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Abstract. This work is an extension of a previous ring current decay model. In the previous 
work, a two-dimensional kinetic model was constructed to study the temporal variations of the 
equatorially mirroring ring current ions, considering charge exchange and Coulomb drag losses 
along drift paths in a magnetic dipole field. In this work, particles with arbitrary pitch angle are 
considered. By bounce averaging the kinetic equation of the phase space density, information 
along magnetic field lines can be inferred from the equator. The three-dimensional model is used 
to simulate the recovery phase of a model great magnetic storm, similar to that which occurred 
in early February 1986. The initial distribution of ring current ions (at the minimum Dst) is 
extrapolated to all local times from AMPTEJCCE spacecraft observations on the dawnside and 
duskside of the inner magnetosphere spanning the L value range L = 2.25 to 6.75. Observations 
by AMPTEYCCE of ring current distributions over subsequent orbits during the storm recovery 
phase are compared to model outputs. In general, the calculated ion fluxes are consistent with 
observations, except for H+ fluxes at tens of keV, which are always overestimated. A newly 
invented visualization idea, designated as a chromogram, is used to display the spatial and energy 
dependence of the ring current ion differential flux. Important feahms of storm time ring current, 
such as day-night asymmetry during injection and drift hole on the dayside at low energies ( 4 0  
keV), are manifested in the chromogram representation. The pitch angle distribution is well fit 
by the function, jo(l + Ay”), where y is sine of the equatorial pitch angle. The evolution of the 
index n is a combined effect of charge exchange loss and particle drift. At low energies (<30 
keV), both drift dispersion and charge exchange are important in determining n. 
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1. Introduction 
A two-dimensional kinetic model was previously developed 

to study the ring current dynamics during the recovery phase of 
magnetic storm and the associated aeronomical effects, con- 
sidering only equatorially mirroring particles. The model 
solved for the temporal variations of the phase space densities 
of each ring current ion species, considering charge exchange 

model and its first results, obtained by simulating a moderate 

to as paper 1). The model successfully reproduced some ob- 
servable features in the storm time ring current distribution 
functions and the calculated plasmaspheric heating was found 
to be sufficient to power the subauroral T, peak and the stable 
auroral red (SAR) arc emissions at levels consistent with ob- 
servations. A new finding of the model was that it predicted 
the formation of a low-energy (400 eV) ion population, as a 
result of energy degradation of ring current ions through 
Coulomb collisions with the plasmasphere. 

Copyright 1995 by the American Geophysical Union. 

Paper number 94JA03029. 

1 
l and Coulomb drag losses along drift paths. The details of the 

storm, were presented by Fok et al. [1993] (hereafter referred e 

01 48-0227/95/94JA-O3029%05.00 

Although quite a few ring current models have been devel- 
oped [Harel et al., 1981; Kistler et al . ,  1989; Sheldon. 1994; 
Chen el al., 19941, most of them are either restricted to quato- 
rially mirroring particles or assume isotropic pitch angle dis- 
tribution. In this work, ring current ions of all pitch angles are 
considered. This spatially three-dimensional problem is re- 
duced to two dimensions by bounce averaging the kinetic qua- 
tion of phase space density. This approach is valid since the 
bounce periods of ring current ions (1 < E < 300 keV) are much 
shorter than the charge exchange and Coulomb decay lifetimes 
[Rycroft ,  19871. That is, ring current ions experience in- 
significant loss within a bounce. Thus the ion differential flux 
can be assumed to be constant along the field line between 
mirror points. A model major magnetic storm which is similar 
to the great storm in February 1986 is simulated to examine 
the temporal evolution of the ring current population and 
pitch angle distribution during a major storm. The initial (at 
the minimum Dst) distributions of three major ring current ion 
species (H+. He+. and O+) are extrapolated to all local times 
from AMPTWCCE spacecraft observations on the dawn- and 
dusksides of the inner magnetosphere spanning the L value 
range L = 2.25 to 6.75. Observations by AMPTWCCE of ring 
current distributions over subsequent orbits during the storm 
recovery phase are compared to model outputs. In the fol- 
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lowing, average flux means the average differential intensity 
(in s-l cm-2 sr-l keV-l) over pitch angles, except where another 
definition is specifically given. 

The differential flux of ring current ions is a function of 
many variables, i.e., L shell value, magnetic local time, en- 
ergy, pitch angle, and elapsed time during the storm. Usually 
many plots are required to represent the whole picture of the 
distribution and its evolution. In this work, ion flux is visual- 
ized by a method we refer to as a chromogram, which uses 
color to display a function of three variables on a two- 
dimensional plot. Interesting features in the average flux, such 
as strong day-night asymmetry during injection, minimum in 
the energy spectrum, and other features controlled by energy 
dependence loss processes and drift, are manifested in the 
chromogram representation. 

The evolutions of the pitch angle distribution of the ion 
flukes during the storm recovery are also investigated. 
Calculated pitch angle distributions are fitted to j (y )  = (1 + 
Ayn) to quantify the spatial, energy, species and temporal de- 
pendence, where y is the sine of the equatorial pitch angle. A 
yn parameterization conveys particularly useful information 
because n is a measure of pitch angle anisotropy [Williams et 
al., 1973; Roelof and Williams, 19881. The results indicated 
substantial structuring of the spatial distribution of ring cur- 
rent ions that should be evident in global imagery as described 
by Williams et al. [1992]. 

