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Abstract. Using data from 34 Pg events observed by the European incoherent
scatter (EISCAT) magnetometer cross, we complete a statistical study of the
horizontal polarization and amplitude variation of Pgs with latitude. The polariza-
tion statistics consistently display the same latitudinal variation, being exclusively
anticlockwise equatorward of linear polarization and exclusively clockwise poleward
of linear polarization. The polarization azimuth (or ellipse orientation) changes
from an approximately northeast to southwest orientation equatorward of linear
polarization to an approximately northwest to southeast orientation poleward of
linear polarization. However, the oscillations are not polarized exactly east-west
at linear polarization but some distance poleward of linear polarization. The
amplitude statistics for the D component display the distinct latitudinal variation
characteristic of a resonance, whilst the H component is less well defined and has
a tendency to dip at the position of the D component maximum. We employ an
MHD model to describe the evolution of Pg-like waves and compare the numerical
results to the observational statistics. We suggest that a mechanism such as drift
bounce resonance drives a radially (poloidally) polarized wave of limited radial
width on L shells where the instability is operative. This mechanism favors large
azimuthal wave numbers and drives dominantly Alfvénic waves. Because of their
incompressible nature, these waves also possess an azimuthal (toroidal) component
with a radial amplitude variation proportional to the radial gradient of the poloidal
component. Hence the toroidal amplitude variation will be double peaked with
a node at the position of the poloidal peak. This is in good agreement with the
ground-based observations as the toroidal (poloidal) oscillations map to H (D)
component oscillations on the ground due to the 90° rotation of Alfvén waves by
the ionosphere. Once driven these waves evolve due to the presence of the radial
plasma inhomogeneity, which causes the wave polarization to rotate from a poloidal
to a toroidal configuration in time. We show how this can explain why the position
of the east-west oriented polarization ellipse lies poleward of linear polarization.
We conclude that Pgs are likely to be guided poloidal Alfvén waves which are being
continually driven by a population of westward drifting energetic protons and also
speculate about the evolution of poloidal Alfvén waves in the afternoon sector of
the magnetosphere.

1. Introduction

Giant pulsations (Pgs) are probably the most in-
triging of all magnetospheric ULF wave phenomena
that have been observed by ground-based instrumen-
tation. Pgs are ULF waves in the Pc 4 period range
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(45-150 s) and are characterized by their sinusoidal ap-
pearance and long duration of wavepacket. They oc-
cur in the early morning hours, predominantly around
the equinoxes in years of solar minimum [Brekke et al.,
1987]. Pgs are almost exclusively auroral zone phenom-
ena, occur most often just poleward of the equatorward
edge of the auroral oval [Chisham and Orr, 1994] and
are characterized by a localization in latitude [Glass-
meier, 1980; Chisham et al., 1990] and moderately large
azimuthal wave numbers [e.g., Chisham et al., 1992].
Pgs have been well defined over the last 20 years
with observations from magnetometer chains [Green,
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1979, 1985; Rostoker et al., 1979; Chisham et al., 1990;
Chisham and Orr, 1991], magnetometer arrays [Glass-
meier, 1980; Chisham et al., 1992; Takahashi et al.,
1992], spacecraft [Hillebrand et al., 1982; Kokubun et
al., 1989; Takahashi et al., 1992] and auroral radar
[Poulter et al., 1983; Chisham et al., 1992]. They have
also been observed in connection with pulsating au-
roral phenomena [Taylor et al., 1989; Chisham et al.,
1990]. To date, however, there is still no universally
accepted generation mechanism, although it is gener-
ally agreed that Pgs are the result of a plasma insta-
bility that occurs inside the magnetosphere rather than
a consequence of solar wind fluctuations as is thought
to be the case with other Pc 4 pulsations [e.g., Cao et
al., 1994]. A possible generation mechanism for Pgs is
the drift bounce resonance instability [Southwood et al.,
1969; Southwood, 1976] which would require the wave
to be an even mode standing wave (e.g., a second har-
monic). Resonantly generated waves should have large
azimuthal wave numbers and be dominantly radially
polarized [Southwood, 1976, 1980]. This instability has
been suggested many times as a possible Pg excitation
mechanism [e.g., Glassmeier, 1980; Poulter et al., 1983;
Chisham et al., 1992].

One feature that distinguishes Pgs from other Pc 4
pulsations is their polarization. The magnetic field per-
turbations of the more frequently observed Pc 4 pulsa-
tions are generally dominated on the ground by the H
(geomagnetic north-south) component. This is in con-
trast to Pgs, which are generally dominated by the D
(geomagnetic east-west) component. This suggests that
Pgs are predominantly radially polarized in the magne-
tosphere, if the waves are mainly of an Alfvénic nature
(as suggested by Chisham et al. [1992]), due to the
90° rotation of Alfvén waves by the ionosphere [e.g.,
Hughes and Southwood, 1976]. Studying the horizontal
polarization of ULF waves observed on the ground can
provide important pointers toward unravelling the ULF
wave structure in the magnetosphere.

