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Abstract

We have examined the spatial and temporal correlation of high-latitude Pi1B and Pi2 pulsations, mid-latitude Pi2

pulsations, and auroral substorm onsets identified in the IMAGE far ultraviolet imager (FUV) data. Numerous search coil

and fluxgate magnetometers at high latitudes (65–801 in Antarctica and Greenland) and mid-latitude fluxgate

magnetometers are used. We find that Pi1B onset times agree well with onset times of intense isolated auroral substorms

identified by the IMAGE FUV instrument: Pi1B onsets occurred within the 2min cadence of the imager. For any given

event, we find that Pi1B are localized to approximately 4 h of local time and 71 of magnetic latitude relative to the initial

auroral brightening location as observed by IMAGE FUV. Not surprisingly, we also find that Pi1B pulsations occur

typically between 2100 and 0200MLT. Comparison to Pi2 records from these and other lower-latitude stations shows that

in almost all cases Pi1B activity coincides within 72min with Pi2 activity. Power law fits showed that Pi1B amplitude fell

off with distance�2.9 for two strong events (i.e., similar to the r�3 falloff of the signal from a dipolar source), and only

slightly more rapidly than the falloff of Pi2 activity (d�2.8). Given the global nature of Pi2 pulsations versus the localized

nature of Pi1B events in this study, we conclude that the mechanism that drives Pi1B pulsations is likely different from that

responsible for Pi2 pulsations.
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1. Introduction

Arnoldy et al. (1998) used Pi1 search coil
magnetometer signatures from an array of auto-
mated geophysical observatories (AGOs) in Ant-
arctica, along with manned sites in both
hemispheres (South Pole, Antarctica; Sondrestromf-
jord, Greenland; and Iqaluit, Canada), covering
magnetic latitudes from 681 to 801, to investigate the
time development of the ground magnetic signa-
tures in the region where auroras rapidly move
poleward during the expansive phase of substorms.
An important component of this investigation was
to look at simultaneous geosynchronous orbit
GOES magnetometer data within a few tens of
degrees longitude of the ground sites. This study
showed the following: (1) Pi1B (burst) waves were
seen in space associated with magnetic field
dipolarizations on the nightside, while the PiC
(more continuous) waves were not seen in space.
(2) The lowest-latitude ground station recording
Pi1B detected these waves riding on a strong and
sudden westward electrojet signal, which was not
evident at the higher-latitude stations. (3) The
higher-latitude stations saw a maximum Pi1B signal
delayed consistent with auroral motion poleward.
(4) There was a prompt Pi1B signal, which reached
the higher-latitude stations, and even at other
longitudes, whose onset seems to be related to the
onset of the first evidence of Pi1B at low latitudes.
This suggests horizontal ducting of waves from the
field line of the onset station. (5) PiC across the
entire Antarctic array seemed to be initiated by this
same onset Pi1B signal. Finally, (6) ground Pi1
waves, particularly morning PiC, were closely
associated with overhead particle precipitation for
frequencies below 0.1Hz. More recently, Lessard et
al. (2006) presented observations from a case where
Pi1B pulsations were seen on the ground, by GOES-
9 at geosynchronous orbit, and also by FAST as it
passed over the ground stations. Their analysis
showed that the waves were compressional at
GOES-9, but transverse as observed by FAST,
suggesting that they propagated isotropically initi-
ally, but that they became guided as they ap-
proached lower altitudes.

The general association within a few minutes
between substorm onset, auroral breakup, and
onset of geomagnetic disturbance (bay, Pi2) is well
established (e.g., Olson, 1999). Historically, signifi-
cant emphasis has been placed on the importance of
understanding the relative timing of various onset
signatures, with hopes that the existence of a
consistent ordering of events will lead to a better
understanding of substorms. It now seems clear,
however, that such an ordering may not exist or,
perhaps, that ordering depends on the location of
the observer (see, for example, the work by Arnoldy
et al. (1998), where arrival times of Pi1B on the
ground vs. by GOES are shown to depend on the
relative positions in MLT). These results suggest
that a more effective approach might be to under-
stand the physical differences between the various
signatures.

In addition to a ‘‘negative bay’’ at onset, which
does appear to be well understood, there are two
other magnetic signatures: Pi2 and Pi1B pulsations,
neither of which is thoroughly understood. Pi2
pulsations are pulsations having periods between 40
and 150 s and have long been known to occur at
substorm onset (Olson and Rostoker, 1978; Rosto-
ker and Olson, 1978). While Kepko and Kivelson
(1999) and Kepko et al. (2001) conclude that Pi2
pulsations result from the braking of fast flows
associated with substorm onset, this conclusion has
been questioned by Takahashi et al. (2001), who
used CRRES data to show that this conjecture is
not supported in their analysis, suggesting instead
that a plasmaspheric cavity mode may be the source
of the waves. On the other hand, Kim et al. (2005),
examining another event, conclude that the ob-
served frequency (11mHz) is too low to be
supported by a plasmaspheric cavity mode. Finally,
Keiling et al. (2006) suggested that Pi2 pulsations
(at least at high latitudes) are driven by pulsed
reconnection in the plasmasheet that results in
oscillating currents on the plasmasheet boundary
layer.

