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Abstract Far ultraviolet observations of Earth's dayglow from the National Aeronautics and Space
Administration (NASA) Global‐scale Observations of the Limb and Disk (GOLD) mission presents an
unparalleled opportunity for upper atmosphere radiance data assimilation. Assimilation of the
Lyman‐Birge‐Hopfield (LBH) band emissions can be formulated in a similar fashion to lower
atmosphere radiance data assimilation approaches. To provide a proof‐of‐concept for such an approach,
this paper presents assimilation experiments of simulated LBH emission data using an ensemble filter
measurement update step implemented with National Oceanic and Atmospheric Administration
(NOAA)'s Whole Atmosphere Model (WAM) and National Center for Atmospheric Research (NCAR)'s
Global Airglow (GLOW) model. Primary findings from observing system simulation experiments
(OSSEs), wherein “truth” atmospheric conditions simulated by NCAR's Thermosphere Ionosphere
Electrodynamic General Circulation Model (TIEGCM) are used to generate synthetic GOLD data, are as
follows: (1) Assimilation of GOLD LBH disk emission data can reduce the bias in model temperature
specification (ensemble mean) by 60% under both geomagnetically quiet conditions and disturbed
conditions. (2) The reduction in model uncertainty (ensemble spread) as a result of assimilation is about
20% in the lower thermosphere and 30% in the upper thermosphere for both conditions. These OSSEs
demonstrate the potential for far ultraviolet radiance data assimilation to dramatically reduce the
model biases in thermospheric temperature specification and to extend the utility of GOLD observations
by helping to resolve the altitude‐dependent global‐scale response of the thermosphere to
geomagnetic storms.

1. Introduction

The Earth's thermosphere is driven by highly variable forcing from the Sun and from the lower atmo-
sphere. Most notably, observations have revealed a considerable contribution of wave forcing from the
lower atmosphere to the day‐to‐day variability of the upper atmosphere (e.g., Lin et al., 2007). In
conjunction with observational evidences, whole atmosphere models have successfully reproduced
variability in the thermosphere and ionosphere as a result of the wave forcing from the various lower
atmosphere sources (e.g., Fang et al., 2013; Liu et al., 2013). The thermosphere's day‐to‐day variability in
response to variable forcing is not completely understood. Our lack of understanding is most apparent
when comparing model responses to observed responses during large events, such as Sudden
Stratospheric Warmings and geomagnetic storms. The limited knowledge of the thermosphere's response
to external forcing is due in part to past observations of this atmospheric region having confined spatial
and temporal coverages.

Satellite‐based far ultraviolet (FUV) remote sensing has proven to be a valuable technique for monitoring
thermospheric variables over large spatial areas. FUV remote sensing missions that have used the LBH
bands include the Polar satellite's Ultraviolet Imager (UVI; 1996–2008), the Advanced Research and
Global Observation Satellite's (ARGOS) High Resolution Ionospheric and Thermospheric Spectrograph
(HITS; 1999–2003), the Thermosphere‐Ionosphere‐Mesosphere Energetics and Dynamics (TIMED) satel-
lite's Global Ultraviolet Imager (GUVI; 2001–present), and the Defense Meteorological Satellite Program
(DMSP) Special Sensor Ultraviolet Spectrographic Imager (SUSSI; 2003–present). These missions have
brought on important discoveries into the thermospheric response to changes in lower atmosphere and
solar and magnetosphere conditions (Dymond et al., 1999; Meier et al., 2015; Paxton et al., 1992; Torr
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et al., 1995). However, the orbital constraints and/or the spectral resolu-
tion of the instruments restricted these missions from monitoring the
temporal evolution of temperature changes on a global‐scale. If tempera-
ture structure, which affects thermospheric winds and compositions, is
only known in confined areas, the overall thermospheric dynamics is
under‐constrained. This ultimately limits the ability to unravel intricate
coupling processes taking place in the thermosphere and ionosphere
during times of elevated forcing.

