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Abstract The Iterative Driver Estimation and Assimilation (IDEA) data assimilation technique was used
with the Whole Atmosphere Model (WAM) to improve neutral density specification in the upper thermosphere.
Two different neutral density data sources were examined to enhance the capability of simulating the global
thermospheric state. The first were accelerometer estimates of neutral density from the Challenging Mini‐
Satellite Payload (CHAMP) satellite. The second were neutral density estimates from the Global Ultraviolet
Imager (GUVI) limb‐scan airglow observations aboard the Thermosphere Ionosphere Mesosphere Energetics
and Dynamics satellite. Due to the intensity of the November 2003 storm, two changes were necessary in WAM.
The first was allowing the Kp geomagnetic index to exceed 9 and the second was changing the relationship
between Kp and the solar wind parameters used to drive the model. With these changes, results show that IDEA
effectively captures the thermospheric neutral density at the CHAMP satellite altitude and follows the time‐
dependence through the November 2003 storm period. Furthermore, a cross‐comparison was conducted with
the GUVI dayside limb scan measurements. GUVI neutral densities within 270–320 km show the closest
agreement with WAM when CHAMP data was assimilated by IDEA. We speculate on the potential for
observations from GUVI at 300 km to be used as a data source in the IDEA‐WAM simulations. These
simulations demonstrate the utility of the IDEA data assimilation technique with physical models and that using
either accelerometer observations or ultraviolet airglow limb measurement during extreme storm periods could
be used.

Plain Language Summary Strong variations in the neutral density of the thermosphere heavily
impact the position of low Earth orbit objects as they respond to radiative inputs from the Sun in the extreme
ultraviolet (UV) wavelength range, energetic particle precipitation in the auroral regions, and global‐scale
electrical currents generated during geomagnetic storms. In this study, the Iterative Driver Estimation and
Assimilation (IDEA) data assimilation technique was used with the Whole Atmosphere Model (WAM) to
improve neutral density specification in the upper thermosphere. The Challenging Mini‐Satellite Payload
(CHAMP) satellite and the Global Ultraviolet Imager (GUVI) limb scan UV airglow observations aboard the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite were examined to enhance
the capability of simulating the global thermospheric state. Results show that IDEA effectively captures the
thermospheric neutral density at the CHAMP satellite altitude throughout the November 2003 storm period.
Furthermore, GUVI limb scan measurements on the dayside were cross‐compared with IDEA densities. We
speculate on the potential for observations from GUVI during the daytime to be used as a data source in the
IDEA‐WAM simulations. This study demonstrates data assimilative physical models are capable of improving
neutral density specification for better orbit determination and prediction of low Earth orbiting satellites.

1. Introduction
In recent decades, the accurate specification and forecasting of the thermospheric state has grown increasingly
important within the space physics and satellite owner/operator communities. Variations in neutral density lead to
dynamic drag forces on low Earth orbit (LEO) satellites flying through the thermosphere, which in turn causes
orbital track changes (Berger et al., 2020). Given that the physics‐based general circulation models (GCMs) are
generally considered the most powerful tool in understanding the complicated three‐dimensional time‐dependent
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behavior of Earth's atmosphere, numerous efforts have been made to improve the thermospheric quantities such as
neutral temperature, density, composition, and winds through the assimilation of observations into physics‐based
GCMs (e.g., Cantrall et al., 2019; Cierpik et al., 2003; Codrescu et al., 2004, 2022; Lomidze & Scherliess, 2015;
Matsuo et al., 2013; Mehta et al., 2019; Mlynczak et al., 2018; Ruan et al., 2018; Sutton, 2018; Weimer
et al., 2020). Matsuo et al. (2013) presented an application of ensemble Kalman filtering (EnKF) to a GCM of the
thermosphere and ionosphere by ingesting the electron density of COSMIC/FORMOSAT‐3 and the neutral mass
density of the Challenging Mini‐Satellite Payload (CHAMP) satellite, and showed that assimilation of the
electron density profiles and the in situ neutral mass density observations into the Thermosphere‐Ionosphere‐
Electrodynamics General Circulation Model (TIEGCM) is capable of improving the neutral density specifica-
tion. They also showed that the F10.7 index can be inferred from the neutral mass density by using the EnKF, and
that it impacts the global neutral density specification.

