Ann. Geophys., 27, 355857Q 2009 ~ "*

www.ann-geophys.net/27/3559/2009/ G An n_ales
© Author(s) 2009. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

On the triggering of auroral substorms by northward turnings of
the interplanetary magnetic field

J. A. Wild 1, E. E. Woodfield!, and S. K. Morley?®”

IDepartment of Communication Systems, Lancaster University, Lancaster, LA1 4WA, UK
2School of Mathematical and Physical Sciences, University of Newcastle, Callaghan, NSW 2308, Australia
“now at: Space Science and Applications, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Received: 23 September 2008 — Revised: 14 August 2009 — Accepted: 4 September 2009 — Published: 25 September 2009

Abstract. Some studies over the last decade have indicategoredominantly in the magnetotail), there is no requirement
that the instability responsible for substorm expansion phaséor the instantaneous flux opening and closure rates to be
onset may require an external trigger such as a northwaranatched. Thus, in general, the balance between the day-
turning of the interplanetary magnetic field (IMF). Statisti- side and nightside reconnection rates determines the amount
cal investigations have lead to contrasting interpretations reef open magnetic flux within the magnetosphere (eagk-
garding the relationship between proposed solar wind trig-wood and Morley 2004. Following dayside reconnection,
gers and substorm onsets identified from geomagnetic datanly a fraction of the flux transported into the tail is re-
We therefore present the results of a study into the possibleonnected and convected back toward the day&dstoker
triggering of 260 substorms between 2001-2005, exploitinget al, 1987. The remaining flux is added to the tail lobes
data from the Cluster and IMAGE satellite missions. We causing the magnetic flux density in the tail to increase. This
find that only a small fraction<€25%) of the substorms stud- stored energy is eventually released in an explosive fashion
ied are associated with northward turnings of the IMF. How- and the magnetosphere undergoes rapid reconfiguration. The
ever, the majority of the observed onsets are associated withrocesses of gradual energy storage followed by sudden re-
a growth phase characterised using a subset of the criterilease are usually referred to as the substorm growth and ex-
employed to define northward-turning IMF triggers. Based pansion phase, respectively.

upon a case-by-case investigation and the results of an anal- sybstorms therefore represent the explosive reconfigura-
ysis using the statistics of point processes, we conclude thafon of the magnetosphere resulting from the release of solar
northward-turning structures in the IMF, while sometimes \yind energy and momentum stored in the Earth’s magnetic
COinCiding with the initial phase of individual Substorms, are tgil. At the onset of the substorm expansion phase’ an in-
not required to trigger the magnetospheric instability associstapility prompts the rapid reconfiguration of the magneto-
ated with substorm expansion phase onset. tail resulting in highly dynamic aurora and enhanced iono-

Keywords. Magnetospheric physics (Magnetospheric con- spheric currents. Since Akasofu first introduced the concept
figuration and dynamics; Solar wind-magnetosphere interacOf substorms over 40 years agkasofy 1964, the mech-
tions; Storms and substorms) anism and timing of the instability that leads to the rapid
and large-scale reconfiguration of the Earth’s magnetotail has
been actively debated. Four decades of ground- and space-
based observations have led to the development of several
models that rely upon different physical mechanisms to ex-
gplain the sequence of cause and effect in the magnetosphere

global energy circulation and magnetic flux transport in the that resultin the closure of open magnetic flux by reconnec-
geospace environmen€éwley et al, 2003. Although on tion in the tail and the auroral disturbances observed in the
average the quantity of magnetic flux opened via daysidé“'dn'ght sector auroral zones. The launch of NASA's Time

reconnection must be balanced by flux closure (occurringfiStory of Events and Macroscale Interactions during Sub-
storms mission (THEMISAngelopoulo$2008 in February

] 2007, has renewed scientific focus on the uncertainty in the
Correspondence tal. A. Wild location and timing of substorm expansion phase onset in the
BY (i.wild@lancaster.ac.uk) Earth’s magnetic tail. Recent results from the mission (which
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1 Introduction

