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Abstract

'Fis project has demonstrated that one class of magnetic pulsations knowl;
as stormtime Pc 5 waves is correlated with ssubstorin onsets. Stormitime Pc ;
waves observed by geostationary satellites in the afternoon sector is character-
ized by oscillations of magnetic field with a period from '2 to 10 minutes. easiiv
detected by magnetometers on communication or weather satellites. The es-
iinated substomni uicet tiitii• dL't iuuiU to be within 20 minutes of the actual
substorm onset times. Geosynchronous satellites in the afternoon sector would
detect these low frequency wave events about 2-4 hours after a substorri o0-
set occurring at local midnight. The delay time depends on the propagation(
velocity, which varies from a few km/s up to .50 krni/s. The disturbed region of
a stormtime Pc 5 event has a longitudinal extent varying between 30 and 940
degrees. The study shows that stormtime Pc 5 waves have a wave amplitude
confined with about 10' from the magnetic equator. The propagation velocity
is found to increase with wave frequency and with the magnetic field inclina-
tion angle. Comparison of the statistical properties of stormtime Pc 5 waves
with theoretical calculations of propagation velocity suggests that the propa-
gation velocity of stormtime Pc 5 waves agrees better with the perpendicular
group velocity of drift mirror mode. The propagation velocity of stormtime PC
5 waves appears to be mainly determined by wave parallel wavelength, which
is in turn determined bv the inclination angle or the magnetic field topology,
The obtained results about the propagation properties of magnetic pulsations
during storm times is important for the satellite operation since it can be used
to predict the plasma environment a synchronous satellite might encounter.
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I Introduction

This report s.niumarizes the research findings obtained during the support of
the Air Force Office of Scientific Research iA FOSIb) grant FT 9620-MS(-'-00WS-
One ob;hctive of the grant is to investigate the feasibility of using dual sitel-
lite observat ions of low frequency magnetic pulsations to remotely diagnriose
substorm onsets. Another objective of the study is to understand the propa-
gation velocity of stormtime Pc 5 waves, including its dependence on pla-sia
variables and its correlation with physical parameters.

Synchronous satellites stationary over North America generally detected
LOW frequency :nagnetic pulsation about 2-4 hours after substorm onsets oc-

curring near local midnight over the Russian stations. In this project we in-
vestigated the feasibility of remotely sensing auroral substorni activiti .s near
midnight by using magnetic field measurements from synchronous satellites on
the dayside. A synchronous satellite observing magnetic activities on the day-
side ;s difficult to measure remotely auroral tubstorm activities occurring on
the other side of Earth. The knowledge of substorm activities is Important for
the satellite operation since it can be used to predict the plasma enrvironuient
a synchronous satellitp might encounter. During auroral substorm activities.
energetic plasma has been injected into the nightside magnetosphere, and pre-
cipitated into the iono phere along magnetic field lines, producing auroras.
ionospheric disturbance, and electromagnetic radiation over a wide frequency
range. As a result, spacecraft are sometimes charged to a higher potential.
affecting the operation.

GOES synchronous sa 4llite magnetic field data since 1979 have been
surveyed and statistically correlated with magnetograms from Russian ground
-stations in this project. It is found that one class of magnetic pulsations
known as stormtnime Pc 5 waves is correlated with substorm onsets. This
class of magnetic pulsations is characterized by oscillations of magnetic field
with a period from 2 to 10 minutes, easily detected by magnetometers on
communication or weather satellites. Because these waves propagate from
midnight to dayside after substorta onsets with high speed, they can be used to
remotely diagnose substorm activities when geosynchronous satellites observe
them on the dayside.

Figure I illustrates the schematic of determining the propagation velocity
of magnetic pulsations from GOES magnetic field measurements. Two (;OES
satellites usually separated by two hours will detect. the onset of a low fre-
quency magnetic pulsation event within a period of 10--30 minutes. As shown
in the schematic, the onset time at each GOES satellite is determined by the
peak of the tirst oscillation. The propagation velocity is then calculated from
the satellite separation distance D and the time difference Aýt between the
onset timesobserved by the two GOES satellites. Assuming a substorm on-
set: near local midnight, the substorm onset time is estimated from the wave

S" • w m | |1



propagation velocity aIldd tle distance Ž' froxim loal uiiidniglit to the sateIlite
( Figure 1 ).

The results obtainiedi ill ýIis study -;u-gest that stornlule P," 5 ww'ves
are correlated with silbsLorI o)nIsets. [lhe tstirated substorm onset timel( are
foulnd to be withinl 20 m Oin.,- of the actual substorm onset t i•es. ( ;eoslv

chronoua satellites ii the afternoon 1:ecto," wold detect these !uw Irl'equ1(cv

wave events abtout 2-4 h,),rs after a substornit OnISet OccurriTng at lcail inid-

night The delay time depends oil tile propagation velocity, which varies f roiu

it few 1ill/s up to .50 knlis. The propagation velocitY is found to increase with
xave freqeuncy, w hich is found to be correlated with lh, le ag ietic h!(del

nation angle. (Counip arison Of the statistical properties of stornit in e Pc 5 watves
with theoretical calculations of propagation velocity supports that sitornit me
Pc5 waves propagate as the drift mirror mode. The propagation velocity )'f

storntime Pc waves appears to be il determined by wave parallel wave-
lengt, Iwhich is in turtl determined by the inclination angle or the mainvieic

field topology.
Below we briefly summarize the results. and describe in detailed thlie anal-

ysis in the following sections.

A Remote Diagnostic of Substorm Onsets

\We conductcd data analyses of GOES dual satellite magnetic field data for the
years of 1979. 1983. and 1986. We investigated the correlation of storunitime
Pc 5 waves with substorm onsets. From the data set. we selected stormtime
Pc 5 events that ground station magnetometers were available. Because most
correlated ground station magnetometer data were collected in Russia, we
were able to conducted the correlation study only for the data set of 1979. \\e
described the results in Section Il.

This study used simultaneous observations of stormtime Pc 5 events by
the GOES 2 and GOES 3 geostationarv satellites to study the correlation of Pc
.5 waves with substorm onsets. Eighteen Pc 5 events occurring from March to
December 1979 were first surveyed. After excluding events with highly vary-

ing activity or scarce station coverage, only six events with clear substorm
features 2-4 hours before the GOES observation of the Pc 5 events were then
analyzed. From the wave propagation speed and the distance from local mid-

night to the satellite position. the substorm onset time was estimated. For

the six events examined, ground magnetograms near local midnight indicate
that a substorm onset occurred within 20 minutes of the estimated substorm

onset times. This result suggests that the occurrence of stormtime Pc 5 waves

is probably correlated with substorm onsets. The results were published in

Journal of Geophysics Research (Pangia et al., 1990).

I2



I SCHEMATIC

Ie ~SUBSTORMI t ONSET

I

I GOES-2

-I-----------. - ....... S • . --------------------- 4

I
I

GOES MAGNETOMETER DATA

1 150

I ,

50 1 2 3

UNIVERSAL TIMEi
Figure 1: Schematic of determining propagation velocity of low frequency

I magnetic pulsations by using dual GOES satellites.
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B Statistical Survey of Propagation Velocity of Storm-
time Pc 5 Waves

\Ve conducted a statistical study of propagation velocity of storni time Pc 5
waves observed by dual GOES satellites during the years of 1979. 1):Z3. and
19866. We tabulated the properties of these events and de luced the propa
gation velocity from the conjunction observations. lhe GOES satellite data

was surveyed to deduce the seasonal variation for the occurrencc of Pc 5 wa5 e
events and the distribution of propagation velocity over freqnency and l,,al
time. We also conducted it correlation slildv to lind the relal*,)11ship hc•twe, 1

the propagation velocity and wave properties. It is found that the prp•quaa
tion velocity increases with frequency, which increases with Owe iagricl ic I' •id
inclination angle. rhe variation of propagation elocitv on Patraitters wasjalso used to determine the wave mode responsible for stortt time Pc 7 wavvS.
These results were presented in the 1992 Spring A\GI. meeting (Lin et al..
1992). These results are described in Section III.

