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[1] A new self-consistent version of a time-dependent magnetospheric paraboloid
model is presented and tested on the 24–27 September 1998 magnetic storm interval
(minimum Dst = �207 nT). The model uses DMSP satellite data to identify the location of
the inner boundary of the magnetotail current sheet and the magnetic flux in the lobes
and their variations with time. These inputs plus upstream solar wind dynamic pressure
and IMF Bz values are used to iteratively model the Earth’s field during the storm.
Several interesting results with important consequences are obtained: (1) the model tail
field strength at the Earth’s surface (DT = �134 nT) is a significant fraction of the
ring current value (DR = �167 nT); (2) the movement of the tail current sheet inward to
L = 3.5–4.0 at storm maximum is consistent with geosynchronous magnetic field data;
(3) at the Earth’s surface the Chapman-Ferraro magnetopause current field (DCF = 117 nT)
is almost equal at storm maximum to the value from the tail current, thus the fields
from the two systems nearly cancel; (4) the magnetic flux from the polar cap in the
course of the magnetic storm main phase approximately doubles in comparison with the
magneto-quiet interval just before the storm onset; this fact shows that the driven
processes prevail over dissipation processes throughout the storm main phase; (5) the
large-scale internal currents in the magnetosphere (ring current, field-aligned currents, and
magnetotail current) have significant influence on the shape and size of the
magnetosphere; the location of the magnetopause subsolar point is different from that
obtained by extrapolation of empirical results taken during high geomagnetic
activity intervals and from magnetospheric models that do not include feedback from
internal magnetospheric currents.

Citation: Feldstein, Y. I., et al. (2005), Self-consistent modeling of the large-scale distortions in the geomagnetic field during the 24–

27 September 1998 major magnetic storm, J. Geophys. Res., 110, A11214, doi:10.1029/2004JA010584.

1. Introduction

[2] Models of the geomagnetic field in the magneto-
sphere are the basis for numerous studies of the energetics,
topology, and dynamics of the large-scale structure of the

magnetosphere. Because of both the significance of such
field models and the versatility of their applications, the
choice of a proper model is exceptionally important. Models
must be verified by comparisons with observations. These
comparisons reveal geophysical conditions, under which
some models describe magnetic fields in the magnetosphere
more precisely than others.
[3] The investigation of magnetic field variations and

their structure in the inner magnetosphere during magnetic
storms is becoming most intriguing. The drifts of energetic
particles within this region produce intense ring currents
leading to a significant deformation of the dipole geomag-
netic field. Storm time radiation belts are formed. Charged
particles that make up the radiation belts are energized, and
then this energy is dissipated in the upper atmosphere.
Dynamical models that more accurately describe the
inner magnetosphere, especially during stormy periods,
are needed in view of ongoing rapid expansion of human
activities into near-Earth space. When constructing dynam-
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ical magnetic field models and calculating the energy
budget for the magnetosphere and its basic structural parts
for particular events, the set of parameters that define the
characteristics of the magnetic field model should be based
upon available observations. For example, the time-spatial
features of the dynamical magnetic field model are directly
associated with both the current intensities, which generate
variability of this field, and the location of currents in the
magnetosphere.
[4] The structure of the magnetic field in the magneto-

sphere depends substantially on the location and intensity of
the magnetospheric tail current. The present understanding
of the contribution of the tail currents to the near-Earth
magnetic field during magnetic storms is discussed in three
fundamental reviews. These reviews were prepared by
teams of authors citing results presented at international
scientific conferences held during recent years. Gonzalez et
al. [1994] evaluated the contribution of different sources
(ring current, magnetopause currents, induced currents in
the solid Earth) to the Dst variation. They stated: ‘‘Other
possible contributions to Dst from additional currents (iono-
spheric, field-aligned, tail currents, etc.) have not been
quantified as yet.’’ In the extended review by Kamide et
al. [1998], which covers a wide range of ideas regarding
magnetic storms, the magnetotail currents as one of the
sources of magnetic fields in the magnetosphere are not
considered at all. During the magnetic storm, Kamide et al.
estimate the Dst variation of the magnetic field but do not
even mention the contribution of tail currents to the Dst
field formation. The review by Daglis et al. [2003] is the
third of a series of storm-dynamics reviews preceded by
Gonzalez et al. [1994] and Kamide et al. [1998]. It is only
mentioned that during substorms the intensification of the
near-Earth magnetotail current can modify the geomagnetic
variations recorded at midlatitude observatories. The issue
of the relative contribution of the fields of various magne-
tospheric sources to the inner magnetospheric field was also
studied in detail by Maltsev [2004]. The views of different
authors on the ring current effect in the storm time field
depression are controversial. Actually, the estimates of the
symmetric ring current contribution to Dst range from 0% to
40% and the contributions of the tail current and partial ring
current vary from 25% to 80% and from 15% to 80%,
respectively.
[5] The contribution of the magnetotail current system to

the Dst variation during the main phase of magnetic storms
has been consistently neglected. Variations of Dst* (cor-
rected Dst index) are described fully as the sum of the
symmetric and asymmetric parts of the ring current field
only.
[6] There is contradictory evidence regarding the contri-

butions of various sources to the Dst variation of the
geomagnetic field, which is the most important index for
description of geomagnetic storm characteristics including
intensity [Alexeev et al., 1996; Maltsev et al., 1996; Turner
et al., 2000; Liemohn et al., 2001a, 2001b; Kozyra et al.,
2002]. It is usually believed now that Dst is a superposition
of the magnetic fields due to the current on the magneto-
pause (DCF), ring current (DR), and magnetotail current
(DT). The relative contribution of these sources to the Dst
variation during the storm main phase is a topic for lively
scientific discussions today. A range of different views on

the importance of magnetotail currents has recently been
expressed in the literature. Alexeev et al. [1996] and Maltsev
et al. [1996] propose an approximately comparable contri-
bution of DR and DT to the Dst variations. According to
Turner et al. [2000] and Baker et al. [2001], there is only
a 25% contribution of DT to Dst during magnetic storms.
On the other hand, Liemohn et al. [2001a] and Kozyra et
al. [2002] reported a strong agreement between modeled
DR and observed Dst fields, which implies a minimal
(even no) contribution of DT to Dst at the maximum of
the storm main phase. Such a diversity of results is a
consequence of using different magnetic field models, on
one hand, and of using different methods to identify the
boundary in the inner magnetosphere between the mag-
netotail current (which produces the DT contribution) and
ring current (which produces the DR contribution), on the
other hand. This inner boundary of the magnetotail
current is located at 3.5–4.0 RE [Alexeev et al., 1996;
Maltsev et al., 1996], 6 RE [Turner et al., 2000], and
outside of geosynchronous distance at 6.6 RE [Liemohn et
al., 2001a, 2001b; Kozyra et al., 2002]. In addition, there
are differences in the representation of the ring current
which contributes to magnetic field asymmetry and dis-
tortion in the inner magnetosphere. Models by Alexeev,
Maltsev, and Tsyganenko 89, used by Turner et al.
[2000], do not divide the inner magnetospheric current
into separate parts as symmetric and asymmetric ring
currents.
[7] In RAM model [Liemohn et al., 2001a, 2001b;

Kozyra et al., 2002] during storm main phase when the
convection electric field is strong, the bulk of the ring
current ions are moving along open drift paths and therefore
the main part of the energy in the ring current is contained in
the partial ring current. During a storm recovery phase,
when the convection weakens, open drift paths are con-
verted to closed ones and the symmetric ring current
develops.
[8] Modeling of the DCF, DR, and DT magnetic field

during the 24–27 September 1998 magnetic storm and
other storms (see Appendix A) is considered using a
new self-consistent version of the PM model driven by
appropriately-selected input parameters based on satellite
observations. The following controversial issues will be
examined: (1) How deep do tail currents penetrate into
the inner magnetosphere during magnetic storms? (2) What
is the role of tail currents in producing magnetic field
distortions at geosynchronous orbit during a magnetic storm
main phase? (3) What is the relationship (spatial and
temporal) between the magnetotail and the ring current?
(4) What are the consequences of closing the inner magneto-
tail currents through the dayside magnetopause on the
magnitude of the magnetic field of the Chapman-Ferraro
currents on the Earth’s surface during the main phase of a
storm?

2. Modeling of the DCF, DR, and DT Magnetic
Fields Due to Current Systems in the
Magnetosphere

2.1. Magnetospheric Magnetic Field

[9] The detailed description of the PM can be found in the
works of Alexeev et al. [1996], Alexeev and Feldstein
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[2001], and Alexeev et al. [2003]. The model has been
named as paraboloid since the magnetopause, representing
the paraboloid of revolution geometrically, is the essential
element of the model. PM reflects both the physical and
analytical description of the geomagnetic field within the
whole magnetosphere. On the basis of physical ideas of the
character of large-scale magnetospheric current systems and
their magnetic fields, analytical relationships were obtained,
which make it possible to calculate the geomagnetic field
vector at any point in the magnetosphere as a function of
input parameters of the model for magnetic storms of any
intensity.
[10] The representation of the magnetic field in the

modeling region is based on the modular principle, accord-
ing to which the total magnetic field B(t) is represented as
the sum of contributions from major magnetospheric field
sources (modules). Every module is an independent current
system and each current system has its own intrinsic
relaxation and inertia timescales. The magnetic field of each
current system depending on its own input parameters is
calculated separately. During the magnetic storm intervals
the large-scale current systems are influenced not only by
the current state of the interplanetary medium but also its
time history during the previous hours. These effects, as
well as the nonlinear character of the magnetospheric
response to the extreme condition in the solar wind are
taken into account in PM using model input parameters
that specify the magnitude and evolution of important
magnetospheric quantities. These input parameters are
based on observed conditions in the magnetosphere during
the entire course of the magnetospheric disturbances from
magneto-quiet conditions to intense magnetic storms. Until
recently, only a handful of empirical models of the large-
scale magnetospheric magnetic field were available. These
models were built on the basis of fitting satellite magnetic
field measurements in the magnetosphere to various sets
of approximating mathematical functions. PM uses physical
notions of the possible character of the magnetospheric
currents to select basis functions for these systems. For
example, in contrast to the empirical models, the coefficients
in the expansion of the potential for the magnetospheric
magnetic field (BT) due to the tail current system are
determined on the basis of the BTN = 0 (BTN is the
component of the magnetic field BT normal to the mag-
netopause) condition, which indicates that in the PM the
tail current system is not of a traditional sense. The
traditional magnetotail current system closes the tail cur-
rents along the nightside magnetopause only. In contrast to
this traditional presentation, in the PM the tail current
system closes along the whole magnetopause, including its
day sector. This is a key feature distinguishing PM from
other magnetic field models, which has important con-
sequences for the location of the magnetopause (since the
inner part of the magnetotail current closes through the
subsolar magnetopause) and for the contribution of mag-
netopause currents to Dst. For every magnetic field
source, PM assumes a zero value of the normal compo-
nent of the magnetic field on the magnetopause. The
continuity equations for the magnetic field and electric
current density, div B = 0 and div j = 0 in the
magnetosphere outside the region of the current source
location are valid as well.

[11] The total magnetic field vector B (x, y, z) for any
point (x, y, z) in the magnetosphere in the solar-magneto-
spheric coordinate system and for the time t is

B tð Þ ¼ Bd yð Þ þ BCF y;R1ð Þ þ BT y;R1;R2;Fð Þ
þ BR y; brð Þ þ BSR y; br;R1ð Þ þ BFAC y;R1; J0ð Þ; ð1Þ

where:

Bd (y) is the Earth’s dipole field;
BCF (y, R1) is the field of currents on the magne-

topause shielding the dipole field;
BT (y, R1, R2, F) is the field of the tail current system

(cross-tail current and its closure
magnetopause current);

BR (y, br) is the field of the ring current;
BSR (y, br, R1) is the field of currents on the magne-

topause shielding the ring current
field;

BFAC (y, R1, J0) is the field due to field-aligned
currents.

[12] The dipole field Bd is calculated as a gradient of the
potential from Earth’s internal sources using the IGRF-95
model with maximal order of harmonics 10. The BCF field is
found by solving the Neumann’s problem used classic
algorithm connected with solution of the Laplace equation
for the potential UCF (BCF = �grad UCF), with the boundary
condition BCF � n = �Bd � n, where n is the normal to the
magnetopause.
[13] Magnetic field of the tail current system BT is

determined through the scalar potential Ut based on the
relation BT = � bt R1 grad Ut, where bt = [2F/(pR12)]
[R1/(R1 + 2R2)] is the magnetic field strength in the tail
lobe at the inner boundary of the tail current sheet R2. The
spherical harmonics and Bessel functions coefficients of
expansion of the potentials UCF and Ut are described by
Alexeev and Feldstein [2001].
[14] For calculation of BR, the magnetic field vector

potential A (BR = curl A) is introduced. The external
boundary, outside which the ring current density is zero,
coincides with the distance to the inner boundary R2 of the
tail current sheet. The ring current density vector has only
one azimuthal (longitudinal) component �Jj (r, q, j). The
radial and latitudinal components of the current density
vector are zero. Distribution of density Jj in space is a
function of the ring current magnetic moment, distance R2
and latitudinal angle q. Shielding BR currents at the
magnetopause are calculated based on the requirement of
zero normal component of the magnetopause magnetic
field.
[15] For the BFAC calculation the current system model by

Alexeev et al. [2000] was used: the Region 1 field-aligned
current system flows into the ionosphere along the polar cap
boundary on the dawnside and flows out of the ionosphere
at the duskside. The currents that close the circuit are
located in the ionosphere and on the magnetopause.

