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1.  Introduction
Nitric oxide (NO) is a minor constituent of Earth's lower thermosphere, where it plays an important role in the 
structure and energetics of the thermosphere. NO has a long chemical life time and a maximum near 110 km alti-
tude. The distribution of NO density in the lower thermosphere is highly variable in space (i.e., latitude-longitude) 
and time. There are two principal energy sources that lead to the production of NO, both of which are highly 
variable, solar soft X-rays and auroral electron precipitation (Barth et al., 1999; Siskind et al., 1989). During 
storm time, the NO density increases significantly at higher latitudes, whereas the compressional heating, 
molecular diffusion and meridional transport from higher latitudes contribute to the variation in low latitudes 
(Barth & Bailey, 2004; Bharti et al., 2018; Dobbin et al., 2006). Infrared radiative cooling by NO at 5.3 μm 
measured by the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) Sounding of the 
Atmosphere using Broadband Emission Radiometry (SABER) instrument is a dominant cooling mechanism and 
influences the recovery of the thermosphere to geomagnetic storms (Hunt et al., 2011; Mlynczak et al., 2015). Lu 
et al. (2010) attribute this type of radiative cooling to the dissipation of nearly 80% of Joule heating and energy 
input during storm periods. Mlynczak et al. (2003) considered NO emission as an effective “thermostat” effect 
on the thermosphere.

Physics-based models, for example, the Thermosphere-Ionosphere-(Mesosphere)-Electrodynamics General 
Circulation Model (TI(M)EGCM), usually show a fairly good agreement with NO flux observations in terms 

Abstract  The recovery of thermosphere mass density following geomagnetic storms is a result of 
competing heating and cooling processes. Simulations often underestimate the speed of the recovery. In this 
study, for the first time, we report that assimilating the Thermosphere Ionosphere Mesosphere Energetics 
and Dynamics Sounding of the Atmosphere using Broadband Emission Radiometry nitric oxide (NO) 
cooling rate profiles into a coupled thermosphere-ionosphere model via the ensemble Kalman filter improves 
the thermosphere mass density recovery following a geomagnetic storm. This is due to the impact of the 
assimilation on both the cooling processes and the thermosphere circulation. The dynamical changes due to 
the assimilation include stronger upwelling and equatorial transport. These lead to an effective increase in NO 
at  all altitudes at mid-high latitudes, resulting in the improved recovery. The improved representation of cooling 
processes in the storm's main phase also results in improved >24 hr forecasts of the density recovery.

Plain Language Summary  Since nitric oxide (NO) infrared emission plays the most important role 
in cooling down the thermosphere during storm times, it is plausible to attribute the slow neutral mass density 
recovery to an inaccurate representation of NO cooling in the simulations. In this study, for the first time, we 
assimilate the Thermosphere Ionosphere Mesosphere Energetics and Dynamics/Sounding of the Atmosphere 
using Broadband Emission Radiometry NO cooling rate profiles into a coupled thermosphere-ionosphere 
model. We found that the improved density recovery is obtained due to the impact of the assimilated 
observations on the general circulation and cooling processes. The improved representation of cooling 
processes in the storm's main phase further improves forecasts of the neutral density recovery.
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of Solar cycle variations, multiday oscillations, as well as daily global averages during storm times (Burns 
et al., 2012; Qian et al., 2010; Solomon et al., 2012). However, there remains a discrepancy between simulations 
and observations in terms of the neutral density recovery following geomagnetic storms. Lu et al. (2014) found 
the simulated density had a longer recovery time than the observations. Simulations also fail to reproduce ther-
mospheric overcooling, where the thermosphere temperature and density decrease to below the pre-storm period 
following strong geomagnetic storms (Lei et al., 2012). One reason for these deficiencies may be an underestima-
tion of the cooling processes for a particular storm case, that is, Knipp et al. (2013) showed many failed storm's 
density forecasts were associated with high levels of NO cooling. It should also be noted that the altitude distri-
bution of the NO cooling rate differs significantly between simulations and observations. Li et al. (2018) found 
that the SABER peak cooling altitude usually exceeds that from TIEGCM, sometimes by as much as 16 km. This 
leads to an underestimation of the NO flux in TIEGCM due primarily to the lower cooling rates at 140–200 km 
in the model. The deficiencies in simulations of the thermosphere recovery suggest that the heating, circulation, 
and/or cooling processes are not adequately represented in the simulations, and also that updates to some param-
eterization schemes in the first-principle models are warranted.

