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Abstract.

We review the problem of separating components of the magnetic field arising from

sources in the Earth’s core and lithosphere, from those contributions arising external to the

Earth, namely ionospheric and magnetospheric fields, in spacecraft measurements of the

Earth’s magnetic field. The impact of Global Positioning System (GPS) observable (line-of-

sight total electron content), obtained from high-quality GPS receivers in low-Earth orbit

(LEO), on the estimation of ionospheric conductivity and current density is then considered.

We demonstrate in a static data simulation experiment that accurate, high-resolution vertical

profiles of electron density may be obtained for each occultation of the GPS satellite by the

Earth as viewed by the LEO, and these profiles may be used to calculate conductivity distri-

butions. We discuss the constraints these data can provide on estimating current densities in

the spacecraft environment. We explore the potential of GPS electron density data, and other

GPS observable such as phase and amplitude scintillations, in implementing a direct

approach to estimating the external field contribution to spacecraft magnetic field observations.

We conclude that while the GPS and magnetic field measurements alone may be sufficient to

constrain the current distribution in the low-latitude region where the electric field is dom-

inated by tidal forces, a more sophisticated approach is needed at high latitudes and for dis-

turbed conditions. The simulated high latitude density profile distribution in magnetic coordi-

nates indicates that GPS can provide significant constraints to modify high latitude conduc-

tance models. Implementing a direct estimation and removal of the external component in the

spacecraft magnetic field measurements will result in better accuracy and resolution in the

core field model and lithospheric anomaly field as well as produce a valuable data set of

ionospheric parameters.

Introduction.

Spacecraft

accuracy main

●

measurements of the Earth’s magnetic field are essential to producing high-

field and secular variation models. The residual field, after removal of a
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degree and order 13 spherical harmonic model of themain field from theobsemations, con-

tains contributions from lithospheric anomalies (sources within the Earth’s crust and upper

mantle), ionospheric and magnetospheric currents, unremoved core energy, and noise. The

external field contribution is time-varying, a fact that is exploited in strategies for its removal,

and it is strongest near the geomagnetic equator and in the auroral regions. Various methods

have been utilized to achieve an effective separation of the internal (core and lithosphere) and

external (ionosphenc/magnetospheric current) contributions to the residual field. Although

significant progress has been made in separating the lithospheric anomaly field from the exter-

nal field components, certain aspects of the problem argue for a more direct approach to

estimating the external field contributions. These aspects are: 1) the inadequacy of planetary

magnetic indices based on ground observatory data (such as KP) to indicate the level of

current activity in the spacecraft environment; 2) the requirement for feedback from the

separation process to improve the main field model; 3) the trade-off between achieving a glo-

bally consistent lithospheric anomaly field and removing too much signal in the process; and

4) the desire to produce a high-quality, scientifically useful data set of ionospheric and magne-

tospheric parameters.

Here we explore the concept of using Global Positioning System (GPS) observable,

namely, line-of-sight total electron content (TEC), to improve the separation of internal and

external components in satellite magnetic field data. The motivation for this is twofold: 1)

the inclusion of independent data on the behavior of the ionosphere and magnetosphere is

needed to effect a cleaner separation of the sources that is non-destructive, i.e., that preserves

the fidelity of the external field information, and 2) spaceflight-qualified GPS receivers are

now available and are planned for future low-Earth-orbit (LEO) magnetic mapping missions.

In the following sections, standard procedures for separating internal and external fields, and

isolating the lithospheric anomaly field, are reviewed in order to clarify the aspects of the

problem that could benefit from inclusion of independent data on external field behavior such

as that from GPS TEC. Next, the current state and future potential of electron density
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distributions derived from GPS TEC are described. Finally, a strategy for incorporating GPS

TEC data into the processing stream for spacecraft magnetic field data is discussed in light of

future mission opportunities.

Separation of Internal and External Fields.

A brief review of standard methods for separating fields from sources internal and exter-

nal to the Earth is presented, after Langel (1987) and Langel (1993a). Fields from sources

internal to, and external to the Earth may be separated by fitting a potential function to the

data of the form @angel, 1987)

+ (r/a)” [q! cos m $ + Q“ sin m $]}Pf(cos 0)

where a is the mean radius of the Earth (6371.2 km), r is the radial distance from the center

of the Earth, $ is the longitude and 0 is the geocentric colatitude. P~(cos 0) are the associated

Schmidt normalized Legendre functions of degree n and order m. At the Earth’s surface, the

radial field component B, has terms of the form [(n+1).gfl - nq~] whereas the horizontal com-

ponents (B~,B+) have terms of the form [g~+ q:]. Thus, the fields may be separated analyti-

cally if well-resolved component data is available, and if the internal and external fields are

organized in the same coordinate system (Langel, 1993a). For satellite magnetometers in low

Earth orbit, the ionospheric fields are dominantly internal to the satellite’s orbi~ A potential

function that fits the data in a dipole latitude/local time coordinate system may be used to iso- .

late the ionospheric contributions if the data has an adequate distribution in local time, but the

typical low altitudes of magnetic field satellites does not allow the contributions of the

currents themselves to be separated from the induced Earth currents based on the attenuation

characteristics. The presence of field-aligned currents in the spacecraft environment causes

the underlying assumption of a curl-free magnetic field to break down, invalidating the use of
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potential functions todescribe the fields. Thus, at high latitudes, where field-aligned currents

are frequently present, only the vertical component or field magnitude is used to represent the

internal portion of the field, since it is little affected by these currents (Langel, 1974; 1987).

Coefficients of the external portion of the field, q ~, q / ands f reflect the strength of the

magnetospheric ring curren$ which has a relatively simple morphology that is symmetric

about the Earth’s dipole axis, and the magnetospheric tail current and magnetopause current.

