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Abstract. Intermittency is one of the possible means of
quantifying dynamics of fractal processes. In this paper, the
analysis of the intermittency of magnetospheric storms and
substorms is presented. The analysis allows for a classifica-
tion of the processes in terms of the power-law scaling of the
magnitude of deviations of the index values from the values
at quiet times (normal state), and the relative timings of oc-
currences of such deviations. These are expressed in terms
of the co-dimension and the Fano factor. The relationship
between the two is related to the nature of the processes be-
hind the observed storm and substorm dynamics. The results
suggest that there is a similarity between the two, and there-
fore it is possible that there are common dynamical processes
behind the storms and substorms. In particular, it appears
that both of them behave consistently with what would be
expected for critical systems, which is consistent with the
conclusions of several previous works.

Keywords. Electromagnetics (Plasmas) – Interplanetary
physics (Instruments and techniques; General or miscella-
neous)

1 Introduction

There have been ongoing arguments about the relationship
between the nature of magnetospheric storms and substorms,
and about the triggering mechanisms for both of them.Wan-
liss and Dobias(2007) suggested that the dynamical proper-
ties of the DST index, in particular the variations between
quiet and storm times, are consistent with nonequilibrium
phase transition-like dynamics. Similar analyses were per-
formed for substorms (Ukhorskiy et al., 1997; Sitnov et al.,
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2001; Uritsky and Pudovkin, 1998; Lui et al., 2001). If sub-
storms did indeed feature critical behavior, this might ex-
plain ongoing disagreements as to the substorm trigger, with
some observations pointing to a near-earth trigger such as
field-line resonances (Samson et al., 2003) and other obser-
vations pointing to the near-earth neutral line (NENL) and
braking of earthward flows (Shiokawa et al., 1997) as the
cause. Similarly, it would explain sometimes contradictory
evidence as to the relationship between the solar wind dy-
namics and storms (Wanliss and Weygand, 2007).

In this paper, the properties of the storm (Sym-H) and sub-
storm (AE and AL) indices (see Sect.2) are explored with
regard to intermittency to further explore the possibility of
the presence of critical behaviour. The Sym-H index is a rep-
resentative of the low-latitude and the AE and AL indices
of the high-latitude geomagnetic disturbances. To establish
whether it is likely that storms and substorms are fractal pro-
cesses the three indices are tested for a presence of the power-
law relationship between the size and the frequency of occur-
rences of such events.

The majority of works related to intermittency of the mag-
netospheric dynamics deals with the intermittency in terms
of the turbulent process. For example,Angelopoulos et al.
(1999) found that both the bursty bulk flow events and the
ambient flows could be described as an intermittent turbu-
lence.Lui et al. (2001) found magnetic turbulence in the ge-
omagnetic tail with the intermittency that varies with the dis-
tance from the neutral sheet. Stepanova et al., (2005a, 2005b)
have found that the intermittency has strong magnetic local
time behaviour being significantly stronger close to the sub-
storm eye.Weygand et al.(2005) have also found that both
the scaling behavior of the probability distribution functions
and the multifractal structure function suggest that intermit-
tent MHD turbulence is present within the plasma sheet. This
paper strives to look at the intermittency of the magneto-
spheric dynamics from a slightly different angle. It investi-
gates the intermittency of the temporal behaviour of selected
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Fig. 1. SYM-H index for the period between 1 January and 15
February 2001 (collected at 1 min intervals). Only negative values
are shown.

magnetospheric indices in order to establish a possibility of
the presence of critical behaviour in the magnetosphere.

The paper is organized as follows. At first, the data sources
are discussed, then a brief summary of intermittency and
fractal point processes, as well as the classification of point
processes in terms of intermittency are presented. Following
this, the frequency distribution of the indices is analyzed to
establish the related fractal nature of storms and substorms.
Afterwards, the intermittency of the Sym-H, AE, and AL in-
dices is analyzed, and the results are interpreted in terms of
point processes. Finally, the fractal nature of storms and sub-
storms is compared, and the implications of the findings are
discussed.

