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Abstract: We developed a computer simulation scheme for the motion of energetic 

particles trapped in the Earth's magnetic field during a magnetic storm. The particles 

are injected into the inner magnetosphere from the near-Earth plasma sheet by a strong 

inductive electric field due to a dipolarization in association with a substorm. The 

motion of the particles is traced by the bounce-average approximation under a dipolar 

magnetic field and the Volland-Stern type convection field. The absolute quantity of a 

directional differential flux of the particles can be obtained. We can calculate the 

azimuthal component of the current density and an H-component of the magnetic 

disturbance at the center of the Earth (Dst*) induced by the current. In this paper, we 

examine the formation of the ring current and the magnetic disturbance on the 

moderate storm occurred on February 13-14, 1972. We find that (1) the inductive 

electric field due to the dipolarization may be one of major contributors to Dst* on this 

storm, (2) the steep variations of Dst* in the main phase cannot reproduced by the 

inductive electric field model, (3) the intensity of Dst* is sensitive to the number density 

in the near-Earth plasma sheet, that is, an enhancement of the number density in the 

near-Earth plasma sheet may produce the steep and the major variations of Dst*. 

1. Introduction 

The terrestrial ring current develops drastically during a magnetic storm due to hot plasma injections from the near-Earth plasmasheet. The storm-time ring current usually decays within a few days. The characteristic negative excursion of the Dst index is regarded as a consequence of the enhancement of the ring current. Most of early studies of a magnetic storm dealt with the ring current as an equivalent wire current flowing westward that was estimated from the magnetic disturbances on the ground. However, as AKASOFU and CHAPMAN (1961) and HOFFMAN and BRACKEN (1965) initially pointed out, the actual ring current forms more complex structure, that is, an eastward current generally exists inside the westward current. The noticeable questions concerning the ring current dynamics are still remained; for example, how the ring current affects the Dst index, how substorm induction electric fields associated with dipolarization events affect ring current formation and what is the relationship between storms and substorms. It is essential for the investigation of the ring current dynamics to trace energetic particles, which contribute to the ring current formation, because the motion of the energetic particles strongly depends on the geomagnetic activity. The motion of the energetic particles associated with a magnetic storm/substorm has been investigated by many authors (e.g., CHEN, 1970; MCILWAIN, 1974; STERN, 1975; EJIRI, 1978; EJIRI et 
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al., 1978) . EJIRI ( 1978) examined the bounce-average drift trajectory of the newly injected particles associated with a storm/substorm under a dipolar magnetic field and the Volland-Stern type convection field (VOLLAND, 1973; STERN, 1975) with its intensity depending on Kp indices ( MAYNARD and CHEN, 1975) . LEE et al. (1983) , WODNICKA (1989) and TAKAHASHI et al. ( 1990) investigated the evolution of the total number density of the newly injected particles by tracing single particle motion. However, they did not derive a differential flux. Recently, the method solving the kinetic equation of the phase space density has been introduced by FOK et al. ( 1993, 1995, 1996) , J ORDANOV A et al. ( 1994) . Though their method to solve the kinetic equation is useful to derive the phase space density, the method cannot provide us with the small scale structure owing to the hydrodynamical treatment. 
2. Model Description 

2.1. Dr ift tr ajectory and flux calcu lation We developed a computer simulation scheme for the energetic particles trapped in the Earth's magnetic field during a magnetic storm. The particles are injected into the inner magnetosphere from the near-Earth plasma sheet by a convection field and a strong inductive electric field due to a dipolarization associated with a substorm. The motion of the particles are traced by the bounce-average approximation under a dipolar magnetic field and the Volland-Stern type convection field (VOLLAND, 1973; STERN, 1975) with its intensity depending on Kp indices (MAYNARD and CHEN, 1975) . The bounce-average drift velocity (Vs) is generally given by 
(V) = E X

2

B + l_ 1s
'm TV, ds, 

B Tb tm V 
(1) 

mv2 mvT Vs= qB4 
BX (B · /7)B+ 2qB 3 

BX /7 B, (2) 
where E, B, Tb, Sm, ( s' m) , i, v , v 1, ds, m and q are an electric field, a magnetic field, a bounce period, conjugate mirror points, tensor for the coordinate conversion, a parallel velocity, a perpendicular velocity, a line element aligned with a field line, mass and charge, respectively (ROEDERER, 1970). The tensor Tbecomes the scalar cos 3 A in the dipolar magnetic field, where A is the latitude. We can express the bounce-average drift velocity under the dipolar magnetic field as 

