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ABSTRACT

The Constellation Observing System for Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC) is a
constellation of six microsatellites that was launched into low-Earth orbit on 14 April 2006. Each FORMOSAT-3/COSMIC
satellite contains a GPS Occultation Experiment (GOX) GPS receiver and a Tiny lonospheric Photometer (TIP), which
measure the ionosphere. In previous papers of Dymond and Thomas (2001) and Dymond et al. (2000), an algorithm for
tomographically inverting GPS occultation and UV radiometer measurements has been presented. We apply this algorithm to
the inversion of recently acquired FORMOSAT-3/COSMIC data and present the results.
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1. INTRODUCTION

The use of total electron content measurements acquired
during occultation of the Global Positioning Satellites (GPS)
by a receiving platform in low Earth orbit has recently been
demonstrated as a viable technique for determining the iono-
spheric electron density (Hajj et al. 1994). The cornerstone
of the technique is use of the Abel inversion to convert the
total electron content measurements made by the GPS re-
ceiver into electron density profiles. This technique assumes
that the ionosphere is spherically symmetric with no hori-
zontal density gradients. The Abel technique works well un-
der certain viewing conditions but its accuracy is generally
limited by the spherical symmetry assumption. When there
are substantial ionospheric density gradients present, the
Abel inversion technique yields poor results due to an in-
ability to handle gradients (Hajj et al. 1994). As GPS oc-
cultations occur sporadically around the globe, it is difficult
to use them in a systematic way to gather information about
the global structure of the ionosphere. Thus, alternative tech-
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niques must be used to infer the gradients and to account
for them in the inversion process.

Several techniques have been used to infer ionospheric
gradients. On the Formosa Satellite — 3 or Constellation
Observing System for Meteorology, Ionosphere, and Cli-
mate (FORMOSAT-3/COSMIC), GPS occultation measure-
ments will be complemented by ultraviolet radiometric mea-
surements, measurements of the total electron content be-
tween the satellites and ground using computerized iono-
spheric tomography receivers, and ground-based GPS total
electron content measurements. The use of ultraviolet (UV)
radiometers provides an accurate measurement of the gradi-
ents on a global basis and does not rely on ground-based
receivers.

Naturally occurring ultraviolet and visible emissions
from the night sky have been used since the late 1960’s as
means of determining the densities of electrons and O" ions
in the F-region ionosphere. The emissions are produced by
radiative recombination of O" ions and electrons to produce
atomic oxygen in an excited state that subsequently decays
by emitting a photon. These emissions have been observed
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at visible wavelengths (7774 and 8446 A) from the ground
(Tinsley et al. 1973; Tinsley and Bittencourt 1975) and at
ultraviolet wavelengths (911, 1304, and 1356 A) from space
(Barth and Shaffner 1970; Hicks and Chubb 1970; Chakra-
barti et al. 1984; Feldman et al. 1992). The use of nighttime
O emissions to remotely sense the F-region electron density
is described by Chandra et al. (1975), Tinsley and Bitten-
court (1975), Meier (1991), and Dymond et al. (1996, 1997).
UV emissions are of most interest for space based iono-
spheric sensing. Earth’s atmosphere absorbs all UV emis-
sions, with wavelengths less than 1800 A, at an altitude of
approximately 90 km. Thus, there is no UV background.
Earth’s atmosphere is transparent to visible emissions and,
therefore, there is a visible background due to city lights,
forest fires, thunderstorms, noctilucent clouds, and reflec-
tion of moon light; these background emissions would re-
quire measurement and subtraction from the nightglow sig-

nal. This background subtraction can lead to large uncertain-
ties in the derived airglow signal. The problems caused by
background emission are far worse on the dayside because
the background emissions can originate above 100 km.

We present the results of tomographic inversions of the
TIP radiances in conjunction with the GOX occultation
TECs. The occultations occurred in the region of the Ap-
pelton anomalies where the ionospheric gradients are very
large. Figure la shows the distribution of the measured
135.6 nm ionospheric radiances from all six TIP instruments
during a single day. Figure 1b shows the 135.6 nm radiance
calculated from the electron densities obtained from the
GOX Abel inversions. The TIP measurements clearly better
characterize the structure of the ionosphere in and near the
Appelton anomalies, while the occultations tend to smear
out the structure. This is due to the fact that the GOX Abel
inversions assume spherical symmetry of the ionosphere,
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Fig. 1. Comparison of TIP and GOX morphologies near the equatorial anomalies. The solid line indicates TIP radiance averaged over one day and all
geomagnetic longitudes and the smaller dots indicate the individual TIP measurements that went into the calculation of the average. The large varia-
tion is due to the longitudinal variability of the ionosphere as the measurements uncertainties in the TIP data are < 3%. The dots in (b) indicate one
day’s worth TIP radiances derived by converting the GOX electron density profiles into volume emission rates and then integrating vertically. Note
that the GOX occultations do not adequately capture the morphology in the region of the equatorial anomalies.
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which is clearly not a good assumption in the low-latitude
ionosphere. We show that tomographic inversions yield re-
sults that differ from Abel inversions as expected and dis-
cuss the results.

