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ABSTRACT

R ing  C u r r e n t  - A t m o sp h e r e  In t e r a c t io n s  M o d e l  W ith  S t o r m t im e

M a g n e t ic  F ield  

by

ALEXANDER EMILOV VAPIREV 
University of New Hampshire, September, 2007

An improved version of the ring current-atmosphere interactions kinetic model (RAM ) 

is presented in this thesis. The recent stormtime empirical model T04s and the IG RF 

model are used to represent the E arth ’s external and internal magnetic fields respectively. 

Particle drifts, losses due to charge exchange w ith  geocoronal hydrogen and atmospheric 

losses are included in the model as they are considered the main mechanisms of ring current 

development and its following decay. A  numerical technique for bounce-averaging along the 

field lines is introduced and results for the calculated bounce-averaged hydrogen densities 

and magnetic gradient-curvature d r ift velocities (general case) for the moderate storm of 

A p r il 21-25, 2001, are presented. A comparison in the calculations between T04s and a 

dipole field shows tha t the bounce-averaged hydrogen density for T04s differs w ith  ~  5% 

from that for a dipole field for quiet time and it  may become 30% smaller for disturbed 

conditions on the nightside for L  >  4. The gradient-curvature velocities for T04s at large 

L-shells are ~  20% higher on the nightside and 20% lower on the dayside than those for a 

dipole field for quiet time. For disturbed conditions they are respectively ~  200% higher 

and 20% lower than the dipole values. The contribution of the cross-B term  to the magnetic 

d r ift is ~  5%. Results for the time evolution of the trapped equatorial flux for H + , He+ , 

and 0 + ions for various particle energies and pitch angles obtained by the new model w ith  a 

non-dipole field (R AM -ND) are presented. The new computations for the A p r il 2001 storm

xv ii
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using a Volland-Stern convection model show a slight continued increase in the flux and the 

to ta l ring current energy for the three ion species even after the storm main phase. A  higher 

increase in the flux is observed towards the dusk side for the R AM -N D  model compared 

to RAM  due the difference in the charge exchange rates and the azimuthal d rifts  for the 

two different geomagnetic field configurations. Both models give sim ilar values for the low 

energy ion fluxes. The high energy component of the ion flux for large pitch angles for RAM - 

ND has more strongly expressed dominance during the storm recovery phase. The increase 

in  the 0 + flux after the storm m inim um D st given by RAM -N D, indicates a continuous 

several hour activ ity  of the various ionospheric sources during stormtime, leading to the 

accumulation of energetic 0 + . The contribution of He+ to the to ta l ring current is about 

4%. The to ta l ring current energy using RAM -N D is reduced by ~  30% compared to RAM . 

The results obtained by the RAM -N D model confirm recent calculations by other models 

and they are consistent w ith  previous satellite measurements. The energy spectra of the 

calculated spin averaged ion flux is compared w ith  Polar/C AM M IC E-M IC S  data few hours 

before the D st minimum. The flux profile dependence on the L-shell value is studied at 

the m idnight-dusk and at the prenoon side. Both RAM -N D and R A M  fluxes predict the 

measurements beyond 3 R e  reasonably well w ith  the RAM -N D model performing slightly 

better than R A M  in  the mid-energy range. A t lower L-shells the measured low energy 

flux does not have a well expressed minimum, while the modeled fluxes for both models 

have deep and broad minima. The dip in the modeled flux  profiles at a ll L-shells is shifted 

towards higher energies compared to the dip in the data. The m inim a shift for R AM -N D  is 

smaller than the m inima shift for R AM  in  most of the cases. An approximate calculation 

of the perturbation in the D st due to the change in the to ta l stormtime ring current energy 

content is presented. The depression in  the D st for RAM -N D  is about two times smaller 

than the change predicted by R A M  due to the smaller to ta l energy for RAM -ND.

xv iii
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C h a p t e r  1

I n t r o d u c t io n

Conditions on the sun, in the solar w ind and E arth ’s space environment often can in­

fluence the performance and re liab ility  o f spacecrafts and ground-based systems. This is 

referred to as Space Weather (Figure 1-1, after Lanzerotti [2003]). Magnetic storms, a major 

part of space weather, develop when the coupling of the solar w ind to the magnetosphere 

becomes strong and prolonged and the geomagnetic activ ity  becomes intense. The thresh­

olds and driv ing parameters, namely the duration A T  of the main phase of the event, the 

southward Interplanetary Magnetic Field (IM F) B z component, and the stormtime index 

D st, could then be as follows [Gonzalez et al., 1994]:

S to rm  s tre n g th D st [nT ] B z [nT ] A T  [h]
Great <  -100 <  -10 >  3
Intense -100 -10 3
Moderate -50 -5 2
Small (typical substorm) -30 -3 1

Table 1.1: Storm classification according to the duration A T  of the main phase of the event, 
the southward Interplanetary Magnetic Field (IM F) B z component, and the stormtime 
index Dst.

The largest storms are often related to Coronal Mass Ejections (CM E) from the Sun 

[e.g., Gosling et al., 1991]. In  these cases, the related enhancements of solar w ind velocity 

accompanied by southward IM F  direction result into interplanetary shocks (IPS) (see Figure 

1-2).

The enhancement of the ring current is an essential element of all geomagnetic storms.

1
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I t  consists [e.g., Frank, 1967] of geomagnetically trapped 10-200 keV ions (m ainly H + , He+ , 

and 0 + ) and electrons tha t d r ift azimuthally around the Earth  at radial distances of about 

2 — 7 R,£ (Earth radii), overlapping the radiation belt region. The d r ift  is a combined 

curvature and gradient d r ift which is eastward for electrons and westward for ions, i.e., the 

direction of the current is westward (Figure 1-3).

According to the classical substorm injection hypothesis, the ring current is enhanced 

via energization and injections of plasma sheet particles from the ta il towards the inner 

magnetosphere during substorms, which are typical for storm times. Depending on the 

solar wind driving, the plasma sheet can become superdense (up to 10 cm-3 ) [Borovsky 

et al., 1997], heated (temperatures of >10 keV in the near Earth  region, rather than 5 — 8 

keV), and enriched in  ionospheric ions [Young et al., 1982; Moore and Delcourt, 1995; Fu 

et al., 2001]. The energy density in the plasma sheet, in  general, is higher during magnetic 

storms than quiet times [e.g., Nose et al., 2001], but i t  is also highly variable, modulating 

the relative geoeffectiveness of comparable southward IM F  intervals even w ith in  a single 

magnetic storm [Jordanova et al., 1998, 2003a; Liemohn et al., 2001a; Kozyra et al., 2002]. 

Unusual populations are sometimes seen, such as plasma w ith  characteristics resembling 

low latitude boundary layer (LLB L) plasma moving along open d r ift  paths into the inner 

magnetosphere near m idnight [Kozyra et al., 1998]. The storm tim e enhancement of the 

plasma sheet ion population contributes significantly to the ring current buildup [Jordanova 

et al., 1998].

Since ions in the energy range 10-200 keV are responsible for the m a jo rity  of the ring 

current energy content (and thus D st variation), most of the ring current forms through 

convective transport from the inner plasma sheet. A  strong correlation between geosyn­

chronous plasma sheet density at m idnight and m inim um D st [Jordanova et al., 1998, 

2003a; Thomsen et al., 1998] supports this viewpoint. Further, Nose et al. [2001] infer tha t

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the plasma sheet is the dominant source for the ring current based on the sim ila rity  in 

composition of the inner plasma sheet and outer ring current regions.

The convection w ith in  the magnetosphere is driven by interaction w ith  the solar wind. 

During periods o f southward interplanetary magnetic field (IM F), reconnection on the day- 

side sweeps magnetic flux to the magnetotail, creating a pressure gradient tha t drives plasma 

back toward the sun (Figure 1-4). This convection strength has been correlated to the solar 

wind motional electric field (Ey) and the electric potential difference across the high latitude 

ionosphere [e.g., Reiff et al., 1981]. Several studies have correlated E y w ith  the decrease in 

D st*  [Burton et al., 1975; Akasofu, 1981], and later OBrien and McPherron [2000] demon­

strated tha t additional correlation exists between Ey and D st*  recovery. This is consistent 

w ith  the fact tha t ion outflow through the dayside magnetopause has been shown by kinetic 

ring current models [Takahashi et al., 1990; Ebihara and E jiri, 1998; Liemohn et al., 1999; 

Jordanova et al., 2003a] to be a m ajor ring current loss process during the main phase of 

intense magnetic storms. The time scale for ion loss due to these d rifts  is proportional to 

the convection electric field and thus to the interplanetary dawn-to-dusk electric field.

Jordanova et al. [1998] showed tha t the most im portant loss process due to collisions is 

charge exchange w ith  exospheric hydrogen, resulting in  high energy neutral atoms (ENA) 

and low energy protons. Their conclusions agree w ith  Monte Carlo simulations of a great 

geomagnetic storm by Noel [1997]. A  direct measurement confirm ing the difference in 

character between globally-averaged main and recovery phase ring current losses during 

a major magnetic storm was provided using ENA observations by the Polar spacecraft 

[Jorgensen et al., 2001]. The globally averaged loss rates during the late recovery phase 

were consistent w ith  charge exchange as the loss mechanism; however, during the main 

phase, these losses (through ENA observations) were well in excess of charge exchange 

losses.

3
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Given a relatively long main phase, plasma sheet ions moving on open d rift paths in to the 

inner magnetosphere are not captured on closed d r ift  paths but move through to the dayside 

magnetopause and are lost. During such events, the ring current is h ighly asymmetric [e.g., 

Takahashi et al., 1990; Jordanova et al., 1999] w ith  up to 90% of the energy owing along 

open d rift paths in  the main phase [Liemohn et al., 2001a; Kozyra et al., 2002]. In  situ 

measurements are consistent w ith  this asymmetry [e.g., Frank, 1970; de Michelis et al., 

1997a; Grafe, 1999]. One of the rst great acheivements of energetic neutral atom (ENA) 

imaging was the experimental conrmation of this asymmetry [Roelof, 1987; Henderson et al., 

1997; Pollock et al., 2001; M itchell et al., 2001; Reeves and Spence, 2001]. In  fact, the images 

in  M itchell et al. [2001] capture the conversion of open to closed d rift paths (asymmetric 

to symmetric ring current) during a step-like transition to northward IM F  B z in the main 

phase of a large magnetic storm. Energetic (tens of keV) 0 + has been observed in  front of 

the bow shock (seen out to 200R e  upstream) during storm events [Christon et al., 2000; 

Posner et al., 2002], indicating tha t the ring current is owing out the dayside magnetopause 

at these times. The upper atmosphere also provides evidence for a partia l ring current 

during storms, w ith  [Craven et al., 1982] showing tha t stable auroral red (SAR) arcs are 

prim arily  lim ited to the dusk-to-m idnight sector. In  the ir review of SAR arcs, Kozyra 

et al. [1997] concluded tha t the Coulomb interaction between the thermal electrons and 

the ring current is responsible for the magnetospheric heat flux tha t produces SAR arcs. 

Numerical simulations, [Jordanova et al., 1999; Liemohn et al., 2000] showed tha t the local 

time asymmetry of the partia l ring current matches the SAR arc observations.

The objective of this thesis is to model the behaviour of the ring current w ith  the existing 

global ring current-atmosphere interactions model (R AM ) [Jordanova et al., 1997, 2003a] 

coupled w ith  a non-dipole magnetospheric field model. The first version of the R A M  code 

uses a magnetic dipole to represent the E arth ’s magnetospheric field. A lthough the R AM

4
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model has been quite successful in modeling the ring current environment for a variety 

of geomagnetic storms, approximating of the E arth ’s field w ith  a magnetic dipole could 

yeald inaccurate results for the behaviour of the ring current during large storms. For 

large geomagnetic disturbances, the field lines are strongly deformed and significantly differ 

from a magnetic dipole. In  the present study we use the recent storm-time T04s empirical 

magnetic field formulation, which describes well the magnetospheric configuration for both 

quiet and disturbed conditions [Tsyganenko, 2002a,b; Tsyganenko et al., 2003; Tsyganenko 

and Sitnov, 2005].

The physical processes involved in  the development and the decay of the ring current 

are described in Chapter 2. In  Chapter 3 we describe the theoretical approach of the kinetic 

model (R AM ) developed by Jordanova [1995] and the changes which have been made in 

order to incorporate a non-dipole geomagnetic field model into it, considering losses only 

due to charge exchange. The details of the numerical techniques are discussed in Chapter 4. 

The time evolution of the ring current H+ , He+ and 0 + d istribution  functions for moderate 

and large geomagnetic storms, are presented in Chapter 5. A  summary of the results 

obtained w ith  the present version of the R A M  model updated for non-dipole magnetic field 

(RAM -ND) and suggestions for future work are given in Chapter 6.

5
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Figure 1-4: Southward IM F  reconnecting on the dayside w ith  the E a rth ’s magnetic field.
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C h a p t e r  2

O r ig in  a n d  D e v e l o p m e n t  o f  t h e  

T e r r e s t r ia l  R in g  C u r r e n t

2.1 General Structure of the Ring Current

The basic idea about the structure and the shape of the ring current is tha t of a toroidal­

shaped inhomogeneous electric current tha t flows westward around the Earth  at geocentric 

distances between ~  2 R# and ~  9 R e (Figure 2-1). The ring current consist of geomag- 

netically trapped charged particles, gyrating around the magnetic field lines because o f the 

Lorentz force and also experiencing d r ift  motions due to the gradient and curvature of the 

magnetic field [e.g., Roederer, 1970]. The collective motion is an azimuthal d r ift for the 

trapped particles: electrons move eastward and most ions (w ith  energies above a relatively 

low threshold [e.g., de Michelis and Orsini, 1997b] move westward. This charge transport 

results in a ring current. Figure (2-2) shows the basic motions of charged particles in the 

presence of a magnetic field: the gradient d r ift motion, the curvature d r ift  motion and the 

gyration [e.g., Roederer, 1970].

The elementary currents j v , j c ,  jG  resulting from these motions can be expressed in 

terms of the particle pressure components, namely Pj_ and Py, perpendicular and parallel to 

the magnetic field [Parker, 1957]. The current due to particle d r ift driven by the magnetic

9
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field gradient is:

Jv —
B x V B

B 3
(2 .1)

The current due to particle d rift driven by the magnetic field curvature is given as:

3c =  x (B  • V)B (2 .2)

and the current due to gyro-motion w ith in  the particle d is tribution  is:

B
JG =  ^ X

VPi - ^ V B - ^ ( B - V ) B (2.3)

The three terms on the right side of Equation (2.3) represent currents due to the particle 

pressure gradient, the magnetic field gradient, and the magnetic field line curvature, respec­

tively. The d r ift  and gyration terms driven by the magnetic field gradient are equal and 

opposite (Equations 2.1 and 2.3), and thus the to ta l current does not depend on gradients 

of the magnetic field:

j — j y + j c + J G — £ 2  x
p  _ p

V P ± +  " 1 (B ■ V)B (2.4)

In  the case of an isotropic d istribution  (Py — Pj_), the magnetic field gradient plays no role 

in the current buildup and the to ta l current depends only on the pressure gradient.

The quiet time ring current population is d istributed over distances w ith  the L parameter 

ranging from ~  2 to ~  9 and w ith  an average current density of ~  1 — 4 n A /m 2 [e.g., Lui 

and Hamilton, 1992; de Michelis and Orsini, 1997b]. The storm time ring current density 

increases over its whole radial extent and may exceed values of ~  7 n A /m 2 [e.g., Lu i et al.,

1987].

Dessler and Parker [1959] and later Sckopke [1966] showed theoretically tha t the distur-
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bance A B  o f the equatorial surface geomagnetic field during magnetic storms is proportional 

to the energy of the ring current particles (the Dressler-Parker-Sckopke relation):

^  -  2 ®  (2.5)
Bo 3 Em '  '

Here Bo = ~  30000 nT  is the average surface geomagnetic field intensity at the magnetic 

equator, E is the to ta l energy of the ring current particles and E m =  B qR \ /Z  ^  1019 J, 

is the energy of the E arth ’s dipole field above the E arth ’s surface [Carovillano and Siscoe, 

1973].

The generalized Dressler-Parker-Sckopke relation considers terms from internal and 

boundary sources:

B p  _  2E  +  M  -  /  R  • n da
Bo ~  3Em 1 ‘ j

where B p  is the decrease in field due to  the combined magnetic field from all sources and 

M  =  f  B 2D/2nodv is a volume integral and represents the to ta l magnetic energy inside the 

magnetosphere. The un it vector n  is the normal pointing outward, and R  is given as:

R =  ( P +  W~~ \ r  +  P(V ‘ r )V  — ( B ~r ) B  (2.7)
/  Mo

Here p is the therm al pressure, r  is the radius vector from the center of the Earth, p is the 

mass density of the solar w ind in  the plasma mantle, V  is the flow velocity of the mantle 

plasma, and B  is the to ta l magnetic field vector. The pressure in (7) is assumed to be 

isotropic.

The general location and the main driv ing mechanisms of the ring current have been 

established through observations and theoretical work. The existence of the ring current 

was confirmed by spacecraft measurements and it  was shown tha t this current system is 

a permanent element of the E arth ’s magnetosphere. Frank [1967] showed tha t the ring
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current is dominated by ions (mostly protons) w ith  energies of ~50 keV. In  the 1970s the 

development of better space mass-spectrometer instruments made i t  possible to distinguish 

between the different ion species [Shelley et ah, 1972], The detailed composition and energy 

of the ring current, however, were not clarified un til the Active Magnetospheric Particle 

Tracer Explorer (A M P TE ) mission of the late 1980s (Section 2.3.1).

2.2 M easurements

During the past few decades there have been numerous experimental ring current related 

studies based on ground and space measurements. Two of the most successful spacecraft 

missions, in regard to ring current measurements, were the A M P T E  and CRRES satellites.

The Charge Composition Explorer (CCE), one of the three A M P T E  spacecraft, carried 

on board the charge-energy-mass (CHEM ) spectrometer. CHEM  was an advanced compo­

sition spectrometer which was used to identify missing elemental and charge composition 

in  the range of a few keV to a few hundred keV through a combination of measurement 

techniques [Gloeckler et ah, 1985]. Statistical studies of the ion population in  the inner 

magnetosphere [Daglis et ah, 1993] and case studies [Krim igis et ah, 1985; Ham ilton et ah, 

1988] were used to resolve the relative contribution of the various ion species to the quiet 

time and storm time ring current.

Figure (2-3) [Daglis et ah, 1993] shows the accumulated percentage of the ion energy 

density at geosynchronous orb it (the outer ring current) as a function of the ion energy. 

The data shown are for geomagnetically quiet times (left panel) and for geomagnetically 

disturbed times (right panel). The curves represent averaged data over two and a half years 

of measurements by the CHEM  instrument onboard A M P TE /C C E . P lotted are curves for 

the to ta l energy density as well as the energy density of the four main ring current ion species 

(H+ , 0 + , He+ + , He+ ). An im portant fact is tha t the most part of the to ta l measured ion
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energy density is w ith in  the energy range of about 10 keV to 100 keV. Also, the H + is the 

dominant ion species, while the contribution due to 0 + ions increases from about 6% to 

21% during storm times. The data was averaged over all local times and over a ll types of 

events (i.e. storms and substorms) w ith  auroral electrojet (AE) indices AE  <  30 nT  (quiet 

times) and AE >  700 nT  (active times). This averaging smoothens out the very active 

events (i.e. intense storms). Previous studies indicated tha t about 5% of the current energy 

density resides at energies >  300 keV [Williams, 1987].

The data from the CHEM  instrument onboard the A M P T E /C C E  mission, showed tha t 

during geomagnetically quiet times, the ring current is dominated by H + ions w ith  a negli­

gible contribution of some heavier ions. A M P T E  operated during solar m inim um and the 

February 1986 intense magnetic storm was the only one to be observed [Hamilton et al.,

1988]. During th is storm period the 0 + population increased and became the dominant ion 

species around the peak of the storm. Ham ilton et al. [1988] estimated tha t the contribution 

of 0 + ions reached 47% of the to ta l energy density for distances w ith  L =  3 — 5 (the inner 

ring current), compared w ith  36% for the H+ . For L =  5 — 7 (the outer ring current), the 

peak of the 0 + contribution was found to be around 31%, and the contribution of H + ions 

was about 51% around the storm maximum.

