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Abstract Exospheric temperature is one of the key parameters in constructing thermospheric models and
has been extensively studied with in situ observations and remote sensing. The Global-scale Observations

of the Limb and Disk (GOLD) at a geosynchronous vantage point provides dayglow limb images for two
longitude sectors, from which we can estimate the terrestrial exospheric temperature since 2018. In this paper,
we investigate climatological behavior of the exospheric temperature measured by GOLD. The temperature
has positive correlations with solar and geomagnetic activity and exhibits a morning-afternoon asymmetry,
both of which agree with previous studies. We have found that the arithmetic sum of F,, (solar) and Ap
(geomagnetic) indices is highly correlated with the exospheric temperature, explaining ~64% of the day-to-day
variability. Furthermore, the exospheric temperature has good correlation with thermospheric parameters (e.g.,
neutral temperature, O, density, and NO emission index) sampled at various heights above ~130 km, in spite
of the well-known thermal gradient below ~200 km. However, thermospheric temperature at altitudes around
100 km is not well correlated with the GOLD exospheric temperature. The result implies that effects other than
thermospheric heating by solar Extreme Ultraviolet and geomagnetic activity take control below a threshold
altitude that exists between ~100 and ~130 km.

Plain Language Summary In the terrestrial thermosphere, which is the topmost layer of the
collisional atmosphere surrounding the Earth, temperature generally increases with altitude unlike in the
troposphere near the surface. However, the thermospheric temperature does not increase indefinitely, but
approaches an asymptote, which is referred to as the exospheric temperature, the temperature of the outermost
layer of the atmosphere. The Global-scale Observations of the Limb and Disk (GOLD) instrument, launched
into a geosynchronous orbit in 2018, regularly observes atmospheric glow from the Earth's limb, from which
we can estimate the terrestrial exospheric temperature (7, ). The GOLD T, is higher in the afternoon than in
the morning and generally increases as solar radiation strength or geomagnetic field variability increases. In
this paper, we show that a simple arithmetic sum of the solar and geomagnetic indices can explain a large part
of the day-to-day T, variability. Also, T, has good (poor) correlation with thermospheric parameters such
as temperature and density above ~130 km (at ~100 km). The behavior suggests that factors other than solar
radiation and geomagnetic energy deposition, both of which are correlated well with T, , take control below a
threshold altitude that is between ~100 and ~130 km.

X0

1. Introduction

1.1. Exospheric Temperature (7, )

€exo

Exospheric temperature (T,,) is the asymptotic limit that the thermospheric temperature approaches with
increasing height (Swenson, 1969, Equation 1). It is an important parameter when characterizing the whole ther-
mosphere. To describe thermospheric status, most empirical models, including the well-known Mass-Spectrom-
eter-Incoherent-Scatter (MSIS) model (e.g., Emmert et al., 2021), start by specifying exospheric temperature,
from which altitude-dependent temperature and density are subsequently determined (e.g., Stock, 2017, Section
4.3; https://www.spenvis.oma.be/help/background/atmosphere/models.html). Exospheric temperatures have also
been investigated for other planets, such as Venus and Mars (Bougher et al., 2009, Figure 1; Forbes et al., 2008,
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Figure 3; Lichtenegger et al., 2006, Figure 4), which also exhibit significant dependence on solar radiation; see
also Bougher et al. (2017, Figure 8).

1.2. Previous Observational Studies on Exospheric Temperature

Until now, estimating terrestrial T, from observation data can be largely categorized into the three families:
(a) methods based on plasma diagnoses by ground-based radar facilities or ionosondes (e.g., Kelley et al., 1983;
Mikhailov & Perrone, 2016), (b) usage of thermospheric mass density or orbit drag data combined with empirical
thermospheric models (e.g., Weng et al., 2017), and (c) limb airglow imaging (Evans et al., 2020).

First, estimating T, from Incoherent Scatter Radar (ISR) data starts from fitting models of ion thermodynamics
and chemistry to measured ion temperature profiles (e.g., Picone et al., 2002, Section 4.3). Kelley et al. (1983)
and Buonsanto and Pohlman (1998) extracted T, from ISR observations at Chatanika and Millstone Hill, respec-
tively. On the other hand, Mikhailov and Perrone (2016) deduced T,

series of ionosonde data.

o Dy fitting thermospheric parameters to time

Second, there are T

o €stimation methods based on in situ observations of thermospheric mass density, which

can be combined with thermospheric models such as MSIS. The method was applied to thermospheric mass
density provided by onboard accelerometers or by orbit element information (Forbes et al., 2011; Weimer
et al., 2016, 2020; Weng et al., 2017). As the spacecraft data can cover the whole globe including oceanic areas,
extensive climatological studies were conducted using those data sets.

Among the three methods, the last one (limb imaging) has not been thoroughly exploited. To the best of the
authors' knowledge, only a few papers have addressed the problem of deriving T, from limb imaging. Meier
etal. (2005, 2015) estimated T, from the limb airglow profiles obtained by the Global ultraviolet imager (GUVI)
onboard Thermosphere, lonosphere, Mesosphere Energetics & Dynamics (TIMED) satellite. Evans et al. (2020)
applied similar remote sensing retrieval methods to limb observations by the Global-scale Observations of the
Limb and Disk (GOLD). Both Meier et al. (2005, 2015) and Evans et al. (2020) demonstrated that T, is posi-

tively correlated with geomagnetic activity (Ap index) and solar radiation (F,,, index).

1.3. Room for Further Improvement

As mentioned above, there already are many studies which observationally determined 7,  and constructed its
climatological behavior. Still, there is room for further improvement on this topic. For example, ground-based
studies using ISR or ionosonde data (e.g., Kelley et al., 1983) do not provide global coverage. Specifically,
there are large data gaps above the oceans. Similarly, in studies based on in situ observations of thermospheric
mass density (e.g., Weimer et al., 2020), the actual data were limited to only one or two altitudes. That is to say,
reconstructed height profiles of the thermosphere inevitably depended on the models adopted in those studies.
Also, when two satellites are used, intercalibration between the data sets should be considered carefully (e.g.,
Weimer et al., 2016). As for limb observations of airglow, the data provide densely sampled vertical profiles of
the thermosphere, which would be beneficial in determining T, accurately. While large databases of limb scan
data do exist, the existing literature on limb-based T, estimation has room for improvement. For example, Meier
et al. (2005) only addressed a case during a geomagnetic storm. Meier et al. (2015) conducted statistical analyses
of T, , but their Figure 20 only showed yearly averaged values (i.e., one value per year). Evans et al. (2020) was
the first statistical study on T, provided by GOLD. They investigated the dependence of T, on local time (LT),
latitude/longitude, and geomagnetic/solar activity. Still, only 1.5 years of the GOLD observations (October 2018
to February 2020) were used in that study, which were mostly restricted to very low solar activity near solar
minimum.

