
To Dr. Roussos, Topical Editor 
 
The submitted manuscript has been substantially revised by including my answers in the 
interactive discussion, as well as significance of case study of Saka and Hayashi (2017). A 
new evidence of geosynchronous dipolarization is added in Appendix.  
 
Each issue has been addressed in the prescribed Comment/Response format. These 
responses were marked in the manuscript in bold and were specified by line numbers. 
 
 
 
Point-by-point replies to the comments raised by Referee #1 is given below. 

 
Comment: 
The author proposes a new idea on the cause of magnetospheric substorms. He proposes 
that the fast plasma flows from the magnetotail changes the curvature of magnetic field 
lines at the geosynchronous distance. This produces an electric field which can generate 
Bostrom’s current system. I did not follow every detail of his mathematical analysis, but it 
seems reasonable. If the author has a chance to revise the paper, he might discuss the 
relationship between the fast plasma flows and the occurrence of magnetospheric 
substorms. 

 
Response: 
The role of fast earthward flows in our substorm onset scenario is briefly described. 

 
We first assumed that the geosynchronous altitudes are earthward end of the flow 
penetration of fast earthward flows from the magnetotail. Because field lines passing through 
the geosynchronous altitudes stretched tailward at the substorm onset, the initial brightening 
of auroras triggered by the fast flows may occur, statistically, at lower latitudes, 63 degrees 
N in geomagnetic coordinates for Kp=4 [Saka, 2019]. This may be the most equatorward 
latitude of the breakups.  
 
Secondly, we note that substorm onset is a transitional state lasting for several Pi2 cycles 
(10 min) after the Pi2 onset followed by formation of the substorm current wedge by 
reduction of cross-tail currents. We can assume that dipolarization fronts (DFs) arrive in the 
transitional interval and the flow braking may occur afterwards in association with the 



reduction of cross-tail currents, viz., subsequent formation of the substorm current wedge. 
Of course, this scenario was deduced from the geosynchronous observation and cannot be 
readily applied to the onset scenario beyond the geosynchronous orbit. Nevertheless, if 
dawn-dusk expansion of the flux tubes in our scenario caused by the Ballooning instability 
(excites slow magnetoacoustic wave) is applicable to the formation of dipolarizing flux 
bundles (DFBs) propagating earthward within fast earthward flows (BBFs) [Liu et al., 2015], 
the results from geosynchronous observations we presented can be extended further 
tailward in upstream. Or, the onset scenario in 8 -12 Re can be applied in geosynchronous 
dipolarization.  
Lines 276-293. 

 
 
 
Point-by-point replies to the comments raised by Referee #2 is given below. 
 

Comment: 
The author proposed an interesting hypothesis to assemble terrestrial magnetic 
dipolarization, initiated from the geosynchronous altitudes. To the referee’s understanding, 
what drivers magnetic dipolarization is very complicated, so far there have been many 
proposed scenarios in driving dipolarization process. After numerous measurements in 
Earth’s magnetosphere, it is generally believed that many fundamental processes are 
involved in driving magnetic dipolarization. The proposed mechanism in this paper is likely 
over simplified. It looks too speculative to the referee, especially there is no any support 
from in situ observations. Therefore the referee could not recommend this paper for a 
publication. However, if the hypothesis could be supported by some case study, it would 
make much more sense and shall have potential for a publication. 

Response: 
As far as the onset is concerned, poor timing accuracy may obscure the substorm study. In 
statistical analyses presented in Saka et al (2010), we used initial peak of Pi2 amplitudes as 
a timing reference. This gave the timing accuracy less than 1 minute for the onset study. As 
a result, we could sort out fundamental processes of substorm associated with the onset, 
such as transitional interval preceding the field line pileup. It was also found that field lines in 
the transitional intervals expanded in dawn-dusk directions and decreased field magnitudes 
therein. We presented case study of geosynchronous onset of field line dipolarization from 
Saka and Hayashi (2017). This event demonstrated that equatorward inflows that produced 
parallel flows along the field lines eventually triggered the dipolarization onset (slow 



magnetoacoustic wave) and it deflected the flow directions to dawn-dusk (perpendicular to 
the field lines). We suggest that, on the statistical bases as well as for case study, longitudinal 
expansion in both plasma flows and field lines is a fundamental process associated with the 
dipolarization onset. The aim of this paper is to propose a driver model of the longitudinal 
expansion.   
 
 

Comment 1: 
Why ballooning instability could develop in geosynchronous orbit? Comparison between the 
scale of pressure gradient and curvature radius is necessary. 

Response:  
We used calculation results of Ballooning instability given in [Rubtsov et al., 2018]. In a 

distance from L=5 to 10Re, instability threshold is given approximately as 11.0Reκ −= −  (κ  
denotes reciprocal spatial scale of radial inhomogeneity of plasma pressure) for beta defined 
by the ratio of plasma pressure and magnetic pressure exceeding 0.1. This suggests that the 
Ballooning instability develops at the geosynchronous altitudes (curvature radius R is 2.2 Re) 
when spatial scale of the earthward pressure gradient caused by the inflows becomes 
steeper than 1.0 Re. This result matched observation (see Appendix). 
Lines 143-150. 