The second spacecraft mission for conducting in situ ring current observations was 

the Combined Release and Radiation Effects Satellite (CRRES), which operated during 

1990 — 1991, i.e., around solar maximum. CRRES caried on board the Magnetospheric Ion 

Composition Spectrometer (M ICS) [Wilken et al., 1992] which was also capable of gathering 

information about the composition of the ring current ions in the energy range between a 

few tens of keV to a few hundred keV. The CRRES/M ICS observations of a number of 

moderate and large geomagnetic storms showed tha t the ring current properties observed 

by C C E/C H EM  during the February 1986 storm [Hamilton et al., 1988] are very similar.
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Later Daglis [1997] showed that for larger storms (as given by the D st index) the 0 + con­

tribu tion  to the ring current is bigger than the H + contribution. Also, Daglis [1997] showed 

tha t the magnitude of the D st index and the 0 + contribution to the ring current increase 

concurrently. This feature was observed in  all moderate to large storms during 1991, and 

it  was also noticed in the February 1986 storm [Hamilton et al., 1988].

The time profiles of both 0 + andH+ ion contribution to the to ta l ring current energy 

density (L =  5-6) are shown in  Figure (2-4) together w ith  the corresponding D st index for 

the storm period of June 4 — 5, 1991 [Daglis et al., 1999b]. In  Figure (2-4) one can see tha t 

the protons are the dominant species (about 80%) during the quiet prestorm period, and 

tha t the 0 + ions contributed only around 10% of the measured ion energy density. A fte r the 

beginning of the storm, the 0 + contribution increased and stayed above 30% for more than 

24 hours. Such levels of 0 + are considered to be exceptionally high [Daglis et al., 1993]. 

The localized and sporadic character of ionospheric outflow [e.g., Strangeway and Johnson, 

1983] usually is considered to be the reason for the short-lived energetic 0 + enhancements 

[Daglis and Axford, 1996]. This fact combined w ith  the relatively short charge exchange 

lifetime of energetic 0 + [Smith et al., 1981] would suggest tha t such a long-lived enhanced 

level of 0 +  population indicates a continuous ionospheric feeding of the inner plasma sheet 

during the storm main phase.

During the great storm in  March 1991, the population of the 0 + ions rose dramatically 

(Figure 2-5). The maximum of the main phase o f the storm was clearly dominated by 0 + , 

w ith  a contribution of more than 65% of the to ta l energy density for L =  5 — 7, and it  

exceeded 80% for L =  5 — 6 [Daglis et al., 1999a], In  an earlier study, Daglis [1997] noted 

the concurrent increase of the 0 + contribution and the decreasing D st index. The storm 

had a sudden commencement at 03:41 U T  on March 24, after which the 0 + contribution 

went from 10% up to 40%. A t the same time the D st index dropped to around -100 nT.
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The D st recovery period followed together w ith  a decrease in  the 0 + abundance. Both D st 

and 0 + reached the ir peaks during the main phase of the storm. Ham ilton et al. [1988] 

observed a sim ilar pattern during the great storm of February 1986. Figure (2-5) again 

shows tha t for intense geomagnetic activ ity  the 0 + contribution reaches very high levels 

(>  40%) which last for an extended time period of more than 30 hours.

In  1991, CRRES also observed five medium to intense storms. For all of them the 

ionospheric contribution to the ring current energy density due to energetic 0 + ions was 

20 — 65%. About 30% of H + ion population in  the storm time outer ring originates from the 

ionosphere [Gloeckler and Hamilton, 1987]. This shows clearly tha t, although the energy 

source of storms is unambiguously of solar origin, the m a jo rity  of the storm time ring 

current particles are of terrestria l origin. Therefore follows the conclusion tha t the m ajor 

source of the ring current, during quiet times, is the solar w ind through the plasma sheet 

region, while the storm time ring current becomes increasingly of terrestria l origin w ith  

the development of the geomagnetic activity. The 0 + causes the rapid final enhancement 

of the ring current at the storm maximum, which could be the cause of the second storm 

maximum during intense storms w ith  a two-step development [Kamide et al., 1998a]. Noel 

[1997] suggests tha t the 0 + also induces an equally rapid in itia l decay of the ring current, 

which could possibly be the reason for the two-step recovery of intense storms. The last 

two points are further discussed in Section 3.3.

To summarize, the solar w ind and the terrestria l ionosphere are the main sources of ring 

current particles. The ring current is dominated by protons during geomagnetically quiet 

times (Table 2.1). The other substantial contribution to the ring current comes only from 

the 0 +  ion population, which increases w ith  the intensifying of the geomagnetic activity. 

Eventually the 0 + becomes dominant during intense storms [Daglis, 1997]. Typical values 

of the contribution of the 0 + to the ring current energy density are around 6% during quiet
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times and can exceed 50% for great storms. Most of the ring current 0 + ions originate in 

the high-latitude ionosphere of the Earth, while the origin of the ring current H + could be 

from multip le sources. Gloeckler and Ham ilton [1987] concluded tha t around 35% of protons 

in the outer ring current, and 75% of protons in  the inner ring current are of ionospheric 

origin during quiet times. For the storm time ring current, Gloeckler and Ham ilton [1987] 

estimated tha t the corresponding ra tio  is about 30% to  about 65%. Solar w ind H e++ ions 

is estimated to contribute less than 4% of the ring current during small to medium storms 

(Table 2.1).

2.3 Sources of Ring Current Particles

A ll trapped particles in the inner magnetosphere contribute to the ring current. The 

most substantial contribution to the density of the current is however only due to ions w ith  

energies ranging from about 10 keV to a few hundreds of keV [W illiams, 1987]. Electrons 

contribute litt le  to the ring current because of the ir negligible energy density [Baumjohann, 

1993]. The magnetospheric plasma sheet and the terrestrial ionosphere are the biggest 

sources of ring current particles. The particle population in the plasma sheet is supplied by 

the ionosphere and the solar w ind which defines the solar w ind and the terrestria l ionosphere 

as the main sources of ring current particles.

The ionosphere and the solar w ind are both sources of magnetospheric H + ions and 

this makes i t  d ifficu lt to determine the dominant source. The magnetospheric 0 + on the 

other hand mostly originates in  the ionosphere. Charge exchange processes (Section 2.5) 

in  the inner magnetosphere make the m atter even more complicated because through these 

processes oxygen ions w ith  higher charge state (of solar w ind origin) are being transformed 

into lower charge state oxygen (typical for the ionosphere), and solar w ind He++ is being 

transformed into He+ (which is provided also by the ionosphere). However, only a negligible
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percentage of magnetospheric 0 + ions originates through charge exchange from solar w ind 

oxygen ions w ith  high charge states (0 6+) and therefore 0 + ions are considered signature 

ions of ionospheric outflow associated w ith  magnetosphere-ionosphere coupling.

The in itia l energy of ionospheric ions is of the order of several eV to several tens of eV, 

which is low compared w ith  the higher in itia l energy of solar w ind ions (order of several keV). 

Shelley et al. [1972] using the data from the firs t mass-spectrometer (satellite 1971-089A on 

polar o rb it) discovered energetic heavy ions w ith  mass-to-charge ratio  M /q=16 . These were 

thought to be 0 + ions originating in the E arth ’s ionosphere. Later, a new generation of ion 

composition instruments made it  possible to obtain additional inform ation about ion charge 

state [Gloeckler and Hsieh, 1979]. Observations by the missions GEOS 1 and 2, Prognoz 

7, and SCATHA confirmed the existence of 0 + in the magnetosphere, and the significant 

contribution of the ionospheric source during magnetic storms [Balsiger et al., 1980; Kaye 

et al., 1981]. 0 + ions are abundant in  the ionosphere but they are not found in  the solar 

w ind and tha t is why they have since been used as an evidence and as a measure of the 

contribution of the ionosphere to the magnetospheric ion population.

The plasmasphere has also been discussed to be a direct source of ring current ions 

[Balsiger et al., 1980] based on the high 0 ++ / 0 + and high He+ /H e++ ratios in  the range 

of a few keV, which are not observed in either the solar wind or the ionosphere. However, 

since 0 ++ and He+ are found only in small numbers in  the ring current, the plasmasphere 

is considered to be a m inor source (compared to the ionosphere and the solar wind).

W illiam s [1983] estimated tha t around 90% of the ring current is contained w ith in  the 

15 — 250 keV energy range (w ith  peak around 50 — 100 keV) and he also estimated tha t 

the average energy of the ring current is about several tens of keV. The estimates were 

confirmed later by the A M P T E  mission [Williams, 1987], which was the firs t mission to 

adequately measure the composition of the main part of the ring current.
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Table (2.1) [Daglis et al., 1999b] summarizes the ion composition data for three different 

geomagnetic conditions: quiet time, small-to-medium storms and intense storm. The data 

is based on composition measurements by the A M P T E /C C E  and the CRRES missions 

[Gloeckler and Hamilton, 1987; Ham ilton et al., 1988; Daglis et al., 1993; Daglis, 1997]. 

The values are calculated using observations at L «  5, which is near the maximum of the 

ring current density [Lui et al., 1987; de Michelis and Orsini, 1997b].

Io n  Source Q u ie t S m a ll-M e d iu m In tense
a nd  Species T im e S to rm s S to rm s
Total energy density, keV cm-3 -1 0 >15 >100
Solar wind H+ , % >60 -5 0 <20
Ionospheric H + , % >30 -2 0 <10
Ionospheric 0 + , % <5 -3 0 >60
Solar w ind He++ , % —2 <5 >10
Solar w ind He+ , % <1 <1 <1
Ionospheric He+ , % <1 <1 <1
Solar wind, tota l, % -6 5 -5 0 -3 0
Ionosphere, tota l, % ~35 -5 0 -7 0

Table 2.1: Sources of ring current Ions, according to composition measurements by the 
A M P TE  and CRRES missions: Contribution of main ion species to to ta l ion energy density 
at L «  5 (after Daglis et al., 1999b).

2.3.1 The Solar W ind

The solar w ind provides a flow of — 1029 ions/sec incident on the magnetosphere. About 

0.1 — 1.0% of the incident particles penetrate into the magnetosphere wich results in an 

effective solar w ind source strength of about 1026 — 1027 ions/sec. Using measurements 

from the Geotail mission Nishida [1994] confirmed the importance of the solar w ind source 

for energetic ions in the magnetotail region, especially for distances greater than 30 R e  

[Christon et al., 1996]. Terasawa et al. [1997] using measurements from the W ind and Geo­

ta il spacecraft showed tha t for extended periods of northward interplanetary magnetic field 

(geomagnetically quiet times) the magnetotail at distances larger than 15 R# is dominated
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by solar w ind particles entering through the side regions of the magnetosphere. Christon 

et al. [1994] showed tha t the solar w ind source strength increases toward higher altitudes 

using the radial profiles of ion charge states in the near-Earth plasma sheet.

I t  is s till not well understood how and where exactly the solar w ind particles enter the 

magnetosphere, despite of our knowledge about the general structure of the solar w ind source 

geometry and some successful models [e.g., P ilipp  and M orfill, 1978]. The transport and 

acceleration processes acting on these particles, before they reach the inner magnetosphere 

and contribute to the ring current, are also not well described. Evidence for the complexity 

of the particle transport in the megnetosphere is the fact tha t ions w ith  ionospheric and 

solar w ind origin have been observed up to distances of about 21 0  R e  on the nightside 

[Hirahara et al., 1996].

Speiser [1965a,b] was the first to consider the acceleration of ions from the magnetotail 

toward the inner magnetosphere. He showed the effects of the E x B  d r ift  of the ions through 

the magnetotail when the neutral sheet is given as a region w ith  a small and fin ite  normal 

component B n of the magnetic field. Speiser showed tha t charged particles are accelerated 

and that some of them are ejected from the neutral sheet along the magnetic field lines. 

Some more recent studies [e.g., Ashour-Abdalla et al., 1993; 0ieroset et al., 2000; L i et al., 

2005] used comprehensive data analysis and modeling to study the particle sources using 

the nonlinear aspects of particle trajectories in the magnetotail region.

2.3.2 The Ionosphere

The contribution of the ionosphere as a source of magnetospheric particles is of about 

the same order of magnitude as the solar w ind source [Moore and Delcourt, 1995]. The 

ionospheric outflow consist of different particle species [e.g., Horwitz, 1982]. The two most 

im portant ionospheric outflow regions are the dayside cleft and the auroral region. The
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high-altitude polar ion flow is considered a significant source of oxygen ions [e.g., Horw itz 

et a l., 1992]. The m id latitude ionosphere can also be a significant source o f thermal oxygen 

during magnetic storms [Yeh and Foster, 1990].

A number of observational studies have indicated the importance of both the auroral 

acceleration region and cleft ion fountain as magnetospheric ion sources [Hultqvist et al., 

1988; Lu et al., 1992], Different models have estimated the transport and energization pro­

cesses of ionospheric ions from the cleft region [e.g., Cladis and Francis, 1992] as well‘ as from 

the auroral region [e.g., Shapiro et al., 1995]. Comprehensive statistical works have estab­

lished the extent of ion outow from each region [Yau et al., 1985]. Daglis and Axford [1996] 

concluded tha t the different regions of the ionosphere would dominate the ion outow for 

different magnetospheric conditions and/or different levels of the solar windmagnetosphere 

coupling. Since both m ajor ionospheric ion species 0 + and H+ experience charge exchange 

w ith  the exospheric neutral hydrogen [e.g., Orsini et al., 1994], the ionospheric outow at 

high altitudes is the reason for an intense ux of neutral O and H in  the high-latitude magne­

tosphere [Moore, 1984]. Therefore global neutral atom imaging could be used for resolving 

the ion source issue at high latitudes [Hesse et al., 1993].

Since the ionospheric ions have relatively low energies ( around 1 eV), i t  is thought 

tha t a variety of successive acceleration mechanisms act on the ionospheric ions to raise 

the particle energy up to tens of keV. Upward accelerated ions from the ionosphere in  the 

auroral regions (ion beams and conics w ith  energies of 0.1 — 10 keV) were detected through 

satellite observations [e.g., Peterson et al., 1988]. Thelin et al. [1990] used the data obtained 

by the Swedish satellite V ik ing  to discuss the transverse and parallel ion acceleration both 

in the auroral regions and in the cleft region. There are several examples from the V ik ing  

data showing elevated ion conics w ith  accelerations up to the 40 keV upper lim it of the 

ion spectrometer [Lundin and Eliasson, 1991]. The existence of very localized regions of
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intense lower hybrid waves (100 — 300 m V /m ) and transversely accelerated ions w ith  ener­

gies 10 — 100 eV (sufficient for ejection in to the magnetosphere), were detected by rocket 

experiments [K intner et al., 1992], Observations at low altitudes by the Swedish-German 

satellite Freja confirmed the relationship o f the transverse energization of ionospheric ions 

w ith  large depletion holes in the ionosphere [Lundin et al., 1994]. Strangeway et al. [2005] 

used FAST satellite data, restricted to dayside magnetic local times, to determine the con­

tro lling  parameters for ionospheric outflows. They assumed two m ajor ion outflow sources: 

the ion heating through dissipation of downward Poynting flux and the electron heating 

through soft electron precipitation. Strangeway et al. [2005] showed tha t a correlation ex­

ists between the ion outflows and the two considered processes at altitudes of about 4000 

km, but they were not able to determine which process is dominant. Due of the strong 

correlation, both processes could be used to scale the ion outflows at different altitudes.

2.3.3 Com positional Changes

In  general, the population of 0 + ions in the inner magnetosphere depletes relatively 

quickly [Daglis and Axford, 1996]. During geomagnetic storms, however, the various iono­

spheric sources are active for several hours and this results in  an increase of the concentration 

of 0 +  ions in the ring current during the main phase of the storm (D s t m inim um ). The 

compositional changes contributing to the 0 + population are substantial during all storms 

and become most prominent during intense storms [Daglis, 1997]. This intense ionospheric 

ion outflow into the magnetosphere is thought to be the cause of the rapid second enhance­

ment of the ring current and the corresponding decrease in the D st index, observed during 

the main phase of intense storms w ith  a two-step development [Kamide et al., 1998a]. Also, 

the abundance of 0 + ions in the ring current leads to im portant differences from a proton 

loaded ring current regarding wave-particle interactions and decay through charge exchange.
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Wave-particle interactions can also be a significant factor for the loss of ring current 

ions. Electromagnetic ion cyclotron (EM IC ) waves can cause atmospheric losses due to 

rapid scattering during geomagnetic storms [Cornwall et al., 1970]. The propagation char­

acteristics of EM IC  waves and the resulting rates of ion population growth strongly depend 

on the relative ion abundance [Kozyra et al., 1984] at different phases of a storm. During 

great geomagnetic storms, i t  is possible tha t the concentration of the injected 0 + in the ring 

current may exceed the concentration of H+ and the growth of E M IC  waves may be lim ited 

to frequencies below the 0 + gyrofrequency [Thorne and Horne, 1997]. The modulation of 

EM IC  instab ility  by 0 + injection then should also change the fast loss process due to these 

waves for the ring current H + ions during the main phase of a storm.

The long-term decay rate of the ring current is also influenced by the growth of 0 + 

population, since the charge exchange lifetime of ring current 0 + is much shorter than the 

one of H + for energies >40 keV [Smith et al., 1981]. This implies tha t for an 0 + dominated 

ring current the in itia l decay rate w ill be higher. Such a fast in it ia l ring current decay, 

due the large amount of 0 + during the main phase of the storm, has been observed in the 

storm of February 1986 [Hamilton et al., 1988] and in the four intense storms observed by 

CRRES in  1991 [Daglis, 1997]. A  two-stage recovery of intense storms was reported in  1963 

[Akasofu et al., 1963]. Akasofu et al. [1963] suggested the existence of two ring currents 

around the Earth, the one located closer to the Earth  decaying faster. This is thought 

to account for the rapid in itia l decay of the ring current and a decrease of the decay rate 

w ith  time during the recovery phase (D s t recovery) of intense storms. However, there are 

observations [Hamilton et al., 1988; Daglis, 1997] which strongly im p ly tha t the two-phase 

recovery of intense magnetic storms could be due to the presence of two ion components 

w ith  d istinctly  different charge exchange lifetimes rather than to the existence of spatially 

separated m ultip le ring currents.
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Smith et al. [1981] studied charge exchange losses in the ring current depending on 

energy and ion composition, comparing the charge exchange lifetimes of the main ring 

current ion species (H + and 0 + ). Most of the storm time ring current energy is contained 

in the range of 50-100 keV, and for these energies the 0 + charge exchange lifetime can 

be 10 times shorter than the one of H + . This difference increases for higher energies. For 

example, at L = 5  and a m irror la titude of 14°, the charge exchange lifetime of a 100 keV 

0 +  ion is ~46 hours; for the same energy the lifetime of H + ions is ~470 hours. These 

timescales become considerably shorter for smaller L (inner ring current) due to the increase 

of the density of the geocorona. A t L=3.5 the corresponding 100 keV 0 + and H+ charge 

exchange lifetimes are 11 and 110 hours. In  the lower energy range, however, 0 + has a 

longer lifetime than H + . A t L=5  and energy 10 keV, 0 + and H+ lifetimes are about 56 

hours and 17 hours respectively, and at L=3.5 the corresponding lifetimes are 28 and 5.5 

hours. Such a difference in the charge exchange lifetimes for an 0 + dominated ring current 

w ill result in a rapid in itia l decay ju s t after the storm maximum due to the rapid loss of 

high-energy 0 + . Also, this difference w ill lead to a lower decay rate during the recovery 

phase due to the relatively long lifetimes of low-energy 0 + . This analysis implies how 

crucial the ion composition is for the dynamic evolution of the ring current. Variations in 

the relative concentration of the two main ion species H + and 0 + could define the decay 

rate of the storm time ring current [Tinsley and Akasofu, 1982] and is taken into account 

in the present comprehensive modeling study. Charge exchange processes, including charge 

exchange w ith  He+ and He+ + , are discussed further in  Section 2.5.

2.4 Ionospheric outflow

Substorms are the most common type of geomagnetic disturbance in the Earths magne­

tosphere. The ring current is formed prim arily  through injection and convection of plasma
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sheet particles from the ta il towards the inner magnetosphere during geomagnetically active 

periods [e.g., Jordanova et al., 1998]. Injection of the particles is driven by strong duskward 

electric fields, while the convection w ith in  the magnetosphere is driven by interaction of the 

magnetosphere w ith  the solar wind. There is s till an open discussion regarding the processes 

which take part into the formation of the storm time ring current. I t  is not exactly clear 

whether the injection of particles results m ainly from potential electric fields associated 

w ith  periods of strong magnetospheric convection, or m ainly from induction electric fields 

associated w ith  the occurrence of magnetospheric substorms [Kamide et al., 1998b],

Kamide [1992] suggested tha t a magnetic storm develops as a result of a steady south­

ward interplanetary magnetic field. Magnetic reconnection between the interplanetary mag­

netic field and the geomagnetic field [Dungey, 1961] is responsible for the energy transfer 

mechanism from the solar w ind to the magnetosphere for both storms and substorms. 