These coefficients have been determined in an analysis of Magsat data (Langel et al., 198~

Langel and Estes, 1985) where they were considered functions of the magnetospheric ring

current index D~[, thus accounting for their universal time variations. Magsat was launched

by NASA on October 30, 1979 into a 578 by 352 km sun-synchronous, dawn-dusk polar

orbit it operated for 6 months and was the first magnetic field satellite dedicated to measur-

ing the main and lithospheric anomaly fields. It carried a fluxgate vector and cesium vapor

scalar magnetometer, and used star cameras to resolve attitude to several tens of arc-sees.

The much greater temporal and spatial variability of ionospheric currents, as well as their

distribution both internal (electrojet, S~) and external (field aligned, meridional) to low-Earth

orbit requires high-quality vector data collected at all local times over at least one seasonal

cycle in order to derive accurate higher-order coefficients describing their contributions. The

ionospheric current contributions have a strong local time and seasonal dependence which

facilitates their characterization. A study by Yanagisawa and Kono (1985), and more recent

studies by Cohen and Achache (1990), Langel et al. (1993b) and Ravat and Hinze (1993),

have extracted empirical estimates of the equatorial electrojet contribution in Magsat data by

analysing the residual quiet-time data in dip-latitude and local time coordinates. A clear elec-

trojet current (and meridional current) contribution was recognized in the dusk data, while the

dawn data were apparently largely free of such contamination (Langel et al., 1993b; Ravat

and Hinze, 1993). Equivalent current systems (at dusk local time) calculated from the resi-

dual component data for two month sections revealed a systematic seasonal morphology and
,

longitudinal amplitude variation (Langel et al., 1993b). Thus, six months of Magsat vector
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measurements, with an accuracy of -6 nanoteslas per component, appear to be sufficient to

define the first-order characteristics of the morphology and variability of the equatorial electro-

jet and associated meridional cuments, even though the measurements are concentrated at

dawn and dusk local time.

Spacecraft vector magnetic field measurements, collected over all local times several

times during a seasonal cycle, would facilitate the separation of systematic (quiet-time) exter-

nal fields horn the crustal field on the basis of their local time dependence. However, the

ability to characterize the external current contributions using data from a single spacecraft

collected over a time period of one year, which is the targeted lifetime of many planned mag-

netic field missions, is limited. The variability of the disturbance level of the field in single

spacecraft data compromises the distribution of the data over all local times, and the complex

morphology of the auroral fields confounds their characterization by empirical or theoretical

models. Thus, either the quiet time data alone can be used to derive a first-order estimate of

the current strength and morphology (for equatorial and mid-latitudes) with local time and

seasonal dependence, or the intense variability of the current systems during disturbed periods

can be examined, but without an understanding of the global strength and morphology of the

current systems. Ideally, we seek an approach where all signals may be sorted according to

their sources such that the residuals approach the measurement emor. This scenario would not

only improve the accuracy of all derived component fields, but would improve the recovery of

global conductivity variations through knowledge of the source function (ionospheric

and response (induced currents in Earth).

Isolation of the Lithospheric Field.

Next, we present a brief review of some common procedures

current)

used to isolate the lithos-

pheric field in Magsat residual data (after removal of the degree and order 13 main field

model). The most common lirst step is to assemble a set of passes collected during quiet

times, defined as times when the Kp index is below a threshold value, most commonly two.
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Passes with spikes exceeding a threshold (20nT) are considered suspect and discarded. The

remaining passes are then detrended with a first- or second-order polynomial (linear or qua-

dratic fit). Frequently, the data are split into subsets based on local time (for Magsat, dawn or

dusk). The dawn and dusk data sets are treated independently, and comparisons are used to

identify components that vary in local time and are therefore considered not of crustal origin

and discarded. There have been many variations on the last step, two of which are discussed

in more detail below. The discussion is intended to be instructive rather than exhaustive.

In the analysis of Arkani-Hamed and Strangway (1985; 1986), a quiet time data set was

assembled from which a degree and order 13 main field model and then a magnetosphenc

ring current model were removed; a quadratic function was then fit and discarded for each

residual pass. Spherical harmonic representations of the dawn and dusk data sets were

derived, and the symmetry evaluated between the two data sets for all harmonic components.

The anti-variant and contaminated co-variant harmonics of the two data sets, identified on the

basis of degree correlation coefficients, were eliminated by application of a bandpass filter in

the spherical harmonic domain (harmonics n=m=18 to 41), in order to remove the remaining

external field components and noise at higher harmonic degree. It is suspected that a consid-

erable amount of Iithospheric anomaly field energy at long wavelength (above -2200 km)

was lost because of the strong influence of the external current systems for degrees 15 and 17.

Subsequently, Arkani-Hamed et al. (1994) used spherical harmonic degree correlation

coefficients to isolate the co-variant harmonics of the ionosphere-corrected Magsat dawn and

dusk maps of Ravat et al. (1994) and a newly derived POGO (Polar Orbiting Geophysical

Observatory) anomaly map at 400 km (Langel, 1990). They produced two maps, one for har-

monics 15-60 and the other 15-65; the restricted range of harmonics contains a higher

signal-to-noise ratio but reduced signal power. Ravat et al. show, by comparison of a power

spectrum of the filtered fields to the predicted natural spectrum of the internal field (Cain et

al., 1989), that significant signal power associated with the internal field has been lost in the

process of suppressingthe external field con’tibutions in the data. In particular, they conclude
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that along-track filtering has removed crustal signal in the spectral range of degrees 15-24,

while the ionospheric corrections have reduced power further, up to degree 40. Therefore,

while these techniques have greatly enhanced the accuracy of the lithospheric anomaly field in

the satellite data, significant information has been destroyed, particularly in the low-order har-

monics which cannot be reliably sampled by any other means.

