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Abstract. A case study of SuperDARN observations of Pc5 1 Introduction
Alfvén ULF wave activity generated in the immediate after-

math of a modest-intensity substorm expansion phase O”S‘Rﬁagnetospheric long-period Ultra Low Frequency (ULF)
is presented. Observations from the Hankasalmi radar 'eyaves in the Pc 3-5 frequency band (2-100 mHz) in the ter-
veal that the wave had a period of 580s and was characregiria] magnetosphere represent Alfvén waves standing be-
terized by an intermediate azimuthal wave number13),  yyeen magnetically conjugate points of the high-conductivity

with an eastwards phase propagation. It had a significanfynggphere. These waves are usually categorized according
poloidal component and a rapid equatorward phase propag, thejr predominant polarization: toroidal waves if the per-

gation (-62° per degree of latitude). The total equatorward y,rheq magnetic field oscillates in an azimuthal direction,
phase variation over the wave signatures visible in the radagg poloidal waves if the magnetic field oscillates in a ra-
field-of-view exceeded the 18(associated with field line  ia) (meridional) direction. Furthermore, these two kinds of
resonances. The wave activity is interpreted as being stimyayes are distinguished according to their azimuthal wave
ulated by_recently—mjectgd energetic particles. _Sp_euﬂcallynumberm: the toroidal modes are generally low-waves

the wave is thought to arise from an eastward drifting cloud(Or equivalently a large scale size in the azimuthal direc-
of energetic electrons in a similar fashion to recent theoreti-tion) and the poloidal modes are highwaves (or equiva-

cal suggestionsMager and Klimushkin2008 Zolotukhina  |ently a small scale size in the azimuthal direction). The two
et al, 2008 Mager et al. 2009. The azimuthal wave num- \yaye modes are thought to have distinct generation mecha-
berm is determined by the wave eigenfrequency and the driftqisms. The lown: waves are usually supposed to be reso-
velocity of the source particle population. To create such amanily generated by an incoming fast mode arriving from the
intermediaten wave, the injected particles must have rather o ter houndary of the magnetosphere (field line resonance)
high energies for a given L-shell, in comparison to previous e.g., Agapitov et al, 2009. The highm waves generally
observations of wave events with equatorward polarizationy,qve > 15. and are thought to have their energy source
The wave period is somewhat longer than previous observay, griting energetic particle fluxes entering the Earth’s inner
tions of equatorward-propagating events. This may well be,gnetosphere from the magnetotail and subsequently expe-
a consequence of the wave occurring very shortly after thjencing gradient-curvature drift and thus moving around the
substorm.expansmn, on .stretched negr-mldmght f|e.Id linessarth, constituting part of the global ring current (eBgd-
characterised by longer eigenfrequencies than those |nvolvege|ey et al, 2005ha). These energetic particles can drive

in previous observations. MHD wave modes through wave-particle interactions, for
Keywords. lonosphere (Wave-particle interactions) — Mag- example via the drift and drift-bounce resonance interactions,
netospheric physics (Magnetosphere-ionosphere interadeading to perturbations in the electric and magnetic fields in
tions; MHD waves and instabilities) the magnetosphere and ionosphere when free energy is avail-
able to the wave. Such high-waves are presently a topic of
considerable importance in both theoretical and experimental

Correspondence tol. K. Yeoman studies. In much previous work it has been suggested (e.g.,
BY (tim.yeoman@ion.le.ac.uk) Southwood 1976 Hughes et a).1978 1979 that the part of
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the ion distribution function which is able to feed energy into Events were also detected near dawn, however, and a vari-

the wave is that where ety of wave-particle interaction modes have been invoked.
Ground-based observations have also contributed greatly to
3f/3W >0, (1) our knowledge of particle-driven waves. A number of cate-

gories of waves have been identified in such data, which have
distinct wave characteristics and occurrence conditions. Gi-

ergy. Such non-Maxwellian ion distribution functions, of- ant “Pg" pulsations have been observed on the ground and in

ten termed “bump-on-tail" distributions, can be created quite . I ) . . :
. ; situ by orbiting satellites at times when geomagnetic condi-

commonly by naturally-occurring processes in the magne-. . o
. T tions are quiet. A statistical study of 34 of these events ob-

tosphere, such as substorm-associated particle injections or :
. . served on the EISCAT magnetometer cross network in north-

other particle acceleration processes. Subsequent to such an

L X . . ern Scandinavia found a peak in occurrence of these waves
injection the ions are subject to gradient-curvature EndB ) i .

