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Abstract

We report on strong induction effects notably contributing to the cross polar cap potential drop and the energy
balance during the growth and active phases of the substorm on 27 August 2001. The inductance of the
magnetosphere is found to be crucial for the energy balance and electrical features of the magnetosphere in the
course of the substorm. The inductive response to the switching on and off of the solar wind-magnetosphere
generator exceeds the effect of the interplanetary magnetic field (IMF) variation. The induction effects are most
apparent during the substorm expansion onset when the rapid growth of the ionospheric conductivity is
accompanied by the fast release of the magnetic energy stored in the magnetotail during the growth phase. Using
the magnetogram inversion technique, we estimated the magnetospheric inductance and effective ionospheric
conductivity during the loading and unloading phases.
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Findings
Introduction
Various induction effects in magnetospheric physics
have long been known. Driven by the rapid variation in
ionospheric currents, induction electric fields on the
ground produce geomagnetically induced currents
(GICs) in man-made long conductor systems. Large
GICs can lead to severe electric blackouts, communi-
cation outages, and corrosion of oil and gas pipelines,
especially during superstorms lasting for several days.
Large values of dB/dt, associated closely with GICs,
occur in the regions of westward ionospheric electrojets
(Boteler and Pirjola 1998; Vodyannikov et al. 2006;
Vanhamäki and Amm 2011; Viljanen and Tanskanen 2011;
Zhang et al. 2012). Short-period geomagnetic variations
(geomagnetic pulsations) with periods τ ≤ 100 − 200 s
change the ionosphere’s impedance, lead to the partial
penetration of induction electric fields carried by MHD
waves, affect the formation of double layers and beams of
energetic particles, and reduce the dawn-dusk asymmetry
in the distribution of ionospheric currents (Lotko 2004;
Takeda 2008; Vanhamäki and Amm 2011). Various aspects

of the induction effects during substorms have also been
discussed (Akasofu 1975; Alfven 1977; Lyatsky 1978; Liu
et al. 1988; Shelomentsev et al. 1988; Sanches et al. 1991;
Lockwood and Davis 1999; Heikkila et al. 2001; Tang et al.
2010; Gordeev et al. 2011; Siscoe et al. 2012).
The fading of auroral brightness before the substorm

expansion onset (EO or breakup) was described in
(Mende and Eather 1976; Hughes and Rostoker 1979;
Pellinen and Heikkila 1984). Wang et al. (2006) and Liu
et al. (2007) attributed this effect to the weakening of
energetic particle precipitations in the night oval due to
the elongation of the geomagnetic tail and concomitant
decrease of the loss cone angle during the growth phase.
Baumjohann et al. (1981) described the fading of iono-
spheric convection and field-aligned currents approxi-
mately 10 min before the onset of the substorm on 6
March 1976. In this paper, we investigate the electro-
magnetic induction effects, including fading of the iono-
spheric convection during the growth phase and abrupt
intensification at the expansion onset, during the sub-
storm on 27 August 2001.
This event has been already studied (Baker et al. 2002;

Li et al. 2003; Eriksson et al. 2004; Blake et al. 2005;
Spanswick et al. 2009; Mishin et al. 2012). We comple-
ment and expand on the previous results, thoroughly ana-
lyzing the role of the induction mechanism. In particular,
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we evaluate the contribution of the induction electric field
to the cross polar cap potential drop, the magnetotail’s in-
duction and magnetic energy loaded/unloaded during the
growth/expansion phase in a 1-h interval, as well as the
contribution of the inductive magnetic energy to the total
substorm energy. The electromagnetic induction caused
by the changing magnetic flux in the geomagnetic tail is
found to suffice for the observed weakening and sharp in-
crease of the convection during the growth phase and ex-
pansion onset, respectively. During the recovery phase,
the magnetic flux was virtually constant at a low level,
about the same as that before the substorm. Therefore,
the investigation of the recovery phase, though important,
was not the purpose of this study.
The results have been obtained from the data of a