2.2. PM Input Parameters

[16] Input model parameters are as follows: (1) date (year,
day, UT), (2) coordinates of the point for calculation of the
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magnetic field, (3) geomagnetic indices: Dst, AL, and solar
wind parameters (n, V, Bz), (4) tilt angle of the geomagnetic
dipole (Y), (5) geocentric distance to the magnetopause
subsolar point (R1), (6) geocentric distance to the inner
boundary of the current sheet in the magnetotail on the
midnight meridian (R2), (7) magnetic flux in the magneto-
tail lobe (F), (8) magnetic field intensity of the magneto-
spheric ring current on the Earth’s surface at the equator
(br), (9) the total strength of the Region 1 FAC (J0).
[17] The angle Y depends on time UT during a day and

its ordinal number during a year; Y can be calculated using
expressions given by Alexeev et al. [1996]. The R1 param-
eter is calculated from the balance between solar wind
pressure at the magnetopause subsolar point Psw =
0.88 nmV2 and magnetic field pressure B2/2m0 where B is
from (1).
[18] Input parameters of the PM, R2, and F, were

determined using the Vorobjev et al. [2000] and Starkov et
al. [2002] models based on DMSP electron and ion spectra
taken every second, covering particle energies from 30 eV
to 30 keV at about 900 km altitude. For the purposes of
driving the PM model, the signatures of most interest are the
low altitude signature of the earthward boundary of the tail
current sheet and the polar cap area as an indicator of the
strength of the magnetic flux in the magnetotail lobes.
[19] The poleward edge of the LLBL on the dayside and

the b6 boundary (poleward extent of subvisual drizzle)
on the midnight are used to identify the polar cap boundary.
The LLBL poleward edge (LLBLpol) marks the boundary
between closed and open (merging with IMF) field lines in
the magnetosphere. The poleward boundary of soft electron
precipitation on the nightside, identified as the b6 boundary,
if the terminology of Newell et al. [1996] and Feldstein and
Galperin [1996] is used, separates the region of auroral
luminescence from polar rain.
[20] The angular radius qpc is calculated using the mid-

night colatitude values of the b6 boundaries (qb6) to mark
the midnight edge of the polar cap and midday colatitude
values of the LLBL boundaries (qllbl) to mark the dayside
polar cap edge:

qpc ¼ qb6þ qllblð Þ=2; ð2Þ

which means that the polar cap is approximated by a circle
of a radius qpc. The circle centre shifts toward the nightside
since qllbl < qb6.
[21] The tail lobe magnetic flux F, as an input PM

parameter, is calculated based on the polar cap angular
radius (qpc) using the relationship:

F ¼ 2pBER
2
E sin qpcð Þ2; ð3Þ

where BE and RE are the dipole magnetic field at the Earth’s
equator and Earth’s radius, respectively.
[22] Finally, the b2i boundary in the DMSP measure-

ments [Newell et al., 1996] is assumed to map to the inner
boundary of the tail current sheet and can be used to
determine the input parameter R2 in the present study. Here
b2i marks the latitude where the energy flux of ions above
3 keV reaches maximum and approximately coincides with
the transition between anisotropic and isotropic ion loss-

cone distributions moving from low to high latitudes as
observed by the NOAA-6 and NOAA-10 satellites [Newell
et al., 1998].
[23] The suprathermal plasma distribution in the equa-

torial night sector is characterized by the presence of the
inner boundary of the central plasma sheet at which with
decreasing radial distance a dramatic softening from
several keV of the electron spectrum begins [Fairfield
and Vinas, 1984], instead of a mean energy rise inward
due to adiabatic acceleration of hot plasma with increas-
ing magnetic field intensity. The region where such
softening is observed is located between the inner bound-
ary of the central plasma sheet and the plasmapause and
was called Alfven layer or Remnant Layer, as plasma in
this region is the remnant of magnetic activity, including
the effects of earthward convection from the central
plasma sheet. The thermal plasma drifts closest to the
Earth and forms the inner (near-Earth) boundary of the
Alfven layer, coincident with the plasmapause in steady-
state conditions. This location marks the innermost pen-
etration of magnetospheric plasma population at the inner
edge of the Alfven layer. The mean energy of electrons in
the Alfven layer decreases from several keV (at the inner
boundary of the central plasma sheet) to several eV (at
the plasmapause).
[24] A band of diffuse auroral emission and unstructured

soft electron precipitation was discovered at low altitudes
from ISIS-2 data equatorward from the auroral oval of
discrete forms by Lui and Anger [1973]. The analysis of
Dynamics Explorer (DE-1 and DE-2), AUREOL, DMSP,
and Viking data has showed that electron energy in the
region of unstructured soft electron precipitation increases
monotonically with latitude increase [Feldstein and
Galperin, 1993]. Electron energy spectra are practically
the same above the ionosphere and in the conjugate equa-
torial plane of the inner magnetosphere [Meng, 1978]. The
field-aligned electric fields are, as a rule, absent and the
electron spectra are monotonic. The equatorward boundary
of soft precipitation was first studied by Galperin et al.
[1977] and Gussenhoven et al. [1981]. A close connection,
or colocation, of this boundary with the plasmapause was
demonstrated.
[25] Newell et al. [1996] offered automatic computer

identification of plasma precipitation boundaries on the
nightside based on DMSP satellite observations. Some of
the identified electron boundaries of relevance to the present
study are as follows: (1) b1e, a boundary of precipitation of
the electrons with ‘‘zero’’ energy, corresponding to the
boundary of convection that coincides with the plasmapause
location; (2) b2e, the latitude l, where dEe/dl = 0 (Ee is the
average energy of the electrons). This latitude is a projection
to ionosphere altitudes of the earthward boundary of the
central plasma sheet.
[26] For the purpose of determining the value R2 needed

by the PM, the location of the low-altitude signature of the
onset of magnetotail stretching (b2i or b2e), when mapped
to the equatorial plane along realistic stretched magnetic
field lines, is taken to mark the location of the inner
boundary of the magnetotail current. At near-midnight
hours the near-Earth boundary of plasma sheet (b2e) is
located very close to the isotropic ion boundary (b2i)
[Vorobjev et al., 2000].
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[27] Feldstein and Galperin [1985, 1996] performed a
detailed analysis of the relationship between electron pre-
cipitation structure at ionospheric altitudes and different
plasma domains in the magnetosphere. They found that
the equatorial boundary of soft auroral electron precipitation
(see also references in the work of Feldstein and Galperin
[1985, 1996]) is, according to low-altitude satellite data,
coincident with the equatorward boundary of subvisual
diffuse luminescence and is the plasmapause projection to
ionospheric heights. Galperin et al. [1997] also examined
the convection patterns measured by the Millstone Hill
Radar in relation to the equatorward boundary of the soft
diffuse electron precipitation in DMSP data (boundary b1e).
They argue that b1e coincides with the inner boundary of
the large-scale westward ion convection, i.e., with the
instantaneous plasmapause. The low-energy electron
boundary (b1e) has a clear geophysical meaning, both
theoretically and experimentally, corresponding to the ze-
ro-energy Alfven layer and the instantaneous plasmapause
location [Nishida, 1966; Horwitz et al., 1986].

2.3. Indirect Estimation of Plasma Boundaries

[28] As noted earlier, R2 and F input parameters are
determined using data on plasma precipitation boundaries
observed by DMPS satellites. These observations are not
continuous, the time step between successive orbits being
�100 min. In addition, there are intervals of missing data
due to various reasons, which creates a problem for the
analysis. To overcome this difficulty, it was necessary to
analytically express the dependence of boundary location on
geomagnetic activity indices used to describe magnetic
storms. The best geomagnetic activity indices for this
purpose are AL and Dst indices because those reflect the
magnetic field dynamics of basic storm elements, namely
DCF, DR, and DT fields and westward electrojet (WE)
intensity. The expressions needed were obtained for bound-
aries of plasma precipitation of various kinds [Vorobjev et
al., 2000; Starkov et al., 2002]. The expressions for b2i,
b2e, b6 (on the midnight), and LLBLpol (on the midday)
boundaries are as follows:

for b2i,

j ¼ 66:46þ 0:005AL� 5:43� 10�7 AL2 þ 0:026Dst ð4Þ

for b2e,

j ¼ 66:66þ 0:009ALþ 7:78� 10�7 AL2 þ 0:022Dstð5Þ ð5Þ

for b6,

j ¼ 71:82� 0:0018ALþ 0:0002Dst ð6Þ

for LLBLpol

j ¼ 80:08þ 0:0135ALþ 4:52� 10�6 AL2 þ 0:038Dst: ð7Þ

The total field-aligned current J0 of the Region 1 field-
aligned current system according to Alexeev et al. [2000] is

J0 ¼ 1þ cos qpc
� �

SpDFpc ð8Þ

and magnetic field at the subsolar point Bz is

Bz ¼ m0SpDFpc sin qpc= 2R1ð Þ; ð9Þ

where m0 = 4p � 10�7 H/m is the permeability of a vacuum,
Sp = 10 S is height-integrated ionospheric Pedersen
conductivity, DFpc [kV] = �11.5 Bz [nT] + 33 and DFpc is
the potential drop across the polar cap according to
Papitashvili et al. [1999] for Bz < 0. The relationships used
to calculate the magnetic field components of the three-
dimensional field-aligned current system can be found in
the work of Alexeev et al. [2000].
[29] The ring current magnetic field intensity at the

Earth’s surface in the equatorial plane, DR, is the last input
PM parameter. Usually, DR is determined from the total
energy of ring current ions. However, this type of informa-
tion is difficult or impossible to obtain for most magnetic
storms. That is why in this analysis the Dst index is used to
obtain the DR quantity. DR is obtained by subtracting the
PM values of DCF and DT from the observed Dst at each
time step. This approach that uses Dst to determine DR as
an input PM parameter excludes the possibility of using the
observed Dst variation to test the results of the modeling.
For this study, testing will be carried out using independent
magnetic field measurements, e.g., magnetic field data
available from geosynchronous satellite.

3. Results of Magnetic Storm Modeling

3.1. Interplanetary Conditions During the
24–27 September 1998 Storm

[30] The 24–27 September 1998 magnetic storm was
selected for analysis by the PM. A comprehensive set of
observations and models are available in the literature for
this storm as part of the Geospace Environment Modeling
Inner Magnetosphere/Storms campaign, including results
from a kinetic ring current model [Liemohn et al., 2001b]
for comparison to the PM.
[31] To briefly describe the storm development, the hourly

values of the interplanetary medium parameters, IMF Bz

and P (solar wind pressure), are shown in Figure 1 along
with geomagnetic activity indices AL and Dst during the
magnetic storm. A fast forward shock occurred at�2320 UT
on 24 September. The solar wind speed increased from
�450 km/s to �650 km/s and then gradually enhanced up
to �800 km/s at �0400 UT 25 September, jBj increased
from �14 nT to �40 nT, N increased from �8 cm�3 to
�27 cm�3, and Ti increased from 3 � 105 K to 1.3 � 106 K.
Upstream of the shock Bz � �1 to ��2 nT. The magnetic
storm starts at 0000 UT 25 September, which is confirmed
by a sharp increase of the Dst from �37 nT to �4 nT. This
increase is due to the jump of the solar wind dynamic
pressure from 3.8 nPa to 15.0 nPa. The IMF turning to the
south occurs an hour later than the abrupt compression of
the magnetosphere. The Bz component intensity reaches its
maximum value of �17.9 nT at 0200 UT 25 September and
remained negative (��12 nT) to 0600 UT. This caused the
main phase of the magnetic storm as noted in Dst. At
�0600 UT 25 September, there is a high-density plasma
plug with N �18 cm�3 separating the sheath (Ti � 5.8 �
105 K) from a magnetic cloud. Coincident with the plug is a
short IMF Bz northward turning. An intense substorm
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occurs at this time. A small recovery of the uncorrected Dst
is also coincident with this event. The high-density region
could possibly be a loop ahead of the CME dark matter.
[32] A magnetic cloud onset occurs at �0710 UT 25

September. According to the Dst index the storm main
phase lasts until 0900 UT, when a minimum Dst value of
�207 nT is reached. The recovery phase starts with a rapid
recovery of Dst to �66 nT by 1900 UT 25 September. This
is followed by the substantially slower recovery of Dst to
�36 nT at 2200 UT 27 September. During this slower
recovery, sporadic magnetic disturbances in the auroral zone
seen in the AL index also contributed to the Dst variation
(Figure 1). At the storm main phase Bz reached ��13 nT
(by 0900 UT 25 September) and then turns to the north,
with a corresponding attenuation of magnetic disturbances
seen in the AL index.
[33] Bs (southward IMF) rotated through zero at 1500 UT

and the cloud ended at �1630 UT on 26 September. The
plasma beta increased from 0.4 to �1.0 at this time. From
1800 UT 26 September through 27 September, there are
Alfven waves with Bs � 4 nT.

