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Abstract
Analysis of 163 isolated substorms showed that their intensity quantified as a maximum absolute value of the AL
index increases with an increase in the velocity and number density of the solar wind plasma and hence its dynamic
pressure. Most of the coupling functions describing the energy loading to the magnetosphere, e.g., the Kan–Lee
electric field (EKL) and the Newell factor (dΦ/dt), do not include the dynamic pressure as an input parameter. Having examined the correlation between these functions and the dynamic pressure, we found that, surprisingly, while
almost uncorrelated for any arbitrary time interval, both EKL and dΦ/dt correlate with the dynamic pressure within 1 h
before the onset of isolated substorms. That is, an increase in the solar wind dynamic pressure is associated with an
increase in the solar wind driving before the onset. We assume that the increase in the dynamic pressure as early as
before substorm growth path creates the conditions inside the magnetosphere that impede the occurrence of substorms and increase the threshold for the instability leading to expansion onset, forcing the accumulation of greater
amount of energy in the magnetosphere. This energy is released during substorm expansion, producing a more
intense magnetic bay.
Keywords: Isolated substorms, Substorm onset, The AL index, Solar wind plasma, Solar wind driving
Introduction
The concept of classical substorm is based on the loading of solar wind energy into the Earth’s magnetosphere
followed by a sudden release of this energy during substorm expansion. To characterize the time interval of the
loading, which typically lasts 0.5–2 h, McPherron (1970)
introduced the term “growth phase.” It was inferred from
the number of observations that the growth phase starts
when the Bz component of the interplanetary magnetic
field (IMF) turns southward. This approach was subsequently supported by many experimental and theoretical works (see, for example, Russell and McPherron 1973;
Shukhtina et al. 2005; Boakes et al. 2009).
However, despite extended efforts in the study of magnetospheric substorms, there are many key problems,
which remain unsolved, such as a location of substorm
onset and the mechanism leading to a sudden release of
energy. A relationship between substorm processes and
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ring current development is unclear either. The latter
problem is especially important taking into account the
recent results of Antonova et al. (2014, 2015, 2017) and
Kirpichev et al. (2016), who showed that a significant
part of the auroral oval maps to the plasma ring that surrounds the Earth. Accordingly, the transverse currents
in this ring are a high-latitude continuation of the ring
current.
The dependence of loading–unloading processes on
the parameters of the solar wind and IMF is one of the
unsolved problems of the magnetospheric substorm
physics. In particular, the relationship between intensity
of an isolated substorm (characterized by the maximum
absolute value of the AL index) and these parameters is
unknown. Results of previous studies are ambiguous
and often contradictory. For example, Kallio et al. (2000)
concluded that substorm intensity is determined by the
direct input of energy during the expansive phase, which
contradicts the results of Lyons (1996) and Lyons et al.
(1997), who found that a number of substorm onsets are
associated with a northward turning of the IMF Bz component. Shukhtina et al. (2005) and Milan et al. (2009)
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showed that the intensity of substorms is determined
by the total magnetic flux transported from the dayside
magnetosphere to the tail before substorm onset. However, later Li et al. (2013) demonstrated that the intensity of substorms correlates well with the electric field
determined by the Kan–Lee formula (Kan and Lee 1979),
which is independent of the total amount of energy
uploaded to the magnetosphere during the growth phase.
Vorobjev et al. (2016) made a statistical study of the loading–unloading processes of the magnetosphere during
isolated substorms and showed that there is a strong relationship between the integral values of energy uploaded
to the magnetosphere during the growth and expansive
phases and the substorm intensity quantified as a total
energy of auroral precipitation.
Therefore, to establish the factor controlling substorm
intensity, which varies in a wide range, is a fundamental
unsolved problem. It is clear that the solar wind plasma
and the IMF are the main sources of the magnetospheric
substorm energy. Conventionally, it is assumed that the
Bz component of the IMF is responsible for substorm
generation. The solar wind velocity (V) and number
density (N), and hence the dynamic pressure (P), do not
change significantly on the timescales of substorm and
usually are not considered as independent sources of
substorms. However, there are some studies, which point
to a possible importance of the solar wind kinetic energy
for substorm development. For example, Barkhatov et al.
