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Abstract. The scientific and societal importance of short-
term changes in the thermosphere—ionosphere (T-I) system
highlights a need to better understand short-term changes in
the thermosphere. For collision avoidance, this need becomes
increasingly important as the number of low-earth-orbiting
satellites increases because geomagnetic activity can cause
dramatic, unexpected increases in satellite drag. The ther-
mospheric density changes responsible for changes in drag
depend primarily on changes in the thermospheric temper-
ature. However, for collision avoidance, the specification of
drag could also be problematic during quiet periods when
the number of satellites and the uncertainties in their orbits
are large. While temperatures and densities at higher alti-
tudes ( 2 250km) have been extensively studied and mod-
eled, there is a knowledge gap for densities at lower-middle-
thermosphere altitudes (< 200 km). At these lower altitudes,
the primary sources of thermospheric density data, in situ
and drag data from satellites, are rarely available. Remote
sensing of temperatures and composition by NASA’s Global-
scale Observations of the Limb and Disk (GOLD) mission
can help fill this gap. The GOLD mission produces disk im-
ages of neutral temperature, a key parameter for understand-
ing neutral density in the lower-middle thermosphere. How-
ever, while disk images of the temperature have been avail-
able since the launch of GOLD, recent improvements to its
observational capability that are relevant to data interpreta-
tion may not be widely known. Also, other temperature re-
trieval techniques than GOLD’s have been published. Com-
parisons indicate that GOLD’s technique gives the most con-
sistent results and yields the lowest uncertainties. This paper

discusses both temperature retrieval techniques and issues in
interpreting GOLD’s images of temperatures.

1 Introduction

The lower-middle thermosphere (< 200 km) plays a key role
in the temporal and spatial variability in the thermosphere—
ionosphere (T-I) system. Below ~ 200 km, the temperature
and composition (e.g., O/Nj ratio) change rapidly with alti-
tude: both are influenced by forcing from below and above.
Waves from below ~ 100 km deposit energy and momentum
in the lower T-I region, as do geomagnetic and solar forc-
ing from above. The response of the lower-middle thermo-
sphere to these forcings is believed to be a significant source
of the unexplained variability observed throughout the entire
T-I system (e.g., Forbes et al., 2024). While the mean state
of the T-I system has been extensively studied, the spatial—
temporal variability within it is inadequately understood. A
lack of observations sufficient to constrain the state vari-
ables, especially temperature, in the lower-middle thermo-
sphere has limited advances in modeling and forecasting. Co-
incident with the disk images of neutral temperature (Tdisk),
the Global-scale Observations of the Limb and Disk (GOLD)
mission makes images of a second important variable in the
T-I, the O/N; composition ratio. Images of the composition
ratio have previously been used to make tremendous progress
in understanding the T-I (e.g., citations in Christensen et al.,
2003), and having an additional key variable, temperature,
at the same locations and times multiplies the potential for
progress in understanding the T-I state and its variability.
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Temperature is one of the most fundamental state variables
of the T-I system. It is a key to understanding the system’s
energetics and dynamics and to advancing modeling capabil-
ities.

A clear understanding of the observational limitations of
GOLD temperature images is essential for researchers using
the data. Since Cantrall and Matsuo (2021) analyzed the an-
gular dependence of an early version (V03) of the GOLD
Tdisk data, there have been significant advances in the al-
gorithms the GOLD team uses to retrieve temperatures. As
shown in this paper, the changes with solar zenith angle
(SZA) in the GOLD Tdisk (V05) and the analysis of Cantrall
and Matsuo (2021) are consistent, but there is a key differ-
ence between them. Additionally, we provide an overview of
the remote-sensing technique used by GOLD and summarize
additional information relevant to current and potential users
of the GOLD temperatures.

