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The results of an analysis of 16 Pi 2 pulsations observed with an extended east-west chain of mid-
latitude, ground-based magnetometers are reported. The events were chosen such that the center of
the substorm current system, defined by using the midlatitude bays associated with these pulsations,
was within the longitudinal extent of the station chain. A current wedge model is also used to interpret
the observed polarization pattern of the Pi 2 pulsations. This pattern is used to locate the center of the
Pi 2 current system. The centers of the Pi 2 and substorm current systems occur at the same meridian
for only ~65% of the events. This result suggests that the Pi 2 current system and the substorm current
wedge are not always the same. The longitudinal extent of the Pi 2 current system estimated from the
Pi 2 polarization pattern averages ~90° or ~6 hours local time for the events in the study. The sense of
ellipticity of the waves, anticlockwise looking down the field line in the northern hemisphere. agrees
with previous results from these latitudes. Estimates of the wave-phase difference between stations
show that, in general, the eastern station of a station pair leads the western one at all local times for
both H and D components. When plotted in a substorm coordinate system based on the mid-latitude
bay, the phase difference per degree of longitude shows a tendency to decrease in the eastern portion
of the current wedge. This longitudinal pattern of phase difference is consistent with the eastern,
downward, field-aligned currents being less localized than the western, upward, field-aligned currents.

1. INTRODUCTION described by McPherron et al. (1973], who locate the center

The appearance of Pi 2 magnetic pulsations at the onset of of the wedge at the longitude where there is a change in sign

> study of this class of pulsation is important for the under- ; , .
€)_  standing of substorm dynamics. In this paper we report methods agree in only approximately two thirds of the cases.
'~ ¢  observations of Pi 2 pulsations made with the AFGL (Air  Little previous work has made use of the substorm current
<., € Force Geophysics Laboratory) east-west chain of mid-lati- Wedge to order the Pi 2 polarization [Knecht, 1981; Samson
o tude magnetometers [Knecht et al., 1979] to investigate the ~ and Harrold, 1983, although in the past, several apparent
("~ LiJ relationship between the waves and the substorm current local time variations have been reported (Bjornsson et al.,
> e system [McPherron et al., 1973; Baumjohann et al., 1981].  1971; Fukunishi, 1975; Baranskiy et al., 1980; Stuart and
LL.  The AFGL magnetometer chain is particularly well suited ~ Baranskiy, 1982]. _ ) .
for the study of Pi 2 pulsations for several reasons. The chain The phase differences between stations for Pi 2 pulsations
€9 extends over 4 hours magnetic local time. This makes it ~are examined. Although there have been some differences in
—_ useful for studying the three-dimensional current systems the results of previous St“d'ef’ (Herron, 1966; Mier-Jedr-
= associated with Pi 2 pulsations. Also, since Pi 2 pulsations ~ 2€/owicl and Southwood, 1979; Baranskiy et al., 1980}, the
can often be observed over a large portion of the nightside on  Predominant observation is Fhat eastern stations lead in
the ground [Saito et al., 1976; Sutcliffe, 1980; Singer et al., ~ Phase. This result has been interpreted as western phase
1983] the chain can be used to study the longitudinal Propagation on the entire nightside. Since no physical inter-
" variations in the wave structure. Finally, the mid-latitude ~ Pretation consistent with substorm models has been devel-
location of the stations is a region where the Pi 2 signal is  oped, we concluded that a further study of phase variations
relatively free from contamination caused by currents in the ~ Was warranted. Our results confirm that eastern stations lead
* auroral ionosphere [Samson, 1982}, and consequently the in phase, but that the phase variation is not uniform across
mid-latitude signal provides clearer results than the auroral the substorm current wedge.
zone signature [Samson and Harrold, 1983). The following section describes the magnetometer array
o The three-dimensional substorm current wedge has been ~and data set used. We then describe the model of the —
< substorm current wedge and the associated, predicted Pi 2 ce
-‘-j . ) . . polarization pattern. Examples of Pi 2 pulsations, their R
o Copyright 1983 by the American Geophysical Union. polarization pattern, and the related bay structure are then e
(. Paper number 3A1061. given. The polarization pattern is described for 16 events o
; 0148-0227/83/003A-1061$05.00 where it is possible to locate the center of the substorm A
7958 (A
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substorms has been recognized for many years [Suito, 1961].
Recently, a consensus [Rostoker et al., 1980] included at
least one Pi 2 pulsation event as an integral part of a
substorm, and the Pi 2 signature has been used to time
substorm onsets [Rostoker and Olson, 1979, and references
therein). Because of its association with substorm onset, the

of the east-west magnetic bay. If it is assumed that the Pi 2
pulsation results from an osciilation of this current system
[Bostrom, 1972}, then the mid-latitude Pi 2 horizontal polar-
ization pattern should exhibit a predictable longitudinal
pattern. The predicted polarization pattern provides another
technique for locating the center of the wedge [Knecht,
1981]. Comparing the two techniques. we find that the
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Fig. 1. Map showing the locations of the AFGL network sta-
tions. The five northern stations, extending over 4 hours local time,
are at ~55° corrected geomagnetic [atitude: the two southermn
stations, which are not used in this study, are at ~40°.

current system between the two extreme meridians of the
network. Finally our results are discussed in the context of
previous studies and the three-dimensional current system
model.

