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Abstract. We investigate variations in the location and out of the ionosphere (Region 1 FAC). During intense dis-
intensity of the auroral electrojets during magnetic stormsturbances, in addition to the Region 2 FAC and the Region 1
and substorms using a numerical method for estimating thé=AC, a Region 3 FAC with the downward current was iden-
equivalent ionospheric currents based on data from meridiatified. This FAC is accompanied by diffuse electron precip-
chains of magnetic observatories. Special attention was paidation from the plasma sheet boundary layer. Actually, the
to the complex structure of the electrojets and their interre-triple system of FAC is observed in the evening sector and,
lationship with diffuse and discrete particle precipitation and as a consequence, the WE and the EE overlap. The WE in
field-aligned currents in the dusk sector. During magneto-the evening sector comprises only the high-latitude periph-
spheric substorms the eastward electrojet (EE) location in thery of the plasma precipitation region and corresponds to
evening sector changes with local time from cusp latitudesthe Hall current between the Region 1 FAC and Region 3
(®~77°) during early afternoon to latitudes of diffuse au- FAC. During the September 1998 magnetic storm, two ve-
roral precipitation ¢~65°) equatorward of the auroral oval locity bursts (~2—4 km/s) in the magnetospheric convection
before midnight. During the main phase of an intense mag-were observed at the latitudes of particle precipitation from
netic storm the eastward currents in the noon-early eveninghe central plasma sheet and at subauroral latitudes near the
sector adjoin to the cusp &~65° and in the pre-midnight ionospheric trough. These kind of bursts are known as sub-
sector are located at subauroral latituble57°. The west-  auroral polarization streams (SAPS). In the evening sector
ward electrojet (WE) is located along the auroral oval from the Alfvén layer equatorial boundary for precipitating ions
evening through night to the morning sector and adjoins tois located more equatorward than that for electrons. This
the polar electrojet (PE) located at cusp latitudes in the daymay favour northward electric field generation between these
side sector. The integrated values of the eastward (westward)oundaries and may cause high speed westward ions drift vi-
equivalent ionospheric current during the intense substornsualized as SAPS. Meanwhile, high speed ion drifts cover a
are~0.5MA (~1.5MA), whereas they are 0.7 MA (3.0 MA) wider range of latitudes than the distance between the equa-
during the storm main phase maximum. The latitudes of autorward boundaries of ions and electrons precipitation. To
roral particle precipitation in the dusk sector are identical summarize the results obtained a new scheme of 3-D cur-
with those of both electrojets. The EE in the evening sec-rents in the magnetosphere-ionosphere system and a clarified
tor is accompanied by particle precipitation mainly from the view of interrelated 3-D currents and magnetospheric plasma
Alfv én layer but also from the near-Earth part of the cen-domains are proposed.

tral plasma sheet. In the lower-latitude part of the EE the

field-aligned currents (FACs) flow into the ionosphere (Re-

gion 2 FAC), and at its higher-latitude part the FACs flow Keywords. Magnetospheric physics (Current systems;
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1 Introduction al., 2001), allows not only for the determination of the latitu-
dinal distribution of the ionospheric current intensity, but also
The westward and eastward auroral electrojets are charactefor the separation of the contributions to the observed geo-
istic features of the ionospheric current systems at high latimagnetic variations of the fields from external (ionospheric
tudes during magnetospheric substorms and magnetic stormgd magnetospheric) and internal (induced by telluric cur-
(Chapman, 1935). The current system obtained and namegénts) sources.
by Chapman as solar-daily disturbed variation (SD) has influ- |n Sect. 3 this method is applied to analyse the dynam-
enced the study of geomagnetic disturbances to a high degrees of auroral electrojets using data from three magnetometer
and become the standard model. This was a major paradigrshains within the intervals of the 25 September 1998 mag-
for a few decades. The SD current system consists of a paifietic storm and of the substorms on 24 September 1998, pre-
of electrojets along the auroral zone as a circular belt withceding the beginning of the magnetic storm main phase. Data
a centre in the geomagnetic pole. The WE in the morningfrom three chains, namely the Greenland West Coast chain
sector, the EE in the evening sector, and their return current§GWC), the Scandinavian chain (IMAGE), and the magne-
in the polar cap and in lower latitudes are usually considerediometer chain of the Canadian Space Agency (CANOPUS),
During magnetic storms the current intensity in the WE canare used. Both the location of the auroral electrojets in the
reach as much as a few MA, whereas the EE is several timepnosphere and their motion are closely associated with the
less intense. The consequent magnetic disturbances on thgnamics of different characteristic plasma domains in the
Earth’s surface can be as high as 3000 nT. distant magnetosphere at geocentric distances frahrto
Harang (1946) used data from a meridian chain of obser50 R (Akasofu, 1968; Kivelson and Russell, 1995). The
vatories for investigating the current system morphology. Helocation of electrojet boundaries is associated with and de-
found a discontinuity between the WE and EE at auroral zondined by the level of magnetic disturbances and by the phases
latitudes, but not along (yet unidentified that time) the auro-of substorms and storms.
ral oval (AO). Inthe dusk sector intense currents overlap each |n Sect. 4 the interconnection of the auroral electrojets
other (in the sense that the EE and WE coexist at the samgith different characteristic types of precipitation into the
time but at different latitudes) and the westward current isypper atmosphere is considered and then analysed in detail
located poleward from the eastward one. Meanwhile, in thein Sect. 4.2. In Sect. 4.3 the interrelationship of plasma pre-
large-scale current system the electrojets were usually placegipitation region boundaries and such phenomena as iono-
along the auroral zone (Harang, 1951). However, similar in-spheric plasma density, large-scale plasma convection (in-
tensification of the equivalent current also exists in the latecluding SAPS generation), and the structure of large-scale
dusk sector of the Chapman current system. Hence, the Hgield-aligned currents at ionospheric altitudes in the evening

rang study presented no drastic revision of the conceptiongnd night sectors during substorms and different phases of a
regarding the structure of the high-latitude current systemmagnetic storm were considered.

As before, the electrojets were associated with the auroral |n Sect. 5 the structure of the magnetic field variations

zone. At that time the genel’ation of eleCtrOjetS and iOﬂO'in the EE is discussed and genera"zed schemes for space-
spheric current systems during magnetic disturbances wagme distribution of auroral electrojets at ionospheric alti-
most ComprehenSively eXplained in terms of the dynamo thetudes during magnetospheric substorms (F|g 15d) and mag-
ory of geomagnetic disturbances (Nagata and Fukushimapetic storm main phase (Fig. 15€) are presented. In addi-
1952; Fukushima, 1953). tion, the DMSP measurements of FACs and electric fields
In the early sixties the paradigm of the auroral zone waswere compared with the results of electromagnetic modelling
replaced by a new paradigm. It was a conception of theof the inner magnetosphere known for some recent mod-
AO, as Akasofu (2002) stressed. The region of the most freels, Taking into account the current conclusions reported in
quent and intense particle precipitation is located along thesect. 3 and Sect. 4, the basic 3-D current systems in the mag-
AO. The change in the paradigm has been accompanied bietosphere are discussed and their interrelation with various

a new conception of the large-scale model of the equivalenfagnetospheric plasma domains is considered and presented
ionospheric currents distribution at high latitudes. According (Fig. 16) in Sect. 5.4.

to the new model Suggested by Feldstein (1963), Akasofu et In Sect. 6 the main results are summarized.
al. (1965), Feldstein and Zaitzev (1965) the electrojet with
a westward current flowing along the AO (all longitudes in-
cluded) changes its intensity with local time. The intensity 2 Modelling of equivalent ionospheric currents based
reaches its maximum during the early morning hours. on meridian magnetometer chain data

In Sect. 2, there is a brief description of the numerical
method for the estimation of equivalent ionospheric currentsTo define the direction and intensity of the equivalent current
using magnetic field observations along meridian chains ofat ionospheric altitudes measurements of variations in the ge-
ground-based vector magnetometers. This method, disemagnetic field on the Earth’s surface are usually used. The
cussed in detail earlier (Popov and Feldstein, 1996; Popov edirection of the linear current in a thin ionospheric layer can
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be found by rotating the horizontal magnetic disturbance vec-considered in detail by Popov et al. (2001). The suitability
tor (with components conventionally labellédX and AY) of the method for estimating the equivalent ionospheric cur-
clockwise 90. The components of the horizontal equivalent rents from meridian chain data was demonstrated. Below, the
current densityj, andj, are calculated from: refined method of Popov and Feldstein (1996) is applied to
) _, some substorms and a magnetic storm in September 1998, in
Jx(AIm) = (k/27)107“AY(NT), order to obtain the location and distribution of eastward and
Jy(AIm) = (k/27)102A X (nT), yvestward elt_act.rojet intgnsities as a function of latitude. The

’ intensity variations of ionospheric currents depend on UT.
wherek is a correction factor, accounting for currents in- Such variations have two causes: i) temporal variations of the
duced within the Earth’s interior (Kamide and Akasofu, intensity, as well as the distribution of the global ionospheric
1974). Thek factor is estimated to be in the range 2/3-3/4. current system; ii) the fact that the Earth (and, thus, the mag-
This approach was used by Kamide and Akasofu when innetometer chain) rotates under the current pattern which is
vestigating the WE profile across the Alaska meridian chainapproximately fixed relative to the Sun’s direction. The algo-
of observatories at 60.9-83.0atitude during several sub- rithm used for calculating the ionospheric current intensities
storms. is based on a number of assumptions:

A similar approach was used by Baumjohann et al. (1980)

to determine the equivalent ionospheric current density and — the equivalent ionospheric currents are plane sheet cur-
direction in the region of the eastward electrojet using the rents;
Scandinavian Magnetometer Array measurements. Most of
the magnetometers are located along north-south lines and
the spacing between the instruments varies from 100 to
150 km. Later, a more complicated technique has been used
to determine the global instantaneous distributions of equiv-

alent ionospheric currents during substorms. Based on data _ the observed ground magnetic fields are produced by

from 70 magnetic observatories, including six meridional ionospheric currents and the associated induced cur-
chains of magnetometers, Kamide et al. (1982) obtained the  (ens in the Earth:

spatial distribution of ionospheric and field-aligned current

densities for four UT cross sections during a substorm on 19 — the electrical conductivity of the solid Earth does not
March 1978. They used an improved version of the computer ~ vary in the direction normal to the magnetometer chain.
algorithm by Kamide et al. (1981). “Instantaneous” pat-

terns of electric fields and currents in the high-latitude iono-For our study we use data from three meridian magnetome-
sphere were deduced by combining measurements of iond€r chains covering a wide range of corrected geomagnetic
spheric ion drift velocities and ground-based magnetometefatitudes:

observations (Kamide and Kokubun, 1996). For this purpose the IMAGE chain along the 120CG longitude merid-

an updated version of the assimilative mapping of the iono- . c2 ) ]
spheric electrodynamics (AMIE) technique of Richmond and ian, local geomagnetic midnight occurs at 21:00 UT;

Kamide (1988) was used. An overview of various techniques _ the GWC chain along the 4GCG longitude meridian,

— the currents are composed of 100 narrow, infinitely long
strips, each carrying either an eastward or westward cur-
rent; the current densities may change from one strip to
another but they are uniform within each strip;

used for simulations of the equivalent currents from ground-  |ocal geomagnetic midnight occurs at 02:30 UT;

based magnetometer data was given by Untiedt and Baumjo-

hann (1993). — the CANOPUS chain along the 330CG longi-
Kotikov et al. (1991) developed a practical inversion tude meridian, local geomagnetic midnight occurs at

scheme to infer the fine structure of the auroral electrojet ~ 06:30 UT.
by utilizing a series of linear ionospheric currents (50 al-
together) of different intensities located at the 100 km alti-
tude. The current distribution was adjusted to fit measure-
ments on the Earth’s surface. Olsen (1996) used a SImIequwalent current inversion, are listed in Table 1. _

lar approach to determine ionospheric currents from satellite The ohserved magneuc field variations in the vertizal
magnetic field observations. Popov and Feldstein (1996) an&downward) and horizontal! (northward) components at
Popov et al. (2001) suggested a refinement of the Kotikov each station is a superposition of fields due to external and
method by approximating the auroral electrojets with a se internal sources. At any poifalong the meridian:

ries of narrow current strips of finite width. The strips with

currents of different intensities were distributed along a ge- Hex(l) = 3[H () + = f 28 g,

omagnetic meridian at the 115 km altitude over the range of +

latitudes covered by the ground magnetometer stations. BottZe, (1) = 3(z(1) — & f H(‘?)dg] .

the accuracy of the method and its spatial resolution were

Geographic and geomagnetic co-ordinates of high-latitude
stations for these chains, data from which were used for the
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Table 1. High-latitude stations of three magnetometer chains for the epoch 1998. Geographic and corrected geomagnetic latitudes (Lat) and

longitudes (Long) are also given.

IMAGE

Geographic Corrected geom.
Station IAGA code Lat Long Lat Long
Ny Alesund NAL 7892 1195 76.07 112.25
Longyearbyen  LYR 78.20 1582 75.12 113.00
Hornsund HOR 77.00 1560 74.02 110.48
Hopen Island HOP 76.51 2501 7293 115091
Bear Island BJN 7450 19.20 71.33 108.73
Tromsg TRO 69.66 18.94 66.54 103.44
Muonio MUO 68.02 2353 64.62 105.70
Pello PEL 66.90 24.08 63.46 105.38
Oulujarvi OuL 64.52 27.23 60.89 106.54
Hankasalmi HAN 62.30 26.65 58.62 104.99
Nurmijarvi NUR 60.50 24.65 56.81 102.54
GWC

Alternative IAGA Geographic Corrected geom.

