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This paper surveys recent results of the model-

ing of the external geomagnetic field, based on multi-
spacecraft data from the inner and near magnetosphere
(R < 15Rp), supported by concurrent observations in
the upstream solar wind. At quiet times, the mag-
netic field of external origin does not exceed a few
tenths of percent of the total geomagnetic field at the
Earth’s surface. During large storms, the contribution
from ionospheric and magnetospheric sources dramati-
cally increases and can reach a few percent of the main
field. At low latitudes, most of the large-scale exter-
nal disturbance comes from the symmetric and partial
components of the ring current; a significant effect is
also due to the near-Earth part of the tail current. At
higher latitudes, the largest contribution is made by
Birkeland currents and the auroral electrojet. The ex-
ternal field is largely variable on a wide range of time
scales, reflecting incessant variations in the incoming
solar wind and the IMF. It also responds to diurnal
and seasonal periodic changes of the tilt angle of the
Earth’s dipole. BEarly empirical models used a primi-
tive parameterization, in which the data were simply
binned into a few intervals of the Kp index. Subse-
quent studies were aimed at the development of more
accurate models, parameterized by the observed geoef-
fective characteristics of the interplanetary medium. In
our most recent work, a new approach has been devel-
oped, making it possible to represent the actual dynam-
ics of the magnetospheric currents during interplane-
tary disturbances. In contrast with earlier efforts, the
new model takes into account the entire history of the
external solar wind driving of the magnetosphere dur-
ing a storm. In doing so, we used spacecraft data taken
during 37 storms in 1996-2000 [Tsyganenko et al., JGRA,
v.108(A5), SMP-18, 2003] and employed the idea that
each major source of the magnetospheric field evolves in
time according to its individual solar-wind /IMF driving
function, has its own decay timescale and a nonlinear
saturation threshold. A strikingly good agreement was
found between the Dst field at Earth and that calcu-
lated from the model field, in spite of the fact that we
did not include any ground-based data in the model-
ing dataset. An important corollary of this modeling
effort is that it provides an accurate estimate of con-
tributions to the ground Dst field from major magneto-
spheric currents, and their variation during the entire
cycle of a storm. The obtained results can be viewed
as a significant milestone in the pursuit of a realistic
field model, based on spacecraft observations. Empir-
ical magnetosphere models are sometimes dismissively
termed as "static”, "synoptic”, or "climatology” mod-
els, to contrast them with dynamic MHD simulations.
In that regard, our results clearly demonstrate that,
once large sets of nearly continuous and accurate inter-
planetary and magnetospheric data become available, it
is possible to develop a truly dynamical external geo-
magnetic field model and use it to reproduce (and fore-
cast) the entire process of a magnetospheric storm, as
it unfolds in time.

NASA GSFC,

URL: http://nssdc.gsfc.nasa.gov/space/model/
magnetos/data-based/modeling.html
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In this presentation we report on our continuing ef-
fort in geomagnetic data assimilation, aiming at un-
derstanding and predicting geomagnetic secular varia-
tion on decadal time scales. In particular, we focus

on the effect of the torque balances on the cylindrical
surfaces in the core co-axial with the Earth’s rotation
axis (the Taylor cylinders) on the time evolution of as-
similated solutions. We use our MoSST core dynamics
model and observed geomagnetic field at the Earth’s
surface derived via Comprehensive Field Model (CFM)
for the geomagnetic data assimilation. In our earlier
studies, a model solution is selected randomly from
our numerical database. It is then assimilated with
the observations such that the poloidal field possesses
the same field tomography on the core-mantel bound-
ary (CMB) continued downward from surface observa-
tions. This tomography change is assumed to be effec-
tive through out the outer core. While this approach
allows rapid convergence between model solutions and
the observations, it also generates sever numerical in-
stabilities: the delicate balance between weak fluid in-
ertia and the magnetic torques on the Taylor cylinders
are completely altered. Consequently, the assimilated
solution diverges quickly (in approximately 10% of the
magnetic free-decay time in the core). To improve the
assimilation, we propose a partial penetration of the
assimilation from the CMB: The full-scale modification
at the CMB decreases linearly and vanish at an interior
radius ra. We shall examine from our assimilation tests
possible relationships between the convergence rate of
the model solutions to observations and the cut-off ra-
dius ra. A better assimilation shall serve our nudging
tests in near future.
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Ionospheric their
geomagnetic-field-aligned produce a
ety of signatures in the geomagnetic field measured
at low-Earth-orbit (LEO) altitudes. Analysis of these
signatures with the aid of simulation models can pro-
vide a wealth of information about ionospheric electric
fields, currents, and conductivities; about thermo-
spheric winds; about magnetospheric processes; and
about magnetosphere-ionosphere-thermosphere inter-
actions. We survey the observations and simulations of
LEO magnetic fields associated with ionospheric and
geomagnetic-field-aligned currents, and discuss what
they tell us about the ionosphere, thermosphere, and
magnetosphere.

