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ABSTRACT

The tiny ionospheric photometer (TIP) and GPS occultation experiment (GOX) onboard FORMOSAT-3/COSMIC (F3/C)
are employed to measure the OI 135.6 nm intensities in the nadir direction and the total electron content (TEC) between the
F3/C and GPS satellite in the ionosphere, respectively. Due to its very high sensitivity ~600 counts/Rayleigh and rather narrow
nadir pointing 3.8° circular field-of-view, the TIP provides accurate characterization of ionospheric electron density gradients
in the horizontal direction. Meanwhile, a technique of the low earth orbit (LEO) tomography is applied to analyze the GOX data
obtaining the 3D distribution of ionosphere electron density. Here, we combine the two observations to carry out the LEO-TIP
tomographic inversions, and demonstrate that the peak electron density (NmF») retrieved from the TIP combined together with
the peak altitude (hmF,) information from the LEO tomography profiles provides more realistic electron density.
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1. INTRODUCTION

To improve the global weather prediction and space
weather monitoring, six microsatellites termed the Formosa
Satellite 3 - Constellation Observing System for Meteoro-
logy, Ionosphere, and Climate (FORMOSAT-3/COSMIC,;
F3/C) were launched into circular low-earth orbits (LEOs)
from Vandenberg Air Force Base, California, at 0140 UTC
15 April 2006. Each microsatellite of the joint Taiwan-US
satellite constellation mission has a GPS occultation ex-
periment (GOX) payload to operate the atmospheric and
ionospheric radio occultation, a tiny ionospheric photo-
meter (TIP) to observe the nighttime ionospheric airglow OI
135.6 nm emission (Fig. 1), and a tri-band beacon (TBB) to
tomographically estimate fine structures of ionospheric elec-
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tron density on the satellite-to-receiver plane (Rocken et al.
2000; Cheng 2006). While the GOX daily observes about
2500 vertical electron density distributions up to the satel-
lite altitude (Schreiner et al. 2006; Lei et al. 2007; Lin et al.
2007; Lin et al. 2009; Tsai et al. 2009), the TIP provides ac-
curate horizontal gradients of nighttime electron density
(Chua et al. 2009; Coker et al. 2009; Dymond et al. 2009).

The radio occultation technique was first used by the
Mariner IV Mars exploration mission in 1965 observing
Mars’ atmosphere structures (Fjeldbo and Eshleman 1968)
and later on by Mariner V Venus mission, other planetary
and lunar probes, etc. (Fjeldbo etal. 1971; Yunck 2002). The
technique was not applied to Earth’s atmosphere observation
until an experimental satellite called GPS/MET in 1995.
By using a LEO satellite, named as MicroLab 1, at about
735 km altitude and 70° inclination angle to receive the ultra
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Fig. 1. Tonospheric TIP-LEO (TIP+GOX) tomography. The green and pink lines denote the GOX limb scan (calibrated TEC) and the TIP intensity

(converted IEC), respectively.

high frequency (UHF; 1.5 and 1.2 GHz) radio signal trans-
mitted by GPS satellites at an altitude of 20200 km, GPS/
MET is able to sound the ionosphere from the orbit altitude
to Earth’s surface and retrieve vertical profiles of iono-
spheric electron density using the Abel integral transform
under the assumption of spherical symmetry at the locality
of occultation. Several studies examine the accuracy of re-
trieved GPS/MET electron density profiles and show the
Abel inversion being suffered from the spherical symmetry
assumption (Hajj and Romans 1998; Schreiner et al. 1999;
Tsai et al. 2001; Tsai and Tsai 2004). Tsai et al. (2001) find
that an asymmetry at the equatorial anomaly most likely
causes the Abel inversion to systematically under-estimate
the electron density near the peak. Meanwhile, two-dimen-
sional tomographic reconstruction from GPS/MET data has
been demonstrated by many scientists (Rius et al. 1997,
1998; Hajj et al. 2000; Tsai et al. 2002). Tsai et al. (2002)
implemented the Multiplicative Algebraic Reconstruction
Technique (MART) to reconstruct the ionosphere projected
onto the LEO-orbital plane using measured TECs through
the receptions of the GPS-to-LEO signals. The reconst-
ructed electron density by the LEO tomography with the
compensated TEC yields better results than the original ver-
tical profiles retrieved from the GPS occultation data by the
Abel transformation, being in a better agreement in both
peak electron density NmF; and height hmF, to nearby iono-
sonde measurements (Tsai et al. 2006, 2009).