C Theoretical Study of Low Frequency Wave Propa-
I gation Velocity

In addition to data analyses, we modeled the wave propagation velocity to
better understand the statistical properties of stormtime Pc 5 waves and the
correlation bewteen magnetic pulsations and substorni onset. %,Ve solved the

wave dispersion equation and calculated the wave group velocity for several
wave modes that have been suggested to be responsible for exciting stortinie

Pc 5 waves. The numerical results are given in Section IV.

SD Eigenmode Analysis of Low Frequency Waves in a
Dipole Magnetic Field

I Since the Earth's dipole magnetic field could limit wave amplitude structure

along field lines and thus affect the synchronous satellite observations of mag-

netic pulsations. we also performed an eigenmode analysis of low frequency

Swaves in a dipole magnetic field. The study shows that stormtime 13c 5 waves
have amplitude confined within about 10' from the magnetic equator. This

result explains that GOES satellites rarely detected stormtime Pc . waves

during summer months. The calculations are described in Section V.

I
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11 Remote Diagnostic of Substorm Onsets

Storm tinme Pc 5 waves have longt been known to, he voc~i aed xith~

lnet ic actIivitv Biarfield adil (oleman. [970: B~artielil ct al., 1972: 1mwk ,wIj~lari

NlcThorron. 1.)72). TvpIcaidlY they occuir durring, he lit- mi phaw e 4t '1 tomacw

net ic stormi ii the afternoor sector. Bartield arnd Nbý Ilhiroi 1 197*2 }~r

ATS I observationis of Pc 5i eventS to 1t]rOt rid mlar~net oi!t UU [is aiind I t,iul r r Ii

sýevenlteen of t hei, twelt v e'vents ý,tlrdied Were ( 1,ei\l orrwlatecd Wit'l iw be ýi

,0t ot (I ubl)torm.I'l, 1 o1) je t rye of tills 'T idy is to furt her ije4~&

4 orrelit iOln With mu -1t il)Ie ýat Cli~teC OI)Servit 10115 of Pc -) wave ý'.

M~ult iple atell ite obseixvat iolls o ffer aIdditiorral iii formnat ion 4 vvr ii'

ý-.atevii t observationis r e t-rdl it pr~~ropargatiunr CIiaractertst 1(- of Pc 1 Al.rl

lan et aL.. 1982: Walker et ali.. 12:Takahlashi et tl,. P)N7) 111 "iiad alid ~ l

I 9 F1 or exam pie(. i tIrd v of I-lobal (ornpressior;al Pc 7 a\C0 stva

hy Takahiahii ezt al. ( 9S,5) indicates that the( wave's pr'opagate westwvar&: in

ilie, afternoon seclor withi speeds in tire ranige of 1 1 1 kmn s. III at tat lilca

si udlv of stormt ime( Pc -) waves. Lin and Iia rfjeid 9 i(-5) found that t i %itO'Wj\

p)ropati-at ion speed Is t.vpqica~llx less than :30 kniu

Foi- t his slid~ ropjagat ion tInformal~ loll was liie ;-, ail an a 1(it ioillu tý.T, (4
lie correlatilonl bet ween St ornitline Pc 5 Waves, anrd ub istorni on 4iise By~ ir-r

the azimuithal propagaition velocity of stornitlime Pc %~wves e tir'4e' itit

ihe sulbstorinl onset timles mdll thlen c-orrelated t he estlirnt eci onsewt llirres WI! II

hei actunal sulbst orm onset tinies (leterin iiied fromn the g~rou n d nar~ne v

(lat a.

A Method

'he I)rOpaCgatiloll velocitiles of stormntinne Pc .5 waves Inl iw, ,I uld v were t akenl

fromn Lin arid Barfield (1985). who e~ani ned :30 Pc 5) evenits si m~tu Itan orsv oh1-
s;erved bv GO)ES 2 and GO ES :3 sate(,llites. during tire one year intervall MIarch

1979 toFebruary 1980. IDuring' the study Interval.thtw wit- er

located within approximiately '2 hours Of local time11 ( appjroximately 30' ion1-

g.tdc -f each other. Bothi satellites were onl the geographic equator. wvit h
GO ES '2 at 1040 ± I' west geographic longitude arnd (or ýOI3 at I C5 west

greographilc longitude. Tire onset tIlines of Pc :- wave events at each sýatellite
-I'l were. determilned to be at the p~eak of thle first, magnet i( fieldI (iscilhat ion.
Tihe propagation velocity 1,17 is, tMen (lt.andf--orr t hr Sp' ellite separation

list ance D and the time' difference between Pc 5 wave evenlt onset tini irs f T
ats

where V' 3:.09 kmi/s, is the satellite velocity a h vihoosobt h
error in deducing the wave propagation wvas found to be inainly dule 'o lircer-



I lilb It'sl In I' Bit l~e 'it1 tilt, ilit. iiwA't illatio t.\'OdlI Ilwv lie t115 tii(' delvedfl

h~v tilt, Stt hat oI& iiiw tlljeýt'ct on w us fl ear ' li' ditl'tp~ irc!ýiii 'oit tilit, i~

li2)' li i . 10-C -' .C 1 10 1-1uta l Ofc t l'5 u A'~ t Olf I 1111C W' 1 w i itt' O lostr kil wav pol ( )VS s

l ,it e I int' ll e k111 t liel t Ilk'oo e('it cr a i,(1 (3 h I fc. a e )o it-, the pt oI ie averait i'

it o ( bsrt ionlt~ reporte 01 l~a/eo ci etal I971 at 1itt k'\ urot oi

no 1lse rvha t 101 () plt hlc 111Jit.I j l pmpaIIIa ion as, llltlen ll reoilIn ed btoilowý

12 ie I i i I at d 1) 1a rlea (lI t(s' f l I I95 liat, P 5led wirvt beye td bye ( ;0IKS .- sait vi

ihtl din t he ;iteroo secor andl i3' ) wa he Pcvu 5 occirtvilm propilla~tIE' ;0e y eari'id

di;If (il'(jd lI,( tO ilrt,'\ ;Iounvd pnasin.Tee asiii'tertiata" il(hirii I~ae tille t'~ir f'att.1

111'.ji ob I(irv loll repot 'edl 1) i v L ine lot 'tl c t il I 197) than t I a i t)' kc pi ol~ 115W' .ti,

associnated wil liit jute diltlerIt 'nc 5 ewae.t lierthermore. onstan heGESo

ril (11 P ppaiidiioU vliewv ru velocitv v.i-c may Slt-l r),apolt ntle wabve event Io

locl Observation howf th hati proagantionitrafs frm evsian gepround a oswr
reqii red toi conýdu tins.1l surveY1 hadfe alralyin thse gr~od l ii iagnetS gronvi it

we Lud thaat magntic ac vt a enrly llrsrit- 11o( atllte events clod.

aldlie 1 )reililte slst oinid dnset tie. 1wever, some grouin(maet fograinsllý, W
were no~t~ silta !ille '1for s id c' e Iexceludedlt sevenevetsfrm licadte stud- v beae
of r~limd loll vf rvhei Stot ivli v n atthe e ec5wvens bydvdl- lec distne of 'ront slaS i2

coverage I X based (illtvt Ile wtav1 n e six evenoiy ~ ts apatha n tsho (-wed e lear subst o11

lonets shw tihtat iiieo~rai fable RusaIrudSain e

Beuie Dta Aonalystis sRvesulAtsraayigteegrudmgvo~a
we fo end ht womaginpeti of Go ES was generially presnet for aell tilt,. evnt gir

snow the threded clsornpi iffent~o thms oevr :re grOun magnetogeerdaaafo atw hu

1w:30 noca I ine.ahe forientation ofte coluedponleents arom that ,Ip is pearalelt

ofrIt' hgfl~i y oord IngacteI % n s atm no Pcie liwve evetnt wit I abouta usevof scaictS

poeriod. issen iae )II tAn the lip aedlv oi oents of tle showe dS:e~asuremen)tso l

fowml 22:te 1 l Toabout I21)lT h OS2ste it lt~e i aebfr

Gerod 3. indicyatin a13 Iet oiward h propagTion when GOE"S 2 was eat Wab~oft

;eroE is See In~ the lonii aideAtGE3t lie oosetntnte of the GOSw1Ilavsemeents

wa, dlet ermi ined to be 22:1(0 11 i at the first peak lin the wave train of thme