The horizontal polarization of a ULF wave on the
ground is described by two parameters, the elliptic-
ity and azimuth (or ellipse orientation). The elliptic-
ity variation of Pgs with latitude was studied statisti-
cally by Hillebrand [1976]. They showed that Pg po-
larization is clockwise poleward of a region of linear
polarization and anticlockwise equatorward of this re-
gion (when viewed in the direction of the geomagnetic
field line). These polarization variations have been con-
firmed by later observational work [Glassmeier, 1980;
Hillebrand et al., 1982; Chisham et al., 1990]. The az-
imuth of the Pg polarization ellipse has received little
attention in previous work. Most studies have merely
commented that Pg polarization ellipses are predomi-
nantly oriented in the east-west direction on the ground.
Glassmeier. [1980] studied the polarization azimuths for
one Pg event observed over a large magnetometer ar-
ray. His results suggested that not only does the sense
of polarization reverse at a particular latitude but that
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the polarization azimuths point toward a central region,
thus defining a meridional separator line. However, this
interpretation was made using results from only one
event. No statistical study of Pg polarization azimuths
has been previously undertaken. Likewise, no statistical
study of the variation of the H and D component ampli-
tudes with latitude has been undertaken. All previous
theories have developed from looking at the amplitude
and polarization profiles of a handful of events.

" Thirty-four Pg events were observed by the Euro-
pean incoherent scatter (EISCAT) magnetometer cross
in the period 1984 - 1987. We analyzed the ampli-
tude and polarization characteristics of each of these
34 Pg events using the method of complex demodula-
tion. These characteristics were averaged over the cen-
tral 50% of each event (where the values are relatively
stable; see Chisham and Orr [1991]) to provide average
amplitude and polarization estimates at each station
for each event. In this paper, we present the results
of a statistical analysis of the polarization and ampli-
tude characteristics of Pgs and subsequently employ an
MHD model in an attempt to explain the typical fea-
tures observed.

The paper is structured as follows: section 2 describes
the data analysis techniques, while sections 3 and 4 out-
line the resulting polarization and amplitude statistics.
In section 5 we model a Pg-like wave, and in section
6 we discuss a comparison between the model and the
observed data. Section 7 summarizes and concludes the

paper.

2. Data Analysis

The EISCAT magnetometer cross [Lihr et al., 1984]
is situated in northern Scandinavia and comprises an ar-
ray of seven three-component fluxgate magnetometers
with a sampling period of 20 s. Each instrument mea-
sures magnetic field variations over a range of £2000 nT
with a resolution of 1 nT. The EISCAT magnetometer
cross data were rotated from geographic to geomagnetic
coordinates (X,Y,Z to H,D,Z) for our analysis. In this
study we only used data from the latitudinal chain of
the EISCAT magnetometer cross so as to avoid misin-
terpreting any effects due to longitudinal phase changes.
The geographic and corrected geomagetic coordinates of
the stations we used are displayed in Table 1 along with
the associated dipole field L shell positions.

All the amplitude and polarization estimates in this
study were made using the technique of complex de-
modulation [Beamish et al., 1979]. This is a method of
analysing particular frequency components of a wave-
form in terms of amplitude, phase, and polarization
characteristics, and is based upon the fast Fourier trans-
form (FFT). The polarization of a ULF wave can be
described by two parameters, the ellipticity and the az-
imuth (or ellipse orientation). The ellipticity is given
by the ratio of the minor axis to the major axis of the
polarization ellipse; a negative ellipticity represents an
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Table 1. Coordinates and L Shell Values of the Latitudinal EISCAT Magnetometer

Cross Stations

Geographic Geomagnetic
Station Code Latitude Longitude Latitude Longitude L Shell
Soroya SOR 70.54 22.22 67.01 106.91 6.66
Alta ALT 69.86 22.96 66.28 106.83 6.28
Kautokeino KAU 69.02 23.05 65.43 106.17 5.88
Muonio MUO 68.01 23.53 64.39 105.73 5.44
Pello PEL 66.90 24.08 63.23 105.34 5.01

All values were calculated using the IGRF for 1987 at an altitude of 120 km.

anticlockwise polarization and a positive ellipticity rep-
resents a clockwise polarization (as viewed in the di-
rection of the geomagnetic field line). The polarization
azimuth is 0° for a north-south orientation and increases

positively as the polarization orientation rotates clock--

wise, being 90° for an east-west orientation and finally
180° for a north-south orientation.

