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Abstract. Based on 1829 well-defined substorm onsets inDuring the growth phase the polar cap gradually expands
the Northern Hemisphere, observed during a 2-year periodnd quiet auroral arcs drift equatorward. At the onset phase,
by the FUV Imager on board the IMAGE spacecraft, a sta-which is also called the auroral breakup, a sudden brighten-
tistical study is performed. From the combination of solar ing of the arcs takes place in the late evening sector and at
wind parameter observations by ACE and magnetic field obthe most equatorward boundary of the discrete arc system.
servations by the low altitude satellite CHAMP, the location During the expansion phase, the brightened arc evolves ex-
of auroral breakups in response to solar illumination and soplosively into a large-scale disturbance, followed by a pole-
lar coupling parameters are studied. Furthermore, the correward expansion of the region of auroral emission. During
spondence of the onset location with prominent large-scaleéhe recovery phase the auroral intensity slowly returns to the
field-aligned currents and electrojets are investigated. Sopre-substorm level.

lar illumination and the related ionospheric conductivity have  Substorm onset indicates the impulsive unloading of en-
significant effects on the most probable substorm onset |atiergy previously stored in the magnetospheric tail, which
tude and local time. In sunlight, substorm onsets tend to octeads to the precipitation of auroral particles (Rgstoker

cur 1h earlier in local time and.8° more poleward than in et al, 1987 Baker et al.1996. The magnetic latitude of on-
darkness. The solar wind input, represented by the mergingets is the footprint of the corresponding magnetotail region.
electric f|e|d, integrated over 1 h pl’ior to the SubStorm, cor- There are many models which propose different source
relates well with the latitude of the breakup. Most poleward |gcations in the magnetotail. For example, in the cross-tail
latitudes of the onsets are found to range arourfdri@@g-  cyrrent instability model (CCI), the onset location occurs
netic latitude during very quiet times. Field-aligned and Hall hear the Earth<8 Rz) (Lui, 1996. He claims that plasma
currents observed concurrently with the onset are consistenhstabilities cause a cross-tail current disruption and a di-
with the signature of a westward travelling surge evolving yergence into the ionosphere via field-aligned currents (that
out of the Harang discontinuity. The observations suggesineans, substorm current wedge (SCW)), and reconnection
that the ionOSpheriC ConductiVity ha.S an inﬂuence on the |0'may cause the Creation Of a p|asmoid_ A|ternative to that,
cation of the precipitating energetic electron which causeshe near-Earth neutral line model (NENL) predicts that the

the auroral break-up signature. substorm is initiated at a further distance20Rg) where
Keywords. lonosphere (Auroral ionosphere) — Mag- feconnection takes plac&gker et al. 1996. The auroral
netospheric Physics (Current systems; Magnetospheré)reakup occurs later than in the CCl model. Based on Geotail
ionosphere interactions) measurementdagai et al.(1999 confirmed that magnetic

reconnection plays an important role in triggering substorms,
and they found that the statistical location of NENL should
be in the pre-midnight sector of the magnetotail between 20
and 30Rg. The NENL model has been developed further by
hiokawa et al(1998, who explained how the braking of

the fast earthward burst bulge flows could cause the SCW,
and they could explain the current disruption and the more
)glistant region of fast ion flows. The CCI and NENL model
can be distinguished by comparing the time when the on-
Correspondence tdd. Wang sets are observed at some distance in the tail with the time
(huiwang@gfz-potsdam.de) when the substorm events are seen on ground. If the onset is

1 Introduction

A magnetospheric substorm is a complicated phenomeno
that is not yet fully understood. An early description of sub-
storms was given bfkasofu(1964). It is usually character-

ized by four phases: growth, onset, expansion, and recover
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observed first at some distance in the tail, the NENL model One of the questions we want to address here concerns
is more appropriateL{ou et al, 2002. what effects the ionospheric conductivity and solar coupling