2. THE DATA SET

The source of data for the study is the AFGL magnetome-
ter network [Knecht et al., 1979]. The geographic and
corrected geomagnetic coordinates of the seven AFGL
stations are given in Table 1. Five of these stations are at
~55° corrected geomagnetic latitude, and the remaining two
stations are at ~40° (Figure 1). The latitudes of the stations
place them all on field lines which thread the plasmasphere,
although it is possible that during extreme.y disturbed mag-
netic conditions the plasmapause may move far enough
radially inward to place the field lines of the northern
stations in the plasma trough. Data from the two southern
stations are not used in this study. The total longitudinal

separation of the five northern stations is 62.3° corrected
geomagnetic longitude, which corresponds to slightly more
than 4 hours magnetic local time. The longitudinal separa-
tions between adjacent stations at the same latitude are given
in Table 1.

At each station a three-component flux gate magnetometer
samples the field once a second with an amplitude resolution
of ~0.06 nT. The three components are H (+ve geomagnetic
north), D (+ve geomagnetic east), and Z (+ve vertically
down). This study uses 5-s averages. The time interval from
which the data were taken is March 14-19, 1978. During this
interval, we identified more than 40 Pi 2 pulsations at one or
more stations.

3. THE SuBsTORM CURRENT WEDGE
COORDINATE SYSTEM

In many previous investigations of Pi 2 pulsations, local
time has been used to order Pi 2 parameters such as the
horizontal wave ellipticity {e.g., Fukunishi, 1975; Lester and
Orr, 1981], the orientation of the major axis of the horizontal
ellipse [e.g., Baranskiy et al., 1980: Stuart and Baranskiy,
1982], and the phase difference between stations [e.g..
Herron, 1966; Mier-Jedrzejowicz and Southwood, 1979],
with occasional differences between studies being reported.
Since Pi 2 pulsations are associated with substorms, it seems
natural to use the position of the stations relative to some
substorm feature to better organize the data. Features such
as the auroral breakup region [Kuwashima and Saito, 1981]
or the auroral electrojet [Rostoker and Samson, 1981; Sam-
son and Rostoker, 1983) would be useful, but no method of
reliably locating them with mid-latitude data is available.
However, with an east-west chain of mid-latitude magne-
tometers, one can locate the position of the substorm current
wedge by using a model described by McPherron et al.
[1973]. The local time of isolated substorm onsets can vary
substantially, and there is usually a westward motion during
a sequence of substorm intensifications {Wiens and Ros-
toker, 1975; Knecht, 1981]). Consequently, organizing the
Pi 2 parameters by using the location of the wedge relative to
a station has clear advantages over the use of local time.

The simple current system discussed by McPherron et al.
[1973) and developed further by Clauer and McPherron
[19744} is used as the model and is shown in Figure 2. At the
onset of the expansion phase of the substorm the crosstail
current is diverted down the magnetic field lines. Current
then flows in the ionosphere as the westward electrojet and
returns to the tail along the magnetic field lines. The pertur-
bation tail current can be represented by an equivalent
eastward current, which completes the three-dimensional
current wedge. Although this current system is an oversim-
plification several authors [e.g.. McPherron et al., 1973,

TABLE 1. Name and Coordinates of AFGL Magnetometer Network Stations

Geographic Corrected Geomagnetic
East North East North Station
Station Name Longitude Latitude Longitude Latitude Separation

NEW, Newport, WA 242.9° 48.3° 299.6° 55.2° 17.7
RPC, Rapid City, SD 256.9 442 317.3 54.1 |6.9
CDS, Camp Douglas, WI 269.7 44.0 334.2 56.3 I().h
MCL, Mt. Clemens, MI 2771 42.6 344.8 55.8 |7.|
SUB. Sudbury, MA 288.7 422 1.9 S5.8 )

LOC, Lompoc. CA 2394 34.7 300.6 40.2 443
TPA. Tampa, FL 277.5 27.8 3449 40.7 -
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Fig. 2. The upper panel shows schematically the model of the
substorm current wedge which is used to position the stations
relative to the center of the substorm wedge. The bottom panel
(right) shows an equivalent current system and model parameters.
The bottom panel (left) summarizes the calculated sense and magni-
tude of the mid-latitude magnetic bay expected after substorm onset
[from Clauer and McPherron, 1974a].

Clauer and McPherron, 1974a} have shown that it accurately
describes mid-latitude bay variations. The mid-latitude sig-
nature of this wedge is a positive perturbation in the north-
south magnetic component symmetric about the central
meridian of the current system and a perturbation in the east-
west magnetic component that is positive to the west and
negative to the east of the central meridian.

Figure 3 shows schematically the field-aligned and iono-
spheric legs of the substorm current wedge and the magnetic
variations caused by the two field-aligned currents. The

field-uligned currents will, ideally. only affect the horizontal
magnetic components at mid-latitudes. If the Pi 2 pulsation is
directly associated with the substorm current system. then it
will have the predicted polarization pattern across the cur-
rent wedge shown in Figure 3. This pattern can be tested by
using events where the center of the current wedge. located
by the bay current system. is between the two longitudinal
extremes of the magnetometer chain.

