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Abstract. In this paper we introduce the field line reso- plitude and phase structures of the observed pulsations and fi-
nance detector (FLRD), a wave telescope technique whichally led to the theoretical approachesafen and Hasegawa
has been specially adapted to estimate the spectral enerd$974 and Southwood(1974), who developed a theory for
density of field line resonance (FLR) phase structures in dield line resonances (FLR) consistent with the observations.
superposed wave field. The field line resonance detector iFheir analytical model describes the coupling of evanescent
able to detect and correctly characterize several superposammpressional disturbances generated by a surface wave to
FLR structures of a wave field and therefore constitutes a nevocalized standing Alfén waves at a resonance point, where
and powerful tool in ULF pulsation studies. In our work we the driving frequency of the surface wave and the local eigen-
derive the technique from the classical wave telescope beanfrequency coincide. The resulting ABm mode oscillations
former and present a statistical analysis of one year of grounére characterized by a 18@hase shift and a polarization
based magnetometer data from the Canadian magnetometehange across the resonance region as well as a local ampli-
network CANOPUS, now known as CARISMA. The statisti- tude maximum.

cal analysis shows that the FLRD is capable of detecting and Though several sources of the initial compressional dis-
characterizing superposed or hidden FLR structures in mosfurbance like solar wind driven closed cavity or open waveg-
of the detected ULF pulsation events; the one year statistiuide oscillations in their respective eigenfrequencies f&-g.

cal database is therefore extraordinarily comprehensive. Theéan et al, 1986 Samson et al.1992 Mann et al, 1999 or
results of this analysis confirm the results of previous FLRKelvin-Helmholtz instability surface waves on the flanks of
characterizations and furthermore allow a detailed generalthe magnetopause (e $outhwood1974 Fuijita et al, 1996

ized dispersion analysis of FLRs. Engebretson et al1998 Rae et al. 2005 have been pro-

Keywords. Magnetospheric physics (MHD waves and in- posed, the spatial amplitude and phase structures of ground

stabilities; Instruments and techniques) — Space pIastased magnetic field measurements during FLR events are
physics (Wave-wave interactions) commonly accepted due to abundant experimental evidence

(e.g. Samson et gl.1971;, Green 1981 Glassmeier et al.
1999: Toroidal mode standing Alen wave oscillations gen-
i erate dominant disturbances in the latitudikacomponent
1 Introduction of the ground magnetic field (sekighes1974 with an 180

. hase shift in meridional direction and a small azimuthal
For several decades ULF pulsations have been observed ug,-

ina around based madnetometer measurements. Pione ravenumber (large wavelength in zonal direction). Addi-
99 9 ' et|onally, these phase structures have been observed to move

ing work in interpreting these pulsations was first done bypredominantly tailward in the morning and afternoon local

Dungey(1959, th.) found §|gensolut|ons of a d|pole.mag- time sectors demonstrating mainly poleward phase front mo-
netosphere assuming spatially constant plasma density. Lat%rOn at high latitude resonance regions (€assmeier et al.

Tamao(1965 showed the possibility of excitation of reso- 1984 Fenrich et al.1995.

nant ULF waves within the magnetosphere. Experimental The determinati fth " hich ch teri
work by Samson et a[1971) was crucial in determining am- € determination oT i€ parameters which characterize a
FLR event (namely the latitudinal phase shiftthe width

Correspondence td=. Plaschke of the phase shift area on the groupdthe meridional loca-
(f.plaschke@tu-bs.de) tion of the resonating field line shety and the azimuthal
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3478 F. Plaschke et al.: Field line resonance detector

wavenumbern) can be achieved comparing phase differ- stant only on a given parallel and changes with the latitude
ences of timeseries dff component magnetic field distur- thereof:

bances from either meridionally or zonally adjacent stations

of a ground magnetometer array. These phases relative t§ = ky - Re - COSURP) 1)

a reference signal can be computed for each station's SigI'—IereRE denotes the radius of the Earth ahgb the latitude
nal by standard Fourier transform or by complex demodu—Of the reference parallel.

lation (Beamish et a].1979. For the successful applica- | " 400 1o makek, constant over the whole area of ap-

tion of _these methods Iar.ge pylsation amplitudes at_a numbeéearance of the FLR on the ground we transform the phase
of stations and mainly t!me mdepende.nt phase dlﬁgrence tructure from the surface geomagnetical coordinate system
pgtw een 'Fhem are reqwred_, as there is no array with SUffo a plane by equirectangular projection. Given an arbitrary
ficiently high spatial resolution to perform a Fourier trans- reference point (RP) at any position on Earth by longitude
form of the given phase structure into an adapted WavevectoL | 1|+ e(orp, 9rp), any other positiorig,, 9, is trans-
space. Hence, their application is restricted to clearly ob- ¥ ' § s

: ; formed in the following manner:
served single FLR events, as the methods struggle with the g

correct decomposition of two or more superposed FLR phase 27 P )
structures within a narrow frequency band (eRge etal. ™ = “E " 3gp (@5 — UrP) @
20073. 21

The intention of this work is to introduce an adaptation of ** = K€ * 355 - COSWRP) - (¢5 — ¥RP) ®)

the wave telescope technique, in order to relax the strict con- . - .
xs andys can now be interpreted as coefficients of basis vec-

straints outlined above. The wave telescope is an array sigtors of a cartesian coordinate svstem witand v pointin
nal processing technique, also known as Capon beamformer y yp 9

which was introduced byCapon et al(1967 and Capon northward and eastward, respectively. Due to the scaling fac-
(1969 for the analysis of seismic Wa.ves. Essentially, this tors in Eqs. £) and @) the coordinate axes coincide in length

4 : : ; ; . scale with the meridian and parallel crossing the reference
technique is a high resolution estimator for the spectral field” ~.
. : int. As a result of the transform the zonal wavenuniier
energy density of a wave field measured at a sparse array measured at that reference parallel applies now to every loca-
stations with good temporal resolution. With this method it P PP y

is possible to decompose a wave field of several superpose:ttluon in the equirectangular projection and therefore becomes
plane waves without the need of a spatially dense array of

ndependent of the latitude.
stations Pillai (1989 proved the wave telescope to be a gen- In this cartesian coordinate system an approximative de-
eralized minimum variance techniqué?incon and Lefeu-

scription of the phase structure of a FLR and therefore of the
vre (1991 expanded the method to include multidimensional magnetic field variatiod is given by

(vectorial) observables amdotschmann et a(1996 further b(x, v, 1)

developed it in order to apply it to multipoint satellite mea- 5 5

surements (e.gGlassmeier et 812001 Narita et al, 2003 — p; . exp x=x7 ) D O =) ()
Constantinescu et aR007). 202 202