(2017) showed that the prediction of the AL index variations using the neural networks is more successful when
the input parameters contain not only the IMF components, but also the dynamic pressure integrated over
2–3 h before substorm onset. At the same time, Newell
et al. (2013, 2016) studied the long-term effects of substorms, including diurnal, seasonal, and annual variations, and showed that the probability to predict the
appearance of substorm series increases when the solar
wind velocity is used as a unique input parameter instead
of more complicated functions, which include the components of the IMF. The effect of the dynamic pressure
is not significant. The results by Maggiolo et al. (2017)
suggest that the solar wind velocity’s dominant impact
on geomagnetic activity is caused by the compression
regions at the interface of fast/slow solar wind regimes,
which are very geo-effective, as they are associated with
high solar wind pressure and strong interplanetary magnetic field.
In the present study, we test the hypothesis that prior
to the substorm growth phase the solar wind plasma
parameters (generally N and Pd) not only determine the
magnetospheric state, but also to a large extent determine the intensity of a following isolated substorm. The
characteristics of this magnetospheric state defined by
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solar wind V, N and P are responsible for the amount of
energy uploaded during the growth phase and subsequently released during the expansive phase, and hence
for the intensity of a substorm. Therefore, we study the
behavior of the IMF components, as well as of the solar
wind velocity, number density, and dynamic pressure,
preceding isolated substorms of different intensities, in
order to examine their influence on the energy loading to
the magnetosphere before substorm onset. The dependence of the loading on the SYM/H index of geomagnetic
activity is also investigated.

Data analysis
In the current study, we used the list of 163 isolated substorms of different intensities available at http://pgia.ru/
lang/en/data. The isolated substorms included in this list
were selected using diurnal variations and 1-min values
of the AL index during the winter seasons from 1995 to
2013, according to the following criteria:
1. The time interval between two consecutive substorms should be at least 3 h.
2. The AL magnitude should not exceed 1500 nT.
3. The substorm duration should not be less than 3 h.
4. The time of the end of substorm corresponds to the
instant at which the absolute value of AL is < 0.2 of
the absolute value of AL minimum.
The selection of substorms in accordance with criteria 1–3 was performed by visual inspection of the AL
index diurnal variations, while the time of onset (T0)
corresponding to the nth AL index was determined
as follows. For substorms with minimum AL less
than − 300 nT, T0 corresponded to the time for which
|(ALn − ALn−1)| > 60 nT and |(ALn+1 − ALn−1)| > 100 nT.
For weak isolated substorms (ALmin > − 300 nT) a simpler
criterion was used: |(ALn − ALn−1)| > 30 nT. (Please see
Vorobjev et al. (2016) for details.)
The solar wind parameters, IMF, and geomagnetic indices were taken from 1-min OMNI database provided by
the NASA’s Space Physics Data Facility. For each substorm an 8-h interval (4 h before and 4 h after T0) was
inspected to eliminate the events for which data gaps
of more than 10-min duration were present in the time
series.

Generation conditions for substorms of different
intensities
All selected substorms were divided into three
groups, depending on the minimum value of
AL variation: weak (
ALmin > − 300 nT), moderate (− 600 nT < ALmin < − 300 nT), and strong
(− 1500 nT < ALmin < − 600 nT). For each group we
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calculated the average values of A
 Lmin, as well as the values of the solar wind parameters and PC and SYM/H
indices averaged over 1-h interval that started 1, 2 and 3 h
before onset. Figure 1 shows the results of averaging over
one (the black circles, bold line), two (the pluses, solid
line), and three (the crosses, dashed line) hours before T0.
As can be seen, the three curves are very close to each
other, especially for solar wind velocity and number density. This means that the solar wind V, N, and hence P
before an isolated substorm are very stable during at least
3 h (see Fig. 1a, b), increasing with |〈ALmin〉| increasing.
Figure 1c, d shows that the SYM/H index decreases and
the PC index increases with |〈ALmin〉| increasing, and the
geomagnetic activity 1 h before T0 [typical timescale of
the growth phase, according to McPherron (1970)] tends
to be higher.
