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Abstract Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) Global
Positioning System (GPS) radio occultation (RO) electron densities are compared with collocated in situ
observations from the CHAllenging Minisatellite Payload (CHAMP) and Communications/Navigation Outage
Forecasting System (C/NOFS) satellites. The comparison is restricted to observations occurring within 2∘
latitude and longitude and 15 min local time. The in situ observations occur at altitudes of ∼300–800 km,
and the results of the present study represent the first global comparison of COSMIC electron densities at
altitudes ranging from near the F region peak to the topside ionosphere. The correlation coefficient between
the COSMIC and in situ observations is greater than 0.90, indicating an overall good agreement between
GPS RO electron densities and CHAMP and C/NOFS satellite observations. Furthermore, when averaged over
all latitudes and local times, we find a near-zero mean bias and root-mean-square difference of typically less
than ±30% between the COSMIC electron densities and collocated in situ observations. The overall good
agreement demonstrates that the COSMIC GPS RO observations provide an accurate measure of electron
density in the topside ionosphere. The results also reveal a systematic structure to the error in the equatorial
and low-latitude daytime ionosphere. This structure is related to the equatorial ionization anomaly and is
consistent with the error introduced by the Abel inversion spherical symmetry assumption used to retrieve
the COSMIC electron density profiles. The present study thus provides direct observational evidence of the
Abel inversion error on GPS RO electron densities.

1. Introduction

Global Positioning System (GPS) radio occultation (RO) observations have been used extensively to study
various processes in the troposphere, stratosphere, and ionosphere. Their impact on operational numerical
weather prediction in the troposphere and nowcasting and short-term forecasting in the ionosphere has also
been demonstrated [see Anthes et al., 2008; Yue et al., 2014, and references therein]. Several features of GPS RO
observations make them an extremely useful data set for ionospheric studies. First, GPS RO electron density
profiles extend into the topside ionosphere, making it one of the few observations capable of obtaining
complete ionosphere electron density profiles. GPS RO is also advantageous due to its ability to observe the
ionosphere with global and local time coverage. The global nature of GPS RO electron density profiles has
permitted new insight into many different large-scale ionosphere phenomena [e.g., Lin et al., 2007; Burns et al.,
2008; Pancheva and Mukhtarov, 2010; Tulasi Ram et al., 2010].

Though they have proven useful for studying the ionosphere, validating the quality of the GPS RO electron
density profiles has remained difficult, especially in the topside ionosphere. Early validation efforts utilized
ionosonde observations and focused primarily on the F region peak density (NmF2) and peak height (hmF2)
[Schreiner et al., 1999]. Using GPS/Meteorology observations, Schreiner et al. [1999] found the GPS RO electron
density profile NmF2 to have a root-mean-square error of ∼13% compared to ionosonde observations. More
recent studies, using considerably larger number of observations, have obtained similar results [e.g., Jakowski
et al., 2002; Lei et al., 2007; Chu et al., 2010; McNamara and Thompson, 2014]. The GPS RO observations of
hmF2 are typically within ∼30 km of ionosonde observations [Krankowski et al., 2011; Habarulema et al., 2014],
demonstrating that the F region peak parameters are well captured in GPS RO observations. We note that
while the aforementioned studies are pertaining to the accuracy of the GPS RO electron density profiles, above
∼150 km (where strong irregularities such as sporadic E layers are absent) the profiles have a precision of
∼ 103cm−3 [Schreiner et al., 2007], making them an extremely precise ionospheric observation.
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Figure 1. Comparison between COSMIC GPS RO and CHAMP PLP electron densities for (a) 0–2 LT, (b) 12–14 LT, and
(c) 0–24 LT.

