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Abstract—In this paper, we statistically analyzed substorm activity at auroral latitudes for 2007–2020 and its
relationship with magnetic disturbances at middle latitudes using the INTERMAGNET, SuperMAG, and
IMAGE magnetometer data. The appearance and development of magnetic disturbances at auroral latitudes
was monitored by the IL index (similar to the AL index, but according to IMAGE data). For the 2007–2020
period, events that were observed near the meridian of the IMAGE network, in the night sector (2103 MLT),
were selected. Two samples of events were used: (1) IL < –200 nT for at least 10 min, with an additional cri-
terion for the presence or absence of positive bays at the Panagyurishte station in Bulgaria, and (2) isolated
substorms observed on the IMAGE meridian according to the list of Ohtani and Gjerloev (2020). The distri-
butions of the IL index, as well as the empirical and theoretical cumulative distribution functions, are
obtained, and the of the occurrence of extreme events are also estimated. It is shown that, in general, the
IL distributions are described well by exponential functions, and out of all events, events accompanied by
mid-latitude positive bays were observed in ~65% of cases while their fraction increased with increasing dis-
turbance intensity. Events with positive bays at midlatitudes of MPB and isolated substorms were better
described by the Weibull distribution for extreme events. From both distributions, annual and semi-annual
variations were identified: annual variations have a summer minimum and a winter maximum, and semi-
annual variations have maxima near the equinoxes, which is most likely due to the Russell-McPherron effect.
The semi-annual variation is also shown to be more pronounced for events with accompanying mid-latitudi-
nal positive bays.

DOI: 10.1134/S0016793223600303

1. INTRODUCTION
Substorms are known to be associated with the pul-

sive release of accumulated magnetospheric energy
from the magnetotail (e.g., McPherron, 1970; Sergeev
et al., 2011). Unlike magnetic storms, the duration of a
substorm is, on average, 0.5–2 h. The three-dimen-
sional system of substorm currents is associated with
the development of auroral electrojets (eastward and
westward) in the ionosphere that are located between
the incoming and outgoing currents (Iijima and
Potemra 1976; Kamide and Akasofu, 1978). Accord-
ing to ground-based magnetometer data, the develop-
ment of a magnetic substorm manifests itself as the
appearance of negative bays of the horizontal compo-
nent of the magnetic field at auroral latitudes and pos-
itive bays (Mid-latitude Positive Bays or MPBs) at
middle latitudes (Akasofu and Meng, 1969; McPher-
ron et al., 1973). In this case, the negative bays corre-
spond to the amplification and movement to the pole
of the westward electrojet developing on the night side

during the expansion phase of the substorm while the
positive bays at mid-latitudes are associated with the
development of field-aligned currents of the sub-
storm current wedge, through which the westward
electrojet closes to a current break in the plasma sheet
of the magnetosphere (McPherron et al., 1978;
Kepko et al., 2015).

To describe the intensity of substorm activity, vari-
ous geomagnetic indices, which were created based on
observations from ground-based observatories, were
developed. The AE, AL, and AU auroral electrojet
indices were introduced in 1966 by analyzing magnetic
field variations at 12 observatories located at auroral
latitudes (Davis and Sugiura, 1966). We note that the
use of only 12 stations in the auroral zone is not suffi-
cient to determine substorm disturbances at high or
low latitudes; disturbances of this type will be weakly
manifested in the AE, AL, and AU indices. However,
with the advent of the large SuperMAG
(https://supermag.jhuapl.edu/) network of magnetic
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observatories located around the world, this short-
coming was overcome. The SME (SML, SMU) indices
calculated from SuperMAG data are similar to the AE
(AL, AU) index (Gjerloev, 2009; Newell and Gjerloev,
2011). There is also the IMAGE magnetometer net-
work (https://space.fmi.fi/image/www/), which was
established in 1991 to study magnetic disturbances in
Scandinavia. The meridional profile of the IMAGE
magnetometers extends from subauroral to high lati-
tudes (from ~52 to ~79° latitude). Unlike other indices,
geomagnetic indices calculated from IMAGE data are
abbreviated as IE, IU, and IL (Viljanen et al., 2006).

Recently, the MPB index was proposed (Chu et al.,
2015; McPherron and Chu, 2016, 2018). There are two
slightly different lists of the MPB index since ~1982
that can be found in the supplementary information
for the online version of the paper (McPherron and
Chu, 2018). Differences in calculation methods are
described, for example, in (McPherron and Chu,
2016). The main difference is that the McPherron list
is based on data from 35 stations with geomagnetic lat-
itude λmag between –45° and 45° while the Chu list is
based on data from 41 stations in the northern and
southern hemispheres with 20° < |λmag| < 52°. The
main advantage of the new index is the use of observa-
tions from mid-latitude stations, which makes it pos-
sible to track substorm disturbances even in the
absence of data at higher latitudes.