Thermosphere-ionosphere data assimilations have been proven to obtain states that are more realistic than 
the numerical model simulations alone via the combination of both the experimental measurements and the 
state-of-the-art physical-based models (Chartier et  al.,  2016; Chen et  al.,  2017; Codrescu et  al.,  2018; Lee 
et al., 2012; Matsuo & Araujo-Pradere, 2011; Sutton, 2018). Most of the earlier thermosphere-ionosphere assim-
ilation efforts were primarily restricted to the assimilation of ionosphere observations. They showed a positive 
impact on short-term forecasts and analyses (He et al., 2019; Hsu et al., 2014; Pedatella et al., 2020). This is due 
to the massive ionosphere-related measurements, such as the Global Navigation Satellite System and the Constel-
lation Observing System for Meteorology, Ionosphere, and Climate. Recently, with the increased availability of 
thermosphere observations from the SABER, the Global-scale Observations of the Limb and Disk and the Iono-
spheric Connection Explorer) and the accelerometer-based one, they provide a unique opportunity for the joint 
thermosphere-ionosphere assimilation for the better forecast capability of the space weather.

In this study, for the first time, the SABER NO cooling rate profiles are assimilated into TIEGCM using an ensemble 
Kalman filtering (EnKF) to investigate the thermosphere recovery during the 5 April 2010 geomagnetic storm. This 
storm was driven by a fast-moving coronal mass ejection. Despite being a moderate storm with a minimum Dst near 
−50 nT, the event exhibited elevated thermospheric density more typically seen during major storms (Lu et al., 2014). 
The detailed space weather indices are provided in Figure S1 in Supporting Information S1. This storm was associ-
ated with a fast interplanetary coronal mass ejection traveling at a speed exceeding 700 km/s. It arrived at the Earth 
on 5 April and triggered a geomagnetic storm. The maximum Kp is closer to 8 at this moment. The interplane-
tary magnetic field (IMF) Bz components remained southward, and the geomagnetic symmetric disturbances for H 
components reached a minimum of ∼−90 nT on 6 April. Thereafter, the thermospheric recovery phase began on 7 
April. The IMF returned to its pre-ICME condition in the following days and the Joule heating energy dissipation in 
the thermosphere subsided. Previous model-data comparisons by Lu et al. (2014) have already shown that the simu-
lations overestimated the thermosphere recovery time. According to Kockarts (1980), the NO cooling rate is a derived 
quantity, given as a function of primary physical variables of NO, kinetic temperature, atomic oxygen and molecular 
oxygen. Therefore, the purpose of this study is to demonstrate and examine that applications of assimilating NO 
cooling rate to constraint these thermospheric parameters will lead to an improvement in heating, thermosphere 
dynamics, and cooling through self-consistent coupled thermosphere-ionosphere TIEGCM at each data assimilation 
cycle, which further contributes to a better specification and forecast of thermospheric neutral density recovery.