An analysis of Magsat data in the south polar region by Alsdorf et al. (1994) has refined

the assessment and removal of differences between the” dawn and dusk polar data sets.

Alsdorf et al. (1994) have applied a Fourier wavenumber correlation filter iteratively to retain

coherent wavenumber components of adjacent polar passes. The data were first despiked,

then a core field model, to which a first-order levelling adjustment was made, was removed.

The data were then split into dawn and dusk components, and into four altitude bins for each

local time. All passes were filtered, regardless of the level of external field activity; how-

ever, passes with high variance were eliminated from further analysis. Application of the

correlation filter increased the correlation coefficients of each data subset substantially.

Equal-area grids of the eight subsets were constructed by least-squares collocation. The dawn

and dusk grids at each altitude were then filtered for their correlative wavenumber components

and their correlated components were combined to produce a grid of the common features of

the data set. This was done for each altitude and the four maps at different altitudes were

continued to a common altitude of 430 km by equivalent point source inversions. The final

grid at 430 km is a product of a final correlation filter step that retains those components com-

mon to all the altitude bins. This method appears to have produced a highly self-consistent

lithospheric anomaly data set.

There are

compromise the

remove a linear

Discussion of the Separation Problem.

several common procedures in the previously described analyses which

information contained in the original data. The most common of these is to

or quadratic fit to each individual pass after the main field model has been
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removed. This detrending removes remaining long-wavelength core field and external field

energy, which is then lost from subsequent analysis. The ability to organize the long-

wavelength residuals to separate the likely contribution of the magnetosphenc and solar quiet

variations from the errors in the core field model would allow the possibility of feeding back

information to improve the core field model.

Extraction of the lithospheric anomaly field also suffers from three other problems: 1)

the inability of the K“ index (or AE index) to characterize the level of ionospheric activity in

the polar regions, and to some extent in the equatorial and mid-latitudes; 2) the ambiguity in

determining the “quiet time” field magnitude in separation procedures that utilize the local

time dependence of external fields; and 3) the “lowest common denominator” characteristic of

filtering. to reduce external field noise. The Kp index is constructed as a weighted average of

the disturbed horizontal component of the magnetic field (relative to a quiet value) at 12 mid-

Iatitude observatories. It does not reflect the activity in the auroral zones, except when that

activity affects the mid-latitude stations by expansion of the auroral zone. Likewise, varia-

tions in the strength of the equatorial electrojet are not well-represented by the disturbances

recorded at mid-latitude stations. Since Kp is a planetary index, it is useful in evaluating

probable contamination on a pass which samples a hemisphere, but it is insufficient to screen

out passes contaminated only at high and low geomagnetic latitude. The second problem con-

cerns the bias which may result when quiet time data collected at different local times are

compared in order to isolate the time-varying portion of the field. This procedure assumes

that one knows which field is quieter than the other. In reality, each data set is contaminated

to a different degree, which complicates the interpretation of the difference field in terms of

distinct ionospheric sources. The last item, the “lowest common denominator” characteristic,

is perhaps the most problematic, and is discussed below.

The objective of the techniques of Arkani-Hamed and Strangway (1985; 1986), Arkani-

Hamed et al. (1994) and Alsdorf et al. (1994) is to extract a spatially correlated signal from a

temporally varying one. This is achieved by filtering in the spherical harmonic domain and
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the fourier wavenumber domain, respectively. The filtering undoubtedly removes to a large

degree the external field noise, along with any lithospheric signal that is contained in the same

band. Thus, in order to produce a globally consistent lithosphenc anomaly field free of exter-

nal field contamination, Arkani-Hamed and Strangway and Arkani-Hamed et al. (1994) had to

discard all signal in bands dominated by noise, whether or not the individual passes were con-

taminated. Alsdorf et al. assume that the correlated portion of the signal in adjacent passes

(which are separated in time) is lithospheric in origin and the uncorrelated portion is noise.

They used a correlation coefficient of.3 as a cutoff in order to preserve a reasonable level of

signal power, illustrating the overlap in the signal and noise spectra. The iterative application

of their filter resulted in gradually increasing signal-to-noise ratios as well as decreasing signal

power. The power in the resulting set of dusk-data-only grids for the four altitude. bins was

approximately twice that of the corresponding dawn maps. This underscores a problem in the

isolation of the fields by this method. The dawn and dusk gids for each of the four altitude

bins were averaged to produce the final grid at each altitude. The ambiguity in the proper

signal level between the two maps, and the possible introduction of spurious anomalies caused

by variation of the signal level within a single map, leads to uncertainty in the final maps pr-

oducedby this method.

Current plans for low-Earth orbiting magnetic field mapping missions call for a circular

orbit processing in local time such that all local times are sampled on the order of three times

per year over three years (e.g. Gravity and Magnetic Earth Surveyor [GAMES] Frey, 1993) or

an elliptical orbit processing six hours over one year (e.g. Orsted; Friis-Christensen, pers.

comm). While a processing orbit is an improvement over the sun-synchronous orbit of Mag-

sat, the desire to keep the orbital inclination as high as possible tends to entwine the seasonal

dependence of the time-varying fields with the local time dependence; the (?)rsted orbit does

not sample all local times, but is restricted to the statistically quietest local times. In an ideal

scenario where two or more satellites are orbiting at different local times, and preferably

different altitudes, for at least one seasonal cycle, the strength of the magnetic field data alone
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should be sufficient to separate the external fields from those of the core and lithosphere.

