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The aurora shows explosive activities a few times in 24 h on a moderately active day. This specific phenomenon is called the auroral substorm, which consists of the growth, expansion, and recovery phases; the explosive activities occur during the expansion phase. As an introduction, the explosive activities of the aurora are morphologically described on the basis of ground-based all-sky and satellite images. In terms of theoretical understanding, the processes for the explosive activities have been considered almost exclusively in terms of “the magnetic field line approach” in the past, including the process of magnetic reconnection. Instead, in this paper, we consider the substorm processes in terms of “the electric current line approach.” This approach requires that the whole process of auroral substorms should be considered as a chain of processes, which consists of power supply (dynamo), transmission (currents/circuits), and dissipation (auroral substorms). An increased power of the solar wind-magnetosphere dynamo intensifies (to the level of 1011w = 5 × 1018 erg/s), the electric current mainly in the main body (just outside of the ring current) of the magnetosphere increases, resulting in accumulating energy in its inductive circuit (≈6 Re), and inflation of the magnetosphere. When the accumulated energy reaches about 5 × 1015 J (= 5 × 1022 ergs), the magnetosphere tends to become unstable (because of current instabilities). As the current intensity is reduced as a result, the magnetosphere is deflated. It is suggested that it is in this deflation process, during which the accumulated energy is unloaded, and an earthward electric field (5–50 mV/m) is produced on the equatorial plane, establishing the unloading current system (the UL current system), which is responsible for the unloading expansion phase, including the most characteristic features of the expansion phase, such as the poleward advance of the aurora and the development of the auroral electrojet. The electric current approach is rather new and needs much more effort to develop.
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INTRODUCTION: SOLAR- TERRESTRIAL RELATIONSHIP

When we consider auroral phenomena and the accompanying geomagnetic storms, it is worthwhile to consider first the whole solar-terrestrial relationship, since these phenomena are the last part of the solar-terrestrial relationship, in which the solar (wind) energy is dissipated mainly in the ionosphere as the Joule heating. Figure 1 illustrates how the solar energy carried by the solar wind becomes the auroral energy in the magnetosphere.
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FIGURE 1. The figure shows the overall solar-terrestrial relationship. The initial energy from the sun is carried by the solar wind to the magnetosphere. Auroral substorms and geomagnetic storms are two different aspects of the same phenomenon, which are end products (manifestations) of energy dissipation mainly in the ionosphere. This subject is treated as a chain of processes, which consists of power supply (dynamo), transmission (currents/circuit) an dissipations (auroral substorms and magnetic storms).



It is emphasized in this paper that the auroral substorm is a manifestation of electromagnetic dissipative processes, namely an end product of a chain of processes, which consist of power supply (dynamo), transmission (electric currents/circuits), and dissipation (auroral substorms and geomagnetic storms). This approach is called the electric current approach.

In considering the electric current line approach, it is important to note that Alfven (1967) stated: “—we can illustrate essential properties of the electromagnetic state of space either by depicting the magnetic field lines or by depicting the electric current lines,” and further “Almost always the first picture associated with magnetic reconnection is used exclusively;” this situation has remained today. Furthermore, he continued : “It is important to note that in many cases the physical basis of the phenomena is better understood if the discussion is centered on the picture of the current lines.” In this paper, it is emphasized that the electric current approach is the basic way in dealing with electromagnetic dissipative phenomena, such as auroral substorms.

Thus, in this paper, we attempt to describe auroral substorms and the accompanying processes in terms of the electric current approach as the whole chain of processes, not in parts individually. This attempt is rather new, because the magnetic field line approach associated with magnetic reconnection has been treated solely as the traditional approach in the past, and has further, instead of the electric current approach, long been studied by a number of authors (cf. Vasyliunas, 1975).

For these reasons, the electric current approach must further be developed by new generations, particularly because it is the basic way in dealing with electromagnetic dissipative processes and can provide a new and different way of understanding auroral substorms; for a detailed first review of the electric current approach, see Akasofu (2017).