2.  Data Assimilation Experiments Description
The EnKF data assimilation (DA) system built by He et al. (2019) was used in this study. The National Center for 
Atmospheric Research TIEGCM is chosen as the background model. In this study, we used the model version 2.0 
with horizontal resolution of 2.5° × 2.5° in geographic latitude and longitude, and a vertical resolution of 1/4 scale 
height. The high latitude ion convention pattern is specified based on the Heelis empirical model, which is driven 
by the geomagnetic Kp index (Heelis et al., 1982). The solar UV and extreme ultraviolet fluxes are parameterized as 
the solar 10.7 cm radio flux (F10.7). The atmospheric migrating and non-migrating tides are specified at the model 
lower boundary by the Global Scale Wave Model (Hagan & Forbes, 2003). We use 60 ensemble members, and the 
ensemble simulations are initialized by perturbing solar F10.7 and Kp indices via centered Gaussian distributions. 
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The realistic F10.7 and Kp values used in this study are provided in Figure S1 in Supporting Information S1. Except 
for a storm as indicated above, the solar activity is under a lower condition with the solar 10.7 cm radio flux from 75 
to 79 (unit: 10 −22 W/m 2/Hz) during the whole data assimilation period. The time-dependent F10.7 and Kp indices 
from the gpi file are perturbed with a 15% standard deviation. We reset any F10.7 value less than 60 to 60 sfu. Simi-
larly, Kp index values were restricted from 0 to 9. The background error covariance is localized by a Gaspari-Cohn 
function with a half-width of 20° and 40 km in the horizontal and vertical direction (Gaspari & Cohn, 1999).

The SABER NO cooling rate profiles are assimilated into TIEGCM hourly using observations within ±30 min. The 
assimilation period is from 01 to 09 April 2010. The NO cooling rate at 5.3 μm is calculated between 100 and 250 km 
by applying an Abel inversion for NO limb radiance profile. Meanwhile, a factor is applied to account for the width 
of the spectral band-pass of the filter in the SABER NO channel (Mlynczak et al., 2005, 2007). In details, the SABER 
instrument is a limb scanning radiometer that records vertical profiles of infrared emission from approximately 300 km 
tangent altitude down to the Earth's surface in 10 distinct channels from 1.27 to 15 μm. Infrared radiance profiles for 
NO at 5.3 μm are inverted to yield vertical profiles (∼1,500 per day) of infrared cooling rates between 100 and 250 km 
at approximately 0.2 km altitude spacing. The NO cooling rate profiles are given as a function of altitude, geographic 
latitude and geographic longitude at tangent point. During the assimilation period, SABER was in southward viewing 
mode and sampled the thermosphere from ∼83°S to ∼55°N. The observation error is ∼15%, which partially controls 
the weight assigned to an observation during data assimilation. Mlynczak et al. (2010) indicated that the observation 
errors include measurement errors, rotational temperature uncertainties, and improper filter function. They estimated 
the cooling rates due to NO to be accurate to better than 15%, that is, radiometric calibration (1%), rotational tempera-
ture uncertainties (∼10%), and correcting for the spectral response filter function of the SABER NO channel (∼10%). 
Assuming these uncertainties are uncorrelated, the root sum square of these is conservatively ∼15%.

As discussed above, the modeled NO cooling rate is a computed quantity that depends on the state of the ther-
mosphere. We therefore update the following unobserved model state variables in data assimilation: nitric oxide 
(NO), kinetic temperature (TN), atomic oxygen (O) and molecular oxygen (O2). In the standard version of the 
TIEGCM, the NO cooling rate is calculated using relations derived by Kockarts (1980):

𝐿𝐿NO =
ℎ𝑣𝑣0𝐴𝐴10𝑛𝑛(NO𝑣𝑣=0) × (𝐾𝐾𝑂𝑂𝑛𝑛(𝑂𝑂) +𝐾𝐾𝑂𝑂2𝑛𝑛(𝑂𝑂2))

𝐾𝐾𝑂𝑂𝑛𝑛(𝑂𝑂) +𝐾𝐾𝑂𝑂2𝑛𝑛(𝑂𝑂2) + 𝐴𝐴10

× 𝑒𝑒
−

ℎ𝑣𝑣0

𝐾𝐾𝐵𝐵𝑇𝑇𝑁𝑁� (1)

where h, KB, and TN on the right-hand side are the Planck's constant, the Boltzmann's constant, and neutral temper-
ature, respectively. The frequency 𝐴𝐴 𝐴𝐴0 =