The TIP measures horizontal structure of the ionosphere

with high precision and high spatial resolution (Chua et al.
2009; Coker et al. 2009; Dymond et al. 2009). The primary
source of the nighttime OI 135.6 nm emission is the radiative
recombination process of O, with a minor contribution
from the ion-ion neutralization of O" by O (Meier 1991).
Since the major contribution comes from the direct or radia-
tive recombination, its intensity can be approximated to the
square of the electron density (DeMajistre et al. 2004). The
OI 135.6 nm integrated measurements should be thus related
to the NmF, as well as the ionospheric electron content, IEC.
Such a relationship can be used to determine a conversion
factor that relates the OI 135.6 nm intensity with NmF, and
IEC, as well as to retrieve these key ionospheric parameters
from the observations of this emission. Dymond et al. (2000,
2009) described an algorithm to obtain the electron density
profiles by inverting the OI 135.6 nm nadir measurements.
The intensity is calculated using a forward model based on a
Chapman distribution for the nighttime atomic oxygen den-
sity, defined by the initial input values of NmF,, the F-layer
peak altitude hmF,, and the atomic oxygen scale height H. A
uniform scale height is assumed below hmF,, while a qua-
dratic function is used to describe the scale height above
hmF,. The algorithm iteratively adjusts the initial parame-
ters and the best-fit values that reproduce the observed in-
tensity are used to derive the electron density profile and
produce inversions of the TIP radiances.

In this paper, we first find the conversion factor of NmF,
between the TIP radiances and the GOX parameter, and then
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follow Dymond et al. (2009) carrying out the TIP inversions.
We further derive and isolate the concurrent data of LEO-
compensated tomography by using Tsai et al. (2006), and
combine the two results to yield LEO-TIP tomographic in-
versions (Fig. 1).

2. OBSERVATION AND RESULT

The NmF, and associated 135.6 nm emission intensity
are simulated by using the IRI-01 (Bilitza 2001) and
MSISE-90 (Hedin 1991). The models are run to obtain the
global values of these parameters at the global fixed local
time 2000 - 2200 LT in the night of 14 September 2006 at
2100 LT, within a latitude-longitude grid of 2.5° x 5° re-
solution, inputting the geomagnetic and solar activity con-
ditions from the National Geomagnetic Data Center (NGDC).
The scatter plots are made using all the data between 30°N
and 30°S. The slope of the straight line fit to the points gives
the theoretical conversion factor, which is about 9 (Fig. 2).
Meanwhile, concurrent and co-located measurements of the
TIP radiances and GOX NmF, (Abel inversion) at the global
fixed 2000 - 2200 LT in the night of 14 September 2006 are
used to determine the observed conversion factor, which is
also 9 (Fig, 2). This conversion factor is used to retrieve
NmF, from the TIP intensity. Note that this factor will de-
pend on local time, season, and solar activity. In the exam-
ples here, the conversion factor corresponding to the par-
ticular observing conditions has been used.

