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Features of magnetosphere-ionosphere coupling
during breakups and substorm onsets inferred from
multi-instrument alignment

I. Voronkov, A. Runov, A. Koustov, K. Kabin, M. Meurant, E. Donovan, C. Bryant, and
E. Spanswick

Abstract: We consider a sequence of activations which include psevelakups, small local substorms, and a full
substorm using a fortunate multi-instrument coverage eetw0300 and 0700 UT on September 15, 2001. For this

period of time, there was a radial alignment of GOES, and t€ius-19 Rg) in the near-midnight magnetotail mapped

to the Canadian sector covered by the IMAGE field of view aluaiip fully functional hi-resolution photometers, and
magnetometers. This allows reasonable featuring of auboeakup and substorm onset components as they are observed
both in the magnetosphere and ionosphere. In this paperpnaentrate on general description and relative timing of

the auroral breakup signatures, dipolarization and onfsBi pulsations at geostationary orbit, and large (up to 1000

km/s) tailward flows and strong bipolar variations in thetcainplasma sheet. This paper is meant to complement the
accompanying paper [10].
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1. Introduction eral recent observation-based studies which also provate m
In a substorm onset problem, one of the central issues i%omplgte list of I|.tera_1ture on thg subject.
the inter-scale interactions of va{rious regions. Thestude A drift ballooning instability in the NEPS was observed by
processes in the near-Earth plasma sheet (NEPS) and the W|_nd_[3_] and CRRES [5] and the .spat|al and tem_poral char-
roral intensification and current formation in the ionogsghe Aeristics of unstablg modes are in agreement with no&ﬂme
' . . .~ auroral vortex formation at breakups [13]. In the more dista
Processes in the _near-Earth bre_akup region and in the rhid-t lasma sheet, thin and bifurcated current sheet was ddtegte
reconnection region, and coupling of the central plasmatshe Cluster [2], [91. The Hall current structure at the recortig

(CPS) and ionosphere at onset. region was observed by Geotail [6] and Cluster [1] providing

In studying the e_ss?!"“a' relations between the subst_opm Or%upport for the Hall reconnection model being a likely mech-
set components, significant successes have been recdridy-ac anism for the mid-tail reconnection

edin bqth m_icro—scale analysis of plas.ma sheet processles an Perhaps the most challenging problem is to detect a mechan-
global Fl)tl_C_turltng of thte rpagnetotsphsere—longspher? cogpla ism which provides an interaction between these regiores. Pr
Ing multi-instrument alignments. Some observations iac sumably, this interaction can proceed in both ways, eantthwa

that onset is an interactive process involving the neatkEar and tailward, and even as a simultaneous collapse of the en-

breakup and mid-tail reconnection. It has been suggested thtire plasma sheet (PS). Roux et al. [8] identified azimuyhall

the near-Earth breakup is associated with some sort of the i ; ; ey :
X Y . . ropagating waves seen by Cluster in a mid-tail region as a
}:;%?r?n%g :itl?rt;glr?t/' drg?lsjt tFi){)cr)\bgtb P(’)l? ﬂ?ftg?g’%wggrgg result of a ballooning or another local instability whichaisle
g0 aci p gnly . to reduce or interrupt a cross tail current. They suggestad t
reconnection is presumably a result of the Hall effect in th%n series, these local processes can result in a global CPS cu

very thin, and sometimes bifurcated, current sheet atiaege o."reqiction and dipolarization. In contrast, using datad
dial distances. The most disputed mechanisms of interactio

between these two processes, or triggering one anothegrare alinement of Cluster and ISTP, Sergeev et al. [11] integutet
efaction or com regsional wa’ves ?g a agtin from th:NEP nset as earthward-contracting reconnected tube prodyced

P propagaling "Wnpulsive reconnection in the mid-tail PS. On the other hand
to the CPS and earthward bursty flows from the reconnectiop

region to the NEPS. For reference purposes, we overview seve substorms are initiated by bursty bulk flows, presum-
9 ' purp ' \ébly launched from the reconnection regions and propagatin

: earthward (see, e.g., [7] and references therein). Thefadin
Received 14 June 2006. breakup triggering by bursty flows is the subject of discus-
I.Voronkov, M. Meurant, E. Donovan, C. Bryant, and E. Spans-~ S10NS but some recent observations and modeling suggést tha

wick. Dpt. of Physics and Astronomy, University of Calgary, Cal- COmpressional waves may provide an energy transport channe

gary, AB, T2N 1N4, Canada from the flow braking region to the NEPS (e.g., [4], [12], [L4]
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this event are described in the accompanying paper [10k,Her GOES spacecraft provided timing for dipolarization andetns
we concentrate on the temporal and spatial description of orof Pi2. Finally, the overall picture of disturbances was mon
sets in a more global context of the ionosphere-magnetospheitored by the CANOPUS and NRCan magnetometers.
system.