In this paper we adapt the wave telescope to the FLR phase
structure and call the new technique: field line resonance de-- COS[E arctan(
tector (FLRD). Furthermore we apply this technique to auto-
matically selected ULF magnetic pulsation events of the yeatwherexo andyog denote the center of the FLR phase structure
2002 measured at the ground based Canadian magnetomen ground,o, ando, are scaling factors of the amplitude
ter array CANOPUSRostoker et a).1995, now known as  distribution andx is the total phase shift in meridional di-
CARISMA (Canadian Array for Realtime Investigations of rection, which in theory should be. bo represents here the
Magnetic Activity, www.carisma.cl to benchmark the re- amplitude of the magnetic field disturbance measured on the
sults. ground,p is the parameter which adjusts the latitudinal width
of the phase shift regiorw and¢ are, as usual, the angular
frequency of the pulsation and its initial phase, respectively.
2 The Field Line Resonance Detector A similar expression has previously been used3dgss-
meier (1988 for modelling the amplitude of electric field
For the derivation of the FLRD we start from the known variations of FLRs. We will now use Eqg4) to adapt the
phase structure of a field line resonance in geomagnetic coobasis functions of the wave telescope. A detailed derivation
dinates. In latitudinal direction it should display a 2&hase  of the wave telescope technique has already been done by
shift, whereas in longitudinal direction the phase changedMotschmann et al(1996. In order to make differences be-
linearly and the corresponding wavelength is determined bytween both techniques understandable we will repeat some
the azimuthal wavenumbet. Due to the curvature of the of the computations of the mentioned work and use similar
Earth’s surface the real wavelength in zonal direction is con-symbols.

X — X0

> + (ky(y — yo) — wt) + 90]
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The wave telescope and therefore the field line resonancanother expression for the spectral energy density matrix
detector (FLRD) are beamforming techniques, which esti-can be found, which is characteristic for the beamforming
mate the spectral field energy density of a particular wavemethod introduced b€apon et al(1967):
mode. In the original technique the wave modes searched for -1
correspond to plane waves with arbitrary wave veétand Pk, @) = (HT(k) M () - H(k)) 12)
frequencyw. Letb(rg, t) be a magnetic field pertubation at
the positiornr; and the time resulting from the superposition
of N plane waves with wave vectoks:

This equation is the result of a Lagrangian minimization
of the spectral energy densit§ with the constraint, that
the spectral energy corresponding to the wave of wave vec-
N tor k and frequencyw is preserved (for further details see
b(ry, 1) = an . tknrs | g—iont (5) Motschmann et 81.19969. The structure of the phase com-

=1 pensation matriM is irrelevant for this minimization proce-

) o dure. HoweverH contains the phase structure of the wave,

As b(rs, ) can be measured at any station positierwith  of \which the energy density content # is hold constant.
high temporal resolution, Fourier transformation of the time- Therefore it is easily possible to adapt the wave telescope
series to frequency domain is possible yielding the k”OW”technique for the detection of FLRs by simply replacing the

result: phase expressions in Eq.0j with the phase function, argu-
1J ment of the cosine in Eq4J:
br, @) =5 D birs, 1)) ©)  H o pky) (13)
j=

[ - exp[i (a arctan(%) + ky yl)]
where the indey denotes the measured field vector samples. )

Further transformation to the wave vector domfdirtk, w)} :

would not yield a satisfactory result, since the spatial resolu- | | . exp[i (a arctan(@) 4 kyys>]

tion of the phase structure with few statior$§ (s unavoid- - ) _ _
ably poor. The spectral energy densiyk, o) for the plane  Rewriting Eq. (2) yields a spectral energy density function
wave contribution with wave vectdrand frequencw there- P, Whichis nolonger dependent on the wave vektdout on

fore cannot be directly computed by the following formulae: the parameterg, xo, p andk,, which characterize the spatial
FLR phase structure:

P(k, ) = (b(k. ) - b (k. ) M Pl xo pky. o) (14)

Pk, w) = tr[P(k, w)] (8) —tr |:(HT(a, x0. prky) - M ~Y(®) - H(a, x0, p, ky))_li|

where the spectral energy density maffik, ») is the ex-
pectation value of the dyadic product of the Fourier coeffi-

. o ~ of the field line resonance detector.
C'?.”‘ vect_orb(k, ). Herel the dagger') indicates the Her It should be noted that mathematically there is a difference
mitian adjoint of the matrix, that means the transposed com,

plex conjugate of the original matrix. between the classigal wave telescope and the FLRD:' The
Having introduced the observation vecBte) wave t_elescope estimates the spect_ral energy density in the
coefficient space of plane wave basis functi¢eep(ik-r)}.
b(ri, ») The functions used in the phase compensation matrin-
stead do not constitute a set of basis functions in the mathe-
B(w) = : (©) matically strong sense. This means that there may be wave
b(rs, w) fields which are not representable by linear combination of

o ) . these functions or (less likely) that linear combination of the
which is a known quantity, as well as the phase compensatioRnctions with two different sets of coefficients may result in

Therefore expressioi§) becomes the fundamental equation

matrixH (k) the same wave field. Since the FLRD does only select the
| . oikr1 most likely functions to describe the FLR phase structure,
a complete decomposition of the wave field into basis func-
Hk) = : (10)  tions (as done by a Fourier tranform) is not seeked for and
| . eikrs therefore completeness of the set of functions is not neces-
sary.
(I identity matrix) and the observation matiik(w), which The application of the FLRD is similar to the wave tele-
is the expectation value of the dyadic product of the observascope technique. A common interval of magnetic field vec-
tion vectorB, tors measured at different adjacent ground stations is first se-
lected. This interval has to be divided into several (overlap-
M(w) = <B(w) ~ BT(w)> (11)  ping) subintervals, which are then Fourier transformed into

www.ann-geophys.net/26/3477/2008/ Ann. Geophys., 26, 3433-2008
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Table 1. The coordinates of the 13 CANOPUS stations in geographic and geomagnetic coordinate systems and in the equirectangular
projection of the geomagnetic coordinate system.