We note that various geomagnetic indices, which
characterize general planetary disturbances (Kp, Ap,
ap, Am, am, Aa, aa, Dst) (Yanovsky, 1978), are also
used to describe the intensity of magnetic storms.

The existence of semi-annual and annual varia-
tions in geomagnetic activity was known since the
middle of the 19th century (Broun, 1848; Sabine,
1852). Variations are observed at all latitudes. At low
latitudes, variations in the Dst index are described, for
example, in (Cliver et al., 2000; O’Brien and McPher-
ron, 2002). At mid-latitudes, variations in the Am, Ap,
and Kp indices were studied in (Berthelier, 1976; Ran-
garajan and Iyemori, 1997; Nusinov et al., 2015). At
auroral latitudes, variations in auroral indices were
analyzed in (Sing et al. 2013), where it was shown that
AE, AL, SME, and SML have a significant seasonal
dependence with a maximum on the days of equinoxes
while the AU and SMU indices have only a summer
maximum. The frequency of occurrence of substorms
were studied in (Fu et al., 2021), and it was shown that
the number of substorms is maximal during the equi-
noxes. Semi-annual variations are more significant for
intense substorms. Local indices IE, IL, and IU have
similar seasonal characteristics. Seasonal variations in
the current strength of the westward and eastward
electrojet were studied in (Guo et al. 2014). It was
shown that seasonal variations are combinations of
annual and semi-annual cycles. Variations in geomag-
netic activity at various latitudes, including the polar
cap, were compared in (Lyatsky and Tan, 2003). The

authors concluded that the absolute amplitude of vari-
ations in the Dst, Ap, Am, and AL indices is close in
magnitude, while the relative amplitude sharply
decreases with increasing latitude.

To explain the semi-annual and annual variations
in geomagnetic activity, several “geometric” hypothe-
ses based on the mutual orientation of the axes of rota-
tion of the Earth and the Sun, the direction of their
magnetic fields, the inclination of the ecliptic, and so
on were proposed. These include the Russell–
McPherron effect (Russell and McPherron, 1973), the
equinoctial effect (McIntosh, 1959; Boller and Stolov,
1970; Svalgaard et al., 2002), the axial effect (Cortie,
1912; Bartels, 1932), and asymmetry effects in the
solar wind and solar magnetic hemispheres (Mursula
et al., 2011). A detailed discussion of the hypotheses
can be found, for example, in (Yoshida, 2009; Lock-
wood et al., 2020) and references therein. There is still
no consensus on which effect makes the main contri-
bution to the observed semi-annual and annual varia-
tions in geomagnetic activity. Usually, preference is
given to the Russell–McPherron effect, which
explains the variations by the relative orientation of the
axes of rotation of the Sun and the Earth to the ecliptic
plane and by the orientation of the axis of the Earth’s
magnetic dipole.

In recent decades, statistical methods for analyzing
the distribution of geomagnetic indices have been
actively developed. In particular, they make it possible
to correctly determine the most probable index values.
For example, in analyzing the distribution of the Ap
index it was shown in (Mikhailov et al., 2005) that the
distribution reaches a maximum at Ap ~ 5, after which
an almost exponential decline begins. As well, the
probability of extreme events can be estimated. Using
a lognormal distribution for the Dst index, it was con-
cluded in (Love et al., 2015) that a geomagnetic storm
with Dst ≤ –850 nT (Carrington event, minimal inten-
sity estimate) must occur approximately 1.13 times per
century. Assuming a power-law distribution in the
region of large negative Dst and using an upper esti-
mate of the intensity of the Carrington event (Dst =
‒1760 nT), it was found in (Yermolaev et al. 2013) that
such an event can occur no more than once every
500 years. Using the Weibull distribution, extreme
events on the Sun and their influence on processes on
the Earth were studied in (Gopalswamy, 2018). Esti-
mates were obtained for the parameters of events that
can be expected once a century and once a millen-
nium. The distribution of peak Dst values during geo-
magnetic storms was approximated by an exponential
law (Echer et al. 2011) and the Pareto distribution
(Tsubouchi and Omura, 2007; Riley, 2012). The gen-
eralized Pareto distribution was used to study the AL,
AU, and AE indices (Nakamura et al., 2015), as well as
to analyze variations in the magnetic field in Europe
and the rate of its change (Thomson et al., 2011).
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In this study, we analyzed the appearance of sub-
storm disturbances for the period from 2007 to 2020
using the methods of statistical processing of magnetic
field variations according to the data of the Bulgarian
Panagyurishte station (PAG) at middle latitudes and
the IL index of the auroral electrojet using the
IMAGE network at auroral and high geomagnetic lat-
itudes. It should be noted that besides the selection of
substorms by visual control of magnetograms, there
are software algorithms for their detection, including
those based on the analysis of variations in geomag-
netic indices. For example, by analyzing variations in
the IL index, an algorithm was created for detecting
substorms using the IMAGE network, in which a sub-
storm is defined as an event when the rapid decrease in
IL exceeds 80 nT/15 min (Tanskanen et al., 2009). In
our study, we used a different criterion, which is
described in detail in Section 3. Two samples of sub-
storm events (IL < –200 nT) when a positive bay
(MPB) was observed or absent in the horizontal com-
ponent at the PAG station were studied. As well, the
obtained results were compared with the results
obtained from a sample of isolated substorms at the
IMAGE meridian that is based on the list of substorms
(Ohtani and Gierloev, 2020).

