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The statistical characteristics of IMF triggered
substorms

T.-S. Hsu and R.L. McPherron

Abstract: To understand the magnetospheric substorm it is necessalgtermine whether substorm onset is always
externally triggered by the interplanetary magnetic fieMR) or whether substorm onset sometimes occurs spontaheou
as a result of internal processes. One of the proposed misof®@for substorm onsets requires that every substorm be
triggered by a northward turning of the interplanetary neignfield (IMF) [8, 9, 10]. A statistical study performed by][

has demonstrated that the association between IMF triggetsubstorm onsets is a real physical phenomenon. However,
this result was recently challenged. It is suggested tleahtgh confidence level in the association between IMF trgge
and substorm may be due to the condition of substorm growdisgahin essence, the argument is that “after 20 minutes of
southward IMF, there ought to be a very high probability ofcatimwvard turning of the IMF”. In this study, we examine

the probability of association after 20 minutes of souttdMF and found that the probability of northward turning istn

as high as expected.
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1. Introduction ical time that the IMF remains southward so it is inevitabigtt

) some onsets will appear to occur about the time of a northward
Twenty-five years ago [1] used superposed epoch analys

to demonstrate that a maximum in the tail lobe field is associtﬁming' To counter this view [13] performed a statistical e
amination of all substorms occurring in a six-month intérva

ated with the onset of the exp:_:msic_)n phase .O.f a magnetos_pherthey found that nearly half of all substorms could be associ-
substorm as measured by midlatitude positive bays. Quite b

accident they also found that this maximum, and hence th(éé{tecj with northward turnings of the IMF-
substorm onset, is also associated with an apparent nathwa
turning of the interplanetary magnetic field (IMF). [1] pein  These results were again ignored until [8] proposed a sub-
ted out that a similar statistical association could be $ean  Storm model ultimately requiring that all substorm expansi
earlier study of isolated substorms [4]. In a subsequemlystu are triggered by northward turnings of the IMF or changes in
[2] demonstrated that this same association was presémtént IMF By. This view was so extreme that it immediately drew
series of IMF Bz and traces of auroral zone magnetometersriticism from numerous researchers. [6] and [13]had fshieid
Sudden decreases in the horizontal component of the magnegieveral examples of substorm onsets that occurred whem ther
field occurring at the time of a brightening of the aurora ap-was no apparent change in IMF Bz. [9] dismissed these e-
peared to be associated with northward turnings of the IMFPxamples as either not being substorms or as having been trig-
They concluded that the change in the orientation of the IMFgered by changes in the IMF By component. However, [5] im-
was somehow “triggering” the onset of the magnetospheri¢nediately published examples that were unambiguously sub-
substorm. storms (as determined by synchronous particle injectiypet),
These results did not receive much attention until [14]andhere were no changes in any component of the IMF. The con-
[15] published several particularly clear examples of appa clusion appeared to be that triggering of substorm expansio
ent triggering. [3] and [17] also suggested that the expéosi by the IMF is not necessary. Many researchers continued to
phase of isolated substorms could begin under the influendeelieve that those events that appeared to be triggered were
of a change in the IMF Bz component. Shortly thereafter [16]simply a matter of coincidence.
used the technique of generalized superposed epoch analysi
to again demonstrate a statistical association betweestcutp In an attempt to examine the probability of association be-
onsetas defined by ground magnetograms from former U.S.Steen IMF triggers and substorm onsets, [7] used a point pro-
stations and northward turnings of the z component of the IMF¢ess technique to examine the chance association betwéen IM
Most researchers at this time dismissed this apparentaelat {riggers and substorm onsets. They found that the assmiati
as simply coincidence. The Bz component of the IMF is conyetween IMF triggers and substorm onsets is a real physical
spantly changing from positive to negative. Substorm expanphenomenon. However, this result was recently challerifesy
sions occur frequently when the IMF has been southward fog,ggested that the high confidence level in the associatien b
about an hour. This is close to what is thought to be the typyyeen IMF triggers and substorm may be due to the condi-
tion of substorm growth phase. In essence, the argumerdatis th
Received 22 June 2006. “after 20 minutes of southward IMF, there ought to be a very
high probability of a northward turning of the IMF”. In this
study, we examine the probability of occurrence of IMF trig-
gers after 20 minutes.
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2. Probability of Northward IMF Turning from It should be pointed out that [7] only estimated the prob-

