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Abstract. We present simultaneous riometer observations
of cosmic noise absorption in the nightside and dawn-noon
sectors during sawtooth particle injections during 18 April
2002. Energetic electron precipitation (>30 keV) is a feature of magnetospheric substorms and cosmic radio noise
absorption acts as a proxy for qualitatively measuring this
precipitation. This event provides an opportunity to compare the absorption that accompanies periodic electron injections with the accepted paradigm of substorm-related absorption. We consider whether the absorption is consistent with
the premise that these injections are quasi-periodic substorms
and study the effects of sustained activity on the level of precipitation. Four consecutive electron injection events have
been identified from the LANL (Los Alamos National Laboratory) geosynchronous data; the first two showing that additional activity can occur within the 2–4 h sawtooth periodicity. The first three events have accompanying absorption on
the nightside that demonstrate good agreement with the expected pattern of substorm-absorption: discrete spike events
with poleward motion at the onset followed by equatorward
moving structures and more diffuse absorption, correlated
with optical observations. Dayside absorption is linked to
gradient-curvature drifting electrons observed at geostationary orbit and it is shown that low fluxes can lead to a lack
of absorption as precipitation is suppressed; precipitation begins when the drifting electron flux surpasses some critical
level following continuous injections of electrons from the
magnetotail. In addition it is shown that the apparent motion of absorption determined from an azimuthal chain of riometers exhibits an acceleration that may be indicative of an
energisation of the drifting electron population.
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1

Introduction

During some geomagnetic storms geosynchronous satellites
observe quasi-periodic changes in energetic particle fluxes
(particularly protons but also electrons); these take the form
of sharp increases followed by gradual decays observed
across large local time ranges. The overall profile is a well
defined “sawtooth” composed of particle injections occurring
every 2–4 h (e.g. Borovsky et al., 2001; Henderson et al.,
2002; Skoug et al., 2002; Huang et al., 2003a). These variations occur at the same time as increased emissions from
energetic neutral atoms in the inner magnetosphere, confirming the sawtooth signature as multiple ion and electron injections (Reeves et al., 2003) rather than some local effect
at the satellite. The sawtooth is associated with stretching
and dipolarisation of the magnetic field and displays similar characteristics to periodic substorms (e.g. Borovsky et
al., 1993; Belian et al., 1995) and in the past individual teeth
have been studied as substorms (Henderson, 2004). Huang et
al. (2003a) used observations from three geomagnetic storms
to show that continuous energy transfer to the magnetosphere
is necessary to maintain sawtooth behaviour. They suggested
that solar wind pressure oscillations excite a magnetospheric
resonant state, which triggers substorms at the resonant frequency without the need for subsequent external triggers.
A number of authors have used riometer (Little and lienbach, 1959) chains to provide a global picture of energetic
electron precipitation related to substorms (Hargreaves et al.,
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1975, 1997, 2001; Pytte el al., 1976; Ranta et al., 1981;
Ranta et al., 1999). Riometers provide a simple means of
monitoring the precipitation of energetic electrons (energy
greater than ∼30 keV) via measurements of the cosmic radio noise absorption (CNA), which has been recognised as
a substorm phenomenon (Akasofu, 1968). CNA manifests
in various time-dependent structures during the phases of a
substorm both on the night and dayside. During the growth
phase an equatorward drifting arc forms (Hargreaves et al.,
1975; Ranta et al., 1981); this can contain pulsating forms
(Ranta et al., 1999) and is linked to optical arcs (e.g. Jussila et al., 2004). At the expansion phase onset the region
of CNA expands both poleward and equatorward, usually in
the close to but pre-midnight sector. The change in propagation character occurs close to ∼65◦ magnetic latitude (Jelly,
1970). The poleward propagating CNA front tends to be a
sharp enhancement whilst appearing more gradual at lower
latitudes. Following onset the riometer absorption is usually
highly correlated with near-equatorial >30 keV electron flux
(Baker et al., 1981) indicating that the CNA is a result of
strong pitch angle diffusion in the electron population that is
freshly injected from the magnetotail.
Small scale structure also appears following the onset of
the expansion phase, particularly the spike-event. Lasting 1–
2 min in duration spikes appear at the poleward edge of the
surge and were thought to be caused by the motion of an
elongated 10–50 km thick ribbon of absorption (e.g. Neilsen
and Axford, 1977). Observations with imaging riometers
have shown that the spike event is actually localised in nature
with typical dimensions of 190×80 (167×74) km at L∼6
(∼13) (Hargreaves et al., 1997). The spikes typically display a poleward motion at the start of an event with speeds
from hundreds to thousands of ms−1 . There is also usually
an associated east or westward motion, the latter being more
prevalent (Spanswick et al., 2005). Stauning (1996) identified a number (6–8 per hour) of localised discrete events
which included some equatorward moving forms. The spike
event also displays fine structure similar to magnetic Pi pulsations suggesting a common source region for the modulation (e.g. Hargreaves et al., 2001; Aminaei et al., 2006).
As well as the north and southward motion the background CNA displays azimuthal propagation (e.g. Hargreaves, 1968). It is probable that this is linked with the
motion of the injection region, but also the electrons will
gradient-curvature drift eastward towards dawn (e.g. Kavanagh et al., 2002, and references therein). The electrons are quasi-trapped and experience pitch-angle scattering
through whistler mode wave interactions (e.g. Kennel and
Petschek, 1966) such that post midnight the CNA tends to
be more diffuse and is less well correlated with optical measurements (e.g. Ansari, 1964). The eastward drift results in
a day-side signature that has been termed slowly varying absorption (e.g. Hargreaves and Berry, 1976; Hargreaves and
Devlin, 1990; Stauning, 1996; Nishino et al., 1999); however the slow-varying nature is often replaced by small scale
Ann. Geophys., 25, 1199–1214, 2007

spatial and temporal changes including quasi-periodicities of
10s of minutes and occasionally displays modulation from
geomagnetic pulsations such as field line resonances (e.g. Senior and Honary, 2003, and references therein).
A sawtooth event occurred on 18 April 2002; these injections have previously been presented by a number of authors
(e.g. Huang et al., 2003b; Lui et al., 2004; Clauer et al., 2006;
Henderson et al., 2006) and have been identified as periodic
substorms (mean recurrence time = 2.7 h), with accompanying phenomena in the magnetotail, inner magnetosphere
and in ground magnetometer data. This study focuses on
the energetic precipitation signature and considers the data in
the context of past riometer observations of substorms. An
overview of the whole event is provided with particular consideration of three of the identified “teeth”. Observations of
CNA show overall agreement with the recognised features of
substorm absorption though some unusual effects are highlighted and explained in terms of the effects of sustained geomagnetic activity on the electron population.