global network of ground-based magnetometers using
the magnetogram inversion technique magnetogram
inversion technique (MIT)-ISZF (Mishin 1990), which
gives the spatial distributions of equivalent and field-
aligned currents and the electric potential in the high-
latitude ionosphere. From the MIT output, we determine
the major parameters for a simplified magnetosphere-
ionosphere electrical circuit, i.e., the magnetic flux
through the polar cap Ψ, the cross polar cap potential drop
UPC, and the region 1 FAC intensity. The circuit layout is
basically the same as in the well-known schemes (e.g.,
Alfven 1977; Lyatsky 1978; Kan 1993; Akasofu 2013),
where the generator is connected to the plasma sheet and
ionosphere in parallel. This allows explaining, in particu-
lar, why the high-resistance ionosphere during the growth
phase is weakly connected with the low-resistance gener-
ator and the magnetosphere. We use only one inductance
equivalent to the sum of the inductances of the tail and
inner magnetosphere (e.g., Alfvén 1977). The contribution
of all possible inductances was considered by Crooker and
Siscoe (1983) and Liu et al. (1988). At any rate, a simpli-
fied scheme suffices to describe the change of the induc-
tion energy during the growth and expansion phases
determined from the MIT output.

Database and timing
We explore magnetic data from 101 ground stations at
geomagnetic latitudes Ф > 40°, including the CANOPUS,
INTERMAGNET, GIMA, MACCS, and IMAGE inter-
national projects and the networks in the Arctic and
Antarctic of the Shafer Institute of Cosmo-physical Re-
search and Aeronomy, RAS, the Arctic and Antarctic
Research Institute, and the Danish Meteorological Insti-
tute. The solar wind (SW) parameters from ACE and
Cluster spacecraft and the AE index from WDC-C2,
Kyoto are also used.
By using the MIT (Mishin 1990; Mishin et al. 2011),

we obtain 1-min resolution 2D maps of equivalent cur-
rents (ECs), field-aligned currents (FACs), and the

electric potential U in the ionosphere. These give: (1)
the values of the ionospheric cross polar cap (PC) poten-
tial drop along the dawn-dusk meridian UPC, (2) the PC
area S, and (3) the region 1 FAC intensity IR1 at all MLT
sectors. Using the PC area, we compute the time series
for the variable part of the magnetic flux through the
northern tail lobe: Ψ =Ψ0 +Ψ1 = BS. Here В = 0.6 G, Ψ0

is the magnetic flux through the “old” PC before the
growth phase, and Ψ1 is the variable part of PC flux
created by the reconnection process on the dayside
magnetopause.
A remark is in order. As in our past papers (e.g.,

Mishin et al. 2011; 2014), we rely on the Dungey open
magnetosphere paradigm (e.g., Dungey 1961; Cowley
and Lockwood 1992; Milan et al. 2007). That is, a quasi-
stationary reconnection at the daytime magnetopause
leads to the growth of the open magnetic flux in the tail,
which is balanced by the reconnection in the distant tail.
The abrupt drop of the magnetic flux and the expansion-
substorm onset is considered in terms of the reconnection
process in the near tail, which starts in the region of
closed magnetic field lines and rapidly propagates into the
open tail lobes (Russell 2000; Mishin et al. 2001).
Figure 1 shows the variation of the interplanetary mag-

netic field (IMF) BZ, AE, UPC, Ψ1, and IR1 during the
substorm. A sharp southward turning of IMF to the level
of Bz = − (3 ÷ 5) nT at ~02:15 UT instigated the substorm

Fig. 1 The variation of IMF BZ, AE, UPC, Ψ1, and IR1 during the 27
August 2001 substorm. From top to bottom: IMF BZ, the AE index,
the variable polar cap magnetic flux Ψ1, the cross polar cap potential
drop UPC, and the region 1 FAC intensity IR1 vs. UT
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growth phase. At the beginning of the growth phase, Ψ1,
UPC, and IR1 were increasing synchronously from ~02:20
to 02:45 UT owing to the switching on of the generator
associated with the magnetic reconnection at the mag-
netopause. However, at 02:45 UT, the growth of UPC and
IR1 slowed down. At ~03:00 UT, the value of UPC turned
to decrease, although the IMF BZ < 0 and IR1 ≈ 1 MA
remained virtually unchanged. UPC was decreasing until
the first main expansion phase onset (EO1) at 04:08 UT,
which was indicated by the fast increase of IR1. However,
Ψ1 was increasing until 04:10 UT and then started
decreasing. According to Mishin et al. (2001), this
indicated the second expansion phase (EО2). Note that
UPC and IR1 rapidly increased in the period 04:10–04:20
UT. At 04:20 UT, the UPC growth slowed down, while IR1
reached the maximum and oscillated around IR1 ≈ 2. 3MA.
At 04:35 UT, UPC maximized and began decreasing
along with AE. Shortly after 05:00 UT, the IMF Bz