Stations Geographic Geomagnetic Equirect. Proj.
Station Code Latitude Longitude Latitude Longitude x[km] y[km]
Contwoyto CONT 638° 248.8° 72.5° —60.7° 617  —247
Dawson DAWS 640° 2209° 66.2° —89.6° —-92 —-1502
Eskimo Point ESKI 611° 266.0° 70.4° —-331° 373 950
Fort Churchill FCHU 588° 2659° 68.1° —319° 117 1004
Fort Simpson FSIM 68° 2388° 67.2° —68.3° 23 —-579
Fort Smith FSMI 600° 2481° 67.0° —55.9° 5 —-38
Gillam GILL 56.4° 2654° 65.7° —316° —150 1018
Island Lake ISLL 530° 2653° 63.1° —30.6° —426 1058
Fort McMurray MCMU 567° 2488° 63.9° —52.7° —342 99
Pinawa PINA 5@° 264.0° 59.4° —312° —843 1032
Rabbit Lake RABB 5&° 256.3° 66.5° —44.3° —60 465
Rankin Inlet RANK 628° 267.9° 72.2° —314° 581 1023
Taloyoak TALO 695° 266.5° 78.5° —40.9° 1284 611
CANOPUS stations, equirectangular projection density matrix and thus the spectral energy densitpy
1500 ¢ ‘ ‘ ATAL(; ] Eqg. (14) are available. This procedure is repeated uhtis
¥ calculated for all chosen combinations of parameters. The lo-
1000 E ] cal maxima in four-dimensional parameter space can now be
. sool ACONT ARANK ] interpreted as FLR phase structure contributions to the wave
E AESKI ] field measured at the ground stations. In a statistical analy-
= ob AFSIM AFSMI AFCHU ] sis this further allows to determine dependences between the
[ ADAWS ARABBAGLL ] FLR characterizing parameters providing generalized disper-
_s00F AMCMU- Aig sion relations of FLRs.
_1000k ‘ ‘ APINA
—2000 —1000 0 1000 2000 3 Data and event preselection

y [km]

For our statistical analysis we used one year, 2002, of ground
Fig. 1. Positions of the 13 stations of the CANOPUS array in bgsed magnetic field measurements observed at the_ Cana-
equirectangular projection of the geomagnetic coordinate systemdian CANOPUS magnetometer array. The array consists of

Positions of the geomagnetic North Pole and the reference poind3 Stations covering large part of the Canadian landmass be-
(RP) are given in the text. tween 50 and 70 geographic latitude. Its sensor positions in

the geographic and geomagnetic coordinate systems as well

as in the equirectangular projection of the geomagnetic co-
frequency domain. A prominent frequeney pulsations ordinate system are shown in Takdle For the computa-
are observed at, is selected and complex observation vectot®n of these values a geomagnetic North Pole position of
B;(w) are computed for each subinterval indexed witlithe ~ 79.6° latitude and—71.7° longitude has been assumed ac-
observation covariance mati is given by the mean of the cording to the IGRF-10 dipole field model for 200@14us
observation matricelsl; of the subintervals: et al, 2009. A central position aprp=—55° longitude and
Yrp=67° latitude in geomagnetic coordinates has been cho-
sen as the reference point, which corresponds to the position

1d (xrp=0 km, yrp=0 km) in the equirectangular projection. In
M(w) = 7 Z M; (16) this coordinate system the locations of all 13 CANOPUS sta-
i=1 tions are displayed in Fid..

Now a subdomain in the four-dimensional parameter space For the statistical analysis of ground-based data with the
composed by, xg, p andk, is chosen and suitably dis- FLRD a preselection of low frequency pulsation events has
cretized. For each combination of parameters the phase conte be performed first. In this preselection process the analysis
pensation matriXd is computed according to EdL¥). Now frequencyw and the time interval where pulsations are ob-
all the matrices necessary to compute the spectral energyerved must be selected. Vector magnetic field data sampled

M;(w) = Bi(w) - B! () (15)

Ann. Geophys., 26, 3473489 2008 www.ann-geophys.net/26/3477/2008/
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Table 2. Intervals in parameter space, which determine the scanning area for the FLRD application: Shown are minimum and maximum for
each parameter and the discretization steps.

Parameter description Symbol Minimum Maximum Discretization
phase shift o 14 22¢° 10°

width of phase shift p —700km 700 km 50 km
center of phase shift in equirect. proj.  xg —1000km 1500 km 50 km
corresponding geomag. latitude Yo 58.0° 80.5° 0.45°

zonal wavenumber ky ~ —0.0075knT! 0.0075knT! 15x10~4km~1
corresponding azimuthal wavenumber m —18.67 1867 037

at 5s intervals was available for large parts of the arrayvalue at the event frequency per station is computed. Stations
throughout the whole year 2002. In order to obtain samplesare chosen for the subsequent FLRD analysis, whose power
at common supporting points all timeseries were first resamvalue is not below one order of magnitude less than the max-
pled at a rate of 1 Hz. For further computations all field vec-imal mean power value registered at one station for the given
tors were transformed to the geomagnetic coordinate systengvent. This is necessary, because the FLRD method does not
with b, andb, pointing northward (newd component) and include a fitting of the amplitude distribution and assumes a
eastward (newD component) respectively. Dynamic power constant amplitude of the pulsations over the whole measure-
spectra of the northwaréf component were obtained from ment area. If stations are chosen for the computations with
1024 s intervals shifted by 1 min. This interval length was very low relative power at the analysis frequency, noise will
chosen as a trade-off between frequency and time resultiorplay an important role in the fitting process by the FLRD.
Previous to the calculations the linear trends of théime- Therefore measurements of stations showing low pulsation
series intervals were removed and a 5% cosine window wapower have to be dismissed before the analysis.

applied to the intervals. The power spectra were computed For the described subinterval distribution and the chosen
using classical FFT. stations (if more than 3 remain) the FLRD method is applied
To take account only for long periodic pulsations in the to the H component of the magnetic field at the given event
Pc5 frequency range, the low frequency parts of the poweffrequency. The scanning procedure is done for the area given
spectra (below 25 mHz) were approximated with and dividedin Table 2 within the parameter domain. The discretization
by a suitable power law. The decadic logarithm of the result-steps are also shown in that table.
ing values displays the magnitude of power of an oscillatory - Finajly all local maxima of the spectral energy density in
component over a mean noise value given by the power lawhe parameter domain are searched for. The location of these

fit. If one component is steadily above a certain threshold, ityaxima constitute the result of the statistical FLRD analysis.
can be considered a peak in the power spectrum. This thresh-

old level has been set to 1, which means that the power value
of one oscillatory component of the spectrum has to be at
least one order of magnitude larger than the power law fit4 Results and discussion
to the whole spectrum at that given frequency. If one power

