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Abstract. Previous works on substorm triggering have 1 Introduction

shown that more than 50 % of the substorms are triggered

by a northward turning of the IMB,; However, recent stud- Substorms are dramatic disturbances of the global
ies have found a much lower percentage. We have examinefagnetosphere-ionosphere system during which solar
triggering using three different onset lists: The THEMIS All wind energy stored in the magnetotail is released (Rostoker
Sky Image (ASI) list, substorm onsets from IMAGE-FUV, €t al., 1980). The onset of substorms is identifiable by
and events with large geosynchronous injections. We ana@uroral brightening along an arc near the equatorward
lyzed these onset lists with three different triggering criteria; boundary of the auroral oval and likely maps along magnetic
(1) a criteria based on Lyons et al. criteria; (2) a relaxation offield lines toward the near-Earth portion of the plasma sheet
the Lyons et al. criteria based on the visual criteria proposedSamson et al., 1992; Nishimura et al., 2010). An important
by Hsu et al.; and (3) a further relaxation of the Lyons et al. question for understanding substorms is whether substorm
criteria, requiring the same conditions proposed in the visuaPnset is the result of a change in the external conditions
criteria by Hsu et al. but without the growth phase southwardor the result of an instability that is purely internal to the
IMF requirements. Appling the Lyons et al. criteria we find magnetosphere. The primary external factor that has been
that 0n|y 17 % and 22 % of the substorms are triggered inconsidered as a cause of onset is a turning towards the
the THEMIS ASIs and IMAGE-FUV onset lists respectively, horth in the direction of the Interplanetary Magnetic Field
consistent with the recent studies. However, the percentagdMF), since the IMF direction is the dominant modulator of
reached nearly 50 % when we applied relaxed criteria, sugthe strength of solar wind coupling to the magnetosphere.
gesting that it is possible that the Lyons et al. criteria areHowever, there has been a long debate as to the extent to
too strict to identify all IMF triggered events. The trigger- Which substorms are externally triggered by IMF changes.
ing percentage for the events with large injections reached=ven after many reports of an association between northward
up to 60 % applying the relaxed criteria, a result suggestingurning of the IMF and substorm onset (Foster et al., 1971;
the possibility that triggers are more easily identified, or thatCaan et al., 1975, 1977; Rostoker, 1983; McPherron et
triggering is more common for larger than for smaller sub- al., 1986), cases without northward turning have also been
storm events. We have also found evidence that larger subPresented (e.g., Henderson et al., 1996) and thus the external
storms may be more ||ke|y to be non-triggered under mosﬂytriggering of substorms is still a very controversial issue.

southward IMF conditions than for other IMF conditions. ~ Lyons et al. (1997) proposed quantitative criteria of the IMF
B; changes that are effective for substorm triggering (see

Sect. 2 for criteria details). Using the criteria, they found
a high occurrence probability of triggering for a limited
number of events (14 of 20 events, 70 %).
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Hsu and McPherron (2003) examined the triggering hy-lists which include weaker substorms, indicating that trigger-
pothesis using an onset list based on the AL index and Pi 2ng may be more likely for larger events and that the corre-
pulsations. They used two different approaches, the Lyonsponding IMF orientation changes may be larger and thus
et al. criteria and a visual inspection, which is essentially amore easily identified.
relaxed version of the Lyons et al. criteria (see Sect. 2 for
details), and determined the occurrence of external substorm
triggering. They obtained a remarkably high (60 %) trigger- 2 Methodology
ing percentage using the visual inspection, while it was much
lower (33 %) for the Lyons et al. criteria. This result suggests This study uses three different lists of substorm onsets. The
that the Lyons et al. criteria may be too strict for identifying THEMIS All Sky Image (ASI) list (Nishimura et al., 2010)
triggering, or that triggering occurs less frequently than ob-includes 190 isolated auroral onset events obtained from
tained by Hsu et al. November 2007 to April 2008. The THEMIS ASIs have the

