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Abstract The long-term accurate specification of the Earth's ionospheric states is crucial to scientific
research and applications in the space weather community. In the current work, a global monthly mean
three-dimensional (3-D) ionospheric electron density product has been obtained during one solar cycle from
2006 to 2016. Specifically, an accurate 3-D product is reconstructed monthly by assimilating the Constellation
Observing System for Meteorology, Ionosphere and Climate slant total electron content (TEC) into an empirical
background model via the Kalman filter data assimilation algorithm. The outputs of the results have spatial
resolutions of 2° in latitude, 5° in longitude, and 20 km in height, and temporal resolution of 1 hr in universal
time. The accuracy and reliability of the results are systematically validated by the critical frequency at the F2
layer from global ionosonde stations, the in situ electron density from the CHAllenging Minisatellite Payload
Planar Langmuir Probe, the TEC from the Massachusetts Institute of Technology, and Gravity Recovery

and Climate Experiment. We found that the products agree well with the independent observations. Some
well-known ionospheric climatological patterns, including the solar and seasonal variation, annual asymmetry,
the Weddell Sea Anomaly, and the longitudinal wave structure, can be well illustrated. The advantages of the
products are its 3-D and gridded electron density and continuous one solar cycle time series (2006-2016). It is
useful to study the spatial-temporal variations in ionospheric states from seasons to decades, which can also be
used as the background parameters for atmospheric and ionospheric-related scientific research and applications.

Plain Language Summary As the most successful radio occultation mission to date, Constellation
Observing System for Meteorology, Ionosphere and Climate (COSMIC) has accumulated a great number of
ionosphere observations during the years of 2006-2020, associated with good spatial and temporal coverage.
Therefore, assimilating the COSMIC slant total electron content is a good way to get an accurate gridded

state of ionosphere electron density over a long-term period. In the current work, we combine the massive
accumulated COSMIC data set and our developed data assimilation algorithm to obtain the monthly mean
global three-dimensional ionospheric electron density over one solar cycle (2006-2016). The data assimilation
results have been validated by multiple independent ground- and space-based measurements. The current data
set can be well used to capture the common climatological pattern of the spatial and temporal ionospheric
variations from seasons to decades.

1. Introduction

Accurately imaging and modeling the spatial-temporal variation of Earth's ionospheric states (e.g., total electron
content—TEC and electron density) is crucial to the current space weather community, as it can significantly
affect radio wave propagation and many modern technological systems, such as radar telescopes, Wide Area
Augmentation System, and Global Navigation Satellite System (GNSS) positioning (Jakowski et al., 2012; Yeh
& Liu, 1982). In the past decade, there exists much ground- and space-based ionospheric monitoring systems,
particularly radio detection equipment, developed rapidly around the world. Ground-based networks are gener-
ally located in the territory, including GNSS receivers, ionosondes and incoherent scatter radars (Mannucci
et al., 2005; Reinisch & Galkin, 2011; Zhang & Holt, 2004). The ocean and polar regions cannot be well covered
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by these types of observations. However, as an important part of the ionosphere, the equatorial ionization anom-
aly (EIA) is mainly distributed in the low-latitude ocean area. In situ space-based measurements can make up
for the limited coverage of ground-based observations over the oceans. However, this type of observation is
still insufficient to estimate the ionospheric states at all times and locations. Thus, accurately specifying the
spatial-temporal variation of the ionosphere globally from direct measurement is still challenging.

Based on historical ionosphere measurements, some well-established ionosphere empirical models have been
built to specify the three-dimensional (3-D) electron density. The empirical models include the International
Reference Ionosphere (IRI) model, and the NeQuick model (Bilitza, 2001; Nava et al., 2008), which did not
rely on the first principles of physics but on mathematical functions fit to historical ionospheric observations.
In general, these models can make a relatively accurate representation of the climatological features and regular
variability of the global 3-D ionospheric states, including electron density, ion densities, electron temperatures,
etc. Thus, they can be easy to use for assessment and prediction purposes. However, the empirical models exhibit
significant deviation from the real-world observations, especially during geomagnetic storms. Additionally, they
are often inaccurate in representing the state of the ionosphere if it exhibits behavior not previously seen in obser-
vations. For example, Yue et al. (2012) found that an obvious overestimation of the low-latitude ionospheric F
region densities occurred in the IRI model during the 23/24 solar minimum which was characterized by much
lower densities than previous solar minima.