component fulfills this criterion for at least 5 consecutive in- aAfter the first preselection process 28 189 events remained
tervals, it is considered a pulsation event at that frequencyigr the FLRD analysis. The result of every FLRD computa-
The duration of an event is obtained from the number of con+jgn is a list of local maxima of the spectral energy density in
secutive maxima for which the criterion is fulfilled. the scanned area in parameter space. The positions of these
For each frequency bin all pulsation events found at the 13maxima in this four-dimensional space provide us with the
stations are then merged such that two or more temporallpparameters of the FLR phase structures that contribute to the
overlapping events observed at two different stations becomeneasured wave field. In order to select only these types of
one single event covering both events temporally. The resultstructures which can clearly be attributed to toroidal field line
ing database of pulsation events, which is composed of starigscillations, we chose a narrow bandwidth for thparame-
ing times for the pulsations events, their total duration andter (phase shift) around (180°) for the scanning domain and
pulsation frequencies is used for further analysis. dismissed all but the strongest maxima of each FLRD analy-
The pulsation intervals are now divided into 32 equidis- sis. Taking into account the events that were dismissed due
tant subintervals, which are needed for the computation oto the number of stations where the pulsations were observed
the estimate of the observation vector in the FLRD method.and the events that did not show any significant contribution
For each of these subintervals the spectral power density off power from waves that are characterized by the parame-
the H component at every station is recalculated and a mearer combinations of the scanning domain, we could condense

www.ann-geophys.net/26/3477/2008/ Ann. Geophys., 26, 3433-2008
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Fig. 2. Distribution of FLR event duration. Low duration events are Fig. 4. Distribution of events in local time of the center point of the
clearly predominant. Binning used for the histogram: 1 min. station distribution involved in the analysis of each event taken at
the mean time of appearance of the pulsation. Binning used for the
histogram: half an hour.

6000 F 3
2 S000F E In Fig. 3 the frequency distribution of the FLR events is
s 4oooé 4 shown. It is obvious that pulsation events at a frequency
5 of 3mHz are predominant with little spreading in frequency.
. 3000F 3 Since the array is located on a relatively narrow latitude band
é E and most stations are located around §éomagnetic lat-
2 2000? itude, the narrow frequency band is most probably the re-
1000 E sult of the eigenfrequency distribution of the field line shells
E whose footpoints are close to the CANOPUS stations. The
OE ' ' > result is in agreement with the work &fesolleck and Mc-
0 S 10 15 Diarmid (1995 and Chisham and Or(1997) as well, who

Pulsation F H . .
ulsation Frequency [mkz] observed a preferential appearance of Pc5 pulsations at fre-

guencies in the 2 mHz to 5 mHz range.
Fig. 3. Distribution of the pulsation frequency of the events ana-  1he distribution of observed events against local time is
lyzed with the FLRD method. 3 mHz oscillations are clearly pre- shown in Fig4. The local time of appearance of an event is
dominant. Binning used for the histograny:1D24 s. computed using the mean time of the total analysis interval

and the mean longitude (in geographic coordinates) of the

station configuration which was used for the FLRD analy-
the whole year of magnetic field data to 24 645 sets of FLRsis. The distribution of the events with respect to the local
characterizing parameters. time of appearance shows a clear dawn-dusk asymmetry also

The duration of the FLR events ranges from 21 min to overobserved in numerous other studies (&ggebretson et al.

one hour. The lower end of this range is the minimum dura-1998 Glassmeier and Stellmach@00Q Baker et al.2003.
tion possible due to the preselection requirement of 5 consecThe results obtained dyngebretson et 81998 using a Pc5
utive power maxima (4 min or 240 s) over the threshold levelindex are directly comparable to the presented ones as well,
and the FFT interval length of 1024 s yielding a total interval Since this index is basically the quotient between power in
length of 1024-240=1264 s which roughly equals 21 min. the Pc5 frequency band and total power over a larger band.
The number of events as a function of their duration is shownln our case the preselection process itself is sensitive only for
in Fig. 2. The amplitude of FLRs is known to decrease with low frequencies in that band, and whenever a narrow banded
time as both the driving mechanism is switched off and it pulsation signal occurs with sufficient power with respect to
is damped by ionospheric Joule heating (&geenwald and  other frequencies, a pulsation event is counted which con-
Walker, 1980 Rae et al.20078. Hence, the probability of  tributes to the result in Figt.
events fulfilling the preselection criteria also decreases with Another interesting parallel to the study Bhgebretson
time. This results in an exponential decay of the occurrenceet al. (1998 is the appearance of a periodicity of about 27
probability of larger continuous high amplitude pulsations asdays in the occurrence rate of events shown in &idn this
depicted in Fig2. figure the lower panel shows the distribution of events during

Ann. Geophys., 26, 3473489 2008 www.ann-geophys.net/26/3477/2008/
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Day of Year 2002

have been normalized with respect to the total number of
Fig. 5. Lower panel: Occurrence of events during the year 2002.€Vents in local time. Green and red bars show the differences
Upper panel: Average solar wind speed observed by the WIND!O the mean percentage of occurrence of /230(24 local
satellite. During the first 100 days of the year both data sets ardime bins), which is indicated by the dotted lines. Taking
apparently correlated, their maxima exhibit a periodicity of about into account the total event distribution in local time, pulsa-
27 days. Histogram binning used: 3 days. tion events with relatively high frequencies (above 8 mHz)

are more likely to occur around midnight or early morning.

For pulsations of the lowest frequencies observed (between 2
the year 2002. In the upper panel 3 day average values of thgnd 3 mHz) this normalized maximum of occurrence is to be
solar wind speed measured with the WIND satellite are dis-found at the morning and evening flank sectors, tending to-
played. As can be seen, during the first 100 days of the yeaards local noon for slightly higher frequencies (up to about
2002 there is a good correlation between an observed higls mHz). Taking into account that the location of most FLR
speed solar wind stream and the increase in the number @dvents was determined to be within a relatively narrow ge-
events or pulsation activity. The periodicity observed during omagnetic latitude range (see F&).and assuming a single
this interval is therefore associated with the rotation period offield line shell with its respective eigenfrequency to be re-
the sun. After day of year 100 the correlation between bothsponsible for large parts of the observed events, the distri-
guantities is no longer apparent. bution in Fig.7 becomes explainable: Due to the parabolic

