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The global magnetic field dominates many of the physical processes of
geospace. It is critically important to predict and quan_titativgly qgde!$at
fteld, given information on the state of the incoming solar wind. The ISTP
projeci is an abundant source of data on the distribution and dynamics of the
magnetic field and on that field's response to the solar wind variations. To-
gether with earlier sets of spacecraft r-nagnelometel pa!a, the new ISTP data
ivill provide an unprecedented pool of experimental information on the mag-
netiCenvironment of ourplanet. Combining this wealth of data with the newest
mathematical methods for representing the geomagnetic field will significantly
advance our knowledge on the structure and dynamics of the Earth's magnetic
environment.

{
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1. INTRODUCTION

The geomagnetic field is one of the most important features

of the near-Earth space environment. It links the interplan-
etary medium (and, hence, the solar atmosphere) with the

Earth's ionosphere, guides energetic particles produced by
solar activity, channels low-frequency electromagnetic waves

and heat flux, confines the radiation belt and auroral plasma,

and serves as a giant storehouse of solar wind energy, released

during magnetic storms. All these aspects are closely related

to the problem of forecasting conditions in the Earth's plasma

environment, which is why magnetic field models play a cen-

tral role in the recent US interagency "space weather" initia-
tive.

A large database of spacecraft magnetometer measure-

ments made by many missions of the last three decades has

given us a wealth of information on the structure of Earth's
distant magnetosphere and on its response to varying solar

wind conditions. This information, however, is often hidden
behind chaotic fluctuations, due to the complex nature of the
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solar-wind-magnetosphere interaction. To reveal the coher-
ent structure underlying the data, one needs flexible mathe-
matical representations for the principal magnetospheric field
sources, parametrized by the characteristics ofthe solar wind
and by available geophysical indices. These mathematical
"modules", combined into a global model, are then fitted to
the entire body of magnetospheric and solar wind data, mak-
ing it possible to extract information on the global configu-
ration of the geomagnetic field and its response to varying
external conditions.

In recent years, significantprogress was made in the data-

based modeling of the magnetosphere. In contrast to earlier
magnetic field representations lMead and Fairfield, 1975;
Tsyganenl<o, 1987, 19891, the new-generation models [Tsy-
ganenlco, 1995, l996lhave a realistic explicitly defined mag-

netopause, whose size is parametrized by the solar windpres-
sure, and an IMF-controlled interconnection field across the

boundary. Another important new feature is the field from the
Region I and 2 Birkeland currents lTsyganenl<o and Stent,

I 9961. The amplitude of the fi eld-ali gned currents was found
from data and parametrized by solar wind characteristics

fTsyganenlro, 19961.
The purpose of this paper is to give a brief review of the

data-based approach, highlight the latest developments, and

discuss the new prospects emerging from the availability of
the freshly obtained data of the ISTP spacecraft.
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Figure 1.. Illustrating the coverageofthe magnetosphereby the pre-ISTP spacecraft, which contributed in the currently
used data set by Fairfeld et al. 119941. The data points are displayed in projection on the noon-midnight meridian plane,
and the average position of the magnetopause is shown by broken line.

2. DATA SETS FOR THE MODELING one large database was done by Fairfield et al. [994], yield-
ing the latest version of the modeling data set, used in the

Over the past three decades, an immense quantity of space derivation of the new-generation global field model [Tsyga-
magnetometerdatahas accumulated, collected by many space- nenko, 19961.
craft at different locations, seasons, and during different solar Each orbital pass contributing to the original high-resolution
wind conditions and disturbancy levels. Mead and Fairfield data was plotted, and a selection of the intervals inside the

tlgTslcompiledthefirstsetofmagneticfielddatausingfour magnetosphere was made for it. To reduce the very large
IMP spacecraft during 1966-72t and from that dataset they quantity of data to a manageable size, the values of the field
created an empirical model of the distant field, binned by the components and of the spacecraft position were averaged, so

Kp-index. Tsyganenko and Usmanov [1982] extended the that consecutive values corresponded to significantly differ-
set of Mead and Fairfield by adding HEOS- 1 and -2 data and ent locations. Finally, the values of the field components were
developed a more realistic model with explicitly defined ring tagged by simultaneous values of the solar wind plasma and n

current and tail current sheet. Subsequently, the IMP-IIEOS magnetic field parameters, compiled by J.H. King at NSSDC
set of Tsyganenko and Usmanov was further extended by lKin7, 19771, as well as by the simultaneous values of the

Tsyganenko and Malkov fse* Peredo et al., 19931by adding .q,VDst/Kp indices. The total number of the data points in i

ISEE 1/2 data from 1977-81to the database, while Fairfield the final set was 79,745, though for a significant part of the

independently added HEOS observations along with addi- datalx4gEol simultaneoussolarwindplasmaandlMFinfor-
tional IMP-6 data to the original Mead-Fairfield data base. mation was not available. Figures la-d show noon-midnight
Additional editing of these data sets and their merging into projections of the data point locations for the principal con-
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tributors to the database of Fairfield et al. |9941: (a) the
IMP-4,-5,-6 spacecraft, (b) ISEE-l and -2, (c) IMP-7,-8 and

Explorer-33,-35, and (d) HEOS- l and -2 data.

