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GEOSPACE MAGNETIC FIELD:

FROM EARLY CARTOONS TO DATA-BASED MODELS

N.A. TsYganenko

Hughes STX, Code 695, NASA GSFC, Greenbelt' NID 20771

ABSTRACT

This paper reviews the data-based approach to modeling the distant

rnugn"rorjn".ic magnetic field. Large amount of the spacecraft magnetometer

datl, accumulated iince the beginning of the space era' allowed to. develop

a quantitative representation of the magnetospheric configurations, based on

r"uru."-anrrrnud"withinavastregionextendingtotheMoon'sorbit'The
,^t "f 

modeling the distant geomagnetic field is largely complicated both by

its dependence on seasonal/diirnal 
"hung"r 

of the Earth's dipole tilt angle and a

significant variability caused by the solar wind fluctuations and magnetospheric

,uirtor.r. Though widely u,"d in various experimental and theoretical studies'

the existing modils p.ouid" only average and often too crude approximations

forhighlyvariableactual'field.Thisreviewdiscussesthefundamentalsofthe
nl^i-g""n"ru,ion models, including the problem of their calibration by the solar

*inOi*ullr"ters, modeling the fiJd from Birkeland currents, and a new approach

to fitting models against data.

I.INTRODUCTION

Studies in the solar-terrestrial physics led to recognizing the role of the

geomagnetic field as one of the most important characteristics of our environment'

ir," girti,,, magnetic field links the interplanetary medium with.the upper

ut*orpt"." andlhe ionosphere, guides the inergetic charged particles ejected

durinj solar flares, channels the low-frequency electromagnetic waves and heat

flux, 
-confines 

the radiation belt and auroral plasma particles, and serves as a

gi-.u""u,,,ulatorofthesolarwindenergythateventuallydissipatesduringthe
irugn"tic storms. Investigations of these phenomena are closely related to the

prof,t"rn of forecasting the "weather" in the near-Earth space which impacts many

urp""r, of modern technologies and human activities'

Forthisreason,itisimportanttohavereliabletoolsforcomputingthestructure
of the geomagnetic field, capable of taking. into account the magnetospheric

disturbance and other facto; defining variations of the near-Earth electric

current systems. In many applicationi it is often necessary to evaluate the

"onlpon"nt, 
of the geomagn"ii. ri"to vector 

^in 
a wide range of distances, trace

the field lines far a*ay frJm the Earth's surface, calculate the geomagnetically

"onlugut" 
points, and map a spacecraftlosition .with 

respect 
-to.c^haracteristic

;;;;;rfi"ric/ionospheric boundaries. This requires to use quantirative models

of the Earth's distant magnetic field'
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This paper overviews the data_based approach to mo<ieling the
geomagnetosphere. Its essence consists in collecting large amounts of malgnetic
field observations inside the magnetosphere, combinea with simultaneous data
on the state of the solar wind, and using this information to fit the parameters of
appropriate mathematical forms representing the model field.

II, FUNDAMENTALS OF THE APPROACH

The first data-based- moders of the geomagnetic field were created by Gaussill still in the first half of the last century. nt titut time, nothing was known
about the ionosphere/magnetosphere and the geomagnetic modeling was rimited
to the field at the Earth's surface, where v * E - o ind hence Ei ="-vu (which
is nonetheless a good approximation even out to a few Earth's radii). since
the Earth's surface is very close to a sphere, the natural coordinate system is
a spherical one, in which the scalar potential is represented as an expansion in
spherical harmonics:

N
(J = RBi t?i".' t4f ,or^) + hi sinm\)P! (cos g) (1)

This is u o'urn"*u,"] model of rhe main geomagnetic field, produced by the
dynamo currenrs flowing inside the Earth. The datJbase u."a uj Gauss included
only 84 vector values of 6, so he had to limit the summation at N=4. Nowadays,
due to a world-wide and continuous coverage by ground-based, marine, airborne,
and low-altitude satellite measurements, the values of the coefficients have been'calsufalr6 up to N - 50 tzl, though standard models are usually ,.un"ur"d u,
N=10.

