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[1] Radio Occultation (RO) has been proven a powerful technique on profiling
ionospheric electron density profile. The currently used Abel inversion in RO electron
density profile retrieval has degraded performance in regions with large horizontal
gradients because of an assumption of spherical symmetry as indicated by many
studies. Due to the success of COSMIC/FORMOSAT-3, the Joint U.S.-Taiwan Executive
Steering Committee has decided to move forward with a follow-on RO mission
(called COSMIC-2/FORMOSAT-7), which implies that the number of RO observations
will increase rapidly in the near future. It is thus worthwhile continuing retrieval method
improvements. In this study, a global ionospheric data assimilation model is constructed.
A series of simulation tasks are conducted to study the feasibility of RO electron
density profile retrieval aided by a global ionospheric data assimilation model based
on the planned COSMIC-2/FORMOSAT-7 orbits and existing GPS, GLONASS and
ground-based Global Navigation Satellite System (GNSS) stations configuration. We find
that the data assimilation aided retrieval can significantly improve upon the Abel inversion
and offers an optimal electron density profile retrieval approach if sufficient RO and
ground GNSS observations are available. The retrieval error is affected by the data
quantity, ionospheric variability, and accuracy of the data assimilation background. It is
found that �700 globally distributed occultations per hour are sufficient to get better
performance than the Abel inversion with the resolution of 2.5� in latitude, 5� in longitude,
and 20 km in altitude in the data assimilation model.

Citation: Yue, X., W. S. Schreiner, and Y.-H. Kuo (2012), A feasibility study of the radio occultation electron density retrieval
aided by a global ionospheric data assimilation model, J. Geophys. Res., 117, A08301, doi:10.1029/2011JA017446.

1. Introduction

[2] Radio occultation (RO) is a proven powerful technique
for remotely sensing Earth’s troposphere, stratosphere and
ionosphere by several single-satellite missions (e. g.: GPS/
MET, CHAMP, GRACE, SAC-C, METOP-A, TerraSAR-X,
and C/NOFS) and constellation missions (e. g.: FORMOSAT-
3/COSMIC) [Anthes, 2011]. In the ionosphere, a Global Navi-
gation Satellite System (GNSS) receiver on low Earth orbit
(LEO) can provide 3 kinds of observations: scintillation index
along the GNSS ray; slant total electron content (TEC) along the
GNSS ray; and retrieved electron density profile along the tan-
gent points during an occultation event when theGNSS receiver
is designed to receive occulted signals.
[3] Currently, the Abel inversion is the most frequently

used method to retrieve electron density profiles from RO
measurements by different groups whose retrieval methods

may have minor differences in the plasmasphere calibration
and top boundary derivation [Hajj and Romans, 1998;
Jakowski et al., 2002; Schreiner et al., 1999; Syndergaard
et al., 2006; Yue et al., 2011a]. Many other kinds of iono-
spheric electron density observations like those from iono-
sonde, incoherent scatter radar (ISR), and satellite in situ
measurements have been used to evaluate RO retrieved
electron densities. The RO electron densities generally show
less than 20% relative deviation in the peak region and
degraded accuracy in the lower altitudes from either the
direct comparison with independent data, with models, or
with climatology [Hajj and Romans, 1998; Jakowski, 2005;
Yue et al., 2010, 2011a, 2011b]. However, the Abel inver-
sion is based on several assumptions, with the spherical
symmetry assumption being one of the most significant error
sources [Ahmad and Tyler, 1999; Schreiner et al., 1999; Yue
et al., 2010, 2011b]. It can result in so-called plasma caves,
regions with reduced density underneath the equatorial ion-
ization anomaly (EIA), and a pseudo reversal phase of the
large-scale wave structure in the E and F1 layer [Yue et al.,
2010, 2011b, 2012]. In addition, different calibration meth-
ods of the plasmasphere, including using the plasmaspheric
observations, using top most observations, and ignoring the

1COSMIC Program Office, University Corporation for Atmospheric
Research, Boulder, Colorado, USA.