EXPLOSIVE NATURE OF THE AURORA

A curtain-like structure, called “auroral arc” or “arc,” of the aurora, located at the southern (equatorward) boundary of the auroral belt (≈65° geomagnetic latitude [gm. lat.]) around the geomagnetic pole (called the “auroral oval”) becomes suddenly bright in a matter of a few minutes in the midnight sector, and then advances rapidly poleward with the average speed of about 200 m/s; it can advance as much as 500 km or even more; other arcs in the oval become active at the same time. Figure 2a shows a sequence of all-sky images of the sudden brightening of an arc at substorm onset; Figure 2b shows an example of the poleward advance recorded by an all-sky camera; Figure 2c shows a satellite image of the expanded auroral oval in the dark sector by the poleward advance of arcs. Figure 2d illustrates schematically the auroral activities over the entire auroral oval during the expansion phase; auroral arcs are shown by lines.
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FIGURE 2. (a) A series of all-sky images, showing the initial brightening of an arc and indicating the onset of an auroral substorm over Fairbanks, Alaska (gm. lat. 65°N); the circular images cover the whole sky, the top is oriented toward the geomagnetic north. (b) A series of all-sky images, showing the poleward advance of arcs. (c) A satellite (DMSP) image of dark side of the polar region, showing the maximum stage of the expansion phase. (d) A schematic global illustration of auroral activity during a typical substorm; the top of the circle points 12 h and the bottom 0 h, and the ground-projection of auroral arcs are shown by lines.



Figure 3 shows one of the most spectacular poleward advances of the auroras during the last century, which occurred during the great geomagnetic storm of February 11, 1958. During the expansion phase, the auroras advanced poleward from about 48°gm. lat. (corresponding to L = 2.4) to at least 68°gm. lat. with a speed of 1.2 km/s, six times faster than the average speed. Figure 3A shows an all-sky image taken in Fairbanks (65° gm. lat.) at that time (the last part of this particular expansion phase), and Figure 3B shows the extent of the expansion in the North American sector on the basis of the IGY network of all-sky cameras. Similar expansions were repeated several times during the geomagnetic storm like large waves along seashore.
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FIGURE 3. (A) a series of all-sky images during an intense substorm (AE ≈ 2,000 nT) recorded in Fairbanks, Alaska, during the great geomagnetic storm of February 11, 1958; it shows the last part of the great expansion phase observed in Fairbanks (65°gm. lat.). (B) the expansion phase over the North American Continent on the same day. Similar expansion occurred several times during the storm.



This particular type of auroral activities was analyzed and described as the expansion phase of auroral substorms (Akasofu, 1964). Figure 4 shows schematically how the expansion and recovery phases develop in time. There have been many series of satellite images, which are generally consistent with Figure 4 (cf. Frank and Craven, 1988). During the growth phase, it is known that the auroral oval expands and arcs shift equatorward.
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FIGURE 4. A schematic illustration of the expansion phase of an auroral substorm (Akasofu, 1964); the top of the circle is 12 h (geomagnetic time) and the bottom is 0 h, auroral arcs are shown by lines.



EXPLOSIVE NATURE OF THE AURORA

The cause of the expansion phase has been one of the major topics in magnetospheric physics and space physics, and is thus one of the most controversial subjects, namely the question is “why does the aurora tend to flare up from time to time ?”

As the first indication of the cause of substorms, (Fairfield and Cahill, 1966) found that polar magnetic disturbances associated with auroral substorms occur when the interplanetary magnetic field (IMF) has its southward component (-Bz). It was then generally agreed that the southward component of IMF (-Bz) plays a major role in causing auroral substorms.

Following their finding, earlier discussions on the topic were whether the magnetosphere acts like a tippy pitcher (Figure 5A), representing the suddenness of the occurrence of the expansion phase or a bucket-like, considering the suddenness as a result of variability of the solar wind (particularly IMF Bz); Figure 5B.
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FIGURE 5. (A) a tippy pitcher model of substorms. (B) a bucket model of substorms. (C) after much discussions among researchers, it was agreed that the magnetosphere has both components.



