Magnetospheric and ionospheric response to a substorm: PAPER 3
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Abstract. The High Energy Particle - Low energy particle Detector experiment (HEP-LD) on board the

Geotail spacecraft and the Polar lonospheric X-ray Imaging Experiment (PIXIE) on board the Polar satellite
have been used to examine a substorm event. On December 10, 1996, around 1700 UT, a substorm event with
two onsets took place. The event occurred during a weak magnetic storm that started on December 9. Several
of the classical substorm features were observed during the event: reconnection and neutral-line formation in
the near-Earth geomagnetic tail, injection of energetic particles at geosynchronous orbit, and particle
precipitation into the ionosphere. Magnetic field line mapping of the energetic precipitation area into the
geomagnetic tail shows that the substorm development on ground is closely correlated with topological
changes in the near-Earth tail. In the first onset, mainly soft electrons are involved, with only a transient
energetic precipitation delayed relative to the onset. The second onset about 30 min later includes both soft
and energetic electrons. The source regions of both onsets are found to be located near the earthward edge of
the plasma sheet, while the source region of the transient energetic precipitation during the first onset is in the
distant tail. Magnetic reconnection occurs sporadically and burst-like before the onsets. Both onsets appear to
be triggered by northward turning of the interplanetary magnetic field. The study also demonstrates that the
concept of pseudobreakups should be used with care unless global observations are available.

1. Introduction One of the main theories, the near-Earth neutral line (NENL)
. . . model Hones 1976, 1977] suggests that substorm onset is closel
The International Solar Terrestrial Physics (ISTP) program .ﬂ_| s .] 99 . - Y
. : . . associated with magnetic reconnection and the formation of a
gives a unique opportunity to get a global view of substorm . g P,

ts. In thi f th ts f the Hi agnetic neutral line in the near-Earth magnetotégdy, in the
events. 'n IS paper, we focus on the measurements from e Hi nge -15R to -25Rg). As a result of the reconnection process, it

Energetic Particle - Low energy particle Detector experimen% - .
o ) L believed that parts of the plasma sheet are pinched off and prop-
(HEP-LD) and magnetic field observations by Geotail in thé eV P P P prop

near-Earth tail (2Re downtail), compared with the global images agate tailward as a plasmoid. Although a significant part of the

of the electron precipitation provided by the Polar lonospheric X(_anergy accumulated during the growth phase escapes through the

: ; ) lasmoid, a substantial amount of energy is released when the
ray Imaging Experiment (PIXIE) and the Far Ultraviolet Image o -
. remaining plasma is accelerated earthward. Recent developments
(UVI) on board the Polar spacecraft during a substorm event

o . ;
. . . the NENL model [e.g., Baker etal, 1996; Shiokawa
December 10, 1996. Additional information about the substormt al, 1998], also take into account some of the apparent short-

development is obtained from satellites in geosynchronous orbﬁ ; . . :
. o . . . omings of the original model; timing of the observations, large-
interplanetary magnetic field (IMF) monitors in the solar wind ancf 9 9 9 9

. - Bcale mapping and onset mechanisms.

ground based magnetometers. A still unresolved problem in sub- : . . -

T . The X line and the escaping plasmoid produce characteristic
storm physics is the cause of the sudden onset and the location of in the ol d ic field. Tailward of th
the initial disruption area S|gn§ture§ in the plasma and magnetic field. Tailwar o.t e recon-

’ nection site, these features are often observed as a bipolar signa-

ture in theBz component of the magnetic field and fast tailward
plasma flow Bcholer etal.1984a; 1984b;Richardson and
Cowley 1985]. The bipolaB; is often accompanied by a strong
core field, observed as a strong deflection of Byecomponent
[Slavin et al, 1989; 1995]. Such observations support the idea of
mem of Physics, University of Bergen, Norway. hellc_al-shaped _three-_dlmensmnal _flux_ ropes rather than the con-
SMax-Planck-Institut fiir Aeronomie, Katlenburg-Lindau, Germany. ventional two-dimensional p_Iasm0|d p'Ctu_re'_ .
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Sadvanced Research Institute for Science and Engineering, Wase@R€ergetic particles, an injection [e.gErickson et al, 1979]

University, Shinjuku-ku, Tokyo, Japan. together with a reconfiguration of the magnetic field, a dipolariza-
Lockheed-Martin Advanced Technology Center, Palo Alto, Califor-tion [e.g.,Kokubun and McPherrgri981]. These features are fre-
nia quently observed by spacecraft in geosynchronous orbit and are

®Geophysics Program, University of Washington, Seattle, Washingtofmerefore recognized as reliable indicators for substorm onset. The
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' tion. The disrupted tail current is thought to be converted into field
aligned currents (FAC) which are closed via a loop into the iono-
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sphere. The current diversion creates a substorm current wedge
(SCW) which expands both azimuthally and radially. The locationMERIDIONAL VIEW
of the initial current disruption associated with the global sub-
storm is now believed to be in the near-Earth region (within 15
Rg) [Ohtani et al, 1990 and references therein].
Some authors [e.gLui, 1991] argue that the reconnection of
the last closed field line occurs 5-30 min after the explosive onset.
In this scenario, substorms are initiated by some local instability X
and current disruption near the inner edge of the plasma sheet at
radial_ distances within _1RE.[see e.g.L_ui, 1996 and _references EQUATORIAL VIEW
therein]. The reconnection is then attributed to a tailward propa-
gating rarefaction wave and is regarded as a secondary effect. It is
therefore still debated whether reconnection is a cause or a conse- h
quence in the substorm sequence. / \ SC 1994-084
Most substorms can be related to disturbances in the solar wind X <— T ]
[see e.g.Kokubun et al.1977;Spencel996]. In works byLyons # 7(’ -
[1995, 1996], it is claimed that all substorms are triggered by dis- SC1990-095 ~~
turbances in the IMF, whereas others [e.ddenderson v GEOTAIL

et al, 1996; Angelopoulos et al1996] have discussed events
without any direct solar wind triggering. Figure 1. Spacecraft locations for Geotail, Polar, SC 1994-084, SC