turned southward again (Bz = −2 nT), thereby main-
taining a prolonged recovery phase, with AE ~250 nT,
Ψ1 ≈ 50 MWb, UPC ≈ 55 kV, and IR1 ≈ 1.2 MA until
06:00 UT.
As it follows from Fig. 1, the magnetic flux Ψ1 and the

ionospheric parameters UPC and IR1 were increasing dur-
ing the interval 02:20–03:00 UT. This is typical for the
loading phase when the solar wind-magnetosphere gen-
erator is switched on by the strengthening southward
IMF. During 03:00–04:08 UT, the upward trend in the
AE index and magnetic flux Ψ1 (and hence the input
electromagnetic energy) persisted. At the same time, the
region 1 FAC remained at IR1 ≈ 1.0 MA, while UPC de-
creased by a factor of two. The decrease of UPC was
likely caused by an increase in the magnetic induction in
the course of the growth phase and concomitant growth
of the magnetic energy in the geomagnetic tail. The lat-
ter was surmised by Akasofu (1975) and Alfvén (1977).
At the beginning of the expansion phase, the induction

mechanism markedly affects the unloading of the stored
magnetic energy. Indeed, the rapid decrease of Ψ1 during
04:10–04:35 UT clearly indicates that the generator at
the magnetospheric boundary was switched off. However,
UPC and IR1 increased from 30 to 100 kV and 1 to 2.3
MA, respectively. The dependence UPC ∝ dΨ/dt, which is
consistent with the induction effect, during the substorm
expansion phase was suggested by Shelomentsev et al.
(1988), Gordeev et al. (2011), and Mishin et al. (2012). Ac-
cording to Sandholt et al. (2014), the dipolarization
process in substorm expansions could lead to enhance-
ments of the cross polar cap potential by 50–100 kV due
to inductive electric fields. The absence of the growth of
IR1 until the substorm expansion onset at 04:08 UT im-
plies that the ionospheric load is almost disconnected
from the generator in the geomagnetic tail lobes (Akasofu
2013). The sharp increase of IR1 starting at 04:08 UT due

to the enhanced ionospheric conductivity relates the
onset of the substorm expansion phase with a break-
down in the magnetosphere-ionosphere electrical circuit,
i.e., short circuiting of the magnetospheric generator by
the ionosphere (Akasofu 1975; Mishin et al. 2013). Thus,
inductive effects during the loading (03:35–04:10 UT) and
unloading (04:10–04:35 UT) phases facilitate the
buildup of the magnetic energy in the magnetotail
and its rapid release, respectively. Now, we analyze
the two phases in detail.

Energy loading during the growth phase
The magnetosphere-ionosphere (MI) system has induct-
ance (L) and electrical resistance (R). Various variants of
the electric circuit for the MI system including two or
more inductors were considered by Lyatsky (1978),
Sanchez et al. (1991), Liu et al. (1988), Horton and
Doxas (1998), and Ohtani and Uozumi (2014). To illus-
trate the effects of induction in the magnetosphere, we
use a simple RL electric circuit comprising the induct-
ance and resistance of the tail, as well as the effective
resistance of the ionosphere.
Let us estimate the inductive energy ΔW stored in the

two magnetotail lobes during the interval 02:45–
04:10 UT (duration Δt1 = 5100 s) by using the MIT
output. Figure 1 shows that after 02:20 UT, the volt-
age UPC and the current IR1 were linearly increasing
with time until 02:45 UT. The linear dependence indi-
cates that the effective conductivity of the ionosphere
(load) Σeff = IR1/UPC remained constant until 02:45 UT.
Subsequently, the current remained constant, while the
growth of UPC slowed down and then switched to decay
(fading). We assume that such behavior is due to the
increase of the inductance, and accordingly the mag-
netic energy, of the tail. First, we evaluate the voltage
UPC and current IR1 disregarding the accumulation of
the magnetic energy in the tail, i.e., without the in-
duction effect.
Figure 2 (left) shows Ψ1, UPC, and IR1 during the

growth phase and their linear trends indicated by red
solid lines. The red dashed lines present linear extrapola-
tions in the absence of induction. These are obtained by
a linear fit of UPC and IR1 for 02:20–02:45 UT and ex-
trapolated from t0 = 02:45 UT until the end of the
growth phase at tEO = 04:10 UT. As a result, we arrive at

Uext tð Þ ¼ 54⋅103 þ 22:4⋅ t‐t0ð Þ V

Iext tð Þ ¼ 106 þ 400⋅ t−t0ð Þ A

Hereafter, the time difference t-t0 (here t0 = 02:45
UT) is considered in seconds. This leads to the extrap-
olated value Uext(tEO) = 168 kV. On the other hand,
the decrease of the observed voltage UPC(t) from
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UPC(t0) = 54 kV to UPC(tEO) = 31 kV is approximated
by a linear function as:

