IMAGING THE JONOSPHERE WITH THE G1L.OBAY,
POSITIONING SYSTEM

George A, Hajl RoIbancz-Meier, and E. R Kursinski
JetPropulsion Laboratory

California Institute of Technology

ABSTRACYT

Obscrving the Global Positioning Systern by a satellite it | low carily orbitin an occulting,
ecometry provides a power ful nmicans of imaging the ionospherc. Tomographic ilmaging of the
1onosphere is examined using, sinpular vaine decomposition analysis. The interdependency of the
obtainable 1esolution, the ace wracy of the solutionand the dat a noise is explained. A simulation
18 done where a 2-1) 1onosphenie stroctue 1s genicrated. Accuracy of imaging the tonosphere
using ground and/on flight data IS examined. The GPS occultation data show sensitivity to the 1

layci
1LINTRODUCTION

When a 1adio wave travels through the 1onosphere, it experiences a group delay or a
phase advance that is, to fust order, proportional to the total clection content between the
tansimitter and the receiver [ 1] The total election content is defined as the line integral of the
ionospheric fice election density between the transinitter and the 1ecciver. Measwements of THC
have been achieved by different techmques with different degrees of accuracy and precision; all
of these techmques involve a 1adio beacon satellite and a yeceiver. With an array of 1eceivers
tracking the swne o1 diffarent satellites, 101s possible to obtain a sct of intersecting links with a
THC measurement for cach link. In such case we have a situation similan to that of X-ray

projections in medical imaging where the image can be obtained using inversion mcthods,




Unlike medical imaging however, in jonospheric imaging the geometiy of the ntersecting links
can be quite arbitiary and therefore in many sitvations it Jacks the sufficient stength to provide a
unique nversion. In this case one can only 1econstiuct a solution which contains characteristics

that the data are able to resolve.,

The possibility of doing 2-1> jonospheric tomography has been considered by many
authors [2-10). Work by Raymund ct. al. 4,10} and Ych and Raymund [6] showed the himitation
of jonospheric tomography as obtained from pround data alone. This is due to the Jack of inks
that cross the jonosphere ina tangential geometry. These links can only be wovided by a
transimitter and a 1eceiver in space viewing cach other in an occultation gcometry. n a radio
occultation geometry, a tansmitling satellite is setting o1 1ising behind he car Ir's atmosphere as
seen by areceiver in space. This is possible thiough use of signals transmitted by satellites of the

Global Positioning System (GPS) and 1cccived by one o1 more other satellites in 1.ow Yarth-

Oibit (1.EO) (Fig. ). As the signal passes through the 1onosphiere, its Hhase speeds up and
ends, in accordance with Snell's Taw, as a 1esult of the changing index of efiaction at diffcrent
heights of he jonosphiere. This bending translates into a doppler shift which is over and above
the doppler duc to the motion of the spaccerafts, This measured extra doppler can be translated
into an estimate of the total bending of the signal, ¢, as a function of the asymptote ray distance,
¢ (Fig. D). Once (@) is determined, and assuming the jonospherc to be sphencally symmetiic
in the region where the occultation is taking place, then the atmospheric index of refraction is
obtained by an Abel ttansform of o(@) Radio occultation techniques have a heritage of
over 20 years in NASA's planctary wogiam, but the concept is a newcomer into the carth

science arena and can be applied to both the neutral atmosphere and the jonosphere 8]

Analternative approach to using the doppler shift is to ignore the bending induced oy he
1onosphere (bending, on the day side is of the order of 0,01 degrees. Ignoring bending is certainly
valid as a fust approximation) and assume the signal (o be going through a straight linc. Then

with o simple lincar combination of the dua 1.-band requencies of the G S, one can find the



total clection content along the straight line between the GPS and 11O satellites. sing an
onion-shell model for the ionosphere, one can solve for the ndex of 1efraction at diffcient laycrs
as the tangent point (closest approach point in the link to the center of the carth, sce Fig. 1) starts
at the top of the jonosphere and descends into deeper layers of the atmosphere. With a satellite at
800 ki altitude, the 1ay descends (ascends) for a setting (1ising) GPS at a speed of 3 km/s. This

implics that it takes less than 5 minutes to sample the ionosphere in the occultation 1egion.