2. The Model 
Assuming a gyrotropic distribution and considering only 

losses due to charge exchange with neutral hydrogen and 
Coulomb drag interactions with the plasmasphere, the kinetic 
equation of the ring current species s can be written as 

-+&,-+#-+S-=-vas ?fs ?fs -?fs *?fs n H f ,  
at a 4  as 11 \ 

1 d  
G dM G dK 

+- -( MGf , ) + ‘2 ( KGf ) 
\‘I 

where f,(R,, @ , S.  M, K )  is the phase space distribution func- 
tion, R, is the radial distance at the equator, @ is the magnetic 
local time, S is the arc length along the magnetic field line, M 
is the magnetic moment, and K is defined as [Mcllwain, 19661 

K i J/(8msM)1’2 =j: [E,,, -E(S)]1’2ds (2) 

where v is velocity, 0, is the cross section for charge ex- 
change of species s with the neutral hydrogen, nH is the hy- 
drogen density, and M and K are the rates of change of M and 
K, respectively, due to Coulomb interactions with the thermal 
plasmas. The expression of M is given in (20)-(21) in paper 
1 and is repeated in the appendix. K is an invariant variable in 
the case of zero parallel electric field [Roederer, 19701. It is 
kept constant even with Coulomb interactions [Schulz and 
Lanzerotti, 19741; therefore, the last term of the right-hand 
side of (1) is zero. G is the Jacobian of the transformation 
(x, y, z, v,, vy, vJ to (R,,  4. S, M ,  K) and is equal to 

(3) 

where E ,  is the equatorial magnetic field, p is the cosine of the 
pitch angle, and T(y) is a function of the sine of the equatorial 
pitch angle y and is defined and approximated by Davidson 
[ 19761 as 

(4) 
= 1.3801 73 - 0. 639693~O.’~ 

The derivation of G is given in the appendix. The y value can 
easily be calculated for given M and K. 

All models employed in this work are the same as those in 
paper 1. The magnetic field is assumed to be dipolar with the 
dipole axis coincident with the Earth’s rotational axis. The 
convection electric field model is that of Volland-Stern 
[Volland,  1973; Stern. 19751, the plasmaspheric model is 
from Rasmussen et al. [1993], and the hydrogen density of 
Rairden et al. [1986] is used. The charge exchange cross sec- 
tions are given by the work of Phaneuf et al. [1987] and 
Barnett [ 19901. 

We multiply (1) by l/p and integrate it along field line to 
obtain the bounce-averaged equation 

c 

where j, is the average f, along the field line between mirror 
points. Since we are considering particles with bounce periods 
much shorter than the decay lifetime times, f ,  is assumed to be 
constant along field line and thus j, can be replaced by the 
distribution function at the equator. The bounce-averaged 
value of x is defined as 

The quantity M is constant over a bounce period because it is 
proportional to the plasmaspheric density, which is assumed 
to be constant along a field line. 

Roederer [1970] showed that the E x B drift is independent 

values at the equator. The expression of E x B drift due to co- 
rotation and convection can be found in (1 6) and (1 7) in paper 
1. The bounce-averaged gradient-curvature drift velocity in a 
dipolar field can be approximated by [Ejiri, 19781 

of the position along a field line and can be represented by the 7 
I 

C 

(7) 

where the subscript gc represents gradient-curvature drift. The 
functions 101) andfly) are given by Ejiri [1978] and are re- 
peated here: 
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where a =  1.38, /3 = 0.32, a1 = 0.055, ap = -0.037, a3 = 
-0.074, and a4 = 0.056. The function [l - I(y)/6jIy)] increases 
monotonically from 0.7 to 1 as y goes from 0.05 to 1. 

Outbound(0500LT) Inhiund(1MX)LT) 

Model (0.500 LT) -- Mndcl(1M)O LT) 
. . . . ____. . . . . . ..., . . . . .- 
- 

3. Initial Conditions at Minimum Dst of Storm 
After a complicated main phase of 2 days, the great storm in 

February 1986 attained a minimum Dst  of -312 nT on 
February 9, at about 0100 UT. The recovery is a typical two- 
phase process: a rapid initial recovery with an increase in Dst 
of 140 nT in 6 hours, followed by a long slow recovery of tens 
of day. Differential flux (s-l cm-* sr-l keV1) of the bulk of the 
ring current (1-300 keV) just after minimum Dst, measured by 
the charge-energy-mass spectrometer (CHEM) [Gloeckler et 
al., 19851 that was carried aboard the Active Magnetospheric 
Particle Tracer ExplorerdCharge Composition Explorer 
(AMPTEKCE), is used to specify the initial conditions. 
Measurements during subsequent orbits are used to compare 
with the model outputs. The orbits of the CCE spacecraft are 
nearly equatorial with a 4.8’ inclination and a period about 16 
hours [Williams and Sugiura, 19851. Particle fluxes are av- 
eraged at every 0.5 R ~ f r o m  L shells of 2.25 to 6.75. 

During the minimum Dsr of this storm, the inbound and 
outbound passes of the CCE orbit (orbit A) crossed the equator 
at about 1500 and 0700 LT, respectively. Figure 1 shows the 
H+, average fluxes (symbols) taken from both passes during 
orbit A at L - 2.3 and -4.3. At both L shells ( Figures la  and 
lb), high-energy fluxes during outbound and inbound passes 
are similar to each other. Then at energies of 30-100 keV. the 
flux on the dawnside exceeds that 011 the duskside with the dif- 
ference increasing with decreasing energy. Moreover, the 
energy at which fluxes from the two passes start to differ sig- 
nificantly is lower at L = 4.3 (Figure lb) than at L = 2.3 
(Figure la). The local time dependence of the initial distribu- 
tions of O+ and He+, which are not shown, behaves in a similar 
manner to that of H+. The local time asymmetry of ion distri- 
butions during the main phases of magnetic storms has been 
studied and observed [Roelof, 1987; Stiidemann et al.. 19871. 
The degree of asymmetry depends on the location and energy 

la) L = 2.3 

of the ions. Stiidemann et al. [1987] found the asymmetry be- 
tween local evening and local morning became less pro- 
nounced at larger radial distances when they studied the ion 
distributions after the onset of a magnetic storm on May 2-3, 
1986. Chen et al. [1993] studied the storm time transport of 
ring current and radiation belt ions. They found that the drift 
period of trapped ions with high energy (M 2 25 MeV/G, E 2 
280 keV at L = 3) is short compared with the duration of the 
main phase of their model storm. Distributions of these par- 
ticles should be fairly constant about local time by the end of 
the main phase. Also they found low-energy (M S 10 MeV/G, 
E S 110 keV at L = 3) ions are transported from open drift 
paths (plasma sheet) to closed drift paths (ring current) and the 
drift period in the ring current region exceeds the duration of 
the main phase. Therefore local time asymmetry of these par- 
ticles at storm main phase is expected. Since the drift period 
for particles of a given energy is shorter at high L than at low 
L shell values, particle fluxes start to be symmetric with local 
time at lower energy as L value increases. The CCE measure- 
ments presented in Figure 1 are consistent with the above ar- 
guments and observations. 