The Global‐scale Observations of the Limb and Disk (GOLD) mission will
help address the lack of global thermospheric temperature measurements
by continuously monitoring the daytime N2 Lyman‐Birge‐Hopfield (LBH)
band emissions between 132 and 162 nm over Earth's disk at a fine spectral
resolution (Eastes et al., 2017). Budzien et al. (2001) and Aksnes et al.
(2006) demonstrated the neutral temperature of the lower thermosphere
(~160 – 270 km) can be retrieved from the shape of the LBH band features
that relates to the N2 rotational structure using HITS data. The shape of the
band features is effectively skewed to longer wavelengths with an increase
in the rotational temperature of the molecule (one‐to‐one relationship
between the rotational and neutral temperature) that results in the popu-
lation of higher rotational levels (shown in Figure 1). A thorough discus-
sion of the LBH temperature dependence and the relationship between
the neutral and rotational temperatures is provided in Aksnes et al.
(2006). Eastes et al. (2011) used HITS to show that an LBH temperature
retrieval has the precision to observe atmospheric tides and gravity waves
across the thermosphere. These studies paved the way for probing thermo-
spheric temperature on the limb and disk through space‐based ultraviolet
remote sensing.

Data assimilation is the process of combining observations with a numerical forecast model of a geophysical
system and is a powerful tool in specifying and forecasting highly dynamical systems like Earth's thermo-
sphere. Ensemble filters can handle a nonlinear forward model that converts the model state variables to
observed variables without requiring a corresponding adjoint operator. In particular, variants of ensemble
square root filters (EnSRFs; e.g., Tippett et al., 2003) have been widely used in atmospheric and oceanic data
assimilation applications (Anderson, 2001; Bishop et al., 2001 and Whitaker & Hamill, 2002) including
National Oceanic and Atmospheric Administration (NOAA)'s operational numerical weather prediction sys-
tems (Whitaker et al., 2008). EnSRFs have also proven to be a valuable technique for assimilating thermo-
spheric and ionospheric observations into thermosphere and ionosphere models (e.g., Lee et al., 2012;
Matsuo et al., 2012). This paper presents a proof‐of‐concept study for upper atmosphere radiance data assim-
ilation using an EnSRF measurement‐update step implemented with NOAA's Whole Atmosphere Model
(WAM; Akmaev, 2011) as the numerical forecast model and National Center for Atmospheric Research
(NCAR)'s Global Airglow (GLOW)model (Solomon, 2017) as part of the forwardmodel. The formulation fol-
lows a commonly used data assimilation practice of directly assimilating radiances instead of a retrieval pro-
duct as it is less prone to introducing errors and biases due to inconsistency between the retrieval process and
data assimilation scheme.

The quality of dayside temperature estimates from 100 to 500 km altitudes resulting from assimilation of
GOLD LBH disk emission data is assessed using observing system simulation experiments (OSSEs). OSSEs
provide a quantitative evaluation of the impacts that a given observing system will have on specification
and forecasting of geophysical conditions and can also be used to test the performance of a data assimilation
system. In OSSEs, synthetic observations, generated from a “truth” state, are assimilated and the state esti-
mates by data assimilation are compared against the truth state. In this study, the truth thermospheric con-
ditions are simulated by NCAR's Thermosphere Ionosphere Electrodynamic General Circulation Model
(TIEGCM; Qian et al., 2014; Richmond et al., 1992) from which synthetic GOLD LBH disk emission data
are generated as described later. Note that synthetic GOLD LBH disk emission data are equivalent to the
GOLD Level 1C radiance data product.

Figure 1. (a) Simulated N2 Lyman‐Birge‐Hopfield (LBH) emissions
between the GOLD bandwidth of 132–162 nm at two temperatures. The
specified (2,0), (1,1), and (2,3) vibrational transitions are those assimilated.
(b) The temperature dependence is observed by the effective skewing of the
(2,0) feature with increased temperature due to increased occupancy of
rotational energy levels. The wavelengths longer than 138.6 nm are posi-
tively correlated with temperature and those shorter are negatively
correlated.
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Following this introduction, section 2 covers the data assimilation system
design and section 3 covers synthetic observations for the OSSEs. In
section 4, we examine the data assimilation performance under different
magnetospheric forcing conditions.