Hence, in this paper, we show statistical investigations of the GOLD T, data, which extend the results of Evans
et al. (2020) in the following two ways. First, we use GOLD observations over an extended period of time: from
October 2018 to July 2021. This enables us to include T, for higher solar activity conditions than analyzed by
Evans et al. (2020) in the statistics. The maximum F,, index for the period addressed in Evans et al. (2020) is
81.8 (16 October 2018 to 02 February 2020) while that of our study is 113.1. Second, we cross-compare the T,
data with other data sets: e.g., thermospheric mass density observed by Swarm satellites and O, density retrieved

X0

from GOLD stellar occultation measurements.
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In Section 2, we briefly describe the instruments and data sets used in this study. Section 3 presents the general
climatology of the GOLD T,
geomagnetic activity. Also, GOLD T, data are compared with other thermospheric observations, and their

« data and its dependence on, e.g., latitude, longitude, local time, season, and solar/
correlations are addressed. In Section 4, we discuss the results shown in Section 3, from which conclusions will
be drawn in Section 5.

2. Instruments and Data Sets Used

GOLD, which images the Earth's disk and limb in the Far-Ultraviolet (FUV), was launched onboard the SES-14
satellite to a geosynchronous orbit at 47.5°W longitude in January 2018. The spectral wavelength range of GOLD
is from 134.5 to 162 nm, which covers the commonly used oxygen 135.6 nm line and the molecular nitrogen (N,)
Lyman-Birge-Hopfield (LBH) band system. From the limb scan images for 100-300 km tangent altitudes, one
) on the dayside (Evans et al., 2020). In addition, GOLD provides disk
images of daytime thermospheric neutral temperature at heights of ~150 km (T, , ): see Eastes et al. (2020, Figure

can retrieve exospheric temperature (T,
3). From stellar occultation data, one can also retrieve the O, density between about 130-km and 200-km altitude
on both the dayside and nightside limbs (Lumpe et al., 2020).

In this study, we use the three GOLD Level-2 data sets: (a) exospheric temperature (product name: TLIMB), (b)
daytime thermospheric neutral temperature at ~150 km (product name: TDISK), and (c) O, density (product
name: O2DEN). All GOLD data are publicly available at: https://gold.cs.ucf.edu/data/search/. Note that the limb
scan, disk scan, and stellar occultation data of GOLD are restricted to a range of geographic longitude (GLON)
due to its geosynchronous vantage point: e.g., Eastes et al. (2020, Figure 5). For details, readers can consult the
product guides that are available at the official repository: https://gold.cs.ucf.edu/data/documentation/.

The Swarm mission is composed of three identical satellites (Alpha, Bravo, and Charlie) that were launched into
polar, circular Low-Earth-Orbits (LEOs) on 22 November 2013. Among other instruments, the onboard acceler-
ometer can provide in situ thermospheric mass density every 10 s (product name: DNSxACC where X is either A,
B, or C representing one specific satellite). As the accelerometer data quality is best for Swarm-Charlie among the
three spacecraft (Siemes et al., 2016), only the DNSCACC product (i.e., mass density data from Swarm-Charlie)
is available to the public at present, which is used in this study. Since April 2014, when the commissioning phase
was completed, Swarm-Charlie was stationed at altitudes around 450 km. The local time (LT) of Swarm-Charlie
precesses slowly. All the LT sectors can be covered within ~130 days, when the northward and southward passes
are combined together. All the data used in this study are available at: https://swarm-diss.eo.esa.int/#swarm%-
2FLevel2daily%2FLatest_baselines%2FDNS%2FACC, which provided the thermospheric density data from 01
February 2014 to 31 May 2021.

The science target of the Ionospheric Connection Explorer (ICON) mission is low-latitude/midlatitude iono-
spheric/thermospheric coupling processes. The satellite is in a circular orbit at an altitude of about 590 km with
an orbit inclination of 27°, allowing for limb observations between 13°S and 43°N. The ICON half-precession
period for sampling all locations and local times is about 27 days (Immel et al., 2018), depending on latitude.
Among a suite of science instruments, the Michelson Interferometer for Global High-resolution Thermospheric
Imaging (MIGHTI) observes green (557.7 nm), red (630 nm), and near-infrared (IR; O, A-band around 762 nm)
airglow, from which neutral wind vectors and neutral temperatures can be derived as a function of height (Englert
etal., 2017). Wind and temperature data are measured parallel to the spacecraft trajectory, on the limb. ICON has
two MIGHTI sensor units, MIGHTI-A and MIGHTI-B, which produce temperature data independently of each
other. Here, we use the Level 2 neutral temperature data of ICON/MIGHTI-A (Version 05), which can be down-
loaded from ftp://icon-science.ssl.berkeley.edu/pub/LEVEL.2/MIGHTL/. Though the temperature data can cover
altitude ranges between about 90 and 140 km, currently available temperature products only cover the altitude
range between 90-127 km during daytime and 90-108 km during nighttime, which is slightly lower than that of
GOLD O2DEN data (130-200 km). We conservatively set the altitude range used in this study to 100 + 10 km.
While the nominal precision is typically <1 K at 100 km, the systematic uncertainty for the Version 05 product
is about 3 K at 100 km and depends on local time. For details, readers are referred to Stevens et al. (2018) and
the product description available at ftp://icon-science.ssl.berkeley.edu/pub/Documentation/ICON_L2-3_MIGH-
TI-A_Temperature_vO05.pdf.
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The Aura satellite is in a Sun-synchronous orbit at an altitude of about 710 km (local time: 13:45 and 01:45). Since
launch in July 2004, the onboard Microwave Limb Sounder (MLS) has continuously monitored the Earth's limb
in the microwave range, from which we can derive neutral temperature up to about 100 km (Schwartz et al., 2008;
Shepherd et al., 2020). According to Schwartz et al. (2008), the precision of the Aura/MLS temperature is about
1-3 K. Aura/MLS Level-3 data provide daily zonal-mean temperature as a function of geographic latitude at
multiple altitude levels. In this study, the Level-3 temperature data between 2018 and 2020 are used, which are
available after registration at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_Level3/ML3DZT.005/.