Until this scenario is realized, the problems described above remain, and we must seek a

means to organize the magnetic field data such that the external sources may be identified

with greater confidence. The inclusion of electron density estimates derived from GPS

observable is discussed below in this context. Although electron density can only provide

indirect information about current activity and the resulting magnetic disturbance fields in the

spacecraft environment, the availability and density of GPS electron density data provides a

strong motivation for utilizing these data in the magnetic data processing stream. GPS has

great promise as an efficient and cost-effective means to characterize the ionosphere, and GPS

receivers are planned for future geomagnetic missions.

Global Electron Density from GPS.

As a result of their interaction with free electrons along the propagation path, GPS sig-

nals traversing the ionosphere experience a frequency-dependent group delay (and phase

advance) relative to propagation in a vacuum. Because of the dominance of the f-2 com-

ponent of this

total electron

The precision

delay, dual-frequency GPS signal group delays yield an absolute measure of the

content (TEC) along the line-of-sight (1os) between the satellite and receiver.

of the absolute TEC measurement with a high performance receiver is about 1

TEC unit (1x1016 electrons/m2), even when anti-spoofing (AS) is in effect (Srinivasan et al.,

1989). The phase advance yields relative TEC to much greater precision (.01 TEC units).

Data from a network of ground receivers may be combined to yield maps of global electron

density at intervals of one hour (Wilson et al., 1993; Mannucci et al., 1993); these maps

display vertically-integrated electron density because data from the ground are not sensitive to

vertical structure in the ionosphere (Raymund et al., 1990; Yeh and Raymund, 1991; Hajj et

al., 1993). Data taken in an occulting geometry from a LEO spacecraft, as illustrated in Fig.

1, may be combined with data from a network of ground receivers to perform a tomographic

inversion that reveals both horizontal and vertical variations in electron density (Raymund et
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al., 1993, 1994; Hafi et al., 1994). The estimated maximum vertical and horizonttd resolution

of a tomographic inversion which includes data from one LEO spacecraft is about 300 km in

the horizontal and 45 km in the vertical (Hajj et al., 1993). Clearly, while the estimates of

global electron density derived from topographically inverted GPS data are valuable, they

cannot reveal the structure of the E region, and therefore would not furnish strong constraints

on estimating the strength and mo~hology of ionospheric current systems. However, the

combined ground and LEO data may be used to derive vertical profiles of electron density at

the tangent point of the occultation, for which the vertical resolution is set by the first Fresnel

zone, which is approximately 1 kilometer. These vertical profiles are discussed in the next

section.

The global electron density distributions obtained from combined LEO/ground data are

potentially valuable for monitoring large scale changes in the magnetosphere which result

from injections of plasma from the solar wind and precede vigorous storm activity in the

ionosphere. Electron precipitation in the auroral zones will appear as an increase in electron

density, and the energy level of the precipitating electrons may be derived from the height to

which they penetrate in the ionosphere, raising the possibility of obtaining energy distributions

of the precipitating electrons with respect to height. These estimates are limited to a temporal

resolution on the order of the orbital period, about 90 minutes. The global 3-D electron den-

sity, while not directly applicable to the estimation of current densities in the E-region, could

be useful as a proxy for the level of activity in the ionosphere, complementary to the mag-

netic activity indices obtained from ground magnetic observatories. The value of the global

electron density measurements is enhanced by their absolute nature, and their fine spatial reso-

lution relative to the sparsely distributed magnetic observatories.

Local electron density measurements from spacecraft occultations.

Vertical profiles of electron density with one kilometer resolution and accuracy of <1

TEC unit may be obtained by combining spacecraft occultation data and data from a GPS
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ground network. These profiles are resolved at the tangent point of the occultation. The

number of occultations each day for a single spacecraft antenna is over 200. A representative

daily distribution of occultations for the GPS-MET satellite (with aft-looking antenna) is

shown in Figure 2. GPS-MET is an experimental satellite scheduled for launch in September

1994 that will obtain occultation data primarily for atmospheric temperature and moisture

profiles. A second antenna to capture occultations in the forward direction would double the

number of profiles obtained.

Hajj et al. (1994) obtained simulated density profiles by propagating dual-flequency GPS

signals through a model ionosphere to a low-Earth orbiting spacecraft in an occultation

geomehy data from a network of ground receivers were also included to constrain horizontal

variations in density. The electron density model was derived from the Parameterized Iono-

sphere Model (PIM) developed by D. N Anderson of the Air Force Phillips Laboratory. In

their experiment, an electron density model corresponding to daytime, solar max conditions

[1200 ~, 20% longitude; September 26, 1992] was used. No dynamic behavior is

included in the model. Sample profiles from Hajj et al. (1994) are shown in Figure 3 for four

latitudes: 20°S, 0°, 20°N and 40°N open square symbols represent the profile recovered from

the occultation data alone, and filled squares the profile derived by including constraints from

wound data. Comparison of the profiles recovered from analysis of the simulated GPS sig-

nals to the model input reveals that: 1) while the general shape of the profiles is usually

well-reproduced, the recovered densities often deviate significantly from the input; and 2)

the profiles at 0° and 20°N underestimate the F-region peak density, while at 40°N the peak

density is overestimated. This behavior is caused by the location of the peak density at

- 20°N. For occultations with tangent points at 20°N, the signal will be slower on either side

of the tangent point, causing the estimate to be too small. In the general case where the

tangent point represents neither a maximum nor a minimum in density, but is characterized by

a linear ~adient, the signal speeds up and slows down by equal amounts on either side of the

tangent point, resulting in a more accurate density estimate. Such is the case for 20°S, shown
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in Fig 3a. For a profile near a minimum in density (40°N), the recovered density is too large.