In order to quantify the bay structure for each Pi 2 event
we measured both the H and D values at the five northern
stations at the start of the Pi 2 pulsation and at a time when
no more wave activity was observed. We defined the differ-
ence between the two values as AH and AD. The time
difference was typically between 10 and 15 minutes. The
central meridian is where AD = 0. The H perturbation
provides a consistency check, i.e.. AH should be positive
and maximize near the location of AD = 0. Of the original 40
events, 32 had such a bay structure, and for 16 of these 32
the location of AD = 0 was between the NEW and SUB
meridians.

The longitude of AD = 0 was calculated by assuming a
linear change in AD between the two stations on either side
of AD = 0. Each station was located in longitude. relative to
the meridian where AD = 0. by calculating the longitude
difference: Along. Along was positive (negative) if the station
was to the east (west) of the AD = 0 longitude.

4. EXAMPLES OF P1 2 PULSATIONS AND THE
SuBsTORM CURRENT SYSTEM

Before discussing the results of all 16 events statistically.
iwo events are used 10 illustrate the analysis procedure. Pi 2
polarization parameters were determined both by plotting
hodograms and by using spectral analysis techniques. Power
spectra were computed for each field component at each
station. The peak trequency in the range 5-25 mHz (200-40
s) was measured in the H and D componets at each station.
The dominant frequency at a majority of stations in each
magnetic component was chosen as the overall dominant
frequency. Polarization parameters of the Pi 2 pulsation.
percent polarization, ellipticity, and azimuth were measured
at the dominant frequency by using standard spectral analy-
sis methods [see, e.g., Arthur et al., 1976). The azimuth, or
orientation of the major axis. is positive (negative) in the
northeast (northwest) quadrant. The ellipticity is 0 when
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Fig. 3. A schematic view of the ionospheric and field-aligned portions of the substorm current wedge model shown
in Figure 2. Also shown are the predicted Pi 2 polarization azimuths at mid-tatitudes within the two extreme meridians
of the current system if the Pi 2 is a result of the oscillation of such a current system.
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Fig. 4. A Pi 2 pulsation observed by the AFGL network in the interval 0247-0302 UT on March 14, 1978. In the
upper panels the unfiltered H and D components show the Pi 2 pulsation and the magnetic bay. The lower panels show
the hodograms measured during the interval 0253-0257 UT for each station. The dashed lines in some of the hodograms
represent data gaps. The arrow at the side of each hodogram represents the sense of ellipticity. The hodograms at the
four eastern stations compare favorably with the model Pi 2 azimuth pattern inside the wedge illustrated in Figure 3. The
polarization at station NEW is that expected for a station to the west of the wedge.
linear and 1 when circular. A positive (negative) ellipticity  4). the hodogram at NEW, the station with the smallest wave
indicates a clockwise (anticlockwise) sense when looking amplitude, does not fit the predicted pattern inside the

down the magnetic field line in the northern hemisphere.
Temporal vanations of ellipticity and azimuth were exam-
ined by plotting hodograms. The two methods. hodograms
and spectral wave analysis, produced similar results for the
ellipticity and azimuth in all cases.

Figures 4 and 5 show unfiltered data for the time intervals
0247-0302 UT and 0555-0610 UT on March 14, 1978, each of
which contains a Pi 2 pulsation. The lower panels show the
hodograms for each event. During the earlier event (Figure

H COMPONENT

current wedge (Figure 3). However, it is consistent with the
pattern predicted to the west of the western field-aligned
current part of the wedge (not shown in Figure 3). At the
other stations the polarization pattern is similar to the
predicted one and points to a location between MCL and
SUB. There is also some time variation of the azimuth at
SUB. but the average azimuth fits the predicted pattern. For
the later event, shown in Figure 5, the predicted pattern of
the azimuth (Figure 3) is reproduced almost exactly.
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Fig. 6. The calculated values of AD (upper panels) and AH
(middle panels) for the Pi 2 events in Figures 4 and 5 are shown. The
longitudinal variation of AD and AH can be compared with the
predicted mid-latitude signature in Figure 2. The location where AD
= 0. corresponding to the center of the wedge. is marked by a
dashed line (C). The position of line C can be compared with the
location where the major axis of the polarization ellipses (lower
panels) points for the two events.

The bay structures (Figures 4 and 5, upper panels) show
the schematic variation of the bays discussed in the previous
section. The change in sign of the D bay occurs between
NEW and RPC for the 0247 UT event and between RPC and
CDS for the 0555 UT event. Note also that, except for MCL
and SUB, for the first event the H bays are positive. The D
bay reaches the most negative value for MCL, which sug-
gests that MCL and SUB are located at longitudes outside of
the wedge.

The bay structure variation is further illustrated in Figure
6 by using the values of AH and AD. For both events the
upper panel shows the AD values for each station, and the
middle panel shows the AH values. The position where
AD = 0 is estimated. and it is marked by a dashed line
indicating the wedge center (C). For the event at 0247 UT the
line C passes between NEW and RPC, but the polarization
pattern (bottom left panel), aithough similar to the predicted
one. points between MCL. and SUB, as mentioned earlier.
This type of event, where thie two methods of identifying the
center of the wedge disagree, was found on five occasions.
The size of the disagreement given in the example is the most
extreme, but in all five cases the difference is more than a
simple displacement to the wrong side of a station. The
second event at 0555 UT shows that the center of the wedge
identified by AD = 0 agrees with the center found by the
polarization pattern. This type of event was found on |1
occasions.