<V) = 
EXB + WG(ao) BX/7B (3) s B2 qB3 , where W, ao and G( ao) are energy, an equatorial pitch angle and a function of an equatorial pitch angle, respectively. We used an approximation formula of a function G( ao) given by EJIRI ( 1978) . It is essential to calculate the absolute directional differential flux in order to derive the ring current. Following CLADIS and FRANCIS (1985) , EBIHARA et al. (1998a) derived a method to calculate the absolute differential flux of the trapped particles traced by the bounce-average approximation. A packet particle including a number of real particles in the small phase space bin is injected from the night side boundary and is 
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traced by the bounce-average approximation. A directional differential flux on the equatorial plane io (L, ¢, W, Yo) where ¢ is MLT and yo = sin (ao) is obtained by summing the all real particles that enter a phase space bin (L1L, Li¢, L1 W, L1 y0) fixed on the equatorial plane as 

io (L, ¢, W, Yo) = 2nSrb (Yo)yL1 yL1 W ' (4) 

where S and N are the area of a virtual detector on the equatorial plane and the real number of particles, respectively. io (L, ¢, W, Yo) has a unit of ( l /m2 s str J) in the MKS unit. The off-equatorial flux j at a latitude of A can be derived from the Liouville's theorem (ROEDERER, 1970) as 
j(L, ¢, A , W, y) = jo(L, ¢, W, h(A ) y) ,  (5)  

with 
cos3 A h( A) 

= (1 +3 sin2 A) 114 • 
(6) 

2.2. Indu ctive electr ic field Inductive electric fields due to the dipolarization associated with a substorm are often observed by satellites in the near-Earth plasma sheet. AGGSON et al. (1983) reported that the transient inductive field was observed at L =1.5 with a time scale of 3 min and the intensity of Ey 
= 15 mV Im. We assume that the inductive field is a function of magnetic local time (MLT) ¢, L-value and time t, and is expressed as 

(7)  

where Eo, /1(¢), /2(L) and /3(t) are a maximum intensity of the electric field, a normalized function of local time, L-value and time, respectively. The normalized functions/,(¢),/2(L) and/3(t) are simply written here as 

and 

-{( 1 - lQ ¢ £1:
1 ) • ( 1 - lQ ¢�/ ) for </JI � </J < </J2 , /1(¢)- 0 for¢<¢, or¢ >¢2 , 

/2(L) = { 

L L1 1- 10. -;u- for L ?:.L,, 

0 for L<L,, 
( (t-to)2) f3( t) = exp - a 

- (Llt/2)2 
a = log 0.1 

(8) 

( 9) 

(10) 
( 11) 

where ¢, and ¢2 are the azimuthal boundary of the inductive field ( ¢, < ¢2), LI is an inner edge of the field, Lit is a time scale of the field and Li¢ and L1L is a characteristic width of the boundary regions on the ML T and the L, respectively, and the functions are shown in Fig. 1. The onset time to must be determined by ground or satellite observations. 
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Fig. I. The inductive electric field model due to the dipo/arization associated with the substorm. 

Functions /1 (t), /2 (¢) and h (L) are corresponding to the eqs. (8) to (10), where t, ¢ and L 

are time, magnetic local time (MLT) and Mel/wain's L-value, respectively. 

2.3. Loss processes of ions 
We consider the two loss processes for the ions. The first is the charge exchange 

with neutral hydrogens, and the second is the Coulomb collision with thermal electrons 
in the plasmasphere. We use the charge exchange cross section derived from JANEY and 
SMITH ( 1993) and the Coulomb collision cross section derived from FOK et al. ( 1991). 
The neutral hydrogen density is derived from the spherically symmetric model of 
CHAMBERLAIN ( 1963). The fitting parameter for the CHAMBERLAIN'S (1963) model is 
given by RAIRDEN et al. (1986) based on the DE-1 observation. Although the spatial 
distribution of the neutral hydrogen is relatively steady, the plasmasphere changes its 
form drastically depending on magnetospheric activity (e.g., CARPENTER, 1966; 
CHAPPELL, 1972). We use the model of the plasmasphere described in EBIHARA et al. 
( 1998b), which gives the three-dimensional electron density in fairly good agreement 
with the EXOS-B satellite observation. 

3. Results 

In this paper, we investigate the moderate magnetic storm occurred on February 
13, 1972, the minimum Dst being - 47 nT. The AL, Dst and Kp indices during the storm 
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Fig. 2. The AL, Dst and Kp indices on February 13-14, 1972. 
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are shown in Fig. 2. There was a sudden commencement at 0939 UT, and the 13 

substorms were identified by ground magnetograms during the main phase of this storm. 

