N

N

Role of substorm-associated impulsive electric fields in
the ring current development during storms
N. Yu. Ganushkina, T. I. Pulkkinen, T. Fritz

» To cite this version:

N. Yu. Ganushkina, T. I. Pulkkinen, T. Fritz. Role of substorm-associated impulsive electric fields
in the ring current development during storms. Annales Geophysicae, 2005, 23 (2), pp.579-591. hal-
00317567

HAL Id: hal-00317567
https://hal.science/hal-00317567
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00317567
https://hal.archives-ouvertes.fr

Annales Geophysicae (2005) 23: 5594 — "*—
SRef-ID: 1432-0576/ag/2005-23-579 G Annales
© European Geosciences Union 2005 Geophysmae

Role of substorm-associated impulsive electric fields in the ring
current development during storms

N. Yu. Ganushkinat, T. I. Pulkkinen®, and T. Fritz?2

IFinnish Meteorological Institute, Geophysical Research Division, P.O. Box 503, FIN-00101 Helsinki, Finland
2Boston University, Department of Astronomy, 725 Commonwealth Ave., Boston, MA 02215, USA

Received: 12 May 2004 — Revised: 1 October 2004 — Accepted: 6 December 2004 — Published: 28 February 2005

Abstract. 1 Introduction

Particles with different energies produce varying contri- The ExB drift | ible for the basic t t and
butions to the total ring current energy density as the storm € X it 1S responsible for the basic transport an

progresses. Ring current energy densities and total ring Cu!;_i::celeratlr?n tOI ":QS moving fromt thehmagn'itotall aE.d thti
rent energies were obtained using particle data from the poP'asma sheet 1o the inner magnetosphere. Approaching the

lar CAMMICE/MICS instrument during several storms ob- inner magnetosphere, the gradient and curvature drifts add

served during the years 1996-1998. Four different energ)p the particle transport. Particles entering the inner magne-

ranges for particles are considered: total (1-200 keV), IowtOSphere from the plasma sheet are either trapped to Earth-

(1-20keV), medium (20-80keV) and high (80-200 keV). orbiting trajectories or drift to the magnetospheric boun_dary
Evolution of contributions from particles with different en- a.”d subsequentI'y Igave the ma_gnetosphere. The main por-
ergy ranges to the total energy density of the ring current durto" of t_he_ Ear_th S ring current is carried by these trapped
ing all storm phases is followed. To model this evolution we energetic lons In th.e energy range of 10-200 ke\/. As the net
trace protons with arbitrary pitch angles numerically in the westward-flowing ring curre nt. decreases the h’o rizontal com-
drift approximation. Tracing is performed in the large-scale ponent of the geomagnetic field at the Earth’s surface, the

and small-scale stationary and time-dependent magnetic an@ s¢ Index constructed from ground magnetic me_asurements
electric field models. Small-scale time-dependent electric’® commonly used as a measure of space storm intensity.
field is given by a Gaussian electric field pulse with an az- The sharp increase of energetic (a few tens to hundreds of
imuthal field component propagating inward with a veloc- keV) particle flux in the near-Earth tail is one of the most
ity dependent on radial distance. We model particle inwardimportant manifestations of the substorm expansion phase
motion and energization by a series of electric field pulsestArnoldy and Chan1969 Baker et al. 1982 Reeves et a|.
representing substorm activations during storm events. Wd991). Several models have been proposed to explain the
demonstrate that such fluctuating fields in the form of lo- Fapid injection of energetic particledAcliwain (1974 sug-
calized electromagnetic pulses can effectively energize th@ested an injection boundary model, where a spatial bound-
plasma sheet particles to higher energie8@keV) and  ary forms during the injection process separating newly in-
transport them inward to closed drift shells. The contribu-Jected or energized plasma from the preexisting, undisturbed
tion from these high energy particles dominates the total ringPlasma. Moore et al.(1981) suggested a convection surge
current energy during storm recovery phase. We analysénodel, in which a compressional wave propagates from the
the model contributions from particles with different energy tail into the inner magnetosphere regiogn et al.(1997,
ranges to the total energy density of the ring current during allPy tracing test particle orbits in the dynamic fields from a
storm phases. By comparing these results with observationtree-dimensional MHD simulation, found that most ener-
we show that the formation of the ring current is a combi- gization is caused by betatron acceleration as particles are
nation of large-scale convection and pulsed inward shift andransported into the stronger magnetic field region by a time-
consequent energization of the ring current particles. dependent dawn-to-dusk electric field.
The temporal and spatial structure of the electric field is

Key words. Magnetospheric physics (Energetic particles, important in understanding how the energetic particle injec-
trapped; Electric fields; Storms and substorms) tions are formed and how the patrticles are accelerated. Ob-

servations show that substorm-associated electric fields usu-

ally display a very complicated behaviokéynard et al.

