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Abstract A new model of exospheric temperatures has been developed, with the objective of
predicting global values with greater spatial and temporal accuracy. From these temperatures, the neutral
densities in the thermosphere can be calculated, through use of the Naval Research Laboratory Mass
Spectrometer and Incoherent Scatter radar Extended (NRLMSISE-00) model. The exospheric temperature
model is derived from measurements of the neutral densities on several satellites. These data were sorted
into triangular cells on a geodesic grid, based on location. Prediction equations are derived for each grid
cell using least error fits. Several versions of the model equations have been tested, using parameters such
as the date, time, solar radiation, and nitric oxide emissions, as measured with the Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instrument on the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite. Accuracy is improved with the
addition of the total Poynting flux flowing into the polar regions, from an empirical model that uses the
solar wind velocity and interplanetary magnetic field. Given such inputs, the model can produce global
maps of the exospheric temperature. These maps show variations in the polar regions that are strongly
modulated by the time of day, due to the daily rotation of the magnetic poles. For convenience the new
model is referred to with the acronym EXTEMPLAR (EXospheric TEMperatures on a PoLyhedrAl gRid).
Neutral densities computed from the EXTEMPLAR-NRLMSISE-00 models combined are found to produce
very good results when compared with measured values.

Plain Language Summary Variations in the density of the upper atmosphere have long been a
problem for accurate determination of the drag on satellites and their orbital paths. Long- and short-term
fluctuations in solar radiation are one factor that influences this density; the energy dissipated by auroral
electric fields and currents in the polar ionospheres also results in significant changes in the density of
the neutral atoms at high altitudes, in the region known as the thermosphere. Some numerical models
that calculate the density in the thermosphere rely on a prediction of the temperature at the top of the
thermosphere, known as the exospheric temperature. A new method for forecasting these temperatures
has been developed, based on satellite-based measurements of the atmospheric density. Exospheric
temperatures that were derived from these measurements were divided up into triangular grid cells that
uniformly cover a sphere. The collected temperatures in each grid cell, along with their associated dates,
times, and other measurements, were used to develop a predictive formula, which is unique to each cell.
When combined together, global maps of the temperatures are obtained. This method is named using the
acronym EXTEMPLAR, EXospheric TEMperatures on a PoLyhedrAl gRid.

1. Introduction

Variations in the density of the upper atmosphere have long been a problem for accurate determination
of the drag on satellites and their orbital paths. Long- and short-term fluctuations in solar radiation are
one factor that influences this density; the energy dissipated by auroral electric fields and currents in the
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polar ionospheres also results in significant changes in the density of the neutral atoms and molecules.
Due to the increasing temperatures above altitudes of 80-90 km, this region is known as the thermosphere.
Above altitudes of 200 km the temperature asymptotically approaches a limiting value, the thermopause
temperature, also known as the exospheric temperature (Prolss & Bird, 2004), often abbreviated as either
T, orT.

A number of methods have been developed in order to help improve the predictions of the neutral density,
including both empirical models and numerical simulations. For a brief description of some models and
methods used to assess performance, refer to Shim et al. (2012) and Bruinsma et al. (2018).

It had been found by Weimer et al. (2015) that nitric oxide (NO) emissions from the thermosphere had strong
correlation with auroral energy dissipation and higher cooling rates following geomagnetic storms. It was
also found that the NO emissions were positively correlated with the exospheric temperatures, including the
solar EUV component, later verified with global maps of statistical averages (Weimer et al., 2016). The mea-
surements of these infrared emissions from NO were obtained with the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument on the Thermosphere Ionosphere Mesosphere Ener-
getics and Dynamics (TIMED) spacecraft (Mlynczak et al., 2005, 2010). The initial objective of this project
was to determine whether or not such measurements of nitric oxide emissions in the thermosphere could
be used to improve forecasts of exospheric temperatures. The best way to accomplish this objective was to
experiment with empirical models of the exospheric temperatures, using the NO emissions in some ver-
sions, to determine whether or not improved predictions could be obtained. The end result was an empirical
model that can more accurately predict the exospheric temperatures. Through the use of the MSIS model,
better predictions of the neutral density are also obtained. The purpose of this paper is to provide a detailed
scientific rationale for the basis functions chosen for the new model (presently under development) and
highlight the significance of initial results through data-model comparisons.

The various versions of this empirical model are derived from temperature measurements that are sorted
according to their location on a geodesic grid. A multiple linear regression fit is used with the data in each
grid cell to derive an expression for the temperature at that cell's specific location, as a function of the input
parameters. The choice of the specific input parameters that are included in the model formulas are varied
in order to determine which combinations can produce the most accurate results.