In the ionosphere the substorm is observed as particle precigi991-080, and SC 1990-095 around substorm onset of the event.
tation over a broad energy range and is visualized through tHde Wind spacecraft was located at [72, -4Re/GSM] upstream.
“auroral substorm” Akasofy1964]. Precipitating electrons

deposit their energy into the atmosphere by ionization, excitatiorgg keV electron only deposits 0.5% of its energy as X rays
heating of the neutral gas, and X-ray bremsstrahlung. The onset[@ferger and Seltze972]. Nevertheless, these measurements
the substorm will be observed as a rapid increase in all these prqﬁ’ovide an opportunity to s’[udy the g|oba| energetic electron pre-
esses. While most of the energy deposition involves both primagypitation, even in the Sun-lit area. The instrument is a pinhole
and secondary electrons over a wide energy range, the X rays @nera with two proportional counters, detecting X rays in the
produced by high-energy electrons (in the energy range abovesfergy range fim 2 - 60 keV mhof et al, 1995]. As the front
few keV) giving information on the energetic precipitation duringchamber was turned off during this event only X-ray measure-
substormsRobinson and Vondra&994]. ments above 10 keV were available for this study, and owing to
After the explosive onset the auroral bulge expands both polghe weakness of the event we detect X rays only in the energy
ward and longitudinally. This corresponds to the azimuthal anpiange from 10 to 20 keV. Each image used in this paper presents
radial expansion of the current wedge in the magnetosphetemin accumulations of the radiation.
[McPherron et al.1973]. The UV imager on board the Polar satellite provides global
images of emissions in the Lyman-Birge-Hopfields-Long (LBHL)
band. This band is dominated by the emission created by the elec-
tron impact on N. All electron energies above the excitation
Our primary data basis have been the HEP-LD instrument agnergy (~7 eV) contribute in this process, and the intensity reflects
board the Geotail spacecraft and the PIXIE X-ray camera ofhe total energy influx of electron precipitation. As the lower ener-
board the Polar spacecraft. gies usually dominate, the UVI provides the global features of the
During the events studied here, the HEP-LD instrument wasofter part of the electron distribution. For more information about
run in a special plasmoid mode. In this mode, HEP-LD measureie UVI, seeTorr et al. [1995]. The exposure time for the images
energetic ions in 10 logarithmic spaced energy channels in thgown in this paper is 37 seconds.
range 30 - 1500 keV. The spatial resolution is 16 azimuthal sectors Solar wind data and measurements of the IMF were available
and 3 polar look directions, covering the entire sphere during orfeom the magnetic field experiment ¢pping et al. 1995] and
3-s spin. The instrument does not distinguish between differegblar wind experimentsdgilvie et al, 1995] on board the Wind
ion species in this particular mode; we are therefore not able ¥pacecraft, located upstream at [72, -4RZGSM)]. Data from
say anything about the origin of the particles. The energetic iogeosynchronous altitude consist of energetic particle measure-
measurements provided by HEP-LD are particularly well suite¢hents from a set of satellites operated by Los Alamos National
for plasma sheet and boundary layer measurements, where thghoratory (LANL). Two of the LANL satellites, SC 1991-080
large gyroradius of the ions can be utilized for remote sensing @ind SC 1994-084 were favorably located in the midnight sector
plasma boundaries Kettmann and Dalyl988; Richardson during the event. A third LANL satellite, SC 1990-095, was
etal,1989] and for bulk flow measurementRi¢hardson located in the early afternoon sector. The X-ray emissions
etal, 1987]. Further information about the HEP-LD sensor sysebserved by PIXIE are primarily generated by energetic electrons
tem can be found in the works ®¥ilken et al.[1993] and Doke  with energies above 20 ke\Bprger and Seltzed972]. We have
et al. [1994]. therefore mainly focused on the lower-energy channels (50 - 500
The PIXIE camera provides images of the X-ray bremsstrahkeV) when we compare the ionospheric X-ray fluxes to particle
ung seen during substorms. It is assumed that the X-ray produgjections seen by the LANL satellites. Figure 1 shows a meridi-
tion occurs at about 100 km altitude. Even if the probability ofonal and an equatorial view of the locations of the various space-
generating an X-ray photon from an electron slowing down in theraft whose data were used for the analysis.
atmosphere increases as a function of the initial electron energy, a

4 POLAR[-31,7]

GEOTAIL [ -25, 2, -2 ]

SC 1991-080

2. Instrumentation
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Figures 3a-3c show energetic particle measurements from the
LANL satellites SC 1991-080 and SC 1994-084. Figure 3d shows
the time development of the differential X-ray flux in the energy

o
T

OF -~ - S - BxITESME range 10 - 20 keV within a reference area in the upper atmosphere.
13 3 The reference area (see Plate 2a) is delineated in the east-west
10§ | | direction by the local time sector 19.4 - 24 MLT and extends from

sk e et 64° to 76° corrected geomagnetic (CGM) latitude in the north-

e I M S IBYITESME o0 uth direction. The area was chosen to include both onsets but

still avoid most of the eastward expansion, as we intend to focus
on the initial injections related to the two onsets. The differential
X-ray flux is accumulated for 5 min within the area. Repeating