2. THE DATA

Geomagnetic activity at the Scandinavian IMAGE
meridian was determined from the IL index, which is
calculated by the same method as the AL index (Davis
and Sugiura, 1966), but from observations of selected
stations of the IMAGE network (https://space.fmi.fi/
image/www/il_index_panel.php). Here, when calcu-
lating the IL index, we used two meridional chains of
stations PPN-SOR and PPN-NAL. Figure 1 shows a
map of IMAGE stations in geographical coordinates,
where circles mark IMAGE stations and asterisks
indicate stations of the PPN-NAL meridional chain.
We note that the PPN-SOR chain consists of 12 sta-
tions located from 51.4 (47.1) to 70.5° (67.3°) of geo-
graphic (geomagnetic) latitude while the PPN-NAL
chain ends to the north, on the Svalbard archipelago,
at the NAL station (~78.9° (76.2°) geographical (geo-
magnetic) latitude), i.e., the PPN-NAL chain consists
of four additional stations at high latitudes (https://
space.fmi.fi/image/www/station_selection.html). Vari-
ations in the IL-index calculated from the data of two
chains were analyzed for the period from 2007 to 2020.
It should be noted that from 2007 to 2014, the meridi-
onal chain of stations began at higher latitudes, at the
TAR station (~58.2° (54.5°) of geographic (geomag-
netic) latitude). Since January 2015, it was extended to
lower latitudes, adding two BRZ stations and SUW
stations (~54° (50°) geographical (geomagnetic) lati-
tude), and since January 2018, a PPN station was
added. However, here, for uniformity, we will desig-
nate this chain as PPN-NAL for the entire study
period, from 2007 to 2020.

The mid-latitude positive bays were determined
from the data of the Panagyurishte station (~42.5° geo-
graphic and ~36.9° geomagnetic latitude), which is
located slightly to the west (at the geographic (geomag-
netic) longitude ~24.2° (~97.2°)) of the PPN-NAL
meridional chain of the IMAGE network, but, in gen-
eral, it can be considered as a continuation of this
chain to lower latitudes. Observation data in
Panagyurishte are taken from the INTERMAGNET
database (https://intermagnet.github.io). We note
that for the period from 2007 to 2020, the data on the
magnetic field have only small gaps, except for the
time interval from September to October 2017, when a
backup magnetometer was installed at the observatory.

Fig. 1. A map of the locations of IMAGE network magne-
tometers, circles mark all IMAGE stations, asterisks indi-
cate stations of the PPN-NAL meridional chain. The dot-
ted line marks the meridian, on which the Bulgarian sta-
tion is located in Panagyurishte.
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The data were obtained using a data loading system
developed at the National Institute of Geophysics,
Geodesy, and Geography, Bulgarian Academy of Sci-
ences (Bojilova, 2017).

Isolated substorms were determined according to
the list of events posted on the SuperMAG website
(https://supermag.jhuapl.edu/substorms/). The list
was created based on the analysis of variations in the
SML index and contains information on the moment
of onset and localization of the strongest substorm dis-
turbances (Ohtani and Gjerloev, 2020). Based on this
list from 2010 to 2019, only events that were observed
near the meridian of the IMAGE network were
selected for the analysis, i.e., from 1800 to 0100 UT
(2104 MLT).