The GPS consists of 24 satellites, evenly distiibuted in 6 o1bital plancs around the globe

with an inclination of 55, at about 20200 km altitude and a 1evolution period of 12 how

(Fig. 2). Fach satellite ttansmits two canier fiequencies at 1-bend, 1.1 and 1.2 at 19.0 ¢m an
24.4 emrespeetively. The cartier signals are modulated by a pscudo-random code which allows
mcasuring, the absolute time delay between a GPS transinitter and a 1eceiver [19]. This absolute
time delay includes tavel time between the transmities and the receiver, effect of the medium
which may nclude he jonosphere and the neutial atmosphere depending on the location of the
1eceiver, and clock biases  of tansmitter and 1eceiver in addition to noisc. It has been
demonstrated that clock biases can be solved (o the nanosecond level accuracices [20]; his
implics that absolute TEC measurements from GPS can be obtained with an accuracy of a few
TECunts TECuni = 010 ¢/m?), On the other wand, with high performance GPS 1eceiver,
THC changes obtained direetly from he caniel phase measwements have an accuracy of 0.001

THC units

While the GPS was designed and funded by the US Air Foree mainly for the urpose of
navigation, the civilian community has taken ad antage of its presence for a host of other
applications. These include  seismic tectonic motions 21], carth orientation and polar motion
studies [22-23], gravimetry |24], atmospheric water vapor and ionospheric calibration [25-26]
and 1onospheric monitoring [27). Atmospheric occultation is yet another very important
application of the GPS in the arcas of climate and weather monitoring 14-18] and ionospheric

nnaging. The idea of using the GPS for the purposce of ionospheric tomography was first




suggested by Yunck et. al. [28]. Since then, scveral studies have been conductedin this arca

[29-31].

In this paper, we examine ways by which a 1 .0 satellite ttacking GPS can be used to
image the ionosphere. Two problems are being discussed. One is to combine the 1.1O- GPS links
with THC data from the gr ound in a tomographic approach. *1'11(¢ other 1s tousether . HO-GPS
occultation geometry to obtain high resolution vertical profiles of the ionosphere. In order to
addiess the former pr oblem, we  work outa 2-1 example which will serve i defining the
tomography problem and answeri ng basic questions such as the expected resolution and accu raey
as a function of the ge ometiy of the transmitting and receiving eleiments as well as datanoisc.
This is discussed in section 2. We also work out a realistic simulation whereby a 2-1) image IS
rcconstructed tomographically using ground data. wWith and without 1. 1:O-GPS links; this is
discussed inscction 3.1n section 4 the cffect of the ionosphere on the occulting signal is
examined 1 more details and means of obtaining high 1esolution vertical profiles of the

1onosphere are presented. A conclusion are given in section 5.
2. PEDAGOGICAL EXAMPL X

Consider the geometry of Fig. 3, wheie we divide our region of intcrest which
conesponds to arectangle of 30()()x45() km? into 20X?2() pixels. Consider atansmitting satellite
to be passing above this region, and thice reccivers located on the ground below this region as
shown in the Fig. 3. The corresponding hinks between the transmitter and the receiver are also
shown. Only measuwrements as low as 130 clevation from the side receivers and 200 ¢levation
from the middic 1eceiver are included in ow data Set, ‘This IS to guarantee that there 1S noextra
contiibution to the TEC from outside the 1egion of itli(.lest. We also assuimne that the fice election
density 1S negligible above this reg jon so that THCT measuiements are duc only to the electi on
de nsity that lics mostly within the region of interest. This assumption is notgencrally valid since
the ionosphere extends well above J()()() Kmy, but this example will illustrate the dependence of

the solution on several factors such as the peometry of the links anid the choice of a particula



basis to span the solution (in this example our basis is a sct of pixels) ‘1his example is valid
however, if the ransmitting satellite is at a height comparable to 450 km. We number our pixels

from  -400, with 1 being the pixel in the lower left corner as shown in the Fig. 3.