Dungey [1961] suggested tha t i f  the IM F  were antiparallel to the geomagnetic field at the 

dayside magnetopause, the two fields would merge together, namely the magnetospheric 

and the IM F  lines should reconnect w ith  each other which would result into a magnetic 

flux and energy transport from the dayside to the nightside magnetosphere. This means 

tha t reconnection w ill mostly happen when the IM F  is southward, since the geomagnetic 

field goes northward. I t  has been confirmed tha t steady and prolonged southward IM F  is a 

necessary condition for intense storms [Gonzalez et al., 1994], although here is s till debate 

whether i t  is also a sufficient condition.

Ionospheric outflow, strongly associated w ith  substorms is the m ajor source of compo­

sitional ring current charges. Increase in the population of 0 + ions, the main signature of 

ionospheric outflow, have been observed by spacecraft in the inner magnetosphere during 

both growth and expansion phases of substorms [Strangeway and Johnson, 1983; Mobius 

et al., 1987; Daglis et al., 1996]. Observations by ground-based radars and polar-orbiting
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spacecraft in  the upper ionosphere, confirmed the association o f strong ionospheric outflow 

(mostly 0 + ions) w ith  substorm expansion [e.g., Wahlund et al., 1992].

The magnetic field configuration becomes stretched on the night side during substorm 

growth phase and then it  relaxes during the onset to a more dipole-like configuration 

[McPherron, 1972], due to disruption or reduction of the near-Earth cross-tail current [Kauf- 

mann, 1987]. The dipolarization of the magnetic field is associated w ith  strong induced 

electric fields [Moore et al., 1981]. Such electric fields effectively accelerate the ionospheric 

outflowing 0 + ions [Delcourt et al., 1991], but they are less efficient for the energization of 

H + ions [Fok et al., 1996]. The reason for the accelerated 0 + ions is related to the violation 

of the firs t adiabatic invariant and to its dependence on particle mass [Aggson and Hepp- 

ner, 1977]. This assumption is supported by the energy spectra observed during substorms 

[Kistler et al., 1990].

The second and th ird  adiabatic invariants for H + are violated due to  the strong induced 

electric fields [Aggson and Heppner, 1977] observed in the inner magnetosphere, and which 

are responsible for the violation of a ll three adiabatic invariants for heavier ions. 0 + ions 

w ith  in itia l energies of 100 eV can reach energies bigger than 100 keV, depending on the 

in it ia l latitude, while H + ions w ith  the same in itia l energies are lim ited  to  final energies of 

less than 20 keV [Delcourt et al., 1990]. The outflowing ionospheric 0 + ions then can reach 

very high energies and become the dominant ion species. This could happen during intense 

storms, which are always accompanied by frequent, intense substorms [Kamide, 1992] and 

thus large induced electric fields.

The ionospheric outflow of particles into the magnetosphere is most effective during a 

series of substorms [Daglis and Axford, 1996]. Intense ionospheric 0 + outflows, associated 

w ith  successive intense substorms, which are always observed during large storms, may thus 

facilitate successive inward flow injection o f ions. The result would be the trapping of more
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energetic ions, thus enhancing the ring current.

2.5 Charge Exchange Losses

The main collisional mechanism of ring current decay is charge exchange of the ring 

current ions w ith  the geocorona [e.g., Jordanova et al., 1998]. The geocorona consists of 

relatively cold (~1000 K ) neutral atoms (mostly hydrogen) which resonantly scatter solar 

Lyman radiation [Chamberlain, 1963]. The geocoronal density decreases quickly w ith  the 

radial distance [Rairden et al., 1986], but at distances between 2 and 9 R# collisions between 

ions and geocoronal hydrogen are frequent enough to account for significant losses of ring 

current ions.

The idea tha t charge exchange between H+ and atmospheric hydrogen could effectively 

decrease the population of geomagnetically trapped energetic H+ was proposed 40 years ago 

[Stuart, 1959]. This could lead to an effective decay of the ring current via charge exchange 

between energetic ring curren particles and exospheric hydrogen [Dessler and Parker, 1959]. 

Energetic ions may acquire an electron from the neutral hydrogen atoms and thus become 

neutralized.

2.5.1 Charge Exchange Processes

As mentioned before, the main loss mechanism of ring current ions through charge 

exhange is due to interactions w ith  cold exospheric hydrogen. Since the geocorona is mostly 

a cold hydrogen gas, the most im portant charge exchange processes are:

H+ +  H -» H +  H+

0 +  +  H -» O +  H+

He++ +  H —> He+ +  H +

He+ +  H —» He +  H +
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Ions w ith  small equatorial pitch angles reach relatively low altitudes and experience addi­

tional charge exchange processes w ith  oxygen atoms in the upper atmosphere:

H+ +  O -> H +  0 +

0 + +  O -» O +  0 +

He++ +  O He+ +  0 +

He+ +  O -> He +  0 +

The charge exchange lifetime of energetic particles depends on the neutral hydrogen 

and oxygen densities, the charge exchange cross section for the different ion species and 

the equatorial p itch angle. The dependence of the neutral exospheric hydrogen density on

the radial distance was calculated by Rairden et al. [1986]. He used observations of geo­

coronal emission of scattered solar Lyman alpha radiation from the u ltravio let photometer 

on Dynamics Explorer 1 over the time period 1981 — 1985. The data were f it  to a spheri­

cally symmetric isothermal (1024 K ) Chamberlain model [Chamberlain, 1963], in which the 

hydrogen density versus altitude is given as a function of the temperature.

Laboratory experiments have provided data about the cross sections for some of the 

charge exchange processes between ions and neutral [de Michelis and Orsini, 1997b], but 

cross sections of several geophysically interesting ions are s till unknown [Spjeldvik and Fritz, 

1978]. Charge exchange cross sections depend on the energy and the mass of the particles. 

That is why there are significant differences in the charge exchange lifetimes of the various 

ring current ion species [Smith et al., 1981]. Charge exchange lifetimes also strongly depend 

on the radial distance as the neutral hydrogen density falls off quickly w ith  a ltitude [Rairden 

et al., 1986]. This is the reason for the faster decay of the inner part of the ring current. 

The mean charge exchange decay lifetime of any energetic ion in  the equatorial plane w ith  

geocoronal hydrogen is:

r e =  l / [ n ( r 0)cru] (2.8)
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where n(ro) is the neutral hydrogen density in the equatorial plane, ro is distance from the 

Earth, a is the charge exchange cross section of the ion species (energy and mass dependent), 

and v is the velocity of the ions [Smith and Bewtra, 1978].

Charge exchange losses are most im portant for H + and 0 + ions w ith  energies of up to a 

few hundred keV [Sheldon and Hamilton, 1993], The charge exchange cross sections become 

smaller at higher energies where wave-particle interactions are significant, especially for hot 

protons. Higher charge state ions (e.g., He+ + , 0 ++ ) would experience m ultip le charge 

exchange w ith  geocoronal atoms before they become neutral and escape the geomagnetic 

trapping region. Several recent ring current models have included the effects of charge 

exchange [e.g., Jordanova et al., 1994; Fok et al., 1995], considering all pitch angles (pitch 

angle particle d istribution) and using a bounce-averaged kinetic equation, thus reducing the 

problem from three to two dimensions. Other ring current models [e.g., K istle r et al., 1989; 

Chen et al., 1994] were restricted only to equatorially m irroring particles.

2.5.2 Energetic N eutral Atom s

Charge exchange between singly charged energetic ions and the cold neutral hydrogen 

of the geocorona results in  energetic neutral atoms (ENA) (Figure 2-6). An ENA is not 

bound by the magnetic field and after i t  is created, it  leaves the place of origin along a 

straight tra jectory w ith  a velocity of the energetic ion. Therefore the geocorona provides 

the possibility of ENA remote imaging, which gives an additional inform ation about the ion 

populations in the inner magnetosphere [Roelof, 1987].

The EPIC  ion spectrometer, onboard the Geotail satellite, measured ENA at a distance 

of about 14 R# on the dayside during the storm of October 29 — 30, 1994 [Lui et al., 1996]. 

The detected particles were considered to be ENA because the direction o f the flux was not 

influenced by the magnetic field. The observations provided information about the evolution
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of ENA fluxes and their energy spectra o f hydrogen, helium, and oxygen separately. ENA 

fluxes and the recovery rate of the D st index were roughly steady, consistent w ith  the 

estimated charge exchange losses for the storm time ring current. For energies higher than 

200 keV, the intensity of energetic oxygen was the highest, consistent w ith  the relatively 

short charge-exchange lifetime of energetic 0 + . ENA images from the Polar spacecraft were 

presented for two storms in  August and October 1996 [Henderson et al., 1997], showing the 

expected enhancement of ENA resulting from the particle buildup of the storm-time ring 

current. Low-altitude ENA measurements can provide information in  addition to high- 

a ltitude observations, although the differentiation between ENA and energetic particles at 

those altitudes (above 500 km) could be problematic. One of the advantages of low-altitude 

ENA imaging is tha t the emissions are stronger because of the denser exosphere, and hence 

the higher charge exchange rates.

2.6 Coulomb Collisions

Ring current particles experience collisions w ith  plasmaspheric particles. An energetic 

charged particle w ill interact w ith  the electric field of a thermal ion or electron. Due to 

Debye shielding, there is an upper lim it to the distance at which the particles interact. Such 

collisions result in energy transfer from the fast particle to the slow ion or electron, and in 

angular deflection o f both particles. The angular scattering is im portant for electrons and 

low-energy (<  10 eV) ions and is usually negligible for high-energy ions [Wentworth, 1963; 

Jordanova et al., 1996a].

Coulomb lifetimes for ring current ions were calculated by Fok et al. [1991] including 

heavy ions in both the ring current and the therm al plasma, the la tte r having a Maxwellian 

d istribution. Fok et al. [1991] found tha t Coulomb decay lifetimes become comparable 

w ith  the charge exchange lifetimes at low energies (tens of keV for ions). Their results
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suggested tha t ring current losses due to Coulomb collisions became im portant for the decay 

of the low-energy ion population, and might explain the discrepancy noted by K istler et al. 

[1989] between modeled ring current d istributions and the ring current fluxes measured by 

A M P T E /C C E  during magnetically active conditions.

Coulomb collisions between ring current ions and thermal plasma result in  heating of 

the thermal ions and electrons. The energy gained by the thermal particles at high a lti­

tudes, is transported along the magnetic field lines towards Earth, thus increasing the ion 

and electron temperatures in the upper ionosphere [Rees and Roble, 1975]. This results in 

increased plasma scale heights and m inor ion density enhancements in  the outer plasmas­

phere, which in tu rn  results in the production of stable auroral red (SAR) arcs via relaxation 

of 0 +  ions [e.g., Cole, 1965]. Further, Kozyra et al. [1987] studied SAR arcs focusing on the 

energy transfer between ring current ions and thermal plasma. They concluded tha t the 

energy transfer was highest when collisions occured between particles w ith  equal velocities, 

and pointed out the possibility tha t 0 + has a dominant role of for energy transfer at low 

energies (about 10 to 100 keV).

Jordanova et al. [1996a] computed the to ta l precipitating flux in  particles/(cm 2s) at 

1000km altitude, 1 hour and 12 hours from the beginning of the recovery phase of a moderate 

storm for three different ion species (H+ , He+ , and 0 + ), for three energy ranges: (a) 

0.015 — 0.3 keV; (b) 0.3 — 20 keV; (c) 20 — 300 keV (Figures 2-7 and 2-8 respectively). They 

found tha t the precipitation is enhanced in the early stages of the recovery phase (Figure 

2-7) in the m idnight region, due predominantly to convective d rifts  tha t move small pitch 

angle particles from high to low altitudes, where the are precipitated. Later in the storm 

recovery phase (Figure 2-8), the convection decreases and charge exchange and Coulomb 

drag losses remove a significant part o f the low-energy proton and of the high-energy heavy 

ion populations. Thus, the high-energy part (>  10 keV) of the ring current at L = 2  — 4 is
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dominated by protons and low-energy part (<  10 keV) is dominated by heavy ions. These 

results were in agreement w ith  C H E M -A M P TE /C C E  experiment [Gloeckler and Hamilton, 

1987]. Jordanova et al. [1996a] concluded tha t Coulomb scattering significantly enhances 

the low-energy ion precipitating fluxes inside the plasmasphere.

2.7 Wave — Particle Interactions

The role of wave-particle interactions in  the evolution of the ring current is s till an 

unresolved problem. P itch angle diffusion by plasma waves also contributes to ion loss in 

the ring current, especially during the main phase of a storm [e.g., Jordanova et al., 1996b, 

2001a,b; Fok et al., 1996]. Intense plasma waves also provide an efficient process for energy 

transfer between different components o f the plasma. Waves are particu larly im portant 

as a heating mechanism for thermal heavy ions [e.g., Anderson and Fuselier, 1994; Horne 

and Thorne, 1997], and they can also transfer energy from ring current H + to 0 + during 

magnetic storms [Thorne and Horne, 1994, 1997].

The most w idely studied interactions involve electromagnetic ion cyclotron (EM IC ) 

waves. The scattering times of ions into the loss cone during resonant interactions w ith  

EM IC  waves can be fast [Lyons and Thorne, 1972], Typical ring decay times during the 

recovery phase are about 5 to 10 hours and are believed to result from charge exchange or 

Coulomb collisions. The ring decay timescales during the main phase of intense-to-great 

geomagnetic storms can reach values as low as 0.5 — 1.0 hours, which is far too fast to be 

a result from charge exchange or Coulomb collision processes. That is why i t  is believed 

that additional loss mechanisms exist due to interactions of ring current ions w ith  plasma 

waves.

Observations by the A M P T E /C C E  spacecraft indicate tha t E M IC  waves occur most 

frequently in the outer magnetosphere beyond 7 R e and tha t the wave spectral properties
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depend on the magnetic local time [Anderson et al., 1992]. Events occurring between M LT 

03 to 09 have an average occurrence frequency of 3 — 4%. They have essentially linear 

polarization at all latitudes and are generally confined to frequencies higher than the He+ 

gyrofrequency. Typical normalized wave frequency may reach values up to ~  2.5 — 3.0. 

Events between M LT 10 to 18 occur more often (10 — 20%) and the waves are generally 

distributed in two d istinct frequency bands separated by a noticeable spectral gap near 

the He+ gyrofrequency. The waves mostly have left polarization near the equator and 

linear polarization at higher latitudes. Anderson et al. [1992] suggested tha t plasma sheet 

ions, following open d rift paths from nightside to dayside, develop sufficient temperature 

anisotropy and are the main cause of EM IC  wave generation at L >  7. A  more recent study 

by Erlandson and Ukhorskiy [2001] addresses the occurrence of low-L (3.5 < L <  5) EM IC  

waves during magnetic storms. Using about 10 years of data acquired by the Dynamic 

Explorer 1 (DE 1) satellite they show tha t EM IC  waves in  the equatorial magnetosphere 

occur 5 times more often during magnetic storms than during quiet times. The strongest 

waves (tens or hundreds of Hz) are observed at frequencies below the He+ gyrofrequency.

During geomagnetic storms the energy sources for wave excitation (energetic protons 

w ith  thermal anisotropy) are greatly enhanced, and the optimum region for EM IC  wave 

growth occurs at lower L-shells along the duskside plasmapause [e.g., Jordanova et al., 

1997]. Such waves can interact strongly w ith  the ring current ion population. The H+ ions, 

which are unstable to the amplification o f ion cyclotron waves, are produced in  the inner 

magnetosphere through betatron acceleration of ions moving along adiabatic d r ift  paths 

[Cornwall et al., 1970]. The increased charge exchange rate for ring current ions w ith  small 

pitch angles [Cornwall, 1977] increases the loss cone and thus increases the anisotropy of 

the d rifting  ion d istributions making them even more unstable to the generation of plasma 

waves.
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Jordanova et al. [1997] were the firs t to  include the effects o f waveparticle diffusion 

[Jordanova et al., 1996b] into a global simulation of ring current dynamics during a magnetic 

storm. The d is tribution  function of energetic protons, obtained w ith  the R A M  code (which 

includes the effects of particle drifts, charge exchange and Coulomb scattering), was shown 

to be unstable to the generation of EM IC  waves. Peak convective wave growth was confined 

to the dusk sector near the plasmapause. H + precipitation over the zone of significant wave 

growth was found to account for only 1 — 2% of the to ta l ring current energy for the time 

duration of this particular storm. Figure (2-9, after Jordanova et al. [1997]) shows the 

proton ring current characteristics as a function of radial distance in  the equatorial plane 

and magnetic local time, 0.5, 3, and 6 hours after the beginning of the recovery phase 

of a moderate storm. The top panel shows the proton density (cm-3 ), in the middle is 

the normalized parallel energy and at the bottom  panel is the anisotropy of the energetic 

proton component. Figure (2-10, after Jordanova et al. [1997]) shows respectively plots of 

the wave gain T as a function of the radial distance and M LT  for the same time intervals 

as in Figure (2-9): (top) in a proton ring current plasma; (middle) in  a multi-component 

ring current plasma consisting of H + , He+ , and 0 + ions w ith  no wave-particle interactions 

included; (bottom ) same as the middle panel but processes of wave-particle interactions are 

considered. The authors considered the wave growth of only He+ wave branch below the 

helium gyrofrequency. Their study shows tha t in  the accounted frequency interval, wave 

growth occurs only due to energetic (>  100 keV) protons. I t  was found tha t the frequency 

at which maximum wave growth is observed increases w ith  time. The regions w ith  wave 

gain r  >  1 were located in itia lly  on the duskside (Figure 2-10a) between L = 4  and L=5.5, 

and moved inward between L = 3  and L = 4  as time progressed (Figure 2-10b and 2-10c). The 

in it ia l unstable region comprising values o f T >  1 (Figure 2-10a), occurred for normalized 

frequency of 0.12, and coincided w ith  the region of maximum normalized parallel energy

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Figure 2-9 middle panel). This finding confirmed the suggestion by Cornwall et al. [1970], 

tha t the main region of wave generation should be ju s t inside the plasmapause due to  the 

enchanced cold plasma density. In  addition, Jordanova et al. [1997] found tha t both He+ 

and 0 +  ring current ion populations damp the waves from the He+ wave branch (decreasing 

the magnitude o f the wave amplification) and therefore multi-component plasma has to be 

considered to obtain realistic predictions of wave instab ility  in the inner magnetosphere.
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Figure 2-1: A  schematic representation of the E arth ’s magentosphere. The ring current 
flows westward around the Earth  at geocentric distances between ~  2 R e  and ~  9 R e -

Figure 2-2: Schematic representation of the trapped particles in the E arth ’s magnetic field. 
The particles gyrate around magnetic field lines and move along the line un til they reach 
the m irror points. The whole structure rotates and forms a toroidal shaped current.
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Figure 2-3: Accumulated percentage of the ion energy density at geosynchronous altitude 
(i.e., outer ring current) as a function of energy, (left) at geomagnetically quiet times and 
(right) at active times (after Daglis et al., 1993). P lotted are curves for the to ta l energy 
density as well as for the energy density of the four main ion species H + , 0 + , He+ + , and 
He+.
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Figure 2-4: Time profiles of (top) the H + and 0 + contributions to the to ta l ion energy 
density in  the ring current at L =  5 — 6, and (bottom ) the 5-min D st index during the 
intense storm of June 5, 1991 (after Daglis et al., 1999b).
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Figure 2-5: The great magnetic storm of March 24, 1991: time profiles of (top) the H + and 
0 + contributions to the to ta l ion energy density in the ring current region at L =  5 — 6  

(as measured by CRRES/M ICS), and (bottom ) the 5-min D st  index. The main features to 
be observed are the dominance of 0 + during storm maximum and the concurrent decrease 
in the D st  and the increase of the 0 + contribution to the to ta l ion energy density (after 
Daglis et al., 1999a).
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Figure 2-6: Schematic representation of the charge exchange processes.
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Figure 2-7: Total precipitating flux in particles/(cm 2 s) at 1000km altitude, 1 hour from the 
beginning of the recovery phase of the storm for H + (upper panel), He+ (middle panel), 
and 0 +  (lower panel) ring current ions, for three energy ranges: (a) 0.015 — 0.3 keV; (b) 
0.3 — 20 keV; (c) 20 — 300 keV (after Jordanova et al., 1996a).
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Figure 2-8: Total precipitating flux  in particles/(cm 2 s) at 1000km altitude, 12 hours from 
the beginning of the recovery phase of the storm for H+ (upper panel), He+ (middle panel), 
and 0 +  (lower panel) ring current ions, for three energy ranges: (a) 0.015 — 0.3 keV; (b)
0.3 — 20 keV; (c) 20 — 300 keV (after Jordanova et al., 1996a).
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Figure 2-9: Proton ring current characteristics as a function of radial distance in the equa­
toria l plane and magnetic local time, 0.5, 3, and 6  hours after the beginning of the recovery 
phase: (top) density (cm-3 ); (middle) normalized parallel energy; (bottom ) anisotropy 
(after Jordanova et al., 1997).
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Figure 2-10: Am plification T o f EM IC  waves from the He+ wave branch as a function 
of radial distance and magnetic local time, 0.5, 3, and 6  hours after the beginning of the 
recovery phase: (top) in a proton ring current plasma; (middle and bottom ) in  a ring current 
plasma consisting of H + , He+ , and 0 + ions. The processes of wave-particle interactions are 
included only in the calculation presented in the lower panel (after Jordanova et al., 1997).
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C h a p t e r  3

T h e o r e t ic a l  A p p r o a c h

We study the time evolution of the ring current ion population during various magneto- 

spheric conditions using the bounce-averaged kinetic equation. We have included particle 

drifts, losses due to charge exchange w ith  geocoronal hydrogen, and atmospheric losses. 

