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Abstract.  We study the dynamics of the magneto- index contains contributions from many sources other than
spheric large-scale current systems during storms by usinghe azimuthally symmetric ring current (Campbell, 1973;
three different magnetospheric magnetic field models: theArykov and Maltsev, 1993; Maltsev et al., 1996; Alexeev
paraboloid, event-oriented, and Tsyganenko TO1 modelset al., 1996; Kalegaev et al., 1998; Dremukhina et al., 1999;
We have modelled two storm events, one moderate stornGreenspan and Hamilton, 2000; Turner et al., 2000; Alex-
on 25-26 June 1998, wheh,, reached—120nT and one eev et al., 2001; Ohtani et al., 2001; Liemohn et al., 2001;
intense storm on 21-23 October 1999, whep dropped  Ganushkina et al., 2002, 2004; Tsyganenko et al., 2003).

to —250nT. We compare the observed magnetic field from Experimental investigations of thB,, problem are of-
GOES 8, GOES 9, and GOES 10, Polar and Geotail satellitegen based on Dessler-Parker-Scopke relation (Dessler and
with the magnetic field given by the three models to estimateParker, 1959; Scopke, 1966)

their reliability. All models demonstrated quite good agree-

ment with observations. Since it is difficult to measure ex- 2 &

actly the relative contributions from different current systemsb’ = _§BO_’ @)

to the Dy, index, we compute the contributions from ring, tail

and magnetopause currents given by the three magnetic fieldhich relates the magnetic field of the ring current at the
models. We discuss the dependence of the obtained contriarth’s centerp,, with the total energy of the ring current
butions to theDy, index in relation to the methods used in particlesg,, whereedz%,BoME is the energy of the geomag-
constructing the models. All models show a significant tail netic dipole above the Earth’s surfacgy is the geodipole
current contribution to th®;, index, comparable to the ring magnetic field at the equator.

current contribution during moderate storms. The ring cur- The ring current contribution taD,, was studied by
rent becomes the majd»;; source during intense storms.  Greenspan and Hamilton (2000) based on AMPTE/CCE ring

Key words. Magnetospheric physics (Current systems; current particle measurements in the equatorial plane for 80

Magnetospheric configuration and dynamics; Storms andn@gnetic storms from 1984 until 1989. It was shown that
substorms) the ring current magnetic field obtained from the total ring

current energy using the Dessler-Parker-Scopke relation rep-
resents wellD;, (especially on the nightside). However, the
currents other than the ring current can produce significant
magnetic perturbations of different signs at the Earth’s sur-

. . L . face, so their total magnetic perturbation will be about zero.
Despite the many investigations of storm dynamics made ) L :
The tail current contribution td;,; (to theSYM—H in-

during the recent years, the measure of storm intensity, the ) i
Dy, index, and the relative contributions to it from different dex, more exactly) was studied by Ohtani et al. (2001) for

current systems during a storm are still under discussion. Théhe 25-26 Jutne 13?3 .magneflct.sto\g.h I?r?sedtcr)]n G(?ES 8
Dy, index was thought to be well correlated with the inner measurements and their correfation » (€ authors de-

ring current energy density from storm maximum well into termlr:edbthet Iconttrlgg(t;onltfrom th? tk?l'.l ﬁug%ﬂﬁ;’ tmzlgcly
recovery (Hamilton et al., 1998; Greenspan and Hamilton,mum o be atleas 0. twas established Tatios 0

2000). Several studies, however, have suggested th#iithe Qf its value a“ef substorm onset _due t(? _tall_current dlsrup-
tion. The question about the preintensification level of tail

Correspondence tov. V. Kalegaev current magnetic field, which continues to contributeXg
(klg@decl.sinp.msu.ru) after substorm dipolarization, remains open.

1 Introduction
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e June2526,1998 @ g  October21:23,1999 _ The main focus of thi; paper is thg relation bgtween the
= 107 = 201 ring current and the tail current during storm times. To
g .13 ;N;mﬂm ; »28 ;%“*“‘W“ study this we use three different magnetic field models: the
B s e B T paraboloid model (Alexeev, 1978; Alexeev et al., 2001), the
%0 :WMW =20 A/\AA_L‘_A_‘_ event-oriented model (Ganushkina et al., 2002), and the TO1
oo 1w ST T e £ AT e — model (Tsyganenko, 2002a,b). To investigate the tail cur-
& 1200 3 g 1600 7 rent/ring current relationship we model two storm events,
o 3003 ._JMW, < 800 NMNMM\MNL one moderate storm on 25-26 June 1998, wherreached
o S:M LR o ¥ S S S —120nT and one intense storm on 21-23 October 1999, in
] W 100 1 W which Dy, dropped to—250 nT. Comparison of the magnetic
= 100 S A = 200 4 B A— field given by different models with satellite data allows us to
12 18 24 U6T 1218 24 18 24 6 12UT18 24 6 12 verify the different modelling approaches and their reliability