Station (former) name code Lat Long Lat Long
Qaanaaq Thule THL 77.47 290.77 85.39 33.32
Savissivik SVS 76.02 29490 83.64 3591
Kullorsuaq KUV 7457 302.82 81.22 4451
Upernavik UPN 72.78 303.85 79.49 42.02
Uummannag Umanaqg UMQ 70.68 307.87 76.90 43.93
Qegertarsuaqg + Godhavn GDH 69.25 306.47 75.80 40.39
Attu ATU 67.93 306.43 7456 39.00
Kangerlussuaq Sondre Stromfjord STF  67.02 309.28 73.16 41.74
Maniitsoq Sukkertoppen SKT 6542 307.10 7199 37.97
Nuuk Godthab GHB 64.17 308.27 70.56  38.53
Paamiut Frederikshab FHB 62.00 310.32 68.01 39.65
Narsarsuaqg + NAQ 61.18 31456 66.31 43.91
CANOPUS

Geographic Corrected geom.
Station IAGA code Lat Long Lat Long
Taloyoak TLO 69.54 266.45 79.11 328.58
Rankin Inlet RIT 62.82 267.89 73.06 334.48
Eskimo Point EKP 61.11 26595 71.35 331.59
Fort Churchill FCC 58.76 265.92 69.13 332.08
Gillam GIM 56.38 265.36 66.82 331.64
Island Lake ISL 53.86 265.34 64.39 332.02
Pinawa PIN 50.20 263.96 60.67 330.46

The infinite integrals are truncated and computed o9esf4  extended region is negligible. The intervals of the extrapo-
latitude beyond the range of the magnetometer chains, in ofated magnetic field components values should not be taken
der to achieve a smoothness of the field at the equatorwarthto account when interpreting the results of calculation.

and poleward edges of the magnetometer chains. The magni- According to the Biot-Savart law, the magnetic field dis-
tude of H at the end points of the simulation interval is 10% turbance at any poiritalong the geomagnetic meridian at the
of the H values at the boundaries of the magnetometer chairEarth’s surface, due to a single current strip, is given by

(£4°), and the magnitude df is 40% of theZ values at the ,

AL (arctan# - arctan#)

highest and lowest stations-4°), respectively. We assume Hext(l) = 37
that the magnitude of magnetic field variations outside of this 7 /) — ji | (h2+Gitd)?
ext 4 T\ 2+ (xi—d)2 )
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wherej; is the current density in thigh strip,d, h, andx; are of plasma and magnetic pressures). The geophysical situa-
the half-width, altitude, and the distance from the observatiortion in Fig. 1 is characterized by the 1-min averages of geo-
point to the ground projection of the centre of tik strip, magnetic indices Sym-H, AU, and AL (data from the Kyoto
respectively. WDC). The indices AU (AL) define the maximum intensity

Using these expressions for each of fienagnetometers  of the magnetic fields generated by currents in the eastward
in the chain we obtain X equations to determine the cur- (westward) directions derived from the data of the longitudi-
rent densities inV strips. If N>2 K, the problem is under- nal chain of magnetic observatories at auroral latitudes. The
determined and the solution is not unique. In order to con-Sym-H index characterizes magnetic field variations derived
strain the solution, the regularization method developed byfrom low- and mid-latitude data supplied by the longitudi-
Tikhonov and Arsenin (1977) is used. This procedure can beal magnetometer chain. The Sym-H index is a mean value
applied to either one of the observBdandZ magnetic field  of the variations of the magnetic field horizontal component
components separately. Residual functions are constructedgalculated for longitudes in a similar way as thg index.
one for H and another for th& component, that provide a Early on 24 September, from 00:00 to 10:00 UT,
measure of the difference between observed and modelled few successive substorms characterized by indices
ground magnetic fields, plus a “regularization” term. By AU~280+-510nT and Al~(-250---800nT) were ob-
minimizing the residual function we obtain current distribu- served. These substorms were associated with increases of
tions “producing” magnetic field strengths which are close toV from ~430km/s to~530km/s andN variations from
those observed at the magnetometer locations. The residuat5 cm 3 to ~10cnT3; P persisted at the level 0£2.0 nPa,
function has a minimum when either the cumulative squaredwith slight fluctuations ranged within-0.3 nPa, the south-
differences between current intensities in adjacent strips isvard IMF B, component changed to —7 n, variations
minimal (for H component), or the total squared current over were within 2.5-0.8, and the Sym-H value reached -55nT.
all strips is minimal (forZ component). Assuming that all These variations of geomagnetic and interplanetary param-
assumptions of our model hold, t and Z based recon- eters are characteristic for substorms accompanied by the
structions of the ionospheric currents are almost identicalIMF southward turning. During 10:00-15:00 UT the ge-
A significant mismatch between the currents reconstructecddmagnetic activity indices give evidence of a lower level
from the H andZ component data is likely to imply a viola- of disturbances: AWY50:-100nT, AL~(-100--200nT),
tion of the initial model assumptions. The calculations of the Sym-H~(—15-+--30 nT). During these calm field conditions
current density associated with the electrojets were carriedhe IMF is B~10nT with B,~0nT and values of other
out using both magnetic components. The results obtainegolar wind parameters quite normal for quiet conditions:
were compared in order to assess the level of confidence foV ~450 km/s,N~5 cn 3, P~2nPa,~0.8-1.2.
the current density profiles determined. Modelling was done After 15:00 UT B, becomes southward, although there
based on 100 current strips and with the regularization paare numerous direction turnings. This leads to continu-
rameters chosen as=5=5x10"". The introduction of reg- 0us prestorm geomagnetic activity. The extreme value of
ularization parameters into model calculations and option ofAL~-1100nT, AU~300nT during the most intense sub-
their values was considered in Popov et al. (2001). This al-storm before the storm sudden commencement is related to
lows the modelling to resolve one or two latitudinal peaks if ~22:00 UT. Sym-H decreases te-40nT, P increases to
they can be distinguished in the original current distribution. 3.5 nPa,V ~450 km/s 8 enhances at first to the 1.6 level and

again decreases t01.0.
The geomagnetic activity was initiated by a fast forward

3 High-latitude magnetic field variations at the Earth’s shock compression of the magnetosphere near the end of the

surface due to external sources day of 24 September 1998. The shock preceeded an inter-
planetary coronal mass ejection (ICME) which was present
3.1 Interplanetary and geophysical situations on 25 September 1998. A largg,=—207 nT magnetic storm

was initiated by sheath southward magnetic fields and ex-
The time interval of 24-25 September 1998 was selectedended by magnetic cloud southward magnetic fields.
for the analysis. It includes the GEM (Geospace Envi- The details are as follows. The fast shock is noted at
ronment Modeling) magnetic storm (on 25 September) andACE at 23:12 UT on 24 September (the first vertical dot-
the preceding magnetospheric substorms (on 24 Septembetgd line in Fig. 1). This is identified by a magnetic field
Space weather conditions can be followed using data on somagnitude increase from 15.2 to 40.5nT and a density from
lar wind and IMF parameters (1-min averages) on board thel0.0 to 22.4 cm3.The ram pressure increases from 3.4 nPa
ACE spacecraft (GSM coordinates in Re are X=241, Y=-18,to 14.2nPa at the shock. The Sym-H value~is44nT
Z=27). Figure 1 shows 1-min averages of the following inter- prior to the shock. At the time of the shock impingement
planetary parameters (from top to bottom): IMF intendity =~ at~23:47 UT there is a storm sudden commencement (SSC)
north-southB, component, solar wind plasma densiyand ~ which increases Sym-H from —44 nT te0 nT (the second
velocity V, solar wind ram pressur@, and plasma (aratio  vertical dotted line in Fig. 1). Hence, there is a propagation
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Fig. 1. Solar wind, IMF on board the ACE spacecraft and geomagnetic indices (1-min averages) from top to bottom: IMF iAtensity
north-southB, component, solar wind plasma densiyand velocityV, solar wind ram pressur@, and plasmg (a ratio of plasma and
magnetic pressures), indices Sym-H, AU, and AL on 24-25 September 1998.

delay of 35min of the shock from ACE to the magneto- is smooth after this time. The low beta and high intensity,
sphere. One also notes the short (20 min), sudden decreasenooth magnetic fields identify this interval (up to the end
in the AL index by —1100nT (up to —1670nT) at that time. of 25 September) as the magnetic cloud portion of the inter-
This is most likely a substorm triggered by the shock (Zhouplanetary CME (coronal mass ejection). It should be noted
and Tsurutani, 2001; Tsurutani and Zhou, 2003). that the largest substorm expansion phase of the entire storm

The magnetic storm main phase begins at about 01:15 UPccurs at the time of the discontinuity. AL decreases from
on 25 September. This is caused by an intense southward400nT to —3000nT at 06:32 UT, a very huge event.
B; in the sheath region following the interplanetary shock. After the B, increases (at the discontinuity), it decreases
The B, component is highly oscillatory at and immediately once againto —13 nT and this maintains the storm main phase
behind the shock. At 01:28 UT it reaches a maximum nega-and elongates the recovery phase. According to the Sym-
tive value of —23.2 nT and remains a relatively steady —14 nTH index the storm maximum depression lasts during 05:00—
from that time until 06:01 UT. This is sheath plasma and 09:00 UT, with the values ranging between —20@17 nT.
fields. The storm main phase is developed by this sheatfThe recovery phase starts with a rapid recovery of Sym-H
southwardB,. The peak Sym-H value of —217 nT is reached until 16:00 UT, followed by a substantially slower recovery.
at06:03 UT. According to the AU index, the eastward current delays

There is a sharp interplanetary discontinuity that occursduring the storm main phase. Positive values of the AU mag-
at 06:15 UT. This can be noted in ti& and B, compo-  netic field become practically close to OnT or even change
nents (not shown) and the, component.B, increases from  to negative values. Such particular AU index variations can
—-10nT to —0.4nT. There is also a density decrease and a ra@rise for two reasons, either because of a real weakening
pressure decrease at that time. The plasma beta value algor even disappearance) of the auroral eastward currents or
decreases to less than 0.1. The IMF magnitude.5nT  because of their displacement equatorward from auroral to
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EQUIVALENT IONOSPHERIC CURRENTS
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Fig. 2. The corrected geomagnetic latitude vs. UT plot of the eastward and westward equivalent ionospheric currents as calculHted using
component data on 24 September 1998 from the GWC meridian chain of magnetic observatories (top panel). Total intensity of the eastward
(above) and westward (below) currents according to the GWC diainmponent (bottom panel).

subauroral latitudes. Based on the 25 September magnetioer 1998. As a reference level, from which the field varia-
storm data the possible causes of these particular AU variation values were read, the field intensities at 11:00 UT on 24
tions are discussed below. September for the 24 September interval and at 21:00 UT on
25 September for the 25 September interval are used. Within
3.2 Space-time characteristics of the magnetic variations athe interval 00:00-09:00 UT on 24 September, the westward
high latitude currents dominate at auroral zone latitudes67°. Their
linear density is 0.8 kA/km around midnight and in the early

The latitudinal distribution of the equivalent current density Mmorning hours. These latitudes are typical for the location of
for eastward and westward currents based on H componerif€ WE during magnetospheric substorms (Ahn et al., 2005).
data from the GWC chain is shown in Fig. 2 for 24 Septem-After 09:00 UT (6.5 MLT) the poleward shift (t&~75)
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of the westward current starts and then around 13:00 UT itmore intense than eastward currents and reach a value of
decays. >0.6 MA (we do not know how far the equatorward current

The eastward current, with an intensity of 0.2—0.4 kA/km, extends), whereas during 15:00-21:00 UT (evening hours)
is found at 78<®<80° from 11:00 UT to 15:00 UT. Under the integrated eastward current with intensity~df.3 MA is
relatively quiet magnetic conditions, these are typical cuspstronger than the westward one.

latitudes around noon. The DMSP F14 passes at 11:45 UT The intensity relationship for eastward and westward cur-
(15:00 MLT) and 13:29 UT (13:00 MLT) reveal that the rents in the evening sector characterizes the latitudinal cross
LLBL (Low Latitude Boundary Layer) poleward bound- sections for variations of magnetic components along GWC
ary, i.e. the equatorward cusp (CU) boundary, is located alyring 18:00—20:00 UT. The maximum current density of the
magnetic latitudes 77°24MLAT and 78.8 MLAT, respec-  EE was~0.5 kA/km; its centre and poleward boundary were
tively (the coordinate system of magnetic latitude (MLAT) |ocated at 68.Dand 72.0 CG latitude, respectively. The EE
and magnetic local time (MLT) used for DMSP passes areequatorward boundary could not be determined, since that
corrected geomagnetic coordinates extended along magnetigas outside of the magnetometer chain. The maximum WE

field lines to altitudes of about 600 km, e.g. see Baker andcurrent density was-0.2 kA/km, and the WE centre was lo-
Wing, 1989). This eastward current is a manifestation of thecgted ato~76°.

PE which exists at CU latitudes. Both its intensity and di-
rection are controlled by the IMBy component (eastward currents calculated from th& component data from the

for By>0nT or westv_vard forBy<O_nT) (Feldstem, 1976, meridian GWC chain for 24 September is in complete ac-
and references therein). For the intervals considered, IME

. cordance with the above described development of currents
B,>0nT and thus the PE is eastward. obtained from thed component
In particular, Svalgaard (1968) was the first to indicate the '

existence of two characteristic types of magnetic field vari- Vznatl_ons dOf ﬂ}e equr:valerr:t |onospher_|(;:_ currre] nis, C?ICE'
ations in the polar regions. The disturbances occurred si:ated using data from the other two meridian chains of ob-

multaneously in the north and south polar caps and are congervatories taken on 24 September 1998 (not shown), con-

trolled by the IMF sector polarity. The dependence of theflk:mg:;\e/genher.al CnaraCte”St'ﬁs dﬁr'veq frcl)m the;nallylss of
magnetic field variations in the polar regions on the IMF sec-t_ € fth ¢ bam. owevr?r,_t € cdaﬂg!nghong!tu :na_l g_ca-l
tor polarity was independently obtained by Mansurov (1969).tIOn of the observatory chains and their changing latitudina

Friis-Christensen et al. (1972) and Sumaruk and Feldsteiﬁocations reveal additional features in the dynamics of the

(1973), independently and simultaneously established thalpnospheric currents.

those magnetic field variations are controlled not by the IMF  In fact, for the IMAGE chain the intense westward cur-
sector polarity, but by the direction of the IMF azimuttil rents are observed at auroral Iatltude§<6®<_67° as ear_ly
Component_ Friis-Christensen and W||hje|m (1975)' Feld- as from 20:00 UT. At 22:00 UT they Spread into the latitude
stein et al. (1975) used a regression method for extractindnterval from 60 to 75’ and their intensity is-1 kA/km, with
the B,-controlled fraction of the high-latitude magnetic field an integrated value of 1.7 MA. It is interesting that during
variations and the corresponding equivalent DEG) (cur- these near-midnight hours eastward currents do not disap-
rent system (Disturbed Polar Cap) was identified. The deear and are observed equatorward of the westward currents,
tailed description of this type of magnetic field variations and Which are located ab~59°. However, the eastward current
corresponding DPCH,) current systems can be found in the iS quite weak~0.2kA/km. In other words, the equatorward
review by Feldstein (1976, and references therein). The PE ighift of the eastward current on this meridian can be followed
a characteristic feature of DP@Y), located in the daytime from ®~72° at 16:00 MLT to®<60" at 24:00 MLT. How-
sector atb~80° under magneto-quiet conditions. During the €Ver, the eastward currents in the vicinity of the equatorial
summer season, under conditions of the IBF~6nT, the edge of the chain are unlikely to be a continuation of the EE
PE intensity is~1.8x 10°A and its width equals-6°. to the near-midnight sector and further on to the morning sec-
At 14:00 UT the EE appears equatorward of the PE attor. They are more likely to be equivalent currents, reflecting
d~76°. The EE monotonically shifts equatorward and its €ither fields of distant current sources, or currents spread-
linear density increases to 0.5 KA/km®at-67° by 19:00 UT. |ng from the WE via lower latitudes. At such latitudes the
During the evening hours the eastward currents are mainlparticle participation, which is a necessary condition for the
observed at auroral latitudes. The westward currents wittl€ctrojet to exist, is absent near the midnight hours, before
intensities up to 0.2 kA/km were observed more poleward,the magnetic storm commencement.
at 78 <d<76° during 18:00-20:00 UT. At auroral latitudes =~ The CANOPUS meridian chain data show different fea-
d~68 their intensity was 0.6-0.8 kA/km during 22:00— tures in comparison with IMAGE observations: during
24:00 UT. 18:00-24:00 UT most intense eastward currents shift from
In Fig. 2 (bottom) the eastward and westward currents in-&~72° at 14:00 MLT to 64<®<67° at 18:00 MLT. Their
tegrated along latitudes are shown. During 04:00—08:00 UTlinear density is~0.6 kA/km and the integrated intensity is
(night through early morning hours) westward currents are~0.6 MA.

