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Abstract The global estimation of Thermospheric Neutral Density (TND) and electron density (Ne) on
various altitudes are provided by upper atmosphere models, however, the quality of their forecasts needs to be
improved. In this study, we present the impact of assimilating space‐based TNDs, measured along Low Earth
Orbit (LEO) mission, into the NCAR Thermosphere‐Ionosphere‐Electrodynamics General Circulation Model
(TIE‐GCM). In these experiments, the Ensemble Kalman Filter (EnKF) merger of the Data Assimilation
Research Testbed (DART) community software is applied. To cover various space‐based TND data and both
low and high solar activity periods, we used the measurements of CHAMP (Challenging Minisatellite Payload)
and Swarm‐C as assimilated observations. The TND forecasts are then validated against independent TNDs of
GRACE (Gravity Recovery and Climate Experiment mission) and Swarm‐B, respectively. To introduce the
impact of the thermosphere on estimating ionospheric parameters, the outputs of Ne are validated against the
radio occultation data. The Data Assimilation (DA) results indicate that TIE‐GCM overestimates
(underestimates) TND and Ne during low (high) solar activity. Considerable improvements are found in
forecasting TNDs after DA, that is, the Root Mean Squared Error (RMSE) is reduced by 79% and 51% during
low and high solar activity periods, respectively. The reduction values for Ne are found to be 52.3% and 40.4%,
respectively.

Plain Language Summary The atmosphere has different layers, like the thermosphere and
ionosphere, which are important for satellite orbit prediction and communication. The empirical or physics‐
based models can be used to understand what's happening in these layers, but they aren't always accurate. In this
study, the neutral density estimates along low earth orbit satellites have been integrated with the physics‐based
Thermosphere Ionosphere Electrodynamics General Circulation Model (TIE‐GCM) through the Ensemble
Kalman Filter (EnKF) Data Assimilation (DA) method. We found that using this data can help us make better
predictions about the thermosphere and ionosphere variables. Our technique could be useful for predicting
changes in the atmosphere in the short‐term, which could be important for communication and navigation.

1. Introduction
With the development of satellite technology, the precise prediction of Low Earth Orbit (LEO) satellites and
CubeSats have become increasingly important. These satellites fly in the altitude range of ∼85–1,000 km, where
the thermosphere and ionosphere are highly dynamic. The Thermospheric Neutral Density (hereinafter TND) at
the satellites' altitudes will determine the drag force acting on their surface, and the speed at which they decelerate.
Therefore, an accurate determination and propagation of the orbits of these objects (Doornbos, 2012; Krauss
et al., 2018; Zesta & Huang, 2016) and their uncertainties depend on the quality of the TND predictions (Val-
lado, 2004; Vallado & Finkleman, 2014). However, estimating TND is challenging since the thermosphere‐
ionosphere system is highly influenced by solar irradiance, and it depends on the state of the neutral tempera-
ture and composition. Besides, external forces such as those related to the space weather events (Qian & Solo-
mon, 2012; Qian et al., 2012; Solomon et al., 2011), as well as interactions between neutral molecules with
charged particles considerably influence the thermospheric variability (Shim et al., 2014).

Various empirical and physics‐based models have been developed to simulate and forecast TNDs and other
features of the thermosphere in space and time. Empirical models such as the Naval Research Laboratory Mass
Spectrometer and Incoherent Scatter radar Extended model (NRLMSISE‐00, Picone et al., 2002), Drag Tem-
perature Model (DTM, Bruinsma, 2015), Jacchia 1970 (J79, Jacchia, 1971), and Jacchia‐Bowman 2008 (JB2008,
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Bowman et al., 2008) are commonly used in the orbit determination applications. The Thermosphere Ionosphere
Electrodynamics General Circulation Model (TIE‐GCM, Roble & Ridley, 1994) and Coupled Thermosphere
Ionosphere Plasmasphere electrodynamics (CTIPe, Millward et al., 2001) are among the frequently applied
physics‐based models that try to provide a full picture of interactions between the thermosphere and ionosphere
parameters, such as the Total Electron Content (TEC), the three‐dimensional electron density (Ne), and their
evolution in time (fourth dimension) (Belehaki et al., 2009). The physical laws and principles such as the con-
tinuity, energy, and momentum equations are the main drivers of these models, which require the solution of
partial differential equations (Fuller‐Rowell & Rees, 1980; Roble & Ridley, 1994). Generally speaking, the
energy and momentum are transferred from the lower to the upper thermosphere and ionosphere through the
generation and propagation of waves. The neutral and ionized components of the upper thermosphere interact
through several mechanisms including neutral winds, ion drag, chemical reactions, and electromagnetic coupling.
These mechanisms affect the density and distribution of charged particles in the ionosphere, which are influenced
by the neutral density. For example, neutral winds in the thermosphere drive ionospheric plasma circulation,
while the ionosphere exerts a drag on neutral particles. Furthermore, chemical reactions in the upper thermo-
sphere are affected by the density and temperature of the neutral and ionized species, which are in turn influenced
by the neutral density. Finally, the ionosphere and thermosphere are electrically coupled, with changes in the
ionosphere electric fields and currents affecting the neutral winds and neutral density distribution. These in-
teractions make the thermosphere‐ionosphere a coupled system. The physics‐based models require primary state
information, boundary conditions, and a proper set of parameters to be able to run and generate meaningful
outputs (Qian et al., 2014; Richmond et al., 1992).

Previous studies have shown that the now‐casting and forecasting capabilities of current empirical and physics‐
based models are limited (i.e., one can find periods with over and underestimations) due to the lack of information
about external drivers, simplified model structures, and the sensitivity to the calibration period (Forootan
et al., 2020, 2022; Kosary et al., 2022; Miyoshi et al., 2011; Palmroth et al., 2021; Vielberg et al., 2018). Thus,
further enhancements, by taking advantage of the thermosphere‐ionosphere observations, can improve charac-
terizing and predicting thermosphere‐ionosphere variability as accurately and efficiently as possible. This view
has been followed by implementing the state‐of‐the‐art of Data Assimilation (DA) as a powerful tool for merging
available observations and models in space weather and geodetic applications (e.g., Hajj et al., 2004; Hsu
et al., 2014; Khattatov et al., 2005; Lee et al., 2012; Matsuo & Araujo‐Pradere, 2011; Pi et al., 2003; Scherliess
et al., 2004, 2006, 2009; C. Wang et al., 2004; W. Wang et al., 2004).

The DA techniques can provide updates to the initial model states, which can enhance the forecasting skills
through combining the physics‐based background model with observations (Baker & Daley, 2000). Considerable
efforts have already been taken to improve the accuracy of physics‐based models by implementing DA for the
thermospheric temperature (e.g., Cantrall et al., 2019; Ruan et al., 2018), Thermospheric Neutral Density (TND,
e.g., Forootan et al., 2020, 2022; Sutton, 2018; Weimer et al., 2020), neutral compositions (e.g., M. V. Codrescu
et al., 2004; P. M. Mehta et al., 2019; J. Yue et al., 2019), and wind patterns (e.g., Cierpik et al., 2003; Lomidze
et al., 2015). There have been other studies that indirectly specified thermosphere properties (such as neutral
winds, mass density, and temperature) by assimilating the ionospheric measurements into coupled models (e.g.,
Aa et al., 2016; G. Bust & Immel, 2020; G. S. Bust et al., 2004; Chen et al., 2016; Datta‐Barua et al., 2013;
Forsythe, Azeem, Blay, Crowley, Gasperini, et al., 2021; Forsythe, Azeem, Blay, Crowley, Makarevich, &
Wu, 2021; He et al., 2020; Kodikara et al., 2021; Lee et al., 2012; Lin et al., 2015; N. M. Pedatella et al., 2020). In
most of these studies, the physics‐based general circulation models are used because they are suitable for un-
derstanding the complex behavior of terrestrial atmosphere in different spatial and temporal scales (e.g.,
Emmert, 2015; Fesen et al., 2002; Huba & Sazykin, 2014; P. Mehta & Linares, 2017; Qian & Solomon, 2012;
Sutton, 2018). This choice will also be considered in this study.

Though various thermosphere and ionosphere data sets are proposed for improving models through DA frame-
works, the along‐track TND estimates derived from the drag acceleration analysis of Low Earth Orbit (LEO)
satellites can be considered as a one of reliable data source that is available by launching various LEO missions.
For example, the Challenging Minisatellite Payload (CHAMP, 2000–2010, Reigber et al., 2002), the Gravity
Recovery and Climate Experiment (GRACE, 2002–2017, Tapley et al., 2004) and its follow‐on mission
(GRACE‐FO, launched in 2018, Flechtner et al., 2014), Gravity field and steady‐state Ocean Circulation Explorer
(GOCE, 2009–2013, Albertella et al., 2002) and the European Space Agency (ESA)'s Swarm mission (Swarm A,
B, and C launched in 2013, Visser et al., 2013), which are equipped with the accelerometer sensor to measure non‐
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gravitational forces. Various data providers, for example, Delft Technical University ((Siemes et al., 2023; Van
Den IJssel et al., 2020)), European Space Agency (https://earth.esa.int), P. M. Mehta et al. (2017), and Vielberg
et al. (2021) freely share their TND estimates. However, since these measurements are only available along the
orbits of LEOmissions, their usage for analyzing global and multi‐level TND (and its composition) variations is a
research in progress (Forootan et al., 2022). Prior to this study, Matsuo et al. (2013) applied TND along CHAMP
orbits for tuning the TIE‐GCM model. Sutton (2018) proposed a new data assimilation technique based on the
iterative model reinitialization to update and estimate a time‐series of effective solar and geophysical drivers
using the TND measurements of CHAMP in 2003. The new technique decreased the Root Mean Squared Error
(RMSE) of TIE‐GCM TND estimates as shown by Ren and Lei (2020). S. M. Codrescu et al. (2018) suggested a
DA approach to improve the CTIPe model by ingesting CHAMP TND measurements. The validation was per-
formed with CHAMP and GRACE measurements during the solar minimum period.