<t the clectron density function be denoted by f(r) where ris a vector from a suitable

origin 1o a given point in the image. A THC measwrement is hen given by

G- Ty ds; j= ,no.of links (

RAYPATH §

where d s is an increment along a specific link j. We choose the following basis to span our

solution

fimy= 1 ifrc pixeli; o)
= 0 otherwise ' ‘

We approximate fir) by its digitized function, fu(r), which is defined by

\_cc
Ja D, i fi@),s (3)
=]
where xj 1s the a of fir) inthe i pixel. g ( canthen be wiitten in a natrix ‘orm as

C =D X 4L

mx] man nxl mx A\_

where C s a column of m measurements, X is a column of n unknowns, I is a column

‘
cpresenting eno due to data noise and discretization, 1) is a m x n matrix with dji being, the
length of ink j that lies in pixcl . Bach element of E, denoted by 0j, s a function of two errors,
the noise in measurement j, and the difference between the actual measurcinent and the onc
obtained from the discrete image Given the high precision measurements of TEC that can be

obtained with the GPS system, o is dominated by the latter of these two errors. Furthermore

he enror introduced by discretization is also a function of the size of the pixel and he variability




of" the mediumitself. Therefore oj  Will be larger for bigger pixels and for more variability in the
medium. in what follows, we assumcojzo0 for al j’s, The importance of determining o will

become evident below.

It is important to notice that in the example of Fig. 3, some pixels do not have any links
passing through them. These elements in X and their corresponding null columns in D have to
be removed from 1 ig. (4) at the outset before any inversion process is attempted. Once we do that
for the example of Fig. 3, we end up with n= 392 unknown p arameters. On the other hand we

havems= 476 measurements.

Generally, I will not be of full rank; namely, only 1. <m cquations exist that are
lincarly independent. Morcover, the number of independent equations 1.< n, the number of
unknowns. Therefore, we have an underdeterminedsystem of equations. Singular value
decomposition (SVD) of thematiix D allows us to 1emove the linear ly dependent equat jons

from ourset of equations. Perfor ming the SVID) we write

D=UW vT (5)
mxn mxl. 1.xl. 1.xn
where W is a diagonal 1x7. matrix with its diagonal clements equal to (wy,wy, . . . wy. ), sorted
from 1-1, in a decreasing order, which correspond to the non-zero singular cigen-values of D,
The columns of U and V' are the corresponding  left and right singular cigen-vectors
respectively. This factorization allows us to break the parameter space of X into two vector
spaces. The first is the one spanned by the columns of V= (v, vs, ...,vp) . Hach of these vectors
corresponds to a lincar combination of the original parameter space which can be solved for, with

a variance given by

0% :0 (6)



The second region corresponds to the null space which is the part. Of  the parameter space

to which our data are not sensitive.

The singular values (SV) of our example is shown in 1 dg. 4. The following observations
arc to be made: The first 340 singular values (SV) decline by three orders of magnitudes. A sharp
cutoff appears beyond the 340th singular value. The largest singular value W1 corresponds to the
best determined lincar combination of the parameter space, namely the product v;7 - X. The
second singular value w» corresponds to the second best determined linear combination of the
parameler space, and S0 on. The geometrical interpretation of the eigenvectors vy is that the first
vectorvy is the one that is most nearly parallel to the rows of ; therefore, it is the most nearly
parallel to the direction of our links. The second vector is the one that IS most nearly parallel to

the remainder, etc. [32]

The least square solution for the system is given by

X=V W ly’c (7)

and the solution covariance by

cov(X) = o2VW- 2yl (8)

The solution given in Eq. (7) is undetermined up to an arbitrary lincar combination of the
vectors spanning the null space. By not including any of these vectors, we are choosing the least
norm solution among all other possible solutions. In the presence of some apriori knowledge

about the 1onosphere, one would set up the problem in exactly the same way as above. However,

X would correspond to the deviation from the apriori values for the electron density in
cach pixel, and C  would be the difference between the mcasured vadue and the one calculated

based (m the apriori.