Sutton (2018) developed a novel physics‐based data assimilation technique, Iterative Reinitialization, Driver
Estimation, and Assimilation (referred to as IDEA hereafter), to minimize the root‐mean‐square errors (RMSe) of
log density between a model and observed data by iteratively estimating solar and geophysical drivers. IDEA
iteratively estimates these external drivers and reinitializes the model for a period extending far enough into the
past to let the model respond accordingly. After convergence is attained, the data assimilation window moves
ahead 3 hr into the future. By ingesting neutral mass density measurements from low‐Earth orbiting acceler-
ometers, Sutton (2018) showed that the IDEA technique greatly reduces RMSe of the physics‐based model
relative to ingested observations from the CHAMP satellite as well as to an independent validation data set from
the Gravity Recovery And Climate Experiment satellite during a long‐term simulation in 2003, a period con-
sisting of a wide range of solar and geomagnetic activity levels. They demonstrated that IDEA, an accurate and
robust physics‐based method, is capable of specifying neutral density during both quiet and disturbed times.
However, Sutton (2018) pointed out that Kp estimates are likely to be correlated with those of F10.7, making it
difficult to separate the two effects during the estimation procedure. Additionally, the 3‐hr advancement of the
data assimilation window used in Sutton (2018), while established in order to maintain observability of estimated
parameters based on the information available from the assimilation data, may not be sufficient to capture some of
the rapid changes in the thermosphere during extreme storm periods.

The geomagnetic storm on 20 November 2003 is widely recognized as one of the largest geomagnetic storms
during the 23rd solar cycle, as measured by the Dst index (−422 nT). Numerous measurements acquired during
the storm period have been analyzed over the past decades (e.g., Bortnik et al., 2006; Bruinsma et al., 2006; Foster
et al., 2005; Liu & Lühr, 2005; Meier et al., 2005). Several model simulations have also been conducted to
understand how this superstorm affected the terrestrial magnetic fields and subsequently influenced the atmo-
sphere (Fok et al., 2011; Gardner et al., 2018; Weimer et al., 2023). Meier et al. (2005) used the Global Ultraviolet
Imager (GUVI) aboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite (TIMED)
neutral compositions/temperature, and compared them with the TIEGCM simulation. They found that the model
simulations of the thermospheric response exhibited good agreement with GUVI data prior to the peak of the
storm on 20 November, but notable discrepancies between data and model were seen during the main and re-
covery phases of the storm.

In 2021, a physical model of the Whole Atmosphere Model (WAM) coupled to an Ionosphere Plasmasphere
Electrodynamic plasma component was transitioned into operations by NOAA's Space Weather Prediction
Center. In this study, in order to enhance the nowcasting capabilities of WAM, neutral density observations from
CHAMP satellite accelerometer are assimilated into WAM using the IDEA scheme in the upper thermosphere. In
addition, the WAM densities are cross‐compared with neutral densities from GUVI dayside limb scan UV airglow
measurements in order to validate the model output while exploring potential neutral density data sources for
future applications of neutral density data assimilation in WAM.

2. Model and Data
WAM is an extension of the Global Forecast System (GFS, Han & Pan, 2011; Juang, 2011, 2014; NCEP, 2015;
Yang et al., 2006, 2008) with a spectral hydrostatic dynamical core. WAM includes additional species, allows for
variable specific heat and gas constant, and utilizes an enthalpy thermodynamic variable. The model is extended
to 150 vertical levels, with a vertical resolution of a quarter pressure scale height, on a hybrid pressure‐sigma grid,
spanning Earth's atmosphere from the surface to approximately 3 × 10−7 Pa (400–600 km depending on levels of
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solar activity) (see https://www.swpc.noaa.gov/products/wam‐ipe). WAM includes all GFS lower atmospheric
physics processes via the common column‐physics interface. These include radiative processes, hydrological
cycle, planetary boundary‐layer and surface exchange processes, parameterized ozone photochemistry,
orographic gravity waves, and others (Akmaev et al., 2008). WAM ionosphere‐thermosphere (I‐T) physics ex-
tends the GFS model physical processes, which includes UV and EUV radiative heating, parameterized NO, O3,
CO2, and H2O infrared radiative cooling with the breakdown of local thermodynamic equilibrium, non‐
orographic gravity waves, viscosity, Joule and auroral heating, ion drag, and molecular diffusion of heat, mo-
mentum, and species (Akmaev, 2001; Fuller‐Rowell & Rees, 1980; Fuller‐Rowell et al., 1996). The high‐latitude
electric potential model is based on Weimer (2005). In this study, WAM is run with a triangularly truncated
spherical harmonic expansion of degree and order 62 (T62) equivalent to a horizontal resolution of ∼180 km in
latitude‐longitude. In operations, WAM is driven by the average of the daily F10.7 solar radio flux at 10.7 cm
wavelength (measured in solar flux unit—sfu, where 1 sfu = 10−22 W m−2 Hz−1) and the average of the previous
41‐day daily F10.7, centered on the day of interest, an average of the previous 24 hr of Kp, hemispheric auroral
power (Hp), interplanetary magnetic field (IMF) Bz and By components, solar wind velocity (Vsw), and solar wind
plasma density as the input drivers. In the free‐run mode, WAM can be operated with observed solar wind drivers
or, alternatively, the solar wind drivers can be derived from Kp based on empirical formulas. These drivers were
linearly interpolated to the 1‐min temporal resolution of WAM prior to being ingested into the model.