Due to inaccuracies of spacecraft attitude determination,
data taken closer than - 4Rs were not included in the sets.

In general, the coverage is quite non-uniform: the points are

relatively dense at middle latitudes in the intermediate range
of distances (5 < R < 20Rs), but become much sparser

at higher latitudes. At larger distances a spread-out cloud
of IMP-7 and -8 data covers the range 25 < R 3 40Rs,
separated by a wide gap from a handful of Explorer-35 data
points around the Moon's orbit.

In spite of the incomplete and non-uniform data coverage,
the existing set proved to be a valuable source ofinformation
on the distant geomagnetic field. It not only allowed aver-
age static field configuration to be obtained, but also made it
possible to reveal the response ofindividual magnetospheric
current systems to changes in the solar wind, specifically, to
its plasma flow pressure and the IMF conditions, as discussed
in more detail in the next sections. At first glance, the size
of the modeling data set seems quite large; however, con-
sidering the enormous spatial extent of the modeling region,
gaps in the coverage, and the fact that each global parameter

adds another dimension, it becomes clear that more data are

urgently needed. To provide the necessary information about
all current systems, the data should adequately sample all re-
gions - not only in the (X,Y,Z) space, but also in the added
dimensions of the geodipole tilt angle, the geomagnetic ac-
tivity level (e.g., Dst-index), solar wind presure, and the IMF
components.

The new ISTP observations can fill numerous gaps in the

existing coverage. Figure 2 shows the distribution of the

GEOIAIL positions, projected on the GSM X-Y plane and

separated by l-hour intervals.
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Figure 2. Coverage of the magnetosphereup to tailward distance of
l00Rg by the Geotail observations. The data points are projected
on the GSM equatorial plane.
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Figure 3. Coverage of the near-Earth magnetosphere by POLAR
spacecraftin 1996.

Combinedwith simultaneous IMP-8 data on the solarwind
parameters, the GEOIAIL magnetometer experiment will
add to the existing database, as a rough estimate, about 6000
hours worth of data taken inside the magnetosphere.

Inclusion of WIND data (taken both in the solar wind and
in the magnetosphere) will further extend the database. An
additional advantage of the inclusion of the GEOXAIL data
into the modeling data set will be a significant improvement
of the equatorial coverage, owing to the relatively low incli-
nation of the CEOTAIL orbit, in comparison with the family
of IMP spacecraft.

Another important addition to the existing dataset will be

data from POLAR. Due to its highly inclined orbit, that space-

craft will greatly improve the sampling of the high-latitude
region, permeated by_Birkeland curents. The urgent need

for exploring the magnetic field in that region, relevant to
the establishing of the large-scale structure of field-aligned
currents and to their response to the solar wind parameters,
was recognized long ago. The only systematic information
on Birkeland currents, so far, has come from low-altitude
satellites such as TRIAD and MAGSAT; however, it still
remains largely unclear, where field-aligned currents (espe-

cially, those of Region 1) come from. Figure 3 displays a

distribution of the POLAR positions for 1996, separated by
5-min intervals of time.

Another potential benefit of using the POLAR data can

be the development of a more realistic model of the polar
cusp region. It has been found in the past le.g., Fairfield,
19911 that the diamagnetism of the polar cusp plasma reveals
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Figure 4. Coverage of the high-latitude magnetosphere, by
Hawkeye-l spacecraft in 197 4-7 6.

itself in the deviations of the model magnetic field from that
measured inside the polar cusps.

The structure of the polar magnetosphere at higher alti-
tudes was probed in the past by the high-apogee spacecraft
HEOS-I, HEOS-2, and Hawkeye-l. The data from the first
two were included in the existing database of Fairfield et al.
119941 (see Figure ld above). Figure 4 shows the data cloud
for the Hawkeye subset, which is being added to the database.