Corresponding author: X. Yue, COSMIC Program Office, University
Corporation for Atmospheric Research, Boulder, CO 80305, USA.
(xinanyue@ucar.edu)

©2012. American Geophysical Union. All Rights Reserved.
0148-0227/12/2011JA017446

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, A08301, doi:10.1029/2011JA017446, 2012

A08301 1 of 9



plasmasphere, can result in some errors in the top-side
electron density [Yue et al., 2011a].
[4] To improve the Abel inversion, some revised methods

aided by models or other observations have been proposed
by different researchers [Garcia-Fernandez et al., 2003;Hajj
et al., 1994; Hernández-Pajares et al., 2000; Hocke and
Igarashi, 2002; Kulikov et al., 2011; Nicolls et al., 2009;
Schreiner et al., 1999; Tsai and Tsai, 2004; Yue et al.,
2011b]. In our previous study of Yue et al. [2011b], we
proposed a retrieval method by assimilating the slant TEC
of one occultation event into a model. Both the simulation
and real data retrieval showed that it can eliminate most
large scale deviations like plasma cave in comparison with
Abel inversions. However, in this method the horizontal
information mainly comes from the model because of the
relatively lower horizontal resolution of RO observations. So
in this paper we are attempting to utilize the horizontal
information from all types of observations by simultaneous
global assimilation of ground- and LEO-based slant TEC
data. This method will make significant sense when the
number of RO observations dramatically increase in the
near future, because many RO LEO (e.g., COSMIC-2/
FORMOSAT-7) and GNSS satellites (e.g., Galileo and
COMPASS) are already planned [Anthes, 2011]. The simu-
lations in this paper comprise a feasibility study of data
assimilation aided retrieval. The effects of data assimilation
background, assimilation time interval, ground-based GNSS
observations, and the ionospheric variability during selected
time interval are studied by a series of simulations. The data
assimilation retrieval results are then compared with that of
the Abel inversion.
[5] The rest of the paper is organized as follows: The

global data assimilation model and simulation details will be
described in section 2. We will give the simulation results in
section 3. Discussion and conclusion will be given in
sections 4 and 5, respectively.

2. Global Ionospheric Data Assimilation Model
and Simulation Description

[6] There has been an increased interest in data assimi-
lation in the ionospheric community because: (1) increased
requirements on accurate ionospheric nowcast and forecast
by the space weather community [Schunk and Sojka, 1996];
(2) more observations and mature empirical and theoretical
ionospheric models are publicly available [Schunk, 1996];
(3) data assimilation methods are mature and have achieved
big successes in meteorology and oceanography [Bouttier
and Courtier, 1999]. Some well-known global ionospheric
data assimilation models have been developed by the
community in the past decade [Bust et al., 2004; Schunk
et al., 2004; Wang et al., 2004]. COSMIC observations
have proven to be an important data assimilation source for
accurate ionospheric specification.
[7] In our previous study, we constructed a data assimi-

lation model to assist RO electron density profile retrievals
for individual occultation events [Yue et al., 2011b]. In that
study the assimilation model is a regional model around the
occultation region. Although the data assimilation retrievals
can eliminate large-scale deviations including plasma caves
than Abel inversions, the horizontal information mainly
comes from the model. So the data assimilation retrieved

results are influenced by the model. In this study, we extend
our data assimilation retrieval to the global scale and utilize
ground-based GNSS slant TEC data as well. With this
approach, the horizontal information will be provided by
observations themselves if sufficient data are assimilated.
[8] Most key parameters of this global data assimilation