While the mechanism responsible for Pi2 pulsa-
tions is not well understood, many observations
show that these pulsations are often global in
nature. In contrast, a main point of the work
presented in this paper is that Pi1B pulsations are
not global. This fact, combined with the fact that
Pi1B pulsations are much higher in frequency (and
have a distinct bursty nature), lead to a conclusion
that Pi2 and Pi1B pulsations are not simply different
perspectives of the same signature.

In this paper, we compare Pi1B signatures
acquired from Antarctic stations with satellite
images of substorm onsets. We also show corre-
sponding Pi2 data acquired from Antarctic, Green-
land, and North American sites. The focus of the
case studies and statistical survey presented in this
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Table 1

Locations of the ground stations used in this study

Site Geographic Geomagnetic

Lat Lon Lat Lon

Antarctica

A80 �80.8 339.6 �66.5 28.5

J.L. Posch et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 1775–1796 1777
paper is on spatial localization. Although Pi1B
onset times agreed with onset times determined by
the IMAGE FUV instrument to within its 2min
cadence, further consideration of the value of Pi1B
from an array of stations for accurate timing of
substorm onsets will be presented in a subsequent
paper.
A81 �81.5 3.0 �68.9 35.8

A84 �84.0 334.0 �70.0 25.0

AP1 �83.9 129.6 �80.1 16.8

AP2 �85.7 313.6 �69.8 19.2

AP3 �82.8 28.6 �71.8 40.2

AP5 �77.2 123.5 �86.7 29.4

SP �90.0 0.0 �74.0 18.4

MC �77.9 166.7 �79.9 326.8

CAS �66.2 110.3 �80.8 153.6

MAW �67.6 62.8 �70.3 89.5

DAV �68.6 78.0 �74.5 103.0

Greenland

THL 77.5 290.8 85.4 33.3

SVS 76.0 294.9 83.6 35.9

UPN 72.8 303.9 79.5 42.0

GDH 69.3 306.5 75.8 40.4

ATU 67.9 306.4 74.6 39.0

STF 67.0 309.3 73.2 41.7

GHB 64.2 308.3 70.6 38.5

FHB 62.0 310.3 68.0 39.7

NAQ 61.2 314.6 66.3 43.9

MCR 66.5 313.7 71.8 46.5

AMK 65.6 322.4 69.3 54.6

North American

CLK 44.7 285.0 55.4 2.1

GFT 43.6 288.1 54.0 6.3

APL 39.1 283.1 50.21 358.8

DSO 36.3 278.6 47.6 352.1

FIT 28.1 279.0 39.6 352.1
2. Instrumentation and data set

Automated Geophysical Observatories (AGOs)
in Antarctica are operated by the United States
(Rosenberg and Doolittle, 1994) and the United
Kingdom (Dudeney et al., 1997). These AGOs
include search coil magnetometers, which provide
vector samples of dB/dt in local geomagnetic
coordinates with X northward, Y eastward, and Z
vertical (Taylor et al., 1975; Engebretson et al.,
1997) at 0.5 s cadence. Similar search coil magnet-
ometers at South Pole Station and McMurdo,
Antarctica, provide vector samples at 0.1 s cadence.
A fluxgate magnetometer, which provides data at
one vector sample per second cadence, is also
deployed at each of these sites. The combined
Antarctic array covers geomagnetic latitudes from
the auroral zone to the polar cap at geomagnetic
longitudes from �331 to +401.

We have also used additional search coil data
from Casey, Davis, and Mawson provided by the
University of Newcastle. The geographic and
geomagnetic coordinates of these stations, together
with the sites of other stations used in this paper, are
shown in Table 1. Fluxgate magnetometer data
from the west coast of Greenland were supplied by
the Danish Meteorological Institute (http://www.
dmi.dk/projects/chain/greenland.html) and mid-la-
titude North American data (from the MEASURE
array) were supplied by UCLA (http://measure.igp-
p.ucla.edu) (see Table 1). Stations along the west
coast of Greenland are located near the magnetic
longitude of AGO A81.

Fig. 1 shows a map of Antarctica with the
stations used. The US AGOs are represented as
open squares, the British AGOs as open triangles,
and the Antarctic manned sites (South Pole,
McMurdo, Casey, Davis, and Mawson) as solid
circles. The conjugate locations of the Greenland
sites are represented by an X and the four north-
ernmost MEASURE sites (near the left-hand edge
of the figure) by a+. The position of the substorm
onset for each of the example events described in
Section 3 is represented as an * and labeled with the
corresponding day of year (DOY).

The far ultra-violet imager (FUV) instrument is
mounted on the IMAGE satellite, which is in a
highly elliptical polar orbit of 1000� 45,600 km
altitude. The aurora is observed for 5–10 s during
every 2min spin period by the wideband imaging
camera (WIC), one of three imaging subinstruments
that make up the FUV system. The WIC has a
passband of 140–180 nm, covering emissions from
the N2 LBH-band and atomic NI lines (Mende et
al., 2000; Frey et al., 2004). Since the IMAGE
satellite observes the aurora over the Northern
Hemisphere and the search coil data used are from
the Southern Hemisphere we must address hemi-
spheric auroral asymmetries due to the clock angle
(Østgaard et al., 2004, 2005). Fig. 1 of Østgaard

http://www.dmi.dk/projects/chain/greenland.html
http://www.dmi.dk/projects/chain/greenland.html
http://measure.igpp.ucla.edu
http://measure.igpp.ucla.edu
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Fig. 1. Map of Antarctica showing locations of the Antarctic stations and conjugate locations of the Northern Hemisphere stations listed

in Table 1. The position of the substorm onset for each of the example events is labeled with the corresponding DOY. Geographic latitude

and longitude are indicated by dashed lines and geomagnetic by solid lines.
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et al. (2005) quantifies the observed asymme-
tries and will be used to show the expected asym-
metries for the several events, which are discussed
in Section 6.