2

Instrumentation

Observations of the precipitation of energetic electrons during this sawtooth event have been provided by selected stations of the Global Riometer Array (GLORIA) in Canada and
Finland. Riometers measure the absorption of cosmic radio
noise produced by increased electron concentration in the D
region of the ionosphere, caused by precipitating electrons
with energy in excess of about 30 keV. Since these instruments only observe the height-integrated absorption no direct information on the precipitation spectrum can be ascertained, and consequently the riometers give only a qualitative
measure of the level of precipitation. Figure 1a shows the geographic locations of the riometers used in this study. Canadian data is supplied from what was the CANOPUS project
(Rostocker et al., 1995); each of the stations is equipped
with a broad beam (∼60◦ ), 30 MHz riometer (pointing to
the zenith) as well as a 3-component fluxgate magnetometer, which provide data at 5 s resolution. The riometer data
from Finland have been supplied by a chain of widebeam
riometers, operated by Sodankylä Geophysical Observatory
(SGO), and from a widebeam instrument co-located with the
Imaging Riometer for Ionospheric Studies (IRIS), operated
by Lancaster University (UK) (Browne et al., 1995). IRIS
data is taken at 1-s resolution but has been averaged to 5 s
here and the SGO chain provides data at 1-min resolution.
The data from those riometers that do not operate at 30 MHz
have been corrected using the simplified assumption that the
CNA is inversely proportional to the square of the operating frequency (e.g. Hargreaves, 1969). Table 1 provides a
complete list of the riometers stations and their AACGM (altitude adjusted corrected geomagnetic) coordinates (Baker
and Wing, 1989). The two sets of riometers are separated
by approximately 9 h of magnetic local time (MLT) with the
www.ann-geophys.net/25/1199/2007/
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Fig. 1. (a) Positions of the ground stations used in this study. The size of the circles represents approximate fields of view at 90 km altitude.
(b) Orbital positions of the satellites at the magnetospheric equatorial plane, also shown are the projected positions of the SGO and Churchill
line riometers using the IGRF model. Taloyaok is not plotted since the riometer is inside the polar cap and exposed to open field lines.
Table 1. List of riometers used in this study. Columns from left to right represent: the instrument name and the chain it belongs to (e.g.
CAN=CANOPUS) instrument code, the magnetic coordinates (latitude and longitude), L shell and the operating frequency. All instruments
are in the Northern Hemisphere.
Riometer (chain)

Code

Magnetic Coordinates
(lat, longitude)

L-shell
(Earth Radii)

Frequency (MHz)

Dawson (CAN)
Eskimo Point (CAN)
Fort McMurray (CAN)
Fort Simpson (CAN)
Fort Smith (CAN)
Gillam (CAN)
Island lake (CAN)
Ivalo (SGO)
Jyväskylä (SGO)
Kilpisjärvi (IRIS)
Oulu (SGO)
Pinawa (CAN)
Rabbit Lake (CAN)
Rovaniemi (SGO)
Sodankylä (SGO)
Taloyoak (CAN)

daws
eski
mcmu
fsim
fsmi
gill
isll
iva
jyv
kil
oul
pina
rabb
rov
sod
talo

66.10◦ , 272.6◦
71.12◦ , 332.0◦
64.64◦ , 308.0◦
67.57◦ , 292.9◦
67.72◦ , 303.6◦
66.65◦ , 332.0◦
64.25◦ , 332.4◦
65.28◦ , 108.6◦
59.13◦ , 103.6◦
66.10◦ , 103.9◦
61.82◦ , 105.1◦
60.59◦ , 330.8◦
67.36◦ , 317.9◦
63.56◦ , 106.4◦
64.18◦ , 107.2◦
78.83◦ , 329.3◦

6.09
9.55
5.45
6.87
6.96
6.36
5.30
5.72
3.80
6.09
4.48
4.15
6.75
5.04
5.27
Polar cap

30
30
30
30
30
30
30
30
32.4
38.2
30
30
30
32.4
30
30

Finnish riometers being 2.6–3 h of MLT ahead of UT and the
Canadian riometers lagging UT by 6.5 h.
Monitoring of less energetic precipitation has been provided by the Far Ultra Violet (FUV) camera on board the
IMAGE spacecraft (Mende et al., 2000). The energy of the
particles that produce emission in the far UV (∼1–15 keV)
overlaps the lower energy of those that produce some coswww.ann-geophys.net/25/1199/2007/

mic radio absorption in the ionosphere. More importantly
the FUV instrument provides global maps of the auroral precipitation such that the widely spaced point measurements of
the riometers can be placed in context. The images that are
shown in this paper have been processed to remove dayglow
(e.g. Immel et al., 2000) and contributions from proton aurora. Subsequently electron mean energies and fluxes have
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Fig. 2. Solar wind parameters from the ACE spacecraft: (a) IMF
BY in GSM; (b) IMF BZ in GSM; (c) solar wind speed; (d) solar wind proton density. These data have been propagated to the
bowshock via a minimum variance analysis technique.
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been determined from the emission measurements (e.g. Frey
et al., 2003).
Satellite borne instruments also provide observations of
the corresponding magnetospheric variations during the sawtooth event. The SOPA (Synchronous Orbit Particle Analyzer) instrument, on board the LANL (Los Alamos National Laboratory) geostationary satellites, measures electron fluxes from 50–26 000 keV; in this paper only the seven
lower energy channels (50–315 keV) are used. The fluxes
are spin averaged (1 min values) and provide clear indications of when electron injections occur at geostationary orbit. Magnetic field measurements have been provided by two
of the Geosynchronous Operational Environmental Satellites
(GOES-8 and GOES-10), which carry twin-fluxgate magnetometers (Singer et al., 1996). The measurements have been
transformed into GSM (Geocentric Solar Magnetospheric)
coordinates (Russell, 1971) and we have calculated the inclination of the magnetic field relative to the GSM equatorial plane. Table 2 lists the locations of the geostationary
satellites used in this study, calculated using the IGRF-2000
model (Mandea et al., 2000), and Fig. 1b shows their locations in McIlwain (dipole) L-Shells and MLT along with the
equatorial projections of some of the riometer sites.