Substorms represent one of the fundamental modes
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comprises five identically instrumented probes with orbits ar- 4. No other point in the previous 10 min should satisfy the
ranged such that during key observing seasons the spacecraft listed criteria. That is, once a trigger is identified, any
align radially every four days in order to measure the timing turnings satisfying the criteria in the following 10 min
and evolution of the signatures of substorm onset) are dra- interval are ignored.
matically advancing our understanding of the timing and lo-
cation of substorm expansion phase onset fngelopoulos ~ Using the above criterizisu and McPherro2002 exam-
etal, 2008. ined 61731 1-min resolution data points from the ISEE-2
Another key uncertainty is the possible triggering of sub- spacecraft while in the vicinity of 12:00 MLT and just up-
storm expansion phase onset by factors external to the magtream of the bow shock in September 1978 and September—
netospheric cavity (rather than the spontaneous growth ofctober 1979. Within these data, 598 possible substorm trig-
a plasma instability in the magnetotail current sheet). In agers were identified, while ground magnetometer measure-
study of upstream interplanetary conditions durin@800  ments were employed to identify 258 substorm onsets within
substorms,Caan et al.(1978 reported that the average the same time range. The statistical association between trig-
Bz component of the interplanetary magnetic field (IMF) gers and onsets was then evaluated using the statistics of
reached a negative peak approximately ten minutes priopoint processes, with the time delay between substorm on-
to expansion phase onsets determined from ground magnéets and the propagated arrival time of IMF triggers found
tometer data. These findings led Caan and co-workers td0 be clustered around zero. These results were interpreted
speculate that northward turnings of the IMF may act as ar@s evidence that the association between northward turning
onset trigger mechanismiyons et al.(1997) examined in  triggers and substorm onsets is statistically significant at a
situ solar wind and IMF measurements during substorm on-confidence level so high that there is little possibility that the
sets and concluded that northward turnings of the IMF wereassociation is a result of chance.
responsible for triggering 13 of the 20 events studigans However, in a re-analysis of thelsu and McPherron
et al.(1997 went on to suggest that a large majority of sub- (20029 dataset,Morley and Freemarf2007) demonstrated
storms are triggered by the IMF, although the physical mechthat the time delay between substorm onsets and the propa-
anisms linking the IMF structures to the growth of a mag- gated arrival time of IMF triggers were also clustered around
netotail instability remain unclear. Subsequenkgu and  zero when only the first of the Lyons criteria listed above was
McPherron(2002 searched for evidence of IMF triggers in employed. Morley and Freeman interpreted this result as ev-
3 months of IMF data from the ISEE-2 spacecr&fsu and  idence that given a period of southward IMF (corresponding
McPherron(2002 employed the same criteria Bgons etal.  to the substorm growth phase), northward IMF turning trig-
(1997 in order to define a substorm trigger at timén a  gers (as described by criteria 2—4lgons et al, 1997 were
set of measurements of the north-south compoBegnif the not required for a substorm expansion phase onset to occur.

IMF sampled at discrete times Assuming time resolution Movement toward a resolution of the substorm triggering
At=t;+1—1;=60 s in the solar wind measurements, these cri-questions is often hampered by uncertainty in the configura-
teria are as follows: tion of the IMF and solar wind parameters controlling solar

wind-magnetosphere-ionosphere coupling. Frequently, solar
wind and IMF data recorded at the Sun-Earth L1 libration
point are propagated Earthward in order to estimate the con-
#{Bz(t —30At : 1) < 0} > 22 (2) ditions impinging upon the magnetopause. However, signif-
icant errors can arise in the time delay estimation required
to lag L1 data to the magnetosphere, making the one-to-
one association of IMF drivers with magnetospheric effects

1. The IMF must be southward for at least 22 of the pre-
ceding 30 min:

whereX (a:b) denotes all elements &f(x;) in the range
a<x;<b and # X} indicates the number of elements in

the setx. somewhat unreliable (e.9/eimer et al.2009. For example,
2. The turning initiation must be rapid, so that: measurements from the ACE spacecré&fiope et a.1998
are often employed. However, thel50 000km 23Rg)
Bzt + A0 = Bz() _ 375 nT min (2)  semi-major axis of ACE's halo orbit about the L1 libration
At point implies that solar wind streamlines passing though the

3. The northward turning must be sustained, determinedACE spacecraft are unlikely to directly intersect the magne-
by the slope of the linear regression 6B, on 1 be- topause. Therefore, in this study (as in the studies presented

tweent andz4-10 min: by Hsu and McPherrgn2002 and Morley and Freemagn
By(t + 1 + 10A7) 2007, we shall employ magnetic field and plasma data from
22 T S 0175 nTmint (3)  afewRg sunward of the bow shock in order to minimise un-

10Az certainties in the propagation of upstream measurements to
and Bz must be increasing so as to satisfy the the magnetosphere for a large group of substorms. However,
requirementsBz(t+Ar:t+3A1)>Bz(t)+0.175nT and  in contrast toHsu and McPherroif2002 and Morley and
Bz (t+3At:t+10At)>Bz(1)+0.45nT. Freeman(2007), we shall examine the upstream solar wind
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and IMF conditions during substorm onsets identified fromthe 260 substorms examined in this study and investigated to
space-based auroral imagery, rather than ground magnetomalentify possible IMF triggers.
ter measurements. By exploiting a different substorm onset Figure2 presents upstream data during three example sub-
identification method and comparing onset timings with solarstorm onsets selected from the 260 events in our dataset. For
wind and IMF measurements from the region just upstreampach substorm onset, the location of the Cluster 1 spacecraft
of thg bow shock, the results of the present investigation cang compared to the model bow shock position as described by
be directly compared to the previous studies. Roelof and Sibeck1993. The model is parameterised ac-
cording to average solar wind and IMF conditions observed

) by Cluster over a 2-h interval starting 90 min prior to on-

2 Data analysis set. Based upon the position of the model bowshock, a solar

) ) wind propagation timeTsw) in the anti-sunward direction
Upstream solar wind and IMF data for this study are takengom the location of the spacecraft to the bowshock is cal-

from the European Space Agency’s Cluster satellite mission,ated (typically<1min). It is also necessary to take into