General circulation model equations are nonlinear, thus, inferring the state variables from (indirect) observations
of TNDs (or any other observed variables) is an inverse problem, which is computationally unstable. To mitigate
the non‐linearity problem, the Ensemble Kalman Filter (EnKF) technique (e.g., Evensen, 2009) is applied as a
merger through the Data Assimilation Research Testbed (J. Anderson et al., 2009, DART) implementation. One
of the limitations of the EnKF‐based DA is that the covariance matrices, which are needed to weight the model
outputs and observations in the DA's merging procedure, are replaced with the sample covariance matrices (J.
Anderson, 2001). To make the computational load affordable, the ensemble size has been selected to be lower
than the dimension of the model states. As a result, the sample covariance matrices are rank‐deficient, which can
contribute to the sampling error and the long‐range spurious correlations in the sample covariance matrices
(Hamill et al., 2001; Houtekamer & Zhang, 2016; Lorenc, 2003). These spurious correlations will likely introduce
incorrect updates to the state vectors by an observation that is physically only remotely connected to the variables
that we wish to change within the DA. This issue is often mitigated by applying a localization technique (Ber-
gemann & Reich, 2010; Farchi & Bocquet, 2019; Zhu et al., 2011), whereas the Schur product, which seeks to
reduce spurious correlations using a weighting function with pre‐defined cut‐off radius, is applied to disregard the
long‐distance correlations. In this study, we will assess the role of the cut‐off radius in the DART implementation
of EnKF (hereinafter DART‐EnKF) for estimating the model states during the analysis and forecast steps.

Another issue that exists for the DA of general circulation models is the relation between geometrical height and
atmospheric pressure (i.e., model level). The calculation of geometric height in TIE‐GCM is based on an
empirical equation that relates the spatially varying gravity acceleration with temperature and the neutral density
composition (Qian et al., 2014). The vertical coordinates system in TIE‐GCM is defined based on the atmospheric
pressure levels. Assimilating new observations, such as TNDs, might expand the vertical distance between
consecutive pressure layers, therefore, leading to a change in the geometric height of the boundary layers. In other
words, the relationship between the geometric heights and pressure levels will change after implementing DA. To
address this problem, we determine geometric heights after DA.

The objectives and investigations of this paper are innovative and complement previous studies by (a) demon-
strating how well global thermospheric and ionospheric state variables can be improved by assimilating LEO
TNDs into the TIE‐GCM during periods with low (F10.7 ∼ 70 SFU) and high (F10.7 ∼ 140 SFU) solar activity; (b)
assessing three sets of real TND estimates from CHAMP (4–8 March 2008), CHAMP (13–16 August 2004) and
Swarm‐C (4–8 February 2015) missions as observation of the DA; (c) validating the analysis and forecast steps
with GRACE and Swarm‐B TND (i.e., these data were not introduced during the DA procedure); (d) assessing the
impact of TND DA on the forecasting electron density in the ionosphere by validating the results with FOR-
MOSAT‐3/COSMIC (F3/C) electron density profiles; and (e) exploring the impact of the TND DA in space and
time, and providing detailed statistics of the performance during both analysis and forecast steps.

2. Model and Data
2.1. TIE‐GCM

The fully coupled TIE‐GCM version 2.0 model (released on 21 March 2016), which is a three‐dimensional
physics‐based global model of the thermosphere‐ionosphere is used in this study. TIE‐GCM self‐consistently
solves the coupled nonlinear momentum, energy, and continuity equations for neutral and ion species based
on the finite differencing technique in hydrostatic pressure coordinates (Maute, 2017; Qian et al., 2014; Richmond
et al., 1992; Roble & Ridley, 1994). The outputs of TIE‐GCM include the simulations of global distribution of the
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neutral wind circulation, temperature, electrodynamics, and compositions of the upper atmosphere and iono-
sphere. The horizontal resolution of TIE‐GCM used for this study is 5° × 5° in longitude and latitude, and the
vertical resolution is two levels per scale height. We used 29 constant pressure surface layers that extend from
∼97 to 600 km in altitude. The limit of the upper boundary primarily depends on the level of solar activity. In TIE‐
GCM, the high latitude ion convection is generated using one of the empirical models. The first is the Heelis
(Heelis et al., 1982), which is driven by the Kp index to estimate the hemisphere power (HP) and cross‐polar‐cap
potential drop (CP), which are required to determine the high latitude energy and momentum. The latter is the
Weimer empirical model, which is parameterized by the interplanetary magnetic field (IMF) strength and di-
rection, as well as the solar wind speed and density (Weimer, 2005). In the model run presented here, TIE‐GCM
uses the F10.7 index (F10.7, Heelis empirical model and atmospheric tides as inputs. The HP and CP can be
determined from Kp as (Zhang & Paxton, 2008):

CP = 15.0 + 15.0Kp + 0.8Kp2, (1)

HP = {
16.82 exp(0.32 ×Kp) − 4.86, if Kp≤ 7

153.13 + 73.435 (Kp − 7), if Kp> 7.
(2)

In the model runs presented here, migrating diurnal and semi‐diurnal tides at the lower boundary are specified
using the global‐scale wave model (Hagan et al., 2001). Also, the model adds day‐of‐year dependent perturba-
tions to the advective and diffusive transport via the eddy diffusion coefficient as described in Qian et al. (2009).
The complete model description can be found on the National Center for Atmospheric Research (NCAR) website
(http://www.hao.ucar.edu/modeling/tgcm/tie.php).

2.2. Space‐Borne Thermospheric Neutral Density (TND) Data

The accelerometer‐based TNDs along CHAMP during two periods (4–8 March 2008) and (13–16 August 2004),
and Precise Orbit Determination (POD) based TNDs along Swarm‐C (4–8 February 2015) orbits are used as
observation in the DA experiments. For validation, the TND data along the GRACE and Swarm‐B orbits are
used. All data are derived from the TU Delft data set (Siemes et al., 2023; Van Den IJssel et al., 2020). The
reason for using POD‐based TNDs along Swarm missions is that the accelerometer observations of Swarm
contain jumps (Visser et al., 2013). Further information about each mission is provided in Data Availability
Statement.

Since the density estimates from various satellite missions may require inter‐calibration (López López
et al., 2017), we perform a distribution‐based inter‐calibration approach along validation TNDs as (P. Mehta &
Linares, 2018):

ρcal = SFρraw, (3)

where ρcal contains calibrated TNDs, ρraw indicates the measured ones, and finally SF represent a scale factor to
be determined. The value of SF is calculated by dividing the average of monthly observation to the model ratio of
DA to the validation TNDs as SF = mean(TNDDA/tiegcmTNDDA)/mean(TNDValidate/tiegcmTNDValidate).

In this study, the TIE‐GCMmodel provides simulations of the thermosphere‐ionosphere system over a wide range
of altitudes. However, during periods of low solar activity, the TIE‐GCM simulations do not cover altitudes as
high as those observed by the GRACE satellite mission during 4–8March 2008. To facilitate comparison between
the TIE‐GCM and data assimilation simulations and the GRACE observations, we transformed the GRACE‐
TNDs from their original altitude (∼487 km) to a common altitude of 400 km such as previous study (Fernan-
dez‐Gomez et al., 2022). For this purpose, a height‐dependent function based on the NRLMSISE00 model
(Picone et al., 2002) is applied to transform the TND estimates of various altitudes to their equivalent values at
400 km as:

ρ(400) = ρ(h)
ρN(400)
ρN(h)

, (4)
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where ρ(h) is the observed density at the altitude h, while ρN(400) and ρN(h) stand for the TNDs of NRLMSISE‐00
at the altitude of 400 and h km, respectively.

2.3. Definition of the DA Experiments

Three experiments are investigated to assess the capability of the DA to tune the TIE‐GCMmodel using real TND
data, where in E1, we assimilate CHAMP‐TNDs during low solar activity (4–8 March 2008, F10.7 ∼ 70 SFU);E2,
The CHAMP‐TNDs during high solar activity (13–16 August 2004, F10.7 ∼ 145 SFU) are tuned to the model; and
in E3, Swarm‐C‐TNDs during high solar activity (4–8 February 2015, F10.7 ∼ 140 SFU) are applied.