Statistical analysis related to events occurring randomly incapability to detect substorm auroral onsets in high spatial
space and time (e.g., Cox, 1955; Hsu and McPherron, 2002and temporal resolution as well as high sensitivity. This ad-
were used by Morley and Freeman (2007) to analyze the asvantage allows us to obtain onset timing unambiguously and
sociation between IMF triggering and substorm onsets, anddentify weak substorms that were maybe missed in the AL
they did not find significant evidence for triggering, in con- index and space-based auroral imaging. The ASIs can also
trast to the finding by Lyons et al. A recent study by Newell distinguish other types of auroral disturbances (e.g., pole-
and Liou (2011) also showed a low occurrence probabilityward boundary intensifications and auroral streamers) that
(24 %) of triggering using the same triggering criteria usedlead to ground magnetic field perturbations similar to those
by Lyons et al. In their study, the triggering percentage for from substorms. The present analysis focuses on isolated on-
the onset list created by Frey et al. (2004) was compare@ets, which occur more than 30 min after preceding onsets.
to triggering percentages for completely random epochs and The second list of onsets used in this analysis is com-
quasi-random epochs. Similar triggering percentages wergosed of substorm onsets observed by the IMAGE-FUV from
obtained for all three types, suggesting that northward turnMay 2000 to December 2002 (Frey et al., 2004). The FUV
ings may not be a significant trigger for substorm onset. imager on board the IMAGE spacecraft provides global auro-

As can be seen in the studies mentioned above, the isfal imaging in the far ultraviolet. This list has a large number
sue of substorm external triggering still remains controver-(2437) of events, which help to increase the statistical signif-
sial. Although the Lyons et al. criteria have been shown toicance. This list was also used for the IMF triggering study
give low triggering occurrences (Hsu and McPherron, 2003;by Newell and Liou (2011).

Morley and Freeman, 2007; Newell and Liou, 2011), the The third list of onsets corresponds to 64 events of large
attempt of the visual inspection by Hsu et al. suggests thaelectron injection from Los Alamos National Laboratory
more triggered events could be found by adjusting the trig-(LANL) geosynchronous energetic particle data obtained
gering criteria. This would be plausible because the Lyonsfrom January 2000 to April 2001. Here, electron injec-
et al. criteria are based on a limited number of events andions were analyzed using the Synchronous Orbit Particle
could indicate that triggering by northward turnings might Analyzer (SOPA) instrument which measures electrons from
indeed be important. In the present paper, we examine th&0keV to 26 MeV in 16 energy channels. Although the injec-
triggering hypothesis by applying three different triggering tion events do not have supportive auroral observations, rapid
criteria to three different lists of substorms. We choose thregncreases in energetic particle fluxes without energy disper-
different criteria because different criteria have been used irsion are known as a substorm-related phenomenon (Reeves,
the above earlier studies, and it is not known which is the1996). As a list of large substorms, we selected large, dis-
most realistic. Thus a result that holds for all of these cri- persionless injection events, where electron fluxes at one of
teria would indicate that the result is not dependent on thethe spacecraft for any two energy channels were enhanced by
specifics of the criteria and is therefore more likely to be more than one order of magnitude. Dispersionless injections
correct than a result that is found for only one set of crite- seen at more than one spacecraft were not included because
ria. The different onset lists identify substorms with different they can result from the magnetospheric compressions from
minimum strengths, the smallest being by high-resolution,solar wind dynamic pressure enhancements. Solar wind pa-
ground-based imaging and the largest being the traditionafameters were obtained from the OMNI database with 1 min
identification by large dispersionless geosynchronous partiresolution.

