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Abstract

The present investigation evaluates the assimilation of synthetic data which has properties similar to actual Global-scale
Observations of the Limb and Disk (GOLD) level-2 (L2) and other conventional lower atmospheric observations. The lower
atmospheric and GOLD L2 temperature (Tdisk) are assimilated in the Whole Atmosphere Community Climate Model with
thermosphere-ionosphere eXtension (WACCMX) using Data Assimilation Research Testbed (DART). It is found that inclusion
of the GOLD Tdisk improves the forecast root mean square error (RMSE) and bias by 5% and 71%. When compared to lower
atmosphere only assimilation the improvements in RMSE and bias are 20% and 94%. An investigation of the global DW1
and local diurnal tidal characteristics shows that inclusion of the GOLD temperatures improves the DW1 by about 8% and
diurnal tide by more than 17%. The percentage improvement in tides is higher at lower thermospheric altitudes. Considerable
improvements in the model state are also seen at times and locations where there are no GOLD observations available. These
results and the background data assimilation procedure are presented here, which demonstrates that GOLD thermospheric

temperature is an excellent dataset which can be used for thermospheric assimilation studies and operational purposes.
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Key Points:

« Synthetic level 2 GOLD disk temperatures are assimilated and tested in WAC-
CMX+DART

e GOLD temperature assimilation improves the thermospheric temperature rmse
and bias by 5-20% and 71-94%

+ DWI1 and local diurnal tide are improved by about 7% and 17%, respectively at
thermospheric altitudes.
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Abstract

The present investigation evaluates the assimilation of synthetic data which has prop-
erties similar to actual Global-scale Observations of the Limb and Disk (GOLD) level-

2 (L2) and other conventional lower atmospheric observations. The lower atmospheric
and GOLD L2 temperature (Ty;sx) are assimilated in the Whole Atmosphere Commu-
nity Climate Model with thermosphere-ionosphere eXtension (WACCMX) using Data
Assimilation Research Testbed (DART). It is found that inclusion of the GOLD T g5k
improves the forecast root mean square error (RMSE) and bias by 5% and 71%. When
compared to lower atmosphere only assimilation the improvements in RMSE and bias
are 20% and 94%. An investigation of the global DW1 and local diurnal tidal charac-
teristics shows that inclusion of the GOLD temperatures improves the DW1 by about
8% and diurnal tide by more than 17%. The percentage improvement in tides is higher
at lower thermospheric altitudes. Considerable improvements in the model state are also
seen at times and locations where there are no GOLD observations available. These re-
sults and the background data assimilation procedure are presented here, which demon-
strates that GOLD thermospheric temperature is an excellent dataset which can be used
for thermospheric assimilation studies and operational purposes.

Plain Language Summary

A perfect numerical model simulation of the Earth is the one that can reproduce
the whole atmosphere-ionosphere-thermosphere (AIT) system at any point of time. With
time, the numerical models are evolving and the simulation capabilities are enhanced with
new understanding of the AIT system dynamics, but they are still far from perfect. On
the other hand if one can measure any parameters or state of the AIT system at any point
of time then the numerical models will be of no use. In the absence of both the above
highly ambitious extreme possibilities, both the state of the art model capabilities and
AIT measurements can be combined in a data assimilation framework to study the dy-
namics and to get a better understanding of AIT system. The present investigation eval-
uates GOLD mission level-2 disk temperatures and found that they can improve the ther-
mospheric assimilation capability significantly.