2. Data Assimilation System Design

Data assimilation is typically implemented as a recursive process of a state
forecasting step and a measurement update as summarized in Figure 2 for
an ensemble filter with m ensemble members. A forecast model Mt pro-
vides the prior knowledge of the state x at time t. If an observation y is
available at time t, the forecasted state is mapped to observation space
via a forward model Ht. This forward model is effectively inversed as part
of ensemble filter processes to obtain the measurement‐updated state at
time t as shown by the red arrow in Figure 2. After this measurement
update step, a new forecast is launched from the updated model states.

For the purpose of demonstrating the effectiveness of an upper atmosphere radiance data assimilation
approach, this paper focuses only on a single measurement‐update step and thus the t subscript is dropped
for remainder of the paper. Furthermore, the measurement at each GOLD pixel is assumed to be dependent
only on the atmospheric column defined by the pixel size. This is a reasonable assumption because multiple
scattering in the thermosphere is negligible compared to the rate of excitation and absorption of LBH emis-
sion. The temperature estimation problem is then simplified to one spatial dimension, where the thermo-
spheric column‐integrated LBH spectrum measured at each pixel (observation y) is used to update
temperature x at h discrete altitude levels along the line‐of‐sight.

Sections 2.1 and 2.2 describe the forecast model and forwardmodel in detail; the twomain components of the
data assimilation system used for this study. Section 2.3 describes specific steps of the implemented ensemble
filter algorithm.

2.1. Forecast Model and WAM Ensemble Simulation

The version ofWAM coupled with the Global Ionosphere Plasmaspheremodel described in Fang et al. (2018)
is used to generate an ensemble of the whole atmosphere simulations. The simulations ran under nominal
conditions of January 2012 (F10.7 = 141 sfu) using the 5‐min solar wind and interplanetary magnetic field
and daily solar irradiance data. The effects of solar UV and EUV irradiance variability are parameterized
with the 22 EUV and 15 UV spectral bands of Solomon and Qian (2005) using SDO/EVE and TIMED/SEE
NASA data from 2011 to 2012. The across‐band and temporal correlation structures of the 37 spectral bands
are evaluated to build a stochastic perturbation model for the solar UV and EUV forcing. Suppose Fi(s) repre-
sents the solar EUV irradiance [photons/cm2/s] for a given spectral bin s for the ith ensemble member
simulation:

Fi sð Þ ¼ F sð Þ þ F
0 i
sð Þ i ¼ 1;…;m

whereF sð Þ is the daily mean value, F′i(s) is a stochastic component randomly drawn from the centered multi-
variate normal distribution for each member, i. Note that F′i(s) reflects the across‐band and temporal corre-
lation structures found in SDO/EVE and TIMED/SEE data. The m‐member ensemble simulation of WAM
{x1,…,xm} is initialized by corresponding specification of the UV and EUV flux from them‐member ensemble
of the UV and EUV forcing specification {F1,…,Fm }.

2.2. Forward Model and GOLD Measurements

GOLD measures ultraviolet radiances between 132 and 162 nm from a geostationary orbit over South
America at 47.5°W longitude. Full coverage of Earth's disk is provided at a cadence of 30 min. The spatial
resolution at nadir is expected to be 125 × 125 km, and the spectral resolution is 0.04 or 0.08 nm depending
on the entrance slit.