Figure 1 provides an overview of the data used in this study. Panel (E1) contains two plots in which the top plot
represents the time series of along‐track TND estimates derived from CHAMP and GRACE at their original
altitude and at the common altitude of 400 km (during E1), respectively, and the bottom refers to the variation of
solar and planetary geomagnetic activity represented by F10.7 from https://www.spaceweather.gc.ca/forecast‐
prevision/solar‐solaire/solarflux/sx‐en.php andKp indices from https://doi.org/10.5880/Kp.0001. Panels (E2) and
(E3) are similar to that of E1, but correspond to CHAMP and GRACE, and Swarm‐C and Swarm‐B, during E2

Figure 1. An overview of the thermospheric neutral density data used in this study: From top to bottom for three experiments:
(E1) Top: TNDs from CHAMP at their altitudes and GRACE at 400 km, Bottom: Space weather conditions for the
experiment 1 during March 4th–8th, 2008, (E2) Top: TNDs from CHAMP and GRACE at their altitudes, Bottom: Space
weather conditions for the experiment 2 during August 13th–16th, 2004, (E3) Top: TNDs of Swarm‐C and Swarm‐B at their
original altitudes, Bottom: Space weather conditions for the experiment 3 during February 4th–8th, 2015. For the bottom
plots, the solar activity (F10.7) and 3‐hr geomagnetic activity (Kp) indices are shown. The range of changes in the F10.7 index
is 5 (SFU), 20 (SFU), and 20 (SFU) during E1, E2, and E3 experiments, respectively. Here, the inter‐calibration of
Section 2.2 is applied to the TND values along validation missions.
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and E3, respectively. Considering E1, E2, and E3 provides an opportunity to compare the TND DA results with
different missions at two different levels of solar activity.

2.4. Electron Density Profile From Radio Occultation Measurements

The electron density (Ne) profiles from the joint USA‐Taiwan Constellation Observing System for Meteorology,
Ionosphere, and Climate/Formosa Satellite 3 (COSMIC/FORMOSAT‐3; hereinafter called COSMIC) mission
are employed to validate the ionospheric outputs of the TND DA experiments. COSMIC contains a constellation
system of six micro‐satellites that were launched on 15 April 2006, and reached 800 km around December 2007.
Each satellite carries four receivers, which can receive GNSS signals that are transmitted through the ionosphere.
Electron density (Ne) profiles are retrieved from the phase differences under the assumption of spherical sym-
metry of the electron density distribution (Liou et al., 2007). In this study, we used the second‐level “ionPrf’ data
products, which are available from http://www.cosmic.ucar.edu. The accuracy of COSMIC estimates is generally
about 104–105 cm− 3, see the COSMIC program office website (http://cdaac‐www.cosmic.ucar.edu/cdaac/prod-
ucts.html). Before validating the DART/TIE‐GCM with RO data, it is necessary to perform quality control tests
on individual profiles, which are applied following (Lei et al., 2007; Yang et al., 2009) and Yang et al. (2009).

3. Materials and Methods
3.1. EnKF Data Assimilation (DA) System

The Data Assimilation Research Testbed (DART) community software (J. Anderson et al., 2009) is used in this
study to tune the TIE‐GCM using TNDs as observation. DART is open‐source software that facilitates the
assimilation of different kinds of observations into models using a variety of filtering algorithms (Burgers
et al., 1998; J. Anderson, 2001; J. Anderson et al., 2009). The updated TIE‐GCM model after the DA is named
here “DART/TIE‐GCM.”

The EnKF is applied as a merger to deal with the nonlinear equations of TIE‐GCM (Evensen, 2003). In this study,
the estimation of statistics (means and covariance), to weight model outputs and measurements, is derived by
ensemble generation and empirical covariances (e.g., J. Anderson et al., 2009). The EnKF algorithm is recursive
and consists of the “analysis” and the “forecast” steps. In the analysis step, the ensemble member of posterior state
variables is estimated and updated through the cross covariances between the observations and prior state var-
iables. In the forecast step, the posterior ensemble member is propagated forward in time with the TIE‐GCM
model equations for one assimilation cycle to solve the coupling processes and to produce priory ensembles
for the next assimilation window.

To eliminate spurious correlations (Houtekamer & Zhang, 2016) that might negatively impact achieving correct
updates, we apply the distance‐based localization function following Gaspari and Cohn (1999). This is multiplied
by the covariance matrix built between the prior state vector and observations. The EnKF‐based DA updates the
m‐dimensional state vector Xk of TIE‐GCM at time tk through minimizing the following cost function:

J(Xk) =
1
2
[Xk − X̄b

k]
T
(Pb

k)
− 1
[Xk − X̄b

k] +
1
2
[HkXb

k − Yo
k]

TR− 1k (HkXb
k − Yo

k), (5)

where Xb
k denotes the background, that is, estimates of the state vector at time tk and its associated covariance

matrix Pb
k,m×m from the ensemble of model forecasts. The model prediction of the state vectorX

b
k from time tk− 1 to

tk can be written as Xk = f(Xk− 1) in which the nonlinear dynamics f is implemented through the model simulation
code. In Equation 5,Yo

k is the ensemble of n‐dimensional vector of observations at time tk, which can be related to
Xk through the linear (or linearized) observation equation Yb

k = Hk,n×mXk + ϵk, whereHk is design matrix and ϵk
is the observation error vector.

The analysis state estimates (Xa) are obtained while taking into account the measurements and the cross‐
correlations with the model states as:

Xa
k = Xb

k +K(Yo
k − HkXbk ), (6)
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where K is the Kalman gain that is defined as:

K = (Cloc1◦(HkPb
k))

T
(Cloc2 ◦ (HkPb

kH
T
k ) + Rk)

− 1
. (7)

In Equation 7, Cloc1,n×m and Cloc2,n×n (n = number of observations and m = number of the model states included
in the DA) are localization matrices suggested by Gaspari and Cohn (1999) with ◦ denoting the Schur product
(element‐wise) of matrices with identical size. The impact of the localization is shown in Section 4.1.

3.2. Configuring the TND Data Assimilation (TND DA)

3.2.1. Initialization of the Model Ensembles

The model ensembles used in the EnKF are generated by perturbing three model parameters: the solar index F10.7,
auroral hemispheric power HP Equation 2, and cross‐tail potential drop CP Equation 1. The mean values of these
model drivers are obtained from the corresponding observations of F10.7, and the 3‐hourly planetary index Kp.
The ensemble simulation during low (high) solar activity is initialized following the recommendations in (Hsu
et al., 2014, 2018; Kodikara et al., 2021) by Gaussian distributions with the mean value of F10.7,HP, and CP set to
68 (150) SFU, 19 (25) GW, and 34 (45) kV, and with the standard deviation set to 10 (10) SFU, 2 (2.5) GW, and 3
(4.5) kV, respectively. Note that instead of employing the realistic variation of drivers in this study, these constant
values with their spread are used to test the forecast performance of the assimilation system when the true drivers
are not known. In addition, before the DA procedure, the model ensembles need a spin‐up to arrive at a physically
consistent state with perturbed drivers. The spin‐up time for the model ensemble members is chosen to be 15 days,
similar to Kodikara et al. (2021).

3.2.2. Specifications of the DART Implementation for the TND DA

The configuration of DART to implement the TND DA is selected to be as:

• Following the recommendation in Hsu et al. (2018), to achieve useful covariance estimations, the ensemble
size is chosen to be 90 for each experiment.

• The Gaspari and Cohn (GC) correlation function (Gaspari & Cohn, 1999) is chosen for the localization, which
is a distance‐based function that gradually changes from one to zero with increasing the distance. Three
experiments with different horizontal half‐width values of 0.2, 1, and 3 radians were tested to find an optimum
cutoff. No vertical localization is applied for the DA to introduce the impact of TNDs to all model levels. The
GC correlation function between the ith observation and the jth grid point of the model state is estimated as:

Ci,j =

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

−
1
4
(
|r|
c
)

5

+
1
2
(
|r|
c
)

4

+
5
8
(
|r|
c
)

3

−
5
3
(
|r|
c
)

2

+ 1, 0≤ |r|≤ c

1
12
(
|r|
c
)

5

−
1
2
(
|r|
c
)

4

+
5
8
(
|r|
c
)

3

+
5
3
(
|r|
c
)

2

− 5(
|r|
c
) + 4 −

2
3
(
c
|r|
), c≤ |r|≤ 2c

0, |r|≥ 2c

(8)

where |r| is the horizontal distance between the model grid point and the location of observation, and c is the cut‐
off radius.

• The assimilation window is 1,800 s—centered at the current model time. The neutral density observations
within 15 min before and after a given model time are assimilated for each assimilation cycle. It is worth
mentioning that we empirically chose various DA window (with 10, 30 min, 1 hr, and 1.5 hr) and the results of
the different window in the forecasting step can be found in Section 4.1.

• The state vector to be updated is composed of:

X = [ΨTn;ΨO2;ΨO;ΨU;ΨV ;ΨNe], (9)

where Tn, O, O2, U, V, and Ne represent the neutral temperature (K), mass mixing ratio of atomic oxygen (mmr),
mixing ratio of molecular oxygen, zonal (east‐west) wind (m.s− 1), meridional (north‐south) wind (m.s− 1),and

SpaceWeather 10.1029/2023SW003811

KOSARY ET AL. 7 of 29

 15427390, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023SW

003811 by A
alborg U

niversity L
ibrary, W

iley O
nline L

ibrary on [17/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



electron number density (cm− 3), respectively. The full vector of these physical variables discretized on the
horizontal and vertical resolution of the model is represented by Ψ. It is noted that the vertical levels in TIE‐GCM
are defined based on the log pressure and geopotential height Zp. By changing the composition and temperature of
model states, through the TND DA, the geometrical heights Zg of the geopotential levels change. The new
geometrical heights can be estimated using an empirical formulation can be found in Qian et al. (2014).