The distribution of the locations of the FLRs identified as shape of the magnetopause, the magnetosphere is more ex-
the center of the latitudinal phase shift(d in geomagnetic  panded at the flank sectors than at local noon. A single flux
latitude) displays a broad peak around &% shown in Fig6. tube, the footpoint of which is located at a given geomag-
This reflects the locations of the stations of the CANOPUSnetic latitude, is therefore expanded at the flanks and com-
array in the geomagnetic coordinate system. The preselegressed at noon due to the direction of incidence of the solar
tion method is, of course, more sensitive for pulsations thewind. Its length varies with local time as well as its eigenfre-
amplitude of which maximizes at latitudes where the pro-quency. The resonance frequency of dayside FLR structures
jected station density is highest. As the FLR location (theobserved is, hence, highest at local noon, where the field
center of the phase shift area) coincides with the region ofines are more compressed. The dependence of the occur-
maximum amplitude, the distribution of the latitudinal FLR rence probability for events with certain frequencies on local
locations of the events should resemble to some extent théime is in excellent agreement with this picture, discussed in
station configuration. The FLR locations obtained are theredetail by Singer et al.(1981), who computed eigenperiods
fore in most cases between°6&nd 73 geomagnetic lati-  of field line shells in dependence on local time, geomagnetic
tude, which is also consistent with the narrow bandwidth inlatitude of the respective footpoints and average mass loading
frequency mentioned above. of the field lines. Experimental evidence for this effect has
The local time distributions of pulsation events of differ- been presented more recently Waters et al(1995 using

ent frequencies are shown in Fig. These distributions the cross-phase technique.
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0 5 10 15 20 Fig. 8. Distribution of events seen with sufficient power at different
Local Time [h] numbers of stations against local time normalized by the distribu-

tion of all events in local time. The percentage of occurrence of
events is depicted as well as the total number of events (number at
Fig. 7. Distributions of events of different frequency against local the right edge of the figure) seen at different numbers of stations
time normalized by the distribution of all events in local time. The to Which this percentage corresponds. Red and green bars show
percentage of occurrence of the events of each frequency bin is ddhe differences to the mean percentage of/Pd0indicated by the
picted as well as the total number of events (numbers at the righglotted lines. Local time binning: one hour.
edge of the figure) to which this percentage corresponds. Red and
green bars show the differences to the mean percentage 2400
indicated by the dotted lines. Local time binning used: one hour. tribution across the field line shells and to less stations ob-
serving significant pulsation power.
A third explanation is connected to the higher probability
The interpretation of Fig8 instead may be more difficult. of occurrence of high frequency pulsation events at midnight
It shows distributions of events observed at different num-which might suggest the prevalence of higher harmonics of
bers of stations against local time. As in the previous Fig. standing Alf\en waves on nightside field lines. This would
all distributions have been normalized with respect to the to-suggest a different wave generation mechanism to be domi-
tal number of events per local time bin. Events observed ahant at these local times, such as an enhancement of wave-
a higher number of stations and therefore displaying a lesparticle interactions. As higher harmonics are generally more
localized amplitude structure are more likely to be found localized in latitude, this would also explain why less sta-
around local noon; in the midnight sector amplitude struc-tions are typically observing FLR wave structures around lo-
tures seem to be more localized instead. A possible interpreeal midnight.
tation can be done in terms of the latitudinal eigenfrequency Figure9 displays the percentaged distribution of the width
gradient of the field line shells with footpoints located in the of the phase shifp in 5 bins (see figure and figure caption
magnetometer array. The result could be explained assunfor details) aroundp=0km against local time. For FLRs
ing this gradient to increase from local noon until midnight. this parameter is expected to be of the order of 100 km (e.g.
This would lead to a stronger localization of the pulsation Walker et al, 1979. The sign depends on the orientation
amplitude over the array, resulting in less stations fuffilling of the radial gradient (on the ground: latitudinal gradient) of
the criterion for minimal power of pulsation and therefore in the field line eigenfrequency. When this gradient is directed
adecreasing average number of stations being involved in thearthward, as usual in the dayside magnetosphere outside
FLRD analysis around local midnight. the plasmapause; should display a small positive value.
Another possible explanation would be the narrowing of Since all the stations are located at high latitudes, the cor-
pulsation frequency bands with respect to the distance of obresponding field line shells should be in most times outside
servation from the subsolar point. Assuming that pulsationghe plasmasphere and we can conclude that the parameter
or oscillations of the dayside magnetopause contribute to thehould be in most cases greater than zero. As can be seen
FLR structures observed, the magnetopause generated siin-the figure, there is a tendency for positive values of the
face waves or associated compressible waves in the magnetparameterp obtained from events observed in dayside local
sphere may become more narrow banded in frequency due tiime sectors. This tendency is most pronounced for morn-
cavity or flank waveguideSamson et 811992 eigenmodes. ing flank events that took place between 05:00 and 11:00LT.
This would result in a narrowing of the radial amplitude dis- For these times the percentagepof25 km events reaches or
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Fig. 10. Distribution of events with respect to the azimuthal
wavenumberm and local time of occurrence. Binning of
Fig. 9. Percentage of events showing a FLRD computed axis: Q37.
phase shift widthp in the intervalsp<—75km (darker green),
—75km<p<—25km (light green),—25km<p<25km (yellow),
25km < p < 75km (light orange) and 75 kap (darker orange)  These results are in good agreement with previous work pre-
against local time. Binning of local time axis: one hour. sented by e.gOlson and Rostokef1978 or Chisham and
Orr (1997 among others, who found a very similar distribu-
tion of azimuthal wavenumbers of Pc5 events against local
exceeds 60%. Since independent tests of the FLRD methotime. This dawn-dusk asymmetry is generally attributed to a
have proven the uncertainty in the determinatiorpdb be significant fraction of the FLR events being solar wind driven
of the order of 50 km, one can argue that some of the eventée.g. by Kelvin-Helmholtz instability surface waves induc-
showing a small negative may actually also belong to the ing inward propagating compressional disturbances) and thus
positive bins. Although the percentage of positive phase shifshowing a tailward motion of the phase structures observed
width determinations decreases over local noon towards then the ground. The change in sign across local noon is also
dusk local time sectors, the global tendency remains. Thidn accordance with the predicted change in polarization ob-
is in concordance with the fact that the polarization shouldserved and presented I8amson et al(1971) in their pio-
change over local noon as observed3amson et al1971) neering work. The greater spreadrnfor post-noon events
and others. This change in polarization does only affect thearound 0 may alternatively be the result of a larger fraction of
azimuthal wavenumben, which indeed changes sign as de- non solar wind driven FLRs or coupling of cavity modes to
picted in Fig.10. It is also in agreement with the generally standing Alf\en waves, that have also been shown to display
observed apparent poleward phase front motion in the resdow azimuthal wavenumbers (s&¥eoman et al.1990.
nance region of a FLR. The picture is different if we look  The frequency vs. azimuthal wavenumber distribution of
to the distributions obtained for the midnight sectors (21:00the FLR events obtained here is very similar to the one ob-
to 03:00LT). Here positive and negative phase shift widthstained byChisham and Or¢1997. The results are depicted
p are in balance, even a slight prevalence of negative phasseparately for dawn (05:00-10:00LT) and dusk (14:00—
shift determinations is apparent. This may be also another in19:00 LT) events in Figsl1 and12. In these histograms the
dication for a different wave generation mechanism becom-istribution of events of each frequency bin with respect to
ing dominant in the magnetosphere around local midnight. Athe FLRD computed azimuthal wavenumberss depicted.
negativep could be in this case associated with an apparentThe result therefore emphasizes the azimuthal wavenumber
equatorward phase front motion. most events were characterized with in each frequency bin.
Figure10shows a two-dimensional histogram of events in As can be seen in both figures, the azimuthal wavenumber
dependence on the azimuthal wavenumbemnd local time. ~ m of most events does not seem to be heavily dependent on
In the figure it is clearly visible that values in the negative the frequency. In the dawn sector azimuthal wavenumbers
range are predominant before local noon. The detected azz between 0 and-2 are favoured with large spreading in
imuthal wavenumbers concentrate between 0-ab@nd are  the range from-4 to 1. In the dusk sector most events were
therefore low, just as expected for toroidal mode FLR phasecharacterized with low azimuthal wavenumbers between 0
structures. In the post-noon secter values concentrate and 1.
around 0. Nevertheless, positive azimuthal wavenumbers be- In both cases no clear linear dependence of the azimuthal
low m=5 are overall predominant in this local time sector. wavenumberr on the frequency of the pulsatighcould be
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number of events contributing to each frequency bin is shown in the