cle injection events. We show that the triggering percentage We use three different set of criteria for external trig-
is significantly higher when applying relaxed criteria and in- gering of substorms. The first is based on the Lyons et
cluding IMF By triggering, suggesting that the external trig- al. (1997) criteria, and three major categories are estab-
gering could be common even while the Lyons et al. crite-lished: B,-triggered, By-triggered, and non-triggeredB,-

ria give a low percentage. Furthermore, the large injectiontriggered events represent clear northward turning of the IMF
events are found to give higher triggering occurrence than theB; by more than 2 nT with respect to the average value for
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Fig. 1. Example of aB-triggered event applying the criteria based Fig. 2. Example of aBy-triggered event in the same format as
on Lyons et al. The first pangh) representsBy, (b) shows Bz, Fig. 1.

(c) indicates dynamic pressure aftj AL index. The red line indi-

cates the onset time. The two vertical green lines indig¢#t® min

around the onset time. The horizontal orange lines indicate a 2nTon-triggered events: (A) mostly south, (B) mostly north and
change of the IMFB; starting at the initial point of the northward  (C) fluctuating.

turning. The horizontal blue line indicates the location of zero for We relax the Lyons et al. criteria for defining external trig-
reference. gering substorms in two ways. The first is based on the visual
criteria proposed by Hsu and McPherron (2003). Their cri-
teria follow the Lyons et al. criteria except that a northward
turning by 2 nT at one point is required to be detected within

should be negative with a standard deviation less than 2 niinsarpr:r:eg vt:tidsL;)?/S;?]I;/mmo;gsrﬁ;{:(ljne]ef(i’ng r::r? zlihf?grstrr]%u:]%rth-
during the 20 min preceding the northward turning, dhd ward turning. Figure 4 shows an example aBatriggered

should remain more than 2 nT above its average over the preé ent applving the criteria based on the visual criteria estab-
ceding 20 min for the 10 min following the northward turn- v pplying el visu el

ing. Figure 1 shows an example satisfying these criteria. Thelz'Shed by Hsu and McPherron (2003). The northward turning

panels show (a) the IMB; (b) IMF B,: () dynamic pres- occurring at 05:20 UT has a change-08.5nT and remains

sure and (d) AL index. This event shows a significantly IargeZ:e\é?i?;ogei?'r;é-ro?'tshgvsh”;r'tsd”?;;?gﬁ”Ot]??hl:etree ;—éod”ﬁvfé
northward turning starting at 05:22 UT and remaining ele-, ° iter u urati Vi

vated for more than 10 min. If an event does not satisfy—bugfgnglrjtdhif ;glgzul?;#;t t?]lledLe?)r:;lc:—:‘rtLal criteria. we use
ing the B; criteria, it is considered if the magnitude of the y ' !

IMF By decreases by at least 2nT from its average over theth;3 Zar:etrriqlﬂirgge:tt:azs fgrla?ﬁv\gsrg ?I\BI?L (;ir(l)tre?atﬁg%v;ﬂ? ut
preceding 20 min and remains decreased by at least 2nT fop € do notreq y S0 P 0

5min. Also, the standard deviation 8f, must be less than Ward turning. Howev_er, a northward turning of the INi;
2 T during the preceding 20 min. Events with a sign changeby more than 2 nT with respect to the average value for the
in B, are also counted iy changés by more than 4 nT. Fig- 20 min preceding the northward turning is required. With this

. . relaxation, a northward turning is counted as a trigger even if
ure 2 provides an example ofBy triggered event, the IMF . . )
B, showing a~2 nT reduction starting at 06:05 UT while the the preceding IMF is northward IMF. This allows for the pos-

IME B, stayed essentially constant. sibility of a growth phase to develop undgr no_rthward IMF, as
] N can occur when there are large fluctuations in the IMF (Kim

The rest of the events, which are classified as nont g|., 2009: Lyons et al., 2009), or when the INFis large.
triggered, are divided into three subcategories: mostly southgjgyre 5 jllustrates an example showing a northward turning

mostly north, and fluctuating. The mostly south subdivision starting at 02:21 UT with brief northward excursions prior to
corresponds to events where the INBz remains negative  the northward turning.