The GPS RO electron density profiles above the F region peak cannot be validated against ionosonde observa-
tions owing to the unreliable nature of extrapolating ionosonde observations to these altitudes. In the topside
ionosphere, GPS RO electron density profiles were found to agree well with profiles obtained from Incoher-
ent Scatter Radars (ISR) [Hajj and Romans, 1998; Lei et al., 2007]. However, this comparison is extremely limited
owing to the small number of ISRs along with their limited operating time. Using 2 days of observations, Lai
et al. [2013] compared GPS RO electron densities in the topside ionosphere with in situ satellite observations.
Although the agreement between the GPS RO and in situ observations was generally good, the compari-
son performed by Lai et al. [2013] is considered incomplete owing to the limited number of observations. A
complete validation of the GPS RO electron densities in the topside ionosphere has thus yet to be performed.

The primary objective of the present study is to validate the GPS RO electron densities in the topside
ionosphere. This is accomplished by comparing COSMIC GPS RO electron densities with collocated in situ
observations from the CHAllenging Minisatellite Payload (CHAMP) and Communications/Navigation Outage
Forecasting System (C/NOFS) satellites. The comparison provides a thorough validation of the GPS RO electron
densities in the topside ionosphere. Furthermore, the distribution of the error in terms of altitude, latitude,
and local time is investigated. This is important to consider since the spherical symmetry assumption used in
the retrieval of GPS RO electron density profiles leads to a systematic error distribution [Yue et al., 2010], and
previous comparisons of GPS RO electron densities with ground-based observations do not permit a global
perspective of the error. By examining the distribution of the error, our results clearly illustrate the systematic
error that occurs in GPS RO electron densities due to the spherical symmetry assumption.

2. Observations
2.1. COSMIC Observations
COSMIC consists of six microsatellites that profile the neutral atmosphere (troposphere and stratosphere) and
ionosphere using GPS RO [Anthes et al., 2008]. The satellites were launched in April 2006 into an initial orbit of
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Figure 2. Histogram of the difference between COSMIC GPS RO and
CHAMP PLP electron densities for all local times.

∼500 km and raised to their final orbit
altitude of ∼800 km over a period of
18 months. In the present study, we use
COSMIC electron density profiles from
the University Corporation for Atmo-
spheric Research (UCAR) COSMIC Data
Analysis and Archive Center (CDAAC,
http://cdaac-www.cosmic.ucar.edu/). The
UCAR CDAAC electron density profiles
are obtained from GPS L1 and L2 phase
observations and application of the
Abel inversion [Lei et al., 2007]. It is impor-
tant to note that the Abel inversion
makes the assumption of a spherically
symmetric ionosphere, and this assump-
tion can introduce systematic errors in
the retrieved electron density [Yue et al.,
2010].

2.2. CHAMP Observations

The CHAMP satellite was launched in July
2000 and, due to orbital decay, reentered
the Earth’s atmosphere in September

2010. CHAMP was in a near-polar, quasi Sun-synchronous orbit. The CHAMP orbit precessed in local time at
the rate of∼5 min per day, providing complete local time coverage every 131 days. One of the instruments

Figure 3. Comparison between COSMIC GPS RO electron density and C/NOFS ion density for (a) 0–2 LT, (b) 12–14 LT,
and (c) 0–24 LT. All altitudes are included in the comparison.

PEDATELLA ET AL. GPS RO AND IN-SITU COMPARISON 520

http://cdaac-www.cosmic.ucar.edu/


Radio Science 10.1002/2015RS005677

Figure 4. Histogram of the difference between COSMIC GPS RO electron
density and C/NOFS ion density for all local times and latitudes.

on board the CHAMP satellite was a
Planar Langmuir Probe (PLP), which ob-
serves in situ electron densities [Rother
et al., 2004]. The CHAMP PLP electron
density observations used in the pre-
sent study are from the Information
Systems and Data Center operated by
Geo Forschungs Zentrum (GFZ) Pots-
dam (http://isdc.gfz-potsdam.de). We
compare the CHAMP PLP electron den-
sities with collocated COSMIC GPS RO
electron densities during 2007–2009.
During this time period the orbital alti-
tude of CHAMP decayed from ∼350 to
∼300 km. The F region peak height was
generally below ∼350–375 km dur-
ing 2007–2009 [e.g., Yue et al., 2015].
CHAMP thus primarily observed elec-
tron densities above the F region peak,
the exception being low-latitude day-
time observations when the CHAMP
observations occurred near, or slightly
below, the F region peak.

