5 wave frequencies and Pc 1
tween Pc 5 waves and pearl EMIC waves when the phasgavepacket envelope frequencies.

differences are not constant &t@r 180

Events 2 to 5, summarised in Tatd@re now described in 2.3  Statistical results
more detail. During the 11 August event the trough of Pc 5
wave cycles corresponded to peaks in Pc 1 wavepacket erfhe EMIC wavepackets shown in Figé.and 1 form part
velopes before~05:40 UT, while after this time Pc 5 wave of the CRRES dataset previously studiedlmto’aniu et al.
amplitudes are mostly in-phase with Pc 1 wavepacket en{2005. A visual search of the 248 EMIC wavepacket events
velopes (see Figdc). There are two short intervals on 1 presented inLoto’aniu et al. (2005 identified five EMIC
October (see Fig4f) which show clear constant in(anti)- pearl events from which 58 wavepackets were identified.
phase relationship between the Pc 5 wave cycle and Pc However, Loto’aniu et al. (2009 were restricted in their

www.ann-geophys.net/27/121/2009/ Ann. Geophys., 27, 1202009
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Fig. 5. Normalised power spectra for 11 August 1991 and 1 October 1991 time intervals. Thinlines represent spectra of Pc 1 transverse
wavepacket envelopes, while thicklines are the spectra of Pc 5 waves.

event selection because of the requirement for both magnetipropagation away from the equatorial region. However, some
and electric field data for Poynting vector estimates. Thebidirectional energy propagation was observed on 1 Octo-
events presented here should not be taken as an indicator bkr, close to the magnetic equator. As mentioned in Qect.
pearl occurrence in the middle magnetosphere. the Poynting vector results are consistent wlithto’aniu

Simultaneous Pc 5 waves were observed during all pearét al. (2005 who found bidirectional propagation to occur
events and the Pc 5 periods were measured over both Pc dnly within £11°MLat, suggesting a wide generation region.
wavepacket duration time intervals and repetition time inter-Once outside this region EMIC wavepackets propagate uni-
vals. Figureba shows the duration of Pc 1 wavepackefg;, directionally away from the equator towards the ionosphere.
plotted against simultaneously occurring Pc 5 wave periodsThese results cannot be explained by the BWP paradigm. Si-
Tpcs Similarly, Fig.6b shows Pc 1 wavepacket repetition multaneous ULF waves were observed during all pearl time
times versus Pc 5 periods observed over repetition intervalsintervals (see Figslc and4c and f).

Simple linear regression analysis (lines through . The results in SecR suggest a relationship between the
gives a correlation coefficient &=0.7 for Pc 1 wavepacket ULF waves and the observed pearls. However, currently lit-
duration versus Pc 5 wave period. The best fit equation fortle is known of how pearls can be generated through a process

Pc 1 wavepacket duration (in seconds) is where ULF waves modulate parameters important to EMIC
wave growth and propagation. In this section, discussion fo-
Tdur = 0.8 - Tpes + 6. 1) cuses on describing scenarios and mechanisms, given the re-

Hence, given that Pc 5 waves have a period range of 100§ults, where modulation may occur in order to highlight areas

500s (2-10mHz) pearl Pc 1 EMIC wavepacket durationsN& need to be considered for future studies.
should be about 1.4-6.8 min (86—406 s). However, there was N
only a weak correlation between Pc 1 wavepacket repetitior‘?"1 Periodicity

periods and Pc 5 wave period with=0.3. Further discus- ) ] )
sion of Eq. () is presented in Sec3. All five events summarised in Tableshow Pc 5 wave fre-

quencies 1 mHz or less from the Pc 1 wavepacket enve-
lope frequencies. Wave observations in the magnetosphere
3 Discussion often show simultaneous presences of both Pc 1-2 waves
and longer-period ULF pulsations (elgraser et a).1992
In Sects2.1and2.2, pearl Pc 1 EMIC waves observed dur- Mursula et al. 1997 Rasinkangas and Mursyl2998 Mur-
ing three CRRES orbits were presented. The Poynting vecsula et al. 2001). Recent studies suggest a relationship be-
tor over each time interval was dominated by unidirectionaltween periods of the ULF wave and repetition periods of the
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pearl EMIC waves Rasinkangas and Mursyla998 Mur- 5 & ‘

sula 2007). However, the spectra shown in Figsand5 are f’;i so0|- (a) +

the first direct spectral comparisons of Pc 1 wavepacket en- S

velopes to simultaneously occurring Pc 5 waves. Results are 3 oor s . I

generally consistent with the idea that Pc 5 ULF waves mod- 8 soof- * e T —

ulating parameters important to EMIC wave growth generate g ool > * |

pearls with an envelope frequency close to the modulation § S

frequency (e.gMursula et al. 1997). = 1oor +*f B
The linear regression shown in Figp for 58 wavepackets <