2. Derivation of Exospheric Temperatures

The exospheric temperatures that are used here are derived from neutral density measurements, employ-
ing much the same methodology as described by Weimer et al. (2016). The thermosphere density model,
known as the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter radar Extended
(NRLMSISE-00) model (Hedin, 1991; Picone et al., 2002), is employed. Abbreviated herein as simply “MSIS,”
this model provides as a function of altitude and geographical location the density of several atomic and
molecular species, as well as temperature. The input parameters for MSIS are the date, time, the solar F,,
index, and geomagnetic activity. This activity is provided as the daily 4, index, and six additional, 3-hr ap
indices as an option. Control flags input to MSIS can turn on or off various parts of the model's calculations.

The MSIS model can calculate the expected density value from a given geographic location, including
altitude, along with the other expected input parameters. Internally, MSIS calculates the exospheric temper-
ature for the given coordinates; this exospheric temperature is used to compute the density of each species
as a function of altitude, starting at the 120-km altitude boundary where the neutral composition and other
conditions are specified by MSIS. In this work the MSIS model is used backward in order to derive the exo-
spheric temperatures from the density values that are measured on various satellites. If the predicted value of
the total density does not match the measured value, then exospheric temperature is varied (through a mod-
ification of the code) until the measured and predicted densities match. Specifically, the bisection method
(also known as the interval halving or binary search method) is used until the temperature is resolved to
within 2° K.

The neutral density data that we use have been acquired on four different satellites. One set of data are from
the Challenging Mini-satellite Payload (CHAMP) satellite [Bruinsma et al., 2004], having measurements
in the years 2002 to 2009. The second data set is from the Gravity Recovery and Climate Experiment
(GRACE) satellites (Tapley et al., 2004), from 2003 to 2010. Of the two GRACE satellites, only data from
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the “A” satellite are used, as these two satellites are in nearly identical orbits. The density values had been
recalculated by Mehta et al. (2017) and are available with temporal cadence of 10 s for CHAMP and 5 s for
GRACE A, which is at a higher altitude. Both the CHAMP and GRACE neutral densities are derived from
accelerometer measurements of the orbital drag forces.

The other two data sets are from the European Space Agency's Swarm mission, consisting of three identical
satellites (Swarm A, B, and C) (Friis-Christensen et al., 2006) that were launched on 22 November 2013.
The Swarm A and C spacecraft orbit at an altitude of approximately 470 km, and Swarm B orbits at about
520-km altitude. Since the A and C spacecraft are so close together and provide essentially the same drag
values at the same times and similar locations, only the Swarm A and B data are used. The Swarm data that
are included in this study start on 30 November 2013 and include all of years 2014 to 2017 for Swarm A and
through June 2016 for Swarm B. These density data are obtained from precise orbit determinations using
the Global Positioning System (GPS) receivers on the spacecraft (Astafyeva et al., 2017).

As this study required uniform, global coverage at all local times, neutral density measurements from the
European Space Agency's Gravity field and Ocean Circulation Explorer (GOCE) mission (Doornbos et al.,
2014] were not used, as this satellite orbited at a near fixed local time. Additionally, the GOCE satellite was
at a very low altitude, under 300-km altitude, where variations in the exospheric temperature resulted in
relatively small changes in the neutral density. Due to this low dynamic range, oftentimes the exospheric
temperatures derived from the GOCE neutral density measurements would seem to be unreasonably high
or low.

Corrections were made to the original density values, following the procedure that is described in detail by
Weimer et al. (2018). Briefly, the neutral densities obtained from each satellite were compared with global
values obtained by Emmert (2009), from an analysis of the orbits of approximately 5,000 objects. As a result
of this comparison, it was found that multiplying the CHAMP densities by 1.12, the Swarm A densities
by 1.08, and the Swarm B densities by 1.08 brought the various data sets into agreement. The corrections
applied to the density values from GRACE A varied with time, starting with a multiplication factor of 1.25
prior to 2004, 1.33 in 2004 and 2005, and 1.24 in 2006 and later. The cause of this change was a reversal of the
positions of the GRACE A and B satellites in December 2005, so that the trailing satellite became the leading
satellite, and at the same time, the fore and aft ends were reversed in order to keep their radar antennas
pointing at each other. This switch had changed their coefficient of drag and the resulting densities (Weimer
et al., 2018).

