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1. Introduction
Substorm expansion onset is manifested by sudden brightening of aurora (Akasofu, 1964) and sudden develop-
ment of auroral electrojet flowing in the east-west direction (Kamide & Brekke, 1975). At the same time, the 
field-aligned currents (FACs) are enhanced, which are thought to be closely related to the bright aurora and the 
intensification of the auroral electrojet (Connors et al., 2014; Cummings et al., 1968; Gjerloev & Hoffman, 2014; 
Hughes & Rostoker,  1979; Kamide & Akasofu,  1976; Kamide et  al.,  1989; Murphy et  al.,  2013; Rostoker 
et al., 1975). Boström (1964) suggested two types of FACs associated with substorms, Type 1 and Type 2. Type 
1 current, flowing into the ionosphere on the dawnside and away on the duskside, is supposed to be connected to 
the partial ring current and/or the cross-tail current (Crooker & McPherron, 1972; Kamide et al., 1976; Kamide 
& Fukushima, 1972; Mcpherron et al., 1973; Meng & Akasofu, 1969). Boström's Type 2 current consists of 
downward current in the poleward region, and upward current in the equatorward region. Using data from the 
Triad satellite, Iijima and Potemra (1976) showed two pairs of FACs encircling the geomagnetic pole. One is 
called Region 1 current, which flows in the poleward part, and the other one is called Region 2 current, which 
flows in the equatorward part. The Region 1 current flows into the ionosphere on the dawnside, and away from 
it on the duskside. The polarity of the Region 2 current is opposite to that of the Region 1 current. When the 
substorm activity increases, the latitudinal width of the Region 1 and 2 currents increase by factors of 1.2–1.3, 

Abstract We investigated generation processes of field-aligned currents (FACs) that are abruptly 
intensified at the beginning of the substorm expansion phase by tracing a packet of the Alfvén wave backward 
in time from the onset position in the ionosphere in the global magnetohydrodynamics (MHD) simulation. The 
generation region is found in the near-Earth plasma sheet, in which (a) azimuthally moving plasma pulls the 
magnetic field line, and performs negative work against the magnetic tension force to excite the Alfvén waves, 
(b) FACs are generated from the requirement of Ampère and Faraday laws, and (c) field-perpendicular current 
is converted to FACs. We call this near-Earth FAC dynamo. The plasma involved originates in the tail lobe 
region. When near-Earth reconnection occurs in the plasma sheet, the plasma is accelerated earthward by the 
Lorentz force, and decelerated by the plasma pressure gradient force, followed by the Lorentz force. The flow is 
deflected to the west and east directions by the plasma pressure gradient force and the Lorentz force, resulting 
in the excitation of Alfvén waves and FACs. The Alfvén waves propagate along the magnetic field in the rest 
frame of the moving plasma. When it arrives at the ionosphere, the auroral electrojet starts developing and 
the substorm expansion phase begins. The near-Earth FAC dynamo can be distinguished from the near-Earth 
dynamo (J · E < 0, where J is the current density and E is the electric field). We suggest that the evolution of 
the substorm can be understood in terms of the development of FACs.

Plain Language Summary Abrupt intensification of field-aligned currents (FACs) is one of the 
manifestations of substorms, which result in bright aurora and auroral electrojet. The FACs are also important 
to supply energy to the polar ionosphere, in which a large amount of energy (∼10 11 W) is consumed during 
the substorms. The origin of the substorm-associated FAC is a long-lasting issue, and not well understood. 
To identify the processes involved in the generation of the substorm-associated FACs, we performed global 
magnetohydrodynamics (MHD) simulation, and traced a packet that is supposed to carry the perturbations 
associated with the FACs. With this new method, we found that the substorm-associated FACs are generated in 
the near-Earth region near midnight where the plasma pulls the magnetic field lines to excite the Alfvén waves 
carrying FACs. A series of processes from the near-Earth reconnection to the sudden intensification of the 
auroral electrojet (auroral breakup) becomes clearer than ever.
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and the center of the regions shift equatorward on average (Iijima & Potemra, 1978). Active Magnetosphere and 
Planetary Electrodynamics Response Experiment (AMPERE) can capture snapshots of the FACs at high-cadence 
(∼10 min) with the Iridium constellation that comprises 66 satellites (Anderson et al., 2014). During the substorm 
expansion, the net FAC is shown to increase by ∼10 6 A and the Region 1-sence FAC is more intensified than 
the Region 2-sense FAC (Coxon et al., 2014b). The Region 1-sence and Region 2-sence FACs are intensified on 
the nightside at 64–75 magnetic latitudes (MLATs) for the substorm onsets taking place at 64–68 MLAT (Coxon 
et al., 2017).

The generation of the substorm-associated FACs is problematic, and a long-lasting issue. Observations have 
shown that the substorm-associated FACs are associated with the earthward fast flow of plasma in the near-Earth 
tail region (Angelopoulos et al., 1996; Fairfield et al., 1998; Hones, 1979). The earthward flow is observed to 
divert eastward and westward (Nagai et al., 2000). The diversion of the flow results in accumulation of positive 
and negative space charge on the dawnside and duskside, respectively, which is in favor of the generation of 
Region 1-sense FACs (Birn and Hesse, 1991, 1996; Keiling et al., 2009; Nakamura et al., 1993). The earthward 
flow is likely triggered by the near-Earth reconnection that is known to occur just prior to the onset of the expan-
sion (Angelopoulos et al., 2008; Baker et al., 2002; Hones et al., 1973; Ieda et al., 2008; Machida et al., 2009; 
Miyashita et al., 2009; Nishida & Nagayama, 1973; Runov et al., 2008; Sergeev et al., 1995; Yao et al., 2012). 
The FAC is suggested to be generated far from the reconnection site (Keiling et al., 2009), or near the recon-
nection site (Baker et  al., 1993). Nagai and Shinohara  (2021) suggested that the upward FACs are generated 
both far from and near the reconnection site. Numerical simulations have supported the ideas that the FACs 
are generated far from the reconnection site due to flow shear (Birn and Hesse, 1991, 1996, 2013; Ebihara & 
Tanaka, 2015a, 2015b; Hesse & Birn, 1991; Tanaka, 2015; Tanaka et al., 2017, 2021), and near the reconnec-
tion site (Pritchett & Coroniti, 2004; Shay et al., 2011; Zenitani & Nagai, 2016). The ground based observa-
tion shows that the expansion onset usually takes place in the most equatorward auroral arcs (Akasofu, 1964), 
which may favor the near-Earth region, rather than the reconnection site for the initiation of the expansion onset 
(Lui, 1996, 2015).