2 Neutral temperature measurements in the
lower-middle thermosphere

Remote sensing is essential for observing the lower-middle
thermosphere for extended periods of time. While in situ ob-
servations are possible for brief periods, satellites orbiting at
altitudes below ~ 300km encounter significant atmospheric
drag. Consequently, their orbits decay rapidly, leading to re-
entry into the Earth’s atmosphere unless they have propul-
sion or are in highly eccentric orbits. In contrast, far ultravio-
let (FUV; < 180 nm) emissions resulting from absorption of
solar extreme ultraviolet (EUV) radiation by the Earth’s at-
mosphere have been used by numerous satellite missions for
remote sensing of Earth’s daytime thermosphere at altitudes
near 150-160 km (e.g., Dynamics Explorer 1/Spin-Scan Au-
roral Imager (DE 1/SAI); Thermosphere, Ionosphere, Meso-
sphere Energetics and Dynamics/Global Ultraviolet Imager
(TIMED/GUVI); Ionospheric Connection Explorer/Far Ul-
traviolet instrument (ICON/FUV); and GOLD). NASA’s
GOLD mission, which provides daily spatial-temporal disk
images of temperature at 150-160km, is the first satellite
mission to routinely quantify synoptic neutral temperatures
at those altitudes using FUV remote sensing. These disk
images are retrieved from the widths of Ny Lyman-Birge—
Hopfield (LBH) band emissions observed.

2.1 N; Lyman-Birge-Hopfield band observations and
modeling

Earth’s FUV emissions (~ 120-180 nm) have been used ex-
tensively for space-based remote sensing of the T-I system.
A key advantage of using FUV emissions is that they are ab-
sorbed by O, in Earth’s atmosphere, which blocks contribu-
tions from below ~ 100 km. Consequently, FUV emissions
observed from space must come from higher altitudes, and,
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since these emissions cannot reach Earth’s surface, observa-
tions are only possible from space.

The LBH bands are one of Earth’s most important FUV
emissions for remote sensing of the thermosphere (e.g.,
Christensen et al., 2003). Photoelectrons — produced when
the Sun’s short-wavelength photons (< 45 nm) are absorbed
in Earth’s atmosphere — collide with N», producing the LBH
band emissions. These typically peak near 150-160 km when
the SZA is small, with the peak trending higher as the SZA
increases. Examples of this behavior are shown in recent
publications by Aryal et al. (2022, Fig. 2) and Evans et
al. (2024, Fig. 4). Although there are longer wavelength
emissions, most satellite missions have focused on wave-
lengths below 180 nm, where the brightest emissions occur.
An example of the Np LBH spectrum within GOLD’s band-
pass is shown in Fig. 4 of McClintock et al. (2020).

The LBH bands are emitted when N, makes transitions
from the vibrational levels of the a'Tl g¢(a) state to the
X! E;(X ) ground state. The full width at half maximum (~
0.35nm) of individual bands, attributable to the molecules’
rotational energy levels, varies with the temperature of the
N, molecules. As discussed in Aksnes et al. (2006), the band
width is expected to reflect the ground (X) state temperature
Consequently, the band widths observed are representative of
thermospheric temperature, which can be retrieved from the
emissions when observed with spectral resolution sufficient
to distinguish changes in the band widths (i.e., a full width at
half maximum of ~ 0.35 nm).

2.2 Thermospheric temperatures from the N, LBH
band widths

The GOLD mission measures changes in the N, LBH band
widths to produce disk images of thermospheric temperature.
It also retrieves temperatures from limb brightness profiles
of the N» LBH emission, a technique that has been used on
numerous missions and is described in detail elsewhere (e.g.,
Meier and Anderson, 1983; Evans et al., 2020). This paper
focuses on atmospheric temperature retrievals from the N,
LBH band widths. In Fig. 1, the LBH bands observed at the
beginning of the mission are shown. Wavelength coverage
during the mission has been shifted to shorter wavelengths
to address detector gain fatigue that occurs for the bright OI
135.6 nm emission.