As the existing MSIS model was developed prior to the unusually low solar minimum in 2008-2009, it does
not represent very well the anomalously low densities that were observed. Therefore, some adjustments
were applied within MSIS to compensate, originating from the methodology of Emmert (2009). Perturba-
tions to the density values at the 120-km altitude boundary in MSIS were applied as a function of time. One
factor, expressed as a percentage, was applied to everything except the atomic oxygen, while another adjust-
ment applied to only the oxygen. These data originated from Emmert et al. (2010) and Emmert et al. (2014).
Percentages that were provided as daily values were smoothed using a 27-day running average; being one
solar rotation, this averaging smooths out the effects of active sunspot regions. Although these data end
before 2014, the percentage were extended to cover the Swarm time period through fitting the correction
factors with the global NO and carbon dioxide emissions that were measured with SABER, as demonstrated
by Weimer et al. [2018].

3. The Geodesic Polyhedral Grid

Asmentioned earlier, the empirical model (and variations) are derived from temperature measurements that
are sorted according to their location on a geodesic grid. Statistical averages resulting from a similar, spatial
binning of temperature measurements were previously shown by Weimer et al. (2016), in which equal-area,
quadrilateral pixels (Gorski et al., 2005) were used. While that particular gridding scheme divided a sphere
into exactly equal areas, the grid resolutions that are available were determined to be either too small or
large for this project, with the Gorski et al. (2005) grid limited to only 12, 48, 192, 768, 3,072, 12,288, 491,452,
or greater number of elements. Subsequently, a switch was made to a different type of spherical grid that
had the desired flexibility in the number of grid cells.
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Figure 1. Illustration of the geodesic, polyhedral grid. The grid that is used
for this project is derived from a 20-face icosahedron, which has each face
subdivided into 81 equilateral triangles, resulting in 1,620 triangles, that are
projected to a spherical surface. For reference, the blue lines show three
orthogonal axes, with one pole at the top.
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The final grid that is used is based on an icosahedron, a polyhe-
dron having 20 faces that are equilateral triangles (Wenninger, 2014).

"ENN§\ Each face is then divided into m divisions on each edge, or T = m?
%EEA%%\ triangles, with the new vertices then projected outward to a sphere.
’%"NA‘N%%\ For our purpose m = 9 and T = 81 was chosen, resulting in
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1,620 faces (https://en.wikipedia.org/wiki/List_of_geodesic_polyhedra_
and_Goldberg_polyhedra#Icosahedral). This grid is illustrated in Figure
1. The edges of the triangles span approximately 7°, while the centers of
the adjacent triangles range from approximately 4.3° to 9.9°. While the
areas of the faces are not exactly equal, the areas are all within 10.6% of
the mean. While a greater number of faces provides a higher spatial res-
olution, it also reduces the density of samples in each cell, which can
produce greater statistical noise in the results.

V,

Each exospheric temperature data point is assigned to a cell based on
the geographic coordinates where the measurement was taken. The local
solar time of each datum, converted into degrees, is used for longitude,
with local noon placed at 0° longitude. Following this sorting, the num-
ber of points in each pixel/cell ranges from 28,477 to 542,195, with the
largest numbers found around the poles due to the high inclinations of
all satellite orbits.

4. Model Formulation

Following the sorting of data into grid cells according to their location, the
next step was fitting these data to obtain an expression (to be described)
for the exospheric temperature in each cell, using a multiple linear regres-
sion (least error fit). Therefore, 1,620 separate fits are done. Various independent variables were tried, as
well as different combinations of variables. These trials were eventually reduced to seven basic versions of
the temperature equations for comparison.

After the multiple linear regression fits are done, the 1,620 sets of coefficients could be used as is. Without
any further processing, the satellite orbits that occurred during particularly active or inactive times tended
to produce uneven results. Increasing the resolution of the grid makes this problem even worse. In order
to reduce such artifacts, each coefficient was smoothed by taking the mean value of the same coefficient in
neighboring grid cells (using all triangles that contain a common vertex). Afterward, all temperature values
are compared with the fitted values in order to compute the standard deviation and mean absolute deviation,
separately for each grid cell, then using the mean values of the standard and absolute deviations of all cells,
in order to assess model performance.

In order to provide this new empirical model with a name that distinguishes it from others, the acronym
EXTEMPLAR is given, from EXospheric TEMperatures on a PoLyhedrAl gRid. The misspelling of “exem-
plar” is deliberate in order to avoid confusion with acronyms already in use.