Data from the outbound pass (at -0300 UT, February 9) of 
orbit A are taken as initial conditions (t = 0) for L = 2.25-6.5 
at 0500-0800 LT. The inbound pass of the same orbit is used 
as a guide to extrapolate the particle fluxes to all local times. 
Since the main phase of the February 1986 storm is compara- 
tively long, local time symmetry can be reached for particles 
with lower energy than in the Chen et al. [1993] study of a 
shorter duration storm. In our study, ions with M 2 10 MeVIG 
are assumed to be perfectly symmetric in local time at the time 
of minimum Dst during the storm. For ions with lower mag- 
netic moment, distributions are extrapolated in local time 
using the following expression: 

This fit gives a Gaussian distribution in local time around 9 = 
#o, with variance equal to d. We find that 

f,W) = f,(WexP[-(’- cos($ - 40))/u2] (9) 

$o =0200 hour 

l/u2 =-log- 1 10 M<lO MeV/G (10) 
0.8 M 

l/u2=0 M 2 l O  MeVIG 

(b) L = 4.3 

Oulbound (0700 LT) 1 Inbound (1400 LTI 

- Modcl(O700 LT) -- Mcdcl(1400 LT) 

I I O  100 lo00 I I O  100 
Energy (keV) Energy (keV) 

Figure 1. H+ flux measured (symbols) at the inbound and outbound passes of the oibit at minimum Dst of 
the February 1986 storm at (a) L - 2.3 and (b) L - 4.3. Solid lines are the initial condition based on the out- 
bound data. Dashed lines are extrapolation at the same local time as the inbound data. 
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in order to have a best fit to the observations. The fS($,) value 
can be determined by the measurements during the outbound 
pass. Model initial H+ fluxes at L = 2.3 and 4.3, at 0500 and 
1600, and 0700 and 1500 LT, respectively, are overlaid with 
CCE measurements in Figure 1. As is shown by Figure 1. the 
approximation formulated in (10) is quite in agreement with 
measurements. The semiempirical "initial" (0300 UT, 
February 9) differential fluxes for the three major ion species 
(H+. 0'. and He+) at 0200 MLT are plotted in Figure 2. 
Particles are assumed to have isotropic pitch angle distribu- 
tion initially at t=0 .  Observations showed that pitch angle 
distributions during this time were not strongly peaked at 90' 
except at very small L values [Hamilton et al., 19881. The 
total energy contained in the ring current is calculated by 

E(total) = ~ ~ ~ m s v 2  f,G*d&d&lMdK 
S 

where G' = 4rrR,B,(21U/m~)"~. The derivation of G' is also 
given in the appendix. Using ( l l ) ,  the initial energy con- 
tained in the ring current is found to be 3.30 x lo3' keV. 
Hamilton et al. [1988] estimated the total energy at this pass 
and obtained a value of 4.15 x lo3' keV. This is somewhat 
higher than we calculate because they have assumed isotropic 
distributions inside the whole flux tube at all local times. 

The boundary conditions used are the same as those pre- 
sented in paper 1 except for the upper boundary condition onf, 
at L = 6.75. A Dirichlet boundary condition (givenf, at bound- 
ary) is used instead of a Neumann-type condition ($JdR, = 0). 
CCE ion flux data at L = 6.75 are taken as boundary values on 
the nightside throughout the storm. Particles are continuously 
injected from the plasma sheet to the injection boundary even 
during the recovery phase of a magnetic storm. Therefore the 
Dirichlet boundary condition allows the transmission of par- 
ticle information from the tail to the ring current region during 
the storm. The boundary conditions are summarized and given 
as follows: 

fs(& =6.75R~)=CCEdata, (&)<O (12b) 

fs(irn,v2 >317 keV (124 

With the initial distribution and boundary conditions set up as 
specified, the initial value problem formulated in (5) can be 
solved numerically to obtain the phase space density at any 
time after the storm main phase. 

4. Ring Current Fluxes During Storm Recovery 
After 16 hours elapsed time, the calculated average flux is 

compared with measurements during the outbound pass of the 
next orbit (orbit B). Figure 3 displays the model results (solid 
lines) and the CCE data (symbols) with error bars at L = 3.75, 
O600 MLT (Figure 3a) and at L = 6.25, 0800 MLT (Figure 3b)." 
In both cases, the calculated fluxes of He+ and O+ agree fairly 
well with measurements. However, the calculated H+ flux, at 
energies below 100 keV. is always greater than observations, 
indicating that other loss mechanisms, important for H+, need 
to be included in the model. This overestimation of H+ flux is 
also found at the subsequent orbit at 32 hours elapsed time. 

Observational evidence indicates that loss of ring current 
ions through precipitation played an important role in the 
main and early recovery phases of the February 1986 storm. 
Yeh and Foster [1990] reported precipitating ion energy fluxes 
as high as 1 erg cm-2 sf s-l for ions with E < 32 keV/e over 
48' to 58" IL during the 6-hour period 2000 UT on February 8 
through 0200 UT on February 9. This IL interval mapped to 
the equatorial plane contained the maximum in the ring current 
energy density observed by AMPTEKCE [Hamilton et al., 
19881. During this same time interval, a rapid recovery of the 
surface magnetic field with an e-folding timescale of -1 1 hours 
was seen in the Dst index. First results of a study of wave and 
particle signatures during this time interval were presented by 
Kozyra et al. [1994b] in which both a large amplitude Pc 5 
wave and precipitation that peaked at energies consistent with 
resonant interactions with this wave were observed. The re- 
sults of this study will be published separately. 