The correlation of onset characteristics with solar wind pa-parameters may have on the substorm onset, and how they
rameters provides useful restrictions on the conditions leadare related to the large-scale FACs and ionospheric current
ing to the initiation of a substorm. It is widely accepted systems. The substorm onset is known as a transient and lo-
that the energy input from the solar wind is transferred tocalized phenomenon. Sparsely distributed all-sky cameras
the magnetosphere through the magnetic reconnection prand low temporal resolution spaceborne imagers cannot eas-
cess and subsequently released with the substorm onset (eity. identify the details. However, the systematic detection of
Baker et al.1996. The substorm onset often follows a north- the substorm onset by global imagers provides better indi-
ward turning of the IMF Ilyons 1996. In the literature, the cations of the initial phase leading to the development of a
onset characteristics have been studied in comparison witBubstorm Kiou et al, 1999. Combining ACE, IMAGE and
various solar wind parametersiou et al. (2001 found that CHAMP satellite measurements we have studied statistically
IMF B, had a good correlation and IMB, had a poor cor- the possible correlation between the solar coupling parame-
relation with the magnetic latitude (MLAT) of the substorm, ters, field-aligned and ionospheric horizontal currents and the
based on 10 months of POLAR UVI observatiorGérard  optical substorm onset characteristics in the auroral region.
et al. (2009 found that the magnetic latitudes of the on-  In the following section we describe the data set used in
sets were correlated best with the solar wind dynamic presthis work. In Sect3 we studied the seasonal and solar wind
sure. They found that as the solar wind dynamic pressure ineffects on the onset locations in terms of magnetic local time
creased, the onset moved more equatorward. The magnetind latitude. Subsequently, a statistical analysis of the re-
local time (MLT) of the onset, on the other hand, showed lation between the latitude of the currents and the substorm
no dependence on the solar wind parameters. This statemeohset locations is presented. A discussion of the results and
was based on a small subset (78) of substorm events observedmparison with earlier findings is given in SettSectiorb
in winter. summarizes the main conclusions.

It is well-known that an increased ionospheric conductiv-
ity decreases the likelihood of establishing energetic field-
aligned electrons (which are needed to excite discrete auro2 Data set
ras) (Newell et al, 1996. Therefore, it is quite possible that
ionospheric conductivity plays a role in the substorm processThe IMAGE satellite is in a highly eccentric polar orbit of
since it can control the auroral activity.iou et al. (2007 1000x 45 600 km altitude. The far ultraviolet (FUV) instru-
found that the substorm onsets tended to start at earlier locahent on board the IMAGE spacecraft provides observations
times in the Northern Hemispheric summer than in winter, of the northern aurora in ultraviolet light on a global scale
and at intermediate local times in spring. Unfortunately, theywith a spatial resolution of 50 km and a temporal resolution
did not cover the fall season. of ~2min. The prime data source usedfrgy et al.(2009

The onset location was found to be collocated well with to retrieve the information of substorm onset was a Wideband
the Harang discontinuity (HD)L{ou et al, 2001). The Ha- Imaging Camera (WIC), and if absent, the oxygen imaging
rang discontinuity is a region where the convection electricSpectrographic Imager channel (SI-13). No other substorm
field changes direction from equatorward on the polewardindicators were used. The WIC has a passband at wave-
side of the oval to poleward on the equatorward side of theengths of 140-180 nm, which is sensitive to emissions from
oval. An eastward electrojet is located equatorward and dhe N, LBH-band and atomic NI lines (149.3 nm). The SI-13
westward electrojet poleward of the HD with a strong up- has a passband of 5 nm centered around the 135.6 nm Ol dou-
ward field-aligned current at the center of the HRo$ki- blet. A detailed description of the instrument on board the
nen and Pulkkinenl995. The onset location was reported IMAGE spacecraft and how to determine auroral substorm
to occur at a fixed distance to the equatorward boundary obnsets from the FUV instrument can be foundirey et al.
the aurora Gérard et al. 2004. This means, as the auro- (2004.
ral oval expands with the increasing amount of energy trans- The following schemes are used for substorm onset identi-
ferred to the magnetosphere, subsequent onsets will also ofication. To start with, a clear local brightening of the aurora
cur at lower latitudes. Therefore, it is expected that the lat-has to occur. Secondly, the aurora has to expand to the pole-
itude of the associated large-scale field-aligned currents andiard boundary of the auroral oval and spread azimuthally
horizontal ionospheric currents are also well correlated within local time for at least 20 min. Finally, a substorm onset
the location of the substorm onset. The spatial characterisis only accepted if at least 30 min have passed after the pre-
tics of the substorm current system is an important topic invious onsetrey et al, 2004. Figurel shows two auroral
substorm studies. Based on FAST particle and magnetomeamages from IMAGE FUV-WIC in the frame of magnetic lat-
ter measurements and IMAGE-FUV observations during ondtude (MLAT) and local time (MLT) coordinates (the figure
moderate substornMende et al(2003 found that the loca- was obtained from H. U. Frey). The coordinate frame used
tion of “inverted V” precipitation and the auroral region are to order FUV observations is the Apex coordinate system de-
well correlated with upward FACs at substorm onset. scribed byRichmond(1995. A prominent auroral activity at

local midnight occurs at 11:20 UT on 2 September 2001. In
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Fig. 1. Auroral images from IMAGE FUV-WIC in the frame of MLAT and MLT coordinates showing one substorm onset event occurring at
11:20:02 UT on 2 September 2001 (provided by H. U. Frey).