The earthward flow is decelerated in the near-Earth plasma sheet (Shiokawa et  al.,  1997). The braking of 
the earthward flow results in the inertial current flowing in the eastward direction, which forms the Region 
1-sense FACs (Haerendel, 1992; Shiokawa et al., 1997). The total inertial current is estimated to be 7 × 10 4 A 
on the basis of observation (Shiokawa et al., 1997) and 3 × 10 5 A on the basis of simulation (Birn et al., 1999). 
The overall increase in the FACs during the substorm expansion is ∼10 6 A (Coxon et al., 2014a; Kamide & 
Baumjohann, 1985), which is larger than the total inertial current. Shiokawa et  al.  (1998) suggested that the 
substorm-associated FACs result from the diversion of the current associated with the pressure gradient, rather 
than the inertial current. Intrusion of low-entropy plasma in the plasma sheet, known as a bubble, is also proposed 
to form the FACs due to current continuity (Chen & Wolf, 1993; Yang et al., 2012), and to trigger the expansion 
onset (Lyons et al., 2010; Nishimura et al., 2010).

Large-amplitude oscillations of the magnetic field are observed in the near-Earth plasma sheet at the expan-
sion onset (Takahashi et al., 1987). It is also assumed that the frozen-in condition is broken, and the cross-tail 
current is collapsed (Lui, 1991, 2011) due to ballooning instability (Cheng & Lui, 1998; Pu et al., 1992; Roux 
et al., 1991; Xing et al., 2013) and cross-field current instability (Lui et al., 1991). The collapse of the cross-tail 
current results in the formation of the substorm-associated FACs to conserve the current continuity (Lui, 1996). 
Lui (1996) estimated the upward FAC in the ionosphere, which is comparable to the observed values. Auroral 
bead structures are known to appear along the pre-existing arc at the auroral breakup (Donovan et al., 2006; 
Motoba et al., 2012; Sakaguchi et al., 2009). Similar bead structures were observed in the conjugates points in 
the Northern and Southern Hemispheres, suggesting that the origin is most likely located in the magnetosphere 
(Motoba et al., 2012). The auroral bead structures are thought to be the ionospheric manifestation of the current 
disruption (Donovan et al., 2006), and the ballooning-interchange instability (Sorathia et al., 2020).

The magnitude of the FACs in the ionosphere has been quite often evaluated by integrating the divergence of the 
perpendicular current along a magnetic field line (Hasegawa & Sato, 1979; Sato & Iijima, 1979; Vasyliunas, 1984). 
The perpendicular current can be determined from the momentum equation that includes the term related to the 
Lorentz force. The evaluation of the FAC is challenging because of the limited number of data points. Flow shear 
observed in the plasma sheet is often used to evaluate the FACs in the ionosphere with the assumption that the 
FAC is generated in a vertically limited region (Keiling et al., 2009; Lui, 1996; Shiokawa et al., 1998), or along 
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the entire field line (Birn & Hesse, 2013; Vasyliunas, 1970; Yang et al., 2012; Yao et al., 2012). A few concerns 
arise in the use of the field-line integral of the perpendicular current for the evaluation of FACs. First, there is 
no guarantee that the perpendicular current is distributed in the same way along the magnetic field line. Ebihara 
and Tanaka (2015b) showed the simulation results that the perpendicular current varies considerably over the 
magnetic field line during the expansion phase of a substorm. Secondly, the Alfvén waves will divert the orig-
inal magnetic field line if the speed of ambient plasma is nonnegligible in comparison with the Alfvén speed 
(Mallinckrodt & Carlson, 1978; Maltsev et al., 1977; Neubauer, 1980; Wright & Southwood, 1987). If the FAC is 
carried by Alfvén wave, the FAC does not always propagate along the magnetic field line. In that case, the FAC is 
no longer “field-aligned” in the quasi-inertial frame of reference. During the substorm expansion, the convective 
motion of plasma is high (Angelopoulos et al., 2008; Baker et al., 2002; Hones et al., 1973; Ieda et al., 2008; 
Machida et al., 2009; Miyashita et al., 2009; Nishida & Nagayama, 1973; Runov et al., 2008; Sergeev et al., 1995; 
Yao et al., 2012) whereas the Alfvén speed is relatively slow in the plasma sheet (Mallinckrodt & Carlson, 1978). 
Thus, it is not straightforward to assume that the FACs propagate along the magnetic field line. The last concern 
is the travel time of the Alfvén waves. The substorm expansion is a transient phenomenon, so that time-dependent 
variations of the perpendicular current may be significant.