We began our study with a list of 112 substorm
onsets identified at the University of California,
Berkeley, from FUV-WIC imager data during the
approximate 11-month interval from June 28, 2000
to June 2, 2001. Frey et al. (2004) identified a
substorm onset when there was a clear local
brightening of the aurora that expanded to the
poleward boundary of the oval and spread azi-
muthally in local time for a minimum of 20min. The
substorm onset also had to occur at least 30min
after a previous onset.

Using the original list of 112 substorm onsets, we
focused on the time interval of 20–06UT, which
corresponds roughly to local times from 17 to
03MLT at the Antarctic stations. Limiting the
study to this time interval reduced the original list of
112 to 39 onset events; these events will be referred
to as the original 39 events from now on.

A new expanded list of substorm onsets covering
May 16, 2000–December 31, 2002 (Frey et al., 2004)
included 885 events during the original interval
from June 28, 2000 to June 2, 2001. The original 39
events were verified to be on the new list, but the
number of events in the correct time sector in this
larger list was too extensive to include in this study.
Instead, we included the 16 additional events from
the new list occurring between 20 and 06UT with
greater than 10,000 counts (the raw instrument
counts in the brightest pixel at substorm onset). This
count level is equivalent to 16.3 kR using the
conversion factor of 612.6 counts/kR (Frey et al.,
2003). These 16 events, together with the 4 events
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with brightness greater than 16.3 kR from the
original list of 39, gave another set of 20 events
with brightness greater than 16.3 kR for analysis
during the June 28, 2000–June 2, 2001 interval. The
brightness of the substorm onsets in the combined
data set ranged from 3.9 to 30.1 kR.

For each of the events from both data sets, search
coil data from all available Antarctic stations were
analyzed for Pi1B pulsations. We produced differ-
enced 0–1Hz Fourier spectrograms of the x

(North–South) component from the 0.5 s data using
a 256-point FFT calculated every 20 points with a
noise floor of approximately 10�6–10�7 nT2Hz,
covering 1 h around the observed onset time.

3. Example events

For each of the following events we show a
sequence of 2 WIC images with the position of the
Antarctic stations mapped onto them and a stacked
1-h Fourier spectrogram of Antarctic search coil
magnetometer data. We also show stacked line plots
of raw search coil data, filtered fluxgate magnet-
ometer data from these same Antarctic stations, and
filtered Pi2 data from the Western Greenland chain
and from the MEASURE array in North America.
For 2 events, search coil data from one or all of
Casey, Davis, and Mawson will be shown. Three
examples of good Pi1B indicators of substorm onset
are shown first, and then two examples, for which
Pi1B disturbances do not appear at these stations at
the time of substorm onset. For each of the
examples the parameters DMLAT, DMLT, and
substorm onset brightness will be given. DMLAT is
defined as the difference in degrees between the
onset location identified in the WIC imager data
and the reference magnetic latitude, which is within
the auroral zone stations used in this study (negative
DMLAT indicates that the reference latitude is
equatorward of the onset location), DMLT is
defined as the difference in hours between the onset
location identified in the WIC imager data and the
reference local time of the auroral zone stations
used in this study (negative DMLT indicates that the
reference local time is duskward of the onset
location), and maximum brightness is given in kR.
The reference local time is calculated using the time
of the substorm onset and the average magnetic
longitude of 311, which corresponds to a local
magnetic midnight of 3UT. This average is
approximated using the locations of A80, A81,
A84, and SP, which are the stations where data were
available most often. The reference magnetic
latitude used was 671, which was weighted toward
the lower latitudes of the BAS AGO stations. Since
the position of the substorm onset is given as a
single-point position of the brightest pixel rather
than as a range of latitudes and longitudes, it is
reasonable to use a reference position for statistical
purposes.

3.1. Substorm onsets with Pi1B activity

3.1.1. February 26, 2001, substorm onset ¼

1:23:27 UT

The substorm onset of February 26, 2001 (DOY
057) occurred at 1:23:27UT with maximum bright-
ness ¼ 26.7 kR, DMLAT ¼ 0.2, and DMLT ¼ 1.6.
The intense onset is seen in the WIC images shown
in the left-hand panels of Fig. 2. The upper image
was obtained at 1:21:24UT, just prior to onset time,
and the lower image shows the intense brightening
that was recorded at 1:23:27UT. The available
Antarctic stations are mapped to their conjugate site
on the WIC image, which is a view from the
Northern Hemisphere with geomagnetic coordi-
nates shown. The substorm onset brightening,
which occurred at 66.81 MLAT and 24.0MLT is
closest in MLT to AGO A81 (Fig. 1). One-hour
spectrograms starting at 1:00UT of search coil
magnetometer data from the 8 available stations are
shown in the right-hand panel of Fig. 2 with the
substorm onset time indicated by the red vertical
line at 1:23:27UT. The two white vertical lines on
either side of the red are 72min from onset. Pi1B
activity is strongest at A81 and is clearly evident at
all 8 available sites, but it is much weaker at the 4
most distant stations, South Pole, McMurdo,
Casey, and Davis. This is the most intense of the
example ‘‘Yes’’ events shown in Section 3.1 of this
paper and the only one with Pi1B activity at all
stations.