3.2. Estimation of the PM Input Parameters

[34] In Figure 2 the PM input parameters (R1, R2, F, DR,
and J0) are shown. The R1 parameter, geocentric distance to
the subsolar point, is calculated in several ways. When the
balance between solar wind and magnetic field pressures at
the magnetopause subsolar point is used the profile (solid
line) is obtained. The dotted line in Figure 2 designates R1
calculated as a function of the plasma pressure of the solar
wind and the IMF Bz component according to expressions
obtained by Shue et al. [1997]. Before the magnetic storm

R1 � 10 RE and at its beginning decreases to R1 � 7.1 RE,
reaching �6.3 RE at the main phase maximum. During the
late recovery phase the R1 value is �11 RE.
[35] The differences between values of R1 from Shue et

al. [1997] and geocentric distances from pressure balance in
the PM (top panel, solid line) are � several tenths of RE

during most of the storm. These differences reach �1 RE for
only some hours during the main phase of the storm. This
means that the R1 by Shue et al. [1997] (dotted line)
characterize conditions near the subsolar magnetopause
point where there is the balance of pressures. Dashed line
in Figure 2 marks R1-2 values, which were obtained based
on pressure balance between the solar wind and the dipole
magnetic field. R1-2 values systematically exceed R1
values by 0.5 RE. However, when solar wind dynamic
pressure decreases, this difference reaches 1.2 RE.
[36] The R2 values (Figure 2, second panel) calculated on

the basis of the b2i and b2e projection along magnetic field
lines to the equatorial plane show only slight differences.
Values of R2-2e (dotted line) practically repeat variations of
R2-2i (solid line), but during separate intervals can differ up
to 0.5 RE nearer to the Earth. R2-2i or R2-2e is intended to
be the real inner boundary of the tail current at midnight.
The R2-2i values are adopted as the PM input parameter R2
shown in Figure 2. Both profiles R2-2i and R2-2e
display the R2 distance shift from 5–6 RE before the storm

Figure 1. Variations of interplanetary medium parameters
and geomagnetic indices used for the calculation of PM
input parameters, including the IMF component Bz,
dynamic pressure P, AL index, and the Dst index during
the 24–27 September 1998 magnetic storm.

Figure 2. PM input parameters: (top) magnetopause
stand-off distance R1 (solid line for the PM; dotted line
for Shue et al. [1997], and dashed line for the dipole
magnetic field); (second panel) distance to the tail current
sheet inner boundary R2 (i.e., solid line for R2-2i using b2i,
dotted line for R2-2e using b2e); (third panel) magnetic flux
through the tail lobe F; (fourth panel) ring current field
intensity DR on the Earth’s surface calculated from Dst and
magnetospheric sources; (bottom) total intensity of the
Region 1 field-aligned current J0.
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to 3–4 RE during the storm main phase and then reached the
initial value during the storm recovery phase.
[37] As seen in Figure 2, the magnetic flux in the tail lobe

F is �5 � 108 Wb before the magnetic storm, increases to
1.1 � 109 Wb mainly in connection with the equatorward
shift of the midday LLBL polar boundary at the main phase
maximum (0600–0800 UT 25 September), and then
decreases (at the beginning quickly) to the value F � 5 �
108 Wb. This value persists during the remainder of the
storm recovery phase on 26–27 September. This indicates
that energy being dissipated in the magnetotail during these
disturbed periods is derived not only from that accumulated
in tail lobes before but also from solar wind energy
continuously being loaded into the magnetotail during the
main phase of the magnetic storm. Decrease of the magnetic
flux in the magnetospheric tail is characterized by the
poleward shift of the midnight polar cap boundary b6. This
decrease only partially balances the increase of the magnetic
flux due to its transfer from the dayside to the nightside. The
fact that the magnetic flux transported into the lobe is
approximately 2 times greater during the disturbed interval
than during the quiet period shows that the magnetosphere
is driven throughout the storm main phase [Akasofu, 2002].
Unloading processes prevail during the storm recovery
phase.
[38] The development of the storm described by DR

(Figure 2, fourth panel) shows that R1, R2, and F change
abruptly during the storm main phase, which occurs also for
J0 (bottom panel). Total field-aligned current intensities J0 >
0.5 MA, calculated using equation (7), appeared throughout
the storm interval. During the storm main phase, a maxi-
mum J0 � 4.5 MA is reached. This is several times less than
the intensity of Region 2 FACs calculated by Liemohn et al.
[2001a] for the same storm, which were unrealistically
large due to the use of a dipolar magnetic field. The
calculation of R2 and F parameters is based on ionospheric
measurements.
3.2.1. R1 and R2 Estimates
[39] The iteration approach is used to estimate R1. The

first value of the input parameter R1 [R1(1)] is defined
through a balance between solar wind pressure and mag-
netic field pressure near the magnetopause subsolar point
for the total magnetic field B that is a sum of the dipole
magnetic field and the magnetic fields of its shielding
currents. The second value R1(2) is defined through the
balance between the pressure of the solar wind and the
pressure of the magnetic field, that being obtained on
the basis of the PM. Iterations continue until the difference
between two consequent values R1(N) � R1(N � 1) is less
than 0.1 RE. This process is shown as the double-sided
arrow in the scheme of the magnetospheric magnetic field
calculation (section 3.3).
[40] In this study, the mapped geocentric distance of the

isotropy boundary (equation (4)) obtained after some iter-
ations using the magnetic field configuration from the PM
model (thereafter called R2-2i) was adopted as the location
of the inner boundary of the current sheet in the equatorial
plane. The first b2i mapping is along the dipole magnetic
field line. This R2(1) value is used to calculate magnetic
fields due to external sources in the PM. The second
mapping of the b2i boundary is made along the magnetic
field lines in the PM which takes into account the magnetic

fields due to external sources. The new value of R2 is again
used for calculation of the magnetic fields due to external
current systems. This iteration continues until the difference
between the two values R2(N) � R2(N � 1) is less then 0.2
RE and this value is then adopted as R2-2.
[41] As mentioned above, R2-2i is used in our PM model.

Shown in Figure 3 the R2-2i profile is compared with R2dip
and R2-b profiles where R2-b is the trapping boundary
described below. Differences between the R2 values
obtained in the case of the dipole and PM mapping are
within 1 RE in general and decrease to 0.5 RE during the
storm main phase. The R2-2i values correspond to greater
radial distances from the Earth than R2dip due to nightside
magnetic field line stretching in the antisunward direction in
the PM model. This stretching occurs down to relatively
low L values.
[42] Another estimate of the boundary separating the ring

and magnetotail currents is given by the trapping boundary
(R2-b) taken to mark the outer edge of the symmetric ring
current. Earthward of the trapping boundary closed drift
trajectories do not encounter the magnetopause and high
energy ions are stable trapped. Estimates of the trapping
boundary location are based on an idealized model of high-
energy particle motion in the geomagnetic field in the case
where electric-field-associated particle drifts are small com-
pared to magnetic field gradient and curvature drifts.
[43] The R2-b boundary is determined by considering the

topology of magnetic field intensity isolines which divide
the magnetosphere into two regions, an inner and an outer
one. In the inner one magnetic field intensity B isolines in
the magnetospheric equatorial plane produce closed quasi-
circles around the Earth. In the outer one the lines B = const
reach the magnetopause. The outer boundary of the inner
region in the equatorial plane on the night side is located at
distance R2-b, which can be approximated by the radial
distance where the magnetic field at midnight has the same
value as the magnetic field at the magnetopause subsolar
point. The inner magnetosphere earthward of R2-b is a
stable trapping region whose boundary is called the trapping
boundary. Figure 3 shows a comparison between the esti-
mated trapping boundary (R2-b) and R2-2i (the inner edge
of the magnetotail current).
[44] The trapping boundary is located at geocentric dis-

tance of R2-b � (6–7) RE before the storm main phase and
shifts to R2-b � 4 RE during the main phase. Then during
the recovery phase it again retreats back to R2-b � 8 RE.
The geocentric distance R2-b is less than R1 because of the
greater (with regard to the dipole field) magnetic field
intensity on the dayside (DCF influence) and the lowest
value on the nightside (DT influence).
[45] Owing to the electric field from dawn to dusk in the

nightside magnetosphere the R2-b boundary becomes
shifted earthward by (0.5–2.0) RE. The shifting is less
during the main phase, when the night boundary is located
at smaller distances from the Earth, and increases during the
recovery phase, when the night boundary is located at
greater distances from the Earth.
[46] Both the partial ring current and the innermost part of

the magnetotail current are located near the plasma sheet
inner boundary. The main difference in topology between
the magnetotail and partial ring currents is that the partial
ring current closes through the ionosphere and the tail
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current closes through the magnetopause. There are regions
in the inner magnetosphere where a portion of the current
closes through the ionosphere and a portion continues
moving outward until it encounters the magnetopause and
closes. This ambiguity may contribute to the discrepancy in
estimate of the relative contributions of magnetotail and
partial/symmetric ring current to the Dst index during
storms.
[47] During the storm main phase the transition between

magnetotail-like currents and the partial/symmetric ring
current is difficult to define. The partial/symmetric ring
current (partially) and the magnetotail currents (fully) are
both associated with the plasma sheet, the former closing
through the ionosphere, the latter through the magnetopause
boundary layer. Both produce stretching of the magnetic
field in the inner region. The R2-2 boundary is located
closer to the Earth, than R2-b. However, even the idealized
boundary, the R2-b, is shifted far inward of the geosyn-
chronous orbit during the storm main phase and it is located
outside of this orbit during the recovery phase. In this paper,
the inner edge of the magnetotail current is assumed to be
given by the R2-2i boundary.
[48] The corrected geomagnetic latitude of the midnight

current sheet (plasma sheet) inner boundary b2i (b2e)
estimated using equations (4) or (5) can be seen in
Figure 4. The locations of the boundaries are given at
ionospheric altitudes. Before the magnetic storm and during
the final stage of the recovery phase, b2i is located at
magnetic latitude of �65� or �66� and moves equatorward
to 56� at main phase maximum. The locations of b2i and
b2e boundaries at midnight for low magnetic disturbance
levels are practically coincide. At main phase maximum b2e
moves equatorward to corrected geomagnetic latitude 53�.
In Figure 4 the top profile shows the b6 boundary location
during the storm. To estimate the magnetic flux F from the
polar cap, b6 data are used.
3.2.2. Magnetic Flux % Estimation
[49] The relations (2) and (3) used for calculating the

input parameter F (magnetic flux into the tail lobe) requires
knowledge of not only the b6 plasma boundary but also
LLBLpol. Their variations during the storm, parameterized
by the AL and Dst indices, are shown in Figure 4 and

Figure 5. The comparison of empirical data on plasma
precipitation boundaries (namely LLBLpol and 2bi) with
observed (DMSP) data is presented in Appendix A (sub-
section A1.3).
[50] On the nightside the polar cap boundary b6 is shifted

at midnight rather insignificantly to the pole (MLAT � 74�)
when storm main phase takes place. In the remaining time
during the storm, b6 is fixed at MLAT � 72�. The midday
boundary of LLBLpol is located at �78� before the storm.
At the main phase maximum, it shifts to MLAT � 64� and
then comes back to �78� during the recovery phase.
[51] The motion of the LLBLpol to geomagnetic latitudes

of �64� near noon MLT during the main phase of the 24–
27 September 1998 event, is characteristic for other mag-
netic storms as well. Meng [1983, 1984] investigated the
latitudinal variations of the near-noon sector of the polar
cusp boundaries during three magnetic storms. It was found
that the near-noon cusp equatorial boundary, which is
simultaneously the LLBL polar boundary, shifts equator-
ward during the magnetic storm main phase in latitude by
more than 10�. For BS � 15 nT and Dst � �150 nT the
equatorial cusp boundary is located at geomagnetic latitudes
�64�. The polar-cusp-region shift toward the equator is
more closely connected with the southward interplanetary
magnetic field than with the Dst intensity variation.
[52] During of the storm main phase Dst minimum is

accompanied by a very intense substorm at 0600–0800 UT
with hourly mean index AL � �1500 nT at 0600–0700 UT
on 25 September (see Figure 1). The magnetic flux from the
polar cap reaches its maximum during this substorm with
hourly peak value �1.06 � 109 Wb and decreases after the
end of the substorm, which coincides with the onset of the
storm recovery phase. Decrease of the magnetic flux has
monotonic character in the northern hemisphere and is
characterized by a leap-like increase to �1.7 � 109 Wb in
the southern hemisphere. A relative minimum in F values
was registered at 1200–1300 UT. This was several hours
after the end of the intense substorm at 0600–0800 UT and
therefore the decrease of the polar cap magnetic flux can not
be associated with this substorm.
[53] Increase of the polar cap magnetic flux at the onset of

a substorm active period with its subsequent decrease is
described by Frank et al. [1998]. The intense substorm at
0630 UT on 25 September 1998 is characterized by a

Figure 3. The comparison of the R2 boundary location
calculated using PM (R2-2) with the R2 boundary location
calculated by b2i mapping along the dipolar magnetic field
line (R2dip) and the geocentric distance along the midnight
anti-solar direction where the magnetic field intensity is
equal to the magnetic field at the subsolar point (R2-b).

Figure 4. The variation of the location of the b2i, b2e, and
b6 boundaries in the midnight sector during the magnetic
storm.
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decrease of 9% in the polar cap magnetic flux before the
substorm followed by a 25% increase during the substorm.
Sporadic magnetic disturbances during the storm recovery
phase on 26–27 September are accompanied by magnetic
flux increases in the tail lobe. However, one should bear in
mind that the description of the magnetic flux variations in
the course of substorms based on hourly values is relatively
rough.
[54] Borovsky et al. [1998] note that substorms occurring

during magnetic storms are accompanied by dipolarization
at the substorm onset. However, the reduction in the
magnetic field line orientation is typically small compared
with the actual field line deviation from the dipole config-
uration. Hence a substorm dipolarization does not relax the
nightside magnetic field configuration to a dipole-like one.
[55] Ostapenko and Maltsev [2000] carried out model

calculations of fields in the inner magnetosphere and in the
tail during magnetic disturbance intervals. The significant
role of the magnetotail current for generation of Dst
variations was shown.
[56] Results of the statistical study of magnetic field

behavior during magnetic storms in the near- and midtail
central plasma sheet are presented by Schoedel et al. [2002]
based on Geotail observations. During magnetic storms
with moderate Dst � �85 nT the magnetic field intensity
increases from 13 nT during the magneto-quiet intervals
to 28 nT during the storm main phase at geocentric distance
15 RE. The corresponding values at geocentric distance
25 RE are 7 nT and 13 nT. Values for the recovery phase
range between those for the main phase and those for quiet
times, being usually not significantly different from the
latter. Hence magnetic field in the tail during the storm main
phase does substantially increase with subsequent rapid
return to its quiet level during a storm recovery phase.
Magnetic flux variations in the tail for the 24–27 September
1998 magnetic storm correspond reasonably well to the
statistical results obtained on the basis of averaging obser-
vations from 81 storms. Skoug et al. [2003] even suggest the
dominant contribution of the tail current to Dst during the
main phase of the 31 March 2001 superstorm.
[57] In addition, there are well-known geomagnetic ac-

tivity equinoctial maxima. As a statistical study by Newell et
al. [2002] shows, the polar cap is largest around the
equinoxes, being smaller around solstices. It means that
the magnetic flux in the tail lobes increases, not decreases,
with the increase of the magnetic disturbance level.