3. Pre-history and the growth phase

2. Observations on September 15, 2001 Prior to the period of the immediate interest for this study,
During the time interval from 0100 through 0630 UT on there was a large substorm which started after 2330 UT on
September 15, 2001, Cluster was, for the most part, in th&eptember 14, 2001 and ended at roughly 0145 UT on Septem-

night-side central plasma sheet. During the interval of033 ber 15, 2001. This was the latest noticeable perturbatimm pr
0630 UT, several auroral activations (from small PSBs tdla fu to activations between 0340 and 0630 UT, which are focused
substorm) were registered over the Canadian sector beatketin this study. After 0100 UT, the IMAB, was dominantly

by two geostationary satellites, GOES 8 and GOES 10. Thaorthward until~ 0335 UT when the sharp negative turn-
Cluster barycenter position was (-18.9, 3.7, -1.9) & 0400 ing started. Other SW parametefs,( NV, P, V) also showed

UT and (-18.5, 3.3, -3.4) Rat 0600 UT. The IMAGE satellite rather smooth variations during that time as illustrateHigy
observed auroral emissions for the entire interval oveCthe ure 2 showingB,, B., andV, measured by Geotail travel-
nadian sector. This provides a unique opportunity to use thiing approximately at (10, 15, 1.5)R Geotail and WIND data
conjunction of Cluster, IMAGE, GOES, CANOPUS, and NR- closely followed each other suggesting that the SW paramet-
Can facilities for studying substorm processes, namelypto ¢ ers were homogeneous on the scale size of the Earth magneto-
late mid-tail and ground-based signatures of differenssuin  sphere.

stages. Mapping of Cluster, IMAGE, and GOES with respect
10:_
Wl )
i

to ground-based stations is illustrated by Figure 1.

nT

nT

5 6
Fig. 1. Locations of NORSTAR, CANOPUS, and NRCan . : W

4
observatories along with ionospheric footprints of the Sy, Time, UT

IMAGE, and GOES 8 and 10 satellites. ] )
Fig. 2. IMF B, and B, and solar windV,, components as

Good quality meridian scanning photometer (MSP) data obmeasured by the Geotail. Vertical lines indicate times cfets
tained at Forth Smith and Gillam, including high-resolatio
data at Gillam, position of IMAGE capturing the Canadiansec After 2350 UT, GOES 8 registered very strong stretching
tor, available data from Cluster, and high resolution GOE@d of field lines with the maximum off./H, ~ 2. It gradually
bring events during this interval of time to a great spot of in reduced te- 1.5 after 0200 UT and stayed at this level until the
terest. first dipolarization occurred at 0339 UT. During this intelv

The entire data set used for this study can be outlined a&&OES 10 was in the near-dipolar field region and magnetic
follows. WIND and Geotail were used to monitor solar wind field variations at the satellite location were very smooth.
(SW) parameters. IMAGE provided global auroral imaging of After ~0100 UT, Cluster was in the central PS and observed
the Canadian sector. This was used to identify the positioMO significant disturbances until the first intensificatib8238-
of onset and its further temporal and spatial dynamics ,(e.g0340 UT. During this intervalB. gradually decreased, indic-
vortex and surge formation and propagation). With the dlobaating stretching. Also, the post-substorm (after 0100 US) P
framework provided by IMAGE, the fine structure of auroral can be characterized as rather "hot” with the proton temper-
dynamics can be revealed using higher-resolution optiael d ature around 10 keV (which is high but not anomalous). The
from MSPs. Cluster observations showed the dynamics of theluster summary plotis shown in Figure 3. For more data plots
near-midnight plasma sheet at roughly 19 Bown the tail. ~and detailed discussion, see [10] in this issue.