for magnetospheric studies during disturbed conditions. We
Fig. 1. Overview of 25-26 June 1998 moderate and 21-23 Octobergompme the relative contributions f“?m the rir?g, magnetotail
1999 intense storm events. and magnetopaus_e currents to l_?hg index using all three
models. Long periods of modelling for each storm allow us
to examine and compare the long-term evolution of different
Thus, based only on the measurements, we cannot excurrent systems during storms with different intensity given
plicitly distinguish between the contributions from differ- by models based on the different approaches.
ent magnetospheric current systems which contribute to the
ground magnetic field. However, we can estimate them by
using modern magnetospheric models, which can provide;2
separate calculations of the magnetic field of the different

magnetospheric magnetic field sources. Magnetic field mod-_ i .
elling is a useful tool for studying the evolution of large-scale Figure 1 represents the overview of the measurements during
current systems during magnetic storms. the magnetic storms on 25-26 June 1998 and 21-23 October

The empirical models developed by Tsyganenko (for ex-1999. The solar wind data and IMF were obtained from Wind

ample, T96 (Tsyganenko, 1995) and earlier versions) arL§pacecraft,_taking into account the convection time shift of
constructed by minimizing the RMS deviation from the large 2P0t 40 min.
magnetospheric database (Fairfield et al., 1994), which con- On 25 June 1998 the IMB; behavior (Fig. 1a) reflected
tains magnetospheric magnetic field measurements accuibe passage of a magnetic cloud: southward turn at 15:50 UT
mulated over many years. As magnetic storms are relawhenB; reached-13nT and then suddenly jumped to more
tively rare events during the observation period, their in-than +15nT around 23:00 UT. At 24:00 UB; decreased
fluence on the model coefficients is small. The applica-rapidly to—5nT and began a new slower enhancement to the
bility of the T96 model is limited to 28 Dy, >—100nT, level of about 10 nT which is approached at 05:00 UT on 26
0.5nPa< Py, <10nPa—~10nT<B.IMF<10nT. The version  June. The solar wind dynamic pressure had several peaks
TO1 (Tsyganenko, 2002a,b) was developed using a largefround 20-30nPa. Th&E index showed the first increase
database which also includes measurements made in rece@tabout 23:00 UT on 25 June but the maximum substorm ac-
years. Itis valid over a wider range of parameter values.  tivity was detected during 02:00-04:00 UT on 26 June with
The existing theoretical models determine the magne-2 peak value of 14:00nT around 02:55 UT. Thg, index
tospheric magnetic field from physical constraints. Thestarted to decrease at the beginning of 26 June and reached
paraboloid model of the Earth’s magnetosphere (A|exeevy—120 nT around 05:00 UT, six hours later the first northward
1978; Alexeev et al., 1996; Alexeev et al., 2001) is based onB; reversal occurred, after a long period of substorm activ-
an analytical solution of the Laplace equations for each largeity when IMF B, demonstrated relatively slow growth from
scale current system in the magnetosphere with a fixed shape5 nT to +10nT. The detailed analysis and interpretation of
(paraboloid of revolution). The paraboloid model takes pa-this interesting phenomena was made by Ohtani et al. (2001).
rameters of magnetospheric current systems (intensities and Figure 1b shows an overview of the intense storm on 21—
locations) as input. These input parameters are determine®3 October 1999. IMFB, turned from +20nT to-20nT
from empirical data using submodels. Such a feature allowsat about 23:50 UT on 21 October and after some increase
for easy changes to the paraboloid model parameterization.during the next three hours dropped down+80 nT around
Several types of studies require an accurate representatidd6:00 UT on 22 October. After that, the IMB;, oscillated
of the magnetospheric configuration during a specific eventaround zero. Solar wind dynamic pressure showed two main
For such cases, event-oriented modelling is of key impor-peaks, a 15nPa peak around 24:00 UT on 21 October and
tance (Ganushkina et al., 2002, 2004). Event-oriented moda 35 nPa peak around 07:00 UT on 22 October. There were
els contain free parameters whose values are evaluated froseveral peaks in thd E index reaching 800-1600nT. The
observations for each time period separately. Dy, index dropped te-230 nT at 06:00-07:00 UT on 22 Oc-
tober.

Description of storm events
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3 Storm-time magnetic field models not only a contribution from the symmetrical ring current but
also the symmetrical magnetic fields from the other magne-
3.1 Paraboloid model tospheric magnetic field sources, which are not included in

A2000. First of all, this is the symmetrical part of the partial

The basic equations of the paraboloid model represent th&Ng current magnetic field.

magnetic fields of the ring current, of the tail current includ- /i is determined from the IMEB. component, and solar

ing the closure currents on the magnetopause, of the RegionWind velocity and density as described by Alexeev and Feld-
field-aligned currents, of the magnetopause currents screerft€in (2001).