BzTESM this procedure every 30 s and using the end of the interval as the
time indicator, the temporal changes of the average differential
flux in the area is found with an approximate resolution of about
30 s. It should be pointed out that flux values around 12 (kev s sr
crnz)'l in this plot corresponds to only 3 photons, such low area
integrated fluxes should therefore be interpreted with care.
Magnetic pulsations within the Pi2 range are regarded as relia-
ble signatures for substorms and are often used for timing of the
100 onset. Figure 3e shows the magnetic pulsations (horizontal com-
ponent) from Sodankyla.
Figure 4 shows ground magnetic signatures of the event from

10} fﬂ% | ﬂm” ﬁ stations at midlatitude and low latitude in the nightside. The

1530:00  1600:00  1630:00  1700:00  1730:00  1800:00  1830:00 ground magnetic measurements have been utilized to obtain infor-

Figure 2. Magnetic field and solar wind velocity measured by themation about field-aligned currents and the current wedge devel-
Wind spacecraft located at [72,-41RZ GSM]. Thee parameter Opment during the event. The left panel shows the D component
(bottom) is derived from the magnetic field, the density and théeast-west) of the ground magnetic field, and right panel shows the
bulk velocity. The rapid decrease in th@arameter related to the H component (horizontal). Stations located in the northern hemi-

northward turning of the IMmB; at 1648 and 1723 UT are indicat- Sphere are shown in the upper part of the panels in an east-west
ed with dashed lines. arrangement where VAL represents the westernmost station. Sta-

tions located in the southern hemisphere are shown in the lower
part of the figure in the same east-west arrangement where CZT
. ) . represents the westernmost station. The location of the stations
3. Observations: Overview and estimated positions of field-aligned currents are also shown in
The substorm event discussed here was associated with a wéagure 5. Full names of the stations, CGM coordinates, and local
geomagnetic storm that started the day before. During the stotime positions are given in Table 1.
the Dst index reached a minimum of -32 nT. Around onset on Plate 2 shows a sequence of images from PIXIE during the
December 10, thBstindex was -17 nT, and thép index was 4. period 1715-1800 UT. Each image is accumulated for 5 min and
Solar wind conditions play an important role as input paramereflects the differential flux in the energy band from 10.0 to 20.0
ters for the magnetosphere-ionosphere interaction. The magnétiV. The rightmost column of the figures shows how the areas of
field, solar wind bulk speed, and the resultimgparameter X-ray emission map to the electron source area in the magneto-
[Akasofy1981] during the investigated event are shown irsphere. The estimated source region is obtained by tracing each
Figure 2, where the dashed lines mark the northward turning &eld line along a contour of the PIXIE image to the central plasma
the IMF and the corresponding decrease iretharameter sheet (i.e., current sheet) in the magnetosphere. The contour delin-
Using the time delay analysis described Bgrgeev etal eating each image is determined by a predefined threshold level in
[1986], we estimate the total propagation time between Wind ariie X-ray flux. The Tsyganenko T96 magnetic field model
the front side magnetopause to be ~7 min. Another 2.5 - 9 mif¥syganenkol995] is used to map the contour into the magneto-
[Kan et al, 1991] propagation time must be added to account faggphere. Input parameters for the T96 model are taken from the
the time it takes for the convection changes caused by the solfind satellite, and the Wind measurements have been shifted ~7
wind at the magnetopause to reach the nightside plasma sheetmin in time to represent the conditions on the subsolar magneto-
total, this gives an expected time shift of ~10 - 16 min between thgause.
Wind measurements and the nightside magnetosphere. This timePlate 3 shows the UV images from 1643 to 1749 UT, display-
shift has been taken into consideration during the interpretation #fg the patterns of the soft electron precipitation into the iono-
the different observations. sphere during the substorm event. Each image has an exposure
Plate 1 shows key parameters from the Geotail HEP-LD instriime of 37 s and shows the total number of photons. The time
ment and the tail magnetic field during the event. The three uppgiven above each image represents the center time.
panels show the magnetic field components in GSM coordinates. The observations from Geotail and Polar can be separated into
Panel 4 shows the differential flux of ions from the HEP-LDa set of stages and combined with the additional observations from
instrument and the lower panel shows the azimuthal directiontte solar wind and geosynchronous altitude to form a consistent
distribution of the particles. Note that the vertical axis shows sempicture of the substorm events. We will therefore present the
sor look direction; increased count rates in the sun sector therefapbservations chronologically.
represent a net bulk flow of particles tailward.

-500
-550 Vy [kmis]

-600

|
;

-650

£[101°w]




60 - PAPER3

Bx [nT]

By [nT]

Bz [nT]

30-53 keV
53-82 keV
82-135 keV
135-217 keV
217-352 keV
352-568 keV
568-926 keV
926-1494 keV

i

1 P
10 L i i
1640:00 165500  1710:00 172500  1740:00  1755:00 1810:00

Azimuthal direction [cts/sec] 961210 Sensor N+E+S Editor B

. 11 I 600
) 1| | | Il | ‘ I | |I | NN
rail| !r | Hnfiet 1 A0 ST .
. | || | L a
g U i | i 4°°I g
1 : 7]
(3] R =~
£ Dusk|- I ﬂlr JI i | || I: 30l &
N '|'| |
9 - “l 1] 1 ||| |1 | 200
Sunt- | | | l |
: 100
. F 1 ] | ]| | |
: 0
Dawn | | Il | L‘ 11l I
1640:00 1655:00 1710:00 1725:00 1740.00 1755:00 1810200
250 -25.0 -25.2 -252 -25.4 -25.4 255 X
1.6 1.6 1.4 1.3 1.1 1.1 0.8 YI[RJ]
-25 -25 -2.5 -2.5 -2.5 -2.5 25 7

Plate 1 HEP-LD key parameters and magnetic field measurements from the Geotail spacecraft. The reconnection signatures at 1654 and
1704 UT and the reentry into the dense plasma sheet at about 1746 UT are indicated by vertical dashed lines.