The space-time distribution of the equivalent ionospheric
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Fig. 3. As Fig. 2, but on 25 September 1998 for the IMAGE meridian chain of magnetic observatories.
The equatorward shift (with regard to MLT) of the location =~ — westward currents are most intense around the mid-

where the eastward currents culminate is also seen for afixed  night hours at auroral latitudes of 65 <70(°, and are
UT, as the comparison of data from meridian chains located  shifted to cusp latitudes¥(~77°) in the morning and
at different MLT show. For example, at 16:00 UT eastward evening sectors;

currents culminate at 7%and 67, according to GWC and

IMAGE chains (no EE according to the CANOPUS chain); — €astward currents in the evening sector shift from cusp
at 18:00 UT the corresponding latitudes aré, 72°, and 65 latitudes (¢~77°) during the early afternoon MLT
for the CANOPUS' GWC, and IMAGE Chains’ respective'y_ hOUI’S, reach the auroral latitudes by n|ght hours and be-

come more intense in the evening MLT;
During magnetically disturbed intervals on 24 September,
before the beginning of a magnetic storm, the characteristics — eastward currents are located just equatorward of the
of the eastward/westward currents as far as their intensity and ~ westward currents for evening hours where currents in
location are concerned, can be summarized as follows: opposite directions overlap in latitude;
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Fig. 4. As Fig. 3, but for the CANOPUS meridian chain of magnetic observatories.

— when overlapping occurs during evening hours the max-development on 25 September 1998 are shown in Figs. 3 and
imum eastward current intensity is higher than the west-4 using data from the IMAGE and CANOPUS chains.
ward current intensity, except during intense substorms;
. . . ] The enhancement of the ring current intensity (Sym-H in-
— for mten_se subs_torms W'.th AE |nde>_<v13.0.0. nT dex in Fig. 1) during 00:00-04:00 UT is accompanied by
the equivalent ionospheric current intensities are; +nse westward currents seen by the IMAGE chain dur-
~0.6 kA/km (~1.0 kA/km) for eastward currents (west- ing the nighttime and early morning MLT hours. During
ward currents), with mtegrat_ed values of the currents Ofthe substorm these currents cover the latitudinal range from
~500kA (~1.5MA), respectively. d~75° to ~57° with maximum density about 1.2 kA/km and
During the storm main phase the auroral electrojets are lowith an integrated value of about 1.5-2.0 MA. Under these
cated at latitudes not covered by the GWC chain. In order toconditions the eastward equivalent currents do not disappear.
describe their variations thk-UT diagrams of the equivalent Rather, they persist in the near midnight-morning sector but
ionospheric currents distribution derived from H componentare shifted to subauroral latitude®~57°. As mentioned
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above, this equivalent current is likely to be the consequence The attenuation of magnetic disturbances after 14:00 UT
of the outer sources or to be a current spreading out in thés related to the usual location of equivalent currents in the
ionosphere from electrojet currents at higher latitudes. Theevening sector when the westward current is located pole-
signatures of the eastward equivalent current at subauroraliard of eastward one. The distinctive electrojets abruptly
latitudes® <57° near the IMAGE meridian can be found in end at~17:00 UT and the current density is low. At this
magnetograms from the Moscow observatory at CG latitudgime the magnetic field recovery slows down, as seen in the
®=51° (not shown). The two bursts of enhancements in theSym-H index (Fig. 1). During the main phase of the intense
magnetic fieldd component with extreme values of 60 nT magnetic storm, the following characteristics of the electrojet
(between 01:00 and 02:00 UT) and 120 nT (between 02:2@ynamics are apparent:

and 03:30 UT) were measured by the storm-magnetograph

at this observatory during the time interval 01:00-04:00 UT  _ quring evening hours both the EE and WE shift equa-
on 25 September 1998. These bursts with posifivé oc- torward; around late evening-midnight hours the EE is

cur on the background of the gradual field decrease associ-  |gcated at subauroral latitudes, and thus not seen in the
ated with the storm main phase. The centre of the eastward Ay index:

equivalent current on this meridian is located poleward of the
®=51° CG latitude, as can be seen by taking the magnetic
field Z component variations into account.

According to the CANOPUS chain, the eastward currents
shift to ®~60.7 during the late evening-pre-midnight MLT
hours. Their intensity remains arouned.7 kKA/km. The
existence of eastward currents at subauroral latitudes until
04:00 UT on 25 September for this meridian confirms that
the absence of positive field values in the AU indices dur- — at the peak of the storm main phase and early recovery
ing the main phase of the intense magnetic storm is due not  phase the equatorward boundary of the CU (and hence
to a disappearance of eastward currents, but to their shift-  the PE) shifts to 65<®<67°;
ing equatorward from the auroral latitudes at which the mag-
netic observatories used for the AU index are located. At the
CANOPUS meridian westward currents shift equatorward
during the evening hours. During midnight-morning hours
(until 07:00 MLT) they are located at latitudes fraba<60.7
to 75°. During intense substorms the linear current density
increases to 1.6 kA/km, and the integrated current reaches 2—
3 MA. — the WE is absent in the daytime sector;

The latitudinal range of westward currents (as seen by the
IMAGE chain) becomes narrower (abowt°) by moming  _ the \WE in the midnight and early morning sector
and before noon hours. According to the IMAGE ma.g'netlc is at least 15 wide in latitude, current density is
data the eastward current (that could also be identified as 4 g kA/km, and integrated currentis2—3 MA;
the PE) appears di~66°—68 after 08:00 UT (11:00 MLT).

Along the IMAGE meridian the PE persists up to 14:00 UT

and intensifies repeatedly from 0.3-0.4 kA/km to 0.6 kA/km. — When passing from midnight to morning hours the lati-
This PE is located in the CU-region. Actually, according to tudinal width of the WE decreases, and the current shifts
the DMSP F11, F12, and F14 data the poleward boundary of ~ to higher latitudes.

the LLBL shifts to 65—67 MLAT during 08:00-15:00 UT,

i.e. during the storm main phase and the beginning of theCharacteristic features of the auroral electrojet behaviour,
storm recovery phase. The positive IMF during this time  as described above, can easily be followed in instantaneous
interval is another indication that the eastward current is thespace-time plots of magnetic disturbance intensities. Exam-
PE. ples of such plots can be found in a number of papers us-

Equatorward of the PE the EE is found as a wide strip di-ing the AMIE technique for determination of ionospheric
rectly adjoining the CU. During substorms the auroral elec-current systems at a specific UT. For instance, Kamide
trojet can cover latitudes up tb~57°. Its variations ininten-  and Kokubun (1996) considered current distributions during
sity and latitudinal width are sawtooth-like. The weak west- magnetospheric substorms. The latitudinal overlapping of
ward currents poleward of the CU are a consequence of théhe electrojets in the evening sector, described above, can be
magnetic field disturbances in the polar cap (PC) due to botttlearly seen during the active phases of substorms; the latitu-
the distant sources and spreading currents from the auroralinal shifting of electrojets and variability of their intensity
electrojet. with MLT was also reported.

— the eastward and westward current intensities in the
evening sector imply that the EE cannot be the conse-
guence of the WE closing through lower latitudes; it is
likely that these electrojets are signatures of different
geophysical phenomena,;

— at the main phase maximum the EE during near-noon
hours adjoins the CU ab~65°; its width is ~8°, and
the linear current density-0.8 kA/km, the integrated
current being~0.7 MA;
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4 Auroral electrojets and plasma precipitation bound- a latitude where the electron energy does not increase with

aries latitude (the same is valid on the earthward boundary of the
central plasma sheet, CPS); b2i is the latitude of precipitat-
4.1 Data and method ing ions with maximum energy flux and is also the isotropy

boundary for ions with energy 30 keV (earthward boundary

The auroral electrojets are a part of the complex systemyf the magnetospheric tail current sheet); b5e is the poleward
of ionospheric and magnetospheric currents. Their locahoundary of the region where electron acceleration events
tion and intensity are closely associated with the magnetoare identified and the auroral electron energy flux (poleward
spheric plasma structure and its dynamics during magnetigoundary of the AO) abruptly decreases; b6 is the poleward
disturbances. As shown below, latitudinal cross sections oboundary of the subvisual drizzle in the night sector (PC and
AH andAZ magnetic field components measured at merid-also tail lobe boundary).
ional chains of observatories during magnetic disturbances |n this paper the Alfén layer, the CPS and PSBL terms
can be used to determine the electrojet structure, namely cergre commonly used to identify plasma domains in the night
tre location and poleward/equatorward boundaries of electromagnetosphere. The structure of both the auroral luminos-
jets. The electrojet centre location is determined using bothty and auroral particle precipitation at low altitudes reflect
the maximumA H value and the change in the sign&%  the relationship of these phenomena with plasma domains in
(AZ<0 poleward of and\ Z>0 equatorward of the latitude the night magnetosphere: i) between the structured AO (at
of the EE centre). Poleward and equatorward boundaries oftitudes between the b2 and b5 boundaries) and CPS; ii) be-
the electrojets were defined on either side of an electrojetween the diffuse luminosity (precipitation) equatorward of
centre. Those correspond to latitudes whete reaches ex-  the AO (at latitudes between the bl and b2 boundaries) and
treme values and H~A Hmax/2. Alfv én layer, iii) between the diffuse luminosity (precipita-

The plasma structure of the magnetosphere can be reion) poleward of the AO (at latitudes between the b5 and b6
produced from satellite measurements of energetic partihoundaries) and PSBL (Galperin and Feldstein, 1996; Feld-
cles precipitating to ionospheric altitudes from the magne-stein and Galperin, 1996). Such a relationship is used in our
tosphere. The DMSP (Defense Meteorological Satellite Promanuscript to define the source (and/or plasma domain) of
gram) satellites provide measurements of precipitating partiparticles precipitating into the upper atmosphere and to de-
cles (electrons and ions), ionospheric plasma flows, ion denscribe the corresponding precipitation regime.
sity, and magnetic field intensity. DMSP F12, F13 and F14 The special sensor for ions, electrons, and scintillation
satellite observations of auroral energy plasma precipitation§33|ES) provides measurements of the horizontal plasma
at the upper atmosphere altitudes were used to determine thgyw and ion density at a rate of 6 samples per second. The
spatial structure of the precipitation region and location oftriaxial fluxgate magnetometer (SSM) measures three com-
boundaries of various plasma domains during the 25 Septemponents of the magnetic field vector at a rate of 12 readings
ber 1998 magnetiC storm. DMSP F8 satellite observations fOIper second. The Spacecraﬂ’ axes are a"gned such that X is
06 February 1994 and 10 May 1992 were also analysed.  downward and aligned to local vertical within 091Y is

The local times of the orbital planes of F12 2030/0830, parallel to the velocity vector for the spacecraft with ascend-
F131711/0511, and F14 2035/0835 are favourable for inVESi-ng node in the afternoon/evening sector, and Z is away from
tigations of various geophysical phenomena at the latitudeshe solar panel and anti-parallel to the orbit normal vector.
Of the EE generation. The Sate”ites are nadir-pointing Wlth The method used to derive ﬁe'd_a”gned currents from
the partide detectors mounted so that their fields of view ar%agnetic field measurements is as follows. The main geo-
centred on the local vertical. magnetic field determined from the IGRF model is subtracted

The SSJ/4 instrument package includes curved plate eleGrom the magnetometer measurements leaving the local de-
trostatic analyzers to measure electrons and ions from 32 e¥ection vector,AB. Both AB, and A By, indicate the pres-
to 30keV at a rate of one complete electron and ion specence of the FAC. If the current sheet extends in an east-west
trum (20-points) per second. The locations of plasma predirection, the satellite crosses it perpendicularly ans, is
cipitation region boundaries are obtained using the Newell esmall, andA B, gives a measure of the intensity and direction
al. (1996) and Feldstein and Galperin (1996) classificationsof the FAC. Positive and negative gradientssinindicate the
Boundaries of regions with different physical characteristicssatellite crossings of sheets with downward and upward flow-
of precipitating particle fluxes and their energy spectra wereing FAC, respectively.
determined using low-altitude satellite measurements. The
ble and blivalues are latitudes of the “zero-energy” electrom.2  Latitudinal cross sections of the magnetic disturbance
and ion precipitation boundaries usually determined accord- vector and boundaries of plasma regions of auroral pre-
ing to the softness channels. Those are regarded as the equa-  cipitation to ionospheric altitudes
torward boundaries of the convection region in the midnight
sector, where convection is from the magnetotail to the innefThe interrelationship between the centre location, the pole-
magnetosphere (to the plasmapause). The boundary b2e vgard and equatorward boundaries of the electrojets and the
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characteristic regions of auroral precipitation under differ- s, bii b b6 DMSP F14
ent geophysical conditions and various levels of disturbances 4o bl Tb2e o 2000MLT
are considered in this subsection. The latitudinal variations s
of the horizontalAH and verticalAZ components of the ]
geomagnetic field along the IMAGE chain (at 16:30 UT, ] IR y
i.e. 19:30 MLT) during the substorm recovery phase, with 1 s e S N A L
maximal AL=—500nT at 16:10 UT on 24 September 1998, ]

. . -100 \X>< +
can be seen in Fig. 5 (bottom). o +H

The centres of the EE and WE overlap latitudinally and ]
are indicated by vertical arrows (upward and downward, re- .3002
spectively) at CG latitudes of 65.%nd 74. The maximum ™~
intensities of the electrojets are 100 nT and —160 nT. The EE **]
poleward and equatorward boundaries are locatedaa 7@ N
62.5. The DMSP F14 passed above the magnetometer chain September 24, 1630 UT, IMAGE chain
about 16:43 UT. Such a favourable situation to compare data
on magnetic and plasma observations in the evening sector i5ig. 5. Latitudinal cross sections of the magnetic disturbaficand
possible only once every 24 h since the satellite orbit is fixedZ components for the IMAGE chain at 16:30 UT on 24 September
in local time and the magnetometer chain changes its locatiod998 (bottom panel). The boundaries of particle precipitation re-
continuously due to the Earth's rotation. The boundaries ofdions within the close UT interval (tqp panel). Measurements from
plasma regions, according to DMSP F14 data (passed abO\}Qe DMSP F.14 pgss over.auroral latitudes at 20:00 MLT Wgre used.
the auroral region at 16:39-16:46 U¥20:00 MLT), are in- Dashec_i vertlcal_ll_nes_ deplct_ the equat_orward b_oundary b1i of auro-
dicated in Fig. 5 (top). In the figure the dashed vertical Iines_raI particle precipitation region and b_2| mggnetlcally mapped to the
depict the precipitation boundaries bii and b2i. inner boundary of the magnetospheric tail current sheet.

