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Abstract Two collections of substorms are created: 28,464 substorms identified with jumps in the
SuperMAG AL index in the years 1979-2015 and 16,025 substorms identified with electron injections into
geosynchronous orbit in the years 1989-2007. Substorm occurrence rates and substorm recurrence-time
distributions are examined as functions of the phase of the solar cycle, the season of the year, the
Russell-McPherron favorability, the type of solar wind plasma at Earth, the geomagnetic-activity level, and
as functions of various solar and solar wind properties. Three populations of substorm occurrences are
seen: (1) quasiperiodically occurring substorms with recurrence times (waiting times) of 2-4 h, (2)
randomly occurring substorms with recurrence times of about 6-15h, and (3) long intervals wherein no
substorms occur. A working model is suggested wherein (1) the period of periodic substorms is set by the
magnetosphere with variations in the actual recurrence times caused by the need for a solar wind
driving interval to occur, (2) the mesoscale structure of the solar wind magnetic field triggers the
occurrence of the random substorms, and (3) the large-scale structure of the solar wind plasma is
responsible for the long intervals wherein no substorms occur. Statistically, the recurrence period of
periodically occurring substorms is slightly shorter when the ram pressure of the solar wind is high, when
the magnetic field strength of the solar wind is strong, when the Mach number of the solar wind is low,
and when the polar-cap potential saturation parameter is high.

1. Introduction

The analysis of the waiting times (recurrence times) At between the occurrence of “subsequent” substorm
onsets (with the onsets determined by ion and electron injections into geosynchronous orbit) found
indications that substorms occur in two fashions, with distinct populations of randomly occurring substorms
and periodically occurring substorms [Borovsky et al., 1993]. Information-theoretic statistics were used to
examine the recurrence times At between substorm onsets (with the onsets determined by particle injec-
tions and by jumps in the AL index) to verify that substorms do occur in a periodic fashion with a period
of 2-4h [Prichard et al., 1996]. It was speculated [Borovsky et al., 1993; Belian et al., 1994] that randomly
occurring substorms are associated with randomly occurring intervals of enhanced solar wind driving of
the magnetosphere and that periodic substorms occur during time intervals when the solar wind driving
of the magnetosphere is quasi-continuous.

Substorms and substorm occurrence rates are important to understand. A substorm results in a morphologi-
cal transition of the magnetosphere, changing the magnetic field configuration of the near-Earth magnetotail
[McPherron et al., 1973] and ejecting a portion of the magnetotail and its plasma downtail [Hones, 1977]. A
substorm produces a substantial energy transfer from the magnetotail to the ionosphere [Baumjohann and
Kamide, 1984] and to magnetospheric plasma populations [Baumjohann et al., 1991]. Substorm occurrence
is important for the evolution of the outer electron radiation belt: (1) substorm-injected electrons are prob-
ably the seed population for the radiation belt [McDiarmid and Burrows, 1965; Friedel et al., 2002], (2) plasma
waves in the dipolar magnetosphere that are driven by the injected-particle populations may resonantly
energize radiation-belt electrons to relativistic energies [Meredith et al., 2001; He et al., 2015], and (3) the
induction electric fields of repeated substorms may directly energize radiation-belt electrons as the electrons
drift across the nightside of the dipole during substorm expansion phases [Kim et al., 2000; Fok et al., 2001; Dai
et al., 2014]. Under special circumstances substorms can also directly produce MeV electrons and protons
[Ingraham et al., 2001; Borovsky et al., 2016]. Substorm injections may also produce ULF waves in the dipolar
magnetosphere [Southwood, 1976; Anderson et al., 1990; Zolotukhina et al., 2008], and substorm injections
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have been suspected to produce outward transport of the plasmasphere [Spiro et al., 1981; Borovsky et al.,
2014]. Among the population of periodically occurring substorms, a subset of “global sawtooth oscillations”
was found [cf. Borovsky, 2004; Henderson, 2004; Henderson et al., 2006a, 2006b; Cai et al., 2006, 2011]. Whereas
typical substorms involve a stretching and sudden dipolarization of the nightside magnetic field, global
sawtooth oscillations involve sudden morphological changes in the dayside magnetosphere (as well as the
nightside magnetosphere) and sudden changes in dayside currents. In the present study, global sawtooth
oscillations will not be separated from periodic substorms.

Two outstanding questions about the occurrence of substorms are the following. (1) What in the solar wind
gives rise to the occurrence of random magnetospheric substorms and of periodic magnetospheric sub-
storms? (2) What determines the magnetosphere’s ~3 h periodicity for the recurrence of substorms?

In general, the substorm occurrence rate is not well known, particularly the rate versus the strength of the
solar wind driving, the rate versus the type of solar wind plasma, the rate through the phases of the solar
cycle, or the rate in the various phases of the different types of geomagnetic storms. Substorms are known
to be associated with intervals of southward interplanetary magnetic field (IMF) [Fairfield and Cahill, 1966;
Caan et al., 1978; Morley and Freeman, 2007; Wild et al., 2009; Newell and Liou, 2011]. Studies of the occurrence
rates of substorms are limited to studies of the rates as functions of the solar cycle [Borovsky and Nemzek,
1994; Nevanlinna and Pulkkinen, 1998; Tanskanen, 2009; Tanskanen et al., 2011; Chu et al., 2015], as functions
of the season of the year [Tanskanen, 2009; Tanskanen et al., 2011; Guo et al., 2014], and as functions of the
phases of the geomagnetic storms [Lee and Min, 2002; Tanskanen et al., 2005].

Substorm-recurrence studies have focused mainly on the periodicity of global sawtooth oscillations, but the
criteria discerning global oscillations from ordinary periodic substorms were often not rigorously enforced in
the event selections. Hence, some of those global-sawtooth-oscillation studies pertain to periodic substorms
in general. The recurrence studies focused on determining the periodicity [Prichard et al., 1996; Cai and
Clauer, 2009; Huang et al., 2003a, 2003b], on examining the solar wind role in the periodicity [e.g., Belian
et al., 1994; Huang et al., 2003a, 2004, 2005; Lavraud and Borovsky, 2008; Partamies et al., 2009], and on deter-
mining what physically causes the ~3 h periodicity of the magnetosphere [Belian et al., 1994; Freeman and
Morley, 2004; Brambles, 2011, 2013; Ouellette et al., 2013; Welling et al., 2015].

In the present study 28,464 substorms identified with jumps in the SuperMAG AL (SML) index in the years
1979-2015 and 16,025 substorms identified with electron injections into geosynchronous orbit in the years
1989-2007 are used to statistically study substorm occurrence rates and substorm recurrence times and their
connections to the structure of the solar wind. The study will not be concerned with the “triggering” of sub-
storms by northward turnings of the solar wind magnetic field at rotational discontinuities [e.g., Rostoker,
1983; McPherron et al., 1986; Lyons et al., 1997; Hsu and McPherron, 2002, 2009; Freeman and Morley, 2009],
but rather with the occurrences of intervals of enhanced solar wind driving of the magnetosphere.

This report is organized as follows. In section 2 the methodology for determining the occurrence times of
substorm onsets is elaborated upon. In section 3 the distributions of substorm recurrence times are analyzed
and the relation of substorm recurrence to the structure of the solar wind is examined. In section 4 substorm
occurrence rates and substorm recurrence-time distributions are examined for the different phases of the
solar cycle and for the different seasons of the year and the Russell-McPherron effect on substorm occurrence
rates is examined. In section 5 substorm occurrence rates and substorm recurrence-time distributions are
examined for the four different types of solar wind plasma passing the Earth. In section 6 the recurrence time
of periodic substorms is examined as functions of substorm amplitude, geomagnetic activity, and solar and
solar wind conditions. The findings of this study are summarized in section 7, which also contains discussions
about the working picture of substorm occurrence controlled by the solar wind, about the period of periodic
substorms, and about global sawtooth oscillations.

2. Event Selection

The strength of auroral-electrojet activity is traditionally characterized by the auroral-electrojet indices AU
and AL. Substorm onset is characterized by an abrupt temporal decrease (“negative bay”) in the AL index;
the decrease is a consequence of an increase of the westward electrojet due to the contribution from
horizontal part of the substorm current wedge. The AL index is derived from a limited number of
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magnetometer stations that have uneven local-time distribution and can detect events only from a specific
range of magnetic latitudes. The limited spatial coverage might result in incorrect estimation of substorm
onset times and underestimation of substorm occurrence rates when used in statistical studies. An alterna-
tive to the AL index is the SuperMAG AL (SML) index. The difference between SML and AL index is in the num-
ber of stations used and in methods for establishing the baseline. For this study we use the SML index
database from 1979 to 2015 available at http://supermag.jhuapl.edu/indices/. Details of the data and data
processing techniques used in the derivation of the SML index are given by Gjerloev [2012] and by Newell
and Gjerloev [2011].