(©2006 ICS-8 Canada
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4. Onset positions and timing

CLUSTER 1,2, 3,4 FGM 4s 20010915 0.000000 . .. .. .
a0 : Large scale optical onset positions and timing were defined
e W‘W‘qu#M - 1 using the IMAGE WIC data with temporal resolution of 2 min.
¢ af v According to IMAGE (Figure 4), the first five onsets prior the
wf = main substorm (at 0455 UT) occurred in a longitudinal sector
= . Sl o S A T E monitored by the Canadian MSPs and magnetometers. High
B 2 M i " ] resolution ground-based measurements allowed us to study d
w ] namics of disturbances in greater details. Sample data from
.- R A PPN TR magnetometers encountering the activation region and GILL
: \ i g g g
B 3 E MSP are shown in Figure 5 (CANOPUS) and Figure 6 (NR-
A Can). In this section, only these five activations are tadet
t F h" , q W"W’v* whereas the last more eastward susbtorm onset will be con-
Pl ! W ! ]ﬂi sidered separately. Because all five onsets occurred aose t
R B ~ the GILL MSP, we used high-resolution MSP data to find times
3 mo._»w" [ PR and longitudinal positions of auroral breakups (Figur&sQES
£ oo 1 8 (Figure 8) provided the timing of dipolarization.
é 500Jk‘ 2
% 0 V¥ e r’*‘*%“w , 8 70 60 . 80 70 60
B E “Tosazur] | ] 0347 UT
i STV LB
« S0Of E N/ 1% .\\_ ;
§ o—‘fqu‘v—\———'*—" T4 fhw 21 e 03 21 /\\03
o ] - .
E ,SOZ __'!;_:_.# A ng-__.‘j 18 M—D"Tﬂk !\.,; V'j," /;0 7) 06 18 M{ﬂl\' v V,/"f.;; 70 06
-1000 - 2 . ,” . s \% W/ \ AL /
UT, hours 21 T 03 21 B T 03
00 co
Fig. 3. The Cluster summary plot. Vertical lines indicate times of 18 e 807050 18 —
On%ets. yp lﬂzﬂfﬂ{’_ ‘\.,«,/’ -Z/‘/ / 06 M’%& . /} // 06
The magnetic field perturbation in the Canadian sector re- e N, a N
covered after 0100 UT and remained quiet until the first onset 83 pus

at 0338-0340 UT. Also according to IMAGE, the auroral zone
was also very quiet and dim after 0100 until onset at 0338 UTFig. 4. IMAGE WIC snapshots at onsets.

The growth phase timing is quite uncertain for this event,
mostly due to the lack of any pronounced signatures in thql

solar wind. One could even argue weather there was a growth From analysis of GOES 8 data for these activations, we con-

phas% at a:j"' We Wi"tﬂmﬂly des_crib? variatci:(?nst, Whiﬁh ca(r; b cjuded that dipolarization and Pi2 at geostationary odptes-
considered as growth phase sighatures. LIUster SNowed Cotlyt the most reliable signatures of onset. Analyzing aleoth
tinuous field Ilne_ stretching. According to the Gillam MSP, data described above, the following timing of observed fea-
equatorward motion of auroras started after roughly 022800 ¥

: : tures with respect to the moment of dipolarization (taken as
UT and continued until 0340 UT. At the late growth phase, M-, 0 min) has been revealed. Time is given in minutes with

AGE registered dimming and virtually disappearance of therespect to dipolarization at= 0 (e.g., -6 means 6 min prior to

oval in both electron and proton auroras which also can be: At . ; ; an
attributed to significant stretching of the magnetotail. &y Ellp(c())lgggﬁt%r.\, or: 1 stands for 1 min after dipolarizaion

other significant variations were registered until ons€&389 -6: Equatorward auroral precursor;

UT. 0: Dipolarization and Pis at GOES, GBO breakup;
1: GBO Pis and magnetic bay;
©: Onset seen by IMAGE, tailward flow and bipolar variation

1. Timing

All these observations for the post-substorm period of tim
(~0100-0335 UT) suggest that the magnetosphere- ionosphe&gthe magnetic field at Cluster:
system was in a stationary state free of any noticeablerbistu .. The maximum tailward flow éeen at Cluster
ances. At the same time, the plasma sheet was at a fairly high (0350 UT): '
energy level, quite stretched and hot. Presumably, thishes -3: GBO and'IMAGE auroral breakup.

main background condition for the active period discussed b 0: Pis and dipolarization at GOES, magnetic bay at PBQ, fast

low. The growth phase was not too pronounced for this eventyjyarq flow and bipolar magnetic fluctuations at Cluster.
The main signatures can be interpreted as connnuoush;tretc#3 (0402 UT):

ing of the entire plasma sheet. -3: Tailward flow and bipolar variations at Cluster;