4.1. Version 0: Solar Indices Only

The most basic version of the new model relies on solar indices only, as a reference point for later improve-
ments. While the standard F,,, solar index is well known, Tobiska et al. (2008) and Bowman et al. (2008)
had defined additional solar indices that function in a similar manner. These indices are used in the
Jacchia-Bowman density model (JB2008). As indicated by Bowman et al. (2008), “the solar index F, is really
aproxy index because it is measured at a 10.7-cm wavelength, which is not a direct measure of any ultraviolet
radiation and is not absorbed by the atmosphere.” Additional indices used in the JB2008 model are S, , M,
and Y,,, which are based on wavelengths that are absorbed. They are named to suggest their relationship to
the F,, index (a shortened notation), to which they are calibrated. Briefly, the S,, index is derived from EUV
flux measured with the the Solar Extreme-ultraviolet Monitor (SEM) instrument of the NASA/ESA Solar
and Heliospheric Observatory (SOHO) research satellite. The M, index is from medium-UV flux near 280
nm measured with operational NOAA satellites. The Y, index is derived from a mixture of both solar X-ray
emissions in the 0.1- to 0.8-nm range, from the GOES X-ray Spectrometer (XRS) instrument, and hydrogen
Lyman-a emissions obtained from the NASA TIMED satellite.
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Table 1
Comparison of Modeled and Measured Values of Exospheric Temperatures

Model version Mean absolute deviation (° K) Mean standard deviation (° K)
37.31 52.03
53.03 72.00
30.95 42.81
28.17 38.58
28.19 38.27
27.96 37.97
27.92 37.53

AN U A W N = O

These indices were tested against the temperature values within each grid cell (that also contained associated
dates and times for each measurement) to see how well they could fit these data. It was found that the S,
and M, indices both had the highest correlations (using the maximum correlation in all 1,620 cells), both
around 0.97, while the correlations of F;, and Y;, were about 0.95 and 0.96, respectively. As the indices are
correlated with each other, a nonlinear combination is used. Trying out various powers of these indices,
using a square root of the M,, produced a better fit. The best correlations were actually found without using
any time lags or moving averages, such as the 81-day running mean (Picone et al., 2002).

The baseline model ended up using only the indices S;, and M,,, with the square root of the later. Within
each cell the temperature values were fit with the equation:

Too = Cy+ C,Sip+ Cy0 /My + C3S,4sin(0p) + C,S;, cos(6p)+
Csv/M,, sin(@p) + C¢v/ My, cos(6p) + C, sin(20p) + Cg cos(20,)+ 1)
Cy sin(¢yr) + Cy cos(dyr),

where T'oo is the exospheric temperature, 6, = 22D0Y /365.25 is the day-of-year date converted to radians,
and ¢; = 27UT /24 is the Universal Time (UT) in radians. The C, and C;, coefficients with the UT angles
are for modeling the variability due to the rotation of the geomagnetic poles (which are offset from the rota-
tional pole) through different local solar times, while the C, and Cy terms are intended to capture whatever
semiannual/interannual variations that are present. Since the Universal Time should not have much influ-
ence near the equator, the fit results are expected to have small values of Cy and C,, in these cells while the
same terms may be important elsewhere on the globe.

Initially, it had been assumed that terms for the latitude of the Sun would be required, but in actuality the
day-of-year terms were sufficient for modeling the response in each cell due to the changes in the Sun's
position during the year (examples will be shown in section 6). Results, summarized in Table 1, show that
the mean absolute deviation for Version 0 is 37.31° K and the mean standard deviation is 52.03° K.

The ability of equation (1) to reproduce much of the exosphere's temperature variation is illustrated in
Figure 2. This figure is obtained by running the EXTEMPLAR model with the measured solar indices for
every day of 2003, at noon on each day. The global maximum and minimum values are shown with the
red and blue lines, respectively, while the global mean value of all grid cells is drawn with a green line.
(This figure is actually derived from the fifth version, but uses the same coefficients in (1), as explained in
section 5.6.)

4.2. Version 1: Using Only Nitric Oxide Emissions

The next version uses only the SABER measurements of the nitric oxide emissions, in order to determine
whether or not these can be used as an indicator of exospheric temperatures. Why this hypothesis would be
considered is shown with the graph in Figure 3. The points plotted in this figure were obtained by simply
selecting all values of the NO emissions that were within a particular range and then calculating the mean
value of the associated temperatures. This is done for each grid cell, and then the largest and smallest values
on the sphere are found. The red and blue lines show these global, maximum, and minimum values, after
repeating for different NO emissions. The green line shows the mean values. A similar result was previously
shown in Figure 8 by Weimer et al. (2016).
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Baseline Exospheric Temperatures From Solar Heating
T[T T[T [T T[T T[T T T[T T[T T TTT 7T

7\\\‘H\‘H\‘\\\‘\H‘\H‘\II|III|IH‘H\‘\H‘\H7
1 31 62 92 122 153 183 213 244 274 304 335 365

Day Of Year 2003

Figure 2. Exospheric temperature variations reproduced from solar indices alone. Model temperatures were calculated
for every day of the year 2003, with global maximum and minimum values shown with the red and blue lines. Green
line shows of the global mean value, calculated from all 1,620 grid cells.