In this paper, we first present a description of the Tiny
Ionospheric Photometer. This is followed by a discussion of
the TIP measurements. We then introduce the inversion al-
gorithm and the modifications that have been made since
previous publications discussing the technique. The results
of the inversions are presented and discussed. Lastly, this
work is summarized. Additional information about the TIP
instruments and their ionospheric measurements can be found
in Chua et al. (2009), Coker et al. (2009), and Tsai et al.
(2009).

2. TINY IONOSPHERIC PHOTOMETER

The TIP instrument for the FORMOSAT-3/COSMIC
satellites has to provide accurate and precise measurements
of the electron density gradients in the ionosphere and com-
pliment GOX TEC measurements, which are of very high
precision. The instrument also had to be a compact, light-
weight package such that it would not tax satellite resources
too greatly. We opted to design the system based on mea-
surement of the O I 135.6 nm emission produced by radia-
tive recombination of O" ions and electrons, a natural decay
process of the ionosphere. In order to perform tomographic
inversion of the TIP and GOX data simultaneously, the data
sets should have comparable signal-to-noise ratios. How-
ever, this is difficult to achieve for a compact optical instru-
ment as the airglow signals are not very bright and the small
size of the instrument limits the size of the telescope. The
design selected was a compact narrow band ultraviolet
photometer. Additional details of the instrument and its de-
sign can be found in Kalmanson et al. (2004); we summarize
the relevant design features here.

The TIP instrument is a narrow band photometer that
measures the 135.6 nm emission over the passband of
132.5 to 160 nm. The instrument is divided into two sec-
tions: the interface electronics box and the photometer head,
as shown in Fig. 2. The interface electronics provides inter-
face to the space vehicle and is the control system for the
TIP instrument. The photometer subsystem consists of an
off-axis parabolic telescope feeding a sub-miniature Hama-
matsu photomultiplier tube with a cesium iodide photo-
cathode. The photometer includes a filter wheel assembly
with additional filters and a shutter to block the light path
so that the on-orbit radiation background seen by the
photomultiplier can be measured. The wavelength pass-
band of the system is controlled by the filter and photo-
cathode combination.

The short wavelength edge of the passband is deter-
mined by the short wavelength cut-off of the strontium fluo-
ride filter placed in the light path. Strontium fluoride has a

short wavelength cut-off at ~128 nm at room temperature
(Samson 1967); no light at wavelengths shorter than this is
transmitted through the filter. When the filter temperature is
increased to 100°C, the cut-off shifts from 128 to 132.5 nm;
this effectively eliminates the nearby emission from 130.4 nm,
which is also produced by radiative recombination of O" and
electrons. The 130.4 nm emission is difficult to interpret be-
cause the vertical optical depth of this emission reaches
several thousands at the bottom of the F-region ionosphere;
thus, it is not a good candidate for ionospheric monitoring.
The 135.6 nm emission is largely optically thin in the iono-
sphere and thus is the emission selected for the observations.
The long-wavelength cut-off of the TIP passband is deter-
mined by the fall-off of the quantum efficiency of the cesium
iodide photocathode of the photomultiplier tube. The long-
wavelength cut-off of cesium iodide is nominally at about
160 nm. However, examination of the TIP data during nor-
mal orbit operations indicated that the TIP data showed the
presence of city lights. This is unfortunate because it means
that the long wavelength sensitivity of the TIPs is much
higher than expected. This is due to contamination of the
cesium iodide photocathode by other metals having lower
photoelectric work function; this contamination occurred
during the preparation of the photomultiplier tube at Hama-
matsu. The large light grasp of the instrument compounded
the effects of the long wavelength sensitivity causing visible
emissions from the ground to be detectable.

An instrument’s sensitivity is defined as the number of
photons detected per second at an input radiance of 1 Ray-
leigh:

10°
S =——QTRAQ (1)
A

where Q is the quantum efficiency of the photocathode on
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Fig. 2. TIP Instrument. This is a photograph of the TIP instrument. The
photometer head is the black box and the electronics and interface box
is the gold box.