 
 

 
Comment 2: 
Substorm onset is usually believed triggered at _10 Re, and the auroral beads which manifest 
ballooning instability is also believed to map to _10 Re but not at geosynchronous orbit. The 
geosynchronous orbit initiation of dipolarization is not supported by observations. 

Response: 
Inflows of lobe plasma [Birn and Hesse, 1996], Poynting flux [Machida et al., 2009], and Ey 
penetration [Machia et al., 2014] towards the equatorial plane may be a primary driver of 
substorms. If enough inflows, Poynting flux, and Ey penetration occurred at geosynchronous 
altitudes, dipolarization initiate there. We presented example of the geosynchronous 
dipolarization event in Appendix. 
Lines 310-340. 
 
 
 



Comment 3: 
Why the hypothesis must be applied in geosynchronous but not 10Re? The magnetic 
stretching process is also clearly shown in 10Re region, for example, the substorm event 
shown in Sergeev et al. 2011, doi:10.1029/2010JA015689. 

Response: 
The proposed scenario was deduced from the geosynchronous observation and cannot be 
readily applied to the onset scenario beyond the geosynchronous orbit. Nevertheless, dawn-
dusk expansion of the flux tubes may be a fundamental property of field line dipolarization 
not only at geosynchronous altitudes but also in tailward locations (8 -12 Re) [Yao et al., 
3013; Liu et al., 2013]. It is suggested that the field line dipolarization at tailward locations is 
subdivided into faster expanding (in longitudes) dipolarization front (DF) and slower 
expanding dipolarization front bundle (DFB) led by DF [Liu et al., 2015]. Such substructures 
in field line dipolarization are also observed at geosynchronous altitudes [Saka and Hayashi, 
2017]. The geosynchronous dipolarization expanded (in longitudes) at 1.9 km/s, while Pi2s 
emitted in the dipolarization region propagated one order of magnitude faster. The fast 
longitudinal velocities associated with Pi2s may be embedded within the slowly expanding 
region of dipolarization, similarly to the relationship between DF and DFB. If this relationship 
can be adapted also to transitional state and succeeding field line pileup, the dipolarization 
scenario from geosynchronous observations can be extended further tailward in upstream. 
Or, the onset scenario in 10 Re can be applied in geosynchronous dipolarization. In that case, 

dipolarization pulse at Goes6 latitudes ( 7.9 No ) may represents DFs. 
Lines 276-293. 
 
 

Comment 4: 
The dawn dusk stretching flux tube is a common feature ahead of dipolarization front, (e.g., 
Figure 4 in Yao et al. 2013 doi:10.1002/2013JA019290 and Figure 6 in Liu 
et al. 2013 doi:10.1002/jgra.50092). 

Response: 
The above references were added to the revised version. 
Line 280. 
 
 

Comment 5: 
It has been reported that BBFs decelerate dramatically when they propagate towards the 
Earth [Shiokawa et al., 1997]. And It could be hardly for DFs arrival at geosynchromous. 



Thus, the hypothesis that westward electric fields on DFs trigger instability at 
geosynchromous should be not universal. The author needs to discuss in which conditions 
the proposed scenarios could be applied. 

Response: 
We proposed that substorm onset is a transitional state lasting 10 min after the Pi2 onset 
followed by formation of the substorm current wedge by reduction of cross-tail currents. We 
can assume that DFs arrive in the transitional interval and the flow braking may occur 
afterwards in association with the reduction of cross-tail currents, viz., subsequent formation 
of the substorm current wedge. It is likely that the flow braking does not affect the arrival of 
DFs. 
 
 

Comment 6: 
line 100: It requires more explanation for Eq. 1: 

Response: 
At geosynchronous altitudes, field line stretching started 90 minutes prior to the substorm 
onset [Figure 1 of Saka, 2019]. The stretching decreased the field line inclination by 7 
degrees from 40.6 to 33.6 in this 90-min interval. This gives angular velocity of rotation of 

field line inclination in Equation (1) as 31.4 10 / minrad−× . Total parallel flux gained in T 

min may be given by the integral of equation (1) with time from 0 to T. Substituting T=60 

min and 31.4 10 / minrad−×  for angular velocity of field line inclination, this yields 

2
/ / 8.2 10F F−

⊥= × ⋅ . Gain of / /F  is about 10% of the perpendicular flux ( F⊥ ). This is 

consistent with the parallel temperature anisotropies (20% gain) observed at 
geosynchronous orbit [Birn et al., 1997].  
Lines 91-116. 
 
 

Comment 7: 
line 258-262: it is unclear why the change of curvature radius of field lines is different from 
the flux pileup dipolarization. Both are caused by current disruption, can we distinguish 
between them in observations?: 