Lots of previous works have proven that the bias of the background model from observations can be further
reduced to some extent by assimilating a large number of ground-based or space-based ionosphere observations
(Aa et al., 2015, 2022; Galkin et al., 2012; Gardner et al., 2014; He et al., 2022; Hsu et al., 2018; Matsuo &
Araujo-Pradere, 2011; Pedatella et al., 2021; Yue et al., 2012). Some mature data assimilation systems have been
developed around the world for operational purposes in near real-time, such as the Ionosphere Data Assimilation
three-dimension (IDA3D), the Global Assimilation Ionospheric Measurements by Utah State University (USU/
GAIM), and the Global Assimilation of Ionospheric Measurements by the Jet Propulsion Laboratory and the
University of Southern California JPL/USU GAIM) (Bust et al., 2004; Schunk et al., 2004; Wang et al., 2004).
However, specifying the spatial-temporal variation of Earth's ionospheric electron density states on longer time
scales is uncommon. The reasons possibly include the required computation time and limited continuous iono-
sphere observations. Global atmospheric reanalysis products, such as Modern-Era Retrospective analysis for
Research and Applications, version 2 (MERRA?2) (Gelaro et al., 2017; Molod et al., 2015) and the European
Center for Medium-Range Weather Forecasts ERA5 (Hersbach et al., 2020; Hoffmann et al., 2019), have a great
influence on climate monitoring and scientific research. There is also a need for ionospheric reanalyzes, which
can provide a long-term archived ionospheric data assimilation data set to better study the spatial-temporal vari-
ations in ionospheric states from seasons to decades.

Fortunately, an efficient Kalman filter (KF) data assimilation algorithm has been built by Yue et al. (2014),
which used a sparse matrix method to mitigate the considerable computation and storage problems. The efficient
algorithm can do fast computation on a workstation. Meanwhile, a long-term valuable data set is now avail-
able from the Formosa Satellite Mission 3/Constellation Observing System for Meteorology, lonosphere and
Climate (COSMIC). As the most successful radio occultation mission to date, COSMIC has accumulated a great
number of ionosphere observations during the years of 2006-2020, the rough number is ~4,652,804 provided by
the COSMIC Data Analysis and Archive Center (CDAAC). These types of observations have good spatial and
temporal coverage globally (Anthes, 2011; Rocken et al., 2000; Yue et al., 2011). Thus, assimilating the COSMIC
slant TEC is a good way to further reduce the bias of the background model from observations, and get an accu-
rate gridded state of ionosphere electron density over a long-term period.

In the current work, we combine the massive accumulated COSMIC data set and our developed data assim-
ilation algorithm to obtain the monthly mean global 3-D ionospheric electron density over one solar cycle.
The electron density specification has been performed by solely assimilating COSMIC radio occultation
TEC measurements during the geomagnetic quiet days. Note that the data assimilation experiments have
been done without assimilating any ground-based GNSS TEC data and retrieved COSMIC electron density
profiles. The selected data assimilation period is about one solar cycle, starting from June 2006 and ending
in December 2016. An insufficient number of COSMIC occultation TEC measurements occurred after 2016.
The monthly output of the data assimilation results is 3-D gridded ionospheric electron densities with tempo-
ral and spatial resolutions of 1 hr in universal time, 2.5° in latitude, 5° in longitude, and 20 km in altitude.
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Figure 1. (a) The monthly ionospheric occultation number during a whole solar cycle from 2006 to 2016. (b) The location of the hourly occultation events at 01
universal time in January 2009, 2013, and 2016, respectively.

The electron density results are validated by independent global ionosonde stations and the CHAllenging
Minisatellite Payload (CHAMP) Planar Langmuir Probe (PLP) in situ electron density measurement. In
addition, the equivalent TEC is also calculated and validated by the ground-based Massachusetts Institute
of Technology (MIT) vertical TEC (VTEC) and space-based Gravity Recovery and Climate Experiment
(GRACE) occultation TEC data set. In addition, the reconstructed data assimilation results are also used to
evaluate the capability of assimilating COSMIC data to capture the common climatological pattern of the
spatial and temporal ionospheric variations.

The remainder of the paper is organized as follows. In Section 2, the data and the design of KF data assimilation
experiments are described in detail. In Section 3, we present the data assimilation results. A data available state-
ment and conclusion are given in Sections 4 and 5, respectively.

2. Data and Methods
2.1. Data Description

The level-1b absolute TECs are assimilated into an empirical ionosphere model during the years of 2006-2016,
which is publicly available at the University Corporation for Atmospheric Research/COSMIC Data Analysis
and Archive Center (UCAR/CDAAC, www.cosmic.ucar.edu/what-we-do/cosmic-1/data). In general, the error of
occultation TEC is thought to be around 3 TECU (Yue et al., 2011). The TEC errors are mainly from the cycle
slip detection, the multipath calibration, the leveling of phase to the pseudorange TEC, and the differential code
bias (DCB) calibration. Figure 1 shows the monthly ionospheric occultation number and hourly occultation
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events position distribution used in the current work. As shown in Figure 1, the top panel shows the monthly
ionospheric occultation number during one whole solar cycle from 2006 to 2016. In general, the number of iono-
spheric occultation events has decreased from 2006 to 2016, which is due to the fact that the COSMIC satellites
degraded over time, providing fewer occultations. The decrease in observations over time can also be seen in the
position distribution of hourly occultation events (the bottom panel). However, the occultations locations still
have even coverage around the globe within 1 month.