To eliminate this problem, solutions may be obtained iteratively using the information from

nearby profiles to help characterize the density gradients that the signal encounters. These

vertical electron density profiles can constrain the dynamics of the ionosphere and strength

and morphology of the current systems in several ways,

Conductivity and Current Density Estimates.

The vertical profiles provide E region density estimates, which yield estimates of conduc-

tivity, G, by appropriate substitutions in the following equations: (Kelley, 1989)

60 =ne(bi-b~)

6p=lZe[ bi/(l+K~) -bg/(l+K~)]

CJH= (ne/B) [ K~/ (1+ K;) -K:/ (1 + K:)]

where bj = (qj/Mjvjn ) is the mobility, Kj = (qjB /Mjvjn ) is the ratio of gyrofrequency to COlli-

sion frequency, B is the magnetic field strength, qj is the elemental charge, Mj is the electron

or average ion mass, Vjn is the ion-neutral or electron-neutral collision frequency, and sub-

scripts e and i refer to electron and ion, respectively. The electron-neutral collision frequency

may be approximated as
.

e. = ( 5.4 * 10-*9 n. T~n #v

where n~ is the neutral density and Tg is the electron temperature. The ion-neutral collision

frequency is given by

v~ = ( 2.6 * 10-9) (n.+ ni) A-’n ?-l

where A is the average molecular weight of the plasma,

The three conductivity components are the parallel (CJO),Pedersen (oP ) and Hall (OH).

The parallel component is aligned with the direction of the Earth’s magnetic field, the
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Pedersen conductivity is aligned with the electric field, and the Hall conductivity is perpendic-

ular to both the magnetic and electric fields. At the equator, the horizontal magnetic field

geometry creates a barrier to vertical Hall current flow, resulting in a vertical polarization

electric field. The polarization electric field augments the zonal conductivity, which creates an

intense zonal current jet, known as the equatorial electrojet. The equatorial electrojet, whose

strength and morphology are controlled by tidal winds in the E region, flows eastward during

the day and westward at night. The zonal conductivity near the equator is [1 + al / c# ] 6P,

which is the Cowling conductivity, CC. First-order current density estimates for the equatorial

electrojet may be obtained by calculating the Cowling conductivity from GPS electron density

and model values of neutral density, average molecular weight and electron temperature and

assuming a zonal electric field strength,

Equatorial electrojet current density estimates.

In the equatorial E region, the large difference in the scale size of the horizontal and

vertical variations in conductivity (horizontal scale 100 times the vertical scale) results in a

nearly invariant zonal electric field; thus, the divergence of the Hall current, and therefore the

equatorial electrojet strength, is dominated by the conductivity gradients (Kelley, 1989). For

this reason, we restrict our calculation of current density to the equator.

Estimates of electron density derived from GPS observable can provide significant con-

straints on the conductivity of the E region, and also map the temporal and spatial variability

in greater detail than can be obtained by existing methods which obtain discrete samples

widely separated in space and time (such as rocket flights or incoherent scatter radar), or other

beacon satellites that lack the robustness of the GPS constellation. The errors on the recon-

structed E region vertical profiles are small when the density gradient is smooth, as is the case

for 40°S (Figure 4), obtained in the simulation described above. Near the equator, where the

density gradients are severe, and proximal to the equatorial anomaly at 20°N (_Fig.3c), the

recove~ is worse. No constraints were imposed in the inversion that the recovered density be
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positive, and the simulated profiles shown in Figure 3b, c, and d all show negative densities at

the base of the E region, an obviously physically unrealistic result. We therefore removed a

bias from the profiles so that they were zero at their minimum points. Removal of the bias

leads to the remarkable agreement between the true and reconstructed profiles, as shown in

Figure 5 (a, b, c) for geomagnetic latitudes of 10°S, 0° and 10° N. While this adjustment is

ad hoc, it reflects the accuracy we expect to obtain by imposing a positivity constraint on the

recovered density profile.

Shown in the middle panels of Figure 5 are conductivity estimates 00, OH, aP, and c,

derived from the GPS electron density estimates. The Cowling conductivity, aC, computed

from the starting model density profile is shown for comparison. Zonal current densities are

calculated by multiplying the Cowling conductivity profile by a zonal electric field value of.5

mV/m, an average equatorial value (WOodman, 1970; Kelley, 1989). The results, shown in

the far right panels, indicate excellent a~eement between the model-derived and GPS-derived

current density profiles. In particular, it is encouraging that the maximum agreement between

the model and reconstructed density profiles in the E region occurs near the density max-

imum. The conductivity estimates are most accurate where the gradients are largest.

The current

in the equatorial

series of current

density estimates are derived by assuming a constant zonal electric field, EX,

region appropriate to noon local time. In reality, when calculating a time

density estimates, a model including the diurnal and semidiumal variations,

as well as seasonal variations in Ex (WOodman, 1970; Balsley and Woodman, 1971; Balsley,

1973; Fejer et al., 1979; Richmond et al., 1980; Fejer, 1981) would be employed. The use

of an average electric field model, appropriate for the latitude and solar cycle position, would

not contribute a large error to the estimated current densities in the equatorial and mid-latitude

E region for quiet times. However, the penetration of auroral electric fields to the equatorial

reigon during magnetically disturbed conditions (Onwumechili et al., 1973; Gonzales et al.,

1979) would result in large errors in the current density estimates. Fortunately, large excur-

sions in E= caused by the influence of magnetospheric electric fields would be recognizable in
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the electron density data as an increase in the height of the density maximum (hmm)caused by

upward plasma flow (e.g. Behnke et al., 1985). Although the GPS density profiles can pro-

vide an indication of the gradients in the electric field, the data cannot constrain the field mag-

nitude nor track the rapid fluctuations during disturbed conditions. It would therefore be

difficult to obtain current density estimates for the equatorial electrojet during such times

without independent information on the electric field.

