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Abstract. From an initial data set of over 200 substorms we most equatorward auroral arc (Samson et al., 1992; Samson,
have studied a subset of 30 magnetospheric substorms clod®94). Substorms comprise a sequence of dynamic events in
to magnetic midnight to investigate, in a statistical fashion,the magnetosphere of the Earth, usually associated with the
the source region of the auroral arc that brightens at the onsaéhitiation of intense auroral displays at high latitudes. They
of expansive phase. This arc is usually identified as the ionobegin with a growth phase, during which energy is stored in
spheric signature of the expansive phase onset that occurs the magnetotail in the form of increased magnetic flux. Fol-
the magnetotail. All the substorm onsets were identified vialowing this the expansive phase onset is heralded by rapid
ground-based magnetometer and photometer data from thdissipation of this stored tail energy in the form of enhanced
CANOPUS array. Various Tsyganenko global magnetic fieldJoule heating and particle precipitation in the ionosphere, and
models were used to map magnetic field lines from the lo-particle acceleration and transport in the magnetotail. Recov-
cation of the onset arc out to its greatest radial distance irery phase is identified by a return of magnetospheric activity
the magnetotail. The results appear to favour the current disto pre-growth phase levels. In terms of a space weather point
ruption model of substorms since the average onset locationf view understanding the dynamics of magnetospheric sub-
has an average of 14.1 Earth radii) and is therefore more storms is crucial, especially for the expansive phase, because
consistent with theories that place the onset location in thesubstorms are phenomena associated primarily with the inner
inner magnetotail. For the narrow range of tilts available ourmagnetosphere, a region where most operational spacecraft
modeling indicates the parameter that appears to strongly inreside.
fluence the location of the substorm onset is the dipole tilt an- In the past numerous event studies considered the location
gle; as tilt becomes less negative onsets occur further downin the magnetotail of the expansive phase ignition site or zone
tail. (Samson et al., 1992; Pulkkinen et al., 1991, 1995; Kubyshk-
ina et al., 1999; Erickson et al., 2000; Frank and Sigwarth,
2000; Dubyagin, 2003). Several of these studies used satel-
lite data and the Tsyganenko models to study various aspects
related to substorms, for example to map ionospheric auro-
ral brightenings to the distant location in the magnetotail.
The statistical samples were very small, so for example, in
Magnetospheric substorms feature localized but highly dy-the'r work Pglkkmep etal (.1995) .fou'n.d it difficult to paint
namic activity in the magnetosphere-ionosphere system. O 2 coherent p_|cture N mapping of |n_d|V|duaI sub_storm auro-
. S ral arcs. While event studies have included estimates of the
servations show that substorm activity includes the stretch-

; . o C . magnetospheric location of the onset initiation, there is no
ing and subsequent dipolarization of magnetic field lines, : - ) .
T . ‘published report of statistically large and systematic studies
particle injections at geosynchronous orbit, fast magnetotai .
) . . that use magnetospheric models to accurately locate the on-
plasma flows, development of ionospheric currents and in-

tensifications thereof, auroral brightenings with steady equa-set site. Neither have there been systematic studies to deter-

torward motion followed by rapid intensification and pole- mine magnetotail onset location as a function of solar cycle,

. . ) or dipole tilt, which affect the spatial location of important
ward motion, and geomagnetic pulsations (Samson et al'l’na netospheric parameters (Zhou et al., 1999). In this pa-
1992; Baker et al., 1996; Reeves and Henderson, 2001; 9 P P " ' b

Reeves et al., 2003; Baker and Li, 2003). The mostdramati(?er these issues will be addressed through the use of data

. . : rom a large number of substorms compiled over the most
fingerprint of the magnetospheric substorm occurs at the on- . )