3

Observations

3.1 Overview
Solar wind data have been taken from ACE (Advanced Composition Explorer) near the L1 point; the spacecraft was south
of the ecliptic plane (between 7 and 19 RE ) and 26–32 RE in
the GSM Y direction. Figure 2 shows data from the magAnn. Geophys., 25, 1199–1214, 2007
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Fig. 3. Electron flux measured by the geostationary LANL satellites
on 18 April 2002. The energy channels are 50–75 keV (blue), 75–
105 keV (green), 105–150 keV (red), 150–225 keV (cyan) and 225–
315 keV (magenta).

netic field (MAG) and solar wind (SWEPAM) instruments
(Smith et al., 1998; McComas et al., 1998); the data have
been time-shifted to the bowshock using a minimum variance analysis technique based upon the work of Weimer et
al. (2003). The top two panels (a–b) display the IMF BY and
BZ components respectively; BY was predominantly westward throughout the day except for an hour after midnight
and BZ was mostly negative (southward), moving gradually
northward as the day progressed. Panel (c) shows the solar
wind velocity, which generally slows as the day progresses.
Proton density (d) drops from 14.4 to 0.9 cm−3 by 05:50 UT,
fluctuating between 0.5 and 4 cm−3 thereafter, resulting in
dynamic pressure values of less than 1.5 nPa after 03:10 UT.
Figure 3 shows the electron fluxes from the six LANL
satellites that were operating during the storm. No data were
available for LANL-97A and 1994-84 before 04:25 UT; however, as many as nine injections were observed in the electron
measurements when all satellites are considered. Decreases
in the electron flux are followed by sharp increases resulting
in the “sawtooth” profile. Dispersion in energy (e.g. 1990095 at 12:00 UT) indicates that the observing satellite is outside of the injection region and electrons gradient-curvature
drift into the field of view.
www.ann-geophys.net/25/1199/2007/
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Table 2. Satellites used in this study. Columns from left to right display the following: satellite name/number; mean magnetic longitude with
maximum/minimum indication; mean L-shell with extremes indicated; magnetic local time in terms of universal time. These parameters
have been calculated using the International Geomagnetic Reference Field model.
Satellite

Magnetic longitude (degrees)

L shell (Earth Radii)

MLT (hours)

1990-095
1991-080
1994-084
LANL-97A
LANL-01A
LANL-02A
GOES-8
GOES-10

34.16◦ ±0.25◦
266.79◦ ±0.28◦
216.39◦ ±0.04◦
175.27◦ ±0.29◦
80.07◦ ±1.05◦
141.01◦ ±0.79◦
356.48◦ ±0.06
296.37◦ ±0.01

6.75±0.08
6.64±0.003
6.74±0.05
6.81±0.12
6.62±0.05
6.74±0.21
6.85±0.01
6.66±0.01

UT−2.09
UT−10.29
UT+10.11
UT+6.83
UT+1.22
UT+4.13
UT−5.05
UT−9.63

Figure 4a shows the CNA from five of the CANOPUS riometers in the meridional Churchill Line; the low CNA at
Taloyoak indicates that this riometer is in the polar cap for the
entire day. The high geomagnetic activity on this day, caused
by the prolonged southward (IMF), led to a maximum (peak
= 9.6 dB) in the absorption oval close to Pinawa, (60.59◦ N)
with a daily mean absorption of 1.5 dB compared with 0.6 dB
(peak = 5.2 dB) at Island Lake, the next highest. In Fig. 4b
the data from the Finnish riometers are displayed; in this sector absorption maximizes close to 63.6◦ N (Rovaniemi: mean
= 1 dB, peak = 8.6 dB). Some absorption spikes, corresponding to later injections, can be seen later in the day as the
riometers approach local midnight. The relative weakness of
the response in comparison with the Canadian riometers is
readily explained if one examines the LANL data presented
in Fig. 3; note that the flux increases associated with each
injection post 16:00 UT are much smaller than the earlier injections.
For this study only three of the “teeth” are considered (between 02:00 and 10:00 UT) to provide optimum configuration of the riometers. The CANOPUS instruments were in
the night sector where they are most likely to respond to direct substorm precipitation, and the Lancaster/SGO riometers are in the morning sector (from dawn to noon) where
dayside absorption tends to maximise (e.g. Kavanagh et al.,
2004). In this section we present the observations related to
each injection before discussing the implications of the day
and night observations separately in Sect. 4 (Discussion).
3.2 Injection A: ∼03:22 UT
Figure 5 shows the selected injections during 18 April 2002.
The top two panels display electron fluxes from the 1990-095
and 1991-080 spacecraft; the three vertical black lines (A, B
and C) demonstrate the times of non-dispersed injections observed by the two satellites. The third panel shows the angle,
θ , between the vertical and horizontal (GSM) magnetic field
components measured by GOES-8 (blue line) and GOES-10
(green line); in general lower angles indicate more stretched
www.ann-geophys.net/25/1199/2007/

field configurations. In the bottom panel the absorption from
the Gillam riometer is displayed; relative locations of the instruments can be seen in Fig. 1b.
The first marked injection is at 03:22 UT (from 1990-095)
and occurred with a dipolarization at GOES-8 (1θ =20◦ );
however, some forty minutes before the sharp rise in electron flux observed by 1990-095 there is a smaller, more variable flux enhancement (02:40 UT) consisting of four clear
impulsive increases. This coincides with a rise in the flux at
1991-080 and a sharp (1θ=45◦ ) dipolarization in the magnetic field at GOES-10, though only a small increase in θ
occurs at GOES-8. The IMAGE FUV camera also records
an increase in emission; a V-shaped enhancement of a preexisting arc structure at the dusk terminator (data not shown).
The enhancement is orientated such that there are simultaneous brightenings at high and low auroral latitudes. On the
ground Gillam (Fig. 5, bottom panel) shows a sharp enhancement in the CNA close to the time of this injection (∼4 min
later) followed by further enhancements. This riometer also
records a large spike (∼3 dB) above a background of ∼1 dB
absorption, shortly after the injection in the 1990-095 data at
03:22 UT. Around this time 1991-080 observes a dispersed
flux signature, probably linked to the previous injection.
Figure 6 shows data from the Meridian Scanning Photometer (MSP) located at Pinawa. The 557.7 nm (a) and
630.0 nm (b) emissions generally correspond to precipitation
from electrons with energy of a few keV and <1 keV, respectively. Panels (c) to (e) compare CNA with the emission from
the relevant latitudes for Gillam, Island Lake and Pinawa;
several scan positions of the MSP have been averaged to account for the larger field of view of the riometer. The initial “tooth” (A) has been split into two and marked, with
dashed lines A1 and A2, corresponding to the two injections.
There is a quiet arc in the optical data which develops into an
expansion onset at 02:38 UT expanding both poleward and
equatorward from Pinawa and the CNA spike moves equatorward. The absorption and optical signatures have similar morphology, suggesting that the electrons producing the
Ann. Geophys., 25, 1199–1214, 2007
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Fig. 5. LANL, GOES and Gillam riometer data on the 18 April
2002 from 02:30 UT to 10:00 UT. The top two panels show the electron fluxes from two of the LANL satellites near to the CANOPUS
riometers; the energy channels are described in Fig. 3 caption. The
third panel shows the elevation angle, θ , of the geomagnetic field
recorded by the GOES 8 (blue line) and GOES 10 (green line). The
bottom panel shows the auroral absorption measured by the Gillam
riometer. The vertical black lines (marked A, B and C) demonstrate
the approximate times of particle injections. The dashed, vertical
black line notes the position of an additional dipolarization.
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Fig. 4. (a) Cosmic noise absorption (CNA) from five of the
Churchill line riometers. Corresponding L-shells are labelled; pc
refers to “polar cap” where Taloyoak (talo) is on open field lines.
The second x-axis demonstrates the average magnetic local time
for the five riometers. (b) CNA from IRIS (kil) and the SGO riometers in the Finnish sector. All values of decibels (dB) are given for
30 MHz.