Pi1B activity is also seen in Fig. 3A, which shows
the 1-h time series of the Antarctic search coil data
starting at 0100UT, although it is not as clear at
Casey. Fig. 3B shows 7–25mHz band pass filtered
fluxgate magnetometer data for many of the
stations shown in Fig. 3A. These data show that
Pi2 are occurring at the same time as the Pi1B in the
search coil data. Fig. 3C shows 7–25mHz band pass
filtered fluxgate magnetometer data from the
MEASURE array and Fig. 3D shows 3-min high
pass filtered fluxgate data from the Greenland chain
of fluxgate magnetometers. Clear Pi2 signals are
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Fig. 2. The 2 panels on the left are WIC images showing the substorm onset of February 26, 2001 (DOY ¼ 057), mapped onto a magnetic

coordinate grid. The upper left panel shows the image preceding the onset and the lower left shows the time of onset. The positions of the

Antarctic stations available for the event are mapped onto each of the WIC images. The right side of the figure shows a 1-h, 0–1Hz Fourier

spectrogram of search coil data from several Antarctic ground stations during this event. The vertical red line shows the time of substorm

onset and the 2 vertical white lines show 72min of the onset time.
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seen at the 4 available stations from MEASURE
and several of the Greenland sites near the time of
substorm onset, which is indicated by the vertical
line shown in all panels.

3.1.2. January 3, 2001, substorm onset ¼

2:35:11 UT

Fig. 4 shows the substorm onset of January 3,
2001 (DOY 003), which occurred at 2:35:11UT. In
Fig. 3. Magnetometer data from several stations in Antarctica and the N

x-component raw search coil (dB/dt) data from the Antarctic stations s

filtered data, North–South (H component) fluxgate magnetometer d

7–25mHz band-pass filtered data from the MEASURE array in Nort

from the Greenland stations. The vertical lines in each panel indicate t
this case, the maximum brightness ¼ 10.1 kR,
DMLAT ¼ 1.5, and DMLT ¼ 1.6. The WIC images
in the left-hand panels of Fig. 4 show a fairly weak
onset covering a limited region centered at 65.51
MLAT and 22.0MLT. As in Fig. 2, the upper WIC
image is just prior to substorm onset and the lower
shows the time of the substorm onset.

In this example, the 1-h spectrogram in the
right panel starting at 2:00UT shows 7 Antarctic
orthern Hemisphere for February 26, 2001. Panel A shows 1 h of

hown in the previous figure. Panel B shows 7–25mHz band pass

ata, from these same stations where available. Panel C shows

h America. Panel D shows 3-min high pass filtered fluxgate data

he substorm onset time.
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Fig. 4. The two panels on the left are the WIC images showing the substorm onset and the right side of the figure shows a 1-h, 0–1Hz

Fourier spectrogram of search coil data from several Antarctic ground stations as in Fig. 2, but for January 3, 2001 (DOY ¼ 003).
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stations. Clear Pi1B activity is seen at the 2 lowest-
latitude stations, A80 and A81, and marginal Pi1B
activity at P3 and South Pole. Casey data were also
available for this event but did not show any Pi1B
activity.

This example (Fig. 4) shows that South Pole
station is closer in distance and MLT to the brightest
point of the substorm onset than A81, but it is
further in latitude from the substorm onset loca-
tion—which is narrow in latitude but extends in
longitude—bringing it much closer to A81. So in this
case, in which South Pole does not have clear Pi1B
activity but A81 does, the difference in latitude may
be playing a more important role than the difference
in MLT in limiting the occurrence of Pi1B.

The time series of search coil data for January 3,
2001 from 2:00 to 3:00UT in Fig. 5A shows the
clear onset of Pi1B activity near 2:35UT at both
A80 and A81. As in the spectrogram of Fig. 4, the
time series plot of search coil data shows marginal
Pi1B activity at P3 and South Pole and the higher-
latitude stations do not show any Pi1B activity. The
fluxgate magnetometer data from A80 and A81,
shown in Fig. 5B, show a fairly clear but gradual
increase of Pi2 activity corresponding to the sub-
storm onset at 2:35UT. The higher-latitude stations
also show Pi2 around 2:35UT, however, there are
also Pi2-type wave bursts several minutes before
and after this time. Pi2 activity can also be seen
(shown in Fig. 5C and D) at the MEASURE
stations and at the Greenland stations between 66.21
and 71.71, but no signals are evident at higher-
latitude stations. We also note that even though the
WIC imager recorded a significantly weaker auroral