: g . . in the dawn/prenoon sector; no events were observed in the
drifts and move westwards, arriving at a given magnetic lo-

cal time at different universal times due to the energy de_afternoon Chisham and Or1.993). The average value of the

pendence of magnetospheric drift paths. Even under stead?f'mumal wave number was —26 for the 34 events (here

state conditions particles follow energy-dependent drift pathst.egatlvem Is taken to represent _Westward phase propaga-
: . .. . tion). Pgs have been related to drift-bounce resonance mech-
which can lead to the formation of such bump-on-tail dis-

tributions Cowley and Ashour-Abdallall976 Glassmeier anisms with both symmetric (e.gakahashi et 31992 and

etal, 19993 Ozeke and Manr2001). Subsequent to such an antisymmetric (e.g.Ch_lsham gnd orr199].) wave ques,
A : ) ) . and the wave-particle interaction responsible for their gener-
injection and drift process, on occasion particles will match

. " ation thus remains controversial.
t1h9e6lscal drift-bounce resonance conditio(ithwood et . Storm time Pc5 pulsations have been seen in STARE (the

Scandinavian Twin Auroral Radar Experime@reenwald
Owave— Mwave®d = N op, ) et al, 1979 data Allan et al,_1982 1983. Stlorm time
Pc5 pulsations are compressional waves of lighumber
whereN is either zero (drift resonance) or an integer (usu-(m = —20 to —80) with a frequency in the Pc5 range (1.7—
ally +1, drift bounce resonance). In either casgye @b, 6.7 mHz) which have been associated with a drift-resonance
andwq are the angular frequencies of the wave, the protonsource mechanism. Drift resonance involves fundamental
bounce, and the proton azimuthal drift, respectively. Suchwave modes, with the electric field symmetric about the
wave-particle interactions are processes of fundamental imequator (i.e. an equatorial electric field antinode). Contrary
portance in collisionless astrophysical plasmas. to the Pg events discussed above, storm-time Pc5s are ob-
Although this picture seems generally accepted, there argerved in the dusk sector during magnetically disturbed in-
some inconsistencies concerning the generation of the lowtervals.
m waves. Some key features of field line resonances have Some more recent results from a High Frequency (HF)
yet to be observed3lassmeier et §l19991. In addition,  Doppler sounder, DOPE (the DOppler Pulsation Experi-
due to the very different spatial structure of the Alfvén and ment;Wright et al, 1997 at Tromsg, northern Norway have
fast modes their interaction is rather weak and the generademonstrated the existence of populations of higtvaves
tion mechanism may become rather ineffectieqnovich in both the morning and afternoon sectors. In this case the
200]). Saka et al(1992 also observed a Pc5 wave event morning sector waves were the most populous, andrivad
with m ~ 1 associated with increased fluxes of energetic elechumbers of order 100, high enough to screen the waves com-
trons in the magnetosphere and interpreted it as a wave genepletely from ground magnetometergepman et al.2000.
ated not through coupling between a fast and Alfvén mode|n later studies using DOPBaddeley et al(20053 demon-
but rather by electron injection. These facts hint that somestrated that waves witlm-numbers of 100-200 were as-
low- and intermediate: waves can be generated through sociated with a source in proton populations with energies
mechanisms other than resonant excitation by the fast modey10keV, with a drift-bounce resonance mechanism most
perhaps by high energy particles, as suggested for therhigh- likely in the prenoon sector, but with both drift- and drift-
wave populations. bounce resonance mechanisms possible in the postnoon sec-
In previous work the structure and occurrence of ener-tor. Using a combination of DOPE observations and in situ
getic particle-driven waves have been studied by a num-energetic particle measuremenBaddeley et al.(2005H
ber of authors in the magnetosphere with in situ spacecraftvere able to demonstrate a statistically significant relation-
data, for both case studies (e.guyghes et a).1979 Taka-  ship between such high-wave occurrence and conjugate
hashi et al.199Q Eriksson et a].2006 Schéfer et a).2007, measurements of non-Maxwellian particle populations in the
2008 and statistically (e.gKkokubun 1985 Takahashietal.  overlying magnetosphere.
1985 Anderson et a).1990 Woch et al, 1990 Engebretson Another classification of hight waves, similar to those
et al, 1992 Lessard et al.1999. These studies identified a described above, but with an equatorward phase motion, have
strong population of particle-driven waves in the dusk sectorbeen seen in SABRE (the Sweden And Britain auroral Radar