Response: 
Changes of curvature radius occurred in the geosynchronous orbit in association with 



longitudinal expansion of flux tubes which decreased field magnitudes therein. It lasted 
about 10 minutes after the Pi2 onset. The change of curvature radius is thought to be 
caused by the transition of the flux tubes to a new equilibrium configuration. This is often 
observed in the initial pulse of Pi2s as third harmonic deformation of field lines [Saka et al., 
2012]. Of course, cross-tail currents decrease according to Ampere’s law. The flux pileup 
characterized by the increase of the field magnitudes at geosynchronous altitudes began 
after this 10-min interval. This post 10-min-interval is organized by reduction in cross-tail 
currents (formation of the substorm current wedge) which were deduced from the field line 
observations by Goes 5 and Goes 6 satellites at different latitudes from the equatorial 
plane. Please refer to [Saka et al., 2010].  
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Abstract 9 
We discuss substorm field line dipolarization at geosynchronous altitudes associated with 10 
high velocity magnetotail flow bursts referred to as Bursty Bulk Flows. In growth phase, we 11 
found that the magnetosphere at geosynchronous orbit are in unstable conditions for 12 
Ballooning instability due to the appreciable tailward stretching of the flux tubes, and for slow 13 
magnetoacoustic wave due to the continuing field-aligned inflows of plasma sheet plasmas 14 
towards the equatorial plane. We propose following scenario of field line dipolarization; (1) 15 
The slow wave was excited through Ballooning instability by enhanced inflows towards the 16 
equatorial plane. (2) In the equatorial plane, slow wave stretched the flux tube in dawn-dusk 17 
directions, which resulted in the spreading plasmas in dawn-dusk directions and reducing the 18 
radial pressure gradient in the flux tube. (3) As a result, the flux tube becomes a new 19 
equilibrium geometry in which curvature radius of new field lines increased in meridian plane, 20 
suggesting an onset of field line dipolarization. The dipolarization processes associated with 21 
changing the curvature radius preceded classical dipolarization caused by reduction of cross-22 
tail currents and pileup of the magnetic fields. 23 
Increasing curvature radius induced inductive electric fields of the order of few mV/m pointing 24 
westward in the equatorial plane, as well as radial electric fields associated with stretching 25 
flux tubes in dawn-dusk directions. Westward electric fields transmitted to the ionosphere 26 
produce a dynamic ionosphere where the E layer contains both dynamo ( 0⋅ <E J ) and 27 
dissipation ( 0⋅ >E J ) processes in it for generating field-aligned current system of Bostrom 28 
type.  29 
 30 
 31 
1. Introduction 32 
Substorms are spatially localized and temporarily variable processes in the nighttime 33 
magnetosphere. It is often difficult to determine onset timing of substorm processes such as 34 
magnetotail flow burst, field line dipolarization, and particle injections. To resolve the timing 35 
uncertainties, auroras in global satellite images [Nakamura et al., 2001; Miyashita et al., 36 



2009], intensifications of auroral kilometric radiation [Fairfield et al., 1999; Morioka et al., 37 
2010], and dispersionless particle injection in geosynchronous orbit [Birn et al., 1997] were 38 
used. Ground Pi2 pulsations are another useful tool for determination of the substorm timing 39 
[Sakurai and Saito, 1976; Nagai et al., 1998; Baumjohann et al., 1999]. Particularly, Pi2s in 40 
equatorial region exhibited small phase difference (m<1, m denotes azimuthal wave number) 41 
across widely separated stations in the equatorial countries [Kitamura et al., 1988]. This 42 
enabled us accurate onset timing study of substorms using magnetometer data from two 43 
remote locations, geosynchronous altitudes and conjugate ground stations of the equatorial 44 
countries [Saka et al., 2010].  45 
In this study, we focus on the dipolarization events at geosynchronous orbit from growth to 46 
expansion phase. Triggering mechanisms of the field line dipolarization in the vicinity of 47 
geosynchronous orbit are our major concern. We apply geosynchronous scenario to tailward 48 
dipolarization. In this paper, onset timing study of substorms using magnetometer data from 49 
equatorial countries are summarized in Sect. 2. In Sect. 3, we present a pre-onset scenario 50 
leading to the dipolarization onset. We will focus on the field line dipolarization in the vicinity 51 
of geosynchronous orbit in Sect. 4. A coupling of magnetosphere and ionosphere associated 52 
with this dipolarization scenario will be presented in Sect. 5. Summary and discussion of this 53 
scenario is given in Sect. 6. In Appendix, observational evidence of the instability threshold 54 
of dipolarization onset is presented.  55 
 56 
 57 
2. Summary of onset timing study using ground Pi2s at the equator 58 
In this section, we summarize field line dipolarization occurring at the geosynchronous orbit 59 
based on the statistical results obtained by Saka et al. [2010]. The authors used 60 
magnetometer data from geosynchronous satellites (Goes5 and Goes6) and those at ground 61 
equatorial stations (Huancayo, Peru) in the conjugate meridian. Goes5 was located at higher 62 

latitudes, 10.3 No  in dipole coordinates, and Goes6 was closer to the equator; 7.9 No  in 63 
dipole coordinates. This difference was caused by the separated meridians of the satellites 64 