Southward IMF ability of IMF polarity change in their paper, i.e., from sbu
ward IMF to northward IMF. In Figure 1, we have plotted two
schematic examples for the analysis. The panel (A) is an ex-

IMF Bz A ample which has a sharp change of IMF sign. Panel (B) is a

(A) — more general case for IMF triggers. In the previous analysis

Bz=0 e the waiting time ig’ [7]. If we use a more general case for the
IMF triggers (Figure 1, panel B) and assume the waiting time

is T', we can see that there is an additiotial” waiting time

t for the polarity change (panel B). Figure 2 shows an example
of automatic identified IMF triggers by [11] criteria]. It cdear

that case (a) and (c) are more general examples of IMF trig-

gers while the case (b) is a classic change in sign of the IMF.

Nevertheless, both cases satisfy the criteria [11] andldhmmu

consider in the same group.

Possible IMF Triggers for March 17, 1979
15 ‘ ‘ ‘ ‘ ‘ ‘

X growth phase points

O possible IMF triggers
101
Fig. 1. Schematic explanation of IMF northward turning, whére
is the IMF polarity change time an@ is the IMF triggers time 5r
after some waiting timé. Panel (A) is an schematic example of

a south to north IMF can be a IMF trigger. Panel (B) is a more § obeee bW ’

general case for IMF triggers. In this schematic examplés it L V

obvious that some additional timte T" has been calculated in the a

previous analysis [7]. -5f 1
In the statistical study done by [7], they found that the prob 10k (@) * i

ability of their chance association between two point psses (b)

appears to be extremely low. However, it might be suggested IMP8 IMF (c)

that the high probability of association is a consequentief 150430 0500 0530 0600 0630 0700 0730  08:00

natural tendency of the IMF to turn northward after an inter- Universal Time (hour)

val of southward IMF. If it were the case that all intervals of

southward IMF were exactly one hour long, and all substornfig. 2. An example of automatic identified IMF triggers by [11]
growth phases were as well, then every onset would be correfriteria. IMF triggers (a) and (c) are a more general exanople
ated with a northward turning. Such a circumstance is ulylike IMF triggers while trigger (b) is more likely the sharp changf

to occur because of the power law spectrum of the IMF, andMF sign. In this figure, x means point satisfies the groth phas
because the duration of the growth phase of substorms varigsteria and O is the selected IMF triggers.

over a range of 20-200 minutes, with 55 minutes most typical

[e.g. [12]]. None-the-less we are led to consider the qoesti The estimation the probability distribution between seuth
“what is the probability for a northward turning of the IMF ward and northward turnings of IMF Bz is obtained by us-
after some extended interval of southward IMF?” If the prob-ing six continuous months of 5-minute resolution ISEE-3dat
ability of an IMF polarity change after some specified ingrv (January to June 1979) [7]. The duration of southward IMF Bz
of southward IMF Bz is extremely high, then the associationintervals was calculated and used to construct the prababil
between IMF Bz northward turnings and substorm onsets magistribution. In Figure 3, this complementary cumulativelp
still be coincidental rather than physical. In our case cgger ~ ability distribution is plotted for IMF polarity change amdF
criteria requires that the IMF have been southward for attlea triggers. Using a least square fit we find that this distriouti
20 of the 30 preceding minutes. P¢ can be represented Bs = 1.4e(~V*/331) for IMF po-