2 Data

The data used in this study comprise sources from low and
high-latitudes. For low-latitudes the SYM-H index, one of
the important space storm indices, is utilized. This is the 1-
min high-resolution version of DST (Wanliss and Showalter,
2006). This index is considered to reflect variations in the
intensity of the symmetric part of the ring current that cir-
cles Earth at altitudes ranging from about 3 to 8 Earth radii
(RE), and is proportional to the total energy in the drifting
particles that form the ring current (Dessler and Parker, 1959;
Sckopke, 1966). The index is formed from magnetic obser-
vatories close enough to the magnetic equator that they are
not strongly influenced by auroral current systems. Second,
they are far enough away from the magnetic equator so that
they are not significantly influenced by the equatorial elec-
trojet current that flows in the ionosphere. They are also rel-
atively evenly spaced in longitude. The convolution of their
magnetic variations forms the SYM-H index, measured in
nT, which is considered to provide a reasonable global esti-
mate of the variation of the horizontal field near the equator.

In the sense that they are constructed from multiple mag-
netometer stations spanning 360 degrees in longitude, SYM-
H indices can be considered global geomagnetic activity in-
dicators. However, they represent rather localized effects in

that all the component stations are in or near the auroral oval.
The ionospheric current systems whose magnetic perturba-
tions they measure are almost exclusively at high latitudes,
so SYM-H indices provide limited information about the be-
havior at low- and mid-latitudes, regions that map to the ring
current, near-earth plasma sheet and other neighborhoods in
the magnetosphere with relatively dense plasma. The SYM-
H index is known to have two main components, one directly
driven by the solar wind and the other related to the magne-
totail unloading process (Bargatze et al., 1985). The cadence
of SYM-H is 1 min. The other two indices used are AL and
AE that characterize high latitude dynamics relevant for sub-
storms. There are actually four auroral electrojet indices:
Auroral Lower (AL) Auroral Upper (AU), the other two are
the linear combination of previous ones: AE=(AU−AL)/2;
AO=(AU+AL)/2. In this paper we use the AE and AL in-
dices. The AL index in particular is the most suitable in-
dex for studying the dynamics of magnetospheric substorms.
With these two different types of data, one clearly related to
storms and the other to substorms, it is possible to gain some
understanding of the behaviour of certain magnetospheric
variations, and to capture a measure of the magnetospheric
fluctuations from the low- to high-latitudes to which they
map along magnetic field lines. The data used in the anal-
ysis covered the period from 1 January to 15 February 2001.
During this period the magnetosphere was in a slightly per-
turbed state with few periods of storms activity (Fig.1), and
a number of substorms (Figs.2, 3). Furthermore, there ap-
pears to be a significant degree of correlations between the
two indices for the analyzed period.

3 Stochastic point processes and intermittency

Natural processes with a long-term memory require a math-
ematical description with fractal (power-law) statistics. This
includes processes in physics, biology, and medical sciences
(Bickel, 1999). Two classes of such discrete processes that
are of potential interest here are the fractal point process
(FPP) (Lowen and Teich, 1995) and the fractal rate point pro-
cess (FRPP) (Thurner et al., 1997).

In general, a point process is defined as a representation
of a sequence of events on a time line. The methodology
used below applies to stationary point processes, which are
defined as point processes independent of the time origint0.
In terms of distributionsN(t, t+T ):

N(t0, t0 + T ) = N(0, T ) ≡ N(T ) (1)

One of the important characteristics of point processes is in-
termittency. A sequence of events is called intermittent if its
dynamics deviate at times from the usual behaviour (Bickel,
1999). Sudden, positive deviations increase the mean of a se-
quence to values much higher than the most probable value.
An example of such dynamics can include sudden spikes in a
child’s activity as inBickel (1999), avalanches in sand-piles,
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Fig. 2. AL index for the period between 1 January and 15 February
2001 (collected at 1 min intervals).

or possibly sharp increases (decreases) in AE and AL indices
during substorms and SYM-H index during storms as is dis-
cussed in this paper.