emission (∼1 keV) and those creating CNA (>30 keV) are
being precipitated via the same mechanism.
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The evidence suggests that there are actually two injections occurring within ∼40 min. Figure 7 shows the H
component (northward) of the magnetometer stations in the
Churchill line (no data were available from Taloyoak) after subtraction of the daily mean. A negative bay is observed by the three most equatorward magnetometers with
a largest change at Pinawa; the downward excursion begins at 02:38 UT (coincident with the onset of the optical
brightening shown in Fig. 6) and reaches −255 nT (from
400 nT) at 02:57 UT before decreasing further to −410 nT by
03:12 UT. Following this is a second negative bay observed
by all of the magnetometers and peaks at Gillam by 03:30 UT
(from 400 nT to −700 nT). Figure 8 shows CNA recorded by
the Fort Smith and Fort McMurray riometers, west of the
Churchill line. Fort McMurray observes a sharp absorption
increase at 02:44 UT which subsequently expands poleward
to Fort Smith 3 min later. Figure 9 shows the data from the
azimuthal chain of riometers. There is a small spike at Dawson and a stronger response at Fort Simpson; these data seem
to indicate a rapid eastward motion of the absorption at the
same time as the poleward motion shown in Fig. 8.
Figure 10 presents the electron flux measured by LANL01A and LANL-02A with the absorption from IRIS and the
www.ann-geophys.net/25/1199/2007/
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Fig. 6. These data come from the meridian scanning photometer (MSP), located at Pinawa, on 18 April 2002. The top two panels show the
two emissions: 557.7 nm (a) and 630.0 nm (b). The horizontal black lines in (b) denote the field of view of the 557.7 filter (lower altitude
emission. The bottom three panels show data from Gillam (c), Island Lake (d) and Pinawa (e); adjacent latitude scans have been averaged to
account for the larger beam sizes of the riometers. The three vertical, dashed lines represent the approximate times of the electron injections
(A1, A2 and B). Reliable data were not available for substorm C.

SGO chain from 02:30 UT to 10:00 UT. There is a dispersed
energy signature at LANL-01A (04:00 MLT) following A1
beginning at 02:45 UT, thus the riometers are outside of the
injection region. The absorption at Kilpisjärvi occurs between the peak fluxes at LANL-01A and LANL-02A rather
than linked to the leading edge of the flux enhancement.
There is an L-shell dispersion at the onset time of the absorption, and the CNA at Rovaniemi and Sodankylä is twice
the magnitude of that at Kilpisjärvi (L=6.1).
A2 has a smaller response in the satellites but the riometers observe an increase in absorption some 11 min after the
injection is recorded at 1990-095. This time the absorption is
notable at Kilpisjärvi (∼2 dB) but is still significantly higher
at Rovaniemi on occasions (e.g. at 04:05 UT). This absorption decays to background levels by ∼05:10 UT. Jyväskylä
sees small increases (<1 dB) however the absorption is consistently low. It is worth noting at this point that the riometers are sensitive to particles that enter the loss cone and
consequently precipitate into the ionosphere whereas SOPA
measures electron fluxes at all pitch angles. Consequently,
although similar structure may appear in the LANL and riometer data, one would only expect a direct correspondence
if there is strong pitch angle scattering of the electrons (e.g.
Baker et al., 1981). At other times only a fraction of the electron flux (depending on the effectiveness of the scattering
www.ann-geophys.net/25/1199/2007/

mechanism) measured by LANL is observed by the riometers.
3.3 Injection B: 05:40 UT
Injection B, observed by 1990-095 at ∼05:40 UT (Fig. 5),
consists of a single flux enhancement of similar magnitude
to the injection at 03:22 UT. Both GOES 8 (05:34 UT) and
GOES 10 (05:32 UT) record a dipolarization of the magnetic field. The riometer at Gillam witnesses a 2 dB rise at
approximately the same time; this increase is smaller than
the previous event and there is no easily discernable spike
event. In this case the absorption displays a poleward motion
(Fig. 6) that reflects the expected CNA response to the onset
of a substorm (Hargreaves, 1974) and is consistent with the
optical data. The changing ratio of the 557.7 nm emission to
the CNA suggests that there is either a hardening of the precipitation spectrum as time progresses (Fig. 6) or a change
in the effectiveness of pitch angle scattering. The similarity
of the structure suggests that the precipitating electrons are
from the same source population. The magnetometer data
(Fig. 7) also shows a poleward motion of the negative bay in
the H component, starting at ∼05:30 UT.
Figure 11 consist of snapshots of the Ultra Violet (UV)
emission (from IMAGE), taken at 2 min resolution and
mapped onto a geographical and local time grid. The auroral
Ann. Geophys., 25, 1199–1214, 2007
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18 April 2002 − CANOPUS azimuthal riometer chain

18 April 2004 − Churchill Line H component (nT)
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Fig. 7. Magnetograms from six magnetometers in the Churchill line
displaying the H component for 02:30 UT to 07:00 UT on 18 April
2004. Daily averages of the measurements have been subtracted
from the data to highlight variations in the magnetic observations.
A1

Fig. 9. Cosmic Noise Absorption from the azimuthal chain of
CANOPUS riometers (including Gillam). These riometers between
magnetic latitudes of 66.1◦ to 67.2◦ . Vertical, dashed lines indicate
estimated times of substorm onsets.
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oval is quiet at 05:22 UT and the emission shows a small increase near 03:00 LT. At 05:30 UT there is an intense brightening at ∼23:00 LT which expands such that by 05:45 UT
there is a clear auroral bulge at the northwest edge of the
brightest emission.
LANL-01A is located at 06:50 MLT for injection B
and records a distinct, non-dispersed injection at 05:40 UT
(Fig. 10). LANL-02A sees a dispersed signature, beginning at 05:44 UT, placing the edge of the injection region
between 06:50 and 09:50 MLT. There is an increase in
Ann. Geophys., 25, 1199–1214, 2007