Apart from the assimilated COSMIC occultation TEC observations, other different types of data sets are also
chosen for the independent validation purpose. The electron density results are validated by independent global
ionosonde critical frequency data and the CHAMP PLP in situ electron density measurement. In addition, the
equivalent assimilated TEC is also calculated, which is validated by the ground-based MIT VTEC and space-based
GRACE occultation TEC data sets.

The global ionosonde critical frequency at F2 layer (foF2) measurements are from the Global Ionospheric
Radio Observatory (GIRO), which can be publicly downloaded from the website (giro.uml.edu) (Reinisch &
Galkin, 2011). The standard archiving output (SAO) format digisonde ionogram data were autoscaled by the
Automatic Real-Time Ionogram Scaler with True height analysis (ARTIST) software to retrieve the plasma
frequency. The number of available global ionosonde stations increased yearly, however, some of them did not
operate continuously. During the selected data assimilation period, about 60 ionosonde stations around the world
are used to make a validation with the data assimilation results.

The CHAMP was a German small satellite mission for geoscientific and atmospheric research and applications,
which was managed by the Potsdam Geophysical Observatory Deutsches GeoForschungsZentrum (GFZ). This
mission had a near-polar near-circular orbit with an inclination of 87.3° with about a 91 min orbit period. The
orbit altitude changed from ~450 km in 2001 to ~350 km at the end of the CHAMP mission on 19 September
2010. The multifunctional and complementary payload elements, including the magnetometer, accelerometer,
star sensor, GPS receiver, laser retroreflector, and ion drift meter generate several valuable data sets for atmos-
pheric and ionospheric research and applications in weather prediction and space weather monitoring. In the
current work, we use the level-2 in situ electron density measurements from the PLP (henceforth referred to as
CHAMP PLP) in a low time resolution of 15 s (McNamara et al., 2007) and given in daily files during the year of
2009. The daily files are formatted as simple ASCII, which are publicly available from the website (ftp://isdcftp.
gfz-potsdam.de/champ).

The MIT VTEC observations from the MIT Haystack Observatory are provided globally in a 1° by 1° bin in
latitude and longitude and a 5 min time resolution (Rideout & Coster, 2006). These data are publicly available
in the Madrigal Database (cedar.openmadrigal.org), which has been downloaded within the years of 2006-2016
in the current work.

The GRACE was a joint project between the National Aeronautics and Space Administration (NASA) and
the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR). Like CHAMP, the GRACE mission also had a
near-circular, polar orbit (inclination: 89°) with an initial altitude of about 500 km. Due to the radio occul-
tation payloads, the GRACE satellite mission also allows the vertical sounding of the Earth's ionosphere
and neutral atmosphere (Dunn et al., 2003; Tapley et al., 2004). In this study, the occultation TEC data set
from 2007 to 2014 has been used for independent validation purposes, which can be obtained from isdc.
gfz-potsdam.de.

2.2. Methodology of Data Assimilation

In the current work, an empirical ionospheric model has been chosen as a background model in the data assimi-
lation system. The empirical model was built based on the historical accumulated COSMIC ionospheric electron
density profiles during the years of 20062020 (Le et al., 2022). The mathematical functions (Equation 1) are
fitted from historical electron density data sets, which can generally represent the solar and geomagnetic activity,
local time (LT), and annual, and seasonal variations. The original resolution of the reconstructed model is 10° in
longitude, 2° in latitude, and 5 km in altitude.
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The Ne; ; « stands for the electron density in the ith, jth and kth grids of the empirical model. A,i, A and A,3
represent the variation in solar and geomagnetic activity, the seasonal pattern, and LT, respectively. Specifically,
the globe (Negioba) is divided into many grids (Ne; ;) according to longitude, latitude, and height. For each grid,
we calculated values of the 21 coefficients (c,) in Formula 1 by solving nonlinear curve-fitting problems in the
least-squares sense. F107P is the mean value of daily solar radiation flux at the 10.7 cm band (F107) index and
its 81 days moving average value. Kp, DOY, and LT are used here to model geomagnetic activity, day of the year,
and LT variations of ionospheric electron density (Le et al., 2022).