The definition of the intermittency used in this paper
(Bickel, 1999) is applicable to critical systems, and is dif-
ferent from the definition typically used by the turbulence
community (see e.g.Stepanova et al., 2003). However, this
not represent a major limitation, since this paper does not
address the relationship between the turbulence and critical-
ity. Bickel (1999) proposed the use of the correlation co-
dimension as a measure of intermittency. The method of cal-
culation applicable to the casualty numbers is briefly sum-
marized here. The correlation co-dimensionC2 is related to
the second moment of the counting processN via a power
law:〈
N2(T )

〉
∼ T 2−C2 (2)

The correlation co-dimension values range between 0 and 1.
The value of 0 corresponds to a non-intermittent (continuous)
process, while the value of 1 corresponds to maximum inter-
mittency (a solitary event). Typical intermittent processes
have values between the two extremes which implies that
they are fractal processes. The co-dimension is calculated
as follows.

It is assumed that there is an experimental time series
Z1, Z2, . . . , Zn sampled at time stepsT0. At first, a counting
process is created:

Nk =

k∑
i=1

Zi, k = 1, 2, . . . , n (3)

Afterwards, the variance
〈
N2(T )

〉
at times T =kT0 is

estimated using maximum-overlap estimatorSk for all
k=1, 2, . . . , kmax≤n:

Sk =

〈
N2

k (kT0)
〉
=

1

n − k + 1

n−k+1∑
j=1

(
Nj+k − Nj

)2
(4)

Finally, the value of 2−C2 is estimated from the regression
of the slope of logSk vs. logkT0. For FPPs the co-variance

Fig. 3. AE index for the period between 1 January and 15 February
2001 (collected at 1 min intervals).

can be related to the Fano factor, defined as the ratio of the
variance to the mean:

F(T ) ≡

〈
N2(T )

〉
−

〈
N(T )

〉2
〈
N(T )

〉 = T α (5)

Comparison with Eq. (2) yields equation connecting co-
dimension with Fano factor:

α = 1 − C2 (6)

On the other hand, for FRPPs Eq. (6) does not hold for FRPP.
If there are long-term correlations present in the time series
(such as for fractional Brownian motion, or for critical sys-
tems), the Fano factor is related to the Hurst coefficientH

(Hurst, 1951) as (Bickel, 1999):

H =
1 + α

2
(7)

Equation (7) only makes sense ifH>0.5, hence the require-
ment for the correlated system.

The Fano factor can be estimated in a fashion similar to the
calculation for the co-dimension. For an experimental time
seriesZ1, Z2, . . . , Zn the counting process (3) is used to es-
timate the Fano factor using maximum overlapping windows
(Bickel, 1999):

Fk =
1

1/(n − k + 1)
∑n−k+1

j=1

(
Nj+k − Nj

) ×

×

{
1

n − k

n−k+1∑
j=1

(
Nj+k − Nj

)2
−

1

(n − k)(n − k + 1)[
n−k+1∑
j=1

(
Nj+k − Nj

)]2}
(8)

At this pointα is estimated from the regression of the slope
of log-log plot of logFk vs. logkT0. As mentioned above,
the Fano factor can be used to either verify if a process is an
FPP (Eq.6 holds), or to estimate the Hurst coefficientH for
correlated processes (typically with low intermittency).
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Fig. 4. Magnitude-frequency distribution for the AL index over
−800 nT (quiet – top) and less than−800 nT (bottom).

Thus, the relationship betweenC2 andα can be used to de-
termine the class of point process, and for correlated systems
H can be estimated.

4 Intermittency and criticality

The idea of a connection between criticality, especially in the
context of self-organized criticality, and intermittency is not
new, and has been discussed in a number of papers (Con-
toyiannis and Diakonos, 2000; Halley et al., 2004; Murin et
al., 1997). The fractal stochastic processes are typically char-
acterized by a power-law size frequency distribution, related
to the presence of long term memory in the system. How-
ever, power-law size frequency distributions are also typi-
cal for critical systems (Bak, 1988; Turcotte, 1997) in which
case they are related to the breakdown of scale separation
(the dynamical changes reach across spatial and temporal
scales). Thus the intermittent behaviour seems to imply the
approach of the system to criticality (Contoyiannis and Di-
akonos, 2000).