Figure 1 displays a typical Pg event observed by
the EISCAT magnetometer cross on December 29 1987
[Chisham et al., 1992]. The wave signal is extremely
sinusoidal and dominated by the D component. The
polarization variation associated with this event is pre-
sented in Figure 2. The ellipticity and azimuth varia-
tions displayed by this event are typical of the 34 Pgs.

H Component

24
nT SOR
MMM ALT

2.00 2.30 3.00

Universal Time

330 4.00

Figure 1. Unfiltered magnetograms displaying the H
(geomagnetic north-south) and D (geomagnetic east-
west) components of a Pg event observed by the latitu-
dinal chain of the EISCAT magnetometer cross on 29
December 1987.

3. Polarization Statistics

We studied the latitudinal variation of the polariza-
tion azimuth and ellipticity of the 34 Pg events by plot-
ting the polarization estimates with respect to their dis-
tance from the region of linear polarization (an estimate
of the resonant field line position). The L shell of linear
polarization was calculated for each event by interpo- -
lating between the ellipticities measured either side of'
the polarization reversal which is a characteristic of Pg
events (see Figure 2).

Figure 3 displays the variation in Pg polarization el-
lipticity with L shell distance from linear polarization.
In this and the following figures, negative values refer to
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Figure 2. Latitudinal polarization variation of the Pg
event displayed in Figure 1. The filled ellipses represent
clockwise polarization, the unfilled ellipses represent an-
ticlockwise polarization.
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Figure 3. The statistical distribution of the measured
polarization ellipticity of the 34 Pg events as a function
of the distance of the measurement from linear polar-
ization.

the L shell distance equatorward of linear polarization
and positive values refer to the L shell distance pole-
ward of linear polarization (hence the ellipticity distri-
bution will cross zero at linear polarization). Figure 3
shows clearly that the polarization equatorward of lin-
ear polarization is exclusively anticlockwise whilst that
poleward of linear polarization is exclusively clockwise.
The polarization estimates become increasingly scat-
tered more than 0.5 L away from linear polarization and
this is probably a result of the low wave amplitudes at
these points which would make these estimates unreli-
able.

Figure 4 displays the variation in Pg polarization az-
imuth with L shell distance from linear polarization.
At distances greater than 0.5 L away from resonance,
in both the poleward and equatorward directions, the
azimuths are randomly spread from 0° to 180°. Again,
this can be explained by the reduced signal-to-noise ra-
tio making these values less reliable. Between -0.5 L
and 0.5 L the majority of the azimuths are contained
within a band approximately 45° wide that appears to
change position while moving through the resonance po-
sition. Equatorward of the resonance position most of
the azimuths are located between 45° and 90°. Pole-
ward of the resonance position this band is located ap-
proximately between 60° and 105°. This represents a
small but significant change in the polarization azimuth
across resonance. v

Figure 5 displays an alternative way of studying the
variation in the polarization orientation across the res-
onance region. The region between -1.0 L and 1.0 L
has been divided into 10 equal sections of size 0.2 L.
In each of these sections the polarization azimuth esti-
mates have been binned into 30° azimuth bins. The re-
sult of this binning is displayed as a series of histograms
in Figure 5. The histograms show that equatorward of
linear polarization the azimuths are split between the
30° - 60° and 60° - 90° ranges; at linear polarization the
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azimuths are predominantly in the 60° - 90° range; and
poleward of linear polarization the azimuths are split
predominantly between the 60° - 90° and 90° - 120°
ranges. Figure 5 also shows the variation of the polar-
ization azimuths averaged across the 0.2 L shell bins.
The triangular symbols represent these averaged values
and the dashed line displays the variation across the
resonance region. The average azimuth equatorward of
the resonance region is ~ 60°. This value increases with
increasing latitude (increasing L shell), being ~ 75° at
linear polarization and ~ 90° poleward of this.

The polarization statistics displayed in Figures 3, 4,
and 5 indicate that one particular latitudinal polariza-
tion variation is predominant for Pg events. The polar-

* ization variation presented in Figure 2 is typical of this

variation. The main features of the azimuth variation
are that there is only a gradual change in the orien-
tation across the array from approximately northwest
to southeast poleward of resonance to approximately
northeast to southwest equatorward of resonance. How-
ever, the polarization orientation is not exactly east-
west at the position of linear polarization but some dis-
tance poleward of it. ,