1 Introduction

The upper atmosphere, above about 100 km, of the Earth is influenced by wave
forcing from the lower atmosphere and by external solar and geomagnetic forcings. For
a better understanding of the whole atmosphere comprising of atmosphere-ionosphere-
thermoshere (AIT) system it is necessary to study and characterize the local and global
variations. Ground based datasets have good local time coverage but they lack global
coverage. While low-earth orbiting (LEO) satellite based measurements have good global
coverage but they lack local time coverage. However, imaging measurements from a geo-
stationary orbit can cover a great spatial and temporal window over a part of the globe.
The recently launched Global-scale Observations of the Limb and Disk (GOLD) mission
provides one such opportunity to image the Earth’s thermosphere at an unprecedented
spectral, spatial, and temporal resolution (Eastes et al., 2020; McClintock et al., 2020;
Laskar et al., 2020). GOLD scans the Earth’s disk from geostationary orbit for about
18.5 hours a day, from 0610 UT to 0040 UT. The daylight measurements of the nitro-
gen (N3) Lyman-Birge-Hopfield (LBH) bands in far-ultra-violet (FUV) can be used to
retrieve thermospheric temperature over about, at times, one fourth of the globe (Eastes
et al., 2020). With the availability of such partly global thermospheric dataset and other
local plus global observations at different altitudes of the atmosphere an investigation
of the AIT system is warranted by re-analyzing all these measurements.

The primary measurements from GOLD mission are FUV emissions, which can be
used in the data assimilation models (Cantrall et al., 2019). But in the present inves-
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tigation the thermospheric temperatures that are retrieved from the Ny LBH bands are
assimilated. This is because the temperatures retrieved from GOLD LBH band emis-
sions are validated regularly and such retrievals have a long history (Aksnes et al., 2006;
Krywonos et al., 2012; Meier et al., 2015). Moreover, investigations from a forward mod-
eling study showed that model underestimate the radiance compared to GOLD obser-
vations (Greer et al., 2020).

The thermosphere-ionosphere (TI) system can change very rapidly with the change
of external forcings. Also the lower atmospheric wave forcings influence the TI system
significantly. So, a whole AIT data assimilation would be of great resource for the in-
vestigation of TT system (Jackson et al., 2019). Most of the earlier assimilation systems
assimilated the lower atmosphere (below ~100 km ) data (Pedatella et al., 2014; McCor-
mack et al., 2017) or used thermosphere-ionosphere models having a lower boundary be-
tween 80 km and 100 km altitudes (M. V. Codrescu et al., 2004; Lee et al., 2012; Chartier
et al., 2016; Chen et al., 2017; Rajesh et al., 2017; S. M. Codrescu et al., 2018; Sutton,
2018; Cantrall et al., 2019; He et al., 2019).

Assimilation experiments using whole atmosphere models have also been performed
(Wang et al., 2011; Pedatella et al., 2018), but they assimilated only the lower and mid-
dle atmosphere observations from altitudes below about 100 km. The present investi-
gation aims to evaluate the impact of GOLD mission level-2 thermospheric disk temper-
atures on a whole AIT data assimilation model, where both lower atmosphere and ther-
mosphere data are assimilated.

2 Model, Data, and Methodology

The main objective of this study is to assimilate and assess the impact of the GOLD
disk temperatures (Tg4;s) observations in a whole atmosphere model, for that we have
used the Whole Atmosphere Community Climate Model with thermosphere-ionosphere
eXtension (WACCMX). Data assimilation is implemented using the Data Assimilation
Research Testbed (DART) ensemble Kalman filter. Details about the model and obser-
vations are given below.

2.1 WACCMX+DART

The recently developed WACCMX version 2.1 is a whole atmosphere general cir-
culation model extending from the surface to the upper thermosphere ( 500-700 km de-
pending on solar activity) (Liu et al., 2018). WACCMX includes the chemical, dynam-
ical, and physical processes that are necessary to model the lower, middle, and upper at-
mospheres. The thermosphere and ionosphere processes are similar to those in the NCAR
Thermosphere-Tonosphere-Electrodynamics General Circulation Model (TTE-GCM), in-
cluding the transport of O" and self-consistent electrodynamics as well as realistic so-
lar and geomagnetic forcing. The model horizontal resolution is 1.9°x2.5° in latitude
and longitude, and the vertical resolution is 0.25 scale heights above ~50 km.