No generally accepted method exists to identify substorm events from auroral electrojet indices, and differ-
ent sets of criteria were used in different studies [e.g., Tanskanen et al., 2002; Newell and Gjerloev, 2011;
Semenov et al., 2015; Forsyth et al., 2015]. A prior study by the authors [Yakymenko and Borovsky, 2016] high-
lighted the importance of eliminating the intensification of ongoing substorms from the event selections (see
also Forsyth et al. [2015]): that report identified event collections that are primarily intensifications (and that
do not show a recurrence periodicity) and event collections that are primarily substorm onsets (and that do
show a recurrence periodicity). The scheme chosen here is to select robust events in the SML index, with
onset times determined by strong negative jumps in the SML index. The criterion used to find onset times
is similar to the 100 nT in 10 min criterion used by Prichard et al. [1996] to select substorm onset times in
the 1 min resolution AL index or the 80 nT-in-15 min criterion used by Tanskanen [2009] for the IL index.
The present scheme locates regions where the SML index decreases by at least 150 nT in 15 min, then locates
potential onset times within those time intervals where the 2 min change of SML decreases by more than
10 nT (which is a slope of more than —150 nT in 15 min). Then, for each potential onset time, the time integral
of the magnitude of the SML index for the 45 min after the onset time is compared with the time integral of
the magnitude of the SML index for the 45 min prior to the onset time: if the “after” integral is less than 1.5
times the “before” integral, that onset time is rejected as not representing the onset of a substantial change
in geomagnetic activity. (This integral test is designed to eliminate reactivations from the onset list, and the
integral test should also eliminate pseudobreakups that are not followed by actual substorms.) The first sur-
viving onset time in each interval where SML decreases by 150 nT or more in 15 min is taken to be the onset
of the substorm. Finally, if a 150 nT-in-15 min interval occurs within 15 min of a prior 150 nT-in-15 min interval,
the second interval is voided and the onset time in that second interval is not used. To some degree, this
eliminates multiple onsets being counted as separate substorms. In this robust-event scheme, the minimum
time between substorm onsets in the 1979-2015 SML data set is 27 min. The total number of 28,464 events
was selected by the algorithm covering interval from 1979 to 2016. This list of SML-jump events has been
submitted as supporting information for this journal article.

Note that no attempt is made to further categorize this list of substorm onsets into subtypes such as global
sawtooth oscillations, storm time substorms, or pseudobreakups. This will also be the case below for the list of
substorms generated from energetic-electron injections.

The injection of energetic electrons into geosynchronous orbit is temporally associated with the onset of a
substorm [e.g., Kamide and Mcllwain, 1974; Yeoman et al., 1994; Weygand et al., 2008] and is simultaneous
with the dipolarization of the nightside magnetosphere at geosynchronous orbit [Lezniak et al., 1968;
DeForest and Mcllwain, 1971; Sauvaud and Winckler, 1980; Birn et al., 1998]. An automated method to identify
substorm electron injections into geosynchronous orbit was developed based on the observation that the
specific entropy S =T/n*?> [cf. Borovsky and Cayton, 2011] of the hot-electron population at geosynchronous
orbit decreases significantly when a fresh injection of electrons occurs. This entropy decrease is seen as a
simultaneous increase of the hot-electron number density and decrease of the hot-electron temperature
(hardness of the energy spectrum). When there are no new injections, the population of substorm-injected
electrons at geosynchronous orbit ages and the specific entropy of the population steadily increases with
time. During this aging, the number density of the electrons decreases with time and the mean energy of
the electrons increases with time; this is consistent with less-energetic electrons being lost from geosynchro-
nous orbit at a higher rate leaving a population of more-energetic electrons.

Multispacecraft measurements of energetic electrons from the SOPA (Synchronous Orbit Particle Analyzer)
instruments [Cayton and Belian, 2007] in geosynchronous orbit are used to determine the specific entropy
of the substorm-injected electron population. Specifically, density-temperature fits to the SOPA electron
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counting rates for the substorm-injected population are used [Cayton et al., 1989; Cayton and Belian, 2007;
Denton et al., 2010]. The spin-averaged counting rates for each electron energy channel are modeled as linear
combinations of two relativistic Maxwellian components plus a nonelectron “background” contribution;
minimizing the squared deviations between the observed and model counting rates summed over 10
electron channels yields the best fit two Maxwellian spectra (see Cayton and Belian [2007] for full details).
The relativistic bi-Maxwellian fitting describes two populations of electrons: a “soft” population of electrons
with a temperature of ~30keV and a “hard” population of electrons with a temperature of ~150keV
[Cayton et al., 1989; Denton et al., 2010]. The soft population (which is used here) is the suprathermal tail of
the electron plasma sheet whose appearance at geosynchronous orbit is associated with substorm injections
[Lezniak et al., 1968; Cayton et al., 1989; Birn et al., 1998, 2000]. The hard component is the outer electron
radiation belt [Cayton et al., 1989; Belian et al., 1996; Denton et al., 2010]. Density-temperature fits to the elec-
tron count rates are made every 10 s for every spacecraft carrying a SOPA detector; from these 10 s resolution
fits median values of the temperature and median values of the density are calculated every 30 min on each
spacecraft and these 30 min resolution median densities n and median temperatures T are utilized to calcu-
late a specific entropy S =T/n*> of the substorm-injected electrons with a 30 min resolution for each operat-
ing spacecraft. To determine the occurrence of an electron injection at geosynchronous orbit, the minimum
value of the quantity log,(S) is calculated every 30 min for all of the spacecraft operating at that time; when
this multispacecraft-minimum value of log,(S) decreases by 1.0 or more in 30 min or in 60 min, an injection is
declared. The log.(S) decreasing by a factor of 1.0 is equivalent to log((S) decreasing by a factor of 0.434 or S
decreasing by a multiplicative factor of e~ ' =0.368. Sometimes the specific entropy continues to decrease for
two or more subsequent half-hour intervals. (This could be owed to where in time a sudden decrease in S was
captured in the half-hour-resolution medians, or it could be owed to multiple injections during a substorm
expansive phase.) If two subsequent half-hour intervals meet the criteria for declaration of an injection, the
occurrence of the injection is taken to occur in the first of the two intervals. Hence, in this electron-injection
identification scheme, the time between substorm injections is 60 min at the minimum.

Note that the time at which a substorm is detected by using the entropy method depends on the local-
time positions of the geosynchronous spacecraft at the time of the actual substorm onset. If no satellite is
present in the vicinity of local midnight, then the freshly injected electrons must drift toward dawn and
then into the dayside until a satellite is encountered. Hence, the substorm-onset times determined from
the SOPA injections are systematically delayed by about 0-0.5h from the substorm onsets determined
by the SML index.

The total number of 16,025 electron-injection events was selected by the algorithm covering interval from
1989 to 2007. This list of electron-injection events has been submitted as supporting information for this
journal article.

In general, the two methods identify the same substorms (58% of identified SML-jump onsets have an injec-
tion onset proximate in time, and 57% of identified injection onsets have an SML-jump onset proximate in
time), but certainly not always. Like thunderstorms that each have different mixes of rain, hail, lightning, wind,
and tornadoes, the various amplitude measures of substorms are not completely correlated [Lopez and von
Rosenvinge, 1993; Borovsky and Nemzek, 1994]; hence, the various detection methods for substorms will select
different events.

3. Substorm Recurrence-Time Distributions

The substorm recurrence time (waiting time) At is the time interval from the onset of one substorm to the
onset of the next substorm. In Figure 1 the occurrence distribution of recurrence times is plotted for substorm
onsets determined by jumps in the SML index in the years 1979-2015 (blue curve) and for substorm onsets
determined by electron injections into geosynchronous orbit in the years 1989-2007 (red curve). The
recurrence-time distributions for electron injections and for SML jumps are similar to each other. The
recurrence-time distributions in Figure 1 are similar to substorm recurrence-time distributions found in pre-
vious studies [e.g., Borovsky et al., 1993, Figures 3 and 4; Prichard et al., 1996, Figure 1], which were composed
of a quasi-Gaussian population centered on about 3 h and an exponential distribution at larger At values.
Owing to the larger number of substorms used in the present study, the distributions in Figure 1 extend to
much larger values of At than prior distributions did.
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Figure 1. The recurrence-time distributions of substorm onsets for 28,464
substorms identified with jumps in the SML index in 1979-2015 (blue) and
for 16,025 substorms identified with electron injections into geosynchronous
orbit in 1989-2007 (red).