3. SELECTION OF EVENTS

In our study, we used the following criterion for
determining substorm disturbances: IL < –200 nT
with a negative peak duration in the IL index of at least
10 min. To determine the duration of the event, the
variances and standard deviations ϭ for the IL index
were calculated for each day. An example of selecting
an event for the analysis is given in Fig. 2, which shows
the IL index for April 29, 2011 that is calculated for the
stations of the PPN-SOR chain (Fig. 2a) and for the
PPN-NAL chain (Fig. 2b). The horizontal dashed line
in the figures shows the lower limit of the 2ϭ interval,

the moments of intersection of the 2ϭ line with the IL
graph are shown by “+” crosses, and the interval
between them shows the duration of the event. Figure 2c
shows the variation of the X-component of the mag-
netic field (denoted as δX in Fig. 2) at the PAG station,
and horizontal dotted lines indicate the values of 2ϭ
and 5 nT, which are used to determine the presence of
a positive bay at the PAG station. We believe that a
positive bay (MPB) was observed only if, near the peak
of the IL index, the variation of the X-component of
the magnetic field (δX) exceeded 5 nT and simultane-
ously exceeded the limit of 2ϭ, where ϭ is the square
deviation calculated from the variations of the X-com-
ponent for a given day.

It should be noted that stationary magnetospheric
convection (SMC) events also fall into our statistics
since during these events there may be magnetic dis-
turbances: convective bays (convective substorms). If
they are sufficiently intense (IL < –200 nT), then they
are also included in the statistics since we did not spe-
cifically single out or remove them from consider-
ation, i.e., all perturbations exceeding the threshold
value of IL are considered.

Figure 2d shows the horizontal power of the mag-
netic field at the PAG station, which actually rep-
resents the MPB index calculated from the data of a
single PAG station only. To calculate the horizontal
power, a program was developed based on the algo-
rithm for calculating the MPB index (Chu, 2015;

Fig. 2. The event of April 29, 2011: (a) variations of the IL-index calculated by the PPN-SOR chain, (b) by the PPN-NAL chain,
variations of the X-component of (c) the magnetic field and (d) horizontal power at the PAG station. The horizontal dotted lines
show the values of 2ϭ, 5 nT, and 25 nT2. The “+” signs mark the moments by which the duration of the event was determined. 
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McPherron and Chu, 2017), but with some minor
changes. In addition to the initial algorithm, proce-
dures for detecting gaps and peaks in the data were
introduced. As well, we replaced the procedure for
detecting days with a strong magnetic field used in
(McPherron and Chu, 2017) with a procedure based
on the Grubbs outlier criterion (Grubbs, 1972). All
data processing procedures and calculations are
described in detail in (Werner et al., 2021). The dotted
horizontal line in Fig. 2d shows the value of 25 nT2

corresponding to the criterion for selecting a positive
bay according to a criterion of δX > 5 nT since the hor-
izontal power is proportional to the squares of the X-
and Y-components. We note that graphs similar to
those shown in Figs. 2c and 2d were plotted for each
day and uploaded to the website (https://mag-
netic.nuclearmodels.net/Catalog_MPB/). Thus, for
our statistical studies, two samples of events for sub-
storm disturbances accompanied and not accompa-
nied by positive bays in Panagyurishte were created.
The samples were created for the night sector, i.e.,
from 1800 to 2400 UT (2100 to 0300 MLT), where
substorms usually occur. Further in the text, these
event samples, where only IMAGE network data are
used, will be denoted as IMAGE-PPN-NAL and
IMAGE-PPN-SOR.

To compare the results and control that the
selected events are substorm disturbances, we took
another sample of events. It is based on the list of iso-
lated substorms found on the SuperMAG website
(Ohtani and Gjerloev, 2020). This list was created
based on variations of the SML index and contains
information on the onset of isolated substorms from
1995 to 2019. We selected for the analysis only events
from 2010 to 2019 when the stations of the IMAGE
network were in the night sector. Each moment of the
onset of an isolated substorm was associated with the
minimal value of the IL index observed 2 h after the
onset. The IL-index was calculated using IMAGE
data for two meridional chains of stations PPN-NAL
and PPN-SOR. Further, in order to distinguish our
event samples, we will designate events according to
the list of isolated substorms (IS) as IS-PPN-NAL
and IS-PPN-SOR.

4. RESULTS

4.1. Statistical Studies of the Distribution of the IL Index

An important characteristic of a statistical ensem-
ble is its distribution. Figure 3a shows the histograms
of the IL index obtained from the IMAGE-PPN-NAL
(black) and IMAGE-PPN-SOR (gray) event samples.
For the entire studied interval (2007–2020), the IL
index values were sorted by intensity and distributed
by class. The class width was chosen to be 50 nT. We
note that the PPN-NAL event sample includes the
PPN-SOR sample, but is about a third larger.