The IDEA assimilative system was developed by Sutton (2018). IDEA targets aspects of the I‐T model exhibiting
the most uncertainty while preserving, wherever possible, the internal self‐consistency of the I‐T model. IDEA
modifies the solar flux (i.e., F10.7) and geomagnetic (i.e., Kp) drivers by ingesting the observed I‐T data, and
iteratively reinitializes the model for 24 hr into the past to bring the model into agreement with neutral density data
from observations. Note that the F10.7 used in this process is the solar activity factor given by
F10.7 = (F10.7d + F10.7A)/2, where F10.7d is the daily solar radio flux of 10.7 cm wavelength and F10.7A is the 81‐day
average of the daily F10.7 centered on the day of interest (Hinteregger et al., 1981; Richards et al., 1994). In
Sutton (2018), a 1‐day effective F10.7 and three latest effective 3‐hr Kp indices are estimated repeatedly until the
convergence is achieved, and the F10.7 and Kp are updated with the newly estimated ones. In this work, we test
whether, the quickly varying conditions that occur during strongly disturbed geomagnetic conditions can be
captured in shorter than 3‐hr increments. In addition, we attempt to limit the correlation between Kp and F10.7

correction. These efforts will be elaborated on in Section 4.

The CHAMP satellite was launched on 15 July 2000 into a near‐circular orbit with an inclination of 87.25°, and
orbital period of 93 min. During the 20 November 2003 geomagnetic storm, the satellite altitude varied between
380 and 420 km. The satellite carried a very sensitive accelerometer, and the acceleration due to air drag has been
used to derive the neutral density (Bruinsma et al., 2004; Doornbos et al., 2010; Liu et al., 2005; Mehta
et al., 2017; Siemes et al., 2023; Sutton, 2009; Sutton et al., 2005, 2007). The derived neutral density data are
further binned and averaged along the satellite's orbit in 3‐degree increments in order to reduce any random errors
and the size of the density data set without degrading the quality (Sutton, 2011a, 2011b). Density data with
uncertainties exceeding two standard deviations are excluded to avoid highly deviated data.

The TIMED‐GUVI satellite provided the limb scan measurements of airglow on the dayside from 12:00 to
16:00 LT during the November 2003 storm period. The major neutral compositions (O, O2, and N2) are calculated
from the UV radiance of the different colors/wavelength bands: OI 135.6 nm and Lyman‐Birge‐Hopfield (LBH)
140–180 nm (Christensen et al., 2003; Emmert et al., 2006; Paxton et al., 1999). The retrieval algorithms are
similar to those used for SSUSI (Special Sensor UV Spectrographic Imager) (Paxton et al., 1998). The Level 1B
airglow data are inverted into the neutral density profiles (Level 2B) from March 2002 to August 2007 (http://
guvitimed.jhuapl.edu/data_products). Retrievals used in this study are based on data collected at solar zenith
angles (SZA) less than 60° and latitudes below 80°. There is a minor systematic issue beyond 70°–75° SZA that
appears to be related to the loss of sensitivity to molecular species at large SZA. The most reliable data are
obtained with SZA < 60°, except for atomic oxygen, which is accurate to 70° or larger (see http://guvitimed.
jhuapl.edu/sites/default/files/data/documents/readme_GUVI_Version_13_Limb_Retrievals.pdf for more de-
tails). Thus, in this study, the neutral density and compositions beyond 60° SZA are excluded.
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3. Results
Figure 1 displays the observed solar and geomagnetic parameters during the storm period of 19–21 November. A
modest increase of F10.7 from 143 to 153 sfu was observed over the course of the first two days. Geomagnetic
activity, as indicated by the Kp index, started to increase early on 20 November, together with increased Hp/IMF
B/Vsw and decreased IMF Bz. Kp index returned back to quiet levels below 3 by 12:00 UT on 21 November. A
dramatic change of Hp from ∼7 to 300 GW was seen from 03:30 to 14:00 UT on 20 November, which indicates
increasing auroral precipitation and polar cap potential (Foster et al., 1986). It returned to the low value of
∼10 GW at 11:00 UT on 21 November. Vsw increased from 455 km/s around 08:00 UT to 713 km/s at 08:55 UT
on 20 November, and subsequently, returned to pre‐storm levels around 500 km/s at 11:00 UT on 21 November.
IMF B began to increase at around 08:00 UT and reached its maximum of 56 nT at 15:27 UT on 20 November, and
the enhancement lasted for 15 hr until it returned to pre‐storm levels around 6 nT at 06:30 UT on 21 November.
IMF Bz turned negative at ∼11:30 UT, and yielded a minimum of −52 nT at 16:08 UT. The negative Bz value
lasted for almost 14 hr (from 11:30 UT on 20 November to 01:00 UT on the 21 November). The IMF orientation
has an important influence on the magnetosphere and high‐latitude ionosphere with more negative IMF Bz