the next tens of minutes (not shown here) the aurora expandghe Hall current is approximated by a series of infinite line
poleward and azimuthally, which are typical substorm fea-currents, and current density is obtained by an inversion
tures. The substorm onset times and locations, observed byethod. The positive amplitude marks the eastward (west-
the IMAGE-FUV for the northern auroral oval covering May ward) directed current for the descending (ascending) part of
2000 (start of the regular IMAGE-FUV operations) through the orbit (for details seeRitter et al, 2004). The results of
December 2002, were made available as a supplement to thtbe current estimates are also ordered in the frame of cor-
paper byFrey et al.(2004. The compiled list of substorm rected magnetic coordinates and magnetic local times, which
onsets times and locations from the first 2.5 years of operaare both calculated from the Apex algorithms described by
tion obtained by the WIC instrument covers all seasons. TheRichmond(1995. By chance, there are 49 close CHAMP
data of more than 2400 substorm onsets confirm previouspproaches to the onset region during 2001 and 2002. The
findings (iou et al, 2001) of average distributions in geo- “close approach” requires that CHAMP passes the location
magnetic latitude and local time. The median onset locationof the substorm onset within a zonal segment@t° in lon-

was found at 23:00 MLT and 68> MLAT (Frey et al, 2004). gitude and a time window a£6 min of the reported break up
The data set is not biased toward any specific geomagnetitime. A distance of about-60 km in the east/west direction
longitude, as is expected for long-term observations from arom the reported onset location can be regarded as accept-
satellite having an orbital period that is not a multiple of the able, since the associated currents are organized primarily
Earth’s rotational period. along the oval.

Although there are no observations of IMAGE in the We use a 1-min interplanetary magnetic field (IMF) and
Southern Hemisphere, we have simply assumed that subsolar wind velocity data collected by the Advanced Compo-
storm onsets occur at the same times and conjugated locaition Explorer (ACE) satellite. The satellite is located at
tions in both hemispheres. Therefore, IMAGE FUV obser-the Lagrange Points (L1) approx. 2R@ (~1.48x10f km)
vations from the Northern Hemisphere may also provide in-in front of the Earth. The transit time to the magne-
formation for the Southern Hemisphere. topause of each substorm event was computed individu-

The geoscientific satellite CHAMP was launched on 152ally using the actual solar wind speed data (the propaga-
July 2000 into a near-polar (88 inclination) orbit with an ~ tion has been done by the standard procedure described
initial altitude of around 450 kmReigber et a.2009. Ob-  ©on the web pagattp://nssdc.gsfc.nasa.gov/omniweb/html/
servations of the CHAMP satellite were used to estimate@mni2doc.htmh#shiff). Itis generally believed that the time
the ionospheric currents in the vicinity of the onset. The delay of an onset to changes in the solar wind is on the order
satellite carries among others a high-precision Fluxgate vecof 20 to 60 min Gérard et al.2004.
tor Magnetometer (FGM) and a scalar Overhauser Magne- In the present study an investigation of the role of the
tometer (OVM) primarily for calibration purposes. Field- time lag effect is performed to optimize the correlation
aligned currents are determined according to Ampere’s lawfor the solar wind parameters with the onset characteris-
from the vector field data. It is assumed that the FACs aretics (cf. Sect3.4). Four different weighting functions have
organized in infinite sheets which are aligned with the meanbeen applied to the propagated solar wind parameters, av-
location of the auroral oval. Further details of the FAC calcu- eraged over the three consecutive 20-min intervals of the
lations can be found ikVang et al(2005. The ionospheric  hour prior to the respective substorm breakup. This means
Hall currents, here the source free current components, arthat the IMF parameters are expressed as averages over
determined from the scalar magnetic field measurementshree 20-min intervals (20 min, 40 min, and 60 min periods


http://nssdc.gsfc.nasa.gov/omniweb/html/omni2_doc.html#shift
http://nssdc.gsfc.nasa.gov/omniweb/html/omni2_doc.html#shift
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< 10° 2001 - 2002 calculated. The solar wind parameters at the magnetopause
8 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ are averaged over 20-min periods before the time of the on-
set Gérard et al.2004). Figure2 shows the size of the Aka-
25f . 8 sofu coupling parameter during these substorm events. It can
. . be seen that in most casestays below k10'°J/s, which
o L surely indicates that the substorm events considered here are

moderate, ad\kasofu (1979 suggested. Intense substorms
should exceed 210 J/s.