Fig. 10. Dayside observations of geostationary electron flux and
riometer absorption in Finland. The vertical, solid lines show the
timing of the onsets of the 4 injections. The top two panels show
the electron flux (energy channels described in Fig. 3 caption) from
satellites either side of the line of riometers. The bottom six panels
show the morning absorption from IRIS (kil) and the SGO riometers.

www.ann-geophys.net/25/1199/2007/
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Fig. 11. Maps of Northern Hemisphere FUV emission converted
to electron energy flux (mW/m2 ) recorded by the camera on board
the IMAGE satellite on 18 April 2002. These cover the onset of
substorm B from 05:22 UT to 05:53 UT.

absorption at Jyväskylä starting at 05:30 UT and peaking just
after 06:00 UT (∼1.9 dB), but this riometer is situated at a
point distant from the geosynchronous footprint. The timing makes it extremely unlikely that this increase is directly
associated with the injection and none of the other riometers observe an increase immediately following the injection.
The LANL satellites (01A and 02A) observe further flux increases (beginning at 06:10 UT and 06:15 UT, respectively)
which are dispersed in energy, the timing of which suggests
that they are drift echoes of the initial injection (e.g. Reeves
et al., 1990). The flux in the highest plotted energy channel
of LANL-01A (225–315 keV) peaks first at 06:01 UT and the
peak in the dispersed signature returns 27 min later. This is
consistent with an estimate of the drift period of an equatorially mirroring electron with energy of 256 keV in a dipole
field. The riometers at Sodankylä and Rovaniemi record increases in absorption starting at ∼06:30 UT, which is shortly
after the rise in flux at LANL-01A. Kilpisjärvi does see a
solitary increase, at 06:25 UT, associated with the rise in flux
but nothing after that.
3.4 Injection C: ∼07:55 UT
A weak injection at 07:55 UT is clear in the 1991-080
measurements at ∼21:40 MLT (Fig. 5) followed by a diswww.ann-geophys.net/25/1199/2007/
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Fig. 12. Maps of Northern Hemisphere FUV derived electron energy flux (mW/m2 ) on 18 April 2002. These images run from
07:49 UT to 08:35 UT (four minute snapshots) and cover the apparent injection at 07:55 UT and the onset at 08:12 UT during event C.

tinct dipolarization signature recorded by GOES-10 some
30◦ longitude towards midnight and 15 min later. The
1994-084 satellite also observes an increase at ∼07:55 UT
(∼18:00 MLT) (see Fig. 3). Close to dawn the 1990095 satellite shows dispersion as do the LANL-01A
(∼09:15 MLT) and LANL-02A (∼12:00 MLT) satellites.
There is no absorption increase at Gillam associated with
either the injection at 07:55 UT or the dipolarization at
08:12 UT and the electron flux is two orders of magnitude
less than in the preceding injections. There is an absorption enhancement at Gillam shortly after 09:05 UT, approximately an hour after the injection onset. This follows an
increase in the flux at geostationary orbit (e.g. 1991-080).
Riometers west of Gillam observe an increase in absorption
at progressively earlier times (Fig. 9), though there is a thirtyfive minute separation between the onset at Dawson and the
response at Fort Simpson. LANL-02A and LANL-01A see
dispersed signatures as the electrons gradient curvature drift
into the dayside (Fig. 10) and at 09:06 UT the Finnish riometers were close to noon and they observed an increase in
absorption at the lower latitudes.
Figure 12 shows the UV emission at this time; a distinct,
quiet auroral arc can be seen at 07:49 UT and no significant
activity occurs until 08:12 UT when a distinct enhancement
Ann. Geophys., 25, 1199–1214, 2007
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appears in the pre-midnight sector. This expands predominantly westward with increased brightenings close to dusk
by 08:22 UT. The enhancements remain confined between
∼17:00 LT and ∼01:00 LT and no significant increases in
emission are measured above the Churchill Line riometers.
The increase in CNA that peaks at 08:30 UT at Dawson coincides with a rise in the total flux recorded by 1991-080 to
5×106 , which is a factor of 30 greater than at 08:15 UT.

4

Discussion

4.1 Overview
On 18 April 2002 the magnetosphere displayed quasiperiodic injections of energetic particles from the magnetotail to the inner magnetosphere (Fig. 3) during a geomagnetic
storm. In general the storm led to increased ionisation in
the D-layer that resulted in enhanced CNA. Figure 4 demonstrates that the absorption is high in both the Canadian and
Finnish sectors and that the absorption oval has expanded
in response to the solar-wind/IMF driving of the magnetosphere. The absorption maximises at lower magnetic latitudes in Canada than in Finland by approximately 3–4 degrees, in agreement with previous statistical studies of absorption (e.g. Hargreaves, 1966, and references therein). A
loss of absorption occurs at higher latitudes in Finland as the
event progresses, somewhat at odds with the findings presented by Hargreaves (1968) who determined that increases
in activity are likely to shift the maximum absorption (which
increases) to lower latitudes, but not to reduce the absorption at higher latitudes. This is likely true in general when
the increased absorption is driven by high solar wind speeds
and pressure changes, but in this case the motion to lower
latitudes is predominantly caused by an enlarged polar cap,
associated with a long period of southern IMF BZ .
The absorption follows the diurnal pattern highlighted in
statistical studies (e.g. Kavanagh et al., 2004, and references
therein) such that there is a maximum occurrence of CNA in
the morning sector and around midnight but a notable minimum in the afternoon. There is a sustained enhancement
at Pinawa between 15:00 and 23:00 UT (mean = 1.13 dB)
which is possibly the result of a steady drizzle of radiation
belt electrons at L=4, but this is not investigated here.
As well as the three main injections (A1, B and C) another has been identified (A2); this occurs some 40 min after
A1. The timing of the observations makes it highly unlikely
that this is caused by an expansion of the original dipolar
region; this would result in a rapid acceleration of the expansion from 0.05◦ s−1 (delay between the GOES spacecraft) to
0.3◦ s−1 . It is possible that either A1 or A2 is actually a pseudobreakup (e.g. Koskinen et al., 1993) although much of the
data suggest that they are substorms. It appears that following the auroral activation accompanying injection A1 growth
continues away from the region of dipolarization (due to conAnn. Geophys., 25, 1199–1214, 2007