The data assimilation algorithm is the traditional KF, which is the same as that developed by Yue et al. (2014).
The efficient algorithm adopts a sparse matrix method to mitigate the storage problems of the observation oper-
ator, background error covariance, and observation error covariance. Meanwhile, an iteration linear equation
method is used to deal with the large matrix inverse of the Kalman gain. Specifically, the Gaussian correlated
background error covariance is assumed as previous studies, which is separable along horizontal (e.g., longi-
tudinal and latitudinal) and vertical directions (Aa et al., 2015; Bust et al., 2004). The detailed formula can be
described as,

_ (lun,—lonj )2 _ (lal,—la(/ )2 B (h,—h/ )2

2
Pj=Cpxxi%Xx;%e o) e ) e () @

where lon; ;, lat; ; and h; ; refer to the location of grid point i and j in background model. Lion, Liy and L, stand for
the longitudinal, latitudinal and altitude correlation length, which are 20°, 10°, and 100 km. x; and x; stand for the
background electron density at grid point i and j. The coefficient C, is configurable, and the typical value is 0.01.

Concerning the observation operator, it plays a key role in ingesting real-world observations into an empirical or
first-principle background model. The observation operator is also called the forward model in the data assimi-
lation community. The function of the observation operator maps the model-state vector to the model-equivalent
value of the observations. The COSMIC radio occultation TEC observations stand for the integrated electron
density along the raypath between GNSSs satellites (e.g., GPS) and low earth orbiting satellites (e.g., COSMIC).
The observation operator of radio occultation TEC can be given as,

n

stec = Z ne; * As; 3)

i=1

where stec is the equivalent radio occultation TEC of the background model along the GNSS raypath. ne; and As;
are the electron density and the raypath length within the ith grid of the background model. Besides, to make a
cross-comparison with the measurements (e.g., MIT VTEC and GRACE radio occultation TEC), the synthetic
TECs from both the background model and data assimilation are also calculated by integrating 3-D gridded elec-
tron density along the raypath between receivers and GPS satellites. According to Formula (3), one can expect
that the accuracy of the synthetic TECs from data assimilation is better than that from the background model
if there exist accurate 3-D gridded electron density states of data assimilation results.

We notice that there exists a limited domain of the background model heights (e.g., 140-700 km). This means
that the electron density is not included in the topside ionosphere and plasmasphere (e.g., >700 km). However,
there is still a significant contribution to GPS slant TEC from the electron density above the upper boundary
of the background model. Generally, the topside TEC could still be several TECU, which depends on the solar
activity level. The COSMIC radio occultation slant TEC includes contributions from the electron density between
the COSMIC receivers (around 550 km) and the GNSS satellites (around 20,000 km) when the elevation angle
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is negative. Thus, in the current work, Chapman-fitted function is used to extrapolate the ionosphere electron
density above the model upper boundaries. Using the extrapolation method, the electron density up to around
20,000 km can be first obtained at each latitudinal and longitudinal grid of the background model. Then, the
topside slant TEC contributions can be removed along each line of sight of the GPS raypath. Meanwhile, to get a
comparable TEC from the background model and data assimilation with MIT VTEC and GRACE radio occulta-
tion TEC, the topside slant TEC contributions are also added to each line of sight of the GPS raypath. There are
several problems with the extrapolation method. For example, the scale height changes when H* becomes the
dominant ion. However, this method still represents an improvement over the assumption that there is no plasma
above the upper boundary of the background model.

2.3. Experimental Setup

Based on the data and method described above, the COSMIC radio occultation observations are assimilated into
the empirical ionosphere background model via a KF during one whole solar cycle from 2006 to 2016. The data
assimilation time window is set to be one hour in universal time. The output of the data assimilation result has a
spatial resolution of 2° latitude, 5° longitude, and 20 km altitude. Note that the resolution can be flexibly adjusted.
The resolution of the background model can be interpolated into the same as that of the data assimilation one. The
longitudes, latitudes, and heights range from —180°E to 180°E, —80°N to 80°N, and 140 to 700 km, respectively.
In addition, the ionosphere empirical model default run without conducting data assimilation is also performed
during the same period, which is henceforth referred to as the control run. Both the control run and the data
assimilation experiment are driven by the actual F10.7 solar flux and Kp geomagnetic indices.