215 ]
3.2 Substorm onset position in daylight and darkness
1r +
.. : S A For the purpose of this study, all substorm onset events are
N T A sorted by the solar illumination condition during 2001 and
R L P SN 7. X S 2002. The substorm onsets binned in magnetic latitutle (5
. 1. 23 .o “,l!.g' .“'} .d',f (] o T oone bk . .
BchEc{. b aro R 9l Qil-e A TR IS o LaskA and local time (1-hour), are then separated into two groups,
0 200 400 600 800 1000 1200 1400 1600 1800 depending on the solar zenith angle (SZA). Daylight is de-

Substorm event number

fined as SZA100° and darkness as SZAL00° (Wang et al.
2005. For each bin in magnetic latitude and local time an oc-
Fig. 2. Amplitudes of Akasofu coupling parameter,for the con- ~ CUMTENCe frequency was determined. The resulting maps of
sidered substorm events. substorm onset distributions are shown in Rgreflecting

the locations for sunlit and dark conditions. It is expected

that a higher occurrence frequency of substorm onsets is ob-
preceding the time of the onsets observed by FUV) butserved in darkness because these events occur close to local
weighted differently according to the models and then cor-midnight. This region is in sunlight only during the summer.
related with the substorm onset location, thereby searchinghere is a clear difference in local time of the substorm onset
for the best correlation coefficients. The four weighting between daylight and darkness. In darkness substorm onsets
functions used byr'syganenko(2000 are the instance re- tend to occur at~23:00 MLT, with a half-maximum width
sponse function (IS) with the weight$y13=1,0,0, the  of 0.8 h in MLT, while in sunlight they tend to occur about
linearly increasing function (LI, mostly delayed response) an hour earlier, at-22:00 MLT, with a half-maximum width
with W1 2 3=0, 0.5, 1, the uniform averaging function (UN), of 1.8 in MLT. The most likely onset locations tend to oc-
with all equal weight values¥i23=1,1,1, and the lin-  cur at 664° MLAT with half-maxima width of 4 in daylight
early decreasing function (LD), with; 2 3=1,0.5,0, re- and 5 in darkness. And there is also an indication for an
spectively. The absolute values of the weight,23, do  equatorward shift in darkness, which suggests a dependence
not matter due to the final normalization By> ; W;. of the most probable onset latitude on the solar illumination.

3.3 Correspondence with solar wind parameters
3 Statistical results

It would be interesting to see whether there are interplan-
The large number of reported substorm events during the tWetary configurations favorable for triggering the substorm
years considered (1829 events) and the subset of 49 onsghset. Since a substorm is one element in a longer dynamic
conjunctions with CHAMP passes are a good basis for studyznain of solar wind-magnetosphere interactions, it is not
ing the statistical properties of substorm onsets at the northppyious to expect a direct correlation of the onset with any
ern and southern poles. of the solar wind parameters. Therefore, as a first step we
perform a superposed epoch analysis with respect to the
substorm onset time and search for systematic variations
of solar wind parameters (which have been time-shifted to

First of all, let us look at the energy input preceding the . .
substorm events which we investigated. The period considzh'3 dayside magnetopagse). Figdsshows the average
development of solar wind paramete8;, E, and N,,

ered comprises two years (2001-2002), providing a double .
coverage of the seasons. The Akasofu coupling paramete ne hour bgfore and after the auroral breakup d?”.v ed from
this analysis. The averaged IMB, attained a minimum

¢, has been shown to correlate well with the energy input ) :
during intense geomagnetic storms, as well as during in.about 20min before the onset. At the time of the onset a

dividual magnetospheric substornAkasofy 1979, where northward turning is observed. The merging electric field,
£=Vsu (B2+B2) sin'(0/2)12 /110, andB,,, B, are components E=v,/B3+B2sir?(0/2) (e.g. Kan and Leg 1979,

of the interplanetary magnetic field,,, is the solar wind ve-  whereuy,, is the solar wind velocity and is the clock angle
locity, eztan—l(By/Bz) is the clock angle of the IMF de- of the IMF defined in GSM coordinates, performs a smaller
fined in GSM coordinates, ang is a constant scale length, variation. The relative changg,, is significantly less than
~7 Rg. For each substorm event, averaggsharameters are in the case of IMFB,. The average number density,,

3.1 Solar wind input during substorm
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darkness daylight

12 50 mLAT 12 50 MLAT

dusk 18 ‘| 6 dawn dusk 18 6 dawn

0 MLT 0 MLT

Fig. 3. Occurrence frequency of substorm onsets for daylight (left) and darkness (right).
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Fig. 4. Superposed epoch analysis of solar wind parameters aroungtig 5. Correlation between merging electric field,{) and in-

auroral breakup. The key time, “0", corresponds to the onset time.crease in polar cap areacos(8+8), whereg is the geomagnetic
Parameters from top to bottom are IME, merging electric field,  |atjtude of the substorm onset£17°, see text).