Energy is also a matter to be solved. During the substorm expansion, a large amount of energy is consumed in the 
ionosphere as Joule dissipation. Observations have shown that the Joule dissipation rate is estimated to ∼10 11 W 
during the substorm expansion (Ahn et al., 1983; Kamide et al., 1986; Palmroth et al., 2005; Richmond et al., 1990; 
Sun et al., 1985). Since the ionosphere is a load, a dynamo (generator) must exist in the magnetosphere to supply 
the magnetic energy into the polar ionosphere, most likely, by the Alfvén waves. Because of the low-frequency 
limit, the electric energy can be neglected. Many studies have been made to search for the dynamo region where 
J · E < 0, where J is the current density (Akasofu, 2013; Birn & Hesse, 2005; Ebihara & Tanaka, 2015a, 2015b; 
Hamrin et al., 2006; Lui, 1996; Marghitu et al., 2006; Rostoker & Boström, 1976; Tanaka et al., 2010, 2017). Lui 
and Kamide (2003) pointed out that electrons are well magnetized whereas ions are unmagnetized in the plasma 
sheet during the substorm expansion. The electrons moving earthward generate anti-sunward electric field, which 
acts as dynamo of Boström's Type 2 current (Boström, 1964). Direct observations of J·E in the plasma sheet were 
conducted by Hamrin et al. (2011) who demonstrated that the dynamo region (where J·E < 0) appears in close 
conjunction with the high-speed flow of plasma. Global MHD simulations show that the dynamo region (where 
J·E < 0) appears in the near-Earth region in conjunction with the appearance of the FACs (Birn & Hesse, 2005; 
Ebihara & Tanaka, 2015a, 2015b; Tanaka, 2015). It has been thought that the FACs are generated in the region 
where J·E < 0 (Cravens, 1997), but this idea may not be straightforwardly applied for general situations. As 
explained below, J·E consists of two terms in the MHD approximation. One is associated with the magnetic 
tension force, and the other one is associated with the magnetic pressure force. The generation of FAC, namely 
the excitation of Alfvén waves, is related to the former one because of the nature of the Alfvén waves. Thus, the 
negative J·E does not always mean the generation of the Alfvén waves.

Most of the previous studies have taken into consideration the current continuity of the current along the magnetic 
field line, or the polarity of J·E for the study on the generation of the FACs associated with substorms. However, 
there are some concerns about the methodology as mentioned above. The purpose of this study is to clarify the 
generation mechanism of the substorm-associated FACs by employing the new method recently introduced by 
Ebihara and Tanaka (2022). Ebihara and Tanaka (2022) traced a packet that is supposed to carry the disturbances 
associated with the Alfvén wave. The Region 1 FACs were found to be generated in the flank magnetopause 
where the solar wind-originated plasma pulls the newly reconnected magnetic field lines. The generation region 
is far from the original magnetic field line extending from the ionosphere because of the fast plasma flow in 
comparison with the Alfvén speed. In this study, we also traced the packet of the Alfvén wave backward in time 
from the onset position in the ionosphere. We searched for the generation region and the generation processes of 
the substorm-associated FAC by focusing on the following three aspects that are based on fundamental physics. 
(a) Continuity of the current. When the FACs are generated, the divergence of the FACs is nonzero. However, the 
divergence of the FACs does not tell us the reason why the FACs are generated. (b) Rate of change in the FAC in 
accordance with Ampère and Faraday laws. The rate of change in the FAC will be nonzero where the FACs are 
generated. However, the rate can also be nonzero outside the generation region where the Alfvén waves propa-
gate. Thus, the use of the rate is insufficient to identify the generation region. (c) Negative work of plasma against 
the magnetic tension force, which is supposed to result in excitation of the Alfvén waves. Note that the generation 
of the Alfvén waves does not always mean the generation of FACs (Cravens, 1997). Thus, we considered all the 
three aspects to specify the possible generation region and mechanism of the FACs associated with substorms.
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2. Simulation
We used the global MHD simulation (REPPU) developed by Tanaka (2015). The grid system and the parameters 
are exactly the same as those used by Ebihara and Tanaka (2015b). The following is a brief description for the 
MHD simulation and parameters. The MHD equations were solved in the magnetospheric domain that ranges 
from the geocentric distance of 2.6 RE to 200 RE at midnight and 600 RE at noon. The inner boundary of the 
magnetospheric domain (2.6 RE) is connected to the ionosphere by the dipole magnetic field. In the ionospheric 
domain, an elliptic partial differential equation was solved to obtain the electric potential for given FACs and 
ionospheric conductivity. The ionospheric conductivity was assumed to increase in accordance with the follow-
ing three sources, (a) solar EUV, (b) precipitation of electrons associated with diffuse aurora, and (c) precipita-
tion of electrons associated with discrete aurora. For (a), the ionospheric conductivity is determined by the solar 
zenith angle. For (b), the ionospheric conductivity was calculated on the basis of the FACs, the plasma pressure 
and the temperature mapped from the inner boundary of the magnetospheric domain to the ionosphere along the 
dipole magnetic field. For (c), the conductivity increases in accordance with the magnitude of the upward FAC. 
We mapped the calculated electric field from the ionosphere to the inner boundary of the magnetospheric domain 
along the dipole magnetic field. Readers may refer Ebihara et al. (2014) who explained the calculation of the 
conductivity in detail.

The origin of the coordinate is located at the center of the Earth. x and y point toward the Sun and dusk, respec-
tively. z is antiparallel to the Earth's dipole moment. First, we imposed the steady solar wind condition for 2 hr with 
solar wind velocity of (−372, 0, 0) km/s, solar wind density of 5 cm −3, IMF of (0, 2.5, 5.0) nT. At t = 120 min, 
we changed the z-component of IMF Bz to −5.0 nT, and increased the x-component of the solar wind velocity Vx 
to 500 km/s. All the solar wind parameters were held constant after t = 120 min. After the southward turning of 
IMF, the auroral electrojet starts developing gradually, which can be regarded as the growth phase of a substorm. 
At t ∼177 min, the field-aligned current and the westward auroral electrojet abruptly increased in the ionosphere, 
which corresponds to the beginning of the expansion phase of the substorm.

