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Abstract. This letter reports for the first time the simulated water vapor in the stratosphere and troposphere and electron
error distribution of radio occultation (RO) electron density density in the ionosphere (Hajj and Romans, 1998; Rocken
profiles (EDPs) from the Abel inversion in a systematic way. et al., 2000; Schreiner et al., 1999). These parameters
Occultation events observed by the COSMIC satellites areare useful for both numerical weather forecasting and
simulated during the spring equinox of 2008 by calculating scientific research (Rocken et al., 2000). The electron
the integrated total electron content (TEC) along the COS-density profile (EDP) is one of the most important products
MIC occultation paths with the “true” electron density from for space weather and ionospheric science. In order to
an empirical model. The retrieval errors are computed byretrieve EDP from the integrated slant total electron content
comparing the retrieved EDPs with the “true” EDPs. The re-(TEC), many different methods have been applied (e.g.,
sults show that the retrievedmF2 andhmF2 are generally Hermandez-Pajares et al., 2000; Schreiner et al., 1999; Tsai
in good agreement with the true values, but the reliability of and Tsai, 2004; Wu et al., 2009b), but Abel inversion is the
the retrieved electron density degrades in low latitude regionsnost commonly used technique.

and at low altitudes. Specifically, the Abel retrieval method To date, the Constellation Observing System for Me-
overestimates electron density to the north and south of théeorology lonosphere and Climate /Formosa Satellite 3
crests of the equatorial ionization anomaly (EIA), and intro- (COSMIC/FORMOSAT-3), a joint US/Taiwan radio occul-
duces artificial plasma caves underneath the EIA crests. Afation mission consisting of six identical micro-satellites, has
lower altitudes (E- and F1-regions), it results in three pseudqroduced over 2.1 million EDPs. Atthe COSMIC Data Anal-
peaks in daytime electron densities along the magnetic latysis and Archive Center (CDAAC) of the University Cor-
itude and a pseudo trough in nighttime equatorial electromoration for Atmospheric Research (UCAR), EDPs are re-
densities. trieved by the Abel inversion from TEC along the LEO-GPS

Keywords. lonosphere (Equatorial ionosphere; Instruments'@y- Detailed descriptions of CDAAC data processing and

and techniques) — Radio science (Space and satellite comm{?® EDP retrieval method can be found in Kuo et al. (2004),
nication) Lei et al. (2007), Schreiner et al. (1999), and Syndergaard et

al. (2006). These EDPs have been validated by comparing
with ground-based lonosonde and Incoherent Scatter Radar
(ISR) observations (e.g., Lei et al., 2007; Kelley et al., 2009).
However, it is difficult to quantitatively evaluate the Abel re-
trieval error globally because there are not enough coinci-
dences between RO and independent observations to provide

1 Introduction

tes

Since the success of the Global Positioning Sys-
tem/Meteorology (GPS/MET) experiment aboard the ;
MicroLab 1 satellite, low Earth orbit (LEO) based radio good temporal and §pat|al coverage. )

occultation (RO) has become an important technique for 1€ RO EDP retrieval approach relies on a few assump-
sounding the Earth’s atmosphere. It provides vertical profiledions and approximations and the spherical symmetry as-

of refractivity, neutral density, temperature, pressure, andUmMPption used in Abel inversion is thought to be the most
significant error source (Lei et al., 2007; Schreiner et al.,

1999; Wu et al., 2009a). Wu et al. (2009b) found a good cor-
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Fig. 1. Correlation between the true and retriewgdF2 (left panels) andinF2 (right panels) during nighttime (00:00-02:00 LT, upper
panels) and daytime (12:00-14:00 LT, bottom panels). The sample numbers and correlation coefficients are given in the panels.