Wave-particle interactions and Coulomb collisions [Jordanova et al., 1997] are not consid­

ered in this work. The ring current particle population is considered to be H+ , He+ , and 

0 +  ions. The storm time magnetospheric empirical model T04s has been use to represent 

the E arth ’s magnetic field. The magnetospheric electric field is represented by the time- 

dependent Volland-Stern model. Particles w ith  nonequatorial p itch angles are considered. 

The physics behind the R A M  model has been described in great detail in  previous studies 

[Jordanova, 1995; Jordanova et al., 1996a, 1997].

3.1 Kinetic Equation

Energetic charged particles in the E arth ’s magnetic field undergo gyration around the 

magnetic filed line, bouncing between the magnetic m irro r points, and d rifting  along a 

closed surface made up of the magnetic field lines around the Earth. The gyro- and the 

bounce-motion happen on much shorter time scales than the d r ift  of the particles. That 

is why it  is convenient to average the firs t two periodic motions over a bounce period in 

order to sim plify the kinetic equation. Then we follow the intersection point o f the field line 

(along which the particle is bouncing) w ith  the equatorial plane. We have assumed tha t
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the equatorial plane is orthogonal to all the magnetic field lines at the respective points of 

intersection. This is not always true for a general magnetospheric field, but for the T04s 

model i t  is a good approximation.

We introduce the following variables [Jordanova et al., 1994]: Rq is the radial distance 

in  the equatorial plane; p  is the geomagnetic east longitude; E  is the kinetic energy of 

the guiding center; po =  cos oo> where ctQ is the equatorial pitch angle. Then the bounce- 

averaged phase space d istribution  function Q(R q, p, E, po,t)  is such tha t QdV  represents the 

mean number of particles for which the coordinates of the guiding center lie in a magnetic 

flux tube w ith  equatorial area RodR^dp, and w ith  kinetic energy and cosine o f equatorial 

pitch angle between E  and E  +  dE  and po and po +  dpo at time t. Then the un it volume 

element in (Rq, p, E, po) space is [Jordanova, 1995; Jordanova et al., 1996a]:

dV — 8n y 2 j r i t  R,QPoV~Eh(po)dRodpdEdpo (3.1)

where:

( 3 ' 2 )

V 1 -

Here B{s) is the field along the field line s, and s' and s" are respectively the magnetic 

m irro r points. We assume tha t the time variations of the magnetospheric fields are slow 

compared to the particle bounce period and the changes of the d is tribution  function happen 

on much slower time scale than the gyro- and bounce periods, which is valid for Ro <  1 0  

R,£. The phase space d istribution  function Q is related to the velocity space d istribution  

F (r ,  v, t) by Q =  F /m f ,  where m t is the mass of the particle.
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The bounce-averaged kinetic equation is [Jordanova, 1995; Jordanova et al., 1996a]:

S  * A i  « * } « )  * A  A  K S } «
1 d 

h(no)no dp0

where:

The first term on RHS considers charge exchange losses and the second term  atmospheric 

losses. The derivation of Equation (3.3) is given in Jordanova [1995]. Bounce-averaging for 

any quantity x  is defined as:

, v 1 r "  ds

(x) =  s ; i  x ~ r ^ m  m
B.m

where S), is half-bounce path length and is given by:

S‘ =  / ” I dSRI '  (3'6)Js' I _  B (s )

3.2 Drifts of Ring Current Particles

For typical ring current particle energies (1 — 200 keV) both the E  x  B  and the magnetic 

gradient-curvature drifts are of comparable importance and are considered in the present 

study. The magnetospheric electric field in the R A M  model is calculated as the gradient of 

the Volland-Stern potentia l model [Volland, 1973; Stern, 1975], where the time dependence 

is included through the assumed K p  history. This semiempirical model consists of: a 

convection field Uconv =  A R q sin p, where tp is the magnetic local time (M LT) in degrees 

w ith  m idnight at 0°; and a corotation field Ucor =  ~C /R o ,  where C =  1.44 x 1 0 - 2  R ^V m -1 .
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For the value of the parameter A  as a function of Kp,  we use the expression determined 

empirically for 7  =  2 by Maynard and Chen [1975]:

The contribution of the inductive electric field of a time-dependent ring current is estimated 

to be much smaller than the Volland-Stern field [e.g., M urphy et al., 1975] and therefore it  

is neglected in  the model.

3.2.1 Radial and Azim uthal Drifts

The instant magnetic gradient-curvature d rift velocity of the guiding center at point S 

can be w ritten  as [Rossi and O lbert, 1970]:

_______ 7.05 x  10~ 3________ m V /m

(1 -  0.159K p  +  0.0093.ftTp2)3 Re
(3.7)

B  x [(B  • V ) B ] 
B z } (3.8)

where V  is the therm al particle velocity, and a  is the pitch angle at the given point. Using

the identity derived in Appendix A:

- ^ x [ ( B - V ) B ]  =  ? - ^  +  ( V x B ) 1 (3.9)

in Equation (3.8) and using tha t sin2 a  =  B / B m, we obtain for the magnetic gradient- 

curvature d r ift  [Shukhtina, 1993]:

B x V B  
   + (3.10)

where:
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is the transverse gradient-curvature d r ift velocity, and:

(3.12)

corresponds to the d r ift due to cross-B electric currents [Rossi and O lbert, 1970]. 

The magnetic field of Earth in the general case is:

Eo — {Bof, Bo<p) (3.13)

and in this study is represented by the T04s model [Tsyganenko et al., 2003; Tsyganenko 

and Sitnov, 2005] which is described more in detail in  Section (3.6). The index ” 0” refers 

to the equatorial plane.

According to Roederer [1970], only the equatorial electric field:

E n  = -  ^ i n ^ j O ,  —AR^  1 cos ip (3.14)

contributes to the bounce-averaged d r ift  velocity of the guiding center:

<V0 ) =
E q  X B q

B l
(3.15)

Then the radial d r ift becomes:

( i r ) =  < IW ' =
(3.16)

Similarly, the azimuthal d r ift is:

d l f \  _  (Vp)$ +  (Ks)y 
dt /  Rq

( C , Ar>i-i • \  Boe 1 , (Vs)<p
=  - U + 7 A R » s m7 B 5 %  +  - R r  (3-17)
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where (Vs)^ is the <p component of the bounce-averaged value:

(V s ) =  ^  f  Ks , d S  - - -  =  (V b ) +  (V h ) (3.18)
*6 Js' 1̂  B (s )

B,m

Here Vs is the magnetic gradient-curvature d r ift velocity given by Equation (3.10) [Shukhtina, 

1993],

3.2.2 — Drift

The bounce-averaged rate of change of the cosine of the particle ’s equatorial p itch angle 

is derived from the conservation of the firs t (M ) and the second (J ) adiabatic invariants. 

We use the following relationship between M  and J  [e.g. M cllwain, 1966]:

P 2 sin2 a t
,2 (1  „ 2 >M  [ 2m 0B  J sin2 q 0 ( 1  -  /xg)

J 2 [2RqP I 2] 8  m 0R lB 0I 2 8m0R2B QI 2 °°nS 1 ' ’

where we use that:

sin2 a  sin2 ao
(3.20)

B  B 0 

and:

sin2 ao =  y2 ==$■ y-o =  cos2 ao =  1 — y2 (3.21)

Differentiating w ith  respect of time yields:

(3.22)
dt \ J 2

and using the relation [E jiri, 1978]:

d r_. I ( y )  2h(y) . .
—  [I(y)] =   ^  3.23
dy y y
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after some algebra: fina lly for the /io -d rift we get:

/ d f iq \  ( I - h I ) I ( hq) / d R 0\
\  dt /  4i?oMo K u o )  \  dt J

where:

^(Mo) =  -j j-  ^  J l - ^ - d s  (3.25)
*M ) J s'  V m

3.2.3 Energy Drift

The magnetic moment of a particle in a magnetic field is:

m Vl- /Q
^  =  ~2B~ (3'26)

Using Equation (3.21) we obtain:

mVj_ m V 2 sin2 a m V 2 sin2 ao E y 2
2 B 2 B 2 B n Bn

(3.27)

From the preservation of the first adiabatic invariant we have:

dE_
dt

3E  
R q

1 -
H u  o)

6 / i(^ 0).

/ dRp 
\  dt

(3.28)

3.3 Charge Exchange Losses

The particles in  the ring current (2 — 9 R e ) experience collisions w ith  geocoronal hy­

drogen. Single charge exchange between H + and atmospheric hydrogen most effectively 

decreases the population of geomagnetically trapped particles [Stuart, 1959; Dessler and 

Parker, 1959, e.g.]. The result is the generation of high energy neutral atoms and low 

energy protons. For such a process the loss rate can be w ritten  as:
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{ w ) = - * ‘ J ¥ , {n» )Q  (329)

Here at is the charge exchange cross section of the ion species t  colliding w ith  the neutral 

hydrogen w ith  number density n # . M u ltip le  charge exchange processes become im portant 

at energies above ~100 keV [Spjeldvik and Fritz, 1978] and are neglected in this study.

Rairden et al. [1986] used the geocoronal measurements (emissions of scattered solar 

Lyman a  radiation) from Dynamics Explorer 1 (DE 1) combined w ith  the Chamberlain 

model [Chamberlain, 1963] and numerical solutions of the radiative transfer equations to 

develop a hydrogen density model at high altitudes (Figure 3-1). Rairden et al. [1986] 

found tha t the hydrogen profiles vary lit t le  w ith  the changes in  the solar wind, which was 

confirmed by later studies [Hodges, 1994; 0stgaard et al., 2003, e.g.]. The model has been 

widely used in the analysis of ring current and ENA generation rates [K istler et al., 1989; 

Jordanova et al., 1994, 1997; Fok et al., 1995].

To obtain the bounce-averaged densities at every point along a magnetic field line, first 

we interpolate the exospheric hydrogen density [Rairden et al., 1986] using the function:

N h  =  10.0y  (3.30)

where

Y  =  a0 +  a iX  +  a2X 2 +  a3X 3 +  a4X 4 (3.31)

Here X  is the distance from Earth and the coefficients a are:

ao — 13.326, a i =  —3.6908, a2 — 1 .1 3 6 2 , 0 3  - —0 .1 6 9 8 4 , 0 4  =  0.009552.

The above formula is valid for L-shells from 1.5 to 6.5 and its f it  to  the Chamberlain model

data is given in Figure (3-2). Then we bounce-average the hydrogen densities using the
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following formula [Schulz and Blake, 1990]:

{H ° ens) ~  4R0 Mmo)
I  N h ( s )

J B(s)
ds (3.32)

In  the present study we consider tha t the ring current consists of H + , He+ , and 0 +

ions. The measurements for the charge exchange cross sections at , extending to low ion 

energies, are obtained from the Oak Ridge National Laboratory (ORNL). Phaneuf et al.

hydrogen gas, while Barnet [1990] - for those of H + and He+ ions. These measurements 

together w ith  the corresponding polynomial fits used in this study are shown in  Figure (3-3, 

after Fok et al. [1993])

3.4 Atm ospheric Losses

Ring current particles w ith  smaller pitch angles m irro r closer to Earth  and thus encoun­

tering denser atmosphere. Some particles reach very low altitudes where the atmospheric 

density is large enough tha t the scattering of these particles is highly probable. A  particle 

m irroring at such a low altitude is very likely to be ’’ absorbed” by the atmosphere and 

hence lost from the radiation belts. This altitude, at which absorption occurs, determines 

the loss cone boundary, and in the R AM  model i t  is assumed to be 200km.

The absorption of ring current particles in the atmosphere, due to emptying of the loss 

cone (twice per bounce period 7 5 ) is taken into account by introducing the loss term  [Lyons,

[1987] provide data for the charge exchange cross sections of 0 + ions colliding w ith  neutral

1973]:
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dQ
dt CttlTl

_Q_
Tatm

, where T a t m

t b /2  , inside the loss cone 

oo , outside the loss cone
(3.33)

where:

tb - 1 r
V J s>

ds 4i?o

1 -

B(s)
h(no) (3.34)

The spatial variations of the d istribution  function Q w ith in  the loss cone due to atmospheric 

collisions at low altitudes are neglected.

3.5 Ring Current Characteristics and Aeronomical Effects

This section describes the calculation of different characteristics and aeronomical effects 

of ring current decay in RAM -ND. The ring current parameters are obtained by taking the 

moments of the d istribution  function Q.

The to ta l number of ring current particles and the to ta l ring current energy are respec­

tive ly [Jordanova, 1995]:

/ /------------ r R ?  P P E 2 rHoc

QdV =  8 ir \ f2 m f  / dRo /  dip dE dpoRoVo'/~Eh(no)Q (3.35) 
J *^0 ^ E\ ** 0

/ t  rR 2  f  27r rE 2  rfAoc
E Q dV  — 8-nJ2m^ / dRo / dip dE  /  d/j,oRo^oE3^2h(po)Q (3.36) 

jR i  Jo J e i Jo

Here R i,R 2 ,E i ,E 2 are the lower and upper radial and energy boundaries and p0c is the 

cosine of the equatorial p itch angle, corresponding to  the upper edge of the atmospheric 

loss cone.

The quantitative relationship between the energy density contained in the ring current 

and the resulting perturbation in the magnetic field at the surface of the Earth  is given by the
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Dressler-Parker-Sckopke (DPS) relation (Equation 2.5), which for a dipole approximation 

can be rewritten in standart units in  the following form:

A £ [n T ] =  (3.98 x l ( T 3 0 )£ tot[keV] (3.37)

The above change in the E arth ’s magnetic field is the D st  index due to the development in 

the stormtime ring current.

The number density and the energy density of a ring current specie t  at a given point 

in the equatorial plane are respectively:

nt{Ro, <p) =  4-7T J  dp^dpj_Qpj_ =  \T\\j lm?t J  dE J  dpo^fEQ  (3.38) 

Et(Ro, <p) — 4 -7T J  dp\\dpi_EQp±_ =  4 7 ^ 2 m 3 J  dE J  dpoE3̂ 2Q (3.39)

The relation between the phase space d is tribution  function Q and the magnitude of 

the equatorial directional flux jo, defined as the number o f particles of specie t w ith  un it 

energy and un it solid angle, crossing un it equatorial area perpendicular to the ir direction 

of incidence per un it time is:

jo  =  2 m tE Q  (3.40)

3.6 Tsyganenko M agnetospheric Field M odel

In  our study we use T04s magnetospheric field model [Tsyganenko et al., 2003; Tsyga­

nenko and Sitnov, 2005] as a replacement for the dipole field which has been used to approx­

imate the E arth ’s magnetic field in the previous version of R A M  model. The T04s model 

is based on a set of data, containing only events w ith  D st <  —65 nT, representing strongly 

disturbed configurations of the near geomagnetic field (R <  15 R ^) and the ir evolution
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during the storm cycle. In  all cases, only those storms were selected for which concurrent 

solar w ind and IM F  data were available for the entire duration of the event. Interplanetary 

medium data were provided by W ind, ACE, IM P  8  and Geotail. The inner magnetospheric 

field is computed using the T01 model [Tsyganenko, 2002a,b], w ith  a duskside partia l ring 

current w ith  variable amplitude and scale size, an essential part of the storm-time current 

system. The T04s model describes well the magnetospheric configuration for both quiet 

and disturbed conditions [Tsyganenko and Sitnov, 2005].

Following the general approach presented in detail in  previous versions of the Tsyga­

nenko model [Tsyganenko, 2002a,b], the external model field in  T04s is approximated by 

a linear combination of seven vectors: (1 ) the Chapman-Ferraro field B c f ,  confining the 

Earths internal field w ith in  the magnetopause, (2 ) the ta il field Bp, (3) the field B $ r c  of 

a symmetrical ring current, (4) the field of a partia l ring current B p r c , (5) — (6 ) the fields 

of the Region 1 and 2 Birkeland current systems, and (7) a penetrated component of the 

IM F  given by an ’’ interconnection” term  =  eBIiM F. The T04s model uses as input 

parameters Solar W ind Ram Pressure (P ), D st  index, IM F  By, IM F  B z, and six variables 

W1-W 6 which are calculated according to the IM F  B z, alpha-to-proton ratio, solar w ind 

proton density, and solar wind velocity values [Tsyganenko and Sitnov, 2005].
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Figure 3-1: Exospheric hydrogen density versus radial distance for different Chamberlain 
model fits. The solid line is the model tha t provides best f it  the the DE 1 geocoronal 
observations (after Rairden et al., 1986).
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Figure 3-2: Analytica l f it  o f the function in Equation (3.30) (solid line) to the Chamberlain 
model data (stars).
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Figure 3-3: Charge exchange cross sections of H+ , He+ , and 0 + reported by Oak Ridge 
National Laboratory (Phaneuf et al., 1987; Barnett, 1990). Solid lines are polynomial fits 
(after Fok et al., 1993).
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C h a p t e r  4

T h e  N u m e r ic a l  M o d e l

4.1 The Numerical Scheme of RAM

The bounce-averaged kinetic equation (3.3) is solved w ith  a tim e-sp litting numerical 

scheme, i.e. the fin ite  difference algorithm is sp lit into a sequence of one-dimensional simple 

equations, and the solution is advanced at each time step by a single operator. The order 

of the solution operators is reversed in  the next time step to achieve second order accuracy 

in time. A  flux-lim ite r high-resolution scheme is used to solve the firs t order advective 

terms. An exact solution exists for the charge exchange and the atmospheric loss terms. 

The complete details of the model are given in  Jordanova [1995].

4.1.1 Tim e splitting

The sp litting  operators for the bounce-averaged equation (3.3) are given in Jordanova 

[1995]. The tim e-sp litting numerical scheme of Yanenko [1971] is the method used to solve 

Equation (3.3) in multi-dimensions. The idea is to reduce the multi-dimensional scheme to 

one-dimensional methods, applied alternately for each dimension.

Suppose we have an equation of the form:

£  - Lu <«)
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where the operator L  is a sum of several additive operators:

L  =  L 1 +  L 2 +  ... +  L n (4.2)

Then an approximate solution is found by solving a system of simple one-dimensional equa­

tions:

—  -  L l u 
d t ~ L u

(4-3)

—  — L nu 
d t ~ L u

where the solution of each equation is used as an in itia l condition for the next one. Further, 

second order accuracy for each of the one-dimensional schemes can be achieved using the 

Strang time sp litting  method [Strang, 1968]: each one-dimensional solution is advanced over 

the first ha lf time step and then reversed in order to complete the time step.