2.3. C/NOFS Observations
The C/NOFS satellite is in a low inclination (13∘), elliptical orbit. The orbital altitude ranges from ∼400 to
850 km, and therefore, C/NOFS is nearly always in the topside ionosphere, especially given the recent low
levels of solar activity. In the present study, we use observations of the total ion number density (equal to
the electron density under charge neutrality) from the Coupled Ion Neutral Dynamics Investigation (CINDI)
instrument [de La Beaujardière and the C/NOFS Science Definition Team, 2004; Heelis et al., 2009]. The C/NOFS
CINDI data from the National Aeronautics and Space Administration (NASA) Coordinated Data Analysis Web
(CDAWeb, http://cdaweb.gsfc.nasa.gov) are used in the present study. The C/NOFS CINDI ion densities are
compared with collocated COSMIC GPS RO electron densities from 2009 to 2013.

3. Methodology

The COSMIC GPS RO electron densities are compared with collocated in situ observations from CHAMP and
C/NOFS. We restrict the comparison to observations that occur within 2∘ latitude and longitude and 15 min
universal time. This ensures that the GPS RO and in situ measurements are observing the ionosphere in nearly
the same space and at the same time, reducing the impact of spatial or temporal variability. In the results
presented in section 4, we take the value of the in situ observation at the location closest to the GPS RO
profile and compare it directly to the value of the COSMIC electron density profile interpolated to the altitude
of the in situ observation. All observations that are available from the various data providers are included in
the present study. That is, we do not further restrict our comparison based on the occurrence of scintillation
or plasma bubbles or the level of geomagnetic activity. While this may result in a slight degradation of the
comparison, we do not believe that further restrictions would significantly impact the results owing to the
large number of collocated observations that are included in the comparison.

4. Results and Discussion

A comparison between the COSMIC GPS RO and CHAMP PLP electron density observations for different
local times is presented in Figure 1. The results in Figure 1 include all latitudes and altitudes. Note that we have
considered all seasons and solar activity levels in the comparison in order to obtain a sufficient number
of collocations for the comparison to be reliable. The agreement between the two observations is generally
good as indicated by the correlation coefficients being greater than 0.90. For NmF2, the theoretical study
performed by Yue et al. [2010] found a correlation coefficient of∼0.95 between simulated truth and simulated
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Figure 5. (a) Magnetic latitude and local time distribution of the
median difference between COSMIC GPS RO and CHAMP electron
densities. (b) Same as Figure 5a except the difference is expressed as a
percentage of the mean COSMIC electron density. (c) The number of
data points included in each bin.

GPS RO NmF2 retrieved using the Abel
inversion, demonstrating that the Abel
inversion spherical symmetry assump-
tion leads to errors in the retrieval of
NmF2 from GPS RO observations. The
results in the present comparison are
slightly worse, which we attribute pri-
marily to data noise as well as the pos-
sible impact of small-scale irregularities
in the ionosphere. A histogram of the
difference between the COSMIC GPS RO
and CHAMP PLP observations for all local
times, latitudes, and altitudes is presented
in Figure 2. The results in Figure 2 illus-
trate that, when averaged over all lati-
tudes and local times, there is a near-zero
bias (mean difference of 0.22 × 105 cm−3)
with a relatively small standard deviation
(0.65×105 cm−3). Note that the mean and
standard deviation are determined based
on all of the collocations, and we do not
account for any measurement uncertain-
ties when calculating the standard devia-
tion. The slight bias toward larger COSMIC
electron densities may be partly related
to a potential negative bias in the CHAMP
PLP observations [e.g., McNamara et al.,
2007]. When considering the relative dif-
ference ( COSMIC−CHAMP

COSMIC
× 100), the mean

and standard deviations are 14.9% and
10.4%, respectively. The CHAMP and COS-
MIC GPS RO observations therefore typ-
ically agree to within ±25–30%. Taken
together, the results in Figures 1 and 2
demonstrate an overall good agreement
between the COSMIC GPS RO and CHAMP
PLP electron densities and demonstrate
that the GPS RO electron densities in the
topside ionosphere are of high quality.

