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• Example applications

• Outstanding challenges



Data assimilation is the process of statistically combining observations with 
a background model to determine the best estimate of the current state
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Data assimilation seeks to determine the best estimate of the current 
state based on the prior state and observations
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Driver versus state estimation
Ionosphere-thermosphere is a partly forced system and the future state 
is thus due to a combination of the initial state and the external drivers
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Benefits of data assimilation

• Observations are limited in scope, and thus only provide limited knowledge about the variability in 
the atmosphere, including the sources of variability.

• Numerical simulations are uncertain, though they provide global information about additional 
quantities of interest that are often unobservable.

• Data assimilation can provide the best estimate of the state of the atmosphere by statistically 
combining observations and a numerical model.

• Rationale for middle-upper atmosphere data assimilation:
1. Improved estimate of the atmospheric state for process studies of the middle and upper 

atmosphere variability.
2. Data assimilation increments provide insight into areas of large model errors
3. Can be used to estimate uncertain model parameters and/or forcings
4. Initial conditions for investigating the predictability of the middle and upper atmosphere.



Assimilation of mesospheric observations can alleviate model deficiencies 
leading to better representation of the dynamics and transport
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Constrained up to ~100 km

Observations

(Pedatella et al., 2018)



Assimilation of mesospheric observations can alleviate model deficiencies 
leading to better representation of the dynamics and transport

(Funke et al., 2017)

(Pedatella et al., 2018)



Assimilation of middle atmosphere observations significantly impacts 
tidal amplitudes that ultimately impact the ionosphere-thermosphere
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oscillation that is weaker than in the simulation with all observations. 
These differences are caused by the response of the NAVGEM-HA 
background state to the parameterization of gravity wave drag that 
maintains a source of momentum flux in the tropics (McCormack et al., 
2015). When all observations are used (hybma), background winds in 
the mesosphere respond to both the gravity wave drag and innovations 
generated by assimilation of those observations; when no MA observa-
tions are used (noobs), the background winds in the mesosphere respond 
exclusively to the gravity wave drag scheme. Thus, the competition 
between gravity wave drag and observations, or the lack of in the case of 

noobs, is the likely cause for the different representations of the meso-
spheric semiannual oscillation. 

Such zonal mean differences in the mesosphere are important and 
statistically significant. The crucial question we have set out to address 
in this study is whether there are implications for the day to day vari-
ability of planetary-scale waves in the lower thermosphere: with waves 
emerging in the lower thermosphere where interactions between neutral 
winds and ions are crucial (Liu, 2016; Sassi et al., 2019) for a 
thermosphere-ionosphere coupled system, differences in the amplitude 
of atmospheric waves are not only interesting from a speculative point of 

Fig. 11. As in Fig. 10 but for the noobs simulation.  
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platforms (Aura/MLS and TIMED/SABER), the loss of SSMIS-UAS 
operational platforms, and the lack of replacements for other opera-
tional systems (DMSP series). 

The overall behavior of the zonal mean state in the two numerical 
experiments is very similar at middle and high latitudes: statistically 
significant differences in the strength of a westward mesospheric jet 
lasting for a few days following the SSW are reminiscent of similar 
behavior discussed in Sassi et al. (2018). As expected, the zonal mean 
wind differences extend only to the lower thermosphere and largely 

vanish above 120 km, where molecular dissipation becomes the domi-
nant physical process and is unaffected by middle atmosphere 
observations. 

Differences obtained near the Equator show a similar behavior, that 
is, most of the differences between the two simulations vanish above 
120 km because of increasing molecular dissipation. Instead, between 
60 and 90 km, the zonal mean zonal wind illustrates the strength of the 
mesospheric semiannual oscillation: the simulation without MA obser-
vations produces an eastward phase of the mesospheric semiannual 

Fig. 10. Spectral amplitude (left column) of DE3 in the hybma simulation: symmetric (top) and anti-symmetric (bottom), and their phase (right column). Units of 
spectral amplitude are . Reference point is indicated by the cross mark, and it is located at the Equator and 100 km for symmetric fields, and 20N and 100 km for the 
antisymmetric case. 
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(Sassi et al., 2021)

Obs. up to 100 km Obs. up to 40 km

~2x larger amplitudes when 
only assimilating 

observations below 40 km



Covariance information can be used to adjust unobserved
states, extending the impact of observations
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Sparsely observed neutral state can be constrained 
based on more dense ionosphere observations.



Truth No Iono. Assim.