The TIMED satellite, which was launched in December 2001, has been monitoring the terrestrial ionosphere/
thermosphere from an altitude of 625 km for about 2 decades. Its LT is not fixed due to the orbit inclination
of 74.1°, and TIMED covers all LT sectors in about 60 days. The onboard Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument measures limb images in the IR range (1.27-17 pm):
http://saber.gats-inc.com/. The instrument provides the Thermosphere Climate Index (TCI), which represents
daily values of global IR cooling power in units of Watt (Mlynczak et al., 2018a). We use the SABER TCI data
downloaded from https://www.spaceweather.com/images2021/08sep21/tci_info.txt.

Throughout this paper, we use three seasons: June and December solstices and the combined equinox. June
(December) solstice is defined as the months from May to August (from November to February of the next year).
The combined equinox consists of the remaining months (March-April and September-October). This three-sea-
son convention is commonly used in the space science community: e.g., in Li et al. (2018), Liihr et al. (2019), and
Kil et al. (2020), to name a few.

3. Results

In this section, we present statistical analysis results of GOLD T, (Sections 3.1-3.2) as well as other satellite
data (Section 3.3). Note that most of the statistical analyses contained herein assume a Gaussian distribution of
parent population sampling. For correlation coefficient, we use the “corrcoef” function of MATLAB that gives

the Pearson correlation coefficients.

3.1. General Climatology of GOLD T

Figure 1 presents GOLD T, as a function of solar local time (SLT; horizontal axis) and geographic latitude
(GLAT; vertical axis). Data from the western and eastern limbs are presented in Figures 1a—1c and 1d-1f, respec-
tively. Note that the GOLD T, data are limited to near-equatorial regions (e.g., Eastes et al., 2020, Figure 5)
and dayside (Evans et al., 2020). Each panel in Figures 1a—1c (and Figures 1d—1f) represents a season: (a and d)
combined equinoxes, (b and e) June solstice, and (c and f) December solstice. In Figure 1, four features are of note.
First, the afternoon T, is higher than before noon by several tens of Kelvins. Using the bin average values shown
in Figures la—1c, we estimate the mean and standard deviations of the prenoon and postnoon T, . The results are
796 + 39, 790 + 40, 804 + 40 K and 817 + 34, 813 + 40, 829 + 35 K, respectively. Similarly in Figures 1d—1f, the
prenoon and postnoon T, is 787 & 37,793 + 43,794 + 33 K and 861 + 49, 857 + 43, 866 + 55 K, respectively.
Second, equatorial (IGLATI < 5°) T, is higher than corresponding off-equatorial (IGLATI > 5°) values. Using
the bin average values shown in Figures 1a—1c, we derive the mean and standard deviations of the equatorial and
off-equatorial T, . The results are 846 + 19, 841 + 19, 854 + 20 K and 785 + 29, 777 + 31, 794 + 31 K, respec-
tively. Similarly in Figures 1d—1f, the equatorial and off-equatorial T, is 854 + 51, 849 + 42, 861 + 49 K and
830 + 58, 831 + 55, 834 + 62 K, respectively. Third, seasonal variations are inconspicuous, possibly reflecting
the low latitudes of the data. In Figures 1a—1c, the mean and standard deviation of all the pixels in each panel are
804 + 53,797 + 56, 812 + 56 K. In Figures 1d-1f, the values are 835 + 67, 835 + 63, 840 + 69 K. The differences
between seasons (e.g., between Figures 1a and 1b) generally stay within +10 K. Fourth, T, from the western

limb (Figures la—1c) is not exactly the same as from the eastern limb (Figures 1d-1f), which will be described
in detail in Figures 2 and 3.

In Figures 2a and 2b, the GOLD T,
zontal axis). Panels a and b, respectively, correspond to the western (Pacific) and eastern (African) limb data
(Eastes et al., 2020, Figure 5). Daily averaged T,
shown in magenta. The bottom panel displays F,,, indices. In Figure 2c, the most conspicuous feature is the

« 18 presented again, but as a function of SLT (vertical axis) and date (hori-

« 18 presented in panel ¢ as a black curve while Ap indices are

good correlation between T, and Ap index until mid-2020 (i.e., around the solar minimum): the correlation
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Figure 1. Average T, as a function of solar local time (x axis) and geographic latitudes (y axis). GOLD limb observations

between 100 and 300 km tangent altitudes are used for T, derivation (Evans et al., 2020). Panels a—c represent combined

equinoxes, June solstice, and December solstice, respectively, for the GOLD western limb. Panels d—f have the same structure,
but for the GOLD eastern limb. Note that only daytime data exist for T,

X0*

coefficient between the two is 0.59. After September 2020, the correlation becomes slightly compromised as the
overall F,,; index increases with significant fluctuations (Figure 2d). After 01 September 2020, the correlation
coefficient between T, and Ap is only 0.37. Rather, the T, seems to be correlated with both Ap and F ,: see,

exo X0
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GOLD L2 Texo statistics (2018-10-06~2021-07-31)
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o as a function of solar local time (SLT; y axis) and date (x axis), averaged
over all latitudes. Panels a-b present T, from the western and eastern limb of GOLD, respectively. White areas correspond
to data gaps. Note that the western (eastern) limb data in panel a (panel b) cover earlier (later) LTs close to the sunrise

(sunset), which results from the operation scenario of GOLD. Panel ¢ shows daily averages of T, over all LTs and latitudes

(black curve corresponds to the left axis) as well as Ap indices (magenta curve to the right axis). In panel d, we show F, ,
indices. The red rectangles mark periods of enhanced F, ; index.

Figure 2. The top two panels present average 7,

e.g., the red rectangles on the right-hand side (Figures 2c and 2d). This behavior will be addressed quantitatively
in Figures 4 and 5.

