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Abstract. The FORMOSAT-7/COSMIC-2 (F7/C2) will ulti-
mately place 12 satellites in orbit with two launches with 24—
28.5° inclination and 520-550 km altitude in 2016 and with
72° inclination and 720-750 km altitude in 2018. It would
be very useful for the community to construct the global
three-dimensional electron density structure by simultane-
ously combining the two launch observations for studying
ionospheric structure and dynamics. However, to properly
construct the global electron density structure, it is essen-
tial to know and evaluate differences between the ionospheric
electron densities probed by the two launches. To mimic the
F7/C2 observations, we examine the electron density probed
at the two satellite altitudes 500 and 800 km by means of
FORMOSAT-3/COSMIC (F3/C) observations at the parking
orbit 500 km altitude and mission orbit 800 km altitude, as
well as a corresponding observing system simulation exper-
iment (OSSE). Observation and OSSE results show that the
sounding geometries by satellite orbiting at 500 and 800 km
altitudes can cause the overall differences in the electron den-
sity, the F2 peak electron density, and the F2 peak height
of about 18-24, 12-28 %, and 7-19 km, respectively. Results
confirm that the discrepancies mainly result from the sound-
ing geometry and the grid (contour) bias of the electron den-
sity.

1 Introduction

On 15 April 2006, six microsatellites of FORMOSAT-
3/COSMIC (F3/C) were launched to the parking orbit of
about 516 km altitude and subsequently lifted to the mis-

sion orbit at about 800 km, both with an inclination of 72°.
Each microsatellite has been receiving GPS signals to carry
out radio occultation (RO), which yields abundant informa-
tion about neutral atmospheric temperature and moisture as
well as space weather estimates of slant total electron con-
tent (TEC), electron density profiles, and an amplitude scin-
tillation index, S4 (Schreiner et al., 2007). The Abel inver-
sion (cf. Hajj and Romans, 1998) has been employed to invert
the electron density from the RO TEC. With the success of
F3/C, the United States and Taiwan are moving forward with
a follow-on RO mission named FORMOSAT-7/COSMIC-
2 (F7/C2), which will ultimately place 12 satellites in or-
bit with two launches with 24-28.5° inclination and 520-
550 km altitude in 2016 and with 72° inclination and 720-
750 km altitude in 2018 (Lee et al., 2013; Yue et al., 2014;
Yen, 2015). Scientists find that the local spherical symmetry
assumption in the standard (Abel) RO inversion processes
results in systemic biases, especially the EIA (equatorial ion-
ization anomaly) at low latitudes, where the horizontal gradi-
ent is most significant (cf. Liu et al., 2010b). Lei et al. (2007)
indicated that to conduct the Abel inversion, the electron
density at the satellite altitude should be assumed. Yue et
al. (2011) conducted simulations based on F3/C observations
using NeQuick model and found that the solar activity and
the satellite orbit altitude variations do not influence the ra-
tio of the successfully retrieved electron density profiles to
the observed occultation events and the relative Abel inver-
sion error of the electron density as well. They also show
that different orbit electron density derivation methods have
no essential influence on the Abel retrieved electron den-
sity. Their statistical results indicate that the orbit electron
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Figure 1. The altitude of each F3/C microsatellite from launch to
middle of 2007. The red box indicates the time period of the study.

density estimation error has no obvious dependency on ei-
ther the solar activity or the orbit altitude. It is essential to
know and evaluate the difference between the two electron
density profiles retrieved from the sounding geometries of
satellites orbiting at 500 and 800 km altitudes for combin-
ing the two electron density profiles to construct the global
three-dimensional electron density structure. In this paper,
we examine the effect of satellite altitude on the Abel inver-
sion by firstly comparing the electron density profiles ranging
from 100 to 500 km altitude observed by satellites at 500 and
800 km altitude and their differences during the early F3/C
mission period. Observing system simulation experiments
(OSSEs) by means of the standard F3/C Abel inversion are
used to produce above the observation. Cross comparisons
among the observation and the OSSE shall have a better un-
derstanding on the electron density profiles observed at 520—
550 and 720-750 km altitude for the upcoming F7/C2 mis-
sion during both solar minimum and solar maximum.