3.1. Priorto 1650 UT than 1 hour prior to the first event, but owing to the rather high

solar wind velocity and a clock angle of ~90° the energy input is

Geotall located d B downtail idnight i
cotall was located aroun owntall, near midnight in still slightly above the threshold level for substorm onset at10
the tail and close to the current sheet during the event. The ma\%
[Akasofy 1981].

netic field is stronger and more stretched than predicted by models
- a configuration often observed during the growth phase of a sug 5 At 1654 UT
storm. Figure 3d reveals a small enhancement in the X-ray flux
from ~1640 UT, but the precipitation at this stage is too weak to be At about 1654 UT, the HEP-LD instrument detects a short
observed on the global images shown in Plate 2a. In the Uperiod of increased ion flux (Plate 1). The directional distribution
images (Plates 3a and 3b) we see growth phase signatures s8h@ws a minor sunward/tailward anisotropy indicating tailward
transpolar arc near midnight and diffuse aurora in the late mornireceleration, but the effect is not very pronounced at this stage.
and late evening sector. Plasma data from the LEP instrument onboard GeotiiKai

The IMF B, component remains very close to zero for moreet al, 1994] also reveals an approximately 2-min period of tail-

ward flow (data not shown). Magnetic field measurements on
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brightening may be associated with the burst of reconnection.

e 961210 LANL 1994, _protons L PRoTkey In the ground magnetic measurements at midlatitude and low
E I I I | PERERASE E . . . ! .
105E T mlﬂ““”“\/ iR latitude (Figure 4), there are no signatures of field-aligned cur-
T A— ; N rents at 1654 UT, nor are there any significant response in the pul-
E | | N/I»m A \4\~ L5 P170:250 keV X .
103E ottt T ot i oty A 250.400 kev sation data from Sodankyla.
102 n | i IV it
R T e e 3 i
1(2330100 1(;L50|:00 1710:00 1730:00 1750:00 1810:00 1830:00 uUT 33 At 1704 - 1707 UT (FIrSt Onset)
23.4 23.7 0.1 .4 A 1 14 LT . . .
b On Geotall, a second, more pronounced interval of tailward

961210 LANL 1994 _electrons R streaming ions commences around 1704 UT and lasts for nearly 7
w0k e e e ersaosiey min. The interval of distinct tailward flow at Geotail is succeeded
10k \ I {Mw“‘"w kg we[E moswokey by a period of low flux which lasts until ~1742 UT.

125 - LI —n e Zjiﬁjjij An injection-like increase is seen at the geostationary SC 1994-
1025 k\\bu " et T sy 084 at 1704 - 1707 UT. However, there is no net energization of
ﬁioo ﬂm P L T 18;00 or the particles; the flux is merely returning to the level before 1635
23.4 237 01 0.4 07 11 14 LT UT. The apparent increase seen at SC 1994-084 is therefore most
c 061210 LANL 1091 elect likely caused by a local plasma sheet movement or a reentry into
oF e, , oL Seerons o Es0TSkey the dense plasma sheet.
E ] qﬁij Mg Again, we observe a small enhancement in the area integrated
T S R SN N @W\ AT et aske X-ray fluxes at 1707 UT, but the precipitation is too weak to be
wE;M":WM ﬁwﬂbw\“é — seen in the global X-ray images. The UV images (see Plate 3),
E L Wy ’"“Ww \ E however, show a significant, breakup like enhancement from
1630:00  1650:00  1710:00  1730:00  1750:00  1810:00  1830:00 UT Plate 3d to 3e. Plates 3f and 3g show that the UV intensity contin-
212 215 218 222 225 22.8 232 LT

ues to increase and the bulge expands westward, eastward, and

d 961210 Area Integrated X-rays poleward during the subsequent period. The UV expansion is now
100 e I i 1% = centred around 2300 MLT. Pulsation data from Sodankyla (see
B [ I | \“\m ] f b Figure 3d) reveal a weak onset of pulsations around 1704 UT. We
r | wﬂ | W g § will therefore use the time 1704 UT as the first onset.
i o, 157 | | i,\,% The ground magnetic signatures indicate a downward field-
O ! ERES aligned current (downward FAC) at ~0400 MLT and an upward

1630:00 1650:00 1710:00 1730:00 1750:00 1810:00

1830:00 UT

961210 Sodankyla
I T

T

ok
|

1630:00 1650:00 1710:00 1730:00 1750:00 1810:00

1830:00

field-aligned current (upward FAC) at ~2300 MLT as illustrated in
Figure 5. In the northern hemisphere, the stations MMB and LNP
are just inside the current wedge; the positive horizontal compo-
nent on both stations is a response to both downward FAC and
upward FAC. The other stations are located west of the upward
FAC; they show negative H perturbations and small positive D
perturbations. In the southern hemisphere, only GNA is inside the
current wedge; the H component is positive and there is no change

Figure 3. (a-c) The particle measurements from two of the LANLin the D component. The stations AMS, PAF and CZT are all west
spacecrafts. (d) The area-integrated differential X-ray flux 10-26f the SCW and respond to the upward FAC; negative D compo-
keV in the region from 19.4 to 24.0 MLT and 62° to 76° magnetiment and no change in the H component. EYR and CNB are east of
latitude measured by PIXIE (the area is marked with a red box ithe SCW and reflects primarily the downward FAC; positive D
Plate 2a, top). (e) Magnetic pulsation measurements from Soemponent and no H perturbation.

dankyld, Finland. Note that the pulsation data are given in normal-

ized units. The first reconnection signature at Geotail at 1654 UB.4. At 1720 UT

the onsets at 1704 and 1736 UT and the transient increase of eNerAround 1720 UT, there is a rapid increase in the area integrated

getic precipitation at 1720 UT are marked with dashed lines.