. ) L : recent solar cycle. Ground-basegtical data will be used
set of expansive phase, characterized in its ionospheric foot-

print by the explosive brightening and dynamic motion of the o0 determine onset locations since substorm onsets are most
reliably determined through the simultaneous use of both of
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Even though it has been the subject of many studies theparticles precipitate can be used to provide important infor-
mechanism that triggers expansive phase onset, and its magiation about their source in the magnetosphere. The config-
netospheric location, remains unresolved. Distinguishing bewration of the magnetosphere determines how particles move
tween the competing models has been difficult because of than the magnetosphere, and changes in that configuration can
lack of data and partly because most studies use momentontribute to particle acceleration. The ionospheric footprint
that are rarely interpreted in terms of kinetic effects. Theof the auroral substorm onset indicates the location of one
near-Earth neutral line model (NENL) proposes that a neu-end of a magnetic field line that ultimately maps to the ig-
tral line is formed a few minutes prior to onset, between 22nition region in the magnetotail. A minimum requirement
to 30Rg). The neutral line causes acceleration of plasmafor high quality mapping is accurate magnetospheric mod-
towards the earth. When this flux encounters pressure greels since the geometry of the magnetosphere implies that
dients from the strong dipole magnetic field, a flux pile-up small ionospheric footprints, especially at high latitudes, can
occurs that causes an instability and expansive phase onsgtap to large spatial regions in the magnetosphere. Impre-
(Birn and Hesse, 1996; Shiokawa et al., 1997; Baumjohanrcise magnetic field models can result in predictions of igni-
et al., 1999; Scbdel at al., 2001). A competing model, tion site location that are wayward by many earth radii. The
the current disruption model (CD), proposes that expansiveifficulty in pinpointing the ignition site exists because sin-
phase onset begins via a current disruption near geosyrgle spacecraft in the magnetosphere cannot reliably locate
chronous orbit, followed by the tailward expansion of the and time the onset, and two-dimensional ionospheric obser-
current disruption region toward the site of the neutral line vations must rely on magnetospheric models to map along
in the midtail (Lui, 1991; Ohtani, 1992; Samson, 1998). magnetic field lines.

The magnetospherlocationof the expansive phase onset  Rather than considering detailed event studies, this paper
is important since mechanisms that may be responsible fodescribes the extension of mapping efforts that include mul-
the onset of instability, for example the Kelvin-Helmholtz tiple substorms from an ionospheric perspective. As was the
instability (Yoon et al., 1996) or the kinetic ballooning insta- case for previous small sample event studies (e.g. Samson et
bility (Cheng and Lui, 1998), to name only two possible can- al., 1992; Pulkkinen et al., 1991, 1995; Lu et al., 1999; Erick-
didates, are strongly dependent upon spatially variable pason et al., 2000; Frank and Sigwarth, 2000; Dubyagin, 2003),
rameters such as plasma density and magnetic field strengtive trace back from the ionosphere along the magnetic field
Frank and Sigwarth (2000) and Erickson et al. (2000) usedines to pinpoint the magnetospheric location of the ignition
the Polar and CRRES satellites, respectively, to present evisite. Although it is difficult to accurately map the onset loca-
dence that expansive phase is triggered as close as B£0 7 tion to the magnetotail, we believe that the statistical nature
from the Earth. This was in addition to the evidence from of the investigation will provide an average onset location
ground-based data presented by Samson et al. (1992), whiatonsistent with reality. In addition, mapping of the onset arcs
suggested expansive phase onset occurs between &©.10 from the ionosphere to the plasma sheet was performed with
Recently, Dubyagin et al. (2003) used data from the FASTseveral different models than those used in the studies men-
satellite and ground-based instruments, along with a maptioned above. We employed the empirical magnetospheric
ping via the Tsyganenko magnetic field model (Tsyganenkomagnetic field models of Tsyganenko (1987; 1989; 1995;
1995) to provide evidence of a near-earth breakup location2002a, b), and make comparisons between mappings pro-
Jayachandran et al. (2002) investigated the ionospheric loduced by the various models (hereinafter referred to as T87,
cation for a large sample of individual substorm events de-T89, T96, T0O1).
termined from radar. They found that substorms can be ini-
tiated near the equatorward boundary of the proton auroral
oval, when the interplanetary magnetic field (IMF) is pre- 2 Data selection and analysis procedure
dominantly southward during the growth phase. However, if
the IMF was predominantly northward during growth phase, Data from the CANOPUS magnetometer and photometer ar-
onset occurred far poleward of the equatorward boundary ofays (Rostoker et al., 1995) were used to identify the lo-
the proton auroral oval. All indications are that the onset lo-cation of substorm expansive phase onset. Most previous
cation is usually very close to the Earth. studies used Pi2 pulsations to determine onset (e.g. Nagai et