Though there is discrepancy between calculated and ob- 
served low-energy ( ~ 1 0 0  keV) H+ fluxes, our model can be used 
to illustrate general features in the temporal evolution of the 
ring current ion fluxes and the pitch angle distributions 
(section 6). To show the L shell, magnetic local time, and 
energy dependence of the average flux on the same plot, a 
newly developed color display, designated as a chromogram, 
is used. The goal of a chromogram is to plot a function of three 
variables, j (L .  +, E), in a two-dimensional color plot. The de- 
pendence on the first two variables (Le., L and $) forms a pixel 
image in a two-dimensional L - $ space, while the dependence 

. 
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(a) L = 2.25 (b) L = 3.5 (e) L = 5 
1 0' 
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10' 

I 0' 
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10' I 0' 

'. . . .  
He' 

- 0' 
lon IO' IO2 IO' lon IO' IO* IO' IO0 I O '  IO2 IO' 

Energy (keV) Energy (keV) Energy (keV) 

Figure 2. Initial differential flux of H+, He+, and O+ at 0200 MLT at L = (a) 2.25, (b) 3.5, and 
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IO' I 0 ' L  IO IO 
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(b) L = 6.25, OS00 MLT 

' I O '  10' 10' 

O+ 
106 

IO' 

1 0 4  

1 0 3  

IO' 

3 
10 I O  10 10 

Energy (keV) 

Figure 3. The comparison of calculated flux (solid lines) with AMPTE/CCE measurement (symbols) at 16 
hours after the storm main phase at (a) L = 3.75.0600 MLT and (b) L = 6.25, 0800 MLT. 

on the third variable (E)  is encoded as color. The encoding of 
color uses the concept of three basic colors (photon energies) 
of light: red, green, and blue. Variable E is divided into three 
ranges (Figure 4). associated with red (R), green (G), and blue 
(E), respectively. The average values of j in these ranges are 

hue of the resulting color corresponds to the centroid or mean 
E of j (E);  the saturation corresponds to the shape of j (E) ;  and 
the brightness corresponds to the average j over the full range 
of E. Table 1 summarizes the interpretation of the color code. 
The rough energy distribution at each L - 4 location can be in- 
ferred from the color at that particular pixel. The detailed fea- 
tures of energy spectra cannot be resolved using the chromo- 
gram representation, but it is useful to indicate the spatial de- 
pendence of the energy distribution. 

Using the chromogram representation, the average differen- 
tial flux of H+ is displayed in Plate 1 at selected times: t = 0 
(Plate la). t = 5 hours (Plate lb), and t = 36 hours (Plate IC) 
after the storm main phase. As shown in the color wheel, 
fluxes in energy ranges of 1-3 keV, 3-30 keV, and 3&100 
keV are encoded with red, green, and blue, respectively. The 
gray-scale bar is a guide to the interpretation of brightness. 

c 
1 used to scale the R, G, E components of the encoded color. The 

Isocontours of average (over the range of energy) fluxes are 
plotted to aid in distinguishing color from brightness. As 
mentioned in the last section, the initial distribution is peaked 
at and symmetric about 0200 MLT (plate la). There is a strong 
day-night asymmetry in the initial ion fluxes. The enhanced 
low-energy population at L = 2.3, shown in Figure la, is seen 
as the reddish region at the inner edge of the ring current in 
Plate l a  near dawn and dusk. Only high energy particles, 
which drift rapidly, can reach the dayside during storm injec- 
tion, resulting in blue color (at lower brightness) on the day- 
side in the chromogram. Five hours later (Plate lb), there is a 
clear separation of H+ fluxes at different energies. Low-energy 
(<3 keV) H+ ions corotate and drift from the nightside through 
dawn to the prenoon sector, while high energy (>30 keV) ions 
drift westward. At some intermediate energies, the westward 
gradient-curvature drift is comparable in magnitude with the 
eastward corotation, resulting in a nearly zero drift velocity. 
The purplish red at low L is due to the overlapping of low- and 
high-energy ions which results in a double-peaked energy dis- 
tribution. Medium-energy particles (green-cyan color) remain 
on the nightside injection region because of their small drift 
velocities. The lack of medium energy protons on the dayside 
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Red j Green Blue 

Variable to be encoded (E) 

Figure 4. Curve j ( E )  is divided into three subranges that are 
associated with red, green, and blue light, respectively. 

corresponds to the well known “bite-out” in the dayside 
energy spectra [Mcllwain, 1972; Lennartsson et al . ,  1981; 
Kistler et al., 19891. The orange-brown fringes on the night- 
side outer boundary are the freshly injected low-energy ions. 

