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Pi2 pulsations: eld line resonances or a driven
response?

I. J. Rae, I. R. Mann, D. K. Milling, Z. C. Dent, and A. Kale

Abstract: We present an interval o7 March 2004 whereby clear quasi-periodic Pi2 pulsationsolserved following
the onset of an isolated magnetospheric substorm. Durisgriterval, we succesfully employ cross-phase analysis
techniques to recreate discrete points along the Alfvarticoum for the rst time following the substorm expansion
phase onset. Using the complex demodulation analysis itpefynwe study the latitudinal and longitudinal properties
of the Pi2 pulsations in terms of amplitude, phase, elligtiand polarisation and demonstrate that the Pi2 pulsation
have the characteristics of a driven eld line resonanceesehresults allow us to answer a long-standing question in
substorm physics; whether the frequency of the high-ld¢itRi2 pulsation results from a directly-driven responsa to
magnetotail driver, or from the properties of the magnetesig eld lines. We nd that, at least in this event studyath
the Pi2 structure is most likely determined from inherepgfrencies of the nightside magnetosphere including thealat
frequencies of the standing Alfvén waves, speci callyuléiag in @ monochromatic eld line resonance (FLR), rathiean
any variation in the temporal dynamics of the magnetotailedr

Key words:ULF waves, Field Line Resonance, Pi2, substorm.

1. Introduction dition to possibly directly-driving Pi2 waveforms iderdicto

Ultra Low Frequency (ULF) wave activity has been associ—the ow burst structure within the BBF [8, 9, 10]. An extens-
q y y ive review of Pi2 pulsations is provided in [13] and referesic

ated _with the au_roral substorm for nearly 40 years [1]. Mor herein

speci cally, th.e time of s.ubstorm onset has been shown to be Presumably the frequency content of bursts of Pi2 pulsa-

E?;C(lig_eznéoﬁ'tgr tg?zgx&ltHaégofr;eofulemn%uIsrglﬁ %uﬁ?t'_?ﬂz h:;it intions is governed by either the natural frequencies witha t
A . q y rang : 9Mpear-Earth CPS, or by the frequency content of the CPS dis-

of Pi2s is thought to be disturbances in the near-Earth plas urbances at substorm onset, or in fact a combination of the

sheet, resulting in the generation of eld aligned curranthe two. It is often suggested that the dominant periodicity iz

Zu?ﬁ;otrrr:mcsuigr?tnigﬁgs;szhzl fsl,edn_\‘;"vl;%gedeﬂg::tgtg gm_@*” packet is determined by the bounce time of the Alfvén waves
y , 9 WG 55 they propagate along the magnetic eld and set up the eld

storm onset. Ifthere is an imlpedance mismatch between he "&Iigned currents in the substorm current wedge. Indeed; stu
cident Alfvén wave and the ionosphere, then the wave may b%S of the Pi2 polarisation ellipse [11] have shown that the u

partially re ected. The Alfvén wave can thus bounce bewee | . 4 ang downward eld aligned current elements of the SCW
the Centra_ll Plasma She_et (CPS) and ionasphere, g|V|ng)r|se$/an be determined from the properties of Pi2s. In this model,
the decaying periodic Pi2 waveform [3, 13]. In ground-base he Pi2 periodicity should be determined either by the beunc

magnetograms, this creates the well-known observatioi2of Py, o 1here and back) between the ionosphere and the CPS or
pulsations “riding on” the magnetic bays associated with th between conjugate ionospheres
substorm current wedge (SCW). In this study we identify and analyse clear quasi-periodic

In addition to the auroral zone Pi2 pulsations related threquencies in the Pi2 frequency band associated with sub-

establishing the substorm current wedge, Pi2 pulsations mayq .\ "onset on 7th March 2004. Through the application of
also be observed over a wider range of latitude and longitud e cross-phase technique [16] we are able. for the rsfim
away from the onset region. A range of authors have propose[% identify a snapshot of part of the structure of the Alfvén