𝐶𝐶

𝜆𝜆0

 , where C is the speed of light, λ0 = 5.3 μm. A10 is the Einstein coeffi-
cient of transition of NO from vibrational level v = 1 to v = 0; n(NOv = 0), n(O), and n(O2) are number densities of 
NO, atomic oxygen and molecular oxygen, respectively. KO is the vibrational relaxation rate of NO by collisions 
with O. KO2 is the vibrational relaxation rate of NO by collisions with O2. According to the above equation, the 
NO cooling rate depends primarily on three factors: temperature, atomic oxygen density, and NO density. The 
temperature-dependent collision of O2 with N( 2D,  4S) always acts as a dominant source for the production of NO 
during auroral and geomagnetic activity (Barth, 1992). This temperature-dependent reaction rate coefficient is 
responsible for the difference in the peak altitude of NO density (∼105 km) and NO cooling rate (∼120–130 km). 
However, for the NO production around its peaked altitude, the reaction rate of N( 2D) + O2 in the TIEGCM is a 
constant coefficient. This would cause a negative performance for the NO emission specification during storm time. 
Previously, Duff et al. (2003) suggested that a linear temperature-dependent reaction rate should be considered.

We performed three different experiments to assess the impact of assimilating the SABER NO cooling rate. A 
TIEGCM run (hereafter DA) with assimilation during the days from 01 to 09 April. We refer to the prior 1 hr 
forecast as “DA/Prior,” and the analysis as “DA/Posterior.” We additionally performed a TIEGCM default run 
without assimilation (hereafter control) that is driven by the realistic F10.7 and Kp values. Last, we performed a 
TIEGCM forecast run (hereafter forecast) with assimilation from 01 to 06 April, at which point the model is run 
without any further data assimilation the rest of the time period (i.e., 07–09 April). The purpose of the forecast 
experiment is to examine the extent to which the improved heating, dynamics, and cooling processes during the 
data assimilation period result in a better forecast of thermospheric neutral density recovery.

3.  Results and Discussion
Figure 1 displays the TIMED/SABER observational coverage (a) and the difference between DA/Prior and control 
around the peak NO emission altitude (ZP = −3.875, ∼120 km) for thermosphere parameters (i.e., TN, NO, and 
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Figure 1.  The (a) Sounding of the Atmosphere using Broadband Emission Radiometry observational coverage, and the difference between DA/Prior and control for (b) 
nitric oxide (NO) cooling rate, (c) TN, (d) NO and (e) O number density around the peak NO emission altitude (ZP = −3.875, ∼120 km) at 02 UT on 01 April (the left 
panels) and 00 UT on 04 April (the right panels), respectively.
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O) (c–e) that influence the NO cooling rate (b). Note that “ZP” indicates the pressure level used in TIEGCM. The 
results in Figure 1 illustrate the impact of assimilating the NO cooling rate observations on global thermosphere 
parameters. At the second assimilation epoch, that is, 02 UT on 01 April (left panels), the thermosphere states are 
only adjusted around the locations of the observations. However, with time these states are adjusted globally, and 
relatively global influence is evident after several assimilation cycles, that is, 00 UT on 04 April (right panels). 
The results thus demonstrate that assimilating sparse SABER NO cooling rate observations can have a global 
impact on the state of the thermosphere.

Figure 1 shows that there is a negative difference between DA/Prior and control in NO cooling rate, which means 
that the control overestimated the cooling rates in the lower thermosphere. This is consistent with Li et al. (2018). 
They found the maximum NO cooling rate derived from the TIEGCM is larger than that from SABER due to a 
model temperature overestimation caused by the effects of tides at the model lower boundary. They also found 
lower cooling rates at ∼140–200 km in the TIEGCM. Figure S2 in Supporting Information S1, which is the same 
as Figure 2 but for higher in the thermosphere (ZP = −0.125, ∼200 km), also supports their conclusion.

