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observations may be ingested directly into assimilative models together with other ground- and space-
based ionospheric measurements to achieve higher-accuracy specifications [Komjathy et al., 2010;
Yue et al., 2012].

The RO GNSS L band signals are also sensitive to ionospheric density irregularities along the raypath. By
analyzing the signal-to-noise ratio (SNR) of the received RO signal, parameters such as the S4 index, which
characterizes scintillation due to F region irregularities, can be derived. SNR fluctuations also reveal the
presence of sharp sporadic E layers. Yue et al. [2013] have summarized most aspects of the RO space weather
data processing including algorithms, assumptions, and error characteristics.

In comparison with other ionospheric monitoring techniques, GNSS RO has the following advantages:
(1) the limb sounding geometry is complementary to ground-based upward looking or space-based
nadir-viewing instruments, (2) high accuracy and precision, (3) high vertical resolution, and (4) full global
coverage. RO data from COSMIC have been widely used to monitor ionospheric variability (e.g., solar
cycle, seasonal, longitude, and altitude), ionospheric weather (e.g., geomagnetic storm response, solar
flare response, and lower atmospheric driving disturbances), and ionospheric irregularities (e.g., sporadic
E layer and scintillation). In addition, the global coverage and high vertical resolution have made the
COSMIC ionospheric observations an important data source for ionospheric data assimilation models
[Scherliess et al., 2009; Komjathy et al., 2010], improving space weather nowcasting and forecasting, as
well as enabling the construction of global four-dimensional (space and time) ionosphere electron
density reanalysis [Yue et al., 2012]. Figure 2 provides an example of reanalyzed monthly global 3-D
electron density and the corresponding peak density (NmF2) and vertical TEC map at 1900 UT during
September 2006.

Figure 1. A demonstration of GNSS RO observational geometry and the corresponding retrieved profiles in ionosphere and atmosphere.
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April 15, 2006!

- COSMIC celebrated its 10th anniversary in April 2016."
- Still providing useful atmosphere and ionosphere data well beyond "
  the 5 year design life."



>	  4.3	  Million	  COSMIC	  Profiles	  	  



COSMIC still providing ~500-800 occultations per day 
Three (FM #1, #2, and #6) of six currently operating ~10 years after launch 
  - FM#3 inoperable since August 2010 
  - FM#4 inoperable since July 2015 due to battery degradation 
  - FM#5 lost contact in April 2016. Expected to return 
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3 Results

Figure 1 shows comparisons between true and retrieved
NmF2 (left panels) and hmF2 (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 and hmF2 are in good agreement with the true values,
except for large daytime NmF2. The absolute (and relative)
standard deviations of the differences between the retrieved
and true values are 3.2⇥1010 m�3 (16%) and 1.4⇥1011 m�3

(15%) for nighttime and daytime NmF2, and 8.9 km (2%),
7.4 km (2%) for nighttime and daytime hmF2, respectively.
Figure 2 shows the daytime true electron density (a), re-

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
simulated data have been collected between 12:00–14:00 LT
over the one month period). Figure 2a and b shows the well-
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-
tive representations of the difference between the true and re-
trieved electron densities. The most prominent feature is that
the retrieved electron density underestimates the true electron
density in the region surrounding the EIA crest (±10�–30�

latitude), while overestimates near the equator (±10�) and in
the north and south of the EIA crests (±30�–50�). The bias
for large electron density in the daytime NmF2 comparison
(Fig. 1) also indicates the underestimation of the retrieved
density at the daytime EIA crests. Two plasma depletions
are seen clearly underneath the EIA peaks in the retrieved
electron density, but not in the true electron density. Three
obvious peaks and two troughs are present in the absolute re-
trieval error along latitude. Note that the retrieval errors are
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-

nal variations but the relative retrieval errors decrease more
rapidly with altitude due to small electron density at low
altitudes. The retrieval method overestimates the true elec-
tron density by more than 200% near the E-layer at latitudes
±30�–50�. In the equatorial region (±10�), the errors can
be up to 100%. Underneath the EIA crests, the underestima-
tions reach �200% and result in negative electron densities
in the E-region.
Figure 3 demonstrates distributions of electron density and

errors at 110 km (left panels) and 220 km altitude (right pan-
els) as a function of geographic latitude and longitude dur-
ing 10:00–12:00UT. The true and retrieved electron densi-
ties are given in the upper two panels. The true electron den-
sity at 110 km has a peak over the equator, as the result of
solar irradiation. At 220 km, there are two peaks featured