resulting in pronounced effects on the upper atmosphere (Davis et al., 1997). In general, these parameters suggest
that the storm began affecting the Earth's magnetosphere after 03:00 UT on 20 November, becoming most intense
at 14:00–16:00 UT on 20 November, with sustained activity until around 12:00 UT on 21 November. Figure 1
also shows the solar wind/IMF and Hp conditions derived from empirical relationships currently used in the
operational WAM‐IPE. It can be seen these estimates are significantly lower than the observed values. Table 1
illustrates the empirical formulas of Kp and the associated Kp‐derived solar parameters which serve as external
drivers in WAM. Table 1 was derived based on a statistical relationship between Kp from 1 to 9 and observed
solar wind parameters, Hp and IMF Bz from the NASA Advanced Composition Explorer satellite since 1998.
Figure 2 displays the temporal evolution of thermospheric mass density from the WAM free run, CHAMP ob-
servations, and IDEA based on the setup in Sutton (2018). The heavy lines depict the neutral density average of 3

Figure 1. An overview plot of observed (black lines and bars) and Kp‐derived (red lines) F10.7, Kp, Hp, and solar wind parameters during 19–21 November 2003.
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CHAMP orbits (i.e., approximately 4.5 hr) using a moving window of 1.5 hr, and the thinner lines the density
values at the satellite location along the orbit. Note that the observed quiet‐time neutral density values along the
orbit are sampling the global diurnal/latitude neutral density structure, which are well captured by the physical
model driven by observed and Kp‐derived parameters aside from a model bias of about 30% and 10%, respec-
tively, that persists throughout this quiet period. The WAM model driven by observed solar wind/IMF drivers
actually captures the response seen by CHAMP very well. However, that is most likely not always the case, which
is why a data assimilation is being investigated for cases that are not so close. The WAM neutral density increases
during the storm using the Kp derived drivers appears to be significantly lower than the WAM density using the
observed drivers, which can be attributed to the fact that (a) the derived Vsw, IMF B/Bz, and Hp generally un-
derestimate the observed values (Figure 1), and (b) the time variability of the derived drivers is lower than that of
the observed drivers. Figure 2 reveals that the CHAMP density reached its maximum at 21:45 UT, while WAM
with observed and Kp‐derived drivers peaked earlier at 20:15 UT, yielding a 90‐min time delay. The time delay in
the occurrence of the density peak and the underestimation of the density value between CHAMP and WAM with
observed and Kp‐derived drivers indicate that improvement in the model prediction is needed. After applying the

Table 1
Equations of Solar Parameters in Whole Atmosphere Model

Solar parameter Equation Value at Kp = 9

Hp (GW) 1.29 + 15.60Kp − 4.93Kp2 + 0.64Kp3 208.92

IMF B (nT)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

IMF Bz
2 + IMF By

2
√

21.27

IMF Bz (nT)
−Esw × 1000

Vsw
−21.27

Vsw (km/s) 317.0 + 55.84Kp − 2.71Kp2 600.00

Esw (mV/m) 0.1455 + 0.4675kp − 0.1446kp2 + 0.0276kp3 12.76

Note. IMF By is assumed to be 0.

Figure 2. Time evolution of the neutral mass density obtained from Challenging Mini‐Satellite Payload (CHAMP) observations (blue solid line), Whole Atmosphere
Model (WAM) free run with observed SW drivers (gray solid line), WAM free run with Kp‐derived SW drivers (gray dashed line), and Iterative Driver Estimation and
Assimilation (IDEA) data assimilation with old WAM drivers (light green solid line). Thinner lines represent raw data of the data set mentioned above along the
CHAMP satellite orbit. Thicker lines stand for their averages of 3 CHAMP orbits (i.e., about 4.5 hr) with a moving window of 1.5 hr. Bottom panels are observed F10.7
and Kp (blue lines) and F10.7 and Kp estimates for IDEA. Note that the F10.7 and Kp estimates are constant for 3 hr at a time.
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IDEA technique, Figure 2 shows that the estimated Kp reached the maximum
of 9 during 10:00–19:00 UT on 20 November, but the model was still not able
to reach the high levels of the observed density, since the original empirical
relationship of Kp with solar wind/IMF delivers insufficient energy and
heating to the thermospheric system. To make up for the density discrepancy,
IDEA enhanced the F10.7 value; however, the response of the modeled neutral
density to the enhanced F10.7 value was not strong enough to capture the
observed increase in CHAMP density. As a result, the WAM density was not
capable of capturing the CHAMP density until approximately 02:00 UT on 21
November, after the recovery phase had begun. Figure 3 depicts the rela-
tionship between Kp and these parameters based on the formulas shown in
Table 1. Owing to the Kp scale being capped at 9, the related derived external
solar drivers were limited by these empirical relationships, which tend to
underestimate the observed values (Figure 1). To rectify this problem, several
changes were made to WAM's external drivers. The first was allowing the Kp
scale to exceed 9. In Sutton (2018), any Kp estimated more than 9 would be
replaced with 9. In this study, we simply removed this process in the IDEA
estimation procedure to allow the estimated Kp to exceed beyond 9. During
the IDEA data assimilation process, the estimated F10.7 and Kp serve to
correct model errors and to minimize the model variance. In order to mini-
mize the model errors, Kp is allowed to exceed beyond 9, and therefore, the
associated Kp‐derived parameters can be further enhanced to adjust the model
output appropriately. The second was changing the relationship between Kp
and Vsw. Extracting from Table 1, the original equation of Vsw is given by,