It is important to note that higher values of V, N, PC,
and |SYM/H| lead to stronger isolated substorms. This
tendency holds for all time intervals, even for that of
3 h before T0. For weak substorms the average velocity
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While an increase in the geomagnetic indices before
strong substorms (see Fig. 1c, d) can be anticipated, a
simultaneous increase in both solar wind velocity and
density (and hence the dynamic pressure) is unexpected,
taking into account that these two quantities tend to be
anticorrelated: The high-speed flows of the solar wind
that originated in the coronal holes have low density,
while the dense solar wind streams in the region of the
heliospheric current sheet have relatively low speeds.
Figure 2a, b shows a relation between the values of the
solar wind plasma density and velocity for all analyzed
events averaged over 1 h before T0 (Fig. 2a, the red dots)
and after T0 (Fig. 2b, the blue dots). The straight lines
correspond to the best linear fit. As seen from Fig. 2a,
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Fig. 1 Average values of the solar wind velocity (a) and number density (b); SYM/H (c) and PC (d) indices of geomagnetic activity versus substorm
intensity. The averaging is performed over 1-h interval starting one (curve 1), two (curve 2), and three (curve 3) hours before substorm onset
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Fig. 2 Relationship between the solar wind plasma density and velocity for the time intervals of 1 h before (a red dots) and after (b blue dots)
substorm onset. The average values of the solar wind density (c) and velocity (d) for substorms of different intensities. The averaging is made 1 h
before (red) and 1 h after (blue) onsets. Data are averaged in the 200-nT bins starting from 100 nT
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b, the number density tends to decrease with velocity
increasing. However, both N and V show an increase with
increasing intensity of isolated substorms (see Fig. 2c, d).
In summary, it was found that the solar wind velocity
and number density are almost constant during a long
time interval covering at least 3 h before and 1 h after
the onset. However, the minimum value of AL variation
decreases with increasing average values of the velocity and density, and hence of the dynamic pressure. We
interpret this effect as follows. The steady state of the
magnetosphere before an isolated substorm depends on
the parameters of the solar wind. The higher values of
N and V create the conditions that constrain substorm
development. In other words, for higher dynamic pressure it is necessary to load larger amount of energy into
the magnetosphere during the growth phase to be able
to achieve the threshold, which should be overcome for
substorm generation. Subsequently, this energy releases
during the expansion phase, leading to the stronger
substorms.

How the solar wind density, velocity, and pressure
are related to some coupling functions containing
the IMF values
Recently, Vorobjev et al.(2016) have showed that the
intensity of isolated substorms strongly correlates with
the Kan and Lee (1979) electric field EKL= V·BT·sin2(/2),
and the Newell et al. (2007) parameter dΦ/dt = V4/3·B2/3
T
·sin8/3 (/2) (where BT = (By2 + Bz2)1/2, and = arctg(By/
Bz)). Therefore, it is important to clarify whether there is
a correlation between these functions and the solar wind
V, N, and P. We also included in the analysis the sign
of the IMF Bz component, considering that according
to many authors the behavior of Bz component is very
important for substorm development.
Figure 3 shows the relation between the solar wind
velocity (Fig. 3a), number density (Fig. 3b), and dynamic
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pressure (Fig. 3c), and the Bz component. We used the
data 1 h before substorm onset, averaged for different bins of Bz values, taken with a step 2 nT. The solid
lines represent the best linear fits obtained by the leastsquares method. The correlation coefficients between V,
N, P, and Bz for the binned data (in parentheses for the
original arrays) are r = 0.31 (0.40); 0.79 (0.55) and 0. 88
(0.59), correspondingly. The use of the orthogonal regression method does not cause a noticeable modification in
the linear fits and correlation coefficients. As can be seen,
nearly the same solar wind velocity is observed when Bz
changes both value and orientation. In fact, Fig. 3a shows
the average value of V. On the contrary, the values of N
and P increase with southern IMF increasing. This result
indicates that before isolated substorm onset the loading
of the magnetosphere, determined by the level of southern Bz, increases with the solar wind number density and
dynamic pressure.