However, the discussions were finally settled in terms of a bucket with a tippy pitcher (Rostoker et al., 1987); Figure 5C. This conclusion implies that the direct cause of the expansion phase (flaring) is mainly internal to the magnetosphere after the so-called “southward turning” of the IMF and thus that a part of the power of the solar wind-magnetosphere dynamo must once be accumulated in the tippy pitcher (in the inductive circuit of the magnetosphere) before the explosive activities, and is then suddenly unloaded for the expansion phase.

In the same year, when the concept of auroral substorms was published by Akasofu (1964), the magnetotail was discovered (Ness et al., 1964). Also in the same year, Petschek (1964) proposed a theory of magnetic reconnection on solar flares, in which he suggested that an anti-parallel magnetic field configuration reconnects explosively. Since the magnetic configuration is nearly anti-parallel in the magnetotail, most auroral researchers have considered that the magnetotail accumulates the magnetic energy, and magnetic reconnection in the magnetotail is the process of the converting the magnetic energy for the expansion phase, namely the magnetic field line approach (cf. Vasyliunas, 1975); for this reason, the “magnetic field line approach” has almost exclusively considered until today.

ELECTRIC CURRENT APPROACH

The Solar Wind-Magnetosphere Dynamo and the Current Circuits

After the finding of the importance of the IMF (-Bz) component, there were a number of studies in determining the relationship between solar wind parameters and geomagnetic indices, AE and Dst. There are summarized in Table 1 in Akasofu (1981). Since the electric current approach considers the power (w) in this attempt, the first choice was to examine the relationship between the kinetic energy flux K (w) of the solar wind and the geomagnetic indices. However, it was found that there is no definite relationship between them; see Figure 4A in Akasofu (1981). The second choice of the power (w) is proportional to VB2; this choice was found by Perrault and Akasofu (1978), and was confirmed later by Vasyliunas et al. (1982). Since the power of electromagnetic processes must be provided by a dynamo, this finding confirmed that the solar wind-magnetosphere interaction constitutes a dynamo in terms of the electric current approach. In the magnetic field line approach, this interaction is expressed in terms of the transfer of magnetic field lines from dayside to night side.

The role of the southward component of the IMF (-Bz) was further studied and is now understood that the solar wind- magnetosphere interaction constitutes a dynamo (cf. Akasofu, 1977). Its power is given by the Poynting flux P (w):
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where V and B are the solar wind speed and the intensity of magnetic field of the interplanetary magnetic field (IMF) respectively, and S = sin4(θ/2)l 2 where θ is the polar angle of the IMF, and l is tentatively set as 5 Re (Re = the earth's radius). It may also be useful to consider that the magnetic energy (B2/8π) is carried by the solar wind with a speed of V, and S is the cross-section of the magnetosphere; note that in the past, the power has been observationally (empirically) discussed in terms of ε (= P/8π). A typical power during a substorm is 5 × 1011 w.

After the power is generated near the magnetopause, the resulting power is mainly transmitted to the direction of (E × B), namely toward the inner magnetosphere (because the magnetic configuration is basically dipolar within 10 Re), so that the energy is accumulated deep in the magnetosphere, much less in the magnetotail.

Electric Currents Directly Generated by the Dynamo (DD)

In the electric current line approach, it is crucial to know that the dynamo generates two currents, the directly driven (DD) current and the unloading current (UL). The DD current has two parts, the first is the solenoidal currents and the second is the ionospheric current, which is connected to the terminals of the dynamo by field-aligned currents.

Solenoidal Currents

There are two solenoidal currents, one is in the northern hemisphere and the other in the southern hemisphere, as shown in the vertical cross-section of the magnetosphere (Figure 6A); their equatorial parts are shown Figure 6B (Olson, 1984).
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FIGURE 6. One of the directly driven (DD) current systems generated by the solar wind-magnetosphere dynamo; (A) in the vertical cross-section of the magnetosphere, there are two solenoidal currents. (B) the equatorial part of the solenoidal currents (Olson, 1984). As we discuss later, the current crossing the magnetosphere just outside the closed or circular current [ring current] plays a crucial role in producing auroral substorms (section A possible process for generating the earthward electric field).