Vsw = 317 + 55.84Kp − 2.71Kp2 (1)

Equation 1 was derived based on a statistical relationship between Kp from 1
to 9 and observed solar wind values of velocity and IMF Bz. Since the fit was
limited to Kp at 9, it was a good fit within this range. According to Equation 1,
Vsw steadily increases and reaches its maximum of 604.6 km/s at Kp = 10.3
and decreases afterward. This decrease at larger Kp values, is an artifact of the
analytical fit and does not allow WAM to attain adequately high densities,
especially for extreme storm cases when the effective Kp may be higher than
9. To address this issue, a new relationship for Vsw was implemented by
adjusting the second and third coefficients in Equation 1:

Vsw = 317 + 47.13Kp − 1.36Kp2 (2)

Figure 4a displays a comparison of the two equations for Vsw. The purpose of Equation 2 is to maintain Vsw values
similar to those in Equation 1 up to Kp ∼ 6, while it continues to increase up to 725.3 km/s at Kp = 17.3. The solar
wind velocity of 725.3 km/s was a reasonable value in comparison to the observed ones (Figure 1). Figure 4a
shows that Equation 2 is a better relationship for Vsw when applying the IDEA technique. Figure 4b illustrates that
Equation 2 effectively enhanced the density outputs around 15:00–19:00 UT on 20 November when Kp = 9. This
improvement would be more significant when the IDEA‐estimated Kp exceed 9.

Figure 5 exhibits the temporal evolution of the thermospheric neutral mass density obtained from CHAMP, WAM
free runs, and the IDEA data assimilation with the adjustments mentioned above (referred to as “IDEA with
adjusted WAM drivers” hereafter) during 19–21 November 2003. Figure 5 shows that the IDEA data assimilation
method has effectively improved the neutral density nowcast with only −5.3% bias relative to CHAMP during the
storm time period of 20 November. During the recovery phase on 21 November, WAM runs with observed and
Kp‐derived drivers were consistently lower than CHAMP, while IDEA effectively captured the CHAMP density
enhancements. Table 2 displays bias, RMSe, and standard deviation (STD) for the CHAMP log density and its 3‐
orbit average with respect to four density outputs: free‐running WAMs with observed and Kp‐derived drivers and
IDEA outputs with old and adjusted WAM drivers during the storm period from 20 to 21 November. Given that

Figure 3. The relationships used in the Kp‐derived Whole Atmosphere
Model free runs to calculate solar wind conditions from Kp. These are
typically used in forecast mode, when forecasts of Kp are available but solar
wind conditions are not.
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the IDEA system minimizes the RMSe in the log densities, the bias, RMSe,
and STD are calculated in log space (Sutton, 2018), and the quantities are
expressed as percentages, for example, % = 100 × (exp(RMSe) − 1). Note
that “IDEA with old WAM drivers” refers to the IDEA output shown in
Figure 2. From the 3‐orbit‐averaged perspective, IDEA with adjusted WAM
drivers clearly outperforms free‐running WAMs and IDEA with old WAM
drivers. On the other hand, along CHAMP orbits, IDEA with adjusted WAM
drivers exhibits better performance compared to free‐running WAMs and
slightly outperforms IDEA with old WAM drivers.

Figure 6 illustrates the time variation of RMSe in free‐running WAM with
observed and Kp‐derived drivers and IDEA with adjusted WAM drivers in
comparison to CHAMP from the 3‐orbit‐averaged perspective. The free‐
running WAM with observed drivers exhibits a large RMSe about 20%–
35% on 19 November, but the value decreased to 5%–13% on 20 November
and sustained until 22 November. In contrast, the free‐running WAM with
Kp‐derived drivers displays a low RMSe of 6%–10% for the first 12 hr of 19
November, while it began to enhance up to 70% around 00:00 UT 21
November. On the other hand, RMSe of IDEA with adjusted WAM drivers
reduced considerably to below 8% throughout the period of 19–21 November.
The RMSe of IDEA with adjusted WAM drivers was fairly low with respect
to the two WAM free runs and rarely exceeded 6% on the quiet day of 19
November and in the recovery phase on 21 November. Figure 6 shows that
IDEA has effectively reduced the RMSe during both quiet and geomagnetic
disturbed days, which indicates the usefulness of the IDEA technique in
improving the predictive capability for neutral density.