In the evening sector the EE equatorward boundary is
close to the bli boundary (63.0MLAT) and bli is usu-
ally located equatorward of ble. The difference between the
bli and the ble location is L.MLAT for this event. The
EE centre is located close to b2e (65MLAT). The pole-
ward boundary of the auroral plasma precipitation b6 (73.2
MLAT) corresponds to the WE centre. In other words, for The interrelationship between electrojets and plasma precip-
this event both electrojets in the evening sector were locatedation during the 25 September magnetic storm is displayed
in the region of particle precipitation. However, the EE loca- in Figs. 6 and 7. In Fig. 6 the DMSP F13 pass at 12:48-
tion corresponds to the region of diffuse precipitation (equa-12:55 UT (about 17:00 MLT, i.e. the early evening sector)
torward of b2e up to b1i) and partially to the region of dis- corresponds to the beginning of ti&, rapid recovery af-
crete precipitation. This is identical to the equatorward partter the storm main phase. The latitudinal cross section of
of the AO of discrete auroral forms (poleward of b2e). This IMAGE during the intense substorm with At—1500nT
part of the AO is mapped to the earthward part of the CPS(Fig- 6, bottom) reveals a wide EE (maximuif/~390 nT).

The WE is located in the poleward part of the precipitation Its centre is at-63° CG latitude, and the equatorward bound-
region that is magnetically connected with the CPS. ary at 57.3 CG latitudes, respectively. The EE polar bound-

The DMSP F13 pass, which accurred approximately over@y 1S not defined using data frqm the !atltudlnal Cross sec-
the GWC chain at 19:49-19:56 UT (18:06 MLT), found that tion of the magnetic field variations, since the EE adjoins

the bli, ble, b2e and b6 were located at 6362.5, 67.9 the PE (with the same current direction) at the high-latitude
and 79.2 MLAT, respectively. In other words: boundary. The negative extreme valtn& was~—400nT at

73-76 CG latitude. In Fig. 6 (top) the location of the bound-
— the EE and WE are located entirely in the particle pre- &€s (MLAT) can be seen: b1i=59,91e=59.8, b2i=61.7,
cipitation region: b2e=63.8, b5e=69.4, and b6=70.5. Hence, the particle
precipitation is fully inside the EE, namely the equatorward
— the EE equatorward part is located at latitudes of dif- Partis between b2e and ble, and the poleward one is between

fuse precipitation (between bli and b2e), whereas the?2e and b5e. The EE centre corresponds to the b2e boundary.
EE poleward part is in the region of weak discrete pre- The location of the westward equivalent current coincides
cipitation; with the region of decreased energy flux of precipitating elec-
trons (the flux of auroral ions is very low) within the nar-
— the WE is entirely located in the region of intense dis- row latitudinal strip (between b5e and b6), poleward of b5e.
crete precipitation, which is evidence of different mag- Moreover, the main part of the westward current is located
netospheric sources for the EE and WE; poleward of b6, i.e. in the PC with extremely low ionospheric

X+

— the boundary of particle convection from the magneto-
tail plasma sheet is closer to the Earth for ions than for
electrons.
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Fig. 6. As Fig. 5, but at 12:48 UT on 25 September 1998. Measure-

ments from the DMSP F13 pass over auroral latitudes at 17:00 'V“-T-Fig_ 7. As Fig. 5, but at 16:26 UT 25 September 1998. Measure-
ments from the DMSP F14 pass over auroral latitudes at 20:10 MLT.

conductivity values. This means that the equivalent current
is likely to be due to distant magnetospheric sources. cation for ions is equatorward of that for electrons. Between
In Fig. 7 the situation on 25 September at 16:28-16:37 UTthe b6 and b5e boundaries the soft diffuse electron precipi-
(DMSP F14, evening sector 20:00 MLT), corresponding totation from PSBL, characteristic of the Polar Diffuse Zone
the end of theD,, rapid recovery phase can be followed. Ac- (PDZ), is observed. The auroral precipitation regions span
cording to theA H and A Z profiles (bottom), two electrojets latitudes of both electrojets. The latitudes of diffuse precipi-
exist simultaneously: the EE centred af &G latitude and  tation (between ble and b2e) and the latitudes of the AO (up
poleward /equatorward boundaries at the/68° CG latitude  to its boundary b5e) correspond to the EE and WE, respec-
and the WE with its centre at the 7€G latitude and equa- tively.
torward boundary at the 7XCG latitude (the poleward one, In the morning sector, as a rule, only the WE exists. It was
located at the-76° CG latitude, is outside the magnetometer impossible to follow the precipitation structure just above
chain). The brief poleward spreading of the WE is a consethe electrojet for the September magnetic storm, since the
guence of the substorm development (see Fig. 3). The WEDMSP orbits were oriented in the evening-morning direction
intensity in its centre £ H=-540 nT) exceeds the AL value. during 24-25 September. In Fig.8H and A Z variations
Hence, when calculating the AL index the field variations atalong the IMAGE chain at 00:24 UT (03:30 MLT),,=—
latitudes outside of the standard longitudinal chain of obser4 nT) can be seen. The WE, with its centre at €5 lat-
vatories need to be taken into account. itude, poleward and equatorward boundaries ¢f &dd 65
In comparison with the WE the EE intensity, maximis- CG latitude, and intensity ok H~—1000 nT, is characteris-
ing at 46 nT, is substantially weaker and the current weakensic for the intense substorm of AL—1000nT. The plasma
monotonically equatorward from the electrojet centre. Theboundary locations (MLAT), according to DMSP F14 data at
levels of auroral disturbances (AU and AL) on 24 and 2501:06-01:14 UT (20:30 MLT), are also shown (Fig. 8, top):
September at 16:00 UT are approximately equal. Howeverp1i=59.7, b1e=59.9, b2i=62.%, b2e=63.4, and b6=80.8.
in the evening sector the EE centre on 25 September wa$he westward equivalent current is located within the entire
shifted more equatorward (0f5°) than on 24 September, region of auroral precipitation. Weak, positiveH vari-
due to the differeniAHsym variation intensities, namely — ations on the equatorward boundary of the magnetometer
86 nT and —20 nT on 25 and 24 September. The location othain, close to the Alfén layer boundary, are not associated
the EE centre and its equatorward shifting obtained for thewith precipitation.
24-25 September magnetic storm is in accord with the re- During the storm development the WE location is ob-
sults reported for other storms (Feldstein et al., 1996). served at gradually lower latitudes. Data from the IMAGE
The location (MLAT) of the precipitation boundaries ob- chain at 02:10 UT on 25 Septembéd?(=—85nT) show the
tained from the DMSP F14 satellite pass directly above theWE centre to be at 61°5CG latitude. The location of the
magnetometer chain during 16:28-16:37 U920:00 MLT) poleward and equatorward electrojet boundaries ateafil
is: bli=55.5, ble=55.8, b2i=61.7, b2e=62.5, b5e=77.9, 57° CG latitude, respectively, which is as much &snTore
and b6=80.1. It is important to stress that the ble and bli equatorward, compared to 00:24 UT. For the next hours,
locations for this DMSP pass are consistent with earlier ob-when the ring current increases, the WE intensity along the
servations during times when the Affm layer boundary lo- IMAGE meridian decreases since the chain moves into the
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Fig. 8. As Fig. 5, but at 00:24 UT 25 September 1998. Measure- i 6 Feb 1994
ments from the DMSP F14 pass over auroral latitudes at 20:30 MLT. Dst = —7inT
DMSP F8

dawn sector. The ring current reaches its maximum dur-
ing 06:00-08:00 UT on 25 September when the CANOPUS
chain shifts to the midnight-dawn sector. For this time in- **
terval the CANOPUS data finds the maximum WE intensity s
at the latitude of the most equatorial station, Pinawa (60.7
CG latitude). After 07:00 UT, when no intense substorms are
present, the WE centre is locateddat60.7 CG latitude.

In Fig. 9 the location of both the EE (its centre and bound-
aries) and corresponding particle precipitation boundaries

during the magnetic storms on 6 February 1994 and 10 May:jg 9. comparison of the location of auroral electrojets (their po-
1992 is shown (2 top panels). The data used in this figuraar, p, and equatorial, E, boundaries, and centre, C) and particle
were obtained by Feldstein et al. (1999) in their study of theprecipitation boundaries (ble, bii, b2i, b2e, b5e, and b6) during the
interrelationship between electrojet dynamics and the auromoderate (6 February 1994) and severe (10 May 1992) magnetic
ral precipitation structure. In Fig. 9 (2 bottom panels) the storms: the eastward (first and second panels) and westward (third
WE location is also shown in a similar way. The measure-and forth panels) electrojets. Corresponding UT and MLT for the
ments for intervals, when DMSP F8 passed over the IMAGE®!ectrojets accord?ng to IMAGE chgin are.indicated to the left and
chain, were analysed and data from three Russian observatd10se for the precipitation boundaries during the DMSP F8 passes
ries were added (to cover the latitudes t6 G latitude). over electrojets are |nd|_cated to the ng_ht (each panel). The latitu-
The 6 February magnetic storm was moderate but the secon(anal range Cons'qered Is #500° CG latitude. HourlyD;; values
one on 10 May was severe. For this storm the equatorwartgorresloom| toagiven UT.

shifting of the centres of both electrojets (EE and WE) is

in accord with earlier results (Feldstein et al., 1996, 1997, Tnhe WE is located along the AO (between b2e and b5e).
1999). The WE centre is positioned near the b2e boundary but a little
For storms with different intensity the EE covers a narrow poleward (0.8), whereas the poleward and equatorward WE
band of 4—7° in the equatorward part of a wide latitudinal houndaries are located in the vicinity of b5e and b2i, respec-
interval (of 17-19) of auroral precipitation. The EE cen- tjvely. Thus, the WE projection in the magnetosphere night-
tre is located between b2i and bli (i.e., in the inner magnedawn sector is located in the CPS at greater geocentric dis-
tosphere between the plasmapause and the tail current shaghces than the magnetospheric projection of the ionospheric
boundary). The EE equatorial boundary practically coincidesparticle precipitation boundaries ble and bii.
with b1iand the poleward boundary coincides with b2i (b2e).  The results of the analysis of latitudinal variations of the
ThUS, at ionospheric altitudes in the dusk sector, the EE Comgeomagnetic fieldh H andAZ ComponentS’ measured a|ong
prises the region of diffuse auroral particle precipitation. It the magnetometer chains with regard to the auroral (electrons

is mapped along magnetic field lines into the inner magne-and ions) precipitation structure (DMSP data), can be sum-
tosphere between the plasmapause and inner CPS boundagyarized with regard to evening/morning sectors:

Most of the particle energy flux intrusion into the ionosphere
is at higher latitudes than the EE.

10 May 1992
Dst = —226nT

DMSP F8

21.6MLT
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Fig. 10. Plasma measurements within the 19:49-19:56 UT interval on 24 September 1998 from the DMSP F13 pass over auroral latitudes.
From top to bottom: ion density (first panel); variations of the magnetic field east-Biggirown) and north-south,, green) components

(second panel); energy flows and mean energy of electrons and ions (third and fourth panels); energy spectrograms of electrons and ion:
(fifth and sixth panels); plasma drift velocity (seventh panel).

In the evening sector when the EE and WE are latitudinally — the WE is located between the b2e and the b5e bound-
overlapping: aries at latitudes of maximum energy fluxes of auroral
electrons.
— the EE is located entirely in the auroral plasma precip-
itation region: the equatorward part of the electrojet is 4.3 Particle precipitation, field-aligned currents, and polar-

located at latitudes of diffuse precipitation between the ization jets in the ionosphere

bliand b2e, whereas the narrow poleward part is in the

region of discrete precipitation; 4.3.1 The inner magnetosphere during a magnetospheric
substorm

— the EE centre corresponds to the b2e boundary;
We first consider the electromagnetic and plasma conditions

— the Alfvén layer boundary for ions (bli) is usually lo- before the beginning of the 25 September 1998 magnetic
cated equatorward of that for the electrons (ble); storm using DMSP F12-F14 data. The DMSP F12-F14
spectrograms in Figs. 10-14 include (from top to bottom):
— the WE is located in the region between the AO bound-(1) plasma densityXi), (2) magnetometen B, and AB,

ary b5 and the PC boundary b6. measurements, (3) electron and ion integral energy flux, (4)
electron and ion average energy, (5) precipitating electron
In the morning sector where only the WE exists: spectrogram, (6) precipitating ion spectrogram, (7) cross-

track horizontal plasma drift. The vertical lines depict the
— the westward current is located within the entire region equatorward (b1i) and polar (b6) boundaries of the auroral
of auroral plasma precipitation; precipitation region.
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In Fig. 10 data from the DMSP F13 pass on 24 Septem-ig. 10 for the DMSP F13 pass. Actually, this is confirmed
ber 1998 (19:49-19:56 UT) are shown from a time of a sub-by the substantially smaller (up to few times) gradient of the
storm with AL~—550nT. At 18.1 MLT the bli precipitation north-south field in comparison with east-west field gradient:
boundary (63.7 MLAT) is located within the ionospheric
trough where the cold plasma density minimises. The trough‘% < %
is outside of the plasmapause. The radial size of the plasma- 4* dx