1996. Large, transient electric fields appear in the plasma
Correspondence td\. Yu. Ganushkina sheet during the substorm expansion phasggéon et al.
(nataly.ganushkina@fmi.fi) 1983 Cattell and Mozer1984 Rowland and WygantLl998
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Wygant et al. 1998. The enhanced electric fields are impul- energy per charge and total energy. An electrostatic analyzer
sive with amplitudes up to 20 mV/mA\ygant et al. 1998, allows entry of the ions in one of 32 energy/charge steps in
and coincident with the braking of the fast flows and the mag-the range of 1-200 keV/e. The patrticle events are analyzed
netic field dipolarization in the central plasma sh@etétal.  on board to obtain their mass and mass/charge. The counts
(2000 and references therein). of the major ion species are accumulated into scalers, with
The origin of strong transient electric fields at substorma full 32-channel energy spectrum being telemetered once
onset and their relationship to the magnetic field dipolariza-every 202s. Figurd shows an example of Polar CAM-
tion is still an open guestion. At the same time, several mod-MICE/MICS measurements in the form of energy-time spec-
els have been proposed to represent the substorm-associatigdgrams and pitch-angle distributions for protons (upper two
electromagnetic fieldd.{ et al., 1998 Zaharia et a].200Q panels), total He (middle two panels) and total O (bottom two
Sarris et al.2002. In thelLi et al. (1998 model the electric  panels) during 4 May 1998, 19:00-24:00 UT. These data are
field was modeled as a time-dependent Gaussian pulse withsed here to study the properties of the proton ring current
a purely azimuthal electric field component. The model waspopulation during storms.
built on the idea that a perturbation further out in the mag-
netotail propagates inward, probably in the form of bursty 2.2 Ring current energy density: storm statistics

bulk flows, and produces dipolarization and particle injec- .
D p P J We used pitch-angle averaged fluxes measured by Polar

tion. Sarris et al(2002 introduced a pulse velocity decreas- CAMMICE/MICS during 1996-1998. The d d
ing with radial distance, which gave good agreement with the uring -~ - The data were tagge

observed electron injections at geostationary orbit with Polar orbital information and.-shell values obtained
) from the Polar database. THevalues were calculated as-

In the present paper we study the role of the substorm- uming the dipole magnetosphere, which can introduce map-
associated electric fields in the transport of the plasma sheél’ 9 P 9 P ' P

protons to the ring current and their energization to higherplng errors, espeqally dl_mng d|stur_bed perlqu. Howeyer,
energies £80keV). In the observational part, we discuss the as_accurate_ mapping QUr|ng st_orm times is still not poss@le,
methodology of deriving the ring current energy density from uslpr? thendlrpole dmsﬁ?'ng vr\:]as ]tu?igid tsvbf thrﬁ t:jest Si?r:illm:)ln.
Polar CAMMICE/MICS data for different energy ranges. We € energy density computations were made simiarly

follow the evolution of contributions from protons with dif- ::cijr;ht(e)zlsye ;gé?l?rﬂ[c% c: t?zlﬂ)ksksmfgneet ;Léﬁosnjgle -(I:-?)rri(z:-tions
ferent energy ranges to the total energy density of the rin ’
gy g ay Y gj“l(E,a):jmeaS(E,n/Z)sin”a, where j¢¢ and jM€3S are

current during different storm phases. We model the injec—the cauatorial and measured fluxes anig the pitch-angle
tions by tracing protons numerically in the drift approxima- shoul?j be introduced. The exponent icallp becorges,
tion in several combinations of the large-scale and small- N >XP ypically

large only for energies much higher than those covered by the

scale stationary and time-dependent magnetic and electri )
field models and using different initial conditions. The storm AMMICE./MICS ms_trqment, anc_J he_nce the value0 was .
ssumed in the statistical examination with the assumption

on 2-4 May 1998 is used to discuss the conditions that ar hat the underestimation of the fluxes is small. The ener
necessary for the magnetic and electric fields to account fodensity per unit volume(L) of the ring current F.)articles in ay
the observed earthward transport and energization of ions. )