The Pg polarization statistics have been studied with-
out considering any effect that nonuniform ionospheric
conductivities may have on the wave polarization rota-
tion in the ionosphere [e.g., Glassmeier, 1984]. It has
been shown [Chisham et al., 1995] that the rotation of
wave polarization in the ionosphere can be substantially
altered from 90° due to the ionospheric conductivity
gradients found at dawn. It is likely that gradients in
ionospheric conductivity occur in the auroral zone, es-
pecially close to auroral arcs. However, during the quiet
periods in which Pgs occur the Pg maxima are found
well equatorward of the estimated positions of auroral
arcs, so it is unlikely that the observed polarizations
have been affected by these gradients except possibly
well poleward of linear polarization.
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Figure 4. The statistical distribution of the measured
polarization azimuth of the 34 Pg events as a function
of the distance of the measurement from linear polar-
ization.
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Figure 5. Histrograms displaying the polarization azimuth variation either side of linear polar-
ization. The polarization azimuths have been binned into 30° azimuth and 0.2 L shell bins. The
dashed line linking the triangular symbols represents the variation of the average value of the
polarization azimuths calculated over each 0.2 L shell bin.

4. Amplitude Statistics

We studied the latitudinal amplitude variations of the
34 Pg events by plotting the H and D components mea-
sured at each station as a fraction of the maximum D
component amplitude for that event against the L shell
distance from the D component peak. The magnitude
and L shell position of the D component peak were cal-
culated by fitting a Gaussian curve to the latitudinal
D component amplitude variation. An example of this
fitting is shown in Figure 6. The triangles represent
the D component amplitude profile, the filled squares
represent the H component amplitude profile and the
solid line represents the gaussian fit to the D compo-
nent amplitude profile. Figure 6 shows that a Gaussian
curve fits very well to the latitudinal D component am-
plitude profile. This is the case for all of the 34 events.

Pg Amplitude profile
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Figure 6. Gaussian fit (solid line) to the latitudinal
D component variation (triangles). Also shown is the
latitudinal H component variation (squares).

The figure also shows that the H component amplitude
is small compared to the D component and suggests
that a dip in the H component amplitude occurs at the
same position as thé maximum D component ampli-
tude. Dips of this sort in the H comiponent amplitude
profiles occur for 21 of the 34 Pg events. The other
events either show a constant H component amplitude
profile with latitude or a peak that coincides with the
D component amplitude peak. Previous observations
of Pgs [Glassmeier, 1980; Takahashi et al., 1992] have
displayed this H component amplitude dip at the D
component maximum, but its occurrence has not been
previously noted.

Figure 7 presents the statistical distribution of the
H and D component amplitudes estimated from the 34
Pgevents. The D component amplitude variation (Fig-
ure 7a) is typical of that associated with a resonance.
Figure 7a also shows that the latitudinal spatial extent
of all the Pg events observed on the ground is almost
exactly the same, being the equivalent of 2 Earth radii
(RE) in the magnetospheric equatorial plane. However,
it is well known that due to the spatial integration of
waye signals by the ionosphere the wave signal observed
on the ground has a different spatial scale than that ob-
served in the magnetosphere [Poulter and Allan, 1985].
It is likely that the latitudinal spatial extent of the pul-
sation observed on the ground is approximately twice
that expected above the ionosphere. A good estimate
of the radial extent of the wave disturbance in the mag-
netosphere is therefore ~1 Rg.

Figure 7b displays the H component amplitude distri-
bution. It is clear that the striking peak which occurs in
the D component amplitude distribution is not present
in the H component distribution. In actuality, apart
from a few points where an H component amplitude
maximum coincides with the D component maximum,
the general trend is for a slight dip to occur in the H
component amplitude profile. We consider the possi-
ble reasons for this by modelling a Pg-like wave in the
following section.
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Figure 7. (a) The distribution of the measured D com-
ponent amplitudes. (b) The distribution of the mea-
sured H component amplitudes.

5. Modeling of Pg Wave Events

In this section we solve for the evolution of Pg-like
MHD waves and compare the results to both the Pg
amplitude and polarization statistics. For simplicity,
we consider the wave characteristics in a Cartesian box
model magnetosphere [e.g., Southwood, 1974]. In this
model the magnetic field is straightened out, uniform,
and lies purely in the 2 direction; i.e., B = Boz. We as-
sume that the ionosphere is perfectly reflecting and that
the waves are periodic in § (analogous to the azimuthal
direction in a dipole). The %X direction completes the
triad and represents the radial (or L shell) direction.
We assume that the plasma is cold and solve for the z

and t dependence of the plasma displacements by as-
suming variations of the form

&€ = (&(z,t), & (x, t),O)ei)‘y sink,z 1)

where )\ and k, are the “azimuthal” and field-aligned
wave numbers, respectively. ~'We have normalized
lengths with respect to the depth of the box (taken
as Ly = 5Rgp), magnetic fields by the ambient (uni-
form) magnetic field strength (Bp), and densities by
the density in the center of the simulation % domain.
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Consequently; time is normalized with respect to the
Alfvén time given by L, /Vy, where Vi is the normal-
izing Alfvén speed (Vy = v/BZ/popo).