218 Dymond et al.

the detector (number of photons detected/number of pho-
tons incident), 7 is the filter transmittance, R is the re-
flectance of the telescope, 4 is the collecting area of the
telescope in cm?, and Q is the instrument’s field-of-view in
steradians. The factor 10%/47 converts the radiance from
units of Rayleighs to photons s cm™ steradian™ (the 47
factor is required here to convert from the omnidirectional
radiance, expressed in Rayleighs, to a specific radiance per
steradian). The field-of-view is 3.8° and is circular; this
was driven by the size of the photocathodes available for
the photomultiplier tube and by the desired scale sizes we
wished to observe. This field-of-view provides a best-case
spatial resolution at the F-region peak (~350 km) of ~11 km
when the satellites are in their initial orbit at ~515 km alti-
tude and ~30 km when the satellites are at their nominal
orbit altitude of ~800 km. This spatial resolution is sme-
ared out along the orbit track by an additional 8.3 km due to
the satellite’s orbital motion and the nominal 1.18 second
integration time for the TIP measurements. Using mea-
sured values for the quantum efficiency and the filter trans-
mittance and the known values for the reflectance and area
of the telescope mirror, the TIP sensitivity was estimated to
be ~500 ct s Rayleigh™.

3. ALGORITHM
3.1 Description

We developed and tested an algorithm that simulta-
neously inverts the TIP vertical radiance measurements and
the GPS occultation data to produce a high fidelity iono-
spheric reconstruction along the orbit track using a tomo-
graphic scheme, as seen in our previous work: Dymond et
al. (2000), Dymond and Thomas (2001). The GPS total
electron data are in the form of an occultation or “limb scan”
and therefore these data provide high quality altitude infor-
mation. However, the GPS data are integrated electron den-
sities along the line-of-sight to the GPS satellite and there-
fore may be affected by gradients along the line-of-sight.
The intensity measured by the radiometer is proportional to
the vertical column integral of the square of the electron
density and, therefore, contains no altitude information.
But, the radiometer data contains high quality gradient in-
formation. The use of the two data sets together offsets the
weaknesses in each data set while taking advantage of their
strengths.

The nighttime 135.6 nm emission shows contributions
due to radiative recombination and O" - O neutralization
(Tinsley and Bittencourt 1975). The emission also shows
mild opacity effects due to multiple scattering of the radia-
tion by atomic oxygen in the thermosphere. The emission is
also a doublet emission originating in a singlet upper state
with wavelengths 135.6 and 135.8 nm; the doublet is not re-
solved by the TIP. The volume emission rate, & (z), for the
emission is given by (Tinsley and Bittencourt 1975):

kikn, (z) ny(z) n, (2)
kzn(f (z) + k3n0(z)
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where y is the branching ratio for the 1356 or 1358 A line
[0.791 and 0.209, respectively, (Meier 1991)], a 356 is the
radiative recombination rate 7.5 x 10 cm™ s (Melen-
dez-Alvira et al. 1999), B13s6 is the fraction of neutraliza-
tions that produce atoms in the ’S state, 0.54, and the co-
efficients k; k,, and k3 are 1.3 x 107°, 1.0 x 107, and 1.4 x
107'°, respectively, all in units of cm® s™ (Tinsley and
Bittencourt 1975). To simplify the calculations, we make
the assumption that the first term in Eq. (2) can be ignored.
Furthermore, the 135.6 nm emission shows mild opacity
and radiation transport effects which we also neglect as the
contribution to the 135.6 nm radiance is generally small.
Thus, the 135.6 nm radiance is given by:

471 =10"° fgo (z)dz 3)

0

where the factor 477 indicates that the radiance indicates the
number of photons emitted into 4s steradians and the fac-
tor of 10 converts from photons to megaphotons, the na-
tural unit for Rayleighs.

The GPS receiver measures the total electron content
given by:

©

TEC (¢) = Ine [z(s)] ds 4)

0

where 7, is the electron density at altitude z and ds is the
differential path length from the observer.

The altitude distribution of the O" and electron density
was parameterized using a generalized Chapman layer
(Chamberlain and Hunten 1987). We used five parameters to
characterize the ionosphere: the altitude where the density
peaks, AmF2; the density at the peak, nmF?2; and three para-
meters to characterize the scale height, H(z), which is one-
half the plasma scale height for the form of the Chapman
layer given below. The Chapman function for describing the
O" density, n_. (z),is:

. z—hmF?2 z—hmF?2
n,. (z)=nmF2 exp<7{l—w—exp {—W}}>
(5)

where z is the altitude. The scale height is assumed to be a
constant below hmF2 and to vary quadratically with the
difference in altitude above the peak: H(z) = Hy + H, (z -
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hmF2) + H, (z - hmF2)’, where H,, H,, and H, are para-
meters. This form of the Chapman layer is an extension to
the linearly varying scale height proposed by Picone et al.
(1997) and is a reasonable approximation for describing
the ionospheric density. The O" and electron densities are
assumed to be equal, which is a good assumption below the
H'/O" transition height that typically occurs at ~750 km.