6



.\ BIAU 1. ( 'omparison of Act nal and Est i mated Subsuorn (0) iei 1 IOn,

k'ase• Da tet Tw " I -1,l. I, I•: ! ' t, 7 --- 1'., ) ... ",

JUT) (%.T) i kmisec) (I 'T) I I miii (11ni
L 79-03-25 21:54 11:56 16.3± 2.0 20:11 15 1 :55 1, 16 5

2 79-03-28 22:28 13:28 12.6 1.0 20:25 ±12 20:-V7 103 -'200 12
3 79-04-21 21:40 14:;1 12.1± 15 19:18±. 21 19:21 136 - 6i 2i

1 79-11-07 19:41 12:35 9.8 1.3 16:0S ±-32 15:51 196 73
5 79-09-26 20:04 13:06 16.8± 2.5 1S:01 ± 19 17:12 1-12 P1± 19
6 79-10-08 23:38 16:32 50.0± 10.5 23:10 ± 07 23:24 14 -1 --- 10

"Tw: Pc 5 wave onset time observed Iyv G'OES '2 given in both iniv,,r-al
time 1.'T

and ili.'gnetic local t. ime (n IL )
IT .: Esti mated sul)storli onse(t t ine With IUti CC`te ailitV in iiltt S olli 01' 1 t' s

I.,;: Actulal substorlmi onset tin1e
(;roup velocity

AI\I tines given to tens of minutes accuracy.

lip component. The wave onset time at GOES 3 is marked by an arrow in

Figure 2. 1In the GOES 2 data. the first peak of the wave train that can he

identified is at 21:54 VT (marked by an arrow in Figure 2). However. the

second peak at 21:58 VT1 is more pronounced and might be considered as the

wave onset. In this case, the error in determining the wave onset tirne at

GOES 2 might be four minutes. i.sing 21:54 UT as the wave onset time at

GOES 2. we deduced the wave propagation velocity to be 1.1 kmi/s. \Vhen we

used 21:58 UIT as the onset time instead, we obtained IS km/s for The wave

propagation velocity. \We therefore chose the acerage propagation velocity of

16 kmis to estimate the substorm onset time, which was found to he 20:11

UT with an uncertainty of ± 15 minutes (case I in Table I).
Figure 3 shows ground magnetometer data of the substorm activit v that

might be associated with the Pc .5 wave event shown in Figure 2 (case I in

Table 1). We show only the 1i component of the magnetometer data from

five stations during a 14 hour period starting at 17:00 IUT. arranged from top

to bottom according to geographic longitude ranging from 740 to 41' East.

Near local midnight. indicated by an "M." each station showed tile negative

excursion characteristic of a substorm. The vertical dashed line at 19:55 V T i
i |igure :3 marks the substorm onset time as determined Lv the comomencenient

of the negative excursion in the 11 component near midnight. Note that the

estiiiated substorm onset time (20:11 U T) is 16 ininutes later th1an the actual

(oinset time (within in uncertainty of ± 15 miiinutes). Before his onset time.

grounid inagnetoinet ers show no maior substorm activity. Therefore, (;GOES 2

I
I
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oh~served the P1c 5 everit. at 1 ")011 hours in ag1net w1 locai li . pp1111vael
two houirs alter the, ,iIlbtorini otwiiired iletri locai inidiiight.

As theI 1Ž (Ond cxalnjple t~at 6 11 Fable I i, une ilt ( of ) G S Ingn.
tomleter data st artI ing at 23:30 VT' (ctobe r -ý 1 979i at- givenl iM Figure 1 1,1111
examiple Is difficult to 51 U(1v because grtn lantgan h~ large ýIb
,storm aci it.Fe lip anrid fie component s show the fir,,t peak- of thle Pct

pekobserved three mntsltr I h alewyiscs .w eue
that this P5waevnthad anl average propalgation speof5 mswt
an iiuncertainty of ±10 knii/s 'I'l( propagation spevd(i f his evenlt was. muc
higher than that of Case I. Front the satellite locat ion atnd the tvroiip velocit v.

we estimated the stibstorni onlset time to be 23:10 V T with an un"certainty vOf
± inutes. Figure 5i displays the ground datat for four star iois iiit lthe samte

format as F~igure 3. The first substorm (onset appeared to occur at 20:4101 'T.I when the first negative excursion bay% was dletectefi sitnultaiieouislv at thbree
s;tat"Ions, Another substorm onset wa s recorded by Donibas statiorn at 23:24
U T. which Is 14 minutes after the estimated substormi onset timie. The re fore,I the Pc- 5 wave event observed 1y tire G;OES satellites appears to lbe correlated
with the second substorin onset. W\e believe that this evenit is not, correlated
wvith the first substorin onset because. the G;OES satellites had earlier detectedIanother Pc 5 event during 22 1.7. mulLch1 closer to the first substorM onset.

Fable I sumnmarizes the results obtained Iy arnalyzing the six cases for
Which substorm onset timies were reliably identified. Comparison of the waveI onset time (given for GOES 2 in 'Fable 1) with the actual substorm timye
shows that the wave events occurred generally 2-A hiours, after the usii)torin
onset s. Hlowever, one event (case 6) with a high propagation velocity. '50Ikmi/s) occurred only 1-4 minutes after a substorm onset.. Table I IndI IcateCS

that a substorni onset occurred within 20 minutes of the estimated stibstorin
onset, times. These agreements in dicate that the Pc 5 waves arid substorin

(insets may be correlated.
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Figure 3: Ground magnetometer data in the auroral zone during the stormtime

Pc .5 event shown in Figure 2. Above each magnetogram is the namne of the

station with its geographic latitude and longitude given in parentheses.
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3 Figure 4: Dual Goes satellite observation of a stormtime Pc 5 wave event.
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Figure 5: Ground magnetometer data in the aurora] zone during the stormtime

Pc .5 event shown in Figure 4.
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III Statistical Survey of Propagation Veloc-

ity of Stormtime Pc 5 waves

\Ve have analyzed the GOES magnetic field data obtained during the years of

1979. 1983, and 1986. '[he GOES magnetic field data during these three years
are selected because two GOES satellites were separated less than two hours
local time. We have scanned the GOES magnetic field data in the year of I %9

for Pc 5 magnetic pulsations but did not include the wave events in the study
because two GOES satellites were separated by more than three hours local

time. When the satellite separation was more than 3 hours local time, two
GOES satellites did not detect Pc 5 wave events simultaneously: often one
GOES satellite detected a clear Pc 5 event, while the other GOES satellite
Srnrelv detected a weak magnetic field depression. This is consistent with the
result from the statistical study that stormtime Pc 5 wave events at a single
observing point have a duration of less than 2 hours.I We scanned the magnetic field data and found initially 93 events simul-
taneously detected by two GOES satellites. This initial data set was further
narrowed down to 82 events by eliminating events unsuitable for statistical
studies. We eliminated events with small wave amplitudes, unclear onsets.
or wave frequency higher than 7 mHz. Note that the wave period of Pc 5
pulsations is generally defined in the range of 2 to 10 minutes. After elimi-
nating these events, the data set was reduced to 71 events. These events were
then used to deduce the statistical properties. Appendix includes the lists of
stormtime Pc 5 events selected for the study.

A Survey Results

- The histogram in Figure 6 shows that the propagation velocity of stormtime Pc
.5 waves is generally less than 45 km/s. The histogram of propagation velocity

distribution has a peak at about 15 km/s. The wave period of stormtime Pc
5 wave events distributes evenly between 2 and 5 minutes (Figure 7). corre-
sponding to a wave frequency in the range between 0.001 and 0.007 11z. The
wave event tends to occur with an average ambient magnetic field between

60 and 120 -y (Figure 8) and an inclination angle between 15 and 60 degrees
(Figure 9). Although stormtime Pc 5 events can be detected from noon to
midnight, most frequently stormtime Pc 5 waves are detected at local time
between 14 and 20 hours (Figure 10).

Figure 11, which is a histogram of wave event duration. indicates that
most events have a duration less than 2 hours. For each event, we estimated

the propagation velocity v3 and the event duration D. From v, and D. we

then deduced the longitudinal extent of wave region L at synchronous orbit

according to the formula L = vgD. Figure 12 shows that a stormtimne Pc

5 event typically has a longitudinal extent varying from 30 to 90 degrees.