While the NO emissions are expected to be an exponential function of the thermospheric temperatures
(Mlynczak et al., 2005), in the formulas that follow, we require a way to estimate the temperatures from the
global emissions. The black line in Figure 3 shows the square root of the nitric oxide emission values, scaled
to match the green line, showing that the mean exospheric temperatures are approximately proportional to
this square root. With this relationship, Version 1 of the EXTEMPLAR model used this equation:

Too = Cy+ C,VNO + C,V/NOsin(9p) + C,VNO cos(6p)+
C,sin(26;) + C; cos(20,)+
Ce sin(¢yr) + C; cos(Pyr)+
Cs VNOsin(¢yy) + Co VNO cos(dyy),

where NO represents the total power of the nitric oxide emissions measured by the SABER instrument.
There are two sets of coefficients that model the response as a function of UT. Coefficients C, and C, are for
reproducing the variations with low levels of geomagnetic activity, while C5 and Cy are intended to reproduce
auroral oval variations during more active times, when the nitric oxide emissions are generally larger. This
version produced a mean absolute deviation of 53.03° K and a mean standard deviation of 72.00° K. While
this is not a terrible result, these deviations are still significantly worse than obtained with only the solar
indices. This result is not totally unexpected, as the NO emissions originate well below the exosphere and
are driven by the local composition and temperature in the lower thermosphere (120-150 km). As the nitric
oxide power is highly correlated with the auroral heating that occurs at high latitudes (Weimer et al., 2015),
it appears that the solar indices need to be included in order to model conditions at both high and low
latitudes.

)

4.3. Version 2: Combining Nitric Oxide Emissions With Solar Indices

The next trial combined together the previous two versions, with the assumption that the nitric oxide emis-
sions would follow the temperature changes due to geomagnetic activity/auroral heating that the solar
indices could not:

Too = Cy+ C,VNO + C,8,0 + Cyy/ Mg+
C,V/NOsin(8p) + C5sV/NO cos(dp) + CySyo sin(@p) + C,S,0 cos(@p)+
Cg /My, 8in(0p) + Cyy/M, c08(0p) + Cy Sin(20p,) + C;; cos(20,)+
Cy, Sin(dyp) + s cos(dyr) + Cps VNO sin(dyy) + Cys VNO cos(dyp).

3
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TTT T T T T[T T T T TTT This formula produced a mean absolute deviation of 30.95° K and a mean
standard deviation of 42.81° K. Therefore, this combined version did per-
form better than either of the two versions alone. The importance of the
terms containing the Universal Time will be demonstrated in section 6.

4.4. Version 3: Adding Polar Heating Calculated From a Poynting
Flux Model

While the addition of the nitric oxide emissions to the version that uses
solar indices does produce better fits with the data, these emissions are
related to the auroral heating energy that has been already added to the

800 L - system during the previous hours or days, and offset by the amount of

- . radiative cooling present. Near the geomagnetic poles it is possible that

= . the exospheric temperatures and neutral density may respond to more

600 — = short-term auroral heating. In order to investigate this possibility, we
Ll il il laas calculate the total Poynting flux into the polar regions using the electro-

0 50 100 150 200 250 300 350 dynamic models described by Weimer (2005a, 2005b), also referred to as

SABER Mean NO Global Radiated Power [GW] the W05 model. The electric field model is used in combination with the

Figure 3. Exospheric temperature as a function of nitric oxide emission field-aligned current model, which provides the magnetic perturbation
power. The red line shows the maximum exospheric temperature on a vector, to calculate the total flux into both the Northern and Southern
global map, and the blue line shows the minimum value, compared with Hemispheres. The required model inputs were obtained from measure-
the simultaneously measured total radiated power from nitric oxide. The ments of the Interplanetary Magnetic Field (IMF) and solar wind velocity

green line shows the global, mean temperature, while the black line shows
the square root of the radiated power, scaled to match.

on the Advanced Composition Explorer (ACE) spacecraft.