3.3. Evaluation Metrics

Various evaluation measures are applied to examine the performance of the original and data assimilation pro-
cedure in analysis and forecast steps compared to the observation, including “Bias” (Equation B1),“Relative
Error” (RE, Equation B2), “Biasratio” (Equation B3), “Root Mean Squared of Error” (RMSE, Equation B4),
“Improvement” (Equation B5), “Average of Absolute Percentage Deviation” (AAPD, Equation B6), “Nash‐
Sutcliffe model Efficiency Coefficient” (Nash, Equation B7), “STDratio” (Equation B8), and “Correlation Co-
efficients” (CCs, Equation B9). For details, see Appendix A. It is noted that in this study, we compute each
metrics among each experiment period.

4. Results
In what follows, the outputs derived from DART/TIE‐GCM are investigated. In Section 4.1, the effect of the
horizontal cut‐off parameter is assessed. Then, the TND estimates of TIE‐GCM and DART/TIE‐GCM are
validated in the analysis and forecast modes (Sections 4.2 and 4.3). Three experiments with different levels of
solar activity are applied to understand whether the DA is effective in different periods. In Section 4.4, the
dominant spatial and temporal variability of TND and electron density estimates are extracted from the forecast
modes. Finally, in Section 4.5, the profiles of electron density from original TIE‐GCM and DART/TIE‐GCM are
evaluated against RO observations.

4.1. Impact of the Data Assimilation Window and Horizontal Localization

In this part, we investigate the impact of different data assimilation windows on TND forecasting along the
validation mission. We select 10, 30, 60, and 90 min as data assimilation windows for this purpose, and the
numerical results along GRACE400 during 4th March 2008 are provided in Table 1. According to these statistical
criteria, 10 min of cycling yields a lower RMSE compared to the other windows in the forecast steps for 4 March
2008, from 00:00 UT to 23:00 UT. Although 10‐min assimilation windows can yield slightly better prediction
accuracy, this improvement is not cost‐effective compared to the additional computational time and memory
required (for a system with 4 cores and 16 GB RAM configuration). So, we took into account the balance between
forecast accuracy and computational efficiency and we decided to use a 30‐min assimilation window for
assimilating TNDs into the TIE‐GCM model for short‐term forecasting. We believe that our choice of assimi-
lation window length was suitable for our specific application and yielded meaningful outcomes. However, this
choice of assimilation window length can be different in ionosphere data assimilation studies (Chen et al., 2016).

In order to find the impact of the cut‐off parameter on forecasting TND, three different cut‐offs of 0.2, 1, and 3
radians with no vertical localization are employed during the DA implementations. Figure 2 shows how the
corresponding global GC correlation functions can affect the model around an arbitrary point, for example, with

Table 1
A Summary of the Statistical Measures Derived From TIE‐GCM and DART/TIE‐GCM Prior Outputs

Model RMSE (kg/m3) Nash Memory Time (Hour)

Original TIE‐GCM 3.61 × 10− 13 − 2.95 – –

DART/TIE‐GCM (DA window = 10 min) 1.27 × 10− 13 0.58 3.6 (GB) 6.5

DART/TIE‐GCM (DA window = 30 min) 1.28 × 10− 13 0.57 1.2 (GB) 5.4

DART/TIE‐GCM (DA window = 60 min) 1.30 × 10− 13 0.56 630 (MB) 4.5

DART/TIE‐GCM (DA window = 90 min) 1.39 × 10− 13 0.50 450 (MB) 3

Note. Here CHAMP‐TNDs are used as observation within DA, and the results are evaluated with those of the GRACE400
TNDs during 4 March 2008.
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latitude 0° and longitude 0°. Selecting 0.2 in this location corresponds to 2548.4 km, where for 1 and 3, it is
12,742, and 38,226 km, respectively.

The TND estimates along the CHAMP orbits during 4 March 2008 are considered as observations to test the three
cut‐off values. Observations along the GRACE400 are used for validation. The results demonstrate that the RMSE
between original TIE‐GCM and GRACE400 TNDs during 1 day is reduced by 69%, 80%, and 84% after
implementing DART/TIE‐GCM with the horizontal cut‐off of 0.2, 1 and 3 radians, respectively. Therefore, we
can show that the three values of cut‐off can reduce the RMSE, but the numerical values indicate that the selection
of three radians provides better thermosphere outputs compared to the independent TND measurements. In
addition, for comparison, the bias, RMSE as well as the Nash coefficient between GRACE400 TNDs and those
TIE‐GCM and DART/TIE‐GCM outputs in the forecasting mode are presented in Table 2. These numerical
results indicate that the use of bigger cutoff value results in better statistical measures. Therefore, the cutoff of
three is used for the experiments of the following sections, and we will ensure that this almost global updating
scheme does not harm the physics of the model that could harm the prediction of ionosphere variables. Although
the TND can be predicted accurately using this cut‐off value, updating more state vectors can increase the
computation time.

4.2. Impact of the TND DA on Reducing Biases During the E1 Experiment With Low Solar Activity

To evaluate DART/TIE‐GCM through the E1, E2, and E3 experiments with low and high solar activity (Figure 1),
we determine the Bias (Equation B1) against the assimilated observations of E1 (CHAMP), E2 (CHAMP) and E3
(Swarm‐C). Figure 3 shows the impact of DART/TIE‐GCM on the CHAMP‐TNDs measurements during E1. The
top plot represents the orbit‐averaged TNDs derived from TIE‐GCM (gray line), the analysis phase (blue line), the
forecast (red line) as well as CHAMP estimates are shown by the green line. The plots show an overall agreement
between the analysis and forecast steps, and CHAMP TNDs, that is, biases between TIE‐GCM, analysis and
forecasts phases compared to the CHAMP TND estimates are found to be − 1.1 × 10− 12, 6.9 × 10− 14, and
5.5 × 10− 14, while the correlation coefficients are 0.85, 0.87, and 0.83.

The plot in the middle represents a zoom of the results on 5 March 2008. The plot shows that the TNDs of both
analysis and forecast steps catch the 1.5 hourly peaks, where both timing and magnitude are found to be correctly

Figure 2. The localization maps from the Gaspari–Cohn (GC) function (Gaspari & Cohn, 1999). These results correspond to an arbitrary selected position with
latitude = 0° and longitude = 0°. From left to right, plots correspond to the horizontal cut‐off of (a) 0.2 radian, (b) 1 radian, and (c) 3 radian.

Table 2
A Summary of the Statistical Measures Derived From TIE‐GCM and DART/TIE‐GCM Prior Outputs

Model Bias (kg/m3) RMSE (kg/m3) Nash

Original TIE‐GCM 3.43 × 10− 13 3.61 × 10− 13 − 2.95

DART/TIE‐GCM (cut‐off = 0.2 rad) 0.9 × 10− 13 1.12 × 10− 13 − 0.21

DART/TIE‐GCM (cut‐off = 1 rad) 0.37 × 10− 13 0.71 × 10− 13 0.50

DART/TIE‐GCM (cut‐off = 3 rad) 0.17 × 10− 13 0.58 × 10− 13 0.67

Note. Here CHAMP‐TNDs are used as observation within DA, and the results are evaluated with those of the GRACE400
TNDs during 4 March 2008.
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represented. Especially, one can see that the magnitude of the peaks (i.e., the ratio between the mean of TNDs
after and before 12 hr) after∼12 hr has been increased∼69.1% and these changes are well represented in the plots.
Figure 3(bottom) summarizes the one hourly biases during March 4th − 8th, 2008, where on average we found a
reduction from − 1.10 × 10− 12 to 6.92 × 10− 14 and 5.77 × 10− 14 in the analysis and forecast modes of the E1
experiment, respectively. Also, based on the other statistical results shown in Table 3, after implementing the
DART/TIE‐GCM, the overall RMSE of E1 is reduced by 81% and 77%, respectively. We also found the TNDDA

Figure 3. Assessing model biases before and after the TNDDA: (a) orbit‐averaged TNDs from TIE‐GCM, DART/TIE‐GCM
outputs in the analysis and forecast modes, as well as TNDs along the orbit of CHAMPwithin the E1 experiment (March 4th–
8th, 2008); (b) time‐series of TND during 24 hr of 5 March 2008; and (c) a summary of biases (from Equation B1) between
the observed and simulated TNDs in the analysis and forecast modes. The results during the E1 experiment are shown as a
function of hour and day. Here, the DART/TIE‐GCM is processed using CHAMP‐TNDs as assimilation observation.

Table 3
A Summary of the Statistical Measures Derived During the E1 Experiment Along the Orbit of CHAMP

Mode RMSE (kg/m3) Bias (kg/m3) NASH AAPD(%) RE(%)

Original TIE‐GCM 1.16 × 10− 12 − 1.10 × 10− 12 − 4.92 62.44 76.26

DART/TIE‐GCM (Analysis) 2.20 × 10− 13 6.92 × 10− 14 0.78 8.61 14.42

DART/TIE‐GCM (Forecast) 2.62 × 10− 13 5.77 × 10− 14 0.70 10.70 17.14
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to be very effective during the E2 and E3 experiments during high solar activity, where the results are presented in
Appendix C and D.

4.3. Along‐Track Validation of the DA TNDs During the Analysis and Forecast Phases

Here, the DART/TIE‐GCM outputs are validated against measured TNDs that are not used during the DA
procedure. For experiment E1 and E2 (done by CHAMPTNDs), and experiment E3 (done by Swarm‐C), GRACE
TNDs and Swarm‐B TNDs are used for validation, respectively. It is worth mentioning that the altitude of
GRACE orbits (i.e., 477 Km) during E1 is higher than the top level of TIE‐GCM and DART/TIE‐GCM (i.e.,
460 Km). To avoid possible inconsistencies, we transformed GRACE TNDs to a common altitude of 400 km
using Equation 4, and the inter‐calibration of Equation 3 is applied. These estimates are called GRACE400 in what
follows. For experiments E2 and E3, GRACE and Swarm‐B TNDs at altitude of 485 and 521 km are used,
respectively.