The solar wind velocity V, being one of the components
of the coupling functions EKL and dΦ/dt, is also significant. Figure 4 shows the variations of EKL and dΦ/dt with
the dynamic pressure. The mean values of the functions
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obtained by averaging over 1 h before substorm onset
were calculated for 10 bins of the dynamic pressure,
with the width of a bin taken as 0.5 nPa. As seen from
the figure, both EKL and dΦ/dt strongly correlate with
the dynamic pressure and the correlation coefficients
are equal to r = 0.81 (0.61) and r = 0.85 (0.58), respectively. This means that an increase in the dynamic pressure strengthens the solar wind driving before isolated
substorm onset. The original correlation coefficients
for basic variables (N, P, Ekl, dF/dt) are at level from
0.55 to 0.61. They are not as exciting as for the binning
data, but are rather high to take these correlations into
consideration.
There is no reason to assume that such a close relationship between the dynamic pressure and the EKL and
dΦ/dt functions keeps for other randomly selected periods. To support this point of view we selected three arbitrary time intervals in December 2000, 2004 and 2007.
December is in the middle of the winter season, and the
years 2000 and 2007 correspond to the minimum and
maximum of solar activity, respectively, and 2004 is in
between. The correlation coefficients for the original
arrays are r = 0.12 and r = 0.09 for the year 2000, r = 0.07
and r = 0.06 for the year 2004, and r = 0.32 and r = 0.23
for the year 2007, for EKL and dΦ/dt, respectively.

Discussion and conclusions
Our results can be analyzed in the framework of the substorm model based on the solar wind energy loading into
and the subsequent unloading in the magnetosphere. In
this approach, the substorm starts due to development of
an instability, which does not require any external trigger
to start. To explain the observed effects, it is necessary to
analyze the stability of plasma and magnetic field distributions in the magnetosphere under changing conditions
in the solar wind and IMF. It is a complex problem, which
is far from its final solution. We can only propose some
qualitative explanation.
Isolated substorms develop during the time intervals
when the Earth’s magnetosphere is in quasi-stable states.
Each state has a long duration (> 3 h) and corresponds to
a specific condition in the solar wind and IMF. Prior to
growth phase onset, the interplanetary magnetic field is
predominantly northward. In this case, both the transverse currents in the magnetotail and the ring current are
weak, and the geomagnetic field is nearly dipolar not only
in the inner magnetosphere, but also at considerable distances from the Earth.
The magnetosphere compression by an increased P
does not produce the conditions to generate an isolated
substorm. A change in the IMF Bz component sign leads
to a change in transverse and field-aligned current in the
magnetosphere and its configuration (see, for example,
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Sibeck et al. (1991) and later works). Redistribution of
the magnetic flux between dayside and nightside regions
of the magnetosphere takes place, which is commonly
attributed to the “loading” of the magnetosphere. If the
solar wind parameters remain almost unchanged during
a few hours, the development of the substorm instability is suppressed by some factors and an increase in the
energy uploading before the onset T0 is required for substorm generation. Indeed, an increase in the solar wind
dynamic pressure leads to an increase in the pressure in
the plasma sheet (Tsyganenko and Mukai 2003) and the
ring current (see Antonova et al. (2017) and references
therein). This permits to assume that the growth of ring
current intensity could also play a role of stabilizing factor for substorm instability development. It is known that
the existence of vertical magnetic component is unfavorable for the development of tearing (Nishida 1978)
and current disruption (Lui et al. 1992) instabilities.
According to Antonova et al. (2013, 2017), the ring current makes the main contribution into the SYM/H variation. This is supported by numerous results including the
latest results of Gkioulidou et al. (2014). The compression
of the magnetosphere leads to the increase in the ring
current, decrease in the magnetic field inside the current,
and hence the increase in ∣SYM/H∣. Simultaneously, the
vertical component of the magnetic field increases outside the ring current and near-Earth magnetotail, which
increases the thresholds of instabilities such as tearing
(mode) and current disruption. Therefore, more energy
is required to be uploaded to the magnetosphere during
the growth phase to generate substorm. Subsequently,
more intense isolated substorms will develop for stronger
∣SYM/H∣, as shown in Fig. 1c.