Ionospheric Current

In describing the other DD current system in the ionosphere, the terminals of the solar wind-magnetosphere dynamo, the positive (+) terminal in the morning side and the negative (–) terminal in the evening side of the magnetopause, are connected to the auroral oval in the polar ionosphere by the magnetic field lines. The magnetic field lines are nearly equi-potential, so that the morning half of the auroral oval becomes positive (+), and negative (–) in the evening half, establishing an electric field across the polar cap.

Another way to describe this situation is that the dawn-to-dusk electric field across the magnetosphere drives an earthward plasma convection in the equatorial plane (Figure 7A) and induces the convection of the ionospherc plasma; the equi-potential contour (along which the convection occurs) thus produced in the ionosphere is shown in Figure 7B (Sun et al., 2002); the accuracy of this current distribution is confirmed by (Bristow and Jensen, 2007). Figure 7B is further explained in Figure 9A. Because of various complications (including the anisotropic conductivity of the ionosphere), the actual ionospheric equi-potential contours are greatly distorted from an ideal one considered by Chapman (1935), although Chapman's current system (SD) became the foundation of studies of the convection of magnetospheric and ionospheric plasmas byAxford and Hines (1961) and Dungey (1961).
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FIGURE 7. (A) the morning (+) and evening (–) boundaries (the terminals of the solar wind-magnetosphere dynamo) of the magnetosphere are connected with auroral oval in the polar ionosphere. The dawn-to-dusk directed electric field causes the earthward flow of plasma on the equatorial plane (Axford and Hines, 1961). (B) the observed equi-potental contours in the ionosphere (Sun et al., 2002).



The Current System Caused by Unloading (UL) and the Accumulated Magnetic Energy

Figure 8 shows the electric currents in the ionosphere during the maximum epoch of an auroral substorm which are deduced from a network of ground-based magnetic records. It shows also the simultaneous auroral image (Craven et al., 1984). The strong westward current (called the ‘auroral electrojet’) flows along the expanded auroral oval, particularly in the night sector. It should be noted in Figure 8 that and both the auroral arcs and the electrojet advanced to as far as 68°-70° in gm. lat. from about 65° gm. lat. in this substorm. This feature and its possible cause are discussed in sections. A possible process for generating the earthward electric field and The poleward advance of arcs
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FIGURE 8. The ionspheric current distribution deduced from ground-based magnetometer network. The simultaneous auroral image obtained by a satellite is superposed (Craven et al., 1984). A strong current, called the “auroral electrojet,” flows along the oval. Both the electrojet and the aurora advanced poleward as far as 78° gm. lat. during this expansion phase.



During the expansion phase, a new current system, the unloading (UL) current system develops (corresponding to the tippy pitcher), in addition to an enhanced DD current (because of an enhanced conductivity during the expansion phase). However, magnetometers record both the dynamo-driven current (the directly-driven component, DD) and the current associated with the expansion phase (the unloading component, UL) together, namely (DD + UL). In order to determine the current component associated with the expansion phase (UL), it is necessary to isolate the UL component from the directly driven (DD) component.

It should be noted that the westward auroral electrojet current is mainly the Hall current, which is driven by a south (equatorward) electric field. It is very unlikely that the auroral electrojet is a diversion of the electric current on the equatorial plane (namely, the so-called “wedge current”); in such a case, the auroral electojet must be the Pedersen current, which is driven by the dawn-to-dusk electric field across the magnetotail. As observed in the ionosphere, the electric field in the auroral electrojet points southward, as Figure 7B shows (the electric field is perpendicular the equi-potential contours).

This effort of separating the DD and UL components was accomplished by Sun et al. (2002) as shown in Figure 9A; this separation was possible, because the DD component is a two-cell current, while the UL component has a single cell current (a two-dimensional Fourier analysis).
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FIGURE 9. (A) the polar current deduced from the ground-based magnetometers is separated into two components, the directly driven (DD) by the solar wind-magnetosphere dynamo and the current generated by the unloading (UL) for the expansion phase (the same as Figure 7B). (B) the 3-D UL current system of the expansion phase was proposed by Bostrom (1964); the UL current in Figure 9A is the ionospheric part of the equivalent 3-D current system, which is produced by an earthward electric field (the green arrow E) as shown here (section A possible process for generating the earthward electric field). The red arrow (B) indicates the magnetic field produced by the azimuthal component of the 3-D current system which will be responsible for the poleward advance of the aurora and the auroral electrojet (section The Poleward Advance of Arcs).