5. POLARIZATION VARIATIONS RELATIVE TO THE
SuBsTORM CURRENT WEDGE
Having shown two examples of the polarization patterns
of Pi 2 pulsations. we now present the polarization parame-
ters for the 16 events where the center of the current wedge
was located between the NEW and SUB meridians. The
azimuth and ellipticity were computed by using the spectral
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analysis method with 2.67 degrees of freedom. The conven-
tions for azimuth and ellipticity were described in the
previous section. Only values for which the percent polariza-
tion exceeded 957 were considered. If the modulus of the
ellipticity |e| > 0.80. then the azimuth value was not consid-
ered, since the pulsation is nearly circularly polarized in
such cases, and determining azimuth is imprecise {cf. Green
and Hamilton, 1978, 1981].

The variation of azimuth for the 16 events where the
center of the wedge is identified between NEW and SUB is
shown in Figure 7. The azimuth at each station for each
event is plotted in the substorm current wedge coordinate
system where Along = 0 is at the location of AD = 0. Only
values that satisfied the selection criteria described in the
above paragraph are plotted. The events where the two
methods for defining the center of the substorm current
wedge agree (dots) show the expected change of polarization
across the wedge. For purposes of comparison the dashed
line represents the Pi 2 azimuths expected from a substorm
current wedge with a longitudinal extent of 90° symmetric
about the central meridian. The polarization azimuths for
those events where the two methods disagree are indicated
by crosses. The crosses corresponding to each event have
been joined by straight lines. The remarkable feature is that
these events also show a pattern similar to the dots but
displaced relative to the wedge center. The displacement is
not consistently to one side or the other of the dashed line.

Azimuth
. West
North
.°/°
L)
*/
N/ t * 4 +— East

-60-40 -20 0 20 40 60
A Long

Fig. 7. Azimuth versus Along for the 16 Pi 2 events discussed in
the study. Tick marks on the azimuth axis are every 30°. The dots
represent the azimuth of the events where the two methods for
locating the center of the current system agree. The crosses repre-
sent the azimuth for the evenis where the two methods disagree.
The dashed line represents the variation expected for a model
current system 6 hours wide and symmetric about the central
meridian. The error in the measured azimuth value is - 107,
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Fig. 8. Ellipticity versus Along for the 16 Pi 2 events discussed
in the study. Positive (negative) ellipticity indicates a clockwise
{anticlockwise) sense of rotation looking down the field line in the
northern hemisphere. The center of the wedge is located at Along = 0.

indicating the center of the Pi 2 current system can be either
to the east or west of the substorm current wedge. It should
be noted that, although we do not present the results, we
found no systematic variation of azimuth with local time.

In the substorm current wedge model (Figure 3) the
position where the azimuth of the magnetic perturbation is
directed east-west locates the longitudes of the field-aligned
current parts of the wedge. The difference in longitude
between the field-aligned current portions can be regarded as
the effective width of the wedge. Since it is unusual for the
entire width of the wedge to be located within the two
longitudinal extremes of the network, the wedge width was
estimated from the slope of the lines connecting the dots or
crosses for each individual event. This slope varies from ~1°
to ~2.5° azimuth/degree longitude, with an average of ~2°
azimuth/degree longitude. This implies a variation in the
wedge width of between ~4 and ~ 12 hours and an average of
~6 hours. These results are in reasonable agreement with
the observations of Clauer and McPherron (1974b], who
found the extent of the current system to vary between 2.5
and 10 hours, with an average of just over 4 hours.

The ellipticity variation with respect to Along is shown in
Figure 8, where all but two values are negative. The predom-
inance of anticlockwise values agrees with other results for
stations at these latitudes [e.g.. Fukinishi. 1975; Mier-Jedr-
zejowicz and Southwood, 1979: Lester and Orr. 1981]. Apart
from this. no ordering appears in the sense of polarization
with respect to Along. Also., we found no systematic local
time variation of ellipticity.

6. PHASE DIFFERENCES OF P1 2 PULSATIONS BETWEEN
STATIONS
The longitudinal variation of pulsation phase has been
discussed in the past in terms of the m number [e.g.. Green.,
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1976: Micr-Jedrzejowics and Southwood. 1979]. The m num-
ber is obtained by dividing the phase difterence between a
pair of stations by the station longitudinal separation. It has
then been interpreted in terms of an apparent azimuthal
wave number. However, since the azimuthal propagation of
the Pi 2 signal is not clear. we shall not interpret the m
number in this way but simply consider it as the phase
difference per degree of longitude.

The phase differences between all possible pairs of sta-
tions were calculated by using a cross-spectral analysis
technique [Hughes et al.. 1978]. Only the phase differences
between adjacent station pairs are used here. The 95%
confidence limits in the phase difference were calculated by
using the coherency value and the number of degrees of
freedom associated with the smoothing parameter used in
the spectral computation [Green, 1976). We calculated the m
number from the calculated phase difference and an ecror in
m, Am. from the confidence limits in the phase difference.

Figure 9 shows the m values for the |1 events where the
two methods of identifying the center of the substorm
current wedge agree. The error bar, representing Am. is
plotted if Am > |m|. i.c.. there is ambiguity in the sign of m.
We included only those points for which Am < 1.5. This
value was chosen as a compromise between having sufficient
number of points and sufficient resolution in m. The maxi-
mum error allowed. Am = 1.5, is also shown. The H
component (Figure 9a) shows a weak tendency for m| to
decrease from west to east across the wedge. The D compo-
nent (Figure 9b) shows a similar tendency for the values to
the east of the center to decrease with increasing Along. The
larger |m| values are west of center of the wedge for the H
component and close to the center for the D component.