To reproduce specific events in WACCMX it is necessary to constrain the model
meteorology (i.e., dynamics). The data assimilation capability in WACCMX was initially
implemented by Pedatella et al. (2018) using DART (Anderson et al., 2009), which uses
the ensemble Kalman filter. But the earlier adoption was limited to assimilation of ob-
servations at altitudes below 100 km. In the present investigation the WACCMX+DART
assimilation capability has been extended to thermosphere altitudes for the assimilation
of GOLD L2 Tg;sk. As the thermospheric dynamics can change fast in response to changes
in forcing conditions, we use 1 hour assimilation frequency.

An essential part of ensemble data assimilation is that the ensemble members should
have sufficient spread. To increase the spread in the ensemble members we use variable
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external forcing parameters with standard deviations of 15 sfu and 1 in F10.7 solar flux
and Kp index over the ensemble members. For the assessment of the impact of assim-
ilating GOLD Ty, data we run two Observing System Simulation Experiments (OSSEs);
one with synthetic observations for altitudes below about 100 km, we call it lower at-
mosphere only (LA) and second one is with synthetic observations from lower atmosphere
plus GOLD L2 Ty;sr (LA+GOLD) observations. These synthetic observations are gen-
erated based on a true or reference state from a free run of WACCMX. A random er-

ror is applied to the synthetic observations based on the errors in the actual observations.

For the present OSSEs the lower atmosphere observations include conventional me-
teorological observations (i.e., aircraft temperatures, radiosonde temperatures, and winds),
Global Positioning System (GPS) radio occultation refractivity, and temperature obser-
vations from Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satel-
lite Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) in-
strument and Aura Microwave Limb Sounder (MLS). The solar and geomagnetic forc-
ing parameters for the true state is F10.7=76 sfu and Kp=0. While for the OSSEs the
F10.7 has an ensemble mean value of 100 sfu and a spread of 15 sfu, resetting any F10.7
value less than 60 sfu to 60 sfu. Similarly, Kp index values have a mean of 0.33 with a
spread of 1, but minimum Kp value was restricted to 0. Based on recommendations from
previous studies (e.g., Pedatella et al., 2014, 2018) and to reduce the computational load
we employ 40 member ensembles for both the OSSEs.

2.2 Assimilation of GOLD Tg;sx in WACCMX+DART

The daytime Ny LBH bands can be used to retrieve lower thermospheric temper-
atures (Aksnes et al., 2006; Krywonos et al., 2012; Meier et al., 2015), which are pub-
licly available in the GOLD web-page https://gold.cs.ucf.edu/. Figure 1 shows an
example disk image of the retrieved temperatures from GOLD daytime disk observations
(Figure la), their random uncertainty (Figure 1b), and a map of solar zenith angle vari-
ation over the disk (Figure 1c). A higher uncertainty in temperatures can be seen in the
Northern hemisphere, which is due to low signal to noise ratio (SNR) corresponding to
higher solar zenith angles (SZAs) measurements. Temperatures like these are retrieved
from 1x1 pixel binned level 1C (L1C) LBH radiance data, so the noise level is high. In
a future release the L1C data will be binned at 2x2 pixels to retrieve the disk temper-
atures, which will reduce the noise by about a factor of 7 (Eastes et al., 2020). Though
the temperature data in 1x1 L1C pixel binning are noisy there are lot of geophysical vari-
ations in them, which are very clear in 2x2 L1C-pixel binning as can be seen in Eastes
et al. (2020) or when some of the noisy data are filtered out (not shown here). So, to cre-
ate a set of synthetic data for the current investigation, we have reduced the random un-
certainty in the currently available operational data by 7 times.

The daytime No LBH band emissions emanates primarily from the lower thermo-
sphere. The altitude profiles of variation of 136.5 nm LBH band normalized contribu-
tion function for some representative solar zenith angles are shown in Figure 2(a). A con-
tribution function provides information about the altitudes from where the emission em-
anated from. It can be noted that until about 55 degrees SZA the contribution function
has nearly similar shape and the peak altitude varies by about 10 km. A plot of the 0°
SZA contribution function and its mathematical function fit in log(p/p,) coordinate, where
p and p, are pressures at a given level and at the surface, respectively, is shown in Fig-
ure 2(b). As DART uses log(p/ps) as vertical coordinate, we use such logarithmic scale
in the forward operator calculations. The mathematical function used in the fit is a log
normal function of the form:

—{logio(~2)—n}?