In Figure 2 the SML recurrence-
time distribution from Figure 1 is
mathematically analyzed. The distri-
bution from the SML data is plotted
in black. For recurrence times
30h <At< 165h the black curve is
fit by an exponential function and

fitl = 0.328 exp(—At/31.4h) (1)

results. This exponential fit is plotted
as the orange curve in Figure 2.
Subtracting fit1 off of the black
curve for all values of At, the blue
curve results. For recurrence times
8h < At<24h the blue curve is fit
by the exponential function

fit2 = 4.84 exp(—At/6.76 h), (2)

which is plotted as the red curve in
Figure 2. The green curve in Figure 2
is the blue curve with fit2 subtracted

off for all values of At. Hence, the green curve in Figure 2 is the recurrence-time distribution (black) with
the two exponential fits subtracted off. A similar analysis was performed in Borovsky et al. [1993], wherein
a single exponential function was subtracted off of the recurrence-time distribution and the quasi-
Gaussian residual (i.e., the green curve) was interpreted to be recurrence times for a population of quasiper-
iodically occurring substorms. The information-theoretic analysis of Prichard et al. [1996] confirmed that
interpretation. In Borovsky et al. [1993] it was noted that an exponential distribution of recurrence times is
consistent with random occurrence of substorms following a Poisson process wherein the probability of sub-
storm occurrence is independent of the past record of occurrence [International Telegraph and Telephone
Corporation, 1979].
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Figure 2. The recurrence-time distribution for 28,464 substorms identified
with jumps in the SML index in 1979-2015 is mathematically analyzed
into three populations.

The following interpretation is made
of the residual distribution (green
curve) and the two exponential fits of
Figure 2. (1) The residual waiting-time
distribution (green curve) represents
the recurrence of substorms in a
periodic fashion with a substorm-
recurrence period of 2-4h. (2) The
exponential distribution (fit2) of
recurrence times of expression (2)
represents the occurrence of sub-
storms associated with random
occurrences of solar wind intervals
capable of driving the magneto-
sphere sufficiently to create a sub-
storm; we will look for evidence that
the time scale of 6.8h of this fit is
associated with the mesoscale mag-
netic structure of the solar wind. (3)
The exponential distribution (fit1) of
recurrence times of expression (1)
represents the durations of intervals
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Figure 3. For 20 days in the spring of 2005 the occurrence of substorms (red dots) is examined in comparison with (top) the
speed of the solar wind and (bottom) the strength of solar wind driving of the magnetosphere.

of the solar wind wherein it is probable that the driving of the magnetosphere is too weak to produce a
substorm; we will look for evidence that the 34.5h time scale of this fit is associated with the large-scale
structure of the solar wind plasma.

Figure 3 demonstrates some aspects of the periodic occurrence of substorms versus the random occurrence
of substorms. In Figure 3 (top) the solar wind velocity is plotted for 20 days in the spring of the year 2005; two
high-speed streams are contained in the 20 day interval. In Figure 3 (bottom) the solar wind driver function
Rquick is plotted (black). Rquick is derived [Borovsky and Birn, 2014] to represent the reconnection rate (in units
of mV/m) at the nose of the magnetosphere based on the Cassak-Shay equation [Cassak and Shay, 2007] for
the reconnection rate between two collisionless magnetized plasmas (the magnetosphere and the magne-
tosheath). Rquick is (in MKS units)

Rauick = 2.04 113"2m, 200, /v, 2 Sin? (Betoar/2) Ma ™5 [1 + 680M, 320", 3)
where ny,, is the solar wind proton number density, vy, is the solar wind velocity, 6ok is the IMF clock angle
with respect to the Earth’s magnetic dipole, and M = vy, /v, is the solar wind Alfven Mach number, with
vA=BS\,\,/(47rmpns\,\,)”2 being the Alfven speed in the upstream solar wind. The formula for Rqick can be
separated into two parts:

unick = Rqo Sinz(gclock/z) (43)

—1/4’ (4b)

RC|O — 2~04,uo1/zmp-l/anW]/zVSWzMA_LaS [1 + 680MA—3.30]

where mj, is the mass of a proton, Ry, represents the portion of Rqick that is associated with the structure of
the solar wind plasma (ns, Bsw, and vs,,), and sin2(Ocock/2) is the portion of Rqyick that is associated with the
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Figure 4. For 2 days in 2005 the occurrence of quasiperiodic substorms (red and blue dots) is compared with the driving of
the magnetosphere by the solar wind (black curve).

magnetic field-vector structure of the solar wind. In Figure 3 (bottom) Ry, is plotted in blue for the 20 days. In
both panels of Figure 3 the occurrence times of substorm onsets as determined by jumps in the SML index
are indicated by red dots. As indicated in Figure 3 (top)there is an interval wherein substorms occur in a
quasiperiodic fashion (days 102-105) and an interval wherein substorms occur in a random fashion (days
107-118). In Figure 3 (top) an interval wherein the IMF sector is in a toward orientation and an interval
wherein it is in and away sector are indicated. According to the Russell-McPherron effect [Russell and
McPherron, 1973], the solar wind tends to be more geoeffective in the spring season when the IMF is in a
toward sector and tends to be not geoeffective in the spring season when the IMF is in an away sector.
This is reflected in Figure 3 (bottom) wherein Rqick (black) is larger in the first high-speed stream (toward
sector) than it is in the second high-speed stream (away sector). In Figure 3 the periodic substorms are
occurring when the solar wind driver (i.e., Rquick) is high for a sustained interval and the substorms are
randomly occurring when the solar wind driving is weaker.

Note that the same conclusions as those from Figure 3 result if another solar wind driver such as the Newell
function vy *>Bperp”>sin®>(Bcioc/2) [Newell et al.,, 2007] is used, with that function separated into a plasma

sin
term vSW"BBpe,pz/3 and a magnetic-clock-angle term sin®3(Ociock/2).

Figure 4 focuses on an interval of quasiperiodic substorm occurrence in the year 2005. Two days are dis-
played. The solar wind driving function Rqick is plotted in black, and the plasma component Ry, of Rquick
is plotted in green. The occurrence times of substorms as determined by jumps in the SML index are indi-
cated in red, and the occurrence times of substorms as determined by electron injections are indicated in
blue. Note that injection times are delayed by 0-30 min owing to the local-time positions of spacecraft in
geosynchronous orbit at the time of the actual substratum onset. In Figure 4 Rqick is highly time varying com-
pared with Ry, this is because of rapid variations in sin*(@oci/2) (cf. expressions (4a) and (4b)) that are owed
to rapid variations in Ocock, the direction of the solar wind magnetic field. The rapid time variations in Rquick
are caused by the mesoscale spatial structure of the solar wind magnetic field being advected past the Earth
producing rapid changes in ... Note that the variations in Rquick occur more rapidly than the recurrence
times between the substorm onsets.

In Figure 5 the superposed-epoch average of the solar wind driver function Rqick is plotted as a function of
time where the zero epoch (trigger) is the occurrence time of substorm onset as determined by the jump in
the SML index. The substorm onsets are separated into two groups: random substorms (where the time since
the prior substorm is 6 h or more) and periodic substorms (where the time since the prior substorm is
between 2 and 4 h). In Figure 5 (top) the superposed average of Rqick is plotted in blue for the group of per-
iodic substorms and the superposed average of Ryick is plotted in red for the group of random substorms.
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Figure 5. The driving of the magnetosphere by the solar wind is examined using superposed-epoch averaging triggered
on the times of substorm onsets as determined by the jumps in the SML index in 2000-2008. The substorms are separated
into two populations: periodic (blue curves) and random (red curves). (top) The superposed average of the solar wind driver
Rquick is plotted, (middle) the plasma portion Rqo of Rquick is plotted, and (bottom) the clock angle of the IMF is plotted.

Both curves in Figure 5 (top) indicate that substorm onset is associated with an interval of enhanced solar
wind driving prior to the onset [e.g., Fairfield and Cabhill, 1966; Caan et al., 1977, 1978; Morley and Freeman,
2007; Wild et al., 2009] (and see in particular the superposed-epoch analysis of Newell and Liou [2011]). In
Figure 5 (middle) the plasma portion Rq, of Rquick is plotted for the two sets of triggers: note that the
substorm onset occurrence is not associated with a variation in the solar wind plasma properties. In
Figure 5 (bottom) the superposed average of the IMF clock angle O.c is plotted for the two sets of
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triggers: both the periodically occur-
ring (blue) and the randomly occur-
ring (red) substorms are temporally
associated with an increase in the
IMF clock angle 6ok at the time of
the substorm onset. Note that for
the red curve (randomly occurring
substorms) in Figure 5 (bottom) that
Ociock 1S On average less than 90°
(northward IMF) in the interval prior
to the occurrence of the substorm,
whereas for the blue curve (periodi-
cally occurring substorms) that 6 ock
is on average greater than 90° (south-
ward) in the interval before the
substorm occurs. This agrees with
the idea that random substorms tend
to occur during intervals of weaker
Figure 6. The waiting-time distributions for crossings of the IMF clock angle ~ driving and that periodic substorms
through 90° going southward are binned. Each colored curve uses a different  occur during intervals of stronger
time averaging of the 5 min resolution OMNI2 data set. driving (cf. Figure 3). The two curves

plotting Ry in Figure 5 (middle) also

indicate this random substorms dur-
ing weaker driving and periodic substorms during stronger driving. Note in the blue curves for periodic
substorms in Figure 5 (top and bottom) that there is an indication of enhanced driving 2-4 h prior to the
occurrence of the substorm at the zero epoch: this indicates that the prior substorms (which occurred by defi-
nition 2-4 h earlier) are also associated with an interval of enhanced driving (caused by an interval of more-
southward IMF clock angle). This plot raises the question: is the ~3 h periodicity of substorm occurrence
caused by an ~3 h periodicity in the solar wind producing a 3 h periodicity in the driving of the magneto-
sphere or is it caused by an inherent property of the magnetosphere-ionosphere system?

