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Abstract. We present riometer and in situ observations of aidentify this key substorm signature from the ground (Span-
substorm electron injection on 27 August 2001. The eventswick et al., 2007). With a suitably dense and extensive net-
is seen at more than 20 separate locations (including groundiork of riometers we can identify the starting location of the
stations and 6 satellites: Cluster, Polar, Chandra, and 3 Lomjection and follow its evolution, as projected along mag-
Alamos National Laboratory (LANL) spacecraft). The in- netic field lines into the ionosphere. We do not, however,
jection is observed to be dispersionless at 12 of these locahave a way to interpret these observations in terms of pre-
tions. Combining these observations with information from cise magnetospheric location. The addition of direct in situ
the GOES-8 geosynchronous satellite we argue that the injembservations to the ionospheric picture can provide a reality
tion initiated near geosynchronous orbit and expanded poleeheck and allow us to infer information about the magne-
ward (tailward) and equatorward (earthward) afterward. Fur-tospheric location of the injection region, something that is
ther, the injection began several minutes after the reconnecstill debated. In this paper we present the first observations
tion identified in the Cluster data, thus providing concrete of an evolving injection region from the ground, accompa-
evidence that, in at least some events, near-Earth reconnenied by in situ measurements from Polar, Cluster, GOES, Los

tion has little if any ionospheric signature. Alamos National Laboratory (LANL), and Chandra.
Keywords. Magnetospheric physics (Energetic particles, The event occurred on 27 August 2001 and began with
precipitating; Magnetotail; Storms and substorms) reconnection in the central plasma sheet{~18 Rg) at ap-

proximately 04:01 UT as inferred from Cluster data (Baker
etal., 2002). Figure 1 is a similar plot to that shown in Baker
et al. (2002) and presents evidence for reconnection at Clus-
ter. Data in Fig. 1 is plotted in a GSM-like event-specific co-
@[Idinate system determined using multipoint techniques and

1 Introduction

Substorm associated enhancement of the plasma sheet hi

energy particle population (an injection) accompanies MOSL \rrent sheet and the GSM system. The y componentis along

expansive phase onsets. The sparse nature of satellite M8 e mean current direction (Robert et. al., 2000) in the quiet

surements in the magnetotail has meant there are few obser- ; ) .
vations of the onset and subsequent evolution of this phelnterval 03:47-03:50 Uz is normal toy and as near as pos-
Pible to the maximum gradient (Harvey et al., 2000) in the

nomenon, and to date there has not been an observational _ i
X S . . agnetic field strength, andcompletes the right-hand sys-
complete picture of injection evolution. Recent studies base . . 2
em. For this particular event, the system is within 16 degrees

on ground-based riometers have shown that it is possible t%f GSM: for similar plots in GSM, see Baker et al. (2002).

Shortly after 04:01 UT, there was a negative excursion in

Correspondence tdE. Spanswick B. at all satellites accompanied by tailward perpendicular
BY (elspansw@ucalgary.ca) flow at near-Alfiéenic speeds, consistent with reconnection

esigned to minimize errors from misalignments between the
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Fig. 1. (a)Magnetic field measured at Cluster 1 in event-specific coordingigg-component (event-specific coordinates) of the magnetic
field at all 4 satellites(c) Velocities perpendicular to the magnetic field. Since data are not available from the ion spectrometer on Cluster 2,
the red line shows instead tli&x B velocity from the electric and magnetic field instruments. For the other satellitef, stti velocities

agree well with the perpendicular velocities shoyd). Sense of thef x B vector (Earthward/tailward).