The main geomagnetic field is rigidly "tied" to the rotating Earth, and its
models_(i.e. expansion coefficienrs) are updated every 5 year; kno;n as theIGRF (Inrernarional Geomagneric Referenci Field) models i3l.

If there were no electric currents of 6 outside the Earth, itr" totat geomagnetic
field throughout the whole 3D space would be uniquely ."pr"r"nr"i by a scalar
potential with coefficients determined from the ground-uur"i dutu only. The field
lines could then be traced from Earth to spu"" *ithout any measurenients above
the ground, taking the advantage of uniqueness of potentiai fietos satisrying given
boundary conditions.

However, due to the presence of hot magnetospheric plasma permeated by
strong currents, the approximation v x E - o breaks down 

"u"n 
ut relatively

low altitudes, so that, beginning from R - 3-6R8, the contribution from the
extraterrestrial currents gradually overcomes the Earth's field, which is whywe cannot do without space magnetometer data providing information on 6
distribution in three dimensions.

- 
Modeling the magnetospheric field incrudes thus at least the following four

tasks:
( 1) Collect data and prepare the modeling data sets,
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(2) Devise mathematical methods to represent the field,
(3) Find appropriate criteria of fitting a model to data and develop numerical

algorithms for implementing these criteria,
(4) Once the model is fitted to the data, it should be tested for consistency

with various physical constraints and checked against independent data
(e.g., pressure balance at the boundary, particle precipitation patterns in the

ionosphere, etc.)
Although this paper covers the empirical modeling only, a few words should

be said about the alternative approach, employing the MHD numerical codes as a

tool for simulating the real magnetosphere (e.g., [4]). One should be careful with
directly comparing the results of both methods, just because they do quite different
things. Data-based models try to be consistent with the observed field; however,
they cannot fit the physics exactly, since they use simplified approximations for
the distribution of the field sources and are based on data taken by a few spacecraft

at different times and, hence, average intrinsically time-varying situations.

On the other hand, the MHD simulations try to be consistent with the physics,

but are not always consistent with the nature because of inevitable limitations of
the MHD approach, finite grid size, and related mathematical problems.

Hopefully, some day these two approaches will meet somewhere in the

middle. As of today, we are still quite far from that goal.

After almost four decades of space research, we know that the distant
geomagnetic field is a complex structure, confined within a boundary and gaining

contributions from five major sources, which are (1) Earth's internal field, (2)

the magnetopause current, (3) the tail current, (4) the ring current, and (5) the

Birkeland culrent systems.

The above current systems largely differ in their properties, and each of them

can be best represented by using its own coordinate system ahd its own set of
functions. This is what we call a "modular approach": represent contributions

from the principal current systems separately and then sum up the terms:

E = 68.'.o * 6up * 6nc + 6.",,+ 6si't Q)

The problem of quantitative modeling of the magnetospheric field is

complicated by the high variability of the external currents due to

(1) external changes in the solar wind pressure, temperature, flow direction, and

IMF,
(2) intrinsic rapid changes inside the magnetosphere due to instabilities, including

substorms, which, in fact, are initiated by the external factors,

(3) The Earth's rotation and orbital motion, which cause periodic changes in the

geodipole tilt angle with respect to the solar wind direction.

With regard to data, it implies that we need a large database with a good

coverage not only in XYZ-space, but also with respect to the geodipole tilt angle

(which means that both solstice and equinox periods should be represented),

solar wind parameters, including the dynamical pressure and the interplanetary
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magnetic field, as well as geophysical indices quantifying the state of the internal

malnetospheric currents (e.g.' Dst and AE)'

The "raw" rnogn"rorn"i"r data cannot be directly used in the modeling

studies, because they usually have excessively high resolution in space and time'

The closely spaced observations on a given spacecraft pass are in-fact highly

"o.."fot"a 
und 

"unnot 
be considered as completely independent' Therefore' to

avoidredundantandunmanageablemulti.gigabytedataSetS,onehastosomehow
consolidate the data [5.l.