ing the dipole field and of the magnetopause currents screen- As a result the A2000 allows one to calculate the magnetic
ing the ring current (Alexeev, 1978; Alexeev et al., 1996; field depending on the described above parameters of magne-
Alexeev et al., 2001). Here we discuss the latest version ofospheric current systems, which can be obtained from input
the model, A2000 (Alexeev et al., 2001). In the A2000 model data: date, IMF, solar wind density and velocity,. and D,

(as in the previous versions of paraboloid model) the magneindices.

topause is set to be a paraboloid of revolution. The condi-

tion B,=0 is assumed at the magnetopause. The model pa3.2 Event-oriented model by Ganushkina et al.

rameters determining the large-scale magnetospheric current . ] ]
systems are the following: the geomagnetic dipole tilt angleThe Ganushkina et al. (2002, 2004) storm-time magnetic
¥, the magnetopause stand-off distaite the distance to field model (G2003) used the Tsyganenko T89 magnetic field
the inner edge of the tail current shet, the magnetic flux ~ model (Tsyganenko, 1989) as a baseline, and the ring, tail
through the tail lobesb., the ring current magnetic field and magnetopause currents were modified to give a good fit
at the Earth’s cente,, and the maximum intensity of the With in-situ observations. . _

field-aligned current;. At each moment the parameters of ~ The ring current model consists of symmetric and asym-
the magnetospheric current systems define the instantaneotietric parts (Ganushkina et al., 2004) represented by a Gaus-

state of the magnetosphere and can be determined from 0[§jan distribution of the current density. The total current den-
servations. sity of the symmetric ring current is a sum of eastward and

westward current intensities. The asymmetric partial ring
current is closed by field-aligned currents flowing from the

the subsolar point is calculated using solar wind data: solon@sphere at dawn and into the ionosphere at dusk, in the
lar wind dynamical pressure and IME, component (Shue Region 2 current sense. The magnetic field from this current

etal., 1997). The distance to the inner edge of the tail currenBYStém is calculated using the Biot-Savart law. For the tail

sheetR; is obtained by mapping the equatorward boundarycu”e”t system both global intensification of the tail current
of the auroral oval at midnighiz, =74.9°—8.6 l0g; o(— Ds;) sheet and local changes in a thin current sheet were imple-

as given by Starkov (1993), to the equatorial plane. TheMented (Ganushkina et al., 2004). To adjust for the magne-
magnetic flux across the tail lobe is a sum of two terms topause inward motion during increased solar wind dynamic
®oo=Do+®,, which depend on the tail current densig} pressure, the magnetic field of the Chapman-Ferraro currents
and R,. The first term corresponds to a slow adiabatic evo-BCFrss 8t the magnetopause was scaled using the solar wind
lution of the tail current due to solar wind variations and dynamic pressure.

remains constantd(o=3.7-108 Wb) while the second term The free parameters in the model are thg raQiaI distance of
.o —AL TR? the westward ring currentRpwes) and partial ring current

STTT T2 ZR_Rlerl is associated with substorms. Here (Ropar), and the maximum current densities for westward
@, variations represent the integrateq substorm activity de( Jowes) and partial fopar) Ting currents, the amplification
pendent on the hourly-averaged AL-index (see Alexeev efactor for the tail current47'S), and the additional thin cur-
al., 2001). rent sheet intensityAnhic). By varying the free parameters

According to Burton et al. (1975) and the Dessler-Parker-we found the set of parameters that gives the best fit between
Sckopke relation (1) the ring current magnetic field variationthe model and the in-situ magnetic field observations. The
atthe Earth’s center is given Bf- =F (E)— %, whereF (E)  details of the fitting procedure can be found in Ganushkina
is the injection function defined in accordance with Burton et al. (2002).
et al. (1975); O'Brien and McPherron, (2000), ands the
lifetime of the ring current particles. Burton et al. (1975) 3.3 Tsyganenko T01 model
and O’'Brien and McPherron (2000) found the average val-
ues of the amplitude of the injection functiod (n nota- In the TO1 model (Tsyganenko, 2002a,b) the general ap-
tion of (Burton et al., 1975; O'Brien and McPherron, 2000)), proach is to parameterize the current systems and evaluate
but apparently it varies from storm to storm. In Alexeev et these parameter values in a statistical sense, using a large
al. (2001)d was obtained from independent research by Jor-magnetospheric database. Several revisions were introduced
danova et al. (1999). In these case studies we will find in the mathematical description of the major sources of the
which provides the minimum RMS deviation betweBry magnetospheric field and in their parameterization with re-
and the modelledy,. In such an approach, will include spect to the earlier T96 model (Tsyganenko, 1995). A partial

The A2000 model parameterization is described in detai
by Alexeev et al. (2001). The geocentric distarnke to
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the magnetic field data was used for modelling storm eventson
25-26 June 1997, an®) 21-23 October 1999.
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Fig. 3. Comparison of the observegl and B, components of the
external magnetic field in the GSM coordinates (thin lines) with
A2000 model results (thick lines) for GOES 8 (two upper panels),
Fig. 2. Evolution of orbits of satellites during the time periods when GOES 9 and GOES 10 (next two panels), Polar (next two panels)
and Geotail (bottom two panels) fga) 25—26 June 1998 angh)

for 21-23 October 1999 storm events.

ring current with field-aligned closure currents are included,panels) planes of satellites such as GOES 8 (red curve),
and the cross-tail current sheet is warped in two dimension§OES 9 or 10 (blue curve), Polar (green curve), and Geo-
in response to the geodipole tilt, with its inner edge shifting tail (pink curve), during the time periods when the magnetic
along the Sun-Earth line and its thickness varying along andield data were used for modelling storm events on (a) 25-26
across the tail. The magnetopause is specified according tdune 1997, and (b) 21-23 October 1999. All measurements
were made inside the magnetosphere.