UPC tð Þ ¼ 54⋅103−4:5⋅ t ‐t0ð Þ V

The difference between UPC(t) and Uext(t) can be at-
tributed to the induced EMF in the magnetotail:

U ind tð Þ ¼ Uext tð Þ−UPC tð Þ ¼ 26:9⋅ t−t0ð Þ V ð1Þ
Here, we neglected short-period variations of UPC dur-

ing the interval 04:08–04:10 UT, which are near the ap-
plicability limit for the quasi-stationary approach of MIT.
In turn, the difference between Iext and the observed

IR1(t) ≈ 106 A during this interval gives the induced mag-
netotail current increasing with time:

Iind tð Þ ¼ 400⋅ t−t0ð Þ A ð2Þ
Note that the increase of the magnetotail current dur-

ing the growth phase, with the southward IMF
remaining constant, is consistent with the model of
Ohtani and Uozumi (2014). To obtain the value of the
magnetic energy stored in the two tail lobes, we inte-
grate the product of the induced current and EMF from
t0 to tEO as follows:

ΔWΔu ¼ 2
ZtEO

t0

I ind tð Þ⋅U ind tð Þdt≈9:5⋅1014J ð3Þ

assuming the equal contribution of each lobe.

An independent estimate of ΔW can be obtained by
replacing the extrapolated EMF Uind(t) (1) in the integral
(3) by the induced EMF Ui = − dΨ1/dt calculated by
means of MIT.
We approximate the variation of Ψ1(t) (Fig. 2b) as

constant (1.1 ⋅ 108 Wb) from t0 = 02:45 UT to t1 = 03:35
UT and as a straight line

Ψ 1ð Þ
ext tð Þ ¼ 1:1⋅108 þ 9:5⋅104⋅ t−t1ð Þ Wb ð4Þ

from t1 until tEO. Replacing Uind(t) by Ui = − dΨext/dt
and substituting (2) and (4) in (3), we arrive at:

ΔWΔΨ ¼ 2
ZtEO

t1

I ind tð Þ dΨ
1ð Þ
ext tð Þ
dt

dt≈6:5⋅1014J ð5Þ

Note that Mishin et al. (2014) evaluated the energy
stored during the entire loading phase 02:20–04:10 UT
by time—integrating the accumulated power. The latter
was calculated as the difference between the power of
the Poynting flux transported to the polar cap and the
power dissipated in the ionosphere and magnetosphere.
The value of this integral (ΔW load

ind ≈9⋅1014J ) is close to
ΔWΔu (3). Comparing (3) and (5) shows that ~70 % of
the stored magnetic energy accumulated in the geomag-
netic tail during the last third of the loading phase, i.e.,
from 03:35 to 04:10 UT.

Unloading of the stored energy during the expansion
phase
Figure 2 (right) shows Ψ1 and IR1 during the expansion
phase after a northward turning of the IMF Bz, i.e., after
the solar wind-magnetosphere generator switching off.
The decrease of the magnetic flux from Ψ1max =
310 MWb to Ψ1 min = 80 MWb at tEO = 04:10 UT until
t2 = 04:35 UT is approximated by a linear dependence:

Ψ 2ð Þ
ext tð Þ ¼ 310−0:15⋅ t−tEOð Þ MWb ð6Þ

The unloaded energy can be estimated using the
integral

ΔW −ð Þ
ΔΨ ¼ 2

Zt2

tEO

I ind tð Þ dΨ
2ð Þ
ext tð Þ
dt

dt

Without the induction effect, IR1 had to return to the
pre-substorm value Imin

ext ¼ 0:2 MA . However, the in-
duced EMF Ui = − dΨ1/dt enhances the existing (pre-on-
set) potential drop in the tail, thereby creating the
inductive current that flows toward the ionosphere as
the region 1 FAC.
The observed current IR1 started increasing at tEO = 04:10

UT from 1 MA and reached 2.3 MA at 04:14 UT. Subse-
quent insignificant variations around 2.3 MA continued

Fig. 2 The variation of UPC (a), Ψ1 (b) and IR1 (c) during the loading
phase, and Ψ1 (d) and IR1 (e) during the unloading phase. Red solid
lines indicate linear trends. Red dashed lines indicate linear
extrapolations in the absence of induction
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until the end of the integration (expansion phase)
interval t2. Therefore, the variation of IR1 in the sub-
intervals 04:10–04:14 UT and 04:14–04:35 UT can be
described as follows:

I 1ð Þ
ext tð Þ ¼ 106 þ 5400⋅ t−tEOð Þ A ð7Þ

I 2ð Þ
ext tð Þ ¼ 2:3⋅106A ð8Þ

First, we disregard the details of the increase of IR1
after the generator was switched off and assume that it
had instantly risen at t = tEO. Then, the value of the
induction current should be equal to the observed
one, i.e., Iind(t) ≤ IR1(t) = 2.3 MA (10). By substituting

2.3 MA in the ΔW −ð Þ
ΔΨ integral, we obtain the upper

limit for the value of the energy unloaded during the
period 04:10–04:35 UT:

ΔW −ð Þ
ΔΨ ¼ 9:5⋅1014J

This estimation is based on a slightly overestimated
value of the induction current. Taking into account the
fact that the increase of the current (7) occurred in the
interval from 04:10 to 04:14 UT, we obtain

ΔW −ð Þ
ΔΨ ¼ 8⋅1014J ð9Þ

The value ΔW −ð Þ
ΔΨ (9) is between ΔW load

ind ≈9:5⋅1014J (3)

and ΔW load
ind ¼ 6:5⋅1014J (5), i.e., the energy loaded dur-

ing the entire loading phase and that loaded during the
last third of the loading phase (03:35–04:10 UT), re-
spectively. This suggests that the energy released during
the initial period of the expansion phase (04:10–04:35
UT) is accumulated mainly near the end of the loading
phase (t1 ≤ t ≤ tEO). Therefore, the induction effect allows
us to quantitatively explain the observed fading of the
cross polar cap potential drop and FAC intensity during
the growth phase as well as the rapid energy release at
the beginning of the expansion phase.

UPC variation and the induction effect
We now discuss the decrease of UPC during the growth
phase, its sharp increase at the expansion onset, and
their possible connection with the Ψ1 variation. Prior
works usually noted only a subtle effect, i.e., the short-
term fading of UPC just before the expansion onset.
This effect is also seen in Fig. 1 as an abrupt decrease
of UPC at 04:08 UT immediately before tEO. However,
we shall not discuss this 2-min drop in UPC because
MIT has a time resolution of only 1 min. In general,
the induction EMF in a tail lobe is generated by the

varying magnetic flux penetrating the lobe, Ui = − dΨ1/dt.
The flux variation comprises the temporal and convective
contributions

dΨ 1=dt ¼ ∂Ψ 1=∂t þ V→
→

∇
� �

Ψ 1≈∂Ψ 1=∂t þ Vx=lð ÞΨ 1 ð10Þ

where l is the effective length of the tail.
The contribution of the time derivative to the mag-

netic flux is negligible during the growth phase. The
convective derivative ≈ (Vx/l)Ψ1 describes the accumula-
tion of the magnetic flux in the tail with a slow (~1 h)
timescale. Owing to the limited rate of the magnetic flux
transfer (Vx ≤ Vsw), the convective induction effect is the
likely cause of a smooth fading of UPC (ΔUPC = − 23 kV)
seen in Fig. 1. A remark is in order. To quantitatively
compare ΔUPC with the induced EMF Ui, one should
take into account a spatial decrease of the induction
potential ϕind ∝ 1/l (Pellinen and Heikkila 1984) and the
low efficiency of its transmission into the ionosphere
(e.g., Gordeev et al. 2011). Unfortunately, the existing
models are incapable to give a rigorous quantitative
estimate of the transmission coefficient. Using the
“accurate” approximation (4) for Ψ1 yields Ui ≈ − 95 kV.
On multiplying this value by the transmission coeffi-
cient ~0.25, one obtains −24 kV, which is close to
ΔUPC. In the zero approximation for the interval 02:20–
03:45 UT, the average value of the derivative is < dΨ/dt > ≈
0. Thus, the main input to the magnetic energy accumu-
lation in the magnetotail (see below) comes from the last
third of the growth phase (03:45–04:10 UT).
In contrast, the expansion phase is dominated by the

temporal variation resulting in Ui ≈ + 150 kV. This is
more than twice the value ΔUPC = + 70 kV. This differ-
ence can be explained by the geometric factor k related
with the loop around the tail lobes of the radius RT,
where the EMF Ui is induced. Figure 3 schematically