X-ray flux. The global X-ray image generated for the time interval
1720 - 1725 UT (Plate 2b) shows a breakup like intensification of

Geotail show a typical bipolaB, signature and a strong peakedthe precipitation. The enhancement takes place in the 2200 - 2300
By deflection. Together, these observations indicate a small bur$L. T sector and at rather high latitudes (poleward of 70° CGM lat-
like reconnection event and possibly a tailward propagating flukude). Note that the spot does not expand farther but fades away

rope.

and disappears during the subsequent images.

There is a brief recovery in the electron flux at SC 1994-084 The right-hand side of Plate 2b shows the source area for the
and a small drop in the electron flux at SC 1991-080 around 16%pot. Although field line tracing during disturbed conditions and at

UT. In the ionosphere a weak enhancement is seen in the area irdach high latitudes are subject to severe distortions, the result indi-
grated X-ray flux from about 1648 UT (Figure 3d), but the flux iscates a source region tailward of Geotail. There are no distinct
too low to be observed in the global X-ray images. Note that an Xnjection signatures at geosynchronous altitude at this stage,
ray flux of 12 (keV s sr crf)™! corresponds to only three photons; except for a small increase in the lower energy channels of the
this enhancement may therefore be statistical fluctuations. No spdectron flux at SC 1994-084.

cific response to the reconnection event at 1654 is seen in the X At Sodankyld, a stronger Pi2 signature is seen at 1717 UT, i.e.,
rays. In the UV images (Plates 3c and 3d) a weak but distin@& min before this energetic precipitation event.

brightening is seen in the premidnight sector at that time. The In the UV images, increasing intensity and features expanding
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Figure 4. (left) East-west components of the ground magnetic field from selected stations in the northern hemisphere (top part of the plot)
and the southern hemisphere (bottom part of the plot). (right) Horizontal components from the same set of stations. Note that some of the
stations use a HDZ system where the east-west deflection is given in degrees, while the other stations use a XYZ coordinate system. The
first reconnection signature at Geotail at 1654 UT, the onsets at 1704 and 1736 UT and the transient increase of energetic precipitation at
1720 UT are marked with dashed lines. Full names and CGM coordinates of the stations are given in Table 1. The locations of the stations
are also indicated in Figure 5.

Table 1.Corrected Geomagnetic Coordinates and Magnetic Local
Time Positions at 1730 UT for the Ground Magnetic Stations
Shown in Figure 5.

Station CGM CGM MLT at
Latitude Longitude 1730 UT
Memambetsu, MMB 36.9 215.0 3.0
Lunping, LNP 17.9 192.8 1.4
Hel, HEL 50.6 95.3 18.9
Nagycenk, NCK 42.6 91.6 18.6
Wingst, WNG 50.0 87.0 18.3
Furstenfeldbruck, FUR 43.4 87.0 18.3
Valentia, VAL 49.4 70.9 17.3
Eyrewell, EYR -50.2 256.5 5.5
Canberra, CNB -45.9 226.9 3.6
: S 3 S Gnagara, GNA -44.4 186.5 1.0
Figure 5. Location of the stations in the (top) northern hemisphere apsterdam Island, AMS 491 138.4 21.8
and the (bottom) southern hemisphere at 1730 UT. The FACs are
shown by solid circles (upward) and open circles (downward) for Port Aux Francais, PAF 58.5 121.9 20.7

the onsets at 1704 and 1736 UT numbered 1 and 2, respectively. cgm, corrected geomagnetic; MLT, magnetic local time; UT, uni-
The grid shows CGM longitudes and latitudes. The arrows indicateversal time.
the inferred motion of the field aligned currents.
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Plate 2 (eft) X-ray images from the PIXIE instrument; (right) corresponding source areas (of the red contour) in the magnetosphere. Each
PIXIE image in this sequence represents a 5-min accumulation of the X-ray flux within the given time interval. The grid is CGM coordi-
nates. Local time is labeled with red numbers. The source areas are mapped using the Tsyganenko T96 magnetic field model, parameter-
ized with realistic solar wind input parameters. The reference area used for calculation of the area integrated differential fluxes is marked
in Plate 2a. (e-h) Note that the mapping now places Geotail spacecraft within the source area, a view also supported by the measurements
from Geotail.

both azimuthally and radially are seen, quite different from tharrows in Figure 5.

observation of the energetic precipitation by PIXIE. The increase

of the energetic precipitation seen by PIXIE seems to take place $5. At 1736 UT (Second Onset)

the poleward edge of the UV features seen in Plate 3g. The first to g nstorm associated injection of energetic particles is

onset therefore seems to be dominated by precipitation of sqffyseryeq at 1736 UT. At this time, SC 1991-080 observes a nearly

electrons. o - ... dispersionless injection (seen both in the ions and electrons. SC
The ground magnetic signatures shown in Figure 4 indicalggg,_ng4 is located further east) the electron injection is therefore

movements and increases in the field-aligned currents. Trb‘?spersed. No increase in the flux of ions is observed at SC 1994-

upward FAC moves qorth and west, while_ the downyvard FAQ)84, until the current wedge has expanded eastward and reached
moves eastward. The increase of the FACs is reflected in the Iarqﬁ(9 spacecraft around 1749 UT

perturbations of the magnetic field. The westward motion of the At PIXIE, the rapid increase in X-ray flux at 1736 marks the
upward FAC can be inferred from the decrease in D without any Heong onset of the substorm. Note that this breakup takes place
perturbation at the station AMS. Similarly, the e_astward motion Ofurther west (2000 - 2200 MLT) and equatorward (equatorward
the downward FAC can be seen from the negative D component@age at 65°) of the first onset. Field line tracing of the source area

GNA gnd the_po_sitive H component at CNB Wh_ich indicates tha{see Plate 2e) demonstrates that the source region is much closer
CNB is now inside the SCW. The movement is illustrated Wlth[o the Earth during this latter breakup
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Plate 2 (continued)