Since each band of LBH emission is similarly dependent
on Nj temperature, retrievals can, in principle, use either a
single band or multiple bands. GOLD uses all the bands be-
tween 137.0 and 148.5 nm to increase the signal-to-noise ra-
tio (SNR) and precision of Tdisk, but this also increases the
number of parameters that must be determined, either during
the retrieval or in advance. To minimize the uncertainties,
this is done in advance when possible. For example, GOLD
retrievals use emissions from multiple vibrational levels, and
that requires knowledge of their relative populations (i.e., the
fraction of the molecules in each vibrational level), which
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Figure 1. Dayside spectrum observed by GOLD (black) with modeled LBH spectrum (red). Tdisk is retrieved using fits to all the LBH bands

in the 137.0-148.5 nm range.

are taken from Aryal et al. (2022) (Evans et al., 2024). Al-
though Eastes and Dentamaro (1996) and Eastes (2000) have
shown that some of the LBH excitation occurs by cascade
into the (a) state from other higher-lying states in addition
to electron impact directly to the (a) state from the ground
(X) state, observations (Aryal et al., 2022) indicate that the
vibrational populations observed in the dayglow are essen-
tially constant and that the only appreciable cascade contri-
butions are via radiative cascade (that cascade due to colli-
sions, which changes with the number densities, is insignifi-
cant).

GOLD temperature retrievals are also sensitive to errors in
the wavelength scale. These are not known in advance and
can be significant. Their significance can be seen in Fig. 2,
which shows displacements of the OI 135.6 nm line during
the first 2 years of the mission and knowing that 1 pixel is
~0.4 A/0.04 nm. The changes shown in Fig. 2 are attributed
to seasonal changes in solar illumination altering the tem-
perature gradient within the instrument. The resulting shifts
in wavelength scale are tracked using the locations of the
OI 135.6nm and NI 149.3 nm emission lines, which do not
change with temperature, throughout each day to calculate
scales for individual rows in each image. From these, an aver-
age wavelength scale for each GOLD image is calculated and
recorded in the GOLD L1C data products. However, row-by-
row deviations by ~ 1/2 pixel (0.2 A/0.02nm) from this av-
erage are present in the L1C data. While averaging across
multiple bands decreases the influence of small-scale wave-
length errors on GOLD’s Tdisk values, overall shifts in wave-
length are fitted during the retrieval (Evans et al., 2024) to
further reduce the effects of these errors.

An example of GOLD’s Tdisk values and uncertainties
since the beginning of the mission is shown in Fig. 3. The
temperatures shown in panel (a) are the mean of the V05
Tdisk data (NASA, 2024a, b; released 26 May 2023) in a
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Figure 2. Changes in the peak pixel for the OI 135.6nm line ob-
served by GOLD throughout each day during 2019 and 2020. The
wavelength scales included in the L1C data for each scan decrease
the deviations to ~ 0.2 A (~ 1/2 pixel).

10° x 10° (1100km x 1100km) sample at the subsatellite
longitude and 10° latitude for three local times (LTs; 07:00,
12:00, and 15:00). The V05 mean absolute and relative ran-
dom uncertainties (errors) for these data samples are shown
in Fig. 3b and c, respectively. While observed temperatures
vary with local solar time, the relative changes throughout
the mission are similar at all LTs. As discussed earlier, un-
certainties in the retrieved temperatures vary with SNR in
the dayglow observations, which varies with local time, since
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the dayglow brightness has a strong dependence on solar
zenith angle changes with local time. The mission began
observations during solar minimum, in late 2018. Now, 5
years later, the Sun is near solar maximum and its irradiance
has increased, increasing the brightness of the LBH bands
(Fig. 3d; average brightness at 07:00, 12:00, and 15:00LT
is 0.135, 0.456, and 0.347 kR, respectively, in January 2019
for the LBH bands used for temperature retrieval) and the
SNR of the data (Fig. 3e). The result is a long-term de-
crease in the uncertainties and increase in the temperatures.
An annual variation superimposed on the transition from so-
lar minimum to maximum, most clearly seen in the uncer-
tainties, is primarily due to the annual SZA variation at the
sampled area, 10° N of the Equator. The largest uncertainties
are during the Northern Hemisphere winter, when the mean
SZA is larger, resulting in smaller SNR. Further reductions in
the uncertainties can be achieved by combining pixels when
smaller uncertainties are needed.