Another notable feature in Figures 2a and 2b is the fact that 7, at a fixed date and SLT differs between the east-
ern limb (Figure 2b; ~30°E GLON) and the western limb (Figure 2a; ~130°W GLON). Figure 3 presents histo-
grams of the T,  difference between the eastern and western limb exhibited in Figure 2 (i.e., T, — T, “*):
(a) 9.5 SLT, (b) 14.5 SLT, and (c) all relevant SLTs. Before noon (Figure 3a), T, is lower on the eastern limb
than on the west: e.g., by about —25 K at 9.5 SLT. Past noon, this trend is reversed: e.g., by about +-31 K at 14.5
SLT. This east-west difference was also evident in Figure 1 if we compare Figures la—1c with Figures 1d-1f.
Between 09 and 15 SLT, T, is derived from both limb data sets while before 09 SLT (after 15 SLT) only the

western (eastern) limb is used.

First, one may attribute the difference between the eastern and western limb observations to nonmigrating tidal
signatures (i.e., longitude dependence at a fixed SLT) in the upper thermosphere, as shown in Liu et al. (2009).
However, total neutral mass density in the postnoon equatorial upper thermosphere (Liu et al., 2009, Figure 1b),
which is expected to correlated with postnoon T, _, is not much higher at the GOLD eastern limb location (30°E
GLON) than at the western (~130°W GLON) limb: the nonmigrating tidal signatures cannot clearly explain the
east-west difference of GOLD T, . Second, the east-west difference may be connected to dependence of ther-

mospheric mass density on magnetic latitudes (Liu et al., 2009, Figure 1b). Note that the geographic equator at
the GOLD eastern limb (30°E GLON) is farther from the magnetic equator than at the western limb. However,
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Figure 3. Histograms of T,  difference between the GOLD eastern and western limb data in Figures 2a and 2b: (a) 9.5 SLT,

exo

(b) 14.5 SLT, and (c) all relevant SLTs. Negative values signify western-limb 7, _ being larger than the eastern one.

exo

the effect of magnetic latitudes as in Liu et al. (2009, Figure 1b), if any, would mean T, after 15 SLT (with
only eastern-limb data) would increase from the geographic equator to the south (i.e., moving farther from the
magnetic equator). As this expectation is not confirmed by Figure 1, the east-west difference in Figure 2 cannot
be interpreted as geophysical effects of magnetic latitudes.

Currently, we do not have a conclusive interpretation for this peculiarity. The east-west difference may imply
either the need for improvement of the T, retrieval algorithm or some unresolved instrument calibration issues
in the underlying Level 1C limb radiance data. In Figure 3c, the median value of the east-west difference is only
about —1.1 K when we consider both prenoon and postnoon data points. In the following analyses, we average

the data from both limbs.

In a similar context, T, around 18 SLT in Figures 1d—1f (eastern limb; Figure 2b) staying around 1,000 K
appears unexpectedly high, as will be demonstrated later by the MSIS predictions in Section 4.3. This duskside
hotspot also appears in Evans et al. (2020, Figure 7). Note that the 18 SLT in the eastern limb is at the edge of the
GOLD scan area and the border of daytime (GOLD T, algorithm is designed only for daytime conditions). The
exact source of this hotspot is currently under investigation. It is encouraging that the hotspot intensity varies with
T, at earlier SLTs in Figure 2 (i.e., the hotspots seem to reflect T, at least qualitatively), but reliability of their
absolute magnitude requires further investigation.
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Figure 4. Correlation diagrams of T,

X0

with selected geophysical indices: (a) scatterplot of 7, versus daily Ap, (b) scatterplot of

T,,, versus F

10.7>

(¢) T, distribution

exo

as a function of daily Ap and F ;, and (d) scatterplot of T versus (daily Ap + F, ). The black dashed line in panel (c) is given to guide readers' eyes on the general

trend of the T,
Error (MAE,

linear-

distribution in the Ap — F,  space. The thick black dashed line in panel d corresponds to the linear regression, whose equation and Mean-Absolute-
) are annotated inside the panel. The thin black dashed lines mark the 95% prediction interval. The red dashed line in panel d represents the quadratic

fit, of which the Mean-Absolute-Error (MAE, ) is also shown.

3.2. Dependence of GOLD T, on Solar/Geomagnetic Activities

Figures 4a and 4b are scatterplots of daily averaged GOLD T, and daily indices of Ap (panel a) and F,,
(panel b), both of which are obtained from https://omniweb.gsfc.nasa.gov/. According to the description at
https://omniweb.gsfc.nasa.gov/html/ow_data.html, the F, , is adjusted to 1 Astronomical Unit (AU). All seasons
are combined together in Figure 4 because of the weak seasonal variations of GOLD T, as demonstrated in
Section 3.1. In each panel, a correlation coefficient is given between the horizontal-axis and vertical-axis data. We
can see that T, exhibits positive correlations with both daily Ap (panel a: the correlation coefficient R = 0.46)
and F,,; (panel b: R = 0.66) indices. In Figure 4c, the GOLD T, (color palette) is shown as a function of both
F,,; (horizontal axis) and Ap (vertical axis). The black dashed line represents a condition that Ap + F,, is a
constant. In Figure 4c, we find that the T, distribution is largely aligned with the black dashed guide line and
its parallels: i.e., the black dashed line can be approximately considered as one of the iso-T,,, lines. This feature
means that T,  can be expressed as a simple arithmetic sum of Ap and F ;. Figure 4d actually demonstrates that
correlation coefficient between T, and Ap + F,, is R = 0.8 (so that R?> = 0.64) during the period of interest,
which is around the recent solar minimum (daily Ap = 0-42; F,, = 67-113). It is a new finding in this study
that T, can be parameterized better by Ap + F,,, than by only one of the indices. As the coefficient of deter-
mination, R? = 0.64, ~64% of T, day-to-day variation can be explained by Ap + F,,,. The thick black dashed

line in Figure 4d is the linear regression to the data points, of which the equation and Mean-Absolute-Error
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Figure 5. Lomb-Scargle periodograms of (a) Ap, (b) F,,,, and (c) Ap + F, ;.
That of GOLD T, is overlaid in the bottom panel with magenta color. The
Power Spectral Density (PSD) on the vertical axes is normalized by twice the
variance. In each panel, the correlation coefficient between the periodogram of

the geophysical index and that of T, is given.