The equation used in this version is

Too = Cy+ C, VNO + C,Sy0 + Cy /Mg +
C,V/NOsin(8p) + C5 VNO cos(8p) + CySyo sin(fp) + C;Syo cos(@p)+
Cg /M, sin(fp) + C, \/M_wcos(OD) + Cy sin(26p) + Cy; cos(20,)+
Cy, sin(¢yr) + C5 cos(@yr) + C1uSrsin(@yr) + C1sSr cos(¢yr) + Ci6St

; “)

where S represents the Poynting flux totals, which replaced the nitric oxide in the C,, and C,5 terms asso-
ciated with the UT variations, as well as one additional term applied without modification, in C;5. The least
error fit using equation (4) is applied uniformly to every grid cell. On the other hand, we have Poynting flux
totals that are calculated separately for the Northern and Southern Hemispheres, and the temperatures in
the grid cells near each pole should be matched with the amount of heating in that same pole, while the
cells at low latitudes respond to both. Therefore, these hemispheric totals are combined together using

Sy = Sysin?(0.5 # (Latitude + 7 /2)) + Sgsin®(0.5 * (Latitude — 7 /2)), (5)

where Sy and Sy are the Poynting flux totals in each hemisphere and the latitude is that of each grid cell's
geometric center, in radians, in the range of —z /2 to +x /2. This equation produces a smooth transition of
the Poynting flux totals from one hemisphere to the other.

The Poynting flux totals are actually evaluated as an average over some period of time. Through trials of
various time intervals it was found that the errors were lowest if the auroral heating was averaged over the
previous 13 hr. This version resulted in a mean absolute deviation of 28.17° K and a mean standard deviation
of 38.58° K, which are better than the prior versions.

4.5. Version 4: Rising and Falling Temperature Perturbations

It is known that the temperature of the thermosphere rises during times of high geomagnetic activity and,
after the enhanced heating stops, decays at an exponential rate (Burke et al., 2009; Wilson et al., 2006). It is
also known that the enhancement to the nitric oxide that occurs during geomagnetic storms can accelerate
the cooling (Lei et al., 2012; Mlynczak et al., 2003). This behavior in the temperature is explicitly built into
the JB2008 model [Bowman et al., 2008], which uses an input parameter, AT,, that accounts for this behavior
of the exospheric temperature. This AT, is derived from the Dst index (Burke et al., 2009) if Dst is under —75
nT; otherwise, the 3-hr ap indices are used. The AT, value is updated hourly. The MSIS model also includes
temperature perturbations that are calculated from the daily Ap and hourly ap indices.
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Weimer et al. (2011) had developed an improvement to the AT, parameter for the JB2008 model, using the
W05 model to calculate the rise of the temperature correction at each time step, and the amount of heat
energy also increased another variable in the equations that caused the temperature to decay at a faster
rate. In the evaluations done by the NASA Community Coordinated Modeling Center (CCMC) (Shim et al.,
2012), it was found that both the original and modified JB2008 model had the best root-mean-square error
and prediction efficiency, in comparison to four other models, while the MSIS model always did better on
the ratio of the maximum change in density. Later, Weimer et al. (2015) had improved on the temperature
calculations, while showing how well the NO emissions measured with the SABER instrument correlated
with the heating rates.

Since the two versions of the JB2008 model did better than the MSIS model in the evaluations by the CCMC,
it is reasonable to assume that use of these temperature perturbations may be more accurate than what
the MSIS model derives from the geomagnetic activity indices. On the other hand, we note that the tables
shown by Bruinsma et al. (2018) give the impression that MSIS performed better than the standard JB2008
model, while the Drag Temperature Model 2013 (DTM2013) (Bruinsma, 2015) generally did better than
both. Several different metrics were used.

The JB2008 model uses very low order/degree spherical harmonics to evaluate the global exospheric tem-
peratures, so it does not have high spatial resolution, particularly at high latitudes. The ratio between the
maximum and minimum exospheric temperature is also fixed in this model, while Figure 3 shows that this
ratio increases as the temperature increases. These are two reasons why the MSIS model was able to do
better on other metrics. It is reasonable to assume that a greater spatial resolution would help.