Figures 3 and 4 present the comparison
between the COSMIC GPS RO and C/NOFS
in situ observations. The results in Figure 3
are for all altitudes and latitudes, while
those in Figure 4 are for all altitudes, lat-

itudes, and local times. All seasons and solar activity levels are included in the comparisons presented in
Figures 3 and 4. It should again be noted that the values of the mean and standard deviation stated in Figure 4
do not account for any measurement uncertainties. Figures 3 and 4 illustrate an overall good agreement
between the COSMIC GPS RO and in situ observations. In fact, the mean and standard deviation of the rela-
tive differences are 5.6% and 12.4%, respectively; demonstrating that the COSMIC GPS RO observations are
in better agreement with the C/NOFS in situ observations compared to those from CHAMP. As shown in Yue
et al. [2010, Figure 2], the Abel inversion error decreases above the F region peak, and we attribute the better
agreement between COSMIC GPS RO and C/NOFS observations to the higher altitude of the C/NOFS satellite.

The Abel inversion can introduce systematic error in the GPS RO electron density profiles [e.g., Yue et al.,
2010], and we now turn our attention to examining if any systematic structures are present in the
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Figure 6. (a) Magnetic latitude and local time distribution of the
median difference between COSMIC GPS RO electron density and
C/NOFS ion density. (b) Same as Figure 6a except the difference is
expressed as a percentage of the mean COSMIC electron density.
(c) The number of data points included in each bin. All altitudes
are included in the comparison.

comparison between COSMIC GPS RO
electron densities and in situ observa-
tions. The distribution of the median error
(COSMIC GPS RO minus CHAMP PLP) in
magnetic latitude and local time is pre-
sented in Figure 5. Note that throughout
the following discussion, we consider the
in situ observations as truth, and any sys-
tematic structure to be the result of errors
in the GPS RO electron densities that are
introduced by the Abel inversion. The
results in Figure 5 are based on binning
the difference between the COSMIC GPS
RO and CHAMP PLP electron densities for
each collocation in 5∘ magnetic latitude
and 2 h local time bins and calculating
the median value of the differences in
each bin. We note that each bin contains
∼20–80 collocated observations, and
there tends to be more collocations at
midlatitudes owing to the increased data
density of COSMIC observations at these
latitudes. The results in Figure 5a reveal
that the absolute error in the COSMIC
GPS RO electron density maximizes dur-
ing daytime and at low latitudes. A clear
latitudinal structure is also evident at
low-equatorial latitudes with alternating
bands of positive and negative errors.
This latitudinal structure is the same as
the error that is introduced by the Abel
inversion [Yue et al., 2010], and the
comparison between the COSMIC GPS
RO and CHAMP PLP electron densities
clearly illustrates the impact of the Abel
inversion spherical symmetry assump-
tion on the COSMIC GPS RO electron
densities. The distribution of the rela-
tive error (Figure 5b) illustrates similar
features as the absolute error; however,
the nighttime and middle-high lati-
tude relative error is notably larger. The
larger relative error at nighttime and
middle-high latitudes is expected due to
the smaller background densities and is
also consistent with the theoretical error

due to the Abel inversion [Yue et al., 2010]. The relative error is generally less than ±30%, providing further
confirmation of the overall agreement between the two observations.