tinued energy input from the solar wind) leading to a second
injection and auroral enhancement (at A2). The break-up
accompanying A2 starts at higher latitudes; the photometer
(Fig. 6) and magnetometer (Fig. 7) data shows the auroral
signature to begin at Gillam rather than Pinawa. Following
injection A1, open magnetic flux is closed, shrinking the polar cap, and the dayside reconnection rate is insufficient to
return the flux to the pre-substorm level before the next expansion onset. Huang et al. (2003b) identified injection A1 as
a substorm through observations by GEOTAIL (Kokubun et
al., 1994) of a travelling compression region related to plasmoid formation in the magnetotail as well as observations of
proton flux enhancements by 1991-080 (16:00 MLT).
These observations suggest that additional and/or more
complicated activity may occur within the quasi-periodic 2–
4 h sawtooth timeframe. The cause for this particular deviation may be found in the solar wind conditions at the time
(Fig. 2); BY was eastward (positive) at 02:48 UT (accounting for the delay to Earth) and then turned sharply westward
(negative) before the second injection (A2); the first injection
(A1) also corresponded with a rise in the dynamic pressure
(1 nPa) above an already increased level. Conditions for subsequent injections were much more stable thus this “double
event” may have been triggered by the more variable solar
wind. Changes in the magnetospheric configuration might
explain the reduced flux at some of the LANL satellites as
the region of densest particle population moved across the
satellites.
4.2 Nightside absorption (Canadian sector)
More insight into the dynamics of the particle precipitation
may be gleaned from separate analyses of the night and dayside absorption signatures of the selected teeth. For the first
3 injections there are distinct examples of riometer absorption related to substorm activity. There is a poleward moving, weak onset at the Churchill line and a strong, poleward
moving enhancement further west (Fig. 8) following injection A1. This is followed by equatorward moving enhancements (∼10 min after the first) in agreement with the current
paradigm of auroral absorption during substorms (e.g. Ranta
et al., 1981) that is described in Sect. 1. After 02:45 UT
the CNA propagates eastward from a small spike at Dawson
(Fig. 9) consistent with past observations of the substorm onset in absorption. Thus A1 has some of the general features
of a “standard” absorption substorm but whether a growth
phase absorption bay exists is difficult to assess due to the
short timescales between intense activity-onsets. An interesting aspect to this injection is the structure of the geosynchronous flux enhancements; the injections are short lived
(∼8 min in duration) and this may be the controlling factor
behind the short duration of the CNA enhancements. In this
case they would not be spike events in the classical sense
(e.g. Hargreaves et al., 1997); rather they are the direct precipitation of short-lived injection bursts from the tail.
www.ann-geophys.net/25/1199/2007/
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18 April 2002 − CNA and FUV comparison
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The second injection (A2), at ∼03:20 UT, has a welldefined equatorward moving CNA spike (Fig. 6), which decreases in magnitude as it moves south. The time difference between the dipolarization at GOES-8 and the spike at
Gillam is 11 min (separated by 24.48◦ longitude), whereas
during A1 it is ∼5 min from GOES-10 to the first poleward
moving spike (11.62◦ separation). Thus there is time for a
poleward propagating spike event to form outside of the field
of coverage, possibly poleward and/or eastward of the riometers. Thus this absorption fits the substorm paradigm as well,
including absorption that correlates well with the diffuse optical signature (e.g. Ansari, 1964). Westward motion of absorption before midnight, as seen in A2 (Fig. 9), is a feature
of the global pattern of absorption motion defined by Hargreaves (1968). This type of motion shall be investigated with
respect to injection B with the additional available diagnostics but is more a function of the location of the riometers
within the injection region than a local time phenomenon.
For the third injection, B, at ∼05:30 UT there is a poleward
progression of a sharp onset (though not a clearly defined
spike) that begins at Pinawa and is generally well correlated
with the optical signature (Fig. 6). The decline in the ratio of
the 557.7 nm emission to absorption indicates either that the
spectrum of precipitation hardens or else the effectiveness of
the pitch angle scattering increases. After ∼06:20 UT the
slowly varying absorption structure (at Island Lake) suggests
that it is related to drifting electrons of higher energy than
those responsible for the discrete spikes (second category of
absorption from Ansari, 1964).
The westward expansion of absorption (Fig. 9) from
05:40:50 UT to 05:47:25 UT moves with a velocity of
∼0.15◦ s−1 . It is unlikely that gradient-curvature drifting
ions precipitate with enough intensity to produce the 1–2 dB
absorption since the apparent motion suggests that the leading edge of drifting ions would have energy of ∼150 keV,
leading to E-region deposition. Figure 13 shows time series from three pixels of the FUV camera corresponding to
the locations of the Dawson, Fort Smith and Gillam riometers. The rise time of the emission (converted to electron
energy flux) closely matches the absorption at the three locations suggesting that either the low energy electrons are
moving with the same drift speed in the magnetosphere as
the higher energies or else the precipitation is caused by
some form of trigger moving independently of the particle
drift speed. The apparent speed of the absorption (corresponding to ∼6.6 km s−1 in the F region ionosphere) is much
higher than the typical convection speeds of a few hundred
metres per second and the convection pattern derived from
AMIE (Assimilative Mapping of Ionospheric Electrodynamics) (Richmond and Kamide, 1988) shows that the westward
motion of absorption is within a region of eastward convection (pattern not shown) Hargreaves (1968) suggests that
a fast mode magneto-sonic wave, propagating azimuthally
from the midnight sector could trigger precipitation of an
extant population of electrons. For this to occur the elec-
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Fig. 13. Comparison of cosmic noise absorption with the electron
energy flux derived from the FUV emission from closest pixel of
the camera following Injection B on 18 April 2002. The stations,
Gillam to Dawson, run east to west, respectively, and show the apparent westward motion of both the FUV emission and the CNA.
The magnetic longitudes are marked on the plots.