In Figure 9A, the observed current distribution deduced by the ground-based magnetometer network (the top of Figure 9A) is separated into the DD component and UL component. The analytical accuracy of separating the DD and UL current is confirmed by the fact that the convection contour of the DD current in Figure 9A is very close to the observed contour (Bristow and Jensen, 2007); for the other confirmation, see Akasofu (2017).

The DD component described so far is the ionospheric part of the 3-D UL current system. Figure 9B is the 3-D configuration of the UL current system, which has two components, consisting of azimuthal and meridional components (Bostrom, 1964).

As will be discussed later, this current system is produced by an earthward electric current (E) on the equatorial plane (the green E in Figure 9B). Since the 3-D UL current system is the main cause of the expansion phase (the explosive activities), the search for the ultimate cause of the expansion phase is narrowed down to finding the cause of this electric field E. Since E•J is negative only in the equatorial part of the circuit, the location where E is generated must be mainly on and near the equatorial plane.

In this consideration, it is crucial to confirm that the UL current system is indeed the current system responsible for the expansion phase, Figure 10A shows time variations of the DD and UL components, together with the power (expressed in terms of ε).
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FIGURE 10. (A) from the top, the dynamo power (ε), the current intensity of the directly driven component (DD), and the current intensity generated by the unloading process (UL); the current intensity is proportional to the Joule heating production rate in the ionosphere. (B) the current distribution of both the DD and UL components during the last subtorm in Figure 10A. Note that the DD current was weak during the growth phase, so that the ionosphere could not dissipate the incoming power. Because of this situation, the dynamo power is accumulated in the inductive circuit in the main body of the magnetosphere. Note also that the DD component is intensified during and after the expansion phase, because the conductivity is greatly enhanced during the expansion phase.



Figure 10A shows their time variations of the DD and UL components during three auroral substorms. It can be seen that the DD component follows reasonably well the power ε (= P/8π), within the accuracy of the observation and analysis, confirming that the DD current is directly generated by the dynamo; note that in the ionosphere, the current intensity is proportional to the Joule heating dissipation rate δ (because the ionization and a high conductivity are proportional to the field-aligned current intensity (which is connected to the main part of the ionospheric current (the dissipation rate δ = current J2/σ = J(J/σ) ∞ J, where σ is the conductivity). On the other hand, the UL component shows impulsive (unrelated to the power ε) variations during the expansion phase, which are the main characteristics of the sudden explosive occurrence and duration the expansion phase. Figure 10B shows the current distribution during one of the expansion phases (the last substorm in Figure 10A). After the expansion phase, the recovery phase lasts for a long time until the power becomes <1011 w.

Figure 10B shows one of the most important aspects of auroral substorms, which can tell why the magnetosphere can accumulate the energy in its inductive circuit for the explosive activities of the aurora. The DD component is very weak during the growth phase, indicating that the ionosphere cannot dissipate the incoming power ε, in spite of the fact that the power is high (≈2.5 × 1011 w in the last substorm in Figure 10A). This is because the ionosphere is not conductive enough to dissipate the input power during the growth phase. Thus, the power must be accumulated in the inductive circuit of the magnetosphere.

It is in this course of analysis that the energy dissipated during a substorm is accurately determined for the first time (Ahn et al., 1983). In fact, it can be shown also that the total magnetic energy accumulated during the growth phase is about the same as the energy dissipated as the Joule heating, namely ∫P(t)dt ≈ ∫ δ(t)dt within the accuracy of the analysis. In supporting this conclusion, it may be noted that the duration of the growth phase is about 1 h and that the duration of the expansion phase is also 1 h, and further, the power and the dissipation rate are about the same. In the electric current approach, the power and energy are given by the dynamo. The above conclusion indicates that auroral substorms do not require any major energy supply.