model can be freely set by the users including spatial and
temporal resolution, altitude range, input data sampling rate,
and background and observation error and covariance. Both
the International Reference Ionosphere 2007 (IRI2007) and
NeQuick models are available as background options [Bilitza
and Reinisch, 2008; Leitinger et al., 2002]. Both models use
a global NmF2 and hmF2 map drove by the input F10.7 index
and a profile representing function to model the global 3-D
electron density. In this study, we chose the International
Scientific Radio Union (URSI) NmF2 and hmF2 maps and
IRI01 topside correction option in IRI model [Bilitza and
Reinisch, 2008]. The NeQuick model uses the Consultative
Committee on International Radio (CCIR) NmF2 and hmF2
maps and Epstein function to represent the altitude variation
[Leitinger et al., 2002]. In general, the modeled electron
density will increase with the increase of F10.7 index.
[9] In the current study, the altitude range is 80–2000 km.

The plasmasphere above 2000 km is calibrated by the Gal-
lagher H+ empirical model [Gallagher et al., 1988]. The
spatial resolution is 2.5� in latitude, 5� in longitude, and for
altitude 20 km from 80 to 800 km and 100 km from 800 to
2000 km. 2.5� in latitude is equal to �280 km, while 5� in
longitude is equal to �550 km in equator and gradually
shrinks to 0 at the poles. According toKursinski et al. [1997],
a vertical resolution of 20 km implies a horizontal resolution
of �1000 km in the Earth’s surface for RO measurements,
which is larger than the model horizontal resolution used
here. The assimilation method is the Kalman filter as used
previously [Yue et al., 2011b]. The background error is
assumed to be proportional to the background square and is
Gaussian correlated [Yue et al., 2007a, 2011b]. We use the
same ionospheric correlation length as Yue et al. [2007b,
2011b]. The correlation is set to zero when the distance
between two points is larger than 1000 km in this study. The
observation error is assumed to be uncorrelated and less than
that of the background, because we tend to believe observa-
tions more than models. Data quality control procedures
include a TEC range restriction, removing duplicate GNSS
rays, and removing bad GNSS data arcs. The bad GNSS arc
is recognized by the jump in the TEC variation rate or dis-
continuities in time. The TEC range is restricted to be less
than 1000 tecu in this study. The GNSS signal is assumed to
propagate in a straight line in the ionosphere; so the obser-
vation operator is actually the integration along the GNSS
ray. Additional details of this assimilation model can be
found in Yue et al. [2011b]. The ground- and LEO-based
GNSS observations are down-sampled with 180 s and 10 s
sampling rate respectively to accord well with the spatial
resolution of current model. 180 and 10 s are selected here
because the corresponding movement of GNSS ray in the F
layer height is comparable with model horizontal and vertical
resolution, respectively.
[10] In this simulation study, the ground-based GNSS

observations will also be used to evaluate their effect on aiding
the RO data assimilation retrieval. We used the real Interna-
tional GNSS Service (IGS) stations of Crustal Dynamics Data
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Information System (CDDIS) during 2009.266. There are
totally 354 GNSS stations globally during this selected day
and 148 of them also observe GLONASS signals in addition to
GPS signals. Figure 1 shows the global ionospheric coverage
of these 354 CDDIS GNSS stations with elevation angle big-
ger than 10�. Basically, these ground-based GNSS observa-
tions cover most land area with the exception of data gaps in
the middle of Africa and east Siberia.

[11] In order to be more realistic, we used the planed
COSMIC-2/FORMOSAT-7 orbits to simulate the occulta-
tion events. Specifically, it will have 6 satellites with 72�
inclination in �800 km altitude and 6 satellites with 24�
inclination in�500 km altitude [Schreiner et al., 2012]. Both
the high and low inclination satellites group are equally dis-
tributed along the longitude direction. Figure 2 shows the
simulated orbit coverage of all 12 satellites during �100
minuits (�1 orbit). We can find that 12 fully deployed
satellites have good coverage over the tropical region. In high
latitude (>24�) some gaps are found because of the relative
lower inclination of the satellites. As for the GNSS system,
we use both the real GPS and GLONASS configurations.
Specifically, the GPS and GLONASS orbits of February 2,
2012, during when both GPS (32 satellites) and GLONASS
(24 satellites) have fully operations, are selected to do the
simulation.
[12] We suppose that the antennas of the LEO satellites