A fundamental issue remains which is choosing the number of non-zero singular values,
wi , 1o include in our solution. 1t 1S important to note from Eq. (7) that the more singular values
we include in the solution, the closer we get to the true solution. On the other hand, including
more and therefore smaller singular valu cs causes the solu tion covariance to grow very rapidly as
seen from 1 iq. (8). Different methods have been applied in choosin g a cutoff value for t he
number of singular values to include {32]. The main pointbehind most of these methodsisto
choose a cutoff, 1., suchthatthe variance associated with the corresponding eigenvector as
given by lig. (6) makes physical sense. 1 ‘or Instance, in the example above, suppose we have the
ertor In the THC measurement o = 101[) (¢/m?). This crror is duc to data noisc and discretization
as explained carlicr. “2’lienacutoff at 1 ()() km would corresponds to 1()"'(¢/m3) of uncertainty in
the ele ctrondensity according to Eq. (6). Given that the clection density to be recovered can be
of the’ same order of magnitude o1’ smaller, this implies that one shouldnot try to include more

singulai values in the solution.

Fig. 5 shows the solution for a unitimpulse function in pixel 2'/() (sec Yig. 3) which
corresponds to the 270th columm of V7 with 1007 singular values included. The reconstructed
image resembles a 2-1D sine function wit]) a peak value of .38 and a width comparable to the

dimensions Of the pixelin the horizontal and vertical directions.

In order to characterize the resolution of a solution, we define the resolution of pixel i in
a specific dimension asthe leng th of pixeli in that dimension over the height of the
reconstructed impulse function of that pixel. With this definition we proceed to examine the
solution ina given pixel but with different number of singular values included in the sum of 1 iq.
(7). Fig. 6 shows the horizontal and vertical resolution versus the standard deviation for pixel
270. The number of SV'sincluded in the solution is indicated on the figurc at different points.
Based on this figure, if ¢ = 1010 ¢/in2, then the uncertainty in electron density at pixel 270 is
about 101 1¢/m3 for 1., = 150. The corresponding resolution 1S about 300" km in the horizontal

and 45 km in the vertcal dimensions.




The discussion] in this section is notrestricted to a basis consisting, of pixels, but canbe

generalized to any finite set of functions that we choose to expand the solution. The main
questionto be answered is how well docs our finite. basis span actual structures in the ionosphere
since thatis a major contributor to the size of 0. We feel that this point is so fundamental to
understanding the inherent relationship between the image, the basis in which we expand our
solution, the data noise and the strength of data to recover the image where further elaboration is

merited.

Consider the simple finite 2-1) image of the ionosphere shrew inkig. 7 where the density
is constant inside of each pixel. Furthermore, assume that our data is noiseless. Now consider
that we scan the image froma specific angle, 07, such that our first link will only pass through a
single pixelinthe upper-rig,lit corner of theimage. 1t is clew that the firstlink will immediately
give the density in the first pixel. Sulgmsc.that we fix the vicwing angle of our ink butwe move
it in such a way that it crosses one additional new pixelat atime. Then each new data point will
give the density of the additional new pixel that it passes through (Fig. 7). This process will
allow us to reconstruct the densities in all the pixel from a single viewing angle of the image. A
SVD analysis of links 1-4 yields four non-zero singular values. On the other hand a SVD
analysis of links 5-8 gives only two non-zero sing ular values, since only two out of links 5-8 fire
independent. in reality, if the picture is not discretized in exactly the same manner that we choose
out pixels, links 1-4 will not be superior to links 5-8 but the SV analysis IS not capable of
telling, usthat directly. It is only through anindependent estimate of ¢, suchas computing the
post-fit residuals of the THC data (difference betweenmeasured TEC and com puted THC based
onthe solution), that one. can compute the covariance of the solution and consequently estimate
the strength of the data. Another important point to be made here is that if the basis functions
chosen correspond to the correct modes of the image, thenan accurate image can be obtained
with a very restricted, butappropriate, set of data. This situation is demonstrated by Raymund cl
al. where aset of empirical orthonormal functions arc used as a basisto capture large scale

features of the ionosphere from a limited set of data[ 10, 33].
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3. SIMULLATION