(Escoubet et 811997, ?OO]). The quartet of Cluster SPace- jccount the propagation time of potential IMF trigger signals
craft were launched in the summer of 2000 and orbit theacyoss the magnetosheathy ) and along magnetospheric
Earth in highly elliptical polar orbits (18 apogee/Re  field lines toward the Earth and magnetotdils). The total

perigee) with periods of57 h. The orbits are fixed in in-  nronagation delay of IMF triggerd] is therefore estimated
ertial space such that the orbital plane precesses through 24,y be T=Tsw+Tsu+Tus. In keeping with the analysis of

of local time in 12 months. Between approximately Januarypys, and McPherro2002), Tsy and Tys are assumed to
and April each year, this orbit configuration takes the space,,ye fixed values of 4 min and 2 min, respectively. The total
craft upstream of the bow shock as they pass through apogegropagation “lags” computed for each of the examples pre-
Measurements of the local magnetic field and plasma iorgenteq in Fig2 are shown in the right-hand frames. M,
population at each Cluster spacecraft are provided by the,nq solar wind dynamic pressure data are then lagged such
fluxgate magnetometer (FGM; sBalogh et al.1997 2000 4t the presented time series correspond to the estimated ar-

and the Cluster ion spectrometry (CIS; sReme et al. 4| times of these structures in the magnetotail relative to
1997 2001 experiments, respectively. After rejecting in- he observed substorm onset time.

tervals during which there were more than 10 missing/bad . N
data points in a given hour of spin-resolution4’s) mea- The tl)Jppermost pa|rdof pfar:jels in Fig. colrrespond to
surements, three component magnetic field data, ion densitge. s.u storm onset identifie blyrey"et a (2009 r?t
and ion velocity measurements have been averaged at 1-mi 7:50:43UT on 8 February 2003. Following a southward

resolution (as was the caselipons et al, 1997, andHsu and turn;n% ;SOIE:? prior to dsubstc;rm ;)nstit, thie c (ijpo; th
McPherron 2002 nent of the remained negative for the remainder of the

. . . interval while solar wind dynamic pressure was generally
In order to examine the relationship between upstream ) . )
. . . steady at-3 nPa throughout. Times at which the first of the
IMF conditions and substorm onsets, we require a list of . . o .
) four Lyons triggering criteria (negativB; for 22 out of the
candidate eventd-rey et al.(2004 analysed auroral obser- ) L L _
. : preceding 30 min) is satisfied are indicated by yellow back-
vations made by the IMAGE FUV instrument between May . . . .
) e S ground shading (starting 44 min prior to onset). However,
2000 and December 2002, identifying 2437 individual sub- . . .
: e o . at no time during the interval presented were all four Lyons
storms. Substorms were identified if they fulfilled the fol- ~ . °. o
. o . ’ criteria satisfied.
lowing criteria: (1) a clear local brightening of the aurora ) o
has to occur, (2) the aurora has to expand to the poleward The centre pair of panels in Fig.correspond to the sub-
boundary of the auroral oval and spread azimuthally in localStorm onset at 17:26:28 UT on 18 March 2001. In this case,
cepted as a separate event if at least 30 min had passed affgPstorm onset. We note that the first Lyons criterion is satis-
the previous onset. The resulting list of events, subsequentifiéd fromz—61 min tor+12 min while all four Lyons trigger-
extended to December 2005 to include a total of 4193 sublnd criteria were satisfied 3 min after the onset time observed
storms Frey, 2006, forms the basis of the present study. Of PY IMAGE (¢4-3 min).
these events, we have identified 301 substorms that occurred The final example presented in F@(lower pair), corre-
when the Cluster 1 spacecraft was located upstream of theponds to the onset at 10:21:32 UT on 2 February 2005. In
bow shock and making magnetic field and plasma measurethis interval, theB; component is variable, with several turn-
ments. After excluding candidate events that contained datings of the IMF toward a more northward orientation. The
gaps during two-hour intervals starting 90 min prior to the first Lyons criterion is satisfied from—61 min toz+2 min
onsets listed by Frey and co-workers, the list of substormsawhile all four Lyons triggering criteria were satisfied 3 min
to be examined is reduced to 260 individual events spannindpefore the onset time observed by IMAGE-B min). Al-
the period 3 February 2001 to 1 May 2005. Figliygresents  though not considered by the Lyons triggering criteria, we
a summary of the locations of the Cluster 1 satellite duringnote that at the time of the trigger there is also a modest
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Fig. 1. The locations of the Cluster 1 spacecraft at the times of substorm onsets investigated in this study. The location of the spacecraft at the
time of each onset is indicated as a dot in the left-hand panel, plotted according to its location in theé @&etion ando=(Y2+272)1/2,

the perpendicular distance from the Earth-Sun line. Model bow shock and magnetopause locatioR®éidfeand Sibeck1993 and

Shue et a].1997) are included for reference and indicated by dash-dotted and dashed lines respectively. The right-hand panel shows the
distribution of events as a function pf

(~50%) and step-like increase in the solar wind dynamic The lower three panels of Fi@a present equivalent dis-
pressure. tributions of Lyons triggers where, in each panel, the parent
To summarise, according to the northward turning IMF group of 260 substorm onsets is subdivided according to up-
trigger definition criteria used byyons et al.(1997 and  Stream solar wind and geomagnetic conditions. These data
Hsu and McPherro(2002), two of the three example events are presented in order to examine possible solar wind and
presented in Fig2 exhibit IMF triggers within a+10 min geomagnetic factors that might influence the effectiveness of
window centred on substorm onset (the window length used?0ssible solar wind triggers. Specifically, these panels break
in the previous studies) while a third onset occurred withoutdown the Lyons type onsets into:
an accompanying IMF trigger. In the following section, we
present the result of a study including all 260 events outlined
above.

