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David P. Stern and Nikolai A. Tsyganenko

When exploring a new country, one
needs a good map. The Earth's magneto-
sphere is such a country, and its "maps" are
models of the geomagnetic field. In essence
they are mathematical prescriptions imple-
mented by computer which, given (x,y,z) of
a point and other supporting information,
return the point's expected magnetic compo-
nents (B*, \, B) [?"syganenho,1990l.

At present, the empirical magnetic field
models by Tsyganenko [1987, l989a,c; de-
noted henceforth as T87 and T89l are often
used in various studies of the Earth's mag-
netosphere. Stern [19901 has devised modifi-
cations of T87 with current-free tail lobes
and with a plasma sheet that warps in re-
sponse to dipole tilt lPeredo and Stem,
l99l l.

Featurres

An ideal model should meet two main
requirements. First, it should faithfully repre-
sent the effects of the five main sources of
the magnetospheric field: the Earth's internal
field, magnetopause currents, the ring cur-
rent, tail currents, and the system of Birke-
land currents. This is generally achieved by
making it modular, for example, by super-
posing five contributions, one from each
source.

Second, the model should be flexible,
taking into account various factors that affect
the magnetosphere. One is the tilt angle r!,
the complement of the angle between the
dipole axis and the Sun-Earth line. Other
factors representing the state of the magneto-
sphere are gauged by indices such as the
auroral electroiet index (AE), Dst, the solar
wind pressure (p), the interplanetary mag-
netic field (lMF), and the area of the polar
cap.

The Tsyganenko models satisff these re-
quirements only in part. They do contain
"modules" for two external curent systems:
the ring current and the tail current. The tail
current description in particular is fairly de-

David P. Stern, Laboratory for Exkaterrestrial Phys-
ics, Goddard Space Flight Center, Greenbelt, MD
20770; Nikolai A. Tsyganenko, Institute of Physics,
University of St. Petersburg, Stary Petergof, St. Pe-
tersburg 198904, Russia (until February 1994, visit-
ing fellow at the laboratory for b<traterrestrial
Physics, Code 695, Goddard Space Flight Center,
Greenbelt, MD 20770)t

Copyright 1992 by the
American Geophysical Union
0096/3941 t7 346/92/489/90 1.00.

tailed, and this is the main difference be-
tween the two models. In T87, the tail is
viewed as a superposition of straight fila-
ments, while the T89 tail is built up from
modifl ed disk distributions.

Howwer, no specific modules cover the
magnetopause and the Birkeland current sys-
tem, instead the effects of these currents are
represented by an all-purpose "polynomial."
Their combined contributions to (B*, B", B,)
are given as sums of terms, each a product
of powers of (y,z), an x-dependent o(ponen-
tial and sinrf or cosg, giving the dependence
on the tilt angle rf.

The resulting formulas involve about
thirty parameters that speciff the model. Co-
efficients of the polynomial constitute the
largest group of parameters, but some others
have physical meanings, for example, the
distance xN to the beginning of the plasma
sheet (at midnight) or the scale half-thick-
ness D of the plasma sheet current layer. In
all cases, the values of these parameters
have been obtained by least-squares fitting
them to a large set of averaged observations
by IMP and HEOS satellites.

Th€ dependence on magnetospheric indi-
ces is simplified as well. The models use
only one index, the general disturbance in-
dex Kp, which is usually only available at
3-hour intervals; a separate set of model pa-
rameters is provided for each of several
ranges of Kp. This choice is far from ideal,
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keep in mind that averaged models do not
properly describe fast variations.

Llmlatlons
Any serious user of these models should

have at least some familiarig with the arti-
cles on which they are based and should, in
particular, be aware of the limits of their va-
lidity. For instance, an earlier model [tsygo-
nenho and Usmanou,l982l used a relatively
crude "tail module." lts authors warned that
it was only valid for x > -15R, (GSM coordi-
nates), yet many researchers applied it to
much more distant points.