Furthermore, the power-law distribution implies the pres-
ence of long-term memory in the system. This is likely
to lead to either persistence or anti-persistence in the sys-
tem, and in turn to the presence of non-integer intermittency
(0<C2<1). Transition from a random to a correlated state
was actually observed during the active periods in theDst

index (Wanliss and Dobias, 2007). A system in which anti-
persistent behaviors dominates is likely to feature a higher
intermittency, since the events are much sparser, and the nor-
mal behaviour is no activity. On the other hand, the persis-

tence implies long-term correlations in the system behaviour,
and thus lower intermittency.

Persistent point processes obey Eq. (7), which is consis-
tent with the values of the Hurst coefficientH>0.5. Also,
they typically feature lower intermittency. Higher intermit-
tency of anti-persistent point processes is consistent with the
sub-critical discharge-event systems (DES) (Woodard et al.,
2006). The DES are not at the point of criticality yet, but
they are in a near-critical state. In such cases energy build-up
within the system is likely to lead to a sudden release that,
unlike critical systems, does not lead to a complete reorgani-
zation of the system. In the context of high-latitudes, these
kind of behaviors would refer to pseudo-breakups. These are
high-latitude energy reorganizations that nevertheless do not
progress to become full magnetospheric substorms. For anti-
persistent systems (H<0.5) it is impossible to satisfy Eq. (7).

5 Size-frequency distribution of AE, AL, and SYM-H
indices

As mentioned in Sect.3, fractal processes are characterized
by fractal (inverse power-law) size-frequency distributions.
This means that the numberN(M) of events with magnitude
of at leastM scales as

N(M) = 3M−b (9)

Equation (9) can be alternatively expressed as a log-log rela-
tionship

logN(M) = a − b logM (10)

To assess a possibility of the fractal nature of storm and sub-
storm indices, the log-log plots of frequency versus value
were plotted for the AE, AL and SYM-H indices. The re-
sults are shown in Figs.4–6. All three indices feature what
appears to be a bi-fractal distribution, with different power-
law dependences for quiet and perturbed times. The slope for
the quiet times is relatively shallow, suggesting that all of the
possible values have comparable probabilities. On the other
hand, the slope for the perturbed times is generally rather
steep. The transition is fairly sharp for the SYM-H index,
the variation in the slope of the power law appears to be at
approximately−30 nT. For the AE and AL index the transi-
tion is more distributed, ranging from the magnitude of sev-
eral hundreds nT to about 1000 nT. It may be caused by the
fact that the substorms are localized events, and therefore a
global index such as AE or AL does not provide the clear
distinction of the quiet and perturbed times. Since storms are
global events, they have stronger and clearer signature in a
global index such as the SYM-H. The change in the distribu-
tion suggests that there is a phenomenon akin to a nonequilib-
rium phase transition occurring in the system as it undergoes
storm (or substorm) onset, changing the nature of the system
(Wanliss and Dobias, 2007). These findings suggest a cross-
scale dynamics consistent with critical behaviour (Turcotte,
1997) for both storms and substorms.
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Fig. 5. Magnitude-frequency distribution for the AE index under
800 nT (quiet – top) and over 800 nT (bottom).

6 Intermittency of storms and substorms

As discussed in Sect.4, there is possibly a relationship be-
tween intermittency and criticality. In this paper the inter-
mittency in storm and substorm activity expressed in terms
of SYM-H, AL, and AE indices is analyzed. The results are
qualitatively similar for both storms and substorms.

6.1 Storms

On the basis of variations in the nature of long-term cor-
relations between magnetospheric storms and quiet times,
Wanliss and Dobias(2007) suggested that at the moment of
a storm intensification stage the magnetosphere undergoes
a kind of non-equilibrium phase transition. This finding is
consistent with the observations made for the SYM-H index
as outlined in the previous section. To further corroborate
this possibility, the intermittency was estimated at first for
the entire period of 1 January–15 February 2001, and then it
was estimated separately for the times with SYM-H<−30 nT
and SYM-H>−30 nT (quiet times). For the analyzed period
there were about half a dozen of short storms, and one pro-
longed storm.