The m values are predominantly negative. irrespective of
the location of the center of the substorm current wedge and
local time (results not presented). This agrees with the work
of Mier-Jedrzejowicz and Southwood [1979]. Warner [1979].
and Green and Stuart [1979]. Mier-Jedrzejowicz and South-
wood did not use individual events., but power levels in the
Pi 2 frequency band averaged over | hour time intervals.
Warner, however. studied individual Pi 2 events observed
with the same network as Mier-Jedrzejowicz and South-
wood. Baranskiy et al. [1980] reported that there was a slight
tendency for m to change sign near midnight. They have
shown the H component of the western station leading
before midnight and the D component of the western station
leading after midnight. Neither reversal is seen in our
results. Also, there is no sign of the reversal reported by
Herron [1966), who used data from a similar longitude sector
and latitude as the AFGL network.

7. DISCUSSION

For each of the 16 events studied in detail the azimuths of
the major axis of the polarization ellipses agree with the
pattern predicted by a model three-dimensional current
system (Figure 2). The pattern was better organized by the
substorm current wedge and not by local time. Measure-
ments made by Green and Stuart |1979: personal communi-
cation, 1980] and Baranshiv et al. [1980] support our results,
Two examples of the azimuth of the major axis of the
polarization ellipse [see Figure 5. Baranshiv et al.. 1980}
illustrate the pattern predicted by a current wedee model.
Furthermore. using many events. Baranskiy et al. did not
find a systematic variation with local time (see their Figure
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Fig. 9. The phase difference per degree of longitude. m value,
between pairs of stations plotted against the Along of the midpoints
of the two stations for H (9a) and D (9b); m is calculated by using
only adjacent station pairs for the 11 events where the two methods
of locating the center of the current system agree. Positive (nega-
tive) m indicates the western (eastern) station leads in phase. Error
bars are marked if Am > |m| and the maximum error in any value
plotted is 1.5.

6¢). However, there have been some studies which suggest a
local time organization of the Pi 2 polarization pattern [e.g..
Bjornsson et al., 1971 Fukinishi. 1975 Stuart and Barans-
kiv, 1982]. Bjornsson et ai. [1971], using averages of Pi 2
azimuths determined in 1 hour local time bins at stations
between 40° and 50° magnetic latitude. found a pattern
similar to that in Figure 3. but pointing to the 2200 LT
meridian. These correlations between Pi 2 azimuths and
local time would be expected if the centers of the current
systems associated with the pulsations used in a study had a
small local time spread. We are unable to test this explana-
tion because the studies showing a local time organization of
the Pi 2 azimuths do not indicate the location of the wedge
centers. In this paper the centers of the current systems were
found to range from 1940 to 0100 LT. a range that makes it

e, e e . e e . . P T S
" . . .. .t -

a AL PR '_.“ i h. LT S ‘.: . S

possible to distinguish between a local time or current wedge
organization of the data.

The occasional disagreement between the center of the
wedge identified by the two methods implies that if the Pi 2
pulsation is associated with a three-dimensional current
system then that current system is not always colocated with
the substorm current system. A study by Pashin et al. [1982]
appears to support this result. as they also conclude that the
wave and substorm current systems are offset. However,
since they were using data from a small region at high
latitudes. the exact relationship between their results and
ours requires further study. Alternatively. the Pi 2 could be
linked to the substorm current system only at onset (J. C.
Samson, personal communication. 1982). After onset there
often is a westward expansion of the current system. which
will affect the bay at mid-latitudes. In this case the center
identified by AD = 0 would be to the west of that identified
by the Pi 2 polarization pattern. This happens in four out of
five of the cases where the two methods disagreed.

As previously mentioned, we believe the wedge current
system discussed in this paper is an oversimplification of the
real current systems [Baumjohann et al., 1981]. There are
several situations that could account for discrepancies be-
tween observations and model. First, there are likely to be
current systems located outside the current wedge. Second.
preexisting currents in the vicinity of the substorm current
wedge can confuse the bay pattern. Third, the currents may
be distributed in both latitude and longitude. Nevertheless.
we have demonstrated that the simple wedge model often
orders the data well.

In this paper we are not attempting to completely describe
the currents that are an integral part of the Pi 2 wave. Since
Pi 2 polarizations are generally elliptical, the current patterns
must move periodically. What we have found is that the
largest magnetic perturbations. those corresponding to the
major axes of the polarization ellipses., do fit a current
topologically similar to the substorm current system. The
magnetic signature seen at one ground station describes the
integrated effect of currents flowing in a substantial region of
the ionosphere. If the ionosphere conductivity is uniform,
the ground signature results from Hall currents alone
[Hughes and Southwood, 1976). However. at night the
conductivity is far from uniform: the auroral zone can have a
substantially higher conductivity than the surrounding iono-
sphere. In this case the ground signature can only be
determined by a full Biot-Savart integration of the iono-
spheric and field-aligned currents. The inverse problem is
inherently nonunique. A full description of the currents
associated with a Pi 2 pulsation must await further study.