(©2006 ICS-8 Canada
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300 0 400 430 500 530 600 The first activation started in a rather typical way (Figure

9): equatorward auroral precursor intensifiel min prior to
Fig. 5. Summary plot of Gillam MSP observations (sampling data ©Nset (0333 UT) and led to auroral breakup (PSB) at the pole-
are used) and magnetic field X-component variations at a eumb Ward edge of the proton aurora band (0339 UT), with some
of CANOPUS sites. Black vertical lines indicate times of etss latitudinal expansion at onset.
_ ) o This first PSB at the equatorward boundary developed into
0: Pis and dipolarization at GOES, GBO and IMAGE breakupfull onset (activation #2) with much stronger brighteningla
GBO magnetic bay, very strong magnetic field ocsillations atoticeable poleward expansion after 0347 UT roughly 3 min

Cluster. prior to other onset signatures. This brightening was adems
#4 (0409 UT): _ _ ~in IMAGE data. Since the previous activity did not move too
-2: Northward turning of theB, IMF, start of bipolar vari-  far northward from the origin, this activation still stadtat the
ations at Cluster,; equator-most aurora.

0: Pi and dipolarization at GOES, tailward flow at Cluster;
2-3: GBO and IMAGE optical breakup, GBO magnetic bay;
3-4: westward travelling surge (WTS), maximum of the tail-
ward flow at Cluster.

#5 (0425 UT):

Activation #3 commenced in a similar way to the first one
with aurora intensification at the equatorward edge at 0402 U
In this case, it happened virtually at the same time as onset
was registered by GOES, PBQ, and IMAGE. However, the fur-
-1: auroral breakup; ther dynamics. was quite different. When the auroral aciu'vat.
O"Pis and dipolarizétion at GOES, GBO magnetic onset: began saturating (0408-0410 UT), a sharp northward gradle_n
: ' ' f the IMF Bz close to magnetopause was detected by Geotail.

%é,\,?ns;ce,\t,vfhe?ﬁ]eed ?gtcl)lr\:lg?nE’egtjusrteerarnec?lbsite(;:ﬁ \?a:ﬂ\.’gar(gerhaps, this caused activation #4 which can be considsred a
' g P P ' P ! triggered continuation of the previous one and developtd in

3: Fully developed WTS and electrojet; a quite pronounced, though still rather local, substormiikgn
previous three activations, it started from the most aatdre
gion (remaining from activation #3) quite poleward from the

As seen from IMAGE data (Figure 4), all five onsets oc- o
. i . guator-ward boundary of the auroral zone marked by the pro-
curred at longitudes close to the Churchill line. This abave 0 4 rora band. This optical onset was simultaneously ob-

to use the Gillam MSP data in order to identify the latitudina g\ /aq by the GILL MSP and IMAGE with a delay of 2-3
positions of the activations. For this purpose, we analyked | .io tes of onset at geostationary orbit.

high-resolution data (Figure 7). o ) ) .
The first two intensifications could have been treated as one Activation #5 started in the same way as #4: at the time of
local substorm with double onset (or pseudo-breakup and or21S€t at geostationary orbit (slightly preceding if), thesmn
set) from the point of view of the GBO, IMAGE, and geosta- active region from the previous substorm intensified and res
tionary observations. However, Cluster registered twardis ~ Ulted in a fully developed WTS 3-4 minutes later. Again, this

tailward flow bursts accompanied by tBe, reversals (see [10] ©ONSeét occurred poleward from the equatorial boundary amd pr
for details). ton aurora band.

4.2. Position of auroral onset

(©2006 ICS-8 Canada
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5. Full substorm onset features 150 "l

The first signatures of onset were detected as the magnetic | -
bay and Pi commencement at PBQ (0454 UT) and the Pi on- 2 = E——
setat OTT (pulsations lasted until 0525 UT). Lower frequenc o] [ 'Im
(2 min) pulsations and strong variations in Z also started at ] = —
PBQ and lasted until 0515 UT. The magnetic signatures were T ———_ -
delayed at the Churchill line owing to the westward propaga- ' ' Time Ut '
tion of the disturbances from their more eastbound origie- P _. . . N .
ceding the onset, Cluster measurements showed agt’;lin (halt® 9. 630 nm high resolution MSP data for activation 1 (white
thickness on the order of 3000 km) and bifurcated plasma shed"es indicate periods with no data).