Figure 4 shows maps of TNDs from TIE‐GCM, and the DA's analysis and forecast steps, as well as those of
GRACE400, GRACE and Swarm‐B as a function of time and the argument of latitude (the angle along the orbital

Figure 4. Validation with the TND data that are not used in the DA. TND estimates of TIE‐GCM along the orbit of GRACE400, GRACE and Swarm B (a, e, i); DART/
TIE‐GCM TND outputs in the analysis mode (b, f, j); DART/TIE‐GCM TND outputs in the forecast mode (c, g, k); and the measured TNDs of GRACE400, GRACE
(485 km) and Swarm‐B (521 km) in (d, h, l). The plots of a, b, c, and d refer to experiment E1 when the CHAMP‐TNDs are used as assimilation observation, the plots of
e, f, g, and h correspond to experiments E2, where DART/TIE‐GCM is implemented using CHAMP TNDs as observation, while the plots of i, j, k, and l belong to the
experiments E3, which DART/TIE‐GCM is done based on the Swarm‐C TNDs as observation.
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path from the ascending node to the spacecraft's position in the direction of the spacecraft's motion). The plots on
the top, middle, and bottom correspond to the E1, E2, and E3 experiments, respectively. Comparing Figure 4a
with Figure 4d indicates that TIE‐GCM overestimates the TNDs during E1 and E2, but it underestimates them
during E3, compare Figure 4e with Figure 4h. These discrepancies are improved during both analysis and forecast
modes, that is, Figures 4b or 4f and 4c or 4g are better fitted to (d or h) than (a or e). The numerical results of E1
indicate that the RMSE between TNDs fromDART/TIE‐GCM and GRACE400 in the analysis and forecast modes
are decreased by 77.1% and 77.3% compared to original TIE‐GCM, respectively. Also, during E2, the RMSE of
TNDs from TIE‐GCM along the orbit of GRACE orbits is improved by 67.8% and 68.8% in the analysis and
forecast modes after applying the DA. As well, during E3, the RMSE of TNDs from TIE‐GCM along the orbit of
Swarm‐B orbits is reduced by 60.3% and 56.3% in the analysis and forecast modes after applying the DA. The
detailed statistical assessments for the two experiments are provided in Table 4.

Further analysis is presented to explore the impact of the TNDDA on TIE‐GCM, where Figures 5a and 5d present
the simulated TNDs of E1, E2, and E3 against the validation data in scatterplot. These plots support the inves-
tigation of Figure 4 by indicating the bias of TND simulations is considerably reduced after the DA (the reduction
can be seen on the daily averages and for the day and night time separately). Considering the correlation co-
efficients, we found an increase from 0.45 for the original TIE‐GCM to 0.77 and 0.79 for the analysis and forecast
modes during E1, from 0.69 to 1.19 and 1.16 during E2, and from 1.3 to 0.99 and 1.04 during E3. The numerical
details of this investigation can be found in Table 5. The results indicate that the original model simulates TNDs
better during the nighttime better than the daytime (where solar activity is relatively higher). However, after
implementing the TND DA of TIE‐GCM, the ability of the model in forecasting TND in both periods is found to
be similar.

4.4. Exploring the Impact of the TND DA on Spatial and Temporal Evolution of Thermosphere and
Ionosphere Variables

To investigate how the TND DA affects model simulations, the Principal Component Analysis (PCA) (For-
ootan, 2014; Preisendorfer, 1988) method is applied to the differences between the original TIE‐GCM and the
forecast states of the DART/TIE‐GCM. The input fields outputs of TNDs and electron density (altitude of
400 km) with 30‐min intervals are considered here. The first two dominant modes of PCA are shown in Figures 6–
8 that correspond to E1, E2, and E3, respectively. The spatial patterns from TND and Ne are known as Empirical
Orthogonal Functions (EOFs that are anomaly maps in terms of density kg/m3 and cm− 3) and their associated
uncorrelated temporal patterns (Principal Components, or PCs that are unit‐less) represent the orthogonal modes
and are plotted along each other.

The first two dominant PCA modes during low solar activity (E1) correspond to 40.82% and 37.97% of the total
variance of TND differences, and 38.34% and 29.81% of the Ne differences (see Figure 6). The temporal PCs are
cyclic with diurnal frequency, which means that the TND DA likely modifies the diurnal time‐scale the most

Table 4
A Summary of the Statistical Measures Derived During E1, E2 and E3 Experiments Along GRACE400, GRACE (485 km) and
Swarm‐B (521 km) Orbits, Respectively

Time Mode RMSE (kg/m3) Bias (kg/m3) NASH Biasratio (%) STDratio (%)

E1 Original TIE‐GCM 3.88 × 10− 13 − 3.67 × 10− 13 − 11.85 0.55 15.27

DART/TIE‐GCM (Analysis) 8.85 × 10− 14 − 5.74 × 10− 14 0.33 0.89 14.60

DART/TIE‐GCM (Forecast) 8.82 × 10− 14 − 5.83 × 10− 14 0.33 0.88 14.49

E2 Original TIE‐GCM 1.85 × 10− 13 − 1.69 × 10− 13 − 0.61 0.64 21.89

DART/TIE‐GCM (Analysis) 5.94 × 10− 14 1.40 × 10− 14 0.82 1.02 19.76

DART/TIE‐GCM (Forecast) 5.75 × 10− 14 7.09 × 10− 15 0.83 0.99 19.65

E3 Original TIE‐GCM 1.87 × 10− 13 1.58 × 10− 13 0.48 1.37 19.27

DART/TIE‐GCM (Analysis) 7.41 × 10− 14 1.64 × 10− 15 0.91 1.00 16.99

DART/TIE‐GCM (Forecast) 8.17 × 10− 14 1.79 × 10− 14 0.90 1.02 17.91

Note. In E1 and E2 (E3) CHAMP‐TNDs (Swarm‐C (468 km)) are used as assimilated observations within the DART/
TIE‐GCM, and the results of original TIE‐GCM, analysis and forecasting modes are evaluated.
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during low solar activity. The TNDmodes also indicate that the maximum differences after implementing the DA
reach up to 25% of the original TIE‐GCM. The similarity of EOF1 and EOF2 is related to the fact that PCA is a
stationary statistical technique, and when the signals are cyclic they can be decomposed into (at least) two sta-
tistical modes. This is similar to the harmonics decomposition, where for a certain frequency both sine and cosine
base functions are needed. In this study, EOF1 and PC1 correspond to the (semi) cyclic variability of TND and NE
parameters with the daily period, whereas EOF2 and PC2 represent the out of phase variability. Therefore, There
is a longitude shift in the pattern on EOFs. For the Ne differences (Figure 6), the maximummagnitude of first and
secondmodes reach up to 1.85× 105 cm− 3 and 1.77× 105 cm− 3, respectively. Here, the magnitude is computed by
multiplying the maximum value of EOFs with the maximum value of PC. The maximum changes of Ne after
implementing the TND DA are discovered in low latitudes around ±30° latitude due to the dominant role played
by the neutral wind dynamo in the low latitudes. This phenomenon refers to updating the electron density and
neutral compositions along with the neutral winds and temperature in the assimilating procedure, which leads to
the redistribution of atomic and molecular oxygen. This redistribution can have an influence on photoionization in

Figure 5. Scatter‐plots of the TND validation during the experiment E1 (the three a to c plots on top), E2 (the d to e plots on middle), and E3 (the f to i plots on bottom).
Separated day and time plots are shown in the first column for the daytime; and in the second column for the nighttime. The daytime orbit refers to 6–18 UT, and the
nighttime corresponds to 18–24 and 0–6 UT. The third column represents the full‐day GRACE400, GRACE, and Swarm‐B TNDs against TIE‐GCM (gray dots) and the
forecast mode of DART/TIE‐GCM (red dots).
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Table 5
A Summary of the Statistical Measures to Evaluate the TND DA (Using DART/TIE‐GCM) Against the Validated TND
Measurements of the GRACE400, GRACE, and Swarm‐B Missions During the E1, E2, and E3 Experiments