The along-track variation of the electron density is para-
meterized by placing Chapman profiles spaced every degree
along the orbit track. The profiles are all uncoupled and no
smoothing or regularization is used; this causes the inversion
to be more sensitive to point to point variations in the pho-
tometer data. Some of the point-to-point variation is due to
photon shot noise on the TIP measurements; some of the
variation is due to ionospheric structure. The same altitude
variation is assumed for all of the profiles, as the altitude
variation is determined at one location near the tangent point
locus of the GPS occultation. The individual profiles are
scaled by nmF2 to characterize the along track electron den-
sity variations. The nmF2 variation between the profiles is
given by a quadratic Lagrange interpolation polynomial
(Press et al. 1992). These are reasonable approximations to
make as the GPS occultations provide accurate altitude dis-
tribution information while the photometer data provide
accurate information on nmF2 and no information about
the altitude distribution. However, both the scale height and
peak height of the electrons are known to vary with latitude
in the ionosphere.

The line-of-sight of a GPS occultation spans 56° of
latitude from a satellite at an altitude of 800 km when the
tangent altitude of the line-of-sight is 100 km. Thus, our
model ionosphere may have 56 parameters to describe the
along-track nmF?2 variation and 4 additional parameters to
describe the shape of the profiles.

The inversion algorithm uses an iterative approach,
based on Discrete Inverse Theory (Menke 1989), to seek the
maximum likelihood estimate (minimum of the chi-squared
statistic) of the ionospheric parameters based on the fit of the
model to the data. The DIT approach starts by estimating the
“data” based on the current parameter values. The O" den-
sities are used to calculate the intensity seen by the photo-
meter and the total electron content measured by the GPS
receiver. The x? statistic (Bevington 1969) is then calcu-
lated and used to compare the model to the “data”. If the fit is
deemed to be acceptable, the algorithm terminates and cal-
culates the “best fit” ionosphere; otherwise, new values for
the model parameters are chosen and the whole process is re-
peated. A fit is considered to be acceptable when the x>
changes by less than 0.1% between steps. Since the radiative
recombination emissions are proportional to the square of
the electron density, the algorithm is non-linear. The para-
meters are iteratively adjusted using the Levenberg-Mar-
quardt scheme (Press et al. 1992) to seek the minimum x~.
The Levenberg-Marquardt scheme uses partial derivatives

of the * with respect to the Chapman parameters in Eq. (5),
the scale height parameters, the nmF2 at each of the longi-
tude cells in the reconstruction, the biases, and instrument
sensitivity (see discussion below) to estimate the parameter
values that will minimize the . The Levenberg-Marquardt
algorithm traverses the parameter space along the steepest
gradient, like the Steepest Descent algorithm, when the pa-
rameters are far from optimal and smoothly transitions to the
Inverse Hessian method, which converges quadratically when
the parameters are nearing optimality (Press et al. 1992). The
partial derivatives of y” are estimated using the forward de-
rivative at each step; we have found that in practice this ap-
proach does not introduce any errors or affect algorithm con-
vergence. In addition to the ionospheric parameters that ob-
tained the “best fit”, the uncertainties in those parameters are
also estimated, based on the partial derivatives, and outputted.
Errors in the retrieved densities are calculated from the best fit
parameters and their uncertainties using conventional error
propagation techniques (Bevington 1969).

3.2 Algorithm Modifications

There are some modifications to the algorithm that have
been made since the original publication in Dymond et al.
(2000) and Dymond and Thomas (2001). The original model
assumed the nmF2 variation with geographic latitude. While
this is an adequate approximation, the variation is better ex-
pressed in terms of geomagnetic latitude, so we have modi-
fied the algorithm to carry out all calculations in geomag-
netic coordinates. The original algorithm also assumed that
the GPS lines-of-sight would be projected from their true
orientations onto the orbit plane. The current algorithm no
longer projects the lines-of-sight onto the orbit plane, rather
the calculations are all carried out in geomagnetic coordi-
nates. The only assumption is that the ionosphere does not
vary with geomagnetic longitude. This assumption was also
implicit in the earlier version of the algorithm; this is why
the GOX lines-of-sight were projected onto the orbit plane.
The conversion of the algorithm from geographic to geo-
magnetic coordinates also permits the technique to be used
with GPS occultations that are far from the orbit plane. The
previous version of the algorithm was limited to using GPS
occultations that were within ~20° of the orbit plane.