have an ideal configuration and very high quality, so that
they can observe the visible GNSS signals with 360� angle
view in any distance. One ionospheric occultation event is
identified if an integral coverage of GNSS ray’s tangent point
between the LEO orbit altitude and 60 km is found when the
elevation angle is less than zero degree. For the selected
GNSS orbits and the simulated LEO orbits, total �17000
ionospheric occultations are obtained during one day. Please
note that the real observed occultations might be less than this
number because of insufficient antenna view angles and
inability to receive weak signals from long distance. Taking
COSMIC for example, it mainly observes occultations from
fore and aft of the satellite movement direction because it
does not have limb antennas. All 6 COSMIC satellites usu-
ally can observe <3000 occultations daily from only GPS
signals. As an example, Figure 3 shows the simulated
occultations from all 12 satellites corresponding to the orbits
shown in Figure 2 (�100 min). There are�1150 occultations
during �100 min.
[13] To evaluate the feasibility of RO electron density

retrieval aided by the data assimilation model, a series of
simulations will be conducted. The slant TEC of the simulated

Figure 1. Global ionosphere coverage of 354 GPS (.) and
mixedGPS and GLONASS (+) receivers fromCDDIS archive
center with elevation angle bigger than 10� during 2009.266.

Figure 2. Simulated orbit coverage of 6 24� inclination
satellites and 6 72� inclination satellites during �100 min.
Each color represents one LEO satellite.

Figure 3. Simulated occultations of 6 24� inclination satel-
lites and 6 72� inclination satellites during �100 min,
corresponding to the orbits displayed in Figure 2. Green and
red diamonds represent occultations from high and low incli-
nation satellites, respectively.
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daily occultations is first simulated by the NeQuick model
driving with solar activity index F10.7 = 120 [Leitinger et al.,
2002]. Electron density profile along the tangent points of
each occultation is then retrieved by the Abel inversion as we
did in Yue et al. [2010]. During the Abel inversion, we also
down-sample the observations with 10 s rate as did in the
assimilation. The ground-based GNSS observations will also
be simulated by the NeQuick model and the same solar
activity index. Then both the ground- and LEO-based simu-
lated slant TEC during a certain universal time range are
assimilated into our model. The electron density profile along
each assimilated occultation tangent points are interpolated
from the data assimilation posterior results and compared with
the corresponding Abel inverted results. We did this data
assimilation for the whole simulation day. To evaluate the
effects of the simultaneous assimilated occultation events
number, we run the data assimilation with 8 different time
intervals, which varies from 15 min to 120 min with 15 min
increment. In Figure 8c we plot the simulated average occul-
tation number for all 8 different time intervals during this day.
The average occultation number varies from 178 per 15 min to
1429 per 120 min. Figure 4 shows the typical occultation
tangent points coverage for 4 selected time intervals (30, 60,
90, 120 min). It is found that the RO occultation coverage does
have some gaps during only 30 min interval because of the
uneven coverage of LEO orbits during a short time. However,
during 120 min period, the global coverage is improved very
much. For each data assimilation, we have two options of with
and without ground-based GNSS data. We evaluate the effects
of ground-based GNSS on aiding RO retrieval by doing that.
In the data assimilation model, IRI2007 model is used as the
background model with different NmF2, hmF2, and topside
options from that of NeQuick model we used to simulate the
truth [Bilitza and Reinisch, 2008]. To make total difference,
the driving F10.7 index of IRI is chose to be 80 and 160,
which represents underestimation and overestimation of the

background model over the simulated truth, respectively.
When doing the data assimilation during a certain time range,
the middle time of that time range will be used to calculate the
background. However, the occurrence time of the occultations
during that time range can be different. To evaluate the effects
of ionospheric variability during that time range on the data
assimilation retrieval, the simulated truth with both the real

Figure 4. Simulated tangent points coverage of occultation GNSS ray between the orbit altitude and
60 km during (a) 30 min, (b )60 min, (c) 90 min, and (d) 120 min time interval. Each color represents
one LEO satellite.