3. Results
3.1. Total Electron Content Comparison

Figure 2 first gives the magnetic latitude-local time variation of vertical TEC comparison among MIT VTEC
observations, control run, and data assimilation results for four different seasons in 2009. In general, the common
seasonal variation can be well found in MIT VTEC observations, control, and data assimilation. The observations
show a significant two-peak EIA structure at low latitudes. A stronger electron density exists in the equinox (e.g.,
March and September) than that in the solstice (e.g., June and December). Meanwhile, an evident annual asym-
metry or December anomaly can also be found in all results, namely, with more density in the December solstice
than in the June solstice. The control run, which includes the seasonal and annual effects (A4,, in Formula 1), can
also reproduce similar seasonal and annual patterns. However, an underestimated value occurs in the low latitudes
and equatorial regions, which is due to the fact that the empirical ionosphere model can generally depict the mean
state of the climatological pattern. We notice that the two-peak EIA structure cannot be reproduced by the control
run. For the data assimilation results, the seasonal variation pattern of data assimilation is much more consistent
with the observations in comparison with the control run. In addition, the data assimilation results show an obvi-
ous two-peak EIA structure. The underestimation of VTEC can be corrected to some extent and is much closer
to the observations, especially around the low-latitude and equatorial regions. Quantitatively, the averaged devia-
tions of the control run from the MIT-VTEC are 0.88, 1.00, 1.33, and 2.06 TECU in March, June, September, and
December, which are 0.43, 0.54, 0.80, and 0.34 TECU for the data assimilation result.

Figure 3 further shows VTEC comparison at a fixed 1400 LT in four different seasons of 2009. The same conclu-
sions as found in Figure 2 can be also found in Figure 3. The value and pattern of VTEC in the empirical iono-
sphere background model (i.e., control) have been corrected and are in better agreement with the MIT VTEC
observations after assimilating COSMIC radio occultation TEC measurements. For example, An obvious inter-
hemispheric asymmetry of the EIA crests with a global view exists in the June and December solstices. At the
selected 1400 fixed LT, for June solstices, the value of the winter crest (Southern Hemisphere) is smaller than that
of the summer crest (Northern Hemisphere). However, the stronger crest shifts to the summer hemisphere (South-
ern Hemisphere) from the winter hemisphere (Northern Hemisphere) in December solstices. This finding is
generally consistent with previous work (Huang et al., 2018; Luan et al., 2015). Again, the obvious EIA crest and
trough can also be reconstructed by the data assimilation, while it is not present in the control run. Quantitatively,
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Figure 2. The seasonal magnetic latitude-local time variation of vertical TEC (VTEC) comparison among Massachusetts Institute of Technology VTEC observations,
control, and the data assimilation during the year of 2009. From left to right panels stand for March, June, September, and December, respectively.

the averaged deviations of the control run from the MIT-VTEC are 2.66, 1.27, 2.62, and 3.23 TECU in March,
June, September, and December, which are 0.99, 1.02, 1.62, and 0.75 TECU for the data assimilation result.

To get a statistical assessment of the improvement of ionosphere grided vertical TEC results, Figure 4 shows
the root-mean-squared errors (RMSEs) comparison and the zonal mean value comparison of the global VTEC
among MIT VTEC observations, control, and data assimilation during a whole solar cycle from 2006 to 2016.
The solar activity F10.7 index is given in Figure 4a to represent the variations in solar radiation. From Figure 4b,
obvious solar activity and seasonal variations exist in the control RMSEs. The value has an increase as the solar
activity increases, and the biggest one can be up to around 10 TECU under higher solar activity. The RMSEs
values of control run are still greater than that of data assimilation from 2006 to 2016. However, the solar activity
and seasonal variations in data assimilation have been eliminated to some extent. It means that the value of data
assimilation is much closer to the MIT VTEC in different solar activities and seasons. The zonal mean VTEC
comparison can further confirm this conclusion. From Figures 4c—4e, we found that there exists more agreement
in either value or pattern between data assimilation and MIT VTEC within a whole solar cycle. The overall mean
deviation of data assimilation from the MIT VTEC is —0.11 TECU, which is smaller than that of the control one
(2.32 TECU).

In addition to the previous ground-based vertical TEC comparison, Figure 5 gives the space-based occultation
TEC comparison for the GRACE measurements, control and data assimilation during the years of 2007-2014.
From Figure 5a, the correlation coefficient of occultation TEC between GRACE and control is 0.70, and 0.94 for
data assimilation. Regarding the RMSEs, from Figure 5b, there still exists a smaller value of data assimilation in
comparison with the control run from 2007 to 2014. The averaged RMSEs of occultation TEC with respect to the
GRACE observations for the control run is 44.37, and 24.16 TECU for the data assimilation case.