The ground magnetic signatures at this stage indicate a dowfield depression (Plate 1). Note that the azimuthal directional dis-
ward FAC around 0100 MLT and an upward FAC around 200@ribution of ions shows a pronounced earthward flow of ions after
MLT, the latter moving rapidly westward. The positive H compo-1750 UT. We therefore believe that the reconnection site (X line)
nent in the northern hemisphere stations VAL, FUR, WNG, NCKhas moved tailward of Geotail at this stage. The field line mapping
and HEL suggests that these stations are now inside the SCW. Fir-Plate 2g shows that the azimuthal expansion of the source
thermore, the D component at AMS, PAF, and CZT turns positiveegion engulfs both Geotail and SC 1994-084 at 1745 - 1750 UT.
sequentially, which indicates that the upward FAC is movingrhis is consistent with the observation of earthward flow at Geo-
westward. tail and the observation of the current wedge at 1749 UT in the ion

The breakup is also clearly visible in the UV images in theneasurements at SC 1994-084 (Figure 3). The recovery phase of
same region as the X-ray precipitation is observed. The UV emithe substorm begins about 1755 - 1757 UT, which can be seen
sion is also much more intense and explosive than during the firsbm X-ray fluxes in Figure 3 and the ground magnetic measure-
onset. ments in Figure 4.

3.6. After 1736 UT

) , 4. Interpretation
From the sequence of PIXIE images in Plate 2 (Plates 2f, 29,

and 2h) we see the precipitating region expands both westward The proposed scenario to explain the combined observations
and eastward. This is consistent with the azimuthal expansion §Pm Polar, Geotail, particle measurements at geosynchronous
the current wedge in the magnetosphere. orbits and ground-based magnetometer measurements is illus-

The reentry of Geotail into the plasma sheet around 1746 Utfated in Figure 6. We interpret the various observations as fol-
can be identified both from the enhanced flux and the magnet@Vs:
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Plate 3 Sequence of 12 global UV images during the event labeled the center time of 37 s exposure time. The images show the response
in the LHBL band where the emissions are primarily created by the electron impact dinélfirst onset is seen in Plate 3e, while the
second, more intense breakup further west is seen in Plate 3. Note that a logarithmic scale and CGM grid have been used.

4.1. Prior to 1650 UT confirms the quality of the fluxrope. Prior to this, from 1640 UT,
Geotail is situated below the central plasma sheet HEP-LBIXIE observes weak but distinct increases in the fluxes within the
: 0oreviously defined reference area. This indicates that there is some

observes a fairly low but isotropic particle flux. The magnetic fiel erav deposition of eneraetic electrons into the ionosphere. We
indicates a stretched tail configuration which exceeds the mo jergy dep nerg o P )
0 not know the location of the source region in the magneto-

field during such geomagnetic conditions. Enhanced magnetch the X ianat i k to sh in the al
field and tail stretching are often observed during the growt phere as the A-ray sighafures are foo weak 1o snow up in the glo-

phase of substorms. Some reports [e.&okubun and al images. However, we observe a brightening of the UV oval -

McPherron 1981] have pointed out that the growth phase assoc?—nc’ther typical growth phase S|gnatur(_e._Th_e small phanges in the
eéectron fluxes at geosynchronous orbit indicate a displacement of

ated magnetic field stretching is even more pronounced durin . ) ) o
storm pegr]iods 9 P the particle drift shells as a result of a change in the magnetic field
Although theB, IMF is close to zero, the parameter is above configuration. However, the observations do not show any ener-

the substorm threshold level, primarily due to the large solar Win@;_zatlon or injection of new particles at geosynchronous orbit at

velocity. However, the amount of energy stored in the magnetotail is stage. There are no signatures of field-aligned currents or Pi2

prior to the first onset at 1704 UT is low compared to the Secon@ulsations in the ground magnetic measurements. The UV intensi-
onset at 1736 UT ication at 1654 UT may therefore be interpreted as a response to

the reconnection event combined with the existing weak precipita-
tion related to a stretching of the tail and subsequent particle scat-

4.2. At 1654 UT i
tering at the earthward boundary of the plasma sh8etgeev
A small flux rope is launched as a result of enhanced reconnegt al, 1983].

tion earthward of Geotail. The magnetic signature with a “clean”

bipolar B; and a pronounced core field By suggests that the 4.3. First Onset at 1704 UT
structure resembles a closed magnetic loop rather than just
branches of an X line. A principal axis analysis [see eSpn-
nerup and Cahill1967] performed on the magnetic signature

A larger flux rope passes above Geotd & 0). The strong
S}“qu of tailward streaming ions observed at Geotail is evidence for



66 - PAPER3

a particle source (i.e., X line or reconnection site) still operatinginct injection like signatures. This may indicate that the central
earthward of Geotail. The magnetic field signatures are quite chplasma sheet (CPS) in the source region is isolated from the
otic, and do not indicate either a closed loop or pure helical fieldlasma sheet further earthward as illustrated in Figure 6. The
lines. plasma sheet boundary layer (PSBL), on the other hand, is still not
The X-ray measurements show a new small enhancementissplated. Information from the source area in the distant tail may
this time, indicating some energetic precipitation. From abouherefore propagate into the high-latitude ionosphere where the
1706 UT, the UV images show an azimuthally and northwardesulting precipitation is detected by PIXIE.
expanding bulge. We interpret this as a consequence of the firstin the UV images, which primarily reflect the soft precipita-
onset at 1704 UT, where the onset time was determined from thien, a quite different development of the substorm is seen. Here,
pulsation measurements at Sodankyla. The lack of any major Xae existing bulge continues to expand northward and azimuthally.
ray enhancement shows that the substorm is dominated by precfpensistently with the expansion of the UV features the inferred
itation of soft electrons. This picture is further supported bydownward FAC move eastward, while the upward FAC moves
plasma data from Geotail and particle measurements from gewestward.
synchronous orbit; There is an increase in the flux of low-energy
plasma (data not shown) while the energetic particle measuré-5. Second Onset at 1736 UT