High-Latitude Conductivi~ and Electrodynamics.

High-latitude electrodynamics are considerably more complex than those in the equatorial

region. At high latitudes, the conductivity is dominated by electron and ion precipitation from

the solar wind, and the electric field is

geometry and presence of field-aligned

assumptions about the current distribution.

highly dynamic. In addition, the magnetic field

currents preclude the application of simplifying

Thus, periodic density profiles horn GPS provide

. insufficient constraints on the strength and morphology of the current systems there. Direct

knowledge of vector plasma drifts (electric field) and electron precipitation that alters conduc-

tivity is also necessary to estimate currents. Sophisticated methods of merging all available

data with statistical models to estimate electrodynamics in the polar ionosphere have been

developed; these efforts have culminated in the Assimilative Mapping of Ionospheric Electro-

dynamics (AMIE) scheme which fits the ionospheric electrodynamics parameters to the data

and assigns quantitative uncertainty estimates to the derived parameters (Richmond and Kam-

ide, 1988; Richmond et al., 1988; Knipp et al., 1989; Richmond, 1992).

AMIE relies on statistical conductivity models (Fuller-Rowell and Evans, 1987) scaled

by the Hemispheric Power Index (HPI) derived from particle precipitation data along NOAA

6, 7 and 8 and DMSP F-7 satellite orbits (Foster et al., 1986) to constrain ionospheric conduc-

tance. Richmond et al. (1988) observed discrepancies between the model predictions of con-

ductance and that calculated directly from incoherent scatter radar (ISR) density measure-

ments. They demonstrated the improvement in the derived electrodynamics parameters that
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resulted when the ISR conductivity estimates were included to modify the conductance model.

Ground magnetometer observations are also used to improve the conductance model; how-

ever, the errors in this method are large, especially for low conductance. GPS occultation

measurements in the polar regions offer the possibility of greatly expanding the database of

conductivity measurements and reducing uncertainty in the calculated current distributions.

Figure 6 shows the predicted distribution of occultations obtained during one day in a simu-

lated orbit of the Danish Orsted geomagnetic satellite for northern and southern polar regions

in magnetic coordinates. The symbols represent the tangent points of the occultation ray

paths (the points of maximum penetration), where the high-resolution vertical density profiles

“are resolved. These plots indicate

resolution density profiles that can be

tive to ISR, to constrain conductance.

the greater number rind better distribution of high-

recovered with GPS each day in the polar regions, rela-

Application to the Magnetic Field Separation Problem.

In the previous section, we have shown the potential of GPS electron density to provide

accurate conductivity estimates, and current density estimates for the equatorial electrojet

based on an electric field model. We chose to start with a model of the equatorial electrojet

because the unique orientation of the magnetic field there simplifies the physics and allows us

to calculate first-order current densities with greater confidence than in the mid-latitudes or the

auroral region. Although the estimates of conductivity will be fairly robust, estimating global

current densities in the E region from GPS electron density will be considerably more chal-

lenging in a dynamic environment than in the static example we present here. There are

several problems to overcome or work around in developing methods to utilize constraints

from GPS in analyzing magnetic field data. The most serious of these is characterizing the

dynamic behavior of the electric field, which, along with the conductivity controls the strength

and distribution of currents. Another important problem is dynamic behavior in the iono-

sphere during the time required to obtain an occultation, which may seriously compromise the
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recovery of accurate vertical density profiles. However, since the magnetic field data itself is

directly measuring the disturbance fields produced by the currents, the problem is reduced to

combining the strengths of the GPS and magnetic data to estimate the current strength and

distribution.

Electric field models are valid for latitudes and local times for which the electric field is

dominated by tidal forces. At times when the magnetosphere exerts influence on the electric

field, the models break down. Yet it is precisely at these times that we would like to under-

stand the currents in order to separate the magnetic disturbance fields resulting from the

currents from fields generated in the Earth. Aside from incorporating electric field data from

independent sources, we have two means of recourse for understanding the behavior of the

electric field from GPS data alone. First, as mentioned above, the height of the F region den-

sity peak, h-, indicates the balance between upward plasma flow driven by the eastward

electric field arid gravitational forces that resist such flow. Changes in h~u that are not con-

sistent with tidal wind models would then reflect external forcing of the electrodynamics by

imposed magnetospheric fields. Magnetospheric forces dominate the electrodynamics of the

auroral zone, whereas tidal forces are predominant at low and mid-latitudes. Thus h~= from

the accurate vertical density profiles will provide a means to distinguish periods when electric

field models are valid (quiet times). It will also provide some information to classify the

magnetic data with regard to the relative contribution from external fields expected along any

given pass.

The low-latitude electric field is strongly affected by magnetospheric and high-latitude

electric fields during disturbed conditions (Matsushita and Balsley, 1972; Onwumechili et al.,

1973; Fejer et al., 1976, 1979; Gonzales et al., 1979). Because tidal electric field models are

invalid in high-latitude regions, an approach such as AMIE that directly estimated the electric

field from available data would be required to accurately estimate the current distribution

there. Knowledge of the electric field at high-latitude would also provide a useful constraint

on the low-latitude electric field behavior during disturbed conditions, and could be used
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along with the density and magnetic field data to estimate the electric field and current distri-

bution there.