Time Mode RMSE (kg/m3) Bias (kg/m3) AAPD (%) CC

Daytime (E1) Original TIE‐GCM 3.82 × 10− 13 − 3.63 × 10− 13 83.23 0.46

DART/TIE‐GCM (Analysis) 8.5 × 10− 14 − 5.5 × 10− 14 16.91 0.79

DART/TIE‐GCM (Forecast) 8.5 × 10− 14 − 5.4 × 10− 14 17.06 0.80

Nighttime (E1) Original TIE‐GCM 3.94 × 10− 13 − 3.71 × 10− 13 84.54 0.44

DART/TIE‐GCM (Analysis) 9.17 × 10− 14 − 5.9 × 10− 14 17.65 0.76

DART/TIE‐GCM (Forecast) 9.12 × 10− 14 − 6.17 × 10− 14 17.72 0.77

Daytime (E2) Original TIE‐GCM 1.85 × 10− 13 − 1.68 × 10− 13 60.41 0.71

DART/TIE‐GCM (Analysis) 5.99 × 10− 14 1.29 × 10− 14 18.19 1.21

DART/TIE‐GCM (Forecast) 5.67 × 10− 14 0.70 × 10− 14 18.32 1.19

Nighttime (E2) Original TIE‐GCM 1.84 × 10− 13 − 1.66 × 10− 13 60.19 0.68

DART/TIE‐GCM (Analysis) 5.88 × 10− 14 1.50 × 10− 14 15.17 1.17

DART/TIE‐GCM (Forecast) 5.83 × 10− 14 0.71 × 10− 15 15.79 1.13

Daytime (E3) Original TIE‐GCM 1.91 × 10− 13 1.59 × 10− 13 25.36 1.26

DART/TIE‐GCM (Analysis) 7.94 × 10− 14 4.45 × 10− 15 12.73 1.00

DART/TIE‐GCM (Forecast) 8.59 × 10− 14 2.06 × 10− 14 13.37 1.05

Nighttime (E3) Original TIE‐GCM 1.84 × 10− 13 1.57 × 10− 13 25.91 1.24

DART/TIE‐GCM (Analysis) 6.82 × 10− 14 − 1.15 × 10− 15 11.62 0.99

DART/TIE‐GCM (Forecast) 7.73 × 10− 14 1.53 × 10− 14 12.30 1.03

Figure 6. PCA of the TND and Ne differences derived between the outputs of TIE‐GCM and the forecast mode of DART/
TIE‐GCM at 400 km altitude during E1 experiment. The left and right plots correspond to the first and the second modes of
PCA, respectively. The anomaly maps (EOFs) (a and c) are shown in terms of kg/m3 and cm− 3, respectively, which must be
multiplied by the unit less time series (PCs) on the bottom of this figure (e and f). The first mode (left plots) represents
40.45% and 41.44% of the total variance of TND and Ne differences, respectively and the second mode of differences (right
plots) indicates 38.01% and 32.92%.
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different regions. Since the neutral winds in the thermosphere drive ionospheric plasma circulation, they affect the
density and distribution of charged particles in the ionosphere. These neutral winds are particularly powerful in
the low latitudes due to the equatorial electrojet, a narrow band of strong eastward current in the ionosphere. As a
result, any changes in the neutral density due to assimilation have a greater impact on the ionosphere electron
density in the low latitudes than in other regions (Richmond et al., 1992; Jee et al., 2008; “Chapter 7—Ionosphere‐
thermosphere interaction”, 2022). The PCs of Ne are also found to evolve after those of TND indicating that the
diurnal modification of thermosphere parameters is well translated to the ionosphere parameters.

PCA is also applied on the TND and Ne changes after the TND DA during E2 and E3 with high solar activity. In
the E2 experiment, the two dominant modes that are associated with 34.87 (36.20)% and 32.12 (29.72)% of the
total variance of TND (Ne) differences are represented in Figure 7. Both TND modes contain patterns and
fluctuations, ranging from − 3.18 × 10− 13 to 3.47 × 10− 13 kg/m3 and from − 3.35 × 10− 13 to 2.94 × 10− 13 kg/m3,
respectively. The changes in TND had an impact on Ne variations (similar to E1), with the first two modes of Ne
indicating a range of − 1.80 × 105 to 2.01 × 105 cm− 3 and − 1.97 × 105 to 1.93 × 105 cm− 3, respectively.

Also, In the E3 experiment, the two dominant modes that correspond to 41.86 (25.98)% and 12.38 (23.98)% of the
total variance of TND (Ne) differences are shown in Figure 8, respectively. Both TND modes contain diurnal
fluctuations, where the magnitude of the differences are found to be in the range of − 1.26 × 10− 13–−
1.09 × 10− 13 kg/m3 and − 1.05 × 10− 12–5.22 × 10− 13 kg/m3, respectively. Changes in the TNDs are translated to
more pronounced Ne variations (compared to E1). The first two modes of Ne indicate that the impact of the TND
DA is in the range of − 2.01 × 105–2.26 × 105 cm− 3 and − 2.37 × 105–1.67 × 105 cm− 3, respectively. In the E3
experiment, the first mode of TND differences contains a trend (see Figure 8e, the red curve), which is driven by
changes in the TND along assimilated mission (Swarm‐C). The trend of the PC1 of Ne is found not to be as
dominant as that of TND (compare the blue and red curves in Figure 8e), which is expected from the physics
behind these two processes. The second mode of Ne is analogous to that of TND and similar to what we detected
during E1 containing diurnal differences with the maximum changes around the EIA.

Figure 7. PCA of the TND and Ne differences derived between the outputs of TIE‐GCM and the forecast mode of DART/
TIE‐GCM at 400 km altitude during E2 experiment. The left and right plots correspond to the first and the second modes,
respectively. The anomaly maps (EOFs) (a and c) are presented in terms of kg/m3 and cm− 3, which must be multiplied by the
unit less time series (PCs) on the bottom of the figure (e and f) to derive the orthogonal modes. The first mode of differences
(left plots) represents 34.87% and 36.20% of the total variance of TND and Ne differences, respectively. Following the same
order of presentation, the second mode of differences (on the right) indicates 32.12% and 29.72% of the variance.
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4.5. Validating the Forecast of Electron Density Using RO Data

The impact of thermosphere fields on the ionosphere parameters is evaluated using COSMIC data that were not
used in the TND DA. For this evaluation, 1,853 and 1,250 Ne profiles during E1 and E3 experiments have been
used covering the range of 80–700 km. It is noted that due to the unavailability of electron density profiles from
COSMIC for August 2004, we were unable to include the E2 experiment in this section. Each Ne profile is
interpolated through Bi‐linear and cubic spline (De Boor, 1978) between 150 and 450 km with the height res-
olution of 10 km. Figures 9a–9c and 10a–10c show the vertical profiles of globally averaged electron density
(COSMIC observations: green, the analysis mode of DART/TIE‐GCM: blue, the forecast mode of DART/TIE‐
GCM: orange, and the original TIE‐GCM: gray) during the full day, daytime and nighttime of the E1 and E3
experiments, respectively. Both figures indicate that the assimilation of TNDs has a considerable positive impact
on forecasting Ne at altitudes above 250 km. The statistics indicate that the TNDDA reduced the global RMSE of
the Ne forecasts by 52.3% and 40.4% under low (E1) and high (E3) solar activity conditions, respectively, which
indicate that the improvements during low solar activity (E1) is higher than the high solar activity (E3). Similar
observations were drawn by Forootan et al. (2022) who replaced the TIE‐GCM primary mass mixing ratio files
with a better estimation of TNDs. The lack of impact below the altitude of 250 km could be attributed to the fact
that the TND data is assimilated at relatively high altitudes. Besides, the large errors of COSMIC data at low
altitudes (Lei et al., 2007; N. Pedatella et al., 2015; X. Yue et al., 2011) limits the certainty of the validation for
low altitudes.

The results in Figures 9 and 10d, 10g show the daily scatter of Ne averaged in three latitude regions (low (20°
S–20°N): gray dots, middle (20°–60°N/S): orange cross, high (60°–90°N/S): blue dots) between the Ne of

Figure 8. PCA of the TND and Ne differences derived between the outputs of TIE‐GCM and the forecast mode of DART/
TIE‐GCM at 400 km altitude during E3 experiment. The left and right plots correspond to the first and the second modes,
respectively. The anomaly maps (EOFs) (a and c) are presented in terms of kg/m3 and cm− 3, which must be multiplied by the
unit less time series (PCs) on the bottom of the figure (e and f) to derive the orthogonal modes. The first mode of differences
(left plots) represents 41.86% and 25.98% of the total variance of TND and Ne differences, respectively. Following the same
order of presentation, the second mode of differences (on the right) indicates 12.38% and 23.98% of the variance.
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COSMIC and TIE‐GCM, as well as between the Ne of COSMIC and the forecast state of DART/TIE‐GCM
during the E1 and E3 experiments, respectively. The corresponding daytime averages are shown in Figures 9
and 10e, 10h and those of nighttime are shown in Figures 9 and 10f, 10k. After the TND DA, numerical
assessments demonstrate that the global relative error of Ne forecast in the daytime improved from 1.32 (1.22)
to 0.69 (0.60) and those of nighttime decreased from 1.62 (1.04) to 0.74 (0.79) during E1 (E3). Other statistical
evaluations are provided in Table 6. In terms of the latitude regions, the statistical measurements represent that
relative error and correlation coefficient are improved from 1.07 and 0.89 to 0.71 and 0.99 in the low, from 1.64
and 0.80 to 0.97 and 0.95 in the middle and from 0.69 and 0.95 to 0.31 and 0.99 in the high latitude regions
during E1. These results indicate that bigger improvements in the mid compared to the low and high latitude
regions.