( 285o  for Goes5, 252o  for Goes6). The dipole coordinate used are equivalent to the HDV 65 
coordinates; H is positive northward along the dipole axis, V is radial outward, and D denotes 66 
dipole east. The field line dipolarization at the geosynchronous orbit can be characterized 67 
either by a step-like or impulsive increase of inclination angle of the geomagnetic field lines. 68 
The inclination angle is measured positive northward from the dipole equator. The step-like 69 
dipolarization was observed by Goes5 located at higher latitudes, while the dipolarization 70 
pulse was observed by Goes6 at latitudes closer to the equatorial plane.  71 
The onset of field line dipolarization preceded the initial peak of the ground Pi2 pulse by two 72 



minutes, suggesting that the onset was initiated in association with the first increase of the 73 
Pi2 amplitudes. Following the dipolarization onset, field line magnitude decreased at the 74 
geosynchronous orbit, and field lines deflected westward (eastward) in the dawn (dusk) 75 
sector. The authors suggested that field line deflections decreased the field magnitudes 76 
therein by the longitudinal expansion of flux tubes. Decrease of field magnitudes and 77 
westward deflections of field lines lasted for several Pi2 cycles (10 min). Eastward deflections 78 
in the dusk sector, however, continued over this characteristic 10-min-interval. After this 10-79 
min-interval, Pi2 amplitudes weakened and field magnitudes turned to increase. It is 80 
suggested that classical dipolarization, caused by the reduction of cross-tail currents in the 81 
midnight magnetosphere, happened after the nightside magnetosphere experienced this 82 
characteristic 10-min-interval. For this reason, the first 10 min intervals are referred to as 83 
transitional state of substorm expansion [Saka et al., 2010].  84 
 85 
 86 
3. Pre-onset intervals leading to field line dipolarization 87 
In the pre-onset intervals, decrease of the field line inclination started two hours prior to the 88 

dipolarization onset. It attained minimum angles (33.6o for Goes5 and 49.4o  for Goes6 in 89 
dipole coordinates) right before the dipolarization onset [Saka, 2010; 2019]. 90 
One of the properties of plasmas in pre-onset intervals are continuing inflows of lobe 91 
plasmas towards the equatorial plane [Birn and Hesse, 1996], Poynting flux 92 
enhancement [Machida et al., 2009], and Ey penetration toward the equatorial plane 93 
[Machida et al, 2014]. Corresponding plasma properties at geosynchronous altitudes 94 
may be predominant perpendicular temperature anisotropies of thermal plasmas 95 
(30eV - 40keV) and their gradual decrease towards the onset [Birn et al., 1997]. At the 96 
onset, however, increase of parallel anisotropy stopped and perpendicular anisotropy 97 
increased again. This transition of the temperature anisotropy may be accounted for 98 
by the following manner. A continuing tailward stretch of the field lines in the pre-99 
onset intervals as depicted in Figure 1 may increase equatorward flux by the 100 

counterclockwise rotation of the inflow ( F⊥ ) vectors and produce parallel component 101 

as well by the relation, 102 

/ / ( )F F tδ ω δ⊥= ⋅        (1) 103 

Here, / /Fδ  denotes increase of parallel flux per time, tδ , ω  is angular velocity of 104 

counterclockwise rotation of F⊥  vectors associated with the thinning of the flux 105 



tubes caused by stretching. In pre-onset intervals lasting 90 min at geosynchronous 106 

altitudes, field line stretching decreased the field line inclination by 7o  from 40.6o  107 
to 33.6o (see Figure 1 in [Saka, 2019]). This gives angular velocity of rotation of field 108 

line inclination in equation (1) as 31.4 10 / minrad−× . Total parallel flux gained in T 109 

min may be given by the integral of equation (1) with time from 0 to T. Substituting 110 

T=60 min and 31.4 10 / minrad−×  for angular velocity of field line inclination, this 111 

yields 2
/ / 8.2 10F F−

⊥= × ⋅ . Gain of / /F  is about 10% of the perpendicular flux ( F⊥ ). 112 

This is consistent with the parallel temperature anisotropies gained prior to the onset 113 
(20% gain) in geosynchronous orbit [Birn et al., 1997]. Increasing equatorward 114 
component of inflows are also reported as characteristic property of thermal plasmas 115 
in the pre-onset intervals at geosynchronous altitudes [Saka and Hayashi, 2017]. 116 
Continuing parallel flux flows associated with the flux tube thinning in the pre-onset intervals 117 
may increase plasma pressures in the flux tube at its tailward end. This condition leads to 118 
further stretching of the flux tube (small curvature radius) [Ohtani and Tamao, 1993; Rubtsov 119 
et al., 2018] by the relation, 120 

1 0
2 B R
β κ κ+ + =       (2) 121 

Here, β  is plasma to magnetic pressure ratio, κ  and Bκ  denote reciprocal spatial scales 122 

of radial inhomogeneity of plasma pressure and magnetic fields in the equatorial plane, 123 
respectively. R is curvature radius of the field lines. A further increase of κ  associated with 124 
more steeper pressure gradient in earthward direction may trigger Ballooning instability 125 
[Rubtsov et al., 2018]. 126 
An increase of parallel flux may also lead to the unstable condition for slow magnetoacoustic 127 
wave. After manipulating a set of linearized MHD equations of magnetoacoustic waves 128 
[Kadomtsev, 1976], we have a relation between parallel displacement along the field lines 129 
( zξ ) and perpendicular stretching of the field lines ( ⊥ξ ) in the following form, 130 
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Here, Cs, ω  and B0 are the sound velocity, angular frequency of waves and background 132 
field magnitudes, respectively. F is given by 133 
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F is positive for the slow magnetoacoustic wave and negative for the fast magnetoacoustic 135 
wave. CA denotes Alfven velocity. If the wave mode was the fast mode, flux tubes would have 136 
contracted in longitudes towards the midnight sector, which was not observed during the 137 
transitional state of substorm expansion (see Section 2).  138 
It is therefore expected in the pre-onset intervals that slow magnetoacoustic wave coupled 139 
with Alfven wave are in unstable conditions. These waves can be excited by the Ballooning 140 
instability [Ohtani and Tamao,1989; Rubtsov et al., 2018], if κ  in equation (2) exceeds a 141 
threshold.  142 
We can estimate the Ballooning instability threshold κ  using calculation results 143 
given in [Rubtsov et al., 2018]. In a distance from L=5 to 10Re, instability threshold is 144 