Another very important domain is the near-Earth equato-
rial magnetosphere, the region where substorm explosions
are believed to be "ignited". New sets of the magnetic field
data from that region have been compiled recently. The CR-
RES data (taken in 1990-9 I ) span a relatively lirnited range of
distances, extending to the spacecraft apogee at R N 6.3Rn;
nevertheless, the dataset is a valuable addition to the model-
ing data base, since it greatly improves the coverage of the
near-equatorial region occupied by the radiation belt. The
AMPTVCCE data set is of unique importance due to the
nearly equatorial orbit of the spacecraft, covering a wider
range of distances than CRRES, up to the R av 8.8Rs, and
spanning a relatively long period of four years (1984-88).
Figure 5 shows the distribution of CRRES and AMPTVCCE
data points. Finally, a huge arnount of data on the dynamics
of the inner magnetosphere is provided by the extensive set
of geosynchronous measurements by GOES satellites, made
during 1986-94. Although some of the data contain sys-
tematic errors due to magnetic fields generated aboard the
spacecraft, most of them are ofdecent quality and are thus a
rich additional resource for magnetospheric field modeling.

3. MODELING THE MAGNETOPAUSE AND
DERIVATION OF TT{E SHIELDING FIELD

The essence of modeling lies in combining the data with
flexible mathematical forms, providing a realistic represen-
tation of the main individual sources of the total observed
field. In devising these forms, we make appropriate assump-
tions based on the physics (e.g., the magnetopause shielding
fields are assumed as curl-free gradients ofsuitable scalar po-
tentials) and employ all available independent observations
(e.g., use a model of the magnetopause based on the direct
crossings data).

Knowing the magnetopause position as a function of the
upstream solar wind conditions plays a key role in modeling
the field configuration inside the magnetosphere. The solar
wind confines (shields) the fields produced by all internal
sources, by adding to them Chapman-Ferraro field due the
current flowing on the magnetopause. In a crude approxima-
tion, this results in a "closed" geometry of the total field with
Bn : 0 on the boundary. Once the position of the magne-
topause is known, it is in principle possible to calculate the
shielding fields for all internal sources (dipole, ring currentm
tail, etc.)

In actuality, B, is not always zero, which entails important
consequences for the physics. The distribution ofthe normal
component Bn on the magnetopause defines the amount of
the solar wind magnetic flux linking the geomagnetic field
to the solar wind and, hence, the magnitude of the externally
induced electric fields in the magnetosphere and ionosphere.
That important feature can also be reproduced by the data-
based models.
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Figure 5. Coverage of the near-Earth equatorial magnetosphere by
AMPTHCCE and CRRES spacecraft.



In the deriving the earlier models lMead and Fairfield,

1975; Tsyganenko and Usmanov 1982; Tsyganenko, 1987,

19891 no direct information about the shape and position of
the magnetopause was used. Neither did those models spec-

ify that shape and position explicitly. Instead, the magne-

topause appeared as a "de-facto" surface that separated two
families of field lines: those with no connection to Earth and

those crossing Earth's surface at least once. In essence, this
"de-facto" magnetopause represented an outward extrapola-

tion of the model field beyond the region covered by mea-

surements. On the dayside, its shape and size did not differ
much from those observed. However, because of the poorer

coverage of the highJatitude tail lobes, at larger distances

the shape of the field lines became unstable and resulted in
unrealistic features of the "de-facto" boundary.

This motivated us to look for a more rigorous mathemat-

ical treatment of the magnetopause and its shielding field'
Significant progress in this area was made recently, based on

two cornerstones, discussed below in more detail. The first
one is the empirical modeling of the magnetopause shape and

size using data of actual boundary crossings ISibeck et aI.,

l99l; Roelofand Sibeck, 19931, and the second is an approx-
imate method for the derivation of the shielding field for a
wide class of general boundaries, using the least squares min-
imization of magnetic flux across the magnetopause lSchulz
and McNab, 1987, 19961.

The first empirical models of the magnetopause shape,

based on spacecraft crossing observations were developed by

Fairfield [1971], Howe and BinsackU972l' and Formisano

et al. tl979l. Sibeck et al. U99ll further developed that

approach by extending the database of boundary crossings

and Ro e lof and S ib e ck I 1 993 ] introduced a bi-variate param-

eterization of the model boundary by both the solar wind ram
pressure and IMF ^B..

In the latest version of the data-based magnetospheric

field model lTsyganenko, 19961 the magnetopause model of
S ib e ck et al. I 1 99 1 I was adopted for the front of the boundary
(X cs u > -50Rr ) and was then smoothly extended tailward

as a cylinder with the radius R x 28Re' No IMF depen-

dence of the magnetopause shape and size was assumed in
that model, while the effects of pressure variations were sim-
ulated by a self-similar compressior/expansion' The scaling

factor r was assumed as K : (p / p')" , where the index a
was a free model parameter. Its best-fit value s ev 0.14 was

found to be quite close to a : L/6, given by simple theory

le.g, Mead and Beard, 19641.
The assumption of self-similar scaling of magnetopause

dimensions by tc(p) greatly simplifies the task of maintain-

ing the shielding condition (or, more generally, keeping Bn

on the boundary under control) for different pressure val-

ues, since in that case re-calculation of the shielding field
can be reduced to a simple scaling. However, as shown by