where f is the ion distribution function andV is the en-
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Experiment;Nielsen et al. 1983 coherent radar system in  7o°N
the dusk sectoM{aldock et al. 1983 Tian et al, 1991, Yeo-

man et al. 1992. Similar observations were seen in the
BARS (Bistatic Auroral Radar SystenMicNamara et a.  70°N
1983 coherent radar bysrant et al.(1992. Later, Yeo-

man and Wright(2001) presented ULF wave observations
close to local noon using the HF radar artificial backscatter
technique at Tromsg which demonstrated both wave activ-

ity characteristic of drift-bounce resonance and wave activity
characteristic of drift resonance activity, with the latter waves
showing equatorward phase propagation. Recerglynan

et al. (2008 presented observations of similar populations

of equatorward-propagating wave events driven by energetigo-n
particle populations in the outer magnetosphere, at an L-shell

of 15. These previous observations of equatorward propagat-
ing waves are the most similar observations to a newly iden-
tified population of ULF wave events, where an equatorward
propagating wave which is characterised by an intermediate
azimuthal wave number is associated with a newly-injectedrig. 1. The fields of view of Channel A (black) and Channel B
energetic particle population. An exemplary case study of(blue) of the Hankasalmi, Finland and bykkvibaer, Iceland Super-
such a wave is presented here, and its possible source mecbARN radars during the interval under study.

anism is discussed.

. ,GeoQ‘r:-‘lphic coordinates

0°E 15°E 30°E 45°E

the IMAGE substorm list described in Se@t. The list of
substorm events was reduced by selecting substorm onset

The ULF wave data presented here were recorded by thgvents which occurred within 1 h local time of the location

SuperDARN radars at Hankasalmi, Finland and bykkvibaerOf the Hankasalmi radar. The list was further reduced by se-

Iceland. Full details of SuperDARN are given@reenwald :,3;2ni,;?a%éhgf,ebggﬁsgvé??QeaHr;gE;g;;ﬁ;gg:‘%?,gﬁ? d
et al. (1995 and Chisham et al(2007. Figurel presents ' 9

the fields of view of the radar scan modes used in this studyquallty data coverage was available on both the Hankasaimi

Channel A of both radars employed a full 16-beam scan 0Tand pykkvibeer radars. The data coverage and substorm de-

45 km range gates, starting at a range of 180 km, and is Out\_/elopment are indicated in Fig. The upper panels of Fig.

. . . . present the data coverage of the two SuperDARN radars,
lined in black. Channel B was restricted to 1 beam, again . : . .

. . . showing the colour-coded ionospheric flow velocities across
with 45 km range gates. Hankasalmi sounded beam 9, point; f : } .
; . . _the full fields of view at 23:37 UT. The Hankasalmi data are
ing northwards, whereas bykkvibaer sounded beam 5, point- - . A
. ) . . presented in Fig2a and the bykkvibaer data in Figh. Red
ing north and east. These beams are outlined in blue i . " .