2.3 Other temperature retrieval approaches

Temperature retrieval using a single LBH band has also
been studied by Cantrall and Matsuo (2021). They used the
LBH (2,0) band, the brightest band resolved by GOLD (the
(3,0) band overlaps the OI 135.6 nm emission), but the SNR
is lower than for GOLD’s retrievals. They noted that their
single-band technique is sensitive to wavelength errors and
performed additional row-by-row (corresponding to latitude
on the detector) fitting of the L1C wavelength scale to miti-
gate this. Their analyses indicated that a 0.5-pixel (0.2 A) un-
certainty in their wavelength registration corresponded to an
uncertainty of ~ 100 K in the retrieved temperature. This de-
pendence on the wavelength registration is a possible source
of differences from GOLD’s results discussed in the next sec-
tion. The approach used by Cantrall and Matsuo (2021) as-
sumed that the LBH (2,0) band emissions at wavelengths >
138.56 nm (< 138.56 nm) were positively (negatively) corre-
lated with temperature. However, Evans et al. (2024) found
that the separation between positively and negatively cor-
related portions of the band changes slightly with thermo-
spheric temperatures. Further testing and possibly develop-
ment of temperature retrievals from a single band would be
needed before relying on the technique.

A third approach, by Zhang et al. (2019), proposed using
the ratio of the (0,0) and (1,0) bands to deduce temperature.
The relative brightness of the bands would be insensitive to
the wavelength shifts in GOLD L1C data. However, the re-
liability of the technique is uncertain because the vibrational
populations are affected by the radiative cascade contribu-
tions, as discussed by Eastes and Dentamaro (1996). Recent
laboratory work by Ajello et al. (2020) has confirmed that
there is excitation by cascade into the (a) state from other ex-
cited states, in addition to direct excitation from the ground
(X) state. This excitation by cascade alters the brightness ra-
tio of the v/ =0, 1, and 2 emissions from the (a) state, caus-
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Figure 3. Tdisk mean temperatures and uncertainties near subsatel-
lite. (a) Mean Tdisk temperatures at 07:00, 12:00, and 15:00 lo-
cal time (LT) in a 10° x 10° (1100km x 1100km) area centered
at 10° latitude and the spacecraft longitude (47.5° W). Uncertain-
ties for the temperatures are shown in panels (b) and (c). The rel-
ative brightness of the LBH bands and SNR are shown in pan-
els (d) and (e), respectively. Average brightness at 07:00, 12:00,
and 15:00LT are 0.135, 0.456, and 0.347 kR for the 137.0-148.5 nm

LBH bands in January 2019.

ing deviations from the X-a Franck—Condon (F-C) factors,
as assumed in the band ratio technique. Much more devel-
opment would be needed before the band ratios could be a
viable possibility. Although there are small changes in spec-
tral distribution of the emission, which both the GOLD mis-
sion and Cantrall and Matsuo (2021) rely upon to determine
the temperature, the total amount of emission from individual
bands (i.e., v/, v”) is independent of rotational temperature.
Consequently, the SNR for retrievals from GOLD data would
be significantly less (factor of > 5 based on F—C factors) than
is used in GOLD’s approach, and uncertainties in the derived
information would be significantly larger than from GOLD’s
approach.
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Figure 4. Disk temperatures retrieved from the observations on 2—-8 November 2018. Additional binning used in VOS5 retrievals (a, left panel)

removes a cold bias that was present in earlier versions (b, right panel).
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Figure 5. Disk temperatures retrieved from the observations as a function of observing zenith angle versus local solar time (LST) on (a) 2—
8 November 2018 (same data as Fig. 4a and including some geomagnetically active days) near solar minimum and on (b) 4-5 November 2022,

2 geomagnetically quiet days near solar maximum.