Fig. 3. Histograms of the IL index calculated from two
chains PPN-SOR (grey) and PPN-NAL (black). Solid
lines show their approximations by exponential distribu-
tions. (a) Histograms of large values of IL < –1200 nT are
presented in the insert. (b) Empirical cumulative frequency
and theoretical cumulative frequency calculated with same
parameter λ. Rate of events per year for PPN-NAL. The
empirical dependence is shown by circles, and the theoret-
ical approximation is shown by a solid line (c).
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It can be seen that both histograms IMAGE-PPN-
NAL and IMAGE-PPN-SOR decrease almost expo-
nentially. An insert of Figure 3a shows events with
IL < –1200 nT in more detail. It can be seen that there
were only a few intense events. In this case, events with
IL < –2200 nT belong to the supersubstorm on Sep-
tember 7–8, 2017. This is one of several supersub-
storms that were observed when the IMAGE stations
were in the night sector, and extremely strong mag-
netic field disturbances were recorded (Despirak et al.,
2020).

Both IMAGE-PPN-NAL and IMAGE-PPN-SOR
histograms were fitted with an exponential distribution.
An empirical f probability density function (DPF) is
obtained from the normalized Ni/A histogram.

Theoretical exponential DPF is given by the
expression:

(1)

where x in our case is equal to x = –(IL + 200 nT) and
IL ≤ –200 nT. The midpoints of the intervals should be
taken as x values.

The empirical Fi cumulative distribution function

(CDF) is given by simple summation: 
Theoretical CDF F is given by the formula:

 For exponential CDF, we obtain
that

(2)

and it determines probability P(X < x) of random vari-

able X. The λ parameter can be estimated as  to make

empirical CDF match the theoretical one.
Empirical CDFs for both chains are shown in

Figs. 3b together with their approximation by theoreti-
cal exponential function CDF. It can be seen that both
distributions are very similar while the parameters
λPPN-SOR = 0.00465/nT and λPPN-NAL = 0.00487/nT are
almost identical. Using the Kolmogorov-Smirnov test
for two samples, we confirmed that the distributions
do not differ at a significance level of 0.05. This means
that they come from the same statistical ensemble.

The P(X > x) probability that random variable X is
greater than certain x is defined as 1 –P(X > x) = 1 – F(x),
and for the exponential distribution, we obtain that
P(X > x) =  Thus, the graphical representation

of  on a logarithmic scale for an exponen-
tial distribution is a straight line with slope λ.

Figure 3c shows the intensity of the f low of events,
i.e., the number of observations with an IL index less
than a certain IL value that is referred to 1 year. The
slope of the straight line in this graphical representa-
tion is λ/y, where y is the number of years of observa-
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tion. Figure 3c shows that the frequency of occurrence
of events with IL ~–1500 nT is four events per 10 years,
for events with IL < –1750, it is once every 10 years.
We note that this was obtained only for the selected
meridional chain and the MLT-limited sector (from
21–24 h).

We consider the distribution of substorm events
when positive bays (MPBs) were recorded at
Panagyurishte station and when no MBP bays were
observed. The distribution histograms of the IL-index
for events with positive bays (gray) and without them
(black) are shown in Figs. 4. The number of cases
without MBPs decreases monotonically as the IL
modulus increases. The IL distribution for cases with
MPBs initially increases with increasing IL modulus
so that, at ~–300 nT, there is an almost equal number
of events with and without MBPs. At IL < –600 nT,
almost all events are accompanied by mid-latitude
MPB bays. Figure 4b shows similar histograms for the
cumulative number of events, and the format of
Fig. 4b is similar to the format of Fig. 4a. As can be
seen, the cumulative CDF for events without positive
MPB bays saturates very quickly and does not exceed
~35% of all events. Accordingly, events accompanied
by mid-latitude positive bays were observed in ~65%
of cases.