P g the energy range off{min, Emax) betweenL=3 andL=8 is

computed from

2 Proton ring current energy density and total en- Emax
ergy calculated from Polar CAMMICE/MICS parti- w(L) = 2r+/2mq dEVEJ(E, L), @
cle measurements Emin

wherem is the particle masg, is the particle charge statg,
2.1 Instrumentation: Polar CAMMICE/MICS is the particle energyj (E, L) is the measured particle dif-

ferential flux, andL is the Mcllwain L-parameter. The total
During the years 1996—-1998 the Polar spacecraft was on aring current energyWgc, is computed by integration over
~86° inclination elliptical orbit with 9Rr apogee, 1.&g the ring current voluméV,
perigee, and 18-h orbital period. The orbit apogee was over
the northern polar region. The satellite spin axis is normal tOWRC:/ w(L)dV,
the orbit plane, to enable the particle instruments to map the 14
complete charged particle distribution function, including the
loss cone. The Charge and Mass Magnetospheric lon Com- 3.2 1/ 1 6 8 16
position Experiment on board Polar was designed to meadV=2RgL% /1~ L<7L3 t3zt 3 T3
sure the charge and mass composition of particles within the
Earth’s magnetosphere over the energy range of 6 keV/Q tavhere the Earth’s radius iBg=6371km andp is the local
60 MeV/Q Wilken et al, 1992. CAMMICE consists of two  time.
sensor systems: the Magnetospheric lon Composition Sen- The ring current energies were computed separately for the
sor and the Heavy lon Telescope. The MICS sensor idenprotons in four energy ranges: all energies (1-200 keV), low
tifies each ion from time-of-flight measurements, giving the energies (0-20 keV), medium energies (20—80 keV) and high

)de¢, @)
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Fig. 1. Example of Polar CAMMICE/MICS measurements: Energy-time spectrograms and pitch-angle distributions for protons (upper two
panels), total He (middle two panels) and total O (bottom two panels) during 4 May 1998, 19:00-24:00 UT.

energies (80-200 keV). Furthermore, each observation wagnges. There is a slight trend showing an increase in the
categorized in three bins according to the phase of the stormcontribution from medium energy protons and a decrease in
“initial phase” (positiveD;, deflection), “main phase” (steep the contribution from high energy protons with a decrease in
decrease in th®;, index) and “recovery phase” (gradual re- the D, index approaching the storm main phase. During the
covery of theD;, index). storm main phase, the contribution from low energy protons
Figure 2 shows statistical results for 27 storms selecteddecreases when the storm intensifies andDkeindex de-

during the period of 1996-1998. Contributions to the to- creases, medium energy protons show no dependence on the
tal ring current energy from low energy protons (upper pan-Dy,, and the contribution from high energy protons increases.
els, blue triangles), medium energy protons (middle panelsThe notable feature is that during the storm main phase the
green diamonds) and high energy protons (bottom panelsnain contribution to the proton ring current energy comes
red rectangles) for the (a) initial phase, (b) main phase androm the medium energy protons (about 60%). The high and
(c) recovery phase of the storms. Linear fits are shown bylow energy protons contribute no more than 20%. On the
solid black lines in all panels. During the initial phase of the other hand, during the recovery phase the high energy pro-
storm, the variance in the relative contributions is large, andions play a dominant role, their contributions are larger (up
the means do not differ significantly for the different energy to 80%), or comparable (60-30%), to those of the medium
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Fig. 2. Dy;-dependent contributions in percents to the ring currentFig. 3. 1-7 May 1998 storm event overview.
energy (1-200 keV) from protons with low (0-20keV, blue trian-
gles, upper panels), medium (20-80keV, green diamonds, middle
panels) and high (80-200keV, red rectangles, bottom panels) fofty occurred on 4 May, whem®, decreased sharply at about
_(a) initial, (b) main and(c) recovery storm pha_ses calculated us- 02:30 UT down to—30nT, remained at that level for about
ing Polar CAMMICE/MICS measurements during 27 storms dur- y,ree hoyrs, and then increased and fluctuated around zero
ing 1996-1998. The linear fits are shown by solid black lines in all . - Y
until the end of the day. The solar wind velocity increased
panels. . . .
to 800km/s. The solar wind dynamic pressure was at its
highest at about 40 nPa around 04:00 UT and 30 nPa around

energies. Whemy, index recovers, the contributions from 08:00 UT. During the period between 04:00-08:00 UT the

low and medium energy protons decrease, whereas the coftagnetopause crossed the geosynchronous orbit repeatedly,
getting as close asB in the subsolar regiorRussell et al.