The predominance of negative m values in both H and D
components found in section 6 agrees with Micr-Je-
drzejowicz and Southwood [1979] and Warner [1979] but not
Herron [1966]. Previously. m values have been interpreted
as plane-wave wave numbers. which in this case implies
westward phase propagation across the entire nightside. We
consider it dangerous to interpret m values in this way. To
do so implies a Pi 2 wave source on the morningside of the
magnetosphere. and we have seen no substorm model that
can incorporate this interpretation. since substorms are a
nightside phenomenon with a peak occurrence between 22
LT and local midnight.

Finally. the weak tendency of | to decrease o the east of
the center of the wedge is consistent with the castern field-
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aligned currents being located over a wider longitudinal
range than the more intense upward field-aligned currents at
the western part of the current system. This result is
suggested by the tendency for localized structures to be
associated with higher m numbers. Such a current system
has been implied from ground-based magnetometer mea-
surements and STARE electric field measurements in Scan-
dinavia [(Baungohann et al., 1981}, Westward motion of such
a current system relative to the ground observations would
mean that the phase change would be larger at the western
part of the array. and the eastern stations would lead in
phase. Such motion of the substorm current system does
seem to occur [e.g.. Wiens and Rostoker, 1975].

8. SuUMMARY AND CONCLUSIONS

Results from a study of Pi 2 pulsations observed on an
east-west chain of magnetometers have been presented. We
have concentrated on the relationship between magnetic
bays and Pi 2 polarization characteristics. We also calculated
the phase differences between adjacent station pairs. We can
summarize the results as follows:

I. The magnetic bays observed at mid-latitude ground
stations can be used to locate the center of the substorm
current wedge.

2. A predicted Pi 2 polarization pattern based on a
current wedge model is observed in each of 16 events.

3. Two methods for locating the center of the substorm
current wedge agreed in |1 out of 16 cases.

4. Using the Pi 2 azimuths, the effective width of the Pi 2
current system was estimated to have an average value of 6
hours for the 16 events.

5. There is no systematic variation in ellipticity with
either local time or the substorm current system.

6. Wave phase differences between stations, or m. are
predominantly negative in both H and D components.

7. Wave phase difference between stations tends to
decrease to the east of the center of the substorm current
wedge. consistent with western upward field-aligned cur-
rents being more localized than the eastern downward
currents.

The simple three-dimensional substorm current wedge
model orders Pi 2 polarization data well. The relationship
between the Pi 2 polarization and the substorm bay shows
that the two current systems are not always colocated. This
is important both in terms of the generation mechanism of
the Pi 2 pulsation and also in gross substorm dynamics.
Further study of this property will be carried out. and it is
hoped that the results will provide more information on the
processes involved in the generation of Pi 2 pulsations and
their relationship with substorm onset.

Acknowledgments.  This work was supported under U.S. Air
Force contract F19628-81-K-003. We appreciate the efforts of D. J.
Knecht for operating the AFGL network and initial data processing.
We would like to acknowledge helpful discussion: with J. C.
Samson.

The Editor thanks W. F. Stuart and K. H. Glassmeier for their
assistance in evaluating this paper.

REFERENCES

Arthur. C. W.. R. L. McPherron. and J. D. Means. A comparative
study of three technigues for using the spectral matrix in wave
analysis. Radio Sci., 1. 833, 1976,

Baranskiy. L. N.. V. A. Troitskaya, 1. V. Sterlikova, M. B.

Gokhberg. N. A, Ivanov. . P. Khattchenko. J. W. Munch. and
K. Wilhelm. The analysis of simultaneous observations of night-
time Pi pulsations on an cast-west profile. J. Geophys., 8. 1.
1980.

Baumjohann, W., R. J. Pellinen. H. J. Opgenoorth. and E. Nielsen,
Joint two-dimensional observations of ground magnetic and iono-
spheric electric fields associated with auroral sone currents:
Current systems associated with Jocul auroral break-ups., Planct.
Space Sci., 29, 431, 1981,

Bjornsson, A.. O. Hillebrand. and H. Voelker. First observational
results of geomagnetic Pi2 and PcS pulsations on a north-south
profile through Europe. Z. Geophys.. 37, 1031, 1971,

Bostrom. R.. Magnetosphere-ionosphere coupling. in Critical Prob-
lems of Magnetospheric Phyvsics, edited by E. R, Dyer. Nutional
Academy of Sciences. Washington, D.C.. 1972,

Clauer. C. R.. and R. L. McPherron. Mapping the local time-
universal time development of magnetospheric substorms using
mid-latitude magnetic observitories. J. Geophys. Res.. 79, 2811,
19744.

Claver. C. R.. and R. L. McPherron. Variability of mid-latitude
magnetic parameters used to characterize magnetospheric sub-
storms. J. Geophys. Res.. 79. 2898, 1974h.

Fukunishi. H.. Polarization changes of geomagnetic Pi2 pulsations
associated with the plasmapause. J. Geophys. Rey., 80, 98, 1975,

Green. C. A.. The longitudinal phase variation of midlatitude Pc 3-4
micropulsations, Planet. Space Sci.. 24.79. 1976.

Green. C. A.. and R. A. Hamilton. Polarization characteristics and
phase differences of Pi 2 pulsations at conjugate stations, J.
Atmos. Terr. Phys., 40, 1223, 1978.