Auroral particle precipitations and their resulting lumi- al. (1998) and Miyashita et al. (1999) and references therein).
nosity signatures form an important key to understandingBut these signatures must be supplemented by additional
aspects of coupling between the magnetosphere and iondechniques (Lui et al., 1998; Liou et al., 1999). Friedrich
sphere. Since magnetic field lines in the magnetospheret al. (2001) accurately determined onsets via a combina-
and ionosphere are topologically connected, in some sension of Pi2 signatures, ground magnetic latitude profiles, and
the ionospheric luminosity variations at high latitudes canthe onset of dipolarization as observed in the 486.1 nm pro-
be thought of as a screen to monitor magnetospheric acton emissions. Samson et al. (1992) showed that 486.1 and
tivity. Charged particles are strongly affected by the ge-557.7-nm emissions from auroral photometers are an ex-
omagnetic field, thus the ionospheric location where thesecellent visual source for timing onset, with a resolution of
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~1min. This, along with the Pi2 signatures was used as outhe aurora, which indicates dipolarization. For this event,
criteria. expansive phase onset was at 05:33 UT, and the arc that
All the events studied here were “isolated” in the sense thabrightened at onset had its center at about €7.2he on-
the substorms featured a broad period of quiescence prior teet location is indicated by the black box. Brightening of
the growth and expansive phases. Next, the growth phases ahe 557.7-nm emissions, from the high-energy precipitat-
featured no significant activity such as pseudobreakups priong electrons, along with the poleward motion of the 486.1-
to expansive phase onset, or PBIs close to the onset timeam proton emissions, is an excellent marker for expansive
Substorms are associated with a localized region of aurorgbhase onset (Samson et al., 1992; Friedrich et al., 2001).
enhancement that initiates inside the equatorward region oAlthough other substorm onset identifiers exist, for exam-
the nightside auroral oval. At onset this region expands poleple high-latitude magnetic bays, Pi2 pulsations, dispersion-
ward and azimuthally. The electron arc that brightens at thdess injections of high-energy particles, several recent stud-
expansive phase onset is located in the region of intense praes have shown that timing of onset via these identifiers alone
ton aurora (486.1 nm). PBIs are different from substorms inis uncertain due to propagation-related delay (Ohtani, 1999;
that they are localized in longitude and move equatorwardLiou etal., 1999, 2000, 2001); use of auroral breakup is prob-
They do not expand poleward and azimuthally as substormsbly the most accurate of onset signatures. It is prudent not
do. They are thus a relatively local effect, compared to subto rely on only one dataset to time expansive phase onset,
storms. Their auroral signature typically moves equatorwardso the second identifier used was the onset of Pi2 pulsations
from the magnetic separatrix (Lyons et al., 2000) and thus(not shown). Even though there are timing uncertainties as-
originate near the poleward edge of the 630.0-nm emissionsociated with propagation of Pi2 pulsations, these impulsive
(Blanchard et al., 1997). The ionospheric footprint of the magnetic signatures, along with the optical indicators, fre-
plasma sheet can be approximated by the latitudinal extenuently serve as an excellent source for timing the onset
of the 630.0-nm emission region (Samson, 1994). In conse{Samson et al., 1992; Friedrich et al., 2001). Figure 2 il-