’ IMF Clock Angle

Positive Zero Crossings
2000-2008

5-min averaged IMF

15-min averaged IMF

/30-min averaged IMF

60-min averaged IMF

Number of Zero Crossings [%]

0 2 a 6 8
Recurrence time At [hr]

To investigate whether there is an ~3 h periodicity in the driving of the Earth by the solar wind, Figure 6
explores some time scales in the solar wind time series at Earth. Using 5min averages of the advected
solar wind magnetic field from the OMNI2 database [King and Papitashvili, 2005], the clock angle 6ock
of the IMF is calculated at Earth as a function of time for the 9years (2000-2008). The zero crossings of
the time series [e.g., Ylvisaker, 1965; Sreenivasan et al., 1983] are determined wherein the clock angle 6ok
crosses from less than 90° (northward) to greater than 90° (southward) and the time intervals At between
the zero crossings are calculated. The waiting-time distribution for the zero crossings for the 5min aver-
aged 6Oock is plotted in red in Figure 6. The 5min resolution values of 6ok are time averaged to
15 min, the zero crossings in the 15 min time series are located, and the waiting-time distribution of the
15min averaged 6o Vvalues is plotted as the blue curve in Figure 6. The process is repeated for
30 min averages of Ok and for 60 min averages of @k, and the waiting-time distributions for the zero
crossings are plotted in green and purple, respectively, in Figure 6. The red curve in Figure 6 represents
the occurrence distribution of times between the onsets of intervals of driving that are 5min or more
in length. Similarly, the blue curve in Figure 6 represents the occurrence distribution of waiting times
between the onsets of driving intervals that are 15min in length; the green curve represents the occur-
rence distribution of waiting times between the onsets of driving intervals that are 30min in length,
and the purple curve represents the occurrence distribution of waiting times between the onsets of solar
wind driving intervals that are 60 min in length. In Figure 6 there is no indication of an ~3 h periodicity in
the occurrence of driving intervals in the solar wind. If Ry, of the solar wind is strong, southward IMF inter-
vals occur more frequently than 3 h and intervals of enhanced driving will occur more frequently than the
~3 h periodicity of substorm occurrence (cf. Figure 4). A working model of the occurrence of periodic sub-
storms is that the periodicity of substorm occurrence is 2-4 h because of some inherent property of the
magnetosphere-ionosphere system and that a substorm will occur after this “magnetospheric” interval
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Figure 7. (a) For 60 min averages of the 5 min resolution OMNI2 data set, the
waiting times for the 90° crossings of the IMF clock angle are binned: the
blue curve is for all solar wind, the green curve is for slow solar wind

(vew < 400 km/s), and the red curve is for fast solar wind (vs,, in the range of
575-775 km/s). Exponential fits to the three curves are shown. (b) For 60 min
averages of the 5 min resolution OMNI2 data set, the waiting times for
positive crossings of two values of the driver function Ryyick are binned: the
blue curve is for crossings of Rquick =4.15 mV/m, and the red curve is for
crossings of Rquick = 2.12 mV/M. Exponential fits to the two curves are
shown. (c) The exponential fit parameters to the clock-angle waiting-time
distributions are shown for the all solar wind (blue) and for the slow solar
wind (green) as the crossing angle is varied from 90° to 155°.

when the next available solar wind-
driving interval occurs. Hence, the
variability of the recurrence period
is caused by the added waiting time
for a solar wind-driving interval.

Solar wind time scales associated
with the random occurrence of sub-
storms are examined in Figure 7. The
clock-angle zero-crossing waiting-
time distributions plotted in Figure 6
are actually well fit by exponential
distributions. In Figure 7a the 60 min
averaged distribution from Figure 6
is replotted (blue curve) logarithmi-
cally and fit with an exponential
function exp(—At/4.2h). Hence, the
60min average of the magnetic
field vector of the solar wind has ran-
dom southward crossings (through
Ociock =90°) randomly with a charac-
teristic time scale of 4.2h between
subsequent crossings. The solar wind
zero-crossing waiting times are sepa-
rately collected for intervals of typical
slow wind (v, <400km/s) and for
intervals of typical fast wind
(Vsw=575-775km/s), and those dis-
tributions are plotted in green and
red, respectively, in Figure 7a. The
time scales of magnetic structure as
seen by the Earth are shorter in the
red curve of the fast wind (coronal-
hole plasma) than they are in the
green curve of the slow wind; the
mesoscale magnetic structures of
the slow wind are larger than the
structures of the fast wind [Borovsky,
2008], and the slow wind advects
the structures past the Earth at a
slower rate. The slow-wind waiting-
time distribution is fit by exp(—At/
5.3 h), and the fast-wind waiting-time
distribution is fit by exp(—At/3.1h).
Similarly, in Figure 7b the waiting-
time distributions for crossings of
the magnetospheric driver function
Rquick are plotted and fitted. The red
curve is the distribution of waiting
times for the hourly average of
Rquick to exceed 2.12 mV/m (which is
the median value of Ryick), and the
blue curve is the distribution of wait-
ing times for the hourly average of
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Rquick to exceed 4.15 mV/m (which is
the 75% quartile of Rquick). The expo-
nential fit distributions for Rqick wait-
ing times in Figure 7b yield similar
waiting times as the southward cross-
ings through 6ok = 90°) in Figure 7a.
The fits in Figure 7a are for crossings
southward across o =90°. If the
zero line for the zero crossings is
taken at larger values of Ok (i€,
more southward values), the waiting
times are longer and the distribution
has a different characteristic time
scale. In Figure 7c the exponential fit-
ting of the top plot is repeated for
zero-crossing waiting-time distribu-
tions where the crossing angle is var-
ied from Oqock=90° 10 Ociock = 155°.
As the requirement for an interval of
IMF is more south (greater Ocock),
the characteristic time of the
280 (c) Sunspot Number exponential fit to the waiting-time
240 distribution increases. The character-
istic time scale of the exponential
waiting-time  distribution of sub-
160 storms onsets (6.8 h in Figure 2) is in
the vicinity of the characteristic
time scales of the exponential
8 waiting-time distributions of solar
wind-driving intervals in Figure 7c,
particularly for slow solar wind where
1984 1988 1992 1996 2000 2004 2008 2012 the randomly occurring substorms

Year are prominent. Hence, the statistics
support the picture articulated by
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Figure 8. (a) The substorm occurrence rate (substorms per day) is plotted as

functions of time for three solar cycles; the red curve is for substorms Morley and Freeman [2007], wherein
determined by jumps in the SML index, and the blue curve is for substorms  the randomly occurring substorms
determined by electron injections. (b) In a 1 year running average of the are associated with randomly occur-

fraction of time four different types of solar wind are seen at Earth, as
determined from the parameters of the OMNI2 solar wind data set. (c) The
monthly sunspot number is plotted.

ring intervals of good solar wind
driving (associated with randomly
occurring intervals of the direction
of the solar wind magnetic field
at Earth).

4. Phase of the Solar Cycle and Season of the Year

In Figure 8a the substorm occurrence rates (in unit of substorms per day) as determined from jumps in the
SML index (red curve) and as determined from electron injections (blue curve) are plotted as a function of
time for the years 1979 to 2015. Each point is the average value for a calendar year. In Figure 8c the monthly
sunspot number is plotted. The substorm occurrence rate varies from year to year, and the two measures of
substorm occurrence track each other fairly well. As is known [cf. Nevanlinna and Pulkkinen, 1998; Tanskanen,
2009; Tanskanen et al., 2011], the substorm occurrence rate is greatest in the declining phase of the solar
cycle. During the declining phases of the solar cycle equatorward extensions of coronal holes on the Sun
can have geometries that result in long-lived high-speed coronal-hole-origin plasma at Earth [cf. McAllister
et al., 1996]; early in the declining phase (near solar maximum) high-speed ejecta can also enhance the
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Table 1. Substorm-Occurrence Rates for the Various Phases of the Solar Cycle

SML Jumps per Year SML Jumps per Day

Injections per Year

Injections per Day

Solar maximum
Declining phase
Solar minimum
Ascending phase
All times

723 1.99
1014 278
688 1.88
641 1.85
769 211

842 2.31
1028 2.81
779 213
809 222
886 243

early phases of high-speed-stream-driven storms. Note that the substorm occurrence rate was very low in
the year 2009, which was an interval of exceptionally weak solar wind [cf. Smith et al., 2013; Zerbo and
Richardson, 2015]. Note that the SML index for 1979 and 1980 had a sparcity of stations, which may
account for the low substorm occurrence rates registered for those years in the red curve. In a 1year
running average of the fraction of time four different types of solar wind plasma are at Earth, as
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Figure 9. The recurrence-time distributions for substorms as determined by
jumps in the SML index in 1979-2015 are plotted for the four phases of
the solar cycle. (top) The area under each curve is the number of substorms
per year, which differs for the different phases of the solar cycle (cf. Table 1).
(bottom) The areas under the curves are all the same.

determined by the Xu and Borovsky
[2015] solar wind categorization
scheme applied to the OMNI2 solar
wind data set (Figure 8b).