*13
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I Figure 6: Histogram of propagation velocity of stormtime Pc 5 waves.
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I Figure 8: Histogram of average magnetic field during stormntime Pc 5 events.
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3 Figure 9: Histogram of average magnetic field inclination angle during storm-
time Pc 5 events.
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I Figure 10: Distribution of stormtime Pc 5 events in local time.
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Figure 11: Histogram of stormtime Pc 5 event duration.

However, a few events have a longitudinal extent as large as 1S0 degrees.
According to the statistical survey, GOES satellites often observed storm-

time Pc 5 events in the winter months from September to April (Figure 13).
The data base contains no event in June or July. Since GOES satellites were
stationed at the geographic equatorial plane, GOES satellites were at high
geomagnetic latitudes during summer months. This figure therefore suggests
that stormtime Pc 5 waves are confined at low geomagnetic latitudes. This

conclusion is consistent with earlier studies that storm time Pc 5 waves have

an eigenmode structure near the equator (Takahashi et al.. 1987). Theoretical
studies presented in Section V indicate that the wave mode is confined within
about 10 degrees around the geomagnetic equator near synchronotv' orbit.

During stormtime Pc 5 wave events, magnetic field magnitudes are usually

comparable at two GOES satellites when they are separated by two hours.

However, the inclination angle often varies drastically from the first satellite

(closer to midnight) to the second satellite. The histogram given in Figure 14
indicates that the inclination angle at the first satellite distributed evenly

between 15 and 55 degress. while the inclination angle at the second satellite

was generally between 5 and 25 degrees. This means that the first GOES

* 19
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Figure 14: Distribution of inclination angle observed by GOES satellites during
stormtime Pc 5 events. The second GOES satellite was about 30' west of the
first GOES satellite.

satellite often detected Pc :7 waves with a large tailward magnetic held, while
the second GOES satellite would detect the event with a more dipole magnetic
field. This result also implies that magnetic field configuration varies sharply
from a strong tail field configuration to a relaxed dipole configuratioi, within
a two hour local time near dusk.

U B Correlation Study

Using tlihe data base and the deduced propagation velocity, we conducted a cor-
relation study of propagation velocity with other observed parameters, The
purpose of the correlation study is to find the dependence of propagation Ve-
locity on wave and ambient parameters. The variation of propagation velocity
(,n parameters was then used to determine the wave mode responsible for
storrmtime Pc 5 waves.3 Figure 15 plots the propagation velocity in km/s versus wave frequency in
liz. This figure suggests a crude relationship between thi propagation velocity
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Figure 15: Correlation of propagation velocity and wave frequency for storm-
time Pc 5 wave events.
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'And wave frequency: it shows that the propagation velocity increases lineariv
with wave frequency. The correlation does not appear to be strong because of
a group of outer data points with high propagation velocity. This may mean

that more than one class of wave modes are included in the data set.
Furthermore. Figure 15 shows that the wave event scatters over a wide

range of propagation velocity for a given wave frequency. The scattering im-
plies that the propagation velocity depends on many parameters. From the
dispersion equation, we expect that the propagation velocity depends on fre-
quency. wave number. magnetic field, plasma density and temperature. plasma
pressure, plasma beta. magnetic field gradient and curvature, and other pa-
rameters.

To further understand the dependence of propagation velocity on other
parameters. we correlate propagation velocity with magnetic field in Figure 16.
which shows no relationship between propag. tion velocity and magnetic field
magnitude. From this figure. we argue that the propagation velocity would
be independent of magnetic field magnitude. \Ve therefore select events in a
narrow range of magnetic field between 70 and 90 -y for further studying the
coL relation between propagation velocity and wave frequency. In this case, we
indeed obtained a much better correlation between the propagation velocity
and wave frequency, as shown in Figure 17.

Similarly when we used the subset of the data base for 70-t < B < 90-Y.
we found that the propagation velocity increases roughly with the inclina-
tion angle. Such a correlation could not be deduced from the complete data
set, probably for the same reason that propagation velocity varies with many
parameters.

Figure IS indicates that wave frequency increases with inclination angle I.
which is defined as tan-'(D/H). The D and H components are, respectively,
the radial and Z component of magnetic field at the geographic equatorial
plane. Since D is related to the tail field. the inclination angle increases with
tail field. The inclination angle therefore measures the stretch of magnetic
field lines due to the enhancement of tail fields during substorms.

We have found that wave frequency of stormtime Pc 5 waves decreases
as the events are detected closer toward noon (Figure 19). This correlation is
more difficult to interpret because many parameters depend on local time. For
example. the inclination angle decrease:, from midnight toward neon. Since
wave frequency is proportional to the inclination angle, wave frequency then
decreases toward noon. However, the correlation between wave frequency and
local time could be interpreted in several other ways. One plausible expla-
nation is that ring current ions injected during magnetic storms drift toward
noon with lower mean energy and a smaller density gradient. As a result. ring
current ions excite lower frequency waves toward noon. Since the plasma data
is not available for study, we could not make conclusive statements about this3 possibility.
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Figure 16: Propagation velocity versus magnetic field for stormtime Pc 5 wave

events. No correlation is found between propagation velocity and magnetic
field for the events studied.
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Figure 17: Correlation of propagation velocity and wave frequency for storm-
time Pc 5 wave events with magnetic field in the range of 70 to 90 -y.
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Figure 18: Correlation of propagation velocity and inclination angle for storm-

time Pc 5 wave events with magnetic field in the range of 70 to 90 y.
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IV Theoretical Study of Low Frequency Wave

Propagation Velocity

In order to better diagnose substorm onset times, we have modeled the Pc 5
wave propagation velocity in the equatorial region. \Ve first solved the disper-
sion equation of compressional waves derived from local theory. The numerical
results indicate that the propagation speed agrees with the GOES satellite ob-
servations. We then compared the wave group velocities for ion drift mode.
drift mirror mode. and the low phase velocity drift mode.. In addition, we in-
vestigated how the group velocity varies with parallel and perpendicular wave
lengths.

A Dispersion Equation

To model wave propagation velocity, we used a general dispersion equation for
an inhomogeneous plasma with temperature gradient in a nonuniform mag-
netic field previously derived by Ng and Patel (1983). This dispersion equation
has previously been used to study drift wave instabilities in the magnetosphere.

The plasma is assumed to have a cold plasma density n, and a hot plasma
density flh, a density gradient scale length r, a magnetic field gradient scale
length rb, plasma j3, and temperature anisotropy a. We assume the ratio
between the density gradient scale length and the perpendicular temperature
gradient scale length to be qj. The dispersion equation is then

DlD 2 2 - --- ,'D12 21 = 0 (2)

where

bkii bi n__ _?q Tj_ (1 - r0) 1 - 11'lJ
Dn - •1iW, nh nhqTL~j 2 wo2

S+- k(r° - qb(F.-o r-)) - ( )(r0 - b(P0 - F1))

7- ad ((2- b) 0 -(3 - 2b)(F 0 - F1 )) + wL

(17 -+ ( (- 2b)(r - r-)) - ýL.-L23
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The parameters are defined as

I

B2~ B 2

Pk 2  + k 2

I 11  1

T

L+ (m. ,(y + Cej) - W. w"j- ZJw\J f•'7 e+"+-' A

L Lt: = 2Li (2, 0, 0)

I 4~-kaa

L23 = 4 LL(3/2,1,0)

T L and T11 are respectively the perpendicular and parallel temperatures, Z is
the usual plasma dispersion function with argument (w-wa)/(klvij), Jo and
J, are the zeroth and first-order Bessel functions with arguments klaja1 /2; Io
and I1 are modified Bessel functions with arguments b3. The drift frequencies
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* and

a d 
rB = 2 [ F3 j 0+ 7) r ,

1r= dlnn]

B Numerical Solutions

For a given parallel wave length, we first solved numerically Equation 2 for
wave frequency as a function of p-rpendicular wave number k1 . \Ve then
calculated the perpendicular group velocity V. from the relationship

V, = !0aw k± (3)

3 The propagation velocity is examined for three wave modes: ion drift, drift
mirror and the low phase velocity drift modes. The parameters used in the
calculation are: density ratios nhi/nlc and nh•,/nc = 0.01, r77 and 77, = -3.0,
r = 50 and temperature anisotropy A = 0, 1 = 1, Ti = 10 keV., and
bi =11/2(k±p,)2 = 0.1. The solutions of the dispersion equation for various3 jparameters are shown in Figures 20-26.