Figure 5. Comparison example of the simulated truth slant
TEC (NeQuick model driving by F10.7 = 120) with data
assimilation background (+, F10.7 = 80 and 160, respectively)
and the corresponding data assimilation posterior results (.).
One tecu = 1016 electrons/m2.
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universal time (UT) and the UT used in the background cal-
culation will be tested (called real time and ideal time here
after), respectively. So we need to run the data assimilation for
the whole day for 64 times, which means each occultation will
have 64 data assimilation retrieved electron density profile
results. To evaluate the retrieval error, we statistically analyzed
the retrieval results in terms of the correlation coefficients, root
mean square error (RMSE), average absolute deviation, and
average relative deviation by comparing with the simulated
truth. It is found that the correlation coefficient and RMSE are
two typical parameters to represent the statistical results. So we
will mainly use these two parameters hereafter.

3. Results

[14] As a first step to evaluate the data assimilation effect, in
Figure 5 we compare the background (+) and data assimilation
posterior (solid circle) slant TEC with that of the simulated
truth for two different backgrounds (IRI, F10.7 = 80 and 160,
respectively). Although the background model overestimates
or underestimates the simulated truth obviously, the data
assimilation posterior results have a better agreement with the
simulated truth than the prior results. The RMSE between data
assimilation results and simulated truth changes from 42.05

(52.73) tecu (1 tecu = 1016 electrons/m2) of the prior results
to 1.06 (1.12) tecu of the posterior results for underestimated
(overestimated) background, respectively. It means that our
data assimilation algorithm can give a reasonable data assim-
ilation solution.
[15] Figure 6 shows the electron density profile comparison

example of a simulated occultation for the simulated truth,
Abel inversion, data assimilation backgrounds and retrievals
when the time interval is selected to be 60 min. Both the data
assimilation with underestimated or overestimated back-
ground and with or without ground-based IGS GNSS data are
shown simultaneously. In this case, the data assimilation
retrievals with either underestimated or overestimated back-
ground can give the similar and reasonable electron density
profiles and have less deviations from the simulated truth than
the Abel inversion. There are minor differences between the
retrieval results with and without ground-based IGS GNSS
data. We actually have checked almost all the cases with dif-
ferent time intervals and backgrounds.
[16] It is found that data assimilation sometimes can even

have worse retrievals than the Abel inversion especially
when the data assimilation time interval is equal or less than
45 min. Data assimilation also has the same negative elec-
tron density sometimes as the Abel inversion in lower alti-
tudes especially during nighttime. This is probably due to
that the data assimilation is actually a least square problem.
The electron density in lower altitudes of nighttime is
smaller in orders of magnitude than that of the daytime F
layer and is comparable with the F layer’s residual. The
difference between the data assimilation retrievals with and
without ground-based GNSS data can be significant in some
occultation cases of GNSS station dense region when the
time interval is less than 30 min. Data assimilation retrieved
electron density profile is not always that smooth as the Abel
inversion, especially around the topside and bottom side.
[17] Figure 7 shows a comparison example of Abel and

data assimilation retrieved NmF2 with the simulated truth
NmF2 around noontime (11–15 LT). The data assimilation
configuration here is 60 min interval, using ground-based
GNSS data, and real time configuration. As indicated from
the figure, the data assimilation shows an obvious better
performance than the Abel inversion. Specifically, the
underestimation of Abel inversion around EIA region resul-
ted from the spherical symmetry assumption is corrected very
well in the data assimilation retrieval [Yue et al., 2010,
2011b]. The correlation coefficient and RMSE is 0.95 and
1.25 � 105 cm�3 between Abel inversion and simulated
truth, and is 0.99 and 0.44 � 105 cm�3 between data assim-
ilation retrieval and simulated truth. No hmF2 results are
shown here and after because the improvements on hmF2
might be lower than the vertical resolution of the current data
assimilation model (�20 km).
[18] To evaluate the data assimilation retrieval effects sys-