Figure 3 shows theB, and B, components of the ex-
ternal magnetic field obtained from observations shown by
index. An attempt is made to take into account the prehistorythin lines and A2000 model results shown by thick lines for
GOES 8 (two upper panels), GOES 9 and GOES 10 (next
two panels), Polar (next two panels) and Geotail (bottom two
panels) for (a) 25-26 June 1998 and (b) for 21-23 October
1999 storm events. Dashed grid lines show the noon loca-
tions for GOES spacecraft, and perigees of the Polar orbit.
Figures 4 and 5 show the observed and model magnetic fields
in the same format for the event-oriented model G2003 and
To contrast and to examine the reliability of the three mod-the Tsyganenko TO1 model, respectivel§, and B, mea-
els, we present here a comparison of the model results witlsured components represent the main changes in the magne-
magnetic measurements from various spacecraft during théospheric current systems. Their comparisons with the model
June 1998 and October 1999 storms. We calculate the magesults reveal the main model’s features.

It can be seen that generally all models show quite good
agreement with observations. For the moderate storm the
—10), near-Earth’s tail (Geotail), and high-latitude magneto- B, measured at geosynchronous orbit is better represented
sphere (Polar). Analysis of simultaneous measurements iby the A2000 and TO1 models, whereas the G2003 model
the different magnetospheric regions helps to determine thgjives a more accurate reproduction of the component.
role of different magnetospheric current systems during magThe large observe#, values imply the existence of intense
currents that can be either field-aligned or perpendicular, or

Figure 2 shows the evolution of orbits in the noon- an even stronger compression of the magnetosphere than that
midnight meridional (upper panels) and equatorial (lowerrepresented by the magnetopause current intensification in

the empirical model by Shue et al. (1997).
The model parameters are geodipole tilt angle, IBf
and B, components, solar wind dynamic pressure, &g

of the solar wind by introducing two function&;; andGa,

that depend on the IMB, and solar wind velocity and their
time history.

4 Comparison of modelling results: magnetic field

netic field along the spacecraft orbits located in the differ-

ent regions of space: geostationary orbit (GGBS—9, and

netic storms.
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G2003
June 25-26, 1998 (a) October 21-23, 1999 (b)

elled magnetic field calculated by the paraboloid (A2000, Alexeev w0 | coEs s 200 \ COESS
et al., 2001), event-oriented (G2003, Ganushkina et al., 2003), and 5 % *ﬁﬂm - 100 M' :
Tsyganenko (T01, Tsyganenko, 2002a,b) models during magnetic * 01 S 0

5

storms on 25-26 June 1998 and 21-23 October 1999.

Table 1. The RMS deviations in nT between the observed and mod-
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Fig. 4. Observed and model magnetic fields in the same format as
the G2003 model. The A2000 model represents the magl—n?:ig_ 3 for the event-oriented m%del G2003.

netopause size variations, depending not only on solar wind

pressure but also on IMB, based on Shue et al. (1997)

model. The A2000 describes ti values during the mag- June 25-26, 1998 ® October 2023, 1999 (b)
GOES 8

netic storm main phase (the first 6 h of 26 June 1998) more _ ' 7 | ieoess 390 7 |
accurately than the other models. On the other hand, the = ,MW\/ 2% E_/M/\
A2000 model underestimates tife values during this time . s 4 2% ™ 7 Lml ' . .

interval. This is because the paraboloid model represents thQC;’ .i3§ ;M Eigg :Ws
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accuracy in the representation of magnetic field data ob- & ] ' ol & ;801 POLAR

served by Polar. The G2003 model magnetic field agrees:z 8 * ' "p"™ 17 ' 2 GLy T T T

with the observed field at Geotail (from 00:20 UT, 25 June & ;801 ! M "f”pom a8 . POLAR
T

until 18:00 UT 26 June while the spacecraft was inside the

magnetosphere) slightly better than that given by the A2000

and TO1 models. O 10 40
During the intense storm on 21-23 October 1999 Bhe w0 T eegtan  40 _ Mo‘m‘

components from GOES 8 and GOES 10, and Polar, are best 12 18 24 6 12 18 24 1824 6 12 18 24 6 12 18

represented by the TO1 model. At the same time, the TO1 ut ut

model underestimates thi& component significantly at the

storm maximum. ModeB, values were equal te-230nT Fig. 5. Observed and model magnetic fields in the same format as

and —250nT around 06:00 UT on 22 October 1999 while " Fig- 3 for the the empirical TO1 model.