B.1 Ion Drift Mode

Figure 20 shows the wave frequency (solid line) and growth rate (dashed line)
as a function of perpendicular wave vector times the ion gyroradius kjp, for
the ion drift mode. For the ion drift mode, the frequency is positive for positive
wave mode number and thus the wave phase velocity is in the direction of the
ion diamagnetic drift. For this mode, the parallel wave number is very small
and thus the wave mode has a long parallel wave length. This figure indicates
that the instability occurs at very small parallel wave number (k11pj < 0.006)
and the growth rate decreases with k1j. The wave frequency of growing waves
.w normalized by k1lvi decreases from 3 to 1 as kllpi increases from 0.002 to
0.006.
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Figure 20: Wave frequency and growth rate as a function of the parallel wave
vector for the ion drift mode.
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Figure 21: Perpendicular group velocity as a function of the parallel wave
vector for the ion drift mode.

However. according to the GOES observations, the wave is confined toI10 latitude. The parallel wave number klipi should be greater than 0.04 for a
typical ion temperature of 10 keV. Therefore. ion drift waves have difficulties
in explaining the parallel wavelengths of the Pc 5 waves observed by GOES
satellites.

For the ion drift mode, the group ,-cloc;+" ircr- P-v ;Ih the parallel wave
number k1l (Fig 21). For kl}pi = 0.002, when the ion drift mode has a large
growth rate. the perpendicular group velocity is less than 10 km/s. Since most
propagation velocity for stormtime Pc 5 waves are greater than 10 km/s, the
GOES satellite observations suggest that ion drift mode could not account for
stormtime Pc 5 waves with large propagation velocity.

In Figure 22, we plot the frequency and growth rate as a function of k]p.Lp
for the ion drift mode. The parameters are the same as Figure 20 except
that kilp, = 0.002 is chosen. This figure indicates that the ion drift waves are
unstable for k.p, < 1. In Figure 23. we next present the perpendicular group3 velocit as a function of k.p, for the ion drift mode. The perpendicular group
velocity increases from 10 km/s to about 20 km/s as kLpi increases from 0.1
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Figure 22: Wave frequency and growth rate as a function of the perpendicular
wave vector for the ion drift mode.m
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I Drift Mirror Mode
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Figure 24: Wave frequency and growth rate as a function of the parallel wave
vector for the drift mirror mode.

to t. Since Pc 5 waves generally have a wave propagation velocity less than 50
km/s. it is likely that the perpendicular wavelength needs to be greater than
he ion gyroradius such that k~p, < 1. It is generally expected that A-ph is less

than 1. The statistical survey suggests that the perpepndicular propagation
velocity varies from 5 km/s to 40 km/s and for about half of the event- the
propagation velocity is less than 20 km/s.

B.2 Drift Mirror Mode

We next investigate propagation velocity for the drift mirror mode. Figure 21
plots the frequency and growth rate as a function of klip, for the drift mirror
mode. For the drift mirror mode. which is unstable for a plasma with a

I temperature anisotropy, we chose the following parameters: density ratios
nhi,'/n, and o • - = 0.01. density gradient scale length r,, = 50, temperature
anisotropy A = 1.5,' 3 11 1. T, = 10 keV. and 1), = 12(kp,)2 = 0 1. To

I separate the eifects of drift mirror mode from those of ion drift mode, we
examie the case ii the absence of temperature gradients (r, and 71, = 0).
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Figure 25: Perpendicular group velocity as a function of the parallel wave
I vec'or for the drift mirror mode.

For a given kip,, the drift mirror waves are unstable for all kilp,, and the
wave frequency is much less than k~jtj ( ,'/kjjvj << 1) (Figure 2 1. The growth
rate "1/k1 jvj also decreases with increasing kjjpj. For the same parameters. the
perpendicular group velocity as a function of klip, for the drift mirror mode is
shown in Figure 25. As klipi increases from 0.05 to 0.3. the perpendicular group
velocity decreases from 60 km/s to about 10 km/s. In the range of k~ip, < 0.5.
the perpendicur group vlocity is between 5 to 60 kmi/s. The calculted range
of p ýrpendicular group velocity therefore agrees with the observations.

We next examine the dependence of drift mirror mode on wave perpendic-
ular wavelength. Figure 26 plots the frequency and growth rate as a function
of ki.p, for the drift mirror mode. II this figure. we used kj1p, = 0.2 and other
parameters the same as Figure 24. Fgure 27 plots the perpendicular group
Velocity as a function of k~p1 for the drift mirror mode. The perpendicular
group velocity increases from 5 km/s to about 30 km/s as kiLp increases from
0.1 to 0.6. In the range of kjp, < 1, the perpendicur group vlocity 1%z is

I between 5 to :30 km/s. The perpendicular group velocity i, maximum when
k p, = 0.6. For k.Lpi > 0.6. perpendicular group velocity 1.K;j decreases with
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Figure 26: Wave frequency and growth rate as a function of the perpendicular

wave vector for the drift mirror mode.
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Figure 27: Perpendicular group velocity as a function of the perpendicular
wave vector for the drift mirror mode.
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Figure 28: Wave frequency and growth rate as a function of the ratio between
perpendicular and parallel wave vectors for the drift mirror mode.

increasing kip i.
The drift mirror mode. which is excited by temperature anisotropy. has

the largest growth rate at small kll/k. (Figure 28). Figure 29 shows that the
group velocity of the drift mirror mode has a wide range, varying from about
50 km/s at small kj1 k. to zero when kll/k-_ is greater than 1. Therefore the
drift mirror mode agrees weil with the observed range of propagation velocity
for stormtime Pc 5 waves, which varies from from 5 km/s to 40 km/s.

B.3 Low Phase Velocity Drfit Mode

The temperature gradient can also excite a low frequency wave mode with low
phase velocity. This low phase velocity mode differs from the ion drift mode
in having a transverse magnetic field component. For this mode. the value of
transverse to compressional magnetic field amplitudes reaches as high as 0.6.
whereas the ion drift mode is mainly compressional.

Figure 30 indicates that the instability of low phase velocity drift wave
mode occurs for all values of ka.p,. When kj.pi < 1, the wave frequency is
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Figure 29: Perpendicular group velocity as a function of the ratio between
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Figure 30: Wave frequency and growth rate as a function of the perpendicularI ~wave vector for the lowv phase velocity drift mode.

positive. The wave frequency becomes negative as kj~pi increases above 1.I Figure 31 shows that the gro'up velocity for this low phase velocity mode is
generally less than 10 km/s. Furthermore. the group velocity is positive only
when k~pi < 0.7 (positive velocity corresponds to westward propagation in our
geometry). Since storm time Pc 5 waves generally propagate westward with
a velocity greater than 10 kmn/s. this wave mode cannot satisfactorily explain

I Ithe- GOE saelt observations
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3 Figure 31: Perpendicular group velocity as a function of the perpendicular
wave vector for the low phase velocity drift mode.
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V Eigenmode Analysis of Low Frequency Waves

* in a Dipole Magnetic Field

A Eigenmode Equation

When the parallel wavelength is comparable to the curvature scale length, the
local dispeision -quation is no longer a good approximation. We therefore
proceeded to solve an eigenmode equation of compressional waves in a dipole
magnetic field. We used a gyrokinetic formalism to derive the eigenmode
equation (Cheng and Lin, 1987)
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p~=1 (r2- p2)cos(7rfrj

Briefly we list the definitions in the equation:
(1) f311 is the parallel component of the complex wave field along ambient field
B9 normalized by the magnitude of the equatorial ambient field.
(2) w is the complex eigenfrequency.
(3) 1 = (w - (w))/wb.
(4) (... ) denotes an averaging quantity along a trapped ion trajectory for a
one bounce cycle.
(5) 0 is a function of polar angle and is expressed as an integral over a function
of the ambient field.