Fig. 2. Geomagnetic latitudinal and altitudinal variations of true
electron density (a), retrieved electron density (b), absolute devia-
tion (c) and relative deviation (d) between retrieved and true elec-
tron density during 12:00–14:00 LT. The white lines indicate the
hmF2 of true electron density. The unit in panels (a–c) is 1011 m�3
and in panel (d) is percentage. The dashed lines in panels (c) and
(d) indicate zero values. The intervals between the contour lines in
(c) and (d) are 0.5⇥1011 m�3 and 50%, respectively.

at different latitudes, because of the equatorial fountain ef-
fect. The retrieved electron densities differ significantly from
the truth. For both selected altitudes, the absolute deviation
shows three peaks and two troughs along the latitude direc-
tion during the daytime, which is consistent with the results
in Fig. 2. The EIA evolves from two peaks in the low latitude
during daytime to a single peak over the equatorial region at
night. The locations of the underestimation surrounding the
EIA crests also shift from the low latitude to the equatorial
region.
The relative deviations in Fig. 3d indicate that the retrieval

errors during daytime mainly occur in middle and low lat-
itudes. During nighttime, besides the underestimation over
the equatorial region, the overestimation appears in most re-
gions, especially at 110 km. At 110 km, there are three peaks
in the retrieved electron density along the latitude during
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Simulated True Electron Density!

Electron Density from Abel Inversion!

Relative Difference (%)!

(Yue et al., 2010)!

- Abel inversion spherical symmetry assumption"
  introduces large errors in the equatorial E-region"

- We have developed a new inversion that uses"
  monthly mean maps of NmF2 to obtain "
  information on the horizontal gradients"

- New inversion reduces error in the E-region and"
  results in more distinct equatorial ionization "
  anomalies"

- Electron density profiles obtained using the "
  new inversion are available via CDAAC"

data type: igaPrf"

Pedatella,	  N.	  M.,	  X.	  Yue,	  and	  W.	  S.	  Schreiner	  (2015),	  An	  improved	  inversion	  for	  FORMOSAT-‐3/COSMIC	  
	  	  ionosphere	  electron	  density	  profiles,	  J.	  Geophys.	  Res.,	  120,	  doi:10.1002/2015JA021704.	  
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Journal of Geophysical Research: Space Physics 10.1002/2015JA021704

Figure 9. Same as Figure 8 except the results are for 1300 to 1500 local time.

(2012–2013). While the improvement of the NmF2 aided inversion relative to the standard Abel inversion is
not as good during the later years of the COSMIC mission, the improvement does remains significant and still
considerably improves the electron density profiles at E region altitudes.

To further illustrate the impact of the NmF2 aided inversion on the electron density profiles, Figures 8 and 9
show the zonal mean electron densities during September 2008 (a–c) and 2013 (d–f ) as a function of altitude
and magnetic latitude for 0000–0200 LT and 1300-1500 LT, respectively. These results are considered as repre-
sentative of solar minimum (2008) and maximum (2013) conditions, as well as for early (2008) and late (2013)
in the COSMIC mission. The results are shown for the standard Abel inversion, NmF2 aided inversion, and their
difference. The results in Figure 8 demonstrate that the NmF2 aided inversion tends to have a relatively minor
impact on the nighttime ionosphere. This is consistent with the results in Figures 4–7 and is due to the fact
that the nighttime ionosphere tends to not have large horizontal gradients, making the Abel inversion spheri-
cal symmetry assumption appropriate. There are, however, significant differences between the standard Abel
inversion and the NmF2 aided inversion during the daytime, and the impact extends from the E region to the
topside ionosphere. The clear reduction of the artificial plasma cave structure in the NmF2 aided inversion
results is again apparent in Figure 9. However, we again note that a weak equatorial maximum is present. The
weak equatorial maximum may remain due to the NmF2 aided inversion not fully removing the retrieval error,
which we consider a possibility due to the relatively fewer number of occultations in the equatorial region.
Alternatively, this may be indicative that a weak plasma cave structure does exist in the equatorial ionosphere.
In addition to changes at E region altitudes, the results in Figure 9 demonstrate that clear differences between
the standard Abel inversion and NmF2 aided inversion also occur in the daytime F region. In particular, we note
that the NmF2 aided inversion leads to equatorial ionization anomalies (EIAs) that are more distinct and with
slightly larger electron densities in the EIA crests.

