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ABSTRACT

In this paper we study the performance of the technique that, using both ground and Low Earth Orbiting GPS data,
improves the acarracy of the dedron density profile retrieval. This algorithm aso presents the alvantage of a
minimum computation load, allowing its potential applicéion in red-time. Some key points of this drategy are: firstly,
to compute aVerticd TEC using either a model or red data, and secondly, this TEC is used to take into acmunt the
horizontal gradients in a modified Abel inversion technique for ionospheric sounding, that overcomes the traditi onal
sphericd symmetry assumption. The acarades of both TEC and eledron density profil e determinations are studied by
comparing them with another types of ionospheric data, coming from ionosondes in regions with high eledron density
gradients (geomagnetic equator), including data wlleded under geomagnetic adivity.

INTRODUCTION

Asit is known, GPS Radio Occultations obtained from Low Earth Orbiters are widely used to oltain verticd profil es of
lonospheric dedron density by means of Abel inversion techniques [1]. The traditional approadc to these techniques is
to consider sphericd symmetry to invert occultations. Neverthelessan occultation may cover wide aeas in which this
assumption may be wrong. An overcoming of this approach is necessary, specialy when Verticd Total Eledron
Content (VTEC) variation along ead ray is not linea.

Reference [2] proposed a method to overcome the traditional assumption of sphericd symmetry stating that a verticd
profile could be expressed as the product between a VTEC and a normalized shape function. In this context it was
shown how the results compared with the traditional approach were improved in mid-latitudes and quiet geomagnetic
conditions. This paper extends the study of the performance of this method to geographic locations at lower latitudes,
where the effed of VTEC gradients are significantly greder, affeded by the Equatorial Anomaly.

To shown some examples of performancein the scenario indicated above, this paper is organized as foll ows: in section
separability hypothesis it will be briefly introduced the eseence of the suggested approad, in sedion Examples of
performance there ae included several subsections where particular cases in non-quiet conditions will be discussed.
The paper ends with a sedion containing the Conclusions and Outlook.

SEPARABILITY HYPOTHESIS

The asumption of sphericd symmetry stands that the dedron density profiles are equal regardless the geographicd
location, but in general one canot exped this behavior. An occultation may cover wide aeas (seeFig. 1), moreover
part of the occultation may occur nea (or in) the Equatorial Anomay or during high geomagnetic adivity
(circumstances where the VTEC behavior is not linea [3]). To take into acount these effeds the inversion algorithm is
given information about the distribution of the VTEC. In fad, the key point of this VTEC information isto provide data
about its variation rather than the value of VTEC itself. The due for the improvement with resped sphericd symmetry
relies in the fact that the VTEC is not considered to be mnstant nor linea (which is not redistic under the scenarios
indicated above), a cetain geographicd dependency is taken into acourt (this dependency can be obtained from a
model or red data). In the gproacdh of this paper, to oltain information about the VTEC variation, the IRl model has
been considered.
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Fig. 1 (Left) plot shows asingle ray of an occultation indicaing the portion of ray under the GPS/MET
orbit and under 400km. Distance “D” is the Impad parameter or Tangent point. (Right) plot shows the
coverage of an occultation (Occulted GPS PRN16 with GPSIMET at 4hUT) nea the Equatorial
Anomaly and Austraia (at 13nLT), the occultation shows the portion of rays under 750km and 400kn

To diminish the dfea of the dedron density above the GPS/IMET orbit and the instrumental biases, the two uppermost
rays of the occultations are used to compute this contribution and the uppermost value of the normalized profile. After
these values are obtained it is assumed that the former value is constant for all occultation and it is subtraded to the
STEC observation.

Oncethe profiles are inverted it is convenient to consider a procedure to evauate the validity of the result obtained. To
dothisin quick way in this paper it has been considered the cmparison of the profile pes of electron density with the
one provided by an lonosonde. The reason to consider an lonosonde is because this is a source of data external to the
algorithm, thus the value of the NmF2 oltained with the two methods are independent between them. Moreover, since
the profile is computed from the ray with highest Tangent Point [5] downwards, the acumulated error increases in this
diredion. Thus the deviation from 0 of the dectron density value & the lower boundary of the profile (approximately
100km) gives an additi onal criteria on the goodhessof the computed profile.

EXAMPLES OF PERFOMANCE

In [2] there was sown the performance of separability hypothesis in mid-latitudes and quiet geomagnetic conditions
through two kinds of comparison, considering synthetic data obtained from IRl model and red data. The present work
uses the same basis to evaluate the examples of retrieved occultations obtained in lower latitudes. Thus, these examples
are organized considering synthetic data wnstructed from IRl model and red data. The days sleded for these tests
correspond to the data set of days 19950ctober 18" and 19". The DST parameter variation for both days can be seenin
Fig.2.