2 F3/C electron density profiles observed at 500 and
800 km altitude

One half of F3/C satellites were orbiting at the parking or-
bit 500 km altitude and the other half at the mission orbit
800 km altitude in March and April 2007 (Fig. 1). The satel-
lites at 500 and 800 km altitude probed 5812 and 5425 elec-
tron density profiles during 12:00-14:00 UT in March and
April of 2007. During the study period, satellite LEO4 was
transferred from 500 to 800 km altitude, and therefore its
electron density profiles probed below and above 600 km alti-
tude are classified into 500 and 800 km altitude, respectively.
The electron density profiles are gridded with 5° in latitude,
20° in longitude, and 5 km in altitude and the median of the
electron density in each grid is computed. Figure 2 displays
that the global electron density N, F2 peak electron den-
sity NmF2, and height hmF2 observed at the 500 and 800 km
satellite altitude, and their difference. The longitude cuts in
—120, —60, 0, 60, and 120° stand for the electron density
at 05:00, 09:00, 13:00, 17:00, and 21:00 LT, respectively. It
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can be seen that structures of the electron density observed
from 500 km satellite altitude (Ns5qp) and from 800 km satel-
lite altitude (Ngoo) at 09:00, 13:00, 17:00, and 21:00 LT are
similar, respectively. Since the accuracy in the lower iono-
sphere is relatively low, we focus on the electron density in
the topside ionosphere (i.e., the region above the F2 peak). It
can be seen that the Nsqqg is slightly greater (less) than Nggg in
the equatorial (off-equator) ionosphere, while Nsqg is slightly
weaker than Nggg in the South Pole region at 09:00 LT. Nsqo
is greater than Nggg in the EIA region at 13:00 LT; Nsqp is
weaker (greater) than Nggg in the northern (southern) EIA re-
gion at 17:00 LT; and Nsqg is weaker than Nggg in the south-
ern EIA region at 21:00 LT. The difference between the two
electron densities Nsoo—Nsgoo generally agrees with the above
comparisons and also reveals that Nsqq is greater than Ngog
in the northern EIA at 21:00 LT. The F2 peak electron den-
sity NmF2 observed from 500 and 800 km altitude (NmF2509
and NmF2gqo) displays that the two NmF2s yield similar pat-
terns and NmF2gq is generally greater than NmF25qg in the
northern EIA area. However, due to the data locations be-
ing different, the difference of NmF2500-NmF2gq0 is diffi-
cult to identify. The F2 peak height hmF2 probed from 500
and 800 km satellite altitude (hmF2500 and hmF2gqp) as well
as their difference illustrated that the two hmF2s are general
similar in the low and mid-latitudes. In short, the F3/C elec-
tron densities observed from 500 and 800 km satellite altitude
are qualitatively similar.