[58] The magnetic flux intensity F in the tail lobe shown
in Figure 2 was calculated as a function of AL and Dst for
each hour UT. The corresponding relationships are obtained
by means of statistical analysis of DMSP satellite data on
plasma precipitation boundaries. The location of a plasma
precipitation boundary using low-altitude DMSP satellite
observations is determined only locally. Recently, a more
global view of the polar cap boundary has become available
based on auroral luminosity at ultraviolet wavelengths.
Ultraviolet imagers (UVI) on board high-altitude satellites
allow in principle the determination of the instantaneous
location of auroral precipitation boundaries. However, dis-
criminating the regions with diffuse and discrete precipita-
tions from UVI data is difficult and usually particle
instruments yield better estimates of the different plasma
boundary locations.
[59] In Figure 6 the F profile is displayed from the

statistical approach used in this study (red line). In addition,
there were used the values F (DMSP + UVI) obtained by
means of the OVATION procedure separately for the north
and south polar caps for each UT hour and displayed for the
northern (blue line) and southern (triangles) hemispheres.
Breaks of the northern hemisphere profile mean absence of
data. The leap-like F variations obtained from UVI data can
be of geophysical nature, although it is likely that a
significant portion of the difference is due to instrumental
and algorithmic noise.
[60] A comparison of magnetic fluxes calculated by these

two methods shows a general agreement in the absolute
magnitude and in variations during the magnetic storm. For
the storm main phase the magnetic flux in the northern
hemisphere increases from �5 � 108 Wb in magneto-
quiet interval about 1200 UT on 24 September 1998 to
�1 � 109 Wb at 0600–0900 UT on 25 September and
decreases again to �3 � 108 Wb during the magneto-quiet
interval, i.e., for late hours on 27 September. During the

Figure 5. The corrected geomagnetic latitude of the LLBL
poleward boundary LLBLpol variations in the near-noon
sector during the 24–27 September 1998 magnetic storm.

Figure 6. Variations of the magnetic flux from the polar
cap calculated using empirical equations (2), (3), (6), and
(7) (red line), the magnetic flux calculated using the
POLAR UV photometer and DMSP particles measurements
in the northern hemisphere (DMSP + UVI North: blue line),
and DMSP particles measurements in the southern hemi-
sphere (DMSP South: triangles) during the 24–27 Septem-
ber 1998 magnetic storm. The OVATION method is used to
obtain the DMSP + UVI North and DMSP South values.
See color version of this figure at back of this issue.
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storm recovery phase, the magnetic flux from the polar cap
increases leap-like during substorms at 1600 UT on
26 September and 1100 UT on 27 September (Figure 1).
Differences in magnetic fluxes between Polar UVI and
DMSP data range within the limits of the standard deviations.
[61] The polar cap boundary location based on the lumi-

nosity distribution is ambiguous. To some extent, it depends
on the method used. Craven and Frank [1985] produced the
first quantitative definition of auroral boundaries locations
using a threshold approach for DE images. A similar
threshold approach has been applied to Polar UVI images
by Brittnacher et al. [1999]. Kauristie et al. [1999] com-
pared the oval boundaries in Viking UVI images with
simultaneous DMSP particle precipitation data in the mid-
night-evening sector. The results of this investigation indi-
cate that caution is needed in using UV images to compute
changes of the magnetic flux from the polar cap under
different states of magnetic activity. Baker et al. [2000]
determined the poleward auroral emissions boundaries from
Polar UV images using both the threshold method and a
ratio method. The investigation identified a systematic
latitudinal difference between UVI and DMSP boundaries
in the evening sector with a magnitude of about 1�.
[62] Newell et al. [2002] calibrated the locations of the

auroral oval polar boundary incorporating different data
sources: SuperDARN HF radar data, DMSP particle data,
and Polar UVI images. As a calibration standard choice,
DMSP particle boundaries were used. The convection
reversal boundary observed by SuperDARN coincides with,
or lies 1� equatorward, if compared with the DMSP polar
boundary. The standard deviation is typically 1–2�. This is
much better than the DMSP boundaries calibrations with
Polar UVI. The standard deviations between the Polar UVI
poleward boundary and the DMSP-determined poleward
boundary range between 2.5� and 3.5�. This is just about
double the standard deviations from SuperDARN. To esti-
mate the error in the polar cap magnetic flux assuming that
the polar cap during the magnetic storm main phase is
circular with radius of 18� in colatitude and a given error in
boundary location of about 3� is of interest. The error in the
flux would be �35%. The apparently systematic difference
between the magnetic fluxes determined by two methods is
associated with the difference in the dayside polar cap
boundary location obtained by various methods. Precipitat-
ing particle data take into account a complex structure of
dayside precipitations [Newell and Meng, 1994].
[63] Owing to more sophisticated automated fitting pro-

cedures, an alternative method for obtaining F values can be
used for the events with available concurrent measurements
of plasma boundary locations and auroral UV luminosity,
which allows to identify the polar cap boundary [Newell et
al., 2001, 2002]. The procedure to determine various auroral
oval parameters using complex ground-based and satellite
observations and then to calculate the magnetic flux inten-
sity in the lobe on the basis of the already known polar cap
area OVATION (Oval Variation, Assessment, Tracking,
Intensity, and Online Nowcasting) was proposed [Newell
et al., 2001, 2002].
3.2.3. DR Estimation
[64] Shown in Figure 2 the essential input parameter for

the PM model is DR (ring current magnetic field intensity
on the Earth’s surface) calculated from the Dst variation.

The intensity of the DR field on the Earth’s surface is
defined from the equation:

DR ¼ Dst � DT� DCF: ð10Þ

The magnetic field due to the ring current (DR) at the
subsolar point was defined using the ring current magnetic
moment MRC as

B DRð Þ ¼ MRC= R1ð Þ3; ð11Þ

where MRC is calculated from the expression [Belova and
Maltsev, 1994]:

MRC=Mdip ¼ 1=2ð Þ B DRð Þ=BEð Þ Rkm=REð Þ3; ð12Þ

where Mdip is the dipole magnetic moment, BE is the dipole
magnetic field and B(DR) is the ring current magnetic fields
at the Earth’s equator, Rkm is the geocentric distance to the
external boundary of the ring current, i.e., the radius of a
sphere, where the model ring current flows. The coefficient
1/2 takes into account the twofold increase of the field
inside the sphere in comparison with the field outside the
sphere. The calculations were made assuming the following
values of Rkm:

Rkm ¼ 6RE for R2 	 6

Rkm ¼ R2 for R2 
 6
ð13Þ

It is worth noting that there is another way to obtain
the value of DR using data on total ion energy (1 
 E 

300 keV) in the magnetosphere.

3.3. Magnetic Fields of Different Current Systems

[65] The structure of the computational program and
sequence of successive steps for estimation of the PM input
parameters as well as intensities of DCF, DT, DR, and DFAC

current systems are presented in the scheme below. Mag-
netic fields of different current systems considered on the
Earth’s surface (including induction currents in the solid
Earth with the induction coefficient 1.5 as well) are deter-
mined according to the proposed scheme (Figure 7) and
plotted in Figure 8. PM model values of DCF, DT, and DR,
as well as the observed Dst and derived Dst* have not been
corrected to remove the contribution of induction currents in
this figure. DCF calculated from magnetopause currents in
the PM is plotted (top panel, solid line). That can be
compared with DCF profile (dotted line), DCF =
0.02 Vsw (km/s) [Nsw (cm�3)]0.5 = 16 P1/2, P in nPa
[Burton et al., 1975]. These values are remarkably close
to one another except during the interval of the main phase.
The DCF - 16 P1/2 value before the storm onset on
24 September is �7 nT, that at the late recovery phase on
27 September is �0 nT. During the main phase magnetic
fields of Chapman-Ferraro currents on the Earth’s surface
increase due to dayside magnetopause erosion and to the
decrease of geocentric distance to the magnetopause. At
0600 UT on 25 September difference between intensities of
the magnetic field in two model presentations of DCF
increased up to 34 nT.
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[66] The bottom panel displays PM values of DT. The
middle panel gives DR calculated by subtracting the PM
model values of DCF (top) and DT (bottom) from the
observed Dst. For comparison, there are also plotted Dst
(dotted line) and Dst* (shaded line). Dst* is obtained by
correcting the observed Dst for contribution from the
magnetopause currents according to Burton et al. [1975].
Dst* is usually assumed to be the contribution to the
disturbance field from the ring current and for the Septem-
ber storm is also given by Liemohn et al. [2001b] with an
additional correction to remove the diamagnetic effects of
the solid Earth. The profiles DR in PM and Dst are in close
agreement. Increases in negative DT in PM are largely
balanced by corresponding increases in DCF leaving the
value of DR � Dst. Only during several hours at the

culmination of the main phase Dst is approximately 40 nT
less than DR.
[67] DR and Dst* profiles differ by up to 100 nT during

the storm main phase. The Dst* profile in Figure 8 (if
corrected for the diamagnetic currents in the Earth) is in
close agreement with the ring current field, a sum of its
symmetric and asymmetric parts, calculated based on the
RAM model [Liemohn et al., 2001b]. Such an agreement
means that, in general, the magnetic field contributions to
Dst from the ring current systems in the RAM and PM
models differ during a storm main phase by the magnetic
field contribution of the tail current system. During the
storm main phase, DR fields in the RAM model are more
intense than assumed in the PM. The magnetic field
contribution of the ring currents in the RAM model may

Figure 7. The scheme of magnetospheric magnetic field calculation using the PM.
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be overestimated somewhat as a consequence of approx-
imations used in this model to represent inner magneto-
spheric magnetic and electric fields. The RAM model
[Liemohn et al., 2001b] utilizes a modified [McIlwain,
1986] electric field model and a dipolar magnetic field.
The Dst* values calculated are somewhat smaller when a
self-consistent electric field calculation is applied in a newer
version of RAM. On the other hand, the PM model
represents the symmetric portion of the ring current and
asymmetric tail current.
[68] The use of a dipolar magnetic field approximation in

the inner magnetosphere in the RAM model becomes less
accurate as activity levels increase. During intervals of high
magnetic activity the magnetic field in the inner magneto-
sphere loses its dipole configuration, field lines become
stretched in the antisunward direction. In a tail-like mag-
netic field configuration ion drifts are directed to the plasma
sheet central plane, instead of earthward. It leads to lower
magnitudes of total ion energy in the inner magnetosphere
and, respectively, a decrease of the ring current magnetic
field contribution. The electric field in the magnetosphere is
substantially more complex than its description in existing
models [Rowland and Wygant, 1998; Angelopoulos et al.,
2002]. Subsequent improvement of the magnetospheric
magnetic field model, including a more realistic ring current
model, is a task for future efforts.
[69] As seen, the maximum depression of the magnetic

field in PM due to DR and DT during the storm main phase
is�167 nTand�134 nT, respectively, i.e., the ratio DT/DR =
0.80. During the storm recovery phase attenuation of
magnetopause and magnetotail currents is more rapid than
that of ring current. By 1600 UT 25 September, DT in PM
recovered to �38 nT and then persisted at the level of
�25 nT up to the end of recovery phase at 2300 UT
27 September. On the other hand, DR determined using
PM values of DT and DCF recovered to �95 nT at 1600 UT

on 25 September and then gradually reached �40 nT by the
end of the recovery phase.
[70] The module describing the magnetic fields of the

partial ring current system (PRCS) is absent in the PM. The
tail current system directly adjoins the symmetric ring
current on the nightside. As a result, the day-night asym-
metry in the low-latitude magnetic field intensity is given by
the magnetotail current system and the tail current field DT
does partially contribute to the field usually ascribed to the
partial ring current.
[71] In the PM along with the tail current enhancement

during the storm main phase the earthward shifting of its
boundary takes place. This produces an increase in the day-
night asymmetry. A similar increase in the day-night asym-
metry results from enhancing the PRC in some other
magnetic field models.

