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Abstract.

Pc 5 ULF waves are seen concurrently with the rise in radiation belt 
uxes

associated with CME-magnetic cloud events. Four such geomagnetic storm periods

in 1997 and 1998, 10-11 January and 14-15 May, 1997; 1-4 May and 26-28 August,

1998, have been simulated with a 3D global MHD code driven by L1-measured solar

wind parameters. The �eld output has been used to advance electron guiding center

trajectories in the equatorial plane. The time series has also been analyzed for ULF

wave mode structure. Toroidal �eld line resonances with low azimuthal mode number

and frequencies commensurate with the electron drift period are identi�ed in the radial

electric �eld component, along with enhanced power in the poloidal (azimuthal) electric

�eld component. The simulated time scale for inward radial transport of electrons in the

several hundred keV to MeV energy range, from geosynchronous orbit to L=3-4, varies

with the level of ULF wave power and overall energy input to the magnetosphere. Of the

four events studied, the May 1998 storm period was most geoe�ective and the January

1997 least so, in terms of simulated radial transport and energization of electrons. This

transport rate is consistent with the level of ULF waves excited in the simulations, and

the proposed drift resonant acceleration mechanism.
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INTRODUCTION

ULF waves have recently been shown to correlate well with relativistic electron


ux enhancements, both during recurring high speed stream periods at solar minimum

(Rostoker et al., 1998) and for CME-driven storm periods approaching solar maximum

(Baker et al., 1998a; 1998b; Hudson et al., 1999). This paper presents analysis of four

recent stormtime simulations in 1997 and 1998, initiated by a CME-driven change in

solar wind input to the magnetosphere. Parameters measured at the WIND spacecraft

have been used to drive a 3D global MHD simulation (Goodrich et al., 1998) for the

four storms. The �eld output from these simulations has been analyzed for MHD mode

structure (Hudson et al., 2000), and used as input to a guiding center test particle code

which advances electron 
ux in the equatorial plane (Hudson et al., 1999). This paper

compares the relative geoe�ectiveness of the four storms, as measured by the rate of

relativistic electron radial transport and �rst invariant conserving acceleration. The

January 1997 storm had a moderate Dst response (� �78 nT), and was characterized

by a relatively low solar wind speed of 400-450 km/s, increasing to 400-500 km/s for

the May 1997 storm (Dst � �115 nT), and almost double (850 km/s at maximum)

its nominal value for the May and August 1998 events (Dst �-216 and -188 nT,

respectively). Although the January 1997 storm was noteworthy for the high density

(180 cm3) solar wind impulse early on 11 January, during the northward IMF Bz period

of this magnetic cloud passage (Burlaga et al., 1998), the greatest relativistic electron


ux increase occurred during the preceeding southward IMF Bz period (Reeves et al.,

1998a; 1998b). A growing body of evidence suggests that the solar wind speed (Paulikas

and Blake, 1979), in combination with southward IMF Bz (Blake et al., 1997), is the

main factor in producing relativistic electron 
ux enhancement in the magnetosphere.

This paper focuses on analysis of the role ULF waves play in mediating the transfer of

energy from the solar wind to the electrons.

The time scale for acceleration seen in the four simulation studies, a period of hours
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to a day, is intermediate between the time scale of days for standard radial di�usion

models, con�rmed for a relatively quiet period in 1996 using Polar measurements

(Selesnick and Blake, 1997), and very rapid injection on an electron drift time scale,

as seen for the extreme CME-shock event of March 24, 1991 (Blake et al., 1992; Li et

al., 1993), where the interplanetary shock speed was estimated to be as high as 1400

km/s (Shea and Smart, 1993). Both an analytic model (Li et al., 1993; Hudson et al.,

1995) and MHD simulation (Hudson et al., 1996; Hudson et al., 1997) have been used

to characterize acceleration by the azimuthal electric �eld associated with this extreme

SSC compression of the magnetosphere. An impulsive azimuthal electric �eld in excess

of 100 mV/m was estimated for the dayside outer magnetosphere based on measured

�elds of 20 mV/m on the nightside within the plasmaphere (Wygant et al., 1994). The

SSCs of the four storms simulated here were moderate by comparison.