upper part. The dashed line depicts the relation foun®lspn and Fig. 13. Distribution of events of different frequency against the

Rostoker(1979. latitudinal FLR resonance locatiafy (computed with the FLRD)
normalized by the distribution of all eventsidy. The percentage of
occurrence of the events of each frequency bin is depicted as well as

Dusk Sector Events (14h — 19h LT) the corresponding total number of events to which this percentage
’ is referred (numbers to the right of the figure). Red and green bars

1S I show the differences to the mean percentage indicated by the dotted
- 27.8% . oo .

5 5 c lines. Arrow heads indicate latitudes computed for the correspond-

‘ED 59 9 ® ing frequencies using the relations found $§mson and Rostoker

2 ’ g (2972 for the local time sectors 17:30-07:30 (lower latitude end)
g 0 b and 07:30-17:30 (upper latitude end).
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o] =

£ 3

E _5 > Q& R v g % that no clear dispersion relatiofiim) can be determined

3 ol . s from the observations.

Contrib. Events in Freq. Bin

The distributions of events with different pulsation fre-
2 4 6 3 10 guencies against the FLRD computed latitudinal FLR reso-
Frequency [mHz] nance locations are shown in FIB. The distributions have
been normalized with respect to the total number of events
in each latitude bin. Red and green bars again depict the

Fig. 12. Distribution of occurrence probability for dusk sector deviation from the mean percentage value of AB(15 lat-

events (between 14:00 and 19:00LT) within the frequency bins. . .
. i - . itude bins). As expected, the normalized occurrence proba-
against the azimuthal wavenumber Binning of m axis: 11. The

number of events contributing to each frequency bin is shown in the_bIIIty m§XImum dgcreases in FLR !oc_atlon Igtltud@ with
lower part. The dashed line depicts the relation foun®tson and  Increasing pulsation frequency. This is predicted as resonat-
Rostoker(1978. ing field lines, whose footpoints are located at higher lati-

tudes, are longer, since the respective field line shells are lo-
cated at larger radial distance from Earth and therefore the
found. Therefore we have to point out the discrepancy withcorresponding eigenfrequecies decrease with increasing lati-

a relation found bydlson and Rostoke1978: tude of the footpoints. The FLR location is determined as the
central latitude of the phase shift area of the observed pulsa-
m=026+14f (17)  tions, which in theory coincides with the point of maximum

amplitude and hence with the point where the incoming com-
where the frequency is given in units of mHz. This linear Pressible wave and the present field lines are in resonance.
relation suggesting a constant phase velocity in azimuthal diThus Fig.13 shows an average eigenfrequency profile.
rection is depicted with dashed lines in both Figsand12. A comparison of our results with relations found Bgm-
We conclude, as done before Bhisham and Or(1997, son and Rostokdd 972 for the latitudinal dependence of the
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pulsation periods in the time sectors 17:30-07:30 subject to the amplitude distribution is still available for fur-
1f =T = —115+ 598/ cof o (18) ther examination. Particqlarly important is also the lack of
dependence from a special positioning of the magnetometer
(lower latitude end arrow heads in Fig. 13) and 07:30-17:304ray stations. As long as the FLR phase shift lies within
1/f =T = —58+ 37.4/ co< ¥ (19) the covered area, the locations of the stations may be com-
letely arbitrary. However, the coordinate system in which
he computations are performed has to be chosen carefully.
The phase structures the FLRD searches for are fixed in the
reference frame of the equirectangular projection. In partic-
5 Conclusions ular the phase shift over the resonance region is assumed to
take place only in latitudinal direction. Tests with synthetic
The presented statistical analysis of FLR-like wave structure$-LR wave structure data have shown that a tilt of the assumed
observed using one year of ground based magnetic field datgeomagnetic North Pole position and subsequently a wrong
differs from previous work in the method used. The field line choice of the north-south direction for the transformation of
resonance detector has been proven to be an excellent totie station positions into the equirectangular projection leads
for the characterization of FLR structures in narrow bandto a strong decrease in the spectral energy density of the
ULF pulsations observed on the ground. Other automatednaxima in parameter space indicating the parameters of the
systems of FLR activity recognition may only be applicable, waves found, as well as to a slight deviation in their position.
when clear and single FLR structures are recognised. Th€onsequently, a further improvement of the method might
classical methods check for criterions like phase shift overconsist in the use of a more field line shell adapted coordi-
the amplitude maximum region. For this calculation a spe-nate system, for instance by connecting the equirectangular
cial array configuration in two straight lines of stations along projection to the corrected geomagnetic coordinate system
a meridian and a parallel are necessary. The determinatio(lCGM) instead of the simple polar geomagnetic coordinate
of the azimuthal wavenumbet and the phase shift related system. Nevertheless, also results obtained by the classical
parameters and p can only be computed by direct compar- methods of characterization are subject to the choice of the
ison of the relative phases of the pulsation signals observedoordinate system. Thus we think that the spectral power
at the different stations. If the overall measured phase shiftdensity of the maxima could be used to adjust the reference
does not match the established criterion (to be arouné)180 coordinate system. Results can be discarded using this cri-
the event is discarded. terion, if the real alignment of the phase structure does not
The presented FLRD method instead works in a differentmatch the assumed one.
way: Like the wave telescope, it is an estimator for the spec- In the future the tool may be particularly helpful for sin-
tral energy density of the measured wave field in FLR char-gle event characterization, when the event is not very clearly
acterizing parameter space. Therefore it is able to find hidvisible or when a superposition of two or more phase struc-
den FLR phase structures because of the coherency acrosdures seems to be apparent (&se et al.20073. It should
large area covered by a couple of stations even when a cledaherefore be much more helpful in this task as the well known
signature is not apparent due to superposition! The only preeomplex demodulation technique because of the impossibil-
selection that takes place is the frequency selection and ddty to correctly determine all the FLR characterizing parame-
termination of the duration of the pulsation events, commonters with this traditional technique for several FLR structures
to all automated methods. In the presented work we filteredat a time. Special adaptation to other situations, e.g. giant
the FLR-like structures with the limitation afbeing around  pulsations or determination of high structures in poloidal
180 in the domain scanned, which is part of the FLRD mode oscillations, seem to be possible and make the tool
method. The results show that there are FLR-like structuresnore valuable for future studies of ground and satellite based
hidden in one year of data, since the results are consisteriiLF pulsation measurements.
with theory and previous work but with better statistics con-
cerning the number of events that could be extracted withAcknowledgementsThis work was financially supported by the
respect to previous automated FLR studies @aker et al, German Mlnlsterlum"lir Wirtschaft und Technologie and the
2003. The complete determination of parameters (even forDeutsches ZentrumUf Luft- und Raumfahrt under contract