Roetof and Sibeck ll993l, self-similarity should only be con-

sidered as a rather crude approximation: in the limit of strong

TSYGANENKO 375
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Figure 6. The shape of the model magnetopause for average

soiar wind conditions and the positions of the observed boundary
crossings, rotated into the X - Z plane.

northward and southward IMF Bz, the response of the mag-

netopause shape to variations of the pressure is substantially
different from a self-similarchange in size. The IMF-related
change of the boundary shape does not seem to modify the

internal field structure in any major way; however, itbecomes
important in the evaluation of the IMF interconnection with
the geomagnetic field across the magnetopause, as will be

discussed below in more detail.
Figure 6 shows the shape of the model magnetopause for

average solar wind conditions, adopted in the data-based

model by Tsyganenl<o [1996], and the cloud of boundary
crossing points, compiled from the set of Sibeck et al. t 1 99 1 l
and further extended by adding crossings by Hawkeye-l dur-
ing 197 4-7 5 lTsy ganenko et al., 19961.

.Once the analytically prescribed boundary is available, it
is possible to derive a shielding field for any internal elec-

tric current system, by specifying a set of suitable curl-free
fields with a sufficient degree of flexibility and combining
those fields by least squares fitting, to make the resultant Bn

on the boundary as close as possible to its desired distri-
bution. Schulz and McNab t19871 were first to implement

that idea in developing their "source-surface" model of the

magnetosphere. Subsequently, the method was extended for
the derivation of shielding fields for all principal sources of
the magnetospheric magnetic field in data-based models, in-
cluding the ring current and the tail current sheet [Tsyga-
nenko, 1995f and the Region 1/2 Birkeland currents lTsyga-
nenko and Stem, 19961. With a slight modification, the same

method can be used for the derivation of the IMF intercon-
nection field inside the magnetosphere, based on a prescribed

distribution of Bn on the boundary fTsyganenlco, 1996f.

As an example, Figure 7 displays a configuration of the

magnetic field produced by a model ring culrent, confined
inside_the model magnetopause. In this case, the shielding

fleld B51 - -YU wasrepresentedbyasumof Scylindrical
harmonics and included a dependence on the geodipole tilt
angle V
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Figure 7. Lines of the magnetic field produced by the model
ring current, fully confined within the model magnetopause by the
shielding field (l). The north-south asymmetry is due to the tilt of
the Earth's dipole, which affects the position of the ring current.

2

U : cos * I D aimJn(p/ pin)exp(x / pi) sinmQ
i=l m=1,3

2

*sinVD | bi^J^(p/qi^)exp(x/q;^)cosmQ (1)
i=l m=0,2

The coefficients {ai^, bi^l and nonlinear'parameters lpi6,
q;^l werc found by an iterative algorithm, combining a stan-
dard linear least-squares fitting of {ai^, bi^l with a simplex
search forthe optimal nonlinearparameters lpr^, q;^l lPress
et al., 19921.

All other internal sources can be shielded in a similar way;
the difference is in the number of terms necessary for satis-
fying the boundary conditions with sufficient accuracy. The
tail current sheet and the Region 1 system of Birkeland cur-
rents require more terns in (1), because they extend to larger
distances and create a strongly non-uniform field near the
magnetopause.

The primary reason for explicitly including the shielding
fields in the models is to control the degree of interconnec-
tion between the field of terrestrial origin and the IMF. Most
of the recent progress in this area was made possible by the
"modular approach", in which separate internal sources ofthe
magnetospheric field were modeled by separate terms with
their own amplitude coefficients, parameterized by appropri-
ate combinations of solar wind characteristics [Tsyganenko,
t9e6l:

B:BEarth *Broit * Bnc *Bnrr* lBint Q)

The consecutive terms on the righthand side denote, respec-
tively, the contributions from the Earth's main field, the tail
current sheet, the ring current, Birkeland currents, and the
interconnection term, representing the effect of non-zero Bn
and IMF penetration. It is implicitly assumed in (2) that each

term on the right-hand side, except for the last one, includes
its own "partial" magnetopause field, so that the net field
from internal magnetospheric sources remains fully shielded
inside the boundary, for any combination of amplitudes of
the individual terms.

The last term in (2) represents the effect of the IMF pen-
etration. Due to the full shielding of other terms, the corre-
sponding normal component of the total field on the boundary
is reduced to Bn : (Binr.n), where the vgctor B;a1 was as-

sumed to be proportional to the transverse component of the
IMF Br - Bri, * Briz. The proportionaliiy factor was
determined from data.