Thus, it is unlikely that magnetic reconnection in the magnetotail provides a substantial extra energy; this is confirmed by a satellite observation, which shows no sufficient energy flows from the magnetotail, which is needed for a substorm (Miyashita et al., 2012).

A Possible Process for Generating the Earthward Electric Field

The process of the explosive activities is a matter of great controversy today and has so far been not settled yet. The first problem is where the magnetic energy is accumulated. The magnetic field line approach considers that the magnetic energy is accumulated in the magnetotail and is then unloaded by the process of magnetic reconnection. However, Akasofu (2017) showed that the magnetotail between 10 and 20 Re (where magnetic reconnection has been observed) does not contain enough magnetic energy for a substorm; as confirmed by a satellite observation (Miyashita et al., 2012).

The electric current line approach considers that the energy is accumulated within the main body of the magnetoshere between 4 and 10 Re, depending on the intensity of substorms, which ranges from 100 to 2,000 nT in terms of the AE index; this point will be further discussed in section The Poleward Advance of Arcs. As mentioned earlier, the 3-D UL current system (Bostrom's current system) is driven by an earthward electric field (E), which becomes a southward (equatorward) electric field in the ionosphere (Figure 9B), driving the westward auroral electrojet (because of the Hall conductivity). Further, it is unlikely that the equatorial part of the UL current is located in the magnetotail, since the initial brightening of an arc at the expansion phase onset is most often located at 65°gm. lat. and there is no particular auroral motions in the midnight sector prior to the growth phase, except an equatorward expansion of the auroral oval as a whole.

Thus, it is emphasized that in terms of the electric current approach, the search for the cause of the expansion phase is narrowed down to finding the process of generating earthward electric field E for the 3-D UL current system as a result of unloading the accumulated energy, not by magnetic reconnection in the magnetotail (cf. Akasofu, 2013, 2017).

In terms of the electric current approach, one of possible causes of the earthward electric field for the average substorms is thus as follows. When the dynamo power increases, the solenoidal currents grow near the earth (say, 6 Re), just outside the circular current [the ring current] around the earth in Figure 6B. This current causes “inflation” of the main body of the magnetosphere (Figure 11A). When the accumulated energy reaches about 5 × 1015 J or at most 1016 J as a result of the growth of the current, the magnetosphere becomes unstable and unloads the accumulated energy (produced by the current just outside of the ring current) in order to stabilize itself; this instability is likely to be caused by current instabilities and reduces the current intensity (cf.Lui and Kamide, 2003). As a result, the current intensity is reduced, and thus “deflation” occurs (Figure 11A). The deflation will produce the needed earthward electric field E = [-(∂Bz/∂t)∫∂y]≈ 5–50 mV/m. Microscopically, electrons (closely tied to magnetic field lines) move toward the earth during the deflation, while protons do not (because almost untied); Figure 11B.
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FIGURE 11. (A) when the dynamo power is increased (in the case of the average substorm), the current loaded around 6 Re (Figure 6B) is increased. As a result, the magnetosphere is inflated as shown. The magnetic configuration changes from the above (pre-substrom condition to below (just before the expansion phase onset). At the expansion onset, the magnetosphere is deflated and return back to the pre-substorm condition. (B) during this returning back to the pre-substorm condition, electrons tend to follow the contracting field lines, not proton, generating an earthward electric field.



This charge separation process can set up the desired earthward electric field E (Figure 9B, Figure 11B), which drives the Bostrom's 3-D UL current system (Figure 9B). The separated electrons are discharged toward the ionosphere, causing the initial brightening of the arc (Figure 2a), signaling the onset of the expansion phase; this is expected to occur along a large azimuthal range (Figure 9B). In the ionosphere, this electric field E is directed southward (equatorward) and drives the westward auroral electrojet. The field-aligned current in the 3-D UL current is responsible for the ionization of the ionosphere, further brightening auroral arcs and increasing the conductivity of the ionosphere, which enhances the DD current as well. As described in section The poleward advance of arcs, the magnetic field of the 3-D UL current (the red arrow B in Figure 9B) causes the poleward shift of its earthward end, causing the poleward expansion of both auroral arcs and the auroral electrojet.