E;,, and solar wind densityy,, which have been propagated to the
dayside magnetopause. The bars indicate the uncertainties of the

10 min avearges. 3.4 Correlation of the onset latitude with solar wind param-
eters

In a next step we are interested in finding a relation between
also shows a decrease of about 40 min before the onset. Th@éie solar wind input and the latitude of the substorm onset.
density recovers at the time of breakup. The same analysiuring the growth phase magnetic flux is added to the
is also performed with the other components of the IMF, magnetotail. This causes the polar cap to expand. Since
the solar wind velocityy,,, the dynamic pressuref;,,,  the area of the polar cap and accordingly the amount of
Akasofu coupling parameter, and a more sophisticated magnetic flux in the tail lobes increase proportional to
coupling function,e':P;V/fvstT sin*¢/2 (Gerard et al.  the square of the polar cap radiukielson and Rus-
2004, where By is the fransverse component of the IMF sell, 1994 (cf. Sect. 9.3), we assume a parabolic relation
and the IMF cone angle=tan1(Br/B,). But none of between the solar wind input and the latitude of the substorm.
them shows a significant signature related to the substorm
onset.
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a. 02 Sept. 2001, orbit 6382

2 T T T T T T T T 1
—~ 1r —40.5
< <
a2 0 0o =
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Q
< T
w -1 41-0.5

Substorm onset time: 11:20
| | | | | | | | —

-2
uT:11:15  11:17 0 11:19  11:21 11:23 11:25 11:27 11129 11:31

MLAT:55.1 62.8 70.6 78.2 84.6 83.2 76.3 68.6 60.7
MLT: 0.1 24.0 23.7 23.0 20.6 15.3 13.8 13.3 13.1

1250 M(I)_AT

Kp=0.7

Fig. 6. (a)lonospheric currents observed by CHAMP at the time of the auroral breakup event shownlin Fagitive FACs are directed
upward, positive Hall currents flow westward on the nightside and eastward on the dayside. As shown in the Idbertposubstorm
onset location coincides well with the peaks in FAC and Hall currents.

Figure5 shows the relationship between the merging elec-3.5 Correspondence between substorm onset, field-aligned
tric field and the magnetic latitudg, of the substorm onset currents, and Hall currents
separately for sunlit and dark conditions. We employed the
merging electric field£,,, as the suitable geoeffective so- For this comparison 49 CHAMP orbits with close approaches
lar wind coupling parameter for loading the magnetospheret the events are selected in the Northern and Southern Hemi-
as shown above and following the results derivedMng  spheres for the years 2001 and 2002. These passes are used to
etal.(2009. A linear correlation is performed between the stydy additional features (e.g. FAC signatures and Hall cur-
merging electric field and a quadratic function for the polar rents) of the substorm onsets. As an example, Eghows
cap area (cdgp+4)). The angular widths, of the polar cap  the FAC and Hall current intensities for one CHAMP pass
at quiet times has been determined by testing different valyorpit 6382) during a period of low geomagnetic activity on
ues. The anglé=17" gave the best correlation results. The  september 2001. The average Kp for this event is 0.7 and
cross polar cap potential tends to saturate at very high activihe p,, value is about-4 nT. The onset occurs at 11:20 UT,
ity (Nagatsuma2004. Therefore, the correlation has been gg 13> MLAT and 23.61 MLT (cf. Fig.1).

limited to E,, <6 mV/m in our study. With this selection we In Fig. 6a, the peak upward FAC and two flanking down-
avoid non- Ii_near responses and gaturation ofthe sys_tem at ©Vard FACs r;lre marked by asterisks, and the peak Hall current
treme act|V|_ty, Wh'Ch may comphcat_e the mt_erp_r etation. For density by a pentacle. In Figb the reported substorm onset
the correlation with cc?:{,@+5) the optlmal Welgh_tlng fOEy position is shown as a triangle and the peak upward FAC is
Itutr.ned outﬁt.o. beutehfouggg;m Luncltlsonfl(lilg) fW'tht.the ct(:]rre- marked by an asterisk, and the peak Hall current density by a
a |on| ctpe |C|er]1f_ - t .O ;>5r35, 0 5,3708 ung I8?35864e pentacle. We see the well-known three-sheet FAC structure,
corretation Coetlicients are ©.5939, U070 and ©.999%, T8, oy g typical for the Harang discontinuity. There is an
specnvel_y . From the regression line fit in F‘@.we obtain . upward FAC in the middle, flanked by two downward FACs
the relation for the onset latitudes. In sunlight we obtain both poleward and equato7rward which seems to be an ons,et-
227.30_2'& E”a gnd |(1//dark!|’1_(ra]§§:73°—?.ZchEtmt,hwhle:_? di related featureRapitashvili et a].2002. From Fig.6a, it can