;hg;;?;tdrﬁé%rgagczz aTtﬁgst,):th;Tn?gf r;agseégtgﬁlorggtegdntinuum in the nightside magnetosphere for a short period
' waves. wav yimp %‘? time following expansion phase onset. By comparing the

plasmasphere, generating compressional plasmasphesc ¢ roperties of the wave with the structure of the continuum, w

:,t\%]Qgiﬁeplzmségn:;gﬁisa[lg}a ?i;gr?gsa(?r?;ﬁ tt%‘?\’zars?sgggjr:mrnexamine the hypothesis that the Pi2 pulsations observdu®on t
y y 9 " “day were a eld line resonant enhancement within the Alfvén

some cases, substorm onset has been linked to the Earthw%r tinuum
propagation of Bursty Bulk Flows (BBFs) [2]. Braking of tlees '

BBFs may generate inertial eld—aligned currents, whichyma

also be established by Alfvén waves with a Pi2 signaturadin = 2. |nstrumentation

Received 6 June 2005 In this paper we utilisg the Ca_madian Array for Realtime
' Investigations of Magnetic Activity (CARISMA) magneto-
I. J. Rae, I. R. Mann, D. K. Milling, Z. C. Dent, and A. Kale. meter network, formerly the Canadian Auroral Network fa th
Dept of Physics, University of Alberta, Edmonton, Albe@anada. OPEN Program Uni ed Study [14] — CANOPUS. In its present
T6G 2J1 incarnation, the CARISMA magnetometer array is able to re-
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Section 1. Figure 2 shows one such event and the correspond-
ing (a) H- and (b) D-component magnetic eld measurements
between 0800-0900 UT on thé"7March 2004. A clear
substorm bay can be seen in both components around 0825
80 UT, maximising at the 66-68atitudes (GIL-RAB-FSM-FSI),
A and having a local maxima at FSM where the substorm bay
. is -320 nT in the H- and -280nT in the D-component. Since
30 the largest bays are located at FSM evidence this is a strong
~ | indication that FSM was close to the centre of the substorm
.| current wedge [6]. Following this time, clear, quasi-pdi@

e pulsations were observed, again clearest between 66-68
o Figure 3 shows the ltered (20-200s) H- and D-component
_~—-| magnetometer data for the same interval, 0800-0900 UT on the
7 March 2004. Large-amplitude Pi2 pulsations are observed

| A RAB AG 40
k memd? A?;SJ_L AR
|

P g Pnﬁﬂ\/—‘—‘“‘\ J

_____________

Fig. 1. The locations of the magnetometers comprising the between 0825-0900 UT, following substorm onset. The amp-
current CARISMA magnetometer array. The overlaid grid show  |itudes maximise around 66-68and interestingly are max-
contours of geographic latitude and longitude. imised in the D-component (160 nT peak-to-peak) at FSM,
but at RAB (96 nT peak-to-peak) in the H-component. The
Site Site CGM CGM L ltered wavetrain observed at GIL is surprisingly periodis
Code Lat. (N) [ Lon. (E) | value Pi2 wavetrain following expansion phase onset is rarelyoaon
TAL Taloyoak 78.54 330.01 NA chromatic and the pulsations in both the H- and D-components
CON Contwoyto 72.97 303.87 | 11.84 at GIL are both remarkably quasi-periodic in the 0825-0900
RAN Rankin Inlet 72.47 335.36 | 11.20 UT interval.
ESK | Eskimo Point | 70.78 33251 | 9.37 Figure 4 shows the H- and D-component power spectra
FCH | Fort Churchill 68.57 33292 | 7.61 between 0800-0900 UT. Data were subjected to high-pass |-
FSM Fort Smith 67.45 306.16 | 6.90 tering at 300s and Hanning windowed. Clear in both H- and
FSI Fort Simpson |  67.33 29350 | 6.84 D-components are two discrete peaks in the power spectea: on
RAB Rabbit Lake 67.05 318.42 | 6.68 between 5-6 mHz and one between 8-9 mHz. The 5-6 mHz
GIL Gillam 66.28 332.46 | 6.27 peak tends to be prevalent in one particular meridian, that o
DAW Dawson 65.92 273.16 | 6.10 the “Churchill Line”, whereas the 8-9 mHz peak is pervasive
MCM | Fort Mcmurray| 64.31 308.52 [ 5.40 over the entire dataset. We concentrate on the clear 8-9 mHz
ISL Island Lake 63.86 332.80 | 5.23 frequency peak prevalent at all latitudes and longitudes.
PIN Pinawa 60.19 331.20 | 4.11 From top to bottom, Figure 5 shows complex demodulation
[4] analysis of high-pass Itered (at 300s) H and D signals,
Table 1. Locations of the CARISMA magentometers used as well as the amplitude and phase of the 8.8 mHz compon-
during this study. Dipole-L and CGM latitudes and longitside ent, along with the ellipticity, and the polarisation angfehe
are calculated using the NSSDC MODELWeb facility wave for the 8.8 mHz demodulate from GIL. For a dominantly
(http://nssdc.gsfc.nasa.gov/space/cgm/cgm.html). Alfvénic eld line resonance, it has been shown that the-per