. . L .~ .~ (negative) velocities are away from the radar and blue (posi-
Fig. 1. The integration time of the radars was 3, yielding .. .

: ; tive) velocities are towards the radar. The data are presented

a full radar scan from Channel A every minute, and single. . . . . .

. . . in magnetic latitude-magnetic local time coordinates. The

beam data with 3 time resolution on Channel B. Data '€ adial dashed lines are separated by 1 h local time, with lo
also presented from the IMAGE (International Monitor for P y ’

Auroral Geomagnetic Effectkiihr, 1994 magnetometer ar- cal m|dn|ght be.mg. marked by the vgrUcaI dashed Ilne. The
. L o dashed circles indicate magnetic latitude &t 48parations.
ray, which has a sampling interval of 10s. The time inter-

. ) e Excellent data coverage is seen across a substantial region of
vals under study were selected from intervals identified us-

ing the FUV instrumentNfende et al. 2000ab) on the IM- both radar fields-of-view. The lower panels F2g—e present

AGE spacecraft. Specifically use is made of the list of 2437the corresponding IMAGE FUV Wideband Imaging Cam-

substorm events occurring between May 2000 and Decem®" (WIC) instrument in the same coordinate system. The

ber 2002 identified bfErey et al(2004). This list was subse-  S-PSIOTM onset was identified Byey et al (2009 as start-

quently extended to 4193 substorm events after consideriné1 ?naat i?a:'[igc&lcl)gz;l”t-i'n?é ?)?gg_rgggng&éﬂ?x: t(I)quﬂ;uiggal
the 5-year period up to December 2005. 9 o

signature of the substorm at the identified onset time. Note
that the substorm onset, although clear, was of modest inten-
3 Data sity. The peak IMAGE WIC intensity was relatively weak,
the AE index at onset was 88 nT, peaking at 135nT 1h after
The ULF wave event case study presented here occurred oonset, and no significant particle injection activity was ob-
21 March 2002, and was selected from a dataset derived frorserved by the LANL geostationary spacecraft on field lines

2 Instrumentation
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SUPERDARN PARAMETER PLOT 21 Mar 2002
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Fig. 2. Fields-of-view and data coverage from Channel A of the SuperDARN radéa}ldankasalmi, Finland ang) Pykkvibeer, Iceland

in magnetic latitude-magnetic local time coordinates during substorm onset at 23:37 UT. Red (negative) velocities are away from the radar
and blue (positive) velocities are towards the radar. The radial dashed lines are separated by 1 h local time, with local midnight being marked
by the vertical dashed line. The dashed circles indicate magnetic latitudé sefifirations(c—e)present IMAGE WIC auroral data in the

same coordinate system for three times during the substorm expansion phase.

equatorward of the observations presented here. Fignire westward electrojet associated with the substorm. Fighre
and e shows the subsequent development of the auroral emigresents the same data, but now bandpass filtered between
sions at 23:37:22 UT and 23:47:37 UT. By 23:37:22 UT the 1000-20 s for the interval 23:30-00:30 UT. Here the ground
auroral activity had migrated poleward and westward overmagnetometer data provide evidence for some ULF wave ac-
the westernmost limit of the SuperDARN radar data cover-tivity occurring in the hour following the substorm onset,
age, and subsequently by 23:47:37 UT the auroral activitywith a period in the region of 600 s. SuperDARN radar mea-
expanded in all directions, essentially filling the area of thesurements of this ULF wave activity as measured directly in
SuperDARN radar data. the ionospheric flow velocities is presented in Hg. The