[7] used a procedure developed by [18] to examine the probl-arity change (Bs to Bn) and. — 1.7¢(~VE235) for IME

ability of IMF polarity change after a certain amount of time _ . : o : .
P p riggers, in whicht is the time duration of the southward IMF
In essence, the question is whether “the longer there has be%zg_glt should be noticed thak. (¢) is actually f'(£) , the cu-

southward IMF, the shorter the expected time till a nortldvar mulative integral of() [7]. In essence, this distribution is a

trning™? A deta_liled theoretical argument can be found ]_n [7 eibull distribution with an exponent less than 1 [ see also
'L'Ete,>a.rgum§nt ',S, focused-(.)n a dgtermmaﬂon of_the §|gn ° hapter 6 ifSornette, 2000; [18]], a stretched exponential dis-
“ar Inwhicht is an additional time we must wait until the i tion. A particular characteristic of this distribati is that
northward turning IMF Bz, given the timesince the south-  «he |onger we have waited since the last event, the longer th
ward turning (Figure 1). time to the next event”. This has been demonstrated in the [7]
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which is shown briefly here. From the complementary cumulative probability distribu-
Given thatf'(t) = ce=V/™ we have tion, we can estimate the probability that a northward fugni
B Ny oy will have occurred within some specified time after the seuth
ft) = =2er[/t/Te +e Jand ward turning by using the cumulative probability distritourt.
() :Q%efx/t/_f in which we have set=1.4 ,7=33.1 Now the problem is to find the northward turning probabil-

(IMF Bs to Bn, polarity change) and =1.7 7 =23.5 (IMF ity Pnorth att’ after a timet. In Figure 3 we have the cumu-

triggers) for simplicity. After substituting these fornaslinto  1ative probability that the duration of southward IMF Bz ex-
equation (20) of [7], we have ceeds a timd. Thus the probability that Bz will have turned

northward within an additional time can be estimated by the
2e-2/t/T difference in cumulative probabilities atandt+t’, which is
FOF O = If OF = ——— (1)  Po(t=T)=Pu(t>T+t). Thus,

Vi

. . . / - >T)— > !
It is apparent that this equation héédtt—> > 0 for finite t. If Poorn(t') = Pt2T)-P(t=2T+t)

/ . . P.(t>T
t— oo, 4<L= — 0. However, this would imply that IMF Bz >(t=21)
can remain southward forever, a nearly impossible sitndtio e VI )
IMF Bz. Thus, this result suggests that the hypothesis @ “th =1- Vi 2)

longer it has been since the last southward turning of IM&, th

shorter the time expected till the northward turning”isoot-  Which is normalized becau$®,,,,..;, = 0 att’ = 0 andP,,o,tn, =

rect. Instead, the opposite hypothesis that, “the longha# 1 ast’ — oo.

been since the last southward turning of IMF Bz, the longer In our case, we can s&t = 20 minutes because this is the

the time expected till the northward turning” is true. Whihe  growth phase requirement in the “IMF trigger” selection-pro

previous estimation of [7] has only estimated the Bs to Bn (pocedure [11]. The result presented in Figure 4 shows that the

larity change, Figure 2 (A) ), it is shown here that the consid probability of a northward turning within the first 10 minste

eration of more general IMF trigger cases (Figure 2 does natfter 20 minutes of southward IMF is about%5for polar-

significantly change the probability distribution. Thisghes ity change) and 18 for IMF triggers. It is thus not correct

that the probability of a northward turning of IMF Bz (either to say that there is an extremely high probability of a north-

for polarity change or IMF triggers) after our “pre-selette ward turning within our:10-minuteassociation window if the

southward IMF Bz period of 20 minutes used in determining &field has been southward for 20 minutes. Based on this result,

trigger may not be “extremely” high as has been suggested. it does not seem likely that the occurrence of northward IMF

after 20 minutes of southward IMF is highly probable in the

next 10~20 minutes. On the contrary, there is only &5(po-

larity change) and 54 (IMF triggers) of chance occurred 50

, minutes beyond the end of our trigger selection window.

====Bs28n 1 dexpl-srias.1) The preceding argument can be extended to estimate the

—— Nortward Tuming 1 7expl-saiff23.9) number of substorm onsets that will appear to be associated

with a trigger as a result of our selection criterion thatltd&

e ' must have been southward for longer than 20 minutes before

Se the northward turning. If we assume that all of the substorms
. in our list had a growth phase with duration 60 minutes, i.e.