m 1S Measured in mvim. 1his suggests tat the 1atitudi-j,q, o0, that the positive Hall current peak indeed occurs dur-
nal response to the solar wind input is significantly strongering the ascending phase of this CHAMP orbit. The positive
during the dark seasons. Hall current peak, therefore, corresponds to a westward Hall
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Fig. 7. Relationship between the reported onset latitude and the obFig. 8. Same presentation as Figj.but for the relationship between
served latitude of each of the three-sheet FAC currents in the aurorghe onset latitude and the latitude of the peak Hall current in the
oval in the Northern (top) and Southern Hemisphere (bottom), sep-auroral oval.

arated for CHAMP passes to the west or east of the onset location.

and downward FACs, as well as eastward and westward Hall
current. This weak westward Hall current of about 0.2 A/m currents, are displayed as solid dots and open circles, re-
exists poleward of the central FAC at this substorm onsetspectively. Poleward and equatorward downward FACs are
CHAMP passes on the east side close to the onset regiooolored differently. In the Northern Hemisphere there are
(0.08 h in MLT) shortly before the detection of the substorm 17(12) events where CHAMP passed on the west(east) side
onset (about 1 min) (cf. Fidb). of the onset location and in the Southern Hemisphere there

The two or three main FAC sheets, the peak Hall currentare 9(11) events of west(east) passes.

and the substorm onset location are selected in the same way In Fig. 7, it can be seen that there is a good correlation be-
for all 49 events. Sometimes there are only two sheets intween the latitudes of upward and downward FACs and sub-
the vicinity of the substorm onsets, which could be relatedstorm onsets with correlation coefficientR)(no less than
to the selection criterion that sheets with peak densities les8.5. As expected, the upward FACs center closest to the on-
than 0.02xA/m are omitted {Wang et al. 2005. The re-  set location and the two flanking downward FACs on aver-
lationship between the reported onset latitudes, the two oage locate poleward and equatorward of the onset. There is
three field-aligned current sheets and peak Hall currents ira little scattering of the upward FACs about the center line,
both hemispheres are shown in Figand8. All events are  which means that the upward FACs are not exactly collocated
separated into two subsets according to (1) all passes westith the reported auroral precipitation. There are no signif-
of the onset (upper panel) and (2) all passes east of the orieant differences between events west and east of the onset.
set (lower panel), separately for both hemispheres. Upward’he upward and downward FAC locations in the Southern
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Hemisphere are found to deviate more from the center lineThe correlation coefficient for the different delay models
than in the Northern Hemisphere. This may be due to theamounts toR=-0.083 (IS), —0.082(LI), —0.092(UN) and
fact that the substorm onset is detected in the Northern Hemi—0.095(LD). Therefore, we may claim that the determined
sphere and mapped to the conjugate point, while the current®cal time shift is caused by other factors, possibly influenced
are measured directly in the Southern Hemisphere. Reliabléy the solar illumination.
observations of substorm onset in the Southern Hemisphere From Fig.3 one can also see that there is an indication
will be required to complete the global picture. for an equatorward shift of the substorm onset in darkness.
The behavior of the Hall currents is shown in Fi§.  We have performed a more detailed examination. We binned
Events with quite small Hall current densities (below noise substorm onsets in magnetic latitude5(), and then sepa-
level of 0.04 A/m) are omittedRitter et al, 2004. In the rated them into two groups according to daylight and dark-
Northern Hemisphere, it can be seen that westward Hall curness. The occurrence frequency was determined for each
rents dominate in the majority of the cases (18:7). The westMLAT bin. It was found that in sunlight the most proba-
ward Hall current is encountered abotit @oleward of the  ble onset latitude was about6a@nd in darkness 65°. This
reported onset. In the conjugate Southern Hemisphere, itesult is consistent with earlier findings that the solar illumi-
can be seen that the westward Hall currents dominate (11:7hation can influence the position of the auroral oval. In the
They scatter a little more around the central line. Frompre-midnight sector, the auroral oval expands in the case of
Figs. 7 and8 we can see that in the Northern Hemisphere darkness by about3° equatorward\(ang et al.2005. The
the upward detected currents are closest to the reported ommnset location was found bgérard et al(2004) to occur at
sets and Hall currents are abodtleward of the reported a fixed distance to the equatorward boundary of the auroral
onsets. Larger deviations occur during intense events. oval. Both features are obviously shifted poleward in sun-
light. Based on this study we cannot make a firm conclusion
on the effect this may have on the source region in the tail.
4 Discussion
4.2 Latitude dependence on solar coupling parameters
In this study we have investigated certain features of sub-
storm onsets by combining observations from the ACE, IM- The substorm initial phase may be closely related to a pre-
AGE and CHAMP satellites. Some interesting results aboutceeding southward IMF, thus suggesting that magnetic re-
the onset locations and associated ionospheric currents ag@nnection is much more important for substorms than the