(MAE) are annotated inside the panel (MAE, . ). The MAE between the
linear estimate and actual 7, is only about 9.4 K. The regression equation,
T,.,=23X(Ap+ F,,,) + 646.9 (K) can be used as a rule of thumb in esti-
mating exospheric temperature with geomagnetic and solar indices. We have
tried slightly different weights for the linear combination of Ap and F,,,
(Ap + 0.8 X F,j, and Ap + 1.2 X F,; ), but the results are qualitatively the
same with the correlation coefficient around 0.8. We have also made figures
similar to Figure 4d using subsets of GOLD T, (i.e., only prenoon/post-
noon or equatorial/off-equatorial regions: figures not shown). The correla-
tion coefficients do not improve much from the value (R = 0.8) in Figure 4d.
The thin black dashed lines in Figure 4d mark the 95% prediction interval
(~28 K from the regression line). Finally, the red dashed line represents the
second-order polynomial fit to the data points. Its MAE (MAE ;= 8.8 K) is
similar to that of the linear fit (9.4 K), which means that it does not drastically
improve the T, prediction ability.

In Figure 5, we present the Lomb-Scargle periodograms of (a) Ap, (b) F, -,
and (c) Ap + F,,;. Lomb-Scargle analysis estimates strength of periodic
variations in time series data (e.g., Scargle, 1982). From the results, we can
identify embedded periodicity of T,, and geophysical indices such as Ap
and F,,,. The corresponding periodogram of T, is overlaid in the bottom
panel as magenta symbols. The Power Spectral Density (PSD) on the vertical
axes is normalized by two times the variance of the respective variables. In
each panel, the correlation coefficient of the periodogram (solar/geomagnetic
indices) with that of T, is annotated. In Figure 5a, the Ap index exhibits
conspicuous periodicities at harmonics of solar rotation (e.g., 27, 13.5, 9, and
6.75 days) in addition to those with >182 days (e.g., semiannual and annual
variations). The harmonics of the 27-day solar rotation are as expected for
geomagnetic activity during solar-minimum years (e.g., Lei et al., 2008,
Figure 1). On the other hand, F,, in Figure 5b mainly shows the >182-day
and 27-day periodicities: the absence of 13.5-day and 9-day harmonics also
agrees with Lei et al. (2008, Figure 1). The periodogram of GOLD T, in
Figure 5c (magenta) appears similar to neither Figure 5a (Ap) nor Figure 5b
(F,(.)- This visual impression is confirmed by the correlation coefficients in
Figures 5a and 5b that have only moderate magnitudes. However, the peri-
odogram for the combined index of Ap +F,, ; (Figure 5¢) is highly correlated
with that of GOLD T,  with the correlation coefficient as high as 0.88. The
overall results in Figure 5 (periodograms) confirm those of Figure 4 (scatter-
plots) in that Ap + F, , predicts T, better than either Ap or F, , in isolation.

3.3. Correlation of GOLD T, With Other Thermospheric Data at Various Altitudes

Figure 6 presents scatterplots of GOLD T, with a variety of thermospheric parameters that represent different
altitude ranges: (a) GOLD T, at ~150 km, (b) GOLD O, density at ~170 km, (c) thermospheric mass density
measured by the accelerometer onboard Swarm-Charlie (altitude ~ 450 km), (d and e) neutral temperature at
~100 km measured by ICON/MIGHTI-A and Aura/MLS, and (f) TCI estimated from the TIMED/SABER data
(representative altitude ~130 km). Note that all the points in Figure 6 represent daily averages. We only use the
central part of each GOLD T, image (+25% of the image side length from the center) to reduce effects of near-
edge regions. We omit high-latitude Aura/MLS data beyond +40° GLAT. The correlation coefficient (R) between
the horizontal and vertical axis is annotated in each panel. For Figure 6b (GOLD O, density at ~170 km), through
linear fitting to the data points, outliers (gray symbols) whose residuals are beyond three standard deviations are

omitted in estimating the robust correlation coefficient (R,

obust)- 1 D€ procedure of outlier removal is iterated until

no additional data point is discarded. The various correlation coefficients in Figure 6 seem to suggest that T,
is well correlated with thermospheric density/temperature data from altitudes above ~130 km. On the contrary,
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Figure 6. Scatterplots of GOLD T, with various data sets retrieved from GOLD and other LEO satellites: (a) GOLD T,

exo

relevant to altitudes of ~150 km, (b) GOLD O, density relevant to altitudes of ~170 km, (c) thermospheric mass density

at altitudes of ~450 km measured by Swarm-Charlie, (d) neutral temperature at altitudes of ~100 km measured by ICON/
MIGHTI-A, (e) neutral temperature at pressure level of 0.00046 hPa (~100 km; see Waters et al., 2006, Figure 2) measured
by Aura/MLS, and (f) Thermosphere Climate Index (TCI) deduced from the TIMED/SABER measurements around altitudes
of 130 km. The red dashed line in panel a represents the line of one-to-one correspondence (i.e., T, = T, ). The black solid
line in panel a represents the polynomial fit, whose equation is annotated within the panel.

the correlation becomes very low below that altitude (e.g., ~100 km above the surface): see the area highlighted
with a purple dashed rectangle.

One may question whether the poor correlation between T, and temperature at ~100-km altitude (from either
Aura/MLS or ICON/MIGHTTI) might result from data quality issues, if any, of the latter. We have made a correla-
tion diagram of Aura/MLS versus ICON/MIGHTI that is similar to Figure 6 (figure not shown). The Aura/MLS
temperature displays good correlation with that of ICON/MIGHTI (R ~ 0.68). The result supports reliability of
both data sets; to say the least, reliability of their qualitative day-to-day variations.

While the GOLD O2DEN product gives altitude profiles of O, density, 170 km is chosen in Figure 6 following
Lumpe et al. (2020, Figures 15 and 16). Lumpe et al. (2020, Figure 9) also showed that the GOLD O2DEN is

PARK ET AL.

10 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2021JA030041

most reliable around 170 km. Note that we have already corrected altitude errors due to clock drift, following
the method recommended by the mission team (https://gold.cs.ucf.edu/wp-content/tools/gold_time_deltas.pdf).