The first two terms of Equation 4 give the conventional expression of com-
pressional waves from magnetohydrodynamic (NIHD) theory without kinetic
effects. The integral contains the kinetic effects contributed by the trapped
ions. This eigenmode equation, which can be solved for the eigenfunctions
of B1l and the frequency w, means physically that Pc 5 waves can be ap-
proximated as standing waves in the magnetosphere along ambient field lines.
Overall, Equation 4 is an integro-differential equation that requires a five-
dimensional integration (3 velocity integrations, 1 bounce average integration

and the integration for 0). Furthermore, unlike the local dispersion equation,
the frequency appears in a highly non-linear way through the function r. All
this makes solving the equation computationally intensive. If we neglect the
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last term with the integral (-47r f"") which takes into account kinetic effects.
the problem is simplified to the MHD case:

{B.VB2'3. V 1 )2 +±3,(1 L i~~-)] =i 0 (5)I /?.Vk-2 B.I k-(k V4 TI-'•11 /1-0 (5

Our model uses a dipole magnetic field

B= I(2 sin A -cos A ) (6)

On a given field ;ne, r = L cos 2 A, and we introduce the variable x = sin A, so
that our differential equation can be written as

rP b A/b 21q(x) j-• + p(x) - [r(x) - ws(x)1 (7)

Here we have defined b(x) = B!l(A). Other coefficients in Equation 7 are
defined as:

(k±.L) 2(1 + 3x 2 )

"p(x) = 1 f(•dl (x) + dli A 3xoh(x)1
(kL)2h(x) (1 + 3X2 ) [h(x) dx -1 +3•x2 j

r(x) = 1+) 3 (l- T)

S (x ) =.(I

(k± V4) 2

We also use the following definitions:
a• = 1 + (,3j_ +,31)/2

h(x) = Bo/B(x)

k±- perpendicular wave number

L geosynchronous orbit radius (; 6 .6 RE)

;311 parallel fluid-to-magnetic pressure ratio

S•± perpendicular fluid-to-magnetic pressure ratio

T"1t parallel temperature

T±L perpendicular temperature

cO~i ion cyclotron frequency
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VA4  Alfv6n speed.

m The boundary conditions are chosen at x = 0 and at x = xf such that

b(O) =0

b(xzf) = 0

In the numerical solution we use xM = sin 200.
To solve the equation we use the finite difference method. We solve for b

values at N evenly-spaced points between 0 and XM, so that Ax = xMf/(N + 1).
Specifically, we approximate the derivatives at each point by central differ-
ences:

l db i+,-bi-,

dx. 2Ax

I d2b b - 2bi +bi-

dx 2  (Ax) 2

m where the subscript i means the value at xi = iAx. We take the finite difference
of Equation 7 at ;,Lch point x; to get a system of N equations in the (N + 1)
unknowns bi,. . .,bN,w:

3 ~A) ±A )~ + (AxZ)2 - ~±~j 1 +((])2 -) b1' . 0

for i = 1..., N and where bo = 0 and 4 =+l 0 from our boundary conditions.
* In matrix notation we have

A(w).b=O (8)

in which A(w) is an N x N tridiagonal matrix. If b has nontrivial solutions,
m we obtain

det[A(w)] = 0. 
(9)

We numerically solve this equation, using Newton method for solving the roots

to obtain eigenfrequencies w. For a particular solution w, the system of equa-
tions is linear and homogeneous, so we expect to determine the eigenfunction

up to a constant factor. We normalize our solutions by taking bi = 1. Using
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this approach, we find a range of eigenfrequencies similar to those obtained by
analytical solution of a local approximation to the MUD equation.1We next describe the evaluation of the kinetic term

I We first rewrite the integral, using the relation

00 h dA
d3v f = 7r dv v2 f h

where A = h(xT), h at the trapped- particle turning point. We next substitute
the variables Fh and TI1 in terms of 'b = v/F, A = (T±./TII)o, and 0fl, according

* to the following definitions:

= C - LA) -32(j)3/2e-v 2i Fh = 1-T1. A (r -'

831 B (TTI ITl0!-
where the subscript 0 means to evaluate at zero latitude.

This substitution allows us to express the kinetic term in terms of known
quantities. In the case of odd modes, when (j 11) = 0, we express the kinetic
term as

IC(x; ',. B15 )= -(XT)MO dx CI'd& • .s ZFo (10)

W (Wd) P=i

I where
c, = AL •) - T1 -)(I - 11 -2(- )-1/2_

2 = ~ Ti- T, ()TXh
2172

RP- =2 cos(pO)(cos(pt)Bj1 )

2pr2
+2 _ p2 sin(pO)(sin(pO)B11)

2pF(-1)P sin(FO)
(F2 - p2)cos(rr) (sin(pO)Bjj)

I F = -
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and 2vh 7ae

To derive the computational formulas in terms of x-, we use the following
definitions:

I - c~~l'll~bxVlnB

cT1k-." x V In B

I 
i4exV In n ,

Ai1PB AIV 2

Wd +=,-1

T11 _T__

and the following relationships:

Sg(x) = h(x)[1 + 3x21

I = o (x)dx

rb = 4 -G

I - 1m(1 - ?- A)

10 m

m PO

Using these definitions. we derive the variables in terms of x:

I)(X';XT) = r I yýx)dx
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I T) "d g(X) (IX

I fl' = •=-(1-/A) 1(XTr)

3 ( 'h)2 mode I -X
2 L) A (I+3x') 2

"" - PhI /
T'2 G I- (I - IA)-h(XT)

I T mode p p p (A .4 ) X2 (3 + 53x 2)h(x )
- 2A L ILh 6 L (I i h(x)') (1 + 3X2)2J

I where the over bar means that the frequency has been scaled by ".7, and Lh

is the pressure gradient scale length. To compute the bounce averages of a
variable f, we use the definition

S(f) = X d=/dl- f

Since 611 is an odd function of x, cos(p9)B 1 ll is also, and we have

0311) = 0

(cos(pO)Bjj) = 0.

On the other hand. sin(p0)B11 and wd are even functions of x, and we evaluate
them using f T  =dlXvT -f

(f =f2•(dil/vl)"

G

In evaluating the integral f(dl/vl) we encounter a singularity at x = XT.

Near this point we use an analytic function to approximate the integrand and3 integrate the approximation in closed form.
When computing (sin(p0)B11) the period of sin(p0) may be on the or-

der of the finite-difference spacing. To accurately evaluate the integral, weI compute the integral over each subinterval from the known values of B11 and

( 'v 1 )(dI/dx) at each of the evenly-spaced points. We assume that these

functioun are linear over each subinterval, and we integrate, in closed form,

Ssin(p0)B 1 1(l/( I 1l)(dl/dx). Then we simply sum these integrals over all slibinter-
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B Numerical Solutions

The procedure of solving the eigenmode equation is organized as follows: First.
we solve the MNID case, as outlined above. The solution is then used is an
initial guess in our iterative scheme. We proceed to solve for a new eigenfre-

quency, using the kinetic term computed from the MIID eigenfrequency and
eigenfunction. Then we calculate a new eigenfunction. corresponoing to the
tuew eigenfrcquency. This procedure is iterated until the estimated error is
within acceptable bounds.

Soving the eiegnmode equation, we obtained the wave frequency and
igrowth rate of the unstable eigeninode. Figure 32 plots the real and imnag-
iniary frequencies as a function of anisotropy. In addition, the growth rate
solving from the MHD equation is also plotted in Figure 32 for comparison.
In the MHD limit, the frequency of drift mirror waves is zero. Including the ki-
netic effects, the drift mirror mode has a small frequency, about 0.01 of the ion
cyclotron frequency (wiw,, = 0.01). More importantly, the eigenmode equatin
indicates a smaller growth rate, in better agreement with the observations.

Figure 33 shows the eigenmode structure of magnetic field for the drift
mirror mode versus 0 for the parameters :31 = 0.5.A = 2.2. Lh/p = -50.
kj.L = 64. nr,/n, = 0.1L/p = 425. iTi/T, = 1000. and Lh/Lh = -0.1. This
figure indicates that the wave amplitude reaches ma.imum at 0 = V, and
decreases to zero when 0 > I0'. The wave amplitude of drift mirror waves is
therefore localized near the equator. Since the wave amplitude vanishes near
the equator. the wave has an odd mode structure with respect to the equator.
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Eigenmode Structure
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Figure :33: Eigenmode structure of magnetic field oscillations for the drift
mirror mode. The y axis is the magnetic field wave amplitude normalized by
magnetic field at the equator, and the x coordinate is the geomagnetic latitude.