currents and associated

currents vari-
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During seven weeks before the M=7.6 Chi-Chi
carthquake in Taiwan on Sept. 21, 1999 and during
the month-long aftershock sequence, strong magnetic
field anomalies were recorded by two ground stations
LY and TT close to the 100 km long, N-S trending
fault line that broke during the Chi-Chi event. The
magnetic anomalies occurred in hour-long pulses and
reached total field intensities of 200 nT (above a 5
nT background). They imply powerful E-W trending
ground currents of the order of 500,000 Amp. Assum-
ing the magnetic anomaly to arise from a linear source,
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ignal strength at satellite altitudes of 300-700 km
is estimated to be of the order of 3.3 - 1.5 pT, respec-
tively. Modeling the ground conductor we find cur-
rent densities of the order of 0.1 mAmp per square me-
ter. We report on a laboratory study to measure the
electrical conductivity of igneous rocks placed under
stress. We find that the increase in conductivity is due
to electronic charge carriers, which are positive holes
(p-holes), e.g. defect electrons in the valence band of
the otherwise insulating minerals. The current densi-

2004 Joint Assembly

ties obtained from the rock deformation experiments
are of the same order of magnitude as those inferred
from modeling the Chi-Chi ground conductor.
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A stratospheric balloon flight at 30 km altitude
measured the geomagnetic field intensity along a 6000
km track extending from Kamchatka to near the Ural
Mountains. When the Comprehensive Model based on
satellite and ground data (Sabaka et al.,2003) was used
to remove the main and external fields from the ob-
served data, magnetic anomalies of several 100 nT am-
plitude and 250 to 750 km wavelength are observed.
They have not been observed before because the wave-
length of these anomalies is too short for them to be
revealed in geomagnetic field models. Also they do
not appear in Russian aeromagnetic data where the
balloon track and the aeromagnetic coverage overlap.
Two dimensional (2D) magnetic models show that bal-
loon anomalies may be caused by very magnetic, some-
times deep geologic bodies, although such bodies do
not correspond to recognized geologic features. In the
eastern part of the track these anomalies appear to be
due to the bodies of up to 5 km depth and magnetiza-
tions of 0.12 SI (0.01 cgs). Magnetizations required for
2D magnetic modeling were compared with measured
rock samples data from Magnetic Petrology Database
and attempt was made to estimate how well the sam-
ple magnetization can represent the average magne-
tization for the source bodies for the balloon mag-
netic models. The locations of magnetic petrology data
close to balloon track are related to the Urals Moun-
tains (South Mougodjar area, basalts), Mongolia and
Tuva ophiolites (serpentinites), Central Siberian Plat-
form (dunites), and Kamchatka (basalts).