Figure 2. Diagram of the ensemble square root filter (EnSRF) data assimila-
tion design. Data assimilation is implemented as an iterative two‐step
process with a forecast and measurement update. The focus of this study is
on the measurement update denoted by the red arrow. The superscripts
denote the section that describe each component.
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The data assimilation requires a forward model operator that maps the model state, x, to GOLD measure-
ments, y:

y ¼ H xð Þ þ ϵ

where ϵ is the observational error, normally distributed with covariance R centered at zero. This observa-
tional error includes effects of measurement errors and representativeness errors originating from forward
modeling. The forward model operator, H, has been implemented by using the NCAR GLOW model and
a radiative transfer model (Solomon, 2017). The GLOW model calculates thermospheric volume emission
rates in the FUV on the 3‐dimensional (altitude, latitude, and longitude) grid, which are input to the radia-
tive transfer model to produce thermospheric column‐integrated radiances at the GOLD spatial and spectral
resolution on a two‐dimensional (latitude, longitude) grid. This radiative transfer model contains the LBH
band model (Budzien et al., 2001), which calculates the LBH synthetic spectrum using available
laboratory‐basedmolecular data (e.g., Huber &Herzberg, 1979). The nonlinear dependence of the LBH emis-
sion on temperature is primarily determined by the LBH band model. Another possible source of nonlinear
temperature dependence is the O2 photo‐absorption cross section (Lean & Blake, 1981), which is mostly neg-
ligible over the temperature and wavelength range of interest. An ensemble data assimilation approach
enables us to account for the realistic non‐local and nonlinear temperature dependence of LBH emissions
when assimilating the GOLD measurements.

The radiances computed from radiative transfer are then converted to photon counts based on the through-
put efficiencies over bandwidth, integration time, geometry of the pixel, spatial binning, and the full‐width‐
half‐maximum wavelength resolution. These photon counts are equivalent to the GOLD Level 1C radiance
data product. A specific observation type used as y in this study is a ratio between the “short” and “long”
spectral counts of an LBH emission feature observed by GOLD. The ratio is a first‐order approximation of
the shape of the emission feature, which contains the temperature information. Referring to the (2,0) vibra-
tional transition feature shown in Figure 1b, the “short” spectral bins are those below 138.6 nm and the
“long” spectral bins are those above 138.6 nm for the (2,0) emission feature. The counts in the short and long
spectral bins generally have a negative and positive correlation with temperature, respectively. Similarly, the
(1,1) features spans ~146.4–147.2 nm with a long to “short threshold wavelength of 146.65 nm and the (2,3)
feature spans ~153.0–153.7 nmwith a threshold wavelength of 153.25 nm. Themean ratio derived from these
three emission features labeled in Figure 1a is assimilated as observation y. Note that the short and long spec-
tral distinction adopted in this study does not correspond to the GUVI “LBH short” and “LBH long” broad
spectral band distinction.

2.3. Ensemble Square Root Filter Measurement Update

The EnSRF presents a low‐rank approximation of the conventional Kalman filter, which uses sample statis-
tics from an ensemble of model forecasts to determine the impact that observations have on the data assim-
ilation update of model state variables. The ensemble transform implementation follows that of Anderson
(2003). This ensemble transform is performed for each pixel of GOLD disk emission data.

Important components of the ensemble transform are two sets of ensemble: the forecast (prior) model

ensemble x1f ;…; xf
m

n o
and forecast observation ensemble y1f ;…; yf

m
n o

. NOAA's WAM is used to generate

the forecast model ensemble x1f ;…; xf
m

n o
as described in section 2.1. x is a vector of size h corresponding

to temperature at h discrete pressure levels. The mean of the forecast model ensemble xf is the best estimate

of the temperature by the forecast. The forecast observation ensemble y1f ;…; yf
m

n o
is computed by applying

forward modeling of the GOLD measurement to each ensemble member x1f ;…; xf
m

n o
as described in

section 2.2.

The covariance P of x is approximated by them‐member ensemble {x1,…, xm} as follows. Note that the rank of
P is at most m − 1 and h > m.

P≈DxDx
T

Dx ¼ 1ffiffiffiffiffiffiffiffiffiffi
m−1

p x01
� �

;…; x0m½ �� �
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where the matrix Dx is composed of the mean‐subtracted temperature of the ith ensemble member
x′i ¼ xi−x
� �

. In the update step, the forecast ensemble is transformed into the measurement‐updated (pos-
terior) ensemble, such that the sample statistics of the measurement‐updated ensemble for the mean and
covariance is consistent with what are expected by the Kalman measurement update equations.