Thus, as discussed earlier, from the point of view of the electric current approach, the cause of the expansion phase is directly related to the question as to how the earthward electric field is set up, resulting in the 3-D UL current system; it is hoped that the magnetic field line approach will arrive at the same conclusion in spite of the different approach.

There are a few crucial observations to support the above chain of processes. Figures 12, 13 show two substorms observed at 6 and 8.1 Re (both are within 10 Re), respectively. In Figure 12, there occurred a depression or deformation of the dipolar field (the blue arrow) of the field as a result of the increasing current intensity around 6 Re before the expansion phase, namely during the growth phase (DeForest and McIlwain, 1971). This results in the inflation of the magnetosphere during the growth phase (Figure 11A). At the expansion phase onset, the current intensity is reduced (as a result of current instabilities) and thus the magnetic field configuration is rapidly “recovered” from the inflated situation, indicating the deflation. This phenomenon has been often described as “dipolarization.” From the point of view of the electric current approach, the increased observed field is mainly caused by the 3-D UL current system (the red B in Figure 9B), not by reconnection; often, the increased field exceeds the pre-onset field dipolar field (often more than the “dipolarzation”).
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FIGURE 12. The magnetic field observation at 6 Re during two substorms, showing a decrease of the field intensity (blue arrow) during the growth phase and subsequent sudden increase (red arrow) at the expansion onset (DeForest and McIlwain, 1971); the increase is called the dipolarization, but the field increase is often more than the depolarization.
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FIGURE 13. (A,C,D) the current at 8.1 Re was decreased when an auroral substorm occurred as shown by a series of all-sky images and by the occurrence of a negative change of the field (the development of the auroral electrojet). (B) a satellite observation at 8.1 Re, showing the growth an earthward electric field (Ex) of 30 mV/m. The figure shows also that the condition of (E + Vx B = 0) (the frozen-in field condition) broke down; the difference between the black and red lines indicates how much the frozen-in field condition is broken down.



Another crucial observation was made at 8.1 Re at a substorm onset (Lui, 2012). This observation confirms the chain of processes proposed in this paper. Figure 13 shows that the current at 8.1 Re decreased by the occurrence of current instabilities, exactly when an auroral arc brightened in the midnight sector. At about the same time an earthward electric field was generated for the 3-D UL current system as proposed. Further, the condition of (E + VxB = 0) is broken down as observed, so that the frozen-in field condition is also broke down, allowing the charge separation and the earthward electric field E to occur.

These two observations support the chain of processes discussed in terms of the electric current approach. However, more similar observations are needed to confirm the results.

The Poleward Advance of Arcs

In Figure 9B, the red arrow (B) is shown to indicate the magnetic field produced by the azimuthal component of the 3-D UL current system. The intensity of this field is about 25–50 nT in the equatorial area covered by the current (including “positive bays” on the ground). The magnetic flux in the area (2 × 109 km2) corresponding to the advanced range of 600 km of the arcs is about the same as the total magnetic flux (1011 nT km2) of B (= 50 nT) of the circuit.

It is suggested that it is this magnetic field B, which advances the earthward end (the ionosphere) of the circuit (auroral electrojet) toward higher latitudes, resulting in the poleward advance of the auroral arcs and the auroral electrojet, causing the explosive feature. In fact, it is established that the arcs and the electrojet advance poleward together (Figure 8).

Successive Occurrence of Auroral Substorms

Auroral substorms occur often successively. Figure 14A shows an example of three successive occurrence of substorms. It is of interest to see what would happen when the solar wind-magnetosphere dynamo power is continuously high for 10 or more. In such a case, auroral substorms occur successively, as Figure 14B shows (not continuous one substorm during the whole storm period), suggesting that the magnetosphere can accumulate only a limited amount of magnetic energy, and thus unloads successively the accumulated energy, when the limited amount is reached (at most 1016 J), as the idea of the tippy pitcher suggests (illustrated at the bottom of Figure 14B). This observation confirms the concept of “tippy pitcher” and further confirm that that the magnetosphere can accumulate only a limited amount of energy.