quence the relative latitudinal motions of the meridian scan-ustrates the X-component magnetic data from the Churchill
ning photometer 486.1, 557.7, and 630.0-nm emissions usunagnetometer line on 15 November 1992, with a clear neg-
ally allows one to discriminate between the different typesative magnetic bay signature associated with the expansive
of activity. Since the photometers are not necessarily alwayphase onset. The bay is clearest in the BACK and FCHU
in the proximity of the actual auroral breakup, we chose tostation data.
analyze events for which the substorm onset occurred within
about 90 min of the Churchill line of the instrument array.
Previous studies indicate that this allows the photometers 8 Magnetic field models
good view of the onset region and provides clear substorm
signatures in the Churchill chain of eight magnetometer sta-The most widely used empirical magnetospheric models are
tions. On this basis we selected a subset of 30 substormthose developed by N. A. Tsyganenko and his collabora-
from the original larger set of several hundred magneto-tors (Tsyganenko, 1987; Tsyganenko, 1989; Tsyganenko and
spheric substorms identified in a previous survey of 10 yeard?eredo, 1994; Tsyganenko, 1995; Tsyganenko, 1996; Tsyga-
of photometer data from the CANOPUS array. nenko, 2002ab). Since substorm time scales are so fast, and
As mentioned above, two approaches were followed tothe Tsyganenko models are averages, it is not strictly appro-
identify the substorms. |Initially, substorms were identi- priate to use them to study substorms, even though they have
fied with data from the Gillam and Rankin photometer sta-been commonly used in this manner, as noted above by many
tions. Their locations are, respectively, at (56.265.4) references. During the expansive and recovery phases of sub-
and (62.8, 267.9) geographic latitude and longitude. Fig- storms it is almost certainly inappropriate to use the Tsyga-
ure 1 shows an example of data for one such substorm, mearenko models, since this is when dramatic and highly dy-
sured during the early hours of 15 November 1992. Thenamic processes such as dipolarization and particle injections
photometer data are in the form of emission intensity ver-occur. But the growth phase is quite different. Steady equa-
sus invariant latitude and time, and have a 1-min tempo-torward motion of the auroral oval during growth phase is
ral resolution. The top keogram showsHemissions at  associated with slow stretching of the inner magnetotail field
486.1 nm from precipitation of protons (tens of keV). The (Moronkov et al., 1999). We assume that during the growth
middle keogram shows emissions at 557.7 nm resulting fronphase stretching of the tail and plasma sheet thinning take
precipitation of high-energy electrons (several keV). The fi- place without a major reconfiguration of magnetic field lines.
nal keogram shows emissions at 630.0 nm from the precipitaThis is not an unreasonable assumption, and several stud-
tion of low-energy electrons (hundreds of eV). Growth phaseies have shown how this is consistent with data observations
features slow equatorward motion of the aurora. (Kaufmann, 1987; Wanliss et al., 2000). The important thing
To qualify as a substorm expansive phase onset, a cleao note is that mapping is done during substorm growth phase
brightening of the most equatorward auroral arc was re-when slow changes ensure that the models are most likely to
quired, immediately followed by rapid poleward motion of provide results within reason. In the past numerous event
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4:50 5:00 5:10 5:20 5:30 5:40