Figure 1 also illustrates that how the assimilation of NO cooling rate observations impacts the TN, NO, and O 
number densities. We found the variations in temperature are similar to the NO cooling rate, that is, larger temper-
ature in upper thermosphere and smaller one in lower thermosphere. The anti-correlation between NO and O 
number density occurred on a global scale. In particular, at mid-high latitudes there is an increase in NO density 
and decrease in O density, and vice versa in lower latitudes. This could be due to the fact that the changed TN 
results in the upwelling of nitrogen-rich/oxygen-poor air from lower to higher altitudes. The increases in O2 and 
TN are in turn responsible for the increased NO production. This is similar to an anti-correlated feature between 
storm time O/N2 depletion and NO density (Zhang et al., 2014).

To investigate the improvement in NO cooling rates in TIEGCM, Figure 2 shows the root-mean-square error 
(RMSE) of the NO cooling rate for the control, DA/Prior and DA/Posterior during the whole data assimilation 
period. The RMSE is calculated relative to the NO cooling rate observations. For the control, the largest RMSEs 
occur around the altitude range of 110–130 km relative to other heights. Compared to the quiet days (01–04 
April), there are increased RMSEs during the geomagnetic storm period (e.g., 05–09 April). As expected, the 
RMSE smaller in the DA/Prior and DA/Posterior cases compared to the control, indicating effective assimilation 
of the NO cooling rate observations. Quantitatively, from Figure 2b, the average RMSEs in the whole altitude 
range and for the whole data assimilation period are 1.2 × 10 −8 (unit: erg/cm 3/s) for the control, 1.0 × 10 −8 for 
DA/Prior, and 0.9 × 10 −8 for DA/Posterior. Around the peak NO cooling rate altitude (110–130 km, Figure 2c), 
the RMSEs for the control are 5.1 × 10 −8, and 4.3 × 10 −8 and 3.6 × 10 −8 for DA/Prior and DA/Posterior, respec-
tively. Thus, we confirm an improved representation of the NO cooling in the TIEGCM run with the assimilation, 
which can be up to ∼15% for DA/Prior, and ∼30% for DA/Posterior during the whole data assimilation period. 
Due to the background error covariance, which is estimated from the ensemble members at each assimilation 
cycle, the assimilated cooling rate may be weakly correlated with some of the chosen thermosphere state vectors 
(e.g., NO, O, and O2). A weak constraint for minimized cost function would happen for the assimilation analysis. 
Thus, even though the NO cooling rate is assimilated, the improvement of DA/Posterior may be limited.

To investigate how the NO cooling-rate-related thermosphere states change, Figure 3a further shows the global mean 
TN, O2 and O number density comparison between the control and DA/Prior. Relative to the control, TN is increased 
evidently in DA/Prior due to the assimilation of the larger NO cooling rate in middle thermosphere as discussed previ-
ously. The DA/Prior also exhibits larger O2 and smaller O number densities compared to the control. This implies 
stronger upwelling effects in DA/Prior. To illustrate this, Figure 3b shows the integrated O/N2 (hereafter [O/N2]) for 
Global Ultraviolet Imager (GUVI) observations, control and DA/Prior at a fixed local time (LT) of ∼7.5 during the 
days from 04 to 09 on April. The GUVI [O/N2] shows an obvious depletion at higher latitudes, and an evident equa-
torward transport during the storm's main phase (e.g., 05–06 April). The [O/N2] depletion is still present during the 
recovery phase, that is, 07–09 April. For the control case, there exists a weaker [O/N2] depletion in middle and high 
latitudes of both northern and southern hemispheres throughout the whole data assimilation period. However, these 
features have been adjusted in DA/Prior, which are more consistent with the observations especially at higher lati-
tudes. Quantitatively, the difference between control and GUVI [O/N2] is −0.19 in middle and high latitudes of both 
northern and southern hemispheres, and −0.06 in low latitudes. However, the differences for DA/Prior results are 
−0.06 and −0.03, respectively. Physically, storm-induced heating would cause the thermosphere circulation changes, 
and further neutral compositions variations. The upward winds could transport the oxygen-poor/nitrogen-rich air 
to higher altitudes, resulting in polar [O/N2] depletion. The meridional wind transports the polar depleted air to 
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mid-latitudes, or even to low-latitudes (Prolss et al., 1975). The more consistent [O/N2] changes in DA/Prior indicate 
a stronger and better adjustment of the general circulation, that is, the stronger upwelling and equatorward transport.