By linearizing the ideal MHD equations [e.g., Boyd
and Sanderson, 1969], magnetospheric waves in the box
model can be described by the following normalized
coupled differential equations [e.g., Mann and Wright,
1995]:

1 9% 42, _ 05

W ot2 kzgm = - oz (2)
1 8% 2, _ .

A op Hheb= —ibs @)
= (% +0). 0

When A — 00, §, — 0and the poloidal (§;) and toroidal
(&) components of the waves decouple [Dungey, 1967,
Radoski, 1967]. Equation (2) then describes poloidally
polarized Alfvén waves, since when A is large, b, ~
&/X ~ & /)2, and to leading order (4) is the balance
of [Mann and Wright, 1995

Bt/ Oz ~ —iXEy. (5)

These waves propagate along the background magnetic
field and constitute guided poloidal Alfvén waves having
the general solution

gz(za t) =&

where w4 (z) is the local natural Alfvén frequency and
&:(z,t = 0) is the spatial envelope of the poloidal oscil-
lations.

We assume that the waves in our simulation have
been driven so that the initial §{, and &, wave compo-
nents oscillate in phase. In accordance with observa-
tionis we assume that the initial poloidal wave distur-
bance is radially localized and has a Gaussian envelope
of width z,, given by '

(2,8 = 0)er () (6)

x(z,t =0) = gzoe—(w—wo)z/mi, (7

and from (5), that the initial toroidal disturbance has
an envelope of the form

€y(il7,t = 0) = —%QET_;E_O_)_

w

&(z,t=0). (8)

The initial physical magnetospheric plasma displace-
ments are given by ¢ = Re(¢) and & = Re(¢,).
We start the simualtions with the plasma at rest, and
consequently both displacements initially oscillate as
coswa(z)t and represent poloidal Alfvén waves which
are standing in azimuth (as well as along the back-
ground magnetic field). Note that in the magnetosphere
poloidal Alfvén waves are observed to have azimuthal
phase propagation, perhaps as a result of being driven
by the drift bounce resonance mechanism. Azimuthally
propagating solutions may be synthesized by summing
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two azimuthally standing solutions, one of which is pre-
sented here.

In a plasma with a radial inhomogeneity, the initial
wave fields are expected to phase mix in time as each
field line oscillates at its local Alfvén frequency. Ad-
jacent field lines, initially in phase, gradually drift out
of phase with each other in time, generating increasing
radial gradients in the wave field [Mann et al., 1995].
When A is large and finite, the poloidal wave ampli-
tudes decay in time as they drive an additional toroidal
response [Mann and Wright, 1995]. The toroidal ampli-
tude grows to equal the (decayed) poloidal one on the
timescale

A
T = AR (9)

Wa
where !y = dw,/dz, and where 7 is the time taken for
the radial length scales to phase mix down to the az-
imuthal scale 2 /A. The additional physical displace-
ment 55 , which develops due to the wave evolution,
is again given by (5), but oscillates as sinwa(z)t. Its
leading order growth is determined by the phase mixing
gradients developed in time by the exp(—iw4(z)t) part
of the poloidal Alfvén wave solution, and consequently
we expect [Mann and Wright, 1995]

!
55 R % sin Ay sinwa(z)t fzoe_(z_“‘))z/”?v. (10)

Using. the numerical code described by Mann and
Wright [1995], we solve for the time dependent wave
solutions. The initial disturbance is a standing second
harmonic poloidal Alfvén wave whose amplitudes are
Fourier approximations to the functions given in (7) and
(8). (Note any harmonic could be modelled in this way.)
We choose A = 23 (to approximate a magnetospheric
Pg with azimuthal wave number m = 30 at L = 6.5),
z, = 0.1 (ie., 0.5RE), and k, = 1.93 (assuming a field
line length of 2.5L). The local Alfvén frequency gradi-
ent is defined by the Alfvén speed variation (since k,
is a constant), and we assume a monotonic variation of
the form ,

vi%(z) = A% — B?cos’(mc) (11)
where A2 = 1.0 and B2 = 0.2. The energy densi-
ties associated with the guided poloidal (e,) and the
toroidal (e;) oscillations are defined as by Mann and
Wright [1995]. The compressional energy density e. is
initially zero and remains small compared to e, and e;
throughout our simulation. The initial e, and e; energy
density envelopes are plotted as solid lines in Figures
8a and 8b. Using the ordering in (5) and differentiating
the initial Gaussian poloidal amplitude envelope with
respect to z predicts a latitudinally double-peaked am-
plitude envelope for the toroidal component which is in
good agreement with the ground based magnetometer
observations. In a nonuniform magnetosphere, these en-
velopes will evolve in time and it is important to analyse
this behaviour.