turbations in the magnetosphere are rotated throughupon
solve both latitudinal and longitudinal current strucgiesso-  transmission through a uniformly conducting ionosphetbéo
ciated with a substorm when in the correct local time sectorground [5]. Therefore a toroidally (azimuthal magneticdel
with the forthcoming upgrade and deployment of 15 furtherperturbation) polarised wave in the magnetosphere is expec
uxgate magnetometers, CARISMA will be able to measureted to be dominated by the H-component when measured by a
these current systems in extended regions of latitude itong ground-based magnetometer. Evident from Figure 5 is theat th
ude and local times, including to mid-latitude regions. 8.8 mHz component peaks shortly after substorm onset, that
Figure 1 shows the location of the relevant magnetometethe phase of both the H- and D-components is approximately
stations used in this study, and Table 1 lists their statiorzonstant through the period of maximum amplitude, and the
ID, CGM (Corrected Geomagnetic) coordinates and dipole Lellipticity is approximately zero, indicative of linear lanisa-
value. We concentrate on the latitudinal “Churchill linedgt  tion. These characteristics all suggest that the GIL sidies
netometers in this paper, though information is requirethen  ynder the 8.8 mHz resonant eld line.
azimuthal characteristics on the Pi2 pulsations, obtafred Figure 6 shows the amplitude and phase characteristics of
measurements along a line of approximately constantéitu the 8.8 mHz component from complex demodulation of the
“Churchill Line” magnetometers at 0828 UT; just after expan
S o th sion phase onset. Immediately obvious is the amplitude max-
3. Observations: 7 March 2004 ima at GIL and the 180phase change across the amplitude
The CARISMA magnetometer database peak in the H-component, as well as a smaller amplitude peak
(http:/lwww.ssdp.ca) was surveyed in order to nd an in-and phase change in the D-component. These characteristics
terval which contained an isolated substorm within two lsour support the conclusion that the 8.8 mHz waves represent a
of local midnight, and which contained quasi-periodic anddriven eld line resonance, the resonant eld line lying st
clear Pi2 signatures in order to test the hypotheses odtlime to GIL.

€ 2006 ICS-8 Canada



Rae et al. 255

S5O0 COm MO OO 10 & DOW OO0 OO H 00

64 E RANH Filter (200, 20)

- SE ,
€ :§ a \—\ a _ 8E RANH E
- - SK.H < — =
°1;§ = \—\ . 16E ESKH -
= c . 5
= sE &

nT

2 FCH,H N (\

= GILH

nT

—N
N OoQ
OO GO

g

\ 111 Ll 11
nT

w 1 1(]. 111 &
nT
— NU B AEONUONE a
E

T g ' 3
c oF \\’L\,\.\ L = = ISLH
edf ™ W\ PNnn ] B8E ;
c 32K
X B - = PINH 3
&8 T=RAB.H = < = /\’P—(\,—MW—A/\/\/\/\/MM
e 120 3