4. Discussion
4.1. Basic Climatology of T, : Reproduction of Previous Studies

The GOLD T, data shown in the preceding section generally confirm conclusions in the existing literature. The
morning-afternoon asymmetry in Figure 1 (i.e., morning T, < afternoon T, ) agrees with Mayr et al. (1973),
Buonsanto and Pohlman (1998, Figure 2), Weimer et al. (2016, Figure 6), and Weng et al. (2017, Figure 7). Posi-
tive dependence on solar activity in Figure 4 conforms to Kelley et al. (1983), Buonsanto and Pohlman (1998,
Figures 7 and 9), Smithtro and Sojka (2005b, Figure 3), Meier et al. (2015, Figure 20), Weng et al. (2017, Figures
2 and 5), Ruan et al. (2018, Figure 1), and Evans et al. (2020, Figure 8). Positive dependence on geomagnetic

activity in Figure 4 is consistent with Choury et al. (2013, Figure 1) and Evans et al. (2020, Figures 8 and 9).

Weak seasonal variation of the GOLD T, was found in Figure 1. The weak seasonality may be attributed to
the fact that a summer-winter distinction is not very meaningful near the equator, which is the region relevant to
the GOLD T, data (approximately +10° GLAT). Note also that our data set spans the years 2019-2021, which
surround the latest solar minimum. According to Kelley et al. (1983), seasonal variation of T, is weaker under

weaker solar activity, which may explain the inconspicuous seasonal dependence in Figure 1.

In Figures la-Ic, we find an equatorial peak of T, around local noon, which is very confined latitudinally
(GLAT extent <10°). This feature could not be seen in Weimer et al. (2020, Figure 4), and we would like to be
careful in interpreting this equatorial peak. If we separate the western (Pacific; Figures 1a—1c) and eastern (Afri-

can; Figures 1d—1f) limb data, the equatorial peak of 7, in Figure 1 is much more conspicuous in the former. If

X0
this is a true geophysical phenomenon, its absence in Weimer et al. (2020) may be attributed to the coarse resolu-
tion (~7°) and/or different (i.e., relatively high) solar activity (note the use of the CHAMP satellite in that study).
Climatology based on longer data sets would be necessary to confirm the veracity of the near-noon equatorial

peak in the GOLD western (Pacific; Figures la—1c) limb.

The general behavior of GOLD T, in Figures 1 and 2 is also consistent with studies at Venus and Mars. For
example, Niemann et al. (1998, Figure 2) and Stone et al. (2018, Figures 20 and 21) also reported that T,
is higher in the afternoon than in the morning. Positive dependence of T,

X0

+« On solar activity was reported by

Bougher et al. (2009, Figure 1): see also Bougher et al. (2017, Figure 8). Additionally, persistent enhancement at
the dusk terminator (Figure 1) was recently reported for Mars (Gupta et al., 2019).

4.2. Comparison With Other Contemporaneous Data

Figure 6 presented correlation diagrams of GOLD T, with various thermospheric parameters representative of
various altitudes. In Figure 6a, the GOLD T, which represents thermospheric temperature at ~150 km (Krier
et al., 2021), is well correlated (R = 0.85) with GOLD T

o+ This is consistent with previous studies: temperature

at altitudes around 150 km was reported to be correlated to T, (e.g., Meier et al., 2015, Figures 15 and 16): see
also Zhang et al. (2019, p. 5854). Also, Laskar, Eastes, et al. (2021) demonstrated that GOLD T, is sensitive
to solar and geomagnetic activity, as GOLD T, is in our study. The red dashed line in Figure 6a represents the

line of one-to-one correspondence (i.e., T,,, = T,), according to which GOLD T, is always larger than T

by about 250 K. This difference between T, and T, at 150-km altitude is in qualitative agreement with recent

simulations by Laskar, Pedatella, et al. (2021, Figures 6 and 7). The black solid line in Figure 6a represents the

polynomial fit between T, and T, of which the equation is annotated within the panel.

isk?

Figure 6¢ shows good correlation (R = 0.81) between GOLD T, and thermospheric mass density measured by
Swarm-Charlie accelerometer at ~450-km altitudes. This is also consistent with previous studies. For example,
Weng et al. (2017, Figure 5) showed that overall variations of daily averaged T, are consistent with those of
thermospheric mass density. Note that thermospheric mass density can also be derived from the precise orbit
determination (POD) data of Swarm. The product name is DNSxPOD, where x is either A, B, or C representing
one specific satellite: the data are available at the official Swarm repository. We have replaced the DNSCACC
data in Figure 6¢ with DNSCPOD, and obtained similar results with a slightly improved correlation coefficient

(R = 0.85, figures not shown), which supports robustness of our results.
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In Figure 6f, we show that the correlation coefficient between GOLD T, , and TIMED/SABER TCI is moderate
(R = 0.58). According to Mlyczak et al. (2018b), NO emission, which is represented by the TCI, is a sensitive
indicator of temperature. Hence, the TCI in Figure 6f can be deemed a proxy for temperature at ~130 km, the
peak altitude of NO emission (Mlynczak et al., 2018a, and references therein). The correlation between TCI and
T,,, is not a new finding, but in agreement with Weimer et al. (2015) and Weimer et al. (2016, Figure 8): see also

Mlynczak et al. (2018a, Summary).

Figure 6b illustrates that O, density at 170 km is still positively correlated with GOLD T, , but the correlation
coefficient is smaller than in Figure 6a (GOLD T, ,; ~150 km) and Figure 6¢ (Swarm mass density; ~450 km).
We note that O, is a minor constituent at 120-240-km altitudes (Smithtro & Sojka, 2005a, Figure 2), to which
GOLD O2DEN data are relevant (https://gold.cs.ucf.edu/data/documentation/). At those altitudes, the dominant
neutrals are N, (at lower altitudes) and O (at higher altitudes). According to Russell (2011, Section 4), thermo-
spheric (>120 km) O, variations do not strictly follow those of the dominant elements (N, and O): e.g., O, and O
changes are shown to be nearly anticorrelated by Russell (2011, Figure 4.42). Therefore, the O, density variations
are only moderately correlated with the total neutral density changes (Russell, 2011, Figures 4.31-4.32). Assum-
ing that the total neutral density is correlated with T, , the results presented by Russell (2011) can explain our
Figure 6b, which shows moderate correlation between GOLD O2DEN and GOLD T, . Furthermore, T, is not
the only driver of the total neutral density (e.g., neutral composition effects), which can further compromise the
correlation between GOLD O2DEN and GOLD T,

exo”

As the work by Russell (2011) is based only on numerical
simulations, our results give the first observational support for the moderate correlation between O, density at
170 km and T, . These results are compatible with Lumpe et al. (2020, Figure 15), where GOLD O2DEN exhib-
its limited correlation with Ap or F, -, both of which (as shown in our Figure 4) are strongly correlated with 7, .
Similarly, Aikin et al. (1993, Figure 6) showed relatively poor correlation between O, density and F, ;. Note that
the next version of the GOLD O2DEN product will include a complete correction for the clock drift problem,
which will allow us to draw more quantitative conclusions on the correlation between GOLD O, and T,  data.