The series of dashed lines in Figures 8a and 8b show
the radial variation of the poloidal and toroidal en-
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Figure 8. The Pg (a) poloidal and (b) toroidal energy
densities e, and e; as a function of X at ¢t = 0 (solid
line) and multiples of 7 (dashed lines).

ergy densities respectively, at times in multiples of 0.57.
Figures 8a and 8b illustrate how undriven, undamped
poloidal Alfvén waves evolve towards an asymptotic
toroidal polarization (as first shown by Mann and
Wright [1995]). Moreover, the initial double-peaked
toroidal variation becomes increasingly less well defined,
until after a time 2 7 the double peak is no longer ap-
parent and the toroidal variation evolves toward a single
peak centered on the resonant field line. The early time
variations appear to be in good agreement with the Pg
statistics presented earlier and can account for both the
dominantly double peaked, as well as the single peaked,
H component variations seen on the ground. However,
as the wave evolves and the additional toroidal com-
ponent is driven, the disturbance becomes increasingly
elliptically polarised and asymptotes towards a purely
linear toroidal oscillation [see Mann and Wright, 1995,
Figure 5]. This asymptotic toroidal state does not ap-
pear to occur in the EISCAT magnetometer cross data
that we presented earlier. However, this can be ex-
plained by considering the timescales over which the
driving mechanism and ionospheric dissipation act. The
magnetospheric fields which result when a wave is con-
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tinually driven can be envisaged as a continual sum-
mation of ionospherically decaying solutions to the un-
driven initial value problem considered here. Conse-
quently, it may be possible for the waves to develop an
overall structure in which only part of the asymptotic
evolution has occurred, and we discuss this in the next
section.

6. Discussion

The main discrepancy between our modeling and the
Pg observations is the extent to which the polarization
evolution from guided poloidal to toroidal occurs. The
most significant simplification assumed in our model is
that of infinite ionospheric conductivity. Pg waves are
usually observed predawn where the height-integrated
Pedersen conductivity X p is typically much lower than
average dayside values. Assuming ¥Xp ~ 0.5 — 1 mhos
(compared to typical dayside values of ~ 10 — 20 mhos)
and using the numerical results of Newton et al. [1978],
we find second harmonic guided poloidal waves have
damping decrements y/w ~ 0.075 — 0.04, corresponding
to e-fold decay times 77 ~ 2 — 4 wave periods. Since
the damping of second harmonic toroidal waves is of
a similar magnitude, we would expect waves to only
display the polarization evolution discussed earlier if it
occurs on a timescale < 77.

Assuming a dipole magnetic field geometry, a den-
sity profile p ~ por™ with p = 3, and estimating
equatorial mass densities from those deduced by Poul-
ter et al. [1984], we used the results of Cummings et
al. [1969] and Orr and Matthew [1971] to estimate
dwa/dz ~ 2.8 x 107° rads s~'m~! for a 100 s second
harmonic guided poloidal wave at L = 6.5. Assum-
ing that typically m ~ 30 and 100 for Pgs and after-
noon poloidal Alfvén waves respectively, we estimate
poloidal lifetimes of 2.6 and 8.5 periods respectively.
For Pg waves near dawn we find 71 ~ 7 and hence we
would only expect a small wave evolution before the
signals are damped by the ionosphere. Consequently,
for a continually driven pulsation, the observed fields
will be dominated by the amplitude profiles of the ini-
tial oscillations. Exactly at resonance, where there is
initially a toroidal node, we would expect only a small
amplitude toroidal component to develop so that the
double peaked toroidal amplitude variation would be
maintained. This is in good agreement with the Pg
amplitude statistics.

In the afternoon sector, where poloidal Alfvén waves
are often observed in space, ¥p will have more typi-
cal dayside values. Again, using the results of New-
ton et al., [1978], and assuming p ~ 10 mhos, gives
~/w ~ 0.004 and hence 7; ~ 40 periods. Neglecting
any variation in Alfvén speed with local time, we con-
clude that poloidal Alfvén waves with m ~ 100 will have
7 = 8.5 periods, and hence 7; > 7 in this case. Con-
sequently, bounce resonance driven waves in the after-
noon could experience significant evolution from guided
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poloidal to toroidal before they are heavily damped by
the ionosphere, and once they are no longer being driven
may approach an asymptotic toroidal polarization state.