- RAB,H

- FSMH

¢

nT

nT
—-N
N
[=l==]l=%= ==}
J L}

nT

= 28 Lig—“———wvw/\NW\/\/\[\/\/\/v\/\/\/\mw/\J\;
. 80E DAWH < ]2 -
< 9V = JoE DAWH AN A~ g
08:00 08:10 08:20 08:30 08:40 08:50 c ok "
. 08:00 08:10 08:20 08:30 08:40 08:50
Time (UT)
Time (UT)
. 32E RAND T b, 48F RAND .
c 16F S < §§ = W
n = 4E ESK,D -
. gg C ESK,D 3 = 8_2 MNV\/\J‘A\/\V\/W\/W«W\WVVV\[\N/\W
4 = - 9E FCH,D E
= 24 W: < 6 w—f—/\/‘\/\/\/w/\/\«/vv\/v\/vv«vwm
o8 E GIL,D = - 18 E GIL,D .
't 4BE ! "\,\,\ 3 [ g » =
6.4E T ISLD E
o = e éé = o N\W\ M A AN A
—rr 8E PIN,D E
G ?8 - © = T 24F ————————M—f\/\["\/'\/\v\/\/\w/\/\/\/\»w
128 RAB D = 032 = R ’\,\/‘/\/\_/‘\W\/\/\/\,M

8 = DAW,D

T 60F ﬁ"‘\\f\ 1
288 - FSM,D = 168 = FSM.D S
T 140F ’ ,/'\/\\_\_w__ﬂ___‘__’_____f < :3 3 /\/\/\/‘ c
S) -
= ISO = ToLY ‘—\\/‘M\W = 2 2
- 1

w

_ 128 = DAW,D

nT

oE
08:00 08:10 08:20 08:30 08:40 08:50
Time (UT)

08:00 08:10 08:20 08:30 08:40 08:50
Time (UT)

Fig. 3. Band-pass (20-200s) ltered (a) H- and (b) D-component

Fig. 2. The raw (@) H-and (b) D-component magnetograms from magnetograms from 0800-0900 UT from th® March 2004.

0800-0900 UT from the 7 March 2004.

Figure 7 shows the variation in amplitude and phase of th@f the magnetometer within the SCW. Figure 8 shows broadly
8.8 mHz component from complex demodulation as a functioih€ Same features as [11] Figure 1: zero polarisation betwee
of longitude. The H-component amplitude peaks around RABRAB-GIL (318-332) indicating the central meridian between
but there is a D-component maxima at FSM. However, the Hihe upward and downward eld-aligned current regions, -ant
component phase reveals the central location of the westwafloCkwise polarisation to the west of this meridian, buemt
electrojet as being close to both the RAB and FSM stationsSStingly clockwise polarisation eastward of the GIL-RAB-me
as the phase peaks at these stations, and decreases toebothftfian (c.f.[11] Figure 5). Future work will include a corap
east and west. This means that the phase propagation of tHon between the mid-latitude ellipticities and polaiisas of
8.8 mHz component is westward to the west of FSM and easf’12 Signatures, and those at high latitudes. o
ward of RAB, which is consistent with the entral location of 1N cross-phase technique [16] allows the determination of
the westward electrojet being located between RAB and FSMNe fundamental resonant toroidal eigenfrequency of a eld

The ellipticity of the wave is the ratio of the minor axis teth ine that lies at the mid-point of two latitudinally sepadt
major axis of the ellipse formed by the two wave componentsmagentometers. It is generally assumed that this technique
The polarization angle is the azimuth of the ellipse measured0€s notwork in the nightside magnetosphere/ionosphere pe
positive clockwise from H. If the two components are the samd'aPS due to the lack of ionospheric conductivity. Figure 9
size, the wave is circularly polarized and the ellipticityinity. ~ ShOws the cross-phase between the ISL:PIN magnetometers
If the ellipticity is +(-) 1, then H (D) leads D (H) and the wave for the entire day of the _'7 March 2004 as a function of fre-
is clockwise (anticlockwise) polarized. Figure 8 showseghe —duency. From Figure 9, it can be seen that there is a clear 8-9
lipticity and polarisation characteristics of the 8.8 mrgme ~ MHZ negative cross-phase peak between 0800-0930 UT, con-
ponentmagnetic eld as a function of longitude. These chara "Ming that the eigenfrequency of the eld lines increaseisw
teristics are well-known for mid-latitude Pi2s (see [L1jurie ~ decreasing L (the peak is negative as the ISL:PIN magneto-
1), but are somewhat more complicated at high-latitudes (s¢Meter pair shown is poleward:equatorward respectively).