tematically, the correlation coefficient (Figure 8a) and RMSE
(Figure 8b) are chosen to be shown in Figure 8 for the com-
parison. Also shown in the figure are the corresponding Abel
inversion results and the average occultation number during
each time interval (Figure 8c). For the ideal time configuration
cases, the data assimilation retrieval performance is enhanced
by the increase of the assimilation time interval (essentially
the simultaneous assimilated occultation events) as expected,
expressed as the increase of the correlation coefficient and

Figure 6. A comparison occultation simulation example of
the simulated truth electron density by the NeQuick driven
by F10.7 = 120(�), the Abel inversion (�.), the IRI data
assimilation background driven by F10.7 = 80 (*), the
corresponding data assimilation retrieval without (:) and
with (+) the ground-based GNSS data, and the IRI data
assimilation background driven by F10.7 = 160 (solid circle),
the corresponding data assimilation retrieval without (�) and
with (hollow circle) ground-based GNSS data. Only the data
assimilation retrieval results with time interval of 60 min and
real time are shown here.
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decrease of the RMSE. However, for the real time configura-
tion cases, the data assimilation retrieval performance increa-
ses first and then decreases a little with the increase of the time
interval. This is due to the negative effect of increased iono-
spheric variability with the increase of data assimilation time
interval. This effect can balance or be larger than the positive
effect from the more simultaneous assimilated occultations
during larger time interval. The cases using ground-based
GNSS data always have a better performance than that without
ground-based data. The effects decreases with the increase of
time interval. The difference between overestimated and
underestimated background decreases with the increase of
time interval as shown in Figures 8a and 8b.
[19] To look at the improvement of data assimilation

retrieval on large scale deviations, Figure 9 compares the
magnetic latitude and altitude distribution of retrieval errors
between Abel inversion and data assimilation method during
noontime. The selected assimilation case here is 60 min
interval, using ground-based GNSS data, and real time con-
figuration. Both underestimated and overestimated back-
ground results are shown. As indicated before, the Abel
inversion can result in systematic and significant error dis-
tribution including the plasma cave underneath the EIA peaks
[Yue et al., 2010, 2011b, 2012]. In comparison with the Abel
inversion, data assimilation results shown here have a much
better performance regardless of whether an overestimated or
underestimated background is used in the data assimilation.
The plasma cave resulted from the Abel inversion does not
exist in the data assimilation retrieval. The maximum of
absolute deviation changes from �2 � 105 cm�3 of Abel
inversion to �0.5 � 105 cm�3 of data assimilation retrieval.
However, we do can see some specific error distribution
related to the background. But it is small in comparison with
the Abel inversion error in terms of amplitude. Please note
that when the peak is underestimated, the electron density

below the peak might be overestimated as shown in Figure 9d
between IRI and NeQuick models. We also checked the
results for other local times and got the similar conclusions
(figures not shown here).

Figure 7. Comparison between (a) simulated truth NmF2
and the corresponding Abel inversions, and (b) simulated
truth NmF2 and the corresponding data assimilation retrie-
vals around noontime (11–15 LT). The selected data assim-
ilation case here is 60 min interval with overestimated
background, using ground-based IGS observations and real
time configuration.