4. Discussion
One prominent discrepancy, however, between WAM and CHAMP densities
in Figure 5 is the occurrence of low‐density features in WAM from 16:00 to
22:00 UT on 20 November. These low‐density features are only present
during the storm time period. Figure 7 focuses on the neutral density from
12:00 to 22:00 UT on 20 November along the CHAMP satellite orbit. The
prominent density dip feature can be seen in CHAMP, WAM free runs, and
IDEA with adjusted WAM drivers repeatedly during the early phase of the
storm from 12:00 to 16:00 UT. However, while this feature remained present
in WAM free runs and IDEA with adjusted WAM drivers during the peak of
the storm from 16:00 to 22:00 UT, it was absent from CHAMP observations.
The middle and bottom panels of Figure 7 illustrate that these density dips

occurred repeatedly in the high‐latitude regions of both hemispheres, mostly on the nightside of the noon‐
midnight orbit. Here, we focused on two cases around 12:35 and 20:12 UT. Figure 8a presents a snapshot of
the polar plot in the southern hemisphere from 30°S to 90°S at 12:30 UT and time variation of the neutral density
from 12:20 to 12:50 UT. Both the model and CHAMP displayed a density minimum at 12:33 and 12:35 UT,
respectively. The former minimum corresponds to the density hole in WAM within 60°S–90°S on the nightside.
The model and CHAMP generally exhibited similar features and patterns in neutral density during this period, and
this consistency was seen from 12:00 to 16:00 UT. This density hole structure has been widely investigated over
decades (e.g., Fuller‐Rowell et al., 1999; Schlegel et al., 2005; Schoendorf, Crowley, Roble, & Marcos, 1996,
Schoendorf, Crowley, & Roble, 1996). Fuller‐Rowell et al. (1999) found that these density holes are dynamically
driven, created by the high‐velocity neutral winds from ion drag which are usually seen during strong
geomagnetic activity. On the other hand, Figure 8b displays another snapshot of the polar plot, along with the time
variation of the neutral density in the model and CHAMP from 20:00 to 20:30 UT. A significant density hole
formed in 60°S–90°S several hours after midnight, while the CHAMP satellite passed through this region and did
not observe the associated density minimum. Comparing Figures 8a and 8b, we find that the density hole feature is

Figure 4. A comparison of (a) relationships between Kp and Vsw using
Equation 1 (black curve) and Equation 2 (red curve) and (b) neutral densities
of free‐running Whole Atmosphere Model using Equation 1 (black curve)
and Equation 2 (red curve) and Challenging Mini‐Satellite Payload
observations (blue curve).
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well captured by the model, while its real location may deviate from the CHAMP satellite location, resulting in the
underestimated WAM density seen during the storm period of 16:00–22:00 UT.

In addition to different locations in anomalous density dips between observed and modeled neutral densities, we
speculate that the 3‐hr advancement of the data assimilation window could also cause the density discrepancy as it
may not be sufficient to capture some of the rapid changes in the thermosphere during extreme storm periods.
Therefore, we attempt to experiment whether changing the data assimilation window improves model‐data
agreement. Figure 9 exhibits the IDEA outputs with a halving Kp estimation time window (i.e., 1.5 hr). More-
over, the F10.7 estimation time window remains unchanged at 24 hr in order to limit the correlation between Kp and
F10.7 corrections. This means that the six latest 1.5‐hr Kp indices, together with a 1‐day effective F10.7, are now
estimated for a total of seven quantities during each data assimilation step. Figure 9 shows that IDEA with adjusted
Kp/F10.7 windows has improved the rise time of densities on 20 November. Table 2 presents bias, RMSe, and STD
of IDEA with adjusted Kp/F10.7 windows relative to CHAMP. It can be seen that, while bias is smaller, RMSe and
STD of IDEA with adjusted Kp/F10.7 windows are larger than IDEA with adjusted WAM drivers. This indicates that
changing the data assimilation window has effectively improved the model‐data agreement in terms of bias, while
RMSe and STD being worse indicates that the observability become poor when estimating six 1.5‐hr Kp values.

The IDEA data assimilation system uses CHAMP neutral density estimates from accelerometer measurements in
the present study. For future operational configurations of neutral density data assimilation in WAM it is useful to

Figure 5. Similar to Figure 2 but the Iterative Driver Estimation and Assimilation output is obtained with adjusted Whole Atmosphere Model drivers.