2000. On 5 May there was one more extended period of

southward IMF at the beginning of the day, after tBatwvas

mostly small or positive throughout the rest of the period.

The magnetospheric response was seen as a strong increase
e_in the Ag index that reached over 2000 nT at about 12:00 UT

on 2 May and at about 04:00 UT on 4 May. T, in-

dex reached about80nT at 15:00 UT and recovered to the

The storm in early May, 1998, was initiated from an ex- |€vel of about—50nT by the end of the day on 2 May. On
tended period of solar activity which started on 29 April 4 May, the Dy, index decreased t6250 nT, followed by a
1998. There were several coronal mass ejections during th&lOW recovery toward a more quiet-time state.

period: on 29 April (17:00 UT), 1 May (23:40 UT), 2 May
(05:30 UT) and 4 May (02:00 UT). Figu@shows (a) thes,
component of the interplanetary magnetic field, ¥)com-
ponent of the solar wind velocity, (c) solar wind dynamic Figure 4 shows (a) the measurefdy; index, the ring cur-
pressure, and (d) the AE and (&), indices characteriz- rent energies in Joule calculated for the protons for (b) all
ing the magnetospheric response. There were three distingl—200 keV), (c) low (1-20 keV), (d) medium (20-80 keV),
Dy;-enhancements during that period, one on 2 May at abouénd (e) high (80-200 keV) energies using the Polar CAM-
04:00 UT, the largest one on 4 May at about 04:00 UT, andMICE/MICS measurements during the period of 1-7 May
the last one on 5 May at about 02:00 UT. The activity on 1998 storm. The contributions to the total ring current en-
2 May was driven by a magnetic cloud, whose effects wereergy from the protons at different energies behave in the same
first seen at about 03:35 UT. The IMF;, was close to zero manner as obtained in the statistical study in the previous
but fluctuating until after 08:00 UT, then remained southwardsection. During the main phase of 2 May and 4 May storm
and at about-10 nT for more that 8 h. The solar wind veloc- activations, the main contribution comes from the medium
ity was around 600 km/s. There were several pressure pulsesnergies (about-50 J from the medium energies and about
reaching up to about 15nPa. The strongest period of activd-10'J from the high energies to thel®'4 J of all energies).

tribution from high energy protons continues to increase.

3 1-7 May 1998 storm: observations

3.1 Solar and solar wind activity and magnetospheric r
sponse

3.2 Energetic particle response
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The high energy protons contribute most during the recov- 100 — (a)
ery phase (about 1.5-10'4J from high energies and about o _t
0.6-110'*J from medium energies to the 426'#J of all =} 100
energies). 2
gies) 2 200 -
) -300 T T T T T T T T T T T 71
4 2-4 May 1998 storm event: modeling results (b

— 0.8 — 1-200 keV

4.1 Particle tracing in the large-scale time-varying fields

In order to model the contributions from protons at differ-
ent energy ranges to the total ring current energy during the
storm, we traced protons with 9860° pitch angles under (

the conservation of the 1st and 2nd adiabatic invariants in - 02 1-20 keV
different time-dependent magnetic and electric fields. We g 02
set an initial distribution function as an isotropic Maxwellian Eﬁ 0-1
distribution function with the observed density and average g 0.08
temperature, at a boundaR~=8, 19:00-05:00 MLT in the g 0'03
equatorial plane. We compute the drift velocity as a com- crrrr T T
bination of the velocity due td& x B drift, and the bounce- - 957 20-80 keV
averaged velocity due to magnetic drift, including gradient = 04 7
and curvature driftsRoederer1970 % g'; E

_EoxBy 2p S’ 0.1 -
<UO> Bg +quBO X (3) MO NNNNNNNNNNNNN\(B)
where = 04 80-200 keV

s BGs) 12 ios —

I:/ |:1— ] ds, (4) 02—

Sim Bun 5 0.1
whereEy andBg are electric and magnetic fields in the equa- 2 0 1 e —

torial plane, respectivelyy is the particle momentung is
i ) . . ; 1 2 3 4 5 6 7 8

the particle charges;, is the bounce periodeg is the unit Days of May, 1998
vector,S,, ands;, are the mirror pointsB(s) is the magnetic
field along magnetic field line3,, is the magnetic field atthe  rig. 4. Measuredn,, index (a) and calculated proton ring current
mirror point andds is the magnetic field line length element. energies using Polar CAMMICE/MICS measurements fiinall