For the entire period, and for the quiet time the value
for the co-dimension was found to be extremely low, with
C2=0.03. This suggests that the magnetospheric dynam-
ics during this period was very uniform. The Fano factor
for the entire analyzed period, and for the quiet times was
α=0.81. For the perturbed period, the co-dimension was
C2=0.09. While this implies relatively low intermittency,
this was likely caused by the relatively limited storm activ-

Fig. 6. Magnitude-frequency distribution for the Sym-H index over
−30 nT (quiet – top) and less than−30 nT (bottom).

ity, mainly focused in one long storm. The Fano factor was
slightly higher than for the quiet times,α=0.89, suggesting
a high degree of correlations in the activity. Furthermore,
while for the quiet periods the relationship (6) between the
co-dimension and the Fano factor did not hold, for the storms
it was satisfied, suggesting that the storms might fall to the
category of FPPs.

While the change in the intermittency between quiet and
stormy periods is not too dramatic, the fact that there is a dif-
ference in the relationship between the co-dimension and the
Fano factor suggests that the magnetosphere is in a different
statistical state during quiet times than during storms, which
is consistent with the findings ofWanliss and Dobias(2007).

To account for the fact that storms happen at the timescale
of days (rather than hours, as is the case with substorms), an
additional analysis was performed using hourly data. In this
case the index values were more intermittent, withC2=0.17
for the entire timeseries. The Fano factor wasα=0.55. The
low value of the Fano factor suggests that the quiet time val-
ues are fairly random. The storms were more intermittent,
with the values ofC2=0.25, and the Fano factorα=0.74.
Again, this is consistent with Eq. (6) for an FPP. Thus there is
a qualitative agreement between the 1-min and 60-min data.

6.2 Substorms

As is mentioned in Sect.5, the frequency-size distribution
of both the AE and AL indices exhibits the power-law de-
pendence. There were only few spikes in these indices, and
consequently the intermittency for the entire period (and the
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quiet time) was fairly low, but still higher than for the storms
(observed in 1-min data). The co-dimension for the AE in-
dex for the entire analyzed period wasC2=0.11. The subse-
quent calculation revealed that the Fano factorα=0.71 devi-
ates during quiet times from the prediction of Eq. (6). The
AL index features slightly higher intermittency than the AE
index; the co-dimension for the overall period isC2=0.13.
The value for the Fano factorα=0.83 is closer to the predic-
tion of Eq. (6), but still varies from it.

The picture looks somewhat different for the substorm pe-
riods. The limit value for the analysis was taken from the
break point of the power-law distribution, and was set to be
800 nT for the AE, and−800 nT for the AL index. The sub-
storm activity was fairly intermittent, with the values for the
co-dimension being 0.56 for the AL and 0.68 for the AL in-
dex. The Fano factor was 0.47 for the AE, and 0.31 for the
AE index. In both cases the Fano factor values are very close
to the values predicted by Eq. (6). Thus, like storms, the
substorms seem to behave as the FPPs, while the quiet times
deviate from the characteristics of the FPPs.

7 Storms and substorms as point processes

The results for the intermittency of storms and substorms in
Sect.6, especially the consistency of the co-dimensionC2
and Fano factorα with Eq. (6), suggest that both storms and
substorms behave consistently with the expectations for the
FPPs. In 1-min data the intermittency of the storms for the
observed period was fairly low, likely related to the fact that
the storm activity takes place over days rather than hours.
This claim is further supported by much higher values for
the intermittency in 60-min data. In 1-min data, the substorm
activity was much more intermittent when than the storm ac-
tivity. This difference suggests that there is likely no direct
relationship between the storm and substorm activity for the
observed period. On the other hand, the commonality of the
transition to an FPP for both storms and substorms suggests
that there might be a similar underlying (phase transition-
like) dynamics for both types of processes.