4.1.2 High — R esolution Schemes

In  the R A M  model, the fin ite  volume method is used to solve the firs t order terms 

in equation (3.3) as described in Jordanova [1995]. In  the fin ite volume method, volume 

integrals in  a partia l differential equation tha t contain a divergence term  are converted to 

surface integrals. These terms are then evaluated as fluxes at the surfaces o f each fin ite 

volume. The values of the conserved variables are located w ith in  the volume element, and 

not at nodes or surfaces. Further, the fluxes are computed using either firs t order upwind 

scheme, or a second order Lax-Wendroff numerical scheme, depending on the smoothness of 

the solution. These methods have been described in great detail elsewhere [Flannery et al., 

1992; Jordanova, 1995; Chung, 2002].
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4.2 Bounce — Averaging along a Field Line

The analytic expressions for the integrals in  equations (3.2) and (3.25) can be explic itly 

w ritten  for a dipole magnetic field [e.g., E jiri, 1978]. E xp lic it solutions in the case of a 

dipole field can also be derived for the bounce-averaged gradient-curvature particle d r ift 

velocity [e.g., Roederer, 1970] and the bounce-averaged exospheric hydrogen density [e.g., 

Schulz and Blake, 1990]. For a realistic model of the magnetospheric field, the particle d rift 

paths, velocities, and respective bounce-averaged quantities must be computed numerically.

Starting in the SM equatorial plane, first we trace the lines southward and then north­

ward un til we reach the ionosphere. Then we interpolate the magnetic field between each 

pair of tracing points (si , s2) using simple linear polynomials (Figure 4-1). I f  s i  and s2 

denote distances from the beginning of the magnetic line to the respective two points, then 

for such a pair of points we can w rite  a system of two linear equations:

B (s \)  =  clbSi  +  6 b
(4.4)

B ( s 2 ) — CLBS2 +  6b

where the magnetic field B  along the field line is w ritten  as a function o f the field line 

length s. Thus, for each pair of points we can find the polynomial coefficients as  and 6 b- I f  

the tracing step is properly chosen, then the linear approximation gives a fast and accurate 

solution. In  our model we use an adaptive tracing step. I t  becomes smaller close to the 

ionosphere and the equatorial plane in  SM coordinates.

A fte r we find a and 6  for each pair (s i, s2) we can find the exact location o f the m irror 

points defined by the relation for a given equatorial pitch ao:

s in a 0 =  —— (4.5)
-L'm.
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where B m is the magnetic field at the m irror point. The index 0 refers to the Solar Magnetic 

(SM) equatorial plane.

Using the above results, we approximate the integrals in  equations (3.2) and (3.25):

r S 2

Js i

/•S2

J s i

ds

1 -

B(s)
Bm

fS2

Jsi

ds

/J s

1 -
qga +  bs

Bm

“̂ Bm

as
1 -

dflS +  bg \  2

B m.

S 2

(4.6)

S2 \  aBS^ ^ B dc ^
B r, 3(Lb

1 -

3 S2 

ass +  bs \  2

Br,
(4.7)

«i

This numerical technique removes the singularity from the denominator in  the firs t integral. 

Thus, we calculate the integrals for each of the two points located between the two m irror 

points s' and s" (including s' and s"). Then we sum the results in  order to  find the overall 

value of h(/j,o) and /(/xo) for a given field line and equatorial pitch angle.

We use the same method to compute the bounce-averaged gradient curvature veloc­

ity  and hydrogen density. We find the respective pairs of linear coefficients (an ,bn) and 

approximate the integrals (which are of the same type) in  equations (3.18) and (3.32):

r s  2 

Js i

n(s)

B(s)
-.ds

rs 2 

Jsi

( I f ,  S by.

1 -

f l f l S  +  bB
.ds -

2  B,
3 as

m 1 1 _  ag5_+  b B ) 2  (anaBs +  2 anB m -  2 anbB +  36naB)
Jm

s 2

si

(4.8)

Again the singularity in the denominator is removed and then the integration proceeds as 

described above. A ll numerical derivatives along a field line are computed as simple first 

order fin ite  differences.
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4.3 Numerical Accuracy Tests of the Bounce — Averaging 

Technique

The proper calculation of the integrals in  equations (3.2) and (3.25) is of m ajor im ­

portance for the implementation of a non-dipole magnetic field in  R AM . To estimate the 

accuracy of the numerical technique described above, first we calculate h(fio) and I(po)  as 

a function o f the pitch angle for a dipole field configuration and compare them w ith  their 

analytic values [E jiri, 1978]. The results are presented in  Figures (4-2) and (4-3) respec­

tively. Both plots show tha t the numerical calculation overlaps w ith  the analytic curve for 

the most part except for small pitch angles. The slight difference is due to extrapolation at 

small pitch angles. The smaller the pitch angle is, the farther from the equatorial plane the 

particle travels along a field line. The farthest a particle can travel is un til it  reaches the 

ionosphere. This travel distance along the field line corresponds to some critica l equatorial 

pitch angle value which defines the loss cone [e.g., Parks, 2004], Thus, for p itch angle values 

smaller than the loss cone pitch angle we need to extrapolate in  order to  find the integrals 

for h(iJ,o) and /(/ io ). For this we use 3rd order polynomials. Due to the cosine nature of 

the analytical curve, these polynomials are not very successful in  the region of p itch angles 

close to 0. The numerical error in this case can reach ~  3%.

The comparison of the analytical bounce-averaged hydrogen densities and the computed 

ones (equation 3.32) versus distance from Earth  for a dipole field is shown in Figure (4- 

4). The results are presented for pitch angles 20, 50, and 80 degrees. The numerically 

calculated (Hoens) fits well the analytical function for big pitch angles (50 and 80 degrees),

i.e. pitch angles greater than the loss cone, for all radii. For smaller pitch angles there is a 

slight difference between the calculated (Hjjens} and the analytical curve at lower L-shells 

due to extrapolation. The analytical bounce-averaged density behaves in  a way sim ilar to 

an exponential. Here we extrapolate using a second order polynomial. This choice of the
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extrapolating function is due to some numerical lim itations. Closer to Earth  the magnetic 

field lines are shorter in length and the result is smaller number o f tracing steps for a field 

line. Also, there is a lim it to how small the tracing step can be because of computational 

error restrictions. These two factors define the maximum possible number of tracing points 

over a field line. For strongly distorted stormtime field the number of points describing a line 

close to Earth  can be as lit t le  as ~  5 — 10 points. This is not enough to perform exponential 

extrapolation. For this particular case 3rd order polynomials are also possible, but the ir 

oscillations around the analytical curve are stronger. Another reason for not choosing an 

exponential extrapolation is tha t its increase is too rapid and could yield quite erroneouss 

results. Again the numerical error can reach ~  3% for small pitch angles.

Figure (4-5) shows the bounce-averaged magnetic curvature d r ift velocity versus distance 

from Earth for pitch angles 20, 50, and 80 degrees. A  th ird  order polynomial extrapolation 

is then applied for small pitch angles. The numerically computed {Vs) (equation 3.18) is 

in a good agreement w ith  the analytical values for a dipole field even for small pitch angles 

[e.g., Roederer, 1970]. The contribution of (Vr ) in  equation (3.18) is zero in the dipole 

case because of the symmetry in the field geometry. In  order to check the accuracy of our 

computational method for (Vr ) we plot the relative difference between {Vs) (equation 3.18) 

and (Vr ) in Figure (4-6). The highest values are about 0.6% which is much smaller than 

our numerical error.

4.4 Accuracy Tests for RAM

To test the implementation of the numerical techniques in our non-dipole model R AM - 

ND we run calculations for a dipole field configuration and compare the results w ith  those 

from RAM . Here we present tests for the time evolution of the trapped equatorial particle 

flux, the to ta l energy and to ta l particle number for H + ions. The results are for the geo-
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magnetic storm of A p r il 21-25, 2001, which is discussed in  greater detail in Chapter 5. Here 

we present test results for hour 12 (quiet prestorm period, D st  — —6 , K p  — 1) and hour 36 

(around the storm peak, D st  — —64, K p  — 5).

4.4.1 Equatorial Particle Flux

The tim e evolution of the equatorial particle flux for H + ions is shown in  Figures (4-7) 

through (4-12). Each table shows plots for M LT=0, 9, 15 and L —2, 4, 6 . The plots are for 

P A -20 , 50, 80 degrees and DOY 2001:111 at 12:00 U T  and DOY 2001:112 at 36:00 UT. 

The calculation starts at hour 10.5 (DOY 2001:111 at 10:30 U T). The plots for hour 12 

basically present the in itia l quiet phase of the storm and the plots at hour 36 are for the 

peak of the storm.

The results for PA=20, hour 12 are shown in Figure (4-7). The fluxes for L —2 and 

M LT=0 , 9 for R A M  and RAM -N D coincide well for the whole energy range. For L=2 , 

M L T =15 R AM -N D  gives a lit t le  higher flux for energy of about 230 keV. For L = 4  the flux 

for both models are the same except for M LT = 0  where there is a lit t le  difference for energies 

>  200 keV. For L = 6  R AM -N D  gives slightly different fluxes for energies >  200 keV and for 

M L T —9 there is a difference in the low energy range. The error is much smaller than our 

numerical error of about 3% in  the bounce-averaging technique.

For PA—20, hour 36 RAM -N D and R A M  give equal results. There are slight differences 

for L=2  and M LT=0, 15 for high energies, and also for L=4, 6  and M L T —9 in the ~  20 —50 

keV energy range.

The calculations for PA—50 degrees are in a good agreement for both models. For hour 

12, L —6 , M L T —9 the flux differs for low energies and again for energy >  200 keV. The 

results for hour 36 for the all nine plots show tha t RAM -N D coincide very well w ith  the 

R A M  calculations.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For PA=80 degrees the agreement for R A M  and RAM -N D is very good. The results 

only differ for hour 12, L = 6 , M LT =9  for the low energy range and for L=2 , 4 and M LT=15 

they differ slightly for the high energy range. For hour 36 the difference is only for L=2, 

M LT =0  for the high energies and for L=4 , M LT = 9  for energy of ~  20 keV.

4.4.2 Total Energy and Total Num ber of Particles

A  different way to test the numerical s tab ility  of our model is to examine the to ta l ring 

current energy and the to ta l particle number. The to ta l ring current energy for the A p r il 

2001 storm period is plotted in  Figure (4-13) for R A M  and RAM -N D w ith  a dipole field. 

The time axis shows hours after 0:0 U T  on A p ril 21. The RAM -N D  model gives results 

which are in a good agreement w ith  R AM . The highest difference of about 3% is at hour 

40. The situation for both models for the to ta l particle number in  Figure (4-14) is simillar. 

The biggest difference between the particle number calculated by the two models again is 

around hour 40.
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Figure 4-1: This figure shows a representative field line tracing and the ind iv idual steps 
(solid circles). A t each tracing step we find the values of the variable B(s).  Then we 
use linear interpolation between each pair of points. We integrate the acquired linear 
polynomials and sum them to find the tota l integral value over the field line between the 
two m irro r points s' and s The exact position of each m irror point (the position of B m) 
is found using the respective linear interpolation polynomial between the corresponding 
tracing points.
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Figure 4-2: Comparison between the theoretical (red) and numerically computed (green) 
h(fio) as a function of the pitch angle for dipole magnetic field.
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Figure 4-3: Comparison between the theoretical (red) and numerically computed (green) 
/ ( / io ) as a function of the pitch angle for dipole magnetic field.
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Figure 4-4: Comparison between the theoretical (red) and numerically computed (green) 
bounce-averaged hydrogen density (H i)ens) as a function of the distance to  Earth  for three 
pitch angle 20 (left), 50 (middle) and 80 (right) degrees for dipole magnetic field.
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Figure 4-5: Comparison between the theoretical (red) and numerically computed (green) 
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H FLUX vs. ENERGY FOR PA=20 DEGREES
RAM(red), RAM-ND(DIP)(green)
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Figure 4-7: Trapped equatorial H+ flux vs. energy for M LT=0, 9, 15, L=2 , 4, 6 , PA=20° 
hour 12 after the beginning of the storm (DOY 2001:111 at 12:00 U T)
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H FLUX vs. ENERGY FOR PA=20 DEGREES
RAM(red), RAM-ND(DIP)(green)
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Figure 4-8: Trapped equatorial H + flux vs. energy for M LT=0, 9, 15, L=2, 4, 6 , PA=20° 
hour 36 after the beginning of the storm (DOY 2001:112 at 36:00 U T)
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H+ FLUX vs. ENERGY FOR PA=50 DEGREES
RAM(red), RAM-ND(DIP)(green)
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Figure 4-9: Trapped equatorial H + flux vs. energy for M LT=0, 9, 15, L=2 , 4, 6 , PA=50° 
hour 12 after the beginning of the storm (DOY 2001:111 at 12:00 U T)
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H+ FLUX vs. ENERGY FOR PA=50 DEGREES
RAM(red), RAM-ND(DIP)(green)

HOUR=36

MLT=0 MLT=9 MLT=15

R=2

>a>

Eo
vi

X  _3
101 100 1 10 100 1 10 1 0 0

R=4

>a>

Eo
</>
x
Z3

101 1 0 0

1 0 l
10®

io5
1 0 ,
10,
10? io i 
10? 

1° 2 
10 2

1 10010 1 10 100

R=6

><D■X

Eo
</)
XD

1 10 1 0 0 1 10 1 0 0 10 1 0 01
Energy [keV] Energy [keV] Energy [keV]

Figure 4-10: Trapped equatorial H + flux vs. energy for M LT=0, 9, 15, L=2, 4, 6 , PA=50° 
hour 36 after the beginning of the storm (DOY 2001:112 at 36:00 U T)
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H+ FLUX V S .  ENERGY FOR PA=80 DEGREES
RAM(red), RAM-ND(DIP)(green)
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Figure 4-11: Trapped equatorial H+ flux vs. energy for M LT=0, 9, 15, L=2 , 4, 6 , PA=80° 
hour 12 after the beginning of the storm (DOY 2001:111 at 12:00 U T)

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H FLUX vs. ENERGY FOR PA=80 DEGREES
RAM(red), RAM-ND(DIP)(green)
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Figure 4-12: Trapped equatorial H + flux vs. energy for M LT=0, 9, 15, L=2 , 4, 6 , PA=80° 
hour 36 after the beginning of the storm (DOY 2001:112 at 36:00 U T)
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C h a p t e r  5

M o d e l  R e s u l t s

In  the present study we model the moderate storm of A p r il 21, 2001 which was selected by 

the Inner Magnetosphere-Storm (IMS) campaign of the Geospace Environment Modeling 

(GEM) program at the National Science Foundation (NSF). In  Section 5.1 we present 

the in itia l and boundary conditions for the R A M  model [Jordanova et al., 2006] and the 

input data for the T04s magnetospheric field model. In  Section 5.2 we present results for 

the bounce-averaged exospheric hydrogen densities and magnetic gradient-curvature d r ift 

velocities. The time evolution of the trapped equatorial flux is discussed in  Section 5.3. In 

Section 5.4 we compare the modeled spin averaged fluxes w ith  satellite observations. The 

to ta l ring current energy and the to ta l particle number for different ion species is discussed 

in  Section 5.5. An approximate calculation of the stormtime D st  index is presented in 

Section 5.6.

5.1 Observations

5.1.1 Interplanetary D ata

The hourly averaged solar w ind plasma and interplanetary magnetic field data for the 

storm of A p r il 21-23, 2001 obtained by the Advanced Composition Explorer (ACE) [Mc- 

Comas et al., 1998; Smith et al., 1998] are presented in Figure (5-1). A  delay in  the data 

of about 60 minutes accounts for the signal propagation towards Earth. An interplanetary
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shock was observed at hour ~  16. A fte r the shock the to ta l magnetic field increased in mag­

nitude, the solar w ind velocity went up from ~  350 to ~  400 km /s, the dynamic pressure 

increased to about 6.5 nPa, and the proton density increased from ~  5 to ~  25 cm-3 . The 

IM F  B z reached a m inimum of about -13 nT  at hour 35. The magnetic fields were strong 

and smooth after hour 24 which was an indication of a magnetic cloud. The polar cap 

potential reached a maximum of about 140 kV  at hour ~  35 [Jordanova et al., 2006]. The 

magnetic cloud caused a moderate geomagnetic storm w ith  D st =  —102 nT  and K p  =  6 + 

at hour ~  40. The recovery phase lasted for more than ~  30 hours.

5.1.2 M agnetospheric D ata

The energetic particle observations from the Los Alamos National Laboratory (LA N L) 

satellites at geosynchronous o rb it provide realistic boundary conditions for the model. The 

Magnetospheric Plasma Analyzer (MPA) [McComas et al., 1993] (energy range leV-40keV), 

and the Synchronous O rb it Particle Analyzer (SOPA) [Belian et al., 1992] (energies >50 

keV) on LA N L  satellites 080, 084, and 01A measured the ion fluxes during the A p r il 21-23 

storm period. These satellites were located at about 90° separation in  longitude and pro­

vided very good coverage of the time-varying magnetospheric conditions at geosynchronous 

orbit. Interpolation at the boundaries is used when there is no satellite data available. The 

heavy ion composition at the nightside boundary is determined as a function of geomagnetic 

and solar activ ity  according to Young et al. [1982]. The losses through the dayside magne­

topause in the model correspond to a free outflow from the dayside boundary [Jordanova, 

1995], The contribution from direct injection of ionospheric ions is not considered in  the 

model.

As in itia l conditions on the nightside we use the quiet time statistical data set from 

Sheldon and Ham ilton [1993]. The authors studied the transport and loss of ions in the
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E arth ’s quiet time ring current and constructed a data set w ith  fu ll local time coverage 

from measurements made by the A M P TE /C C E -C H E M  instrument in  near equatorial orb it 

at 2 — 9 R ^; on the dayside ( 6  to 18 M LT) the in itia l ring current d istributions are assumed 

zero.

5.1.3 Input data for T04s m odel

The input data for the T04s model are the dynamic pressure Pdyn (SWRP), Dst, IM F  

B y ,  IM F  B z , and the six variables W1-W6. The W1-W 6 parameters are prepared before 

the actual storm simulation (courtesy to N. Tsyganenko, GSFC). The interplanetary data 

necessary for the calculation are the IM F  B z  in GSM coordinates, the alpha-to-proton ratio, 

the proton density and the solar w ind velocity [Tsyganenko and Sitnov, 2005]. The hourly 

averaged input data are updated at every hour w ithout interpolation at intermediate time 

steps (a step-like input update).

5.2 Bounce — Averaged Exospheric Hydrogen D ensity and 

M agnetic Gradient — Curvature Drift Velocity

To show the change in the bounce-averaged exospheric hydrogen density and bounce- 

averaged magnetic gradient curvature d r ift velocity in  the time-varying T04s magnetic field 

we plot them at eight different times during the storm period. Table (5.1) shows the respec­

tive input parameters for the T04s model: Solar W ind Ram Pressure (P ), the stormtime 

index Dst, the southward IM F  B y and B z, and the variables W1-W6.

The relative difference ( B q 04s — B ^ ip o le )  / B q IP ° 1s in the equatorial magnetic field between 

T04s and dipole is shown in Figure (5-2). The Sun is on the right hand side in all plots. For 

quiet time T04s field is smaller than the dipole filed on the m idnight side and the difference 

reaches up to -25%. On the noon side the difference in the magnetic field is close to 0% for
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D O Y , U T P

[nPa]
Dst
[nT]

B y

[nT]
B z

[nT]
W l W 2 W 3 W 4 W 5 W 6

111 11:30 1.34 4 -1.30 -1.50 0.16 0.23 0 . 0 2 0 . 1 0 0.30 0.39
112 00:30 7.14 29 1.80 7.90 0.19 0.25 0.06 0.15 0.18 0.91
112 10:30 2.51 -42 -9.60 - 1 1 . 1 0 2.05 2.77 0.46 3.05 2 . 1 1 3.39
112 16:30 3.54 - 1 0 1 0.80 -10.80 2.87 3.75 0.97 4.20 2.38 4.55
112 21:30 2 . 1 2 -72 4.60 -8.50 2.36 2.83 1.19 2.81 1.69 3.13
113 03:30 1.97 -69 1.30 -8.70 1.55 1.93 1.19 1.65 1.35 2.28
113 13:30 1.83 -40 6 . 0 0 0 . 2 0 0.57 0.41 1 .1 2 0.37 0 . 1 0 0.43
114 00:30 1 . 1 0 -16 6.40 3.10 0 . 0 2 0 . 0 0 0.80 0 . 0 0 0 . 0 0 0 . 0 0

Table 5.1: Inpu t parameters for the T04s model at eight different times during the A p ril 
21-24, 2001 storm: Solar W ind Ram Pressure (P ), the stormtime index D s t , the southward 
IM F  By and B z, W l,  W2, W3, W4, W5, W 6 .

the most part in  the inner region and it  becomes about 1 0 % close to  the outer boundary of 

6.5 R e - Close to the inner boundary of 2 Re at dusk-noon the dipole field is smaller than the 

T04s field w ith  difference of about 10%. The more disturbed the magnetospheric conditions 

become, the bigger the difference is between the T04s and dipole. A t the peak of the storm 

(DOY 112 at 15:30 U T ) the difference reaches more than -85% on the dusk-midnight side 

(peak located around 5.5 R e) and about -30% on the noon-dawn side (peak located around 

5.0 Rg). These differences result from the geomagnetic field deformation related to the 

dynamic current system in  the case of the T04s empirical model [e.g. Tsyganenko and 

Sitnov, 2005]. During the recovery phase (DOY 113 at 02:30 U T  to DO Y 114 at 00:30 U T) 

the T04s field configuration becomes more ’’ d ipolar” and the relative difference gradually 

decreases.