the observed ones were50 nT and—80nT at GOES 8 and

GOES 10, respectively. At that time, GOES 8 was around . ) ) )

midnight and GOES 10 was moving toward midnight in the additional discrepancies (e.®, drops) that arise from the

dusk sector. At the storm maximum. Polar observations Onconstruction of the tail current model discussed above. How-
the duskside showel.=—25nT while,the TO1 model gave ever, for both storm events th®, components are described
B,=—100nT. Similarl; to the moderate storm. the G2003 With a reasonable accuracy at GOES 8 and GOES 10, as well

model reproduces thB, variations at GOES and Polar with S at Polar. o
enough accuracy. Table 1 shows the RMS deviations between the satel-

The local magnetic field variations near the magneto-litt measurements and model calculations determined as

spheric tail current sheet along the Geotail orbit are not quites B=y/ & 3_1*_1(Bobs—Bmode)?. The obtained discrepancies
correctly reproduced by the models. The A2000 model givesare calculated during the whole considered time-intervals
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and include quiet as well as disturbed periods. We note thafuestion about the partial ring current contributioritg re-
for each orbit the models give the accuracy of about half ofquires special consideration, it will not be the subject of this
the average value of the magnetic field. In general, all modelpaper. Along with Ganushkina et al. (2002), we propose in
represent well the global variations of magnetospheric magour calculations that the partial ring current produces a part
netic field measured by spacecraft. However, the model feaef the total ring current magnetic field variation measured at
tures determine the specific behavior of the magnetic fieldthe Earth’s surface. Actually, it is included in the ring cur-
calculated in different magnetospheric regions by differentrent magnetic field calculated in terms of the G2003 and TO1
models during the different phases of the considered magmodels.
netic storms. Moreover, the partial ring current is not included in the

The paraboloid model reproduces well thecomponents  A2000 model. Possibly, this is the reason for the discrep-
of the magnetic field measured along the GOES and Polar orancies found during comparison between the model calcula-
bits for any level of disturbances but underestimatesghe tions and data measured along the spacecraft orbits. How-
depression, due to tail current model features and possiblgver, the symmetrical part of its magnetic field is included
due to the absence of the partial ring current model in A2000in the ring current magnetic field in terms of the approach
The TO1 model also provides good agreement between thased forb, calculation (see Sect. 3.1). So, A2000 allows one
observed and modelled, component. On the other hand, to calculate the total symmetrical ring current magnetic field
during the intense storm maximum, the modglis signif- (originated from both symmetrical and partial ring current)
icantly more depressed than that observed along the GOES8s well as the total ring current contribution g,
and Polar orbit. Because the ring current cannot give the Earlier studies have given different relative contributions
significant contribution to the magnetic field at geostationaryfrom the magnetospheric current systems to Eie index.
orbit, we propose that this discrepancy is due to an overestiThese differences can be very large: the tail current contri-
mation of the tail current contribution. Apparently, this is the bution to Dy, was~25% in a study by Turner et al. (2000)
consequence of the general approach used in development whhile the tail current contribution was comparable to the
any empirical model. Calculation results are very sensitive toin Alexeev et al. (2001) for the same event on 9—12 January
the database used for the model construction. Intense stornk997. In the present paper we calculate the magnetopause,
are only a small part of such databases. As aresult just duringng and tail currents storm-time variations at the Earth’s sur-
extremely disturbed conditions the empirical model demon-face. The contribution of the ground induced currents to
strates the sufficient discrepancies. The event-oriented modé¢he measured perturbation field is assumed to be 30% of the
G2003 represents better the substorm-associated variatiomsagnetic perturbation at the Earth’s surfacékkinen et al.,
of the B, component at geosynchronous orbit during both 2002). The magnetic field horizontal componemsH(r))
moderate and intense storms, but gives discrepancies in theere computed from the external current systems at the lo-
B, variation during storm maximum. cations of six near-equatorial stations (geomagnetic latitude

and longitude are in brackets): Sun Juan (298%°), Tener-
ife (19.8, 61.#), Thilisi (36.8, 116.6), Lunping (17.86,

5 Comparison of modelling results: Dy, index 192.0), Kakioka (28.3, 210.8), Honolulu (21.8, 268.7)
and Del Rio (39.0, 324.1). Then, the quietest day of the
5.1 Model calculations oD;; index month was determined using the World Data Center cat-

alogue, and the magnetic field variation during this quiet
In this study, along with Alexeev et al. (2001), we suggestday, A H,(t), was calculated from the model. The model
that the magnetopause, tail and ring currents are the maim, (SYM — H) is then
contributors to theDy, index. Although the models consid-
ered above are also able to calculate the magnetic field from 1 L AH;(t) — AHy(t)
the other magnetospheric currents (see Sect. 3), their contriPst (1) = N Z
butions toD;; are not addressed in this study. i=1