I
I
I

I



I
I

VI Discussion

This project has demonstrated that stormtime Pc 5 waves observed by geosta-
tionary satellites in the afternoon sector are correlated with substorm onsets
occurring near local midnight. The disturbed region of a stormtime Pc 5 event
has a longitudinal extent varying between 30 and 90 degrees. The study shows
that stormtime Pc 5 waves have a wave amplitude confined with about 10'
from the magnetic equator. The propagation velocity of stormtime Pc 5 waves
is typically about 15 km/s and can be as high as 45 km/s. The numerical so-
lutions suggest that the propagation velocity of stormtime Pc 5 waves agrees
better with the perpendicular group velocity of drift mirror mode.

The correlation between the occurrence of stormtime Pc 5 wave events
and substorm onsets is not obvious because stormtime Pc 5 waves generally
occur 2-4 hours after substorm onsets. Using the wave propagation velocity,
we estimated the time for the wave to propagate from local midnight to the
satellites. For the events studied, we were able to identify a substorm onset
from ground magnetograms near local midnight within 20 minutes of the esti-
mated times. Therefore, the results suggest that the occurrence of stormtime
Pc 5 waves is correlated with substorm onsets. The correlation implies that
stormtime Pc 5 waves are propagating westward with the substorm injected
plasma. Since the propagation velocity is related to the energy of injected
plasma, the larger propagation velocity would indicate that GOES satellites
will encounter more energetic plasma as they move toward local midnight.

The correlation results depend on the accuracy in determining the wave
propagation velocity. In order for GOES satllites to detect accurately the
wave propagation velocity, the separation between the two GOES satellites
needs to be less than 2 hours. \Ve believe that the error in deducing the wave
propagation speed is mainly caused by uncertainties in identifying the time of
the first oscillation peak. which could at most have an error of one wave period.
As Table 1 shows, the error in propagation speed is generally a few km/s when
the propagation speed is greater than 10 km/s. This produces uncertainties
in estimating the substorm onset times by about ± 20 minutes (Table 1).
Since the actual substorm onsets generally occurred within 20 minutes of the
estimated substorm onset time, the uncertainties in the propagation speed do
not affect the qualitative conclusion that stormtime Pc 5 waves are related to
substorm onsets.

In addition to uncertainties in propagation speed, other factors may af-
fect the estimate of substorm onset times. For example, we have assumed a
constant wave group velocity in the estimate, but the wave group velocity may3 vary with longitude and time, depending on the azimuthal variation of plasma
parameters. Because the GOES 2 and 3 satellites at the geosynchronous orbit
are separated only by two hours local time, the effects of the radial motion on
estimating wave propagation speed should be small. Furthermore, since most,
stormtime Pc 5 waves occurred in the afternoon sector before dusk. the radial
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motion of the injected plasma boundary may be unimportant for these events.
Another interesting observation is that the GOES 2 satellite often detected

a stormtime Pc 5 event not observed by the GOES 5 satellite. This is peculiar
because stormtime Pc 5 waves presumably propagate westward from GOES 5

to GOES 2. \Vhen GOES 5 did not observe the Pc 5 events, the magnetc
field at GOES 5 had a large tail field. The explanation might be that the

GOES 5 satellite was located at a higher magnetic latitude than GOES 2 and3 the waves were localized near the magnetic equator. This could also explain
the observation that stormtime Pc 5 waves are not detected at large inclination
angle (Baefield and Lin. 1983: Lin and Cheng, 1984).

The size of the region of stormtime Pc 5 waves has not been known be-
fore. The information about the size of disturbance region gen-rally cannot
be obtained from single satellite observations. By using dual satellite obser-

n vations about the propagation velocity and event duration, we were able to
estimate that the disturbed region of a stormtime Pc 5 event has a longitudi-
nal extent varying between 30 and 90 degrees. The wave disturbance region
in the evening hours is on the average smaller the disturbance region in the
afternoon hours. The plasma clouds injected during substorms are responsible
for exciting stormtime Pc 5 waves. As the substorm injected plasma cloud
drifts westward, the front moves faster than the trailing edge. As a result, the
plasma cloud expands.

The numerical solutions of the dispersion equation suggest that the prop-
agation velocity of stormtime Pc 5 waves can be explained by the drift mirror
mode (Section IV). The range of propagation velocity can be explained when
the perpendicular wave vector times the ion gyroradius is less than 1 (ki.pi < 1)
and the parallel wave vector times ion gyroradius is in the range between 0.05
and 0.3 (0.05 < kilpi < 0.3) (see Figure 25 and 27).

The correlation study indicates that the propagation velocity increases
with wave frequency. Based on the numerical results. we argue that this
correlation can be explained if parallel wavelength is the dominant parameter
affecting the wave frequency of stormtime Pc 5 waves. Figures 24 and 25
indicate that both wave frequency and propagation velocity decrease with
klipi, Therefore. propagation velocity would increase with wave frequency as
parallel wavelength increases. The correlation between propagation velocity

and wave frequency cannot be explained by varying perpendicular wavelength
according to Figures 26 and 27, These two figures show that the perpendicular

group velocity increases, whereas wave frequency decreases as kj_p, increases.

The correlation would also require that other parameters including per-

pendicular wavelength and plasma parameters do not vary much. This imply3 that the wave frequency of stormtime Pc 5 wave events is mainly determined

by parallel wavelength. The eigenmode analysis presented in Section V has

demonstrated that parallel wavelength of low frequency waves in a dipole filed

is not an independent parameter. Parallel wavelength is an independent pa-

rameter only when the ambient magnetic field is straight. Parallel wavelength
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is determined by the magnetic field configuration or magnetic field curvature.
The correlation study between wave frequency and magnetic field proper-

ties supports the eigenmode analysis. Since wave frequency of stormtime Pc 5
waves is also correlated with the inclination angle (Figures 17 and 18), parallel
wavelength is in turn determined by the inclination angle or the magnetic field
topology. A magnetic field configuration with a large tail field during magnetic
storms will have a large inclination angle or a large magnetic field curvature.
For such a magnetic field configuration, stormtime Pc 5 waves would have a
higher wave frequency.

In summary, the propagation velocity of stormtime Pc 5 waves is consis-
tent with the perpendicular group velocity of drift mirror mode. The propaga-
tion velocity increases with wave frequency and the magnetic field inclination
angle. The wave frequency of stormtime Pc 5 waves appears to be mainly
determined by wave parallel wavelength, which is in turn determined by the
inclination angle or the magnetic field topology.

Finally the present study suggests that remote diagnosis of substorm ac-
tivities from dayside snchronous satellites is feasible. The onset of stormtime
Pc .5 waves observed in the dayside can be used to help specify the night-
side ionospheric condition, and the disturbed environment at the synchronous
orbit. In principle, it is feasible to use real time observations of magnetic
pulsations to diagnose remotely the plasma environment that a synchronous
satellite is about to go through during substorms. For example, a fast moving
stormtime Pc 5 event indicates that the magnetic field configuration ahead in
the evening sector is stretched tailward. Therefore, more substorm injections
are likely. On the other hand, a slow moving stormtime Pc 5 event might
indicate a more relaxed magnetic field configuration. Thus substorm activity
is subsided. The observations of low frequency magnetic pulsations might be

I useful for planning synchronous satellite operations

AcknowledgementIWe would like to acknowledge Drs. NI. Pangia and D. Krauss-Verban for
their participation in the eigenmode analysis. \Ve thank Mr. H. D. Ling for
writing the computer programs that solve numerically the eigenmode equation
and for his assistance in statistical and correlation studies. We also appreciate
the help of Dr. J. Koga, who scanned microfilms tirelessly to select events for

* the study.

I
II

I 55



U
U

VII References

H Allan, WV., E. M. Poulter, and E. Nielsen, STARE observations of a Pc 5
pulsation with large azimuthal wave number, J. Geophys. Res., 87, 6163,
1982.

Barfield, J. N., and P. J. Coleman, Jr., Storm-related wave phenomena ob-
served at the synchronous equatorial orbit, J. Geophys. Res., 75, 1943,
1970.