sphere is determined by a marked increase in the magnetorhe magnetic field variations associated with FAC during
spheric convection velocity. The convection velocity in the this substorm interval are& B,~700nT andA B,~300nT.
evening sector is sunward for all the DMSP F13 passes an@nder the assumptions above the current densities of in-
increases td’ ~1km/s at MLAT of~63°. flowing (Region 2) and outflowing (Region 1) FAC are
The recovery of the total ion density occurs at latitudes.37,,A/m? and 0.54+A/m?2, and the linear currents densi-
of ion precipitation (poleward of the b1i) and then continuesties are 0.45 A/m and 0.45 A/m, respectively.
poleward of the electron precipitation boundary ble (64.5
MLAT). At latitudes of structured electron precipitation (the 4.3.2 The inner magnetosphere at the beginning of the
CPS regime) the large amplitude oscillatory fluctuations of storm main phase
convection velocity are observed (Fig. 10). When DMSP F13
moves to the PC (the b6 boundary at PAMLAT) the con- The DMSP F14 pass on 25 September 1998 at 02:47-
vection velocity decreases to the level measured at subauror@2:53 UT, i.e. 19:30 MLT (Fig. 11) is related to the be-
latitudes. ginning of the storm main phase when ALZ50nT and
The satellite magnetic field data indicate a quite simpleSym-H=-80nT. The latitudes of the Alan layer bound-
system of large-scale FACs: at82MLAT <70° there is a  aries for ions and electrons, bliand ble, are practically iden-
downward current and at F& MLAT <78° the currentis up- tical (54.8 MLAT) and located in the ionospheric trough,
ward. Some smaller scale changes of FAC superposed ojust near the minimum of the plasma density. At the same
the large-scale currents are associated with electron precipsubauroral latitudes (8%MLAT <55°) a velocity burst of
tation. sunward convection~2 km/s) was registered. Moreover, in
FACs are responsible for electrodynamic connection be-addition to this burst, a structured velocity burst of sunward
tween different plasma regions of the near-Earth environmenconvection ¢4 km/s) was observed at BEMLAT <63°.
(a source of global ionospheric current systems) which are The velocity burst of convection at subauroral latitudes is
detectable in variations of the magnetic field on the Earth’scharacteristic for the generation of the PJ or SAPS during
surface. The FACs and the corresponding magnetic disturmagnetic storms. The PJ (Galperin et al., 1974; Galperin,
bances are especially intense during magnetospheric sul2002) or SAPS (Foster and Burke, 2002; Foster and Vo,
storms and magnetic storms. 2002) is a composite part of a magnetic storm. During the
The current flowing into the ionosphere (Region 2 FAC) storm main phase the fast (with drift velocities of several
can be seen first in the ionospheric trough equatorward of thé&m/s) westward ion convection is observed at altitudes of the
region that separates boundaries of ion and electron precipionospheric F-layer (at a few hundred km). The electric field
tation. In between the precipitation boundaries of differently (tens of mV/m) corresponding to the SAPS appears not far
charged particles, no increase in the drift velocity (i.e. no en-from the equatorward boundary of diffuse auroral precipita-
hancement of the electric field) was registered. Accordingtion during the magnetic storm.
to GWC meridian magnetometer data the EE location corre- The main (more intense) convection velocity burst is as-
sponds to the Region 2 FAC at a given UT. The Region 1 FACsociated with the auroral precipitation from the CPS regime
with outflowing current is located poleward up to the high- (poleward of its equatorial boundary b2e at 61MLAT).
latitude boundary of the CPS regime, i.e. in the region of thePoleward of this precipitation, the antisunward convection,
auroral electron precipitation. According to GWC data, therewith velocities of~600 m/s, is observed. This convection is
is the WE at very high latitudes during these evening hours. near the PC boundary b6 (68.MILAT) in the region of soft
If the field-aligned current is assumed to flow on an infinite diffuse electron precipitation in the PDZ.
2-D plane surface oriented east-west and the magnetic field At the beginning of the storm main phase DMSP observes
variations measured by DMSP are caused by FAC only, thera magnetic effect o B, to ~1400nT,AB, to ~500nT,
the current density;; can be determined from the following due to Region 1 and Region 2 FAC (Fig. 11). Those FACs

relationship: flow in a sheet deflected 2sorthward relative to the east-

dAB west direction. The inflowing Region 2 and outflowing Re-

d—z = 1ojjs gion 1 current densities can be approximated with the av-
X

erage values 0.65A/m? and 3.1xA/m?, the linear current
where uo=47 x10~7 H/m is the magnetic permeability in densities are 0.79 A/m and 1.03A/m. The current density
vacuum. The current sheets are approximately orientedn Region 2 varies substantially with latitude, with its magni-
along magnetic shells with the east-west directions as seen itudes of 0.3%A/m? at 52.84 <MLAT <57.4, 2.96A/m? at
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Fig. 11. As Fig. 10, but within the 02:47-02:53 UT interval on 25 September 1998 from the DMSP F14 pass over auroral latitudes.

57.£ <MLAT <58.2, 0.1xA/m? at 58.3 <MLAT <61.4, 01:15 UT (20:30 MLT) (not shown) a velocity burst up to
2.48AIm? at 61.4 <MLAT <61.9. The Region 1 and Re- 3.5km/s in the ion drift velocity was observed at latitudes
gion 2 currents are located at latitudes with sunward convec58.8 <MLAT <59.5, i.e. just in the region of minimum
tion and are regions of precipitation from the Adfv layer  density in the ionospheric trough. The SAPS was located
and CPS regimes. Poleward of the Region 1 FAC at latitudegquatorward of the latitudes of diffuse precipitation from the
66°<MLAT <68.4 an FAC flowing into the ionosphere is Alfvén layer, adjoining to boundaries bli=ble=60ifenti-
present (Region 3 FAC). Its density is 0,388/m? and lin- cal with the outer edge of the ionospheric trough. The mini-
ear density is 0.16 A/m. Magnetic field variations associatedmum latitude, from which an abrupt increase in the drift ve-
with Region 3 currents caugeB,~200nT,AB,~0nT. This  locity starts, is~56°, where formation of the Region 2 FAC
current is inflowing at the PDZ latitudes. The triple structure inflowing into the ionosphere takes place. The Region 1 FAC
of this FAC is accompanied by a complex structure of iono-and Region 2 FAC become multilayered. In addition, the Re-
spheric currents with overlapping EE and WE during eveninggion 3 FAC flowing into the ionosphere appears poleward of
hours. Actually, along the CANOPUS chain (Gill station, the Region 1 FAC at latitudes with diffuse precipitation from
®=66.8") a westward ionospheric current was observed. Itsthe PDZ, 76.9<MLAT <77.6.

location was poleward of the eastward current which was ob-

served on stations at lower latitudes. The overlapping of elec4-3.3  The inner magnetosphere near the maximum of the
trojets in the evening sector is accompanied with an increase storm main phase

in the disturbance level and the appearance of the third FACTh h istic f £ th heri
inflowing to the ionospheric altitude along the CPS regime | '€ characteristic features of the magnetospheric structure
periphery. become more distinctive at gradually lower latitudes dur-

ing a developing magnetic storm. The signatures of these

The SAPS was registered from the beginning of the stormfeatures are more intense in comparison with intervals of
within the interval of the abrupt increase in solar wind pres- magnetospheric substorms. In Fig. 12 the results of DMSP
sure. During the DMSP F14 pass on 25 September at 01:05F12 observations at 09:04-09:13 UT on 25 September (near
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Fig. 12. As Fig. 10, but within the 09:04-09:13 UT interval on 25 September 1998 from the DMSP F12 pass over auroral latitudes.

the main phase maximum) are shown in the evening secSAPS in the evening sector with characteristic features simi-
tor, when AL=-1030nT and Sym-H=-147 nT. The equator- lar to those described above. The two bursts with maximum
ward boundaries of the AlBn layer regime are located at ion drift velocity of 3 km/s were observed at MLAT of 53.6
b1li=52.0 and ble=52.8 At these subauroral latitudes a and 60.7. The first velocity burst located at 53.@&he ble
velocity burst in the westward ion drift (sunward convec- boundary) is the SAPS. The AlBn layer boundary for ions
tion) was observed. The location of maximum drift velocity bli (52.6) is located equatorward of the ble. Therefore, the
(V~3.4km/s) coincides with the ble boundary. The equa-equatorial portion of the SAPS (that occurred equatorward
torward part of the latitudinal interval with the velocity burst of the burst peak), seen during the passes of both satellites, is
is located between bli and ble, i.e. in the region mappedocated in the latitudinal range between bli and ble. The sec-
to the magnetosphere where the electric field is due to thend velocity burst is located within the region of structured
charge separation. This burst in the sunward convection iprecipitation of auroral electrons from the CPS regime.
superposed on the steady pattern of sunward convection in The magnetic field variations for individual DMSP passes
the Alfvén layer regime ¥ ~0.7km/s). The second burst confirm the dominant azimuthal (east-west) orientation
of sunward convection has irregular vglocny variations Upof current layers, sincdAB.|>|B,|. The intensity of

to 3km/s and appears at the CPS regime (b2e=B6fOr  field variationsAB. are ~1.2x10°nT, ~2.2x10®nT, and
which structured electron precipitations are characteristic. In.g 94x 103 nT for the Region 2 FAC, Region 1 FAC, and
the vicinity of the CPS high-latitude boundary (b5e=79.3  Region 3 FAC, respectively (Fig. 12). The triple structure of
the convection becomes antisunward (Fig. 12). Its maximumpe Jarge-scale FAC, characteristic for strong disturbed pe-
velocity (V~2km/s) was measured at the diffuse precipita- ripds, is distinctively identified by thes B, gradients. The
tion latitudes known as PDZ, i.e. at 703VILAT <71.#.In mean values of the FAC density and FAC linear density (if
the PC the direction of convection changes to sunward again,on-monotonic field changes in the Region 2 FAC are ne-

The DMSP F14 measurements (19:20 MLT), just 30 min 9lected) are as follows:
after the DMSP F12 pass, confirm the occurrence of theRegion 1: 3.29A/m2, 1.81 A/m
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Fig. 13. As Fig. 10, but within the 16:28-16:37 UT interval on 25 September 1998 from the DMSP F14 pass over auroral latitudes.

Region 2: 0.8:A/m?, 0.95 A/m tric field and an eastward ionospheric current. However, dur-
Region 3: 6.4 A/m2, 0.74 AIm. ing the storm main phase, the FAC system Region 3—Region
The triple structure of the large-scale FAC is closely asso-1 iS favourable for the appearance of both an equatorward-
ciated with magnetospheric plasma domains. As mentionedlirected electric field and a westward ionospheric current.
above, the current flows into the ionosphere at Aifiayer ~ AS & consequence, the overlapping of the EE and WE takes
latitudes (Region 2 FAC), flows away from the ionosphere places during intense disturbances, which was discussed in
at CPS regime latitudes (Region 1 FAC), and flows into theSect. 3 and Sect. 4.2.
ionosphere at PDZ latitudes (Region 3 FAC magnetically
mapped to the PSBL at the outer periphery of the CPS).  4.3.4 The inner magnetosphere during the storm recovery
The AB, changes weakly at SAPS latitudes phase
(52° <MLAT <55°), which testifies to rather a low in-
tensity of the FAC at latitudes of the PJ. However, th8,  For the storm analysed, there are two stages in the recov-
intensity starts to increase abruptly for latitudes polewardery process to quiet conditions: fast recovery until 16:00 UT
of 56.2 MLAT (where the SAPS burst ends). Hence, the and succeeding slow changes of the geomagnetic activity in-
characteristic appearance of SAPS during the storm mairjexes after the main phase. During the first stage the ap-
phase is not accompanied by the generation of intense FAGearance of substorms continues and the interrelationship
at these latitudes. For the storm analyzed, the densities aff the geophysical events resembles that of the storm main
the inflowing and outflowing currents at SAPS latitudes arephase described in Sect. 4.3.3. However, the intensity of
0.39.A/m? and FAC linear densities are 0.1 A/m. the characteristic features diminishes significantly. This is
During the magnetic storm in the evening sector, the in-illustrated by data from the DMSP F14 pass at auroral lati-
flowing Region 2 FAC is located equatorward of the out- tudes on 25 September at 16:28-16:37 UT during the early
flowing Region 1 FAC. Such a configuration of the FAC is recovery phase (Fig. 13). As identified, the magnetospheric
favourable for the existence of both a poleward-directed eleceonvection was sunward at latitudes of auroral precipitation
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Fig. 14. As Fig. 10, but within the 19:52-19:59 UT interval on 25 September 1998 from the DMSP F14 pass over auroral latitudes.

from the Alfvén layer and the CPS regimes, located be-increase in the convection velocity+al.2 km/s at the subau-
tween the bli (559 and b2e (62.9 boundaries and be- roral ~61° MLAT is of a monotonic character (without any
tween the b2e and b5e (77)®oundaries, respectively. The velocity bursts). This is related to latitudes of the ionospheric
magnetospheric convection was antisunward at latitudes ofrough and occurs more equatorward of the bli (63ahd
auroral precipitation from the PSBL regime, i.e. betweenble (64.0) boundaries. Th&,, andB, magnetic field com-
the b5e and b6 (789 boundaries. The intense velocity ponents and their gradients reveal significant weakening of
bursts in the sunward convection were identified at subauthe FAC in the Region 1 and Region 2, whereas the Region 3
roral latitudes related to the ionospheric trough regio6@ FAC is absent.

MLAT) and to intense structured precipitation from the CPS  The relationship of geophysical phenomena during intense
regime (72<MLAT <77.9). The magnetic field intensity magnetic disturbances can be summarized as follows:
variations in the Region 2 FAC on the b2e boundary were

AB,;~300nT, AB,~0nT, the FAC density and linear den-  — In the evening sector a triple FAC structure arises. In
sity were 0.13:A/m? and 0.15A/m. Above the PDZ the addition to the Region 1 FAC and Region 2 FAC, the
FAC flows into the ionosphere with density 4,88/m? and Region 3 FAC (flowing into the ionosphere) appears,
linear density 0.25A/m. Such features in the FACs are  located on the poleward boundary of the auroral precip-
favourable for the appearance of a westward ionospheric cur-  itation region. As a result, the necessary prerequisites
rent in the evening sector, poleward of the EE. for overlapping auroral electrojets are created. At iono-