[image: image]

FIGURE 14. (A) an example of three successive substorms, repeating the poleward expansions during a single night. (B) when the dynamo power is continuously high (1019 erg/s), substorms occur successively (not continuously); the tippy pitchers are shown to indicate such a situation. This example occurred during a intense geomagnetic storm of October 30, 1978.



From the point of view of the electric current approach, the location where the magnetic energy is accumulated depends on the power of the dynamo and magnetospheric conditions (4 to 10 Re), not in the magnetotail. When the solar wind-magnetosphere dynamo power and the resulting electric field across the magnetosphere are high (AE index > 1,000 nT), the generated earthward plasma flow is expected to be strong, suggesting the ring current and the current just out side the ring current shifts closer to the earth; such a shift has been observed during intense geomagnetic storms. In fact, in the case of Figure 3, the latitude of the initial brightening arc was located as low as at 48°gm. lat. (corresponding to L = 2.4); note that the auroral oval was expanded, too. Because of a great distortion of the magnetic field of the magnetosphere during the great storm, the arc location may be connected to about 4 Re in the equatorial plane, instead of 2.4 Re; it is expected that the magnetosphere can accumulate more energy at closer distances to the earth, because of higher B (accommodating more intense currents). On the other hand, it is likely that the energy is accumulated at about 10 Re cause weakest substorms (AE index ≈ 100 nT). As a supporting observation of the above assumption, it is interesting to observe that during the period when the dynamo power is gradually decreasing during the recovery phase of intense geomagnetic storms, the intensity of successive substorms becomes weaker, and the auroral oval contracts poleward, indicating the shift (away from the earth) of the location of the accumulated energy.

SUMMARY

It may be useful to summarize the results obtained by the electric current approach after establishing the six meridian chains of magnetic observatories in the 1970s.

(1) It is shown that the solar wind-magnetosphere interaction constitutes a dynamo.

(2) The typical power of the dynamo is about 5 × l011 w (= 5 × 1018 erg/s).

(3) The resulting power is transmitted largely to the magnetosphere at a distance of 4–10 Re.

(4) Substorms occur when the dynamo power becomes greater than about 1011 w (= 1018 erg/s).

(5) The substorm current system consists of two components, the directly driven (DD) component and the unloading (UL) component. Their characteristics (the current distribution and time variation) are determined.

(6) It is shown quantitatively why the magnetosphere can accumulate the energy for the expansion phase during the growth phase.

(7) The UL current system (Bostrom, 1964) is identified as the cause of the expansion phase.

(8) The dissipation rate (about 5 × 1011 w or 5 × 1018 erg/s) and the amount (at most 1015 J or1023 erg) of a single substorm are accurately determined.

(9) It is shown that the maximum amount of energy which the magnetosphere can accumulate is at most 1015 w or 1023 erg, beyond which the magnetosphere becomes unstable.

(10) It is shown that ∫ P(t)dt ≈ ∫ δ(t)dt, so that the input from the magnetotail is not significant.

(11) It is shown that the UL current system is generated by an earthward electric field.

(12) It is tentatively suggested that the cause of the earthward electric field is caused by the deflation of the magnetosphere after the inflation caused by the accumulated energy; the concept of the frozen-in field breaks down at this crucial time.

(13) It is shown quantitatively that the poleward expansion of arcs is caused by the magnetic field of the UL current system.

It is emphasized that each of the above statements can be debated, since the electric current approach is in its initial stage. It is for this reason that young generations are encouraged to explore the secrets of auroral substorms.

CONCLUSIONS

The electric current approach provides a different view on the processes of auroral substorms from that of the magnetic field line approach. The successful separation of the DD and UL current components has allowed us to understand the basic physics associated with the response of the magnetosphere to an increased power of the solar wind-magnetosphere dynamo, in addition to the total energy involved in substorm processes. Thus, it is important that auroral substorms should be studied by both the electric current approach and the magnetic field line approach.

So far, the electric current line approach as a whole has been taken up only by a few groups. Because of this situation, the electric current approach has not developed satisfactorily yet and thus is very incomplete. It is hoped that many more groups will join in this effort. As Alfven pointed out, the physics of auroral substorms becomes more clear in the electric current approach.
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