URL: http://core2.gsfc.nasa.gov/research/terr_mag/
php/MPDB /frames.html
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A new map of Moho discontinuity for Levant (Is-
rael, Jordan, Syria, Lebanon and eastern part of
the Mediterranean Sea (including Cyprus and Eratos-
thenes)) has been constructed using integrated analy
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of geothermal, seismic, gravity, magnetic, tectonic and
some other geophysical and geological data. The devel-
oped map indicates that position of Moho in Levant is
minimal in the eastern part of Mediterranean Sea (22-
26 km), excluding regions of Cyprus (26-36 km) and Er-
atosthenes ( 27 km), and it is maximal for southern Is-
rael 36-40 km) and SW Jordan (38-40 km). On example
of Israel and adjoining regions of the Eastern Mediter-
ranean is shown that in the regions with low heat flow
and low vertical geothermal gradient the depth of the
Curie point could be greater than that of the Moho dis-
continuity. The new map of Moho discontinuity, along
with the improved methods of temperature calculation
at depth and geothermal gradients computing, were em-
ployed for development of a first Curie point depth map
for Israel and adjoining areas. Performed analysis indi-
cates that difference in rocks composition, values of the
Curie point for magnetite and titanomagnetite together
with the transition between ferric (Felll) and ferrous
(Fell) iron may lead to significant mistakes and ambi-
guity for the Curie point depth determination in differ-
ent regions. The obtained results also demonstrate that
magnetic data analysis may be used for determination
of the bottom edges of magnetized bodies/layers, but
for the Curie point depth determination (estimation) it
is preferably to apply geothermal methods. Examina-
tion of available geophysical data for Levant points at
very complex structure of the earth’s crust in Cyprus
and southern Israel. Some preliminary analysis allowed
to suggesting a presence of doubled oceanic crust in
Cyprus and fragments of ancient oceanic crust in the
upper mantle of southern Israel.
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A study is proposed to describe the propagation
of electromagnetic (EM) waves from the preparation
hypocentral focal volume to the Earth’s neutral atmo-
sphere. The study is based on primary concepts and on
phenomenological aspects related to previous observa-
tions and models. A realistic layered lithosphere and
the location of the focal volume at depth, have been
defined from seismic data. Two different vertical con-
ductivity profiles have been used for the lithosphere,
while the neutral atmosphere (below the troposphere)
is considered as a homogeneous insulator with constant
conductivity. According to the dilatancy-diffusion and
crack-avalanche models the source of preseismic EM-
waves at depth is assumed to be constituted by an ellip-
soidal volume of cracked rock in which micro-cracks are
elementary emitters. The two cases of elementary os-
cillating electric and magnetic dipoles and of an ensem-
ble of coherent elementary oscillating dipoles have been

studied. In the latter case a space distribution function
has been used to characterize the source. Then, using
the full set of Maxwell’s equations and applying poten-
tial theory (with opportune gauge and boundary condi-
tions) vector potential components are obtained in inte-
gral form and the corresponding electric and magnetic
fields are estimated as a function of frequency, distance,
and medium parameters. Displacement currents are
considered and no limits have been applied a priori to
the frequency spectrum of the EM source radiation. As
expected, results indicate that the upper lithospheric
conductive layer acts as a low-pass filter with a cut-off
frequency in the ULF/ELF frequency bands, depend-
ing on the electric conductivity. The electric and mag-
netic field amplitudes and related spectra, estimated at
the Earth’s surface, are in agreement with observations.
The study of interactions between ULF/ELF preseismic
electromagnetic waves and ionospheric plasma as well
as of the same waves with radiation belt particles is in
progress.
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We compare crustal magnetic anomaly maps over
the Kursk (Russia) and Bangui (Central African Re-
public) isolated anomalies and the Antarctic derived
from the Magsat, @rsted and CHAMP satellite fields.
‘We wish to demonstrate how progress in satellite mag-
netic missions has improved the recovery of the crustal
magnetic field. The 6-month long Magsat mission of 25
years ago generated two major methods of processing
satellite magnetic anomaly data for lithospheric stud-
ies. The first was a global perspective using spherical
harmonics that emphasize the more regional and global
lithospheric fields. However, these fields commonly do
not resolve local anomaly features in any detail. There-
fore a second procedure involved the use of the indi-
vidual satellite orbit or track data to recover small-
scale anomalies on a regional scale. We present re-
sults over prominent magnetic anomalies such as Kursk,
Bangui and the large Antarctic continent that demon-
strate how the various analysis methods affect the re-
covery of crustal anomalies. The more recent Orsted
and CHAMP missions are successfully recording data
with an improved accuracy and with full spatial and
temporal coverage. We show and interpret the total
magnetic intensity anomaly maps over these areas from
all three satellite magnetometer data sets.
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A global Magnetic Petrology Database (MPDB)
was developed and continues to be updated at
NASA /Goddard Space Flight Center. The purpose of
this database is to provide the geomagnetic commu-
nity with a comprehensive and user-friendly method
of accessing magnetic petrology data via the Inter-
net for a more realistic interpretation of satellite (as
well as aeromagnetic and ground) lithospheric magnetic
anomalies. The MPDB contains data on rocks from lo-
calities around the world (about 19,000 samples) in-
cluding the Ukranian and Baltic Shields, Kamchatka,
Iceland, Urals Mountains, etc. The MPDB is designed,
managed and presented on the web as a research ori-
ented database. Several database applications have
been specifically developed for data manipulation and
analysis of the MPDB. The geophysics unit at the
USGS in Menlo Park has over 17,000 rock-property
data, largely from sites within the western U.S. This
database contains rock-density and rock-magnetic pa-
rameters collected for use in gravity and magnetic field
Most of these
data were taken from surface outcrops and together