Green. C. A.. and R. A. Hamilton. An ionospheric effect on the
conjugate relationship of Pi 2 magnetic pulsations. J. Atmos. Terr.
Phys.. 43, 1133, 1981,

Green. C. A.. and W. F. Stuart. Appar=nt phase velocities of Pi 2°s,
paper presented at IAGA General Assembly. Canberra. Australia.
1979.

Herron. T. J.. Phase characteristics of geomagnetic micropulsa-
tions. J. Geophys. Res.. 71, 871, 1966,

Hughes. W. J.. and D. J. Southwood. The screening of micropulsa-
tion signals by the atmosphere and ionosphere. J. Geophys. Res.,
81. 3234, 1976.

Hughes, W. J.. R. L. McPherron. and J. N. Barfield. Geomagnetic
pulsations observed simultaneously on three geostationary satel-
lites, J. Geophys. Res.. 83, LH9, 1978,

Knecht. D. J.. Pulsations trom small multiple-onset substorms
observed by a long east-west chain of statio=s tabstract), KOS
Trans. AGU, 62. 1014, 198].

Knecht. D. J.. R. O. Hutchinson, and C. W. Tsacoyeanes. An
introduction to the AFGL magnetometer network. report. Plas-
ma. Particles. and Fields Br.. Space Phys. Div.. A Force
Geophys. Lab., Hanscom A.F.B.. Mass.. 1979,

Kuwashima. M.. and T. Saito. Spectral characteristics of magnetic
Pi2 pulsations in the auroral region and lower latitudes, J.
Geophys. Res., 86, 4686, 1981.

Lester. M., and D. Orr. The spatio-temporal characteristics of Pi2's.
J. Atmos. Terr. Phvs.. 43, 947. 1981.

McPherron. R. L.. C. T. Russell. and M. P. Aubry. Satellite studies
of magnetospheric substorms on August 15, 1968, 9. Phenomeno-
logical model for substorms. J. Geophys. Res.. 78, 3131, 1973,

Mier-Jedrzejowicz, W. A. C.. and D. J. Southwood. The cast-west
structure of midlatitude geomagnetic pulsations in the 8-28 mH/
band, Plunet. Space Sci.. 27. 617, 1979.

Pashin. A. B.. K. H. Glassmeier. W. Baumjohann. O. M. Raspo-
pov. A. G. Yahnin, H. J. Opgenoorth. and R. J. Pellinen, Pi 2
magnetic pulsations, auroral break-ups and the substorm current
wedge: A case study. J. Geophys,, 51, 223, 1982,

Rostoker. G.. and J. V. Olson. Pi 2 micropulsations as indicators of
substorm onsets and intensifications. in Awroral Processes. edited
by C. T. Russell. Jupan Scientific Societies Press. Tokvo. 1979,

Rostoker. G., and J. C. Samson. Polarization characteristics of Pi 2
pulsations and implications for their source mechanisms: Loca-
tion of source regions with respect to the auroral electrojets,
Planet. Space Sci.. 29. 225, 1981.

Rostoker. G.. S.-1. Akasofu. J. Foster. R. A, Greenwald. Y.
Kamide. K. Kawasaki. A. T. Y. Lui, R. L.. McPherron.and C. T,
Russell. Magnetospheric substorms—DBetinition and signatures.
J. Geophys. Res.. 85, 1663, 1980.

Saito, T.. Oscillation of geomagnetic ficld with the progress of pt-

» : - A "
MR S SO TS ST P07 VL. YO R g VU, SUG S N ¥ S N

PRI PRI S S SN R P

. B
'j‘a.g'

PR SO0 T T WA 3




7966 LESTER ET AL: P1 2 POLARIZATION PATTERNS AND THE SUBSTORM CURRENT WEDGE

type pulsations, Sci. Rep. Tohoku Univ.. 5, Geophys.. 13. 53.
1961.

Saito. T.. K. Yumoto, and Y. Koyama, Magnetic pulsation Pi2 as a
sensitive indicator of magnetospheric substorm, Planet. Space
Sci., 24, 1025, 1976.

Samson, J. C.. Pi 2 pulsations: High latitude results, Planet. Space
Sci.. 30, 1239, 1982.

Samson, J. C.. and B. G. Harrold. Maps of the polarization of high
latitude Pi 2's, J. Geophys. Res., 88, 5736, 1983.

Samson, J. C., and G. Rostoker, Polarization characteristics of Pi 2
pulsations and implications for their source mechanisms, 2,
Influence of the westward travelling surge. Planet. Space Sci., 31,
435, 1983.

Singer. H. J.. W_J. Hughes, P. F. Fougere, and D. J. Knecht, The
localizaiton of Pi 2 pulsations: Ground-satellite observations. J.
Geophys. Res., 88, 7029-7036, 1983.

Stuart, W. F., and L. N. Baranskiy. Simultaneous observations of
Pi 2 pulsations on N-S meridians in the U.K. and Scandinavia,

1 Acceséﬂn}:; or

'NTIS GRA&I
CTIC TABR r
Unenniounsagd |

Jus- 181 ety o
F— } '

{
I Re, e

Diwwitats ey

e e e ca——

‘-.1;»‘!%‘«.}'} | T
'a‘l!s -3:;"/;
gt Sy exiald

Al

0.