— Storm and non-storm time intervals (storm time inter-
vals being defined at those with,; index less than
—40nT)

— Intervals of fast and slow speed solar wind flow (fast
3 Results intervals being defined as those where the average solar
wind speed exceeded 450 km/s)

Figure3 presents an OYeriEW of the substorm triggering sig-  _ ntervals with and without a solar wind dynamic pres-
natures observed in this study. For comparison, the same ba- g re enhancement at the time of substorm onset (an en-
sic analysis has been repeated twice, once searching for IMF  hancement being defined as=&0% increase in dy-

triggers that fulfil a_II four of the criterifa set out by Lyons namic pressure in the 20 min averaged window centred
and co-workers (Fig3a) and once again looking for those on substorm onset, compared to the preceding 20 min
times when only the first (southward IMF) criterion is satis- average)

fied (Fig.3b). Beginning with Fig.3a, the uppermost panel

shows the distribution of triggers (satisfying all four of the Although the number of triggers in each bin is small, there is
Lyons criteria) observed within one minute wide bins over alittle evidence of a peak in the occurrence of Lyons-type trig-
+10min interval centred on substorm onset during all 260gers (satisfying all four criteria outlined above) in the few
onsets included in this study. For example, within the par-minutes either side of substorm onset. This is true of the
ent group of 260 onsets, Lyons type triggers were observegharent dataset, as well as those subdivided according to so-
in the —10 min bin (i.e. within—10 to—9 min range) intwo  lar wind and geomagnetic conditions. However, it is worth-
substorms. Likewise, Lyons type triggers were observed inwhile noting that the majority of the observed triggers oc-
the —1 min bin during five of the 260 onsets studied. curred during non-storm intervals with no evidence of solar
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Fig. 2. Examples of IMF and solar wind conditions during 3 of the 260 substorm onsets investigated in this study. For each substorm, the left
hand panel indicates the location of the Cluster 1 spacecraft relative to a model bow shock and magnetopause IasTihd-igght hand

panels indicate th&; component of the IMF and the solar wind dynamic pressigy() as a function of time relative to substorm onset

(with the time of onset shown by a vertical dotted line). Intervals during which the IMF conditions satisfy triggering criteridugdnsf

et al. (1997 are shaded yellow while instances where all 4 triggering criteria are satisfied are indicated by dashed red vertical lines. In the
uppermost example, the criteria are not satisfied at any time and no dashed red line is included.

wind pressure enhancements, but the observed triggers were the preceding 30 min) is satisfied. The number of instances
roughly evenly split between intervals of fast and slow solarin each bin is significantly higher than in Figa (more than
wind speed. an order of magnitude) since the fourth Lyons criterion, spec-
Figure 3b shows the equivalent distribution of instances fying a 10 min period after each trigger during which sub-
when only the first Lyons criterion (22 min of southward IMF Sequent triggers are ignored, is not included. However, the
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Fig. 3. The occurrence of substorm triggers withtti0 min of substorm onset based up@) all four Lyons et al.(1997 criteria and

(b) triggers satisfying only the first (southward IMF) criterion. In both cases, the panels present (from top to bottom) the occurrence within
the parent distribution of all substorm onsets; occurrence during storm and non-storm intervals; occurrence during intervals of fast and slow
solar wind; occurrence during intervals with changes in solar wind dynamic pressure (as described in the text).

distribution of instances where the southward IMF criterion (when time-lagged as above). Therefore, in Bigie present

is satisfied is broadly uniform across thé 0 min period ei-  the number of substorms where an IMF trigger was observed,
ther side of the observed substorm onsets, regardless of soléor varying window sizes. In the case of northward turning
wind and geomagnetic conditions. The sizeable increase itMF triggers (as defined by Lyons criteria 1-4) between 14
the fraction of onsets associated with extended intervals ofind 61 of the 260 substorms examined were associated with
southward IMF (Lyons criterion 1) compared to northward- an IMF trigger in association windows ranging frafil to
turning IMF triggers (Lyons criteria 1-4), regardless of asso-+10 min of substorm onset, respectively. When the defini-
ciation window, suggests that southward IMF is a more sig-tion was relaxed to include only the southward IMF criterion
nificant factor in the development of a substorm expansion(Lyons criterion 1), the number of substorms associated with
phase onset. IMF control increased to between 146 and 183 events for as-

Figure4 presents a superposed epoch analysis of upstrea®Pciation windows ranging froatt1 to+10 min of substorm
IMF B, measurements for all 260 onsets included in this©ONSet, respectively.
study. Specifically, Figda presents the variation in the me-
dian IMF Bz (lagged to the Earth) spanning the two hour
interval starting 90 min prior to substorm onset while Hjg.

presents the variation in the mean IMfz (also lagged 10 ko the 260 substorm onsets examined in this study, the IMF

the Earth) spanning a longer eight hour interval, centred or,opagation time from the Cluster 1 spacecraft to Earth, in-

substorm onset (equivalent to Fig. 4©&an et al(1978).  ¢|yding the magnetosheath and magnetospheric transit times

These data indicate that the onsets are typically preceded bé(mployed byLyons et al(1997%, Hsu and McPherro2002

~1h o'f southward IMF, y\nth the maximum southward IMF andMorley and Freema(R007), varied between between 6—

occurring~10-20 min prior to zero epoch time. 8min. Given that these propagation delays (and their ex-
In their statistical analysis of 258 substorms onskisy) pected uncertainties) are comparable to ## min win-

and McPherror(2002 reported that-10 min was the opti- dow employed by previous studies in order to associate

mal half-width of the association window between substormtrigger signatures with substorm onsets, we would expect

onsets and triggering signatures observed in the solar winény systematic IMF triggering effect to be clearly apparent.