4. Accuracy of the PMModel and Its Comparison
With Other Models

4.1. PM Magnetic Field Versus GOES 8
Geosynchronous Data

[72] The PM model assumes a deep earthward penetration
of the magnetotail current. To test this assumption, direct
magnetic field measurements by the GOES 8 geosynchro-
nous satellite are used. These observed data (hourly mean
values of solar-magnetospheric Bx, By, Bz components and
geomagnetic field magnitude B monitored by GOES 8) are
compared with model profiles during the magnetic storm.
For this purpose hourly mean values of the field magnitude
B and its components Bx, By, Bz were determined along the
trajectory of the GOES 8 geosynchronous satellite using
the PM. The local geomagnetic midnight corresponds to
0500 UT. In Figure 9 the results of a comparison between PM
values (dotted line) and observational data (solid line) are
shown in solar-magnetospheric Bx, By, Bz components and
geomagnetic field magnitude B along the GOES 8 trajectory.
The corresponding correlation coefficients between model
and observational values for each component range between
0.63 and 0.96, and mean quadratic deviations range between
14.1 nT and 22.9 nT. There is quite good agreement
between model estimates and geosynchronous satellite
measurements.
[73] Meanwhile, according to the GOES 8 geosynchro-

nous satellite data (Figure 9) a significant change of the
magnetic field orientation is seen in the nightside magne-
tosphere within the interval of the magnetic storm main
phase. During quiet days the field components at local
midnight are Bx = 30 nT, By = 0, Bz = 90 nT. At 0500 UT
25 September the changes of geomagnetic field components
were DBx = +130 nT, DBy = 0, DBz = �50 nT according to
GOES 8 measurements. Thus while during quiet intervals
the geomagnetic field at midnight along GOES 8 geosyn-
chronous orbit was close to dipolar, within the magnetic
storm main phase the field lines became stretched in the
antisunward direction. The degree of field deformation at
geosynchronous orbit is closely associated with the b2i
boundary location [Newell et al., 1998]. As reported, the
correlation coefficient between magnetic field elevation
angle (GOES 5 and GOES 7 data) and b2i boundary
location derived from DMSP-6 and DMPS-8 measurements
was 0.84. When the b2i boundary is located at geomagnetic

Figure 8. Variations of the magnetic fields on the
Earth’s surface including the fields of the induction
currents in the solid Earth during the 24–27 September
1998 magnetic storm due to: (top) the magnetopause
current DCF, according to PM (solid line), Liemohn et al.
[2001b] (dashed line); (middle) ring current DR according
to PM (—), where DR = Dst � DCF � DT, Dst (dashed
line), Dst* = Dst � 16P1/2 (shaded line); (bottom) tail
current DT.
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latitude �70�, the elevation angle is �50�; for a boundary at
�60�, the elevation angle is �0�. This means that when the
level of magnetic disturbance increases (MLAT is more
equatorward), magnetic field lines become more and more
stretched into the magnetotail. Under magnetic storm con-
ditions (b2i latitude of �60�) magnetic field lines finally
acquire the antisunward direction at geosynchronous orbit.
[74] Additional modeling was performed to determine the

influence of varying the parameter R2 on the agreement
between the results of PM and geosynchronous magnetic
data. For an interval during the main phase of the magnetic
storm from 2100 UT 24 September to 1600 UT 25 Sep-
tember 1998, when R2 is assumed to be �4.0 RE, magnetic
field components Bx, By, Bz in GSM coordinates and total B
(those measured by GOES 8) were calculated for different
values of the R2 parameter. Figure 10 presents the obser-
vational values (solid line) and results of modeling for R2 =
R2-2i (PM, dotted line), R2 = R2-2i + 3 Re (shaded line),
R2 = R2-2i + 6 Re (dashed line). It is evident that for larger
values of R2 the agreement between GOES 8 and PM
degrades. This provides observational support for the move-
ment of the tail current sheet to low L values during the
storm main phase, namely as low as R2–2 � 4.0 RE.
[75] Moreover, variations of the magnetic field Bx GSM

and Bz GSM components monitored at geosynchronous
orbit during the magnetic storm main phase (DBx GSM �
0; DBz GSM < 0) give evidence of the shift of the tail
current system boundary toward L < 6.6 during the storm
main phase. Magnetic field lines at geosynchronous orbit
are stretching in the antisolar direction as the tail current
sheet inner boundary approaches the Earth. Change of
magnetic field character and appearance of magnetospheric
tail currents at geosynchronous orbit and nearer to the Earth
at a storm main phase should be taken into account in ring

current models. Moreover, in Appendix A some additional
results from the PM and their comparison with both the
GOES data and Dst variations are presented and discussed.

4.2. Modeling of the Global Geomagnetic Field

[76] The dynamics of magnetospheric plasma domains is
not fully understood, particularly during magnetic storms.
The mechanisms by which energy and matter are transferred
from the solar wind to the magnetosphere and from one
region to another are not completely known. It leads to the
existence of many models, which describe the configuration
and magnetic fields of large-scale current systems in the
magnetosphere.
4.2.1. On Some Magnetospheric Magnetic Field
Models
[77] For sake of transparency, one can divide the recently

available models of external sources into empirical and
hybrid. Empirical models were built by adjusting the
observational data to a set of approximating functions in
order to reach the best fitting for as much data as possible.
Empirical models set up their current systems to yield
reasonable average conditions of the magnetosphere. Some
of these models even allow a choice of the level of activity.
In some of these models (unlike the PM), the dependence of
modeling results on the location of observed boundaries is
absent. A comparison of the PM to some magnetic field
models at geosynchronous orbit is necessary to provide the
reader with an understanding of the main features of
existing magnetic field models relative to the features in
the PM. Hybrid models fit observations to basis functions
chosen to be consistent with physical notions about the
character and magnetic fields of magnetospheric large-scale
current systems. In some of them the characteristic bound-

Figure 9. PM modeling of the 24–27 September 1998
magnetic storm. The comparison of measured (solid line)
and modeled (dotted line) magnetic fields along the GOES-
8 orbit: Bx GSM, By GSM, Bz GSM and total jBj (from the
top to the bottom).

Figure 10. GOES 8 magnetic field observations (solid
line) and PM modeled magnetic field components at
geosynchronous orbit during the main phase of the 24–
27 September 1998 magnetic storm for different R2 values:
R2 = R2-2i (dotted line), R2 = R2-2i + 3 RE (shaded line),
and R2 = R2-2i + 6 RE (dashed line).
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aries of plasma domains and their dynamics are used
explicitly.
[78] A few magnetic field models, which were used or are

in use today are (1) MF, the Mead and Fairfield model
[Mead and Fairfield, 1975]; (2) OP, the Olson and Pfitzer
model [Olson and Pfitzer, 1982]; (3) T87, the Tsyganenko
model [Tsyganenko, 1987]; (4) T89, the Tsyganenko model
[Tsyganenko, 1989]; (5) HV, the Hilmer and Voigt model
[Hilmer and Voigt, 1995]; (6) T96, the Tsyganenko
model [Tsyganenko, 1995, 1996]; (7) PM, the paraboloid
model [Alexeev et al., 1996]; (8) MO. the Maltsev and
Ostapenko model [Maltsev and Ostapenko, 2001]; (9) T01,
the Tsyganenko model [Tsyganenko, 2002]. A brief review
of some magnetospheric magnetic field models is given
below.
[79] The MF and MO models do not describe each of the

large-scale magnetospheric current systems individually.
Instead, the total current from all the external magnetic
field sources (14 sources in the MO model) is calculated. In
MF, T87, and T89 models, the Kp index characterizing the
magnetic field disturbance intensity over a 3-hour interval is
used, which restricts the possibility of detailed description
of magnetic field variations during a magnetic storm.
[80] In the OP model, the ring currents are represented by

elliptical wire loops with the innermost carrying eastward
current and the rest of the loops carry westward current. The
tail currents are also represented by elliptical loops. They
consist of the dawn-to-dusk current in the plasma sheet with
the closure currents around the lobes along the magneto-
pause. The shape of the magnetopause was found empiri-
cally, and it has the standoff distance (the distance from the
Earth to the magnetopause along the Earth-Sun line) that
scales according to magnetospheric activity. Scale factors
were introduced for the ring current (according to the Dst
index), and for magnetopause and the tail currents (accord-
ing to the stand-off distance): magnetic field contributions
of these current systems increase as the standoff distance
decreases.
[81] The T87 model sums the contributions to the total

magnetic field from three current systems. Both the ring and
tail current contributions are given by analytic functions.
The ring current is azimuthally symmetric and flows west-
ward around the dipole. The tail current flows from dawn to
dusk in the tail plasma sheet and in the two plane sheets
parallel to the central one. Those simulate the return
currents over the magnetopause. The magnetopause current
contribution is represented by products of polynomials and
decaying exponentials.
[82] The T89 model is comprised of six static models for

different Kp levels. These static models are used sequen-
tially to model storm periods as the Kp index changes. The
model is an empirical fit to the data. It has no magnetopause
surface. The ring and tail currents comprise axisymmetrical
continuous current disks with only the westward directed
current. This westward current does not have a low-altitude
cutoff and it continues down through L = 1. The boundary
between the ring and tail currents is absent as well. A pair of
planar current sheets is used to simulate the return currents
of the central tail current sheet.
[83] The HV magnetic field model is a dynamical model

which uses four physical input parameters to adjust the
magnetic fields of three current systems: ring (BR), tail (BT),

and magnetopause (BCF) currents. The magnetopause sur-
face is presented by a semi-infinite cylinder with radius R
and the dayside hemisphere with the same radius. The
magnetopause standoff distance R1 is less than R so that
the Earth lies sunward of the hemisphere-cylinder interface
by a distance (R � R1). The BCF field is determined from
the boundary condition for the magnetopause magnetic field
n � (Bd + BCF) = 0. The tilt angle and the standoff distance
are used to determine the magnetopause currents, which
shield the dipole magnetic field. The ring and cross-tail
currents remain unshielded. The ring current is azimuthally
symmetric but there is an eastward current flowing within
the westward current. The equatorward boundary of the
diffuse aurora in the ionosphere maps magnetically to the
magnetospheric equatorial plane at midnight (plasmapause).
This distance is taken to be the inner (near-Earth) boundary
of the current sheet. The tail current flows from dawn to
dusk on a sheet which is comprised of 16 sets of filaments
downtail. Each set has adjacent magnetic filaments of
infinite extent in the ±y direction with varying current
strength in order to model the decrease in current downtail.
The near-Earth boundary of the tail plasma sheet in the
midnight meridian is assumed at 10.5 RE distance. The
cross-tail current peaks near the inner edge and filament
strength exponentially decreases moving tailward.
4.2.2. Recent Tsyganenko Models
[84] The T96 model is a substantially improved version of

T87 and T89 models. The input parameters of the empirical-
statistical model T96 are geomagnetic dipole tilt angle (Y),
geomagnetic activity Dst index, solar wind dynamic pres-
sure (Psw), IMF By and Bz components. The model is based
on satellite measurements of magnetic fields at geocentric
distances between 3 RE and 70 RE carried out by satellites
IMP, HEOS, ISEE-1, and ISEE-2 within the time interval of
1966–1981.
[85] The magnetopause is introduced. It has the compos-

ite shape of a prolate semiellipsoid of revolution from the
front side up to tailward distance of 60–70 RE, smoothly
continued in the far tail by a cylindrical surface. The
existence of the magnetopause allows one to determine
shielding magnetic fields for the Earth’s dipole, the ring
and cross-tail currents. A new model of the magnetic field
of the cross-tail current was employed, including a gradual
merging of the cross-tail and ring currents as well as a steep
variation of the current density at the inner edge of the
current sheet. The cross-tail current model allows the
superposition of several independent modes with different
rates of tailward decrease of the current density. The ring
current BR field was represented by a vector potential with a
special choice of the weight coefficients and nonlinear
parameters so that the radial profile of the current density
is confined within a relatively narrow region inside 10–12RE

and has a maximum at 6–8 RE. The net contribution from
external sources was taken as the sum of three terms (mod-
ules), namely BT, BCF, and BR. The model fitting to the
satellite data with different selections of variable free param-
eters is used.
[86] At present, various modifications of T89 and T96

models are available for representation of the large-scale
magnetospheric configuration during storm periods.
Ganushkina et al. [2002], using 15 May 1997 and 2 May
1998 storms as an example, obtained a more accurate and
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realistic representation of the magnetic field during mag-
netic storm times. The ring current of the T89 model was
replaced by a new ring current representation. Kubyshkina
et al. [1999] introduced a new approach to model the
magnetotail observations during individual events. Such
an event-oriented magnetospheric model uses, in addition
to spacecraft magnetic measurements in the tail, other
complementary information.
[87] The T01 model is a modification of a series of

models and is now regarded as the new version of those
already well-known and widely utilized models. This model
is based on empirical modeling of the near-Earth magneto-
sphere at x > �15 RE. The database used to construct the
T01 included a wide range of altitudes and latitudes covered
by a number of satellites: Polar, Geotail, ISEE-2, AMPTE/
CCE, AMPTE/IRM, CRRES, and DE-1. The model field is
the sum of five physically different vector fields (BCF, BT,
BRC, BIMF, BFAC).
[88] Moreover, three of these external magnetic field

contributions (due to cross-tail current, ring current, and
field-aligned current) have been further split into sums of
separate modules. For description of the magnetic field
dawn-dusk asymmetry during disturbed times the ring
current field BRC is presented as a sum of two modules:
the first module is the axially symmetric part of the ring
current (SRC) and the second one represented the partial
ring current (PRC). The amplitudes of SRC and PRC are
represented as linear functions of the corrected index Dst*
and solar wind pressure P.
[89] In the T01 model the net external model field in its

final form includes 24 coefficients and 18 nonlinear param-
eters, the values of which are to be determined from the
data. The input parameters for the T01 model are the same
as for T96 model, but two new parameters are added. Those
are G1 = Vh(B?)sin

3(Q/2), where V is the solar wind
velocity, Q is the IMF clock angle, the function h(B?) =
(B?/40)