Figure 8. (a) Statistical correlation coefficients and (b) root
mean square error (RMSE) for different ground-based IGS
data and data assimilation background model configurations
versus the data assimilation time intervals as well as the Abel
inversion results (dash dot line). (c) The average occultation
number during each time interval. Solid and dash line repre-
sents ideal and real time configuration, respectively. Each
color represents different ground-based IGS data and data
assimilation background model configurations.
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[20] Figure 10 shows the noontime data assimilation
retrieval error distribution versus magnetic latitude and alti-
tude for all the simulation cases. Since there is no distinct
difference between the cases with and without ground-based
GNSS data assimilated, only the results for the cases using
ground-based GNSS data are given in the figure. Indicated
from this figure, we can get the same conclusion as that from
the Figure 8. But we see the effects of data assimilation
interval and background with more detail. When the assimi-
lation time interval is small (e.g.,<45 min), the data assimi-
lation retrieved electron density is affected significantly by
the data assimilation background. Take the ideal time case as
an example, the maximum deviations of data assimilation
retrieval varies from >0.5 � 105 cm�3 for 15 min interval
to <0.2� 105 cm�3 for 120 min interval. Please note that the
data assimilation retrieval error distribution pattern shown
here is related to difference between assimilation background
and simulated truth. It might be totally different for the real
situation.

4. Discussion

[21] Using the RO observations themselves to provide the
horizontal information in the RO electron density profile

inversion is mentioned by some previous studies. Hocke and
Igarashi [2002] proposed a 2-D recovery method, which
puts all the data together and ignores the ionospheric longitude
variations. The authors also pointed out that this method can
be extended to a 3-D recovery when sufficient data are avail-
able in the future. Tsai and Tsai [2004] developed a compen-
sation procedure for measured TEC values through several
close-up occultations to reduce the effects of the spherical
symmetry assumption. In this paper, we evaluate the effects of
data assimilation model on the RO electron density profile
retrieval along the tangent points systematically based on the
planned COSMIC-2/FORMOSAT-7 orbits. Generally, the
ground-based GNSS data always has a positive effect on aid-
ing the RO electron density retrieval. With the increase of data
assimilation time interval, the positive effect of assimilation
data number increases, while the negative effect of ionospheric
variability increases too. The data assimilation retrieval error is
influenced by the assimilation background very much when
the assimilation data is not sufficient. As indicated from
Figures 8–10, �700 globally distributed occultations per hour
are sufficient to get better performance than the Abel inversion
with the resolution of 2.5� in latitude, 5� in longitude, and
20 km in altitude in the data assimilation model. Data assim-
ilation retrieval with time intervals of 60, 75, and 90 min have

Figure 9. Comparison example of Abel retrieval and data assimilation retrievals versus magnetic latitude
and altitude during noontime. (a) The simulated truth, (b) the corresponding Abel inversion, and (c) the
Abel inversion error are shown. The difference between (d, g) data assimilation background and the simu-
lated truth, (e, h) data assimilation retrieval, and (f, i) data assimilation retrieval error. The middle row is for
the underestimated background situation, while the lowest row for the overestimated background situation.
Figures 9a, 9b, 9e, and 9h correspond to the color scale over Figure 9b; the rest correspond to that over
Figure 9c. Only the data assimilation simulation results with 60 min interval, including ground-based
GNSS data, and real time configuration are shown here.
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better performance than the Abel inversion. The results of time
intervals less than 60min are influenced verymuch by the data
assimilation background since insufficient horizontal infor-
mation is available. We compared the slant TEC of simulated
truth with that of data assimilation prior and posterior results as
shown in Figure 5 for different time interval situations. For
small time interval cases, although the input information is not
enough, the posterior slant TEC accords well with the simu-
lated truth. But it is an ill-posed problem and result in bigger
retrieval error than the Abel inversion. When the time interval
is larger than 90 min, the effects of ionospheric variability is
significant and result in evenworse retrieval results than that of
less than 90 min interval. We should be clear that the situation
might be different during the disturbed conditions because the
ionospheric variability might be significant during even a short
time interval of disturbed situations. The number of �700
occultation per hour hopefully will be reached in the near
future when more RO missions especially COSMIC-2 are
launched [Anthes, 2011; Schreiner et al., 2012]. So this global
data assimilation model aided method offers us a possible
approach to improve the Abel inversion in the future given
sufficient RO data availability.
[22] Regarding future work, this RO electron density pro-