We focus on observations carried out along track 1 (FN
001; DID 06) and track 2 (FN 003; DID 02) at about 540 km
altitude in the night of 14 September 2006 (Fig. 3). Inversion
of the TIP radiances is mainly based on Dymond et al. (2000,
2009). A Chapman profile is assumed for the electron den-
sity distribution, which depends on the NmF,, hmF,, and
scale height H. The inversion is carried out at every 1° lati-
tude. A forward model based on the Chapman approxima-
tion is used to calculate the observed intensities, where ini-
tial values for NmF,, hmF,, and scale parameters are to be
assumed. The initial NmF, value is obtained from the TIP
radiance using the observed conversion factor, while the
initial hmF, is assumed to be 300 km altitude and scale
height to be 60 km. An iterative approach is used to get best
fit of the input parameters (NmF,, hmF,, and scale height),
which are determined when the forward model reproduces
the observed intensity for a y* variation less than 0.1% be-
tween successive iterations. The inverted electron density
profiles for the two cases used here are displayed in Figs. 4a
and 5a. It can be seen that the equatorial ionization anomaly
(EIA) in electron density along the satellite flight plane can
be clearly observed, however the hmF, along the track is un-
changed at about 330 km altitude.

As the assumption of spherical symmetry used in the
Abel integral transform is not realistic in general, we adopt
the improved approach of Tsai et al. (2006, 2009) consider-

ing and deriving horizontal gradients of the electron density
by close-up occultation profiles retrieved from the standard
Abel inversion. That is the density distribution is used to
compensate the TEC from Abel inversion using the differ-
ence between the tangent point electron density and the real
electron densities along the occultation rays. Figures 4b and
Sb illustrate the compensated LEO tomography results of the
two flight plans obtained from the GOX data. Although the
EIA structure is much weakened, the hmF, variation can be
clearly found.

Since the TIP provides a distinct electron density struc-
ture and the LEO tomography yields a more realistic hmF,
variation, we then combine the two observations by for-
warding the LEO hmF, to the TIP retrieval (Figs. 4c, 5¢). By
this process we can reconstruct ionospheric electron density
with well distinguished EIA peaks, while retaining the alti-
tude information. The LEO-TIP profiles show that the high
sensitivity as well as the spatial and temporal resolution of
the TIP is helpful for detailed information of the horizontal
electron density structures than the other technique.

Figures 6 and 7 illustrate the electron density profiles
obtained from LEO-TIP tomography together with those
from LEO tomography and the original GOX Abel retrieval.
For both the tracks, the TIP intensity at -30°N is extremely
low and this has caused the electron density of the corre-
sponding profiles to be much less than those from LEO to-
mography and GOX. The NmF, from LEO-TIP tomography
and from solo LEO tomography more or less agree between
0 - 30°N, while they are far off at other latitudes. The la-
titudinal distributions of NmF, from the TIP inversion (or
LEO-TIP tomography), LEO tomography, and GOX re-
trieval show that the TIP is more efficient in reproducing
spatial variations (Fig. 8). On the other hand, the latitudinal
distributions of hmF, from the TIP inversion are about con-
stant, GOX retrieval is scattered, and LEO (or LEO-TIP) to-
mography yields more realistic values (Fig. 9).

3. DISCUSSION AND CONCLUSION

The OI 135.6 nm emission for Fig. 2 has been simulated
taking into account the contributions from both the radiative
recombination as well as the ion-ion neutralization (Tinsley
and Bittencourt 1975; Melendez-Alvira et al. 1999). The
perfect straight line fit to the simulated data underlines the
fact that the ion-ion neutralization is not significant com-
pared to the dominant radiative recombination process. The
inversion algorithm used here, hence, considers only the
direct (radiative) recombination while computing the emis-
sion. Figure 2 also suggests that a simple conversion factor
can be used to determine NmF, from the OI 135.6 nm nadir
integrated intensity measurements. The agreement between
the theoretical and the observed conversion factor shows
that the simulations are reliable in spite of the limitations of
the models used. The details of the conversion factor will be
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discussed in a forthcoming communication. One of the im-
mediate applications of the conversion factor is in deter-
mining the NmF; values that serve as more realistic input to
the inversion algorithm.