L L L L L
o 100 200 300 400 500 600

suggest a linear relationship between pearl wavepacket du-
ration (tqyr) and the Pc 5 wave period$H.s). This correla-

tion was low for EMIC wavepacket repetition times (Fétp),
which may suggest ULF waves do not influence initial gener-
ation of EMIC waves but rather sustainability of wavepacket
growth. In other words, generation parameters (e.g., in-
creased temperature anisotropy) provides necessary condi-
tions for EMIC wave growth and ULF waves modulating
these parameters influence how long wavepacket growth will
last.

As mentioned in Sec2.3, given Pc 5 waves have peri-
ods of 100-500 s Eql) suggests Pc 1 wavepacket durations % 00 200 300 pres 500
should be~1.4-6.8 min. However, Pc 3—4 waves have been Pc 5 wave period (sec)
found to correlate with pearl EMIC waves of durations less

than about 2 min (e.g’.lyasova-Bakounlva et al99§ Mur- Fig. 6. The Pc 1 wavepacket durati¢a) and repetitior(b) periods

sula et al. 1997 Rasinkangas and Mursyla998 Mursula  \ersys pc 5 wave periods. Note, the 58 wavepacket duration times

et al, 1999. Therefore, an obvious extension of this statis- were taken from 5 pearl events, which corresponds to 53 repetition

tical study would be to fill in the lower left corner of Fi§a intervals in (b). Also, since Pc 5 wave periods were measured over

with observations of Pc 3—4 waves modulating pearls. both duration and repetition time intervals, the Pc 5 wave period
values shown in (a) do not necessarily equal those shown in (b).

Pc 1 wavepacket repetition (sec)

3.2 Phase

On 12 August, the pearl wavepacket envelope was observedhile the wave spends more time in the generation region
to be constantly 180out of phase with the Pc 5 wave cy- whenV, decreases. The 12 August event occurred within
cle. The other two observation days show constant phasan enhanced plasma density region resulting in a further de-
difference of either 1800r 0° only during certain time in-  crease in Alfen velocity.
tervals, which are summarised in TalileThe time intervals Other critical parameters such as temperature anisotropy
shown in the table range from 15-40 min. This may suggestind cold plasma density may also be modulated by ULF
that inhomogeneous conditions in the magnetosphere probavaves Rasinkangas et al1994. However, modulation
bly only allow phase differences between EMIC wavepacketsof temperature anisotropy mostly supports in-phase modu-
and Pc 5 ULF waves to remain constant for about 40 min orlation. When assuming adiabatic interaction between ener-
less. getic ions and Pc 5 waves theoretical results favour no-phase
Assuming H ion plasma, the resonant kinetic energy of difference between thermal anisotropl, and the magnetic
the interacting protonsKgnnel and PetscheR966 can be  field for EMIC wave generation (e.gokhberg et a).1981;

written as Lyatsky and Plyasova-BakuninB986). An early theoretical
B2 1 study byCoroniti and Kenne(1970 assuming an adiabatic
Er = ° _ _—(1-X)3 2) process considered modulation of generation parameters of
2m - N X2 VLF whistlers by Pc 3-5 ULF waves using the relationship

X is wave frequency normalised to the equatoridl Ey- 5 -b(1) (3)
clotron frequency and, is the background magnetic field.
Intervals of anti-phase correlation may indicate modulationwhere b(¢) is the time dependent field variation which
of EMIC wave linear growth rate by a decreasiBg due is in-phase with variations imM. This adiabatic process
to the negative cycle of the ULF wave period, decreasingmay explain the two in-phase event intervals shown in Ta-
Alfv én speedy,, and resonant energy,z. A decrease in  ble 1. In other words, Pc 5 wave modulation of temperature

Er provides more energetic ions for cyclotron instability, anisotropy may provide a mechanism for generating pearl