file retrieval method needs more simulation studies to eval-
uate the effects of the model resolution, correlation length,
and error covariance. Real data tests especially during dis-
turbed conditions and independent validation by ISR and
ionosonde observations are needed. The code also needs
improvements to afford the possible operational use in the
future. Besides just providing more accurate RO electron
density profile retrieval, the developed global ionospheric
data assimilation model in this study can be used for other
applications. One potential application is an ionospheric

reanalysis based on LEO and ground-based GNSS observa-
tions processed at UCAR/CDAAC [Yue et al., 2011c]. Other
types of ionosphere measurements including in situ obser-
vations, Ionosonde and ISR observed electron density profile
could also easily be included due to flexible software archi-
tecture. This could provide a robust reanalysis data set useful
for ionospheric climate, weather, and application purpose.
In addition, an accurate ionospheric nowcast is useful to
remove the large scale residuals in the RO neutral atmo-
sphere retrieval, which can benefit the neutral climate study
greatly.

5. Conclusion

[23] In this paper, the feasibility of the RO electron density
profile retrieval aided by a data assimilation model is studied
based on a series of simulations. A global ionospheric data
assimilation model based on an empirical model is developed
and can assimilate both the RO and ground-based slant TEC
simultaneously. The electron densities along the occultation
tangent points are then interpolated from the assimilation
posterior values and treated as the data assimilation retrieved
electron density. The planned COSMIC-2/FORMOSAT-7
satellite mission is selected to do the simulation [Schreiner
et al., 2012]. Specifically, the orbits of 6 24� inclination
satellites in �500 km altitude and 6 72� inclination satellites
in �800 km altitude with equally distribution along the lon-
gitude direction are simulated to track both the GPS and
GLONASS signals. The real GNSS stations configuration
in CDDIS archive center during 2009.266 is used to represent
the ground-based GNSS observations. For every RO event,
we have 64 data assimilation electron density profile retrie-
vals based on different combinations of data assimilation

Figure 10. Data assimilation retrieval error versus magnetic latitude and altitude during noontime. The
panels from left to right correspond to different assimilation intervals as shown in each subplot of upper-
most row. (a) Underestimation background with ideal time (the occultation occurrence time is the same as
that of background calculation during that time interval), (b) overestimation background with ideal time,
(c) underestimation background with real time (the occultation occurrence time is the real UT time in the
simulation), and (d) overestimation background with real time. Only the cases using ground-based GNSS
data are shown here.
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background, time interval, and time configuration. The
NeQuick model drove by F10.7 = 120 is used to simulate the
truth. The IRI model is selected as background in the data
assimilation model. We also did the Abel inversion for each
occultation event to make comparison.
[24] Generally, the ground-based GNSS data always has a

positive effect on aiding the RO electron density profile
retrieval. With the increase of data assimilation time interval,
the positive effect of assimilation data number increases,
while the negative effect of ionospheric variability increases
too. The data assimilation retrieval error is influenced by the
assimilation background very much when the assimilation
data is not sufficient. The global data assimilation retrieval
can obtain higher accuracy electron density than the Abel
inversion along the tangent points if �700 RO events and
ground-based GNSS observations are available during �1 h.
It can improve the retrievals in both the F and E regions.
Large-scale errors of the Abel inversion, such as the pseudo
plasma caves underneath the EIA crests, are eliminated by
this data assimilation method. It offers a possible method to
improve electron density retrievals in the future when more
RO mission especially COSMIC-2/FORMOSAT-7 is laun-
ched. This study can be extended to do the ionospheric
electron density reanalysis for ionospheric and neutral
atmosphere climate study purpose.
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by the U.S. Air Force with funds awarded via the National Science Founda-
tion under Cooperative Agreement AGS-0918398/CSA No. AGS-0961147.
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