obtained. viscous interactionGowley, 1982. Kamide et al.(1977)
also showed that the probability of the substorm occurrence
4.1 Latitude dependence on solar illumination increases with the growing strength of the southward IMF.

Our superposed epoch analysis (cf. Bigshows that the av-

The distribution in MLT and MLAT of the substorm onsets erage IMFB, was southward prior to the onset, suggesting
observed between 2001 and 2002 with the most probable oran enhanced energy input from the solar wind into the mag-
set location at 22:23 MLT and 66.481LAT confirms previ-  netosphere. As a consequence, the cross-tail current may in-
ous findings (e.d-iou et al, 2001). The large amount of sub- crease, finally producing a substorékasofy 2004. Our
storm events are evenly distributed in magnetic longitudesanalysis shows that substorms occur during a positive turn-
without any bias Erey et al, 2004. Only 8 onsets (0.4%) ing of the IMF B,. It has been demonstrated that a north-
were observed to initiate at very early mangetic local timesward turning of IMF can trigger substormkypns, 1996.
(near 19:00 MLT). This is consistent with DE Caven and  The cross-tail current may increase during a period of south-
Frank 1991 and Viking observationsdHenderson and Mur- ward IMF. A reduction in negativé8, may cause a sudden
phree 1995. decrease of the tail current and thus can trigger a substorm

The most probable onset location in daylight is 22:00 MLT (Akasofu 2004. Therefore, the northward turning seems to
and in darkness, 23:00 MLT. This result is compatible with be a subset of the substorm onset process. There is also a sud-
the conclusions of a seasonal study lhgu et al. (2007), den increase in solar wind density at the key time (cf. Bjg.
who found onset locations centered around 21:30 MLT inhowever, the change is rather small, 2%, which may not be
summer and 23:00 MLT in winter, using POLAR observa- enough for a significant influence. Other coupling parame-
tions. The authors suggested that the IMF component  ters, such as the dynamic pressure or the Akasofu parameter,
affects the shift of onset in MLT. Onset locations should revealed no dependence. This should be considered in sub-
shift toward earlier local times foB,>0 and to later times  storm onset models.
for B, <0 (Liou et al, 2001). Under this aspect, positive The effect of the solar wind input on the onset latitude is in
By, should dominate in our statistics in daylight and nega-agreement with earlier conclusions. For more posifiyewve
tive B, in darkness. But after we sum up all events with find the more equatorward location of the onsets, which in-
positive versus negativ8, in sunlight and in darkness, we dicates increasing magnetic flux in the magnetotail. The ob-
found 246262 in sunlight and 82874 in darkness, which tained correlation coefficients akRe=0.57 and 073 for dark-
gives just the opposite ratio than the above suggestion. Fumess and daylight, respectively. The onset latitudes respond
thermore, we found no correlation betwedpn and MLT. differently to the merging electric fields,,, for sunlight or
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darkness. The degree of equatorward expansion of the suleastward currents in the south, furthermore southward cur-
storm onset responds strongertg in darkness than in day- rents west of the surgd.ihr et al, 1998. According to
light, which clearly supports our earlier result that the sub-the WTS model oKirkwood et al. (1988, the bright auro-
storm onsets tend to occur on average more equatorward iral feature in the surge is connected to a strong upward FAC.
darkness than in sunlight. Behind the surge (to the east) there is a channel of very high