The storm-time magnetic field depression at the Earth’synere is the number of stations (6), afdrepresents the
surface is determined mainly by ring current, tail current a”dmagnetic latitudes of the stations. This procedure was re-
partial ring current. However, their relative strength and |oca'peated for totalD,, and for contributions from the differ-
tion in the inner magnetosphere remains ambiguous, and it ignt current systems. This method Bf, computation is
difficult to separate in the measurements the partial ring cursimilar to the official procedure described by Sugiura and
rent from the storm-time tail and symmetrical ring currents. g 3mei (1991). It allows us to unambiguously derive thg

Obviously, the magnetic field of the partial ring current has yariations arising from changes in the magnetospheric cur-
a symmetrical part which contributes to thg;-index. The  yent systems in the various models.

different estimates for the effect of the partial ring current on

Dy; were obtained by Liemohn et al. (2001), as the domi-5.2 ModelD;, index and its sources

nant contribution during the magnetic storm main phase, and

by Tsyganenko et al. (2003), as about 1/7 of the total ringThe quiet days for the two storm events were 17 June 1998
current contribution during storm maximum. Because theand 20 October 1999 for the 25-26 June 1998 and 21-23

: )

cosb;
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Fig. 6. Dy, index (black) and the model contributions to the quiet- F19: 7- Model contributions tdy; and totalD;; during 25-26 June
time magnetic field at the Earth's equator from the magnetopause 298 and 21-23 October 1999 storm events in the same format as
current (green), ring current (red) and tail current (blue) (top panel)n Fig. 5. The quiet-time contributions from tht_a d_lfferent_cqrrent
together with the total observelly, (black) and modelled quiet- systems are subtracted from the model magnetic field variations.
day variations H,, (purple) (bottom panel) for 17 June 1998 (left)

and 20 October 1999 (right) usirig) A2000 paraboloid mode(p)

G2003 event-oriented model, aag) TO1 model, respectively. tion of about—20 nT. Subtracting this value from the ground

magnetic field variation during disturbed conditions is an im-
portant step in théd,, calculations by the TO1 model.

October 1999 storms. The average quiet time fields were It is important to note that the different quiet-time levels
—0.58nT and 2.74 nT, respectively. are features of the models and possibly are not connected
Figure 6 shows an analysis of the model current contri-with the real quiet level magnetic field. In particular, it seems
butions to the quiet-timeD,,-index for 17 June 1998 (left) that the large quiet-time field in the TO1 model is caused by
and 20 October 1999 (right), using (a) the A2000 paraboloida relatively small number of measurements in the inner mag-
model, (b) the G2003 event-oriented model, and (c) the TOInetosphere in the database used for TO1 construction Tsyga-
model, respectively. The ground-induced currents’ effectnenko et al. (2002a,b). The question about the real quiet time
(30% of the variation) was taken into account in all the cal- magnetic field level at the Earth’s surface remains open for

culations. now (see Greenspan and Hamilton (2000).