CFpy = (Afz)e™ 5 (1)

Where, A, p, o are amplitude, mean and standard deviation of x, the actual contribu-
tion function. This function is used as the forward operator which translates the model
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Figure 1. An example disk temperature image retrieved from GOLD daytime LBH disk ob-
servations (a), the random uncertainty (b), and a map of solar zenith angle variation over the
disk are shown. Higher uncertainties in the Northern hemisphere are due to higher solar zenith

angle and thus relatively lower signal to noise ratio measurements.

state to what would be observed by GOLD. Since GOLD observes airglow layer integrated
emissions, which are used for the temperature retrieval, the forward operator weights the
model temperature profiles to estimate a GOLD equivalent effective temperature.

2.3 Localization of the impact of GOLD observations

GOLD is capable of observing day-time Earth’s disk temperatures centered over
American longitudes, which are representative of the whole LBH emission layer as shown
by the contribution functions in Figure 2. To avoid any spurious correlation at altitudes
and locations far away from the observation point, the observations are localized in space
so that there is no direct impact at far away locations. A plot of the variation of covari-
ance vertical localization factor is shown in Figure 3. The peak of the vertical localiza-
tion profile is close to the peak of the contribution function, which is about 160 km (or
10~ hPa or -20 in log (p/po) coordinate). As the thermosphere maintains an isother-
mal state, a change in temperature at the peak altitude is expected to have a positive
correlation at all altitudes in the thermosphere. Due to this characteristics of the ther-
mosphere the localization function is chosen to be positive at upper thermosphere, even
though the contribution function is near zero at those altitudes. The horizontal local-
ization used is standard Gaspari-Cohn type (Gaspari & Cohn, 1999; Anderson & Lei,
2013) with a half width of 0.2 radians.

3 Results and Discussion

For the present OSSE investigation we test the assimilation of GOLD T ;s obser-
vations in WACCMX+DART for 9-13 November 2018, where the assimilation experi-
ments started from 20 October 2018. Figure 4 shows an example of True (a), synthetic
(¢), forecast (b), and analysis (d) of GOLD disk temperatures on 13 November 2018 at
15 UT. It can be noted that the synthetic data used in these assimilations have spatial
properties similar to those shown in Figure 1(a). The analysis states are obtained by as-
similating the synthetic data in WACCMX+DART. The analysis state compares very
well with the True state, which indicate that the data assimilation system performs well.
Further diagnosis of the OSSEs are discussed below. It may be noted here that in the
assimilation setup the T g5 observations only directly impact temperatures in WAC-
CMX+DART.

Further diagnosis of the assimilation is performed by calculating root mean square
error (RMSE) and bias between model (forecast and analysis) and Tg;sx, observations.
Figure 5 shows the variation of the RMSE (5a) and bias (5b) for the LA only analysis
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Figure 4. True (a), forecast (b), synthetic (c), and analysis (d) disk temperature states. It
can be noted that the synthetic data used in this assimilation has spatial properties similar to

those shown in Figure 1(a). The analysis state compares very well with the True state.

(LA anal.), LA+GOLD forecast (LA+GOLD fore.), and LA+GOLD analysis (LA+GOLD
anal.). Significant improvement in LA+GOLD assimilated forecast RMSE and bias can
be seen, which are about 5% and 71%. A dramatic improvement in LA only assimila-

tion RMSE and bias are observed which are about 20% and 94%. It is also apparent in
Figure 5 that the short-term forecast in the LA+GOLD experiment is improved rela-

tive to the LA experiment. This demonstrates the effectiveness of the assimilation, and
shows that the assimilation of GOLD temperatures can improve short-term forecast of
the thermosphere.