Fig. 1. Meridian scanning photometer keograms from the Gillam photometer on 15 November 1992. The latitudes are expressed in AACGM
coordinates, and the brightness scale is measured in Rayleighs. The top panel shows the 486.1-nm emissions, the middle panel shows tt

557.7-nm emissions, and the bottom panel shows the 630.0-nm emissions. The location of the onset is indicated by the black boxes in the
keograms.

X strictly valid earthward of 1Rz, and onset sites could be
RANK [— : - - H ] further downtail where the other models are valid. Secondly,
EsKI even though TO1 is ostensibly the best model, it is also the
least used. It was not used in any of the event studies listed
FCHU er" above, so the results found here could cast a different light
BACK | W on previous work.
GLL A, ] Whereas the models prior to T96 did not have a pre-
defined magnetopause and were calibrated exclusively by the
ISt E T magnetic dipole tilt and Kp index, the T96 and T01 mod-
PINA . . . . . . els explicitly include (i) the solar-wind controlled magne-
450 500 510 520 530 540 topause, (ii) region 1 and 2 Birkeland currents, and (iii) the

Time (UT) interconnection of the magnetospheric and solar wind fields

Fig. 2. X-component magnetometer traces from the Churchill line at the boun_dary. TheY include further pf"lramEte”Zat'on with
of magnetometer stations on 15 November 1992. A large magnetiéh€ solar wind dynamic pressure, DST-index, and interplan-
bay signature is observed just after 05:30 UT and is particularly€tary magnetic field, and B; .
clear in the FCHU and BACK data. The earlier models appear to be too stretched in the inner
magnetosphere as compared to in-situ observations, partic-
ularly during active times. The most recent model, namely
studies considered substorms and the location in the magné&-01, is probably the best suited to determine onset locations,
totail of the expansive phase ignition site or zone (Samsorsince previous observations suggest that substorm onset oc-
et al., 1992; Pulkkinen et al., 1991, 1995; Lu et al., 1999;curs in the inner magnetotail. In fact, TO1 was intended
Kubyshkina et al., 1999; Erickson et al., 2000; Frank andprimarily to improve the description of the inner magneto-
Sigwarth, 2000; Dubyagin, 2003). As mentioned previously, spheric field (X-—15R), and unlike the previous models,
the Tsyganenko models were used in several of these subrcludes in the modeling database measurements from within
storm studies. geostationary orbit. TO1 follows the same approach as in
For the purposes of this work we have used T87 (Tsyga-T96, but uses an improved approximation for the ring cur-
nenko, 1987), T89 (Tsyganenko, 1989), T96 (Tsyganenko'rent field (Tsyganenko, 2000).
1996), and TO1 (Tsyganenko, 2002a, b). TO1 is supposed Figure 3 shows two different cross-sectional views of
to be the most realistic model, especially in mapping the in-model magnetic field lines that map from the ionospheric
ner magnetotail. We used the other models since TO1 is onlypnset position for the 15 November 1992 substorm. The
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magnetospheric source of the auroral precipitation is under- March 15, 1992 - 05:33 UT
stood to map along the corresponding magnetic field line to 2 ‘ ‘ ‘ ‘
its greatest radial distance from the Earth. The T87 and T89
models map much closer than do the T96 and TO1 models.
The latter two models include field-aligned currents which
may be responsible for the mapping differences. Further-
more, when mappings are so close to the Earth, it has been
shown that T87 and T89 require modifications to take into ac-
count the behavior of the inner magnetotail and plasma sheet,
which call into question the validity of these earlier models
unless suitably modified during late growth phase (Pulkki-
nen, 1991; Pulkkinen et al., 1995; 1999).

—T87

Ko -8 -6 -4 -2 0 2
><GSM (RE)

4 Statistical results March 15, 1992 - 05:33 UT

We performed similar fits as shown above for each of the
30 substorms. Figure 4 shows the distribution of the data
for the various variables. The majority of the onsets oc-
curred pre-midnight (71%), between €52 in AACGM
coordinates (Baker and Wing, 1989). The range for DST was
between —40nT and +15nT for 96% of the data. This means
that the vast majority of the substorms we analyzed do not
occur during storms. At the time of onset the interplanetary
magnetic field, propagated to the magnetopause, had values
for B,between —10nT and +10 nT, and Banges between — ‘ ‘
5nT and +5nT. There is a slight tendency for<® nT. The o -8 -6
dynamic pressure was predominantly less than 5 nPa (94%).