The specific implementation to compute the measurement‐updated ensemble when an observation is avail-
able is as follows:

1. Create the h × m data matrices Dx and Dy as

Dx ¼ 1ffiffiffiffiffiffiffiffiffiffi
m−1

p x
01
f

h i
;…; x

0m
f

h ih i

Dy ¼ 1ffiffiffiffiffiffiffiffiffiffi
m−1

p y
01
f

h i
;…; y

0m
f

h ih i

2. Update the ensemble mean using observation yj (j = 1,…,k), with its error variance Rjj in
observation space:

yaj ¼ yfj þ
DyjDyj

T

DyjDyj
T þ Rjj

yj−yfj

� �
3. Update each ensemble member (i = 1,…,m)

yiaj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rjj

Rjj þ DyjDyj
T

s
yifj−yfj

� �
þ yaj

4. Update each ensemble member in state space

xiaj ¼ xif j þ
DxDyj

T

DyjDyj
T yiaj−y

i
fj

� �

5. Repeat Steps 1–4 for each observation y1,y2,…,yj,…,yk that corresponds to each pixel of GOLD disk emis-
sion data (k = 10,000 in this study for an 100 × 100 grid). The measurement‐updated ensemble mean xa
serves as the new best estimate of the state.

3. Synthetic Observation and Observing System Simulation Experiments

The NCAR TIEGCM is used to simulate the truth state of the thermosphere. Synthetic GOLD observations
are produced by applying the forward model to the TIEGCM model outputs H(xtruth) as described in
section 2.2. Note that the geostationary position of the satellite for these OSSEs is not set in the exact
GOLD position, but the local‐time distributions and line‐of‐sight geometry of GOLD data are properly taken
into account in generating synthetic GOLD observations. In order to model the observation error R required
for the data assimilation, effects of counting statistics are included in the forward model only when defining
the synthetic observations. Counting statistics are the dominant noise source in the Level 1C data, modeled
by a Poisson distribution with a mean that is set to the calculated photon counts for each pixel and spectral
bin. R is specified by using the variance of these distributions.

Two OSSEs were conducted on 20 January 2012 at 6 UT under nominal conditions with two different levels
of geomagnetic activity but at the same level of solar EUV conditions with a focus on the dayside thermo-
sphere. TIEGCM simulations are ran for a time of quiet and moderately disturbed geomagnetic conditions
with the same F10.7 = 141. The moderately disturbed conditions were generated by setting cross‐tail potential
= 120 kV and hemispheric power = 90 GW compared to cross‐tail potential = 20 kV and hemispheric power
= 14 GW for the quiet time simulation within the TIEGCM model. The WAM ensemble generated by per-
turbing solar UV and EUV forcing as described in section 2.1 for 20 January 2012 conditions was used for
both OSSEs. Note that both TIEGCM simulations are biased from the WAM simulations with a larger bias
for the disturbed time. The ensemble filter should be able to bring the WAM ensemble closer to the truth
state and reduce the model bias if the data assimilation system is functioning as expected.
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The data assimilation time‐window of 1 hr is adopted. In these OSSEs, the size of h is 100 corresponding to
temperature at 100 pressure levels ranging from 100 to 500 km and the ensemble size m is 80.

4. Results

Accuracy of the data assimilation measurement‐update obtained in the OSSE results can be interpreted in
terms of the model bias or the difference between the WAM ensemble mean temperature and the
TIEGCM truth atmosphere. The percent change in the model bias from the forecast to the measurement‐
update is computed as follows:

Δbias ¼ 100×
1
hk

∑
h

l¼1
∑
k

j¼1

bias l; jð Þa
		 		− bias l; jð Þf

			 			
bias l; jð Þf

			 			 %½ �

where l is the lth pressure level out of h, j is the jth pixel out of k on the disk in GOLD's field‐of‐view, and bias
(l,j)f and bias(l,j)a are the forecast and measurement‐updated biases, respectively, at l,j. The precision (uncer-
tainty) of the measurement‐updated state can be represented by the standard deviation of the ensemble. If
OSSEs are successfully, there is an increase in the model precision and a reduction in the ensemble spread
after an observation has been assimilated. This is visualized in Figure 3, where the ensemble spread is
decreased between the forecast ensemble (light gray) and measurement‐updated ensemble (dark gray).