Fig. 3 A schematic of the cross section of the northern lobe during
the loading phase. Eind is the induction electric field, and IT is the
dawn-dusk current flowing through the plasma sheet and being
closed through the magnetotail boundary. Eind points to dusk during
the unloading phase
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shows the cross section of the northern lobe. The induc-
tion EMF is induced in the outer contour by the increas-
ing (the loading phase) or decreasing (unloading)
magnetic flux. Here Eind and IT are the induction electric
field and the dawn-dusk current flowing through the
plasma sheet and closed through the magnetotail bound-
ary, respectively. The value of k can be estimated as the
ratio of the half circumference (πRT) of a circle to the per-
imeter of the semicircle (πRT + 2RT), i.e., k = π/(π + 2) ≈
0.6. Physically, it means that a part of the induced EMF is
added to the EMF of the solar wind-magnetosphere gen-
erator acting in the segment πRT so that the resulting po-
tential difference − kdΨ1/dt gives ΔUPC ≈ 90 kV in the
ionosphere.
Note that we do not consider Eind at the ionosphere

level. The induction emf UL = ∫Eind∙dt is generated by the
magnetic flux variation (∂Ψ/∂t) in the tail (circuit ABC,
Fig. 3) and is not transferred into the ionosphere. We
observed the potential difference UPC which is the result
of the summation in the magnetotail (between points A
and C) of the potential and vortex electric fields
produced by the emf of the generator (εg) and the induc-
tion emf UL (Fig. 4), respectively. The resulting potential
difference (UPC) is transmitted onto the ionosphere’s
load (Reff ). Figure 3 and the calculation of the coefficient
k serve for illustrative purposes, designed to evaluate the
limits of integration in ∫Eind∙dl. If the development of the
current disruption begins at the center of the plasma
sheet, this coefficient will be less than that at the
beginning of the EO and equal to the estimated value
only at the end of the current disruption. Its average
value is halved.

Estimation of the inductance coefficient
The MIT data describing the dynamics of the magnetic
flux and FAC allow us to also estimate the magneto-
sphere inductance coefficient L for different substorm
phases. Assuming L is a constant, we obtain from the
induction law

U indj j ¼ dΨ
dt

¼ d LIð Þ
dt

¼ L
dI
dt

ð11Þ

In general, the contribution of I dLdt could be compar-

able with L dI
dt . As accounting for the former is quite a

formidable problem, we estimate the mean value < L > at
different moments in the course of the substorm.
We make use of an electric circuit shown in Fig. 4. It

includes a generator at the boundary of the magneto-
sphere, the inductance L of the magnetosphere, and two
parallelly connected resistors, indicated as RM (magneto-
sphere) and Reff (ionosphere). The internal resistance r
of the generator is small (r < < Reff ) and thereby can be
neglected (Mishin et al. 2011). The inductance of the

field-aligned currents in the near tail is not taken into
account in this scheme. However, note that during the
expansion phase, it can reach L = 25 Hn (Lyatsky 1978).
During the growth phase, the resistance in the magneto-
sphere is small (Rm < < Reff ). Therefore, the current from
the generator, Ig, only partially flows into the ionosphere
closing mainly through the neutral layer of the geomag-
netic tail (current IT). Its ionospheric fraction is rapidly
saturated (interval 02:20–02:45 UT). During the expan-
sion phase, Reff decreases owing to precipitation of elec-
trons in R1. In contrast, Rm is anticipated to increase
dramatically owing to unstable plasma processes in the
tail that ensure the energy release. As an example, we
note anomalous resistance in the current disruption re-
gion (e.g., Lui 1996). Thus, it is reasonable to suggest
that Reff < Rm and that the current flows mainly through
the ionosphere. This conjecture is consistent with the

Fig. 4 An electrical scheme of the magnetosphere-ionosphere
generator at the boundary of the magnetosphere. L is the inductance
coefficient, and Rm (Reff) is the magnetosphere (ionosphere) resistance
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theoretical estimates and numerical simulation of the elec-
trical characteristics of the magnetosphere-ionosphere
system (Alfvén 1977; Lui 1996; Akasofu 2013).
Using the approximations (2) and (4) during the

growth phase (t0–tEO) and assuming L = const = < L >,
we obtain from (11) the average value

< L >¼ dΨ=dI ind ¼ 240Hn

An independent estimate can be obtained by balancing
the stored inductive energy ΔWΔu = 9.5 ⋅ 1014J (3) with
the loading energy of the two tail lobes