The criterion that we identified onsets of the substorms is the beginning of a positive bay 

of the H-component magnetic disturbance with a time scale of ,...,_, 1 hour recorded at a 

mid- or low-latitude station, except for the first substorm. As for the first substorm 

onset, we identified it by the beginning of the sudden decrease of the magnetic field at the 

auroral zone. In this period, the Explorer 45 satellite observed the successive directional 

differential fluxes of the ions and electrons with energy range of 0.8 keV to 870 keV for 

ions and 0.8 keV to 400 keV for electrons (LONGANECKER and HOFFMAN, 1973; SMITH 

and HOFFMAN, 1974; EnRI et al., 1980). After the first substorm onset occurred at 

1115 UT, the Explorer 45 began to observe an enhancement of the ion flux at 1145 UT 

(L = 5, MLT = 18.5 h, near equatorial plane) with the characteristic energy dispersion 

(so-called nose structure). EJIRI et al. (1978) numerically explained the energy 

dispersion of this event, that is, the dispersion in the E-t (energy-time) diagram is caused 

by the difference of the drift trajectories with time, depending on energy and the pitch 

angle of ions. EBIHARA et al. (1998a) identified quantitatively the source distribution 

function and the temporal and spatial structure of the inductive electric field of this 

event; the source distribution function was isotropic Maxwellian with a temperature of 

5 ke V and a density of 0.22 cm 3 at L = 8 and the parameters for the model of the 

inductive electric field written in eqs. (7) to (11) were taken to be Eo = 10 mV Im, </>1 = 

21 h, </>2 = 3 h(27 h), .d</> = 0.5 h, L1 =4.5, .dL = 1, .dt = 6 min, respectively. These values 

we identified on the first injection of the storm were apply to the later 12 injections. 

We also inject electrons simultaneously with the ions. The number density of the 

electrons is assumed to be equal to the ions owing to charge neutrality. The satellite 

observations show statistically that ion and electron temperatures at the plasma sheet are 
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in the ratio of 2.6-7.3 at L = 6.6 (THOMSEN e t  al., 1996) and the ratio of ,_,7 at L"-' 10 -20 (BAUMJOHANN, 1993) . We assume the ratio of the temperature as 5 at L = 8. 
3.1. Pr essure  and curr ent densi ty The plasma pressure is given by 

P 1 = J ; f(v)mv 2 sin2 adv, 

P = )f(v)mv 2 cos 2 adv, 

(12) 
( 13) 

where/ and v are a velocity distribution function and a velocity, respectively. We can rewrite eq. (12) and ( 13) as 
P1 =n)2m )a)wjo(L , ¢, W, h(A) sina))W sin3 adadW, (14) 

P =2n)2m )a)wio(L , ¢, W, h(A) sina))Wcos 2 a sin adadW. ( 15) 
The current density perpendicular to a field line ( ring current) has been considered as a combination of the three currents; the magnetization currentjM, the curvature drift currenth and the grad-B drift currentjn (PARKER, 1957). The total current density j 1 is given by 

(16) 
In the dipolar magnetic field, the azimuthal component of the current density h becomes 

. = 1 cB, oPJ -B 0P1)+ 1 (P -P )(&oB -B ftB) 
}¢ B 2 r O A ) or B 3 1 r O A ) or ' 

r
3 

M ( 1 + 3 sin 2 A) [_l_sin A oP-1 -cosA 0P1 + P -P1 ( - 6 sin2 A cos A + 3 ;,.)l 
r oA or r 1 + 3 sin2 ;,. cos 'J ' 

( 17) 

( 18) 
where B,, B;, r and M are the radial component of the magnetic field, the latitudinal component of the magnetic field, the radial distance from the center of the Earth, and the magnetic moment of the Earth, respectively. The results of the calculation are shown in Fig. 3. We can see the bidirectional current flow; the borders of eastward and westward current flows are located at L = 4.8 (1210 UT, February 13) and L = 4.4 (0000 UT, February 14) . The border was moved inward and the current density was enhanced as the storm developed. The current intensities reached peaks of 9. 7 nA/m2 for eastward current and 8.8 nA/m2 for westward current, respectively at 0000 UT on February 14. 