Outliers in Figure 6b may be resolved in the next version of the GOLD O2DEN.

In fact, photochemistry, diffusion, and dynamics can all be important for O, variability (e.g., Kayser, 1980). The
O, reacts with a variety of atmospheric/ionized constituents, such as nitrogen, oxygen, and hydrogen neutrals/
ions (see, e.g., Russel, 2011, Tables 2.1-2.4). They can also undergo photolysis by solar Lyman-alpha and the
Schumann-Runge continuum (Christensen et al., 2012). At altitudes of ~140-200 km, recombination with nitro-
gen atoms can drive O, chemical loss (Siskind et al., 2006). Some of the rate coefficients have large uncertainty,
such as O, and O rate coefficient mentioned in Mlynczak et al. (2013), which suggests that further studies are
warranted for thermospheric O,.

In Figures 6d and 6e, GOLD T,  exhibits poor correlation with neutral temperature observed below 110 km.
Below we discuss three heating agents for the thermosphere above 110 km, which can also be related to T, :
Joule heating, particle precipitation, and insolation. We note that Joule heating per scale height is highest around
125 km (Huang et al., 2012, Figure 1), and concomitant neutral temperature changes hardly penetrate down to
~110 km (Huang et al., 2012, Figure 2): see also Lu et al. (2016, Figure 7). The Joule heating heavily depends on
geomagnetic activity (Lu et al., 2010, Figure 5), which is in turn correlated with 7, . Nesse Tyssgy et al. (2010)
reported similar results that particle precipitation heating rarely penetrates below 100 km. Similarly, neutral
temperatures below 150 km are not immediately affected by changes in Extreme Ultraviolet (EUV) insolation: see
Yan et al. (2021, Figure 5). According to Woods et al. (2000, Figure 2), Far-Ultraviolet (FUV) solar radiation in
the wavelength range of 120-180 nm (e.g., the Schumann-Runge continuum) is largely absorbed near and above
100 km. Also, the heating rate of O, and O, by solar ultraviolet radiation is lower around 100-km altitudes than
above (Feofilov & Kutepov, 2012, Figure 15). Thus, we expect poor correlation between the GOLD T, , which
is well correlated with F,, (solar activity), and the ICON/MIGHTI and Aura/MLS temperatures (~100 km).
IR radiative cooling in the lower thermosphere around 100 km (e.g., Dickinson, 1984) can further decrease the
correlation between T, and temperature around ~100 km. Our Figures 6d and 6e confirm this expectation.

The limited agreement between the temperature at altitudes of ~100 km (MIGHTI and MLS temperature) and
T, is also compatible with a number of previous studies on the lower thermosphere. Lee et al. (2013) and Yi
et al. (2017) reported absence of 7-day, 9-day, and 13-day oscillations in the Aura/MLS temperature data. As
those oscillations are generally attributed to recurrent geomagnetic activity, the results in Lee et al. (2013) and Yi
et al. (2017) suggest that the Aura/MLS temperatures are not well correlated with geomagnetic activity, unlike
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T, Also, the limited correlation can be interpreted in the context of Smithtro and Sojka (2005b) and Forbes
etal. (2011). Smithtro and Sojka (2005b, Section 6.1) reported simulation results showing that T, is insensitive
to the conditions around 95 km. In Forbes et al. (2011), tidal variations of T, are found to be dominated by those
generated above 110 km, which would contribute to different behavior of the temperature below 110 km and T, .
Still, the previous studies only provide circumstantial evidence for the poor correlation between the temperature
below 110 km and T,

o> Whereas our study gives direct observational evidence.

Finally, we note a recent study by Huang and Vanyo (2021) for atmospheric temperature below 100-km altitude
(89-97 km) at low latitudes. In their Figure 6, annual averages of the atmospheric temperature (i.e., one value per
year) display positive correlation with F,, and Ap. Hence, it would be warranted to compare annual averages
of T, and temperature below 110 km: we can see if their correlation will get better than in our results, which
are based on daily averages. In the current study, only two data points (for years 2019 and 2020) are available for
complete annual averages of GOLD TLIMB (T, ), which are insufficient for correlation analyses. This topic is

reserved for future works when more GOLD TLIMB data (at least for one solar cycle) become available.

4.3. Comparison With MSIS2.0

In this section, we investigate whether the behavior of the observation data in Section 3 is reproduced by the
empirical MSIS model. To this aim, we run the MSIS2.0 model (https://pypi.org/project/pymsis/) with the input
of the GLAT, GLON, time of every GOLD T, data point. We use MSIS neutral temperature at 5,000 km for
comparison with GOLD T, . For the same (GLAT, GLON, time), we also run the MSIS2.0 for neutral temper-
ature at 150 km (corresponding to Figure 6a of GOLD 7, ) and 100 km (corresponding to Figure 6d of ICON/
MIGHTI temperature) as well as molecular oxygen at 170-km altitude (corresponding to Figure 6b of GOLD-
O2DEN) and total mass density at 450 km (corresponding to Figure 6¢ of Swarm mass density data). Hourly Ap

at the GOLD observations and F, ; as well as its 81-day averages are input to MSIS2.0.