We obtain the distribution function at the next time mo- (1-200keV),c) low (1-20 keV),(d) medium (20-80 keV), angk)
ment, assuming the Liouville theorem about conservationhigh (80-200 keV) energy protons during the period of 1-7 May
of the distribution function along the dynamic trajectory of 1998.
particles but taking into account the losses, such as charge-
exchange withqosszﬁ. The charge-exchange cross sec- ] ] ] ) ]
tion o is given byJanev and Smitk1993 and the number where A determines the intensity of the convection electric

densityn of neutrals is given by the thermospheric model fi€ld, v is the shielding factor is the magnetic local time,
MSISE 90 Hedin, 1991). andg¢y is the offset angle from the dawn-dusk meridian. We

Figure 5 presents the calculated proton ring current en-US€d ak),-dependent function for (Maynard and Chen
ergy in Joule for four energy ranges, total (1-200 keV, black1979
curves), low (1-20keV, blue curves), medium (20-80 keV,
green curves) and high energies (80—200keV, red curves)A =
The measuredy, index is shown in the bottom panel for the
period of 2—-4 May 1998.

Figure5a shows results from tracing protons in the dipole
magnetic field and th& ,-dependent Volland-Stern electric
field. Constant plasma sheet number denaity=0.4 cnm3
and average temperaturel,;>=5keV were used for the
initial distribution atR=8, 19:00-05:00 MLT. The Volland-
Stern {olland, 1973 Stern 1975 electric potentiatbcony is
given by

0.045

kV/R2, 6
(1-0.159K , 4 0.0093k 2)3 /RE ©)

where y=2 and¢o=0. The main contribution to the total
ring current energy comes from the protons with medium en-
ergies (20—80 keV) during the entire modelled storm period.
The contribution from the high energies is very small. This
implies that theX ,-dependent convection enhancement does
not produce the observed acceleration to high energies during
storm recovery phase.

The ring current energy curves shown in Fag.were cal-
®oom=ALY sin(¢ — ¢p), (5) culated by tracing protons under the same conditions as in
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Fig. 6. (a) Plasma sheet number density gl averaged perpen-
dicular temperature used as boundary conditions for the modeled
period of 2—4 May 1998 obtained from the MPA instrument data on
board the Los Alamos (LANL) geosynchronous orbit satellites.

~
e Figure 5¢c shows the results of the proton tracing in the
a) 200 Tsyganenko T96 magnetic field and tBeyle et al.(1997)
2300 F+———1—1—1—1—1—1—1—1—1—1 polar cap potential mapped to the magnetotail. Following
0 12 24 12 24 12 24 Ebihara and E;jir(2000, theBoyle et al.(1997 function for
May 2 May3 May4 the polar cap potentidl’ coupled with the solar wind param-

eters and applied to the Volland-Stern type convection gives
Fig. 5. Calculated proton ring current energy in Joule for total

(1-200 keV, black curves), low (1-20keV, blue curves), medium 49 a0 \]sing ( R 2
(20-80keV, green curves) and high energies (80—-200keV, red®pe = [1-1 107V, +111- Bivr sin <2>]2<R> . (7)
curves) while tracing ifia) dipole magnetic field and Volland-Stern B
electric field with constant plasma sheet number density and averyyhereV,, is the solar wind bulk velocityBvr is the inter-
age temperature as initial conditioris) Tsyganenko T96 magnetic planetary magnetic ﬁe|CH|MF=tan_1(Bz|MF/By|MF) is the
field instead of dipole(c) Boyle et al.(1997) polar cap potential ap- IMF clock angle,R is the radial distance, ankly=10.47 R
plied to Volland-Stern model instead of Volland-Stern electric field, . - ' L '

This model produces a sharp increase in the ring current en-

(d) Tsyganenko T96 magnetic field aBbyle et al.(1997) polar . o
cap potential applied to Volland-Stern model with the plasma sheef'9Y during the 4 May storm, but the contribution from the