As described above, the value of TEC in the empirical ionosphere background model has been improved and
is much closer to the observations after assimilating COSMIC radio occultation TEC measurements. Another
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Figure 3. The seasonal longitude-magnetic latitude distribution of vertical TEC (VTEC) comparison among Massachusetts Institute of Technology VTEC
observations, control, and the data assimilation at a fixed 1300—1500 local time during the year of 2009. From left to right panels stand for March, June, September, and

December, respectively.

important thing is that the TEC data assimilation results can capture not only more real solar activity and seasonal
variations, but also the completed structure of the EIA crest and trough at any time. For the control run, it was
constructed by the historical database from COSMIC radio occultation electron density. Based on the assumption
of spherical symmetry, the occultation technique would smooth the great spatial variation of electron density at
the equator and low latitudes (Yue et al., 2010). The EIA structure of the control run TEC may be not clear at
certain longitudes at certain times. However, for the data assimilation system, the control run is only used as a
background reference. One of the most important things is that if the assimilated observations contain EIA
information, then the data assimilation model will usually reflect similar results. Therefore, we can see that the
assimilation results reproduce the EIA structure very well.

We notice that, from Formula 3, the GRACE radio occultation slant TECs are calculated by integrating 3-D
gridded electron density along the raypath between GRACE receivers and GNSS satellites when the elevation
angle is negative. Compared with the control run, the smaller RMSEs of occultation TEC for the data assimi-
lation case indirectly reflect that an improvement of the 3-D gridded electron density has been obtained in data
assimilation results. In the following sections, we will give a detailed evaluation of the accuracy of the electron
density assimilation results. The ground-based ionosonde data set and space-based in situ electron density will
be taken into consideration.

3.2. Ionospheric Critical Frequency at F2 Layer (foF2) Comparison

The peaked electron density at the F2 layer (NmF?2) is a key parameter for ionosphere research. The NmF2 can be
accurately inferred by the ionospheric critical frequency at F2 (foF2) from the ground-based ionosonde stations
according to the below Formula 4. Thus, the foF2 data is useful to validate an improvement of the 3-D gridded
electron density assimilation results.
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Figure 4. (a) The solar activity F10.7 index, (b) the root-mean-squared errors of global vertical TEC (VTEC) in comparison with Massachusetts Institute of
Technology (MIT) VTEC for the control and data assimilation, and (c, e) the zonal mean value comparison of VTEC among MIT VTEC observations, control, and data

assimilation during a whole solar cycle from 2006 to 2016.

HEET AL.

9of 17

A ‘T “TTOT “TOP6691T

| woiy papeoy

QSUADIT SUOWIWO)) dANEAI)) d[qeorjdde ayy £q PauIaA0S a1 SA[OIIE () aSN JO SO 10} AIRIQIT AUI[UQ) AS[IAN UO (SUOIPUOI-PUB-SULID}/ WD KA 1M" ATRIqI[aul[uo//:sdy) SuonIpuo) pue suud |, ay1 23S “[£707/L0/1€] uo A1eiqry aurjuQ A[iA ‘LeIqi] opeiojo)) 3O ANsIdAtun £q SS60€0V TZ0T/6201°01/10p/wod ki



~1
AGU

—_
(=3
o

Journal of Geophysical Research: Space Physics 10.1029/2022JA030955
s (a) 2007-2014 Occultation TEC ' (b) RMSE  (GRACE, vs. control) o
corr.(GRACE.vs.da) = 0.94

— corr.(GRACE.vs.control) = 0.70, : 48

= L ot "

8 . %

2 400 .

== 1 30

O

2

= 125

< 300 I

he

s (c). RMSE_(GRACE. vs. da) 28

§ 2001 ! 15

S

e}

]

©

L)

o

=

GRACE Occultation TEC (TECU)

T T 0
300 400 500

Af® g@ft g o @0 GV gV gV gt e e

Year

Figure 5. (a) Comparison of modeled versus observed Gravity Recovery and Climate Experiment (GRACE) occultation total electron content and (b, ¢) the root-mean-
squared errors comparison among the GRACE measurements, control, and data assimilation during the years of 2007-2014.

NmF2 = [1.24 x 10'*(foF2)*| m™® @)

The NmF2 is in el/m? and foF2 is in MHZ.

Figure 6 shows the foF2 comparison among the global ionosonde measurements, control, and data assimilation
result during the whole year of 2009 (solar low activity) and 2013 (solar high activity). We notice that the solar
activity within which the foF2 data exists was sufficiently modeled by the control run, that is, the larger foF2
value at solar high activity. Besides, the control run also shows the correct LT variations. However, an overall
underestimation occurred in the control run for both selected years, especially in the low-latitude and equatorial
regions. For the data assimilation case, the value of underestimated foF2 can be corrected greatly and is much
closer to that of the observations. Quantitatively, the foF2 RMSEs of the control run and data assimilation results
from the ionosonde measurements are 0.58 and 0.41 MHZ under low solar activity (e.g., 2009), and are 1.19 and
0.60 under high solar activity (e.g., 2013).