Wc proceed by generating data based ona 2-1) dlit.c of the ionosphere (Fig. 8). This 2-1)
grid whit}) was generated according to the Parameterized lonospheric Model (PIM) corresponds
to the electron density at 20( 1 geodetic longitude, 12:()() hr. universal time, Septeinber 26, 1992,
and extends from-80° 1o +800” N geodetic lat it ude (only data from -200 to 400 N are shown in
Fig. 8). The density is representative of the ionosphere during the day time, with a solar spot
near solar maximum. PIMisa worldwide clectron density profile model, developed by D. N.
Anderson of the Air Force Phillips 1.aboratory. This model is a parameterized version of the Utah
State University model, whichis a complete, first principles, ionospheric model using as inputs
the solar UV flux wavelength profile, the Hedin neutral wind model, the MS1S-86 neutral
atmosphere model, and an electric ficld model obtained from all available experimental data. The
2-Dimage has a main lobe atabout 23° N latitude and 350 km altitude witha pcak density of

2.3X 100 (c/em?).

We limit our imaging 1o the region between -500 to 60° N. latitude and between 80 to
1000 km altitude. We divide this regioninto 22 pixels horizontally and 72 pixels vertically. Wce
place seven groundreceiversat -200° -1 00, (Y), 100,200,300 and 40¢ N latitude. Y:achrecciver is
tracking downto 10 degrees clevation with a data point taken every 2 degrees. Fig. 9.4 shows
the reconstruction of the region from ground data alone. The peak density of the reconstruction
is about]l .75x] 00 (¢/cm3) and is located at 200-25¢ N latitude and 250 km altitude. The
horizontal features such as the sharp gradient between 1 0° N and 20© N and the maximum
dens ity bet ween | 5 Nand 300 N arcreflectedin the recon struction; however, a strong verti cal
correlation between the pixels is evident. The Jack of t he ground data alone to captui e the vertical
structure is duetothe strong correlation of the ground  dataat all elevations with zenith
mecasurements. This correlation makes the 1 matrix highly singular, and as explained carlier,
only linear combinations of electron densities thatare mostly parallel to the datalinks are We]

determined.  The inability to capture vertical structures With ground data alone using




conventional tomographic methods or the convolution back projection agorithms is reflected in
the literature [4, 34]. More recently, Raymund et d. [10] and Raymund [33] used the empirical
or thonormal functions as a basis to capture the large scale structures of the ionosphere in both the
horizontal and verlical directions. However, in this way, only features in the ionosphere that arc
truly represented by the empirical orthonormal set of functions can be recovered. Anti even then,
only those functions that the ground data are sensitive to can be solved for, as discussed in the

example of Fig. 7.

Fig. 9.b is the. rcconstruction where the same data from ground is used in conjunction
withasingle occultation happeningin the same 2-D plane with the tangent point of the
occultations at] 09 N. In this case, we startto distinguish some of the more detailed features of
the. 2-1) structure, such as the high clectron density near 200 N latitude and 300-400” km altitude.
T'he slope of the main lobe. in the true image can, 1o some extent, be seen in the reconstructi on.
On the other hand, the tangential links have correlatedthe dataina way that made the sharp
gradient at 15¢ N disappear. The maximum reconstructed electron density inthis example is

1.9x100 ¢/cm3.

In these two examples, the smallest cutoff included in the solution was equal to 100" kmn
and No apriori was assumed. The fact that the solutions arc of minimum norm explain why they
underestimate the true density. Furthermore, no constraints were applied, whichresulted in some
negative electron densities (shownas purple pixels). The main point of these two examples is to

see the effect of adding tangential links to ground data.