number density dependent on the solar wind number density andigh energies does not increase sufficiently to dominate dur-
average temperature as initial conditions, @edwith the plasma  ing the storm recovery.
sheet number density and average temperature obtained from corre- The influence of changing the initial conditions is
sponding LANL particle measurements, together with the measuregshown in Fig.5d, where we computed the plasma sheet
Dy, index (f) for 2-4 May 1998. number density from the solar wind number density as
N,5=0.025N;,,4+-0.395 Ebihara and Ejiti2000. The tem-
perature was held constant at 5 keV. For producing of%€g.
Fig. 5a, but using a more realistic Tsyganenko T968yga-  we used the data from the MPA instrumekitgComas et aJ.
nenkq 1995 magnetic field model instead of the pure dipole. 1993 on board the Los Alamos (LANL) geosynchronous
The T96 model was used with the one-hour averaged inpusatellites to obtain the plasma sheet number density and aver-
parameter®dy,, Py, IMF B, andB, observed by the WIND  age temperature for ions in the energy range 0.1-40keV. The
spacecraft. The time delay which corresponds to the travetime series of the number density and averaged perpendicular
time of the solar wind between WIND and magnetopausetemperature shown in Fi§.are created from measurements
was taken into account. It can be seen that using a more reabbtained within 4 h of local time around midnight. Values
istic, non-dipole, varying magnetic field results in an almostwere averaged when more than one spacecraft was simulta-
two times increase of the total and medium ring current enerneously in that region. When no satellites were near mid-
gies. This indicates the importance of using non-dipole mag-hight, the data were interpolated linearly. These values were
netic field models in particle tracing. At the same time, thethen used as time-dependent boundary conditions. It is evi-
contribution from the high energy population is rather small. dent from Figs5d and e that changing the initial conditions
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May 4, 1998, 1000 UT
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Fig. 7. Calculated energy density maps in the equatorial plane for protons with medium (20-80 keV) energies and high (80—-200 keV) energies

while tracing in 5 different combinations of field models and initial conditions similar to those shown irb&igsduring the recovery phase
of 4 May 1998 storm at 10:00 UT.

does not provide dominant contribution from the high ener-4.2 2—-4 May 1998: effects of substorm-associated impul-
gies during the storm recovery. sive electric and magnetic fields

Figure7 shows the calculated energy density maps in the

equatorial plane for protons with medium (20-80 keV) en- In order to further examine the particle energization, we in-
ergies and high (80-200 keV) energies for the five differenttroduced transient fields associated with the dipolarization
combinations of field models and initial conditions shown process in the magnetotail during substorm onset. The dipo-
in Figs. 5a—e. The time instant shown is 4 May 1998 at larization was modeled as an earthward propagating electro-
10:00 UT, during the storm recovery phase. The intensitymagnetic pulse of localized radial and longitudinal exté&nt (

of the high energy ring current formed (right panels) is muchet al, 1998 Sarris et al.2002. The electric field was given
less than that of the medium energies (left panels). as a time-dependent Gaussian pulse with a purely azimuthal



586 N. Yu. Ganushkina et al.: Substorm electric fields in storm ring current

electric field component that decreases away from midnightB(t)=B(t=0)exp(—t/t). The physical interpretation of this
The earthward propagation speed decreased as the pulpeocedure is that after becoming more dipole during the sub-
moved inward to mimic the breaking of the flonShjokawa  storm onset, the magnetic field lines should return to their

et al, 1997. In the spherical coordinate system{, ¢), more tail-like configuration during the substorm recovery.

wherer=0 at the center of the Earth=0 defines the equato- Figure8 shows the calculated energy density maps in the
rial plane and$=0 is at local noon (positive eastward). The equatorial plane for protons with medium (20-80 keV) ener-
electric field is given by gies when the particle tracing was performed using the Tsy-

s _ » .2 ganenko T96 magnetic field model, tBeyle et al.(1997)
Ep = —€pEo/Emax(1+ c1cos(¢p — ¢o)) exp(=£°),  (8) polar cap potential applied to the Volland-Stern model, with

where£=[r—r;+v(r)(t—ta)]/d determines the location of the plasma sheet number density and averaged perpendicu-
the maximum value of the pulse(r)=a+br is the pulse lar temperature obtained from LANL MPA data (Fig. 6), and
front velocity as a function of radial distange d is the with addition of thirteen electromagnetic pulses at the ob-
width of the pulse,c1(>0) and p(>0) describe the lo- Served substorm onset times during 2-4 May 1998. The time
cal time dependence of the electric field amplitude, whichinstant is marked by the red line on thi#, curves and is

is largest atpo, t.=(c2/va)(1—cos(p—go)) represents the Placed under each of the energy density maps. The empty
delay of the pulse frompy to other local times,c, de-  Magnetosphere starts to fill (Fifa) and the effects of the
termines the magnitude of the delay, is the longitudi- ~ INcoming pulses can be seen (Figb.c). Medium energy