[11] Figure 5). Mid-latitude Pi2s exhibit solely anti-ckgise Figure 10 shows the fundamental toroidal mode eigenfre-
polarisation, and the polarisation angle determines tbation ~ 9uUency as a function of latitude for the interval 0825-0900 U
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Fig. 4. High-pass (at 200s) Itered power spectra of the (a) H- St ob 3
and (b) D-component magnetograms from 0800-0900 UT from 32 50§ E
the 7' March 2004. The power scale is in arbitrary units. 2 3 E
. 0 10 20 30 40 50

Event time (minutes)

for the magnetometer pairs that could be extracted from the
data. The bore sites are marked by arrows, and the discgte &g, 5. Complex Demodulation[4] results of the 8.8 mHz

mHz frequency peak is marked by the dashed line. Remarkrequency peak at GIL. From top to bottom Figure 5 shows the H
ably, the 8.8 mHz resonant peak observed at GIL lies withiland D amplitudes (high-pass Itered at 200s), the amplitadd
errors close to the resonant local toroidal eld line eigeef phase of the 8.8mHz component of the signals, and the eltipti
quency as obtained from the cross-phase technique. This is iand polarisation of the magnetic perturbations.

deed strong evidence that frequency of the 8.8 mHz observed

frequency Pi2 perturbations is clearly determined by tigbi

side eld line geometry. "
7" Mar 2004: 8.8 mHz component

ﬂmmhm\uuhm\m\Mm\u

\‘HH‘HH‘HH‘HH‘HH‘HH‘H
4. Discussion and Conclusions zo,ﬁ

As seen clearly in Figures 2 and 3, the isolated substorm 15—
on this day is, as expected, clearly associated with thetonse 7
of a burst of Pi2 pulsation activity. Data, for example GIL, £ 10
shows the classic substorm response of a Pi2 wavetrain “rice ]

ing on” the substorm bay. The largest amplitude Pi2 response s

is seen on the latitudes of 66-68nterestingly, at these lat- ] H i

itudes the Pi2 is extremely monochromatic; at other laétyd 0’WWWWH_WHT;HRW Tererprrrr e
the Pi2 waveform appears to be more broad-band and irreg- e 62 64 66 68 70 72 74 60 62 64 66 68 70 72 74
ular, in keeping with the Pi2 classi cation. Of the pulsatio latitude(’) latitude(’)