4.1. Quiet Time OSSE

Figure 3 provides a graphical representation of the measurement‐update under quiet geomagnetic condi-
tions in a single atmospheric column in the (a) nadir direction, and in a (b) near‐limb direction. The location
of these atmospheric columns in GOLD's field‐of‐view are denoted by black dots in Figure 4. In Figure 3a,
there is a significant reduction in the modeled temperature bias after the forecast ensemble is transformed
to the measurement‐updated ensemble by the EnSRF measurement‐update step. The maximum absolute
measurement‐updated bias is <10 K in the lower thermosphere at about 160 km altitude and 32 K in the
upper thermosphere. In Figure 3b, it is evident that both the forecast andmeasurement updated temperature
profile had difficulties capturing the temperature gradient in the lower thermosphere. While the temperature
bias is reduced from forecast to measurement‐update considering the entire profile, there is an increase in
bias in the lower thermosphere (forecast bias of 51 K to measurement‐update bias of 83 K at 160 km). This
example highlights an inherent shortcoming of this under‐determined inverse problem that is further dis-
cussed in section 5.

Figure 3. Example of temperature estimates in (a) the satellite's nadir direction and (b) near the limb. The solid black line
represents the TIEGCM “truth” atmospheric temperature. The light gray lines are the WAM forecast ensemble
members and the dotted line shows the ensemble mean (best estimate of temperature by WAM before data assimilation).
The dark gray lines represent the measurement‐updated ensemble after the observation has been assimilated with the
dash line showing the ensemble mean (best estimate of temperature by WAM after data assimilation). See the labeled
pixels in Figure 4 for the location of these temperature profiles on the disk.
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Figure 4 demonstrates effects of the measurement‐update over the disk viewed by GOLD at four atmospheric
pressure levels at around 160, 215, 300, and 440 km. Figures 4a and 4b show the temperature from the
TIEGCM truth atmosphere and the WAM forecast ensemble mean, and Figures 4c and 4d display the bias
in the atmospheric temperature before and after data assimilation. Comparing Figure 4c and Figure 4d,
the measurement‐update step generally reduces the model bias over the disk throughout the atmospheric
layers. The white regions with the lowest temperature bias correspond to values between −20 and 20 K.
The regions of maximum bias in the southeast limb of the disk correspond to absolute temperature differ-
ences of 110 K. The absolute mean temperature bias reduction from forecast to measurement‐update over
the disk is 58 to 34 K (percent bias reduction of 41%) at 160 km, 64 to 23 K (64%) at 215 km, 99 to 26 K
(74%) at 300 km, and 113 to 33 K (71%) at 440 km. The mean of the ensemble spread (precision) of the
measurement‐updated estimate over the disk is 21 K at 160 km altitude, 32 K at 215 km, 40 K at 300 km,
and 41 K at 440 km. These results correspond to an 18%, 24%, 27%, and 27% reduction in model
uncertainty, respectively.

4.2. Storm Time OSSE

To demonstrate the effectiveness of the measurement‐update during geomagnetically disturbed conditions,
Figure 5 shows the results for the measurement‐update during the peak response in the thermosphere to the
geomagnetic disturbance at two atmospheric columns shown in Figure 6. The column in Figure 5a is located
in the region with the most significant temperature changes and the column in Figure 5b is the same as
Figure 3b. These two examples show the EnSRF can significantly reduce model bias given potentially large
forecast biases in times of elevated forcing.