; data from Hankasalmi beam 9 is presented in Bégand the
Figure 3 presents IMAGE X-component magnetometer data from bykkvibger beam 5 is presented in Hig. The

data during the substorm interval. Figu8a depicts unfil- | heri lociti | ded as in Bicand th
tered data between 22:00 UT and 02:00 UT for a selectiorf)nos.p eric velocilies are colour-coded as In gand the
ocation of these two high time resolution beams is illus-

of IMAGE stations covering decreasing Iatitudesfromtoptot ted in Fia. 1 Th tivit ted by the IM
bottom. At the highest and lowest stations there is little mag- rated in 9. 1. € wave activily suggested by the M-

netic signature of the substorm activity, but between theséA‘GE magr\etometer dgta In Figb is clearly visible n the
3§)nospherlc flow velocity from both radars. The meridional

stations there is a clear decrease in the X component ma f the Hankasalmi rad ted in Bi |
netic field, starting around 23:30 UT, indicating an enhance €am of the Hankasaimi radar presented in Fgreveals

Ann. Geophys., 28, 1499509 2010 www.ann-geophys.net/28/1499/2010/
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Fig. 3. IMAGE X-component magnetometer data during the substorm intgfajalinfiltered data between 22:00 UT and 02:00 (WY data
bandpass filtered between 1000-20 s for the interval 23:30-00:30 UT.

oscillatory flow velocities covering magnetic latitudes of 66 exceed the 180associated with field line resonances. Fig-
to 76°, with a clear equatorward phase evolution visible in ure6 similarly presents Fourier (a) power and (b) phase at the
the wave. Fourier analysis (not shown) reveals the wave pepeak frequency of the ULF wave observed in the ionospheric
riod to be 580 s (a frequency of 1.7 mHz). The data from thedrift velocity, but now as measured along beams 7-12 of the
north-east directed beam of the bykkvibaer radar in #ig. Hankasalmi SuperDARN radar at 7éhagnetic latitude, as
shows wave activity with the same period, but with little de- a function of geomagnetic longitude. This required using
tectable phase propagation in the direction of the radar beanthe lower time resolution (1 min) beams of the Hankasalmi
The Fourier amplitude and phase behaviour of the wave igadar, in which the wave activity is not so well resolved,
now examined in more detail. FiguBa and b present the but the data are adequate for Fourier analysis of the 580 s
Fourier power and phase at the peak frequency of the ULFvave. An eastward phase propagation of °LisGobserved
wave as a function of geomagnetic latitude, as derived fromover this longitude range (corresponding to an effective az-
the ionospheric drift velocity measurements along beam 9 ofmuthal wave numbem of ~ 13). Finally Fig.7 presents
the Hankasalmi SuperDARN radar presented in &g.A 3 Fourier (a) power and (b) phase at the peak frequency of the
latitude range is chosen, where the wave signatures are cleadLF wave observed in the ionospheric drift velocity mea-
est and free from ground scatter contamination. The Fouriesured along beam 5 of the bykkvibaer SuperDARN radar as
analysis confirms the equatorward phase propagation, revea# function of geomagnetic longitude (the corresponding ge-
ing that the wave exhibits a phase propagation ofI&er  omagnetic latitudes of the datapoints are shown on the right
this latitude range+{ 62° per degree of latitude). Itis visually for reference). Here only a small total phase propagation
clear from Fig.4a that the total equatorward phase variation is apparent (a 13decrease), with the phase seeming to de-
over the wave signatures visible in the radar field-of-view crease with magnetic longitude in the west and increase in the

www.ann-geophys.net/28/1499/2010/ Ann. Geophys., 28, 11453-2010
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SUPERDARN PARAMETER PLOT 21 Mar 2002
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Fig. 4. SuperDARN radar velocity measurements fréahHankasalmi beam 9 ar@) bPykkvibaer beam 5. The ionospheric velocities are
colour-coded as in Fig, and the location of these two high time resolution beams is illustrated il Fig.