In addition, inhomogeneities in the electron density along the GPS signal path (SN i N)

act as a diffraction’ screen, causing the phase and amplitude of the signal to scintillate. For a

thin-screen, weak-scattering approximation, the power spectrum of the scintillations is a

linearly filtered version of the power spectrum of the density fluctuations (irregularities); they

are related by the Fresnel filtering factor, which is a function of the height of the irregularity

layer and the frequency of the signal (Salpeter, 1967; Rufenach, 1971). Deep minima in the

scintillation power spectrum result from the Fresnel filtering factor and can be used to esti-

mate the velocity of the irregularities (e.g. Rufenach, 1972), which has been shown to be

equal to the electron drift velocity by comelation with ground magnetic perturbations (Rastogi

et al., 1972). L-band GPS signals are sensitive to irregularities of one-half kilometer or

smaller in size. Autocorrelation and cross-correlation of signals from an array of receivers

can also be used to estimate the drift velocity of irregularities (e.g. Briggs, 1977, 1980; Basu

et al., 1991). Scintillation data from a network of GPS receivers strategically placed on the

ground would be a valuable asset for estimating electron drift velocity at the F peak for con-

straining the electric field.

The problem of dynamic behavior in the ionosphere during an occultation, which would

typically last a few minutes, is one that has no clear solution. However, our ability to recog-

nize that the density structure along the propagation path is varying on the time scale of the

measurement is a powerful observation in itself, and indicates to some extent the level of

activity in the ionosphere. The 50 Hz sampling rate and robust tracking loop of the modifed

TurboRogue spaceborne GPS receivers should mitigate this potential problem.

Approaches to Estimating Current Distributions.

The most basic scenario for synergistically combining the GPS and magnetic field data

collected from an LEO satellite, is to use the GPS TEC to devise a means to classify the
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expected level of external magnetic field activity for individual passes. Then, a quiet time

field could be derived from those passes deemed to have been coIIected during very magneti-

cally quiet periods on the basis of GPS conductivity estimates, variations in global electron

density distribution (from tomography) and h- from GPS, as well as KP. Residuals to the

main field model

between anomaly

field components.

constructed from these quiet passes would be analyzed for correlation

strength and GPS parameters to identify quasi-static unremoved external

Contaminated passes could then be analyzed relative to this quiet field, and

weighted according to their relative tidal (diurnal, semidiurnal) versus magnetospheric

(implusive) affinities, to derive the morphology of the external field.

A more sophisticated approach is to combine the two data types directly in a parameter

estimation scheme. In this approach, current density distribution in the equatorial and mid-

latitude regions would be estimated directly from the GPS-derived conductivities and an elec-

tric field model, combined with constraints from the satellite magnetic field data referenced to

an a priori quiet (core and Iithosphenc) model. The resulting fit would utilize the strength of

both data sets and exploit their synergism. Analysis of subsets of the residual data, organized

by season and/or local time, would add further constraints on the ex~ction of the static

lithospheric anomaly field. A parameter estimation approach would also allow the electric

field to vary from the a priori statistical model within the available constraints, and be fit as

an additional parameter. Available constraints include h- and its temporal gradient, high-

latitudc electric field, IMF direction and periodic electric field model updates obtained by
.

independent data or GPS phase scintillations.

As discussed above, AMIE is the most appropriate approach for estimating the current

density distribution (and other parameters) in the pohir ionosphere. Incorporation of high-

resolution GPS density profiles and lower resolution global electron density into AMIE would

reduce the uncertainties and improve the resolution of the estimated current distributions. The

challenge we face in implementing these direct approaches is to develop a scheme that is

efficient enough, and eventually automated, to allow a cost-effective analysis of large volumes

.
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of satellite magnetic field data collected over months or years.

Successful direct estimation of current distributions has several implications for solid

Earth magnetic field investigations. Removal of the estimated external All component from

each satellite pass prior to modeling the core component would improve the core field

recovery, and would raise the possibility of including full vector measurements at high-

latitude in the model instead of only AZ if the correction is accurate enough. This would be

an iteration on the field model that was calculated initially to estimate an a priori M for

input to the fitting procedure for the current density distribution. Residuals of the improved

core-field model could then be considered to be lithospheric in origin and combined using the

filtering techniques described above to produce high-quality, full-resolution anomaly fields.

One goal is to omit the along-track filtering which is done to suppress residual core field error

and external contamination in the compilation of the anomaly fields. The effects of a.long-

track filtering on the accuracy of the resultant anomaly fields is unknown, but it is clear that

power and resolution are lost in this step. An additional benefit of removing the external

component first is that the induced Earth currents are also removed, which helps to equalize

the power in the internal fields between disturbed and quiet times or two different local times.

The other obvious benefit of this scheme is an uncorrupted data set of ionospheric parameters

with greater precision that will be valuable for examining the temporal and spatial variability

of ionospheric processes in a continuous fashion.

tion

Future Directions.

As shown here, the recovery of E region electron density with height tim GPS

data is very accurate and the data distribution is spatially and temporally robust.

occulta-

Impos-

ing po~itivity on the solution (to avoid the removal of the negative bias), and iterating the

solution with updated information on horizontal gradients obtained from the occultation data

itself, will improve the absolute recovery and agreement with the model input. These

modifications to the retrieval algorithm will be incorporated in the near future. The
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availability of occultation data from GPS-MET, and an expanded GPS ground network will

allow us to compute hundreds of GPS-derived electron density profiles per day with great

accuracy and fine vertical resolution. Additional orbiting receivers, proposed for several

planned missions, including the Danish Orsted geomagnetic satellite, may increase the number

of daily profiles to over one thousand per day and densify the global coverage.