Tikhonov (1963) regularization has also been imple-
mented. This permits the algorithm to use data that have
lower signal-to-noise ratio but still permits the algorithm to
retrieve a smooth, more physical solution. However, the re-
sults reported here required a regularization weight of zero,
so they are not regularized.

We have also allowed for biases in the data. The GPS
data may have receiver and GPS satellite biases present. The
TIP data may have a background due to scattered light or
particle radiation. In the data set considered in this work, the
TIP was in the open aperture mode where the filter wheel did
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not shutter the light so the radiation background could not be
assessed. Two additional model parameters were added to
account for constant biases: one for the TIP data and one for
the GOX data.

The TIP instrument’s calibration is expected to degrade
during on-orbit operations due to aging of the photocathode.
The baseline mode of operations for the instruments was to
assume that the calibration degradation could be monitored
by recalibrating based on incoherent scatter radar (ISR)
overflights. The idea is to measure the O" and electron den-
sities during the ISR overflight and to calculate the ex-
pected 135.6 nm emission based on the ISR measurement.
The TIP sensitivity can be calculated by dividing the mea-
sured TIP count rate by the ISR emission estimate. We real-
ized that the GPS occultations also provide another means
for absolute calibration. The TIP measurements provide the
electron density gradients and the GOX measurements pro-
vide an absolute measure of the slant TEC. The measured
TIP radiance is proportional to the product of the square of
the peak electron density and the plasma scale height. The
GOX data give estimates of both the peak electron density
and the scale height once the electron density gradients are
accounted for using the TIP data. Thus, the TIP calibration
can be determined during the tomographic fitting process.
We added a scalar to convert the TIP count rate into Ray-
leighs; this is just the instrument sensitivity.

These refinements have made the algorithm more ge-
neral, more robust, and more accurate than the previous
version presented in Dymond et al. (2000) and Dymond and
Thomas (2001).

3.3. Measurement Uncertainties

The uncertainties in the data are used in chi-squared fit-
ting to determine the relative significance of the data points.
The uncertainties in the TIP data were just the square roots of
the numbers of counts in each measurement, as the TIP data
are photon shot noise limited. The shot noise limit assump-
tion is valid because the photometers count photons and
have negligible dark count rates. The uncertainties in the
TEC data are assumed to be very small ~0.5 TECU. This
means that the GOX TECs were measured to ~0.5%
accuracy near the peak. This uncertainty is much larger
than the uncertainty of 0.003 TECU cited by Hajj et al.
(1994). (A TECU or total electron content unit is defined to
be 10" electrons m™. The nighttime limb viewing TEC is on
the order of 100 TECU, during the GPS occultation mea-
surements made by the FORMOSAT-3/COSMIC GPS re-
ceiver.) The larger uncertainty allows us to more equally
weight the two measurements sets in the tomographic inver-
sion. If the very small error bars cited by Hajj et al. (1994)
are used, the inversions are driven solely by the GOX data
and the TIP gradient measurements have no significance.
The resulting fit to the TIP data is very poor while, the GOX

data are fitted very well. If, on the other hand, the GOX error
bars are assumed to be too large say ~10 TECU, then the TIP
measurements drive the inversion and the fit to the GOX
TECs is very poor. The choice we made enforces the balance
between the data sets. The choice of a constant error, in-
dependent of altitude, causes the GOX TECs near the peak
to be more heavily weighted than the TECs at the top and
bottom of the profile. The TECs near the top and bottom of
the profile are more strongly affected by electron density
gradients that are either between the observer and the tan-
gent point (foreground electron density) or between the tan-
gent point and infinity (background electron density) than
the TECs measured near the peak.