classi cations introduced by [7], only the Pi2 category has _ _ o o

come synonymous with a single physical process. Even thoug’ﬂg' 6. Complex Demodulation of the Igtltudlnal variation of the_
the wavepacket observed, for example, at GIL, cannot be dé-8mHz H- and D-component (a) amplitude peaks and (b) velati
scribed as irregular, we continue to label the waves obgervePhase at 0828 UT on the"7March 2004.
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7" Mar 2004: 8.8 mHz component 7™ March 2004: Resonance Frequency Prc
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Fig. 7. Complex Demodulation of the longitudinal variation of GC)
the 8.8mHz H- and D-component (a) amplitude peaks and (b) 3 N B
relative phase at 0828 UT on th& 7March 2004. 8 B B
L 5 -
7" Mar 2004:8.8 mHz Elipticity and Pdarisaion 0 ARENRRRRN RN AR RARRRRRRRRRRRE
I N EEETE FTEE F SR A I NS FNTN EEEEE SN RN N
g - R g 60 62 64 66 68 70 72 T
] E 0 =
et . E CGM latitudef)
8027 EE 3
s ] B (—34(; £ Fig. 10. Resonance Frequency Pro le for the interval 0825-0900
0.4 - ] £ UT for the available magnetometer pairs (the boresites athvh
067 E—— £ are denoted by the vertical arrows) derived from the crésse
] B ] F  technique (see text for details).
AR AR RARRN AR AR AR AR AR AR RN AR LA AR AR
210, 260 Zgol 200 310 520 330 340 210 280 260 00 310 520 30 % during this event as Pi2s because of their global charatitesi
longitude() longitude(®) . .. .
and their association with the onset of a substorm.
Fig. 8. Ellipticity and Polarisation characteristics of the 8.8mH The monochromatic nature of this pulsation provides the op-
H- and D-component magnetograms on tie Warch 2004. portunity to investigate the relationship between Pi2 qubri
icity and the Alfvén continuum. Figure 6 shows clearly that
the dominant Pi2 pulsation power has the characteristics of
a toroidal mode 8.8 mHz FLR. The amplitude peaks at latit-
udes where the Pi2 is most monochromatic, consistent with a
bouncing Alfvén wave source generating a eld-aligned-cur
ISLH:PINH Cross Phase for 07-03-2004 rent around 66-68CGM. The wave polarisation characterist-
50 - - 180 ics at GIL (Figure 5) demonstrate linear polarisation, @sn-
45 - - 144 sistent with an FLR at this latitude. Most signi cantly, Fig
40~ -18 2 ures 9 and 10 demonstrate that the cross-phase technique can
35 1 - 72 8 work for a limited period of time following substorm onset.
T 30 + - 3¢ & Usually cross-phase does not work on the nightside, which is
% 2 - ° & usually attributed to rapid and perhaps critical dampinghsy
g fg T I '32 = nightside ionosphere. However, perhaps as a result of addi-
g . tional ionospheric conductivity arising from auroral ppet
- 10 o --108 . . .
sy | ias ation following substorm onset, suf cient coherency erabl
o . . . L 180 three pairs of stations to be used to recreate three discrete
00:00 06:00 12:00 18:00 points along the Alfvén continuum. Remarkably, within the
Time (UT) margins of error, these results showed that the 8.8 mHz fre-

quency would be expected to resonate around the latitude of
Gillam, at exactly the same location as the observed maximum
This demonstrates very clearly, at least for this event, ttha
dominant Pi2 frequency is indeed determined by the bounce
time of Alfvén waves. Moreover, this also points to the vele

Fig. 9. Cross-phase results from the ISL and PIN H-component
magnetometer data for the period 0-24 UT on tffe March
2004.
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ant bounce path of the Alfvén waves being between conjug-8.

ate ionospheres. Given that these waves are excited bylwistu
ances in the near-equatorial CPS, one might expect an anti-

nodal velocity perturbation in the equatorial plane forséne 9.

standing Alfvén waves. This is entirely consistent wita tion-
clusions drawn from the cross-phase results.

The longitude dependence of the Pi2 amplitudes shown iAo0.

Figure 7 appears to be approximately consistent with the lon
gitude dependence of the bay amplitudes seen in Figure 2.

Further analysis, and data from additional mid-latitudegma 11.

netometers, may allow a closer correspondence between the
Pi2 waveforms and the magentic bays to be established. This

will be considered in future publications. In conclusiore w 12.

believe that this is the rst time that the cross-phase tech-
nigue has been applied successfully to the determinatitreof

Alfvén continuum in the nightside magnetosphere. In cambi 13.

ation with the characteristics of the Pi2 waveforms, this ha

enabled us to show for the rst time that the dominant elemeni4.

in the Pi2 pulsation response can be characterised as a eld
line resonant enhancement in the Alfvén continuum. This su
gests that a signi cant contribution to determining Piustr

ture may come from a natural frequency resonant response of

the nightside magnetosphere, including the subsequeitt exc15.

ation of a classical eld line resonance, rather than beiag d
termined by driver periodicities such as the ow burst stwie
within BBFs.

16.
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