tron flux must be above the critical stable trapping limit (e.g.
Coroniti and Kennel, 1970) but here, the time between injection and precipitation is too short for the electron population
to have increased following gradient curvature drift. A more
likely explanation is that the apparent westward motion represents an expansion of the injection region where electrons
are injected at progressively earlier local times (e.g. Thomsen
et al., 2001).
Observations during the final injection, C, provide conflicting information of when the onset of the potential substorm occurs. The 1991-081 and 1994-084 satellites record
sharp injection fronts close to 07:57 UT (at ∼18:00 MLT and
∼21:45 MLT, respectively). The proton fluxes from the satellites also suggest a pre-08:00 UT injection (data not shown).
However the GOES-10 magnetometer measures a dipolarization at 08:10 UT and the dispersed electron fluxes from
the 02A, 01A and 095 spacecraft also suggest an injection
closer to 08:10 UT. This later estimate ties in with the observations from the GEOTAIL satellite, as described by Lui
et al. (2004), which observes a travelling compression region
(TCR) related to a plasmoid at 08:15 UT when the spacecraft
is ∼26 RE down tail; however, since GEOTAIL is in the tail
lobe at this time (ZGSM =7.6 RE ) there will be a propagation
delay between the passage of the plasmoid and the observation of the TCR. Thus connecting the timing of the TCR
with the injection at geosynchronous orbit is difficult. The
FUV camera (Fig. 12) records no enhanced emission at the
time of the initial injection but does observe a strong onset at
08:12 UT; this softer precipitation is predominantly confined
to the dusk-midnight sector. During an injection the auroral
Ann. Geophys., 25, 1199–1214, 2007
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precipitation lies within the injection region but it cannot be
reliably used as an identifier for the boundary of the injection region. In this case it suggests that the dipolarization
region is heavily skewed towards dusk and this is reinforced
by the observations from GOES 8 (at 03:00 MLT), which
show no dipolarization at all. The explanation for this discrepancy in timing is not clear, although close inspection of
the electron flux data from 1991-080 and 1994-084 suggest
that the initial rise is followed by a slightly larger increase at
∼08:12 UT. The same is true of the proton flux: a small increase at ∼07:56 UT, which peaks at 08:05 UT, followed by a
decline and a second enhancement at 08:10 UT. Therefore it
appears that there are two separate impulsive injections; the
first is not accompanied by a dipolarization and results in low
fluxes; the second is a sustained injection after the first rise
and consists of higher fluxes of electrons. Thus the second injection accompanied an apparent substorm onset as identified
from other signatures, although the dipolarization/injection
region was confined in longitude to the dusk-midnight sector.
Most of the riometers were outside of the asymmetric
injection region and consequently observed no absorption
response. The rise in absorption after 08:10 UT suggests
that Dawson is within the injection region. The following
eastward expansion of the CNA spreads to Fort Simpson at
08:52 UT, Fort Smith by 08:59 UT and arrives at Gillam by
09:06 UT; this represents an apparent acceleration of the average absorption motion from 0.01◦ s−1 through 0.03◦ s−1 to
0.06◦ s−1 . Although the instruments are most likely on different drift paths the radial separation cannot explain the timing of the CNA onset; one would expect a swifter response
at Fort Smith and a longer delay at Gillam. A duskward electric field would lead to energisation of the drifting electrons
in this time sector leading to an overall increase in the energy
of electrons most responsible for absorption,. Conserving the
first adiabatic invariant the energy increase is in the longitudinal direction leading to lower pitch angles and increased
precipitation (Pellinen and Heikkila, 1984). This would lead
to an increase in the gradient-curvature drift speed but should
also result in an increase in absorption; the observed reduction could be a consequence of the radial distribution in the
flux of electrons where the flux is highest at the L-shell connected to Dawson. Alternatively the reduction could be attributed to either an overall loss of flux at progressively later
local times or a change from strong to weak pitch angle diffusion. It is currently impossible to determine the exact cause
with the available data. However, the absorption structure at
Fort Simpson is similar to that at Dawson but changes considerably at the other riometers, indicative of the precipitation spectrum is changing.
The CNA peak at Dawson occurs with a sharp, dispersionless, rise in the electron flux observed by 1991-080 (see
Fig. 5); the total electron flux (50–315 keV) rose by over an
order of magnitude from 08:15 UT (∼×30) to 08:45 UT. The
non-dispersed nature of the signature suggests that this is an
Ann. Geophys., 25, 1199–1214, 2007

additional injection of particles rather than a drift echo of the
previous injection. Although the sharp rise is not apparent
in the other spacecraft a small dispersed signature appears
some 45 min later at 1990-095 (∼×30 flux increase from
105 to 3.5×106 at ∼09:12 UT). This increase seems to trigger the precipitation of drifting electrons that had been stably
trapped even after the injection closer to 08:00 UT.
Kennel and Petschek (1966) suggested that in order for
precipitation to begin whistler mode wave turbulence must
occur. This only happens when the flux of electrons on a
field line surpasses a critical level. Thus, it would appear that
the electron flux injected between L=4 and L=9 is initially
too low to produce precipitation. Ongoing injections raise
the level of electron flux and lead to eventual precipitation.
The meridional chains of riometers demonstrate a lack of Lshell dispersion in agreement with the non-dispersed electron
flux signature. This places the eastward edge of this injection
region between Fort Smith and 1990-095.
4.3 Dayside absorption (Finnish sector)
In the morning sector the first two injections (A1 and A2)
produce fairly typical results: Dispersed signatures are observed at geostationary orbit by LANL-01A and LANL-02A
and the CNA displays L-shell dispersion at onset. This is
consistent with the effects of gradient-curvature drift, which
predicts that particles on a higher L-shell should reach a particular longitude earlier than particles of the same energy at
lower L-shells (e.g. Kavanagh et al., 2002, and references
therein). The spike-like enhancements in CNA in the dayside ionosphere are not the same phenomenon as night-side
spikes related to the substorm onset/injection. As the precipitation event progresses the L-shell dispersion disappears and
much of the structure appears to be either coincident across
L-shells or sometimes leading in the equatorward riometers.
This may be attributed to the changing dominant energy combined with continuous injections over large regions of MLT.
Another possibility is that some local effect in the magnetosphere is modulating the precipitation, such as interaction
with a ULF wave (e.g. Coroniti and Kennel, 1970); this will
be the subject of a future paper. It can be inferred from the
higher absorption at lower latitudes at this time that either
higher electron fluxes were present at lower L shells or else
greater pitch angle scattering into the loss cone occurred. It
is important to note that the flux measurements were made at
some distance from the riometer sites (see Table 2) and that
the relationship between electron-flux at geostationary orbit
and riometer data from the dayside ionosphere is complex.
Baker et al. (1981) demonstrated that the flux-absorption relationship is heavily dependent on the strength of the pitchangle diffusion, even when the flux is above the KennelPetschek limit. In addition the LANL satellites provide a
snapshot of the flux in the radiation belts at geosynchronous
orbit and so are not directly comparable (in time and structure) with measurements of CNA away from the footprint.
www.ann-geophys.net/25/1199/2007/
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For injection B LANL-01A was in the electron injection region at 05:40 UT, as evidenced by the dispersionless signature. 1990-095 was also in the injection region
(Fig. 5) and showed similar timing of injection to LANL01A but with larger flux values; for example the flux of electrons between 75 and 105 keV ranged from 5 to 15 times
greater at 1990-095 than at LANL-01A. This is either a difference in the nature of the injection region across MLT or
else LANL-01A is connected to a different drift path than
1990-095 (Table 2 shows that the satellites are on different
dipole L-shells). An analysis of the dispersed signature at
LANL-02A places the eastern boundary of the injection at
∼07:00 MLT; therefore the Finnish riometers are close to
the injection region (∼08:30 MLT) but only the two lowest
latitude instruments (Oulu and Jyväskylä) observe absorption enhancements with a response at 05:55 UT. The lack
of CNA at the time of the injection is likely related to the
low electron flux observed at LANL-01A (1 h of MLT west
of the riometer site). In this case, although there is injection of electrons across a wide range of MLT as indicated
by the geosynchronous satellites the precipitation region is
narrower, confined to the more westward portion of the injection region over Canada. The flux continues to increase at
LANL-01A such that by 06:00 UT the levels are comparable with those at 1990-095 at the time of the injection. With
no direct measurement of the injection region available at
lower latitudes it is difficult to be certain of the cause of the
delayed response at Oulu and Jyväskylä, however a slow response is expected at lower latitudes where the drift speed is
lower than at higher L-shells. It is not until 06:24 UT (almost
an hour after injection) that Kilpisjärvi records a response;
this is an isolated increase (∼1 dB) followed by some weaker
structure <0.8 dB. The increased absorption south of Ivalo
(maximum at Rovaniemi and extending beyond Oulu) occurs at a similar time to the drift echo in the LANL-01A data,
which has raised the total flux (50–315 keV) by a factor of 3
to 1.8×106 electrons cm−2 s−1 sr−1 keV−1 since 06:00 UT.
Of course the LANL satellites are separated from the Lshell of Rovaniemi by ∼1.6 RE and the weaker response at
Kilpisjärvi (1L∼0.5 RE ) suggests that the electron flux is
somewhat higher at L=5 than at geostationary orbit. Jelly and
Brice (1967) found that the fluxes of electrons in the inner
magnetosphere following periods of low geomagnetic activity (∼12 h) were insufficient to produce dayside precipitation
even after injections from small substorms. It seems that the
same effect can be produced during periods of sustained activity such as this sawtooth event (average Kp =6 since the
CME impacts on 17 April 2002) when the loss of electrons
is increased and precipitation is only triggered once continuous (or secondary) injections have raised the electron flux on
a given drift shell beyond the stable trapping limit (Kennel
and Petshcek, 1966).