SIMULATIONS

Figure 1 shows a sequential comparison of the electron integral 
ux vs. energy

and L for the four storms, using an AE8MIN input spectrum (Vette, 1991). Electron

guiding center trajectories were advanced in the equatorial plane using �eld output from

the Lyon-Fedder-Mobarry 3D global MHD code for the respective storms (Goodrich

et al., 1998). Fields are interpolated from the MHD grid to the location of particle

guiding centers and a test on �rst invariant conservation, well maintained for electrons,

is imposed. One sees the most rapid inward radial transport and energization, given by

�rst invariant conservation, for the May 1998 storm (7.5 hours shown), and longest time

scale for the January 1997 storm (14.5 hours shown). Inner zone 
ux changes are not

followed because of the L=2.3 inner boundary of the MHD simulation. Outer zone 
uxes

are transported radialy inward to �ll the slot region for all four storm comparisons.

While the May 1998 event shows the most rapid radial transport, several factors

make this event diÆcult to compare directly with particle observations, in particular the
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fact that the 4 May storm occurred during the recovery phase of one initiated on 2 May.

Comparing the use of AE8MIN or AE8MAX as a source population was found to make

only a small di�erence in �nal results. However, initiating the simulation with an input

di�erential 
ux spectrum normalized to measurements from a HEO spacecraft, with 55

degree inclination in a geosynchronous-transfer orbit, shows signi�cant variation from

the AE8 model for the May 1998 event (Figure 2). Using the HEO spectrum measured

on 1 May to initialize the simulation, before any signi�cant storm disturbance, yields

a peak electron 
ux reduced at energies above 2 MeV (compare with Figure 1b), a

result which is consistent with observations from the SAMPEX and POLAR satellites

(Selesnick et al., 2000; Blake et al., 1998). This comparison shows model sensitivity to

the assumed source population.

Analysis of the azimuthal mode number at a �xed radial location in each �eld

component, indicates that power is concentrated at m < 5 (Elkington, 2000), also seen

in snapshots of electric �eld vectors in the equatorial plane (Hudson et al., 1999; 2000).

An FFT analysis of 2-3 hour time intervals of the radial and azimuthal electric �eld

components at a �xed longitude determines the frequency spectrum. Figure 3 shows

the power spectrum of the radial electric �eld component at midnight LT for 26 and

27 August 1998, produced for two three-hour intervals. The same toroidal �eld line

resonant mode structure is evident in the radial electric �eld component as was seen in

simulating the 10-11 January 1997 event (Hudson et al., 1999; 2000). A comparison is

made in Figure 3 of the radial power pro�le following arrival of the interplanetary shock

at 0640 UT on 26 August, during a period of IMF Bz > 0, with increased power at

higher frequencies and lower L values during the � 24 hour period of IMF Bz < 0 on 27

August. Straight lines plotted indicate electron drift frequency at a speci�ed energy and

L value, with positive slope corresponding to constant energy vs. L and negative slope

corresponding to constant �rst invariant. The simulated ULF wave power in the radial

and the azimuthal (not shown) electric �eld component is greater during the negative Bz
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interval on 27 August than following the interplanetary shock arrival on 26 August. This

result, which is found consistently for all four storms, is con�rmed by spectral analysis of

GOES magnetometer data in mean �eld coordinates, plotted in Figure 4 for the August

1998 event. The middle panel shows the azimuthal magnetic �eld component while

the top and bottom panels show the radial and compressional components. No direct

comparison can be made between the two 24 hour intervals covering all local times in

Figure 4 and the �xed local time analysis of Figure 3, except to note the greater ULF

wave activity and power on 27 August during southward IMF Bz. This dependence of

ULF wave power on IMF Bz was seen in the GOES magnetetometer data for all four

storms (http://engineering.dartmouth.edu/ spacescience/storms/goes plots.html).

DISCUSSION

The MHD-test particle simulations con�rm the observed correlation between ULF

oscillations and inward radial transport and energization of relativistic electrons. The

time scale of the transport is consistent with the drift resonant acceleration process

proposed by Hudson et al. (1999; 2000) and analyzed in detail by Elkington et al.

(1999), who followed a smaller number of test particles in a simpli�ed �eld model.

Acceleration via drift resonance with the radial electric �eld component comes about

because of the non-axisymmetric drift path (Hudson et al., 1999; 2000). An electron

with drift frequency !D = !, the toroidal mode wave frequency, sees a radial electric

�eld oscillating in phase with its drift period, which can lead to continuous acceleration

via radial motion in a non-axisymmetric dipole. A similar e�ect is obtained for the

poloidal mode with oscillatory azimuthal electric �eld in a non-axisymmetric dipole

(Elkington, 2000). Resonance with a spectrum of ULF wave frequencies and azimuthal

mode numbers is possible, with multiple resonances of �nite width in energy and L

evident in Figure 3.