3. Basic Equations and Methodology
3.1. Current Continuity

From the requirement of the current continuity (∇·J = 0, where J is the current density), the following equation 
must be satisfied as

∇ ⋅ 𝐉𝐉‖ = −∇ ⋅ 𝐉𝐉⟂. (1)

The subscripts || and ⊥ indicate the quantities parallel and perpendicular to the magnetic field, respectively. The 
field-perpendicular current J⊥ is given by the momentum equation as

�⟂ = � × ∇�
�2

+ �
�2

×
(

���⟂

��

)

≡ �� + ��,
 (2)

where

𝐉𝐉𝑑𝑑 =
𝐁𝐁 × ∇𝑃𝑃

𝐵𝐵2
, (3)

𝐉𝐉𝑖𝑖 =
𝐁𝐁

𝐵𝐵2
×

(

𝜌𝜌
𝑑𝑑𝐕𝐕⟂

𝑑𝑑𝑑𝑑

)

, (4)

and P is the plasma pressure. Jd and Ji are called the diamagnetic current, and the inertial current, respectively. 
Equation (1) describes the conversion between the field-perpendicular currents and FACs, but does not tell us the 
reason why the FACs are generated.

3.2. Rate of Change in Field-Aligned Currents

From Faraday's and Ampère laws, the rate of change in the FAC J|| is given by (Song & Lysak, 2001a, 2001b)
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𝜕𝜕𝜕𝜕‖

𝜕𝜕𝜕𝜕
= −

1

𝜇𝜇0

[∇ × ∇ × 𝐄𝐄]‖. (5)

The right-hand side of Equation (5) consists of two terms (Itonaga et al., 2000) as

𝜕𝜕𝜕𝜕‖

𝜕𝜕𝜕𝜕
= −

∇‖(∇ ⋅ 𝐄𝐄)

𝜇𝜇0

+

(
∇

2𝐄𝐄
)

‖

𝜇𝜇0

. (6)

The first term on the right-hand side of Equation (6) implies that the field-aligned current is generated when 
the field-aligned gradient of space charge ∇⋅E is present. Note that in the ideal MHD approximation (in which 
the resistivity is zero), E|| is absent, and only E⊥ is present. However, the second term arises when the magnetic 
field line is curved. As mentioned below, both the terms are likely important and nonnegligible in the generation 
region. We calculated these terms as

∇‖(∇ ⋅ 𝐄𝐄)

𝜇𝜇0

=
∇(∇ ⋅ 𝐄𝐄)

𝜇𝜇0

⋅

𝐁𝐁

𝐵𝐵
 

and
(
∇

2𝐄𝐄
)

‖

𝜇𝜇0

=

(
∇

2𝐄𝐄
)

𝜇𝜇0

⋅

𝐁𝐁

𝐵𝐵
 

respectively. We calculated ∇ 2E by the fourth order finite difference method.

3.3. Generation of Alfvén Wave

If FACs are carried by the Alfvén waves (Kivelson, 2004), the magnetic energy will be transported parallel and 
antiparallel to the magnetic field. Thus, magnetic energy must be supplied to excite the Alfvén waves. Accord-
ing to Poynting’s theorem, the magnetic energy increases when J⋅E < 0. Here, the electric energy is neglected 
because of the low frequency limit. With Ohm's law (E = −V × B), J⋅E can be rewritten as

� ⋅ � = � ⋅ (� × �)

= � ⋅
(

∇ × �
�0

× �
)

= � ⋅
[

�2

�0
(� ⋅ ∇)� − ∇⟂

(

�2

2�0

)]

≡ � ⋅ (�� + ��),

 (7)

where b is the unit vector of the magnetic field (=B/B). Ft and Fm are the magnetic tension force and the magnetic 
pressure force, respectively as

𝐅𝐅𝑡𝑡 ≡
𝐵𝐵2

𝜇𝜇0

(𝐛𝐛 ⋅ ∇)𝐛𝐛,

𝐅𝐅𝑏𝑏 ≡ −∇⟂

(
𝐵𝐵2

2𝜇𝜇0

)

.

 (8)

To excite the Alfvén waves, magnetic tension must be created. In other words, plasma must perform negative 
work against the magnetic tension force, that is, V⋅Ft < 0. Note that the generation of the Alfvén wave does not 
always mean the generation of the FACs (Cravens, 1997). To specify the generation region more correctly, we 
searched for the region that satisfies the three aspects, that is, the current continuity, the rate of change in the 
FACs, and excitation of the Alfvén waves.

3.4. Packet of Alfvén Wave

The group velocity of the Alfvén wave is parallel or antiparallel to the background magnetic field in the rest frame 
of the moving medium (Walker, 2008). We assume that the perturbation associated with the FACs propagates at 
the characteristic velocity v (Neubauer, 1980; Wright & Southwood, 1987) as
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𝐯𝐯
±
= ±𝐕𝐕𝐴𝐴 + 𝐕𝐕, (9)

where VA is the Alfvén velocity(=B/(μ0ρ) 1/2, and ρ is the mass density of plasma. We introduced a packet carrying 
the perturbation associated with the FACs (Ebihara & Tanaka, 2022). The position vector of the packet can be 
obtained by

𝐫𝐫
±
(𝑡𝑡) =

𝑡𝑡

∫

0

𝐯𝐯
±
(𝐫𝐫, 𝜏𝜏)𝑑𝑑𝜏𝜏 + 𝐫𝐫0, (10)

where r0 is the initial position.

3.5. Energy Conversion Rate

We also considered the energy conversion rates for the 3 types of energy, the magnetic energy, the kinetic energy, 
and the internal energy (Birn & Hesse, 2005). According to Poynting's theorem, the conservation equation for the 
magnetic energy is given by

𝜕𝜕

𝜕𝜕𝜕𝜕

(
𝐵𝐵2

2𝜇𝜇0

)

+ ∇ ⋅ 𝐒𝐒 = −𝐉𝐉 ⋅ 𝐄𝐄 = −𝐕𝐕 ⋅ (𝐉𝐉 × 𝐁𝐁), (11)

where S is the Poynting flux (=E × B/μ0). The right-hand side of Equation (11) governs the conversion of energy. 
When J·E is negative, the magnetic energy increases. Here, we omitted the electric energy. Note that J·E can be 
divided into two terms as indicated by Equation (7), that is, V⋅Ft and V⋅Fm. The conservation equation for the 
kinetic energy is given by

𝜕𝜕

𝜕𝜕𝜕𝜕

(
𝜌𝜌

2
𝑉𝑉

2

)

+ ∇ ⋅

(
𝜌𝜌

2
𝑉𝑉

2
𝐕𝐕

)

= 𝐕𝐕 ⋅ (𝐉𝐉 × 𝐁𝐁 − ∇𝑃𝑃 ), (12)

where ρ is the mass density of plasma. The kinetic energy increases when V·(J×B–∇P) is positive. The conser-
vation equation for the internal energy is given by

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝛾𝛾𝜕𝜕𝐕𝐕) = 𝐕𝐕 ⋅ ∇𝑃𝑃 𝑃 (13)

where u is the internal energy density of plasma (=3P/2), and γ is the ratio of specific heat (=5/3). The internal 
energy increases when V·∇P is positive.