2/(1 + B?/40), B?
2 = By

2 + Bz
2, which controls the

model magnetic field in the tail lobe, and G2 = a(VBs)
which is proportional to the solar wind electric field,
where V and Bs are the solar wind speed and the IMF
southward component, respectively, averaged over the
preceding 1-hour interval. The constant factor a = 0.005.
[90] Actually, a much more detailed modular approach

lies at the core of all recent Tsyganenko models, represent-
ing the total field as a sum of contributions from indepen-

dent sources shielded within a realistic magnetopause. In
particular, the magnetotail field in those models is fully
confined inside the boundary, and the tail currents close
over the entire magnetopause (including the dayside), in the
same way as in the PM.
[91] The modular approach for magnetospheric magnetic

field modeling was first suggested by Alexeev and Shabansky
[1971], Alexeev and Shabansky [1972], and Alexeev
[1978]. The magnetic field of the tail current system
under the condition BTN = 0 at the magnetopause was
first formulated by Alexeev et al. [1975].This condition
is equivalent to the tail current close over the entire
magnetopause.
[92] To summarize the short overview of some magneto-

spheric magnetic field models, their input parameters are
listed in Table 1. The description of these individual input
parameters is given in the sections above.
4.2.3. Model Field Using the T96 and T01 Models
Versus GOES 8 Geosynchronous Data
[93] Magnetospheric models T89, T96, and T01 are the

most commonly used today for the modeling of global
geomagnetic field. They are constructed as a best fit
approximation of spacecraft measurements and reflect some
important large-scale features of the magnetospheric con-
figuration as well as trends in magnetospheric response to
the varying solar wind parameters. This is a particularly
good reason why the results of modeling magnetic fields in
the magnetosphere for September 1998 by means of the PM
model are compared below with the results of the T96
[Tsyganenko, 1995, 1996] and T01 [Tsyganenko, 2002]
models.
[94] In Figures 11 and 12, comparisons of magnetic fields

at geosynchronous orbit (solid line) with model calculations
using T96 and T01 models (dotted lines in each figure) are
presented. The correlation coefficients and dispersion be-
tween observed and modeled field components using T96
are displayed in Figure 11 for each magnetic field compo-
nent and total field. They range from 0.71 to 0.99 and from
11.7 nT to 32.1 nT, respectively. Quite good agreement
between the T96 model and observed field profiles appears
to be even more curious in view of the fact that the ranges of
solar wind plasma pressure and Bs values over which this
model is valid are Psw 
 2.6 nPa and Bs < 10 nT,
respectively. These conditions are not fulfilled for the storm
analyzed.

Table 1. Input Parameters of the Magnetospheric Magnetic Field Models

Input Parameters MF OP HV T87 T89 MO PM T96 T01

x, y, z * * * * * * * * *
Y * * * * * * * * *
Kp * * * *
Dst * * * * *
Psw * * * *
G1 *
G2 *
By IMF * * *
Bz IMF * * * *
DR *
R1 * * *
R2 *
R3a *
F *

aR3 is the geocentric distance to the plasmapause on the midnight meridian.
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[95] For the T01 model the correlation coefficients for
individual field components vary within the range of 0.66–
0.99, while dispersions range between 10.6 nT and 41.0 nT
as seen in Figure 11. Worth noting is very good agreement
between the model and observational values of the By

component at geosynchronous orbit for both the T96 and
T01 models.

4.3. Accuracy of Models

[96] The magnetic field calculated by means of the
PM model shows good agreement with the observed
profiles of geomagnetic field at geosynchronous orbit.
Better agreement is seen in the Bz and jBj profiles from
the PM than is obtained using the T96 and T01
models.
[97] To summarize the results of modeling magnetic field

variations, it can be emphasized that the models considered
do adequately describe the magnetic field development
within the interval of the magnetic storm at geosynchronous
satellite distances. The existing models of the external
magnetic field describe its variations at geosynchronous
orbit well during storm time for both the total field and field
components. The correlation coefficient obtained is >0.9;
mean square deviation (dispersion) is �20 nT. Such a
correlation between modeled and observed magnetic field
values at geosynchronous orbit is a validation of the success
of these models in describing the large-scale configuration
of the magnetosphere.
[98] The PM is universal since it is suitable either for

quiet or disturbed conditions. The comparable accuracy of
the PM and T96 (and/or T02) provides evidence for the
validity of the PM in representing the magnetospheric
configuration during severe magnetic storms.

[99] However, the lack of à partial ring current system
(PRCS), which includes the current in the equatorial cross-
section of the magnetosphere, the Region 2 FAC and the
closure currents in the ionosphere, is the weakness of the
PM. It cannot be ruled out that the agreement between
the PM modeled and observed fields would be improved if
the PRCS magnetic field were taken into account during the
storm main phase. The consideration of this effect in the PM
meets some difficulties since (1) nowadays, there were
proposed the substantially different specification of the
PRCS character including its magnetic field large-scale
asymmetry (day-night and/or dawn-dusk), which is the
basic PRCS feature [Tsyganenko et al., 2003; Pchelkin et
al., 2004; Le et al., 2004]; (2) the PRCS ranges among short-
lasting (about an hour) current systems similarly to the
substorm current wedge and transition current system
[Claueret al., 2001]. The contribution of such current systems
to disturbances at the low latitudes is sign-variable on local
time. It means that their contribution to the Dst variation
during the storm main phase is small in comparison with
the magnetic field effect of the symmetric ring/magnetotail
current. In fact, the contribution of short-lasting currents
is possible only in the limited regions of the magnetosphere.

5. Discussion and Conclusion

[100] In this study the PM self-consistent version is used.
Two input parameters, R1 (distance to the subsolar point on
the magnetopause) and R2 (distance to the near-Earth
current sheet boundary in the magnetotail) are determined
by iterations. In each successive iteration, the magnetic field
generated by model current systems defined within the
preceding iteration is used to calculate new R1 and R2

Figure 11. The Tsyganenko model T96. The comparison
of measured (solid line) and modeled (dotted line) magnetic
fields along the GOES-8 orbit: Bx GSM, By GSM, Bz GSM
and total jBj (from the top to the bottom).

Figure 12. The Tsyganenko model T01. The comparison
of measured (solid line) and modeled (dotted line) magnetic
fields along the GOES-8 orbit: Bx GSM, By GSM, Bz GSM
and total jBj (from the top to the bottom).
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values. Conversely, the intensity of the model current
systems is defined successively using the obtained R1 and
R2 values. So the self-consistency of the R1 and R2 values
with the intensities of the current systems (dependent on R1
and R2) takes place due to iterations. Iterations continue
until the difference between two consequent values R1 (N)
� R1 (N � 1) is less than 0.1 RE and between two
consequent values R2 (N) � R2 (N � 1) is less than
0.2 RE. The iteration procedures conserve for R1 the pressure
balance at the subsolar point and for R2 the agreement
between the model field line mapping distance to inner
boundary of the tail current sheet and the parameter R2.

5.1. DCF Field

[101] It is worth noting that the well-known Chapman-
Ferraro (CF) current, if considered realistically, is a net
current system on the magnetopause resulting from several
sources. The magnetopause current system is represented by
current shielding the geomagnetic dipole, current shielding
the ring current, current associated with the magnetotail
current system, current associated with the high-latitude
Region 1 FAC, and current shielding the remaining currents
in the magnetosphere. Using the PM, Alexeev and Feldstein
[2001] estimated the magnetic field of the CF current on the
Earth’s surface, DCF, as the field due to a net current system
shielding both the geomagnetic dipole and ring current
(DCFPM estimate). On the other hand, Kozyra et al.
[2002] used the relationship DCF = bP1/2 to estimate this
field in their model calculations (DCFSWP estimate). The
differences between these two estimates for the 24–
27 September 1998 magnetic storm can be seen in Figure 8.
[102] The DCFSWP estimate means that the solar wind

dynamic pressure is balanced only by the magnetic pressure
of the Earth’s dipole magnetic field, i.e., the IMF depen-
dence of the geocentric distance to the magnetopause
subsolar point (R1) is omitted from consideration. Mean-
while, in the DCFPM the radial distance at which pressure
balance was achieved between the solar wind dynamic
pressure and magnetospheric magnetic field pressure has
moved to smaller radial distances (corresponding to larger
values of the dipole field component) during IMF Bz < 0 for
a fixed dynamic pressure P(Bz < 0) = P(Bz > 0). Its decrease
cannot be attributed to erosion due to magnetic reconnection
(not explicitly represented in the PM), but rather must be
due to other current systems responding to IMF Bz < 0
conditions. Those are magnetotail and Region 1 FAC
currents. The magnetotail current flowing along the dayside
magnetopause in the opposite direction to the CF currents
weakens the magnetic field at the subsolar point if com-
pared to the dipolar field at a given R1. In a similar way, the
field from Region 1 FAC weakens the dipole magnetic field
at the subsolar point. Hence during IMF Bz < 0 the
magnetopause moves inward to find a pressure balance
between the solar wind dynamic pressure and PM magnetic
fields at smaller radial distances. The inward shifting of the
dayside magnetopause during IMF Bz < 0 is also due to the
enhanced magnetic flux in the tail lobes (enhancement of
the magnetotail current) and the enhanced solar wind
electric field (enhancement of the Region 1 FAC).
[103] During IMF Bz < 0 the real net CF current is located

closer to the Earth and thus produces a larger DCF contri-
bution to Dst. Consequently, bP1/2 becomes a less accurate

estimate of the CF current contribution to magnetic field
intensity on the Earth’s surface. Utilization of the bP1/2

expression leads to an unchanged CF current contribution
into the surface magnetic field, although it is apparent that
the nearer to the Earth currents on the magnetopause are
located the more intense their contribution to magnetic
fields on the Earth’s surface.
[104] The differences in R1 for the same solar wind

dynamic pressure but for different magnetic field models
(i.e., pressure balance in the PM and dipole approximation)
are compared to R1 by Shue et al. [1997] (see Figure 2 in
section 3.2). The different approaches to estimate R1 lead to
differences in the DCF field variation.

5.2. DT/DR Relation

[105] The relative magnitudes of DT and DR magnetic
field perturbations change as a magnetic storm progresses.
Their ratio in the PM is DT/DR = 0.7–0.8 during the main
phase, decreasing to DT/DR = 0.3–0.5 during the storm
recovery phase. The variability of the relative contribution
of disturbed magnetic fields associated with the magnetotail
current and ring current during the storm time is due to the
different decay timescales of the corresponding current
systems. The decay rate of the DT current system [Feldstein
et al., 2000b] is �5 hours, which is faster than that of the
symmetric DR current system.
[106] The relationship between magnetic fields of ring

and magnetotail currents during magnetic storms is now
widely discussed by the scientific community. In the intro-
duction different approaches to this issue were reviewed. A
noteworthy result was reported by Greenspan and Hamilton
[2000]. Observations of energetic ring current ions during
80 magnetic storms within the 1984–1989 time period near
solar cycle maximum phase indicate a strong linear corre-
lation between the global ring current energy content ERC

estimated using data from the nightside ion measurements
and the Dst index. Dst is in good agreement with the
prediction of the Dessler-Parker-Sckopke relationship. This
implies that DR � Dst. The results reported by Greenspan
and Hamilton [2000] do not preclude the possibility that the
DT and DCF disturbance fields are approximately equal and
opposite, on average canceling as in the PM. Unfortunately,
they were unable to address the contribution of DCF to the
Dst variations during the main phases of magnetic storms in
the time interval studied most probably due to the lack of
information on interplanetary plasma parameters.
[107] The PM analysis of the 24–27 September 1998

magnetic storm at the main phase maximum when Dst is
�207 nT, gives DR = �167 nT (i.e., DR/Dst � 0.8). This
ratio is consistent with the results of Greenspan and
Hamilton [2000] obtained on the basis of observations from
many magnetic storms. Values of DR and Dst are close to
each other, but it does not imply a small value of the DT
field. For the 24–27 September 1998 storm the maximum
value of DT is �134 nT, when DT/DR = 0.8. It gives
evidence of a comparable intensity of the magnetic field
disturbances on the Earth’s surface due to the current
systems in the magnetospheric tail and the ring current.
[108] The evolution of existing ideas about both the role

of DR and DT in generation of the Dst variation is quite
evident in studies by Tsyganenko. According to his earlier
results on the Earth surface, Dst = DR + DCF [Tsyganenko,
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1995, 1996]. Later on Tsyganenko et al. [1999] stated: ‘‘The
symmetric part of the Dst field is a sum of (1) the Chapman-
Ferraro field from the magnetopause currents, proportional
to

p
P and (2) the field of BE produced by other external

sources, mostly by the ring current and to a lesser extent by
the near-Earth part of the tail current sheet’’ [Tsyganenko et
al., 1999]. This means that there is some contribution of DT
in Dst already, but that is substantially less than DR.
[109] The T01 model [Tsyganenko, 2002] takes into

account possible earthward/tailward shift of the tail current.
An additional degree of freedom was introduced, a variable
shift DX of the inner boundary of the tail current sheet. It is
assumed that magnitude of shift is proportional to the
variation of the magnetospheric convection electric field
and is described by the relation DX = DX0 + aDX1 (V � Bs),
where V is the solar wind velocity, Bs is the IMF Bz < 0
component, the coefficients a = 0.005, DX0 = 0.689, DX1 =
�0.046.
[110] Returning to consideration of the 24–27 September

1998 magnetic storm, during the main phase maximum
(0800–1000 UT 25 September), Bs � 13 nT, V � 800 km/s,
which gives a value of DX � �1.7. In other words, for these
conditions the parametrization in T01 gives a modeled
tailward shift of the inner boundary of the magnetotail
current sheet by 1.7 RE. On 24 September at 0100–
0200 UT, prior to the onset of the main phase of the
magnetic storm, the current sheet inner boundary at MLT
midnight was located at �5.6 RE. Adding the boundary shift
calculated above to this prestorm value implies that T01
would model the inner edge of the magnetotail current sheet
as moving outward to 7.3 RE during the main phase
at 0800–1000 UT 25 September. Naturally, such large
tailward shift of the tail current leads to a decrease of the
DT contribution to the Dst variation in comparison with the
DR contribution. Apparently, this is one of the causes of DR
prevailing over DT during the storm main phase using the
T96 and T01 models.
[111] Summarizing his latest results on deriving an em-

pirical model of the magnetospheric magnetic fields due to
various sources, Tsyganenko et al. [2003] used as a basic
approximation the T01 model. The treatment of the PRC
was modified from that in T01 to introduce a dependence of
the PRC strength on the solar wind density and to shorten
the buildup and decay timescales for the PRC relative to Dst
timescales.
[112] Several major magnetic storms were simulated with

the result that DT reached values that were a significant
fraction of DR in all cases. These latest results by Tsyganenko
et al. [2003] on the relative magnitude of the contributions
of DT and DR to the Dst disturbance of the geomagnetic
field are consistent with significantly earlier statements by
Alexeev et al. [1996] based on the PM model and by
Maltsev et al. [1996]. Unfortunately, in the work of
Tsyganenko et al. [2003] one cannot find any reference
to these earlier results.