ARTICLE IN PRESS

PS

MC

P1

SP

P3

A81

A80

P5

MC

P1

SP

P3

A81

A80

CLK

DSO

GFT

2:00 2:30 3:00 2:00 2:30 3:00

2:00 2:30 3:00 2:00 2:30 3:00

MEASURE Fluxgate data 1nT/tick

Antarctic search coil data 1nT/s/tick Antarctic Fluxgate data 10nT/tick

Greenland Fluxgate data 20 nT/tick

THL

SVS

UPN

GDH

ATU

STF

GHB

FHB

NAQ

MCR

AMK

CGM
lat.

station
code

85.2

83.5

79.4

75.7

74.4

73.0

70.4

67.8

66.2

71.7

69.2

Fig. 5. Magnetometer data from several stations in Antarctica (A and B), North America (C), and Greenland (D) as in Fig. 3, but for

January 3, 2001 (DOY ¼ 003).
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Fig. 6. The 2 panels on the left are the WIC images showing the substorm onset and the right side of the figure shows a 1-h, 0–1Hz Fourier

spectrogram of search coil data from several Antarctic ground stations as in Fig. 2, but for March 5, 2001 (DOY ¼ 064).
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brightening for this event, and Pi1B signals were
correspondingly weak, the Pi2 signals were stronger
at the low-latitude MEASURE stations for this
event than for the event in Fig. 2.

3.1.3. March 5, 2001, substorm onset ¼ 1:05:02 UT

A strong substorm onset with bright-
ness ¼ 22.0 kR occurred at 1:05:02UT on March
5, 2001 (DOY ¼ 064) at 61.71 MLAT and
22.1MLT. The substorm onset, shown in the lower
left panel of Fig. 6, was very close in longitude to all
available stations (DMLT ¼ 0.0), but occurred at a
lower latitude (DMLAT ¼ 5.3). Prior to substorm
onset, the WIC recorded aurora over almost the
entire night side oval. Emissions were especially
strong in the interval between 0300 and 0600LT.
Such auroral activity produces significant local
magnetic disturbances.
Pi1B activity is evident at each of the 6 sites
shown, but, as can be seen in the 1-h spectrogram
starting at 00:30UT shown in the right panel of
Fig. 6, it was very weak at McMurdo and Davis. No
Pi1B activity was evident at Casey (not shown).
Again, as in the first example, the station, which was
closest to the substorm onset, in this example A80,
had the most intense Pi1B activity. This is an
excellent example of the Pi1B signal being clearly
distinguishable above geomagnetic activity asso-
ciated with the general auroral oval emissions.

Fig. 7A shows the search coil magnetometer time
series data for this interval. A clear onset of Pi1B
activity is evident at the 3 lowest latitude stations
A80, A81, and A84. The Pi1B was not seen as
clearly at the two higher-latitude stations, South
Pole and McMurdo, but may be evident by the
thickening of the trace. No such change is evident in
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March 5, 2001 (DOY ¼ 064).
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the trace at Davis. The Antarctic fluxgate data in
Fig. 7B show a clear onset of Pi2 indicated by the
large spike occurring about 1:05UT at all sites
except McMurdo, which was poleward of the
auroral zone for this event. This spike occurs as
well in the MEASURE fluxgate data shown in
Fig. 7D. The Greenland magnetometer data in
Fig. 7D show only a rather weak onset of Pi2
activity near the time of substorm onset, despite
the nominal conjugacy of the stations in Western
Greenland to the magnetic longitude of A81, as
shown in Fig. 1. The intensity of Pi2 activity
at the Greenland stations near 1:05UT was in
fact weaker than that which had occurred since
intense substorm activity began on March 4 around
20UT and had continued intermittently for several
hours.
Fig. 8. The 2 panels on the left are the WIC images showing the substorm

spectrogram of search coil data from several Antarctic ground stations
3.2. Substorm onsets without Pi1B activity

3.2.1. January 23, 2001, substorm onset ¼ 22:26:20

UT

On January 23, 2001(DOY ¼ 023) a substorm
onset was identified at 22:26:20UT in the WIC
images as seen in the lower left panel of Fig. 8. The
substorm onset was moderately strong with bright-
ness ¼ 16.0 kR but it covered a limited range cen-
tered at 63.31 MLAT and 22.8MLT. The auroral
oval was particularly active around almost the
entire midnight to late morning sector.

The 4 available stations were fairly close in
latitude with DMLAT ¼ 3.71 but not close in local
time, DMLT ¼ �3.3. The spectrogram from 22:00
to 23:00UT shown in the right panel of Fig. 8 shows
that no Pi1B activity was seen within 715min of
onset and the right side of the figure shows a 1-h, 0–1Hz Fourier

as in Fig. 2, but for January 23, 2001 (DOY ¼ 023).
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January 23, 2001 (DOY ¼ 023).
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Fig. 10. The 2 panels on the left are the WIC images showing the substorm onset and the right side of the figure shows a 1-h, 0–1Hz

Fourier spectrogram of search coil data from several Antarctic ground stations as in Fig. 2, but for April 23, 2001 (DOY ¼ 113).
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substorm onset at any of the stations. The line plot
of Antarctic search coil data (Fig. 9A) confirms that
there was no evident Pi1B activity near substorm
onset. Similarly, no Pi2 activity can be seen in the
Antarctic fluxgate data shown in Fig. 9B or in the
MEASURE fluxgate data shown in Fig. 9C.
Possible Pi2 is only seen at the most equatorward
Greenland site, NAQ (Fig. 9D).