Fitting several versions of the above model field to the
data, tagged by the solar wind parameters, yielded persis-
tently large values of the proportionality factor (-0.8) [Zsy-
ganenko,1996l. It was also found that the penetration effi-
ciency was almost independent of the direction of the trans-
verse component of the IMR that is, the penetration pattern
just rotated around the Sun-Earth line, as ifrigidly tied to that
component.

More recent studies recognized, howeveq that a subtle ef-
fect must be taken into account here, or else a systematic
overestimate of the penetration field may arise. So far, all
derivations of B;r1 were based solely on magnetic field vec-
tors observed inside the magnetosphere, many of them in the
magnetotail. But the boundary of the tail, especially near
Earth, spreads outwards - its diameter increases with dis-
tance from Earth. Lobe field lines, especially those far from
the plasma sheet, tend to followthe boundary and therefore
also diverge outwards, an effect which gives them a south-
ward 8., increasing when the flaring angle of the boundary
grows larger.

On the other hand, one should expect that the magne-
topause flaring angle also increases during times of south-
ward IMF, due to an increased reconnection rate. If a larger
southward B. is then observed inside the tail, it is hard to tell
offhand what part ofit is caused by the added penetration of
the IMF and what part by greater flaring of the boundary.

This ambiguity cannot be resolved by models, in which
the solar wind effects upon the magnetopause are reduced
to the pressure-controlled expansion and compression, with
no dependence of the boundary shape upon the IMF. On the
other hand, introducing a magnetopause model with a bivari-
ate dependence of shape and size, similm to that of Roelof
and Sibeck [1993], meets with two problems. The first one
is the above mentioned need to recalculate the shielding field
parameters for any new combination of the solar windparam-
eters, since the corresponding changes in the boundary shape
are no longer self-similar. The second problem is a sparsity
of magnetopause crossing data tailward of x - -10Rr and
the almost total absence of such data in the middle and far tail,
which limits the reliability of magnetopause models in that
region and, hence, makes it difficult to separate the effects of
the tail flaring from those of the IMF penetration.



Observations ofmagnetopause crossings by the ISTP space-

craft (GEOIXAIL, IMP-8, and WIND), made during recent
years, will provide a valuable addition to the existing dataset

and may help in obtaining more reliable estimates of the re-

connection of the interplanetary magnetic flux. Combining
that data with models of the magnetosheath plasma flow [e.g.,
Spreiter and Stahara,1980l can allow us to derive the ex-
pected distribution of the solar-wind-induced electric field in
the polar caps in a way similar to what was done by Toffo-

letto and Hill11989,19931. The resulting electric potential
pattern can then be compared to the one given by indepen-
dent data-based models of the ionospheric convection [e.g.,
Heppner and Maynard, 19871.

4. MODELING THE RING CURRENT AND THE TAIL
CURRENTSYSTEM

There exist several known methods to analytically repre-
sent the field produced by the ring current. Tsyganenko and
Usmanov t19821 suggested amodel, based on a simplemath-
ematical modification of the vector potential of a dipole. It is
probably the simplest possible model with only two parame-

ters: the ring current amplitude and its characteristic radius.
The principal deflciency of the model stems from its extreme
simplicity: the electric current is excessively spread out in
space, and there is no easy way to control its distribution.
Hilmer and Voigt ll995l used a combination of two models
of that kind with different scale sizes for modeling€ more

realistic ring current, including a zone of eastward j at the
inner boundary of the radiation belt.

Tsyganenko and Peredo [1994] suggested a more flexible
model, based on a superposition of analytical vector poten-

tials for current disks with a controllable finite thickness. The
radial distributionof the current density in that kind of model
can be adjusted by an appropriate choice of the expansion

coefficients and by scaling the field as a whole. That type
of the ring current was used in the new global models, pa-

rameterized by the solar wind pressure, IMR and Dst-index

lT sy g anenko, 199 5 ; 199 61.
Here we describe another model, combining flexibility and

realism with a very fast computational performance. The
basic idea is to start from the vector potential for a circular
current loop [e.g., Smythe, 1950]:

{: Q - k2 p)K(k) - E(k) - (3)
kpt/z

ee,

where E(ft) and K(k) are complete elliptical integrals of the

I st and 2nd kind, and modify the original form ofthe function
k(p, z) by adding a term D2 in the denominator, so that
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thin current loop over all of space. However, most of the
current remains localized in the vicinity of the loop, so that
the current density peaks at P : R, z : O, and rapidly
falls off to zero with increasing distance from the loop. The

variable D specifies a characteristic thickness ofthe current,
and can be made a function of position without violating the

condition V.fr : 0. In particular, taking D : D(x) makes it
possible to model the day-night asymmetry of the ring current
(or the dawn-dusk asymmetry, with D : D(y)). Combining
two distributions with different characteristic radii R allows a

realistic ring current to be modeled, reversing to an eastward

directed current in the inner magnetosphere, an effect of the
pressure gradient. Figure 8 illustrates an example of such a

model ring current, displaying radial profiles of the magnetic

field disturbance (left panel) and the volume current density
(right panel).