(a) 725F () 72.5F 3 covers a significant range of both latitude and longitude, then
a phase increase of 108 latitude and a phase decrease of
200 80° in longitude result. Thus the small phase change ob-
o 715 served along bykkvibaer beam 5 is essentially consistent with
E the data from the Hankasalmi radar.
é 71.0
2 705 4 Interpretation: Alfvén waves, generated by substorm
o injected high-energy particles
cosl . 1 L ] The ULF wave activity considered in the previous section
0 500 1000 1500 2000 ~100 0 100 shows a number of characteristic features. The wave is char-

Power (Arb. Units) Phase (degrees) acterised by an intermediate azimuthal wave number. It has

Fig. 5. Fourier(a) power and(b) phase at the peak frequency of a significant poI_0|daI co.mponent and a re_\pld eqpatorw_ard
the ULF wave observed in the ionospheric drift velocity measuredPh@s€ propagation. It is also observed in the immediate

along beam 9 of the Hankasalmi SuperDARN radar as a function ofdftermath of a substorm expansion phase onset, collocated
geomagnetic latitude. with the substorm auroral expansion, and thus we assume

closely associated with the substorm energetic particle injec-

tion. As such the wave activity is most similar to previous
east, although the significance of such small phase variationsbservations of equatorward propagating ULF waves. Pre-
is unclear. If the longitudinal and latitudinal phase propaga-vious observations of such events have suggested that they
tions observed in the Hankasalmi data are used to predict thare predominantly observed in the dusk sector, and they have
phase evolution expected along bykkvibeer beam 5, whictbeen associated with westward drifting proton populations

Ann. Geophys., 28, 1499509 2010 www.ann-geophys.net/28/1499/2010/
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Fig. 7. Fourier(a) power and(b) phase at the peak frequency of
Fig. 6. Fourier (a) power and(b) phase at the peak frequency the ULF wave observed in the ionospheric drift velocity measured
of the ULF wave observed in the ionospheric drift velocity mea- @long beam 5 of the Pykkvibzer SuperDARN radar as a function of
sured along beams 7-12 of the Hankasalmi SuperDARN radar ageomagnetic longitude. The corresponding geomagnetic latitudes
70° magnetic latitude as a function of geomagnetic longitude. of the datapoints are shown on the right for reference.

following substorm injection, with a drift resonance mecha- quires the wave energy source to lie in the population of en-

nism invoked as a source mechanism. ergetic electrons rather than the population of energetic pro-
Following Yeoman and Wrigh¢2001), taking the angular  tons. Free energy should be available on occasion in the elec-
drift frequency of the particles to be tron populations when the conditions in equations Exatd

Eqg. ) are met for electrons, although in the case of electrons
, (3) the much more rapid electron bounce period would preclude
Mwave  TwaveMwave solutions for conditions other tha =0 in Eg. @). Such
where twave is the wave period (i.e. takingN=0 in energy sources in drifting electron clouds have been consid-
Eq. 2) vyields a proton angular drift frequency of €redaswave sources Bypka etal(1992, Saka etal(1996,
~8.3x10 *rads s1. The wave observations presented here Pilipenko et al(20013 andPilipenko et al(2001h. Such a
cover L-shells of 7.5-15. Applying the equations for the de-mechanism involving electron clouds offers no explanation
pendence of proton or electron drift on particle energy as infor the observed equatorward phase propagation, however.
Yeoman and Wrigh(2001) then implies an energy source in An alternative approach is considered below.
25-70keV particles at=7.5-15. Taking large pitch angles ~ As is well known, in then ~ 1 limit two MHD modes, the
and the central L-shell of the wave observations, then particldast mode and the Alfven, are coupled. However, when these
energies of 33keV are predicted. The characteristics of théwo modes have a different parallel structuteegnovich
ULF wave events with equatorward phase propagation ob2001) this coupling may under some circumstances be ne-
served byGrant et al(1992), Yeoman et al(1992, Yeoman  glected and the excitation of the Alfvén waves can be stud-
and Wright(2001), Yeoman et al(2009 and those presented ied alone. The theory of the generation of this mode by
here are summarised in Tallgalong with the energetic par- substorm injected particles has been elaborated/ager
ticle populations implicated in their generation by the authorsand Klimushkin(200§ andMager et al.(2009. Although
concerned. Tablé shows that whilst wave events are seen that theory was developed for the proton-driven highvave
with a variety ofm-numbers and periods, a clear trend existscase, its qualitative features can be generalized for a more
in previous observations in that the energy of the proposedyeneral situation, with lower-numbers and a wave source
particle population inversion decreases as the L-shell of thén the energetic electron population (séelotukhina et al.
observation increases. 2008.