4 Discussion

Ann. Geophys., 27, 355857Q 2009 www.ann-geophys.net/27/3559/2009/
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: : T T : ] If the upstream IMF conditions are relaxed to only include
1 the first Lyons criterion, then the “triggering” is simply an
indication of >22 min of southward IMF in the preceding
30min, i.e. a simple definition of the southward IMF con-
ditions that might be expected during the substorm growth
phase. As indicated in Figb, this simple southward IMF
growth phase criterion is satisfied with almost uniform prob-
ability at various times in the-10 min window either side of

\ ] substorm onset. When comparing the fraction of onsets asso-
[ | ciated with this growth phase criteria, the percentage grows
L - from 56% for at=1 min association window to over 70% for a

B, (nT)

40 . . . . L] 410 min window. Although the fraction of onsets satisfying
80 -60 —40 =20 0 20 the growth phase criterion is much greater then those satisfy-
Time relative to onset (min) ing all four Lyons criteria (regardless of association window

size), a significant fraction of onsets remain unaccounted for.
We suggest that this is an indication that the first Lyons crite-
rion fails to adequately describe the substorm growth phase.
For example, evidence suggests that open flux continues to
be added to the terrestrial magnetosphere via dayside recon-
nection even under positive IMBz conditions as long as
the IMF clock angle, defined as arct@y(/ Bz), exceeds 45
(Sandholt et a).1998. We note that if the growth phase cri-
terion is redefined to find times when the modulus of the IMF
clock angle was greater than*fer at least 22 of the preced-
ing 30 min, the percentage of onsets satisfying the criterion
increase to between 89%-93% for 1-10 min association win-
: : : : : ' : dows, respectively (as shown in Fi).
-4 -5 -2 -1 0 1 2 3 4 The high likelihood of a period of southward IMF prior
Time relative to onset (hours) to the onsets included in this study is further highlighted in
Fig.4. The median upstrea®y values (Fig4a) indicate that

Fig. 4. (a) Median IMF Bz values (black trace) spanning the two the IMF is tyP'Ca"y §outhward during the hour prior to sub-
hour interval starting 90 min prior to substorm onset for the 260 Storm onset (i.e. during the expected substorm growth phase).
events included in this study. The range of values defined by the up¥Vhen considered over a longer time interval, the mean up-
per and lower quartiles is indicated by the shaded reqinMean  streamBz values (Fig4b) are similar to the upstream IMF
IMF B values spanning the eight hour interval centred on substornconditions presented during separated substorm€émn
onset for the 260 events included in this study. et al.(1978. The IMF component is small and slightly pos-
itive four hours prior to onset before turning southward for
the majority of the intervals presented, reaching a maximum
Although broadly split between intervals of fast and slow negative of—1.58 nT twenty minutes prior to substorm on-
solar wind speed, the vast majority of the substorm onsetset (compared of a maximum negative of arour@i25nT
included in this study occurred during non-storm times andabout twenty minutes prior to substorm onset reported by
were not associated with step-like increases in solar wind dy-Caan et al(1978). Apart from brief southward excursions at
namic pressure (as indicated in F8). t—170 andt—71 min, the mean IMB; only becomes neg-
The analysis summarised in Figh indicates that ative 60 min prior to substorm onset. This is somewhat dif-
northward-turning IMF triggers satisfying Lyons criteria 1— ferent to the trend shown yaan et al(1978, who reported
4 are associated with less than a quarter of the substormthat the mean IMF for separated substorms turned southward
examined, even when-810 min association window is em- ~150 min prior to onset. However, in both cases, the ampli-
ployed. If the association window size is reducedi#min tude of the IMFB; component (regardless of sign) is found
(comparable to the typical estimated Cluster-Earth propagato be less than one third of the maximum amplitude until
tion time of ~7 min), the number of substorms associated about one hour prior to zero epoch.
with northward-turning IMF triggers falls to under 12%. This  Based on Fig4, there is an obvious tendency for the IMF
relation between the fraction of substorms associated witito be southward prior to substorm onset and then to turn
northward-turning IMF triggers and the length of the associ-northward around the time of zero epoch. Indeed, this has
ation window is confirmed by the broadly uniform distribu- previously been cited as evidence for the triggering of sub-
tion of triggers relative to substorm onset (F3g). storms by northward turnings of the IMF (e §amson and

B, (nT)
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100% T T T T T T T T T T N N
e [ Cockmge 0 nw,h)y =Y ¢ =Y #{|bj+u—aj<h} (4)
& I 1 § i=1 i=1
c 8% 1000 & where # X} denotes the number of elements in the Xet
'i I ] 5 For independent processes, the association number is well-
L I W/ 1 2 estimated by the asymptotic association nunuger oo, 1)
g 60%F 50U Jis0 @ since separating any two time series by sufficient time will
%] 1 Q . . . .
8 g ensure independence between the points in the two series.
3 I ] 2. Therefore, if there is no association between point processes
g 40% 1100 & A and B for any lagu, there will be no significant departure
5 » 1 £ from its asymptotic value at any lag. Alternatively, if there is
;§w Do i 550 ; an association between point. proces§md3, a significant
5 °1 ] 8 departure from the asymptotic level is expected at some lag.
3 - / 1 o In the case of the IMRB triggering hypothesis, we would
o N . I expect the departure from the asymptotic level at a lag rel-
+2 +4 +6 +8 £10 atively close to zero. A bootstrapping techniq@ofover
Window size in minutes (centred on onset) 1999 is employed in order to evaluate the sampling varia-

tion in n(u, h) and establish the 95% confidence limits for
the sampling variation (aftévorley and Freemgar2007).