given approximately as 11.0Reκ −= − (κ  denotes reciprocal spatial scale of radial 145 
inhomogeneity of plasma pressure, and Re is the Earth radius) for beta defined by the 146 
ratio of plasma pressure and magnetic pressure exceeding 0.1. This suggests that the 147 
Ballooning instability develops at the geosynchronous altitudes (curvature radius R 148 
is 2.2 Re) when spatial scale of the earthward pressure gradient caused by the inflows 149 
becomes steeper than 1.0 Re. This result matched observation (see Appendix).  150 
 151 
 152 
4. Field line dipolarization in the vicinity of geosynchronous orbit 153 
We can assume the westward electric fields in Dipolarization Front (DF) [Runov et a., 2011] 154 
embedded in the leading edge of Bursty Bulk Flow (BBF) as external stimulus for triggering 155 
Ballooning instability. In this case westward electric fields in the DF temporarily amplified the 156 
parallel flux flowing towards the end point of the flux tube in the equatorial plane and further 157 
steepen earthward pressure gradient. If it exceeds instability threshold determined by β  158 
and initial curvature radius R, slow magnetoacoustic wave can be excited [Rubtsov et al., 159 
2018]. Once the slow magnetoacoustic wave was excited, stretched flux tubes in the 160 
equatorial pane as depicted in Figure 2 spread the plasmas in dawn-dusk directions and 161 
smooth (or relax) the radial gradient of plasma pressures in the equatorial plane (smaller κ ). 162 
This may result in the transition of the flux tube geometry to a new configuration, an increase 163 
of the curvature radius of the field lines (larger R) (see equation (2)).  164 
Meanwhile, field lines in the further earthward locations may be compressed by the inward 165 
movement of the outer field lines. This process associated with the dipolarization onset may 166 

increase the parameter Bκ  in equation (2) which may result in transition to a new geometry 167 



of earthward field lines, a decrease of the curvature radius R. Transition of the field line 168 
geometries for onset locations and ones in earthward locations are schematically illustrated 169 
in Figure 3. These field line geometries matched the third harmonic and fundamental 170 
harmonic deformations of outer and inner field lines, respectively. This is often observed in 171 
the midnight magnetosphere in the initial pulse of Pi2s [Saka et al., 2012]. Transitions of the 172 
flux tube geometry in magnetosphere also correspond to the production of negative bay in 173 
higher latitudes and positive bay in lower latitudes. If we can assume that negative bay 174 
switched to positive bay at latitudes, 60 degrees in geomagnetic coordinates for examples, 175 
this latitude can be mapped beyond the geosynchronous orbit (L~7 Re or further tailward) as 176 
field line dipolarization occurs along the stretched flux tubes. Consequently, this scenario 177 
requires that the BBFs are not necessary to reach inner magnetosphere to trigger the 178 
substorm onset at lower latitudes.  179 
Increasing of the curvature radius, or earthward shrinkage of the flux tubes, produce a 180 
reduction of the radial component of the field lines (V in dipole coordinates) by adding positive 181 
V in the north of the equatorial plane and negative V in the south. If amplitudes of the V 182 
component changed by 10 nT in one minute, the expected inductive electric fields (westward) 183 
could be of the order of 1.0 mV/m when shrinkage was confined within 1 Re from the 184 
equatorial plane. The dawn-dusk expansion of the flux tubes may also produce inductive 185 
electric fields (earthward and tailward in dawn and dusk sector, respectively) of the same 186 
order of magnitudes. The westward electric fields produce earthward flow bursts referred to 187 
as convection surge. The inductive electric fields produced by the dipolarization are the same 188 
order of magnitudes observed in DF [Runov et al., 2011].  189 
 190 
 191 
5. Coupling of magnetosphere and ionosphere in association with field line 192 
dipolarization  193 
The inductive electric fields may be transmitted along the field lines as poloidally and 194 
toroidally polarized Alfven waves [Klimushkin et al., 2004]. These electric fields produce a 195 
dynamic ionosphere in polar region that includes nonlinear evolution of ionospheric plasmas 196 
(poleward expansion), as well as production of field-aligned currents and parallel potentials 197 
by exciting ion acoustic wave in quasi-neutral condition [Saka, 2019]. It is not the aim of this 198 
paper to describe in detail the dynamic processes in the ionosphere, but to show a local 199 
production of currents in the ionosphere as well as field-aligned currents by the penetrated 200 
electric fields. For this purpose, we revisit the 10 August 1994 substorm event studied by 201 
Saka and Hayashi (2017). In this event, eastward expansion was observed of the field line 202 
dipolarization region. At the leading edge of the expansion, ground magnetometer data 203 



showed bipolar event (quick change of the D component from positive to negative in about 5 204 
min), being confined in the expanding dipolarization front as a substructure. The substructure 205 
in the leading edge of the field line dipolarization will be examined as follows.  206 
We can assume that magnetic signals on the ground are associated with the sum of the 207 
horizontal Hall currents in the ionosphere [Fukushima, 1971]. These currents can be 208 
calculated by the relation, 209 