For that reason, the raw data undergo the following procedures:

-crudeautomaticeliminationofthedatatakenoutsidethemagnetosphere,
based on a simple model magnetopause'

- subtraction of the Earth's main field (IGRF)'

-accuratevisualinspectionofthedataplotsandselectionofgooddataintervals,
- averaging of the measurements over <0'5 Re segments'

- tagging the uu"rug"dou records withlhe simultaneous data on the solar wind

(8, N,i, V) and geomagnetic indices (Kp' Dst' AE)'

Thelastupdateofthemodelingdataset[6]includedTg'T45vector6averages
taten uy l1 spacecraft auring ts56-tsso. Fig. I shows the datapoint "cloud"

corresponding to the database'
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Figure 1. Distribution of the magnetosPheric dataset ' Point:-:ltllt"!l*-T
th; r,oor,-midnight meridian plane. The average magnetopause posltron ts

shown bY the broken line'

Thedatacomprisedbytheobservationaldatabasecontainalotofinformation
ontheaveragerrru",ur"ofthemagnetosphereanditsdependenceonexternal
conditions. How can that information be extracted ? As already mentioned' our

upf.ou"r, is to develop ,"ulirri" and flexible modules approximating the field from

"uih 
,ou."" in (2) and then fit their parameters to the data. The first term BEartrr

i, i"pr"r"n,"d by the IGRF models, and will not be discussed here. This paper
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deals with the rest four terms in (2), representing the contribution from four major

extraterrestrial current systems, which are described below in more detail.

III. MODELING THE MAGNETOPAUSE FIELD

The field 6up is produced by currents ilap flowing in the thin boundary

separating the solar wind plasma from the geomagnetic field. Their presence

has a two-fold effect: (a) the corresponding outward electromagnetic force i x 6
balances the inward pressure exerted by the solar wind plasma, and (b) the field

6r,rp, when added to the rest of the terms in (2), confines the lines of the total

field within the boundary and is thus responsible for the very existence of the

magnetosphere.
How can the field 6r, be determined and represented ? One possible

approach, developed in [7-10], is not really data-based, but tries to derive both

the shape and the field of the magnetopause from a crude model of the pressure-

ualanced boundary between the solar wind and the geomagnetic field. The

resulting field is only given numerically, and this poses another problem, since

we need compact analytical expansions, easy to apply to satellite observations.

A more appropriate way is to use direct observations of the magnetopause and

approximate iit uu".ug" shape as a function of the pressure and IMF B" 111,121.

lhe magnetopause field can be obtained as a solution of a boundary-value

shielding ptobl"rn for the scalar potential U, so that 6 = *VU and

AU
dn - (B'"' n)1,

This approach was used in the past b;'several authors t13-161. However,

until recenily, only a few analytical solutions for this problem were known, limited

to the case of shielding the Earth's dipole inside a few analytical boundaries'

In [17], the analytical solutions were extended to the case of the tail current

shielding inside the ellipsoidal magnetopause, while in [18] a numerical solution

was derived for more general boundary shapes. In our recent paper [19], an

analytical model was developed, with the dipole, tail, and ring current fields,

coniined inside a realistic boundary by means of an approximate "least-squares"

shielding method [20].
The laner approach is illustrated in Fig. 2 [19] showing the geodipole field

confined inside a given boundary with a realistic shape and size. The configuration

in Fig. 2 does noi include the effects of the tail and ring currents. Owing to the

linearity of the boundary problem (3), these terms can be treated separately, and

we will discuss them in the next section.

Y2U=0
(3)
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Figure2.ThelinesoftheEarth'sdipolefield,confinedwithinamodel
magnetopause.

. The ,'least-squares" shielding method allows to model the magnetopause

field for a wide variety of observed boundary shapes, parametrized by the

solar wind pressure and the Earth's dipole tilt angle, and can be extended in

a straightfoiward way to represent open magnetospheric configurations with a

controlled reconnection of the magnetic flux across the magnetopause.

IV. MODELING TIIE TAIL AND RING CURRENT FIELDS

Anotherproblem,successfullysolvedduringrecentyearsl2l-24lwasthe
modeling of iwo major internal magnetospheric current systems: the tail current

and the ring current. A principal difficulty was to satisfy two apparently

incompatiblJ requirements: the models should provide realistic and flexible

"urr"ni 
distributions and, at the same time, be described by simple and compact

mathematical forms.
According to observations, the tail culrent is concentrated near the equatorial

plane, with the i vector directed from dawn to dusk. The current density increases

sunward, gradually blending with the ring current contribution and reaching

maximal values at R - 5-7 Rs. The tail current sheet also warps and bends, in

response to the Earth's dipole tilt. These are experimental facts which should be

somehow matched in a model.