Fig. 5. Variations in the number of substorms associated with IMF Figure6 presents the association number analysis of candi-

triggers as a function of association window length. The numberdate IME “triggers” within a window of/ of observed on-
of substorms with at least one trigger within the indicated window 99

length is presented for both northward IMF triggers (according to settimes, as afunct_lon oflag For_ th_'s analysis, the window
Lyons criteria 1-4), southward IMF triggers (Lyons criterion 1 only) Was setto a half-width 0k=10min in order to give results
and the IMF clock angle criterion introduced in the text (more than COmMparable wittHsu and McPherro(2002 andMorley and
22 min of IMF clock angle magnitude greater thar? 45 the pre- ~ Freeman(2007). In the first instance we assess the associa-
ceding 30 min). tion between northward turning IMF triggers as defined by
Lyons criteria 1-4 applied to Cluster 1 magnetic field data
whenever the spacecraft was located within the solar wind
Yeung 1986. However, since substorm onsets are biased thetween February 2001 and December 2005. For compari-
occur during intervals of southward IMF and the long-term son, all 3494 substorm onset timings identifiedriey et al.
distribution of IMF B values has a mode of OnT, it is rea- (2004 over the same period are compared. By doing so, we
sonable to expect that from a highly negative point on theinclude all triggers observed when Cluster was in the solar
IMF B distribution changes will, on average, tend towards wind (regardless of whether or not an onset was observed)
zero (i.e. in the positive direction). Therefore, although con-and all onsets observed by IMAGE (whether or not upstream
sistent with the data dtaan et al(1978, we cannotinterpret  |MF data were available). Figur@a shows the association
the results presented in Figjas evidence of a causal link be- number between these point processes as a function of lag
tween northward turnings of the IMF and substorm onsets. ;, summed over all onset times. In order to aid the compar-
In order to examine any possible causal link moreison between this and subsequent panels, the left-hand axis
rigourously, an analyses of trigger signatures has been uris normalised to the relevant asymptotic association number,
dertaken based on the statistics of point processes@exg.  while the actual association number are marked on the right-
1955 Brillinger, 1976. This test has previously been ap- hand axis. In all, we hav® =3494 onsets antff=1323 trig-
plied to substorm onsets and their candidate triggeridsly  gers. At lags oflu|>200 min the association number tends
and McPherroif2002 andMorley and Freema(2007). The  to a mean asymptotic association number of 39. The peak
reader is directed to these papers for a comprehensive dén normalised association is(x, h)=1.88 (with 95% con-
scription of the technique but, as describedMorley and  fidence limits of 1.45-2.37) at=—6min. The lower con-
Freemar(2007), the association between two point processesfidence interval is above the asymptotic association number
is assessed using the association number, calculated as fgbr —22<y <10 min.
lows. Given two point process (i.e. time series of discrete The analysis is repeated, substituting Lyds triggers
events)A andB, with events attimes; (ie {1,2,... N})and  for instances when only Lyons criterion 1 is satisfied, i.e.
bj+u(je{l, 2,... M}), respectively, whera is a time lag.  substituting northward turning triggers for instances where
The individual association numberis the number of events 22 min of southward IMF are observed in the preceding

in seriesB that fall into a window of half-widthh aroundg; 30 min (referred to as “internal triggers” jorley and Free-
and the association numbe(u, 1) is the summation of; man 2007. The results are presented in Figh, with
over all eventsy; the results from Fig6a shown for comparison. In all,

we have N=3494 onsets and/=63505 internal triggers.
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2.5

(o) onsets and/=133 429 instances where the clock angle cri-

520 Jso terion is met. At lags ofu|>200 min the association number
1 . L tends to a mean asymptotic association number of 3840. The
£ 0 peak in normalised associationssgu, 1)=1.26 (with 95%
7 104 Wl - 2=l Qe 2 confidence limits of 1.11-1.42) at=—10min. The lower
2 sk 2 confidence interval is above the asymptotic association num-
] ber for—42<u <10 min.
*Co 200 0 200 200 Considering the analysis presented in each panel obFig.
ime Detey. v [minutes] if the association between substorm onsets and the relevant
' IMF criterion is no greater than that expected by chance,
E then the association number should be similar at all lags.
;OOU However, this is not the case here. In each panel of &ig.