Figure 6 shows a comparison of the whole atmosphere temperature profiles from
true state, LA only assimilation, and LA+GOLD assimilation for 14 UT (left column)
and 18 UT (right column) at different locations inside the GOLD’s field of view. Though
there are differences between the true state and the analysis state in the LA+GOLD ex-
periment, the differences are lower compared to the LA only experiment. It may be noted
that the average solar forcing for the assimilation experiments is about 25 sfu higher com-
pared to the true state solar forcing. Significant improvements are also observed (not shown
here but another representation is shown later) at all hours from 7 -23 UT, where data
are available from the GOLD disk observations. The zonal mean (ZM) temperature pro-
files (lower panels in Figure 6) also show significant improvement compared to LA only
assimilation. These improvements in the analysis state suggests that GOLD T ;s im-
proves the model state significantly.

The results in Figure 6 were for sample times and locations within the GOLD‘s ob-
serving temporal and spatial windows. Whereas, in Figure 7, we show a similar compar-
ison as that in Figure 6 but at locations outside GOLD‘s field of view, to see its impact.
Figure 7(a) and (b) show comparison at 2 UT and 15 UT and over (65°N, 60°W) where
there are no or very little observations from GOLD. Even then one can note some im-
provement in the LA+GOLD analysis state compared to LA analysis. While in Figure
7(c) and (d) the same 2 UT and 15 UT are shown but at the other side of the hemisphere
at (0°S, 120°E). As there are no observations from GOLD over those locations, the im-
provements compared to LA analysis is very small. This improvement in the LA+GOLD
analysis outside the GOLD'’s field of view suggests that there are indirect improvement
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Figure 5. Diagnostics of the assimilation performed using lower atmosphere plus GOLD data
are compared with lower atmosphere only assimilation. RMSE (a) and bias (b) for the LA anal-
ysis (LA anal.), LA+GOLD forecast (LA+GOLD fore.), and LA+GOLD analysis (LA+GOLD
anal.). Significant improvement in LA+GOLD analysis RMSE and bias can be seen which are
about 5% and 71%, compared to LA+GOLD forecast state. When compared to LA only assimi-
lation the improvement in RMSE and bias are about 20% and 94%.
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Figure 6. Comparison of the whole atmosphere temperature profiles from true state, lower
atmosphere only assimilation (LA), and lower-atmosphere plus GOLD assimilation (LA+GOLD)
for 14 UT (left column) and 18 UT (right column) at different locations inside the GOLD field of
view. The zonal mean (ZM) in LA+GOLD also shows significant improvement compared to LA

only assimilation.

in terms of the adjustment in the model forecast capability. Thus one can say that the
assimilation of GOLD Tg;s, data improves the model state globally, but the impact is
lower at locations and times outside GOLD’s window of observations.

In Figure 8 we present a global picture of the impact of GOLD assimilation on model
temperatures at a particular pressure level (7.3x10~"hPa, about 194 km) but over the
equator for the 5-days of OSSEs in November 2018. We show the difference between true
state and the LA only assimilation (T74-Ttrue) in (a). While Figure 8(b) shows tem-
perature difference between LA+GOLD experiment and true state (Tra+corp-Ttrue)
at that pressure. It can be seen that overall the differences are smaller in Figure 8(b)
compared to Figure 8(a). Also, the Tra1corp-Tirue differences are very near to zero
at second half of UT times of the day and within 110°W to 20°E longitudes through 0,
where GOLD disk data are mostly available. There are some enhanced negative occur-
rences in AT within the 110°W to 20°E longitude (in Figure 8b), which are mostly in
the night-sector where there are few or no observations from GOLD. One can see an en-
hanced region of temperature that is propagating with time along longitude, which is
the signature of diurnal westward propagating wave number 1 (DW1) tide, character-
ization of such tides are given below.