tion of reconnection, in this case~—18 Rg) and develops
simultaneous enhancement®y is consistent with the for-  in such a way that it moves Earthward, increasing the parti-
mation of a flux rope, while the drop iB, is the result of un-  cle energy up to those observed at geosynchronous orbit. A
dulations in the sheet. These undulations caused the spactansient magnetic field pulse, which propagates Earthward
craft return to the lobes at 04:08. When the satellites oncdrom the reconnection site, reverses the local magnetic field
again approached the central plasma sheet after 04:22, theyradient and brings particles into the inner Central Plasma
encountered strong Earthward flow consistent with the X-lineSheet (CPS) without separation due to energy and species
having retreated to a more tailward location. dependent drifts. To agree with the observations of Baker et
The main evidence for a change in topology comes fromal. (2002), the pulse takes approximately 8 min to propagate
the change of sign aB, associated simultaneously with the from —18Ry to —6.6 R, and places the onset of injection
observation of the first ion jet. A closely related but more in the geosnychronous L-shell at approximately 04:08 (Li et
robust and frame-independent measure isfheB vector  al., 2003).
(panel d), which is typically oriented Earthward near the cen- Blake et al. (2005) examined the high-energy electron sig-
ter of the sheet, consistent of Earth-connected field lines. Anatures during this period using Cluster, Polar and Chandra
04:02, J x B changed from an Earthward to a tailward ori- data. In that study it was noted that the onset of dispersion-
entation, indicating field lines that were not connected to theless injection in geosynchronous orbit (inferred from Li et
Earth. Based on the above evidence, reconnection initiatedl., 2003) was 04:08 UT, twelve minutes prior to the injec-
inside of 19Rg prior to 04:01:30 UT. tion seen at Polar, Cluster and Chandra. The authors use this
Auroral onset associated with this event occurred approxifact to argue against a localized initiation of the injection re-
mately seven minutes later at 04:08:19 UT, as identified fromgion in this event.
IMAGE WIC (see Fig. 2 of Baker et al., 2002). Initiation In this paper, we build on the work of Blake et al. (2005)
of the injection and the subsequent evolution of the injec-and add ground-based riometer observations of the high-
tion region in the inner magnetosphere was simulated by Lienergy electron population to the overall picture of injection
et al. (2003). In this “convection-surge” type simulation, the region evolution. The event of 27 August 2001 was perfectly
injection region forms in the mid-tail (at the observed loca- situated over the heart of the Canadian GeoSpace Monitoring

Earthward of the satellite location at B3 downtail. The
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Fig. 2. Data and onset times for the 12 point observations of the dispersionless electron injection on 27 August 2001. Panels are plotted
in order of onset time, with the earliest onset shown at the top. Panels 1-9 are riometer absorption (in dB) from CGSM riometers, an
increase in absorption is a positive deviation of the line. Gillam Meridian Scanning Photometer data from the 557.7 nm channel is shown
in the background of panel 2. High-energy electron measurements from Chandra, Polar and Cluster 1 are shown in panels 10, 11, and 12
respectively.

(CGSM) riometer array, allowing us to identify the location region, which we interpret as being near geosynchronous or-
of onset and follow the ionospheric projection of the injec- bit. This injection initiated nearly 8 min after the onset of

tion region throughout the substorm expansive phase. Wanagnetic reconnection in the mid-tail. Further, there was no
will show that the injection did, in fact, start in a localized discernable signature of the reconnection, nor the fast flows
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that were undoubtedly associated with it, in the ionospheraminutes. This corresponds to only two data points, so we will

during that time. include CONT as a dispersionless injection for this study. We

also include data from the Gillam MSP (the 558 nm channel

is shown in the same panel as the GILL riometer) and in situ

electron data previously presented in Blake et al. (2005) from
Cluster 1, Polar and Chandra. The onset times from the Blake
Ft al. study are shown as dashed lines.

2 Instrumentation

We use data from the CGSM riometer network consisting
of 13 single/wide beam riometers distributed across centra Three riometers (RABB, GILL and FSMI) show absorp-
northern Canada operating at 30MHZ. and producing datEfion prior to what we WOl,,Ild classify as the onset of dis-

ths?) issect?:tznﬁ (e;'m-lt—ﬁeeétsgg .O! uEr ;g;%;l;?égflozz\/;z?géywepersionIess injection. We associate this absorption with the
riometers in Scandanavia, and the South Pole and McMurd seudo breakups that were noted by Baker et al. (2002) and

. o hat are evident in the GILL MSP data. There are two
Station Antarctic riometers. The onset was close to the seudo-breakuns. and in the case of the Fort Smith riome-
Churchill meridian in Canada, and we use optical data fromP bS,

the CGSM Gillam Meridian Scanning Photometer (MSP) to ter (FSM.I #1711 in Fig. 2).|t IS difficult to argue cpncluswely
. . - that the riometer absorption is not connected with the preced-
identify pseudo-breakup activity.