To simplify the analysis, Elkington et al. (1999) assumed a tailward displaced
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dipole magnetic �eld and a superposed electric �eld including a uniform dawn-dusk

convection �eld and a summation over m of sinousoidal radial and azimuthal oscilatory

components, to simulate poloidal and toroidal modes:

B(r; �) =
B0

r3
+ b1(1 + b2 cos�): (1)

E(r; �; t) = E0(r; �) +
1X

m=0

ÆErm sin(m�+ !t+ �m) (2)

The longest wavelength toroidal mode has a null in oscilatory B� in the equatorial

plane, and maximum Er, while the corresponding poloidal mode has a null in Br and

maximum in both E� and compressional Bz components (Cummings et al., 1969).

The latter can be neglected at low beta (ratio of kinetic to magnetic pressure) for low

azimuthal mode numbers. Bulk energization of an ensemble of 120 particles distributed

in drift phase was obtained with a single toroidal mode with frequency corresponding to

the initial electron drift frequency. For a range of initial electron energies (40 keV to 5

MeV), resonances corresponding to (m� 1)!D = ! produced energization.

Figure 3 shows the presence of multiple �eld line resonant frequencies at a given L

value. Overlapping resonances result in a continuem of accessable energy-drift phase

space, leading to a calculable di�usion time scale of hours to a day (Elkington, 2000),

depending on wave power. Poloidal modes (azimuthal electric �eld perturbation)

contribute a comparable amount of acceleration; the non-axisymmetric dipole increases

eÆciency over standard radial di�usion calculations (Falthammar, 1968). Elkington's

calculation assumes wave power consistent with that seen in Figure 3, leading to radial

transport and �rst invariant-conserving energization scaling as L�3=2 for relativistic

electrons. The convection electric �eld, which is self-consistently included in the MHD

simulation, is also enhanced during periods of increased solar wind coupling. Including a

simpli�ed, uniform dawn-dusk E0 in the model calculation increases the radial distortion
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of the drift orbit, hence rate of radial transport and energization (Elkington et al., 1999).

Direct comparison with measured electron 
ux requires careful consideration of

the input source population, spacecraft location and detector response (Li et al., 1998;

1999). Increase in the magnitude of Dst causes a measurable dropout in geosynchronous

electron 
ux in all four events, due to main phase buildup of the ring current and third

invariant conservation (Kim and Chan, 1998). Plots of relative energy 
ux in four

energy channels measured by GPS spacecraft at their equatorial radial crossing point

have reproduced the decrease in 
ux associated with Dst (Hudson et al., 1999); for

simulated geosynchronous orbit, magnetosheath encounters that coincide with those

seen by LANL spacecraft are also reproduced by the MHD-test particle simulations

(Hudson et al., 2000), as is the diurnal variation in geosynchronous 
ux due to the

compressed dipole, enhanced during storm periods (Elkington, 2000).

CONCLUSIONS

A comparison of MHD-test particle simulations of four geomagnetic storms driven

by CME-generated perturbations of the solar wind has been presented. All four storms

were characterized by a buildup of relativistic electron 
ux in the inner magnetosphere

(see ISTP and GEM web sites). The fastest inward radial transport and energization

is seen in simulating the May 1998 event, using the AE8MIN initial 
ux pro�le for

all four storms. The 
ux above 2 MeV is reduced when an input pro�le measured by

a HEO spacecraft on 1 May 1998 is used. However, this input pro�le preceeds the

geomagnetic storm on 2 May, and is shown simply to demonstrate e�ects of varying the

source population. The ULF wave power was also greatest for the May 1998 storm.

This event proves to be the most complex of the four to analyze because of the highly

compressed state of the magnetosphere (magnetopause compressed into L=4 around

0300 UT on 4 May). We will not attempt a direct comparison with measured particle


ux changes, except to note that the range from 12 hours for rise in 
ux of > 2 MeV



9

electrons at L=4 on 10 January 1997 (Reeves et al., 1998a) to 3 hours as an upper limit

on the time scale for 600-700 keV electrons to �ll the slot region on 4 May 1998 (Blake

et al., 1998) is consistent with acceleration rates seen in the simulations of these events,

at the extremes of the four studied. The absence of slot region �lling at energies > 2

MeV for the May 1998 event (Blake et al., 1998) is consistent with rapid loss to the

magnetopause of electrons at L > 4, which would have acquired more energy via radial

transport than those initially inside L=4 (Li et al., 1993).