The Weibull distribution (Weibull, 1951; Coles,
2001) is well suited to describe the empirical course of
the IL index. We note that although the distributions
of the IL index without MPB bays can be also
described by an exponential, it turned out that the use
of the Weibull distribution produces a much better
approximation. Various parameterizations are known
for the Weibull distribution. We use the following PDF
definition:

(3)

The CDF cumulative function has the form:

(4)

The α and β distribution parameters were obtained
using the Statistica program. For events where there
were no positive MPB bays, we found that α = 0.00996
and β = 1.0334, and for events with accompanying
MPB bays, we found that α = 0.00340 and β = 1.3154.
The empirical CDF is shown in Fig. 4b together with
the theoretical one calculated by equation (4). As can
be seen from the graph, the Weibull distributions are
suitable for describing the observed distribution of the
IL index. This is not surprising since defining IL(t) as
the minimum value of ILn(t), where n is the station
number, leads to an extreme distribution of IL values.
One of the three main types of extreme value distribu-
tions is the Weibull distribution. It should be noted
that the exponential distribution is a special case of the
Weibull distribution at β = 1. Indeed, the value of β =
1.0334 observed for the distribution for events when
there were no accompanying MPBs looks like an

( ) β− β= αβ α − α1
Weib [( ) ]exp[ ( ) ].f x x x

( ) β= − − αWeib 1 exp[ ( ) ].F x x
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exponential distribution and β does not deviate sig-
nificantly from unity. Thus, all distributions of the IL
index of the auroral electrojet (IL < –200 nT), both for
the sample of events for the entire period of 2007–
2020 and for samples with and without positive MPB
bays, can be described by the Weibull distributions of
extreme values.

4.2. Annual and Semi-Annual Variations
We consider semi-annual and annual variations of

the IL-index for our event samples. Figure 5 shows the
monthly distribution of the IL index obtained for iso-
lated substorms in the period from 2010 to 2019. The
IL index was calculated in two ways: from the data of
all Scandinavian stations (excluding Svalbard) (gray)
or from the data of the PPN-NAL chain (black color).
As can be seen, a seasonal dependence is observed for
any method of calculating the IL index. As well,
autumn-spring maxima were observed both for all
events (Fig. 5a) and for events divided into various
classes by intensity IL: 200 nT ≤ IL < –400 nT,
‒400 nT ≤ IL < –600 nT, –600 nT ≤ IL < –800 nT,
‒800 nT ≤ IL < –1000 nT, and IL ≤ –1000 nT
(Figs. 5b–5f). In this case, the amplitude of seasonal
variations was ~40 cases, which corresponds to ~25%
of the average monthly value. During the maxima of
the equinoxes, ~200 substorms were observed, and
during the summer minimum, ~120 substorms were
observed. As can be seen in Figs. 5b–5f, at an increase
in the intensity of the westward auroral electrojet, the
semiannual effect becomes more pronounced: the
summer minimum disappears, and autumn–spring
maxima predominate.

It is interesting to compare the seasonal course for
the events of isolated substorms and for the events with
accompanying positive bays at Panagyurishte station.
The monthly distribution of the normalized number of
events for cases with MPBs is shown in Fig. 6 (the for-
mat of Fig. 6 is similar to that of Fig. 5). The IL index
was calculated from the data of two chains of stations:
PPN-SOR (grey) and PPN-NAL (black). For both
distributions, the seasonal dependence is clearly visi-
ble: the presence of an autumn and spring maximum,
but the amplitude of seasonal f luctuations is slightly
larger for events calculated using the PPN-SOR chain
than that using PPN-NAL. As well, the maxima of the
equinoxes are between 0.11 and 0.12, with the summer
minimum being ~0.045. The maximum deviations
from the mean annual value is 0.0833, the difference
of 0.115–0.08 is ~45%, which is almost two times
greater than that obtained for the distribution of events
of isolated substorms (Fig. 5).

From the monthly distribution, annual and semi-
annual variations were identified using the Fourier
harmonics, the result is shown in Fig. 7 for two sam-
ples of events when the IL index was calculated using
the PPN-NAL (Fig. 7a) and PPN-SOR (Fig. 7b)
chain. Seasonal variations are shown by a solid thick

1

line and the annual and semi-annual variations sepa-
rated from them are shown by dotted and dash-dotted
lines, respectively. The sum of the annual and semi-
annual components is shown by a thin solid line.
Annual and semi-annual variations were extracted
using Fourier harmonics from the monthly distribu-
tion (Fig. 6) as follows:

(5)

The coefficients of determination (R2) are 0.952
and 0.975 for the PPN-NAL and PPN-SOR chains,
respectively. Using Student’s criterion, we checked the
significance of the coefficients of the harmonic Fou-
rier series. It turned out that for both groups of events
(Figs. 7a and 7b), only the term with cosine (cos) is

( ) ( ) ( )
( )

π π= +

   
   π π+ + + ε   
   
   