Iono. Assim. (O+) Iono. Assim. (O+, O, O2, T)

Adjustment of thermospheric state 
from ionosphere observations 

leads to a reduction in 
thermosphere temperature errors



(Hsu, Pedatella, and Anderson, 2021)

WACCMX+DART equatorial vertical plasma drift velocity is 
improved when ICON/MIGHTI winds are assimilated



2. Plasma Bubble Inhibition Over Taiwan

All-sky airglow images are taken on a routine basis from Tainan Astronomical and Educational Area (23.1°N,
120.4°E), by using the imaging system operated by Lithosphere Atmosphere Space Coupling laboratory
(referred as LASC imager), of National Cheng Kung University, Taiwan. The LASC imager is equipped with a
630.0 nm interference filter and is operated whenever conditions are conducive for optical measurements.
Figure 1 gives selected examples of EPB occurrence in the all-sky airglow observations on the consecutive
nights of 13–16 March in 2015, projected in the geographic plane. Despite being partially cloudy, distinct
dark regions of intensity depletions exhibiting complex bifurcations and secondary structures could be seen
in the images, which are aligned along north-south and drift eastward. Though the observations reveal
intense bubble activity on all these nights, no EPB was observed over Taiwan on the night of 17 March
2015, when the St. Patrick’s Day storm occurred [Rajesh et al. [2017, Figure 3 (bottom panel)]].

The inhibition of plasma bubbles on the storm night is also observed in the rate of TEC index (ROTI) calculated
using ground network of GPS receivers. The ROTI values are calculated using TEC data with a sampling rate of
30 s, with 5 min averaging period [Pi et al., 1997; Beach and Kintner, 1999]. Figure 2 displays the ROTI values
during 13–18 March 2015 over Taiwan (120 ± 2.5°E) and Indian (80 ± 2.5°E) longitude sectors. The maximum
ROTI values within ±15° latitudes from magnetic equator during 1800–0400 LT on each night over the two
longitudes are plotted in the figure. It can be seen that the irregularities are suppressed over Taiwan on
the night of 17 March when compared to the ROTI values on previous nights. In contrast, strong irregularities
are seen over Indian sector on this night compared to the previous three nights.

Recently, there have been several attempts to examine possible EPB generation on a given night by comput-
ing RTI growth rate by using TIEGCM data [Carter et al., 2014a, 2014b; Wu, 2015], with the results showing
overall good agreement between larger growth rate and bubble occurrence, though some discrepancies
were also pointed out, especially in a study related to the St. Patrick’s Day storm, which are attributed to
the lack of physically meaningful representation of prompt penetration electric fields in the model [Carter
et al., 2016]. Chen et al. [2016a, 2016b] reported significant progress in reproducing storm time electron den-
sity and electric fields by assimilating TECmeasurements with TIEGCM, and the root-mean-square error could
be reduced by using rapid forecast cycles. They further showed that the assimilation results also provide
much improved electric field forecast during quiet period by examining prereversal enhancement (PRE) of

Figure 2. ROTI values over Taiwan and Indian longitudes during 13–18 March 2015. The time duration of ROTI values
plotted are from 1800 to 0400 LT, spanning over the current day premidnight (1800–0000) and next day early morning
(0000–0400) hours, so as to match with that of the all-sky imager observations. The day marker is centered over 0000 LT,
and the dotted vertical lines demark the different days. The local time information is shown at the top x axis of the figure.
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zonal electric fields [Chen et al., 2017].
Rajesh et al. [2017] demonstrated
that the global RTI growth rates cal-
culated using their data assimilation
results agree well with correspond-
ing ROTI values during both quiet
and disturbed conditions.

The RTI growth rates calculated using
this assimilated model results on the
night of 17 March 2015, over the
Taiwan and Indian longitudes as
described by Rajesh et al. [2017], are
plotted in Figure 3. Note that the
Heelis high-latitude empirical con-
vection model [Heelis et al., 1982] is
used to describe the high-latitude
forcing in the assimilation. The maxi-
mum growth rate during each hour
from 1800 to 0400 LT are shown in

Figure 3. Rayleigh-Taylor instability growth rate on the night of 17 March
2015 using TIEGCM with and without data assimilation over Taiwan and
Indian longitudes.

Figure 4. Ionospheric response during the storm over Taiwan and Indian longitudes on 17 March 2015. The data assimila-
tion results over (left column) Taiwan and (right column) Indian longitudes are plotted, showing (first row) electron density
(Ne), (second row) zonal electric field (Eϕ), and (third row)meridional wind (v), respectively, at 1900 LT. The altitude gradient
of flux tube integrated electron density (1/N[dN/dh]) at (dotted) 1900 LT and (dashed) 1930 LT is overplotted on the
electron density contours in Figure 4 (first row).
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(Rajesh et al., 2017)

Data assimilation (TIEGCM+DART) better reproduces the longitude variations in the R-T 
growth rate during the 2015 St. Patrick’s Day storm, allowing investigation into the 

physical mechanisms responsible for these differences



Estimation of forcing parameters through data assimilation leads to 
improvements in thermosphere mass density specification

(Sutton, 2016)



Outstanding Challenges in Middle-Upper Atmosphere Data Assimilation

• Understanding the advantages/disadvantages of state vs. driver estimation an how they 
can be best applied for different scientific problems and operational goals.

• Make the most effective use of the sparse available observations in the mesosphere, 
thermosphere, and ionosphere. 

• Determine best methods for generating ensemble spread for ensemble data assimilation

• Develop advanced data assimilation techniques (e.g., 4D-Var; hybrid) for the middle-upper 
atmosphere