modeling, and paleomagnetic studies.

they span a broad range of rock types. Measurements
were made either in-situ at the outcrop, or in the lab-
oratory on hand samples and paleomagnetic cores ac-
quired in the field. The USGS and NASA/GSFC data
will be integrated as part of an effort to provide public
access to a single, uniformly maintained database. Due
to the large number of data and the very large area
sampled, the database can yield rock-property statis-
tics on a broad range of rock types; it is thus applica-
ble to study areas beyond the geographic scope of the
database. The intent of this effort is to provide incen-
tive for others to further contribute to the database,
and a tool with which the geophysical community can
entertain studies formerly precluded.

URL: http://core2.gsfc.nasa.gov /research/terr_mag/
php/MPDB /frames.html
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Satellite magnetometer observations of  the
Greenland-Tceland region compare quite well with
lower altitude data. The satellite magnetic data sug-
gest magnetically enhanced crust was emplaced by the
Iceland Plume. Crustal thicknesses, which may be
more than 30 km for the Greenland-Scotland Ridge,
were obtained from inversion of the compensating ter-
rain gravity effects that were estimated by spectral
correlation analysis of the free-air gravity anomalies
and terrain gravity effects. Regional magnetic anomaly
maxima overlie possible thickened crust from eastern
Iceland to the Greenland Coast. The Iceland-Faeroe
Ridge may involve thinner crust than the Greenland-
Iceland portion of the Greenland-Scotland Ridge. The
gravity derived crustal model exceeds a 0.7 correlation
with available seismic estimates. In thermally active
areas our gravity Moho estimates are systematically
deeper than the seismic estimates suggesting local
density reductions of the underlying lower crust/upper
mantle. In south central Greenland, on the other hand,
the gravity Moho estimates are shallower than seismic
estimates to suggest a local enhancement of the lower
crust/upper mantle density. The dichotomous crust
of the Greenland-Iceland and Iceland-Faroe Ridges
suggests unequal crustal development by the Iceland
Plume and the Mid-Atlantic Ridge, where more crustal
material may have been contributed to the North At-
lantic Plate than the Eurasian Plate. A new thermal
modeling scheme based on Poisson’s relation between
point pole gravity and thermal potentials allows es-
timation of magnetic crustal thicknesses. Subsequent
magnetic anomaly inversion for susceptibility contrasts
infers crustal development of the Greenland-Scotland
Ridge by temporally variable pulses in plume strength.
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If we ever hope to understand the non-seismic sig-
nals that the Earth sends out before major earthquakes,
we need to understand the physics of rocks that are
coming under increasing levels of stress. In particular
we need to understand the generation of electrical cur-
rents in the ground. We have begun to study how the
electrical conductivity of igneous rocks changes under
stress and what types of charge carriers are involved.
We show that granite and (quartz-free) anorthosite un-
der stress generate electronic charge carriers. These
charge carriers are positive holes (p-holes), e.g. defect
electrons on the oxygen anion sublattice. The p-holes
spread out of the stressed rock volume, the ”source vol-
ume”, into the surrounding unstressed rocks. This out-
flow of charges is probably the mechanism by which
ground currents can be generated. Large ground cur-
rents are necessary to generate local magnetic field
anomalies and low-frequency electromagnetic emissions
reported in the literature. The outflow of p-holes is ex-
pected to also lead to changes in the ground potential
and is implicated in the reported ”thermal anomalies”,
which consist of rapid variations of the land surface
temperature detected in night-time mid-IR satellite im-
ages.
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Since Taiwan is located in high seismicity zone,