The tail current system has been recently modeled by us-

ing the above described approach with analytical spread-out
current disks [Iryganenlco and Peredo, 1994; Tsyganenko,
19951. To achieve a greater flexibility in modeling the ex-

tended current sheet on the nightside, the tail field was rep-

resented as a combination of several modes having different
tailward variation scale distances and different weight am-
plitudes, with those parameters determined from fitting the

model to data.
The analytical disk-like modes have an inconvenient fea-

ture: for large radial distances r, individual terms in the corre-
sponding eipansions for the tail field decrease as r-2, while
the actual far-tail lobe B varies more slowly le.g., Slavin
et al., 19851. By combining several terms, it is in princi-
ple possible to obtain a slower decrease over a limited range

of. X 6s y with a sufficiently steep inner edge of the current
sheet. However, the number of terms necessary for main-
taining a realistic profile becomes too large when one tries to
extend the tail model to larger distances. For that reason, in
the last release of the model fTsyganenko, 19961a disk-like
mode was combined with an "asymptotic" mode, based on

another model of the current sheet, suggested in our earlier
worklTsyganenko, 1987f, in which the current flows along
straight lines in the Y-direction, and its density in the limit
.r -+ -oo tends to a finite value, rather than to zero. That
term provided a smooth transition from the rapidly varying
field in the near tail to the almost uniform B in the far tail,
where the actual lobe field is nearly constant. Even with just
a few hundred data points in the far tail, contributed by the

Explorer-35 magnetometer, this approximation yielded quite
realistic values of the best-fit quiet-time asymptotic magne-

totail field B* and ofthe coefficient defining its response to
changes in the solar wind pressure around its average value

Po:

Ba : 6.7 + s.s({r 1 rs - r) (s)

This result suggests that adding new data of GEOIAIL to the

.i 4RP
^ -(R+p)2+22+D2 (4)

t-

This results in a spreading out of the originally infinitely
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already available data will extend the model to more distant
regions.

5. INCLUSION OF BIRKELAND CURRENTS IN THE
MODEL

One of the most recent breakthroughs in the data-based
modeling of the magnetospheric field was the inclusion of
the global field ofthe Region I and2 field-aligned currents

fTsyganenko and Stem, 19961. Long before that, the great
role played by the Region 1 currents in the magnetic structure
of the outer dayside magnetosphere was realized fe.g., Malt-
sev and Lyatslq, 1975; Tsyganenl<o and Usmanov, t984f.
The latest results, discussed in the next section, give more
evidence for the strong effect of the global system of Region
1 Birkeland currents upon the position ofthe polar cusps.

A principal difficulty with Birkeland currents, not found
in other current systems, is the lack of information on their
actual global configuration. Little is as yet known on how
far from Earth do the Birkeland currents remain field-aligned
and on where they close. Existing observations llijima and
Potemra, 1976;Tsyganenl<o et al., 19941 and recent results of
MHD simulations fTanal<a, 1995; Janhunen, 19961 suggest

two important features: first, that Region I currents strongly
depend on the IMF orientation both in their magnitude and

geometry and, second, that most of them flow in the dayside
and dawn-dusk magnetosphere, at least for southward IMF
conditions.

The new model of the field-aligned current systems [Zry-
ganenko and Stern, 19961 is based on an Euler potential rep-
resentation for the current density and on existing data on
the geometry and distribution of Birkeland currents at iono-

_r.Eet

Figure 8. Variation along the Sun-Earth line of the 82 component of the magnetic field (left) and the conesponding
profile of the azimuthal electric current density (right) in the model ring current. Both quantities are plotted in arbitrary
units.
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spheric altitudes and at larger distances. The variation of
the current strength along the ionospheric Region I and 2
ovals was specified to fit the statistical results of liiima and
Potemra t1976l. The parameters to be found from data were

the coefficients relating the total current in both systems with
the solar wind pressure and IMF. The principal results of
the data-based modeling about field-aligned currents will be

briefly discussed in the next section.
However, modeling the Birkeland currents is still in its in-

fancy, and much remains to be done. The most important
limitation of the existing model is the assumption of a fixed
geometry of the current, regardless to IMF conditions. In
future upgrades of the magnetospheric models, more flexi-
bility will be allowed for the field-aligned current by splitting
the term Brirr into a sum of independent modes with vari-
able IMF-dependent coefficients. As already mentioned, a

substantial input is expected from the POLAR data, since

they cover a relatively unexplored region and can provide a

valuable information on fi eld-aligned currents at intermediate
distances.