] . that the time of the substorm onset was actually 60 minutes

[ oS - N R R after the southward turning. We can estimate the probwgbifit

~ a northward turning (polarity changes or IMF triggers) with

A a 20-minute interval centered at 60 minutes. Tet Ty, — h

andt = 2h in Equation 2 so that we obtain

Proren(To +h) = 1 — & o
S e e e T
For the chosen values this reducedtg,.;;, = 0.2019 (po-
larity change)and 0.2345 (IMF triggers). If the typical gth
phase were either 30 min or 90 min the corresponding prob-
abilities would be 0.2756 and 0.1679 for polarity change and
0.3176 and 0.1957 for IMF triggers. Note that the probabil-
ity of a chance association decreases with increasingidarat
of the growth phase because of the likelihood that the IMF
has already turned northward at an earlier time. Since thet mo
robable duration of substorms in our list was 55 minuteta(da
ot shown) it is apparent that the probability of a chance-ass
ciation will be about 20% (for polarity change) and 23% (for

Comparison of Bs2Bn and Northward Turning Probability Distribution ISEE-3 1979
0
10

Probability of IMF Bs Duration Greater than Abscissa

3)

Fig. 3. Probability of southward IMF duration for Bs to Bn
(polarity change, dashed line) and IMF triggers (solid Jine

A study done by [14] examining the duration of intervals
of IMF polarity obtained a similar result. Their study found
that 65.7% of the IMF Bz data do not change their polarity
in a one-hour time interval. This is consistent with our firgli
i.e., the polarity change from southward IMF to northwarddM
occurred in a time frame much longer the 20 minutes used i
our trigger selection.
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Probability of Northward Turning of IMF Bz after 20 mins. Southward IMF
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Fig. 4. The estimated probability for a northward IMF polarity
change and IMF triggers as a function of time after a 20 meute
interval of southward IMF Bz is plotted. The probability of 3.
northward IMF polarity change increases very slowly with

the timet’ beyond the end of the IMF trigger criterion. The
probability of a northward IMF polarity change soon aftee #nd

of the 20-minute interval is very low. The same thing appties 4.
IMF triggers probability.

IMF triggers). If we multiply the 145 observed substorm on-
sets by this fraction we obtain 29 events (for polarity ckggng 5.
and 32 events (for IMF triggers) that were possibly a result
of chance. This nhumber should be compared to the observa-
tion of 15 chance associations at times far from the expected
arrival at the Earth of the IMF trigger [7]. The number of as- 6.
sociations is clearly larger than what we would expect if the
two events were independent, but is still much smaller than
the 52 associations actually observed at zero lag from [7¢. T
difference divided by the standard deviation is (52-2%9)&k. 7.
5.11 standard deviations from the background level formpola
ity change. Similarly, it is (52-32)/4.5=4.44 standard id&en
above the background level for IMF triggers. For a normal dis
tribution the probability of obtaining this difference blgance
is aboutl.6 x 10~7 (for polarity change) and.5 x 10~ (for 8.
IMF triggers). This number is somewhat larger than the earli
estimate from [7] for independent processes, but stillespr
ents an exceedingly unlikely coincidence. Even so, an itapor 9.
ant result from this estimation is that the previous estiomedf
IMF probability [7] after some certain time20-30 minutes) 10.
is confirmed even when we consider a more general IMF trig-
ger criteria. Itis thus very unlikely that the IMF triggersdb-
storm is a chance association. 11.
A more accurate estimate of the associations resulting from
our growth phase criterion would require knowledge of the ac
tual duration of every substorm growth phase in our list doFsu
storms. This list could then be used to weight the probaslit 12.
of chance association for different durations. If thislsttion
were skewed it could either increase of decrease our estim-
ate somewhat. Unfortunately this information was not redi  13.
in our survey of the data because our null hypothesis viewed
the two processes as completely independent. Howeveg sinc
most substorms have about an hour-long growth phase we are

Int. Conf. Substorms-8, 2006

confident that our estimate is reasonably correct, and tirat o
primary conclusion remains unchanged.
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