ments at geosynchronous orbit (see Figure 3) show a recovery 0oy parts of the cross tail current sheet well earthward of
the level it had prior to 1650 UT. Note that this recovery SIgnatures o o aj| disrupts and the magnetic field dipolarizes. An enhanced

is quite different from the substorm injection process; there is npyq, ctive electric field caused by the rapid magnetic field collapse
energization or injection of new particles. Because of the strong, ,seq an energization and injection of energetic particles. The
radial gradlgnts in ener.getlc partlcle fluxes,. even small Changesiﬁ]ection front is observed at SC 1991-080 and SC 1994-084
the magnetic field configuration can result in large changes of the ) |14 1736 UT. The increased particle population at geasynchro-
flux observed. nous altitude is also observed as a faint drift echo at SC 1990-095

The_substorm cu_rrent wedge determined _from midlatitude an(iiuot shown) located in the afternoon sector. The onset seems to be
low-latitude magnetic data correlates well with UV features. Th%orrelated with the rapid northward turning of the IMBy
downward FAC is located at eastward edge of the UV feature angl . ed at 1723 UT (delay time 13 min)

the upward FAC is located at the westward edge of the UV fea-
ture. _ 4.6. After 1736 UT
The onset may be related to the abrupt northward turning of the ) _ )
IMF B, observed by Wind ~1648 UT. The time delay of 16 minis_ At PIXIE and UVI, the expansion phase is seen as a rapid
within reasonable agreement with the expected propagation de@pensnflcatlon and expansion of the precipitation area. The current
between Wind and the central plasma sheet. wedge derived from the ground magnetic perturbations seems to
An important consequence of the first onset and the associatég Well correlated with the UV features. Both UV and the ground
precipitation is that the conductivity in the upper ionosphere i§'agnetic observations indicate a westward motion. Similarly, the
enhanced. The event may thus also act as a preconditioner for §fstward expansion of the energetic precipitation seen as X rays
following onset. correlates well with the expansion of the injection front as the
The low flux observed at Geotail after 1712 UT is almost simiMapping results indicate. The active region moves eastward and
lar to dropout periods often associated with plasma sheet thinniftg/éward as a result of the azimuthal and radial (primarily tail-
[Pulkkinen et al.1992]. The low flux combined with a magnetic ward) expansion of the current wedge. The increased flux of ions
field near lobe-strength suggests that Geotail is now located bel@@served at SC 1994-084 at 1749 UT can probably be related to
the separatrix. Note tha, has a weak negative value prior to the azimuthal expansion of the current wedge. Geotail observes
1723 UT and a weak positive value after 1723 UT. Assuming thaficreased flux of ions at ~1750 UT when the current wedge has
the large scale plasma sheet is nearly aligned with the XY GSxpanded eastward to the position of the spacecraft.
plane, we conclude that the center of reconnection site passed
above Geotail ~1723 UT. 5. Discussion

4.4. At 1720 UT During the investigated event, two onsets can be identified;
1704 and 1736 UT. In addition, there is a transient energetic pre-

. ) ipitation event at 1720 UT. The first onset involves predomi-
observed. The ShOI’t-.ll\/.ed Increase seems to take place. atthe poﬁ ntly low-energy electrons, while the second also includes the
ward edge of the existing UV precipitation area. Mapping of the .

Y ; . energetic electrons.

precipitation area shows that the magnetospheric source is locate
tailw_ar_d c_)f Geotail (see Plate 2b). This increa_se o_f the _energe@l_ The First Onset at 1704
precipitation may therefore be related to a partial disruption of the
tail current tailward of Geotail. The current disruption does not The first onset at 1704 UT may be related to the northward
appear to be strong enough to cause the dipolarization and th&ning IMF Bz observed at 1648 UT. The delay time of 16 min is
subsequently injection of the energetic particles. Still, the shortt agreement with the expected delay time of 10 - 16 rSierjeev
lived energetic precipitation, penetrating deep into the ionospherél al. 1986;Kan et al, 1991].
will probably cause further enhancement of the E layer conductiv- It is interesting to note that this substorm displays different
ity [Rees1963;Vondrak and Robinsgri985]. characteristics depending on the energy range we examine. The

Geotail is still outside the plasma sheet and does not see ap@ft precipitation seen in the global UV images (Plates 3e-3i) dis-
earthward particle flow. At geosynchronous orbit, a smalPlay an entire substorm development, while the energetic precipi-
enhancement in the proton flux around 0.4 LT and a sudden drégfion depicted by PIXIE only shows a transient and spatially
in the electron flux at 2200 LT are observed, but there are no dimited event. The source region for the soft precipitation

At PIXIE, a rapid and short-lived increase in the X-ray flux is
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= A 4 PLASMA INFLOW VIAE xB = CURRENT DISRUPTION

<« =  PLASMA ACCELERATED IN X - LINE 4 SOURCE AREA OF ENERGETIC
PRECIPITATION
(- FLUX ROPE

prior to 1654

Growth phase.
HEP-LD measurements show low

fluxes. The magnetic field at Geotail is
about 25 nT. There are no signatures in the
global PIXIE images at this stage.

First reconnectionwent.

Geotail data shows a bipol&; and a
short period of tailward streaming ions.
No breakup like signatures are seen in the
magnetic measurements on ground or in
the PIXIE or UV images.

First onset.

Geotail observes a second, more pro-
nounced period of tailward streaming
ions. The UV images show an auroral
breakup with a source region near the
inner edge of the plasma sheet.