Figure 7 is the same as Figure 1, but with MSIS2.0 results. The following differences from Figure 1 are noteworthy.
First, the overall T, is lower for MSIS than GOLD. For example, the mean of the equatorial (IGLATI < 5°) bins
in Figure 1a is 846 K while it is only 793 K in Figure 7a. In the western limb (Figures 7a—7c), note that MSIS-T,,
at 15:00-16:00 is larger than in earlier SLTs. This possibly results from poor bin population at 15:00-16:00. The
GOLD western limb observations (Figures 1a—1c) have only a few data points per bin for the 15:00-16:00 SLT,
and the MSIS result in Figure 7 is obtained per GOLD observation. Second, near-dusk high 7, in Figures 1d—1f
is absent in Figure 7. On the one hand, this discrepancy supports the caveat for the magnitude of near-dusk GOLD
T,,, discussed in Section 3. On the other hand, it may suggest a possibility that MSIS2.0 be lacking the physics
of dusk terminator enhancement reported by Gupta et al. (2019). Further studies are warranted to investigate the
duskside hotspot in GOLD T, . Third, the near-noon equatorial peak that is visible in the GOLD western limb
data (Figures la—1c) is not present in MSIS (Figures 7a—7c).

X0*"

Figure 8 is the same as Figure 4, but with MSIS2.0 results. The most conspicuous difference from Figure 4 is
the fact that 7, correlates well with F,, (R = 0.73), but not with Ap (R = 0.18). The combination of the two

(Figure 8d) exhibits poorer correlation with 7, than F,, alone (Figure 8b). In summary, the effect of Ap on
GOLD T, is under-represented in MSIS2.0.

Figure 9 is the same as Figure 6, but with MSIS2.0 results. Panels e and f are omitted in Figure 9 because
Figure 6e represents similar altitudes to those of Figure 6d, and Figure 6f presents the TCI index that cannot be
directly provided by MSIS2.0. The positive correlation of MSIS-T,  with temperature at 150 km (Figure 9a)
and with total density at 450 km (Figure 9c) agrees with Figures 6a and 6¢. The poor correlation between MSIS-
T.,, and temperature at 100 km (Figure 9d) also agrees with Figure 6d. However, MSIS O, density at 170 km
(Figure 9b) is anticorrelated with MSIS-T, (R = —0.5), contrary to the observation results in Figure 6b.

X0

To summarize, (a) MSIS-T,, is generally smaller in magnitude than GOLD T, (b) MSIS-T,,  exhibits weaker

exo exo
dependence on Ap than GOLD 7, , and (c) the T, -O2DEN relationship is reversed between MSIS2.0 and GOLD.
With the limited amount of data used in this study, we cannot draw a decisive conclusion as to whether MSIS2.0

or GOLD better represents the actual conditions. Further studies are warranted to resolve this discrepancy.
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Figure 7. Similar to Figure 1, but presenting MSIS2.0 T,  instead of GOLD T, .

X0

5. Summary and Conclusion

Using the GOLD Level-2 TLIMB data product, we have conducted an extensive investigation on the low-lati-
tude dayside exospheric temperature in years 2018-2021, during which the daily Ap and F,, indices were 042
(median = 4) and 63-113 (median = 70), respectively. This study is a follow-up of the first analysis of GOLD T,
by Evans et al. (2020). Our statistical results confirm previous studies on the terrestrial, Martian, and Venusian
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Figure 8. Similar to Figure 4, but presenting MSIS2.0 T,  instead of GOLD T, .

exosphere, such as morning-afternoon asymmetry and positive dependence on Ap and F, ;. Additionally, there
are new findings in this study, which can be summarized as follows:

1.

Overall, T

Though 7, has been known to be correlated with either Ap or F, ,, their arithmetic sum is better aligned with
the T, distribution and can explain ~64% (R?) of its day-to-day variability

Daily averaged T, exhibits positive correlation with thermospheric parameters representative of altitudes
above ~110 km: neutral mass density (450 km), neutral temperature (150 km), and NO emission (130 km).
On the contrary, the daily average T, is poorly correlated with ICON/MIGHTI and Aura/MLS temperatures,
both of which represent altitudes around 100 km. As MSIS2.0 reproduces this feature, it can be considered as

implicitly known to the community

. Daily averaged T, is moderately correlated with O, density at 170 km, where it is a nonnegligible but minor

species. This first observational result supports previous numerical simulations by Russell (2011)

. In comparison with GOLD T, , MSIS-T,  is generally smaller in magnitude and has weaker correlation

with Ap. The T, -O2DEN relationship is reversed between MSIS2.0 (negative correlation) and GOLD (posi-
tive correlation). Duskside T, hotspots in GOLD data do not appear in MSIS2.0, which warrants further

investigation

at dayside low latitudes is: (a) controlled by solar and geomagnetic activity and; (b) affects many

€xo

thermospheric parameters down to ~130 km, below which drivers of T, variability appear to have weaker effects
than above. The poor correlation between T, and neutral temperature around 100 km demonstrates that one
source of information cannot be substituted with the other. Hence, we need both data sets for accurate specifica-
tion of the whole atmosphere, e.g., as boundary conditions for global circulation models.
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Figure 9. Similar to Figure 6, but presenting MSIS2.0 instead of actual satellite data.

Finally, we list a few limitations of the GOLD T, data. First, we cannot deduce a global climatology of T as
shown in Weimer et al. (2020). GOLD can observe T, at only two GLON sectors (Eastes et al., 2020, Figure 5),
and only daytime data are available, which hinders us from investigating GLON dependence on a global scale
and from conducting extensive tidal analyses as in Forbes et al. (2011). Second, GOLD experienced only low and
moderate solar activity until recently (e.g., Lumpe et al., 2020). Thus, analyzing a larger set of GOLD data span-
ning the forthcoming solar maximum would be beneficial to understanding the behavior of 7, more thoroughly.

Data Availability Statement

The GOLD data and quicklook images are available at: https://gold.cs.ucf.edu/data/search/. The official repos-
itory of the Swarm mission is https://swarm-diss.eo.esa.int/#swarm. The ICON data are open to the public at:
https://icon.ssl.berkeley.edu/Data. Aura/MLS Level-3 data can be downloaded from https://acdisc.gesdisc.eosdis.
nasa.gov/data/Aura_ MLS_Level3/ML3DZT.005/. TIMED/SABER TCI are open to public at https://www.space-
weather.com/images2021/08sep21/tci_info.txt.
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