seismic hazard mitigation is extremely needed. In or-
der to find out any potential precursors before large
earthquakes, geomagnetic transfer functions and de-
modulates are calculated using the geomagnetic data
with a sampling interval of one minute at Lunping,
Taiwan, Geomagnetic Observatory from 1988 to 2000.
These results were correlated to earthquake occur-
rences. First, traditional transfer functions for the fre-
quencies from 0.1 to 10 cycles/hour are calculated day
by day. Monthly means are statistically obtained from
these daily values of transfer functions. All the trans-
fer functions show the significant anomalous frequen-
cies at 2, 3, 4, and 6 cycles/hour. Some remarkable
changes of transfer function Au, possibly related to the
earthquakes which occurred near the Lunping Obser-
vatory are found. Second, the Complex demodulation
method (CDM) is applied to (1) study the background
of the geomagnetic field; (2) set up the method on ex-
traction seismomagnetic signals from the geomagnetic
data; and (3) study the characteristics of the seismo-
magnetic precursory. The results show that the ‘de-
modulate’ of 1 cycle/day decrease significantly 30 days
before high seismicity and retrace to normal value after
main shock.
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The supercontinent, Rodinia, appears to have been
amalgamated by ca.l Ga, however, its breakup in Lau-
rentia appears to have occurred in two stages. Current
hypotheses suggest that Bast Gondwana or Siberia sep-
arated from western Laurentia at ca.700 Ma followed by
separation of (?) South China at ca.550 Ma producing
two superposed passive margin sequences. Although
prevailing wisdom suggests that the birth of Iapetus
between North and South America occurred at ca.550
Ma, a similar 2-stage process is evident in both eastern
Laurentia and Mexico. At ca.l Ga, Mexico appears to
have been located in or close to the North-South Amer-
ica suture and so provides crucial data. Geochronolog-
ical data indicate that cooling following ca.l Ga gran-
ulite facies orogenesis in Mexico followed two different

paths. In southern Mexico the rocks initially cooled
through ca.450°C at a rate of ca.8° C/my between 978
Ma and 945 Ma related to flat-slab subduction, followed
by a cooling rate of ca.2°C/my through ca.150°C. In
northern Mexico the rocks cooled at a steady rate of
ca,l,SOC/my through ca.300°C and are cut by plume-
related mafic dykes. Extrapolating these cooling paths
to the surface indicates that southern Mexico reached
the surface between 710 and 760 Ma, whereas north-
ern Mexico reached the surface by 550 Ma. This may
be partly explained by different depths of exhumation:
30 versus 37 km for southern and northern Mexico, re-
spectively. On the other hand, the oldest rocks resting
on the ca.l Ga basement are Tremadocian (ca.490-480
Ma) in southern Mexico and Middle Silurian (ca.430-
425 Ma) in northern Mexico. Thus it would appear
that Mexico records two breakup stages: (1) at ca.700
Ma possibly related to the breakup of Rodinia; (2) at
ca.550 Ma possibly related to the transcurrent separa-
tion of Avalonia followed by thermal equilibration at
ca.500 Ma leading to subsidence and development of a
passive margin. These data suggest that the breakup
of Rodinia occurred at ca.700 Ma and was followed at
ca.550 Ma by separation of large terranes from the cra-
tonic margins. If so, the Neoproterozoic superconti-
nent, Pannotia, may never have existed as a single co-
herent landmass.
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The coastal successions of Eastern Greenland
present one of the most complete Late-Neoproterozoic
to early Paleozoic sedimentary successions in the world.
These successions contain abundant evidence for glacial
deposition, with at least two major tillite horizons,
the Upper and Lower Tillites, present. The Lower
Tillite immediately overlies Late Riphean and Stur-
tian deposits of the Upper Eleonore Bay Group. We
have carried out detailed paleomagnetic analyses of
some 86 specimens, from 62 samples collected through
the top of the Upper Eleonore Bay Group in Ella @,
principally from Bedgroups 18 and 19. These com-
prise dark grey to black limestones, with occasional
dolomitic shales. Progressive demagnetization uncov-
ered a multi-component remanence structure, with AF
demagnetization generally providing cleaner data than
thermal techniques. The majority of samples carry
a low-stability (generally <20mT, though occasionally
persisting to 40mT) component of magnetization di-
rected steeply down to the North, close to the present
Earth’s field. At higher demagnetizing fields a high-
stability (generally removed by 60-90mT) component
was uncovered in 28 samples, with a mean direction
pointing down to the southeast in geographic coordi-
nates (D=154°, I=61°). As these results come from
one limb of a fold, tectonic correction for Ordovician-
aged folding does not yield any constraints on the tim-
ing of magnetization. We note, however, that the mean
declination and inclination in geographic coordina