Figures 5-9 show how the onset locations are influencegy 3 Meridian plots of the model magnetic field lines mapped

by the Varif_)us indel)en_dent parameters. In Fig. 5 the mo_deﬂrom the ionospheric onset location to the magnetotail for the
onset locations are projected onto the X-Y plane. Uncertain-45s March 1992 substorm.

ties are also indicated; these were computed by mapping the

field lines from the ionosphere that were @ 2®leward and

equatorward of the arc that brightens at onset. Several intermodels that include field-aligned currents feature onsets over
esting features are immediately evident; for all models 77%a wider range, especially T96.

of the onsets occur on the dusk side of the magnetotail, and Because the differences in the field configuration during
each of the pre-midnight onsets map to the dusk side. Thiguiet and disturbed times are large, it is essential that the ef-
means that about 20% of the postmidnight onsets also map tfects of varying geomagnetic activity be taken into account
the dusk side. There is therefore a small, but clear preferenc the mapping studies. However, the T87 and T89 models
for substorms to be initiated in the dusk side magnetotail.are parameterized by the, index which is a three-hour av-
This dependence is made more clear in Fig. 6 which showgrage. Thus the veracity of these two models are expected to
the onset location for the dawn-dusk coordinate (Y) againstbe inferior to results from T96 and TO1. For comparison, for
magnetic local time. Best fit straight-lines were least-squaresll substorms, the closest onset distance of the magnetic field
fit to these data, and there were strong linear correlations foline which threads the auroral onset position as computed
these data; correlation coefficients were —0.96, —0.84, —0.78yith T87 is 5.3R, compared to 6.®  for T89. The furthest
—0.81 for T87, T89, T96, TO1, respectively. The relation- onset distance for T87 and T89 was 188 and 18.4Rg,

ship is clearest for T87 and T89, but not so clear for Mi-T  respectively. The mean onset distances for all substorms
1 h before midnight for T96 and TO1. In general, the bestwere 7.3Rg and 9.1Rg, respectively. These results are con-
fit straight-lines indicate that for all models, substorms thatsistent with those of Frank and Sigwarth (2000) whose re-
are initiated before 30 min after midnight are initiated on the sults suggested that substorms may be initiated within the
dusk side of the magnetotail ¢¥0). This is an interesting ring current. The statistical results from T96 and TO1 were
result that indicates some twisting or asymmetry of the mag-quite different. In some cases the magnetic field lines were
netotail. Whereas all of the onsets for T87 and T89 occurvery stretched and mapped far downtail, in particular for
relatively close to the Earth (within 18g), the more recent T96. For all substorms, the minimum and maximum onset

- 2 0 2
Xsm (Re)
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Fig. 5. Location of the model onsets in X-Y plane.

distances for T96 and TO1, respectively, were B9and low latitude. Since there are large outliers, the median values
5.5Rg, and 65.8Rg and 29.3 R. These results are sum- are also important. For the downtail X-position the median
marized in Table 1. For all the models, average substornvalues for each model is —6.2, —7.1, —12.3, and —k@.2
onset location was inside 2. Errors for X, Y, Z are in-  respectively.

dicated on the earthward (positive values, top) and tailward A few general conclusions are also in order. We found that
(negative values, bottom) sides of the ignition location. Thein general as activity increased as indicated by an increase in
errors are uneven due to the nonlinear nature of the mapping ,,, the location of the substorm onset tends to occur closer
from the ionosphere to the magnetotail; an errot®25 to the Earth for T87 and T89 (Fig. 7). A similar qualitative
can be associated with the onset location in the ionospherdrend is also evident for solar wind dynamic pressure and B
and because of the stretching of the magnetotail, the errofor the T96 and TO1 models (Figs. 8, 9), although there is
on the high latitude side will typically be larger than for the considerable scatter.

Ann. Geophys., 24, 57588 2006 www.ann-geophys.net/24/577/2006/
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Fig. 6. Onset location for the dawn-dusk coordinate (Y) against magnetic local time.
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Fig. 7. Dependence of onset location vers(ls index.