ΔWL ¼ 2 < L > I2ind tEOð Þ−I2ind t0ð Þ� �
=2Þ ð12Þ

with Iind(tEO) = 2.05 MA and Iind(t0) = 0 from (2), we ob-
tain from (12) < L > = 220 Hn. Yet another estimate can
be obtained using the time dependence of the iono-
spheric effective resistance Reff =UPC/IR1 (Fig. 5) calcu-
lated by MIT. It is known that the inductance of a
circuit with the active resistance R and the current
relaxation time Δt is L = R Δt. During the interval t0 – ts
of the duration Δt = 3860 s the average resistance is
<Reff> = 0.052Ω, which gives < L > = 200 Hn. Therefore,
the average inductance of the tail lobes during the load-
ing phase was < L > = 200–240 Hn.
At the beginning of the expansion phase, Fig. 5 shows

a sharp drop of the resistance during the interval 04:07–
04:14 UT from 0.04 to 0.02Ω followed by the full recov-
ery at 04:35 UT (Δt ≈ 1200 s). Note that the minimum
value of Reff at 04:14 UT was coincident with the max-
imum auroral brightness (Baker et al. 2002) and FAC
(Mishin et al. 2013). The average resistance for this

interval was < Reff > ≈ 0.03Ω (Ohm), which corresponds
to the average inductance < L > = < Reff >Δt ≈ 45 Hn.
Another estimate of < L > can be obtained using the
induction law (11) with the variation of the magnetic
flux (6) and current (7) during 04: 10–04: 14 UT. This
gives < L > = dΨ/dIind ≈ 30 Hn. These experimental values
for the loading and unloading periods are of the same
order of magnitude as earlier theoretical estimates
(Lyatsky 1978; Alfvén 1977; Liu et al. 1988; Sanchez et al.
1991; Horton and Doxas 1998).
As follows from these estimates, the accumulation of

the magnetic flux during the loading phase is associated
with the average inductance ~200 − 240 Hn, most likely
due to the tail stretching. During the unloading phase,
the inductance dropped down to 30–45 Hn because of
the tail dipolarization and shortening. The sharp in-
crease of IR1 was simultaneous with the decrease of the
ionospheric resistance (see Figs. 2 and 5). Note that in
the initial 8–10 min of the active phase, the resistance is
close to that obtained by Alfvén (1977).

Discussion
Тhe electromagnetic energy balance in some volume V
enclosed by the surface S is defined by

∂WB

∂t
¼ ∮

S
E→
→

B
→h i

⋅d S
→
−
Z

V

j→
→

⋅ E
→
dV ð13Þ

Usually, in order to analyze the energetics of a substorm,
the r.h.s. of the balance Eq. (13) is integrated over the
loading and unloading periods. This gives the loaded,
ΔWload =W * > 0, and unloaded, ΔWunload =W < 0, energy,
respectively. By virtue of the law of energy conservation, it
is assumed also that W * = |W| (e.g., Mishin et al. 2014).
However, the integral characteristics W and W* help little
to describe and understand the induction effects. It is in-
tuitively clear that for fast time variation, the l.h.s. in (13)
can be much greater than the r.h.s. Therefore, as noted by
Lockwood and Davis (1999), it is necessary to analyze the
evolution of the magnetic flux and its time derivative.
The energy accumulated in the tail during the growth

phase is released as a result of reconnection (or the
cross-tail current disruption) in the near tail and a
subsequent formation of the substorm current wedge
which results in the auroral substorm in the ionosphere.
In the substorm under study, the rapid increase of the

magnetic flux and hence the magnetic energy of the
geomagnetic tail occurred during 03:35–04:35 UT. At
the end of the growth phase, as shown in Fig. 2, the
magnetic energy was increasing, i.e., ∂WB/∂t > 0. At the
beginning of the active phase, the time derivative
became negative, ∂WB/∂t < 0, i.e., the energy was being
released owing to the Faraday effect (the emergence of
the induction EMF). The rapid release after the IMF