In Table 1 the substorm-occurrence
rates as determined by jumps in
SML and by electron injections are
collected for the four phases of the
solar cycle. (Note that the SML sub-
storms and the injection substorms
have different ranges of years, a seen
in Figure 8.) Rates are given in units of
substorms per year and substorms
per day. The bottom line of Table 1
displays the substorm-occurrence
rates for all phases of the solar cycle.

In Figure 9 the recurrence-time dis-
tributions for substorms as deter-
mined by jumps in the SML index
are plotted for the four seasons of
the solar cycle. In Figure 9 (top) the
area under each curve is the number
of substorms per year (cf. Table 1),
and in Figure 9 (bottom) the areas
under the four curves are all equal
(the areas each being 100%). The
declining phase of the solar cycle
exhibits increased rates of substorm
occurrence (cf. Table 1): the blue
curve in Figure 9 (top) indicates that
much of this increase in occurrence
during the declining phase is an
increase in the occurrence of
periodic substorms centered on
At~3h. The blue curve in Figure 9
(top) also exhibits an increase in the
rate of randomly occurring sub-
storms with At greater than about
7h. In Figure 9 (bottom) it is seen
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that the fraction of substorms that
are periodic (At=2-4h) is higher
for the declining phase and that
the fraction of substorms that are
random (At >about 7h) is smaller.
Both panels of Figure 9 indicate that

Injections (v > 500)
sw

SML (v > 500)
sw

3r the distributions of substorm recur-
Injections (all VSW) rence times At are similar to each
'/\/' other in the other three phases (solar

2t maximum, solar minimum, and the

ascending phase) of the solar cycle.

In Figure 10 the substorm occurrence
1 rate (number of substorms per day) is

Substorm Occurrence Rate [day'1]

)

§ e £ plotted as a function of the equinoc-

c i E — . .
S (% a w tial season of the year. In the plot win-
0 : - ter is the approximately 91 daylong
Season of the Year interval centered about the winter
Figure 10. The substorm occurrence rates (substorms per day) are plotted .solstlce (from d.ays 309 to 34), spring
for the four intervals around the equinoxes and solstices of the year. The is the approximately 91 daylong
lower two curves are the occurrence rates at all times, and the upper two interval centered about the spring

curves are the occurrence rates when the velocity of the solar wind exceeds  equinox (from days 34 to 126), sum-
500 km/s. As labeled, two curves are for substorms as determined with
jumps in the SML index in 1979-2015 and two curves are for substorms
determined with electron injections in 1989-2007.

mer is the approximately 91 daylong
interval centered about the summer
solstice (from days 126 to 218), and
fall is the approximately 91 daylong
interval centered about the fall equinox (from days 218 to 309). The substorm occurrence rate derived from
jumps in the SML index is plotted in orange, and the occurrence rate as determined by electron injections is
plotted in green. (The values of these two curves are collected in Table 2.) The occurrence rates when the
solar wind velocity is greater than 500 km/s are plotted in red and blue for SML events and injection events.
Examining the orange and green curves in Figure 10, it is seen that the rate of substorm occurrence is slightly
less in summer then it is in the other three seasons. This summer deficit has been noted before [e.g., Borovsky
and Nemzek, 1994; Tanskanen, 2009; Tanskanen et al., 2011; Guo et al., 2014]. Note that Tanskanen [2009] and
Tanskanen et al. [2011], using the IMAGE magnetometer chain in Scandinavia to identify substorms, found
that the summer occurrence rate was only about half of the winter occurrence rate: the summer depletion
found here using SML jumps and using electron injections is not nearly that strong. Examining the red
and blue curves of Figure 10, the summer minimum in the substorm occurrence rate is seen for the
Vsw > 500 km/s time intervals in the injection-identified substorms but not in the SML-identified substorms.

In Figure 11 the analysis of Figure 10 is repeated separating the solar wind data into toward magnetic sectors
(solid curves) and away magnetic sectors (dashed curves). The toward versus away nature of the solar wind
was determined on an hourly basis by taking the dot product of the hourly averaged solar wind magnetic
field vector and the hourly average velocity-dependent Parker-spiral-direction vector. The sign of the dot
product determines the toward versus away nature of the solar wind interval during the occurrence of each

Table 2. Substorm-Occurrence Rates (in Units of Substorms per Day) Are Collected for the Seasons of the Year and for
Toward and Away Magnetic Sectors of the Solar Wind

Toward Sectors Away Sectors All Data
Equinox SML Jumps Injections SML Jumps Injections SML Jumps Injections
Winter 1.91 1.97 2.36 2.76 2.23 237
Spring 2.67 2.92 1.97 218 242 2.66
Summer 1.61 2.18 1.52 2.07 1.61 213
Fall 1.80 1.94 2.40 2.71 2.27 247
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Figure 11. The substorm occurrence rates (substorms per day) are plotted
for the four intervals around the equinoxes and solstices of the year, separ-
ating the time intervals into toward and away magnetic sectors for the solar
wind at Earth. (bottom) The occurrence rates at all times and (top) the
occurrence rates when the velocity of the solar wind exceeds 500 km/s are
plotted. The red curves are for substorms as determined with jumps in

the SML index in 1979-2015, the blue curves are for substorms determined
by electron injections in 1989-2007, the solid curves are for toward magnetic
sectors, and the dashed curves are for away magnetic sectors.

5. The Type of Solar Wind Plasma

substorm onset. Note that this
method of determining toward ver-
sus away sectors is not foolproof
owing to (1) large-amplitude direc-
tional variations of the solar wind
magnetic field about the Parker-
spiral direction [cf. Borovsky, 2010par-
ker] and to (2) ejecta which is neither
toward nor away [Bame et al., 1981;
Borovsky, 2010]. A superior method
for determining toward versus away
magnetic orientations is to use the
direction of the energetic-electron
strahl [e.g., Kahler and Lin, 1994;
Crooker et al., 2004]; unfortunately,
electron strahl measurements at
Earth are not readily available prior
to 1995. For the total substorm occur-
rence rates (Figure 11, bottom) and
for the occurrence rates during times
when vg,, > 500 km/s (Figure 11, top)
a Russell-McPherron effect [Russell
and McPherron, 1973] is clearly seen
wherein geomagnetic activity is
enhanced during toward sectors in
spring and during away sectors in fall
and is suppressed during away
sectors in spring and during toward
sectors in fall. (The values from
Figure 11 (bottom) are collected in
Table 2) The Russell-McPherron
effect in the occurrence rate of
substorms has been seen before
[Borovsky and Nemzek, 1994], where
it was noted that the effect is not
strong; in Figure 11, the Russell-
McPherron effect is a tens of percent
effect on the rate of substorm occur-
rence. For the spring and fall seasons
the ratios of the Russell-McPherron-
enhanced substorm-occurrence rates
to the Russell-McPherron-suppressed
substorm-occurrence rates are in the
range of 1.33 to 1.40.

In Table 3 the substorm occurrence rates (number of substorms per day) as determined by SML jumps and by
electron injections are displayed for the four types of solar wind plasma. Using the Xu and Borovsky [2015]
solar wind categorization scheme, the OMNI2 data set [King and Papitashvili, 2005] is categorized as to
whether the solar wind plasma passing the Earth is of (a) coronal-hole origin, (b) streamer-belt origin, (c)
sector-reversal-region origin, or (d) ejecta. (Ejecta also includes magnetic clouds.) Table 3 indicates that there
is a great difference in the substorm occurrence rates between the different types of solar wind plasma. The
occurrence rate is highest by far in coronal-hole-origin plasma, which is colloquially known as the “fast wind.”
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Table 3. Substorm-Occurrence Rates (in Units of Substorms per Day) Are The substorm occurrence rate is

Collected for the Four Types of Solar-Wind Plasma at Earth lower in streamer-belt-origin plasma

Occurrence Occurrence and the rate is very low (well below
it L] i Ui average) in sector-reversal-region

Type of Solar Wind SML Jumps Electron Injections 9 . 9
plasma. The occurrence rate is about
§°'°”a|'hglel'°”9'f‘ plfsma 3.82 372 average in ejecta plasma. As noted
treamer-belt-origin plasma 1.72 209 in Xu and Borovsky [2015, Figure 21],

Sector-reversal-region plasma 0.91 1.26 o :

Ejecta plasma 1.95 232 coronal-hole-origin plasma is preva-
All types of plasma 2.11 243 lent during the declining phase of

the solar cycle, which according to
Table 1 and Figure 8 exhibits a
higher-than-normal substorm occur-
rence rate. Undoubtedly, the difference in the substorm occurrence rates has to do with the average levels
of solar wind driving of the magnetosphere in the four types of solar wind plasma, with coronal-hole-
origin plasma leading, on average, to stronger levels of driving.