5.3. Current Sheet Inner Boundary

[113] The penetration of the inner boundary of the current
sheet to the geocentric distance of (3.5–4.0) RE in PM is
regarded as a controversial assumption. Turner et al. [2000,
2002] supposed that the current sheet earthward boundary is
located at L � 6 (or even more distant than the geosyn-

chronous orbit) within the interval of the magnetic storm.
The physical arguments for such a boundary location were
not given. Liemohn et al. [2001a, 2001b] locate the current
sheet boundary at L > 6.6, i.e., out of the region contained in
their model.
[114] There is evidence to suggest that a magnetotail-like

configuration exists at times to quite low L values. The
beginnings of magnetic disturbances are accompanied with
processes that produce plasma acceleration. Using the
plasma observations on the CRRES satellite [Friedel et
al., 1996], the location of plasma sources in the equatorial
plane of the magnetosphere during disturbed periods were
determined along with location of the so-called ‘‘injection
boundary.’’ This boundary is the earthward boundary of the
region where dipolarization of the magnetotail field is
believed to simultaneously accelerate electrons and ions of
all the energies at substorm onset. If the satellite location is
within and/or quite near the injection boundary, the begin-
ning of the disturbance is characterized by the absence of
time dispersion in satellite observations of electrons over a
wide range of energies. According to Friedel et al. [1996]
the inner edge of the injection boundary as inferred from
observations of electrons and protons with energies in the
range 21 < E < 285 keV (electrons) and 37 keV < E <
3.2 MeV (protons) has been observed in the inner
magnetosphere down to L values as low as L � 4.3
within ±5 hours of local geomagnetic time relative to the
midnight. Hence the CRRES satellite observations and
their analysis appear to be an independent confirmation of
the approaches to the Earth of the plasma sheet inner
(earthward) boundary up to L � 4.3 on the nightside
during very strong magnetospheric disturbances.
[115] According to Fairfield [1980], the ‘‘hinging’’ dis-

tance that characterizes the location of the tail current sheet
inner boundary at midnight shifts earthward during dis-
turbed geomagnetic conditions. Indeed during a magnetic
storm main phase the inner boundary of the plasma sheet at
the midnight sector shifts earthward. When Dst equals �
�120 nT, the inner boundary is located at R � 3.5 RE

[Feldstein et al., 2000a]. At this geocentric distance accord-
ing to AMPTE/CCE satellite measurements the pitch-angle
distribution of auroral energy electrons changes from quasi-
trapped to isotropic.
[116] According to Alexeev et al. [1996] and Dremukhina

et al. [1999], the tail current sheet inner boundary is mapped
to latitudes of the westward electrojet in the near midnight
sector or to the b2e boundary of the electron precipitation.
This MLT midnight boundary is located at mlat <60� at
times during the storm main phase. If this boundary is
mapped from the ionosphere to the magnetosphere along
magnetic field lines, a geocentric distance of 3.5–4.0 RE is
obtained. This implies that the tail current sheet inner
boundary is shifted during the storm main phase to these
distances. This earthward shift of the tail current inner
boundary leads naturally to a sharp distortion of the geo-
magnetic field in the inner magnetosphere. The assumed
association between the westward auroral electrojet and
magnetotail current provides further support for a location
of the inner boundary of the tail current at low geocentric
distances.
[117] This predicted distortion of the inner magnetosphere

by the earthward shift of magnetotail currents is in agree-
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ment with recent results using the T03 model [Tsyganenko
et al., 2003]. In T03 during the main phase of strong storms
the inner magnetosphere becomes severely distorted. The
quasi-dipolar approximation breaks down as close as L �
3.5–4.0, so that field lines with footpoints at 56–57� mlat
become essentially tail-like. Of course, some of this distor-
tion is due to the partial/symmetric ring current itself and
some portion is due to earthward penetration of strong
magnetotail currents.
[118] The predictions [Alexeev et al., 1996; Dremukhina

et al., 1999] of distortions of the inner magnetosphere by
magnetotail currents differ from the newer T03 results only
in the geomagnetic activity level that produces this low L
value distortion. According to the PM, this already occurs
during the main phase of moderate magnetic storms (Dst �
�150 nT, Bs � 15 nT), while according to Tsyganenko et al.
[2003] this occurs only during strong magnetic storms.
[119] Apparently, the T01 and T03 models use different

relations for DX. For conditions at 2200 UT on 6 April
2000, the T01 model gives a tailward shift of the current
sheet of �2.84. For such tailward shift of the current sheet
boundary DR will substantially exceed DT on the Earth’s
surface. Unlike this model, PM predicts a significant con-
tribution of DT to the Dst variation due to an earthward
(rather than a tailward) shift of the tail current inner
boundary during magnetic storm main phase. Unfortunately,
data on the location of the inner boundary of the plasma
sheet in the tail is not presented in the work of Tsyganenko
et al. [2003].

6. Summary

[120] The PM magnetospheric model has incorporated a
new iterative approach. The position of the subsolar mag-
netopause (R1) and the inner edge of the magnetotail
current (R2) are iteratively determined. The magnetopause
location is calculated using pressure balance between the
external solar wind ram pressure and the magnetospheric
magnetic field. The model takes into account the variation
of the magnetic fields of self-consistent magnetospheric
currents (ring current, magnetopause current, and the tail
current) dependent on the IMF Bz. The output of this model
gives different results for Chapman-Ferraro, magnetotail,
and ring current fields from other magnetospheric models.
These results have important consequences for our under-
standing of the internal magnetospheric structure and the
magnetopause location. The model predictions are testable
using spacecraft measurements. We plan on doing this for
several magnetic storms in the near future.
[121] The major conclusions of this paper are as follows:
[122] 1. For large values of southward IMF component

(Bs) during a magnetic storm main phase, the magnetic field
on the Earth’s surface calculated in PM (using the DCF field
accepted) increases by several dozen nT over that calculated
from simple pressure balance between the solar wind and
Earth’s dipole field. This increase is due to the weakening of
the dayside magnetospheric fields by the field-aligned
current and by tail current closure which shifts the magne-
topause closer to the Earth in comparison with those values
calculated without these additional current systems.
[123] 2. The ionospheric signature of the transition from

adiabatic to nonadiabatic ring current energy ion motions in

the magnetosphere (termed the b2i boundary) near midnight
MLT shifts earthward from values of (7–9) RE during
magneto-quiet intervals to values of (3–4) RE at a magnetic
storm main phase maximum. This transition has been
associated with a high degree of stretching in the equatorial
magnetic field configuration. This is assumed to mark the
earthward motion of the inner boundary of the magnetotail
current system.
[124] 3. Fields of the magnetotail current system DT in

PM contribute substantially to the Dst variation during the
storm main phase. They are comparable to the DR contri-
bution at this time but quickly decrease during a storm
recovery phase (DT � DR).
[125] 4. The decay parameter for the tail current system is

substantially smaller (dissipation occurs quicker) than for
the ring current.
[126] 5. Magnetic fluxes in the magnetotail lobes increase

during the storm main phase to approximately twice their
values at magneto-quiet intervals.
[127] 6. The calculated PM and observed GOES geosyn-

chronous magnetic fields are in good agreement during the
main phase of the 24–27 September 1998 magnetic storm
event assuming an inward penetration of the magnetotail
currents to R2–2 = 3–4 RE. This supports the assumption
that magnetotail currents penetrate earthward of the geo-
synchronous orbit during magnetic storms.
[128] 7. The PM model results indicate that during mag-

netic storms the geomagnetic field becomes essentially
deformed on the nightside due to the displacement of the
magnetotail current sheet to deep L shells (L � 3.5–4.0). At
geosynchronous orbit, field lines are stretched in the anti-
sunward direction. Models that describe the particle motion
during the magnetic storm must take into account this
stretched magnetic field geometry on the nightside.

Appendix A

[129] The purpose of this appendix is to further explore
the ability of the PM model to reproduce realistic magnetic
field configurations using additional data sets during the
September 1998 magnetic storm (subsection A1.1) and
similar model/data comparisons during a storm in May
1998 (section A2). In addition, a comparison is made
between PM isocontours of azimuthal currents and those
from the Tsyganenko et al. [2003] model and underlying
database under similar Dst conditions (subsection A1.2).

A1. Modeling of the 24–26 September 1998 Magnetic
Storm

A1.1 Comparison of Measured and Modeled Magnetic
Fields Along the GOES-10 Orbit
[130] The magnetic field at geosynchronous orbit, mod-

eled by the PM for 3 days of the September 1998 storm, is
compared to observations by GOES-10. The GOES-10
satellite was in the evening/premidnight sector during the
development of the storm main phase. At the main phase
maximum GOES-10 entered the near-midnight sector of the
magnetotail current sheet. The solar-magnetospheric (GSM)
Bx, By, Bz components from PM (dashed line) are compared
with the GOES measurements (solid line) in Figure A1.
Local geomagnetic midnight corresponds to 0900 UT in the
figure.
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[131] As seen, the model reproduces the measured field
quite well at geosynchronous orbit. The corresponding
correlation coefficients between modeled and observed
values for each component range between 0.75 and 0.81.
In other words, the PM reproduces the space-time variation
of the field quite adequately for this storm. The mean
quadratic deviations range between 24.9 nT and 28.8 nT
compared to variations in amplitude of �150 nT in this
region. The differences between the measured and modeled
geosynchronous field values provide an estimate of the

magnitude of possible errors introduced by the lack of a
partial ring current and substorm current wedge in the
present version of the PM.
[132] In addition, when the dipole tilt angle is taken into

account improperly, the agreement between observations
and model results worsens. Even around equinoctial inter-
vals as in the September 1998 storm, it is clear that the
proper usage of Y, especially of the hinging effect, is an
important point in producing a realistic representation of the
magnetic field.
A1.2. Isocontours of the Azimuthal Currents Flowing
in the Magnetospheric Equatorial Plane During
Magnetic Storms
[133] As a further test of the PM model, isocontours of the

azimuthal westward current according to Pchelkin et al.
[2004] and those based on the PM were compared. The
azimuthal westward current (in kA/RE) flowing in the layer
jzj < 3 RE was calculated Pchelkin et al. [2004] using two
different methods: azimuthal currents (not shown for the
sake of brevity) were extracted from the Tsyganenko et al.
[2003] model (first method) or were obtained directly from
the database of Tsyganenko et al. [2003] by differentiating a
smoothed magnetic field during conditions associated with
Dst = �140 nT (second method). If those are compared with
isocontours of the azimuthal current flowing in the tail
current sheet given by the PM during September 1998 for
comparable Dst values (Figure A2), both similarities and
differences can be seen between the models. All the
isocontours do clearly show that the westward current in
the inner magnetosphere is highly asymmetrical for the
dayside and nightside magnetosphere. The nightside current
is stronger than the dayside one. The maximum of the linear
current density of 1–2 MA/RE occurs centered near mid-
night. During the main phase total currents at the midnight
meridian between �3 RE and �10 RE in the PM reach
intensities from 6 MA to 10 MA. Corresponding
total current in the Tsyganenko et al. [2003] model between
�2 RE and �9 RE is � 9.6 MA and from the database of

Figure A1. PM modeling of the 24–27 September 1998
magnetic storm. The comparison of measured (solid
line) and modeled (dashed line) magnetic fields along the
GOES-10 orbit: Bx GSM, By GSM, Bz GSM (from the top to
the bottom).