4. Results
Figure  1 summarizes the simulated auroral electrojet (AE) indices and the FACs obtained at the ionosphere 
in the Northern Hemisphere. The auroral electrojet indices were calculated from the ground magnetic distur-
bances induced by the ionospheric Hall current at magnetic latitudes (MLATs) ranging from 50° to 90° with a 
regular interval of 1° and 0.5 hr in magnetic local time (MLT). The concept is the same as that for the Super-
MAG electrojet index in which a large number of geomagnetic variations (typically more than 100) are used to 
capture the overall variation of the auroral electrojet (Newell & Gjerloev, 2011). Hereinafter, we refer it as AE 
(1920), or simply AE. The numerical figure of 1920 comes from the number of points to be considered in the 
calculation. Following the original concept of AE (Davis & Sugiura, 1966), we call the upper and lower enve-
lopes of the superposed magnetic disturbances AU and AL, respectively. When the southward IMF arrives at 
the magnetosphere, the magnitudes of AU and AL start increasing at t ∼ 122 min, resulting from the increase in 
the  iono spheric Hall current. After a while, AL starts decreasing rapidly at t ∼ 177 min. We call this moment the 
onset of the substorm expansion.

The spatial distributions of the FACs at t = 175.0–180.0 min are also shown in Figure 1. At a glance, two pairs 
of the large-scale FACs are clearly demonstrated. For the poleward pair, the current flows into the ionosphere 
on the dawnside and away from the ionosphere on the duskside. For the equatorward pair, the polarities of the 
currents are almost opposite. They resemble Region 1 and Region 2 currents (Iijima & Potemra, 1976; Zmuda 
& Armstrong, 1974). At t = 178 min (∼1 min after the onset determined by the sudden decrease in AL), the 

 21699402, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

031011 by C
ochrane Japan, W

iley O
nline L

ibrary on [08/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
A Self-archived copy in

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp



Journal of Geophysical Research: Space Physics

EBIHARA AND TANAKA

10.1029/2022JA031011

7 of 17

enhancement of the upward FAC becomes clear in the premidnight region. At this moment, the magnitude of the 
upward FAC is maximized at 66.6 MLAT and 23.4 MLT, which is marked by the white “×” symbol. Hereinafter, 
we call this point P. After that, the upward FAC increases with time and the large-amplitude upward FAC expands 
westward and poleward.

Figure 2 is a perspective view of the magnetosphere. The short cylinders indicate the positions of the packet that 
reaches the point P at t = 178.0 min. First, we traced the packet from the point P in the ionosphere to the spherical 
surface at geocentric distance of 3.8 RE along the dipole magnetic field line. We call this point P'. That is because 
the MHD equations were not solved at < 2.6 RE, and the number density of plasma near the inner boundary (∼2.6 
RE) suffers from some unwanted perturbations arising from numerical issues. To avoid uncertainty in the calcula-
tion of the Alfvén velocity, we skipped this region. We chose v + that travels toward the ionosphere in the Northern 

Figure 1. (top) Simulated auroral electrojet indices AE (1920), and (bottom) field-aligned currents at the ionospheric altitude 
in the Northern Hemisphere at t = 175.0 min (2 min before the onset), 176.0 min (1 min before the onset), 177.0 min (onset), 
178.0 min (1 min after the onset), 179 (2 min after the onset), and 180 min (3 min before the onset). Positive (negative) values 
indicate downward (upward) field-aligned currents. Sun is to the top, and the outermost circle represents the magnetic latitude 
(MLAT) of 60°. The contour lines indicate equipotential lines with an interval of 5 kV. The solid (dashed) contour lines 
represent positive (negative) potential, respectively, and that the generation regions are not clearly identified. The whitish 
“×” symbol (66.6 MLAT and 23.4 MLT) represents the position where the magnitude of the upward field-aligned current is 
maximized at t = 178 min around midnight.
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Hemisphere, and traced the packet backward in time from P' by using the velocity determined by Equation (9). 
The packet is found to pass through the equatorial plane at t = 177.42 min. Near the equatorial plane, the packet 
is located in the region where the plasma flows westwardly (Vy > 0). The region is westside of the earthward fast 
flow (Vx > 0) triggered by near-Earth reconnection. As explained below, the earthward fast flow is diverted to the 
dawn and dusk directions. The color code on the cylinders indicates the value of V⋅Ft. V⋅Ft is obviously negative 
near the equatorial plane, indicating that the Alfvén waves are supposed to be excited there.

Figure 3 is also a perspective view of the magnetosphere looking toward the center of the Earth at the equatorial 
plane at 23.5 MLT. Two magnetic field lines are drawn from selected positions of the packet. The magnetic field 
lines are bent near the equatorial plane. That is, the magnetic tension force is eastward (toward midnight). The 
bent field line has been pointed out by Birn and Hesse (1996) to demonstrate the presence of the magnetic shear. 
The plasma moves westward, so that the plasma performs negative work against the magnetic tension force, that 
is, V⋅Ft, <0. In other words, the kinetic energy of plasma is converted to the magnetic energy. The converted 
magnetic energy will be transported to the ionosphere by the Alfvén waves.