As the storm recovery proceeds (Plate IC), the low-energy 
population of H+, which was injected close to the inner bound- 
ary during the main phase of the storm, is removed rapidly by 
charge exchange loss. Only high energy (>30 keV) H+ remains 
in the low L region. The quiescent convection field continues 
to push ions earthward on the nightside. The penetration dis- 
tance varies with energy, with low-energy ions penetrating 
less deeply in L [Ejiri et al., 19801. As a consequence, another 
kind of separation of ions according to energy occurs during 
late recovery, as shown in Plate IC at t = 36 hours. The ma- 
genta is the region where high- and low-energy particles co- 
exist (again with a deficit at medium energies). The blue area 
represents the region forbidden to less energetic particles. The 
separation boundary, similar to a separatrix, is the boundary 
between open and closed drift paths for low-energy ions 
[Kivelson et al . ,  19801. If the convection field is constant 
with time and oriented dawn to dusk, the trajectories of the 
cold ions are symmetric about the dawn-dusk axis, having the 
tip (sharp point) of the separatrix located at dusk. This kind of 
separatrix starts to be seen about 1 day after the main phase, 
and the tip is at about 1500 MLT. The separatrix then swings 
back and forth in the post-noon sector. Figure 5 plots the 
position of the tip in MLT during the storm, together with the 
Kp values during storm recovery. It is interesting to see that 
when Kp is decreasing, the separatrix rotates toward the dusk; 
the separatrix turns westward if K p  is increasing. This oscilla- 
tion of the separatrix is a result of the competition between 
corotation and convection. When convection is strong 
(indicated by increasing K p ) ,  particles drift quickly outward 
and are lost at the dayside magnetopause near noon. At lower 
Kp. the corotation is relatively strong and bends the particle 
trajectory toward the duskside. The motion of the separatrix in 
response to the K p  index described above is consistent with 
the K p  dependence of the plasmapause location, based on the 
empirical model of D. L. Gallagher (private communication, 
1994). 

The temporal evolutions of O+ and He+ fluxes are similar to 
each other but quite different from that of H+ because their 
charge exchange lifetime is long at low energies and short at 
high energies, in contrast to that of H+. At the early recovery, 
the separation of particles with different energies, as shown in 
Plate 1 b, is also seen for these heavy ions. AS the storm re- 
covery proceeds, high energy O+ and He+, which are initially 
at low L, are significantly removed by charge exchange loss. 

Only low-energy heavy ions are left at small L. The slowly 
drifting medium energy O+ and He+ eventually reach all local 
times at L of 3-5 in about 1 day without significant charge ex- 
change loss. The outer region is mainly occupied by the 
freshly injected low-energy ions. Plate Id is the chromogram 
representation of O+ flux at t = 36 hours. As shown in the plot, 
during late recovery, instead of a separatrix, bands of fairly 
symmetric heavy ions of different energies are formed. The 
yellow band at dawn and in the prenoon sector corresponds to 
the existence of low-energy ions in a background of medium 
energy particles. These low-energy O+ ions were convected, 
following the storm injection, deeply into L - 2.3. During the 
recovery phase of the storm, the drift of these ions is domi- 
nated by corotation out to increasing radial distances due to 
the decreasing convection field, indicated by Kp. 

5. Drift Hole in the Energy Spectra 
A dip or sharp drop-off in the ion energy spectra at low 

energies (1 S E S 10 keV) is a consistent feature in observa- 
tions. A deep minimum was always found in the proton spectra 
observed by geosynchronous satellite ATS 5 [Mcl lwain ,  
19721. The dip was seen at a wide range of local time: 0200- 
1800 hours and the energy of the minimum decreased with 
local time. Lennartsson e f  al. [1981] used data from the plasma 
composition experiment on ISEE 1 and reported a hole in the 
ion (O+, H+, and He+) phase space density at -3.5 keV, at 4-5 
RE and LT 11.6-12.1 hours, during a magnetic storm on day 
329178, which was one of the 10 storms selected. Ions of 
certain energies, experience eastward and westward drifts that 
are similar in magnitude, resulting in very slow drift velocity. 
The hole in the energy spectra corresponds to particles at 
these energies which have either not yet reached the observa- 
tion point or which have experienced significant losses during 
their slow drift to the observation point. 

Theoretical modeling reproduces the hole observed in mea- 
surements. Mcllwain [1972] studied the drift paths of ring cur- 
rent ions and interpreted the minima in the proton spectra as 
due to particles whose computed trajectories penetrate to the 
highest magnetic field value and thus have the longest travel 
time. He predicted a negative correlation between the energy 
of the minima and local time. His results were consistent with 
observations by ATS 5 .  Kistler et al. [1989] did a similar cal- 
culations for L values of 3.5 to 5.5, using different electric 
field model parameters. They also found a negative slope in 
energy of the minimum versus local time and the slope was 
steeper with increasing K p .  Dips and sharp drop offs were also 
reproduced in our previous study (paper 1). We found that dips 
in the prenoon sector were at higher energies than those in the 

> 
I 

postnoon sector, consistent with the calculation of Kistler et .’ 
Table 1. Guide to the Interpretation 
of Chromogram Color 

Color Interpretation 
~~ 

gray no dependence on E(flat) 
red 
green 
blue 
yellow 
cyan 
magenta 

strongly peaked at low value of E 
strongly peaked at midscale in E 
strongly peaked at high values of E 
weakly peaked toward low E 
weakly peaked toward high E 
peaked at high and low E 
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8 t ' . l . . r . . l . . l . . , . . l  . . , , , ,  19 

Figure 5. The position of the tip of the separatrix in MLT 
and Kp values as a function of elapsed time during the storm. 

al. [1989]. In addition, the dip was more pronounced in the 
postnoon sector than in the prenoon sector. These features in 
the hole can be easily explained by the drift motion. Let the 
energy at which drift velocity is zero be E,. Ions with energy 
slightly less than E, drift slowly from the nightside in east- 
ward direction and reach dawn and then the prenoon sector. In 
contrast, ions with energy slightly larger than E, drift slowly 
through the duskside. As a result, the energy of the minima in 
the prenoon sector is higher than in the postnoon sector. 

Holes in the energy spectra are also evident in displays of 
the average flux presented in the last section. At t = 5 hours 
(Plate lb), dips at medium energies (3-30 keV) in the dayside 
H+ spectra are obvious because medium energy particles are 
found only on the nightside. During quiet period, as shown in 
Plate IC, region of magenta color represents peaks in the ion 

20 

15 

E 
i= - 
0 

-I 
:: 10 

5 

0 

distribution at both high and low energies and this corre- 
sponds to a dip at medium energies. In other words, holes in 
the energy spectra should be seen over almost all local times 
at the geosynchronous orbit and over a restricted local time 
interval at lower L shells. 