Figure A2. Isocontours of the azimuthal current flowing in the tail current sheet calculated by the PM
for comparable [Pchelkin et al., 2004] Dst conditions: just before the main phase, namely at 03 UT, when
Dst = �152 nT, ÀL = �750 nT, R1 = 8.2 RE, R2 = 3.8 RE, F = 0.91 � 109 Wb and the linear current
density maximum at the inner boundary is jmax = 1122 kA/RE (left); during the main phase, namely at
0600 UT, when Dst = �169 nT, ÀL = �1374 nT, R1 = 6.3 RE, R2 = 3.05 RE, F = 1.0 � 109 Wb, jmax =
2040 kA/RE (middle); during the recovery phase, namely at 1200 UT, when Dst = �147 nT, ÀL =
�1139 nT, R1 = 9.3 RE, R2 = 3.4 RE, F = 0.97 � 109 Wb, jmax = 1037 kA/RE (right).
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Tsyganenko et al. [2003] is �11.5 MA. In the PM iso-
contours, the ring current contribution was not taken
into account. The Tsyganenko et al. [2003] isocontours,
however, include both the tail and ring current contributions
to the total current across the Earth-Sun line located between
�2 RE and�9 RE. If the inner boundary between tail and ring
currents is located at�5 RE in the T03 model [Tsyganenko et
al., 2003] then the total tail current between this boundary
and �10 RE is equal to 7.7 MA. If tail/ring current boundary
in the Tsyganenko et al. [2003] database is located at �6 RE

then the total tail current is 7.0 MA. Both estimates are close
to the PM total value of the tail current: (6–10) MA.
[134] Differences in the model results are associated with

the assumed distances to the region of the current maximum
value. For the PM the westward current maximum is located
at the inner boundary of the current sheet at about 3–4 RE

tailward during the main phase. In the T03 model this
maximum is located at �5 RE, while for the database of
Tsyganenko et al. [2003] it is at 6–8 RE tailward. Moreover,
in the framework of the PM the maximum of the westward
current is not fixed and during the storm phase shifts
earthward to noted 3–4 RE from the 6–7 RE distance which
corresponds to relatively magneto-quiet intervals. Accord-
ing to Pchelkin et al. [2004], using the Tsyganenko et al.
[2003] model and underlying database, the location of the
current maximum does not depend on geomagnetic activity.
This assumption appears to be based on very few data
points inside geosynchronous orbit in the Tsyganenko et al.
[2003] database. Additional magnetic field measurements in
the region of 3–5 RE are necessary to better define the
location of maximum current and its variation during
changing geomagnetic activity.
[135] Distributions of current intensities calculated using

the PM and T03 models, as well as results obtained by
Pchelkin et al. [2004] from the database by Tsyganenko et
al. [2003] do unanimously indicate the essential contribu-
tion of tail currents to magnetic field depression and
distortions in the inner magnetosphere during magnetic
storm intervals. Skoug et al. [2003] even suggest from

ENA observations a dominant tail current contribution in
the inner magnetosphere during the main phase of the 31
March 2001 intense magnetic storm.
A1.3. Comparison of the Plasma Precipitation
Boundaries: Calculated (Empirical) and Observed
(DMSP) Data
[136] The PM input parameters were calculated using (4),

(6), and (7). The empirical values for plasma boundary
locations and corresponding observed data (a number of
DMSP passages) for the September 1998 storm are directly
compared below. DMSP passages on the dayside in the
northern hemisphere took place quite frequently during 24–
25 September 1998 allowing a comparison between calcu-
lated (using (7)) and observed plasma boundaries during
different phases of the magnetic storm. In Figure A3 the
variations in the LLBLpol mlat (line with asterisk for
empirical values), as in Figure 5 (subsection 3.2.1.), can
be seen for successive UT hours on 24–25 September 1998.
The boundary locations from different satellites passages
are also indicated. For given UT all the values available for
all DMSP passages are shown. It is worth noting that
boundary latitudes at the APL website in general correspond
to the plasma structure boundaries as seen in original
spectrograms. The agreement is apparent for both the mlat
values and time-dependence pattern of the boundary loca-
tion during the magnetic storm: (1) Before the storm the
LLBLpol boundary is at �74–76� mlat, i.e., at quite high
latitudes. (2) Magnetic disturbances just before the storm
main phase and especially during the main phase are
accompanied by a remarkable equatorward shift of the
boundary. (3) At the main phase maximum the LLBLpol
boundary is at �63–65� mlat. (4) During the recovery
phase the boundary quickly returns to �78� mlat.
[137] The LLBLpol shift during the main phase of the

24–25 September magnetic storm to as low mlat as �64� is
also characteristic for other intense storms. According to the

Figure A3. Variations of the LLBLpol boundary location
(mlat hourly values) for successive UT hours on 24–25
September 1998: empirical LLBLpol,emp values (line with
asterisk) and observed LLBLpol,dmsp data (DMSP F11,
F12, F13, and F14 satellites as indicated in figure).

Figure A4. The relationship between the empirical
LLBLpol,emp (x axis) and observed LLBLpol,dmsp (y
axis) data for the 24–25 September 1998 interval. The
corresponding regression line is also shown.
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DMSP measurements a similar LLBLpol shift occurred
during the 4 May 1998 storm main phase (day hours):
(1) At 0400 UT the LLBLpol shifted to �62� and 63.1�
mlat according to DMSP F11 and DMSP F14 data; at
0500 UT the LLBLpol was at 62.7 mlat according to
DMSP F12 data. (2) According to the parametric rela-
tionship (7), the LLBLpol location is predicted to be
64.5� (at 0400 UT) and 62.4� mlat (at 0500 UT), which
is in quite good agreement with satellite measurements.
[138] As reported by Meng [1983, 1984], according to

DMSP data the cusp equatorward boundary on the dayside
shifted to mlat � 64� during magnetic storms considered.
The equatorward shift to such a latitude is also confirmed by
ground-based measurements. In fact, according to the rocket,
balloon, and ionosonde measurements the dayside polar
cusp was observed to shift to mlat values <60� during the
magnetic storm on 19 December 1980 [Bering et al., 1991].
[139] The relationship between the calculated and ob-

served LLBLpol mlat values on the dayside during the

24–25 September interval can be seen in Figure A4. The
calculated LLBL values (equation (7)) for successive UT
hours, LLBLpol,emp (x axis), are plotted against the
LLBLpol,dmsp mlat values (y axis). The relationship be-
tween boundary locations is described by the equation of
linear regression LLBLpol,dmsp = 0.94 � LLBLpol, emp +
4.31�. The correlation coefficient is 0.88 and standard
deviation is 2.28�.
[140] The other PM input parameters are defined by

boundary locations on the nightside. Unfortunately, such
measurements for the 24–25 September magnetic storm are
not available in the northern hemisphere. This lack of data
on plasma precipitation boundaries for individual storms
was one of the reasons to develop empirical relationships
(equations (4)–(7)) for these boundary locations. Mean-
while, there are a limited number of DMSP orbits crossing
the b2i boundary in the southern hemisphere. All the b2i
values are shown in Figure A5, where the southern latitude
is changed the northern one assuming magnetic conjugacy
in the boundary locations for the two hemispheres. Mag-
netic conjugacy is a reasonable assumption for b2i due to its
location deep in the inner magnetosphere. As seen in
Figure A5, the calculated boundary (equation (4)), b2i,emp,
and boundary determined from DMSP data near midnight,
b2i,dmsp, are in a good agreement. The location of b2i,emp
moves from 62–64� mlat before the storm to 54–56� mlat
during the storm main phase and then returns to 64� mlat
during the recovery phase. The relationship between calcu-
lated and observed b2i values on the nightside for the 24–
25 September 1998 magnetic storm can be seen in
Figure A6, where all available DMSP measurements are

Figure A5. Same as in Figure A3, but for the empirical
2bi,emp and observed 2bi,dmsp data.

Figure A6. Same as in Figure A4, but for the empirical
2bi,emp and observed 2bi,dmsp data.

Figure A7. Variations of the magnetic fields on the Earth’s
surface including the fields of the induction currents in the
solid Earth during the 2–7 May 1998 storm as observed
and as calculated by the PM. Shown (from the top to the
bottom) are the magnetic field disturbances due to:
the magnetopause current (DCF); the tail current (DT);
Dst based on observations (solid line) and Dstmod = DCF +
DT + DR (crosses).
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included. The b2i,emp (equation (4)) values on the x axis
are plotted against b2i,dmsp values for corresponding hours
along y axis. This relationship is described by the equation
of linear regression b2i,dmsp = 0.85 � b2i,emp + 8.32�
with the correlation coefficient of 0.86 and standard devi-
ation of 1.56�.
[141] The shape of the polar cap is essential to calculate

the magnetic flux in the magnetotail. Equations (2) and (3)
approximate the polar cap boundary as a circle. The
statistical significance of this approximation was analyzed
by Starkov et al. [2003]. As a matter of fact, the polar cap
boundary is oval-like with major axis in the direction noon-
midnight (quiet conditions) or dawn-dusk (disturbed con-
ditions). If the oval major axes are L1 (noon-midnight) and
L2 (dawn-dusk), then the L1/L2 ratio ranges between 1.15
(quiet conditions) and 0.85 (disturbed conditions). Such
changes in the polar cap configuration justify the approxi-
mate circular shape of the polar cap assumed in the
calculation of magnetotail flux.

A2. Modeling of the 2–7 May 1998 Magnetic Storm

A2.1. Variations of the Magnetic Fields on the
Earth’s Surface
[142] To further explore the ability of the PM, driven by

observed magnetospheric boundary locations, to reproduce
magnetic field observations, model/data comparisons
were performed for an interval of geomagnetic activity

during 2–7 May 1998 triggered by high speed solar wind
streams. Two separate interplanetary high-speed streams
were observed. The first began with a shock at �2115 UT
1 May and ended at �1600 UT 3 May. The second stream
started at �0230 UT 4 May again with a shock and ended
on 6 May. One small and one large magnetic storm resulted.
The peak Dst values for the storms were �85 nT on 2 May
1700 UT and �205 nT on 4 May 0500 UT.
[143] The DT/DCF ratios within the 3-hour interval (UT)

centered with respect to the Dst variation maximum are 0.94
and 1.24 for the first and second storm, while DT/DR are
0.5 and 0.71, respectively.
[144] In Figure A7 the DCF, DT, and Dst magnetic field

variations for the 2–7 May interval are shown. To define
DR in model calculations ion data from CAMMICE instru-
ment on board the Polar spacecraft were used. Ions in the
energy range from 6 to 400 keV e�1 [Turner et al., 2001]
were measured. Energy density is calculated as a function of
L for each pass of the satellite and integrated over the pitch
angle distribution. The energy content is the product of the
energy density and the volume contained in each L shell.
The ring current magnetic field intensity is defined under
the standard assumption that Dst, once corrected for the
influence of other current systems, is the reliable measure of
the energy content in the ring current. The relationship
between DR and the energy of the ring current particles is
derived by Dessler-Parker-Sckopke relation.
[145] Data reported by Turner et al. [2001] make it

possible to obtain DR values on the Earth’s surface for
each Polar pass. The duration of the 2 < L < 6 shell
intersection was �1.5–2 hours and took place on day
(1000 MLT) and night (2200 MLT) time intervals. Because
of asymmetry in the azimuthal distribution of the ion
density in the ring current an additional correction was
introduced by Turner et al. [2001].
[146] The Dst variation based on observational data is

shown in Figure A7 (solid line). For comparison the results
of the PM calculations using the standard relationship
Dstmod = DCF + DT + DR are also shown (crosses). The
DCF and DT variations were calculated on the basis of the
PM expressions. DR was determined according to Turner et
al. [2001]. Since the satellite traversed the ring current
region in �1.5–2 hours, hourly values of DCF and DT
were considered. However, the same DR values were used.
[147] The Dstmod profile follows that of Dst during the

entire disturbed period, including its depression during the
storms on 2 May and 4 May. The Dstmod and Dst intensities
differ only slightly, leading to the following conclusions:
(1) Dst estimated by the PM are consistent with obser-
vations of magnetic variations (Dst) on the Earth’s surface
during magnetic storms. (2) The PM can be used for
modeling without any free parameters, i.e., all the model
input parameters are defined from independent observations;
namely, the ring current magnetic field is defined from
satellite observations of total energy of ring current ions.
A2.2. Comparison of Measured and Modeled Magnetic
Fields Along the GOES-8 Orbit
[148] The variations of the magnetic field GSM com-

ponents measured by geosynchronous GOES-8 satellite
(solid line) and those calculated by means of the PM
(dashed line) for the 2–7 May 1998 interval are shown in
Figure A8.

Figure A8. PM model results from the 2–7 May 1998
magnetic storm interval. Shown are the measured (solid
line) and modeled (dashed line) magnetic fields along the
GOES-8 orbit, including from the top to the bottom: Bx

GSM, By GSM, Bz GSM and total jBj.
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[149] Midnight MLT corresponds to 0500 UT in the
figure. The high correlation coefficients between modeled
and observed values for each component (>0.9) and rela-
tively low dispersion (�10% of the variation amplitude)
give evidence that the model reproduces the measured field
quite well. The event occurred during summer when the
absolute value of the dipole tilt angle exceeds �25�. The
reasonable fit of observed and modeled field components
implies that the planar approximation for the tail current is
also valid for this event. The consistency between modeled
and observed fields was obtained by consideration the
hinging effect only. If a current sheet deformation (the
warping effect) is also taken into account, small corrections
to the magnetic field are obtained very near the current sheet
and those are local in nature.
A2.3. Comparison of Measured and Modeled Magnetic
Fields Along the GOES-9 Orbit
[150] The variations of the magnetic field GSM com-

ponents measured by geosynchronous GOES-9 satellite
(solid line) and those calculated by means of the PM
(dashed line) for the 2–7 May 1998 interval are shown
in Figure A9. Midnight MLT corresponds to 1000 UT
in the figure. At the maximum of the storm main
phase, GOES-9 was in the evening sector. The high
correlation coefficients between model and observational
values for each component (>0.9) and relatively low
dispersion (�8% of the variation amplitude) give evi-
dence that the PM in its present form reasonably
approximates the measured magnetic field at geosyn-
chronous altitudes.
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Figure 6. Variations of the magnetic flux from the polar cap calculated using empirical equations (2),
(3), (6), and (7) (solid line), the magnetic flux calculated using the POLAR UV photometer and DMSP
particles measurements in the northern hemisphere (DMSP + UVI North: solid line), and DMSP particles
measurements in the southern hemisphere (DMSP South: triangles) during the 24–27 September 1998
magnetic storm. The OVATION method is used to obtain the DMSP + UVI North and DMSP South
values.
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