6. SOLAR WIND EFFECTS IN GLOBAL MODEL
FIELD CONFIGURATIONS

The optimal way of extracting from the data information on

the solar wind control of individual current systems would be

to specify an analytical dependence ofthe model field on all
input variables (e.g., solar wind pressure, IMF components,
and Dst) and then fit the model to the entire set of data. A
simpler method, used in the earlier models, was to divide the
data into several subsets, each covering a different interval
of the model input parameter (e.g., Kp.index) and then to

Xcsu, Rs
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sepaxately fit the model to the subsets, generating separate

sets of coefficients. However, with a larger number of input
parameters, this approach becomes unfeasible due to rapidly
growing number of bins in the multi-dimensional parameter

space, leaving too few data points in each of the individual
subsets.

In the last version of the global model [Tsyganenlco, 1996],
the input solar wind parameters and the Dst-index entered the
field components as continuous variables and were therefore
treated in the same way as the spatial coordinates lx, y, zl
and the geodipole tilt angle V. That approach avoided the
binning of the database into smaller sets and, hence, allowed
more effective extraction of the information contained in the
data. However, the price of this was sacrificing the ability of
the model magnetopause to change its shape in response to
changes of the IMF polarity. It was assumed that the only
parameter controlling the size of the boundary was the so-

lar wind pressure, which allowed fast recalculation of the

shielding field, as already discussed in Section 3.

In this section, we discuss the results of the most recent
global modeling study on the response of the magnetospheric
field structure to changes in the solar wind state, for two op-
posite extremes of the polarity of the north-south component
of the IMF fTsyganenko et al., 19961.It was aimed at a more
accurate estimate of the IMF interconnection effect, taking
into account the IMF-induced changes of the magnetopause

shape. For that reason, instead of a continuous parameter-

ization by the IMF B, and 82, we had to retreat to the old
binning approach with regard to the IMF, having retained a
continuous dependence on the wind pressure.

Two subsets were compiled from the entire modeling
database, including the datataken during periods with strongly
northward and strongly southward IMF. More specifically,
the first subset contained the data points with IMF Bz >
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*5nT, and the second one with B, < -5nT,In both cases,

an additional constraint By < 5nT was imposed on the az-

imuthal IMF component, to make sure that effects of the

north-south component were predominant. The numbers of
data points in the two subsets were 1787 and 1722, respec-

tively.
The next step was to construct pressure-driven magne-

topause models for the two opposite IMF polarities. For
simplicity, effects of the IMF and of the pressure p upon the
boundary position were reduced to two fundamental separate

modes: (i) a self-similar compression/expansion, driven by
p, and (ii) an IMF-driven change of the shape of the boundary,

in ivhich an earthward shift of the dayside magnetopause was

accompanied by an increase ofthe tail radius. The individual
response amplitudes of the two modes were represented as

simple functions of p and IMF 8., evaluated by least squares

fitting of the model boundary to the data set of the magne-
topause crossings, in the same way as was done by Roelof
and Sibeck [993].

Using the two magnetospheric data subsets and magne-

topause models, two sets of model coefficients were found by
least squmes, for IMF B. > *5nT and for IMF B 7 < -SnT .

Figure 9 shows two configurations of the field lines in the

noon-midnight meridian plane, for the same values of p :
4nPa and Dst=0, but for opposite IMF polarities: Bz >
*5n? (left panel) and B, < -5nT (right panel).

As seen in the plots, there is a striking difference between

the two configurations. First, changing the IMF from strongly
northward to southward decreases the polar cusp footpoint
latitude from - 80o to - 71'. This shift is primarily due to
the large increase of the total strength of the Region 1 Birke-
land current, from nearly zero for northward IMF conditions
to x 2.4MA for southward IMF. Second, a huge difference
can be seen in the amount of the magnetic flux closure across
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Figureg.ConfigurationsofthemodelmagneticfieldlinesforoppositepolaritiesofthelMFB2-component: Br> +LnT
(lef$ and B, < -\nT (right). In both cases, the same values were used for the solar wind pressure and the Dst-index.

Note a striking difference in the amount of the magnetic flux both on the day and night sides.

t-
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the tail plasma sheet. This is mostly due to a dramatic redis-
tribution of the tail current: the reversal to strongly northward
IMF Bz is accompanied by a nearly complete disappearance
of the far-tail current, while, at the same time, no significant
change in the amplitude of the near-tail current was found.
An additional contribution to this effect comes from the direct
penetration of the IMF; however, the overall magnitude of the
penetrating field was found to be much smaller than in the
model with the IMF-independent magnetopause shape [Zsy-
ganenko, 19961. More specifically, for the strongly north-
ward IMR the penetrating field was virtually absent, while
for strongly southward field, a penetration coefficient of only
x 0.17 was obtained.