= …

2 2sin cos  
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Fig. 4. IL index distribution histograms for events with a
positive bay (MPB) in Panagyurishte (grey) and without a
positive bay (black). The solid lines show the approxima-
tion of (a) histograms by the Weibull distribution; (b) sim-
ilar histograms for the cumulative number of events.
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Fig. 5. The monthly distribution of the IL index for events in the list of isolated substorms during 2010–2019. The IL index was
calculated for all Scandinavian stations (excluding Svalbard) (gray bars) and for the chain of PPN-NAL stations (black bars):
(a) for all events with IL < –200 nT; (b, c, d, e, f) for events divided into classes: –200 nT ≤ IL < –400 nT, –400 nT ≤ IL < –600 nT,
–600 nT ≤ IL < –800 nT, –800 nT ≤ IL < –1000 nT, and IL ≤ –1000 nT. 
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significant in the annual variation, and the signifi-
cance level is 0.05. The residual values of ε(n) do not
show any periodic changes and are randomly distrib-
uted.

Figure 7 shows that the sum of annual and semi-
annual variations (thin line) is in good agreement with
the initial monthly distribution (thick line). The coef-
ficients of determination are 0.952 and 0.975 for the
PPN-NAL and PPN-SOR chain, respectively. As can
be seen, the annual variation has a summer minimum
and a winter maximum, and the variations are stronger
for the PPN-NAL chain, which is possibly associated
with greater illumination in the summer months in the
north. Semi-annual variations show maxima at the
time of the equinoxes. The semi-annual variation of
the equinox maximum for the PPN-SOR chain is
~0.30 and is slightly stronger than the variations
observed for the PPN-NAL chain, where the equi-
nox maximum is ~0.25. A more detailed calculation
shows that the maxima do not fall exactly on the
equinoxes, but are observed on April 3/October 3 for
the PPN-NAL chain and on April 7/October 6 for
the PPN-SOR chain.

5. DISCUSSION
For the 2007–2020 period, the distributions of the

IL index and the cumulative distribution function for
a sample of events with IL < –200 nT (IMAGE-
PPN-NAL and IMAGE-PPN-SOR) were obtained,
and the occurrence of extreme events was estimated
(Fig. 3). It can be seen that the distribution of the IL
index contains only a few events of intense substorms
with IL < –1500 nT. This is explained by the fact that
a rather narrow longitudinal interval of event registra-
tion was chosen (the PPN-NAL and PPN-SOR
meridional chains) and a limited MLT sector (from
2100 to 0300). It turned out that over 14 years, only
five events with IL < –1500 nT were recorded on the
PPN-SOR chain in the interval of 1800–2400 UT,
i.e., 0.35 events per year. This value is somewhat
underestimated, since it is known that there are sub-
storms with IL < –2000–2500 nT. However, the aim
of this study was not to show the general distribution of
events by intensity, but to study the relation between
substorms observed in the auroral zone, at the
IMAGE meridian, and positive bays at middle lati-
tudes, at Panagyurishte station.

After analyzing events with and without MPBs for
2007–2020, we found that there were ~two times
fewer events without positive MPB bays than events
with MPBs (Fig. 4). The cumulative function (CDF)
for events without positive MPB bays was ~35%, i.e.,
~65% of the events were accompanied by mid-latitude
positive bays. It is known that positive bays at middle
latitudes are an indicator of the presence of a substorm
current wedge (McPherron et al., 1973; Kepko et al.,
2015), and, therefore, it can be argued that the selected
events were substorms in 65% of cases. Figure 3 shows

that, at an increase in the event intensity, the fraction
of the cumulative function without positive MPB bays
sharply decreases, and starting from ~IL < –600 nT,
almost all events were accompanied by positive bays,
i.e., were substorm disturbances.

In our opinion, it is interesting to compare the
obtained results with the results obtained from cases
that were known to be substorms, i.e., based on a sam-
ple of isolated substorms (Ohtani and Gjerloev, 2020),
which were observed at the same IMAGE meridian in
the period 2009–2019, in the night sector (from 1800
to 0100 UT). The result of the statistical study is shown
in Fig. 8, where histograms of the IL index are shown;
the format of Fig. 8 is similar to the format of Fig. 3,
IS-PPN-SOR calculations are shown in gray, and
IS-PPN-NAL calculations are shown in black. These
distributions are also suitable to be described by the
Weibull distribution while the distribution of events for
the IS-PPN-NAL chain is closer to the exponential
distribution and for the IS-PPN-SOR chain is closer