K . . . . 500C0103. CARISMA is operated by the University of Alberta,
multiple FLR events) is possible with this method. We havefunded by the Canadian Space Agency. KHG is grateful for finan-

restricted ourselves to the strongest maxima found for eaclgial support through INTAS grant 05-1000008-7978. We acknowl-

event to avoid a manual interpretation; nevertheless, cOMgqge K. W. Ogilvie and A. J. Lazarus for the WIND satellite based

plete determination is with this method no longer subject togplar wind data.

a clear signal of a single FLR event. Topical Editor I. A. Daglis thanks two anonymous referees for
Additionally, the FLRD method does only depend on the their help in evaluating this paper.

phase structure measured. The determination of all param-

eters is possible only with the phase. All the information

(upper latitude end arrow heads in Fig. 13) shows that bot
results are in good agreement.

www.ann-geophys.net/26/3477/2008/ Ann. Geophys., 26, 3433-2008



3488 F. Plaschke et al.: Field line resonance detector

References Glassmeier, K.-H., Motschmann, U., Dunlop, M., Balogh, A.,
Acufa, M. H., Carr, C., Musmann, G., Fornagon, K.-H.,

Allan, W., White, S. P., and Poulter, E. M.: Impulse-excited hydro-  Schweda, K., Vogt, J., Georgescu, E., and Buchert, S.: Cluster
magnetic cavity and field-line resonances in the magnetosphere, as a wave telescope — first results from the fluxgate magnetome-
Planet. Space Sci., 34, 371-385, doi:10.1016/0032-0633(86) ter, Ann. Geophys., 19, 1439-1447, 2001,

90144-3, 1986. http://www.ann-geophys.net/19/1439/2001/

Baker, G. J., Donovan, E. F,, and Jackel, B. J.: A comprehensiveGreen, C. A.: Continuous magnetic pulsations on the IGS array of
survey of auroral latitude Pc5 pulsation characteristics, J. Geo- magnetometers, J. Atmos. Terr. Phys., 43, 883-898, 1981.
phys. Res., 108, 1384-1397, doi:10.1029/2002JA009801, 2003 Greenwald, R. A. and Walker, A. D. M.: Energetics of long period

Beamish, D., Hanson, H. W., and Webb, D. C.. Complex demod- resonant hydromagnetic waves, Geophys. Res. Lett., 7, 745-748,
ulation applied to Pi2 geomagnetic pulsations, Geophys. J. Int., 1980.

58, 471-493, d0i:10.1111/j.1365-246X.1979.tb01035.%, 1979. Hughes, W. J.: The effect of the atmosphere and ionosphere on long

Capon, J.: High resolution frequency-wavenumber spectrum analy- period magnetospheric micropulsations, Planet. Space Sci., 22,
sis, 57, 1408-1418, 1969. 1157-1172, doi:10.1016/0032-0633(74)90001-4, 1974.

Capon, J., Greenfield, R. J., and Kolker, R. J.: Multidimensional Mann, I. R., Wright, A. N., Mills, K. J., and Nakariakov, V. M.:
maximum-likelihood processing of a large aperture seismic ar- Excitation of magnetospheric waveguide modes by magne-
ray, P. IEEE, 55, 192-213, 1967. tosheath flows, J. Geophys. Res., 104, 333-354, do0i:10.1029/

Chen, L. and Hasegawa, A.: A theory of longperiod magnetic pul- 1998JA900026, 1999.
sations. 1. Steady state excitation of field line resonance, J. GeoMaus, S., MacMillan, S., Chernova, T., Choi, S., Dater, D
phys. Res., 79, 1024-1032, 1974. Golovkov, V., Lesur, V., Lowes, F.,ithr, H., Mai, W., McLean,

Chisham, G. and Orr, D.: A statistical study of the local time S., Olsen, N., Rother, M., Sabaka, T., Thomson, A., Zvereva,
asymmetry of Pc 5 ULF wave characteristics observed at mid- T., and International Association of Geomagnetism, Aeronomy
latitudes by SAMNET, J. Geophys. Res., 102, 24339-24350, (IAGA), Division V, Working Group VMOD: The 10th gen-
doi:10.1029/97JA01801, 1997. eration international geomagnetic reference field, Phys. Earth

Constantinescu, O. D., Glassmeier, K.-Hgdau, P. M. E., Finz, Planet. In., 151, 320-322, doi:10.1016/j.pepi.2005.03.006, 2005.
M., and Fornacgon, K.-H.: Low frequency wave sources in the Motschmann, U., Woodward, T. I., Glassmeier, K. H., Southwood,
outer magnetosphere, magnetosheath, and near Earth solar wind, D. J., and Pingon, J. L.: Wavelength and direction filtering by
Ann. Geophys., 25, 2217-2228, 2007, magnetic measurements at satellite arrays: Generalized mini-
http://www.ann-geophys.net/25/2217/2007/ mum variance analysis, J. Geophys. Res., 101, 4961-4966, doi:

Dungey, J. W.: Electrodynamics of the outer atmosphere, vol. 69 of 10.1029/95JA03471, 1996.
lonosphere Research Laboratory Science Report, Pennsylvaniarita, Y., Glassmeier, K.-H., Safer, S., Motschmann, U., Sauer,
State University, Pennsylvania, 1954. K., Dandouras, |., Fornacon, K.-H., Georgescu, E., aBth&

Engebretson, M., Glassmeier, K.-H., Stellmacher, M., Hughes, H.: Dispersion analysis of ULF waves in the foreshock using
W. J., and lilhr, H.: The dependence of high-latitude Pc5 wave  cluster data and the wave telescope technique, Geophys. Res.
power on solar wind velocity and on the phase of high-speed so- Lett., 30, 1710-1713, doi:10.1029/2003GL017432, 2003.
lar wind streams, J. Geophys. Res., 103, 26 271-26 283, 1998. Olson, J. V. and Rostoker, G.: Longitudinal phase variations of Pc

Fenrich, F. R., Samson, J. C., Sofko, G., and Greenwald, R. A.: ULF  4-5 micropulsations, J. Geophys. Res., 83, 2481-2488, 1978.
high- and low-m field line resonances observed with the SuperPillai, S. U.: Array signal processing, chapter 2, p. 8-107, Springer-
Dual Auroral Radar Network, J. Geophys. Res., 100, 21535—- Verlag, New York, 1989.