) ) ) spheric latitudes the Region 3 FAC coincides with the
By 20:00 UT (25 September) signatures of the magnetic  ppz and with the antisunward convection magnetically

storm attenuate in the inner magnetosphere. In Fig. 14 ob- mapped to the PSBL in the magnetotail (Figs. 11-13).
servations during the DMSP F14 pass at 19:52-19:59 UT are

shown. As seen, the magnetospheric convection is sunward — During the storm main phase and early recovery phase,
at all auroral precipitation latitudes. The convection bursts the sunward convection is characterized by two ve-
are found at latitudes of structured auroral precipitation. The locity bursts of 2—4 km/s at distinctive latitudes. The
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burst at subauroral latitudes is located in the ionospheric  The modification of these patterns is considered below for
trough region, at the latitude of the electron precipi- substorm and storm intervals. The space-time distribution
tation boundary ble or equatorward of it. The FAC of currents (ionospheric altitudes) and their structure at high
flows into the ionosphere at SAPS latitudes with den- latitudes during the magnetospheric substorm with the inten-
sities 0.3A/m? and 0.1 A/m, i.e. weaker than the Re- sity of AL~—800nT is shown in Fig. 15d. The location of
gion 2 FAC (Figs. 11, 12). the WE (red strip) can be easily seen. Its latitudinal width is
~6° during midnight-dawn hours. During evening and pre-
— As a rule, the SAPSs appear at latitudes of the iono-noon hours, the WE extends from subauroral latitudes to the
spheric trough, where no ionization is caused by corpus-CU. As seen in Fig. 15d the WE does not cover all MLT
cular radiation (Figs. 11, 13). The direction of the elec- hours (contrary to Figs. 15b, c¢) during the substorm, but is
tric field necessary to generate the SAPS in the eveningeen only within the evening-night-morning hours. During
sector is the same as that created by charge separatiaghe before-noon and late afternoon hours, the WE adjoins the
in the magnetosphere, which appears because of differ€U, i.e. is magnetically mapped to the magnetopause. The
ent locations of ion and electron convection boundariesnarrow strip (2—3° along latitude) of the PE is located at
from the magnetotail (bli is usually closer to the Earth the latitudes of the ionospheric projection of the CU. The di-
than ble). This electric field projects along magnetic rection and current intensity in the PE is controlled by the
field lines to the ionospheric altitudes. However, the lat- IMF B, component. It is likely that the WE continuity over
itudinal range between bli and ble is essentially lessall longitudes (Feldstein, 1963; Akasofu et al., 1965) was
than the SAPS latitudinal scale but coincides with the obtained because most of the data used was related to IMF
latitude of the maximum drift velocity in the SAPS. B,<0nT. As a result, the WE and PE currents could not
be distinguished and only one current strip was reported. In
addition, during substorms, the location of the most intense
5 Discussion ionospheric currents is significantly asymmetric with regard
to the noon-midnight meridian. In the noon sector the cur-
The electrojets at high latitudes and a magnetic field depresrents are located more poleward&’) than in the midnight
sion at low latitudes are characteristic features of the magsector.
netic field variations during magnetic storms. A huge amount The detailed consideration of the interrelation between au-
of studies exist on space-time development of electrojets, omoral luminosity, diffuse and structured auroral particle pre-
mechanisms of their generation, and their association witrcipitation, FAC and PE during magnetic disturbances in the
other geophysical phenomena. Therefore a short overvievdayside sector was given by Sandholt et al. (2004). As
of the most essential paradigms, in the authors’ opinion, exshown, the strong convection channel is located on the dawn
tended in literature nowadays is presented and then the reside of the polar cap for IMB, >0 and it is located on the
sults obtained are discussed. dusk side for IMFB, <0 conditions. The electron precipita-
tion in the regime of the convection channel in the morning
5.1 Presentation of electrojets by means of equivalent ionosector is a band~500 km) of structured precipitation. The
spheric current systems PE is located on the high-latitude boundary of the structured
luminosity region in the vicinity of the strong flow channel of
An equivalent ionospheric current system is usually used forthe magnetic convection close to the bright auroral arc. When
a generalized presentation of the distribution of perturbedB, >0 this channel is located in the morning sector on the PC
geomagnetic field vectors on the Earth’s surface. Showrboundary, where the FACs outflow from the ionosphere (on
schematically in Figs. 15a, b, ¢ are the current system patthe PC boundary) and flow into the ionosphere, equatorward
terns reported earlier. They can be compared with patternsf the PC boundary, and this is one reason that the eastward
modified according to our results (Figs. 15d, €). The two-PE exists.
vortex classical current system (Fukushima, 1953) (Fig. 15a), The EE comprises the evening sector from early evening
the single-vortex system with a WE along the AO and closureto midnight hours and is located at lower latitudes closer to
currents through the PC and middle latitudes (Fig. 15b), re-midnight. During midnight the EE latitude is the same as
ported by Feldstein (1963) and Akasofu et al. (1965), and thehat of the WE equatorward edge. Both the EE width and its
two-vortex system with a WE within the boundaries of the intensity reach maximum during dusk hours. The EE shown
AO and with an EE in the evening sectorat-65° (Feld- in Fig. 15d is not a closure current for the WE at higher lat-
stein and Zaitzev, 1965) (Fig. 15c), are widely known. It wasitudes, contrary to Fig. 15b, and is not located in the auroral
concluded that during substorms the WE extends to all longizone @~65°), contrary to Fig. 15¢. According to Fig. 15d
tudes along the AO and its intensity decreases from midnighthe EE latitude increases from night to evening hours. Dur-
to noon hours. The EE, as a separate current system rathérg early evening hours, the EE adjoins the ionospheric pro-
than a return current from the WE, is locateddat+65° in jection of the CU, i.e. the EE is magnetically mapped to the
the evening sector. magnetopause during this MLT interval.
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Fig. 15. Schematic view of the electrojets space-time distribution at ionospheric altitydg¢slassical current system according to
Fukushima (1953)(b) single-vortex system with westward electrojet along the AO according to Akasofu et al. (18p8puble-vortex

system with westward electrojet along the auroral oval and eastward electrojet in the evening sector at the latitude of the auroral zone ac-
cording to Feldstein and Zaitsev (196§]; e) substorm and strom conditions are considered separately: the magnetospheric substorm with
AL~—800nT (d) and the magnetic storm main phase with~At1200 nT,D;;~150 nT (e).
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In Fig. 15d the location of the projection of the plasma- essentially; in the night sector the WE poleward boundary is
pause (PP) to ionospheric altitudes is indicated by the quasilocated at higher latitudes than the PE in the noon sector.
circle (blue). There is a latitudinal slit (of a few degrees) be- The EE envelops the WE along its equatorward boundary
tween the PP and EE that decreases when reaching the nighot only during the evening-early dawn hours. The EE exists
hours. During substorms this latitude slit is comparable toat latitudes between the PE and PP up to noon during the
the EE width. main phase of the intense storm. The latitudinal slit between

] S ) . the EE equatorward boundary and PP is only one-tenth of a

In Fig. 15e the distribution of equivalent currents and their degree in the night sector.

structure during the storm main phase with activity indices During the main phase of the 25 September 1998 storm
of AL~—1200nT andD;,;=-150nT are shown. The inten- ¢ prsts of the ion drift velocity of as much astkm/s

sity of the electrojets increases. They are shifted to lower Iat—(s APS) occur at subauroral latitudes (outside of the plasma-
itudes in comparison to substorm conditions (Fig. 15d). The

. _ ause) in the region of the ionospheric trough. In Fig. 15e the
westward current during the morning hours can be seen Star{%cation of the SAPS is indicated by a line (yellow), the lon-
ing from ®~57° within a latitudinal interval of~15°. Dur-

: ' ) itudinal prolongation of which is adapted from Foster and
ing the late morning and early evening hours, the westward, (2002).

currents adjoin the PE. The PE during day hours is shifted
equatorward tab~67° and the width of its narrow strip is
2°-3°. The WE asymmetry with regard to the noon-midnight
meridian is valid for storm intervals (similarly to the sub-
storm intervals). However, the asymmetry pattern changes
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5.2 The structure of the magnetic field variations in the EEcomponent and of short-lasting bursts (as a signature of the
region explosive component). On the IMAGE meridian the ampli-
tude of these bursts is300 kA, whereas that on the GWC
A synthesis of numerous observations of electric fields andmeridian is~150 KA. It is likely that the two-fold decrease
ionospheric currents at high latitudes during substorms waf the current intensity in the burst characterizes the scale of
carried out by Kamide and Kokubun (1996). It was shown the burst current system. The longitudinal extent of its iono-
that time variations of the current patterns over the entire pospheric part is~60°.
lar region consist of two components. The first is related TheA H bursts are accompanied by specific spectra of pre-
to the magnetospheric electric fields and is represented byipitating ions, as seen in DMSP spectrograms in the evening
a two-cell convection pattern with cells on the morning and sector. Within the disturbed intervals (but not including the
evening sides. The second component is represented by thgorm main phase) the main energy flux of ions~df0 keV)
WE in the dark sector and is related to the ionospheric conprecipitating into the upper atmosphere/is 10’ eV/(cn? s
ductivity intensification which is favourable for the genera- sreV) and is observed at64°> MLAT. During the storm main
tion of the 3-D wedge current system. Within the frame of phase ions of-10keV precipitate at 38<MLAT <67° and
such a model the EE is presented as a part of the evening cory is similar, i.e.~10" eV/(cn? s sr eV). The energy flux of
vection cell and therefore flows from the PC to the eveningions with the energy from 32 eV to 1 keV B108 eV/(cm?
side of the auroral zone. The observed complex variability ofs sr eV).
the magnetic field of auroral electrojets is attributed to a su- \We conclude that the currents in the WE and EE are gener-
perposition of these two components changing on their owngted by three external sources. The first one is the large-scale
spatial and temporal scale and depending on the substoronvection in the magnetosphere which drives the two-vortex
phase. current system at high latitudes with westward (morning sec-
Grafe (1994) carried out the complex study of the tor) and eastward (evening sector) ionospheric currents at au-
EE structure. The explosive component along with theroral latitudes. During the magnetically disturbed interval,
convection-like one in the EE magnetic field variations were additional currents contribute to the magnetic fields associ-
reported based on magnetic, ionospheric, radar and satehted with the auroral electrojets. The WE increases abruptly
lite data. Grafe and Feldstein (2000) stressed the differdue to a current wedge appearance. The eastward electrojet
ences in the EE and WE development in relation to the magincreases due to closure of the PRC via the ionosphere in the
netic storm phases. Recent investigations indicate that durevening sector.
ing magnetic storms the ring current is formed due to the
jointinfluence of two factors: the large-scale electromagnetic5.3 Electric fields and field-aligned currents in the dusk
convection and the repeated electric field pulses related to sector of the inner magnetosphere
substorm activation under stormy conditions. According to
model calculations reported by Ganushkina et al. (2005), theT'he electric fields and the FAC of the inner magnetosphere
contribution of plasma sheet particles, accelerated by elecare two of the most important features to be taken into ac-
tromagnetic pulses to energies 80 keV, to the total ring  count for understanding the existence and development of
current energy, is quite significant. Such impulsive input of the EE. During magnetospheric disturbances, the fields and
energy into the inner magnetosphere occurs not only duringurrents are caused by an intensification of the solar-wind-
ring current formation, but also during PRC formation, and driven convection electric field. Both the earthward plasma
therefore influences the PRC and EE structure. motion from the magnetotail and the existence of FAC in the
Most ionospheric models assume the existence of the EEnner magnetosphere, along with the associated ionospheric
convection-like component. The existence of the EE explo-currents, are attributed to the convection field. In case of
sive component is quite uncommon and needs some addironzero ionospheric conductivity the electric fields appear in
tional arguments. Among those is the occurrence of positivehe ionosphere and they are mapped magnetically into the
burstsA H>0nT during the storm at noon hours when the magnetosphere. The resulting electric fields in the magneto-
EE is present. As seen in Fig. 3 the bursts occur within thesphere are significantly more complex than the simple dawn-
latitudinal range 58<®<66°. The distinctive peaks in the to-dusk field often assumed as a first approximation. The
total intensity profile of eastward currents are indications ofelectric field peak occurs in the dusk sector of the magne-
the occurrence of bursts (Fig. 3, bottom part). The mean dutosphere at.~4, i.e. quite far inside of the location of the
ration of individual bursts is-0.5 h; spacing is~1.5-2.0h.  driving source of the convection.
Comparing bursts along the IMAGE meridian with those A physical model of the inner magnetosphere that in-
measured along the GWC chain during 11:00-16:00 UT oncludes the coupling with the ionosphere is the Rice Con-
25 September 1998 makes it possible to estimate an apsection Model (RCM) (Gardner et al., 2004). It describes
proximate longitudinal size of the region where the burstsadiabatically drifting isotropic particle distributions in a self-
occurred. Within this interval, there is a superposition of consistently computed electric field, including the flow of
“smoothed” intensity variations related to the convection-like electric currents along magnetic field lines to and from the
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coupling ionosphere. Positive ions are responsible for mostThis component of the Region 2 FAC characterizes its regu-
of the Region 2 FAC and carry most of the storm-time ring lar part.
current, while electrons are the principal source of enhanced Next we compare the results of model calculations with
ionization in the auroral ionosphere. Pressure gradients ass®MSP data in the evening sector. Both the location of the
ciated with the Alfen layer produce Region 2 FAC (into the ion plasma sheet boundary earthward of the electron plasma
ionosphere in the dusk sector and away from the ionosphersheet boundary and the existence of a region between these
in the dawn sector). The equatorward auroral ion boundary irboundaries with the poleward electric field are predicted by
the dusk-pre-midnight region coincides with the equatorwardthe model quite correctly. According to model results, the
Region 2 boundary. In addition, the latitudinal extension of ionospheric trough with its decreased ionization density is lo-
the Region 2 FAC coincides with the region in which there is cated equatorward of ble. On the other side, the burst of the
a slope in the ion energy density. The poleward boundary ofwvestward ion drift velocity is within the ionospheric trough
the Region 2 FAC is approximately at latitudes of the peakboundaries; the peak velocity corresponds to the ble bound-
of the ion energy density. For intervals of magnetic storms,ary or occurs more equatorward, being between ble and bli.
the RCM predicts the existence of the region where the elecHowever, the SAPS with high ion drift velocities is observed
tric field is poleward and very strong-00 mV/m), which  on both sides of the burst peak, outside of the ble and bli
results in a rapid westward plasma drift known as the SAPSboundaries. It means that further improvements of the RCM
The SAPS is generated at latitudes equatorward of the eleanodel are necessary to interpret high ion drift velocities out
tron precipitation boundary ble, but poleward of the ion pre-of the region where the electric field is due to charge separa-
cipitation boundary bli. The downward Region 2 FAC flows tion.
at latitudes where the ionospheric conductivity is lower. The In fact, according to the RCM model, generation of the
SAPS generation in the RCM is based on charge and energyrorthward electric field in the ionosphere is a reason for the
dependent drift trajectories of magnetospheric particles. The&SAPS occurrence. As model calculations show, this field in
positive ions, much hotter than the electrons, come closethe evening sector is a result of a separation of hot particles
to the Earth on the dusk side. Therefore, on the dusk sidepf opposite charges in the magnetosphere. The different lat-
the equatorward edge of the FAC is closer to the Earth thantudes of precipitation of ions and electrons of auroral en-
the diffuse aurora. The horizontal ionospheric closure cur-ergies were confirmed by observations of auroral lumines-
rent across the narrow region between bli and ble, with vergence. As known, in the evening sector the hydrogen lumi-
low conductivity (inside the ionospheric through), requires anescence is located at latitudes equatorward of the electron
large electric field. luminescence. However, in the morning sector the situation
Using the hydromagnetic approximation the FAC andis the opposite (hydrogen luminescence is located poleward
plasma motion in the magnetosphere are described by thaccording to Wiens and Vallance Jones, 1969; Evlashin and

expression: Maltsev, 2004). DMSP and Viking measurements also have
) revealed (Vorobjev et al., 2000; Feldstein et al., 2001) that in
Jj = —(Bn/2B;)B. - (gradP x gradV), (1) the morning sector the equatorward boundary of hot electron

precipitation is located at latitudes lower than that of ions,
which has to be a reason for the occurrence of the southward
electric field. If the ion drift direction in SAPS is assumed to
be controlled by the hot particles’ charge-separation electric
eTield, then the drift in the morning sector has to be eastward.
The existence of westward ion drift in the SAPS within the
I%ntire longitude interval from dusk to dawn MLT hours, can
be considered as a confirmation of the fact that the SAPS
Westward ion drift in the dawn sector outside the plasma-

where J)| is the FAC density at ionospheric altitudeB,
and B,, refer to the magnetic field in the magnetospheric
equatorial plane and at the ionospheric mirror poihtand
V= [dl/B are the plasma pressure in the equatorial plan
and the flux tube volume, respectively.