In order to better visualize the variation of the drift hole 
with energy and local time, a chromogram representation of 
the average flux. similar to those shown in Plate 1, is pre- 
sented. However. at this time, the L shell dependence of aver- 
age flux is encoded as color, while energy and local time span 
the two-dimensional plot. Using the same token as energy 
encoding, red color represents flux peaking at low L values, 
blue represents peak flux at high L, etc. In this orientation, for 

one) can be easily identified. Plate 2 displays the logarithm of 
the average flux of H+ as a function of energy and local time 
with L shell color encoded at t = 5 hours. Isocontours of aver- 
age flux, over the range of L shell, are overlaid on the plot. 
The hole feature forms at 2 hours after the storm main phase. 
The beak shape of the minimum flux region is Seen on the day- 
side at energies <30 keV. The energy of the minimum in the 
prenoon sector is higher than that in the post-noon sector, as 
expected. The "beak" is, in general, blue in color, indicating 
that the hole is more pronounced at low L values. As the storm 
recovery proceeds, the beak extends toward predawn and dusk- 
side. This hole structure persists throughout the storm. 

Drift holes are also found in the energy spectra of O+ and 
He+ but they are not as deep as the ones in the proton distribu- 
tion. The charge exchange lifetimes of low-energy O+ and He+ 
are very long and are on the order of days to tens of day [Fok et 

a given local time. the energy of the minimum flux (if there is 
.' 

ORIGINAL PAGE 
L Shell CQL0.R WD_T_IQGWf!.ld 

. 

1 10 100 
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Plate 2. Chromogram representation of the "hole" in the energy spectra of H+. L dependence of log(flux) is 
color encoded. 
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1600 . , . , . , . , . 
(b) L=4, mlt=6hr . 

1200 - j =2.1312 - 
A=11.368 . 
n =- 1.3392 

I 800 - r=0.%4.54 - E 

400-  

0 ' ' L I - ' = 1  = 5 ' -  

al.. 19911. O+ and He+ ions with small drift velocity could 
gradually reach the dayside, without significant loss due to 
charge exchange with the hydrogen geocorona. Sluggish O+ 
and He+ fill the hole region during late recovery phase (Plate 
Id). 

A minimum in the ring current ion energy spectra due to 
wave-particle interactions has also been observed. Williams et 
al. [1973], using measurement from Explorer 45. found a dip 
in the proton energy spectra at 40-80 keV and L shells of 3-4 
during a storm in December 1971. The authors examined the 
pitch angle anisotropy of the proton fluxes and showed that 
they were consistent with the initiation of the ion-cyclotron 
instability. Dips in the energy spectra due to drift motion can 

ticle interactions. Ions of different species, but with same 
energy and charge state, drift along identical trajectories. The 
energy at which the drift hole occurs, corresponding to par- 
ticles with the longest drift period, is independent of species 
and should appear in the distributions of all species 
[Lennartsson et al., 1981; Kistler et al., 1989; paper 11. 

easily be distinguished from those that result from wave-par- 

6. Pitch Angle Distribution 
During the main phase of a magnetic storm, ring current 

particles are convected earthward from the tail to the inner 
magnetosphere. These fleshly injected particles are roughly 
pitch angle isotropic. As they are trapped in the inner magne- 
tosphere. particles with different pitch angles bounce and drift 
differently. Particles with small equatorial pitch angles (a,) 
have mirror points at low altitude and experience large charge 
exchange losses. The anisotropy in pitch angle distribution 
increases as the storm recovery proceeds. 

The modeled pitch angle distributions during the recovery 
phase of the storm have been fitted by a three-variable func- 
tion in order to quantify their temporal evolution. The func- 
tion of fit is of the form used by Roelof et al. [1992], 

, 

where j is the differential flux, j ,  is a constant that does not 
depend on pitch angle, and A and n are the linear and exponen- 
tial index, respectively, for the pitch angle distribution. n is 
expected to be positive (flux peaked at 90') if charge exchange 
is the dominant process. The pitch angle anisotropy, indicated 
by n ,  is higher at low L shells, where hydrogen density is 
large, than at high L. In some cases, n may be negative if the 
drift motion at some particular energies results in the more 
rapid movement of particles with small pitch angles into cer- 
tain locations. Figure 6 gives two examples of differential flux 
as a function of y calculated from the model and the corre- 
sponding fits, showing both the cases of positive and nega- 
tive n. j J  can be considered to be the quantity reflecting the 
average flux over pitch angle. 

The parameter n is assumed to be zero at the beginning of 
the recovery phase (t = 0). The variation of n with time for 
ring current O+ at four selected energies: 1.7, 8.0, 22.4, and 
106 keV is examined next. The reason for choosing O+ to 
demonstrate the temporal variation of n is to separate the 
effect of drift motion from that of charge exchange loss on the 
pitch angle distribution. The charge exchange lifetime of O+ 
decreases as energy increases. At low energies ( 4 0  keV), 
where charge exchange loss is weak, and the lifetime is on the 
order of days [Fok et al.. 19911, corotation competes with 

r 

e 

(a) L=2, mlt=18hr 

j,, = 583.66 

A = 3052.3 
n = 52812 

810' r = 0.9912 
3 
C 

westward drift, which is pitch angle dependent. Low-energy 
ions with the same energy but different pitch angles may drift 
in opposite directions. Therefore the pitch angle distribution 
at these energies is mainly determined by drift motion. For 
energies greater than about 20 keV, particles drift rapidly in 
the westward direction with a period of hours regardless of 
pitch angle. The pitch angle distribution of these ions is thus 
shaped by charge exchange loss only. 