The present observations lie outside this trend, being ob- The azimuthally drifting inhomogeneity provided by the
served with relatively lown-numbers at relatively high lat-  drifting cloud of injected energetic particles can be consid-
itudes. It is also the only observation with eastwards phasesred as a sudden impulse propagating from one location on
propagation. The present case study was taken from a largehe azimuthal coordinate to another with the drift angular ve-
database of such wave observations. The periodsnand locity wq(x). Thus, let us consider the Alfvén waves excited
numbers of the larger population were in fact very consis-by a sudden impulse with an azimuthal structure of the form
tent. The majority of events identified so far have eastwarde?, wherem is the azimuthal wave number agdis the
phase propagation, although westward-propagating eventazimuthal angle. Since the Alfvén waves represent field line
have also been observed. Invoking the drift resonance mechsscillations, each field line having its own eigenfrequency
anism for an eastward-propagating wave event clearly re{Hasegawa et gl1983, the wave electric field is given by

Wwave 2r
wd = =

www.ann-geophys.net/28/1499/2010/ Ann. Geophys., 28, 11453-2010



1506 T. K. Yeoman et al.: IntermediatetLF waves generated by substorm injection

7 The bounce-averaged drift frequency in the inhomogeneous
Pl field is proportional to the particle energyand the radial
’ coordinatex:

’ wd~8x 10 3¢x, 9)

e wherewy, x, ande are measured in degrees per minute, Earth

radii, and keV, respectivel\Roederer1970. The energy of

v substorm injected particles also depends on the radial coordi-

’ nate, so in effect the drift frequency happens to depend only
o on the L-shell. Let us assume that drift frequency increases

with the radial coordinate. This case can be realized in the

Fig. 8. Lines of constant modelled wave phase. The dashed linemagnetosphere under conditions where there is a consider-

represents the drifting source (energetic particle cloud), posjtive able loss of injected protons (e §outhwoog1980. In this

is in the direction of the drift (westward for protons, eastward for cgse, the lines of constant phase inthe plane are depicted

electrons). The bold line correspondskio=0 (a purely poloidal i Fig. 8 (note that the whole picture is shifting to the right

polarization of the wave). along with the source).

The wavevector radial component is determined as

the expressioreonovich and Mazyin998 Klimushkin and

!/ /
Mager, 2004 ky=W =— <ﬂ> (wdt — ) — ot 3, (10)
. d d
E=|Ele'Y ) N o
where a prime indicates a radial derivative. Note thgt—
with the phase ¢ > 0 since the wave appears in some azimuthal location si-
multaneously with the particle cloud arrival in the same spot.
¥ =—wx)t+mg, (5)  Thus, provided thaw > 0, the first right-hand side term is

positive, while the second is negative. Just after the moment
of the source passing a point with a given azimuthal coordi-

nate, the radial component is negatikg,< 0. However, it

is finite, hence the wave has a polarization between toroidal
_ oS ) i and poloidal. A negative value of the wavevector radial com-

an azimuthally drifting inhomogeneity, the expression for ,,nent means a negative radial phase velocity of the wave;

the wave field must show the fact that the Alfvén waves e ted onto the ionosphere along geomagnetic field lines,
have negligible energy propagation transverse to field "nesthis implies an equatorward phase propagation.
Hence, Eq.4) is replaced by

wherew is the resonant eigenfrequency ands the radial
coordinate. The azimuthal wave numlseis determined by
the exciting impulse.