The plasma pressure and the flux tube volume have bot
radial and azimuthal gradients. If gra®d and gradV are
decomposed into radial and azimuthal components, then th

relationship: pause is controlled by other mechanisms of the electric field
Jy = —(Bn/2B?)B. - [(grad P), x (grad V) generation. The injection of low-energy ions into the night-
+(gradP)e¢ x (gradV), ] (2) side inner magnetosphere is among of them. Such ions can

stay at the low.-shells for a long time, and due to the corota-
is obtained from Eq. (1). Toward midnight the componentstion electric field, can be moved to the morning sector. There,
of the flux tube volume gradient are positive, (griég. >0, their location is closer to the Earth than that of the electrons.
(gradV)4>0. In the Alfvén layer (gradP),>0. Moreover, The closure of inflowing currents via the region of low
in the Alfvén layer the first term in Eq. (2) gives the FAC out- ionospheric conductivity appears to be the other possibil-
flowing from the ionosphere. The current (Region 2) inflow- ity. Such currents are likely to flow into the ionosphere near
ing at corresponding ionospheric altitudes is represented byhe low-latitude boundary of the particle precipitation region.
the second term in Eq. (2), i.e. by both the azimuthal plasmaoth assumptions regarding the reasons of the westward ion
pressure gradient and radial gradient of the flux tube volumedrift presence in the morning sector must be verified using
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observational data during various phases of magnetic stormsng current densities were also calculated at 120 km alti-

Processes of the ring current development and decay dutude. For the 25 September 1998 magnetic storm, the cur-
ing a magnetic storm, caused by the exposing magnetic cloudent density for the Region 2 FAC increases from the value
influence were modelled by Jordanova et al. (1998). Theof 0.1xA/m? at 01:00 UT to JuA/m? at 03:00 UT, then
storm-time enhancement of the plasma sheet ion populatiodecreases to 0,2A/m? at 08:00 UT. At 15:00 UT the cur-
contributed significantly to the ring current buildup. The en- rent changes direction and the outflowing current density
ergy losses due to ion precipitation increase during activds —0.1xA/m2. The total current for the Region 2 FAC is
periods, reaching maximum values during the storm main3x10PA at 01:00 UT, 14 10°A at 03:00 UT, & 1CPA at
phase. During this phase the ion precipitation; along with08:00 UT, and % 10°A at 15:00 UT.
charge exchange become an important mechanism of the ring Quite intense FAC can be generated during the storm
current decay. For the 25 September storm, the significant (irmain phase due to turbulent pitch-angle diffusion of energetic
intensity) ion fluxes precipitating from the magnetosphereions by ion cyclotron waves (Trakhtengerts and Demekhov,
to upper atmosphere altitudes were observed. In Figs. 112004). The ion cyclotron instability occurs as a result of the
14 (corresponding panels) the integral energy fluxes of theseteraction of energetic ions with the cold magnetospheric
ions (E <30keV) are shown, along the DMSP passes duringplasma because of the dependence of the cyclotron resonance
different storm phases. It is worth noting that their energy condition on the cold plasma density. Grafe et al. (1996) es-
is lower than the characteristic energy of the RC ions. Attimated the FAC intensity for the inflowing current near the
the beginning of the storm and at the maximum of the mainplasmapause, where the hot and cold plasma meet. The FAC
phase the main energy flux of ions is concentrated betweers formed by precipitated energetic ions but the FAC closure
the b2i and b2e boundaries, i.e. related to the region betweeim the ionosphere is due to cold particles. For strong pitch-
boundaries of current and plasma sheets in the magnetotagngle diffusion, isotropic pressure in the precipitation region
reaching the maximum value5x10eV/ (cn? s sr) on  and a Maxwellian distribution function with effective tem-
the current sheet boundary, where the pitch-angle distribuperatureT:mvS/Z, the drift current density), at the iono-
tion changes from isotropic to alnisotropic. At the recovery spheric level is equal to
phase this value decrease:?fwtibo1 eV/(cn? s sr). ' J = 05726 Nowo,

Liemohn et al. (2001a) simulated the near-Earth ring cur-
rent particle flow in the inner magnetosphere using a kineticwhere N is the ring current ion density in the equatorial
transport RAM model (Ring current — Atmosphere interac- plane. The total inflowing current
tion Model). The algorithm so!ve; the tim_e-dependent 9" o ~ 8 x 107(BAL/LS),
ration and bounce averaged kinetic equation for the phase- pp
space distribution function. The code includes collisionlesswhere ﬂ:SnPo/sz, By, is the equatorial magnetic field
drifts, energy loss and pitch-angle scattering due to Coulombvalue atL=L,,, L,, is the plasmapause magnetic shell
collisions with the thermal plasma, charge exchange losgosition, and Py is the ion ring current pressure in the
with the hydrogen geocorona, and precipitative loss to thefront of the cyclotron instability region. Fg#=0.3, AL~1,
upper atmosphere. The simulations use geosynchronous,,=3, and/;t~0.9 MA. According to more precise calcu-
plasma sheet measurements as the outer boundary conditioations (Trakhtengerts and Demekhov, 2004)=~0.23 MA
The geosynchronous orbit (L=6.6) is the outer boundary ofif L ,,=4.
the simulation domain. Grafe et al. (1996) assumed that the generation of field-

The drift trajectories were distinguished as open andaligned currents takes place in the vicinity of the plasma-
closed. The trajectories were considered as closed for thosgause. Observations of the energetic neutral atom (ENA)
that remained within the simulation domain. The calcula- contentin the 16—119 keV energy range obtained by the high-
tions reported by Liemohn et al. (2001b) show th&80% energy neutral atom imager on board the IMAGE satellite
of the particle energy in the vicinity of the magnetic storm made it possible to define the spatial distribution of the ring
peak is on open drift paths, intersecting the simulation do-current ions (Burch et al., 2002; Brandt et al., 2002b). Im-
main boundaries. The conclusion was stated that the basiages of the plasmasphere in extreme ultraviolet reveal a spa-
contribution to theDy, variation is due to the PRC field and in tial relation between ENA emissions and plasmaspheric tails
comparison with this PRC field the symmetric RC field and (Burch et al., 2001; Brandt et al., 2002a). During the main
the tail current (TC) field are only small additions. During phase of intense magnetic storms electric field bursts occur
the storm main phase of intense magnetic storms, the magneepeatedly. This is favourable for the formation of plasma
topause is usually intersected by geosynchronous orbit. Durdensity discontinuities in the inner magnetosphere. Using
ing these intervals energetic ions of the ring current leave theMAGE measurements Burch et al. (2001) confirmed the de-
magnetosphere along open drift paths in the daytime sectorvelopment of plasma tails in the dusk hemisphere during the

Using the relationship (1) Liemohn et al. (2001b) ob- geomagnetic storms on 24 May 2000 and 20 July 2000. They
tained integrated values of FACs flowing into and out of the also revealed the existence of a sharp azimuthal plasma den-
ionosphere in the Northern Hemisphere. The correspondsity gradient on the night-side. Using Millstone Hill radar
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data, as well as low and high-altitude satellite measurementservatories showed that the magnetic field depression was not
of the outer plasmasphere during the 31 March 2001 maguniform around the Earth.
netic storm, Foster et al. (2002) showed that during the storm Within the development of the main phase at 02:30 UT the
main phase an enhanced density and plumes of greatly elelepression of —150 nT was largest at 19:30 MLT, whereas the
vated total electron content appear. The appearance of suaghinimum depresion of —40 nT was seen from 02:00 MLT to
regions of enhanced density of cold plasma is attributed td5:00 MLT. Throughout the main phase until 05:30 UT the
erosion of the outer plasmasphere due to strong sub-auror&nhanced depression of the field remained centered slightly
polarization electric fields. Regions with enhanced coldpost-dusk, with the value at 04:30 UT of about —250nT at
plasma density can last for some time. Because of turbu21:00 MLT and =110 nT at 04:00 MLT.
lent pitch-angle diffusion of energetic ions by ion cyclotron  As to the main phase maximum, the largest depression
waves, the preconditions for the Region 2 FAC spatial dis-shifts to the early post-noon sector (within the interval from
tribution pattern exist not only on the plasmapause, but alsd.0:00 MLT to 17:00 MLT at 07:00 UT). At the beginning of
within a wide range of L-shells. Such a structure of the Re-the recovery phase the largest field depression shifts to the
gion 2 FAC characterized by a number of field-aligned cur-evening hours (from 16:00 MLT to 22:00 MLT at 10:00 UT).
rents is actually observed within some portions of the mainSuch patterns of the asymmetry give evidence for the PRC
phase of the 25 September magnetic storm. of significant intensity which exists along with the RC, TC,
As usually accepted, at auroral latitudes the ionospheriand FAC currents. This pattern is due to the PRC during
part of the 3-D PRC current system is represented by théhe main phase of this storm. Hence, the EE should exist as
EE. The EE magnetic field at the Earth’s surface is positivewell, as that is an ionospheric part of the three-dimensional
(AH>0nT). As known, the maximum valuesH measured PRC current system. The abrupt decrease in the AU value
by the longitudinal chain of magnetic observatories at auroralobbserved during the main phase appears to be related to
latitudes®~65° are used to calculate AU. In fact, the value an equatorward shifting of the EE, which was characterized
of the AU geomagnetic activity index is controlled by the EE by AU~250nT at 21:00-23:00 UT on 24 September before
intensity. In other words, the AU values appear to be tightly the storm main phase and then decreased te:@®WT. This
associated with the PRC intensity. Thus, it can be assumetheans that the EE (at all longitudes in the dusk sector from
that the EE monitoring is allowed following the appearancenoon to night) shifts to latitude$ <65°. Moreover, south-
and development of the PRC during the storm main phase. ward magnetic fields were observed by auroral observatories
The main phase portions of some intense magnetic stormgp the evening sector. This is evidence of the WE shifting to
within which the AU index is about zero or even negative, auroral latitudes in the dusk sector. Usually its location in
are of special interest. During these time intervals the lon-the evening sector is poleward of the EE, i.edat70°. The
gitudinal chain of magnetic observatories does not reveal théonospheric Hall currents in the 02:00-07:30 UT interval are
EE existence. Actually, in case of the 25 September 199gelatively intense, as well. This is confirmed by variations of
magnetic storm, A0 nT during 02:00-07:30 UT. Can the the AL index, which reach values from—1000 nT to —2000 nT
absence of the AU positive values at auroral magnetic obserduring this time intreval.
vatories during parts of the storm main phase be the conse- During the storm recovery after 07:30 UT on 25 Septem-
quence of the PRC absence in the inner magnetosphere fder, the AU index does gradually increase to positive values.
these time intervals (as Skoug et al., 2003, reported for anAt 08:00-15:00 UT AU~200nT, which is consistent with
other intense magnetic storm)? Other plausible reasons foihe usual EE location. In addition, during the storm recov-
the EE absence at auroral latitudes include: ery phase, the weakening of the PRC current system intensity
is compensated by substorm ionospheric Hall currents in the
— an equatorward shifting of the EE during the storm main EE.
phase (discussed in Sect. 3.2); Another indirect argument for the existence of the PRC
from the very beginning of the 25 September magnetic storm
— weakening of the eastward Hall current in the iono- is the quite high intensity of the large-scale FAC flowing into
spheric E-layer, created by a northward electric field atthe ionosphere in the region of the EE (Region 2 FAC). The
latitudes between field-aligned currents (Region 2 and3-D current loop is formed by these currents along with the
Region 1). PRC and EE. Below in Table 2 the estimates of total cur-
rent intensitiesl o flowing into and out of the ionosphere
In case of the 25 September 1998 magnetic storm, the Alare shown. To calculate these currents the assumption has
negative values during the main phase are not attributed to thbeen used that the linear density of the FACis a function
absence of the PRC in the inner magnetosphere. It is wortlof longitude:
stressing that the longitudinal asymmetry pattern of the mag- .
netic field reported by Clauer et al. (2001) gives evidence ofJ” = Josing.
the PRC existence. Actually, ground-based measurementdere Jo is a linear current density at the longitude of
along the longitudinal chain of 19 mid- and low-latitude ob- the DMSP satellite pass in the dusk sector, i.e., 17:00—
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Table 2. The total FAC intensity (MA) during different phases of a magnetic storm. The longitudinal extent (hours) of the corresponding
FAC-regions (R1 — Region 1, R2 — Region 2, R3 — Region 3) is indicated in brackets.