21548, doi:10.1029/95JA02024, 1995. Pingon, J. L. and Lefeuvre, F.: Local characterization of homoge-

Fuijita, S., Glassmeier, K. H., and Kamide, K.. MHD waves gener-  neous turbulence in a space plasma from simultaneous measure-
ated by the Kelvin-Helmholtz instability in a nonuniform mag-  ments of field components at several points in space, J. Geophys
netosphere, J. Geophys. Res., 101, 27 317-27 326, doi:10.1029/ Res., 96, 1789-1802, 1991.
96JA02676, 1996. Rae, I. J., Donovan, E. F., Mann, |. R., Fenrich, F. R., Watt,

Glassmeier, K.-H.: Reconstruction of the ionospheric influence C. E. J., Milling, D. K., Lester, M., Lavraud, B., Wild, J. A.,
on ground-based observations of a short-duration ULF pul- Singer, H. J., Rme, H., and Balogh, A.: Evolution and char-
sation event, Planet. Space Sci., 36, 801-817, doi:10.1016/ acteristics of global Pc5 ULF waves during a high solar wind
0032-0633(88)90086-4, 1988. speed interval, J. Geophys. Res., 110, 12211-12226, doi:10.

Glassmeier, K.-H. and Stellmacher, M.: Concerning the local time  1029/2005JA011007, 2005.
asymmetry of Pc5 wave power at the ground and field line Rae, I. J., Mann, I. R, Dent, Z. C., Milling, D. K., Donovan, E. F.,
resonance widths, J. Geophys. Res., 105, 18847-18856, doi: and Spanswick, E.: Multiple field line resonances: Optical, mag-
10.1029/2000JA900037, 2000. netic and absorption signatures, Planet. Space Sci., 55, 701-713,

Glassmeier, K. H., Lester, M., Mier-Jedrzejowicz, W. A. C., Green,  doi:10.1016/j.pss.2006.02.009, 2007a.

C. A., Rostoker, G., Orr, D., Wedeken, U., Junginger, H., andRae, I. J., Watt, C. E. J., Fenrich, F. R., Mann, |. R., Ozeke,
Amata, E.: Pc5 pulsations and their possible source mechanisms L. G., and Kale, A.: Energy deposition in the ionosphere through
— A case study, J. Geophys. Res., 55, 108-119, 1984. a global field line resonance, Ann. Geophys., 25, 2529-2539,

Glassmeier, K.-H., Othmer, C., Cramm, R., Stellmacher, M., and  2007b http://www.ann-geophys.net/25/2529/2007/

Engebretson, M.: Magnetospheric Field Line Resonances: ARostoker, G., Samson, J. C., Creutzberg, F., Hughes, T. J., McDi-
Comparative Planetology Approach, Surv. Geophys., 20, 61- armid, D. R., McNamara, A. G., Jones, A. V., Wallis, D. D.,
109, 1999.

"

Ann. Geophys., 26, 3473489 2008 www.ann-geophys.net/26/3477/2008/


http://www.ann-geophys.net/25/2217/2007/
http://www.ann-geophys.net/19/1439/2001/
http://www.ann-geophys.net/25/2529/2007/

F. Plaschke et al.: Field line resonance detector 3489

and Cogger, L. L.: Canopus — A ground-based instrument ar-Tamao, T.: Transmission and coupling resonance of hydrodynamic
ray for remote sensing the high latitude ionosphere during the disturbances in the non-uniform Earth’'s magnetosphere, Sci.
ISTP/GGS program, Space Sci. Rev., 71, 743-760, doi:10.1007/ Rep. Tohoku Univ., Fifth Ser., 17, 4372, 1965.
BF00751349, 1995. Walker, A. D. M., Greenwald, R. A., Stuart, W. F., and Green, C. A.:
Samson, J. C. and Rostoker, G.: Latitude-Dependent Characteris- STARE auroral radar observations of Pc 5 geomagnetic pulsa-
tics of High-Latitude Pc 4 and Pc 5 Micropulsations, J. Geophys. tions, J. Geophys. Res., 84, 3373-3388, 1979.
Res., 77,6133-6144, doi:10.1029/JA077i031p06133, 1972. Waters, C. L., Samson, J. C., and Donovan, E. F.: The temporal
Samson, J. C., Jacobs, J. A., and Rostoker, G.: Latitude-Dependent variation of the frequency of high latitude field line resonances,
Characteristics of Long-Period Geomagnetic Micropulsations, J. J. Geophys. Res., 100, 7987-7996, 1995.
Geophys. Res., 76, 3675-3683, doi:10.1029/JA076i016p03675Yeoman, T. K., Lester, M., Orr, D., andubr, H.: lonospheric
1971. boundary conditions of hydromagnetic waves: The dependence
Samson, J. C., Harrold, B. G., Ruohoniemi, J. M., Greenwald, on azimuthal wavenumber and a case study, Planet. Space Sci.,
R. A., and Walker, A. D. M.: Field line resonances associated 38, 1315-1325, doi:10.1016/0032-0633(90)90134-C, 1990.
with MHD waveguides in the magnetosphere, Geophys. ResZiesolleck, C. W. S. and McDiarmid, D. R.: Statistical survey of
Lett., 19, 441-444, 1992. auroral latitude Pc 5 spectral and polarization characteristics,
Singer, H. J., Southwood, D. J., Walker, R. J., and Kivelson, M. G.: J. Geophys. Res., 100, 19299-19 312, doi:10.1029/95JA00434,
Alfven wave resonances in a realistic magnetospheric magnetic 1995.
field geometry, J. Geophys. Res., 86, 4589-4596, 1981.
Southwood, D. J.: Some features of field line resonances in the
magnetosphere, Planet. Space Sci., 22, 483-491, doi:10.1016/
0032-0633(74)90078-6, 1974.

www.ann-geophys.net/26/3477/2008/ Ann. Geophys., 26, 3433-2008