The relative differences ^{HDens)™3 — {HDens)D%v°lê  /  {HDens)D%pole in  the bounce- 

averaged hydrogen densities (HDens) for equatorial pitch angle 35° are shown in  Figure 

(5-3). The quiet time values (first p lot) calculated for the T04s field are smaller on the 

m idnight side w ith  a difference of about -5% at ~  6  Re and about 0% at 2 Re and 5% 

towards the noon side at 6.5 Re- For disturbed conditions (DOY 112 at 09:30 U T  to DOY
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113 at 02:30 U T) there is a sharp transition in  the relative difference towards dusk-midnight 

(around 4 R g) and the hydrogen densities for the T04s field become smaller w ith  about 

-30% than those for dipole magnetic field at the peak o f the storm (DOY 112 at 15:30 

U T). The relative difference stays around the -5% value in the region between 2 R e and 4 

R e - Towards the end of the recovery phase (DOY 114 at 00:30 U T ) the bounce-averaged 

hydrogen density for T04s does not differ much from the one for a dipole field.

When the magnetosphere is compressed by the solar w ind on the noon side the magnetic 

field lines move closer to Earth. In  this case we integrate through a region w ith  higher 

hydrogen density and (Hoens) f ° r the T04s model is bigger than the one for a dipole field. 

On the m idnight side the field lines stretch farther from Earth and the integration happens 

in  a region w ith  less hydrogen and in  this case the bounce-averaged density is smaller than 

the one for a dipole field. These results are im portant for the calculation of charge exchange 

losses in the terrestria l ring current [e.g. Sheldon and Hamilton, 1993; Jordanova et al., 1994; 

Fok et al., 1995, 1996].

Figure (5-4) shows the relative differences in the bounce-averaged magnetic gradient- 

curvature d r ift  velocities for equatorial pitch angle 35°. The top left panel shows the rel­

ative difference between (V b ) in (3-11) for T04s model and for dipole field for quiet time 

(prestorm) conditions. The energy of the particles is 100 keV. For quiet tim e the difference 

varies between 20% on the nightside and -20% on the dayside. For stormtime geomagnetic 

field configuration (DO Y 112 at 09:30 U T  to DOY 113 at 02:30 U T) the difference increases 

and at the storm peak i t  is respectively between ~  2 0 0 % (midnight-dusk) and about - 1 0 % 

to -20% (dawn-noon); differences over 250% are seen in an isolated region at magnetic local 

times ~  17 to 21 and L  ~  5.5 to 6.5. Differences between 100% and 200% in  the bounce- 

averaged d rifts  are mostly located in the region between 4 and 5.5 Re  towards m idnight for 

M LT  ~  15 to 04 where the partia l ring current is observed. During the recovery phase the
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difference decreases gradually and towards the end of the storm (DOY 114 at 00:30 U T) 

is sim ilar to the one for prestorm conditions (quiet time). We find tha t the contribution 

of ( V r ) in equation 3.18 is around ~  5% at places where the bounce-averaged gradient- 

curvature velocity is highest and less than 5% everywhere else [Vapirev and Jordanova, 

2007]. This result shows tha t the calculation of only (V b ) in equation 3.18 is a good ap­

proximation when modeling the magnetic gradient-curvature d rifts  of charged particles in 

the inner magnetosphere.

Equation (3.11) shows tha t when the T04s model field decreases compared to a dipole 

(Figure 5-2), the gradient-curvature velocity V b  becomes much bigger than the one in the 

dipole case. The realistic magnetic field geometry results in higher field gradients especially 

on the dusk-midnight side (L >  4) where the field lines become significantly stretched and 

twisted. The high gradients together w ith  the strong magnetic field dependency yield much 

bigger bounce-averaged magnetic gradient-curvature d rifts  than the corresponding ones for 

a dipole field.

5.3 Time Evolution of the Trapped Equatorial Flux

The equatorial H+ flux as a function of the particle energy at hour 40 for pitch angles 

50° and 80° is plotted in Figure (5-5) and Figure (5-6) respectively. The presented results 

are for R A M  (red) and RAM -N D (green) for M LT=0 , 9, 15 and L=2, 4, 6 . For both pitch 

angles and L= 2  the two models give sim ilar results because close to Earth  the magnetic 

field s till resembles a dipole during moderate storms. A t L = 2  the bounce-averaged hydrogen 

density has sim ilar values for both T04s and dipole which suggests tha t the charge exchange 

loss rate is the same for both models. The difference is at M LT = 0  for very low flux values 

(~  10_1) where R AM -N D  gives a higher flux at energy ~  35 keV for PA=50° and energy 

~  25 keV for PA=80°.
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A t L=4 , M LT=0, 15 both plots show tha t the RAM -N D flux has a stagnation dip 

slightly shifted towards smaller energies. A t L=4 , M LT = 9  for both pitch angles RAM -N D 

gives higher flux than R A M  and for PA=80° the stagnation dip is shifted towards smaller 

energy. A t L = 4  the T04s bounce-averaged hydrogen density becomes smaller which suggests 

tha t the smaller charge exchange rate would be responsible for a higher flux  at M LT=15. 

The bounce-averaged velocity for T04s, however, is higher w ith  about 50% giving higher 

azimuthal d rifts  and shifting the dip towards smaller energy. Low energy particles d rift 

eastward and high energy particles d rift westward. Ions w ith  certain energies experience 

sim ilar in  magnitude eastward and westward drifts and this results in a very slow d rift 

velocity. The dip in  the energy spectra corresponds to particles which have either not 

reached the observation point, or have experienced significant losses during the ir slow d rift 

towards the observation point. Higher azimuthal particle drifts (higher bounce-averaged 

magnetic gradient-curvature d rift velocity) for the T04s model means tha t the high energy 

particles move faster in  the T04s field and the high energy flux increases faster on the 

prenoon side which explaines the overall shift of the RAM -N D flux profiles towards smaller 

energies in comparision w ith  the R AM  flux at a certain time (hour 40).

The fluxes for PA=50° and PA—80°, L = 6 , M LT=0 , 9, 15 are sim ilar for both models 

w ith  slightly smaller values for RAM -N D at higher energies. For PA=80°, L = 6 , M LT = 9  

R AM -N D gives higher flux in the range ~  10 — 20 keV, while the R A M  flux has a profound 

dip in  the curve. The shift of the stagnation dip at L = 6 , M LT=9 , PA=50° for RAM -N D  

is due to the higher azimuthal particle drifts. The azimuthal d r ift is proportional to the 

pitch angle - the higher the pitch angle, the higher the d r ift  for a westward moving particles 

and vice versa for an eastward d rift. This explains the additional stagnation dip shift 

towards lower energies for larger pitch angles, more clearly expressed for RAM -N D than 

for RAM . The ’’ flattened” flux profile for PA=80° at L = 6 , M LT = 9  is due to  the stronger
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pitch angle dependency of the azimuthal d r ift for T04s field in combination w ith  smaller 

bounce-averaged exospheric density (less ion losses) at larger L-shells.

Figure (5-7) and Figure (5-8) show the equatorial He+ flux as a function of the particle 

energy for p itch angles 50° and 80° respectively. A t L —2, M LT=0 , PA=50° the flux for 

both RAM  and R AM -N D  models is the same. The RAM -N D  fluxes for M LT=9 , 15 are 

slightly higher in the lower energy range than those for RAM . For L —2, PA=80° the R AM - 

ND flux significantly differs from the R A M  flux in the energy range ~  5 — 50 keV for 

M LT=0, 9 and it  is higher at low energies for M LT=15. A t L —4 on both plots RAM -N D 

flux is slightly shifted towards the lower energies for M LT=0, 15 and i t  has higher values 

around ~  10 — 50 keV. A t L = 6 , M LT=0, 9, 15 the R AM -N D  gives lower flux than R A M  for 

energies >  100 keV. A t M LT = 9  for PA=80° the RAM -N D flux is higher around ~  10 — 20 

keV. A t L=2, M LT=0, 9, 15 and M LT=9 , L=2, 4, 6  the He+ ions w ith  low and medium 

range energies show higher flux for RAM -N D than for RAM . The R A M  model provides a 

reasonably accurate calculation of the trapped equatorial flux for PA=50°, bu t its dipole 

field approximation differs significantly (order of ~  102) from the R AM -N D  flux at L= 2  

and M LT =9  for PA=80° at energies ~  3 — 20 keV. A t large L-shells the R AM -N D  flux is 

smaller for energies >  100 keV than the R A M  flux. The pitch angle anisotropy is more 

expressed for the non-dipole field configuration.

The 0 +  equatorial flux for PA=50°, 80° is shown in Figures (5-9) and (5-10) respectively.

For M LT = 0  the R AM -N D  flux follows closely the R A M  flux for energies up to ~  100 keV. 
«

A t L=2, PA=50° the R AM -N D  flux shows tha t practically no oxygen ions are present at 

the postnoon side (M LT=15). For PA=80, M LT=9 , L=4 , 6  the stagnation dip of the R AM - 

ND flux profile is shifted towards lower energy (~  6  keV) again due to higher azimuthal 

d rifts  for westward moving particles (high energy range). A t M LT = 9  for both pitch angles 

the RAM -N D model shows lower flux values at L = 2  and at L = 4  the low-to-medium range
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particles dominate over the R A M  0 + flux. A t L=4, 6  the stagnation dip again moves 

towards lower energy because due to the higher d rifts  for the T04s field more high energy 

oxygen reaches the prenoon side. The losses at higher energies are bigger for 0 + then those 

for He+ because of the bigger charge exchange cross-sections for oxygen ions. This is clearly 

seen at L=2 , 4. A t L = 6  both R AM  and RAM -N D models give sim ilar fluxes w ith  those for 

RAM -N D being slightly smaller at high energies.

Figures (5-11) and (5-12) show the d istribution of the H + flux for dipole (R AM ) and 

T04s (RAM -ND) field in the equatorial plane in SM coordinates. F irs t two rows show the 

flux  at 10 keV (PA=50°, 80°) and rows 3 and 4 show the flux at 100 keV (PA=50°, 80°). 

Each row presents the equatorial flux at three different times: DO Y 111 at 22:00 U T  (before 

the storm main phase, D s t—12 nT), DOY 112 at 15:00 U T  (storm peak, D s t= -102 nT), 

and DOY 113 at 2:00 U T  (recovery phase, D s t= -74 nT).

For low energy (10 keV) at DO Y 111 at 22:00 U T  the R AM -N D  flux is higher at 

the m idnight-dusk side than the R A M  flux. For PA=80° both models calculate sim ilar 

flux values, while for PA=50° the RAM -N D flux is about 10 times higher and it  is more 

localized between M LT  12 and 4. The second column (DOY 112 at 15:00 U T) shows sim ilar 

fluxes for PA=50° but the difference between the two models becomes stronger for PA=80° 

where the R A M  flux is more smoothly d istributed between M LT  12 and 6 , while the R AM - 

ND flux is slightly lower on the postnoon side close to the outer boundary of 6.5 R# and 

higher around L = 4  between M LT 17 and 6 . The th ird  column (DOY 113 at 2:00 U T) 

shows overall higher RAM -N D fluxes for both pitch angles w ith  the flux for PA=80° more 

localized around L=4. Overall the low energy flux for a non-dipole field (R AM -N D ) is 

higher than the one for a dipole (R AM ). The higher fluxes in  the m idnight-dusk region are 

due to lower bounce-averaged exospheric hydrogen density, hence lower charge exchange 

rate, and the higher azimuthal d rifts  (bigger bounce-averaged magnetic gradient-curvature
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drifts) around m idnight-dusk and ~  4 — 5.5 R e - The RAM -N D models shows tha t the 

low energy component of the proton ring current has higher contribution during the storm 

recovery phase. The R A M  model gives stronger pitch angle anisotropy during the main and 

the recovery phase, while for the RAM -N D flux the low energy component extends over all 

p itch angles which reduces the anisotropy. The proton d istribution  in  the equatorial plane 

is h ighly asymmetric for the whole duration of the storm.

The high energy (100 keV) component of the proton flux at DO Y 111 at 22:00 U T  is very 

much equal for both models (the RAM -N D flux is slightly higher) and the d is tribution  is 

symmetric for all MLTs for both pitch angles. A t DO Y 112 at 15:00 U T  R A M  model shows 

tha t H+ are mostly d istributed between M LT  12 and 0 w ith  a peak around M LT=17. The 

pitch angle anisotropy for R A M  is not very strong. For PA=50° the R AM -N D  model gives 

lower flux values w ith  the proton d istribution  narrowly localized around L = 6  and M LT  11 

and 23. The R AM -N D  proton flux d istribution for PA=80°, however, has higher values for 

all MLTs w ith  a peak around 4 Re on the postnoon side and around 5.5 Re at dawn. A 

strong pitch angle anisotropy in  the particle d is tribution  is observed when the T04s field is 

used. Higher azimuthal d r ift values for the westward moving high energy flux  component 

make the high energy protons move faster and thus the number of particles in  the ring 

current increases. The smaller bounce-averaged hydrogen density for T04s contributes also 

for the stronger d is tribution  anisotropy. During the recovery phase (DOY 113 at 2:00 U T) 

for smaller pitch angles the RAM -N D flux is smaller than the R A M  flux and it  is very much 

homogeneous for all MLTs, while the R A M  model shows a relatively symmetric d istribution. 

The plots for PA=80° show much stronger and symmetric d is tribution  for RAM -N D. The 

p itch angle anisotropy in the equatorial flux for RAM -N D is very distinctive and shows tha t 

for larger p itch angles the high energy protons can be dominant part of the ring current 

particle population. Because of the bigger azimuthal drifts for higher pitch angles and the
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lower bounce-averaged hydrogen density the fast moving protons, which also have smaller 

charge exchange cross-sections, continue to d r ift w ith  less losses during the recovery phase 

of the storm. Thus, the high energy population given by the RAM -N D  model remains 

trapped after the storm main phase (D s t  m inimum) while particles convected during main 

phase slow down (Figure 5-12), a result which has been recently observed by [Ganushkina 

et al., 2006] and by [M ilillo  et al., 2006].

The equatorial flux d istribution of He+ ions is shown in Figure (5-13) for R A M  and 

in Figure (5-14) for RAM -N D model. The layout of the dial plots is the same as in  the 

previous two figures.

The low energy component at DOY 111 at 22:00 U T  has sim ilar d is tribution  for both 

models for both pitch angles w ith  the RAM -N D flux being slightly lower for PA=50° around 

M LT  6  to 9. The R AM -N D  flux is also slightly higher on the m idnight-postnoon side. As the 

storm progresses (DOY 112 at 15:00 U T), the ion d is tribution  for R A M  develops stronger 

pitch angle anisotropy w ith  flux peak at around 2.5 — 3 Re and M L T = 3  for PA=50°, while 

the RAM -N D d istribution has a strongly localized peak around 2.5 Re between M LT  12 

and 6  w ith  sim ilar distributions for both pitch angles. During the recovery phase (DO Y 113 

at 2:00 U T) R AM -N D  shows tha t the low energy He+ flux increases for all p itch angles, 

opposite to the results from R A M  whose He+ population remains almost the same.

For high energies both RAM -N D and R A M  give sim ilar He+ d istributions before the 

development of the storm main phase. The ions are symmetrically d istributed beyond 4 

R e - There is a localized peak for very low flux values (~  10-2 ) located around 2.5 R e  at 

m idnight for R A M  and around the noon-dusk side for RAM -ND. The storm main phase 

He+ ion population develops a pitch angle anisotropy for the non-dipole magnetic field. 

Due to higher azimuthal drifts more westward d rifting  particles f il l the space on the dusk 

side and reach the prenoon side for large pitch angles [e.g., Fok et al., 1995]. The R AM -
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ND d istribution for PA=50° shows overall smaller flux for all M LTs than the R A M  model. 

During the recovery phase the again the R AM -N D  model shows a more distinctive pitch 

angle anisotropy for the He+ flux. The particles are symmetrically d istributed for all MLTs 

while the R A M  model give higher fluxes on the dusk side for both pitch angles. The PA=50° 

plot shows smaller flux for RAM -N D and the PA=80° shows much higher He+ flux  w ith  a 

peak around 4.5 R e . The high energy flux  computations for particles m irroring close to  the 

equatorial plane (large pitch angles) by the RAM -N D model are consistent w ith  previous 

ring current observations [Daglis et al., 1993].

The 0 +  flux d istribution  is presented in Figures (5-15) and (5-16) for dipole and non­

dipole magnetic field respectively. Again the plot layout is the same as in  the previous 

figures for H+ and He+ fluxes.

The low energy component has very sim ilar distributions for both models and pitch 

angles w ith  the fluxes for RAM -N D being a lit t le  higher than those for RAM . The R AM - 

ND model simulation shows tha t for both PA=50° and PA=80° the 0 + ion flux steadily 

intensifies during the storm main and recovery phases all over the equatorial plane.

For the 100 keV energy bin RAM -N D has the same particle d is tribution  at DOY 111 

at 22:00 U T  as the R A M  model. During the storm main phase the RAM -N D 0 + flux 

develops stronger p itch angle anisotropy. For Pa=50° RAM -N D gives flux  which is well 

localized beyond the ~  4 R# boundary w ith  a peak at dusk and which is smaller than 

the flux calculated by R AM , extending to lower L-shells. The d istribution  for PA=80° for 

R A M  is almost the same as in the PA=50° case while the RAM -N D  calculations show a 

steady flux for all MLTs due to higher azimuthal drifts. The lower boundary is around 

the 3.5 R# and the peak is at M LT=18 around 4.5 R e - During the recovery phase the 

energetic 0 + significantly decreases for both models. The RAM -N D flux has a strong pitch 

angle anisotropy. For smaller pitch angles the flux is localized beyond ~  4.5 — 5 R e  while
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the R AM  model flux extends also for low L-shells. The PA=80° flux d is tribution  shows a 

steady symmetric flux  w ith  peak ~  4 R# for R AM -N D  while the R A M  flux peaks at larger 

radial distances and has a defined asymmetry towards the postnoon side.

Energetic 0 + enhancements usually have short lifetimes, because of the localized and 

sporadic character of ionospheric outflow [e.g. Strangeway and Johnson, 1983]. The charge 

exchange cross-sections for oxygen ions are relatively high (compared to  those for hydrogen 

and helium ions) which results in  relatively short lifetimes of energetic 0 + . The 100 keV 0 + 

ions have lifetimes of about 33, 22, and 11 hours at L~5.0, 4.25, and 3.5 respectively [Smith 

et al., 1981]. Therefore the prolonged enhancement of 0 + in the R AM -N D  simulation is due 

to  the lower charge exchange losses for T04s field during the storm main phase. Moreover, 

because of the higher bounce-averaged magnetic gradient-curvature d rifts  (higher azimuthal 

d r if t  for larger p itch angles at high energies) and smaller exospheric hydrogen density the 

energetic oxygen ions in the T04s field move faster and experience less collisions w ith  the 

cold exosphere. Overall, the RAM -N D model calculates an 0 + flux w ith  a maximum around 

3 — 5 R£ during storm main and recovery phases which has been previously observed by the 

A M P T E  mission [Hamilton et al., 1988], while the R A M  model flux d is tribution  represents 

the satellite measurements at these altitudes w ith  less accuracy especially for the energetic 

0 +  component where its peak is for L-shells greater than 5 R e - The flux at the outer 

L-shells (5 — 7) measured by the A M P T E  mission was reported to be much smaller which 

is consistent w ith  the RAM -N D calculation.