The best weighting function we found in this study fgy, conductancelewis et al.(1997) suggested that the dominant
and onset latitude is the uniform function, which averagesupward FAC in the WTS is connected to the substorm current
the solar wind data evenly over one hour before the substornwvedge (SCW). In the Northern Hemisphere this FAC drives
onset. This may imply that integrating the solar wind input a counterclockwise ionospheric Hall current flowing around
at the magnetopause over the preceeding 60 min is suitablié shortly after the substorm onset. Prominent eastward au-
to charaterize the processes in the middle and distant tail oforal electrojets are more evenly distributed about the central
the magnetosphere before the substorm. line (cf. Fig.8). Some of them can also be found poleward

of the prominent downward FACs. In accordance with that,
4.3 Relation between onset location and FACs and Hallkamide and Kokubur{1996 found that the upward field-

current latitudes aligned current distribution during the substorm expansion

phase sometimes has multiple peaks, which are related either
Our results (cf. Fig7) show clearly that the substorm on- to the convection electrojet or to the substorm-expansion jets.
set location correlates well with the most prominent field-  An important result of this study is that the average lo-
aligned currents and Hall currents in that region. Field-cation of substorm onset differs for sunlit and dark iono-
aligned currents, especially upward FACs, are considered t@pheres, in both local time and latitude. In this context,
carry most of the energetic electrons. Therefore, it is naturathere should be a systematic displacement in the onset po-
to expect that these field-aligned currents and auroral imagesition in both hemispheres, since we have a sunlit polar re-
display coherent variations during a substorm. In our study ajion in the Northern Hemisphere during summer solstice and
little scatter of the upward FACs about the center line can beat the same time darkness in the south. We cannot test this
found (cf. Fig.7), which means that the upward FACs are not conclusion because we do not have simultaneous observa-
exactly collocate with the reported auroral precipitatibn.  tions in the Southern Hemisphere. A previous study argued
et al.(1997 also found that the brightest aurora in the central that the MLT differences of onset locations in the two hemi-
auroral oval tends to reside at the boundary between upwargpheres were caused by the magnetic tension force acting on
and downward currents. They attributed this to the inability open magnetic field lines, which was due to the IMf-ef-
of the AMIE technique to capture the fine structure of FACs fect (@stgaard et §1.2004. Their results were based on 5
associated with discrete auroras. Our data processing witBubstorm onset observations in both hemispheres. However,
the high-pass filtering at the 20-s cutoff period, also suppress our study, we find little effect of the IMB, on the on-
the intense small-scale FAC®/ang et al.2005. set location (cf. Sec#.1). There were also other explana-

It is usually thought that the auroral electrojets are mosttions about the dissymmetrical latitude and longitude of the
intense in the region of bright auroral luminosity because theauroral breakups in the northern and southern hemispheres,
precipitating energetic particles enhance the ionospheric consuch as the magnetospheric currents or IMF influence on the
ductivity (Kamide and Kokuburil996. However, the reality magnetospheric field configuration (eBurns et al, 1997
is more complicated than this simple view suggests, becaus8tenbaek-Nielsen and O1th997. Here we suggest that the
there are differences and partly because there are overlaps eblar illumination may also have an important effect on the
the electrojet peaks and peaks in auroral luminosity as a renonconjugated location of the onsets in both hemispheres.
sult of the combined roles of the ionospheric electric fieldsThere is feedback regarding the sunlit ionosphere on the au-
and conductivities, as suggested Kkgmide and Kokubun roral electrodynamics. The energetic electrons causing the
(1996. They claim that there are two kinds of electrojet auroral features are accelerated in a region only some thou-
currents: one is related to the convection electric field, giv-sand kilometers above the Earth. These acceleration regions
ing eastward currents on the dusk side and westward onesrobably work independently in the two hemispheres. The
on the dawn side, and the other is related to the conductivfeedback of the ionospheric conductivity on the acceleration
ity enhancement, supporting a westward current around thef precipitating electrons has been shownNgwell et al.
midnight sector. These two types of currents coexist in the(1996. This effect causes a suppression of discrete auroras
Harang discontinuity and their relative strength varies within sunlight. We think that the preexisting ionospheric con-
time, making the interpretation of individual current patterns ductivity has an influence on the location of the auroral ac-
very complicated. celeration region, possibly by moving to a latitude favorable

Our results show that the westward auroral electrojetsfor the instability, which is thought to be an element of the
dominate in the pre-midnight sector (cf. F®). They tend acceleration proceskléerendel1990. Sato et al(1998 re-
to reside about?2in latitude poleward of the substorm onset. ported that ionospheric conductivity might explain why au-
This is consistent with the classic pictures of a westward travroral features sometimes occur in one hemisphere and are
elling surge (WTS). Ground-based observations of a WTSabsent in the other hemisphere. When accepting this concept
show westward ionospheric currents in the north and weakeit is no surprise that the observed FACs and electrojets in
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