The differences in the azimuthal wave numbers of Pgs
and poloidal Alfvén waves can also explain why Pgs are
observed from the ground and poloidal Alfvén waves are
not. Ground-based Pg observations have been charac-
terized by moderately large azimuthal wave numbers,
with typical values of m ~ 20 — 40 [Rostoker et al.,
1979; Glassmeier, 1980; Hillebrand et al., 1982; Poul-
ter et al., 1983; Chisham et al., 1990; Takahashi et al.,
1992], where the waves are assumed to vary as exp(ima)
and ¢ is a the azimuthal coordinate. Hughes and South-
wood [1976] concluded that Alfvén waves in space have
magnetic signals which decay to the ground according to
exp(—kyh), where k_is the perpendicular wave number
and h is the height of the ionospheric E region. If we
assume that both Pgs and poloidal Alfvén waves have
similar radial magnetospheric widths (~ 1 Rg) and have
azimuthal wave numbers ~ 30 and 100, respectively,
then the Pg amplitude would decay to ~7% of its iono-
spheric value whereas that of the poloidal Alfvén wave
would decay to ~1% of its ionospheric value. Phase
mixing of the poloidal Alfvén waves due to their longer
ionospheric lifetimes (77 ~ 40 periods) increases k
and causes further decay. This would explain why Pgs
can be observed from the ground, while poloidal Alfvén
waves with larger azimuthal wave numbers, despite be-
ing observed in the magnetosphere, appear to have no
conjugate ground magnetometer signal.

If the waves evolve in the way described earlier, the
additional toroidal component they generate should be
in quadrature with the initial toroidal signal. For waves
with azimuthally standing structure (as well as standing
along the background field), such as those presented in
section 5, £F is of the form

& -

= Hcoswa(z)tcos Aysink,z

Re{H coswa(z)texpilysink,z}
(12)

where H is the amplitude of the poloidal disturbance,
and from (5),

P Huw)y(z)t
g = |

sinw(z)t

!

H
— o8 wA(x)t] sin \ysink,z

= —Icos(wa(z)t + ¢)sinlysink,z (13)
where I = (H2w,(z)%t> + H'?)i/A and ¢ =
tan~!(Hw',(z)t/H'), and where a prime denotes d/dz
(note that conservation of total energy means that the
amplitude of the poloidal disturbance H will decrease
in time; see Mann et al. [1997] for more details). In this
case the waves initially oscillate in phase, and for waves
in the plasmatrough where the Alfvén frequencies de-
crease with radial distance (i.e., 'y () is negative) and
if A is negative, the component resulting from the wave
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Figure 9. Schematic diagram of the ground orientation of the polarization ellipses of Pg waves
with azimuthally propagating phase. (a) Possible polarizations of Pgs driven by drift bounce
resonance. (b) The modification of these polarizations after the partial wave evolution from

guided poloidal to toroidal.

evolution would have the effect of adding a clockwise
polarized component to the wave signal (as observed in
the direction of the geomagnetic field line). This would
shift the ground-based observation of the position of
linear polarization equatorward of the position of the
east-west oriented polarization ellipse.

For azimuthally traveling waves (e.g., waves driven
by the drift bounce resonance mechanism), £¢F is of the
form

¢P Re{H exp(—iwa(z)t) expidy sink,z}

= H cos(wa(z)t — Ay) sink,z. (14)

and (5) generates the associated toroidal signal

Hu'y(z)t

3 cos(wa(z)t — Ay)

& =

H' '
+ ~ sin(wa(z)t — Ay) | sin k,z

= Isin(wa(z)t — Ay +@)sink,z.  (15)

In this case the initial (traveling) ¢£ and ¢ are in
quadrature. For waves in the plasmatrough with nega-
tive A (westward phase propagation), they are polarized
clockwise (viewed in the direction of the geomagnetic
field line) poleward and anticlockwise equatorward of
linear polarization (in good agreement with Figure 5).
Moreover, the driven toroidal component is in phase
with the initial poloidal component and rotates the po-
larization azimuths so that the ground-based observa-
tion of the position of linear polarization is again equa-
torward of the position of the east-west oriented el-
lipse. If the undriven wave solutions evolve on the same
timescale as the ionospheric damping, only a small evo-
lution would occur which would only shift the position
of linear polarization slightly equatorward of the posi-
tion of the east-west oriented ellipse. We schematically
illustrate in Figure 9 how this shift might effect the lat-

itudinal polarization variation of Pgs with azimuthally
propagating phase fronts. This agrees with the statisti-
cal variation shown in Figure 5, and suggests that the
polarization evolution is occuring to a small extent with
Pgs.