We have observed above that DW1 like waves in temperatures are seen in Figure
8. Here we show the comparison of DW1 amplitudes between true, LA experiment, and
LA+GOLD experiment in Figure 9(a). The DW1 amplitude is highest for the LA ex-
periment and compared to it the LA+GOLD experiment DW1 has amplitudes closer to
the true state. The percentage improvement in LA+GOLD experiment DW1 and per-
centage difference from true state are shown in Figure 9(b). The percentage improve-
ments are higher than 7% at all the altitudes above about 130 km. Higher than 10% am-
plitudes are also observed in percentage improvement at altitudes below 150 km, which
are mainly due to the lower values of true state DW1 tide in temperature. Though there
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Figure 7. Comparison of the whole atmosphere temperature profiles between true state, lower
atmosphere only assimilation (LA), and lower-atmosphere plus GOLD assimilation (LA+GOLD)
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of view. Significant improvements are observed, even, at locations and times where there are no
GOLD data.
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mosphere only assimilation (Tza-Ttrue, in a) and true state and LA+GOLD assimilation
(Tra+corp-Tirue, in b) are shown for the 5 days during November. It can be seen that the
differences (in b) are very near zero at second half of UT days and at locations (110°W to 20°E
through 0°), where GOLD data are mostly available.
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263

264

265

are more than 7% improvements in DW1 after assimilation of GOLD Tgy;s, there is still
about 27% (about 10°K) difference between true and the GOLD assimilated DW1. This
discrepancy could be attributed to GOLD only observing about one fourth of the globe
for a portion of the day, so the improvement in the global DW1 tide is limited. But lo-
cally over American longitudes the improvement could be better which is discussed be-

low.
DW1 Improvement with GOLD Tdisk Assimilation (Equator)
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Figure 9. Improvement of DW1 amplitude as compared to LA assimilation experiment. Alti-

tude variation of DW1 (a) of true (dashed), LA+GOLD (solid), and LA (dash-dotted) are shown.

Percentage difference (dashed) and improvement (solid) in DW1 amplitudes (b) compared to true

and lower atmosphere only assimilation DW1 amplitudes are also shown.

DT Improvement with GOLD Tdisk Assimilation (Equator, 50°W)
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Figure 10. Improvement of local diurnal tidal (DT) amplitude as compared to LA only

assimilation. Altitude variation of DT (a) of true (dashed), LA+GOLD (solid), and LA (dash-
dotted) are shown. Percentage difference (dashed) and improvement (solid) in DT amplitudes (b)

compared to true and lower atmosphere only assimilation DT amplitudes are also shown.

To investigate the local tides over the Americas we have done a similar analysis as
that in Figure 9, but for the local diurnal tide (DT, at 0°, 50°W), which is shown in Fig-
ure 10. Here it can be seen that the LA+GOLD experiment DT amplitude profile is much
closer to true state compared to LA experiment. Also, the improvements are more than
17% compared to LA assimilation and difference between true and LA+GOLD DT is

—11-



266 less than 10% at thermospheric levels. As the local tide estimation is affected by inter-

267 action between global and local components (Laskar et al., 2016) the discrepancies could
268 be attributed to difference between global components of all the three states.

269 4 Conclusions

270 A set of synthetic observation from troposphere to thermosphere are used in this

27 investigation to evaluate the impact of GOLD Level-2 disk temperature measurements
o7 to improve the thermospheric data assimilation and dynamics. Following are the salient
73 findings of this investigation:

274 1. Assimilation of GOLD disk temperatures improves the themospheric assimilation
215 over the GOLD field of view and also globally to some extent.

276 2. The model forecast RMSE and bias are improved by 5% and 71%, and the improve-
277 ments are 20% and 94% when compared with lower atmosphere only assimilation.
218 Thus, the inclusion of GOLD Tg;s; in the assimilation improves the short term

279 forecast of the thermosphere.

280 3. The global diurnal tide of wavenumber 1 (DW1) and local diurnal tide over Amer-
281 icas improve by about 8% and by more than 17%, respectively upon assimilation
282 of GOLD temperatures.

283 4. Though GOLD observations are available only during day-light hours, it improves
284 the night time state too.

25 These results demonstrate that GOLD level 2 disk temperatures are an excellent

286 set of observations, which will be of use in the future investigations of atmospheric cou-
287 pling, dynamics, and operational use. As the GOLD T ;4 assimilation improves ther-

288 mosphere, the current investigation shows a promise towards better forecast capability
289 of space weather.
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