Inreal life situation, the fact that a GPS-1.1:O occultation may not fall in exactly the same
planc as an array of ground receivers tracking some other low carth orbit satellite does not
imposc a real limitation. A genera] approach to using the GPS data would be to introduce  profiles

that can be accurately generated with the GPS at certain latitude-longitude points as constraints
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or apriori to ground based solution. The topic of obtaining high resolution profiles with the GPS

is discussed next.
4. IONOSPHERIC OCCULTATIONS

With the full constellation of the GPS satellites, a single GPS receiver in @ near polar
orbit will observe over 500 occultations per (lay, Spread about the globe. The first setof carth
atmospheric occultations using GPS will be available when an 800 ki altitude orbiter, GPS -
MI T, will be launched in May of 1994. G PS-MET will have a high precision receiver, capable
of tracking 8 GPS satellites simultancously. With an aft-looking ante.nna, the GPS-MET will
cover only half of the full sky and therefore provide over 200" globally distributed occultati ons

daily. A representative coverage of the. G} >S-MET during one day isshownin 1 1g.10.

In the previous section, flight data has been usedtogether with ground data mostly in the
context of tomography where both horizontaland vertical resolution are being, solved for
simultancously. A second approach by which the f] ightdata can be anal yzed is by a direct
inversion process of the bending angle (<) (Yig. 1) viaan Abe.] transform [1 1]. The
theoretical limit of the vertical resolution obtainable through this technique is Set by the
diffraction limit of the gcometric optics approximation; namely, the vertical and the cmss-beam
dimensions of the sampling, volume arc approximatel y given by the diameter of the first}resnel
zone. in the absence of bending, the first Fresnel zone IS approximately given by the diameter of
a cone with its apex at the receiver, its axis being, the distance from the receiver to the tangent
point, and the rays forming the cone having alength of this same distance plus onc-half the radio
wavelength. The Fresnel zone corresponds to about 1 kin for areceiver in orbit at an altitude of
800" km obscrving a GPS satellite. However, a true limitation in reconstructing  accurate
ionospheric vertical profiles of clectron density from occultation data alone is duc to the
relatively large horizontal structure that the signal as to probe causing the spherical symmetry
assumption to be inaccurate,. in what follows, wc will examine how wellone cando by ig noring

the horizontal gradient, and means of improving that.
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We use our simulated structure of Fig. 8 as the troth. in order to examine the effect of the
ionosphere onthe signal, we assume a gcometry whereby a 1,1X) satellite is occulting a GPS
satellite, with the tangent point of the occultation link at 20 deg. Jatitude. This latitude
corresponds to the region of’ maximum electron densit y profile in our 2-1) grid. The amount of
bending and signal delay as a function of the height of the tangent point is showninkig.11 for
the GPS 1.1 signal. The e ffect on the 1.2 signal is the. same but a factor of 1.65 bigger. The
negative. delay implies a phase. advance. The curvature ata given pointon the 1 EO-GPS ray is
in the direction of increasing index of refraction or decreasing electron density. (Yor the
relationship between refractivity and clectron density sec reference 1.) A positive signof the
bending angle is such that the curvature of the ray is toward the center of the carth. The bending
of the ray is directly proportional to the amount of doppler shift that the ray experiences, which
in turn is proportional to the phase change. This explains why the bending changes sign at the
point where the delay is at a minimumnear the }'2 peak. The oscillations in bending near the 1
region arc similarly duc to the change in curvature of the dclay. It is worth noticing that even
during the day time and near solar maximum, the absolute bending, docsnotexceed ().()16
(0).026) degrees for 1.1 (] .2). The magnitude of the delay for 1.11s about 90 meters, which

corresponds to atotal clectron content of about 250X] () 10 ¢/m?.

Given that the bending ]s small, inthe following analysis we Will assume that the signal
travels along a straight path connecting the transmitter and the receiver.  Assuming a locally
spherically symmetric atmosphere, we solve for the clectrondensity profiles for several
occultations with tangent points at -200, ()(), 200 and 40© N geodetic latitude. Yig. 1 2 shiows the
true electron density (solid line) and the reconstruction (open diamond) at these latitudes. The
two peaks of each profile correspondto the 12 peak at 300-400 ki altitude and the 1 peak at
-1 ()() kmaltitude. The following observations will help inunderstanding some of the effect of the

spherical symmetry assumptiononthe reconstruction.