During the flux calculations in our model two assumptions have been made. F irst, 

we consider tha t all particles are adiabatic, namely, there is no vio lation of the frozen- 

in condition for the plasma ions due to magnetic m irro r instabilities accounting for fin ite  

ion Larmor radius (FLR) effects. The particles’ behavior can be characterized by the 

k a p p a  parameter, which is given by k  =  \JR cj P l  where Rc is the field line radius of
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curvature and pl  is the Larmor radius [Buchner and Zeleny, 1986]. Particles w ith  k <  1 

are always nonadiabatic but have quasi-regular dynamics, while particles w ith  1 <  k <  2  

are nonadiabatic and also experience chaotic scattering. Particles w ith  2 <  k <  3 are in 

a transition from chaotic to regular adiabatic behavior [Buchner and Zelenyi, 1989]. The 

gyroradius of the heavy ions (0 + ) in  the magnetosphere in reality can reach quite large 

values. The shape of the field lines at D st  m inim um is presented in  Figure (5-17). The field 

lines are ploted for M LT = 9  and M LT=21. The strongest d istortion o f the magnetic field 

lines occurs at M LT=21 and there the radius of the line curvature is around 2 R#. For a 100 

keV and a 400 keV 0 + the maximum values of the gyroradius are ~  3000 km and ~  6000 km 

respectively. The corresponding k values are then ~  1.45 and ~  2.05. Non-adiabatically 

accelerated ions can execute Speiser orbits [Speiser, 1965] and can be ejected along the 

magnetic field into the plasmasheet boundary layer which can result in  magnetospheric 

convection instabilities in the plasmasheet [e.g., Ashour-Abdalla et al., 1992; Kozlovsky 

and Lyatsky, 1999]. Since most of the ring current particles are w ith in  the 20 — 80 keV 

energy range, in the present geomagnetic storm simulation w ith  R AM -N D  such effects are 

not included.

The second assumption is tha t the loss cone for the T04s geomagnetic field does not 

change w ith  respect to time and M LT and therefore i t  is considered equal to the loss cone 

in the dipole field approximation. Figure (5-18) presents the loss cone values for a dipole 

and T04s field and the difference between the two cases at Dst  m inimum. The firs t p lot 

shows the loss cone for the dipole approximation, the second plot shows the loss cone in  the 

case of a T04s field, and the th ird  p lot presents the loss cone difference — a ^ ole ĵ

in degrees between the two fields. The T04s loss cone is larger than the dipole one at 

M LT =3  w ith  a maximum difference o f ~  5° at the lower boundary and no more than ~  1° 

everywhere else. Thus, for a moderate storm simulation the use of a loss cone for the dipole
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field approximations is assumed.

5.4 Spin Averaged Flux

The energy spectra of the spin averaged ion flux measured by Magnetospheric Ion Com­

position Spectrometer (M ICS), a part of the Charge and Mass Magnetospheric Ion Com­

position Experiment (C A M M IC E) on board the Polar satellite [W ilken et al., 1992] on 

A p r il 22, 2001 is presented in  Figure (5-19). The CAM M IC E-M IC S instrument is a one­

dimensional tim e-of-flight electrostatic analyzer w ith  post acceleration measuring the ions 

w ith  an energy/charge of 1 to  220 keV/e w ith  very good angular resolution. The MICS, 

mounted perpendicular to the spin axis, is able to obtain a two-dimensional d is tribution  at 

one energy per charge during each 6 -second spin period. A  complete energy spectrum is 

obtained in  32 spin periods. The top p lot shows the double coincidence response (DCR) 

H + flux, followed by the plots for H + , He+ , and 0 < + 3  ion fluxes respectively (courtesy to 

R. Friedel, LA N L). The data for the selected period is very scarce. There were only eigh­

teen times when measurements were taken between L = 2  and L=6.5. Six of these locations 

were between L=2.28-6.32 and M LT=21.31-21.94 at U T  5:49-6:05, five measurements were 

taken at L=2-6.19 and MLT=23.06-0.31 at U T  6:24-6:37, and seven measurements were 

taken at L=6.49-6.5 and MLT=9.56-9.67 at U T  8:29-8:47. To compare the satellite data 

w ith  the model results, we consider energy spectra w ith in  the M LT=21.31-21.94 interval 

where the depression of the magnetic field is the strongest and the ion fluxes have highest 

values. Another interesting location is around M LT=9-10 where the magnetic field lines 

are strongly compressed by the solar w ind towards the Earth and there is a m inim um in 

the flux. Because the measurements taken w ith in  the MLT=9.56-9.67 interval are actually 

over the same L-shell, only one energy spectrum is selected for comparison w ith  the model 

calculations. The model results from both R A M  and RAM -N D have been interpolated ac-
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cording to L, M LT  and time in order to match the spatial grid locations and the respective 

times of the measured energy spectra.

Figure (5-20) shows the spin averaged H + flux at six different times, L, and M LT. 

The first five plots present the flux  at M LT=21.37-21.94 and U T  05:50-06:01 on A p ril 22, 

2001 at L=5.8, 4.53, 3.6, 2.91, 2.56 respectively. Because the five magnetic local times 

are almost the same and the measurements are w ith in  a short ( 1 2  minutes) time interval, 

these five plots actually represent the fluxes as a function of the L-shell. The magnetic 

latitude (M LA T) in  degrees of the spacecraft is presented in each plot. The dip in  the 

spectra moves towards lower energy w ith  the decrease of the L-value. In  general, the dip 

in R A M -N D /R A M  flux is at s lightly higher energies than the dip in measured data. The 

flux at L=5.8 for both models follows a sim ilar profile as the data but the modeled values 

are ~  1 — 2 orders of magnitude higher than the measurements. A t energies >  20 — 30 

keV R AM -N D  shows lower flux profile than RAM . A t L=4.53 the modeled spin averaged 

fluxes have better agreement w ith  the data up to energies <  1 0 0  kev and after tha t the 

data profile has lower values. The position of the dip in the spectrum is well predicted by 

both models at ~  50 keV. The L=3.6 fluxes have sim ilar shape of the profiles for both  data 

and models but the modeled fluxes are shifted w ith  about ~  25 keV towards higher energy. 

The dip in  the data is around 15 keV and both models predict a dip at around 40 keV. 

The modeled fluxes at L=2.91 for both R AM -N D  and R AM  differ from the data both in 

shape of the profile and in  magnitude. The most significant difference occurs for energies 

below ~  20 keV where the data flux remains relatively constant and the models show a 

strong depression in the profiles w ith  the R AM -N D  flux being higher (~  1 — 3 orders of 

magnitude) than the R A M  flux. The dip in the data is located at around ~  15 keV and the 

calculated fluxes seem to be shifted towards higher energies w ith  ~  10 keV. Sim ilar is the 

picture at L=2.56 where the R A M -N D /R A M  flux describes the data relatively well w ith in
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the ~  60 — 200 keV energy range. For energies below ~  60 keV the data flux is ~  5 — 6 

orders of magnitude higher than the predicted one. The bottom  plot in  Figure (5-20) shows 

the H+ flux at L=6.5, M LT=9.57 at 08:30 U T. The position of the dip in the spectra is 

well predicted by both models (w ith  difference ~  1 — 3 keV higher). The overall modeled 

flux profile follows the data relatively well except at the dip where the data shows about 2 

orders of magnitude lower flux than the models. In  all the cases when the data was taken 

Polar was far from the equatorial plane.

Figure (5-21) shows the spin averaged He+ flux at only three different times, L, and 

M LT  because data is unavailable or is very lit t le  during the selected storm period. A t 

L=5.8, MLT=21.37 the data flux profile is ~  1 — 3 orders of magnitude smaller than the 

modeled flux. R AM -N D  gives about ten times higher flux values than R A M  at energies 

<  200 keV. A t L=4.53, MLT=21.54 the R A M  flux has a dip around 100 keV and RAM -N D 

around 65 keV, which is closer to the dip in  the data (~  50 keV). In  the range ~  15 — 100 

keV RAM -N D has lower flux values which is closer to the measured one in  the ~  15 — 50 

keV energy range than the R A M  flux values. A t L=6.5 and M LT=9.57 (bottom  plot) both 

models give sim ilar fluxes (RAM -ND flux being slightly lower) which are about ten times 

higher than the observed one.

Figure (5-22) shows the spin averaged 0 + flux at three different times, L, and M LT. The 

data from Polar are combined for 0 + and 0 ++ ions. Again there are fewer plots because of 

missing data. A t L=5.8, MLT=21.37 the modeled flux does not cover the data very well. 

A lthough the R AM -N D  flux is slightly closer to the measured values, s till i t  is about two 

orders of magnitude higher than the measurements. A t L=4.53, M LT=21.54 both models 

describe relatively well the data around energies ~  15 — 50 keV where the RAM -N D flux 

profile is lower than the R A M  flux and closer to the data. A t energies >  50 keV both 

models predict a sharp drop in the flux, while the slope in the data is very small. Finally,
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the modeled fluxes at L=6.5, M LT=9.57 show good comparison w ith  the data. Again the 

RAM -N D flux shows slightly better agreement w ith  the measured flux  w ith in  the ~  10 —100 

keV energy range.

The plots for the spin averaged ion flux show that changing the magnetic field model 

is not enough in order to have a good prediction of the ring current behavior. The large 

discrepancy at lower L-shells (lower energies) is probably due to the use of a Volland-Stern 

electric field [e.g., K istler and Larson, 2000; Jordanova et al., 2001c; Angelopoulos et al., 

2002], The statistical study by Angelopoulos et al. [2002] of different electric field models 

in the near-Earth magnetosphere showed tha t the Volland-Stern model correctly describes 

the m inimum in the flux profile in terms of L-shell dependence, but the energy of the dip 

differs than the energy of the m inimum given by satellite measurements. Particles of energies 

10 — 20 keV travel to  low L-shells at dusk because under a steady electric field those energies 

correspond to open trajectories and are constantly replenished w ith  particles from the ta il 

(nightside boundary conditions in RAM -N D ). Lower energies correspond to E  x B -d r ift  

dominated closed trajectories and higher energies correspond to  gradient-curvature d rift 

dominated closed trajectories, which are both inaccessible by ions from the ta il. Particles 

residing longer in  such closed trajectories are subject to losses (e.g, charge exchange) which 

results in ion flux depletion at those energies. The Volland-Stern model does not allow low 

energy particle populations to be replenished enough by ions coming from the nightside. 

This allows the low energy flux to deplete and form a deep and broad m inim um in  the 

energy spectra at low L-shells [Angelopoulos et al., 2002], The poor spatial and temporal 

resolution of th is electric field model also contributes to the difference in  the ion fluxes 

[Jordanova et al., 2001c], The difference in  the fluxes at larger L-shells could be due to 

the fact tha t Polar was not near the equatorial plane when the measurements were taken. 

The closest i t  gets to the equator is at M LA T  around —27°. R AM  and R AM -N D  calculate
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the equatorial ion flux including all p itch angles outside the loss cone. Most of the ring 

current particles m irror close to the equator. When Polar is far from the equator it  does 

not measure equatorially m irroring particles, thus missing a large part of the ring current 

particle population. This results in smaller measured fluxes than the modeled ones.

5.5 Total Ring Current Energy

The to ta l ring current energy during the studied period is presented in Figure (5-23) 

and the to ta l number particles is presented in Figure (5-24) for the three different ion 

species ( H + , He+ , 0 + ). RAM -N D gives smaller to ta l energy for H + ions than R AM  

which is consistent w ith  recent results for the same storm period from Ganushkina et al. 

[2006] who used an empirical magnetic field model and from Jordanova et al. [2006] who 

used a self-consistently calculated magnetic field model. The to ta l energy profile shows 

an increase during the D st (SYM-H) decrease. The peak energy for R A M  (dipole field) 

is about two times higher than the R AM -N D  to ta l energy. This is sim ilar to the same 

ratio  of about 1.6 — 1.7 obtained by Ganushkina et al. [2006]. The difference is due to the 

fact tha t they used a dipole field for the E arth ’s main field, whereas the RAM -N D model 

used the more realistic IG R F model field to  represent the main field o f the Earth  (Volland- 

Stern convection electric field was used in both cases). Ham ilton et al. [1988] (and later 

Daglis [1997]) showed tha t the 0 + contribution to the ring current was concurrent w ith  

the D st profile during moderate to large geomagnetic storms (A M P TE , CRRES missions). 

A  comparison between Figure (5-23) and Figure (5-1) for hours 45 — 60 shows tha t for 

RAM -N D the to ta l 0 + contribution concurres well w ith  the almost constant (on average) 

SYM-H (D st) profile which shows the consistency of the RAM -N D computation w ith  the 

observations. On the other hand, the R A M  to ta l energy for oxygen ions decreases more 

steeply during the same period.
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Figure (5-24) shows tha t protons dominate the ring current w ith  a considerable contri­

bution from oxygen ions (~  40 — 45%). The calculations by the R AM -N D  model confirm 

the recent results suggested by several other models [Ganushkina et al., 2006; M ilillo  et al., 

2006], showing a constant and slightly increasing proton flux after the main phase of the 

storm (m inimum D st). The to ta l number of He+ ions is about 4 — 5% of the to ta l ring 

current particle population for both models and is consistent w ith  previous satellite obser­

vations (see Table 2.1). The to ta l number of 0 + ions for RAM -N D stays relatively constant 

during hours 45 — 60 of the recovery phase (slowly increasing un til hour ~  48). This re­

sult suggests tha t the various ionospheric sources remain active for several hours during 

stormtime and thus providing a greater ionosperic outflow of oxygen ions. The reduced 

charge exchange losses lead to the accumulation of energetic 0 + (see Figure 5-16) when a 

non-dipole field is used in our computations. These ions would otherwise be removed rather 

quickly from the ring current particle population [Daglis and Axford, 1996].

5.6 D st Index Calculation

The calculated D st index is presented in Figure (5-25). The measured D st is plotted 

in  red, D st given by R A M  and RAM -N D (dipole approximation) are in green and blue 

respectively, and D st for RAM -N D is in  purple. The last two plots w ith  the notation 

” VS2” show the D st computed by RAM -N D (dipole approximation) and RAM -N D  w ith  

the index A  in  Equation (3.7) m ultip lied by two. The RAM -N D predicted change in the 

D st index is around two times smaller than the one predicted by R AM . The R A M /R A M - 

ND model calculates the contribution to the D st index only of the ring current neglecting 

the contribution from other current systems, hence the difference w ith  the measured to ta l 

D st [e.g., Jordanova et al., 2003a,b]. In  order to calculate the D st we use Dressler-Parker- 

Sckopke relation given by Equation (3.37). This is an approximate calculation because
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Equation (3.37) is for a dipole field and, as it  has been shown in the previous sections, the 

magnetic field and the to ta l ring current energy differs significantly for the T04s field. In  

general, the RAM -N D model yields much smaller D st perturbation. The model does not 

reproduce well the D st shape during the recovery phase which is possibly an error due to 

the approximated formula.

The small change in the D st index (compared to the measured one) given by RAM -N D 

is because of several reasons. In  general, the D st is formed by all current systems in  the 

magnetosphere: induced Earth  currents, magnetopause currents, ring current, ta il currents, 

and field-aligned currents. Only the ta il current is considered to contribute 25 — 50% of 

the D st perturbation [e.g., Alexeev et al., 1996; Ohtani et al., 2001; Liemohn, 2003], Our 

calculation includes only contribution from the ring current which in  the case o f T04s field 

has smaller to ta l energy than the one for the dipole field configuration. In  addition, we used 

in this first simulation a Ap-dependent Volland-Stern convection electric field model. Ring 

current injection is larger, penetrating to lower L-shells, and the D st index is significantly 

better reproduced when a higher spatial and temporal resolution electric field model is used 

[Jordanova et al., 2003b, 2006]. The two ” VS2” plots in  Figure (5-25) are given as an 

illustra tion of how much the change in the electric field can infulence the prediction of the 

D st. Measurements using CRRES data im p ly tha t the actual electric field may be quite 

different from what the Volland-Stern model predicts [Wygant et al., 1998]. K is tle r and 

Larson [2000] have found tha t the changes in the electric field make a much more significant 

difference in the computations than the changes in the magnetic field which in the inner 

magnetosphere are relatively small. In  addition, the stormtime asymmetric ring current 

can generate intense electric fields in the subauroral ionospheric region (low latitudes) and 

in the near-Earth magnetosphere [Ridley and Liemohn, 2002]. Ridley and Liemohn [2002] 

found tha t a relationship exists between the to ta l potential difference o f these electric fields
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and the stormtime ring current contribution to the D st index. Such electric fields can 

actually become comparable or even stronger than the cor rotation electric field in these 

regions and this could significantly slow down or reverse the eastward particle d rift. Using 

a more realistic electric field w ill be considered in future extensions of this work. RAM -N D 

does not include the relative contribution of electrons to the stormtime to ta l ring current 

energy content. L iu  et al. [2005] show tha t electrons w ith  energies of 1 — 50 keV contribute 

the most to the stormtime electron energy content (e.g., at L =  4, 1 — 50 keV electrons 

contribute 93% of all electrons in energy range of 1 — 400 keV). The authors use the Explorer 

45 data [e.g., Lyons and W illiams, 1975, 1976; Lyons, 1976] to estimate tha t ring current 

electrons in  may contribute 7.5 — 19% as much energy content as ring current protons. The 

recent study of Jordanova and Miyoshi [2005] shows tha t the electron contribution to the 

ring current is h ighly variable and may contribute ~  2  — 1 0 % during a storm.
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ACE Data April 21-23, 2001
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Figure 5-1: Interplanetary and magnetospheric data for the storm of A p r il 21, 2001. From 
top: solar w ind proton density, solar w ind alpha particles density, solar w ind dynamic 
pressure, solar w ind velocity, magnetic field magnitude B, IM F  B y and B z, D s t and SYM- 
H indices (courtesy to N. Tsyganenko, GSFC), K p  index.
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Figure 5-2: Relative difference in the equatorial magnetic field at eight different times. The Sun is on the right.
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H+ FLUX vs. ENERGY FOR PA=50 DEGREES
RAM(red), RAM-ND(T04s)(green)

HOUR=40

MLT=0 MLT=9 MLT=15

R=2

><u

Eo
vi

x3
1 10 100 1 10 100 1 10 1 0 0

R=4

>
0>-X

E o
vj

X  
3 

LL

101 
1 0® 
10  
1 0 ,
102

1 0 ;
1 0 , 
10 2

1 0 01 10 1 10 1 0 0 1 10 100

R=6

>
<L>

Eo

X

u_ 1 10 100

1°I
1 0 5io !
10,
1 0?
10i
1°010?10'i

1 0 '2
1 10 1 0 0 1 10 100

Energy [keV] Energy [keV] Energy [keV]