Figure  4 summarizes relevant quantities taken along the trajectory of the packet arriving at the point P at 
t = 178.00 min (∼1 min after the onset). They are plotted as a function of arc length (distance) D from the point 
P' (whose footprint is P, i.e., 66.6 MLAT and 23.4 MLT) along the trajectory. As shown in Figures 4a and 4b, the 
packet crossed the equatorial plane (z = 0) at t ∼ 177.4 min, and moved into the Northern Hemisphere from the 
Southern Hemisphere. Here, we focus on the quantities taken in the Northern Hemisphere because FAC is zero 
near the equatorial plane, and the FAC at the point P is supposed to be generated in the Northern Hemisphere. 
Figure 4c shows the normalized FAC (negative upward), (Bi/B)J||, where Bi is the magnetic field at the ionosphere. 
For the sake of simplicity, Bi is assumed to be 50,000 nT. The choice of Bi does not affect the conclusion. The 
magni tude of the normalized FAC is zero near the equatorial plane. However, it increases with decreasing D (as 
the packet proceeds toward the Earth), and maximized at D ∼ 3.0–4.5 RE. Figure 4d shows ∇⋅J||, ∇⋅Jd, and ∇⋅Ji. 

Figure 2. A perspective view of the magnetosphere from the nightside. The small cylinders indicate the positions of the 
packet from 177.42 min (equatorial plane) to 178.00 min, which are supposed to carry perturbations associated with the FACs 
at the point P at t = 178.0 min. Color on the magnetic field line indicates the value of V⋅Ft, where V is the plasma velocity 
and Ft is the magnetic tension force. The thin tubes extending from the cylinders indicate the magnetic field lines. The 
horizontal plane represents the equatorial plane (from x = −10 RE to 0, and y = −3 to 3 RE.) Color shaded on the equatorial 
plane represents the y-component of plasma velocity (Vy). Color of the contour lines indicates the x-component of plasma 
velocity (Vx). The simulation result obtained at t = 177.79 min are used to draw Ft, the magnetic field line (line integral of B). 
The points P' and Q are also shown.
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Jd and Ji are the diamagnetic currents and the inertial currents, and given by 
Equations (3) and (4), respectively. Near the equatorial plane, ∇⋅J|| is nega-
tive whereas ∇⋅Ji is positive. This implies that part of the inertial current Ji 
is converted to upward FAC (negative J||). However, it is uncertain if all the 
substorm-associated FAC is connected to the inertial current. At off-equator, 
∇⋅J|| is positive, indicating that the upward FAC is degraded. Most of the 
FACs are connected to the diamagnetic current Jd at high latitudes. Figure 4e 
shows the rate of change in the FAC, ∂J||/∂t, which is obtained on the basis 
of Ampère and Faraday laws. The black solid line indicates − (∇ × ∇ × E) 
||/μ0 (= ∂J||/∂t), which is negative at D ∼ 0.3–2.6 RE and D ∼ 4.5–5.2 RE. 
The contributions from −∇||(∇⋅E)/μ0 (red line) and (∇ 2E)||/μ0 (blue line) 
are equally important. The sum of the two terms is not always equal to −
(∇ × ∇ × E) ||/μ0 because of numerical errors. We calculated these terms by 
the central difference method in Cartesian coordinates with a finite distance 
h. The tendency is unchanged for different h. Therefore, we cannot determine 
quantitatively the contributions from these terms definitively, but the conclu-
sion remains that these two terms, −∇||(∇⋅E)/μ0 and (∇ 2E)||/μ0, are equally 
important. Figure 4f shows J⋅E, V⋅Ft and V⋅Fm. Obviously, V⋅Ft is negative 
near the equatorial plane at D ∼ 4.0–5.4 RE, implying that the Alfvén waves 
are excited there. Note that J⋅E is negative at off-equator at D ∼ 0.7–4.7 RE. 
The negative V⋅Ft region does not coincide with the negative J⋅E region. 
By considering the 3 aspects, we speculate that the substorm-associated 
upward FAC is generated at D ∼ 4.7–5.2 RE, which is shaded by the light 
blue color. We call this region near-Earth FAC dynamo. The near-Earth FAC 
has the following characteristics. First, ∇⋅J|| < 0 for upward FAC (J|| < 0) 
when the FAC is converted from the field-perpendicular current. Secondly, 
−(∇ × ∇ × E)||/μ0 (= ∂J||/∂t) < 0 for upward FAC. That is, the FAC is required 
by Ampère and Faraday laws. Thirdly, V⋅Ft < 0. That is, the Alfvén waves 
are excited.

Next, we investigated the origin of the plasma that is involved in the excita-
tion of the Alfvén waves (i.e., V⋅Ft < 0) by tracing a stream line backward 
in time from an arbitrary selected position in the near-Earth FAC dynamo at 
(−7.2, 1.2, 0.4) RE at t = 177.49 min. We refer this point Q, which is indicated 
in Figure 2. The stream line is an integral curve of velocity V with respect to 
time. The quantities taken along the stream line are shown in Figure 5. The 
plasma element is found to originate in the tail lobe region that is character-

ized by low speed and low plasma pressure. The plasma element travels from the tail lobe region to the near-Earth 
FAC dynamo by way of the following characteristic regions. (a) The plasma element moves toward the equatorial 
plane (plasma sheet). (b) The plasma element is accelerated earthward (in the x-direction) by the Lorentz force 
as shown in Figure 5d. The power density shown in Figure 5f indicates that the magnetic energy is converted to 
the kinetic energy and the internal energy (i.e., −V·(J × B) < 0, V·(J × B−∇P) > 0 and V·∇P > 0), which is 
consistent with Birn and Hesse (2005). (c) As the plasma element approaches x ∼ −9 RE, it is decelerated by the 
pressure gradient force, followed by the Lorentz force (Figure 5d). The kinetic energy is converted to the internal 
energy, followed by the magnetic energy (Figure 5f) (i.e., V·(J × B−∇P) < 0, V·∇P > 0 and −V·(J × B) > 0). The 
increase in the internal energy results in the increase in the plasma pressure (Figure 5h). (d) The plasma element is 
gradually deflected to the y-direction (duskward) by the Lorentz force and the pressure gradient force (Figure 5e), 
and arrives at the near-Earth FAC dynamo. The magnetic energy and the internal energy are converted to the 
kinetic energy (Figure 5g). Part of the kinetic energy is used to excite the Alfvén waves (i.e., V⋅Ft < 0) as shown 
in Figure 4f.