The solution a1 200 latitude largely underestimates the true profile. The reason being that
the true electron density profile at about 200 corresponds to a maximum in the plane of
occultation. This implies that the signal would be slower on bet]] sides of the. tangent point;
therefore, on the average, it would give a smaller estimate of the clectron density. However,
under general conditions, when the profile corresponds to neither a maximum nor a minimum
with respect to its surrounding arca, a cancellation effect take.s place anda more accurate
reconstruction can be obtained. For instance, if for cach layer that the signal is passing through,
wc have ahorizontal gradient that is changing lineally asafunction of the arc length from the
tangent point of occultation, the signal Slows down and speeds up around the tangent point by
exactly the same amount, so that the estimated refractivity is exactly that of the. tangent point.in
the more general case, all odd components of the horizontal gradient around the tangent point
cancel; only even terms contribute to the error inrefractivity [17]. This explains the almost exact
agreement between the reconstructed and the. true profile above the ¥ region for the. -200 latitude
case where the actual electron density at that latitude is not exactly spherical. On the other hand,
a sharp horizontal gradient in the clectron density appears between 200 and 400 latitude and the
gradient gets considerably smaller beyond 400 The net ¢ ffecton the occultation with a tangent
point at 400 is that the signa will travel faster onone side of the tangent point but not slow
enough on the other side to compensate for the speed in the first side, resulting inanoverestimate

of the electron density.

Another problem of the reconstructed profile is that it depicts a negative electron density
at the bottom of the jonosphere, whichis a physical impossibility. imposing posit ivity on the

solution can be used as an extra constraint to improve the results.

A first order improvement over the spherically symmetric assumption is to divide the
ionosphere into pixelsin the same manner thathas been done’ fm the tomography of section 3.
Then constrain pixels lying next to cach other horizontally (i.€. in the sane layer) to have a given

functional form with an undctermined scale factor. This functional form can be the same for all
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layers, or different for different layers. Then one can solve for the unknown scale factor for cach
layer. Thisreduces a 2 or 3 dimensional problem into a one dimension problem wheie only the
scale factor has to be found for cach layer. Stated mathematically, this can be formulated as

fol low. Consider Hq. (4) where X is the column of nunknown densities corresponding ton

pixels. Suppose. we have a 2-12 image which is divided in polar coordinates into @ slicesin the
angular direction and K layers radially as shown in Fig. 13, 1.ctr; be the radius of layeri and 0

bethe angle of the center of dice j. We correlate the elements of X as follow

xyp= oy g(r,0p)

Xp = ) g(r],()g)

X =0 g(r ,00)
X4l =@ g, 0) (9)

X = 0 g(r2,00)
Xom41 = 03 £(r3,00)

where @, @, o« .y g are unknown scaling, factors and g(r, 0) is a given function. Then Eq. (4)

reduces to
C =B A4k
D111 mxR  Rxl )21 10)

where AT = (o, oo, .., ag) and the elements of B are given by

Bra=d,]glr 004 di2g(r,00)4 4 dge(r,00)

])’]Q = (]]‘(_)_4 y g(’?s()l) -1 (]].()_’2 g(’Q‘()})'i o 4(1],?6) g(’?s()(“)) (11)
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dij arc the original element of the matrix 1 in Fq. (4). By introducing the correlation function

g(r, 0), the number of unknowns arc reduced to R, in the case of anoccultation,onc can choosc

m= R independent measurements and tilerc.fore, obtain aunique solution for A7

Fig.12 shows the reconstructed profiles when the same functional form is applied to ail
the layers of theionosphere, name.lly g(r, 0)= g(0). The appliedfunction g(0) correspondsto the
zenith total electron content from the ground up to 1000 ki height at given latitude. Such data
are generally available from modecls o1 global zenith *1'1 iC maps which are generated using GPS
or by other means. [26,30] With the application of the same. horizontal gradient to correlate
pixels at a given layer, the solution improves onaverage as seen fromFig. 12 (solid squares). A
sccond order improvement IS yet possible by applying ciiffc.rent horizontal gradients to the
differentlayers, as can be obtained fromnodel s or frominterpolation of nearby occultations or
from models. The idea of using neighboring occultations in aniterative fashion in order to

improve vertical profile.s was first snggested and now isunder investigation by Chiuctal. | 29]