nal speed of the pulse (assumed constant), ranisl a pa- ~ Protons formed a symmetric ring current at the_ end of 2 May
rameter in the simulation that determines the arrival time(Fig. 8d). Stronger pulses acted during the main phase of the
of the pulse. We introduced a normalization coefficient4 May storm. Influence of multiple pulses can be noted in
Emax for the electric pulse amplitude, since using directly Fig- 8f as several particle populations appear detached from
the Eq. (1) fromSarris et al(2002 gives unrealistic num- €ach other. During the recovery phase (Big) the ring cur-
bers for maximumé, at midnight p=180°), at R=6.6R; "Nt with peak energy densities about@ keV/m?® became
(Emax(exp=1)=4mV /m(1+cos(1))8=1024mV /m). Fol- ~ quite symmetric. Note that the color scale is different from

lowing Sarris et al(2002), we used that in Fig.7.
. Figure 9, similar to Fig. 8, shows the calculated en-
$0=0, c1=1, c2=0.5 R, a=5315km /s, b=0.0093"", ergy density maps in the equatorial plane for protons with

high (20-80keV) energies. The filling of the empty mag-
netosphere (Figob) and the effects of the coming pulses
(Figs.9c,f) can also be seen. The energy densities in the high
energy ring current formed and became symmetric during the
recovery phase (Figh). The peak values are about 2 times

p=8, v,=20km /s, r;=100R g, d=4-10"m.

The magnetic field disturbance from this dipolarization pro-
cess was obtained from Faraday’s lawB(/0t=—V x E).
E:izr:gtal fields are always used in the drift velocity calcu- higher than in the medium energy ring current (k).

We launched several pulses at the substorm onset times Figure 10, similar to Fig.5, shows the calculated proton

during the period of 2—4 May 1998. Assuming a baseline' "9 current energy in Joule for the four energy ranges. It

value Eg=4 mV/m for an AE index of 1000 nTSarris et al. is clear that the action of the electromagnetic pulses led to

2002, we set the ratio of the pulse amplitudes similar to theh'gh.Iy efficient transport and eperg|zat|on of the protons mto_
the inner magnetosphere, which then resulted in the domi-

ratios of the peak values in the AE index. Table 1 contains LS ) :
the times and magnitudes &6 of the launched pulses. nant contribution of high energy protons to the proton ring
current energy during the recovery phase.

It is necessary to mention that after the pulse has gone;
there exists a residual magnetic field, FigLiet al. (1998.
This is the magnetic field from the pulse which does not dis-
appear but continues to contribute to the total magnetic field5 Conclusions and discussion
When a set of pulses is launched, the residual magnetic field
causes non-realistic gradients in the total magnetic field andyve have studied the role of substorm-associated impulsive
non-realistic behavior of particle trajectories. Therefore, weelectric fields in the transport and energization of the ring
have introduced a dumping mechanism that switches on @urrent particles to the energies above 80keV. Through-
decay of the disturbance magnetic field from the pulse without a double magnetic storm on 2—4 May 1998, we fol-
a dumping decrement. This moment corresponds to the |owed the evolution of contributions to the total energy (1—
end of the active phase of the pulse. It is determined from200 keV) of the ring current from protons in three differ-
the ratio between the magnetic field changes with tﬁdﬁe ent energy ranges, low (1-20keV), medium (20-80keV)
(computed from the Maxwell equatio%’tiz—VxE), and  and high (80-200keV) energies. Measurements from Po-
the magnetic field changes, which provide a decrease in thtar CAMMICE/MICS instrument showed that the medium
current intensity of the magnetic field B by a factoreadur- energy protons are the main contributors to the total ring cur-
ing the time ofr=15min. If this ratio is smaller than 1, rent energy during the storm main phase. During the recov-
then the magnetic field from the pulse starts to decrease asry phase the high energy protons play a dominant role.
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May 2-4, 1998, medium energies (20-80 keV)
(a) (b)
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Fig. 8. Calculated energy density maps in the equatorial plane for protons with medium (20—80 keV) energies when several electromagnetic
pulses were activated at the substorm onsets during the modelled period of 2—4 May 1998.
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May 2-4, 1998, high energies (80-200 keV)
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Fig. 9. Calculated energy density maps in the equatorial plane for protons with high (80-200 keV) energies when several electromagnetic
pulses were activated at the substorm onsets during the modelled period of 2—4 May 1998.
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Table 1. Times and magnitudes dfg of the launched pulses at 5 03 | T96+Fpc, LANL Nps, pulses
substorm onset times together with AE values during the period of < i (a)
2—-4 May 1998. - i
y Eﬁ 0.2 ]
o
uT AE peak, nT Eg, mV/m 5 0.1 _Jj\f’*r’\
U -
2 May 1998 M0
y loo_llllllllllll(b)
05:20 1000 4 1
09:10 1000 4 2 0
12:05 2000 8 g“ -100 —
16:00 1500 6 200 —
3 May 1998 ]
05_03/ 600 3 BO0—TT T T T T T T T T T T
. 0 12 24 12 24 12 24
12:00 800 3 May 2 May3 May4
18:00 1000 4 y y y
20:30 1500 6