3 Abel OSSE

To carry out Abel OSSEs, we first insert realistic F3/C RO
ray path geometries into the corresponding ionosphere com-
puted by the International Reference lonosphere (IR1)-2007
(Bilitza and Reinisch, 2008) to simulate the total electron
content (TEC), and then apply the Abel inversion routine of
CDAAC (COSMIC Data Analysis and Archival Center) to
derive electron density profiles. Figure 3 displays the truth of
the electron density, the NmF2, and hmF2 computed by IRI.
The truth electron density shows that the EIA is greater in the
Northern Hemisphere than that in the Southern Hemisphere,
which can be found in NmF2 distributions. The daytime
hmF2 reaches the highest altitude in the EIA region, while
hmF2 at mid- and high latitudes in nighttime is higher than
those in daytime. Figure 4 depicts OSSE electron density,
NmF2, and hmF2 observed by satellites at 500 and 800 km al-
titude, and their difference. It can be seen that Nsqp is slightly
weaker than Nggp in the South Pole region at 09:00 LT; Nsgo
is greater than Nggp in the EIA region at 1300 and 17:00 LT;
and Nsqg is weaker than Nggg in the southern EIA region at
21:00 LT. Note that both Nsgg and Nggg in EIA are greater
in the north than those in the south obtained by the Abel
OSSE, which agree with the truth, respectively. It should be
mentioned that the difference between Nspg and Nggg of the
F3/C observation and that of the Abel OSSE vyield similar
features. The OSSE reveals that the NmF25qq is slightly less
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Figure 2. The F3/C electron density, NmF2, and hmF2 observed from 500 and 800 km altitude satellites, and their difference during 12:00-
14:00 UT in March and April of 2007. (a) F3/C electron density observed from 500 km altitude, (b) F3/C electron density observed from
800 km altitude, and (c) their difference. (d) F3/C NmF2 and hmF2 observed from 500 km altitude, (e) F3/C NmF2 and hmF2 observed from

800 km altitude, and (f) their difference.
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Figure 3. The OSSE truth. The median of IRI output obtained from
12:00-14:00 UT in March and April of 2007. The electron density
distribution, NmF2, and hmF2 are shown from up to down.

than NmF2gqg in the northern EIA region; however the corre-
sponding difference of NmF2500—NmF2gqy is rather complex.
On the other hand, hmF2500 and hmF2gq in the low and mid-
latitudes are generally similar.
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We further find whether there is any systematic error due
to the different satellite altitudes of 500 and 800 km by sub-
tracting the results of the Abel OSSE from the IRI truth.
Similar patterns shown in Fig. 5a and 5b suggest the Abel
inversion could result in systematic error in the EIA region,
where both Nsgg and Nggg underestimate the electron density
in the EIA crests but overestimate in the magnetic equator
and/or poleward sides of the EIA crests. Again, we examine
the differences of the topside ionosphere retrieved between
satellites at 500 and 800 km altitudes (Fig. 5c). The under-
estimation of Nggg is more severe than that of Nggp above
F2 peak in the EIA region at 1300 LT and Nsqp is not as se-
vere as Ngoo above F2 peak in the EIA region at 09:00 and
17:00 LT. On the other hand, the error patterns of NmF25q
and NmF2ggo are similar, which underestimate in the two
EIA crests but overestimate in their poleward sides. It is in-
teresting to find that the errors of both hmF2509 and hmF2ggg
are similar, which show error of hmF2 being small globally.

4 Discussion and conclusion

The F3/C observation and OSSE show that the electron den-
sity, NmF2, and hmF2 probed at 500 and 800 km altitude
are similar (Figs. 2a and b and 4a and b). Although the real
and IRI ionospheres might be different, the differences Nspo—
Ngoo shown in Figs. 2c and 4c are somewhat similar, espe-
cially in the topside ionosphere. Table 1 further reveals that
the overall difference N5gp—Nggo of the F3/C observation and
OSSE are 23.5+35.1 and 18.6 +30.9%. The overall dif-
ference Nsgp—Nggo could result from the observation data
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Table 1. The differences of N, NmF2, and hmF2 observed at 500 and 800 km altitude.