Figure 6 presents a schematic drawing of the potential process for the generation of the FACs that appear abruptly 
around the beginning of the substorm expansion phase. The near-Earth reconnection results in the earthward fast 
flow of plasma as indicated by the yellow arrow. The earthward flow is decelerated, and is diverted to the dawn 
and dusk directions. The substorm-associated FACs are generated in near-Earth region (near-Earth FAC dynamo) 

Figure 3. A perspective view of the magnetosphere from 23.5 MLT in the 
equatorial plane. The small cylinders indicate the positions of the packet that 
is supposed to carry perturbations associated with the FACs at the point P at 
t = 178.0 min. The thin tubes indicate the magnetic field lines extending from 
the packets. Color code indicates the value of V⋅Ft. The magnetic field lines 
are bent near the equatorial plane. The magnetic tension force is eastward, 
whereas the plasma moves westward. Hence, V⋅Ft < 0 near the equatorial 
plane. The simulation result obtained at t = 177.94 min are used to draw Ft and 
the magnetic field line (line integral of B).
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in which the following three processes occur simultaneously. (a) The azimuthally moving plasma performs nega-
tive work against the magnetic tension force, that is, V⋅Ft  <  0 where Ft is the magnetic tension force. The 
Alfvén waves are excited. (b) The FACs are generated, that is, ∂J||/∂t > 0 on the dawnside, and ∂J||/∂t < 0 on the 
duskside (positive downward in the Northern Hemisphere) on the basis of Ampère's and Faraday's laws. (c) The 
field-perpendicular current is converted to the FACs, that is, ∇⋅J|| > 0 for the downward FAC (∂J||/∂t > 0), and 
∇⋅J|| < 0 for the upward FAC (∂J||/∂t < 0) on the basis of current continuity. The Alfvén waves propagate along 
the magnetic field in the rest frame of moving medium together with the FACs. When it arrives at the ionosphere, 
the westward auroral electrojet starts increasing abruptly, and the substorm expansion phase begins.

Figure 4. Quantities taken along the trajectory of the packet of the Alfvén wave arriving at the point P' (whose footprint is 
point P, i.e., 66.6 MLAT and 23.4 MLT) at t = 178.00 min. (a) Time t, (b) position, (c) normalized FAC (Bi/B)J|| (negative 
upward FAC), (d) ∇⋅J||, ∇⋅Jd, and ∇⋅Ji, where J||, Jd and Ji are the FAC, the diamagnetic current and the inertial current, 
respectively, (e) the rate of change in the FAC, ∂J||/∂t, (f) J⋅E (black), V⋅Ft (red) and V⋅Fm (blue), where Ft and Fm, are the 
magnetic tension force and the magnetic pressure force, respectively are shown as a function of arc length (distance) from 
the point P' along the trajectory. The vertical line indicates the equatorial plane. The bluish area indicates the near-Earth FAC 
dynamo in which the substorm-associated Region 1-sense FAC is generated.
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5. Discussion and Conclusion
By using the global MHD simulation, we investigated the origin and the generation process of the field-aligned 
currents (FACs) that abruptly appear around the beginning of the substorm expansion phase. In the simulation, 

Figure 5. Quantities taken along the stream line (line integral of velocity of plasma with respect to time) that arrives at 
the point Q (−7.2, 1.2, 0.4) RE at t = 177.49 min. The point Q is located in the near-Earth FAC dynamo, and indicated in 
Figure 2. From top to bottom, (a) time t, (b) position, (c) velocity V, (d) x-component of the acceleration, (e) y-component 
of the acceleration, (f) power density, (g) power density derived from the values in the y-direction, and (h) plasma pressure 
P are shown as a function of arc length (distance) from the point Q (in the near-Earth FAC dynamo) along the trajectory. 
In (d) and (e), the black, the red, and the blue lines indicate acceleration due to the inertial force, the Lorentz force, and the 
plasma pressure force, respectively. In (f) and (g), the red, the blue, and the green lines indicate the power densities of V·∇P, 
V·(J × B−∇P), and −V·(J × B), respectively. When these values are positive, the internal energy, the kinetic energy, and the 
magnetic energy increase, respectively.
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the FACs are generated near the equatorial plane in the near-Earth region, in which (a) plasma performs negative 
work against the magnetic tension force (Figure 4f), (b) the rate of change in the FACs is nonzero on the basis of 
Ampère's and Faraday's laws (Figure 4e), and (c) the field-perpendicular current is converted to FAC (Figure 4d). 
We call it near-Earth FAC dynamo.

It has been suggested from the MHD simulations that just before the expansion onset, the negative J·E region 
appears in the near-Earth region, which is referred to as near-Earth dynamo (Birn et  al.,  2004; Ebihara and 
Tanaka,  2015a,  2015b; Tanaka et  al.,  2010,  2017). Ebihara and Tanaka  (2015b) showed no clear one-to-one 
correspondence between the region where J·E < 0 and the generation of the FACs. They suggested that the rate 
of change in the magnetic energy ∂(B 2/2μ0)/∂t could also have participated in the generation of FACs. However, 
it is not straightforward that the change in the magnetic energy is directly associated with the generation of the 
FACs. This issue is reasonably resolved by considering V⋅Ft, instead of considering J·E. As demonstrated in 
Figure 4f, the near-Earth FAC dynamo (where V⋅Ft < 0) does not always coincide with the near-Earth dynamo 
(where J·E < 0) because of the substantial contribution from V⋅Fm. When V⋅Fm is negative, the magnetic field is 
supposed to be compressed, but not be immediately related to the generation of the Alfvén waves.