We also use high-energy electron data from Polar, Chan!n9 pseudo-breakup. For this reason, we do not include Fort

dra and Cluster 1 previously published in Blake et al. (2005).5;?;:2 ilrr:j;t(taic?r?trzg;izid to track the spatio-temporal evolution

Each of Polar and the four Cluster spacecraft carry an Imag- Figure 3 shows the locations of the ground-based stations

ing Electron Sensor (IES) which measures electron flux innumbered according to the order in which thev observed
the energy range-35keV to>400keV (Blake et al., 1995; : . g fo | In-which they
the dispersionless injection. The injection is first seen at

Wilken et al., 1997). From the Chandra spacecraft we use th?%abbit Lake (RABB) at approximately 04:08 UT, the same

>30keV electron channel of the Electron Proton Helium IN- . )

. time reported by Baker et al. (2002) for the auroral onset in
stuement (EPHIN). See Blake et al. (2005) for the locations . S
of the spacecraft. global ayrpral_ images from the IMAGE spacecraft. Within

40s the injection expanded east to GILL and we see the ap-
pearance of absorption “spikes” (Hargreaves et al., 1979;
3  Observations Spanswick et al., 2005). At approximately the same time
(04:09) GOES-8 observed a dipolarization at GEM-1 Rg

Our primary data source for this study is the CGSM riome-in geosynchronous orbit (data not shown). The footpoint of
ter array. Riometers remote sense enhanced ionization in th@OES-8 is shown in Fig. 3. After 04:09, the injection region
upper atmosphere due to high-energy electron precipitationexpands both east-west and north-south to cover much of the
empirically found to be the-30 keV electron population (see  NORSTAR riometer array.
for example, Baker et al., 1981). Provided certain condi- Within the context of the Blake et al. (2005) study, the
tions are met, namely that the equatorial flux levels exceediometer measurements presented here provide a finer scale
the Kennel Petschek limit for strong pitch angle scatteringobservation of the expansion of the injection region between
(Kennel and Petschek, 1966), riometer absorption measurethe satellite locations. For this event, the NORSTAR array
at the footpoint of an in situ satellite will mimic the30keV  falls exactly in the longitudinal gap between Polar, Clus-
electron flux (Baker et al., 1981). The connection of riometerter, and Chandra. Polar and Cluster are to the East of the
absorption to the total electron flux above 30 keV allows usNORSTAR array and Chandra to the West. Blake et al.
to use riometers to remote sense the evolution of the highnoted that onset of the injection seen at geosynchronous or-
energy electron population for events in which the flux level bit (04:08 as modelled by Li et al., 2003) was 12 min prior to
is expected to be relatively high, in this case a substorm inthe onset of injection at the three satellites in the tail. Using
jection. During the substorm event of 27 August 2001, ninethe ground-based measurements we can confirm the onset of
riometers across Canada displayed signatures that meet tligection at 04:08 (RABB), and track the expansion of the
criterion for dispersionless electron injections described byinjection to the approximate longitude of the satellites (see
Spanswick et al. (2007). Riometer classification of “disper- Fig. 3). We do not attempt to map the locations of the satel-
sionless” requires that the rise in the signature be less thatlites in the mid-tail since they will inevitably be wrong during
three minutes and that the absorption is enhanced for at leaste dipolarization process.
15min. Panels one through nine of Fig. 2 are riometer ab- In addition to the dispersionless injection observations, an-
sorption and injection onset times from the relevant CGSMother 7 riometers saw a distinct rise in absorption which can-
riometers for this event. Panels are plotted in the order ofnot be conclusively classified as dispersionless. As the “rise
injection onset time, with the earliest onset shown in the toptime” of the signature increases the likely-hood that it is asso-
panel. The injection onsef{) is marked with a dashed line ciated with a dispersionless injection decreases (Spanswick
andTp+3 min is indicated with a dotted line. We note that for et al., 2007), so we treat this signature as an indicator of dis-
the CONT riometer the onset is slightly outside (10 s) of threepersed injection. Although we do not show the data from the
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Fig. 3. Top: locations of all riometers used in this study along with the mappings of GOES-8 and three LANL spacecraft. Stations are colour
coded according to the type of injection observed (see legend in bottom left). Bottom-Right: yiming of the injection seen in the NORSTAR
array. Stations are numbered according to Fig. 2, the order in which a dispersionless injection was observed. We also show the GM meridians
for Chandra, Polar and Cluster (note: these are not mapped using a field line model).