F3/C Abel OSSE Abel OSSE Abel OSSE
500-800km  500-800km 500 km-truth 800 km-truth
AN (%) Solar min ~ 23.5+35.1 18.6 +30.9 16.8+33.4 17.44+33.7
Solar max 19.1+31.3 19.1+36.9 18.4+36.1
ANmMF2 (%) Solar min ~ 28.0+£39.1 141+213 74+97 7.6+10.2
Solar max 11.94+16.6 6.3+8.8 6.2+8.2
AhmF2 (km) Solar min ~ 19.3+27.3 74+10.4 3.7+5.8 3.4+53
Solar max 87+116 48+72 42+6.2
2007-Mar&Apr 1200~1400UT 500km 2007-Mar&Apr 1200~1400UT 800km 2007-Mar&Apr 1200~1400UT 500km-800km
OSSE electron density OSSE electron density OSSE electron density
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Figure 4. The Abel inversion OSSE electron density, NmF2, and hmF2 observed from 500 and 800 km altitude satellites, and their difference
during 12:00-14:00 UT in March and April of 2007. (a) OSSE electron density observed from 500 km altitude, (b) OSSE electron density
observed from 800 km altitude, and (c) their difference. (d) OSSE NmF2 and hmF2 observed from 500 km altitude, (¢) OSSE NmF2 and

hmF2 observed from 800 km altitude, and (f) their difference.

cumulated in the two study months, the RO tangent points
from the two different satellite orbits, and the grid bias of
the electron density of Nsoo and Nggo. It can be seen that the
patterns in Figs. 4c and 5c are different, although both rep-
resent the differences in the electron density of Ns5go—Nggo-
This discrepancy might mainly result from the grid (contour)
process, since the difference of N5go—Ngoo in Fig. 4c is ob-
tained by gridding (or contouring) Nsoo and Nggo separately
and then subtracting one from the other, while Fig. 5c is de-
rived by subtracting the truth from OSSE Ngop and the truth
from the OSSE Nsoo point by point, then carrying out the
contour process on each error, separately, and finally sub-
tracting the Nggo contoured error from the Nsgg one. Nev-
ertheless, Figs. 4c and 5c¢ strongly suggest that the sound-
ing geometry and the grid (contour) bias of the electron
density are the major sources causing the differences in the
electron density of Nsgo—Ngoo. On the other hand, the pat-
terns in NmF2500 and NmF2ggg as well as those in hmF25qq
and hmF2gqpo of the F3/C observation and OSSE are some-
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what similar (Figs. 2d and e and 4d and e). Table 1 shows
that during the solar minimum of 2007, the overall differ-
ences NmF2500—-NmMF2g00 (hmF2500—hmF2300) of the F3/C
observation and OSSE are 28.04+39.1 and 14.1+21.3%
(19.3+27.3 and 7.4+ 10.4 km), respectively. Nevertheless,
the pattern similarities and the difference means being less
than 20 % imply that the Abel inversion routine of CDAAC
can be applied to reasonably derive electron density profiles
by the RO TEC probed at 500 km satellite altitude. The OSSE
error of the Abel inversion reveals that the topside iono-
spheric electron density at EIA region has been underesti-
mated (Fig. 5). Moreover, we want to see whether the results
hold true for the solar maximum when 500 km is much closer
to the F region peak altitude. We also conduct OSSEs during
the solar maximum of 2002. It is found that the standard de-
viation in the solar maximum is similar to the corresponding
one in the solar minimum, which confirms that the results
hold true even for the solar maximum.

www.atmos-meas-tech.net/8/3069/2015/



J. Y. Liu et al.. FORMOSAT-7/COSMIC-2 electron density profiles

2007-Mar&Apr 1200~1400UT 500km
Abel OSSE difference electron density

2007-Mar&Apr 1200~1400UT 800km
Abel OSSE Difference electron density

2007-Mar&Apr 1200~1400UT 500km-800km
Abel OSSE Difference electron density

(a) (b) (©)
800 800- 05LT 09LT 13LT 17LT 21LT 800-

700 700+ 700
£600- 600- 2110° g0o. 110%
$500, 06LT 09T AT LT 20T 500- " 5o  0SLT 0OLT 1ALT 7LT 21LT em
£ 400- Y 400 400 > | I