We traced the packet from the point P (onset point) at t = 178.0 min backward in time. The magnetic field line 
extending from the point P passes through the equatorial plane at ∼23.2 MLT when we used the instantaneous 
magnetic field at t = 178.0 min. The packet passes through the equatorial plane at ∼23.4 MLT. This implies that 
the packet was deflected westward by ∼0.2 hr in MLT in the course of the travel from the equatorial plane to the 
Earth. The deflection is small, and may be negligible. The Alfvén travel time from the equatorial plane to the 
ionosphere is only ∼0.6 min, but may be nonnegligible. The quantities taken along the instantaneous magnetic 
field line (shown in Figure 8 of Ebihara and Tanaka (2015b)) are fully different from those taken along the trajec-
tory of packet (shown in Figure 4 of this paper). Considering the travel time of the Alfvén wave is necessary to 
understand the generation processes of the FACs properly.

With the Ohm's law, E = −V × B, ∇·E = ∇·(−V × B) = −B·(∇ × V) + V·(∇ × B). The term (∇×V)|| is often 
referred to as the flow shear, or vorticity, and is used to describe the generation of the substorm-associated 
FACs (Keiling et al., 2009). The first term (−B·(∇ × V)) is negative on the duskside because the earthward flow 
deflects toward dusk. However, in the simulation, the second term (V·(∇ × B)) is positive near the equatorial 
plane (not shown). A sum of these two terms yields positive ∇·E near the equatorial plane. This is opposite to 
that simply expected from (∇ × V)||. This implies that the second term (V·(∇ × B)) is non-negligible, and that the 
care must be needed to evaluate ∇·E from V (or vorticity). In addition, the contribution from (∇ 2E)||/μ0 is also 
important as shown in Figure 4e. Probably, the FAC is no longer a simple projection of ∇·E, nor (∇ × V)|| in the 
equatorial plane.

Figure 6. Schematic illustration showing the possible generation mechanism of the substorm-associated FACs. The black 
lines indicate the instantaneous magnetic field lines. The yellow arrows indicate the flow of plasma. The blue arrows indicate 
the direction of the magnetic tension force Ft. The substorm-associated FAC is generated in the near-Earth FAC dynamo in 
which the plasma performs negative work against the magnetic tension force (V⋅Ft < 0), the rate of change in the FAC (J||) is 
nonzero and the field-perpendicular current is converted to the FACs. The earthward fast flow is split into the dawn and dusk 
flows, which pull the magnetic field lines. See text for detailed explanation.
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According to the global MHD simulation, the Region 1 FAC is generated in the flank FAC dynamo (Ebihara 
& Tanaka, 2022), and the substorm-associated FAC is generated in the near-Earth FAC dynamo (this study). 
These FAC dynamo regions are separated in space, but the processes are similar. First, the plasma pulls the 
magnetic field line, that is, V⋅Ft is negative to excite the Alfvén waves. Flow of solar wind-originated plasma (and 
magnetosphere-originated plasma) is involved in the flank FAC dynamo, whereas azimuthally deflected flow 
coming from the near-Earth reconnection site is involved in the near-Earth FAC dynamo. Secondly, the negative 
V⋅Ft region does not always coincide with the negative J·E region. Thirdly, the contributions from −∇||(∇⋅E)/
μ0 and (∇ 2E)||/μ0 are equally important for the generation of FACs. When the flank FAC dynamo starts working, 
the growth phase begins. When the near-Earth FAC dynamo starts working, the expansion phase begins. It is 
suggested that the FAC dynamo regions govern the transition of the substorm phases, and that the evolution of 
the substorm can also be described in terms of the development of the FAC dynamo regions.

We suggest the following processes that may occur around the substorm expansion phase. On the basis of the 
results shown above, we updated the items 4 and 5.

1.  When the magnetic reconnection takes place in the near-Earth plasma sheet, earthward fast flow appears 
(Angelopoulos et al., 2008; Baker et al., 2002; Hones et al., 1973; Ieda et al., 2008; Machida et al., 2009; 
Miyashita et al., 2009; Nishida & Nagayama, 1973; Runov et al., 2008; Sergeev et al., 1995; Yao et al., 2012). 
The magnetic energy (originating in the tail lobe region) splits into the internal energy and the kinetic energy 
(Birn et al., 2011; Birn & Hesse, 2005).

2.  As the earthward fast flow is decelerated (Shiokawa et  al.,  1997), the plasma pressure increases due to 
compression (Ebihara & Tanaka, 2015b; Tanaka et al., 2010, 2016). The increase in the plasma pressure is 
observed in the near-Earth tail region (Yao et al., 2015a, 2015b). In the course of the deceleration, the kinetic 
energy is converted to the internal energy and the magnetic energy in the near-Earth region.

3.  The plasma is accelerated eastward and westward by the plasma pressure gradient force and the Lorentz force. 
The internal energy and the magnetic energy are converted to the kinetic energy.

4.  Near-Earth FAC dynamo starts working. The plasma moving in the east and west directions performs nega-
tive work against the magnetic tension force, that is, V⋅Ft is negative. The kinetic energy is converted to the 
magnetic energy that is used to excite the Alfvén waves. FACs are generated from the requirement of Ampère's 
and Faraday's laws. Part of the inertial current is converted to the FAC in the near-Earth FAC dynamo.

5.  The Alfvén waves travel along the magnetic field in the rest frame of moving plasma together with FAC. 
When the upward FAC approaches the ionosphere along with the Alfvén waves, a number of electrons will be 
accelerated downward, resulting in bright discrete auroras (Korth et al., 2014).

Of course, kinetic processes as well as non-MHD processes may also participate in the evolution of substorms, 
such as instabilities in the plasma sheet, electron precipitation, and 3-dimensional closure in the ionosphere. 
These issues remain, and will be solved in future.

Data Availability Statement
The simulation data used in this study are available at http://doi.org/10.5281/zenodo.7066189.
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