3.2.2. April 23, 2001, substorm onset ¼ 5:32:20 UT

The final example shown is for April 23, 2001
(DOY ¼ 113). In this case, the WIC image shown in
the lower left panel of Fig. 10 shows a weak
substorm onset occurring at 5:32:20UT with bright-
ness ¼ 7.1 kR. The substorm onset is located at
62.51 MLAT and 23.2MLT. The stations are some-
what distant at DMLAT ¼ 4.5 and DMLT ¼ 3.4,
but McMurdo is actually fairly close in MLT. No
clear Pi1B activity can be seen at any of the auroral
zone stations shown in the spectrogram in the right
panel of Fig. 10. However, there is some evidence of
weak continuous Pi activity (PiC) near 0.2Hz at
McMurdo and South Pole that begins within
72min of the onset time and continues intermit-
tently for the next 30min.

The 1-h time series of the Antarctic search coil
magnetometer data (Fig. 11A) do not show any
Pi1B activity. The faint PiC activity that was seen at
South Pole and McMurdo in the spectrogram,
however, is visible as a broadening of the traces at
those stations. The fluxgate data from both the
Antarctic and Greenland (Fig. 11B and D) does not
show any clearly identifiable Pi2 activity. However,
the MEASURE fluxgate data (Fig. 11C) show Pi2
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Table 2B

Statistical results for the 20 most intense events

Number Percent Average

Brightness

(kR)

|DMLAT|

(deg)

|DMLT|

(h)

YesS 9 45 23.6 3.1 2.6

YesW 4 20 20.5 4.1 3.8

No 4 20 18.3 3.0 5.9

?all 3 15 18.0 5.4 5.2
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starting a few minutes before substorm onset, near
5:30UT, which corresponds to an earlier bright-
ening in the WIC image shown in the upper left
panel of Fig. 10.

4. Statistical study

Spectrograms were inspected visually to look for
Pi1B activity occurring near the time of substorm
onset identified in the FUV-WIC imager data. Each
event was classified in 1 of 5 categories: (1) Yes
Strong (YesS), when clear Pi1B pulsations with
power levels yellow or above on the color scale
(10�4 nT2Hz or above) occurred at one or more sta-
tions within 0–2min of the imager onset time; (2)
Yes Weak (YesW), when clear Pi1B pulsations with
power levels below yellow on the color scale (below
10�4 nT2

�Hz) occurred at one or more stations
within 0–2min of the imager onset time; (3) No,
when there were no visible Pi1B pulsations within
0–10min of the imager onset time; (4) Questionable,
when clear Pi1B pulsations of any power level
occurred within 2–10min of the imager onset; and
(5) Questionable Weak, when Pi1B activity was too
weak to be clearly identified within 0–2min of
substorm onset. Since the questionable events made
up only 10% of the total events in both data sets
and there was only 1 questionable weak event in
each data set, we combined them for statistical
purposes and refer to them as questionable all (?all).

Tables 2A and B include statistics for both sets of
events: Table 2A the original list of 39 events and
Table 2B the list of the 20 most intense events. The
first 4 columns indicate the classification (YesS,
YesW, No, ?all), the number of events in each
classification, and the corresponding percentage. In
the original 39 event set, YesS and No events were
equal, occurring in 31% of the events. YesW events
occurred in 26% of the original 39 events and ?all in
Table 2A

Statistical results for the original 39 events

Number Percent Average

Brightness

(kR)

|DMLAT|

(deg)

|DMLT|

(h)

YesS 12 31 13.6 2.4 1.6

YesW 10 26 8.5 3.2 2.3

No 12 31 8.8 3.7 4.2

?all 5 13 9.0 4.4 2.3
13%. In the 20 most intense events list, YesS events
occurred most often, 45%, and the YesW and no
events fell to only 20% each. The ?all events
occurred in 15% of the events, similar to their
occurrence in the original 39 event set. The average
brightness for each classification is shown in column
4. In both lists, the YesS events have the largest
values of average brightness; the YesW, No, and ?all
events were about equal and about 3–5 kR less
intense than the YesS values.

Columns 5 and 6 show the averages of the
jDMLATj, defined as the absolute value of differ-
ence in degrees between the onset location identified
in the WIC imager data and the reference latitude of
the auroral zone stations used in this study, and
jDMLTj, defined as the absolute value of the
difference in hours between the onset location
identified in the WIC imager data and the reference
local time of the auroral zone stations used in this
study. The location of the substorm onset, given to
two decimal places, is defined by the position of the
most intense pixel in the substorm surge (Frey et al.,
2004). Accuracy to 1 decimal place is used for
analysis in this study.

In the original 39 event set, the average jDMLTj
was smallest for the YesS category (1.6 h), increased
to 2.3 h for the YesW category, and was largest for
the No category (4.2 h). The average jDMLATj for
these events followed a similar pattern, with the
YesS, YesW, and No categories having values of
2.41, 3.21, and 3.71, respectively. The average
jDMLTj for the 20 intense events was similar to
that of the original 39, but the values were slightly
higher for each of the categories, YesS, YesW, and
No. The average jDMLATj for these events was
somewhat different; the YesS and No categories
both had an average |DMLAT| of about 31 and the
YesW category had a value near 41.