An interesting relationship appears between onset locatio® Discussion and conclusions
and dipole tilt, as indicated in Fig. 10. Close to the Earth

an approximately linear trend emerges, and insid& 1 5ve

have modeled onset distance as a function of dipole tilt. The""0m an initial data set of over 200 substorms we have stud-
regression coefficients were fitted using a least-squares mini€d & subset of 30 magnetospheric substorms close to mag-

mization routine. The results are shown in Table 2, including®tic midnight to investigate, in a statistical fashion, the
a notable strong correlation for T96 and TO1. Similar com- SOUrce region of the auroral arc that brightens at the onset

parisons Withk ,, Dy;, B, and dynamic pressure reveal no of expansive phase. This arc is usually identified as the iono-
coherent picturg and negligible correlation. spheric signature of the expansive phase onset that occurs
in the magnetotail. All the substorm onsets were identified

www.ann-geophys.net/24/577/2006/ Ann. Geophys., 24, 5382006
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Fig. 8. Dependence of onset location with solar wind dynamic pressure.
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Fig. 9. Dependence of onset location with southward component of interplanetary magnetic field.

via ground-based magnetometer and photometer data fromorth than actually was the case. Mapping from the iono-
the CANOPUS array. The various Tsyganenko (1987, 1989sphere to the magnetotail would correspondingly result in
1996, 2002ab) global magnetic field models were used tanagnetotail locations somewhat closer than actually was the
map magnetic field lines from the location of the onset arccase. They have also indicated that thin current sheets in the
out to its greatest radial distance in the magnetotail. inner tail are an important governing component of the over-
Previous modeling attempts using the Tsyganenko model&!! growth phase dynamics (Pulkkinen et al., 1999; Wanliss
have typically indicated undue stretching in the inner mag-&t &l-, 2000, 2002). At substorm onset, the initial disturbance
netotail during substorms. Hence, as the growth phase Iorol_ocanon and tlmlng_ is sensitively dependent on the stability
gresses, mappings from the model magnetotail to the ionoProperties of the thin current sheet (Baker et al., 1996). Be-
sphere result in model ionospheric footprints slightly further cause we wished to compare the results from the zero order
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Table 1. Average (X,Y,Z); s onset locations determined for the T87, T89, T96, and TO1 models. The final three columns give the average,
minimum, and maximum radial distance of substorm onsets determined for each model.

Mean all RGSM Rmin Rmax
substorms Xasm (RE) | Yosm (Re) | Zosm (Re) (Rg) (Rp) (Rp)
+0.2 +0.1 +0.1
87 | 67 s 14 o 22 o 73 | 53| 160
+0.5 +0.2 +0.1
T89 -8.1 08 2.0 02 -3.0 o1 9.1 6.0 18.4
+1.1 +0.2 +0.2
T96 -18.6 11 34 02 -3.0 02 19.9 59 65.8
+0.6 +0.1 +0.1
TO1 -13.0 0.6 2.8 nyl -3.2 o1 14.1 5.5 29.3
T *T T T o T T +
_24 Lo * @ A i
* O +
—26t + T87 ox e
— T89
7]
3 T96
S ~28( TO1 K5 W OKO
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Fig. 10. Dependence of onset location with dipole tilt angle.

Tsyganenko models no modifications were attempted, suclklear how much further downtail it remains a better model
as the addition of thin current sheets, even though these arhan T96.
known to produce fields that better mimic the inner mag-

netotail magnetospheric magnetic field during growth phas:equiet and disturbed times are large, it is essential that the ef-

(Pulkkinen et al., 1999). fects of varying geomagnetic activity be taken into accountin
The T96 and T0O1 models are expected to be the most ache mapping studies. However, the T87 and T89 models are
curate, partly because they are the most recent models thysarameterized by th&, index which is a three-hour average.
more realistic, and partly because they include field-alignedThus we have another reason to expect that the veracity of
electric currents which are known to strongly affect the mag-these two models is inferior to results from T96 and TO1. By
netic field. In addition, the T87 and T89 models are not, comparison, for all the substorms studied, the closest onset
strictly speaking, models of the inner magnetotail for they distance of the magnetic field line which threads the auroral
were not parameterized with data from these regions. Thenset position as computed with T87 was B3 compared
same is true for T96. The only model that is actually param-to 6.0Rg for T89. The furthest onset distance was 180
eterized with inner magnetotail data is TO1, and we thereforeand 18.4Rg, respectively. The mean onset distances for all
expect that this model will produce results that are most reasubstorms were 7.8 and 9.1Rg, respectively. The mean
sonable, especially since we hawgriori reason to believe distances are consistent with results of Frank and Sigwarth
that the onset region is in the inner magnetotail. However,(2000). The statistical results from T96 and TO1 were quite
since TO1 is not designed to be valid beyondrlj it is not different since some cases mapped far downtail because of