The time scale for accleration is hours to roughly a day for all four storms. The

stronger the solar wind driver, or solar wind speed as well as prolonged southward

IMF Bz, the faster the radial transport and corresponding �rst-invariant conserving

acceleration. Enhanced ULF wave power has the same toroidal mode structure for

both the January 1997 and August 1998 simulations, even though solar wind driving

conditions were substantially di�erent. There is more simulated power extending to

higher frequencies for the May 1998 event (not shown), least for January 1997 (Hudson

et al., 1999; 2000), and a comparable amount for May 1997 as for August 1998 (Figure

3). These results are born out in analysis of GOES magnetometer data for the four

events.

The global MHD simulations provide an opportunity for ULF wave mode structure

analysis not possible with a limited set of spacecraft. Using MHD output �elds to

advance electron guiding center trajectories provides insight into relative transport rates

for di�erent storms. However, the technique is still in its infancy in terms of source

population, with work in progress to provide data assmilation (Moorer and Baker, 2000)

which would improve upon AE8 or CRRES-based average models (Brautigam and

Albert, 2000) as a starting point.
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Figure Captions

Figure 1. Simulated equatorial plane 
ux vs. energy and L for four geomagnetic storm

events. Time intervals shown are from (a)27 August 1998, 0430-1330 UT, (b)4 May 1998,

0300-1000 UT, (c)15 May 1997, 0000-1230 UT, and (d)10 January 1997, 0200-1630 UT,

starting with AE8MIN source population, advanced in time using equatorial plane �elds

from 3D MHD simulation driven by WIND input. Frame spacing is � (a) 1.5 hours for

total of 9 hrs; (b) 1.5 hours for total of 7.5 hrs; (c) 2:05 hrs for total of 12.5 hrs; and (d)

3.625 hours for total of 14.5 hrs.

Figure 2. Simulated equatorial plane di�erential 
ux vs. energy and L for 4 May 1998,

0300-1000 UT, at 1.5 hour intervals for a total of 7.5 hrs. Electron source population from

HEO spacecraft measurements on 1 May 1998 (J. F. Fennell, private communication).

Figure 3. (a)Power spectrum of simulated radial electric �eld component at midnight �

1 hour LT for 7.5 to 10.5 UT on 26 Aug 1998; (b)same for 4.5 to 7.5 UT on 27 Aug 1998.

Ascending black lines indicate dipole drift frequency as a function of L for electrons with

energies indicated; descending lines show same for constant �rst invariant, same energies.

Note power spectral density scale is doubled in (b) relative to (a).

Figure 4. GOES 8 magnetic �eld data for 26-27 August 1998, plotted from 1 minute

averaged key parameter data in a mean �eld coordinate system, radial (top), east or

azimuthal (middle) and north or compressional components; FFT spectra are shown

above each time series.
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Figures

Figure 1. Simulated equatorial plane 
ux vs. energy and L for four geomagnetic storm

events. Time intervals shown are from (a)27 August 1998, 0430-1330 UT, (b)4 May 1998,

0300-1000 UT, (c)15 May 1997, 0000-1230 UT, and (d)10 January 1997, 0200-1630 UT,

starting with AE8MIN source population, advanced in time using equatorial plane �elds

from 3D MHD simulation driven by WIND input. Frame spacing is � (a) 1.5 hours for

total of 9 hrs; (b) 1.5 hours for total of 7.5 hrs; (c) 2:05 hrs for total of 12.5 hrs; and (d)

3.625 hours for total of 14.5 hrs.
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Figure 2. Simulated equatorial plane di�erential 
ux vs. energy and L for 4 May 1998,

0300-1000 UT, at 1.5 hour intervals for a total of 7.5 hrs. Electron source population from

HEO spacecraft measurements on 1 May 1998 (J. F. Fennell, private communication).

Figure 3. (a)Power spectrum of simulated radial electric �eld component at midnight �

1 hour LT for 7.5 to 10.5 UT on 26 Aug 1998; (b)same for 4.5 to 7.5 UT on 27 Aug 1998.

Ascending black lines indicate dipole drift frequency as a function of L for electrons with

energies indicated; descending lines show same for constant �rst invariant, same energies.

Note power spectral density scale is doubled in (b) relative to (a).
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Figure 4. GOES 8 magnetic �eld data for 26-27 August 1998, plotted from 1 minute

averaged key parameter data in a mean �eld coordinate system, radial (top), east or

azimuthal (middle) and north or compressional components; FFT spectra are shown

above each time series.