2

0

1( )Z Zrot B
µ

= − ∇J             (5) 210 

We used the ground vertical component (b) as a proxy of Bz in the ionosphere. The second 211 
derivative in right-hand side of equation (5) is approximated as, 212 
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Here, i denotes i-th station in the meridian chain. Li is the geomagnetic latitude of the i-th 214 
station. We considered meridional change only. This is because the vertical component 215 
changed from negative to positive across the meridian, while in longitudes it changed simply 216 
decreasing or increasing in lower and higher latitudes after onset, respectively. The results 217 
reproduced from Saka and Hayashi (2017) are shown in Figure 4(A). The dipolarization front 218 
crossed this meridian at 12:13 UT corresponding to the interval labelled 1. Two points arose 219 
from this figure; (1) Hall current pair existed, CCW in the lower latitudes and CW in the higher 220 
latitudes, (2) These current patterns expand poleward. Current patterns in the interval from 221 
1 to 5 in Figure 4(A) are illustrated in Figure 4(B) to facilitate the poleward expansion. It is 222 
clearly demonstrated that current pair forming CW in higher latitudes and CCW in lower 223 
latitudes expanded in time towards the pole. Bipolar change can be recorded in the D 224 
component data (not shown) when the ground station, FSIM in this case, passes from 225 
segment 1 to 2 in Figure 5(B). As a result, dipolarization front expanded eastward 226 
progressively by producing the poleward expansion at each meridian. The front left behind 227 
the current pattern comprising upward field-aligned currents in lower latitudes and downward 228 
in higher latitudes, or Bostrom type current system. We propose that the ionosphere itself 229 
has inherent dynamo in the E layer to drive this Bostrom type current system. The reasons 230 
are as follows; 231 
In the E region, drift trajectories may be written [Kelley, 1989] for electrons by, 232 

                            
1 ˆ[ ]e B⊥ = ×U E B                (7) 233 

and for ions by, 234 

ˆ[ ]i i ib κ⊥ = + ×U E E B .          (8) 235 



Here, ib  is mobility of ions defined as ( )i inBνΩ , iκ  is defined as i inνΩ . Symbols iΩ  236 

and inν  are ion gyrofrequency and ion-neutral collision frequency, respectively. B̂ denotes 237 

a unit vector of the magnetic fields B . We assumed that ×E B  drifts for electrons and ions 238 
were driven by westward electric fields transmitted from the convection surge. Because of 239 

very low mobility of ions in E layer ( 0.1iκ = ), electric field drifts accumulate electrons (not 240 

ions) in lower latitudes and produce stronger secondary southward electric fields in the 241 
ionosphere. The southward electric fields produced southward motion of ions due to the first 242 
term of equation (8). They carry Pedersen currents (ion currents) for producing quasi-243 

neutrality of ionosphere. W ×E B drifts caused by the transmitted westward electric fields 244 

( WE ) may propel electrons against southward electric fields from higher latitudes to lower 245 

latitudes ( 0S ⋅ <E J , dynamo) to maintain the potential drop for driving Pedersen currents 246 

( 0S ⋅ >E J , dissipation). This means the ionospheric E layer contains both dynamo (E layer 247 

dynamo) and dissipation processes in it. In quasi-neutral condition, a small imbalance of 248 

particle densities of electrons and ions ( 2 3~ 10e in n m−− ) may induce in lower latitudes 249 

negative potential region of the order of -100 kV with horizontal scale length of 100 km. To 250 

sustain this negative potential, upward field-aligned currents of the order of 21.0 /A mµ  for 251 

0~ 10P SΣ  must flow. Downward field-aligned currents from the positive potential regions in 252 

the higher latitudes may also be expected. It is supposed that upward field-aligned currents 253 
may be composed of ions and downward currents are electrons to require stable 254 
equatorward ion flows in the Pedersen channel. Those field-aligned currents closing via 255 
Pedersen currents in the ionosphere and polarization currents in the magnetosphere 256 
comprised meridional current system of Bostrom type, or incomplete Cowling channel 257 
[Baumjohann, 1983]. They were driven by the E layer dynamo. 258 
 259 
 260 
6. Discussion and Summary 261 