For all three indices the values of the Fano factor, and in
particular the increase in the values of the Fano factor for
the perturbed periods suggest that there are strong temporal
correlations in the magnetospheric system in a wide range
of latitudes. However, it is impossible to use Eq. (7) to esti-
mate the value of the Hurst coefficient, since both the storms
and substorms behave as a FPP rather than a FRPP. For the
storms, much more detailed analysis of the long term corre-
lations has been done byWanliss et al.(2005) andWanliss
and Dobias(2007). The latter work (Wanliss and Dobias,
2007) suggests that at least for the storms the perturbed peri-
ods are indeed characterized by a high degree of correlations.
Conversely, the quiet periods are characterized by almost no
correlations (they seem to be driven by the white noise). The
correlations of the indices for the storms and substorms have

a potentially important implication, suggesting a critical sys-
tem in both instances.

8 Conclusions

The intermittency of the magnetospheric activity was an-
alyzed using the SYM-H (relating to low latitudes and
storms), AL and AE (relating to higher latitudes and sub-
storms) indices. It was found that, in terms of their statistical
properties, both storms and substorms have some common
properties. While the substorm activity for the analyzed pe-
riod was much more intermittent, the values of the Fano fac-
tor for both storms and substorms were consistent with the
relation between the Fano factor and the co-dimension valid
for the FPP. The results suggest a correlated behaviour dur-
ing both storms and substorms. This factor, combined with
the scaling properties between the size of events and their
frequency, suggests that both storms and substorms function
in a way consistent with the behavior of critical systems.

These findings are consistent with earlier works. Critical-
ity is likely related to the availability of the free energy in the
magnetosphere (Woodard et al., 2006). Once there is suffi-
cient free energy accumulated in the plasma sheet, any per-
turbation (internal or external) can trigger a reorganization
such as a storm or substorm (Dobias et al., 2007). This ob-
servation is consistent with seemingly contradictory observa-
tions of what causes substorms (FLRs, solar wind reversals,
BBF) as well. These observations also speak to the fact that
the community is still arguing about whether substorms are
an in-out or an out-in process. Our results suggest that if one
seeks a trigger then one will tend to find many different possi-
ble sources of a substorm onset; it is not the trigger that is so
important as the energetic state of the high-latitude magne-
tosphere. Dobias et al. (2004, 2007) demonstrated that dur-
ing the growth phase there is a significant reconfiguration of
the free energy in the near-Earth plasma sheet. Using an as-
sumption of FLR-like perturbations present in the system just
prior to the onset, they demonstrated that the plasma sheet
becomes explosively unstable at the time of the onset. How-
ever, the presence of FLRs was not a necessary condition
for the instability, and any other similar perturbation would
lead to the destabilization of the plasma sheet as well. This
conclusion is consistent with the assumption that during the
growth phase the magnetosphere is driven to a critical state,
and at the moment of onset the reconfiguration happens. This
is further consistent with the conclusions made in this paper
that the substorms indeed seem to feature critical behaviour.

In earlier work it was proposed that space storms are a
kind of nonequilibrium phase transition (Wanliss and Dobias,
2007). For example, rapid changes in the fractal correla-
tions were observed near the initial phase of space storms.
Such rapid changes in fractal scaling behavior are consis-
tent with absorbing state phase transitions. This type of
dynamics can be in turn possibly explained by the concept
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of self-organized criticality (Dickman et al., 1998; Griffiths,
1972). It is now becoming clearer that in terms of their sta-
tistical behavior storms and substorms are similar in many
ways, though macroparameters and drivers appear so dissim-
ilar.

This present study suggests further that there is a strong
similarity between the critical nature of storms and sub-
storms. This leads to a question: is there a common un-
derlying dynamics? Many examples exist to distinguish the
physics of storms and substorms, yet the observations made
in this paper suggest that they may be in a similar class of
physical processes. If the magnetosphere is in a critical or
near-critical state, and has consistently similar statistical be-
haviors at low- and high-latitudes, then the search for univer-
sal parameters, such as energy or entropy, may be a step in
the right direction. Future research could also address corre-
lations between scaling of solar wind characteristics, as well
as analyze longer time periods.
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