IR

submitted to J. Avnos. Terr. Phys., 1982,

Sutcliffe, P. R.. The longitudinal range of Pi2 propagation at low
latitudes, Planet. Space Sci., 28. 9, 1980.

Warner, M. R., A study of the spatial characteristics of long period
geomagnetic micropulsations at mid and high latitudes, D. Phil.
thesis, Univ. York. U.K., 1979,

Wiens. R. G., and G. Rostoker, Characteristics of the development
of the westward electrojet during the expansive phase of magneto-
spheric substorms, J. Geophys. Res., 80, 2109, 1975.

W. J. Hughes and M. Lester, Depariment of Astronomy, Boston
University, Boston, MA 02215.

H. J. Singer, Air Force Geophysics Laboratory, Plasma, Particles
and Fields Branch, Hanscom A.F.B.. MA 01731.

(Received March 23, 1983:

revised June 9, 1983;
accepted June 10, 1983.)

PO R SR U WL NPTy A o o 2

. .
LA S I

v e
»
J
»
»
P
Tt
T
kA

v
‘.,
s .




' UNCLASSIFIED

AVIH €D

REPORT DOCUMENTATION PAGE
18. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified

SECURITY CLASSIFICATION OF THIS PAGE

LA et and bet ot el s Sren bt At iy M R A M St A A e S e BRI A "T"“!

2». SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release
Distribution unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

2b. OECLASSIFICATION/DOWNGRADING SCHEDULE

AFGL-TR-83-0302

6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7. NAME OF MONITORING ORGANIZATION
Boston University (If aonlicable) Air Force Geophysics Laboratory
Hanscom AFB, MA 01731
6c. ADDRESS (City, State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)

881 Commonwealth Avenue

Boston, MA 02215 Monitor/Irving Michael/PHG

8s. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

F19628-81X-0003

8¢c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.
11. TITLE (Inciude Security Classification) 62101F 7601 08 06
(See other side)

12. PERSONAL AUTHORI(S)
Lester, Mark (Boston Univ), Hughes, W. Jeffrey (Boston U) and Singer, Howard J*

13a. TYPE OF REPORT 13b. TIME COV?RED 14. DATE OF REPORT (Yr.,, Mo., Day) 15. PAGE COUNT
Journal Article FROM 70 10 November 1983 9

16. SUPPLEMENTARY NOTATION

*AFG . 1 . .
Repr*an’teHcf r%sr‘cc%n o}\?}m}iA oof1 7(.?ecphy51ca1 Research, Vol. 88, No. AlO, pages 7958-7966,1 Oct 83

COSATI CODES 18. SUBJECT TERMS /Continue on reverse if necessary and identify by block number)

TLELD GROUP sus. SR, {Magnetic Pulsations, Pi2 pulsations, substorm, substorm
current system

19. ABSTRACT (Contlinue on reverse if necessary and identify by block number)

The results of an analysis of 16 Pi 2 pulsationsobserved with an extended east-west chain o
mid-latitude, ground-based magnetometers are reported. The events were chosen such that the
center of the substorm current system, defined by using the midlatitude bays associated with
these pulsations, was within the longitudinal extent of the station chain. A current wedge
model is also used to interpret the observed polarization pattem of the Pi 2 pulsations.
This pattern is used to locate the center of the Pi 2 current system. The centers of the

Pi 2 and substorm current systems occur at the same meridian for only -~ 65% of the events.
This result suggests that the Pi 2 current system and the substorm current wedge are not
always the same. The longitudinal extent of the Pi 2 current system estimated fram the Pi 2
polarization pattem averages ~ 90% or ~ 6 hours local time for the events in the study.
The sense of ellipticity of the waves, anticlockwise looking down the field line in the
northem hemisphere, agre+«s with previous results fram these latitudes. Estimates of the
wave-phase difference between stations show that, in general, the eastern station of a

20. DISTRIBUTION/AVAILABILITY OF ABLTRACT 21, AssTnA¢:853m~rv crsIHCATf'g 0 1 7——

uncLASSIFIED/UNLIMITED K same as reT — pTic users Unclassified

22s. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE NUMBER 22¢. OFFICE SYMBOL
tInclude Area Code)
Dr. J. Singer 617-861-5757 PHG
Howard ng as—

0D FORM 1473, 83 APR ED'TION OF 1 JAN 73 !S OBSOLETE. Unclassified

SECURITY CLASSIFICATION OF THIS [

-




e B A ot i et Al aafl gend Jeuil il st e eiicainte Siab o intShiaiibie A Gadie e vl A Eabrh
B R T T T O, 0 & e e Lot & NG A i IS wT-T
Bl Wl - L T T T L A LR Lo
g
' 1

. Unclassified
§ECURITY CLASSIFICATION OF THIS PAGE

AR 1 2N

station pair leads the westerm one at all local times for both H and D camponents. When
plotted in a substorm coordinate system based on the mid-latitude bay, the phase difference
per degree of longitude shows a tenderxy to decrease in the eastern portion of the current
wedge. This longitudinal pattern of phase difference is consistent with the easterm, down-
ward, field-aligned currents being less localized than the western, upward, field-aligned
currents.

*w
0

-y
s O v A
O
LA

. 11. Polarization Patterms of Pi 2 Magnetic Pulsations and the Substorm Current Wedge

i

SEC 0P T T CATION OF THIS PAGE

PR VPRI I v VTS T V8 PR Y. DU TP |