Intensity of substorms developed due to instabilities of
magnetosphere–ionosphere interactions of field-aligned
currents as considered in (Kan et al. 1988; Stepanova
et al. 2002) also depends on the solar wing parameters. It
should be noted that in the case of Bz > 0, when the solar
wind density (and hence the dynamic pressure) increases,
plasma in the plasma sheet is getting more dense and
cold (Terasawa et al. 1997). Borovsky et al. (1998) showed
that the solar wind material reaches the near-Earth nightside plasma sheet in about 4 h, which enhances particle
precipitating fluxes and diminishes the average energy
of precipitating ions and electrons. In general, when the
number density of the solar wind increases, the energy
flux of precipitating electrons and hence auroral luminosity in emission (1NG N
 2+) of 391.4 nm are reduced
(Vorobjev et al. 2004). Consequently, the electron density
and conductivity in the E layer of the ionosphere are also
reduced, as well as the intensity of ionospheric and fieldaligned currents, and auroral arcs gradually vanish. This
effect leads to stabilization of the instabilities discussed
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by Kan et al. (1988) and Stepanova et al. (2002), which
relate substorm onset to the intensification of fieldaligned currents.
All aforementioned factors restrain the generation of
substorms, regardless of whether the substorm is generated by instability in the magnetosphere or by an electrostatic instability, developing in the region of upward
field-aligned currents (Stepanova et al. 2002; Antonova
et al. 2009). Thus, an increase in the solar wind dynamic
pressure restrains generation of an isolated substorm.
We cannot exclude a possible alternative explanation of
our results that BT as well as its Bx component is effective for substorm generation. Recently, Maggiolo et al.
(2017) have reported a significant correlation between
BT and the solar wind dynamic pressure (P). For our
purpose, this result implies that if Bz correlates with BT,
then Bz, EKL and dΦ/dt should correlate with both BT
and P, providing a possible explanation of correlations
presented in Figs. 3 and 4. However, since the IMF vector lies generally in the equatorial plane, one should not
expect any correlation between BT and Bz, and indeed,
Maggiolo et al. (2017) report an extremely low level of
correlation between BT and Bz (their Fig. 4).
In our Fig. 3, Bz varies from − 4 nT to + 8 nT. We
checked the relationship between BT and Bz using
monthly intervals of December 2000, 2004 and 2007.
As in Fig. 3, all data were fitted by linear regressions
with correlation coefficients for bin averages and original arrays being ~ 0.8 and 0.1–0.2, respectively. Despite
the large correlation coefficients for bin averages, the
slopes of the fitted lines for all three December intervals are very low: the level of BT is ~ 6 nT in 2000, varies from 5 to 7 nT in 2004, and varies from 4 to 5 nT in
2007. There is no increase in BT with increasing Bz in
the selected intervals. This evidence suggests that taking BT into account is not effective to explain the correlations between P and coupling functions EKL and
dΦ/dt presented in Fig. 4. Some correlation between
BT and Bz is possible in our dataset prior to substorm
onset when significant correlation between P and Bz
was discovered (Fig. 3c). As expected, BT increases
from ~ 3 to 9 nT as Bz decreases from 4 to − 8 nT, with
correlation coefficients for bin averages and original
arrays being 0.82 and 0.47, respectively. Correlation of
BT and Bz is possible for moderate and strong solar
wind driving, when strong BT correlates with strong
N and P in the solar wind during solar mass injections
and magnetic storms, which are not discussed in this
paper which examines only intervals of isolated substorms when solar wind dynamic pressure does not
change significantly during long time intervals (> 3 h)
before onset. The IMF Bz component tends to change
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from northward before the growth phase to southward
prior to the substorm, indicating no correlation during
such intervals in the events we studied. There is also no
correlation between Bz and P before substorm growth
phase, when the Bz is predominantly northward. Yet,
the levels of solar wind N and P before growth phase
are very significant factors controlling the isolated substorm intensity.
Finally, we conclude that an increase in the solar
wind dynamic pressure as early as before substorm
growth path results in the formation of the magnetospheric conditions that impede the isolated substorm
generation. Therefore, more energy is required to be
uploaded into the magnetosphere to generate a substorm. Subsequently, this energy will be released during
the substorm expansion phase, generating more intense
magnetic bays. We still do not exclude the possibility of
alternative explanation of our results; however, at present our concept seems to be the most realistic.
Abbreviation
IMF: the interplanetary magnetic field.
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