The distributions of substorm recurrence times in the four types of solar wind plasma are displayed in
Figure 12, where the type of solar wind plasma is again determined with the Xu and Borovsky [2015] categor-
ization scheme. The areas under the four curves in Figure 12 are all equal. Note in the red curve the domi-
nance of the occurrence of periodically occurring substorms (At ~ 2-4 h) relative to the randomly occurring
substorms (At greater than about 6 h) in coronal-hole-origin plasma; note the opposite trend in the purple
curve for sector-reversal-region plasma where the periodically occurring substorms are sparse. The large At
tail of the sector-reversal-region plasma (purple curve) is robust and (not shown) dominates the large At tails
of the other curves beyond 24 h. This indicates that long intervals of time without the occurrence of a sub-
storm are common in sector-reversal-region plasma. For streamer-belt-origin plasma (green curve) and ejecta
plasma (blue curve) periodic substorms are common, as are randomly occurring substorms.

6. The Substorm Recurrence Period

The ~3 h periodicity of substorm (and global-sawtooth-oscillation) recurrence is well known [e.g., Borovsky
et al., 1993; Belian et al., 1994, 1995; Prichard et al., 1996; Huang et al., 2003a; Borovsky, 2004; Henderson
et al., 2006b; Cai and Clauer, 2009;
Morley and Henderson, 2010; Hsu

SML and McPherron, 2012; Noah and

Coronal-Hole- 1979-201 Burke, 2013]. The physical processes
Origin Plasma 979-2015 and controlling parameters that
determine the periodicity of sub-

storm recurrence have been a mys-
Ejecta tery for decades [e.g., Belian et al.,
1994; Huang et al., 2003a; Borovsky,
2004; Freeman and Morley, 2004;

Streamer-Belt- Morley and Henderson, 2010; Cai

3 Origin Plasma and Clauer, 2009; Brambles et al.,
2013; Ouellette et al., 2013; Welling

2 Sector-Reversal- et al, 2015]. Using the large num-

Number of Substorms [%]

Region Plasma bers of substorms obtained from
the jumps in the SML index in the
years 1979-2015 and from electron
0 3 8 12 16 20 % injections into geosynchronous orbit

Recurrence time At [hr] in the years 1989-2007, the periodi-
city of substorm recurrence is
investigated in this section as func-

tions of substorm amplitude, geo-

Figure 12. For 36years, the recurrence-time distribution for substorms
determined from jumps in the SML index is plotted separately for intervals
of time when the solar wind plasma at Earth is of coronal-hole origin (red),
streamer-belt origin (blue), sector-reversal-region origin (purple), and magnetic activity, and solar and
ejecta (blue). solar wind conditions.
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Figure 13. The recurrence-time distribution is plotted for SML-jump events
in 1979-2015 is plotted for various amplitudes taken for the selection of
events. The curves range from very small-amplitude events (purple) to large
amplitude events (red). The distributions are all normalized such that the

area under each curve is the same.

In Figure 13 the substorm recurrence-
time distribution is examined for
substorms of various amplitudes as
measured by the magnitude of the
jump in the SML index. In section 2
the substorm-selection criteria for
the SML index was chosen to be a
jump of 150nT in 15 min. If that cri-
terion is increased to above 150nT,
fewer events are selected, with only
larger-amplitude events chosen.
Similarly, if the criterion is lowered
below 150 nT more events are cho-
sen and the increase is in smaller
events. In Figure 13 the recurrence-
time distributions are plotted for
various choices of the SML-jump
criterion; the various curves in
Figure 13 are normalized so that the
area under each curve is the same.
The red curve is the distribution for
a 300nT selection criterion and
represents the recurrence-time distri-
bution of larger-amplitude sub-

storms. The yellow curve is the distribution when the criterion is 200 nT: this distribution contains the
large-amplitude substorms in the 300 nT red curve plus substorms of more-modest amplitude. Likewise,
the green distribution contains the orange distribution below it, which contains the red distribution. Note in
Figure 13 that the location in At of the distribution of periodically occurring substorms does not shift as sub-
storms of differing amplitudes are systematically added to the collection of substorms. This is an indication
that the period of substorm recurrence is invariant to the amplitude of the substorms, a conclusion also

reached by Belian et al. [1994].
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Figure 14. For 36years, the recurrence-time distribution for substorms
determined from jumps in the SML index is plotted separately for intervals

of time when the Kp index was in various ranges as labeled.

To examine the recurrence period of
the periodic population of substorms
versus the level of geomagnetic
activity, the Kp index is used, with
Kp being a good measure of the
strength of convection in the magne-
tosphere [Thomsen, 2004]. Figure 14
displays the substorm recurrence-
time distribution for various levels of
geomagnetic activity, plotting the
distributions for four ranges of the
Kp index. At very low Kp (Kp<2,
green curve) the population of peri-
odic substorms is almost absent (i.e.,
periodically occurring substorms are
rare when geomagnetic activity is
very low). At a modest range of Kp
levels (2<Kp<3; blue curve) the
periodic population is weak but
clearly present. (Note that the med-
ian value of Kp for all times is 2, which
is in the range of the blue curve.) At
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Figure 15. The recurrence-time distributions of substorms as determined from jumps in the SML index in 1979-1980 are plotted for various ranges of various solar
and solar wind parameters. (a) The velocity vs,, of the solar wind. (b) The density ng,, of the solar wind. (c) The ram pressure Py, of the solar wind. (d) The magnetic
field strength Bs,, in the solar wind. (e) The Alfven Mach number M4 of the solar wind. (f) The solar 10.7 cm radio flux Fqq 7.
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elevated levels of Kp (3 +<Kp<5; orange curve) the periodic component dominates over the random com-
ponent and periods in the range of 1.5-4.5 h are seen with a peak in the recurrence-time distribution at about
At =3 h. At high levels of Kp (Kp > 5; red curve) the periodic component is very dominant periods with in the
range of 2-3.5 h seen with a peak in the recurrence-time distribution at about At =3 h. No strong trend in the
recurrence time of the periodic substorms is seen with geomagnetic activity as measured by the Kp index;
however, there may be a weak trend toward shorter periods with increasing activity (comparing the orange
and red curves). Note that a similar trend was not seen in Figure 13 when the period versus substorm ampli-
tude was plotted.

Looking back at Figure 12, which displays the substorm-recurrence-time distributions in the four types of
solar wind, it is seen that there is a slight shift toward shorter periods for the periodic population for ejecta
(blue curve) relative to the other three types of plasma.

In the six panels of Figure 15 the substorm recurrence-time distribution is examined under various solar wind
and solar conditions. All plots in Figure 15 pertain to substorms determined by jumps in the SML index. In
Figures 15a and 15b the substorm recurrence times are plotted for various ranges of the solar wind velocity
Vsw and for various ranges of the solar wind density ng,,; no strong variation of the period of recurrence is seen
for variations in vq,, or ns,,. Figure 15c¢ plots the substorm recurrence-time distribution for three ranges of the
solar wind ram pressure P,,; a trend is seen where the recurrence time of periodic substorms is lower when
the ram pressure of the solar wind is very strong (red curve). The red curve distribution for very strong ram
pressure exhibits recurrence times At of 1.5-4 h. In Figure 15d the substorm recurrence-time distributions
are plotted for three ranges of the solar wind magnetic field strength B, =|Bsy|- A similar trend to that of
P.am in Figure 15c is seen, with the recurrence period of the periodic population being slightly lower for
strong values of By, (red curve). In Figure 15c¢ the substorm recurrence-time distributions are plotted for three
ranges of the solar wind Alfven Mach number My = v, /va = VewNsw ' 2/Bow, Where v, is the Alfven speed in the
solar wind upstream of the bow shock: a trend is seen where the period of substorm recurrence for the
periodic population is slightly lower when the solar wind Mach number is low (red curve for My < 4). Low-
Mach-number solar wind occurs almost exclusively when the solar wind type is ejecta [cf. Lavraud and
Borovsky, 2008, Figure 1; Xu and Borovsky, 2015, Figure 16], and ejecta showed hints of a slightly reduced
substorm-recurrence period in Figure 11. In Figure 15f the substorm recurrence-time distribution is plotted
for three ranges of the solar Fig7 ¢m flux values, with Fy7 being a proxy for solar EUV flux. No systematic
change in the substorm recurrence period of the periodic population is seen going from low values of solar
F107 (green curve) to high values of solar F,¢ 7 (red curve). Note that ionospheric ion composition, ionospheric
ion outflows into the magnetosphere, and the ionic composition of the magnetosphere all vary with solar
Fi0.7 [e.g., Lennartsson, 1989; Yau et al., 2011; Welling et al., 2015]; this lack of change of the observed substorm
period with solar F;o; may impact the hypothesis that ion outflow controls the periodicity of substorm occur-
rence [e.g., Brambles, 2011, 2013; Ouellette et al., 2013].