At the time of 0455-0502 UT, Cluster registered very strong . .
(up to 25 nT) oscillations (which can be interpreted as a-kink0504 UT) a very thin (half-thickness less than 1000 km) cur-
rent sheet was detected.

ing mode [10)) of the magnetic field on the background of the During this period of time, the ground-based instruments

!;]rggtl?i%aadlentand azimuthal duskward motion of the gurre registered further expansion of the activation. At 0501 UT,

Optical onset was registered by IMAGE at 0457 UT in thebrightening and poleward expansion began at FSMI, which is

JEUan. . ; in agreement with the IMAGE data. At 0502 UT, the main sub-
gaﬁtngn;ﬂglg?l:i?scet\(l)gnl?gure 10provides key snapshotsiarw storm bay started at FCHU and a current loop formed above

o ; ; GILL indicating large expansion of the electrojet.
Due to the position of onset, the optical signatures of the : > .
surge reached Gillam only at 0459 UT, as seen in high resol- Following this, at 0503-0505 UT, the surge reached its gstat

ution MSP (Figure 8). After that, the surge showed significan magnitude and poleward expansion. As seen from IMAGE and
poleward e>(<p§nsion)(at 0459-0506 UT) ?n a "jump—likg” man- MSP data, the high latitude portion of the surge brightes dr

ner. Also owing to the eastward location of onset, the dipola matically at Fhis time (V\_/hereas the equatorward activity re
ization at GOES 8 did not start until 0500 UT ’ covered). This was the time when Cluster detected a sharp re-

After 0500 UT, the current sheet became very dynamic Atversal of the bulk flow from tailward to Earthward of the mag-

0459-0501 UT, Cluster registered a pulse of tailward an#-dus nitu_de_ up to 800 km/s. Analysis of C'“Stef data in_dicqtes tha
ward bulk flow (roughly up to 200 km/s). Following this at variations of plasma parameters are consistent with sigesit

. f the Hall reconnection in the CPS. After 0506-0507 UT, a
0501-0502 UT, Cluster showed a sharp growth in the protor? y
energy roughly from 1 to 10 keV where it stayed for a IongdoUble oval was seen by the GILL MSP and IMAGE (Fig-

while. This growth was accompanied by the earthward bulk ot® 10), and the largest magnitude in the magnetic bay was

high energy (more than 10 kev) protons. At that time (OSOl_registered above FCHU.

(©2006 ICS-8 Canada
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Fig. 10. IMAGE snapshots of the auroral breakup (0457 UT),
surge formation (0501 UT), full substorm onset vortex (OR0E), 3.

and double oval at the beginning of the recovery phase (0511
uT).

After roughly 0511 UT, the recovery phase signatures were4.

observed in all main substorm components.

5.

6. Conclusions and assertions

Owing to good longitudinal alignment of ground based and 6.

satellite observations, five activations, including laaghbstorms
and pseudo-breakups, on September 15, 2001 were used to in-
fer onset features and their relative timing in the plasnmeesh

and ionosphere. The main results can be summarized as fol-"

lows.

1. The most robust and repeatable features of onsets were
dipolarization and onset of Pis in the near-Earth plasmatshe
We used this time-point as "the time of onset”.

2. Auroral breakup can start from the precursor at the equat-
orial boundary of the auroral zone (which is more typical for
isolated activations) as well as from most active regionglvh
remain from the previous substorm quite poleward of the equa
orial auroral boundary matching the proton aurora band.

3. Near-Earth breakups (including pseudo-breakups) werg?-

associated with strong tailward bursty flows (up to 1200 km/s
and large bipolar variations of the magnetic field.

4. For these activations, all signatures of onsets, from thl?[:}1
NEPS to CPS and from the magnetosphere to the ionosphere;
were seen within the time frame of 2-3 minutes.

Full substorm can be interpreted as a double onset event. The
first one occurred in a similar way as the near-Earth breakups
discussed above. The second led to a much larger substorm
with fully developed WTS and electrojet. This onset was ob-
served by Cluster at 19Ras a sharp reversal of the flow and
other signatures which allow us to interpret it as the Hgblet
reconnection. In the ionosphere, the large-scale vortethen
spacial scale of the auroral oval width was observed. These
features followed by the formation of a double oval .
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