dispersed riometer injections, the timing is consistent withthe injection must have initiated in a region smaller than
an eastward travelling (gradient/curvature drifting) electronthe separation between riometers and expanded, at least ini-
population. This electron population was also observed bytially, azimuthally. Since the station immediately to the
three LANL satellites located on the dayside. The locationswest of RABB is Fort Smith (FSMI) we cannot comment
of the dispersed injection signatures are also shown in Fig. 3on the westward expansion of the injection region. It is in-
In total, there are 22 observations of the energetic electrorteresting to note that only FSMI, RABB and GILL observed
population for this event. pseudo-breakup activity prior to onset. These are the east-

west aligned chain associated with the initial expansion of

) ] the injection region.
4 Discussion
Baker et al. (2002) reported reconnection in the mid-tail

Using ground-based tools we can monitor the 2-D iono-at approximately 04:01 for this event (this time is shown as
spheric projection of the dispersionless electron injection re-a solid line in Fig. 2). We find no evidence of riometer ac-
gion (Spanswick et al., 2007). We have applied this tech-tivity associated specifically with this time, although as dis-
nique to a substorm (27 August 2001) in which there wascussed above Cluster may be outside of the field of view of
substantial in situ support data. For this event, we first ob-the riometer array. We also see no evidence of an earthward
serve the electron injection at a single station (RABB) at(equatorward) evolving absorption signature, only an explo-
approximately 04:08 UT. The injection expands quickly to sive onset of injection which we can conclusively place in
GILL and a dipolarization is observed at GOES-8 at roughly the inner magnetosphere. This, along with the Blake et al.
the same time. The injection observed at GILL is the closestresults, point to an expansion of the injection region from the
signature in time to that of the GOES-8 dipolarization. Sinceinner magnetosphere down-tail and not the reverse. This is
we find no evidence of an injection earlier and poleward of contrary to the scenario modelled by Li et al. (2003), wherein
these stations, the dipolarization/injection was underway ininjection initiates in the mid-tail (at the reconnection site) and
the inner magnetosphere at 04:09 but not at distances furevolves radially inwards resulting in the injection as typically
ther down-tail. We conclude that the injection/dipolarization observed in the inner magnetosphere. While we do not pro-
initiated somewhere to the west of GOES-8 near the equapose an alternate mechanism for the injection, we assert that
torial mapping of RABB at approximately 04:08. Further, the scenario evoked by Li et al. (2003) cannot explain the
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comprehensive energetic electron measurements present@gection region initiates in the inner magnetosphere near
here. These observations are better explained by the injectiogeosynchronous orbit and expands radially outward. Further,
model of Zaharia et al. (2000). In the Zaharia et al. model,the injection region initiates after the onset of reconnection in
the source region of injection particles was found to be closetthe mid-tail and is not a result of the dipolarization pulse that
to the Earth, in a region around 9Re. However, this modelis the basis of Li et al. (2003) models of the spatio-temporal
still does not account for the tailward propagation of the in- evolution of the dispersionless injection. Itis clear from these
jection boundary. We speculate that this feature may relatmbservations, although it is not a surprise, that the injection
the expansion of the injection region to the tailward propa-is part of a multi-stage process. In this case, reconnection
gation of dipolarization (see for example, Baumjohann et al.,is clearly underway for at least 7 min prior to the initiation
2000). We also speculate that reconnection and the assoocdf injection. It is likely that the reconnection initiated a se-
ated earthward flows may not have a detectable ionospheriquence of events that leads ultimately to the onset of injection
signature in this event. This differs from events presented bywhich, based on the MSP data corresponds to the auroral on-
Henderson et al. (2002) in which North-South auroral struc-set. Given that the reconnection in this case has no obvious
tures within a double oval configuration were clearly associ-ionospheric signature, these observations indicate that iono-
ated with earthward flow bursts in the CPS. How and why thespheric observations alone cannot be used to argue that an
ionospheric signature of mid-tail reconnection (and its asso-auroral onset was not preceded by mid-tail reconnection (see
ciated earthward flows) can vary on an event-to-event basig.g., Donovan et al., 2008).

is unclear. . . ,
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