4. RESULTS AND DISCUSSION

We consider two sets of observations made by TIP unit
6 on FORMOSAT-3/COSMIC satellite 6 near 2100 LT 15
September 2006 over the Pacific Ocean. The 10.7 cm solar
radio flux 81 x 10%* W m™ Hz"' and the three-hour a, ranged
from 0 - 2 indicating quiet geomagnetic conditions at the
minimum of the solar cycle. This was a moon-down period
and the selected orbits were over open-ocean so that the TIP
data were not contaminated by visible light from below the
ionosphere. The orbits and the trajectory of the tangent point
locations for the lines-of-sight are also indicated in Fig. 3.
The occultations occur near the orbit plane but are not coin-
cident with the orbit plane. Figure 4 shows the TIP radiances
plotted as a function of geomagnetic latitude with the GPS
occultation geometry overplotted. In this type of projection,
Earth’s surface is flat and the normally straight GPS lines-
of-sight become curves. The Appelton anomalies are clearly
indicated by the regions of enhanced emission northward
and southward of the geomagnetic equator. The smooth
curves indicated by the “diamonds” in the two panels are the
minimum ray height trajectories for the GPS occultations.
Note that the tangent point of the occultation in the western
Pacific (orbit near 171°E) occurs between the anomalies
while the occultation for the orbit near 135°W occurs im-
mediately northward of the northern anomaly crest. These
are ideal test cases for the tomographic inversions.

We will first concentrate on the inversion from the orbit
near 135°W. Figure 5 shows the results of the inversions.
Figure 5a shows the measured GOX TEC and the fit to the
data. The agreement is very good. Figure 5b shows the mea-
sured TIP radiances and the fit; again the fit is excellent.
Figure 5c shows a contour plot of the two-dimensional elec-
tron density distribution near the anomalies. Note that the
peak height of the ionosphere does not change with latitude.
This is because the tomographic algorithm assumes that the
altitude distribution of the electrons is constant with latitude,
which is not physically correct. The peak altitude, hmF?2, is
known to vary in the equatorial region because the plasma is
lifted upward during the daytime by the E x B drift due to the
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electric field generated by the E-region dynamo. As the
E-region dynamo is confined to a narrow latitude region
surrounding the dip equator, the electric field eventually
goes to zero at higher altitudes and the uplift ceases allowing
the plasma to drift toward both poles under the influence of
gravity and pressure gradients to form the Appelton ano-
maly. The strength of the plasma uplift is also affected by
the pre-reversal enhancement of the zonal electric field. Re-
cent studies also indicate that tidal influences affect the
strength of the E-region dynamo (Immel et al. 2006). The
effects of all of these factors combined integrated through-
out the day determine the vertical distribution of plasma in

the low-latitude ionosphere and hence affect the peak height,
hmF?2. But using a single occultation in the inversion, it is
not possible to adequately account for the variation of peak
height in this dynamic region of the ionosphere, even if a
low order parameterization of the peak height with latitude is
included. In our previous studies, we demonstrated that the
electron density profile shape in the vicinity of the occul-
tation is accurately determined and that the overall error in
the reconstructed electron densities increases with distance
from the tangent point trajectory. The increased error is
largely due to the algorithm’s inability to capture the varia-
tion of the peak height with distance away from the profile
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Fig. 3. TIP radiances and GPS occultations used in study. This figure shows the TIP along track radiances shown in color with the tangent point

trajectories of the GOX occultations shown as the solid lines.
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Fig. 5. Inversion results for occultation at 135°W. (a) shows the GOX TEC and the fit from the inversion (pink line). (b) shows the TIP radiance and
the fit (pink dashed line). (c) shows the two-dimensional electron density field reconstructed from the data; the contours are spaced at every 1 x 10°
em™. (d) shows the electron density profile comparison. The electron density profiles are at a geomagnetic latitude of ~22°N, as indicated by the dia-

monds in Fig. 4a.

tangent point trajectory. Figure 5d shows the comparison of
the vertical electron density profile derived from the tomo-
graphic technique, from direct Abel inversion, and from a
one-dimensional inversion where spherical symmetry is as-
sumed and a five parameter Chapman layer profile is fit to
the TEC data. The 1D Chapman fit yielded an nmF2 (peak
electron density) of 3.4 x 10° cm™, an hmF2 (peak height) of
241.6 km, and a plasma scale height of 130.6 km. The
tomographic inversion yielded an nmF2 of 2.7 x 10° cm™, an
hmF?2 of 271.5 km, and a plasma scale height of 136.0 km.
The Abel inversion yielded an nmF2 of 3.4 x 10° cm™ and an
hmF2 of 272 km. The Abel inversion nmfF2 differed from
the tomographic solution by 1 km, within the errors of the
two inversions. However, the Abel inversion overestimated
the peak electron density by ~26%. Furthermore, this over-
estimate is consistent with the behavior seen in Fig. 1, where
the Abel inversion overestimates the radiance just north-
ward of the Appelton anomalies. This is caused by the GOX
lines-of-sight intersecting the topside of the Appelton ano-
malies (Fig. 4a) and therefore observing TEC that is higher
because of the electron density gradient. The agreement of
the peak heights is fortuitous as the shape of the electron