Figure 7 compares the monthly critical frequency at the F2 layer between the ionosonde and data assimilation
over different magnetic latitudes in the northern and southern hemispheres from 2006 to 2016. Similar solar
activity and seasonal variations as those seen in MIT VTEC are also found in ionosonde foF2 measurements at
different magnetic latitudes. Meanwhile, the value and feature of the assimilated foF2 are much more consistent
with those of the observations at all LTs during the whole solar cycle. A quantitative foF2 value comparison at
different magnetic latitudes is calculated. The averaged RMSEs of data assimilation foF2 from ionosonde meas-
urements are 0.45 MHZ at 30°N magnetic latitude, and 0.47 MHZ at 30°S magnetic latitude.

Figure 8 gives the statistical results of the mean deviation and RMSEs of the control run and data assimilation
from the global available ionosonde foF2 measurements during the years from 2006 to 2016. Indicated from
either the mean deviation or the RMSEs, the larger deviations of the control run from the real observations occur
in the low latitudes at all LTs. It is due to the fact that the empirical ionosphere model can generally depict the
mean state of the climatological pattern. We found that an obvious improvement exists in the data assimilation
in comparison with the control run during the nighttime and daytime. With regard to mean deviation, the errors
between the control run and observation at daytime (08-20 LT) and nighttime are 0.37 and 0.45 MHZ, respec-
tively, which are —0.03 and 0.14 MHZ for data assimilation. In terms of RMSEs, the errors between the control
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Figure 6. The magnetic latitude-local time variation of the monthly foF2 comparison among the global ionosonde measurements, control, and data assimilation result
during the whole year of 2009 (a) and 2013 (b).

run and observation at daytime and nighttime are 0.77 and 0.95 MHZ, respectively, which are 0.37 and 0.56 MHZ
for data assimilation.

As indicated above, one of the important ionosphere parameters, that is, NmF2, can also be obtained by assimi-
lating COSMIC radio occultation TEC measurements. It is due to the fact that the electron density at the F2 layer
accounts for the majority proportion of the TEC. According to Formula 3, one can expect a better NmF2 value
and pattern of the data assimilation results relative to the climatological model, that is, control run. Besides,
owing to the virtue of global spatial coverage of space-borne COSMIC TEC measurements, the data assimilation
results are capable of providing the latitudinal and longitudinal structures of foF2 or NmF2 on a global scale. The
completed NmF2 map is necessary for ionosphere modeling and physical mechanism research.

3.3. Electron Density Comparison

In order to get a clear knowledge of the improvement of the gridded electron density at a fixed height, Figures 9
and 10 give the dayside and nightside electron density comparison among CHAMP PLP in situ electron density
measurements, control, and data assimilation results for different seasons of 2009. The heights of the CHAMP
during the selected period are near 350 km. Note that due to the near-polar and near-circular orbit of the CHAMP
satellite, the LT of the dayside and nightside observations varies from month to month. Thus, the dayside results
are for 19, 10, 13, and 17 LT in March, June, September and December, and the nightside consists of 07, 22, 01,
and 05 LT. From Figure 9, in general, the common feature as represented by CHAMP PLP in situ measurements
includes the interhemispheric asymmetry feature around the June and December solstice, and an obvious wave
4 longitude structure of the EIA crest during the September equinox. According to previous studies, a stronger
longitudinal wave 4 pattern occurred around August—September than in other months (Chang et al., 2013; Forbes
et al., 2008; Wan et al., 2008). The same asymmetry feature and longitude structure can be well reproduced by
the control run during the daytime. Besides, as shown in the observations, the control run has two peak structures
of the EIA at some longitude sectors. However, the value of electron density at the selected height of 350 km is
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Figure 7. The local time-month of year variation of foF2 comparison between ionosonde measurements and data assimilation results around 30°N magnetic latitude (a)
and 30°S magnetic latitude (b) during the years of 2006-2016.

underestimated in the control run. The value of data assimilation is much closer to that of observations in compar-
ison with the control run.

Results for the nightside electron density comparison are also shown in Figure 10. We found that the control run
can approximately capture the electron density enhancement regions in some seasons. For example, the nightside
electron density enhancement occurs around the equatorial regions in March, and the northern low latitudes in
June. However, a larger discrepancy occurs in September and December. The data assimilation results can well
represent the feature of ionosphere electron density during the nighttime for all four seasons in comparison with
the control run. Especially, an obvious Weddell Sea Anomaly (WSA) can be better reproduced by the data assim-
ilation electron density in December. This is a type of summer ionospheric anomaly characterized by a greater
nighttime ionospheric density than that in the daytime in the region near the Weddell Sea area.
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Figure 8. (a) The magnetic latitude-local time variation of mean deviation and (b) the root-mean-squared errors of foF2 comparison among the global ionosonde
measurements, control, and data assimilation result during the years from 2006 to 2016.