PEDATELLA ET AL. GPS RO INVERSION 9

September 2013, 13-15 LT"
Abel inversion"

September 2013, 13-15 LT"
NmF2 inversion" Difference"

September 2013, Zonal Mean"
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Improved	  Abel	  Inversion	  

- Comparison of COSMIC electron density profiles with collocated Arecibo ISR observations"
- Tangent point within ± 5° latitude, ± 10° longitude, and ± 10 minutes"
- Similar statistics obtained for both Abel inversion (ionPrf) and improved inversion (igaPrf)"

(Courtesy of F. Rodrigues, UTD)"

ionPrf – Quiet – Main F-region! ionPrf – Quiet – Bottomside!
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Ionosphere	  Reanalysis	  

- CDAAC has developed an ionosphere reanalysis product"

- Method based on Yue et al. [2012], and uses a Kalman filter to assimilate ground"
  and space based GNSS TEC"

- IRI is used as the background model"

- Result is a 4-dimensional monthly mean electron density reanalysis "
  based on the 14 quietest days of the month."

- Grid dimensions are 1 h UT, 10-20 km altitude, 5° latitude, and 15° longitude"

- Monthly mean gridded electron densities will be available to the community via"
  CDAAC (http://cdaac-www.cosmic.ucar.edu/cdaac/) within the next several months."

Global 3-D ionospheric electron density reanalysis based
on multisource data assimilation
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[1] We report preliminary results of a global 3-D ionospheric electron density reanalysis
demonstration study during 2002–2011 based on multisource data assimilation.
The monthly global ionospheric electron density reanalysis has been done by assimilating
the quiet days ionospheric data into a data assimilation model constructed using the
International Reference Ionosphere (IRI) 2007 model and a Kalman filter technique. These
data include global navigation satellite system (GNSS) observations of ionospheric total
electron content (TEC) from ground-based stations, ionospheric radio occultations by
CHAMP, GRACE, COSMIC, SAC-C, Metop-A, and the TerraSAR-X satellites, and
Jason-1 and 2 altimeter TEC measurements. The output of the reanalysis are 3-D gridded
ionospheric electron densities with temporal and spatial resolutions of 1 h in universal time,
5! in latitude, 10! in longitude, and "30 km in altitude. The climatological features
of the reanalysis results, such as solar activity dependence, seasonal variations, and the
global morphology of the ionosphere, agree well with those in the empirical models and
observations. The global electron content derived from the international GNSS service
global ionospheric maps, the observed electron density profiles from the Poker Flat
Incoherent Scatter Radar during 2007–2010, and foF2 observed by the global ionosonde
network during 2002–2011 are used to validate the reanalysis method. All comparisons
show that the reanalysis have smaller deviations and biases than the IRI-2007 predictions.
Especially after April 2006 when the six COSMIC satellites were launched, the
reanalysis shows significant improvement over the IRI predictions. The obvious
overestimation of the low-latitude ionospheric F region densities by the IRI model during
the 23/24 solar minimum is corrected well by the reanalysis. The potential application and
improvements of the reanalysis are also discussed.

Citation: Yue, X., et al. (2012), Global 3-D ionospheric electron density reanalysis based on multisource data assimilation,
J. Geophys. Res., 117, A09325, doi:10.1029/2012JA017968.