for at least 75% of the 1-h time period=-80 min) around

the substorm onset time. The events are called mostly north
if the IMF B; is positive at least 75 % of the 1-h time pe-
riod. Events that do not satisfy either of the above two cri-
teria are called fluctuating. Figure 3 presents examples of

the 20 min preceding the northward turning, and this point
should be located withink15 min of the onset time. B,
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Table 1. Percentages of IMF triggering for the THEMIS events. The first row (A) represents the results applying the Lyons et al. criteria.
The second row (B) provides the triggering percentage applying the Hsu et al. visual criteria. The third row (C) shows the results applying
the same criteria used in row (B) but without requirements for the precedinggBiMFhe values in the tables represent percentages.

Non triggered

Bz Bz+By Mostly South  Mostly North  Fluctuating

(A) Lyons et al. 17 22 32 21 25
(B) Hsu et al. 27 33 31 17 19
(C)relaxed Hsu etal. 36 41 29 16 14

Table 2. Same as Table 1 but for the event list from IMAGE-FUV.

Non triggered

Bz Bz+By Mostly South Mostly North  Fluctuating

(A) Lyons et al. 22 30 38 18 14
(B) Hsu et al. 32 40 33 17 13
(C) relaxed Hsu etal. 43 48 33 6 13

Table 3. Same as Table 1 but for the large dispersionless injections.

Non triggered

Bz Bz+By Mostly South Mostly North  Fluctuating

(A) Lyons et al. 34 42 44 6 8
(B) Hsu et al. 40 54 33 6 7
(C) relaxed Hsu etal. 41 63 27 5 5
3 Results al. to 59 % for Hsu et al. without requirement for preceding
IMF B;.

- Table 2 provides the results for the list of onset from
Tables 1-3 show the results for the statistical study for the on- . ; .
set lists applying the three different triggering criteria. The lI\(Aafé(zrlft_;Uev'of?ﬁglst':?ntle{e\lzljltzxfzﬁt;e:?I;Sifilgal—zbk?ni’régges
rows represent the triggering percentage applying the criteri®® 9 _n9g L 9 y
of Lyons et al. (1997): Hsu and McPherron (2003) and HSUWIth relaxing the triggering criteria. The percentage of the

et al. without requirement for the preceding southward IMF. gzsj[:ﬁg?regrce;/ﬁ{];sés;!n;ﬁg :ﬁ Zszc/oo,f,(s)'rslggps E'i:]é}[lh;—?:f dl'sn
The tables are divided intB,-triggered,B; or By-triggered imriar p g u ' Wi inding

; . . By by Newell and Liou (2011). In contrast, the percentage is sig-
and Non-triggered eventsB; or By-triggered” includes the 7 . 0
By-triggered events and,-triggered events defined in the nificantly higher for the Hsu et al. (32 %) and relaxed Hsu et

o 0 . : :
previous section, and thus indicates the total IMF triggeredal' criteria (43 %). The triggering percentage increases more

events. The non-triggered category is divided into three sublévgf/? including theBy-triggered events and reaches close to
t i tl th, tl th and fluctuati d- j -
categories mostly South, mosty horth and fiuctuating accor The results above indicate that almost half of the sub-

ing to the definitions established above. The values in the X . X
tables represent percentages. storms may be triggered by IMF orientation changes by con-

sidering the relaxed criteria. While we can not ascertain
Table 1 provides the results for the THEMIS ASI event whether or not the Lyons et al. criteria are too strict to iden-
list. The percentage of thB;-triggered events is low (17%)  tify many IMF triggering, this is a possibility to explain the
for the Lyons et al. criteria, while it is significantly higher changes in the triggering percentage. However, the other half
(27 %) for Hsu et al. and (36 %) for Hsu et al. without the of the events cannot be explained by the triggering hypothe-

requirement of the preceding IMB;. Similarly, the percent-  sjs unless triggering occurs under conditions not envisioned
age of theB; or By-triggered events increases from 22 to jn previous studies.