As indicated above, the enhanced neutral temperature and collision of molecular oxygen with N( 2D,  4S) act as a 
dominant source for the production of NO during auroral and geomagnetic activity (Barth, 1992). In TIEGCM, 
a temperature-dependent reaction rate is used in the reaction of N( 4S) + O2 for NO density production above 
150 km. However, a constant reaction coefficient is applied for the loss of N( 2D) reacting with O2, which is the 
primary source of NO at its peak altitude (∼110 km). As shown in Figure 4a, the DA/Prior has increased global 

Figure 2.  (a) The nitric oxide cooling rate RMSEs of the control, DA/Prior and DA/Posterior in comparison with the Sounding of the Atmosphere using Broadband 
Emission Radiometry observations in the altitude range of 100–250 km during the whole data assimilation period. (b) The root-mean-square errors comparison in the 
whole altitude range and around 110–130 km. The black, cyan, and red lines denote control, DA/Prior and DA/Posterior, respectively.
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mean NO number density compared to the control above 150 km. This is expected due to the enhancements in O2 
number density and neutral temperature in DA/Prior. However, there exists an increased NO density at 110 km. 
Richards (2004) suggested that vertical diffusion is a net sink of NO at 150 km but an important source at 110 km.

To investigate the main reason for the NO density changes, we give the diagnostic analysis of the physical 
processes of the storm-time changes in NO for the control case during the daytime, including the chemical 
term (i.e., production and loss), transport term (i.e., horizontal and vertical advection) and molecular and eddy 
diffusion. In TIEGCM, the continuity equation of ΨNO on a constant pressure surface is expressed as (Roble 
et al., 1988)

Figure 3.  (a) Time series of the global mean TN, the number density of O2 and O comparison among control and DA/Prior during the days from 04 to 09 April. (a) The 
latitudinal-universal time distribution of the integrated O/N2 comparison among Global Ultraviolet Imager observations, control and DA/Prior at a fixed local time (LT) 
(∼7.5 LT) during the days from 04 to 09 April.
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� (2)

where the vertical coordinates z = ln(P0/P), where P0 is the reference pressure and P is the pressure. The vertical 
molecular diffusion coefficient is A. The term E includes the effects of gravity, thermal diffusion and friction with 
the major species on the vertical profile of the two species. KE is the eddy diffusion coefficient. 𝐴𝐴 𝑚𝑚 is the mean 
molecular mass of the air. S and R represent the chemistry production and loss rate. Vn is the horizontal wind 
velocity along a constant pressure surface, and Wn is the “vertical tendency,” or vertical wind velocity divided by 

𝜕𝜕ΨNO

𝜕𝜕t
= −𝑒𝑒𝑧𝑧

𝜕𝜕

[

𝐴𝐴

(

𝜕𝜕

𝜕𝜕𝜕𝜕
− 𝐸𝐸

)

ΨNO

]

𝜕𝜕𝜕𝜕
+ 𝑆𝑆ΨNO −𝑅𝑅 −

[

V𝑛𝑛 ⋅ ∇ΨNO +𝑊𝑊𝑛𝑛

𝜕𝜕ΨNO

𝜕𝜕z

]

+ 𝑒𝑒
𝑧𝑧

𝜕𝜕

[

𝑒𝑒
−𝑧𝑧
𝐾𝐾𝐸𝐸

(

𝜕𝜕

𝜕𝜕𝜕𝜕
+

1

𝑚𝑚

𝜕𝜕𝑚𝑚

𝜕𝜕𝜕𝜕

)

ΨNO

]