do not resemble any younger direction. The mean di-
rection in stratigraphic coordinates (D=148°, 1=17°,
k=19, a95=6°) yields a paleopole at 007°E, 6°8S, and
would indicate a paleolatitude of 9°. If this component
of magnetization is primary it would indicate that east-
ern Greenland was in the tropics immediately prior to
deposition of the Lower Tillite Group.
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Low-latitude sea level glacial deposits suggest the
existence of snowball Earth’ conditions in the Neo-
proterozoic. Previous modelling studies have offered
conflicting support for the snowball hypothesis. We
use a climate model of intermediate complexity, in-
cluding an ocean GCM and a sophisticated thermody-
namic/dynamic sea ice component, to conduct a suite
of experiments with different orbital/paleogeographical
configurations and atmospheric CO2 levels. We show
that depending on the orbital configuration and paleo-
geography, snowball conditions prevail even with atmo-
spheric CO2 levels up to 1800 ppmv. We demonstrate
the importance of using an energy conserving thermo-
dynamic sea ice component and suggest that the inabil-
ity of some previous models to enter global glaciations
may be largely a consequence of using a physically in-
complete representation of sea ice. Overall our mod-
elling paradigm is consistent with the original snowball
hypothesis in which an ice covered ocean surrounds a
largely snow and ice free barren land, with some coastal
regions permitting the growth of thick glaciers.
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During the Neoproterozoic Era, sedimentological
features such as glacigenic rocks overlain by cap car-
bonates indicate glaciation and cool climates were ex-
tensive, but also that there was the continued pres-
ence of organisms and equatorial ice-free open areas.
Most paleoclimate inferences have relied on geochem-
ical proxies such as carbon and sulfur isotopic com-
positions of carbonate rocks, but the degree to which
these reliably reflect specific conditions is contentious.
The Windermere Supergroup in NW Canada is a suc-
cession of shallow shelf to continental-slope deposits in
which two major Neoproterozoic glaciations occurred,
represented by the Rapitan and the Ice Brook glacial
deposits, which correlate with the Australian Sturtian
and Marinoan glacial deposits. Neoproterozoic car-
bonates from the Windermere have superb physical
and sedimentological preservation that rival the best-
preserved carbonates of this age anywhere. Despite
this preservation, the cap and intervening carbonates,
which were originally aragonite based on petrography
and high Sr contents up to 3700 ppm, have under-
gone complete recrystallization to low-Mg calcite or
dolomite, phases that typify carbonates in coeval sec-
tions around the world. Virtually all the geochemical
markers have been variably disturbed or reset, depend-
ing on the relative level of concentrations in the car-
bonates and later diagenetic fluids. Most 6180 val-
ues are near -10 permil, indicating resetting and other
geochemical tracers such as Sr, Ba, Mn and Fe indi-
cate resetting of primary values by later diagenesis.
Carbon isotopic compositions, which can be shown to
be near primary in many, but not all, samples, dis-
play large variations from slightly negative values in
cap carbonates and carbonates deposited just prior to
the younger glaciation to anomalously positive values
in the intervening Keele Formation carbonates between
the glaciations. These variations in §13C values result
from sequestering of a major source of organic carbon
in the deep ocean, implying that deep ocean venting
had ceased prior to glaciation. Although Sr isotopic
compositions have been altered more significantly than
carbon isotopic compositions, initial isotopic composi-
tions vary little throughout the section, implying that
the relative flux of Sr from continents and ocean-ridge
hydrothermal inputs before and after global glaciations
must have been constant. Hence, models for Neopro-
terozoic paleoclimatic conditions must account for the
sedimentology, C isotopic composition of carbonates
and organic matter and constant Sr isotope ratios in
carbonates as these are currently the only reliable prox-
ies for the Neoproterozoic atmosphere-hydrosphere sys-
tem.
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