Definition of field line dipolarization is a configuration change from stretching to shrinkage of 262 
geomagnetic field lines in the midnight meridian of magnetosphere. Two models have been 263 
proposed to account for the configuration change; diversion of the cross-tail currents via 264 
ionosphere, referred to as substorm current wedge (SCW), as first proposed in McPherron 265 
et al. [1973] and extinction of the cross-tail currents by a local kinetic instability, current 266 
disruption (CD) [Lui, 1996]. These models have been adopted for many decades to account 267 
for the critical issues associated with substorm onset. We propose, based on Ballooning 268 
instability scenario, that field line dipolarization is caused by the slow magnetoacoustic wave 269 
in which a small curvature radius of the stretched field lines in pre-onset intervals increased 270 
to larger curvature radius by spreading plasmas in the equatorial plane towards dawn-dusk 271 
directions. Dipolarization regions expand in longitudes and decrease field magnitudes by 272 
expanding flux tubes therein. This condition continued for several Pi2 cycles (about 10 min) 273 
and classical dipolarization caused by the reduction of cross-tail currents or pileup of the 274 
magnetic flux transported from the tail begins.  275 
The proposed scenario was deduced from the geosynchronous observation and 276 
cannot be readily applied to the onset scenario beyond the geosynchronous orbit. 277 
Nevertheless, dawn-dusk expansion of the flux tubes may be a fundamental property 278 
of field line dipolarization not only at geosynchronous altitudes but also in tailward 279 
locations (8 - 12 Re) [Yao et al., 3013; Liu et al., 2013]. It is suggested that the field line 280 
dipolarization at tailward locations is subdivided by faster expanding (in longitudes) 281 
dipolarization front (DF) and slower expanding dipolarization front bundle (DFB) led 282 
by DF [Liu et al., 2015]. Such substructures in field line dipolarization are also 283 
observed at geosynchronous altitudes [Saka and Hayashi, 2017]. The 284 
geosynchronous dipolarization expanded (in longitudes) at 1.9 km/s, while Pi2s 285 
emitted in the dipolarization region propagated one order of magnitude faster. The fast 286 
longitudinal velocities associated with Pi2s may be embedded within the slowly 287 
expanding region of dipolarization, similarly to the relationship between DF and DFB. 288 
If this relationship can be adapted also to the transitional state and succeeding field 289 
line pileup, the dipolarization scenario from geosynchronous observations can be 290 
extended further tailward in upstream. Or, the onset scenario in 10 Re can be applied 291 
in geosynchronous dipolarization. In that case, dipolarization pulse at Goes6 latitudes 292 

( 7.9 No ) may represents DFs. 293 
We emphasize that two different types of the dipolarization exist in the substorms; one is 294 
associated with change of curvature radius of field lines in the transitional state (faster 295 
expansion in longitudes) and the other is subsequent pileup of the magnetic flux transported 296 
from the tail (slower expansion). Tailward regression of the dipolarization region as reported 297 



in Baumjohann et al. [1999] may be associated with the latter case. 298 
In the transitional state lasting for about 10 min, the inductive electric fields pointing westward 299 
were produced in the equatorial plane. They propagated along the field lines to the 300 
ionosphere to produce dynamic ionosphere in the polar regions. The dynamic ionosphere 301 
has inherent dynamo processes in E layer producing meridional field-aligned currents of the 302 
Bostrom type (downward in higher latitudes and upward in lower latitudes). We found that 303 
Bostrom type current system was indeed observed on the ground at the front of dipolarization 304 
expanding towards east. The magnetospheric dynamo produced by earthward electric fields 305 
in the equatorial plane [Akasofu, 2003] and the E layer dynamo in the ionosphere worked 306 
together to activate the Bostrom current system.  307 
 308 
 309 
7. Appendix 310 
We checked the Ballooning instability threshold κ  from satellite observations by 311 
revisiting multiple Pi2 events observed by AMPTE CCE on 31 August 1986 [Saka et al., 312 
2002]. Results from [Saka et al., 2002] are reproduced in Figure 5. The satellite passed 313 
the midnight sector (20 – 23 MLT) from 3 Re to 7 Re at latitudes south of the equatorial 314 

plane ( 8− o  MLat) when multiple Pi2 event (with positive bay) was observed at low 315 
latitude station (KUJ) at L=1.2 in the midnight sector (Figure 5C). At satellite altitudes, 316 

ion fluxes coming from dawn sector ( −J ) and from dusk sector ( +J ) were measured 317 

by the instruments (two energy channels, 63-85 keV and 125-210 keV) on board AMPTE 318 

CCE [Takahashi et al., 1996]. The flux difference ( 0− +− >J J ) suddenly increased in 319 

association with the onset of multiple Pi2 and positive bay at KUJ (Figures 5A and 5B). 320 
Sudden increase was followed by the slow decrease of flux in 63-85 keV channel and 321 

rapid decrease of flux in 125-210 keV channel. The flux difference, − +>J J , may be 322 

caused either by earthward pressure gradient or westward convection of plasmas. 323 
From the different patterns of the flux decrease with time in two energy channels, we 324 

can suggest that the measured flux difference, − +−J J , can be attributed to the 325 

sudden increase of the earthward pressure gradient and succeeding relaxation. The 326 
different relaxation speed in two energy channels, slower for 63-85 keV and faster for 327 
125-210 keV, suggest that the pressure gradient (assumed to be proportional to the 328 
flux gradient) decreased with time during the multiple Pi2 event (see inset in Figure 5). 329 