Plate 3 displays the values of n for O+at selected energies, 
at different L shells and magnetic local times at 6 hours (Plate 
3a) and 36 hours (Plate 3b) after the storm main phase. At t = 6 
hours, the contours of constant n for 106.3 keV O+ are quite 
symmetric with local time and their magnitude decreases with 
increasing L. At L - 2, the pitch angle distribution is strongly 
peak at 90' with n greater than 4. For 8 keV and 22.4 keV O+, 
n is approximately equal to 2 at low L values and is between 0 
and 1 at high L. The irregular features (Le.. the thin blue strip 
at E = 8 keV, L = 4.7, nightside) on the contours are drift ef- 
fects. At low energy (1.7 keV O+), there is a thick band of neg- 
ative n stretching from the duskside through midnight to the 
dawnside at L of 3 to 5 ,  where the motion of particles at this 
energy is dominated by corotation. In order to understand why 
fewer particles with large pitch angles populate this part of 
magnetosphere, the drift paths of ions of 90' equatorial pitch 
angle and energy at 1.7 keV at L = 4 are shown in Figure 7. The 
maximum plotting time is 6 hours. As shown in the figure, 
ions drifting in from the nightside boundary barely reach an L 
shell of 4 in 6 hours. Particles of the same energy but small y 
have weaker westward gradient-curvature drift (7). As a result 
the net eastward drift of particles with small pitch angles is 
faster than that of particles with large pitch angles. In 6 hours, 
ions with small pitch angles can better reach the nightside at L 
shells ranging from 3 to 5 ,  and thus the index n is negative in 
this region at this particular time. This band of negative n is 
also seen in the pitch angle distributions of H+ and He+. 

As the recovery of the storm continues, the pitch angle 
anisotropy increases. At t = 36 hours (Plate 3b), n attains a 
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Plate 3. Exponential index of pitch angle distribution, n,  of O+ at four selected energies at (a) t = 6 hours 
and (b) t = 36 hours. 
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I 
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Symbols are plotted at every 30. minutes 

Figure 7. Drift paths of equatorially mirroring particles in- 
jected from the nightside boundary. Particle energy is 1.7 keV 
at L = 4 and the maximum plotting time is 6 hours. 

value larger than 6 at L - 2 for all energies. The band of nega- 
tive n at 1.7 keV rotates and spans from 0100 to 1200 MLT 
with smaller negative values (n > -1) than those at 6 hours 
elapsed time. Features in the pitch angle distributions can also 

be seen in the spatial distribution along field lines. Positive n 
corresponds to maximum flux near the equator, while negative 
n indicates strong flux at high latitudes. A chromogram of the 
average flux of O+ in the X-Z plane at 36 hours is given in 
Plate 4. This is a meridian view of Plate Id. In general, ion 
fluxes are peaked near the equator. This is particularly obvi- 
ous, in this case, on the dayside at L < 3.5. As shown in Plate 
4, higher fluxes of low energy (reddish) than higher energy 
(green) O+ are visible at high latitudes as a consequence of the 
smaller charge exchange loss of O+ ions at low energies. The 
strong fluxes at high latitudes on the dayside at L - 4.5 result 
from differences in the drifts experienced by ions with small 
pitch angle as compared to ions with large pitch angles at that 
particular location (negative n region at energies less than 8 
keV shown in Plate 3b). Unfortunately, no pitch angle infor- 
mation from measurement is available to compare with the 
model distributions during the recovery phase as the back- 
ground radiation was strong. 

Features in the pitch angle distributions of H+ and He+, 
which are not shown here, can be understood using physical 
insights gained from examination of the 0' distribution. n for 
1.7 keV H+ reaches a high value of 15 at L - 2, 12 hours after 
the injection. For 106 keV H+, n is never larger than 3 because 
its charge exchange lifetime is long, on the order of 10 days. 
He+ behaves in a similar manner to O+. However, in general, n 
for the He+ distribution has lower values than that for O+ due to 
the longer charge exchange lifetime of He+. 

7. Discussion 
A three-dimensional ring current model has been developed 

to study the temporal evolution of particle fluxes and the pitch 
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Plate 4. Chromogram of the average flux of O+ in [s-' cm-* sr-1 keV-'1 at t = 36 hours on the X-Z plane, 
which is the meridian view of Plate Id. 
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angle distribution for the three ring current major ion species: 
H+, He+, and O+. Under the assumption of constant differential 
flux along field lines, ring current distribution in the inner 
magnetosphere can be represented by the values at the equator. 

Scattering of ions into the atmospheric loss cone during 
resonant interactions with plasma waves (not included in the 
present model) may make a significant contribution to ring 
current loss particularly during the main and early recovery 
phases of a magnetic storm. Williams et al. [1973] found dips 
in the energy spectra at -4&80 keV from the proton detector 
experiment flown onboard Explorer 45. Pitch angle diffusion 
of ring current protons during resonant interactions with ion 
cyclotron waves was proposed to account for the loss of the 
protons and the subsequent formation of dips in the distribu- 
tion. The general role of ion cyclotron waves in ring current 
decay, however, is unclear. Anderson et 01. [19921 reported 
that large amplitude (SB > 0.8 y) ion cyclotron waves are rare 
in the inner magnetosphere (L 5 5) ,  appearing in the 
AMPTElCCE data less than 1% of the time regardless of local 
time. Other plasma wave interactions under study in the ring 
current region involve Pc 5 waves [Li et al., 19931, lower hy- 
brid waves [LaBelle and Treumunn, 1988; Roth et al., 19901. 
and plasmaspheric hiss [Kozyra et al., 1994al. 