Pg waves are observed predawn, with wave trains
~ 30 cycles long. However, we have already estimated
an undriven lifetime of only a few eigenperiods due to
ionospheric damping. This appears to be good evidence
that Pgs are being continually driven. More evidence
that the waves are being continually driven comes from
the observations of Chisham et al. [1992]. They cal-
culated that the apparent azimuthal propagation speed
of the leading wavefront of the Pg disturbance propa-
gated westward faster than the magnetometer field of
view corotated eastward with the Earth (i.e., the actual
azimuthal propagation direction of the wave was west-
ward). The actual propagation speed (after removal of .
the effect of the Earth’s rotation) equated well with the
drift velocity of ~ 10 — 20 keV protons. A possible Pg
driving mechanism is drift bounce resonance with ener-
getic protons [Southwood et al., 1969; Southwood, 1976,
and protons with energies ~ 10 — 20 keV could drive

-second harmonic waves having periods and azimuthal

wavenumbers typical of Pgs.

If Pgs are associated with westward drifting protons
with energies ~ 10 — 20 keV which maintain a con-
stant phase relation with the azimuthal phase fronts of
the wave, then the phase velocity of the waves should
equal the drift velocity of the protons. Glassmeier
[1980] suggested that the Pg polarization variation that
he observed could be explained by field aligned cur-
rent elements which were drifting westwards. On the
basis of an observed drift velocity of ~ 8 km s~ in
the ionosphere he concluded that since his event lasted
for ~ 30 periods, it should exist for ~ 300° in az-
imuth. This was in contrast to the observed localiza-
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tion of the disturbance. However, our suggestion that
Pgs are guided poloidal Alfvén waves with westward
phase propagation can resolve this apparent contradic-
tion. Field-aligned currents are generated by poloidal
Alfvén waves. Poloidal Alfvén waves with a westward
phase propagation would produce current elements of
the type observed by Glassmeier [1980]. However, they
would not have a westwards group velocity (they are
Alfvénic and hence have no group velocity perpendic-
ular to the background field). Consequently, if Pgs
are poloidal Alfvén waves which are being continually
driven by drift bounce resonance with protons, they
can have wave trains which oscillate for many cycles
and show westward phase propagation, while still being
localized in space. Moreover, if the bounce resonance
mechanism drives a disturbance having a spatial ex-
tent greater than half an azimuthal wavelength, then
a meridional separator line of the type seen by Glass-
meier [1980] could exist, in addition to the latitudinal
demarcation line seen in the Pg statistics presented here
and in other Pg observational data [Hillebrand, 1976;
Glassmeier, 1980; Hillebrand et al., 1982; Chisham et
al., 1990]

7. Summary

We have presented the results of a statistical analysis
of the latitudinal variation of 34 Pg events observed by
the EISCAT magnetometer cross. The statistics show
that Pgs are exclusively polarized in a clockwise sense
poleward, and an anticlockwise sense equatorward, of
the latitudinal position of linear polarization. Despite
being polarized northeast to southwest equatorward,
and northwest to southeast poleward of linear polar-
ization, the polarization azimuth is oriented east-west
at a location poleward of linear polarization. The am-
plitude statistics show that the latitudinal variation of
the D component has a distinct peak characteristic of a
resonance, whilst the H component has a tendency to
show a double peaked variation, often having a dip at
the position of the maximum D component amplitude.

By employing an MHD numerical code to model Pg-
like disturbances, we considered the time dependent
evolution of guided poloidal Alfvén waves in an inho-
mogeneous box model magnetosphere. On the basis of
the statistical and numerical results, we have suggested
the following model for Pg wave evolution. Energetic
protons (~ 10 — 20 keV) drift westward from a night-
side injection region into the morning sector. On L
shells unstable to wave excitation, the drift bounce res-
onance mechanism drives dominantly guided poloidal
Alfvén waves with westward phase propagation. Waves
with Pg-like characteristics which occur predawn have
undriven lifetimes of only a few wave periods due to
ionospheric damping, and hence Pgs must be being con-
tinually driven. They experience a polarization evolu-
tion from guided poloidal to toroidal over a similar (or
longer) timescale to that of the ionospheric damping
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(i.e., they have ideal poloidal lifetimes X 77) and hence
only partially evolve toward a purely toroidal polariza-
tion. This model can successfully explain both the Pg
amplitude and polarization statistics which we have pre-
sented.

In the afternoon sector, poloidal Alfvén waves simi-
lar to Pgs are observed, but these generally have larger
azimuthal wave numbers. In the afternoon, ionospheric
damping should typically occur on a timescale longer
than the ideal poloidal lifetime, and hence we would
expect afternoon poloidal Alfvén waves to typically dis-
play a greater evolution towards a purely toroidal polar-
ization state than the Pgs we have studied here. This
is difficult to verify using ground based data as these
waves are screened by the ionosphere due to their larger
azimuthal wave number (m ~ 100 for typical poloidal
Alfvén waves). More detailed observations in space
might allow this theory to be tested.
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