So the fourth version of the EXTEMPLAR model tries the same strategy as JB2008, but at much better reso-
lution. A temperature correction factor replaces the NO emission terms, as well as the polar heating terms:

Too = Cy+ C AT + C,S,0 + C3/Myo+
C,ATsin(0p) + CsAT cos(6,,) + CgSy Sin(6),) + C;S,, cos(Op)+

(6)
Cs\/ M, sin(0p) + Cy/M,, cos(8p) + Cy, sin(20),) + C;; cos(26,)+
Cy,sin(¢yr) + Ci53 cos(pyr) + C AT sin(¢yr) + CisAT cos(dyy)
where AT is the temperature correction. This correction AT at each point in time is calculated from
ot
AT(t,,.,) = AT(t,) — AT(t,) (T—> + aSy(t,) — ﬁRNOM(tn), @)
c

where 6t is the numerical time step (4 min), z, is the exponential cooling rate, and « is a factor that scales
the temperature increase in each time step relative to the Poynting flux (S;). The measured values of the
total power radiated from nitric oxide (Ry,,,; from the SABER instrument) are used to decrease the temper-
ature in each time step, in proportion to the scaling factor . The parameters (a, #, and r,) were empirically
determined through reiterative adjustments that minimized the error in (6), in comparison with all of the
derived temperatures, with the result that « = 0.00771° K/GW, g = 0.0001965° K/GW, and 7, = 9.671 hr. An
additional saturation parameter was also determined for the total heating from the W05 model, rolling over
at 763 GW. While the total nitric oxide power used was from daily totals, these numbers were interpolated
to the same, 4-min time intervals in which the W05 heating was calculated.

This version resulted in a mean absolute deviation of 28.19° K and a mean standard deviation of 38.27° K.
While the standard deviation was better, the former was worse than the previous version, but just by a very
small margin.

4.6. Version 5: Short-Term Auroral Heating Reintroduced

The calculation of the temperature correction in equation (7) basically integrates the level of auroral heating
from past time intervals, which should be appropriate for low latitude regions. However, near the poles the
more recent heating should be more relevant, which is the explanation for why (6) was not that much better
than (4). So the next trial reintroduced the Poynting flux in the UT terms (which mainly define the location
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of the geomagnetic poles and auroral ovals), which retains the AT values that have a more global influence:
Too = Cy+ C,AT + C,S,0 + C3\/Mo+
C,ATsin(0}) + CsAT cos(8p) + C¢S, sin(@p) + C,S;, cos(0p)+
Cg /M, sin(fp) + Cy/M;, cos(8p) + Cy sin(26y) + C;; cos(20,)+
Cy, sin(¢yr) + C5 cos(@yr) + C1uSrsin(@yr) + C15Sr cos(¢yr) + Ci6St

®)

Everything is the same as in (6) and (7), except that is was found that the averaging period used to calculate
Sy could be reduced from 13 down to 2 hr to get the lowest errors, as the longer-term effects of the heating
at lower latitudes are already included in AT. The result was a mean absolute deviation of 27.96° K and a
mean standard deviation of 37.97° K, which is an improvement over Version 4.

All of the terms in (8) that are not present in (1) account for the additional heating of the thermosphere
due to auroral activity. If these additional terms are not used to calculate the exospheric temperatures, then
the results show the influence of only the solar radiation and the annual and semiannual terms, as the
geomagnetic activity adds to the solar response that was fit with (1). So while equation (1) was used to obtain
the graphs shown in Figure 2, the results from this version were actually used for this graph, and the terms
in (8) that do not appear in (1) were not used.

4.7. Version 6: Using a Numerical Version of Nitric Oxide Cooling

The previous results show that satellite measurements of nitric oxide emissions indeed can be used to
improve the predictions of exospheric temperatures, either directly as in Versions 2 or 3 or through a
calculation of temperatures in a difference equations, as in Versions 4 and 5. However, at present such
measurements are not readily available in the time frame needed for actual predictions in real time. There-
fore, this final version replaces the measured nitric oxide cooling in (7) with one derived from numerical,
difference equations:

AT(t,,,) = AT(t,) — AT(t,) <?) +aS;(t,) — Pyo(t,), 9)
3 —2700
Pyo(t,) = PANO(L,) exp <—AT(tn) = Tstar(tn)) , (10)
ANO(t,,,) = ANO(t,) — ANO(t,) (;s_r) +7Sp(t,). (11)
NO

Py, represents the additional cooling power of the nitric oxide emissions. f is an empirical scaling factor,
and ANO(t,) is the simulated enhancement to the NO present at time step n. This product is multiplied
by e raised to the power of —2,700 over the total temperature, which is the sum of the auroral AT(¢,,) from
(9) and the background solar temperature from (1). The 2,700 comes from the energy of nitric oxide 5.3 pm
emissions converted to degrees Kelvin. The quantity ANO increases in each time step in proportion to the
amount of Poynting flux, S;, and decays exponentially with time constant zy,. These formulas are similar
to those used by Weimer et al. (2015), but with a modification in (10). These simulated NO emissions were
found to have a high correlation with the measured values.