Fig. 5 The effective resistance of the ionosphere. The effective
resistance of the ionosphere, Reff = UPC/IR1, obtained from the 1-min
MIT output data. The thick red line shows a smoothed dependence
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turned to the north and the termination of the Poynt-
ing flux transfer explains the observed sharp increase
in UPC and IR1.
Pulkkinen et al. (1998) merely suggested that an

impaired decrease of the geomagnetic activity after the
external source was switched off (IMF northward
turning) could be explained by the continuing energy
input due to inductive electric fields ~∂B/∂t. In the
substorm under study in this paper, the magnetic
activity after the northward turning was still increas-
ing (Fig. 1). This was likely caused by the positive
feedback in the magnetosphere-ionosphere electric
circuit, which enhanced the induction effect. Thus, it
appears that the induction effect not only extends the
expansion phase but also enhances its development
by providing energy for the short circuit regime at
the expansion onset (Mishin et al. 2013).
A slow change of the magnetic energy during the

loading phase can be understood using the fact that
the rate of magnetic flux transfer from the dayside to
the tail is limited by the flow velocity V in the mag-
netosheath. Thereby, the characteristic time τ of the
flux accumulation in the tail of the length l is of the
order of τ = L/V ≈ 1 − 2 h. The magnetic flux transfer
during the loading phase did not increase FACs and
the ionospheric currents, since the generator in the tail
was virtually disconnected from the low-conductive iono-
sphere (Akasofu 2013; Mishin et al. 2013). During the
expansion onset, the ionospheric conductivity in the
pre-midnight ionosphere significantly increased due to
electron precipitation. Thereby, the induction current
could be closed through the ionosphere via the region
1 current (Mishin et al. 2013). Our initial assumption
that the UPC drop during the loading phase was due
to the accumulation of the magnetic energy in the tail
is justified by the fact that different methods give
close values of the loaded energy.
Finally, we note that the electric field penetration into

the parts of the tail lobes and polar cap, which before
substorms were passive and did not cause the geomag-
netic activity, was enhanced at the beginning of the ac-
tive phase (Mishin et al. 2014). Indeed, the induction
EMF Uind = −70 kV is much larger than the observed de-
crease in voltage ΔUPC = − 13 kV in the second half of
the loading phase. This is consistent with the earlier
results (Pellinen and Heikkila 1984; Gordeev et al. 2011;
Sandholt et al. 2014). On the contrary, their values are
sufficiently close during the active phase (see the “UPC

variation and the induction effect” section).
It is also worth of note that the numerical estimates

obtained in this study are based on three main output
parameters of the MIT-ISZF: the total intensity of the
R1 FAC (IR1), magnetic flux Ψ through, and potential
drop UPC across the polar cap. These parameters are

found by the MIT at the ionosphere’s level and specify
the integral characteristics of the magnetotail. In this
approach, the two generators of different nature, i.e., the
solar wind-magnetosphere dynamo (the DD dynamo)
and the substorm dynamo (the UL dynamo), are located
at the same distance X in the tail and in the same Y-Z
plane. In reality, the DD generator is the MHD gener-
ator distributed over the midnight magnetotail, whereas
the UL generator is located at X ≥ −10 RE and condi-
tioned by non-MHD processes (e.g., Kan 1993; Lui
1996; Akasofu 2003; Lui and Kamide 2003). The differ-
ent patterns in the development of the plasma convec-
tion and ionospheric and field-aligned currents for the
DD and UL components during the substorm phases
were established by numerical modeling (Kan and Sun
1996). Sun et al. (1998) have performed the mathemat-
ical separation of directly driven and unloading compo-
nents in the ionospheric equivalent currents during
substorms using the method of natural orthogonal
components.

Conclusion
Using MIT, we determined the magnetic flux Ψ1 through
the polar cap during the substorm on 27 August 2001.
From its variation, we estimated the magnetic energy
stored in the tail during the loading phase and released
during the expansion phase. The expansion onset started
after the generator at the magnetopause was switched
off due to a northward turning of the IMF BZ. The
energy exchange was most intense during the final
35 min of the loading phase and initial 25 min of the
unloading phase. The energy released during the initial
period of the active phase amounted to about 70 % of
the total unloaded energy. Therefore, in order to analyze
the power of a substorm, it seems necessary to take into
account in the energy balance not only Joule dissipation
and Poynting flux but also the time derivative of the
magnetic energy, i.e., the effect of the electromagnetic
induction.
The drop of UPC during the loading phase can be

qualitatively described as the effect of the accumulation
of the magnetic energy transferred from the nose of the
magnetosphere in the tail, which does not lead to the
growth of FACs and closing currents because of the low
ionospheric conductivity.
The electromagnetic induction effect is capable of

explaining an unusually strong enhancement of the IR1
FAC and voltage UPC, as well as the short-circuit regime,
at the expansion phase onset.
The stretching of the geomagnetic tail during the load-

ing phase leads to the increase of its inductance L, while
the dipolarization and rapid shortening of the tail during
the unloading phase results in the sharp decrease of L
and the effective ionospheric resistance Reff.
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