10)

there are significant deviations from the expected associa-
tion under independence. As such, the results indicate that
1000 (a) northward IMF triggers, as defined by Lyons criteria 1-4,
E (b) intervals of southward IMF, as defined by Lyons crite-
200 ria 1 and (c) intervals of IMF with clock angle magnitude
>45° are all associated with substorm onsets. The maximi-
] sation of association at lags just prior to onset is due to the
~ 2.0 1 need to propagate the solar wind such that the measured flux
is added into the magnetospheric lobe. Examining 6ig.
the 95% confidence limits of the Lyons criteria 1-4 criteria
(indicated by the red shaded region) encompass both the cal-
culated association number for Lyons criterion 1 and a sig-
nificant fraction of the confidence limits for Lyons criterion
0 (indicated by the blue traces). Indeed, the confidence limits
fime Deloy, u [minutes] on the estimate of the association number for Lyons crite-
ria 1-4 overlaps the calculated association number for Lyons
Fig. 6. (a)Association number (thick red line) of candidate external criterion 1 and~70% of the confidence interval around it.

triggers defined by Lyons criteria 1~4 within a window-gk of the This substantial overlap suggests that the primary factor in

onset time (summed over all observed onsets) as a function of théhe association of "triggers” with onsets (described by Lyons
lag . The association numbexu, k) is marked on the right-hand  criteria 1—4) is the inclusion of the southward IMF criterion

axis and normalised to the asymptotic association number on th¢Lyons criterion 1). The results are similar to thoseMur-

left hand axis. The thin red lines containing the shaded region mardey and Freema(2007), despite being based upon upstream
the 95% confidence limits and the dashed horizontal line indicateqMF data from different Spacecraft and re|ying upon very dif-
the expected association under independe(igeThe association  farent onset identification techniques.

number (thick blue line) of candidate internal triggers defined by  1ha association of onsets with clock angle (Fig) is sta-

Lyons criterion 1 only. The 95% confidence limits are indicated tistically significant, but the substantially lower normalised
by the upper and lower blue lines and the results from panel (a) '

are repeated for comparison and scaled according to the left-hang>SCCation qumber Indicates that it 'S a worse .pre(.j|ctor of
axis. (c) Same as panel (b), but for observed substorms onsets ananset t.han either of the ot.her two criteria. On f'.rSt 'nSpe,C'
instances where the45° clock angle criterion described in the text  tion, this seems at odds with results above showing the high
is satisfied. percentage of onsets following22 min of IMF clock an-

gle magnitude-45° in the preceding 30 min (as indicated in

Fig.5). However, given that the association number analysis
At lags of |u|>200min the association number tends to ais applied to more substorm onsets, the results indicate that
mean asymptotic association number of 1856. The peakhe clock angle criterion is fulfilled for a large number of non-
in normalised association is(u, h)=1.54 (with 95% con-  substorm intervals. In other words, while large numbers of
fidence limits of 1.3-1.78) ai=—10min. The lower con- onsets are preceded by more than 22 min of IMF with a clock
fidence interval is above the asymptotic association numbeangle larger than 45(either positive or negative) within a

n(u,h

=10)/n,

n(u,h

for —42<u<20min. half hour period, many such periods of this IMF orientation
The analysis is repeated for a third time, substitutingare not followed by a substorm.
Lyons By triggers for instances when22 min of IMF clock Our analysis therefore suggests that even though the clock

angle magnitude-45° are observed in the preceding 30 min. angle criterion fits a large fraction of events, it is too broad
The results are presented in F&g, again with the results a descriptor and further study is required to better under-
from Fig.6a shown for comparison. In all, we have=3494  stand both the necessary and sufficient conditions for onset.
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Combined with the distribution of the temporal distribution those studied) suggests that the southward IMF growth phase
of triggers before and after onset (as indicated in Bjg.  description encapsulated by22 min of negativeB; in the
we interpret the results of this study as evidence that northpreceding half-hour does not fully describe the IMF drivers
ward turnings of the IMF are not required to trigger substormcorresponding to the substorm growth phase. A modified
onsets and conclude that the association between northwamgtowth phase criterion, based upon the IMF clock angle in-
turnings and substorm onsets arises from the fact that northstead of the north-south component of the IMF alone, is
ward turnings are biased to occur under southward IMF, agound to account for over 90% of the onsets included in our
reported inMorley and Freema(2007). case-by-case investigation.
An analysis based upon the statistics of point processes has
been used to investigate the association between substorm
5 Summary and conclusions onsets and both northward IMF triggers (Lyons criteria 1-4)
and southward IMF intervals (Lyons criterion 1). In both
In this study we have analysed upstream solar wind measurecases, the associations are statistically significar@5¢6
ments during 260 substorm onsets in order to investigate theonfidence), suggesting that the primary factor in the asso-
significance of northward-turning IMF triggers, of the kind ciation of “triggers” with onsets is the inclusion of the south-
proposed bytyons et al.(1997). The substorm onset times ward IMF criterion. The same analysis suggested that al-
are derived from IMAGE FUV observations of the UV aurora though a statistically significant association existed between
(as described bifrey et al, 2004 and are based upon a clear the proposed clock angle criterion and substorm onsets, the
local brightening of the aurora, the poleward and azimuthalcriterion is too broad to reliably predict the timing of sub-
expansion of the auroral oval and 30 min temporal separastorm onsets from upstream IMF measurements.
tion from the previous onset. In this respect, the substorms In summary, our findings relate to earlier studies as fol-
studied are similar to the “classical” substorms defined bylows:
Lyons et al.(1997. Simultaneous solar wind and IMF mea-
surements are drawn from the Cluster 1 satellite in the region — The average observed IMBz component was south-

immediately upstream«(5 R) of the bowshock and within ward in the hour prior to substorm onset, reaching
17 R of the Earth-Sun line. By exploiting such near-Earth a maximum negative amplitude approximately 20 min
measurements, the propagation time (and associated errors) Prior to substorm onset. This result is consistent with
of observed IMF structures to the Earth is minimised. that ofCaan et al(1978. In both studies, the amplitude