Although the primary inference that can be drawn from analysis of dual-frequency GPS

signal propagation through the ionosphere is the variation in electron density, such knowledge

can be gainfully applied to sensing the dynamics of the ionosphere as well, Making simple

assumptions, we can globally map coarse variations in the conductivity distribution over time

scales of 1-2 hours, and we can define conductivity profiles at discrete points very accurately.

The shape of the density gradients and height of the density peak reveals information about

the dynamics of the plasma and electric field. GPS scintillation measurements also offer a

valuable resource for sensing ionospheric dynamics, including the nature of

ites. Combining GPS observable from ground and spacecraft data with

field data has great potential to increase the value of satellite magnetic field

turbulent instabil-

satellite magnetic

data to both solid

Earth and ionospheric investigations and perhaps narrow the gap between these disciplines by

producing an integrated data set characterizing the magnetic environment of the Earth.
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Figure Captions.

Figure 1: Schematic iflusmtion ofamceiver inlow-Emh orbit viewing aGPS satellite inan

occultation geometry.

Figure 2: Map showing tangent points of GPS satellite occultations viewed by the aft-looking

antenna on the GPS-MET satellite. In this example, over 200 occultations occur daily. The

occultations tend to cluster in the mid-latitudes as a result of the geometry of the GPS satellite

constellation.

Figure 3: Examples of electron density profiles reconstructed from simulated GPS signals

propagated through a model ionosphere for four sample latitudes along 20% longitude (Hajj

et al., 1994). The true profiles (heavy lines) are derived from the Parametrized Ionosphere

Model (PIM) of D. Anderson for noon on September 26, 1992. Open symbols: Profiles

reconstructed only ffom the occultation data ; Solid symbols: Profiles derived with the aid of

horizontal gradient information from ground network data. Note the underestimation at 0°

and 20°N and overestimation at 40% which is caused by proximity to the model’s density

maximum at 20°N. (a) 20°S; (b) OO; (c) 20°N, (d) 40’!N.

Figure 4: Model (heavy line) and reconstructed (broken line) electron density profiles for

40°S. In this example, the GPS profile reconstructed with the aid of ground data shows ex-

cellent agreement with the starting model, due to the gentle, linear gradient in the vicinity of

the occultation tangent point.

Figuxe 5: Far left panels: Recovered electron density profiles (non-uniform) for 10°S, 0° and

10% (broken lines) compared to PIM model (heavy line). These profiles differ from exam-

ples shown in Figt.ue 3 by an adjustment that sets the profile minimum to zero. Middle

panels: Conductivity estimates from the GPS electron density profiles shown at left. 00,
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Parallel conductivity (x 10 4); 6P, Pedersen conductivity; oh, Hall conductivity; CC, Cowl-

ing conductivity (x 10 ‘2). Cowling conductivity calculated from the PIM model shown in

heavy line for comparison to GPS-estimated CJC(broken line). Far right panels: Zonal current

density computed from the a. estimates for a .5 mV/m zonal electic field. Model shown in

heavy lin~ GPS estimate in broken line.

Figure 6: Simulated distribution of high-resolution electron density profiles recovered during

one day of Orsted occultation data (800 x 400 km elliptical POIWorbit). plots are in magnetic

latitudebcal time coordinates. Symbols indicate the location of occultation tangent points,

where high-resolution vertical profiles are resolved. (a) Northern hemispher% (b) Southern

hemisphere.



-1

.

U’J

d
L

.&
u-



o

(s
o

d
03
0

IQ
-1
0

cd
u)
o

Latitude North, degrees

Cb & o
A

= m ul ~

ciiJ-

.“

. .

.



.

.“

800

700

600

r’
g 400
.-
*

300

200

la)

0

6oo- -

500- -

~. .

300 ‘-

200 ‘-

—-+----~l-.--- -l-— t-—1

-s Id o 5 Id I NY 1.5106 2 Id 2.510’
Electron densi{y (+#cm’) at -2& las.

(a)

800

700

600

~+——+—— b———~

-510’ 0 5 Id I 106 1.510’ 210’ 2.5 10b

—1-—-+---+----l -————l———+
I o s 10’ 1 10’ 1310’ 210” 2.5[@

Elearsm density (c/cm’) m (P h.

@

Soo

400

300

200

100

0

Elecmrn dcnsily (c/cm]) at 20’ M

(c)

~+—--l-----l—-—b-{

-s 10’ 0 5 Id I Id 1,510’ 210’ 2.510’

Electron density (e/cm’) a{ W lat.

(cl)

figure 30



.

.“

180

160

-140
E
x

100

80

40°S Electron Density

f

-.0.

I I i

10000 100000 1e+06

electrons/cm3



180

160

~ ,40
.

*
.g 120

a
100

80

180

160

g ,40
u

%
.s 120
z

100

80

180

160

100

Eleotron Density Conductivity Zonal Current Density

I I 1

10000 100000 le+06

electrons/cm3

u00.-.
10000 100000 le+06

eleotrons/cm3

i)
10% /

i
i

i’
i
i

.-.

80

10000 100000 le+06

electrons/cm3

180-

160-
\:

140-
\:

“.
\

120- .

100-

1
80 ~

le-06 le-05 0.0001 0.001 0.01

mhotm

80 ~
le-06 le-05 0.0001 0.001 0.01

mholm

180

160

140

120

100

80 ~
le-06 le-05 0.0001 0.001 0.01

mholm

180

160 1

140

120

L

%

100 .“&-
_.*------

80 ~
o 1 2

Jx(~amp/m2)

180

160

140

120

100

80

0 1 2

Jx(pamp/m2)

180-

160-

140 -
b

120-

100-

80 I i
o 1 2

Jx(~amp/m2)



618

o



●

18

●

D

●

b

●

.

12