FAC
UT and related R2 R1 R3  Alenlayer Current sheet SAPS FAC
disturbances (b1i,e—b2i) mapped to (Liemohn et

(b2i—b2e) al., 2001b)

24 Sep 1998 0.52 045 - 0.19 0.3 2
19:49-19:56 UT (5) (5)
substorm before
magnetic storm
25 Sep 1998 245 266 0.18 0.66 1.79 8
02:47-02:56 UT @) @) 5)
storm main phase
25 Sep 1998 417 6.29 14 1.22 2.95 0.81 (10) 4
09:04-09:13 UT 9) 9 @)
early recovery phase
25 Sep 1998 0.26 0.1 0.14 0.12 15
16:28-16:37 UT (6) 5)

recovery phase in progress

19:00 MLT (Figs. 10-14)¢ is longitude. On the satellite
pass meridiap=90C°. The I value was calculated for the
Northern Hemisphere using the relationship:

@1
Itot =2 [ Josingdg = 2R(1— cosyp1) sind,
0

wheregp; is the geomagnetic longitude of the FAC boundary,

R is the radius of the DMSP orbitR=7.37x10° m), andé

is a polar angle of the center of the corresponding FAC. The
longitudinal extent of the FAC was from 5 to 9 h, depending

on the geomagnetic activity level and current configuration,
which can be seen in Table 2. The FAC intensity data in the
evening sector, summarized in Table 2, imply:

— during substorms FAC intensitidg,; are~0.5 MA with
differences less than 0.2 MA. The intensitigg in Re-
gion 1 and Region 2 increase by an order of magnitude
during the storm main phase and in addition the Region
3 current appears;

— the highly intense (several MA) Region 2 FAC flowing
into the ionosphere from the inner magnetosphere dur-
ing the storm main phase gives evidence of PRC exis-
tence;

— the attenuation of the FAC during the storm recovery
phase and its enhancement during the main phase occur
at comparable rates;

— It for Region 1 FAC flowing from the ionosphere into
the CPS is equal to the sum of the intensities of inflow-
ing currents from the inner magnetosphere (Region 2
FAC) and from the PSBL (Region 3 FAC);
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— Region 2 FAC flows into the ionosphere (from the in-

ner magnetosphere) near the earthward side of the b2e
boundary, i.e. just in the region of diffuse precipitation.
It of the FAC inflowing from the region of anisotropic
pitch-angle distribution of energetic ions (between the
bli and b2i boundaries) is two to three times lower
than Iy of the FAC inflowing from the region of the
isotropic one (between the b2i and b2e boundaries);

at the D;; minimum, FACs with intensities
Ii;~0.8MA flow in and out at SAPS latitudes;
these currents are an order of magintude weaker than
the FACs in Region 1 and Region 2;

Region 2 FAC intensities determined from DMSP mea-
surements of magnetic field variations are equal to
model values at theD;, minimum, as obtained by
Liemohn et al. (2001b). But during the substorm inter-
vals the observed FAC intensity is several times lower
than that for the model, both for the main phase begin-
ning and for the recovery phase of the 25 September
storm;

— the observed Region 2 FAC intensities are several times

greater than model values based on pitch-angle diffu-
sion of ions into the loss-cone due to wave-particle
interactions of ions with ion-cyclotron waves (Trakht-
engerts and Demekhov, 2004). According to these cal-
culations, the inflowing to the ionosphere FACs are ap-
proximately equal to FACs between the bli and b2i
boundaries (Table 2).
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It is likely that the PRC formation already at the beginning 5.4 The magnetosphere domains structure and the 3-D cur-
of the analyzed storm is not typical for the main phase de- rent systems
velopment of all storms. For example, Skoug et al. (2001)
analysed both ENA flux measurements and ground-basedo show the structure of magnetospheric plasma domains
magnetic field measurements during the main and recovand the 3-D current systems, the cross section of the Earth’s
ery phases of the 31 March 2001 magnetic storm. Its mainmagnetosphere is displayed in Fig. 16. It is shown in
phase started at 05:00 UT, whereas the maximum depreghe meridian midday-midnight and equatorial planes, using
sion (Ds;=—350nT) was reached within 07:00-09:00 UT. ground-based observations of different types of auroral lumi-
The satellite observations of energetic ion distribution in thenescence and auroral precipitation (Galperin and Feldstein,
magnetosphere revealed that magnetotail currents were thE991). The majority of plasma domains seen in the figure
main source oDy, variations at the initial stage of the main are directly related to large-scale current systems in the mag-
phase of this storm. The ion ring current started to formnetosphere.
in the magnetosphere as late as after 06:30 UT, when high- The magnetopause, a boundary of the magnetosphere, sep-
energy ions began to drift duskward, forming a PRC. Thearates it from the solar wind. The LLBL, the outer boundary
ground-based measurements along the chain also showewhich separates the regions with closed and open magnetic
that before 06:30 UT the magnetic field depression maxfield lines, adjoins the magnetopause on the dayside. Be-
imised (~—400nT) at 00:00-02:00 MLT. The least depres- tween closed and open field lines, there is the cusp (CU) or
sion (~—150nT) occurred at 18:00-21:00 MLT. Such a mag- polar cusp, a region via which solar plasma and solar wind
netic field asymmetry is characteristic of the magnetic effectelectric fields can reach the inner magnetosphere. On the
of the tail current system. During 07:00-09:00 UT, in ad- nightside in the antisunward direction, the geomagnetic field
dition to the extreme value enhanced up~te-500nT dur-  geometry is tail-like. Tail lobes with extremely low plasma
ing nighttime, a new extreme value appears-400nT) at  density are mapped along magnetic field lines to the polar
15:00-18:00 MLT. After 09:00 UT the field depression was caps (PC). The main plasma reservoir in the magnetosphere,
asymmetric with a maximum field decrease~of300nTin  CPS (or plasma sheet shortly), with particle energies of a
the dusk sector, which is characteristic of the PRC field. few keV, is located between the northern and southern lobes.
The AU index variations during the storm main phase re-At the outer periphery of the CPS adjoining to the lobes,
flect the complex structure and dynamics of the sources ofhere are both the narrow layer of soft electrons (PSBL) and
the magnetic field variations. At 02:00-04:00 UT AU values specific VDIS-2 (Velocity Dispersed lon Structures of the
range between 200 and 400nT, i.e. the EE is quite intenseecond type) (Galperin and Feldstein, 1996). The magne-
due to the substorm Hall currents. When the storm startsfospheric convection brings plasma from the CPS earthward
AU decreases and becomes negative by 05:40 UT, attributetb the inner magnetosphere. The azimuthal component of the
to the joint effect of three factors: the EE equatorward shift- drift increases as a result of the growing strength of the mag-
ing, the absence of the PRC current system, and Hall currentsetic gradient and curvature forces. This enhancementis also
relaxation in the EE. After 05:40 UT the AU increase begins, due to the increasing corotation electric field. The closer to
which cannot be explained only by the EE returning to auro-the Earth, the lower the energy is of the convecting plasma.
ral latitudes, since an abrupt enhancement of the RC intensity The plasmapause, a boundary of the plasmasphere, where
continues. Rather, the recovery of the AU positive values isthe magnetospheric electric fields do not penetrate, is also a
attributed to both the Hall current enhancement and possiboundary of convection of electrons with zero energy. The
ble occurrence of the PRC current system. The followingmagnetic shell on the nightside, from which the decrease in
time interval between 06:30 and 08:00 UT with AOnTis  the CPS electron energy starts, is a CPS boundary. The re-
due to the substorm Hall current fields and plausible developgion in the inner magnetosphere between the plasmasphere
ment of the PRC current system. During the storm recoveryand the CPS is commonly referred to as the Afiiayer
phase during 09:00-12:00 UT, the AU intensity decrease isvhere magnetic field lines are closed. On magnetic shells
observed, which is associated with absence of substorms anaf this layer there is not only low energy plasma, but also
with a weakening of PRC fields. To follow FAC variations high energy electrons of the radiation belt and energetic ions
during this storm would be of interest, but such data are notrapped by the geomagnetic field. These ions are the main
available to us. carriers of plasma energy in the inner magnetosphere during
The complicated multiparametric dependence of the AUmagnetic storms. Their azimuthal drift forms a RC, acting as
intensity on fields of different current systems discusseda source of intense global magnetic field variations.
above means that this index cannot determine the existence The 3-D structure of currents in the near-Earth space is
or absence of the PRC current system and its magnetic efenclosed by the magnetopause. The currents screening mag-
fects. netic fields in the inner magnetosphere from penetrating into
the solar wind are located on the magnetopause. These east-
ward Chapman-Ferraro (CF) currents screen the dipole field.
The magnetopause screening currents for the RC fields are
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Fig. 16. The 3-D system of electric currents in the magnetosphere during a magnetic storm.

in the same direction, but their intensity is an order of mag-cusp) is generated by this electric field. The PE is eastward
nitude weaker. The TC in the CPS is in the dawn-dusk di-(westward) undeB,>0nT (B, <0nT).

rection. At midnight the near-Earth boundaries of plasma The Region 1 FAC in the dusk sector is usually believed to
(b2e) and current (b2i) sheets coincide. At the dusk meridhe mapped magnetically from the ionosphere to the LLBL,
ian b2i is closer to the Earth than b2e. The closure of thej e, to the periphery of the magnetosphere, in the vicinity of
TC is attributed to currents on the magnetopause which eXits boundary with the solar wind. Such a pattern is valid for
ist not only on the nightside, as well established, but on theregion 1 FAC during day-time hours only and is shown by a
dayside as well. In Fig. 16 the TC in the equatorial plane ofcyrrent arrow, resting against the LLBL. During the dusk and
the magnetosphere is indicated by two vectors. At midnighthefore midnight hours, where Region 1 FAC is located at AO
one of them is located in the innermost part of the currentjatitudes, FACs inflow to the CPS, i.e. into the deep magne-
sheet, the other along its bOUndary. Their continuation on thQOSphere_ In F|g 16 the second current arrow of the Region
magnetopause can be seen. However, the first remains in the FAC crosses the equatorial cross section of the magneto-
tail and the second reaches the dayside of the magnetopausghere in the dusk sector of the CPS behind the TC vector
where the directions of the CF and TC are opposite, as seefhat depicts the current along the TC boundary.

in Fig. 16. Since CF currents are always more intense than The Region 2 FAC flows into the ionosphere from the
TC closure currents, the resulting current on the dayside isy s, én layer periphery where the PRC is located. In Fig. 16
always eastward. Region 2 FACs are indicated by three vectors for day, dusk

The FAC flowing into and out of the ionosphere in the and night hours. It is generally believed that the Region
vicinity of the PE are located on the CU surface. In Fig. 16 2 FAC is located in the inner magnetosphere and is a part
PE FAC are indicated by two green lines (not vectors) a|ongOf the single current system with the EE and PRC. As seen in
the magnetic field. The PE FAC direction is not shown, sinceFig. 16 the Region 2 FAC flowing into the ionosphere during
it is controlled by the IMFB, component: undeB,>0nT evening hours is located in the magnetosphe_re~a4. In
(B,<0nT) the current flows into (out of) the ionosphere the early afternoon sector, where the EE adjoins the PE, the
along the cusp inner surface and out of (into) it along its Region 2 FAC in the equatorial plane of the magnetosphere
outer surface. The ionospheric closure of the inflowing andis near the LLBL.
outflowing PE FAC is by Pedersen current. lIts direction in  The RC and PRC are formed by westward drifting (around
the ionosphere is identical with the direction of the solarthe Earth) energetic ions. In the RC-region ions circulate
wind electric field componenv x By, i.e. underB,>0nT  many times around the Earth. In the PRC-region the drift is
(B,<0nT) the electric field in the cusp is poleward (equator- interrupted before a full rotation and the ions depart the mag-
ward) at ionosphere altitudes. In the cusp the Hall current innetosphere, either precipitating into the ionosphere or reach-
the form of the PE, spreading in the ionosphere (out of theing the magnetopause around noon. The main loss of ions is
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likely to take place due to various processes of ion dissipa-
tion from the magnetosphere to the ionosphere. To fulfill the
requirement for the PRC-Region 2 FAC-EE current system
closure, a field-aligned current from the ionosphere into the

magnetosphere at about midnight is needed. Such a current

exists at near-midnight hours and is shown by the vector in
Fig. 16.
The auroral electrojets present a continuation of the FACs

at ionospheric altitudes. Eastward/westward electrojets are

connected with magnetospheric plasma domains (thegAlfv
layer/the CPS) via FAC. In known models of the EE the Ped-
ersen current in the ionosphere along with the Region 2 FAC
constitute Bostim’s Case | current system (Bo&tn, 1964).
At the same time the Region 2 and Region 1 FAC in the
evening sector constitute Bosin's Case 2 current system.
The northward electric field between these FACs leads to
Hall currents along the EE. Hence, the EE is the joint effect
of Pedersen and Hall currents in the ionosphere.

As mentioned above, a characteristic morphological fea-

ture of auroral electrojets exists in the evening sector, namely

their overlapping. This is due to the additional Region 3 FAC
current flowing into the ionosphere from the PSBL (Fig. 16)
during intense magnetic disturbances. A southward electric
field, favorable for the appearance of westward ionospheric

Hall currents near the PC boundary, appears between the Re-

gion 3 FAC and Region 1 FAC. As a result the spatial over-
lapping of electrojets takes place. Also worth noting is that
the WE is the resultant effect of Pedersen and Hall currents
in the ionosphere.

The current wedge in the night-time sector of auroral lati-
tudes is not shown in Fig. 16.

6 Summary

Auroral electrojets and boundaries of plasma domains in the
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During the main phase of the intense magnetic storm,

in late evening-midnight hours, the eastward current is

located at subauroral latitudes, and thus not seen in the
AU index.

— The westward electrojet is located along the auroral oval

magnetosphere during magnetically disturbed periods were _

studied in this paper. The main results obtained are listed
below.

— The currents in the westward and eastward electrojets

are generated by three external sources. The first one is

the large-scale convection in the magnetosphere which
drives the two-vortex current system at high latitudes
with westward (morning sector) and eastward (evening
sector) ionospheric currents at auroral latitudes. Dur-
ing magnetically disturbed times, the westward electro-
jet increases abruptly due to currents from the magne-

tospheric tail, whereas the eastward electrojet increases

due to the partial ring current closure via the ionosphere
in the evening sector.

— The eastward electrojet location in the evening sector
changes with local time from the cusp latitudes around
early afternoon to the latitudes of diffuse auroral precip-
itation equatorward of the auroral oval before midnight.

www.ann-geophys.net/24/2243/2006/

from evening through night to the morning sector. It is
adjoined to the polar electrojet at cusp latitudes in the
dayside sector.

The polar electrojet in the dayside sector is located at
cusp latitudes. The direction of this electrojet current
depends on the sign of the IMF azimuthal component.
For B, <0nT the current in the polar electrojet is west-
ward and therefore it seems that the westward electrojet
is continuous at all longitudes along the auroral oval.

During the main phase of intense magnetic storms the
polar electrojet in the dayside sector shifts from its usual
latitude ®~77° to ®~67°. The region of plasma pre-
cipitation through the cusp also shifts frodn~77° to
O~67°.

The eastward electrojet in the evening sector is accom-
panied by the particles precipitation mainly from the
Alfv én layer and partially from the near-Earth part of
the central plasma sheet. The electrojet centre projects
magnetically to the earthward boundary of the central
plasma sheet. In the lower-latitude part of the eastward
electrojet the field-aligned currents flow into the iono-
sphere (Region 2 FAC), at its higher latitude part the
field-aligned currents flow out of the ionosphere (Re-
gion 1 FAC).

The eastward electrojet is the joint result of Pedersen (as
part of a partial ring current system) and Hall (between
Region 2 and Region 1 FAC) currents in the ionosphere.

During intense magnetic disturbances the eastward and
westward electrojets overlap in the evening sector. The
overlapping is caused by the triple structure of field-
aligned currents: Region 3 FAC flowing into the iono-
sphere from plasma sheet boundary layer appears in ad-
dition to Region 1 and Region 2 FAC. The westward
electrojet at the high-latitudinal periphery of the plasma
precipitation region is a Hall current between Region 1
and Region 3 FAC.

In the midnight-dawn sector the westward electrojet
covers the whole latitudinal interval of particle precip-
itation. It is mainly a Hall current between Region 1
FAC and Region 2 FAC.

In the evening sector the Alén layer equatorial bound-
ary for ions is located more equatorward than for elec-
trons. This may favour the northward electric field gen-
eration between these boundaries and may cause high
speed westward ions drift (SAPS). The SAPS peak is
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