Isolated enegetic precipitation.

Geotail observes a dropout of particles
and a magnetic field near lobe strength.
PIXIE detects distinct, but spatially and
temporal limited energetic precipitation at
high latitudes.

Second onset.

The main onset is observed in the
PIXIE and UV images and as injections at
geosynchronous orbit. Geotail is still
below CPS, and does not observe the
enhanced flux until about 1746 UT when
the current wedge has expanded azimuth-
ally to the position of Geotail.

0 10 20 30 40Rg

Figure 6. Development in the midtail area during the event. At 1720 UT, the tailward part of the central plasma sheet (CPS) may become
isolated from the inner part of the CPS. The reconnection site (X line) will prevent any exchange of information within the CPS between

the two regions. However, the plasma sheet boundary layer (PSBL) has not yet been pinched off; information from the distant tail may
therefore propagate to the high-latitude ionosphere.
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observed in the UV images is clearly earthward of Geotail, probadhe breakups.

bly close to the inner edge of the plasma sheet, whereas the ener-

getic precipitation maps to a source area tailward of Geotail. Th .

substorm is neither very intense nor very explosive, and there aée Summary and Conclusion

no distinct injections at geosynchronous orbit. The low-energy We have presented a set of observations from a substorm event

input from the solar wind prior to this onset can account for theluring storm time conditions on December 10, 1996. The event

weak and slow nature of this onset. exhibited several of the classic substorm features, and the study
The persisting precipitation area observed in the UV imagegsrovides consistent information of timing and location for the dif-

expands poleward, enhancing at the same time and at the saf@gent processes which are observed:

location as the transient energetic precipitation occurs. The pre- 1. Signatures of magnetic reconnection are observed in the

cipitation in the entire region will account for a buildup of conduc-midtail region prior to both onsets. The reconnection occurs spo-

tivity in the ionosphere at different altitudes according to thgadically and burst like.

energy differences. Such a preconditioning helps the ionosphere to2. Both onsets are manifested by electron precipitation at glo-

support and close the field-aligned currents resulting from the culsal scale, field-aligned currents and Pi2 pulsations.

rent diversion in the magnetosphere. 3. The solar wind input energy prior to the first onset was low
compared to the second onset. The source region of the energetic
5.2. The Second Onset at 1736 UT precipitation during the first onset is tailward of Geotail while the

The global PIXIE (and UV) images demonstrate that th&orresponding source region for the soft precipitation is well
breakup at 1736 UT, which includes energetic injection and pré&arthward of Geotail. _
cipitation, takes place on the equatorward western edge of the 4. The second onset includes both soft and energetic electrons.
existing precipitation area. Although magnetic field line mappind n€ difference in solar wind input energy prior to the two events
during such disturbed conditions is subject to large uncertaintie$2n Probably account for the different nature of the two onsets.
the source area of the auroral breakup locates to a position well 9 Both onsets appear to be triggered externally by the north-
earthward of Geotail, possibly close to geosynchronous orbit. Ward turning of the IMFBy. _ _

Owing to a large negative IMB; prior to this onset a large 6. The source region expands both_ gzm_wthally and radially.
amount of energy has been transferred into the magnetosphere f&€ expansion is reflected in the precipitation area and ground
~20 min prior to this onset. The larger energy input may accourf@gnetic perturbations.

for the stronger and more explosive nature of this onset compared The study presented here provides support to many of the key
to the first onset. elements of the revised NENL model; reconnection arounBz25

The current wedge derived from ground magnetic measur@enerates fast earthward plasma flow which is detected by Geotail.

ments correlates very well with the features of soft precipitation/Vé do not have any direct observations of the flow braking and

while the energetic precipitation seems to correlate very well witdiVersion process thought to take place at the boundary between
the injection signatures from Geotail and LANL. dipolar-like and tail-like magnetic field. In the revised NENL

Although the revised NENL models [e.g.Shiokawa Model, the field-aligned currents are assumed to be a result of this
et al, 1998] does not rely on any external trigger mechanism, wiraking process. The observed Pi2 pulsations may be a conse-

note that the IMFB; turns rapidly northward around 1723 UT. quence of compressional pulses as postulated by the NENL
The time delay of 13 min is in good agreement with the expecte@Odelv although we do not have any observations to confirm this.

propagation times of solar wind discontinuities. The NENL model can not account for all of the observations
during the substorm event studied. The explosive nature of the
5.3. Mechanism for Substorm Onset onset and the close relation between the onsets and solar wind

. . . ) ) changes indicate that some kind of triggering mechanism is
The observations from Geotail are consistent with the interpres, e Furthermore, individual features like, e.g., the transient

tation that the substorm activity is associated with magnetic recoB’recipitation event seen during this particular substorm does not
nection in the midtail plasma sheet (~ Rp) prior to both onsets. easily fit into any standard model

However, the PIXIE and UV images combined with the mapping The event demonstrates the potential of multipoint observa-

resglts locate the source regions for the breakups to the near-EatriHhS provided by the ISTP program. Regions of geospace
region. o , ) , ‘believed to be vital for substorm activity were monitored. The
Qne model whlch is cons[stent with th_e observatlo_ns for th'fhput energy from the solar wind were observed by the Wind
particular event is as following; magnetic reconnection OCCUrShacecratft, while the Geotail and LANL satellites provided meas-
sporadically in the extremely thin plasma sheet in the ne""r'E""rHFfements from different regions of the magnetosphere. Finally, the

tail and midtail throughout the QrOWth phase. Consequ'entl)élobal auroral precipitation were observed by the Polar spacecratft.
plasma will be accelerated both in the earthward and tailward

direction at the reconnection site. The fact that the field lines on Acknowledgements. This study was partly supported by the Norwe-
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