Based upon a case-by-case examination of these sub- Of the IMF Bz component (regardless of sign) is found
storm onsets, we suggest that there is no requirement for 0 be less than one third of the maximum amplitude un-

a northward-turning IMF trigger of the kind proposed by til about one_hour prior to zero ep_och. Since substorm
Lyons et al.(1997), to initiate expansion phase onset. If onsets are biased to occur during intervals of southward
for example, we consider the northward-turning IMF trigger IMF, it is reasonable to expect that from a highly nega-
signatures observed with10 min of substorm onsets — an tive point on the IMFB distribution changes will, on
association window more than twice the length of the typ- average, tend in the positive direction. Therefore, we do

ical upstream propagation delay from Cluster to the Earth ~ NOt interpret_the results of the current stpdy as evidence
— less than a quarter of the onsets studied indicate any evi- ~ Of & causal link between northward turnings of the IMF
dence of triggering. Conversely, greater than 70% of the ob- ~ @nd substorm onsets.

served onsets occur fqlloyving an interv_al of southward IMF ~ _ |, o case-by-case analysis of the events included in our
characterised by-22min in the preceding half-hour. The study, we find a number of substorms that follow north-
ovgrarchmg .trend, \{wth only a minority pf substor_m onsets ward IMF triggers as defined byyons et al.(1997.
being associated with a northyyard-turnmg IMF trigger, ap- However, these “triggered” onsets account for less than
pears ungffected by .th.e prevailing solar wind qued and ge- a quarter of the onsets observed. The evidence pre-
omagnetic storm activity. Of the 260 onsets studies, only 8 goneq here is therefore inconsistent with the conclusion

halndful vxere aiso;::ateq with ?f(_)l‘f” wind _dy_nalrmc_gressure of Lyons et al(1997) that “a large majority of classical
pulses. As such, there is insufficient statistical evidence to gy c1orm< are triggered by the IMF"

comment upon possible onset triggers due to changes solar

wind dynamic pressure. — Studies byHsu and McPherro(2002 andMorley and
The majority of substorms studied follow an interval of Freeman(2007 have both exploited the statistics of
southward IMF satisfying the first of the four Lyons criteria point processes in order to study the significance of any

used to define northward-turning IMF triggers. Indeed, the association between the northward-turning IMF triggers
average IMF conditions during the substorm growth phase described byLyons et al.(1997 and substorm onsets.

and onset are very similar to those reportedCsaan et al. In Hsu and McPherror{2002), a significant statisti-
(1978. However, the number of onsets observed that failed cal association was demonstrated, but Merley and
to satisfy the first Lyons criterion (approximately 30% of Freeman(2007 study, re-analysing the same dataset,
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showed that the same association was still present whegaan, M. N., McPherron, R. L., and Russell, C. T.: The statistical

only a subset of the triggering criteria were used, specif- magnetic signature of magnetospheric substorms, Planet. Space

ically the requirement fos 22 min of negativeB; in the Sci., 26, 269-279, 1978.

half-hour preceding substorm onset. Using an entirelyConover, W. J.: Pra}ctical Nonparametric Statistics, John Wiley,

independent database of upstream IMF data and onset Hoboken, N. J., third edn., 1999.

timings, the results of an identical analysis in the current S°V/eY: S- W. H., Davies, J. A., Grocott, A., Khan, H., Lester, M.,

study suggest that the primary factor in the association McWilliams, K. A., Provan, G., Sandholt, P. E., wild, J. A and
s . . . . Yeoman, T. K.: Solar wind-magnetosphere-ionosphere interac-

of “triggers _W't,h onsets _'S the InCIUS|on of the _SOUth' tions in the Earth’s plasma environment, Phil. Trans. A., 361,

ward IMF criterion, consistent with the conclusions of 113 126, 2003.

Morley and Freema(2007). Cox, D. R.: Some statistical methods connected with series of

L events, J. R. Stat. Soc., Ser. B, 17, 129-164, 1955.

The_ results (_)f the current St“‘_’y indicate thgt northV\’ard'Escoubet, C. P., Schmidt, R., and Goldstein, M. L.: Cluster — sci-

turning IMF triggers are not required for expansion phase on-  gnce and mission overview, Space Sci. Rev., 79, 391-391, 1997.

set, even if such features are sometimes observed at the tingscoubet, C. P., Fehringer, M., and Goldstein, M.: The Cluster mis-

of onset. We therefore conclude that the association between sjon, Ann. Geophys., 19, 1197-1200, 2001,

northward turnings and substorm onsets arises from the fact http://www.ann-geophys.net/19/1197/2001/

that northward turnings are biased to occur under southwardfrey, H. U.: Substorm onsets as observed by IMAGE-FUV, Sub-

IMF. storms VIII, Proceedings of the 8th International Conference on

Substorms, Banff, 26—-31 March 2006, pp. 71-75, 2006.
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