The electron density comparison results illustrate that the electron density can be better modeled for the control
run during the daytime than during the nighttime. One possible explanation is that the mathematical functions are
not well fitted during the nighttime due to the lower background ionosphere electron density. In addition, owing
to assimilating the COSMIC observations, a better specification of the gridded electron density during both the
daytime and the nighttime can be obtained.

To further illustrate the accuracy of the reconstructed 3-D electron density profiles, Figure 11 shows the altitude—
magnetic latitude variation of electron density profiles comparison among COSMIC retrieved electron density
profiles measurements, control, and the data assimilation result at 45°E approximately 1300 LT during June
for each year between 2007 and 2015. From the observations, the value of the winter EIA crest (the Southern
Hemisphere) is stronger than that of the summer EIA crest (the Northern Hemisphere) at the selected 1300 LT at
the June solstice. A similar feature can also be reproduced during the years of 2007-2009 in our empirical back-
ground model. However, the feature cannot be well reproduced by the control run during the years of 2011-2015,
especially in the southern crest. Generally, the control run stands for the climatological mean states, and the EIA
structure may be not correct at certain longitudes at certain times. Another reason is that the mathematical func-
tions are likely not well fitted by the decreased radio occultation observations during the years of 2011-2015.
For the data assimilation results, both the features and the value of the EIA crest are consistent with the COSMIC
electron density profiles measurements. The RMSEs of control run from observations are 6.09 * 10* el/cm? and
1.25 * 10° el/cm? in the year of 2009 (solar low activity) and 2013 (solar high activity), and are 6.07 * 10* and
1.06 * 10 el/cm? for data assimilation.

The electron density profiles comparison results again demonstrate that assimilating the radio occultation TEC
observations into the climatological ionosphere model is necessary to better specify the whole electron density
profiles. The data assimilation results further provide an opportunity to capture the accurate EIA structure and
the time evolution of that, that is, the pattern of interhemispheric asymmetry of the EIA crest. Huang et al. (2018)
indicated both photochemical processes and transequatorial neutral wind transportation could contribute to the
asymmetry of EIA around solstices. Therefore, accurate electron density profiles are useful for low latitude and
equatorial ionosphere research.
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Figure 9. The longitude-magnetic latitude distribution of dayside electron density comparison among CHAllenging Minisatellite Payload Planar Langmuir Probe
electron density measurements, control, and data assimilation result around 350 km at different seasons during the year of 2009. From the left panels to the right panels
represent the comparison results at 19, 10, 13, and 17 LT in March, June, September, and December, respectively.

Generally, the COSMIC radio occultation TEC cannot be directly used to investigate the ionosphere variations,
which is due to the fact that this type of data stands for the integrating electron density along the raypath. However,
in the current work, we provide a reliable 3-D electron density data set based on the assimilation of the COSMIC
radio occultation TEC measurements over one solar cycle time series. Compared with the traditional ionosphere
climatological model, the data assimilation results can provide a more real common ionospheric pattern, such as
the solar and seasonal variation, annual asymmetry and the WSA. Besides, the data assimilation results can also
provide global coverage of the ionosphere key parameters, such as the TEC, NmF2 and electron density profiles,
which can well capture the time evolution structure of the completed EIA around the low-latitude regions.
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Figure 10. Same as Figure 9, but for nightside electron density comparison.

4. Conclusion

In this paper, the monthly global 3-D ionospheric electron density specification has been performed by solely
assimilating COSMIC radio occultation TEC measurements during the geomagnetic quiet days. The selected
data assimilation period covers about one solar activity cycle, starting from June of 2006 to the end of December
of 2016. The accuracy and reliability of the products of data assimilation results are systematically validated
using independent measurements, which generally agree well with the independent observations. In addition,
a common ionospheric climatological pattern, including the solar and seasonal variation, annual asymmetry,
the Weddell Sea Anomaly, and the longitudinal wave structure, can be well illustrated in the reconstructed 3-D
data set. It is a good data set that can be used to study the spatial-temporal variations in ionospheric states from
seasons to decades. The current data set can also be used as the background parameters for atmospheric and
ionospheric-related scientific research and applications.
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Figure 11. The altitude-magnetic latitude variation of electron density profiles comparison among Constellation Observing System for Meteorology, Ionosphere and
Climate electron density profiles measurements, control, and the data assimilation result at 45°E and approximately 1300 local time on June of 2007-2015.
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