In Figure 8, the total energy contained in the ring current as 
a function of the storm elapsed time is plotted and compared 
with the measured Dst values during the storm recovery. The 
calculated total energy decreases at a comparative steady rate, 
different from the observed two-step process, which consists 
of a rapid initial recovery followed by a relatively slow in- 
crease of Dst.  Hamilton et al. [1988] suggested that the rapid 
charge exchange loss of 75-100 keV O+ at L - 3 was respon- 
sible for the initial phase of recovery. However, the Kp index, 
which is used to parameterize the convection field intensity 
and thus the energization strength, is still high (>5) during the 
early recovery. Therefore, the energization of the contin- 
uously injected ions compensates the decrease in energy due to 
charge exchange losses. The convection model we used does 
not allow the ring current system to relax and recover shortly 
after the storm main phase. Gonzalez et al. [1994] suggested 
that the efficiency of energy injection into the ring current is 
higher during main phase than during nonmain phase, even at 
the same level of geomagnetic activity. Our model may over- 
estimate the energization force during the storm recovery and 
thus cannot reproduce the initial rapid recovery. Another loss 
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Figure 8. Calculated total ring current energy and the ob- 
served Dst as a function of elapsed time during the storm re- 
covery. 

process. such as wave-particle interaction, is also a candidate 
in producing the rapid decay. As shown in Figure 3a. in which 
the calculated H+ flux is compared with observation, including 
only charge exchange and Coulomb losses can not explain the 
decrease in H+ flux at low energies (<lo0 keV). This problem 
should be re-addressed when a convection model with storm- 
phase dependent efficiency and enough information on wave 
measurement or particle precipitation are available. 

The chromogram helps to reveal the ring current dynamics. 
With energy distribution encoded in color, spatial and energy 
dependence of the particle flux can be put on a two- 
dimensional plot. The strong day-night asymmetry in the in- 
jection, the separation of particles of different energies, the 

current are qualitatively and quantitatively displayed using 
chromograms. Moreover, the region corresponds to a cutoff of 
low energies H+ during quiet periods, predicted in this work. 
has never been addressed. If the time sequence of the chromo- 
gram is presented in a movie, the evolution of storm time ring 
current in space and energy will be vividly shown. This is one 
future goal of the present study. The chromogram is also an 
informative representation of the hole feature in the energy 
spectra. The calculated local time and energy dependence of the 
minimum in this study are generally consistent with the work 
of Mcllwain [1972] and Kisrler et al. [1989]. Also, the L shell 
dependence of the hole is encoded with color and displayed in a 
chromogram format. This plot demonstrates that holes are 
deeper at low L values. 

The pitch angle distribution is well fit by the function j = j ,  
(1 + Ay"). The correlation is always over 0.9. This work is the 
first attempt to calculate n and A for every energy and species, 
at any location in the ring current region. The complete pitch 
angle distribution can be estimated by these two indices if it is 
not given by data. For instance, if only j (d2)  is measured, the 
flux at other pitch angles can be obtained by jb) = j(d2)(1 + 
AY)/(l + A). In case of average flux, <j>, being measured, j(y) 
is given by: <j>(l + Ay")/(l + A<y">). where <y"> can be ex- 
pressed as [Roelof, private communication, 19941 

minimum in energy spectra, and other known features of ring 'e' 

The spatial distribution of ring current ions along field lines, 
presented in this work, provides information useful in three- 
dimensional magnetospheric imagery, such as the global 
imaging of ring current using energetic neutral atoms [Roelof 
and William, 1988; 19901. . 

\ 

8. Conclusions 
A three-dimensional ring current model has been developed 

to study the evolution of ion flux intensities and pitch angle 
distributions during the recovery phase of a magnetic storm 
similar to the major storm in February 1986. Our major results 
are listed as follows: 

1. By bounce averaging the kinetic equation of the ion dis- 
tribution function, the flux intensity and pitch angle distribu- 
tion along a field line can be inferred from the information at a 
reference point (usually at the equator) on the field line. 

2. The model generally reproduces the measured fluxes of 
the three major ring current ion species (H+. 0+, and He+). 
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However, the calculation always over estimates the H+ fluxes 
at energies below 100 keV. The exclusion of wave-particle 
interactions in the present model is believed to be responsible 
for this discrepancy. 

3. A chromogram is a new idea for data visualization. 
Interesting features in the storm-time ring current ions, such 
as day-night asymmetry during injection, separation of ions at 
different energies due to difference in drift velocities, drift hole 
on the dayside at energies below 10 keV. energy and species 
dependence on charge exchange lifetimes, and spatial distribu- 
tion along field lines, are clearly shown using the chromo- 
gram representation. 

4. The pitch angle distribution of ion flux is well fit by the 
function jo(l + Ay”). At late recovery, parameter n can reach a 
value of 6 or higher at the inner edge of the ring current for 
species with strong charge exchange loss (Le., O+ ion, and H+ 
ion at energy 4 0  keV). A negative n region is found, as a drift 
effect. at L - 4 at low energy (43 kev) for all species. 

This current model cannot be used to model the main phase 
development of magnetic storm since the magnetic field and 
electric field model employed are oversimplified. We plan to 
use more realistic models for magnetic and electric fields in 
order to simulate injection processes of storms. The effects on 
ring current evolution due to wave-particle interactions will 
also be included in our future work. 

‘r 

Appendix 

(20H21) in paper 1 and is repeated here: 
1. Expression of k: The expression of k is given in 

Z 2e4 1nA 
4 a ~ ,  m, 

w k r s = +  

b 
In A Coulomb logarithm; 
Zg, Z8 
o r b  

plasmaspheric e-, H+, He+, or O+; 

charge of species b and s; 
the bounce-averaged density of plasma- 
spheric species b; 

* 
vb thermal velocity of b; 

2. Jacobian G and G’: The Jacobian G is a function such 
that, 

(A21 
1 &d&iSdMdK 
G d3rd3v 
-= 

The differential volume d3r along a flux tube can be expressed 
as: (BdB)R,dR,d#dS. In the guiding center approximation, 
the motion of a particle can be characterized by the velocity 
components parallel (vll) and the perpendicular (VJ to the 
magnetic field. d3v thus can be written as: 2 x (2mldvdvl ) .  

The factor of 2 comes from the assumption thatf,(vu) =fJ-vn> 
and vi1 goes from 0 to 00. Putting the expressions of d3r and d)v 
into (A2). we have 

It can be shown that 

Thus G has the expression as was given in (3). 
The total number of species s is given by 
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