𝜕𝜕𝜕𝜕

Figure 4.  (a) Time series of the global mean nitric oxide (NO) number density at 110 and 150 km for control and DA/Prior during the whole data assimilation period. 
(b) Latitude-pressure surface distributions of the storm-quiet differences in NO rate of change, chemical production-loss, horizontal advection, vertical advection, eddy 
diffusion, and molecular diffusion for the control case at the longitude of −75°W at 15 UT (10 local time). The magenta solid lines of top and bottom panels denote 150 
and 110 km. Note that these two panels have different color bars to show the perturbation structures of these parameters clearly.
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the scale height. The terms on the right-hand side of the equation are: molecular diffusion (𝐴𝐴 −𝑒𝑒𝑧𝑧
𝜕𝜕

[

𝐴𝐴

(

𝜕𝜕

𝜕𝜕𝜕𝜕
−𝐸𝐸

)

ΨNO

]

𝜕𝜕𝜕𝜕
 ), 

eddy diffusion (𝐴𝐴 𝐴𝐴
𝑧𝑧
𝜕𝜕

[

𝑒𝑒
−𝑧𝑧

𝐾𝐾𝐸𝐸

(

𝜕𝜕

𝜕𝜕𝜕𝜕
+

1

𝑚𝑚

𝜕𝜕𝑚𝑚

𝜕𝜕𝜕𝜕

)

ΨNO

]

𝜕𝜕𝜕𝜕
 ), horizontal advection (Vn · ∇ΨNO), vertical advection (𝐴𝐴 𝐴𝐴𝑛𝑛

𝜕𝜕ΨNO

𝜕𝜕z
 ) and chem-

ical term (SΨNO − R). Comparing the magnitude and distribution of 𝐴𝐴
𝜕𝜕ΨNO

𝜕𝜕t
 and each term on the right-hand side, we 

can determine the relative contributions of the main physical processes to the simulated storm-time composition 
variations.

The NO variations are mainly confined to the middle and high latitudes at this time (Figure 4b, left panels). From 
Figure 4b, it is evident that the NO variations are height dependent. Above 150 km, the changes in NO were 
influenced by all terms except for the eddy diffusion. There exists a large contribution from the chemical term; 
however, these changes are balanced out by changes in molecular diffusion. The horizontal and vertical advec-
tions dominate the NO changes. Around 110 km, the transport processes and molecular diffusion dominate the 
changes in NO, and the effects of the former are greater than that of the latter. Overall, the transport processes, 
including the horizontal and vertical advection, still play an important role in the changes in NO at both 110 km 
and above 150 km. The same conclusion can also be obtained for DA/Prior in Figure S3 in Supporting Infor-
mation S1. Meanwhile, due to stronger circulation dynamics in DA/prior as indicated above, we found a larger 
change of all terms of NO in the whole range of heights, especially for the advection terms. During a geomagnetic 
storm, the meridional winds transport energy and NO-enhanced air from high latitudes to middle and low lati-
tudes near 150 km, which in turn diffuse and advect downward to ∼110 km. These combined effects could lead 
to more NO density on global scale in DA/Prior as shown in Figure 4a.

The NO created at high latitudes during geomagnetic storms can spread out to lower latitudes due to its long 
lifetime. Since NO radiation is an important sink of thermospheric energy, the middle latitude source is likely to 
be important in speeding the recovery of the thermosphere following geomagnetic storms (Knipp et al., 2017; 
Lei et al., 2011; Mlynczak et al., 2018; Zesta & Oliveira, 2019). Figure 5 shows the thermosphere mass density 
comparison among observations, control, DA/Prior and forecast at different heights and local times. Three differ-
ent density data sets at different altitudes are considered: GRACE (∼474.7 km), CHAMP (∼300.4 km), and 
GOCE (∼270 km). We found that there exists an obvious neutral density difference between simulations and 
observations at different altitudes. The thermosphere mass density response with altitude is strongly impacted 
by composition change during geomagnetic activity period. The altitude distribution of these major species is 
basically represented by diffusive equilibrium by their respective molecular weights. The altitude where these 
transitions occur is temperature dependent through their individual scale heights (Burns et al., 2006, 2007; Thayer 
et al., 2012). Therefore, the manner in which composition transitions with height will impact the mass density 
response difference between observations and simulations.