Fig. 10. Calculated proton ring current energy in Jo(d for four
4 May 1998 energy ranges such as the total (1-200 keV, black curves), the low

00:15 1500 6 (1—20 keV, blue curves), the medium (20-80 keV, green curves) and
02:40 1500 6 high energies (80—200 keV, red curves) and the meaddyethdex
03:25 2000 8 (b) for modelled period of 2—4 May 1998 when several electromag-
04:30 1800 7 netic pulses were activated at the substorm onsets.

09:00 800 3

energy density corresponds to that observed, the high-energy
portion of the computed ring current is much weaker than the

Further development of the particle tracing procedure de-Observations would indicate.
scribed inGanushkina and Pulkking@002 made it possible While the magnetospheric magnetic field is relatively
to trace protons with arbitrary pitch angles, assuming conserwell-known and several empirical models exist, the electric
vation of the first and second adiabatic invariants, in severafield observations are much fewer and the separation of the
different time-dependent magnetic and electric fields. It waslarge-scale properties and the smaller scale impulsive struc-
shown that the dominant role of the high-energy ions duringtures is much less clear. Large-scale convection models de-
the storm recovery phase cannot be obtained by simply usingcribe the electric field either by associating the solar wind
variable intensity of the large-scale convection electric fieldand IMF behavior with the ionospheric potential pattern and
or by changing the initial distribution density and/or tempera- by mapping the ionospheric convection pattern to the tail
ture. Only the impulsive localized substorm-associated elec{reconnection or viscous interaction as possible generators).
tric fields were strong enough to yield the observed fluxes ofAnother possibility is to adjust the intensity of the convection
high-energy particles. These results indicate that the formafield to the overall level of magnetic activity (plasma pres-
tion of the ring current is a combination of enhanced large-sure gradients as possible generators). Both types of mod-
scale convection and pulsed inward shift and consequent erels yield large-scale stationary or a slowly varying tail elec-
ergization of the ring current particles. tric field pattern. However, recent studies have shown that

The relative importance of the large-scale convection elec€arthward transport of plasma and magnetic flux occurs in
tric field and the substorm-associated impulsive electricthe form of short-duration, high-speed plasma flows, which
fields in the energization and transport of ions into the ringare associated with magnetic field dipolarization and highly
currentis still an open question_ Many storms have been SimtlUCtuating electric ﬁelds, rather than as a SlOW, Steady con-
ulated based on the convection paradigre et al, 1083  Vection @aumjohann et al199Q Angelopoulos et 21992
Takahashi et 311990 Kozyra et al, 1998 Ebihara and Ejij Sergeev et al.1996. While these bursts occur during ac-
2000 Jordanova et 12007 Liemohn et al,2003). In these tivity conditions, they become stronger and more numerous
calculations the magnetic field was in most cases a dipoleduring periods of stronger activity.
and the electric field was taken to be the Volland-Stern or To energize the plasma sheet particles to higher energies
other empirical convection electric field model. These au-it is necessary to have fluctuating fields in the form of lo-
thors have concluded that the ion transport into the ringcalized electromagnetic pulses. Both fluctuations and the lo-
current can be accomplished by the enhanced large-scalealization of fields are important. However, there are a few
convection electric field, and that the role of the substorm-observations of the large-scale convection electric field with
associated electric field in developing the ring current is onlylarge amplitudesRowland and Wygan{1998 andWygant
to enhance the intensity of the convection electric fiéldi{ et al.(1998 showed measurements of the dawn-dusk compo-
hara and Ejiri2003. However, in most cases where the total nent of the electric field in the inner magnetosphere ranging
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from 0.05 to 1.5mV/m a%x,, increased from 0 to 9. During  AcknowledgementsiVe would like to thank K. Ogilvie and R. Lep-
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