o

where N, is electron number densityy is the ion mass, <8A) 1+ A
adiabatic_
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EMIC waves that have wavepacket envelopes in-phase witt§1994 suggested that EMIC wave modulation is produced
the Pc 5 wave cycle. by the radial electric field of the Pc 5 wave, which modu-
Kivelson and Southwoo@1985 conducted a theoretical lates equatorial cold plasma density by moving plasma from
study of the relationship between energetic ions and comhigher to lowerL-value affecting EMIC wave growth rate.
pressional Pc 5 waves. They found that although betatroHowever, they did not present any long-period wave electric
heating provides ion flux oscillations in phase with varia- field data. Assuming a process that is adiabatic and in-phase,
tions in the magnetic field, some phase difference does ocPc 5 transverse magnetic field components may slosh plasma
cur between ion flux oscillations and the magnetic field in in-and-out of the generation region providing a modulation
the resonant response. Hence, if one considers non-adiabaticechanism. Hence, future studies should take into account
processes EMIC waves may be modulated at varying phasthe transverse components.
differences with respect to the Pc 5 wave period. This may
explain the varying phase differences observed during 11 Au3.3 Heavy-ion effects
gust and 1 October; both events occurred shortly after or dur-
ing sudden storm commencement, which are favourable conRecently, Mursula (2007 noted that modulation of EMIC
ditions for magnetospheric non-adiabatic processes. waves by longer-period ULF waves should be dependent on
In the treatment of Pc 5 ULF modulation of EMIC waves, the heavy ion content. This dependency is partly due to pos-
nonlinear interactions may also be significa@ail (1999  sible heavy ion effects upon the modulating ULF waves, and
found that even small changes in the plasma parameterartly because some modulated properties of the heavy ions
are enough to cause large variations in wave growth within(€.g. density) may cause related variations in EMIC wave
marginally stable regionsMursula et al.(1997) proposed  growth rate Mursula 2007. On 12 August, EMIC waves
that modulation due to ULF waves of plasma close to thiswere observed with wave frequency in the'Heand, while
marginally stable region produces the pearl structure. Gailwave frequencies observed on 11 August and 1 October oc-
studied effects of time dependent perturbation of magnetocurred predominately in the Hband. The presences of O
spheric plasma and field parameters on electromagnetic cyand He" ions should affect propagation of the Hand H*
clotron waves. Assuming ideal MHD for long-period oscil- band waves (e.gfoung et al, 1981, Rauch and Roux1982
lations and using quasi-linear theory, Gail rewrote the refrac-Perraut et a).1984.

tive index as On 12 August, EMIC waves were observed inside an en-
5 5 hanced plasma region (see F&).indicating plasmaspheric
n® =ny,“(1+ N(b)) (4)  refilling due to an SSC on the previous day. During storm

recovery O/H™ ratio usually increases (e.gorwitz et al,
1984). The Dst index ljttp://swdcwww.kugi.kyoto-u.ac.jp/
reached a minimum of58 at 08:00 UT on 12 August, then
retreated to-28 at 13:00 UT before reaching a second min-
imum of —99 at 20:00 and 22:00UT on that day. Hence,
Y~ yp(1+ 1) (5) it is reasonable to suggest that significant @ns were
present during generation of this Heand pearl. This event
whereT is the modulation index and includes the effect of was also observed near critical off-equatorial bi-ion and cut-
wave growth due to perturbatioh, Gail found that positive  off frequency locations. Modulation near these critical fre-
growth rates could occur for equilibrium anisotropy which quency locations may produce propagation stop bands in-
are less than critical anisotropy. Further, Gail suggested thabetween pearl wavepackets. However, assuming the back-
for fixed equilibrium growth rates, much larger fluctuations ground field is modulated by a 2nT ULF wave (see Hig).
in growth rate occur for marginally stable distribution than the local O cyclotron frequency changes by less than 1%.
for unstable distributions. Furthermore, the power spectra and unidirectionally propa-
Nonlinear effects might explain why the Pc 1 wave enve-gating Poynting vector results suggest critical off-equatorial
lope frequencies and Pc 5 wave frequencies do not alwaybeavy-ion frequencies had little effect on wave energy prop-
match. Given a marginally stable region, spectral poweragation. Hence, it is unlikely that propagation effects due to
overlapping regions may be sufficient to provide EMIC wave heavy-ions could have produced the clear pearl wavepacket
growth. However, it should also be noted that Gail’s defini- structure seen on 12 August. A similar argument can be made
tion of a varying local growth rate and plasma density do notregarding pearl EMIC waves observed well away from the
take into account varying phases between pearl wavepacketquator on 11 August. It is more likely that the pearls were
envelopes and ULF waves. created close to the generation region possibly through mod-
The simultaneously occurring Pc 5 waves presented irulation of the wave growth rate.
Sect.2 are only the compressional magnetic field compo- The H™ band pearl EMIC waves on 1 October were ob-
nent of the Pc 5 waves. The transverse field components maserved inside the near-equatorial generation region. Previous
also play an important role in modulatioRasinkangas et al. studies show that for a (HHe™)-plasma, enhancement in

wheren, is the index of refraction assuming cold plasma
and N (b) is the perturbed part of the refractive index due
to time dependent variations in magnetic field. By redefining
the temporal growth rate as
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