Because the differences in the field configuration during
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Table 2. Model coefficients of the best fit between onset loca-
tion and dipole tilt. The model wa&; sy =A0+ B, whereé is the
dipole tilt angle. The third column indicates the correlation coeffi-
cient for the best fit.

A B r
T87 —-4.156 -127.7 0.10
T89 -2230 -72.5 0.26
T96 -1.590 -57.36 0.83
TO1 -1.631 -58.14 0.90

very stretched magnetic field lines. This could be related to
the field-aligned currents in these models, since these have

been shown to significantly modify the tail geometry (Dono-

van, 1993). For all substorms, the minimum and maximum

onset distances for T96 and TO1, respectively, wereRs.9
and 5.5Rg, and 65.8Rg and 29.3Rg. The range of the re-

J. Wanliss: Substorm onset location and dipole tilt angle

for T89 (with K ,) and nothing can be said about depen-
dencies for T87.

. For T96 and TO1 there is strong linear dependence

between tilt and downtail distance; as tilt becomes less
negative onsets occur further downtail.

. Substorm ignition occurs preferentially before mid-

night.

. Substorms that are initiated before 30 min after mid-

night map to the dusk side of the magnetotai@®).
This indicates some twisting or asymmetry of the mag-
netotail.

5. The model that provides the expected best estimate

(TO1) for onset location typically gives onsets on the
duskside at an average downtail distance of R=R4.1

. Substorms can be initiated in the magnetotail from

within the ring current region to approximately B@.

sults for TO1 encompass previous observations (Nishida et
al., 1996) that place thaverageneutral line near 3®, but It should be emphasized that our results should be inter-
are not consistent in the sense that the onset location fromreted with caution since all of the substorms considered here
TO1 is much closer to the earth with an average of ;1 occurred during the winter months, and featured negative
They are therefore more consistent with other results thatlipole tilts. As such, one should be cautious about extrap-
place the onset location near the ring current (Samson et ablating this trend. For example, as the dipole tilt approaches
1992; Frank and Sigwarth, 2000); i.e. the results support th@° the onset location is close to —&G:, which is completely
CD model, not the NENL model. unrealistic. It is more likely that the true relationship is non-
The results of this research provide a possible explanatiotinear and the results given here fit a only a small subsection
for sometimes contentious discussions about the location obf parameter space where a linear relationship holds. It is
substorm onset which is indicated most clearly in its iono-well known that there are seasonal effects related to space
spheric footprint. Within the narrow range of dipole tilts weather (Russell and McPherron, 1973) and we will need
examined (only 20% of parameter space was examined) wéo perform similar analysis to examine whether the observed
found that the downtail distance of the substorm onset wagelations are the same for a larger range of dipole tilts that
strongly dependent on the dipole tilt for T96 and TO1. The occur during other seasons when photometer data are more
more negative the dipole tilt the closer to the Earth the on-difficult to obtain. Second, the results are dependent on Tsy-
set typically occurred. This result also has interesting im-ganenko models that are based on averages and are there-
plications regarding the cause of magnetospheric substormgore inherently inaccurate, although this weakness is perhaps
Substorms are known to occur during almost all levels ofameliorated by the statistical approach we have followed.
magnetospheric activity, especially during active times. The
question of whether they are externally driven or primarily an AcknowledgementsThe CANOPUS array is funded by the Cana-
internal magnetospheric instability is one that remains unredian Space Agency. This material is based on work supported by
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