In the two panels of Figure 16 the substorm recurrence-time distribution is plotted for three ranges of
values of the Siscoe et al. [2004] polar-cap saturation parameter Q =Xpv,/796 (cf. equation (22) of Borovsky
[2013] physics) where X, is the height-integrated Pedersen conductivity of the Earth’s polar cap (in units of
mhos) and v, is the Alfven speed in the solar wind upstream of the Earth (in units of km/s). For an estimate
of the Pedersen conductivity, the expression Xp=0.77 Fi07"? [Ober et al., 2003] can be used, yielding
Q=Fi07""%v4/1034. Note that Q = F10""?Bsw/New . The median value of Q is 0.56, and polar-cap potential
saturation sets in as Q makes the transition from 1 to 2. In Figure 16 (top) the recurrence-time distributions
of substorm onsets determined by jumps in the SML index are plotted for three ranges of the polar-cap
potential saturation parameter: not saturated (Q < 1; green curve), in the transition to saturation (1<Q<2;
blue curve), and saturated (Q > 2; red curve). A slight shift toward lower At values for the periodic substorms
in the red curve is present compared with the other two curves. Figure 15f confirms this shift by repeating the
analysis using the substorm onsets determined from electron injections. In both panels of Figure 15 the
reduction of the average period of substorm recurrence is about 0.5 h for the Q > 2 distribution.

The reaction of the substorm-recurrence period to the various properties examined in this section is summar-
ized in Table 4. The recurrence time of periodic substorms is reduced slightly for high values of Q, low values
of My, and large values of Bs,,: these three parameters are all associated with polar-cap potential saturation of
the magnetosphere. The periodic-substorm recurrence time is reduced slightly in ejecta plasma relative to
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gl S M L ] the other types of solar wind plasma.
Q > 2 Note that global sawtooth oscilla-

7t 1979-2015] tions are associated with low-Mach-
number solar wind, with polar-cap

61 1> Q > 1 potential saturation, and with mag-
netic clouds (a subset of ejecta

5¢ 1 plasma) [Borovsky and Denton, 2006;
Q <1 ] Lavraud and Borovsky, 2008]. The

recurrence time of periodic sub-
storms is also reduced slightly for
high values of P, and high values
of Kp. The recurrence period of peri-
odic substorms does not appear to

Number of Substorms [%]

1] ] be affected by the amplitude of
the substorms, by ny,,, by v, nor by
s s 10 15 solar Fqg7.

Recurrence time At [hr]
7. Findings and Discussion

So PA The findings of this study are the

Q s 2 1989-2007 following:

1. Collections were made of 28,464
substorms identified with jumps
in the SML index in the years
1979-2015 and 16,025 sub-
storms identified with electron
injections into geosynchronous
orbit in the years 1989-2007.

2. The recurrence-time distribu-
tions of electron injection events
and SML jumps have very similar
properties.

3. The substorm recurrence-time
distribution is composed of

Number of Substorms [%]

0 5 10 15

Recurrence time At [hr] three populations: (a) quasiper-

iodic substorms with recurrence

Figure 16. (top) For substorms as determined from jumps in the SML index times of 2 to 4 h, (b) a population
in 1979-2015 and (bottom) for substorms as determined from electron of randomly occurring sub-
injections in 1989-2007, the recurrence-time distribution is plotted separat- storms with recurrence times of

ing the data into time intervals when the polar-cap-saturation parameter
Q=2Xpvy/796 is in various ranges. The green curves represent times when the
polar-cap potential is not saturated, the red curves represent times when the
polar-cap potential is saturated, and the blue curves represent times when about 24h) wherein no sub-
the potential is in transition toward saturation. storms occur.

4. Substorm onsets are temporally
associated with intervals of
enhanced driving of the magnetosphere by the solar wind. This holds for both randomly occurring sub-
storms and periodically occurring substorms.
5. Periodic substorms are associated with time intervals of stronger driving of the magnetosphere than are
randomly occurring substorms.
6. The time scales of the variations of the magnetic field orientation of the solar wind do not control the
~3 h periodicity of substorm occurrence.
7. ltis speculated that the substorm recurrence period may be associated with the combinations of (a) an
inherent periodicity of the magnetosphere and (b) a solar wind time scale for producing an interval of
driving sufficient for a substorm to occur.

about 6 to 15h, and (c) long
intervals of time (greater than
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Table 4. The Effects of Various Properties on the Recurrence Period of Periodic Substorms

Property Quantity Examined Effect on Recurrence Period At
Polar-cap potential saturation Q Period slightly less for high Q
Solar-wind Alfven Mach number Mgy Period slightly less for low My
Solar-wind magnetic field strength Bsw Period slightly less for strong B,y
Solar-wind ram pressure B Period slightly less for high Pram
Type of solar wind plasma Period slightly less in ejecta plasma
Geomagnetic activity Kp Period slightly less for high Kp
Substorm amplitude SML Period independent of substorm amplitude
Solar-wind velocity Vsw Period independent of vgy,
Solar-wind density Ny Period independent of ny,,

Solar EUV flux Fi07 Period independent of F1q 7

8. The occurrence statistics of the population of randomly occurring substorms are similar to (a) the

20.

21.

occurrence statistics of changes in the clock angle of the solar wind magnetic field and (b) the occur-
rence statistics of solar wind driving intervals of above-average strength, both implying that randomly
occurring substorms are associated with randomly occurring intervals of enhanced solar wind driving
of the magnetosphere.

Substorm occurrence rates (number of substorms per day) are substantially higher during the declining
phase of the solar cycle than they are during the other three phases of the solar cycle.

The additional substorms occurring during the declining phase are predominantly periodically occurring
substorms.

. Substorm occurrence is weaker in summer than it is in the other three seasons of the year, but not as

weak as was found in prior studies.

. There is a Russell-McPherron effect to the occurrence rate of substorms in spring and in fall that changes

the occurrence rates by tens of percent depending on whether the Earth is in a toward or away solar
wind magnetic sector.

. Examining the type of solar wind plasma at Earth, substorm occurrence rates are highest in coronal-hole-

origin plasma, weakest in sector-reversal-region plasma, and near average in both streamer-belt-origin
plasma and ejecta plasma.

Much of the increase in substorm occurrence in coronal-hole-origin plasma is owed to an increase in the
number of periodically occurring substorms. Periodically occurring substorms are prevalent in coronal-
hole-origin plasma.

. Periodic substorms are almost absent in sector-reversal-region plasma, and long intervals without the

occurrence of substorms are prevalent.

The recurrence period of periodically occurring substorms is slightly shorter in ejecta plasma than it is in
the other types of solar wind plasma.

The recurrence period of periodically occurring substorms does not depend on the amplitude of the
substorms.

The recurrence period of periodically occurring substorms is slightly shorter when geomagnetic activity
is very high.

The recurrence period of periodically occurring substorms is slightly shorter when (a) the ram pressure
P.am of the solar wind is high, (b) the magnetic field strength By, of the solar wind is strong, (c) the
Mach number M, of the solar wind is low, and (d) the polar-cap potential saturation parameter Q is high.
Several of the quantities that reduce (slightly) the recurrence period of periodically occurring substorms
are connected with polar-cap potential saturation: Q, Bs,,, M, and ejecta.

Several quantities do not affect the recurrence period of periodically occurring substorms: (a) the solar
wind speed vy, (b) the solar wind density ns,, and (c) the solar EUV flux as proxied by solar Fq ;.

7.1. A Working Picture of Substorm Occurrence Controlled by the Solar Wind

In this study a working picture is presented of substorms occurring in three populations (cf. Figure 2): (1) a
population of periodically occurring substorms with recurrence periods of 2-4 h (green curve in Figure 2),
(2) a population of randomly occurring substorms with recurrence time scales At in the range of about
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6-15h (red curve in Figure 2), and (3) a population of substorms occurring after long intervals wherein no
substorms occurred (orange curve in Figure 2).

7.1.1. The Periodically Occurring Substorms

The onset of a periodic substorm is temporally associated with an interval of solar wind driving of the
magnetosphere (blue curves in Figure 5), but no evidence was found for a recurrence time in solar wind mag-
netic field direction changes that might be responsible for the 2-4 h periodicity of substorm occurrence
(Figure 6). Hence, it is suggested that the period of substorm recurrence is set by some properties of the
magnetosphere-ionosphere system independent of solar wind driving, but that a substorm will not occur
until an interval of enhanced solar wind driving occurs after the magnetosphere becomes ready for substorm
occurrence. Hence, it is speculated that the period of recurrence is set by the magnetosphere, but that
the actual time of occurrence varies because of the random intervals of solar wind driving needed to
set up the magnetosphere for a substorm. This might be expressed as the recurrence time being
At = Atmagnetosphere + Algriving Where Atmagnetosphere is @ fixed time (maybe ~2 h) and Atyyiving is @ random
number that varies from 0.5 to 2 h. Note in Figure 4 that the solar wind driving (black curve) varies on a time
scale faster than the recurrence time of periodic substorms (distances between the red points or between the
blue points). Every recurrence interval At will vary in length owing to the random values of Atgyiying, turning a
periodic process into a quasiperiodic process.