LUI e t  al. ( 1987) investigated the pressure and the current density by the AMPTE/ CCE satellite during the storm occurred on September 4, 1984. The current density reported by LUI e t  al. ( 1987) had peaks of 2.8 nA/m2 (L = 2.6) for eastward current and 6.8 nA/m2 (L = 4.7) for westward current, respectively, at the most disturbed time during the storm. The ratio of the current densities between the peaks was approximately 2.4. However, the calculated ratio was 0.91, that is, the calculated eastward 
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Fig. 3. Cross sections of the equatorial current density}¢ in the midnight meridian at 1210 UT on 
February 13, 1972 (top panel) and 0000 UT on February 14 (bottom panel). Total current 
consists of the three currents, the magnetization current jM (dotted line), the curvature drift 
current jR (broken line) and the grad-B drift current in (dashed-dotted line). The positive 
quantity indicates the westward current. 
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current was stronger than the westward one. The observational result showed that the pre-existing background pressure was responsible for the difference between the intensities of westward and east-ward currents. The background pressure had a peak at L-3 for quiet time (LUI and HAMILTON, 1992). Since our model included no pre-existing background pressure, the westward current density was nearly equal to the eastward one. One possible origin of the background particles is the long-term transport due to the radial diffusion (e.g., CHEN et al., 1994). 
3.2. Dst An H-component magnetic disturbance at the center of the Earth L1B can be calculated from the integration of the spatial distribution of the current density as 

L1B = JJJ¢ �; cos Aj,p(r , A ,¢) dr dAd</), ( 19) 
where µo is the permeability in vacuum. We regard L1B as corrected Dst (hereafter 
Dst*) . Dst* is given by subtracting the Chapman-Ferraro current from Dst, and is generally considered to be a good indicator of the strength of the ring current (e.g., GONZALEZ et al., 1994). A comparison between the calculated Dst* and the observed one is shown in Fig. 4. The solid line in Fig. 4 is the calculated Dst*, the source density 



8 Y. EBIHARA, M. EJIRI and H. MIYAOKA 

0 

-1 0 
/ calculated(n=0.22cm-3) 

-

-20 

"' -

····,,,,,,,'. /calculated(n=0 .4���:'.>,_::,/ 

',,__..�<,,·· ,', 
-30 a -

-40 

-50 
1 2  1 6  20 00 04 08 

UT 
February 1 3- 14 , 1 972 

Fig. 4. A comparison between calculated Dst* and the observed Dst* of this storm on February 13-14, 

1972. The source densities at the near-Earth plashasheet (L = 8) were taken to be 0. 22 cm 3 

(solid line) and 0.40 cm 3 (dotted line). 

being 0.22 cm 3
• Though the observed Dst* ( dashed line) reached to maximum of -39 

nT, the calculated one reached to maximum of - 16 nT. The dotted line is also 
calculated Dst* but the source density is taken to be 0.40 cm 3

• The dotted line is almost 
similar to the observed Dst* except for steep variations around 1300 UT and 2300 UT 
on February 13, 1972. This result implies that the intensity of Dst* is sensitive to the 
source density, and that the major contributor to the storm-time variation of Dst* may 
be not only the inductive electric field due to the dipolarization but also the enhancement 
of the number density in the near-Earth plasmasheet. Therefore the steep variations 
around 1300 UT and 2300 UT may be produced by the enhancement of the number 
density in the near-Earth plasmasheet. For the large storm related to the magnetic cloud 
event, JoRDANOVA et al. ( 1998) suggests that the superdense plasmasheet (BOROVSKY 

et al., 1997) mainly contributes to Dst*. In general the number density in the near-Earth 
plasmasheet may play an important role in the intensity of Dst* during a storm. 

4. Summary and Conclusions 

We traced the bounce-average trajectories of the newly injected particles during the 
magnetic storm and calculated the temporal evolution of the differential flux of the 
particles. The essential point of this model is to calculate the absolute quantity of the 
differential flux of the ring current particles. The plasma pressure and the azimuthal 
component of the current density were also calculated. Though the magnetic distur
bance at the center of the Earth (Dst*) was calculated with a formula between the total 
energy of the ring current and Dst* (e.g., DESSLER and PARKER,  1959; SCKOPKE, 

1966), we can calculate directly the Dst* from the spatial distribution of the current 
density. The conclusions of our results are as follows. 

1) The calculated eastward current density is stronger than the westward one at 
the most disturbed time of this storm. The ratio between them is 0.91. However, the 
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pre-existing background pressure having a peak at L-3 is responsible for the difference between the intensities of westward and eastward currents because the observational result shows the ratio of 2.4 (LUI et al., 1987) . 2) The inductive electric field due to the dipolarization may be one of major contributors to Dst* for this storm. 3) The intensity of Dst* is sensitive to the number density in the near-Earth plasmasheet. The sudden enhancements of the number density in the near-Earth plasmasheet may produce the steep variations of Dst* around 1300 UT and 2300 UT on February 13, 1972. 
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