There is an overall intensity variation from track 1 to
track 2 (Fig. 3). The anomaly peaks in Fig. 4a are more pro-
nounced than that in Fig. 5a. The two satellite scans selected
here have almost the same latitudinal coverage, and are se-
parated by about 35° in longitude. The observed intensity
difference of the two orbits could come from this difference
in the longitudes. A similar, but less pronounced, difference
in the electron densities can be seen in the LEO tomography
data also (Figs. 4b and 5b).

The inversion procedure has reproduced the spatial
structures in the observed airglow intensity (Fig. 8) quite
well. It can be seen that, compared to the LEO tomography
profiles, the TIP inversion gives a better result in that the
anomaly peaks are well separated. This shows that the TIP is
more sensitive to horizontal gradients and is very useful in
re-constructing fine structures in the spatial distribution of
electron density. But, the 135.6 nm airglow intensity from
the TIP is proportional to the vertical column integral of the
square of the electron density and, therefore, contains no
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Fig. 2. The conversion factor between NmF, and 135.6 nm radiance de-
rived from the IRI and MSISE models (left), and that obtained using
GOX NmF, (Abel inversion) and TIP radiance (right). The NmF, and
135.6 nm radiance are in 10° el cm™ and Rayleigh, respectively. The
correlation coefficients for the simulation and observation are 0.99 and

0.74, respectively.
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Fig. 3. The TIP observations along: (a) Track 1 (FN 001; DID 06), and (b) Track 2 (FN 003; DID 02) at about 540 km altitude in the night of 14 Sep-
tember 2006. The color code (top) and the solid lines (bottom) indicate the TIP intensity along the track.
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Fig. 4. Ionospheric tomography of Track 1 from (a) TIP, (b) LEO, and
(c) LEO-TIP inversions. The white space denotes data gap or noise.
The dotted lines denote the hmF,.

Fig. 5. Ionospheric tomography of Track 2 from (a) TIP, (b) LEO, and
(c) LEO-TIP inversions. The white space denotes data gap or noise.
The dotted lines denote the hmF,.
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version), respectively. The profiles are shown at every 5° latitude between -30 and 45°N.
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Fig. 8 Ionospheric NmF, for track 1 (left) and track 2 (right). The dashed line, dotted line, and cross symbol denotes the NmF, of the TIP (LEO-TIP),

LEO, and GOX (Abel inversion), respectively.

altitude information. The altitude variation of the electron
density has been poorly reproduced in the inversion (Fig. 9).

The GPS total electron data are in the form of an oc-
cultation or “limb scan” and therefore these data provide
high quality altitude information. However, the GPS data are
integrated electron densities along the line-of-sight to the
GPS satellite and therefore may be affected by gradients
along the line-of-sight. Consequently, the LEO tomography
gives only an overall electron density variation (Fig. 8), and

even the anomaly peaks are not well distinguishable, while
this method can reproduce the altitude variation (Fig. 9).
Thus, this work shows that by combining the two procedures,
it is possible to take the advantages of both methods to recon-
struct two dimensional electron densities (Figs. 4c, 5¢).

We present the results of inversions of the TIP radiances
in conjunction with the LEO tomography. The preliminary
results presented here demonstrate that the TIP serves the
very objective of providing information about the horizontal
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Fig. 9. Tonospheric hmF, for track 1 (left) and track 2 (right). The dashed line, dotted line, and cross symbol denotes the hmF, of the TIP, LEO
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gradients in electron density, which is a necessary input for
LEO tomography. In this paper, we show TIP OI 135.6 nm
integrated measurements can be converted to the iono-
spheric electron content, IEC (Fig. 1). On the other hand,
Tsai et al. (2002) successfully develop tomographic imaging
of the ionosphere using the GPS/MET and NNSS data. It
should be applicable to combine the GOX compensated
TEC and the TIP IEC, replacing the NNSS data, to carry out
a better LEO-TIP tomographic inversion (Fig. 1).
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