This finding differs significantly from the strong penetra-
tion (lv 0.8) reported previously lTsyganenko,19961, The
difference is due to the inclusion of the effects of the IMF-
dependent magnetopause, discussed in more detail in Sec-

tion 3, and the strong correlation ofthe far-tail current with
the IMF (no lMF-dependence of that current was assumed in
the earlier model; see Equation 5 above).

The above results demonstrate that even with sparse data
subsets and relatively crude time resolution, the data-based

models can reproduce the expected global re-configuration
of the magnetic field surprisingly well. At the same time,
separating the subtle interconnection effects from the back-
ground of stronger variations is still a hard task with much
uncertainty involved. Adding new data frotr the ISTP space-

craft and a re-creation of the older datasets with a higher time
resolution will increase the reliability of the modeling.

7. MODELING OF THE NEAR-EARTH MAGNETIC
FIELD

Many studies require an accurate model of the geophysical

environment only within a limited region of the near-Earth
space. In particular, the low-latitude region inside R ry lORr
is of special importance. From the viewpoint of physics, that
is where the most dramatic events of particle injection and of
magnetic field re-configuration take place during storms and

substorms. In addition, studies of "space weather" effects
on communication satellites need reliable, compact, and fast
models of the magnetic field in the vicinity of geostationary

orbit [e.g., Rufenach et al., 1992).

In some aspects, the local modeling of the near-Earth mag-
netic field is easier than its global representation. First, the
data coverage of this region is relatively dense, accumulated
over many years under different solar activity conditions, in-
cluding a large database of GOES measurements. Second,
due to the smaller spatial extent, local models can be made
mathematically simpler and hence much faster for compu-
tations: for example, the magnetopause field can be repre-
sented by simple linear or quadratic expansions. Also, a

simpler model for the field of Birkeland currents can be en-

visioned, because the behavior of the field components at

large distances is no longer important. On the other hand,
as one descends to smaller spatial scales and shorter time in-
tervals, one can include here effects not covered by global
models, for instance, large-amplitude effects of the substorm
currents. Attempts were made in the past to model the sub-
storm growth and recovery phases by a modif,cation of the
global tail current system le.g., Pull*inen et al., 1994 and
references therein]. However, a truly realistic and full de-

scription of the substorm disturbance field should include a

feasible 3-D model of the current wedge on the nightside,
First successful steps in this direction have been made re-
cently lTsy ganenko, 1997 l.

On the dayside, even the existing global models, based

on data with relatively crude time resolution, track the field
observed at the geosynchronous orbit surprisingly accurately

lLu et al., 19971. As an example, Figure 10 compares the
components of the magnetic field measured there by GOES-
5 with those computed using the global model lTsyganenko,
19961 . The best agreement is observed for the B.-component:
in this example and in many other cases we found an almost
perfect match between the model and the data in the pre-
noon sector. Note that even short-scale excursions of B. are

reproduced with remarkable accuracy. A closer inspection
showed that those excursions were due mainly to variations
in the IMF 8., which controls the intensity of the model
Birkeland currents and also contributes through the term for
the directly penetrating IMF.

Another important feature, still awaiting its proper rep-
resentation in models, is the dawn-dusk asymmetry of the
storm-time equatorial field, conspicuous at geosynchronous

distance [Col eman and McPherron, 1976]. ISTP data, first of
all those of POLAR and GOES, will significantly improve the
coverage of high- and low-latitude regions of the inner mag-

netospphere and will thus promote rapid progress in modeling
the near-Earth magnetic environment.

8. SUMMARY

Global data-based modeling of the geomagnetosphere have

seen significant progress during the last years. A large arse-

nal of mathematical methods has been developed recently
for modeling all principal sources of the magnetic field.
Realistic representations have been devised for the magne-

topause, based on direct crossings data and dependent on so-

lar wind pararneters. Powerful methods were developed for
the derivation of the magnetopause magnetic field, with an

IMF-controlled interconnection of terrestrial and solar-wind
magnetic fields across the boundary. Large sets of space

magnetometer data for modeling have been compiled from
the archived higher-resolution data.

A synthesis of the above elements has made it possible to
create new-generation models, parameterized by solar wind
characteristics and the Dst-index. In spite of a still incom-
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Figure 10. An example of comparison of the diumal variation

of the magnetic field components measured by geosynchronous

spacecraft and those obtained from the data-based model'

plete coverage by data, these models reproduce the observed

response of the magnetosphere to solar wind input surpris-

ingly well. The newly obtained ISTP data will provide an

abundant influx of fresh experimental information' Combin-
ing that data with the existing datasets and application of the

newest methods will boost our progress in understanding the
physical links between the state of the interplanetary medium
and the near-Earth magnetic environment.
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