Figure 5-5: Trapped equatorial H + flux vs. energy at L=2, 4, 6  and M LT=0 , 9, 15 for pitch 
angle 50° at hour 40 after U T  00 on A p ril 21, 2001.
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Figure 5-6: Trapped equatorial H+ flux vs. energy at L=2 , 4, 6  and M LT=0 , 9, 15 for pitch 
angle 80° at hour 40 after U T  00 on A p ril 21, 2001.
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He FLUX vs. ENERGY FOR PA=50 DEGREES
RAM(red), RAM-ND(T04s)(green)
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Figure 5-7: Trapped equatorial He+ flux vs. energy at L=2, 4, 6  and M LT=0 , 9, 15 
pitch angle 50° at hour 40 after U T  00 on A p ril 21, 2001.
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He+ FLUX vs. ENERGY FOR PA=80 DEGREES
RAM(red), RAM-ND(T04s)(green)
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Figure 5-8: Trapped equatorial He+ flux vs. energy at L=2, 4, 6  and M LT=0 , 9, 15 
pitch angle 80° at hour 40 after U T  00 on A p ril 21, 2001.
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Figure 5-9: Trapped equatorial 0 + flux vs. energy at L=2 , 4, 6  and M LT=0 , 9, 15 for pitch 
angle 50° at hour 40 after U T  00 on A p ril 21, 2001.
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Figure 5-10: Trapped equatorial 0 + flux vs. energy at L=2, 4, 6  and M LT=0, 9, 15 
pitch angle 80° at hour 40 after U T  00 on A p ril 21, 2001.
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Figure 5-11: Equatorial H + flux for R AM  model at three different times during the storm 
of A p ril 21, 2001. Rows 1 and 2 show the flux for pitch angles 50° and 80° for energy of 10 
keV. Rows 3 and 4 show the flux for pitch angles 50° and 80° for energy of 100 keV. The 
Sun is on the right.
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Figure 5-12: Equatorial H + flux for R AM -N D  model at three different times during the 
storm o f A p r il 21, 2001. Rows 1 and 2 show the flux for pitch angles 50° and 80° for energy 
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The Sun is on the right.
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Figure 5-13: Equatorial He+ flux for R A M  model at three different times during the storm 
o f A p ril 21, 2001. Rows 1 and 2 show the flux  for pitch angles 50° and 80° for energy of 10 
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Figure 5-14: Equatorial He+ flux for R AM -N D  model at three different times during the 
storm of A p r il 21, 2001. Rows 1 and 2 show the flux for pitch angles 50° and 80° for energy 
of 10 keV. Rows 3 and 4 show the flux for pitch angles 50° and 80° for energy of 100 keV. 
The Sun is on the right.
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Figure 5-15: Equatorial 0 + flux for R A M  model at three different times during the storm 
of A p ril 21, 2001. Rows 1 and 2 show the flux for pitch angles 50° and 80° for energy of 10 
keV. Rows 3 and 4 show the flux for pitch angles 50° and 80° for energy of 100 keV. The 
Sun is on the right.
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Figure 5-16: Equatorial 0 + flux for RAM -N D model at three different times during the 
storm o f A p r il 21, 2001. Rows 1 and 2 show the flux for pitch angles 50° and 80° for energy 
of 10 keV. Rows 3 and 4 show the flux  for pitch angles 50° and 80° for energy of 100 keV. 
The Sun is on the right.
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Field lines at hour 40 after 00 UT 21 April, 2001
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Figure 5-17: Field line shape comparison between a dipole field and the T04s model. The 
field lines are ploted for M LT =9  and M LT=21 at hour 40 (D st m inim um ) after 00 U T  A p ril 
21, 2001. The minus sign on the x-axis denotes tha t the field line is in the m idnight side of 
the coordinate system.
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Figure 5-18: Loss cone values [degrees] comparison between a dipole field and the T04s 
model at hour 40 (D s t m inimum) after 00 U T  A p r il 21, 2001 w ith  regard to M LT  and 
geocentric radial distance. The first p lot shows the loss cone values for a dipole field 
approximation, the second plot shows the respective values for the T04s field, and the th ird  
p lot shows the difference in the loss cones between the T04s field and the dipole. The Sun 
is on the right.
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Figure 5-19: Energy spectra of the spin averaged ion flux measured by P o la r/C A M M IC E  
during the storm period of A p r il 22, 2001. The top p lo t shows the double coincidence 
response (DCR) H + flux, followed by the plots for H+ , He+ , and 0 < + 3  ion fluxes respectively 
(courtesy to R. Friedel, LAN L).
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Figure 5-20: Energy spectra of the spin averaged H+ flux at six different times, L-value, 
and M LT during the storm period of A p r il 22, 2001. The flux given by R A M  is in red, the 
flux given by R AM -N D  in green, the P o la r/C A M M IC E  H+ flux data is p lotted w ith  stars, 
and the P o la r/C A M M IC E  DCR H + flux is presented w ith  triangles.
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Figure 5-21: Energy spectra of the spin averaged He+ flux at three different times, L-value, 
and M LT during the storm period o f A p r il 22, 2001. The flux given by R A M  is in  red, the 
flux  given by RAM -N D  in green, and the P o la r/C A M M IC E  He+ flux data is plotted w ith  
stars.
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Figure 5-22: Energy spectra of the spin averaged 0 + (0 + + ) flux at three different times, 
L-value, and M LT  during the storm period of A p r il 22, 2001. The 0 + flux given by R AM  
is in red, the 0 + flux given by RAM -N D  in green, and the P o la r/C A M M IC E  0 < + 3  flux 
data is plotted w ith  stars.
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Figure 5-23: Total ring current energy for H+ , He+ , and 0 + ions during the storm period 
of A p ril 21-23, 2001.
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Figure 5-24: Total ring current number of particles for H + , He+ , and 0 + ions during the 
storm period of A p r il 21-23, 2001.
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Figure 5-25: D st index [nT] during the storm period of A p ril 21-23, 2001. The measured 
D st is in red, D st for R A M  and R AM -N D  (dipole approximation) are in  green and blue, 
and D st for R AM -N D  is in purple. The two plots w ith  index ” VS2” show the modeled 
D st when using two times larger Volland-Stern convection field: R AM -N D  VS2 (dipole 
approximation) is in light blue and RAM -N D VS2 is the dashed black line.
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C h a p t e r  6

C o n c l u s io n s

An improved kinetic model (RAM -ND) of the terrestrial ring current was developed 

for a stormtime geomagnetic field. The recent empirical stormtime magnetic field model 

T04s [Tsyganenko and Sitnov, 2005] was used to describe the external field of the Earth 

and the IG R F model field was used to represent the main field of the Earth. A  time- 

dependent Volland-Stern potential was used to describe the convection electric field. The 

processes considered in this study were particle drifts, losses due to charge exchange w ith  

geocoronal hydrogen and atmospheric losses. The moderate storm of 21-23 A p ril 2001 was 

simulated and the differences between the existing R A M  model and the updated RAM -N D 

model were studied. Solar w ind plasma and interplanetary magnetic field data obtained by 

the Advanced Composition Explorer (ACE) satellite were used to  drive the T04s model. 

Energetic particle observations from the Los Alamos National Laboratory (LA N L) satellites 

at geosynchronous o rb it were used as boundary conditions.

A  tracing and bounce-averaging numerical technique was developed for the field line 

tracing and computation of the respective bounce-averaged quantities in an arb itra ry  time- 

dependent geomagnetic field. The bounce-averaged exospheric hydrogen densities (Hoens) 

and bounce averaged magnetic gradient-curvature d rift velocities (V  b ) were calculated for 

various configurations of the E arth ’s magnetic field.

We found tha t the calculated (Hoens) using the T04s model was smaller at dusk- 

m idnight than the bounce-averaged density calculated for dipole field and (H i>ens) was
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bigger towards the dawn-noon side. For a moderate-to-large storm this difference reached 

around -30% at dusk-midnight and i t  was around +5% at the noon side and close to Earth. 

The bounce-averaged magnetic gradient-curvature d rift velocities for the T04s field were 

bigger at dusk-midnight than those for dipole field and they became smaller towards the 

dawn-noon side. Even for quiet time the difference was significant - between 20% on the 

nightside and -20% on the dayside. During storm time i t  was ~  200% and reached more 

than 250% in isolated regions on the m idnight-dusk side and it  was around -10% to -20% 

on the dayside. I t  was found tha t {Hoens) and (V b )  strongly depended on the geomagnetic 

field configuration, namely the shape and the location of the field lines, the position of the 

m irror points and the magnitude of the magnetic field. I t  was found tha t the contribution 

of ( V r )  is small compared to (V b ), being ~  5% and was not included in  the RAM -N D 

simulations. To estimate our numerical error in  the bounce-averaging technique, we com­

puted (HBens) and ( V g c )  f° r  a dipole magnetic field and then we compared them w ith  the 

analytically calculated respective values for a dipole configuration and the numerical error 

was found to be around 2 %.

To study the effects of a time-dependent non-dipole magnetic field in  the RAM -N D  

model, the time evolution of the trapped equatorial flux was calculated for the m ajor ring 

current ion species (H+ , He+ , and 0 + ) in the ~  1 — 400 keV energy range for various 

pitch angles at different magnetic local times and geocentric radial distances. A ll particles 

are considered to have an adiabatic behavior, i.e. there is no vio lation of the frozen-in 

condition for the plasma ions due to magnetic m irro r instabilities accounting for fin ite  ion 

gyroradius radius effects. The loss cone (concerning losses in the atmosphere) in RAM -N D 

was approximated w ith  the loss cone for a dipole field due to the small difference (the largest 

being ~  5° in an isolated region at ~  2 R #) between them during a moderate storm.

I t  was found tha t close to Earth (~  2 R #) the low energy H + flux calculated w ith
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the RAM -N D  model is sim ilar to the flux given by R A M  due to the dipolar nature of the 

T04s field at low altitudes. The relatively small difference in  the bounce-averaged hydrogen 

densities and magnetic gradient-curvature drifts at low latitudes suggest tha t the charge 

exchange rate around L —2 is sim ilar for both dipole and non-dipole field configuration at 

the peak of the storm (m inimum D st). A t larger L-shells the difference in the azimuthal 

d rifts  and the bounce-averaged exospheric hydrogen leads to  greater fluxes and a shift of 

the stagnation dip towards lower energy around the prenoon side in  the mid-energy range 

for RAM -ND. The high energy proton flux was generally higher for R AM -N D  at large L- 

shells after the storm main phase due to the lower charge exchange rate and very high 

azimuthal drifts. In  general, both RAM -N D and R A M  models showed sim ilar low energy 

proton d istributions w ith  a slight increase in the equatorial flux after the storm main phase 

for RAM -ND. The RAM -N D d istribution  indicated stronger dominance of the high energy 

component during the storm recovery phase and showed a slight increase in  the to ta l ring 

current energy and number of H+ during the recovery phase. The R AM -N D  ring current 

H + calculations are consistent w ith  recent calculations [Jordanova et al., 2006; Ganushkina 

et al., 2006; M ilillo  et al., 2006]. The to ta l ring current energy was reduced by ~  30% when 

the RAM -N D  model was used.

Both RAM -N D and R A M  models gave sim ilar pitch angle and energy d istribution  of the 

equatorial He+ fluxes before the development o f the storm main phase. During the main 

and recovery phases o f the storm, however, the R AM -N D  flux developed much stronger 

pitch angle anisotropy than the R A M  at high energies. The bulk of the high energy flux 

component was located closer to Earth  for RAM -N D for large pitch angles and formed a 

steady symmetrical profile during the recovery phase at around L=4. The calculations for 

the to ta l energy and particle number for both models showed tha t the contribution of He+ 

during the main phase is about 4% of the to ta l ring current energy which was consistent
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with previous ring current measurements [Daglis et al., 1993].

The low energy 0 + flux had sim ilar values for both R A M  and R AM -N D  models through­

out the storm. As before, RAM -N D gave slightly higher flux during and after the storm 

main phase. Large differences in the flux were observed at both low and high energies dur­

ing and after the D st minimum. Despite the relatively large charge exchange cross-sections 

for oxygen ions, the to ta l number of 0 + for RAM -N D continued to increase after m inimum 

D st un til hour ~  48 which was an indication tha t the different ionospheric sources remained 

active for several hours during stormtime. This lead to the accumulation of energetic 0 + 

due to the smaller charge exchange losses of oxygen ions for the case of T04s stormtime 

field.

The energy spectra o f the spin averaged ion flux measured by the P o lar/C A M M IC E - 

MICS instrument were compared w ith  the calculated spin averaged flux for the three major 

ring current ion species few hours before the D st reached minimum. Due to the scarcity 

of the data available it  was not possible to perform a thorough study at m ultip le L-shells, 

MLTs, and different times. The spin averaged flux profile dependence on the L-shell value 

for H + was studied at midnight-dusk. A t the prenoon side data was not available and the 

flux only at the boundary (L=6.5) was compared. I t  was found tha t for H + at m idnight-dusk 

both RAM -N D and R A M  fluxes described the data beyond 3 R# reasonably well w ith  the 

R AM -N D model performing slightly better than R A M  w ith in  the mid-energy range. I t  was 

shown tha t the m inim a in th'e calculated spin averaged flux profiles moved towards smaller 

energies when the L-value decreased which was also observed in  the data. Close to Earth, 

however, at low energies the measured flux did not have a well expressed m inimum, while 

the modeled fluxes for both models had deep and broad minima. In  general, the position 

of the dip in the modeled fluxes was found to be at higher energies than the dip in the data 

flux. The position of the m inima in the RAM -N D flux was found to be located closer to the
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dip in the measured flux in most of the cases. A t the m idnight-dusk side there were only 

two available data sets for both He+ and 0 + ions which were at around 4.5 and 5.8 R e - 

The modeled fluxes were 1 — 3 orders of magnitude higher than the measured ones in  the 

m id-to-high energy range for both ion species. The R AM -N D  spin averaged flux had values 

closer to the measured ones for 0 + at both locations and for He+ at ~  4.5 R.g, but was 

about 10 times higher than the R AM  flux for He+ at 5.8 R#. On the prenoon side at L=6.5 

both R AM  and RAM -N D  predicted relatively well the measured fluxes for all the three 

ion species. In  general, the fluxes were higher than the measured ones but R AM -N D  gave 

closer values to the measured ones. The differences between the modeled and the measured 

spin averaged fluxes suggested tha t incorporating a realistic magnetospheric model into 

the model was not enough in order to describe well the behavior of the ring current. Due 

to the fact tha t the spacecraft was far from the equator at a ll times it  measured only 

particles w ith  small pitch angles m irroring away from the equatorial plane. Most of the 

ring current particle population consists o f equatorially m irroring particles. This was a 

possible explanation of the fact why Polar measured smaller fluxes than the modeled ones. 

I t  was suggested [e.g., K istler and Larson, 2000; Angelopoulos et al., 2002; Jordanova et al., 

2006] tha t the role of the electric field model is very im portant for ion flux calculations in 

the near-Earth magnetosphere. Due to the nature of the Volland-Stern electric field model 

used in this study, low energy particle populations on close to Earth  trajectories could not 

be replenished enough by ions coming from the nightside boundary. This resulted in  flux 

depletion at low energies at low L-shells and thus the deep and broad minima were formed 

in the modeled fluxes. The shift of the dip in the modeled flux  profiles towards higher 

energies was also considered to be due to the Volland-Stern model [Angelopoulos et al., 

2002],

An approximate result for the stormtime D st index was presented in this work. The
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Dressler-Parker-Sckopke relation for a dipole magnetic field was used to calculate the per­

turbation to the D st due to the ring current for a moderate geomagnetic storm. I t  was 

found tha t RAM -N D produces a twice smaller change in  the D st than R A M  due to the d if­

ference in  the to ta l ring current energy. Despite the realistic geomagnetic field (T04s) used 

in RAM -N D, the result is possibly an underestimation of the stormtime ring current D st 

for various reasons. Satellite data im p ly tha t the actual electric field may be quite different 

from what the Volland-Stern model predicts. Recent studies suggested tha t the changes 

in the electric field would make a much more significant difference in  the simulations than 

the changes in the magnetic field [Kistler and Larson, 2000]. More realistic electric field 

models give better agreement w ith  D st [e.g., Jordanova et al., 2003b]. The large difference 

between the T04s magnetic field and the dipole field is one m ajor drawback of using the 

DPS relation in the present version of RAM -ND. A  more thorough computation for a gen­

eral case magnetic field must be considered in future calculations. The contribution of the 

electron ring current was also not included, which during D st m inim um  could contribute 

up to ~  19% [e.g., L iu  et al., 2005]. In  order to obtain a realistic stormtime ring current 

D s t , all of the above effects must be considered in future simulations.

This study has shown tha t the use of a time-dependent non-dipole magnetic field gives 

more realistic description of the stormtime geomagnetic conditions in  the near-Earth mag­

netosphere. Previous versions of the R A M  model (dipole field) performed well when the 

geomagnetic disturbances were of small to moderate intensity. The comparison w ith  the 

new RAM -N D model showed tha t for larger storms the implementation of the T04s model 

would give a more realistic results for the ring current ion flux and to ta l energy in future 

computations. Future work on the RAM -N D  model would focus on the implementation of 

the various ion flux precipitating processes, a more realistic near-Earth electric field, and 

the extension of the model to consider relativistic effects.
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A p p e n d i c e s
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A p p e n d i x  A

P a r t ic l e  D r i f t s  f o r  G e n e r a l  
C a s e  M a g n e t i c  F ie l d

M agnetic Gradient-Curvature Drift

The instant magnetic gradient-curvature d r ift velocity of the guiding center at point S can 
be w ritten  as Rossi and O lbert [1970]:

m V 2 ( . 2 B x V B  „  o B  x [(B • V ) B ] "1 
= ~2qB | s Q g2 c a  V  ' } (A-D

where V  is the particle velocity, and a  is the pitch angle at the given point.

2 [(B  • V ) B] =  V  x (B  x B ) +  V  (B  • B ) -  B  (V  • B ) +  B  (V  • B )

- B  x (V  x B )x -  B  x (V  x B )x 

=  V  (B 2) -  2B x (V  x  B )x (A .2)

Then follows that:

| U [ ( B V ) B ]  =  A x I [ v ( B J ) - 2 B x ( \ 7 x B ) JB 2
= ^ x i [ 2 B V B - 2 B x ( V x B ) J  

B x WB B x [B x (V x B )±]
B 2 (A.3)

B  x [B x ( V x B ) J  =  [B • ( V x B ) J  B  -  (B  • B ) ( V  x B )x  (A.4)

B ut B  • (V  x B )x =  0. This yields:

B  x [B x (V  x B )x ] =  - B 2 (V  x B )± (A.5)

Then:
^  x [(B  • V ) B ] -  +  (V  x  B )x  (A .6 )

F inally we replace Equation (A .6 ) in  Equaiton (A . l)  and using tha t sin2 a =  B / B rn, for the
magnetic gradient-curvature d rift we get [Shukhtina, 1993]:

m V 2 \  , 1 B  \  B x  V B  /  1 . A
2 B m )  B  + (  B m J ( ) j - |  ( • )
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where:

V B =
mV2 
qB2

1 _  1_B_\ (B  x V B ) 
2 Bm / B

is the part related to the gradient and curvature of the magentic field, and:

V *  =
mV

1 -

B
(V  x  B ),

qB2 Bm,

is the part due to currents related w ith  the curl of the magnetic field.

Radial and Azim uthal Drifts

Equatorial electric field:

Eo -

Magnetic field of Earth:

(A-8 )

(A.9)

— ( +  lA F Q  1 sin tp ] , 0 , — ARq 1 cos ip

Bo =  (Bor,Boe, Bo<p)

The bounce-averaged d rift velocity of the guiding center is given as:

(V») = ^
n 0

The cross product of the electric and the magentic field is:

(A.10)

( A . l l )

(A.12)

Eo x B q =
r  0 ip 

Eor Eqq E0tp 
B{)r Bq0 B().~

(EqoBq9 — B0gEQ9)r +  (Eo^Bor — EQrBov)0 +  (Eor Boe — BorEog)ip

—  B o g E o ip V  ( E{),^pBqt  E q t B q v ) 6  - b  EQr B o g ip  

Then the three velocity components are:

(VD)f = — ARq COS i f — 2-
BoeEptp

s i  ~  ~ “ r  B l

(Voh =
Eo<p B[)r  E qt B q̂

B20

B l

('Vd \  

The radial d rift:

1

%

Bq$Eq

B 20

C
AR^  cos ipB0r +  ( ^2 +  tA-Rq sin V3 ) B0(p

( C  i_ a p 7 - i • N\ Boe
=  _ V r !  sm<pJ W

( ^ r )  =  {VD)? =  A R °~ lcos<pi i

(A.13)

(A.14)

(A.15) 

(A .16)

(A.17)
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The azimuthal drift:

'dv>\ (VD)~ +  (V s )t ( C  , „„7_i . \ B o e l  , (Vs)
a )  =  — * —  = - U +7'4fl»

{Vs)^ is the (p component of the bounce-averaged value:

<vs ) =  i -  f  Vs ds =  (Vfl) +  (Vfl)
Ob Js' 1̂  B (s)

B.771

where Sb is given by:

* - r  -
J s 's' _  B (s)

Bm

Here Vs is the magnetic gradient-curvature d rift velocity given by Equation (A .7).

(A.18)

(A .19)

(A .20)
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A p p e n d ix  B

F r e q u e n t l y  U s e d  A b b r e v i a t i o n s

A M P TE  Active Magnetospheric Particle Tracer Explorers

C A M M IC E  Charge and Mass Magnetospheric Ion Composition Measurement

CCE Charge Composition Explorer

CHEM Charge-Energy-Mass Spectrometer

CM E Coronal Mass Ejection

CRRES Combined Release and Radiation Effects Satellite

EM IC  Electromagnetic Ion Cyclotron

ENA Energetic Neutral Atoms

GEOS Geodynamic Experimental Ocean Satellite

IM F  Interplanetary Magnetic Field

MICS Magnetospheric Ion Composition Spectrometer

M LT  Magnetic Local Time

R A M  Ring current-Atmosphere interaction Model

RAM -N D  Ring current-Atmosphere interaction Model w ith  Non-Dipole magnetic field

SAR Stable Auroral Red

U T Universal Time
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