Figs. 12A and B show the number of events vs.
magnetic local time for the 39 original events and
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for the 20 most intense events. The YesS events,
represented as black, and YesW, represented as
gray, occurred predominantly when the ground
stations were between �3 and 2 MLT for all storm
intensities. The No events occurred most often when
the onset was 5 h or more prior to local midnight.
5. Limiting factors

Fig. 13 shows the dependence of Pi1B activity
occurrence on brightness, DMLAT, and DMLT.
Each of the panels of Fig. 13 show YesS (solid
circle),YesW (open circle) and No (X) events
from both lists divided into 4 groups based on
the brightness and then plotted as a function of
DMLAT and DMLT.

For the most intense events, with brightness
greater than 16.3 kR, YesS and YesW events
occurred out to 75DMLT and the DMLAT did
not limit these intense events. All 4 No events
occurred when the stations were duskward of the
onset location and more than 4 h away in MLT.

For the events with brightness less than 16.3 kR,
the YesS and YesW events occurred most often
when DMLT was within 72 and 74 h, respectively.
For the events with lower intensity, a larger
DMLAT played a more important role in limiting
the occurrence of Pi1B than in the more intense
events.
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6. Discussion

Both the statistical study above and individual
examples have documented good temporal agree-
ment between the appearance of Pi1B signatures in
ground magnetometer data and the onset times of
substorm events identified by the IMAGE satellite.
The examples of substorm onsets with Pi1B activity
above also show that the amplitude of Pi1B signals
weakens as the observing site becomes more distant
from the footpoint of the substorm onset, and may
not be seen at all at the most distant stations.
Because of the limited range of Pi1B signatures in
both magnetic local time and magnetic latitude,
Pi1B can provide information about onset location
as well as onset time.
Tables 3A and B show the number of events
as a function of jDMLTj, the distance between
the substorm onset location as determined from
the WIC images and the reference location of the
Antarctic auroral ground stations. It is apparent
from Tables 3A and B that a large majority of
substorm onsets observed within 2 h MLT of the
ground sites were correlated in time with a Pi1B
event (YesS or YesW): 76% for the original set
of 39 and 88% for the set of the most intense events.
Pi1B activity is thus strongly localized in local time
near substorm onset. Significantly, the single No
event that occurred within 2 h MLT was over 81
MLAT away from the reference location of the
search coil sites and was also weak, with bright-
ness ¼ 5.3 kR.
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Table 3A

Number of Pi1B events in each of 4 categories as a function of

DMLT for the original 39 events

Original39 DMLT

p1 2 3 4 X5

YesS 5 5 1 1 0

YesW 3 3 1 3 0

No 0 1 6 0 5

?all 3 1 0 0 1

Table 3B

Number of Pi1B events in each of 4 categories as a function of

DMLT for the 20 most intense events

20 intense DMLT

p1 2 3 4 X5

YesS 1 4 1 1 2

YesW 0 2 0 1 1

No 0 0 0 1 3

?all 1 0 0 0 2
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These distributions of spatial extent are consistent
with the earlier studies of auroral zone Pi1B and Pi2
by Parkhomov and Rakhmatulin (1975), Parkhomov
et al. (1976), and Rakhmatulin et al. (1979). Their
finding that the spatial extent of Pi1B events was
about 51 in latitude is consistent with the latitudinal
distributions shown in Fig. 13, which indicate that
only the brightest auroral onsets could be associated
with Pi1B observations more than 51 away in
MLAT. Similarly, their finding that the longitudinal
extent of Pi1B was less than 301 (2 h MLT) is
consistent with the longitudinal distributions shown
in Fig. 13, which again indicates that in almost all
cases, only the brightest auroral onsets could be
associated with Pi1B observations more than 2 h
away in MLT. These studies also noted that the
longitudinal extent of Pi2 ranged from 301 to 1201
(2–8 h MLT), again much larger than that for Pi1B.

Sutcliffe (1980) indicated that range over which
Pi2 pulsations at low latitudes can be observed
changes from substorm to substorm, ranging from
only 1–2 h MLT in some cases to the entire
nightside hemisphere. However, the extent of the
range was found not to be a function of substorm
intensity. This variability is consistent with the lack
of proportionality between the amplitude of Pi2
signatures in MEASURE data and the observed UV
brightness noted in Section 3.1.2.
For completeness, we study further the 5 ques-
tionable Pi1B events that also occurred within 2 h
MLT. Three of those questionable events of various
intensities occurred over 81 MLAT away. This is
consistent with the fact that there were no YesS or
YesW events that occurred with DMLAT X81. The
other 2 questionable events were close in both
DMLAT and DMLT and had intensities of �7.0 kR.
These events had clear Pi1B signatures that
occurred about 4min after the substorm onset.
Analysis of all available WIC images between the
onset time and the time of the Pi1B activity showed
that a second substorm brightening occurred at the
time of the Pi1B activity almost directly over some
of the Antarctic ground stations. This second
brightening was not listed as an event most likely
because it occurred too close in time to the initial
substorm onset. Frey et al. (2004) indicated that an
onset was only accepted as a separate event if at
least 30min had passed after the previous onset.
This secondary brightening may explain why Pi1B
activity appeared at these sites at a different time
but it does not explain why no Pi1B appeared
coincident with the initial substorm onset.