Of the most striking characteristics of all the reconstructed profiles of Fig.12 is that the
data arc sensitive to the E layer of the ionosphere. Fven when the simplest approach is being
used, namely when spherical symmetry IS assumed, the point-to-point structure of the 1 layer is
1ccovered, but the overall Ievelis off. B 'y constraining, the solutiontofall within lower andupper
bounds at certain heights, the overal level can be improved. The GPS provides a unique system
for sensing the}: layer of the ionosphere which, under normal conditions, can not be detected

from ground data alone.

5.CONCLUSION

The importance of choosing the proper basis to expand a solution has beendemonstrated
in tile ionospheric tomography literature [ 10, 33]. When choosing a basis, there are two questions
to be answered 1n order to asses how well the ionosphere can be imaged: }irst, how well docs the

basis represents actual structures in the ionosphere? Second, how well can these functions be
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decorrelated by agiven gcometry Of links? One way of answering the former g uestion is by
examining the post-fit residuals of the data. The answer to the latter question is possible with the
application of singular value decomposition analysis, SVIJ can be very uscful to determine what

lincar combinations of the basis functions the data can resolve and to what accuracy.

Generally speaking, when tomography is employedto reconstruct the ionosphere, one
should always expect insufficient strength in the data to obtain a unique sol ution. Resolution and
accuracy arc very much dependenton the model used, the variability of the medium and 011 the

data noise.

The work clone in this paper suggests that data from space is not sufficient by itself (o
produce very accurate profiles of the ionosphere, except when horizontal variability isat a
minimum, o1 varics in a way that alows cancellation of rows. On the other hand, ground data
arc very restricted in sensing vertical structures. 1 lowever, when ground data are used along with
data from space, significant improvements arc made to the profile solutions. The wide use of
GPS suggests that data from several 1 EO satellite.s tracking GPS will be available in the ncar
future. These data can be used in- conjunction with available ground data cither directly or to
provide needed apriori profiles. Similarly, ground data call be used to impose constraints on the
horizontal structure which the GPS-1 EQ is insensitive to. The GPS-1 EO data is sensitive to

small vertical structures in the sonosphere such asthe b layer.
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FIGURE CAPTIONS

1 ‘igure 1: Occultation geometry for GPS and alow carth orbit satellite,

1 ‘igure 2: The Global Positioning System configuration

1 ‘igure 3: Viewing geometry (off scale), Dividing the ionosphere into 20x20 pixels.
Figure4: Singular Values of the example of Fig. 3.

Figure 5: The reconstruction of a unitimpulse function at pixel 270, including 100" singular

values

1 ‘igure 6: Resolution and the corresponding errorin the neighborhood of pixel 270 for different

numbers Of SV'sincludedinthe solution.

Figure 7: A finite anddiscrete 2-1 image of the ionosphere illustrating the dependence of the

data strengthon the basis functions.

Figure 8: Simulated electron density using the PIM model at 2 0 ( I geodetic longitude, at 1 2:00

111.11°1°.

Figure 9: Tomographic reconstruction of the 2-1) image of Fig. 7. with 7 ground stations at -200,
-1 00, 00,100, 200, 300 and 40° north longitude. (a) No occultation dataincluded; (b) including

occultation data.
Figure 1 (): A representative daily occultation coverage for GPS-MI:T (total 0f219 occultations).
Figure1]: Delay and bending of the GPS 1] signal as it travels the. carth'sionosphere.

Figure 12: Verticalslices of the 2-Dimage of Fig.8 at (a) 200 N; (b) 09 N; (c¢)20© N; (d) 409 N.
Showing truth (solid line) versus reconstructed assuming spherical symmetry (open diamond),

and 1 cconstracted assuming somce horizont al gradient (solid squarc).

22




Figure 13: Indexing conventionof pixels in polar coordinates.
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