2.4 GOLD mission observations of disk temperatures

GOLD’s observations provide temperatures (Tdisk) near
160 km over much of the hemisphere centered on 47.5°W.
Early versions (V1-V3) of the Tdisk data contained a bias, to
lower temperatures, for SNR < 20. Additional spatial (from
125 x 125km to 250 x 250km) and spectral (from 0.04 to
0.08 nm) binning was implemented in V04 (released 5 Au-
gust 2022) and later Tdisk data, increasing the SNR and
eliminating the cold bias for essentially all observations, in-
cluding those near solar minimum. Analysis of the tempera-
tures from individual images binned at a range of spatial and
spectral resolutions shows that the retrieved temperatures are
consistent when SNR > 20 and that there is a cold bias that
increases with decreasing SNR. The bias is evident in V03
when compared to VOS5, as seen in Fig. 4a and b for obser-
vations acquired on 2—8 November 2018, which was during
solar minimum. The VOS5 temperatures (panel a) are higher
than VO3 (panel b) by as much as ~ 90 K.

https://doi.org/10.5194/amt-18-921-2025

The 2-8 November 2018 data were also discussed by
Cantrall and Matsuo (2021), and the angular dependence
shown in Fig. 4a matches their retrievals (TCiG; the left panel
in their Fig. 9). However, the Cantrall and Matsuo (2021)
temperatures for these data are ~40K lower at all angles.
This suggests a systematic bias because it is much larger
than expected given the random uncertainties in the GOLD
V05 data and that an average of 7d of data are used. Ac-
cording to Cantrall and Matsuo (2021), a wavelength-scale
error of 0.1 A introduces a 50 K error when using their tech-
nique. This is in addition to the uncertainties associated with
the SNR of the LBH (2,0) band. Simulations indicate that
maintaining the precision of the wavelength scale to 0.01 A
would limit contributions to the temperature uncertainty to
5K, which would be a factor of ~ 1.2 increase in the low-
est uncertainties show in Fig. 3a. Achieving a precision of
~0.01 A for GOLD observations over extended time peri-
ods may require one to also track the shape of the 135.6 nm
emission because it changes as the detector’s response de-
grades, as discussed by McClintock et al. (2020). As dis-
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Figure 6. Daily averaged Tdisk and Qeuv (a solar proxy derived from GOLD’s dayside disk observations) from the beginning of operations
(and Kp data from 1 January 2018) to 1 January 2023. Daily averages include all locations and local times with released Tdisk data.

cussed by Evans et al. (2024), GOLD’s retrievals include
wavelength-scale shifts concurrently with the temperatures
during retrievals. Uncertainties in the wavelength scale are
included in the uncertainties shown in Fig. 3. This difference
highlights an advantage of GOLD’s approach.

Eliminating the cold bias in Tdisk also decreases the gra-
dients seen in temperature. Since the cold bias is SNR-
dependent, earlier versions of the data (e.g., VO3) from near
solar minimum had gradients due to both the cold bias at
low SNR and the change in SZA. The SZA dependence, as
explained by Evans et al. (2024) and summarized briefly in
Sect. 2.1, is geometrically inherent to all remote sensing of
disk temperatures. A higher-level data product (Level 3) that
is corrected for the SZA and emission angle dependence is
possible and can hopefully be produced for a future data re-
lease.