Barfield, J. N., and C. S. Lin. Remote determination of the outer radial limit of
stormtime Pc 5 wave occurrence using geosynchronous satellites, Geophys.
Res. Lett., 10, 671, 1983.

Barfield J. N., R. L. McPherron, P. J. Coleman, Jr., and D. J. Southwood,
Storm-associated Pc 5 micropulsation events observed at the synchronous
equatorial orbit, J. Geophys. Res., 77, 143, 1972.

Barfield, J. N., and R. L. McPherron, Statistical characteristics of storm-
associated Pc 5 micropulsations observed at the synchronous equatorial
orbit, J. Geophys. Res., 77, 4720, 1972.

Cheng, C. Z., and C. S. Lin, Eigenmode analysis of compressional waves in
the magentosphere, Ceophys. Res. lett., 14, 884, 1987.

Hasegawa, A., Drift mirror instability at the magnetosphere, Phys. Fluids. 12,
2642, 1969.

Lanzerotti. L. J., C. G. Maclennan, H. Fukunishi, J. K. Walker, and D. J.
Williams, Latitude and longitude dependence of storm time Pc 5 type
plasma waves, J. Geophys. Res., 80, 1014, 1975.

Lin, C. S., and J. N. Barfield, Azimuthal propagation of storm time Pc 5 waves
observed simultaneously by geostationary satellites GOES 2 and GOES 3,
J. Geophys. Res., 90, 11,075 1985.

Lin, C. S., and C. Z. Cheng, Tail field effects on drift mirror instability, J.
Geophys. Res., 89, 10771, 1984.

Lin, C. S., J. Koga, and H. D. Ling, A study of propagation velocity of storm-
time Pc 5 waves at synchronous orbit, EOS, 73, 249, 1992.

McIlwain, C. E., Substorm injection boundaries, in M1agnetospheric Physics,
edited by 13. M. McCormac, p. 143, D. Reidel, Hingham, Mass., 1974.

SMoore. T. E., R. L. Arnoldy, J. Feynman, and D. A. Hardy, Propagating
substorm injection fronts, J. Geophys. Res., 86, 6713, 1981.

Mauk, B. H., and C. E. McIlwain, Correlation of Kp with the substorm injected
plasma boundary, J. Geophys. Res., 79, 3193, 1974.

Ng, P. H., and V. L. Patel, The coupling of shear Alfven and compressional
waves in high-/3 magnetospheric plasma, J. Geophys. Res., 88, 10035. 1983.

Pangia, M. J., C. S. Lin, and J. N. Barfield, A correlative study of Pc 5
magnetic pulsations with substorin onsets, J. Geophys. res., 95, 10699,
1990.

Takahashi. K., P. R. Higbie, and D. N. Baker. Azimuthal propagation and
frequency characteristics of compressional Pc 5 waves observed at geosta-

* 56

I



I
I

tionary orbit, J. Geophys. Res., 90. 1473, 1985.
Walker. A. D. M.. B. A. Greenwald, A. Nor,. and G. Kremser, STARE and

GOES 2 observation of a storm time Pc 5 k LF pulsation, J. Geophys. Res.,
87, 9135, 1982.

I
'I
I
I
I
I
I
I
I
I
U
I
I

I 57

I



U

I
I
I
I
I

i Appendix

S~List of Stormtime Pc 5 Events
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I
List of Stormtime Pc 5 Wave Events in 1979 - 1980

Start Time Time Delay Wave
No. Date (HH:MM) (min) period Velocity

_(min) (km/s)
1 3/25/79 21:38 38 4.5 6.67
2 3/28/79 20:18 31 9.25 8.87
3 3/28/79 22:28 26 3.0 11.17
4 3/28/79 23:08 34 2.75 7.82
5 3/29/79 18:00 17 6.8 18.72
6 4/01/79 17:18 30 7.4 9.27
7 4/02/79 16:48 43 9.5 5.53
8 4/21/79 21:37 31 3.8 8.87
9 9/20/79 19:24 10 6.1 34.61
10 9/21/79 0:36 7 2.4 50.59
11 9/26/79 1:24 15 2.8 21.80
12 9/26/79 20:04 17 4.8 18.87
13 9/29/79 0:10 28 3.5 10.24
14 10/8/79 23:38 9 3.0 37.98
15 10/12/79 23:06 24 4.4 12.21
16 11/13/79 20:03 19 5.4 15.32
17 11/15/79 18:35 11 9.2 28.82
18 11/24/79 21:42 14 4.0 22.07
19 1/1/80 19:03 42 5.6 4.94
20 1/1/80 21:42 25 4.4 10.41
21 1/13/80 18:54 25 6.0 10.31
22 1/13/80 22:03 21 3.5 12.86
23 1/14/80 1:18 20 4.4 13.60

1 24 2/16/80 19:34 37 6.0 5.66

Event date and start time were based on GOES 2 observations.
• time delay is measured from the wave onset time at GOES 2 to the

wave onset time at GOES 3.I
I
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I List of Stormtime Pc 5 Wave Events in 1983

n Start Time Time Delay Wave
No. Date (HH:MM) (min) period Velocity

I_(mrin) (km/s)

1 1/14/83 23:59 25 3.1 13.52
2 1/15/83 01:51.5 21.5 2.8 16.23
3 1/17/83 23:21 12 2.8 31.52
4 1/24/83 22:46.5 13 3.0 28.86n5 2/11183 20:25 13 3.6 28.38

6 2/20/83 19:44 57.5 3.4 3.98
7 3/5183 22:13 21 4.0 16.10

8 3/12/83 18:26 41 4.0 6.71
9 3/18/83 22:22.5 19.5 3.2 17.70
10 3/25/83 20:03 39 12 7.31
11 3/28/83 17:19.5 10 4.0 37.58
12 3/28/83 19:15 9 4.6 42.10
13 4/14/83 20:12 10.5 3.0 35.64
14 4/14/83 23:44.5 15.9 4.3 22.49
15 4/24/83 23:07.5 10.5 3.2 35.52
17 4/30/83 21:35 17 2.6 20.61
18 9/19/83 1:03 22 2.4 30.40
19 10/14/83 1:24 26 2.5 25.53
20 10/18/83 20:06 24 2.7 28.02
21 10/24/83 0:18 20 2.9 34.36
23 11/12/83 20:28 34 4.5 19.12
24 11/15/83 12:29 -28 2.9 -30.02
25 11/25/83 22:33 41 3.2 14.94
26 12/5/83 22:19 48 3.2 12.23
27 12/31/83 23:00 22 3.3 31.02
28 3/1/83 0:13 28 2.4 11.30
29 3/2/83 14:36 57 5.8 3.98
30 3/12/83 20:07 62 6.0 3.39
31 3/28/83 21:07 48 4.4 5.38

Event date and start time were based on GOES 5 observations.
* time delay is measured from the wave onset time at GOES 5 to the

wave onset time at GOES 2.
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I List of Stormtime Pc 5 Wave Events In 1986

U Start Time Time Delay Wave
No. Date (HH:MM) (min) period Velocity

I (rmin) (km/s)

1 1/6/86 20:59 47 4.0 5.67
2 1/9/86 22:00 25 3.0 13.47
3 1/21/86 22:11 56 3.4 4.37
4 1/25/86 3:24 15 8.5 24.85
5 2/11/86 4:10 32 2.7 10.04
6 2/21/86 23:06 13 3.0 29.14
7 3/7/86 20:31 15 3.2 24.35
8 3/25/86 22:16 15 3.6 23.03
9 3/6/86 20:05 59 8.3 3.91
10 3/6/86 22:13 33 5.0 9.42
11 8/29/86 23:01 11 2.5 24.33
12 9/23/86 21:21.5 14.5 3.2 17.03
13 10/18/86 20:17.5 16.5 4.5 13.47
14 11/4/86 16:54 13 5.3 17.64
15 11/15/86 1:46 16 2.8 14.29
17 11/24/86 20:29 8 3.2 34.61
18 12/21/86 22:58 12 3.2 30.70
19 12/23/86 21:53 18 3.2 19.43
20 1/18/86 0:42 16 2.8 23.02I

Event date and start time were based on GOES 5 observations.
'time delay is measured from the wave onset time at GOES 5 to the

wave onset time at GOES 6.
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