Following Mager et al.(2009, for a wave source in

At the moment

@/ an

Here ® (wgt — ¢) is the Heaviside step function. The wave o'

phase is still given by Eq5), but them number is notarbi- -~ ~goeg 1o zero the wave becomes poloidal. After that it
trarily imposed. Instead, as the excitation is due to a moving-panqes its sign and becomes positive: the polarization of
source, in the source reference system the (Doppler-sh#teQ)ne wave becomes mixed again and, due to the phase mixing,

phase just beh'm,j the source is constant, thus the transformqﬂe wave gradually transforms into toroidally-polarized one.
wave frequency’ = w —mwq must be zero. Hence, we ob-  pq characteristic transformation time is
tain an expression for the-number:

E=0(wgt—¢)|Ele'”. (6)

m— C()(X) , (7) TZZQ—OL, (12)
wd(x)

wheremg and Qg are a characteristic azimuthal wave num-
ber and angular frequency for the wavejs the L-shell of

the wave and is a characteristic (magnetospheric) scale size
(Mager and Klimushkin2008. If the wave attenuation is
taken into account, then the wave does not have enough time

justasin Eq.8). This value depends on the radial coordinate
(simply through the fact that different azimuthal wavenum-
bers will be resonant with the moving source at different
L-shells). Finally, we get the following expression for the

phase: to transform into a toroidal polarization, and the maximum
w(x) wave amplitude will correspond to a mixed polarization with
V=—w)r+——: 8 i
=—-olx wd(x)‘p' a pronounced poloidal component.
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Table 1. A summary of the characteristics of this case study and previous ULF wave observations showing equatorward phase propagation,
and the particle energy of their proposed magnetospheric sourceYafteran et al.2008.

Study m t(s) L-shell Implied particle energy (keV)
This study +13 580 7.5-15 33
Yeoman et al. (2008) —60 300 15 10
Grant et al. (1992) ~—-50 ~300 7.5 20
Yeoman and Wright (2001) —35 260 6.4 50
Yeoman et al. (1992) ~—-20 ~400 5 60
5 Conclusion and discussion have rather high energies for a given L-shell, in comparison

to previous observations of wave events with equatorward
The SuperDARN data presented in Seshowed that in polarization (see Tabl&). The high energy and hence rapid

the immediate aftermath of a substorm expansion phas@ZimUthal drift of the particles also explains the small time
onset, Pc5 Alfvén ULF wave activity was stimulated by lag between the substorm onset and the detection of the wave.
the recently-injected energetic particles. Observations from LOW and intermediate: waves could also be generated
the Hankasalmi radar revealed that the wave generated iRY M&ans of bump on tail instability under the drift reso-

the magnetosphere had a period of 580s (a frequency dfance condition as outlined in Eq)fnd Eq. £) (Mager and

1.7mHz) and was characterized by an intermediate azKlimushkin, 2003. However, in this case there is a problem

imuthal wave numbern{ = 13), with an eastwards phase with the poloidal_polarizati(_)n of the wave, since the wave
propagation. It had a significant poloidal component andS00N transforms into a toroidal one due to the phase mixing
a rapid equatorward phase propagation6@° per degree (Kllr_n_ushkm, 2000 20Q7§ Klimushkin and Mager2004). In

of latitude). The total equatorward phase variation over2ddition, this mechanism offers no explanation of the equa-
the wave signatures visible in the radar field-of-view ex- {orward propagation of the wave. Besides, it would be more
ceeded the 180associated with field line resonances. Data @PPropriate toregard the instability as a mechanism for wave
from a north-east directed beam of the bykkvibaer radaenhancement rather than as the source. To set this mecha-
was consistent with the period and phase behaviour inferre§iSm to work requires some germ amplitude, which could be
from Hankasalmi. The wave period observed here Was_prowded by the moving particle cloud source, as suggested

somewhat longer than previous observations of equatorward! this paper. A statistical investigation into the characteris-
propagating events (see Talle This may well be a con- tics of the new wave type prese_n_ted h_ere, and its rela_t|0nsh|p
sequence of the wave occurring very shortly after the sublo the associated substorm activity, will be presented in a fol-
storm expansion, on stretched, near-midnight field lines charlOWing paper.
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