41 % with relaxing the criteria. The total percentage of non-
triggered events conversely decreases from 78 % for Lyons et

Ann. Geophys., 30, 667673 2012 www.ann-geophys.net/30/667/2012/



B. Gallardo-Lacourt et al.: External triggering of substorms 671

year=2008,month=2,day=3 , year=2008 month=2,day=19

1G4 } } } } } } - + + + + + +
i } } } t t } B) +
Northward Turning 'j
2F 1 -2k Mgre than 2nT —" V/\V\/\J
(0 e el il il T B == = J I~ ~_ I
i ] -4 \J 3
3 4 ; ; e - . : . : : :

‘:'\_/J\,\'\/\/\—\/\/\“ i W

|
j
!
| %
M
;
:

Bz, nT
Bz, nT

?
§
%
3
%

1=+ t t 0j + + +
il m\ + + +
_ soft WW = -10¢ —~ ]
= < Lod ]
< -100 = -304 q
150 8‘-00 ()8.-‘\5 ()8.-30 08.-45 09‘-00 09‘-]5 09.-30 —40 » > : - 7 -
:f : : 08:: : d . 04:45 05:00 05:15 05:30 05:45 06:00
Time, HH:MM Time, HH:MM
year=2008,month=2,day=9
a) v v " ' d . . . . .
o |/_ N~ ] Fig. 4. Example of aBz-triggered event applying the criteria based
;)» 9’ NM —’\\/\’L on Lyons et al. and the visual criteria in Hsu et al. in the same format
T \ as Fig. 1.
glp) } t t t } } t
E, 2F /M/"\v _—
&

of = I ----------------------- \:’ W year=2008 month=2,day=11
1 T T
-2 > )

i}

i

- "1 T T T
- ) Northward Turning 1
14—t + + + + + + e 2 More'than 2 nT 3
= ; % ]
—
< -5 E - " " N
- ; ;
10 . L L L . . &
08:30 08:45 09:00 9:15 09:30 09:45 10:00 < 4k
Time, HH:MM o’

year=2008,month=3,day=11

o~ b NP e o ' t
E WVAR At AWARRYY b\\/\_\,_\
= Spie) feijupeiiue Rupie £ upupee =
) 27 M
<<
. I . 1o 0130 02:00 0230
E ==\ '/fl' WVF_—U__\-‘_‘;_\_J_/QI Time, HH:MM
; ; ; " Fig. 5. Example of aB;-triggered event applying the criteria based
S ] on Lyons et al. and the visual criteria in Hsu et al. without require-
= AL - '\\_,J\/\/-\\/‘ ments for the southward IMF growth phase in the same format as
i ; Fig. 1.
)
= OWMJ\,__/\__‘_\P\/:
R ] sensitive to small substorm auroral activations than in the
—10¢

%500 spacecraft IMAGE-FUV camera, suggesting that it may be
easier to identify IMF triggers for larger events or that larger
events are more likely to be triggered than are smaller events.
To examine this possibility, we first considered the magni-
tude of the AL index drop associated with the onset However,
perhaps due to the sparsity of AL stations, an AL dependence
It is interesting that the triggering percentage is larger forwas not observed, and in fact little or no AL response was ob-
all criteria for the IMAGE-FUV events than for the THEMIS served for many onsets. We thus examined the list of large
ASI events, despite the effect that substorms are more acgeosynchronous dispersionless injections.
curately distinguishable from other auroral activation by the Table 3 clearly shows that the percentage of the IMF trig-
THEMIS ASI. However, the ground-based ASls are far moregering increases substantially as compared to Tables 1 and 2,
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Fig. 3. Examples of Non-triggered events in the same format as
Fig. 1.
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