density profile shows what appears to be a layer in the
bottomside that is most likely due again to the GOX view-
ing the northern anomaly crest beyond the tangent point
(background density). The 1D Chapman inversion produced
an nmf’2 that was ~26% higher than the tomographic in-
version. The peak height retrieved by the 1D Chapman
inversion is 29.9 km below the AimF?2 from the tomographic
inversion. In this case, the intersection of the GOX lines-
of-sight with the northern anomaly crest “added” TEC to the
occultation profile on the bottomside, which made the pro-
file appear to be shifted to lower altitudes. The 1D Chapman
inversion is presented to show that it too does not correctly
capture the electron density profile and that its flaws are
similar to those of the Abel inversion and not due to the
Chapman layer formalism. This is necessary as the second
tomographic inversion we present does not have a direct
Abel inversion available due to a GOX data drop-out, so we
compare the tomographic results with those of a 1D Chap-
man inversion.

We will now discuss the results of the inversion from the
orbit near 171°E. Figure 6 shows the results of the inver-
sions. Figure 6a shows the measured GOX TEC and the fit to
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cated by the diamonds in Fig. 4b.

the data. The agreement is not as compelling as it was at
135°W. Figure 6b shows the measured TIP radiances and the
fit; again the fit is excellent. Figure 6¢ shows a contour plot
of the two-dimensional electron density distribution near
the anomalies. Note that the peak height of the ionosphere is
much higher than it was near 135°W. Also, the bottomside of
the electron density distribution is much sharper than it was
at 135°W. In this sector, ionospheric bubbles and GPS scin-
tillation were observed. The stronger gradients on the bot-
tomside may be indicative of a precursor for bubble forma-
tion. Note that due to the assumption of a constant altitude
profile that is used in our algorithm, the high peak height
(hmF2) and sharp bottomside fall-off are extended to all
latitudes. This may not be realistic as the physical condi-
tions that are likely causing the sharp bottomside fall-off
may not extend for great distances north and south. The
sharp bottomside fall-off and high peak height are most ac-
curate in the region where the tangent point trajectory of the
GOX line-of-sight passes.

Figure 6d shows the comparison of the vertical electron
density profile derived from the tomographic technique,
from direct Abel inversion, and from a one-dimensional in-

version where spherical symmetry is assumed and a five
parameter Chapman layer profile is fit to the TEC data. The
1D Chapman fit yielded an nmF2 (peak electron density) of
4.2 x 10° cm™, an hmF2 of 358.9 km, and a plasma scale
height of 107.6 km. The tomographic inversion yielded an
nmF2 of 3.4 x 10° cm’3, an himF2 of 349.3 km, and a plasma
scale height of 64.8 km. There was no Abel inversion as the
large data drop-out just above the peak of the TEC profile
(Fig. 6a) precluded inversion through the entire profile. The
1D Chapman fit produced an nmF?2 that was ~24% higher
than the tomographic solution. The occultation occurred be-
tween the anomaly crests so both crests contributed en-
hancements to the TEC that could not be accommodated for
in a simple 1D, spherically symmetric, inversion. The peak
height retrieved by the 1D Chapman inversion is 9.6 km be-
low the ~mF2 from the tomographic inversion, within the er-
rors of the inversions. In this case, the intersection of the
GOX lines-of-sight with both anomaly crests “added” TEC
to the occultation profile throughout the profile, which in-
creased the overall TEC and therefore the peak electron den-
sity but preserved the shape with altitude so that the peak
height was not strongly affected. The tomographic inversion
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also retrieved the sensitivity of the TIP instrument. The sen-
sitivity was 621 ct s Rayleigh™ for the orbit near 135°W
and 745 ct s” Rayleigh™ for the orbit near 171°E. These re-
sults differ as uncertainties on the scale height and nmF?2 af-
fect the retrieved TIP intensity, which affects the value of
the retrieved sensitivity. We average these values together to
get 683 ct s Rayleigh™. The estimated pre-flight value of
the sensitivity for TIP instruments was approximately 500 ct
s Rayleigh™'. Though the two values differ by ~37%, we
feel that the value estimated on-orbit is the more accurate of
the two values.