The magnetic latitude and local time distribution of the median difference between the COSMIC and C/NOFS
observations is presented in Figure 6. Note that the results in Figure 6 include all altitudes. The results in
Figure 6 illustrate that the magnitude and structure of the error between COSMIC and C/NOFS is similar to the
error between COSMIC and CHAMP. The consistency of these results confirms our assumption that the error
distribution is primarily due to errors in the COSMIC GPS RO electron densities and not related to the in situ
observations. The results in Figure 6 are, however, slightly noisier compared to those in Figure 5 owing to the
fewer number of collocated COSMIC GPS RO and C/NOFS in situ observations. Nonetheless, a clear structure
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Figure 7. (a) Altitude and magnetic latitude distribution of the median difference between COSMIC GPS RO electron
density and C/NOFS ion density. (b) Same as Figure 7a except the difference is expressed as a percentage of the mean
COSMIC electron density. (c) The number of data points included in each bin. All local times are included in the
comparison.

to the difference between the COSMIC and C/NOFS observations is once more evident, and closely matches
the results in Figure 5. This again serves to illustrate the impact of the Abel inversion error on the COSMIC GPS
RO electron densities.

The elliptical orbit of the C/NOFS satellite permits investigation of the altitudinal distribution of the error
between the COSMIC GPS RO and C/NOFS observations. Figure 7 presents the distribution of the error in terms
of altitude and magnetic latitude. Note that all local times are included in the results presented in Figure 7.
The absolute error (Figure 7a) is greatest at low altitudes, and this is anticipated due to the larger background
densities at these altitudes. The alternating bands of positive and negative errors, which are related to the
Abel inversion spherical symmetry assumption, are again evident and extend to higher altitudes. The posi-
tive error above the magnetic equator does, however, only persist up to ∼600 km, and the error above the
magnetic equator becomes negative at higher altitudes. Though the absolute error decreases with altitude,
the relative error (Figure 7b) does not display significant variations with altitude, and the relative errors are
typically less than ±30% at all altitudes.

In the results presented herein we have considered all seasons and solar activity levels in the comparison
between the COSMIC GPS RO electron densities and in situ observations of the topside ionosphere. We note
that this was necessary in order to ensure a sufficient number of collocations for the results to be reliable. The
distribution of the error is anticipated to change slightly with season due to changes in the locations of large
ionospheric gradients. This may especially impact the results at low latitudes during solstice time periods.
Despite these shortcomings, we believe that our results present a reasonable depiction of the typical error of
the COSMIC GPS RO electron densities in the topside ionosphere.

5. Summary and Conclusions

In the present study, we have compared COSMIC GPS RO electron densities with collocated in situ observa-
tions from the CHAMP and C/NOFS satellites. We find an overall good agreement between the COSMIC GPS RO
and in situ observations, with correlation coefficients greater than 0.90, and errors typically less than±30%. We
additionally find that when averaged over all latitudes and local times there is no mean bias between GPS RO
electron densities and other observations in the topside ionosphere. Based on these results, we conclude that
the COSMIC GPS RO electron densities are an accurate, and precise, observation of the topside ionosphere.
Despite the overall good agreement, there are clear, systematic, structures in the error between the COSMIC
GPS RO and in situ observations. The errors closely match those that are expected due to the Abel inversion
spherical symmetry assumption. We may therefore conclude that the distribution of the error is largely due
to the Abel inversion, and our results present the first direct observational evidence for the impact of the
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Abel inversion spherical symmetry assumption on GPS RO electron densities. Furthermore, it is important for
researchers to consider these errors in the COSMIC GPS RO electron densities in the future.

Last, we note that the good agreement between the COSMIC GPS RO electron densities and collocated in situ
observations demonstrates that GPS RO observations can be used to assist in the validation of other in situ
observations. In particular, since we have demonstrated that the GPS RO observations do not exhibit a global
mean bias, our approach is well suited for identifying any bias in the in situ observations. This may be especially
useful for in situ observations in the topside ionosphere due to the limited number of ground-based obser-
vations at these altitudes. GPS RO electron density profiles may additionally prove useful for such validation
efforts due to the global distribution of the GPS RO observations.
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