The essence of our approach is first to devise a family of simplest elementary,

or "nucleus". solutions and then upgrade and superpose them, gaining more

flexibility and realistic features, thus enabling the final model to closely match

the obseived electric cunent structures. In the tail field models t23l and Q \
the original "nucleus" solutions were based on vector potentials, which ensures

that thJ magnetic field remains divergence-free, whatever modifications of the

.4 --' +l
\]\

\\
't/

-
_4
---+F+_
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initial potential were applied. In more detail, the basic "construction block" was

defined as a simple axially symmetric vector potential having only one non-zero

component in the azimuthal direction

i = A1p,4',z1aa Q)

corresponding to an infinitely thin equatorial current disk. A specific form of the

function A(p, 7, z) is deduced from a simple soiution of the equation V x V x i = 0

forz>oandz<0.
The following steps are then made to transform this "nucleus" solution into a

realistic model for the tail magnetic field:

(1) spread out the initially thin current sheet over a finite thickness D(x,y)'

(2) superpose several sheets with different scales of the radial fall-off, in order to
' 

obiain a desired profile of the current distribution'

(3) replace zby z = z - z"(x,y,Ir), which allows one to model the tilt-dependent

warping of the sheet in two dimensions,

(4) coniine the field of the current sheet inside the model magnetopause by fitting

theshieldingpotential.AtthisStep,assuming6=ooutsidetheboundary
interrupts the cross-tail current flow and closes it along the magnetopause'

withoutviolatingMaxwell'sequations.Essentiallythesameprocedureis
used for the derivation of a shielded fing current field'

Figure 3. A perspective view ofthe electric culrent flow lines ofthe model

;"iil;; 
"urr"nt 

iz+j. ihe equatorial cross-section of the magnetopause is

shown bY broken line'

Fig.3showsa3Dviewoftheelectriccurrentflowlinesinthemodeltail/ring

"urr"nf 
system 1241, and Fig. a tlgl displays the magnetic field lines of the

tail current system, confined within the model magnetopause by using the "least

squares" shielding method '
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Figure 4. The lines of the field produced by the tail current system' confined

wiihin the model magnetopause [19]'

V. MODELING TTIE FIELD OF BIRKELAND CURRENTS

Birkeland currents flow in and out of the auroral oval and link

electrodynamically the *ujn"torpt"re with the ionosphere. According to [25],

ii" ,o,ui*ugnitude of Birkeland currents is comparable with that of other major

current systems (a f"* Uemps), and hence-they should significantly modify the

magnetii field, at least during southward IMF'

However, there is no "tliry 
as to where the Birkeland currents go in the

magnetospher":almost-allofexistingstatisticaldatacamefromlow-altitude
measurements. In [26], an attempt to irace the Birkeland currents to the distant

magnetosphere by using a tu'g"ipu""oaft database' A systematic shear of 6

vectors on crossing'tn"'pius-"a sheet boundary was found' consistent with the

Region-l current. The net field-aligned current in the near tail was estimated

toapproximatelyequal500-700kA,i.e.aboutone-thirdofthetotalRegionl
current measured at low altitudes, which is consistent with the mapping of the

ii.;i-u-fo,".n tal2|ldistribution to the magnetosphere along the model field lines'

AnotherproblemlnmodelingtheBirke]andcurentsishowtorepresenttheir
*ug*,i"fieldonaglobalscale'Inprinciple,thefieldduetoanycurrentSystem
can be computed Uy inielratlng thaBioJsavart equation, once the geometry of

the current flow is t o*"1 ioni"u"r, the Biot-Savart integration is very slow and

expensive, not to mention the need to take care of singularities of the integrand'

And this is why ,l*pi" unutytical solutions are of great value' U-nfortunately'

the Birkeland currents have iather complex geometry' and it is difficult to find

appropriate generic "nucleus" models ior them' One of candidates could be

a "cone" model [27], "iit*i"g 
a very simple analytical vector potential' In

iZSl anO [29] analytical modei for the field from Region 2 Birkeland currents
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were developed. Even under simplifying assumptions with regard to the current
distribution, the obtained solutions are rather complex.