Figure 7 shows the variation of the retrieved nmF2 with
geomagnetic latitude for the two orbits considered in this
work. Figure 6a shows the tomographic inversion fit to the
GOX TEC. This is not a high quality fit. The anomaly crests
are more symmetric near 135°W than they are at 171°E. The
northern anomaly is depressed relative to the southern ano-
maly and the locations of the crests are not symmetric with
respect to the dip equator. This asymmetry suggests that the
reason that the algorithm produced a poor fit is that iono-
sphere sampled by the GOX occultation differed from that
observed by the TIP. A latitudinal asymmetry of the ano-
malies can be caused by a meridional F-region wind blow-
ing in the northerly direction which would cause plasma to
“pile up” in the southern anomaly crest and to be blown
down the field lines in the northern hemisphere away from
the northern anomaly crest where it would recombine more
rapidly. This would also cause the latitudes of the crests in
the two hemispheres to differ. However, the shapes of the
southern anomaly crests in Fig. 7 for the two orbits are very
similar suggesting that the conditions affecting the anomaly
crests in the two regions are similar. Thus, the northern
crests should also have a similar shape if trans-equatorial
winds were the cause of the asymmetry, yet the shapes of the
northern anomalies are different. Another explanation lies in
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Fig. 7. nmF2 comparison. The variations of the peak density with geo-
magnetic latitude are shown for the two inversions. The nmF2 derived
for 171°E shows some structure that is not present in the nmF2 varia-
tion at 135°W. This is most likely due to bubble formation in the
Kwajelein sector that degraded the quality of the TEC fit in Fig. 6a.

the non-conjugacy of the observations of the northern and
southern anomaly crests. The FORMOSAT-3/COSMIC sa-
tellites are in a 72° inclination orbit, which causes most of
the orbits to run across magnetic field lines. Thus, the sam-
pling of the anomaly crests is always non-conjugate. This
non-conjugacy can mean that the TIP sensor is seeing
plasma distributions in the two anomalies that are from dif-
ferent flux tubes. If a plasma depletion (“bubble”) has oc-
curred along one flux tube it may not be present in another
nearby flux tube. So, the difference in the two anomaly
crests might be more indicative of a depletion extending
across the equator on a flux tube seen by the TIP in the north-
ern anomaly while the flux tube observed by the TIP in the
southern anomaly might show no depletion (see Coker et al.
2009; Chua et al. 2009). The strong bottomside density gra-
dient seen near 171°E (Figs. 6¢ and d) supports the assertion
that an ionospheric bubble was observed by the FORMO-
SAT-3/COSMIC sensors; this also can explain the poor fit to
the occultation data as the GOX and TIP sensors observed an
ionosphere with longitudinal structure. Observations made
using all-sky cameras on Kwajalein Atoll on 14 and 17
September 2006 indicate the presence of multiple bubbles
and associated spread-F (Coker et al. 2009).

5. CONCLUDING REMARKS

We presented inversions of the TEC measured by the
GPS Occultation Experiment (GOX) and the Tiny Iono-
spheric Photometer (TIP) on FORMOSAT-3/COSMIC sa-
tellite #6 on 15 September 2006. The two tomographic in-
versions from near the Appelton anomalies, in a region of
large electron density gradients, were compared with Abel
inversions and 1D Chapman inversions and demonstrated
that the tomographic inversions differed from the Abel and
1D Chapman inversions as expected. We demonstrate that
the spherically symmetric Abel and 1D Chapman inversions
overestimate the nmF2 by ~30%, when compared to the
tomographic inversions, and that these overestimates are
consistent with the GOX viewing geometry. The TIP sensi-
tivity is also determined as a byproduct of the inversion and
is shown to be consistent with pre-flight estimates. This de-
monstrates a new capability to calibrate the TIP instruments
on-orbit.

Overall, our improved algorithm does a good job of
retrieving the electron density from the GPS TEC’s and the
photometer radiances. The technique permits an accurate
retrieval of the ionosphere over a range of latitude in areas
with high gradients. Clearly, further testing, evaluation, and
validation is needed, but the promise of the tomographic
technique has been demonstrated. The next step in develop-
ment of the algorithm is to account for the variation of peak
height with latitude. There are two possible ways to do this.
One way is to add in information regarding the variation of
the peak height with latitude from models perhaps using the
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Similarity Transform approach of Meier et al. (2001). An-
other way is to extend the tomographic algorithm to ingest
multiple occultations and invert them simultaneously with
the TIP radiance data. Given the factors that can affect the
peak height in the equatorial region, extending the tomo-
graphic algorithm to ingest and invert additional occultation
profiles offers the greatest promise. An alternative approach,
based on the Compensated TEC technique (Tsai et al. 2009),
also shows promise in better resolving the electron density
distribution in the equatorial ionosphere.

The FORMOSAT-3/COSMIC constellation is expected
to produce ~2500 occultations per day, many of these will be
near the orbit plane on the nightside where our algorithm
works well.
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