Given that SZA and local solar time (LST) at a location
are directly related, the structure seen in Fig. 5 when plot-
ting temperature by LST rather than SZA is similar to that
in Fig. 4. That there is less change with LST (or equivalently
SZA) before noon than after noon is attributed to a combi-
nation of two factors. Firstly, the peak in the observed LBH
emission is lowest at local noon and increases with LST dif-
ference from noon. Secondly, thermospheric temperatures at
all altitudes increase until after noon as the exospheric tem-
perature increases (e.g., Evans et al., 2020). Consequently, as
the atmospheric temperatures increase following sunrise, the
most relevant altitudes shift downward rapidly enough that
the combined effect is lower temperatures until noon. After
noon, the thermospheric temperature and the peak altitude of
the observed emissions both increase initially, and the effect
of changing the peak altitude is sufficient for the observed
temperatures to increase until the observations end. Model-
ing indicates a 50-100 K temperature increase for SZA val-
ues ranging from 0-70° (Evans et al., 2024). This SZA effect
is not removed from the current Tdisk data. The missing data
in the lower right of Fig. 5b are attributed to a change in
the observing schedule. In 2022, nighttime observations by
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channel A, which was used for the Tdisk observations, be-
gan at an earlier LST (UT) than in 2018.

In both Figs. 4a and 5, there is a 2040 K increase in the
temperatures at the largest viewing angles. This increase may
be attributable to energy deposition at high latitudes (e.g.,
Gan et al., 2024). Heating by geomagnetic forcing could be
expected, even during geomagnetically quiet times. In addi-
tion, since GOLD is in a geostationary orbit, all the high-
latitude observations are at the larger observing zenith an-
gles, where higher altitudes and consequently higher temper-
atures are observed.

The SZA/LST dependence seen in Figs. 4a and 5 is much
smaller than the thermospheric temperature changes seen
during storms or throughout the mission, as shown by the
daily average of all values from the entire disk that is shown
in Fig. 6. The maximum estimated bias in V05 Tdisk at
large observing zenith angles is 10-20K (see Fig. S5 of
Evans et al., 2024). Dayside average disk temperatures ex-
hibit a high correlation with the solar irradiance, represented
here by Qeuv from GOLD (Correira et al., 2021). Similar
agreement between the long-term trends is also seen with
FISM-2 (Chamberlin et al., 2020) and F10.7 (neither shown).
A significant correlation with geomagnetic activity (repre-
sented by Kp, NASA, 2024c, in Fig. 6) is also discernible.
A ~27d solar rotation period is seen in both the tempera-
tures and Qeuv. For solar minimum conditions, the correla-
tion between geomagnetic activity and Tdisk was discussed
by Laskar et al. (2021) and is also readily identifiable in
Fig. 6 near solar maximum.

3 Conclusions

The uncertainties summarized and discussed in this paper,
the details of which were described by Evans et al. (2024),
demonstrate the robustness of GOLD’s approach to retriev-
ing disk temperatures by simultaneously fitting multiple
LBH bands. This method explicitly addresses limitations in
the other approaches that have been documented. As a re-
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sult, GOLD provides the most reliable neutral temperatures
in Earth’s lower-middle thermosphere (150—160 km). GOLD
V05 uncertainties depend on the signal-to-noise ratio (SNR)
of the data, as for any retrieval, and biases toward low tem-
peratures, which were present in versions prior to V04, are
negligible in V05, as seen from examination of the solar
zenith angle (SZA) versus observing zenith angle depen-
dence. While the SZA dependence (which is inherent to all
remotely sensed disk temperatures and could be addressed
in a future data product) slightly complicates the use and in-
terpretation of the data, the effect is typically less than the
uncertainties in the temperatures.

In the current version, the random uncertainties dur-
ing solar maximum are sometimes ~ 30K per pixel
(250km x 250km at nadir). Significantly lower uncertain-
ties can be achieved by spatial averaging or smoothing the
V05 data to the larger spatial scales typical of many ther-
mospheric effects. GOLD uncertainties are sufficiently low
to provide unprecedented opportunities to study the T-I re-
sponses to forcing from below and from above. The Tdisk
data provide unprecedented opportunities — especially with
the concurrent and co-located O/N, data derived from the
same spectra.
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