The flux difference (50 counts/sample) was 10% of the background flux both for 63-85 330 
keV (Larmor radius is 250 km for 150 nT) and for 125-210 keV (Larmor radius is 450 331 
km), that is, the flux level differed by 10% at two locations 1000 km (63-85 keV) and 332 
1800 km (125-210 keV) apart in radial distance. This gives e-folding scale of the 333 
earthward pressure gradient being 0.98 Re and 1.77 Re for 63-85 keV and 125-210 keV, 334 
respectively. The 31 August event shows that radial pressure gradient was relaxed in 335 
the inner magnetosphere in association with the multiple Pi2 onset (positive bay in 336 
lower latitudes and negative bay in higher latitudes). We conclude that the relaxation 337 
of spatial inhomogeneity started when the spatial scale of the radial inhomogeneity 338 
approached 1.0 Re. This result supports Ballooning instability scenario of Rubtsov et 339 
al (2018) for the onset of field line dipolarization. 340 
 341 
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Figure captions 460 
 461 
Figure 1. 462 

A progress of field line thinning in the growth phase is illustrated. The inflow flux ( F⊥ ) rotated 463 

counterclockwise, from red, green, and to blue arrows in time. The rotation of the inflow 464 

vectors produced the field-aligned component of the flux, / / ( )F F tδ ω δ⊥= ⋅  as depicted in 465 

the inset. Note that inflows are localized earthward of the outer field lines. 466 
 467 
Figure 2. 468 
Schematic illustration of the flux tube deformations associated with the slow magnetoacoustic 469 

wave. Parallel displacement, zξ , along the field lines and perpendicular displacement, ⊥ξ , 470 



in longitude away from the center are coupled in the slow magnetoacoustic wave (see text 471 
for the explanation of equations (3) and (4)).  472 
 473 
Figure 3. 474 
A schematic illustration of the field line deformations in the meridian plane associated with 475 
the changing curvature radius of the field lines. The outer field lines marked by (1) changed 476 
to field lines (2) by increasing its curvature radius to R1 (red-dashed circle) in association 477 
with the onset of slow magnetoacoustic wave, while the inner field lines marked by (3) moved 478 
to field lines (4) of smaller curvature radius R2 (blue-dashed circle). This transition, (3) to (4), 479 
may be caused by the radial gradient of magnetic pressures becoming steeper in association 480 
with the inward compression of the field lines (see text).  481 
 482 
Figure 4. 483 

(A) Vertical component of ( )Zrot J  in the meridian chain along 300 o E for the interval from 484 

1000 UT to 1500 UT, reproduced from Saka and Hayashi (2017). Dipolarization onset was 485 

at 12:13 UT at this meridian. For the calculation of ( )Zrot J , vertical component data from 486 

RES (83.0 o N), CBB (76.6 o N), CONT (72.6 o N), YKC (68.9 o N), FSIM (67.2 o N), FSJ (61.9 o487 
N), and VIC (54.1 o N) were used (see text). Positive for the clockwise rotation (CW) of 488 
ionospheric currents and negative for the counterclockwise rotation (CCW) viewed from 489 
above the ionosphere. Amplitudes are color-coded. The scale is shown on the right. 490 
Demarcation lines separating CCW and CW in latitudes are marked by dashed line. The 491 

demarcation line moved to poleward after the onset. Note that negative ( )Zrot J  in 492 

poleward edge indicates smooth decrease of the Z amplitudes.  493 
 494 
(B) Time progresses of the CW/CCW patterns are illustrated separately in five segments from 495 
1 to 5 marked in Figure 4 (A). The figure demonstrates a progress of CW/CCW pair in time, 496 
CW in the poleward and CCW in the equatorward. This pair developed its size after onset 497 
showing poleward expansion. The meridional current associated with this pair of loop current, 498 
if closed in the equatorial plane via the field-aligned currents, comprised the Bostrom type 499 
current system. 500 
 501 
Figure 5 502 

(A) Difference of duskward flux (counts/sample) ( −J ) and dawnward flux ( +J ) from 503 



1430 UT to 1600 UT, 31 August 1986 for 63-85 keV ion channel measured by AMPTE 504 
CCE spacecraft, reproduced from [Saka et al., 2002].  505 
 506 
(B) Same as for (A) but for 125-210 keV ion channel. The satellite passed the midnight 507 

sector (20 – 23 MLT) from 3 Re to 7 Re at latitudes south of the equatorial plane ( 8− o 508 
MLaT). Radial distance (R) in Re, MLaT in degree, and MLT at 15:00 UT and 16:00 UT 509 
along satellite trajectory are shown in the bottom. 510 
 511 
(C) Multiple Pi2 event with positive bay observed at low latitude station (KUJ) at L=1.2 512 
in the midnight sector. MLT of KUJ was 23:42 at 15:00 UT. Enhancement of the flux 513 

difference ( − +−J J ) occurred associated with the second onset of the positive bay 514 

marked by vertical arrow.  515 
In the inset at right hand corner, radial profile of the ion flux was illustrated. Duskward 516 

flux represented by ( −J ) came from R1 (earthward) and dawnward flux ( +J ) from R2 517 

(tailward). − +>J J  because of the pressure gradient positive earthward. Spatial 518 

gradient represented by solid line relaxed to dotted line by the Ballooning instability. 519 

Radial separation, 2 1R R− , is either 1000 km or 1800 km for 63-85 keV ions or 125-210 520 

keV ions, respectively. Spatial inhomogeneities of 125-210 keV ions relax faster than 521 
those of 63-85 keV ions. 522 
 523 
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