Another possibility to explain these events is the
effect of the clock angle causing auroral asymmetries
between the hemispheres. In both of the questionable
cases described above where the auroral brightening
appeared to be close to the Antarctic stations, the
clock angle caused the location of the auroral
brightening to be shifted dawnward by �1.3 and
�1.5 h in MLT, bringing the auroral brightening even
closer in MLT. In the 3 Yes events described above
(in Section 3.1), the shift in MLT of the auroral
brightening locations was in each case less than 0.5 h
and was therefore not analyzed further. Another
point not yet understood is that Pi1B activity
sometimes was observed when the substorm onset
was X3h away in MLT from the reference auroral
zone station location. This can be partially explained
by the intensity of the substorm, since there were 2
YesS events in theX5 DMLT classification for the 20
most intense events and none for the original 39.

In order to provide a quantitative estimate of the
falloff of Pi1B signals at the time of substorm onset
with distance, we have plotted in Fig. 14 an estimate
of the observed Pi1B amplitude at each station near
the time of substorm onset vs. great circle distance
in kilometers between each station to the brightest
point of the substorm onset location, using a log-log
scale, for the 3 example Yes events described in
Section 3.1. The dashed line near the bottom of this
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figure represents the estimated minimum amplitude
threshold for detecting Pi1B activity. The open
symbols along this line indicate the distances of
stations where data were available but did not show
any indication of detectable Pi 1 activity. A distance
of 1000 km on the horizontal scale corresponds to
approximately 91 in MLAT. A distance of 1000 km
in longitude at 671 MLAT is about 231 in longitude
or 1.5 h MLT and at 741 MLAT is about 331 in
longitude or 2.2 h MLT.

The dotted line in Fig. 14 is a linear least-squares
fit to the observations for days 057 and 064. The
slope of this line thus indicates that Pi1B amplitude
falls off as distance�2.9 with a correlation coefficient
of �0.95, i.e., similar to the r�3 falloff of the signal
from a dipolar source. Using this best-fit line, a
doubling of the distance corresponds roughly to a
decrease of a factor of 7.5 in amplitude. Similar
analysis of Pi2 pulsations for the same days
indicates an amplitude fall off as distance�2.8 with
a correlation coefficient of �0.93.

Although the falloff of Pi1B power with distance
for these 2 events appears to be quite consistent, the
uncertainty in determining especially the lower
amplitudes is substantial; we estimate it to be
approximately a factor of 2. The Pi1B signals for
the event of January 3, 2001, however, were much
more highly localized, appearing only at A80 and
A81. No detectable Pi1B activity was observed at
the remaining stations, thus making a power law fit
for the signals on this day not physically valid.
Similarly, Pi2 signals on this day were clear at A80,
A81, and SP, but not at the other Antarctic stations.
However, as noted in Section 3.1.2, the Pi2 signals
observed by the MEASURE array were actually
stronger on this day than on day 057. The
observations presented here thus show the unex-
pected complexity of the Pi1B and Pi2 magnetic
signatures associated with substorm onsets.
Although additional studies will certainly be neces-
sary to determine whether the above examples are
representative, it appears that during strong events
Pi1B signals fall off slightly more rapidly than Pi2
signals, and that during weaker events Pi1B signals
may be highly localized, with possibly asymmetric
falloffs in latitude and longitude.
7. Conclusions

We have used simultaneous satellite-based UV
imager data and ground-based search coil magnet-
ometer data to investigate the spatial extent of
Pi1B signatures of substorm onsets. Based on the
examples shown and our statistical observations, we
have shown the following:
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1.
 Within the cadence of the IMAGE FUV images
(2min), Pi1B onsets occur simultaneously with
intense isolated auroral substorms.
2.
 Most events are observed to occur between 2100
and 0200 MLT. This non-global characteristic
implies that the mechanism that drives Pi1B
pulsations is likely different than that driving Pi2
pulsations.
3.
 Observations are quite localized, with the stron-
gest events limited to 751 in MLAT and 72 h in
MLT, consistent with the few published results
from earlier studies.
4.
 The amplitude dependence on distance falls of
as r�3, based on a power law fit to 2 strong events.
A more rapid falloff was noted with a weaker
event. This is similar to that of high-latitude Pi2
signals, but different from mid-latitude Pi2 signals,
which tend to drop off much more slowly.

Further analysis of the spatial falloff of Pi1B
activity with distance is currently limited by the
small number of search coil arrays in operation. The
observations reported here, however, do suggest
that monitoring of Pi1B activity from a dense
spatial array of magnetometers sensitive to 0.1–1Hz
activity (both search coil and low-noise fluxgate
instruments) may provide improved information on
onset location (and potentially on timing) that can
thus contribute to substorm studies, especially in the
absence of satellite imager data.

We note finally that Pi1B signals contain polar-
ization information as well as amplitude and timing
data. A more complete analysis of the vector signals
is in progress to evaluate the possibility that Pi1B
signals from a suitably located array of ground
stations might be able to provide even more detailed
information on the location of substorm onsets via
polarization analysis and triangulation. Even with-
out this latter potential application, we expect that
the combined ground and satellite observing sys-
tems to be deployed for the THEMIS project later
this decade will provide the means to further test the
usefulness of these transient magnetic signals for
substorm studies.
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