5. Conclusions
A logical step to make the best use of available measurements and models can be realized by integrating them
through Data Assimilation (DA) frameworks. In this study, we presented the impact of DA based on the Ensemble
Kalman Filter (EnKF) on updating the physics‐based model states. The Data Assimilation Research Testbed
(DART) community software is used to merge the physics‐based TIE‐GCM model with TNDs that are sampled
along the CHAMP and Swarm‐C satellite orbits. The TND DA results are called DART/TIE‐GCM. This
implementation was performed during three periods with low (E1, F10.7 = 70 SFU) and high (E2 and E3,
F10.7 = 140 SFU) solar activity. We also tested the impact of localization and real LEO‐derived estimates on the

Figure 9. Independent evaluation of the TNDDAwith the Ne profiles of the COSMICmission: (a, b, c) the global average Ne
profiles of the full day, daytime, and nighttime during the E1 experiment; (d, e, f) multidimensional scatter plots of TIE‐GCM
Ne against COSMIC during full day, daytime and nighttime of E1; and (g, h, k) multidimensional scatter plots of the DART/
TIE‐GCM in the forecast mode against COSMIC during the full day, daytime and nighttime of E1. The results are separated
for the three latitude regions of low, mid, and high.
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Figure 10. Independent evaluation of the TND DA with the Ne profiles of the COSMIC mission: (a, b, c) the global average
Ne profiles of the full day, daytime, and nighttime during the E3 experiment; (d, e, f) multidimensional scatter plots of TIE‐
GCM Ne against COSMIC during full day, daytime and nighttime of E3; and (g, h, k) multidimensional scatter plots of the
DART/TIE‐GCM in the forecast mode against COSMIC during the full day, daytime and nighttime of E3. The results are
separated for the three latitude regions of low, mid, and high.

Table 6
A Summary of the Statistical Measures to Evaluate the TND DA (Using DART/TIE‐GCM) Against the Ne Measurements of
the COSMIC Mission During the E1 and E3 Experiments

Time Mode RMSE (105 cm− 3) RE (%) AAPD (%) NASH CC

Full‐time (E1) Original TIE‐GCM 0.52 1.44 26.12 0.57 0.81

DART/TIE‐GCM (Forecast) 0.25 0.68 9.10 0.90 0.96

Day‐time (E1) Original TIE‐GCM 0.45 1.32 23.35 0.65 0.83

DART/TIE‐GCM (Forecast) 0.24 0.69 9.90 0.90 0.97

Night‐time (E1) Original TIE‐GCM 0.61 1.62 29.66 0.45 0.78

DART/TIE‐GCM (Forecast) 0.28 0.74 9.99 0.88 0.95

Full‐time (E3) Original TIE‐GCM 0.69 1.12 22.04 0.46 0.97

DART/TIE‐GCM (Forecast) 0.40 0.65 12.65 0.81 0.97

Day‐time (E3) Original TIE‐GCM 0.75 1.22 24.63 0.36 0.98

DART/TIE‐GCM (Forecast) 0.37 0.60 10.80 0.84 0.99

Night‐time (E3) Original TIE‐GCM 0.64 1.04 19.11 0.54 0.94

DART/TIE‐GCM (Forecast) 0.48 0.79 16.10 0.73 0.95
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analysis and forecasts of the DART/TIE‐GCM system. The results are then validated in terms of TNDs along the
GRACE and Swarm‐B, which were not used in the DA procedure. To understand the impact of updating TNDs on
forecasting ionospheric variables, the output of DART/TIE‐GCM is evaluated with electron density (Ne) profiles
of the COSMIC mission. Therefore, by this evaluation, one may consider that the DA of thermosphere‐related
variables is validated against ionosphere‐related measurements.

The main findings of this study are summarized as:

• Updating the state vectors in the global EnKF‐based DA highly depends on the localization of the covariance
matrix, which is controlled by the so called cut‐off radius in the Schur product implementation (Gaspari &
Cohn, 1999) of DART. Our investigations indicate that the bias between original TIE‐GCM and TND
measurements is reduced from 3.61 × 10− 13 to 1.12 × 10− 13, 0.71 × 10− 13, and 0.58 × 10− 13 after imple-
menting DA with cutoff values of 0.2, 1 and 3, respectively. The cutoff value of three for the horizontal
localization is found to provide better statistical measures in the forecast mode. In all investigations of this
study, vertical localization was not introduced to allow the TND DA to extend the updates to the entire model
levels. This is particularly important for the forecast of ionosphere variables that exhibit considerable vertical
coupling (Ridley et al., 2006).

• After implementing the TND DA, the density and temperature of the coupled model change, which has an
impact on the vertical distances between the consecutive pressure layers. To achieve a correct conversion, we
suggest adding the geopotential height to the state vector and the impact of the estimated temperature and
composition have been used to update the geopotential and geometric heights. A formulation is provided to
update the geometric heights after performing the TND DA. The numerical results in the analysis and forecast
modes (Section 4.2) show that the conversion in the height is well performed and the discrepancies are not
originated from the conversion.

• The TND validations along the orbits of GRACE and Swarm‐B (E1, March 4th–8th, 2008 and E2, August
13th–16th, 2004 and E3, February 4th–8th, 2015) indicate that the differences between the original TIE‐GCM
and DART/TIE‐GCM outputs are considerably reduced. The RMSE results indicate 79% reduction in the
forecasting step during E1, 68% during E2, and 51% during E3. This result indicates that the impact of the
assimilation on TND was bigger during low solar activity compared to the high solar activity period.

• The spatial and temporal modes of differences between the TNDs and Ne derived from the original TIE‐GCM
and DART/TIE‐GCM in the forecast mode are explored using the principal component analysis (PCA)
technique. The first two dominant modes of anomalies indicate that the TNDDA affects the diurnal time‐scale
of thermosphere and ionosphere simulations during low solar activity, which can be well transferred to the
forecast of Ne. During the high solar activity, the variation of TND is translated in the first mode of TND
differences, see Figure 8. The second mode on TNDs was dominated by diurnal fluctuations as expected.
These modifications are found to be well transformed to the forecasts of Ne with the maximum effect to be
reached around Equatorial Ionization Anomaly (EIA, around ±30° latitude, see Figures 6–8).

• The results demonstrated in Figures 9 and 10 indicate that assimilating LEO‐derived TNDs in TIE‐GCM
impacts the analysis and forecast of the electron density during both low and high solar activity periods.
Our experiments show that the DART/TIE‐GCM with assimilating TNDs is able to decrease the errors of Ne
by 52.3% and 40.4% in the forecast mode compared to the Ne measured by RO during E1 and E3. Therefore,
the impact on Ne is found to be larger during low solar activity compared to high solar activity. Analogous to
the TND behavior, the original TIE‐GCM overestimates (underestimates) Ne during the period with low
(high) solar activity. The TND DA can mitigate this mis‐modeling from 52,613 (69,603) cm− 3 to 25,078
(40,636) cm− 3 in terms of RMSE during E1 (E3).

This study mainly focused on the assimilation of space‐based TNDs into TIE‐GCM during periods with low and
high solar activity. This work can be extended by considering multi‐sensor data such as the radio occultation‐
derived electron density profiles, GNSS‐derived total electron content, as well as thermospheric neutral winds
and temperature. Also, the advantage of this DA implementation for the near‐real time orbit prediction and point
positioning applications can be further explored. To improve the forecasting ability, it will be helpful to conduct
further research on the calibration of external forcing (Forootan et al., 2020, 2022; Kosary et al., 2022) using
multi‐sensor measurements.
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Appendix A: Data Set
A1. CHAMP

The CHAMP satellite was launched in June 2000 into an 87° inclination orbit,
at an initial altitude of 454 km with an orbital period of 93.55 min. Because
the orbital height of these satellites was low (less than 550 km), accelerometer
sensors were installed to assess non‐gravitational forces operating on their
surface. The main source of non‐gravitational acceleration at low altitudes is
atmospheric drag caused by the satellite's movement through the thermo-
sphere. SO, TNDs along CHAMP orbits can be estimated through raw
accelerometer observation. In this study, CHAMP TNDs are derived from TU
Delft (Siemes et al., 2023) at a 30‐s sampling rate and The time‐series of
altitude against the local time of the satellites during E1 and E2 experiments
of this study are displayed in Figure A1.

A2. GRACE

The Gravity Recovery and Climate Experiment (GRACE, 2002–2017)
(Tapley et al., 2004) and its follow‐on mission (GRACE‐FO, launched in
2018) (Flechtner et al., 2014), were designed to provide information about the
Earth's gravity field. The two satellites, GRACE‐1 and GRACE‐2, were
initially in a circular polar co‐planar orbit at an altitude of 500 km, which

eventually decayed to 300 km, and were at an inclination of 89° with 90 min orbital period. Similar to CHAMP,
the accelerometer on the GRACE and GRACE‐FO provide observations that are utilized to determine TND along
satellite orbits (Doornbos, 2012; Sutton, 2011; Sutton et al., 2007). In this study, the GRACE1‐TNDs are derived
from TU Delft (Siemes et al., 2023) at a 30‐s sampling rate. The variation of altitude against the local time of the
satellites during E1 and E2 experiments of this study are shown in Figure A2.

Figure A1. Variation of altitude against local satellite time along CHAMP
orbits during the E1 (top) and E2 (bottom) experiments.

Figure A2. Variation of altitude against local satellite time along GRACE orbits during the E1 (top) and E2 (bottom)
experiments.
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A3. Swarm

The three Swarm satellites were launched on 22 November 2013, into near‐polar orbits. Swarm A and C are the
lower pair of satellites, flying side by side (1.4° separation in longitude at the equator) at an altitude of 462 km
(initial altitude), an inclination angle of 87.35° and an orbital period of 94 min. Each Swarm satellite carries an
accelerometer and GPS receiver. These measurements can be used for determining non‐gravitational forces such
as drag and radiation pressure acting on the spacecraft. In this study, the high‐quality TNDs from Swarm GPS
observations are used and their estimation procedure is summarized in two steps in the following (Van Den IJssel
et al., 2020). At first, the non‐gravitational accelerations are estimated in a GPS‐based precise orbit determination
(POD) procedure. In the second step, the direct approach (Doornbos et al., 2010) is used to convert the accel-
erations into thermospheric densities. In this study, Swarm‐TNDs from GPS data is downloaded from http://
thermosphere.tudelft.nl/ at a 30‐s sampling rate. The changes in altitude against the local time of the satellites
during the E3 experiment of this study are represented in Figure A3.