Figure 6 demonstrates the effects of the measurement‐update over the disk at the same pressure levels shown
in Figure 4. During the peak response in the thermosphere, the absolute mean temperature bias reduction
from forecast to measurement‐update over the disk is 102 K to 50 K (percent bias reduction of 51%) at 160
km, 147 to 46 K (69%) at 215 km, 217 to 66 K (70%) at 300 km, and 241 to 79 K (67%) at 440 km. These values
correspond to a reduction in the absolute mean temperature bias over all grid points of 60%. The mean of the
ensemble spread (precision) of the measurement‐updated estimate over the disk is 20 K at 160 km altitude,
34 K at 215 km, 42 K at 300 km, and 43 K at 440 km. The total model uncertainty reduced by 28% from fore-
cast to measurement‐update. These are promising results, given known short‐comings in current thermo-
spheric models during times of increased magnetospheric forcing.

5. Discussion
5.1. Model Error

The estimation of vertical temperature structure from GOLD disk emission data is an under‐determined
inverse problem, requiring the use of prior information and/or regularization. The data assimilation
approach presented in this paper uses the prior probability distribution of the temperature structure

Figure 4. Three‐dimensional plots showing (a) the TIEGCM “truth” atmospheric temperature, (b) theWAM forecast model predicted temperature, (c) the tempera-
ture bias between the “truth” temperature and forecast model, and (d) the temperature bias between the truth temperature andmeasurement‐updated estimate after
the observation has been assimilated. Figure 3 shows a graphical representation of the measurement update for the labeled pixels.
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specified by the forecast model ensemble. According to Steps 2–4 of the EnSRF measurement update
described in section 2.3, the measurement‐updated temperature is computed by using the relationship
between the GOLD disk emission and the temperature at each altitude level determined by two sets of

ensemble: the forecast temperature ensemble x1f ;…; xf
m

n o
and forecast observation ensemble y1f ;…; yf

m
n o

.

The forecast temperature and observation ensembles are most correlated around 160–200 km depending
on solar zenith angle, as the temperature in the lower thermosphere has the greatest contribution to LBH
emissions observed by GOLD. The thermospheric temperature estimate depends on abilities of the forecast
and forward models to realistically reproduce upper atmosphere physical processes at all the altitude
ranges. It is important to identify the causes of model biases by analyzing patterns in the model‐
observation differences and comparing to independent observations from other ground‐based and space‐
based instrumentations.

5.2. Observation

Specific forms of the GOLD observation assimilated in the EnSRF can be changed as long as the observation
reflects temperature effects on the shape of the LBH features and is defined consistently with the forward
model. A mean short to long spectral counts ratio was used as the observation for this study because it
showed superior performance over other observation types tested including the total magnitude of LBH

Figure 5. Example of temperature estimates in (a) the satellite's nadir direction and (b) near the limb during the thermo-
sphere's peak response to the geomagnetic disturbance presented in the same manner as Figure 3. See the labeled pixels in
Figure 6 for the location of these temperature profiles on the disk.

Figure 6. Three‐dimensional plots during the thermosphere's peak response to the geomagnetic disturbance presented in the same manner as Figure 4. Compared
to Figure 4, the color contour ranges have increased from 400‐1200 K to 400‐1400 K for (a) and (b) and from ±200 to ±300 for (c) and (d). Figure 5 shows a graphical
representation of the measurement update for the labeled pixels.
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emission, the magnitude of individual features, and the magnitude of only
the short or long counts of features. The first two observation types had the
lowest performance because they did not reflect feature shape.

The use of short to long spectral counts ratio as the observation requires
careful consideration for the spectral binning into short and long wave-
length sections. This is because the peak of emission for a certain feature
will shift to longer wavelengths as temperature increases. Shifting of the
peak emission is well captured in the forwardmodel in this study. We have
accounted for this shifting by setting the short spectral bandwidth beyond
the point of the peak of emission for the highest expected temperature. In
the future, actual GOLD data will be used to define the ratio boundary.

5.3. Observation Error

The accuracy of the ensemble filter measurement‐update is dependent on
the representation of the observational error covariance, R, which defines
the uncertainty in observations resulting from inadequacy in forward
modeling as well as measurement and instrument noises. A lower uncer-
tainty in observations results in a filter that trusts observations more than
prior knowledge (forecast model). Figure 6 displays how the mean tem-
perature bias over the disk changes with R at each altitude. These results

are obtained with recalibrated R to reflect different instrument noise characteristics that is represented by
the Poisson distribution.