Table 2
Performance Metrics of Whole Atmosphere Model Neutral Density Relative to Challenging Mini‐Satellite Payload Measurements During 20–21 November

Bias RMSe STD

Along‐orbit (%) 3‐Orbit‐average (%) Along‐orbit (%) 3‐Orbit‐average (%) Along‐orbit (%) 3‐Orbit‐average (%)

WAM with observed drivers 4.5 3.4 32.9 18.2 32.4 17.8

WAM with Kp‐derived drivers −21.4 −22.4 53.9 44.5 42.9 30.5

IDEA with old WAM drivers −5.3 −3.4 25.4 11.2 24.6 10.5

IDEA with adjusted WAM drivers −4.1 −2.3 23.5 5.2 23.0 4.6

IDEA with adjusted Kp/F10.7 windows −2.4 −1.1 24.4 5.8 24.3 5.7
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explore alternative data sources. One such data source is the neutral density
estimated from GUVI airglow observations. We compared the data set of
GUVI neutral density retrieved from airglow observations with the IDEA
densities adjusted by assimilating CHAMP. Here, we used IDEA outputs with
adjusted WAM drivers for two reasons: the IDEA technique aims to minimize
the RMSe of log density between a model and observed data (Sutton, 2018),
and Table 2 shows that IDEA with adjusted Kp/F10.7 windows yields the least
RMSe. Free‐running WAMs with observed and Kp‐derived drivers were also
compared to demonstrate how much the IDEA improves the neutral density
outputs relative to the free‐running WAMs in comparison to the GUVI neutral
density observations. It should be noticed that neutral density estimates ob-
tained from GUVI measurements are available only during the daytime from
12:00 to 16:00 LT. GUVI neutral density profiles are interpolated along the
altitude with a 10 km resolution. Figure 10 displays bias, RMSe, and STD of
GUVI versus IDEA and the free‐running WAMs along altitudes of 110–
500 km with a 10 km interval over the time period of 19–21 November 2003.
Figure 10 demonstrates that assimilation of CHAMP observations in IDEA
had effectively improved the neutral density outputs in comparison to the
independent measurements of GUVI neutral densities. From the 3‐orbit‐
averaged perspective, for example, RMSe and STD in GUVI versus IDEA
are lower than 10% at the altitude within 210–370 km, while those in GUVI
versus free‐running WAMs with observed and Kp‐derived drivers are

generally higher than 10% and 15%, respectively. The bias of the along‐orbit data and the 3‐orbit average between
GUVI and IDEA approaches 0 at the altitude of 320 km. The RMSe values are at their minimum values at 290 and
300 km, respectively, and the STD values are lowest at altitudes of 270 and 280 km, respectively. In general, this
shows that GUVI limb scan measurements are the most consistent with CHAMP and IDEA at altitudes ranging
from 270 to 320 km. Figure 11 displays the temporal evolution of IDEA and GUVI densities at 300 km altitude

Figure 6. Root‐mean‐square errors of observed/Kp‐derived drivers Whole
Atmosphere Model free runs and Iterative Driver Estimation and
Assimilation neutral density with respect to 3‐orbital‐averaged Challenging
Mini‐Satellite Payload observations.

Figure 7. (top) Similar to Figure 5 but for 12:00–22:00 UT on 20 November 2003. (mid) Challenging Mini‐Satellite Payload (CHAMP) satellite locations in latitude.
(bottom) CHAMP satellite local time. Red lines denote the density dip in CHAMP near 12:35 UT and that in Iterative Driver Estimation and Assimilation near
20:12 UT.
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during the period of 19–21 November 2003. Outliers in the GUVI data, along with corresponding model outputs
near 00:00 UT on 21 November are discarded. GUVI data exhibit more fluctuations compared to model output,
possibly due to systematic biases and inversion algorithm assumptions degrading at high latitudes and/or regions
of large solar zenith angle. Nonetheless, a bias of 1.0%, RMSe of 13.5%, and STD of 13.5% between GUVI and
IDEA along the GUVI orbits are lower than the corresponding values of −4.1%, 23.5%, and 23.0% between
CHAMP and IDEA with adjusted WAM drivers (Table 2). In addition, the 3‐orbit‐averaged values also show
strong agreement, with bias, RMSe, and STD of 1.0%, 5.6%, and 5.6%, respectively, which are comparable to the
corresponding values of −2.3%, 5.2%, and 4.6% between CHAMP and IDEA with adjusted WAM drivers
(Table 2) during the storm period of 20–21 November 2003. Figure 11 also shows that IDEA displays a closer
agreement with GUVI densities than free‐running WAMs throughout the storm period. These results demonstrate

Figure 8. Left columns show Iterative Driver Estimation and Assimilation (IDEA) with adjusted Whole Atmosphere Model drivers and Challenging Mini‐Satellite
Payload (CHAMP) neutral density sampled along the CHAMP orbit. Right columns show snapshots of IDEA neutral density at 400 km in 30°S–90°S. (a) 12:20–
12:50 UT (12:30 UT for the snapshot) and (b) 20:00–20:30 UT (20:10 UT for the snapshot). Red dots in the figures indicate a density minimum in IDEA and the
corresponding CHAMP satellite location.
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the potential utility of using GUVI limb scan measurements as the data source in the IDEA data assimilation
system.