Appendix B: Evaluation Measures
To numerically evaluate the performance of the data assimilation procedure in analysis and forecast steps
compared to the observation, the following metrics are applied:

• “Bias” is defined as:

Bias =
1
n
∑
n

i=1
(Obsi − Modeli), (B1)

where Obs and Model denote observation and model estimates, receptively, and n is the number of observations.
The positive (negative) values of the bias demonstrate that the model underestimates (overestimates) compared to
the observations.

• The expression of bias in percentage is computed based on the “Relative Error (RE)” as:

RE = 100 ×∑
n

i=1
(
|Obsi − Modeli|

Obsi
), (B2)

where |.| represents an operator that returns the absolute values.

Figure A3. Variation of altitude against local satellite time along Swarm‐C (top) and Swarm‐B (bottom) orbits during the E3
experiment.
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• Bias of density ratio is defined as:

Biasratio =
1
n
∑
n

i=1
(Exp(Ln(Obsi/Modeli))), (B3)

When the value of Biasratio is less than 1 (larger than 1), the metric indicates that the model overestimate (un-
derestimate) the feature.

• “Root Mean Squares of Error (RMSE)” is determined to assess how model estimates match with observa-
tions as:

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i=1(Obsi − Modeli)

2

n

√

(B4)

The square term inside the RMSE equation highlights both positive and negative differences between the
quantities.

• “Improvement” is defined as percentage in the computed RMSEs after implementing DDA as:

Improvement = 100 ×
RMSE1 − RMSE2

RMSE1
, (B5)

where RMSE1 is computed between the original TIE‐GCM and observations, and RMSE2 is determined between
DART/TIE‐GCM outputs and observations.

• “Average of Absolute Percentage Deviation (AAPD)” is expressed as the percentage of absolute difference
between observation and model as:

AAPD = 100 ×
∑n

i=1(
⃒
⃒
⃒
Obsi − Modeli

Obsi

⃒
⃒
⃒)

n
, (B6)

Minimum (maximum) values of AAPD correspond to the average best (worst) performance of a model in esti-
mating VTECs.

• “Nash” Nash‐Sutcliffe model Efficiency Coefficient is represented the fraction of the variance in the data that
is predicted by the model as:

Nash = 1 −
∑n

i=1(Obsi − Modeli)
2

∑n
i=1(Obsi − Obs)

2 , (B7)

where Obs is defined as the mean of observations. In contrast to AAPD, the minimum (maximum) values of Nash
correspond to the average worst (best) performance of model in simulating VTECs.

• “STDratio” presents the ability of the model to simulate observed TND change, as well as geophysical noise
and instrumental noise in the observations (Bruinsma et al., 2018) and it is determined as:

STDratio = 100 × (Exp(STD(Ln(Obs/Model))) − 1), (B8)

where StD is Standard Deviation of the density ratio.

• “Correlation Coefficients (CCs)” are used as a unit‐less measure to represent the overall fit between model
estimations and observations:
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CC =
∑
n

i=1
(Modeli − Model) (Obsi − Obs)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n

i=1
(Modeli − Model)

2∑(Obsi − Obs)
2

√ . (B9)

The range of CCs is from − 1 to +1, where − 1 indicates the perfect negative correlation, +1 corresponds to the
100% fit, and zero indicates no correlations.

Appendix C: Impact of the TND DA on Reducing Biases During the E2 Experiment
With High Solar Activity
The effects of the TND DA along CHAMP during the E2 experiment with high solar activity are shown in
Figure C1. These plots indicate the ability of DART/TIE‐GCM during high solar activity period and the bias
values are decreased from 3.96 × 10− 13 to 7.48 × 10− 14 and 1.25 × 10− 13 in the analysis and forecast modes,
respectively. Also, in the data assimilation procedure, the RMSE values are improved by 64% and 49% in the
analysis and forecast modes, respectively. The statistical measures such as RMSE, Bias, Nash as well as RE are
reported in Table C1.

Figure C1. Comparisons of the DA TND with CHAMP measurements during high solar activity: (a) orbit‐averaged TNDs
from TIE‐GCM, DART/TIE‐GCM outputs in the analysis and forecast modes, as well as measured TNDs along the orbit of
CHAMP during the E2 experiment (August 13th–16th, 2004); (b) Time‐series of TNDs during 24 hr in 14 August 2004; and
(c) a summary of biases (from Equation B1) between the measured TNDs and those of TIE‐GCM and DART/TIE‐GCM.
Here, the DART/TIE‐GCM is processed using CHAMP TNDs as assimilation observations.
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Appendix D: Impact of the TND DA on Reducing Biases During the E3 Experiment
With High Solar Activity
Effects of the TND DA along Swarm‐C during the E3 experiment with high solar activity are presented in
Figure D1. These plots show that the DART/TIE‐GCM is effective in high solar activity and the bias values are
reduced from 3.96× 10− 13 to 7.48× 10− 14, and 1.25 × 10− 13 in the analysis and forecast modes, respectively. Our
experiments indicate that DART/TIE‐GCM is able to decrease the RMSE by 64% and 49% in the analysis and
forecast modes, respectively. Different statistical measures such as RMSE, Bias, Nash as well as RE are reported
in Table D1.

Table C1
A Summary of Statistical Measures Derived During the E2 Experiment Along the Orbit of CHAMP

Mode RMSE (kg/m3) Bias (kg/m3) NASH AAPD(%) RE(%)

Original TIE‐GCM 1.05 × 10− 12 − 1.01 × 10− 12 − 1.57 58.74 60.98

DART/TIE‐GCM (Analysis) 2.09 × 10− 13 9.41 × 10− 14 0.89 8.02 12.16

DART/TIE‐GCM (Forecast) 2.23 × 10− 13 2.75 × 10− 14 0.88 9.71 12.99

Note. Here the CHAMP TNDs are used as assimilation observations within the DART/TIE‐GCM implementation, and the
results of the original TIE‐GCM, the DA models in the analysis, and forecast modes are evaluated.

Figure D1. Comparisons of the DA TND with Swarm‐C measurements during high solar activity: (a) orbit‐averaged TNDs
from TIE‐GCM, DART/TIE‐GCM outputs in the analysis and forecast modes, as well as measured TNDs along the orbit of
Swarm‐C during the E2 experiment (February 4th–8th, 2015); (b) Time‐series of TNDs during 24 hr in 5 February 2015; and
(c) a summary of biases (from Equation B1) between the measured TNDs and those of TIE‐GCM and DART/TIE‐GCM.
Here, the DART/TIE‐GCM is processed using Swarm‐C TNDs as assimilation observations.
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Figures 3, C1, and D1 and numerical results in Tables 3, C1, and D1 during periods with low and high solar
activity highlighted the ability of data assimilation procedure in estimating the TNDs with high accuracy in
analysis and forecasting model along assimilated observations orbits. Also, These results show the magnitude of
improvements might be lower during days with a high solar activity index.

Appendix E: Exploring the Third Mode of Applying PCA Technique on the Neutral
Density and Electron Density During E3
The third modes of PCA during high solar activity (E3) correspond to 9.63% and 13.16% of the total variance of
TND and Ne differences, respectively (see Figure E1).

Table D1
A Summary of Statistical Measures Derived During the E3 Experiment Along the Orbit of Swarm‐C

Mode RMSE (kg/m3) Bias (kg/m3) NASH AAPD (%) RE (%)

Original TIE‐GCM 3.96 × 10− 13 3.58 × 10− 13 0.05 25.74 34.29

DART/TIE‐GCM (Analysis) 1.41 × 10− 13 7.48 × 10− 14 0.88 8.62 12.21

DART/TIE‐GCM (Forecast) 2.01 × 10− 13 1.25 × 10− 13 0.75 11.68 17.37

Note. Here the Swarm‐C TNDs are used as assimilation observations within the DART/TIE‐GCM implementation, and the
results of the original TIE‐GCM, the DA models in the analysis, and forecast modes are evaluated.

Figure E1. PCA of the TND and Ne differences derived between the outputs of TIE‐GCM and the forecast mode of DART/
TIE‐GCM at 400 km altitude during E3 experiment. The left corresponds to the third mode of PCA. The anomaly maps
(EOFs) are shown in terms of kg/m3 and cm− 3, which must be multiplied by the unit less time series (PCs) on the right side of
this figure.
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Data Availability Statement
The authors are very grateful to the providers for their data that were freely available to this study. The UCAR/
DART provided the data assimilation tools used in this work (J. L. Anderson et al., 2004). The source code for the
simulation models used in this study, TIE‐GCM, is freely available from https://www.hao.ucar.edu/modeling/
tgcm/tie.php. The thermosphere neutral density data along the orbit of CHAMP, GRACE and Swarm are
available from the Delft Technical University's website (Siemes et al., 2023; Van Den IJssel et al., 2020). The
solar activity index F10.7 and the geomagnetic activity index Kp data are available from the following links: F10.7:
https://www.spaceweather.gc.ca/forecast‐prevision/solar‐solaire/solarflux/sx‐en.php and Kp: https://doi.org/10.
5880/Kp.0001. The COSMIC data are available from http://www.cosmic.ucar.edu. This paper's main data
assimilation results have been published on the Zenodo website (Kosary et al., 2024).
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