1. Introduction

[2] Global atmospheric, oceanic, and land fields reanalysis,
which is carried out at the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research

(NCAR) and the European Centre for Medium-RangeWeather
Forecasts (ECMWF), has greatly impacted climate monitoring,
scientific research, and numerical weather prediction (NWP)
[Kalnay et al., 1996; Uppala et al., 2005]. Specifically, the
reanalysis provides a gridded state representation of these
fields by assimilating multisource observations into a physics-
based model. Reanalyses of multidecadal series of past
observations have become an important and widely utilized
resource for the study of atmospheric and oceanic processes,
climate, and predictability. However, this kind of reanalysis
has not yet been extended to the upper thermosphere and
ionosphere, which is the key region for radio wave propagation
and low Earth orbiting (LEO) satellites. The main reason is
probably the lack of sufficient, continuous, and global cover-
age observations of the ionosphere. The quantity, quality, and
geographical coverage of ionospheric measurements have all
significantly increased in the past decade. This increase is due
to a wide range of ground- and space-based observations.
Important ground-based networks include ionosondes, global
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Outline	  

•  COSMIC-‐1	  Update	  
•  Ionosphere	  data	  processing	  

–  Improved	  Abel	  Inversion	  
– Monthly	  Mean	  Reanalysis	  

•  COSMIC-‐2	  Overview	  &	  Status	  



COSMIC-‐2	  Mission	  Overview	  
•  U.S./Taiwan	  partnership	  
•  12	  low	  Earth	  orbiXng	  satellites,	  tracking	  GPS,	  
GLONASS	  and	  possibly	  GALILEO	  	  
-  First	  Launch:	  6	  in	  low	  inclinaXon	  (24°)	  at	  520km	  –	  carries	  

Space	  Weather	  Payloads	  
-  Second	  Launch:	  6	  in	  high	  inclinaXon	  (72°)	  at	  800km	  –	  Not	  

fully	  funded	  

•  Will	  produce	  up	  to	  	  10,000	  occultaXons	  per	  day	  
•  30-‐min	  average	  data	  latency	  
•  Expected	  first	  launch	  in	  March	  2017,	  second	  in	  2020	  
•  AddiXonal	  first	  launch	  space	  weather	  payloads:	  

-  Ion	  velocity	  meter	  
-  RF	  Beacon	  Transmiber	  

•  UCAR	  COSMIC	  funded	  by	  NOAA/USAF	  to	  provide	  
COSMIC-‐2	  Data	  Processing	  Center	  for	  GNSS	  RO	  	  	  	  	  
and	  IVM	  

•  Data	  processed	  in	  near-‐real	  Xme	  

COSMIC Occultations–3 Hrs Coverage 

COSMIC-2  Occultations – 3 Hrs Coverage 



	  
•  COSMIC-‐I	  Space	  Weather	  Data:	  

-  Absolute	  line	  of	  sight	  total	  electron	  content	  (GPS)	  
-  Retrieved	  electron	  density	  profiles	  
-  ScinXllaXon	  (S4)	  
-  UV	  Radiances	  from	  Tiny	  Ionosphere	  Photometer	  (TIP)	  

•  COSMIC-‐II	  Equatorial	  Space	  Weather	  Data:	  
-  Absolute	  line	  of	  sight	  total	  electron	  content	  (GPS+GLONASS)	  
-  Retrieved	  electron	  density	  profiles	  
-  ScinXllaXon	  (S4	  and	  σφ).	  	  
-  S4	  will	  be	  included	  with	  TEC	  data	  files	  –	  perhaps	  useful	  for	  QC.	  
-  In-‐situ	  plasma	  drii	  velociXes,	  and	  ion	  density,	  composiXon,	  and	  temperature	  

Current/Future CDAAC Data Products 

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



COSMIC-‐2	  Current	  Status	  
•  First	  spacecrai	  fully	  integrated	  and	  tested	  at	  Surrey	  (UK)	  in	  May	  2015	  
•  All	  payloads	  have	  been	  delivered	  to	  Taiwan,	  and	  the	  remaining	  five	  spacecrai	  are	  
nearing	  compleXon	  of	  integraXon	  and	  tesXng	  

•  Soiware	  development	  for	  RO	  and	  IVM	  data	  processing	  is	  on	  schedule	  	  
-  All	  RO	  and	  IVM	  data	  will	  be	  available	  through	  UCAR	  CDAAC	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  cdaac-‐www.cosmic.ucar.edu	  

•  COSMIC-‐2	  Polar	  status:	  
-  Dependent on U.S. funding 
-  Anticipated launch in ~2020 	  
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