retrievedNmF2 andhmF2 have relatively significant errors at EDP along the tangent points by the same Abel inversion
low altitude. Wu et al. (2009a) obtained generally the similar software that is used for CDAAC EDP retrieval. Finally,
results as Straus (2007) by a simulation work and comparithe error of the retrieval method is calculated by comparing
son between COSMIC observations and ionosondes. Howthe retrieved EDP with the EDP from the empirical model
ever, both studies of Straus (2007) and Wu et al. (2009a) didat the ray tangent points. Hereafter, the modeled and the
not address the errors of Abel retrieved EDPs below the F2ccultation-retrieved electron density are referred to as true
layer. This study will carry out a simulation study of the and retrieved electron density, respectively.
Abel-inversion induced EDP errors caused by the horizontal The empirical ionosphere electron density model used
inhomogeneity of electron density in a systematic way, andhere is NeQuick, which is developed by the International
will quantitatively provide the errors distributions versus al- Center for Theoretical Physics in Italy and the University of
titude (from E-layer to the topside ionosphere) for the first Graz in Austria. It represents the EDP by Epstein functions
time. based on the CCIR model of ionospheric characteristics up to
an altitude of several thousands km (Leitinger et al., 2002).
The version we used here is NeQuick-ITUR, which is the rec-
2 Methodology ommended version by the ITU-R for the public. NeQuick has

comparable accuracy with IRl model in both E- and F-layers

This research performs a simulation study_based on the gesng can give reasonable EDPs. The period during the day
ometry of the observed COSMIC occultation events. For ¢ year (DOY) 70-100, 2008 is selected in this simulation

each occultation event, slant TECs observed by the COSapout one month centered at spring equinox). The observed
MIC along the LEO-GPS ray are replaced with those flom g0 7 ragio flux downloaded from the ftp site of National
an empirical model (i.e. “truth”). This simulated TEC calcu- Gegphysical Data Center (NGDC) was used as input to the

lation consists of integration of the electron density along theNeQuick model. 43180 COSMIC occultation events were
straight-line between the LEO receiver and GPS transmittergjyylated during the studied period.

Note that effects of ray bending are ignored and measure-
ment noise is not considered in this study. An integration
resolution of 50 km was used to produce TEC with sufficient
convergence. The simulated TEC is then inverted into an
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3 Results (a) True Ne

Figure 1 shows comparisons between true and retrievedg
NmF2 (left panels) ancdimF2 (right panels) for nighttime
00:00-02:00 LT (upper panels) and daytime 12:00-14:00 LT :
(bottom panels). The sample numbers and the correlation co-*
efficients are also given in the panels. Generally, the retrieved
NmF2 andhmF2 are in good agreement with the true values,
except for large daytimbdinF2. The absolute (and relative)
standard deviations of the differences between the retrievecg
and true values are 3x201°m=3 (16%) and 1.410" ' m3
(15%) for nighttime and daytim&lmF2, and 8.9 km (2%),
7.4km (2%) for nighttime and daytintanF2, respectively.
Figure 2 shows the daytime true electron density (a), re- 100
trieved electron density (b), absolute deviation (c), and rela-
tive deviation (d) between the retrieved and the true electron
density as a function of magnetic latitude and altitude (the g 5o,
simulated data have been collected between 12:00-14:00 L1
over the one month period). Figure 2a and b shows the well- £ 300}
known EIA, which is almost symmetrically distributed with
respect to the geomagnetic equator around equinox. Gen %
erally, the retrieved EDPs reasonably represent the EIA and
track the latitudinal and height variations of the true electron
density modeled by NeQuick. Figure 2c and d gives quantita- € soo
tive representations of the difference between the true and re-g :
trieved electron densities. The most prominent feature is thatg 300 SENRINESR
the retrieved electron density underestimates the true electrot
density in the region surrounding the EIA crestl(*-3C
latitude), while overestimates near the equatet@) and in
the north and south of the EIA crests30°-50°). The bias
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700 1%

100
-80

for large electron density in the daytinMmF2 comparison Fig. 2. Geom_agnetlc I_at|tud|nal and altltuqllnal variations of_true
delectron density(a), retrieved electron densiip), absolute devia-

(Fig. 1) also indicates the underestimation of the retrieved; . - .