www.ann-geophys.net/25/1199/2007/
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The rise-time of absorption when compared to the electron flux signatures at the LANL spacecraft suggests that
it is most associated with electrons of energy in excess of 100 keV. The flux of 105–150 keV electrons surpassed 4×104 cm−2 s−1 sr−1 keV−1 shortly before the absorption increase (at Rovaniemi) peaking at 06:53 UT at
1.1×105 cm−2 s−1 sr−1 keV−1 . The peak flux levels at
LANL-01A during injection A2 are of similar values to this
peak and notably Kilpisjärvi responded to A2 but not B. According to Kennel and Petschek (1966) the stably trapped
limit (for electrons >40 keV) increases as the particles approach noon, thus a higher particle flux is required to initiate
precipitation.
The final injection, C, was heavily confined to the duskmidnight sector. The 50–75 keV electron flux at LANL01A rises by a factor of 4 (to 7×105 cm−2 s−1 sr−1 keV−1 )
between 08:55 and 09:08 UT. Since absorption increases
at 09:05 UT this suggests that the injection at 08:12 UT
was sufficient to instigate precipitation at the SGO riometers on the dayside and the CNA is predominantly caused
by electrons greater than 50 keV. The timing of the onset at Gillam and Ivalo is most likely coincidental since
the electron flux on the relevant drift path for Gillam only
reached the critical level following the secondary injection
at 08:31 UT. Therefore it seems that the electron flux at
lower L shells (L<5.7) is high enough to trigger precipitation. The lack of a response at Kilpisjärvi is indicative of
the lower fluxes at higher L-shells over Finland: for the lowest energy channel compare 7×105 cm−2 s−1 sr−1 keV−1 at
LANL-01A with 5×106 cm−2 s−1 sr−1 keV−1 at 1991-080;
the pre 08:31 UT flux level at 1991-080 is more comparable
(2×105 cm−2 s−1 sr−1 keV−1 ).
Thus higher absorption is confined to the ionosphere that is
linked to regions of the inner magnetosphere. Consequently,
it can be inferred that electron fluxes remain high at lower latitudes (L<5), possibly aided by radial diffusion over the preceding hours. At higher latitudes many of the drifting electrons are being lost, probably through a mixture of precipitation between Canada and Europe and the open drift paths of
some of the electrons, carrying them to the magnetopause.

5

Summary and conclusions

Observations of CNA during a quasi-periodic sawtooth event
have been presented for the first time. Data have been used
from an extensive network of riometers (GLORIA) that covers the Canadian and northern European sectors. Night side
observations during the first four injections show that the
sawtooth event is consistent with the expected precipitation pattern from a series of quasi-periodic substorms. For
the first two injections L-shell dispersion of CNA was observed on the dayside, consistent with the effects of gradientcurvature drift; this effect disappears such that gradientcurvature drift is no longer the dominant mechanism in
Ann. Geophys., 25, 1199–1214, 2007
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determining the apparent absorption motion. Following the
latter two injections CNA is not observed until over an hour
later; this is likely caused by the drifting electron flux being
below the stable-trapping limit; continuous or secondary injections add more electrons onto the drift shells such that the
electron flux is increased sufficiently to produce precipitation
on the drift echo.
Following the third injection a case of westward moving
absorption in the pre-midnight sector has been identified. Although this motion is matched by the lower energy precipitation recorded by FUV the speed of motion rules out E×B
drift as the mechanism. Instead we suggest that it is an azimuthal expansion of the injection region such that the precipitation trigger is moving westward and the motion of the
electrons in the magnetosphere is still eastward. This may
explain other instances of westward motion that have been
identified by past authors in the global pattern of absorption
motion.
Observations of CNA following the fourth injection show
that the azimuthal motion of absorption across a relatively
large base line varies in speed (in this case it accelerates).
This may be caused either by a change in the dominant energy of precipitation related to the particles that are being
continually injected from the magnetotail or through acceleration of the electron population in the duskward convection
electric field. It is impossible to be certain without direct
measurements of the precipitation spectrum even though it
does reinforce past observations of hardening spectra on the
dayside as absorption events progressed. Therefore large uncertainties and errors will arise when widely spaced riometers are used to estimate the energy or drift speed of the electron population that contributes to the precipitation.
Finally, an important point relating to the sawtooth injections should be considered. The first two injections are separated by ∼40 min rather than the 2–4 h that usually characterise the sawtooth injections, although this may be an example of a single complex response to the continuing energy input to the magnetosphere within the quasi-periodicity.
Each signature in the LANL data is accompanied by a dipolarization in at least one of the GOES satellites and has corresponding ground signatures suggestive of possible substorm
activity. It appears that the growth phase is continuing away
from and after the initial onset resulting in an expansion. The
short time separation may be due to triggering by variable solar wind conditions (IMF BY and dynamic pressure) before
it settled into the more stable configuration that accompanied
the remainder of the injections.
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