T87 and T89 are claimed to be valid up
to x : -60 to -70 Rr, coresponding to the
most distant observations used in deriving
them. But even within that limit, there exist
at least three other reasons why the pre-
dicted B may be quite different from what is
observed:

(l) Models only give average values of
the field, whereas actual values vary greatly
around such averages. Figure I gives values
of the north-south component B" in the tail
near midnight, observed by ISEE-I for
Kp < 2+, I y I < 10, distance from the
"warped equ tor" less than 2 R, and B"
= (Bx2 + Bri)to less than 5 nT. Eacn point
represents one average B vector observed by
ISEE-I, and the values are plotted against x,
distance along the Sun-Earth line. Tail values
of B" have a particular physical significance
since they determrne the onset of nonadia-
batic motion and the mapping of the auroral
oval. The average (except near Earth) is
about 5-6 nT. vet it will be noted that the

Fig. I. Values of B"
near the equatorial
surface of the plasmo
sheet, obserued by
ISEE-I and plotted
here ogainst x, dis-
tance along the Sun-
Earth axis. The solid
line is the prediction
of the 789 models,
with coefficients de-
riued from the com-
bined IMP-HEOS-ISEE
set.
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Availabilfty
FORTRAN codes implementing the mod-

els, imprwed sets of coefficients based on
the combined IMP/HEOS/ISEE data set, as
well as a full list of Enata for the published
versions of the models are available from
either author of this article by e-mail until
February 1994 over the NSI network, formerly
SPAN, at DEC protocol lepvax::ys2nt, or
$CP P protocol) at
ys2nt@lepvax.gsfc.nasa.gov. T87 codes with
Stem's modifications are available at
lepvax::uSdps. Coefficients for modified T87
can be requested from Mauricio Peredo at
lepvax::xr2mp,
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observed values are spread from 2 nT to 8
nT.

This behavior is typical. lndeed, the pub-
lished models display an even greater rms
scatter, typically 12 nT (see row 3 in tables I
and 2 in T87, and in Table I in T891. These
are contributed mainly by regions of stronger
field (for example, synchronous orbit),
where the absolute value of the fluctuation is
larger than here. To be sure, this variability
may be increased because all magneto-
spheric activity has been lumped into one
index Kp; had we taken into account more
and/or better indices, the scatter would prob-
ably have been smaller. But it would never
vanish, for like atmospheric weather, the
state of the magnetosphere reflects many
small factors that cannot be tracked down in
any feasible way.

(2) Models are only as good as the data
on which they are based, and one should
not expect accuracy in regions of few or no
data points. Of the satellites used to con-
struct models, only the two HEOS missions
covered high latitudes, and their coverage
was lrmited. The position of the highJatitude
magnetopause given by T87 and T89 is
therefore mostly an extrapolation, and such
features as the north-south asymmetry of the
model magnetopause for large values of the
tilt angle r! should.not be taken seriously.

A more subtle example is the recently
noted discrepancy in the tail's values of B"
between ISEE-I observations (-10 > x> -22)
and values predicted by T87 and T89
IHuang,l990, l99l; Peredo and Stem, l99l;
Tsyganenho et al.,1992; Shone and Ros-
toher,19921. These values turned out to be
typically 6 nT, whereas T89 predicted - 3 nT
and T87 = 4.5 nT. lt turned out that the in-
clined orbits of the IMP satellites, on whose
data the published models were based, pro-
duced a relatively sparse coverage of the
equatorial region of the plasma sheet. The.
value of B, in the tail decreases with increas-
ing I z I, ultimately reversing sign to match
the flaring of the flanks, and this, together
with the sparseness of equatorial data
points, might create a bias favoring lower
values of B". A new set of T87 coefficients
extracted from ISEE data (M. Peredo, D. P.

Stern, N. A. Tsyganenko, Unpublished Manu-
script, 1992) does in fact give B, values that
fit ISEE averages.

t3) If the model is supposed to faithfully
represent a certain feature, it is generally
essential to "build that feature into the mod-
el." Similarly, any factor omitted in con-
structing a model will have its effects
smeared out.

For instance, a general polynomial is not
capable of representing the thin sheets of
Birkeland currents, so that whatever their
signature is in T87 and T89, it is by necessity
smeared out. Any good representation of
Birkeland currents mrst be able to represent
thin, field-aligned sheets. Similarly, any fac-
tor omitted in constructing a model will have
its effects smeared out.

The specific representations of current
systems by the various "modules" are iust
approximations, too, and may have built-in
inaccuracies. Average tail values of B, are

known to be weaker near midnight than
closer to the flanks lFairfteld,19861, and in
trying to represent this variation, T89 has
underestimated B" values near midnight. The
solid line in Figure I is, in fact, the midnight
trace of a T89 model, not the one used by C.