. . -~ tion (c) and relative deviatioifd) between retrieved and true elec-
density at the daytime EIA crests. Two plas_ma deplet_'onstron density during 12:00-14:00LT. The white lines indicate the
are seen clearly underneath the EIA peaks in the retrieveql 2 of true electron density. The unitin panels (ac) isl10-3
electron density, but not in the true electron density. Threeand in panel (d) is percentage. The dashed lines in panels (c) and
obvious peaks and two troughs are present in the absolute rgd) indicate zero values. The intervals between the contour lines in
trieval error along latitude. Note that the retrieval errors are(c) and (d) are 0.510'2 m=3 and 50%, respectively.
relatively small in the topside ionosphere at low latitudes and
at all altitudes in middle and high latitudes.

Both the relative and absolute errors have similar latitudi-at different latitudes, because of the equatorial fountain ef-
nal variations but the relative retrieval errors decrease mordect. The retrieved electron densities differ significantly from
rapidly with altitude due to small electron density at low the truth. For both selected altitudes, the absolute deviation
altitudes. The retrieval method overestimates the true elecshows three peaks and two troughs along the latitude direc-
tron density by more than 200% near the E-layer at latitudegion during the daytime, which is consistent with the results
+30°-5C. In the equatorial regiord{10°), the errors can in Fig. 2. The EIA evolves from two peaks in the low latitude
be up to 100%. Underneath the EIA crests, the underestimaduring daytime to a single peak over the equatorial region at
tions reach—200% and result in negative electron densities night. The locations of the underestimation surrounding the
in the E-region. EIA crests also shift from the low latitude to the equatorial

Figure 3 demonstrates distributions of electron density andegion.
errors at 110 km (left panels) and 220 km altitude (right pan- The relative deviations in Fig. 3d indicate that the retrieval
els) as a function of geographic latitude and longitude dur-errors during daytime mainly occur in middle and low lat-
ing 10:00-12:00 UT. The true and retrieved electron densiitudes. During nighttime, besides the underestimation over
ties are given in the upper two panels. The true electron denthe equatorial region, the overestimation appears in most re-
sity at 110 km has a peak over the equator, as the result ofions, especially at 110 km. At 110 km, there are three peaks
solar irradiation. At 220km, there are two peaks featuredin the retrieved electron density along the latitude during
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Fig. 3. Geographic longitudinal and latitudinal variations of true electron deKa)tyretrieved electron densifyp), absolute deviationg)
and relative deviationg&l) between retrieved and true electron density during 10:00-12:00 UT. Left and right panels are for 110 and 220 km
altitudes. The white lines indicate the DIP equator. The unit in panels (a—cﬂsrtt(f’ and in panels (d) is percentage.

daytime, although only a single peak exits in the true electrorfor hmF2. This demonstrates that the retrievgdi=2 and
density; at nighttime, a trough can be seen clearly over thenmF2 are reliable. Our simulations are consistent with pre-
equatorial region in the retrieved electron density, whereas ivious validation results comparing real retrievals to ionoson-
is not present in the true electron density. A similar situa-des by several authors (Hajj and Romans, 1998; Lei et al.,
tion also occurs in the retrieved electron density at 220 km,2007; Wu et al., 2009a), although actual retrieval errors from
except that there are two peaks in true electron density alongbservations may be different with those from the simula-
the latitude during daytime. tion where a relative smooth model is used. Hajj and Ro-
mans (1998) compared the GPS/MET obserided-2 with
collocated ionosonde observations and their results showed
4 Discussion agreement of about 20%. The comparisoiNo#2 between
) o ) COSMIC and 31 globally distributed ionosondes by Lei et
The retrievedNmF2 andhmF2 in Fig. 1, in general, show 5| (2007) showed a correlation coefficient ©0.85. On