We can see that the amplitudes of the calculated variations Figure 7 shows the model contributions and tddal dur-
are about 8-10nT for all the models (see the bottom paning 25-26 June 1998 and 21-23 October 1999 storm events
els), but the average values are different. The average quign the same format as in Fig. 6. The quiet time level and quiet
day magnetic field variations computed from the A2000 andtime contributions from the different current systems are sub-
G2003 models are close to zero. They are abeRihT for tracted from the model magnetic field variations. In general,
both events in terms of the A2000 model and about O nT andall three models provid®,;, which is in good agreement
2.5nT interms of the G2003 model. Thus, the magnetic fieldwith the observed, index.
variation calculated at the Earth’s surface by these models During the moderate storm on 25-26 June 1998, the
during the disturbed conditions can be takengs How- A2000 and G2003 models show that the tail current begins
ever, the contributions from the individual current systems toto develop before the ring current and tail current decay be-
Dy, are, of course, not zero. Unlike the A2000 and G2003gins earlier than that of the ring current. Its contribution
models, the TO1 model gives a quiet day magnetic field variato the Dy, index almost follows the drop in the totd,,.
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The tail current in the TO1 model develops even earlier thanthe tail current contribution is smaller than that of the ring
the Dy, starts to decrease. During the storm main phase alturrent in the A2000 and G2003 models.
models show that the tail and ring current have comparable The totalD,, computed from the TO1 model differs signif-
contributions to theDy;. During the recovery phase the ring icantly from the measurefd,, during the main phase of the
current remains more enhanced than the tail current accordnagnetic storm. Comparison with GOES 8 and GOES 10
ing to A2000 and G2003 models, although the G2003 modeldata also shows that the modB} is much smaller than
provides even more tail current contribution than the A2000the observed one during the 21-23 October 1999 magnetic
model. The ring current in the TO1 model recovers rapidly storm maximum. Because the ring current magnetic field at
and the tail current remains at an enhanced level almost untijeosynchronous orbit is relatively small, the source of the
the end of the storm recovery. discrepancies i), and inB, along the GOES orbit is prob-
The situation is quite different during the intense storm onably caused by the strong intensification of the tail current in
21-23 October 1999. In all three models the tail current de-the model. The TO1 model represents wl, and space-
velops first wherD;, begins to decrease in a manner similar craft measurements during moderate magnetic storms, but
to the tail current behavior during the moderate storm. Dur-does not matchDy; during intense magnetic storm maxi-
ing the storm maximum the ring current is the dominant con-mum. This is a known limitation of the empirical models
tributor to theDy, index in the A2000 and G2003 models. In based on the data of satellite measurements. Possibly, the
the TO1 model the tail current continues its development undatest Tsyganenko model (Tsyganenko et al., 2003), which is
til the storm maximum and gives a major contribution to the based on the storm-time data, allows one to obtain the more
Dy; index, whereas the ring current contributes only aboutrealistic results during strongly disturbed conditions.
one third of the tail current contribution. During the recov- The event-oriented G2003 model, which is also based on
ery phase the tail current contribution decreases and becomesnpirical data, gives excellent results in reproduding, as
comparable to the ring current contribution. it uses measurements obtained during the magnetic storm
The tail current contribution to th®;, index computed  which is modelled. This highlights the complexity of the
from the A2000 and G2003 models changes during the magmagnetospheric response to the solar wind driving, and the
netic storm. It correlates with substorm activity, and ap- consequent need for event-oriented modelling.
proaches its maximum during substorm maximum estimated
by AE enhancement. On the other hand, the ring current cor-
relates with the totaD;,, and its maximum tends to be near 6 Discussion
the D;; maximum. During the moderate storm, the maxi-
mum tail and ring current contributions #,, were about Three magnetospheric models based on very different ap-
70% and 50% of maximun®y; in the A2000 model, 85% proaches (theoretical, empirical and event-oriented) were
and 50% of maximunDy, in the G2003 model, and 50% and used in our calculations of the magnetic field. The solar
50% of maximumbDy; in the TO1 model. During the intense wind data and geomagnetic indices are used as input for the-
storm the maximum tail and ring current contributions were, oretical A2000 and empirical TO1 models, while the entire
respectively, about 50% and 90% for A2000, 70% and 90%existing database of the measurements inside the magneto-
for G2003, and 100% and 40% for TO1 (note that ihg sphere is the base of the GO3 model. The models have the
sources reach their maximums at different UTs). Ring cur-different parameterizations, but we used a unified procedure
rent contribution is determined by injection intensity. Am- of Dy; and D,;-source calculations in terms of all the mod-
plitude of the injection functionF(E) (see Sect. 3.1) cal- els, corresponding to the official procedurelf derivation
culated in A2000 for the magnetic storm on 21-23 Octoberfrom data of ground measurements. This procedure includes
1999 d=—3.8nT/h(mV/m)~1 exceeds by absolute value subtraction of the quietest day effect and takes into account
d=-2.8nT/h(mV/m)~! calculated during the 25-26 June the magnetic field produced by the Earth’s induced currents.
1998 magnetic storm. It looks reasonable to propose thafuch an approach enables unambiguous determination and
the stronger storm corresponds to the stronger ring curren@ccurate comparison of thB; contributions produced by
injection and the larger amplitude of injection (by absolute the magnetospheric current systems in terms of the A2000,
value). However, this conclusion requires more detailed staG2003 and TO1 models.
tistical consideration. In this paper we are interested in the relation between ring
In general, all the models confirm the assumption that theand tail current. We assume that the ring current magnetic
tail current magnetic field can be sufficiently large to pro- field includes a contribution from the symmetrical ring cur-
vide a significant contribution to thB,,, variation (Alexeev  rent, as well as the longitudinal averaged part of the par-
et al., 1996). However, the global A2000, G2003 and TOL1tial ring current, magnetic field. In fact, the ring current
models demonstrate different tail current development durincludes symmetrical and asymmetrical parts in TO1 and
ing magnetic storms. While during the moderate storm theG2003, while the symmetrical part of the partial ring cur-
tail current and ring current have approximately equal maxi-rent is included in the ring current model in A2000. The ring
mum contributions td, during the strong magnetic storm current (including the partial ring current), tail current and
the models reveal a different behavior. The tail current be-magnetopause currents are proposed to be the main contrib-
comes the major contributor 0y, in the TO1 model, while  utors to theD;; index. The models of these currents used