7.1.2. The Randomly Occurring Substorms

Under weak solar wind driving, substorm occurrence becomes nonperiodic with an exponential distribution
of waiting times (expression (2)) consistent with random occurrence. The time scales At for substorm recur-
rence for this population are in the range of 6-15 h. It makes sense that the occurrences of these substorms
are caused by clock-angle variations of the IMF that are favorable enough to drive the magnetosphere
strongly (if the plasma properties of the solar wind can support strong driving) so that the magnetosphere
can be energized into having a substorm. These clock-angle temporal variations are caused by the advection
past the Earth of mesoscale spatial structure of the vector magnetic field of solar wind. The exponential dis-
tribution of substorm waiting times (Figure 2) is similar to the exponential distribution of waiting times for the
solar wind magnetic field clock angle (Figure 7).

7.1.3. The Long Intervals Without Substorms

Long time intervals in which no substorms occur are caused by the advection of plasma past the Earth that is
unfavorable for driving substorms: the solar wind velocity may be too slow, the solar wind magnetic field may
be too weak, etc. These properties of the solar wind plasma are slowly varying as compared with rapid varia-
tions in the direction of the solar wind magnetic field. For instance the solar wind velocity vs,, has an auto-
correlation time of 53 h (cf. Table 6 of Borovsky [2012]vel]), meaning that intervals of slow solar wind can
last typically ~53 h at Earth. It was found that the substorm recurrence-time distribution in sector-reversal-
region plasma was dominated by long times At between substorms (Figure 12); intervals of sector-reversal
region plasma at Earth can last for days.

This suggested working picture is similar to the concept underlying the solar wind -driven “minimal sub-
storm model” of Freeman and Morley [2004], which successfully reproduces the observed recurrence-time
distribution of substorm onsets. The minimal substorm model assumes that the Earth’s magnetosphere
has an intrinsic substorm-recurrence period that is the period of substorm recurrence under steady driving
by the solar wind (such as would occur during the passage of a magnetic cloud where the variations in the
magnetic field direction are small). Under nonsteady driving, the recurrence times of substorm onsets in the
model deviate from the intrinsic period of the magnetosphere and are governed by the temporal structure
of the solar wind driving. When driving is sufficient quasiperiodic substorms result, and when driving is
sparse randomly occurring substorms result. For the quasiperiodic substorms, most recurrence times are
longer than the intrinsic magnetospheric period, but some are shorter. Using actual solar wind data as
input, the model describes the quasiperiodic recurrence population and the randomly occurring popula-
tion. The period of periodically recurring substorms being slightly shorter in ejecta plasma (i.e., where there
can be steady driving by magnetic clouds) and during high Kp (where driving is plentiful) agrees with
this concept.

7.2. The Period of Periodic Substorms

A few related quantities (high Bs,, high Q, low My, high Kp, and ejecta) were found to be associated with
a slightly reduced recurrence time for the quasiperiodic substorms (cf. Table 4). If, as suggested in
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section 7.1 [cf. Freeman and Morley, 2004], the period of substorm recurrence is determined by a combination
of (1) an intrinsic magnetospheric period Atmagnetosphere PIUS (2) the need for wait for an interval Atyyiving Of
solar wind driving, then the various quantities (high B, high Q, low M4, high Kp, and ejecta) could be
affecting either Atmagnetosphere OF Afgriving-

Reducing the waiting time for driving intervals Atgyiving to shorten the substorm recurrence period could be
related to high Kp, where driving is plentiful, and could be related to ejecta plasma, where the driving
is steady because of the low levels of vector magnetic field fluctuations [cf. Xu and Borovsky, 2015,
Figure 14e], particularly for the magnetic-cloud subset of ejecta [Klein and Burlaga, 1982; Lepping et al., 2005]).

Low-Mach-number solar wind (low M,) and polar-cap potential saturation (high Q) are associated with
morphological changes to the magnetosphere, and these morphology changes could alter the intrinsic per-
iodicity Afmagnetosphere Of the reaction of the magnetosphere to the solar wind. The morphology changes
are the following. Low My results in a low-f magnetosheath with an altered flow pattern [Spreiter et al.,
1966; Biernat et al., 2000] including large-scale flow jets that increase the velocity shear along the magneto-
pause [Lavraud et al., 2007]. The anisotropic pressure of the low-# magnetosheath at low My, results in a
strongly distorted cross-sectional shape of the magnetosphere [Lavraud and Borovsky, 2008; Lavraud et al.,
2013]. Polar-cap potential saturation (high Q) results in (1) new current systems in the dayside magneto-
sphere [Siscoe et al., 2004; Lopez et al., 2008; Borovsky et al., 2009], (2) changes in the connections and com-
munications of current systems in the dayside magnetosphere [Siscoe et al., 2002; Lopez et al., 2008], (3)
magnetic field strengths that are weaker than the dipole value in the dayside magnetosphere [Hill et al.,
1976; Siscoe et al., 2004; Borovsky et al., 2009], (4) magnetic field strengths that are stronger than the dipole
value in the nightside magnetosphere [Borovsky et al., 2009], (5) changes in the shape of the dayside mag-
netopause [Raeder et al., 2001; Merkin et al., 2005a, 2005b], (6) a sunward movement of the cusps [Raeder
et al., 2001; Borovsky et al., 2009], (7) lobe pressure acting on the dayside dipole regions [Ober et al., 2006;
Lavraud and Borovsky, 2008], and (8) a buckling of dayside dipole magnetic field into a tail-like morphology
[Lavraud and Borovsky, 2008; Borovsky et al., 2009]. The weakening of the dayside magnetic field during polar
cap saturation also leads to an earthward motion of the dayside magnetopause [Borovsky et al., 2009],
shrinking the spatial volume of the dayside magnetosphere. Another solar wind parameter that was found
to be associated with shorter recurrence periods of substorms is high solar wind ram pressure P, (cf.
Table 4): higher ram pressure also acts to decrease the volume of the magnetosphere [Schield, 1969;
Walker and Russell, 1995].

Data analysis [Shue and Kamide, 2001], simulations [Lopez et al., 2004], and theory [Lavraud and Borovsky,
2008] have demonstrated that at low Mach numbers geomagnetic activity is positively correlated with the
number density of the solar wind. Borovsky and Birn [2014] derived a low-Mach-number solar wind driving
function for the magnetosphere with the functional form sin*(0s,/2) Nsw’>* Vew' *° Bew ", Where Ngw, Vew,
and B,,, are the density, velocity, and magnetic field strength of the solar wind and 6y, is the magnetic clock
angle of the solar wind. Changes in any one of these four solar wind variables will result in changes in the
driving of the magnetosphere. This opens the possibility that in the absence of variations of other variables,
the solar wind number density could control the timing of intervals of driving and hence control the occur-

rence of substorms.

7.3. Global Sawtooth Oscillations

Global sawtooth oscillations are a subcategory of periodic substorms wherein the magnetic field in the day-
side magnetosphere undergoes stretching and dipolarization and dispersionless particle injections can be
seen in the dayside: the strict definition of global sawtooth oscillations is that magnetic field dipolarization
and dispersionless particle injections are seen sunward of the dawn and dusk terminators [Borovsky, 2004].
In a global sawtooth oscillation, a substorm-like dipolarization of the magnetic field can even occur at local
noon. Typical substorms involve time-dependent current systems that are restricted to the nightside magne-
tosphere, whereas global sawtooth oscillations involve time-dependent current systems that form in the
dayside magnetosphere. Global sawtooth oscillations are associated with low-Mach-number solar wind
[Borovsky, 2004; Borovsky and Denton, 2006; Pulkkinen et al., 2007; Lavraud and Borovsky, 2008; DeJong
et al, 2009; Cai et al, 2011] and tend to occur during the passage of magnetic clouds [Borovsky and
Denton, 2006; Lavraud and Borovsky, 2008], which are a subset of ejecta plasma. Global sawtooth oscillations
are intimately related to polar-cap potential saturation [Borovsky and Denton, 2006; Lavraud and Borovsky,
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2008; Borovsky et al., 2009]; polar-cap potential saturation changes the nature of currents in the dayside
magnetosphere [Siscoe et al., 2004; Lopez et al., 2008; Siscoe, 2011; Borovsky et al., 2009] and changes the
morphology of the dayside magnetic field [Raeder et al., 2001; Merkin et al., 2005a, 2005b; Borovsky et al.,
20091. In the present study, global sawtooth oscillations were not separately identified from substorms. In
examining the recurrence period of periodically occurring substorms in this study, it was noted that there
was a slight decrease in the recurrence period for low Mach numbers (Figure 15e), for strong solar wind
magnetic field (Figure 15d), for a large polar-cap-saturation Q parameter (Figure 16), and for ejecta plasma
(Figure 12), all of which are characteristics of the times when global sawtooth oscillations have been
identified. It may be that the recurrence period of global oscillations are statistically slightly less (by about
0.5 h) than the recurrence period of ordinary substorms. This reduction in period may be related to the
strong driving of the magnetosphere: during times of strong driving the magnetosphere has only a short
wait for a driving interval after the intrinsic time scale of the magnetosphere is up.
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