For the higher altitude GRACE measurements, the neutral mass density shows a larger value for DA/Prior than 
control at different local times during the storm's main phase, that is, 05–06 April. Then, the values of both 
DA/Prior and control are comparable, and close to the observations during the storm's recovery phase (shadow 
area). This is due to a faster thermosphere density recovery in DA/Prior compared to the control. Compared to 
control, the DA/Prior is in better agreement with the observations that occurred at lower altitudes (i.e., CHAMP 
and GOCE) during the recovery phase. In addition, the neutral temperature, the mean molecular mass and NO 
cooling rate along each satellite orbit are also shown in Figures S4–S6 in Supporting Information S1. The quick 
decrease in neutral temperature caused by enhanced NO emission, and the heavier molecules transported by the 
upward winds, reduce the scale height and thus reduce the neutral density at satellite altitudes (Chen & Lei, 2018; 
Lei et al., 2010).

To further demonstrate how the improved cooling processes during the storm's main phase contribute to a better 
forecast of thermospheric mass density recovery, Figure  5 also shows the forecast results (green lines). It is 
evident that the density recovery in the forecast case closely follows the DA/Prior case on 07 April. The thermo-
sphere density recovery in the forecast experiments is weaker than that of the DA/Prior during the days of 08–09 
April, which is due to the fact that the cooling processes are still adjusted for each data assimilation epoch in the 
DA/Prior case, but it is no longer being adjusted in the forecast case. However, the thermosphere mass density 
recovery in the forecast case is still better than the control case. Overall, this demonstrates that the improved 
cooling processes in the storm's main phase could contribute to a >24 hr forecast of thermospheric neutral density 
recovery.
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4.  Summary
In this work, for the first time, the SABER NO cooling rate profiles are assimilated into TIEGCM to investigate 
the thermosphere mass density recovery during the 5 April 2010 geomagnetic storm. The main results of this 

Figure 5.  The time series of the thermosphere mass density comparison among observations, control, DA/Prior and forecast at 474.7 km (GRACE), 300.4 km 
(CHAMP), and 270.0 km (GOCE) during the daytime (the left panels) and nighttime (the right panels) from 04 to 09 on April. The black, blue, magenta and green lines 
indicate observations, control, DA/Prior and forecast, respectively. The shadow area indicates the storm's recovery phase.
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study are the following:

1.	 �Assimilating sparse NO cooling rate observations has a positive impact on global cooling processes and 
improves the general circulation.

2.	 �The stronger upwelling and equatorial transport contribute to the NO increase in all altitudes at mid-high 
latitudes, which result in a better thermosphere mass density recovery.

3.	 �The improved cooling processes in the storm's main phase further contribute to a >24 hr forecast of thermo-
sphere mass density recovery.

We note that the impact of assimilating NO cooling rate observations may be limited due to the sparse SABER 
observational coverage and only observing two local times per day. The NO cooling rate varies rapidly during 
storm times with notable hemispheric, spatial, and LT variabilities. Multiple satellite observations of NO cooling 
(e.g., Mlynczak et al., 2018) that resolve the spatial-temporal variabilities would likely improve the impact of 
observations on thermosphere neutral density. Detailed Observing System Simulation Experiments are neces-
sary to understand how assimilation of additional NO cooling rate observations would impact the thermosphere 
neutral density specification and forecasting in the future.

Data Availability Statement
The thermosphere mass density data set can be downloaded from the ESA's Swarm website (swarm-diss.eo.esa.
int). The TIMED/SABER NO emission data set are from GATS Data Server (saber.gats-inc.com). The simulation 
results are available at Open Science Framework (He et al., 2023).
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