good correlation with the true values. The standard deviationne other hand, our simulations showed the retrieval daytime
of the relative retrieval error is-15% for NmF2 and~2%
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NmF2 is lower than the true values in the EIA crests, while ample, the ray between GPS and LEO may go through dif-
slightly larger than the true values over the equator. Lei etferent local time zones across the terminator. There are also
al. (2007) compared COSMIC EDPs with ISR observationstwo pseudo plasma caves underneath the EIA crests when
at Millstone Hill (middle latitude) and Jicamarca (magnetic the occultation events with zonal LEO-GPS rays are used in
equator) and found that the agreement is better at Millstondghe retrieval, but the resultant plasma caves are weaker than
Hill than Jicamarca, which is also consistent with our simu- the pseudo caves retrieved from the occultation observations
lation results. along the rays going through the meridional direction (figure
Our simulations demonstrate that the Abel retrieval not shown). This is due to that horizontal extensions of EIA
method introduces significant errors in electron densities inare larger in the zonal direction than in the meridional one.
the low latitude region. It overestimates electron density in
the north and south of the EIA crest region, but underesti-
mates the electron density surrounding the EIA crests. We ,
checked the COSMIC observed EDPs during the simulated® Conclusion
period and found obvious plasma caves underneath the EIA
crests and three peak feature during daytime and a trough & this paper, through a simulation study we investigated the
n|ght in the E |ayer a|0ng the latitude (figures not Shown)_ error distribution of the Abel inverSion, which is often used
The Simu'a‘tion Work was alSO app“ed for the summer So|_t0 derive EDPs from RO data. We simulated the occultation
stice and our obtained conclusion about Abel retrieval errorevents observed by the COSMIC satellites during the spring
is not altered, except a little difference in the locations of un-€quinox of 2008 and calculated the integrated TEC along
derestimation and overestimation because the EIA distribute§e COSMIC occultation paths by using the NeQuick EDPs
asymmetrically with respect to equator during summer sol-(‘trtue” EDPs). The retrieval errors are estimated by com-
stice. These retrieved errors potentially may affect resultsParing the EDPs retrieved from modeled TEC with the true
of the studies based on Abel-retrieved EDPs, such as the EEDPs. Generally, the retrievedinF2 andhmF2 are in good
layer three peaks found by Chu et al. (2009), the empirical@greement with the true values, whereas the current Abel re-
modeling results fofoF1 andfoE by Tsai et al. (2009). trieval method introduces significant errors in electron den-
The results in Figs. 2-3 also revealed that the current resities in low latitude regions and at low altitudes. It overesti-
trieval method has relatively poor performance at lower al-mates the electron density in the north and south of the EIA
titudes. The same conclusion was drawn from the compariCrests, but underestimates the electron density surrounding
son between COSMIC EDPs with Arecibo ISR observationsthe EIA crests. At lower altitudes (E- and F1-regions), the
(Kelley et al., 2009). Thus data users should be aware ofetrieval errors result in three pseudo peaks in daytime elec-
this limitation of the Abel retrieved electron density from tron densities along magnetic latitude and a pseudo trough in
the radio occultation measurements when they use the Abdlighttime equatorial electron densities.
retrieved EDPs to conduct scientific research on the iono- Our simulation provides a guide to users of the Abel re-
spheric phenomena at low altitudes, such as E-layer, sporaditieved EDPs, especially at low latitude regions and low
E-layer and the F1 layer. altitudes. This study also provides an important insight
The error distributions simulated in this study are ex-to improve the Abel inversion retrieval method in the fu-
plained by the spherical symmetry assumption. The sphericafure. Improvements are currently under investigation at the
symmetry assumption is not satisfied at low latitudes whereCDAAC. Some new and improved retrieval methods, such
electron density has strong horizontal gradients. When thes adding other observations or nearby occultation obser-
tangent points are in the EIA crest regions, electron densivations or modeling results to provide horizontal gradient
ties are underestimated because the real slant TEC does ngtfernrandez-Pajares et al., 2000; Schreiner et al., 1999; Tsai
support high values in that spherical layer. In the nearby re-and Tsai, 2004), correcting the retrieved EDPs by making
gion the electron density will be overestimated because thaise of the relationship between retrieval error and electron
effects of EIA peak region are spread by the inversion undedensity asymmetry (Wu et al., 2009b), or data assimilation
the spherical symmetry assumption. Solomon et al. (1984)method (Nicolls et al., 2009), will be applied and compared
also found that the true values underneath the peak usuallin a future study.
are underestimated when they retrieved the volume emission
rat_e of thermospheric airglow from ;atellite photometry in AcknowledgementsThis work was supported by the National
a limb-viewing geometry. At IOW altitudes, the relative er- Science Foundation under Grant No. 0723439. Xinan Yue is
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