When R is at its current value or lower, the mean absolute measurement‐updated temperature bias over the
disk above 160 km altitude is <35 K with a minimummean absolute bias of 23 K at ~215 km. If the observa-
tion error increases by a factor of ~10, the filter will still obtain reasonable accuracy with a mean
measurement‐updated temperature bias under 50 K throughout the thermosphere. This study was per-
formed for 2012 conditions, and FUV photon counts are higher than present conditions in 2019. It is expected
that given the lower photon counts in present‐day and thus a lower signal‐to‐noise, the performance of the
EnSRF will be closer to the R = 10 × Lq case shown in Figure 7. When GOLD Level 1C data is assimilated in
the future, R must be adjusted to reflect both instrument performance determined after each recalibration
analysis and uncertainties in the physics of the forward model. Furthermore, the effects of uncertainty in
photo electron impact cross sections should be accounted for in modeling R.

Below 160 km, the mean bias increases with decreasing altitude up to 50 K at 110 km. Based on the observa-
tion error and model‐observation biases, a new ensemble perturbation method may need to be adapted to
represent the forecast covariance most appropriately to improve the performance of the EnSRF throughout
the thermosphere. The ensemble used in this study is most sensitive to solar EUV variation based on the nat-
ure of its creation with perturbed solar EUV conditions. In the case of capturing lower atmosphere forcing
variability, a new WAM ensemble perturbation method should consider a combination of perturbed solar
and tropospheric conditions, which is likely to increase the sensitivity of the measurement‐updated tempera-
ture at lower altitudes to observations.

6. Conclusions

An application of radiance data assimilation to the upper atmosphere is formulated by using ameasurement‐
update step of the EnSRF. The OSSEs designed for GOLD FUV observations demonstrate the potential of the
radiance data assimilation approach to estimate the three‐dimensional structure of the thermosphere tem-
perature fromGOLD Level 1C disk data. The OSSEs showed that assimilation of the short to long wavelength
ratio of LBH disk emission features into the WAM can reduce the model temperature biases from forecast to
measurement update by 61% under geomagnetically quiet conditions and by 60% under disturbed condi-
tions. The OSSEs also produced a reduction in model uncertainty as reflected by the ensemble spread of
about 20% in the lower thermosphere and 30% in the upper thermosphere for both conditions. The ratio used
in this study is one example of an observation type that helps accentuate the temperature effects on the shape

Figure 7. Absolute mean measurement‐updated temperature bias over the
disk for each WAM pressure level given varying values of observational
error covariance, R. The dotted red line indicates the best estimate of R that
is used in the case studies. Lq is the photon radiance. Counting statistics,
expected to be the dominant noise source, are modeled as a Poisson distri-
bution with mean and variance equal to or a multiple of Lq.
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of LBH emission features. Selecting an optimal observation type will be important when assimilating actual
GOLD data in the future.

Reconstruction of the three‐dimensional temperature structure over the disk observed by GOLD is an
exciting prospect to help understand the thermosphere's dynamic response to forcing from space and
the lower atmosphere. The radiance data assimilation approach demonstrated in this paper presents
opportunities to track transient features detected by GOLD data but absent in numerical models and
improve modeled responses during times of elevated forcing. In the future, the implementation of
EnSRF needs to be further refined by including a forecast step and using ensemble perturbations that
encompass a full range of sources of the model uncertainty. This study is a first step to assimilate the
GOLD disk image observations in a similar manner to lower atmosphere radiance data assimilation
approaches. Incorporating this approach into existing whole atmosphere assimilation systems that are
capable of assimilating a large variety of observations including the tropospheric and stratospheric obser-
vations will enable synthesis of GOLD data with other ground‐based and satellite data for direct exam-
ination of the impact of lower atmosphere wave forcing in the thermosphere.
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