300 | | 300 | 300- (N8

200 '| ‘i ! 200 'ri " \ o 200 ' ‘ (s q k] H.' 0
100- | ' 100 , 100. (R

|

Latitude,

e

—= T
180 90 450 90

Longitude

Longitude

Longitude

3073

Figure 5. The Abel inversion OSSE error (OSSE result-truth) electron density, NmF2, and hmF2 observed from 500 and 800 km altitude
satellites, and their difference during 12:00-14:00 UT in March and April of 2007. (a) OSSE electron density error observed from 500 km
altitude, (b) OSSE electron density error observed from 800 km altitude, and (c) their difference. (d) OSSE NmF2 and hmF2 error observed
from 500 km altitude, (e) OSSE NmF2 and hmF2 error observed from 800 km altitude, and (f) their difference.
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Figure 6. The Abel inversion OSSE electron density, NmF2, and hmF2 observed from 500 and 800 km altitude satellites, whose sounding
geometries are identical, and their difference during 12:00-14:00 UT in March and April of 2007. (a) OSSE electron density observed from
800 shifted to 500 km altitude, (b) OSSE electron density observed from 800 km altitude, and (c) their difference. (d) OSSE NmF2 and hmF2
observed from 800 shifted to 500 km altitude, () OSSE NmF2 and hmF2 observed from 800 km altitude, and (f) their difference.

Yue et al. (2011) carry out simulations based on F3/C ob-
servations using NeQuick model and indicate that the solar
activity and the satellite orbit altitude variations will not in-
fluence the ratio of the successfully retrieved electron den-
sity profiles to the observed occultation events and the rel-
ative Abel inversion error of the electron density as well.
They also find that in comparing them to the retrieval error
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caused by the spherical symmetry assumption, the changes
in solar activity and orbit altitude have a relatively small in-
fluence on the retrieval error of NmF2, hmF2, and TEC. To
validate the above inference we conduct an OSSE by com-
paring the electron density profiles retrieved from satellites
at 800 km altitude and those from satellites with identical
sounding geometries but at 500 km altitude. Figure 6 shows

Atmos. Meas. Tech., 8, 3069-3074, 2015
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that the electron density profiles retrieved by the satellite at
500 km tend to be smaller than those at 800 km altitude in
the EIA region but are greater than those in the magnetic
equator and/or poleward sides of the EIA crests. These dis-
crepancies result from the spherical symmetry assumption of
Abel inversion in the EIA region (Liu et al., 2010a). By con-
trast, Fig. 4 shows that the electron density profiles retrieved
by the satellite at 500 km are very different from those at
800 km altitude, especially in the EIA region. This further in-
dicates that differences of the sounding geometry at 500 and
800 km altitude satellites could significantly influence the re-
trieved electron density profiles by using Abel inversion. It is
known that F7/C2 will be ultimately placed during the first
launch of six satellites into orbits with 24-28.5° inclination
and 520-550 km altitude, and during the second launch of
six satellites with 72° inclination and 720-750 km altitude.
Since the sounding geometries of the two launches are go-
ing to be very different, the electron density profiles probed
by the two altitudes shall be different. Therefore, one must
take care to construct the three-dimensional electron density
structure by merging the retrieved electron density profiles of
the two launches.

Table 1 displays the OSSE results: the means of the overall
differences Nsgg—Ngoo, NmF2500—-NmMF2g00, and hmF2s500—
hmF2gq in the solar minimum (maximum) are 18.6 (19.1 %),
14.1 (11.9%), and 7.4 (8.7 km), respectively. The associated
values in the F3/C observations, 23.5, 28.0%, and 19.3km
are greater than those in the OSSE results. The differences
of the observations are constantly larger than those of the
OSSEs, which might result from the true ionosphere being
more structured than the IRI-simulated ionosphere during the
study period. Nevertheless, this suggests that the Abel inver-
sion routine of CDAAC can be employed to reasonably de-
rive electron density profiles from the RO TEC sounded at
520 km F7/C2 satellite altitude. Therefore, the sounding ge-
ometry and the contour process are the major bias for con-
structing the global three-dimensional electron density struc-
ture by merging the retrieved electron density profiles probed
by the two F7/C2 launches.
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