Y. Huang that was found too low, but one
calibrated against combined data from IMP,
HEOS, and ISEE-I ITrsyganenho et al.,19921.
A conesponding trace from y=10 would give
higher values, but the one at midnight,
which was also used for comparisons by
Shone ond Rostoher [9921, is obviously too
low even though the middle of the plasma
sheet has been adequately represented in
the dataset. Figure 2 shows the y-depen-
dence of B" at x = -18 Ru, together with ISEE
data points taken within 2 Rg of that x,
again, with B, < 5 nT. Once more, it is diffi-
cult to see the trend because of the wide
scatter. Researchers seeking models for field
lines near midnight might prefer T87 with
Peredo's new coefficients, but they must also
be aware of the wide range covered by ac-
tual observations in this region, shown in
Figure l.

Outlook
With all their limitations, it is surprising

that the models work as well as they do. For
instance, the behavior of the near-Earth
plasma sheet lLopez,l990l fits models
rather well IPeredo and Stem, l99ll. Still, it
must be remembered that this is an averagetl
behdvior, not specifi c observations.

The published versions of both T87 and
T89 fail to take into account the fluctuations
of the solar wind momentum flux ("pres-

sure") p. The effect of p is most pronounced
on the day side and, as expected, values of
B there fluctuate widely around model pre-
dictions lFairfield, l99ll. Future models are
expected to represent the magnetopause
field by a scalar potential and could accu-
rately reflect effects on the magnetopause
due to p and also to IMF B", which were re-
cently estimated by [SrbecA. et al.,l99l;
Roelof and Sibech,19921. This method not

only assures that the magnetopause field is
curl-free in the interior, it also remedies the
uneven magnetopause boundaries and the
spuriously open field lines found in T87 and
T89 (especially at large values of t), both
traceable to the use of a polynomial.

The very idea of the scalar potential rep-
resentation of the magnetopause field goes
back at least to Mead 119641. However,
spherical harmonic expansions employed by
Mead, later by Choe and Beard [19741, and
recently by Schulz and McNab [19871 are
good only within a limited region, R<l0RE,
and therefore necessarily should be com-
bined with a different representation in the
tail (for example, yorgt [981]). In this re-
spect, a much better description can be ex-
pected from ellipsoidal harmonic expansions
lTsyganenho,l989bl that prwide a single
compact representation for the scalar poten-
tial, valid from the subsolar region up to at
least 50Rr down the tail. One convenient
feature of the ellipsoidal model is that its
parameters can be easily calibrated to repre-
sent the results of .Sl'DecA ef aL [I99I L who
fitted the average observed magnetopause
shape by axisymmetrical ellipsoios. Other
ways of representing the magnetopause field
also exist, using parabolic harmonic expan-
sions [Stem, 19851 or purely numerical
schemes lSpiro et a1.,19921.

As limited as they are, T87 and T89 are
much more detailed and flexible than earlier
models, for example that of Olson and
Pfitzer !l974l. As shown above, many ofthe
shortcomings of these models stem from the
use of an "all-purpose" polynomial to repre-
sent fields of the magnetopause and the Bir-
keland curent system.

The latter is harder to represent, but a
hopeful beginning exists (N. A. Tsyganenko,
Unpublished Manuscript, 1992; D. P. Stern,
Unpublished Manuscript, 1992). With mod-
ules for all four external systems, a realistic
representation becomes feasible, and given
appropriate supporting data (AE, p, IMF B,,
polar cap size, Dst) it might be possible to
substantially reduce the mean enor o. Slay
tuned!
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near x =-18 R, ob-
serued by ISEE-I and
plotted against the
solor-geomagnetic
dawn-dush coordinate
y. The solid line is as
in Figure l.
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Avafhbilfty
FORTRAN codes implementing the mod-

els, improved sets of coefrcients based on
the combined IMP/FIEOS/ISEE data set, as
well as a full list of Enata for the published
versions of the models are available from
either author of this article by e-mail until
February 1994 over the NSI network, formerly
SPAN, at DEC protocol lepvax::ys2nt, or
$CP/IP protocol) at
ys2nt@lepvax.gsfc.nasa.gov. T87 codes with
Stem's modifications are available at
lepvax::uSdps. Coefficients for modified T87
can be requested from Mauricio Peredo at
lepvax::xr2mp.
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