IRl Simulation

Differences between sphericd symmetry and separability in the Abel inversion can be seen through a simulation with
IRI. The Slant TEC observed by the GPS/IMET has been computed with IRI and it has been applied Abel inversion
techniques on this synthesized data. It has been considered as an example the same red occultation depicted in the map
of Fig.1 to perform thistest. The resulting profil es can be cmpared with vertica profil es obtained with IRI.

The key paint is to seethat assuming separability one obtains more redistic results than those obtained with sphericd
symmetry. Fig.3 shows the example of occultation retrieved with IRI simulated data. It has been plotted two IRI verticd
profiles of eledron density, one & the location where the tangent point is 750km and the other where the tangent point
is nea to 200kn (nea the dectron density pegk occurrence place seeFig.1 to seethe locaions of these points). Since
separability hypothesis algorithm provides normalized shape function besides the VTEC for eat impad parameter, this
alows exporting this profile to places of the neaby locaions where the occultation has taken place simply by
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Fig. 2 DST Parameter for days 19950ctober 18th and 1&h

multiplying by the corresponding VTEC value. Note that both profiles of IRI in Fig.3 could be reproduced with the
profil e obtained with separabili ty assumption simply by multiplying by the VTEC value & the arresponding locations
of the IRI verticd profiles. It has to be mentioned, nevertheless, that doing this there could be adlight mismodelling of
the hmF2 sincethere has not been included any spedfic model for it.

In this senario there is a significant variation in the density profiles asit can be seenin Fig.3, so sphericd symmetry is
not adequate to retrieve the occultation. It can be seen that the retrieved profile with separability matches closely the
verticd IRI profile where the impad parameter is 200km. This matching is an indicaor that due to the fad that
adequate VTEC variation values (in this case taken from IRI model) are mnsidered to invert the occultation, the eror of
mismodelling is reduced. On the other hand sphericd symmetry assumes no VTEC variations, giving a result between
the two IRI verticd profil es.

Looking at the value of eledron density near 100km (lower lonosphere boundary) one can seethat the value islower (in
fad closer to IRI as well) using separability. This indicaes that the aror computed with this method is lower than
assuming sphericd symmetry, following the explanation of the previous sdion.

Real Data

This dion deds with the performance of the separability approach in disturbed conditions (area nea Equatorial
Anomaly, high geomagnetic conditions). Fig.4 shows sveral examples comparing this approach with the traditional
sphericd symmetry assumption and the crresponding NmF2 value given by lonosonde. In regions where VTEC
gradients are small, the results obtained with the two methods are very similar (Fig.4, upper plots), but as these
gradients evolve in a non-linea behavior (spedally in regions close to the equatorial anomaly, disturbed geomagnetic
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Fig. 3 Comparison between sphericd symmetry and
separability hypothesis with simulated IRI data.
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Fig. 4 Several examples of profile retrieval using red data. Upper plots correspond to occultations nea
Camden whil e lower plots are profil es obtained from occultations taken placein tougher scenarios.

conditions) the two approades give different results. The lower plots of Fig.3 are spedally relevant, the lower-left one
shows the difference of performancefor an occultation taking placenea the equatorial anomaly at noon (in locd time),
it can be seen how sphericd symmetry gives poarer results compared with separabili ty approadh. In the cae of lower
right, it is showed an example of poaer performance of the separability approad, in this case the scenario is even
tougher than the one described before. This iows an example of retrieval of an occultation taking placenea Taiwan
(in the geomagnetic anomaly) during the 13h locd time of 1995 October 19" (note in the DST parameter depicted in
Fig.2 the occurrence of a lonosopheric storm). The aror of the dedron density pesk estimation for the separabili ty
hypothesis result is 14% while in the case of sphericd symmetry the aror is of 26%.

Inall casesit can be seen that the profil es obtained with separabili ty assumption offer better performance because of the
agreement in the foF2 estimation and the lower values of eledron density in the lower boundaries.

CONCLUSIONSAND OUTL OOK

This work is an extension of [2] where there were presented successful statistics of occultation at mid-latitudes. This
paper shows different examples in which an overcoming of sphericd symmetry assumption by means of separabili ty
hypothesis results in more redistic profiles of eledron density in aress nea the eguatorial anomaly. It has been shown
that thisimprovement can be obtained with data coming from models, but an additi onal improvement could be expeded
if red VTEC data is used (for instance, data coming from the Global lonospheric maps delivered by IGS in IONEX
format [4]).
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