Fig. 7. The monthly distribution of the normalized number
of IL-index cases (thick black line) for different chains:
(a) PPN-SOR; (b) PPN-NAL; annual (dashed) line and
semi-annual (dashed-dotted) line. The line of approxi-
mation of the sums of the annual and semi-annual com-
ponents (thin line): (a) for the monthly values of the
PPN-SOR chain and (b) for the monthly values of the
PPN-NAL chain.
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to the distribution of events with accompanying posi-
tive bays (MPBs). The difference in the results for the
two chains of stations may be due to the fact that the
IS-PPN-NAL distribution is affected by substorms
that are observed at very high latitudes over Svalbard,
the so-called polar substorms (Despirak et al., 2014).
Although it was shown that these substorms are also
accompanied by positive bays, but these bays were
often observed at latitudes higher the Panagyurishte
station (Despirak et al. 2022).

Figure 8b shows the cumulative event distribution
functions for two different chains of stations, PPN-
NAL and PPN-SOR. We note that the number of iso-
lated substorms was approximately two times less than
the number of events shown in Fig. 3. It should be
noted that the list of isolated substorms (Ohtani and
Gjerloev, 2020) does not include all substorm events
since one of the conditions is the onset of a substorm
against a relatively quiet background (SML > –100 nT
for –30 min ≤ T ≤ –1 min). This condition actually
limits the number of intense substorms since they nor-

mally begin against the background of disturbed con-
ditions (SML < –100 nT).

For our two samples of events: isolated substorms
(IS-PPN-NAL and IS-PPN-SOR) and events with
positive bays (IMAGE-PPN-SOR and IMAGE-PPN-
NAL), seasonal variations were analyzed, from which
the annual and semi-annual variations were selected
(Figs. 5–7). The annual variations for the PPN-NAL
chain are stronger than those for the PPN-SOR chain
due to the higher illumination during the summer
months in the north. It was shown that the IL index
also has a seasonal variation with maxima near the
equinoxes, similar to other geomagnetic indices (Sing
et al., 2013). As well, this effect becomes more pro-
nounced as IL increases, which is consistent with the
results of (Fu et al., 2021), where semi-annual varia-
tions were shown to be more significant for intense
substorms. A comparison of the results obtained for
two different samples of events (Figs. 5 and 6) leads to
the conclusion that a stronger semi-annual variation is
observed for events with accompanying positive bays

Fig. 8. Histograms of (a) the IL index and (b) the cumulative number of events for isolated substorms, the format of the figure is
similar to that of Figs. 3a and 3b. The IL index was calculated using two chains IS-PPN-SOR (grey) and IS-PPN-NAL (black). 
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than for events of isolated substorms. In this case, the
appearance of maxima of semi-annual variations in
April and October may be associated with the Russell-
McPherron effect.

The IL index used in this study primarily charac-
terizes the level of geomagnetic activity. We note that
the rate of change in geomagnetic activity is also of
great importance. An estimate of statistical distribu-
tions of geomagnetic field variability is important, for
example, for estimating the probabilities of dangerous
levels of GIC in power lines (Vorobiev et al. 2019;
Despirak et al. 2022). This is an important issue that
should be explored in more detail in future work.

6. CONCLUSIONS
A statistical analysis of geomagnetic activity for two

samples of events at the IMAGE meridian showed that:
(1) The empirical distributions for the IMAGE-

PPN-NAL and IMAGE-PPN-SOR events are
described well by exponential functions, while the dis-
tributions for the PPN-NAL and PPN-SOR chains are
statistically indistinguishable. The intensity of the flow
of events was determined: the frequency of occurrence
of events with IL < –1500 nT is ~0.35 events/year.

(2) The empirical distributions for events with
accompanying positive MPB bays at st. Panagyurishte
(IMAGE-PPN-SOR) and empirical distributions for
isolated substorms (IS-PPN-NAL and IS-PPN-SOR)
are described by the Weibull distribution, which indi-
cates that these are events from the same statistical
ensembles.

(3) In ~65% of IMAGE-PPN-NAL cases, events
were observed accompanied by mid-latitude positive
bays, i.e., these were substorm disturbances.

(4) The annual and semi-annual variations are dis-
tinguished for both samples of events. The semi-
annual variation has maxima near the equinox days,
which, in our opinion, is associated with the Russell-
McPherron effect. In this case, for the IMAGE-
PPN-SOR sample with MPBs, the variations are
stronger than those for isolated substorms.

(5) The annual variations have a summer mini-
mum and a winter maximum, and for events along
the PPN-NAL chain, the variations are stronger than
those for the PPN-SOR chain due possibly to greater
illumination in the summer months at high latitudes.
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