V. V. Kalegaev et al.: Storm-time current systems 531

in the A2000, TO1 and G2003 models were described in dehand, the stronger injection amplitude was calculated during
tail in Alexeev et al. (1996; 2001); Tsyganenko (2002a,b);the intense magnetic storm on October 1999.
Ganushkina et al. (2002; 2004). They satisfactorily reflect Detailed investigation of tail and ring current dynamics
the main features of the observed current systems but haviey the A2000 and G2003 models show that the tail cur-
slightly different geometry and depend on different parame-rent (as well as other magnetospheric currents) contribution
ters. For example, the tail current system represented by tho Dy, varies during a magnetic storm. Both models show
models consists of cross-tail currents and closure currents ogimilar behavior of theD,; sources: the tail current begins
the magnetopause. The different tail current geometry playso develop earlier than the ring current and starts to decay
a significant role in the magnetic field calculation near thewhile the ring current continues to develop. The magneto-
tail current sheet (see the comparison with Geotail measuretail global changes during the magnetic storm are controlled
ments, Sect. 4) but hardly influences the magnetic field vari-mostly by the solar wind and the IMF, but are accompa-
ations at the Earth’s surface. Otherwise, the tail current in-nied by sharp variations associated with substorms. The
tensity, as well as the geocentric distance to the tail currenG2003 model (Ganushkina et al., 2002; 2004) reproduces
inner edge, determine strongly ttig,; dynamics during the the tail current development, which correlates well with the
magnetic storm. During storm maximum the tail current is substorm-associatedlE index. Clear correlation of the tail
located close to the Earth and becomes sensitive to the s@urrent contribution ta,, with substorm activity is also ap-
lar wind dynamic pressure, IMF, and flux content of the tail. parent in the results obtained from the A2000 model.
So therefore, we would expect that the parameters of the tail Magnetic field sources contributing #,, are controlled
current, and consequently its effect on g index are con- by different factors originating in the solar wind, as well as
trolled by the factors originated from the solar wind and mag-in the magnetosphere, which change nonsynchronously, with
netosphere. The dependence of the model parameters on tgfferent time scales and, consequently, determine the com-
external factors (e.g. measured solar wind data) determineglicated dynamics of th®,;. Abrupt changes iD;; can be
the model parameterization. We can see from our calculacaused either by magnetopause currents in accordance with
tions that the differences in the parameterization of the modthe IMF and solar wind dynamic pressure pulses, or by tail
els provide the main differences between g calculated  current variations during substorms. The tail current disrup-
by the A2000, G2003 and T01 models. tion following substorm onset often influenc®s, recovery

In spite of the different model's parameterizations, the re-(lyemori and Rao, 1996; Kalegaev et al., 2001). Along with
sults obtained by all the models show that the tail currentthe results of Ohtani et al. (2001), the substorm related activ-
plays a significant role in the magnetic storm developmentity during 02:00-04:00 UT on 26 June 1998 resultedin
Computations of the tail current contribution 1o, using  decay by 30nT after the substorm onset. Both A2000 and
the A2000, G2003 and TO1 models, show that the tail cur-G2003 models reveal suchia, drop, while the ring current
rent contribution toD;, can approach values comparable to continued to develop. The positive jump from the tail current
the ring current contribution t®,, during storm maximum.  after substorm maximum is calculated to be abed0 nT in
The calculations show that 1) the relationship between taikthe A2000 model and about50 nT in the G2003 model.
and ring currents depends on magnetic storm intensity, and
2) this relationship changes during the course of the magnetic
storm development. 7 Conclusions

It was shown that the theoretical A2000 and event-oriented
G2003 models give a tail current contributiondy, compa-  This study addresses the relation between the ring current
rable with the ring current contribution during a moderate and the tail current during storm times. Three different mag-
storm, but that the ring current becomes the dominant connetic field models, the paraboloid model A2000 by Alex-
tributor during an intense storm (see also Ganushkina et aleev (1978), Alexeev et al. (2001), the event-oriented model
2004). Although we did not analyze the substorm relatedG2003 by Ganushkina et al. (2002, 2004), and the TO1 model
processes, we can conclude that the level of substorm ady Tsyganenko (2002a,b) were used to model two storm
tivity influences the value of the tail current contribution to events. One storm event was moderate viifh=—2120 nT,
D;,. We suggest that the tail current can produce its maxi-and another was an intense storm with=—250nT.
mum contribution taDy,; for moderate storms while the ring In general, all models showed quite good agreement with
current remains yet undeveloped. During severe storms, th@a-situ observations. The event-oriented model G2003 repre-
ring current continues to develop while the tail current has al-sented best the substorm-associated variations @& them-
ready approached its maximum values. In particular, we carponent at and near geosynchronous orbit during both moder-
see that the hourhAL index can approach approximately ate and intense storms. The TO1 model provided good agree-
the same maximum values during both moderate and intensment between the observed and modeBgdomponent, but
storms. The magnetic flux through the polar cap, calculaten the other hand, the modsl was significantly more de-
by the paraboloid model (see Sect. 3.1), as well as the popressed than that observed during the intense storm. Simi-
lar cap area, depend strongly on the level of substorm aclarly, the A2000 model reproduces well tlB components
tivity and do not demonstrate significant growth during in- of the magnetic field measured along the GOES and Polar
tense storms in comparison with moderate ones. On the othearbits.
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