At present, a significant progress has been made in this area. A feasible way
of handling the Birkeland field problem is to start with plausible configurations
of thin current sheets and then approximate the field outside the current layer with
an appropriate combination of scalar potentials [28].

VI. FITTING AND PARAMETRIZING MODELS

Having developed the mathematical "modules" for the field of the separate
magnetospheric current systems, we can represent the net field as the sum:

6ro.", = 6s..tl' * Er"rp + 6r.l + Enc + 6si.L (5)

where each term on the right is a function ofposition in space fr. and also depends
on the Earth's dipole orientation, given'by the tilt angle v = \t(UT). Furthermore,
each term but the first one should contain a parametric dependence on the solar
wind characteristics and can also be parametrized by routinely observed indices,
reflecting the intensity of the magnetospheric currents. For example, the Dst-index
can serve (with some caveats in mind) as a measure of the ring current magnitude,
while the size of the polar cap should be closely correlated with the tail flux and
hence can be used as a measure of the tail current.

The simplest way of parametrizing the model is to bin the data into several
intervals of a parameter and then create a sequence of models, corresponding to
the sequence of data subsets. That method was used in generating families of the
earlier models [22,23), binned by the Kp-index.

In a recent modeling effort [19] that primitive approach has been abandoned:
(1) instead of the Kp-index, the models are parametrized by the solar wind
pressure, P6r", Dst-, and AE-indices, and (2) instead of binning the data and

computing separate subsets of coefficients, we represent the magnitudes of the
electric current in the model magnetospheric sources as continuous analytic
functions of Pann, Dst, and AE, and make the least-squares fitting of the model in
the 7-D space {X,Y,Z,'!,P6u",Dst, AE}.

The next important question is how to choose a criterion for fitting the model
to data. The merit function to be minimized should be directly related to the
physical quantity we need to define from the model. For example, if a global
distribution of the particle gyrofrequency is needed, the only relevant parameter
would be the scalar magnitude of the field, regardless of its vector direction. In
contrast to this, in many applications of the geomagnetic field models, the most
essential requirement is their ability to provide as accurate as possible field-line
mapping between the ionosphere and the magnetosphere. In this case, what really
counts is the direction of the magnetic field 5 = n7r.

In deriving the old models, the r.m.s. deviation of the full vector of the model
field from data was defined as the merit function:

- Rr:, . .l: /Nmoacr, /

s49
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That criterion gave preference to the majority of the data points with large values
of 16l. In particular, a prevalence of relatively large tail lobe fields over weak
plasma sheet fields resulted in significant mapping inaccuracies.

The new criterion is focused on minimizing the directional discrepancy

which provides much more robust and realistic field configurations on the
nightside. Fig. 5 shows a sample of the model field line configuration for a typical
set of values of the solar wind pressure, Dst and AE.

-20
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Figure 5. An example of the model magnetospheric field configuration for
average solar wind conditions, obtained by using the "directional" fitting
criterion [9].

VI. SUMMARY

A significant progress has been made during the last years in the development
of new magnetospheric field models:

A highly flexible, realistic, and simple new model was devised for the
tail/ring current.
Using the "least-squares" approach, the field from the magnetopause currents

was constructed, confining the total field within a realistic boundary. This
allowed to parametrize the magnetopause field by the solar wind pressure.

A new "directional" criterion for fitting the model to data was developed,
providing better accuracy of the field line mapping.

- First analytical representations for the field of Birkeland currents were
developed.

(7)
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An extended spacecraft magnetometer data set for the modeling has been
compiled, comprising about 80,000 vector averages measured during 1966-
86.

- Based on the above achievements, a new magnetospheric field model was
devised, parametrized by the solar wind parameters and geophysical indices.

Among the top priorities for future modeling efforts are the following
problems:

- Finding more flexible analytical representations for the field of Birkeland
currents.

- Incorporation of additional spacecraft data and the polar caplauroral oval
data for parametrizing the tail and field-aligned current modules.

Devising quantitative models, capable of representing transient events, in
particular, the substorm current wedge.
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