5. Conclusion
The IDEA data assimilation technique significantly improves the nowcasting capabilities of WAM thermospheric
neutral densities during the extreme geomagnetic storm in November 2003 by iteratively tuning the F10.7 and Kp
index. Due to the intensity of the storm, a number of adjustments were made to WAM. The first was having an
open‐ended Kp scale in the estimation procedure, which allowed for extended estimates of energy input from the
solar wind and IMF, effectively increasing the neutral density. The second was changing the relationship between
Kp and solar wind velocity. With modified coefficients, the solar wind velocity increased more realistically as the
Kp scale grew. The new equation ensures that neutral density increases when the estimated Kp index previously
became saturated at a value of 9. With these changes, results show that the RMSe of IDEA output with respect to
CHAMP density was consistently below 8% during both geomagnetically quiet and disturbed days, while the
free‐running WAM with observed and Kp‐derived SW drivers yielded greater RMSe values with maximums of
about 35% and 70%, respectively. Additionally, we experimented with a decreased the Kp estimation window
from 3 to 1.5 hr, without changing the 1‐day effective F10.7 estimate window. The reduced Kp window effectively
captures more rapid changes in the thermospheric states during a storm, while the use of the 1‐day F10.7 estimate
reduced the correlation between Kp and F10.7 estimates. However, changing the windows resulted in poor
observability when estimating six 1.5‐hr Kp values, which in turn led to worse RMSe and STD. Overall, IDEA
with adjusted WAM drivers effectively improved data‐model agreement, with a bias of −2.3%, RMSe of 5.2%,
and STD of 4.6%, between IDEA and CHAMP 3‐orbital‐averaged neutral log densities throughout the storm
period.

The main discrepancy between the model and CHAMP densities during the peak of the storm is due to differences
in anomalous density dips. These density anomalies are present in both the free‐running WAM and IDEA output,
as well as in the CHAMP data itself. However, this discrepancy could be explained by the model not being able to
accurately locate the density hole features over the polar regions. The density anomalies in the model outputs were
prominent during the storm, while rather insignificant in the quiet time. In contrast, the density anomalies in

Figure 9. Similar to Figure 5 but the Kp estimation windows are adjusted from 3 to 1.5 hr and F10.7 remains unchanged at 24 hr.
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CHAMP can only be seen during 12:00–16:00 UT on 20 November. To solve this problem, further investigation
and improvement of the modeling technique is required in the future.

In order to validate the IDEA output and explore alternative data sources to be assimilated, IDEA neutral density
output was cross‐compared with TIMED‐GUVI dayside limb scan measurements. Compared with model free
runs, IDEA yielded smaller RMSe and STD values against GUVI neutral densities. Results show good
agreement between IDEA and GUVI neutral densities at altitudes of 270–320 km, with a RMSe values of 13.5%
for densities and 5.6% for 3‐orbital averaged densities at 300 km. The good agreement demonstrates the po-
tential of instruments similar to TIMED‐GUVI limb scan in improving WAM thermospheric neutral density
nowcast and forecast systems. Given the fact that neutral density estimates from TIMED‐GUVI limb scan
measurements are available only during daytime, they may be able to be used simultaneously with another data
type (e.g., accelerometer) to supplement the information. Strong variations in the neutral density of the ther-
mosphere heavily impact the position of LEO objects as they respond to radiative inputs from the Sun, auroral
activity, and electrical currents generated during a geomagnetic storm. Therefore, the improved neutral density
specification in the IDEA scheme presented can significantly benefit the ability to track and predict the tra-
jectories of low Earth orbiting satellites, and exploration of possible data sources such as TIMED‐GUVI limb
scan measurements could be of value to the future operational configuration of IDEA data assimilation
with WAM.

Figure 10. Performance metrics of Global Ultraviolet Imager with respect to (a) Iterative Driver Estimation and Assimilation neutral density, (b) Whole Atmosphere
Model (WAM) with observed drivers, and (c) WAM with Kp‐derived drivers at various altitudes during the period of 19–21 November 2003. Red dots in panel
(a) denoted in the figure highlight when the bias is closest to 0 and when minimum values of root‐mean‐square error and standard deviation are reached.
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Data Availability Statement
The CHAMP accelerometer estimates of neutral density is publicly accessible at https://zenodo.org/doi/10.5281/
zenodo.13287613 (Sutton, 2011a, 2011b). The TIMED/GUVI limb‐scan measurements and retrieved neutral
density profiles are publicly available at https://guvitimed.jhuapl.edu/data_fetch_l2b_ndp_idlsave (TIMED/
GUVI, 2014).
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