As before, the free parameters in (9)-(11) were empirically determined by minimizing the error in (8). With
ANO(t,) increasing in proportion to the Poynting flux with the arbitrary scaling factor y fixed at 0.0001 /GW,
the result of the fit for the other parameters was a = 0.005001° K/GW, f = 0.8499° K, 7, = 9.999 hr, and
Tyo = 17.00 hr. The saturation parameter applied to the W05 model was increased to 3,100 GW for optimal
results. The AT values calculated in this way were used in (8) for Version 6 of EXTEMPLAR, resulting a
mean absolute deviation of 27.92° K and a mean standard deviation of 37.53° K, a small improvement over
the previous version, but still having the smallest errors of all.

5. Example Results

After the derivation of the model coefficients through the least error fits, global maps of the exospheric
temperatures are obtained by simply substituting the actual or hypothetical values of the input parameters
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Figure 4. Example map of exospheric temperature variations calculated with the EXTEMPLAR model. AT = 100° K, day of year = 80, UT = 15 hr, both S,
and M;(=120 sfu, and the polar heating is 50 GW in both hemispheres. (a) The values in each grid cell; (b) the results using a triangulated interpolation.

into the model equations for each of the 1,620 grid cells. An example of results from (8) is shown in Figure 4,
with AT =100° K, day of year = 80 (spring equinox), UT = 15 hr, both S;, and M, = 120 sfu, and the polar
heating is 50 GW in both hemispheres. In Figure 4a a map is shown with each grid cell colored uniformly
according to its temperature. An interpolation scheme is required in order to obtain values at a specific
latitude and longitude. To accomplish this interpolation, the coordinates of the two-dimensional “center of
mass” of each grid cell are determined, with the temperature in each cell assigned to these centers. These
points form another set of triangles that are used in a triangular interpolation. Figure 4b shows the results
of such interpolation on a higher-resolution latitude-longitude grid. Contour levels are drawn with the blue
lines. Local noon solar time is at 0 longitude in this and subsequent figures.

Figure 5 shows the effects of the Universal Time variations, with parts (a)-(d) showing results for 3,9, 15, and
21 UT. All other input conditions are the same as in the previous example, except that the polar energy flux
level has been increased to 200 GW in each hemisphere, which boots the effects at high latitudes. Through
evaluations at 1-hr increment, it has been found that the maximum temperature is generally found in the
Southern Hemisphere around 9 UT, and in the Northern Hemisphere at 21 UT, while the two poles are
roughly equal at 3 and 15 UT. The temperatures in the Southern Hemisphere tend peak at greater levels than
in the north and often seem to occupy a greater area. In comparing Figure 5¢c with 4b, in which everything is
the same except the higher level of polar energy flux, the temperatures near both poles become greater than
at the noon-time equator, while the minimum temperature, at 240-270° longitude (4 to 6 hr local time), has
actually decreased.

Figure 6 shows the effects of the day of year, with parts (a)-(d) showing results for days, 80 (21 March),
172 (21 June), 264 (21 September), and 355 (21 December). The solar indices are the same as in the other
examples, the UT is 3 hr, and both AT and the polar energy flux are set to zero in order to isolate just the
annual and semiannual variations. The spring (Figure 6a) and fall (Figure 6c) equinoxes have roughly equal
temperatures, with the peak near the equator around 60° longitude (16 hr local solar time), with the spring
equinox tending to be slightly warmer. Not surprisingly, at the solstices the peak temperatures move with
the sun to the Northern (Figure 6b) or Southern (Figure 6d) Hemisphere. The Southern Hemisphere peak
in December is 100° larger than the maximum temperature in June.
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Figure 5. Examples showing how changing the Universal Time influences the maps of exospheric temperature. In a-d the UT is set to 3, 9, 15, and 21 hr, while
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the other parameters are fixed: AT = 100° K, day of year = 80, both S;, and M;;,=120 sfu, and the polar energy flux is 200 GW in both hemispheres.

6. Predictions for Specific Time Intervals

While these examples are useful and interesting, the real test of the EXTEMPLAR code is seeing how well it
does in actual events. One example is taken from 26-28 July 2004, in which there was a high level of auroral
activity, that followed episodes of heating on the two previous days. Figures 7 and 8 show temperature values
along the orbits of the GRACE A and CHAMP satellites. The blue lines show the exospheric temperatures
that were derived from the neutral densities (the “measured” values), and the red lines show the exospheric
temperatures from the EXTEMPLAR model. The model values on the grid have been interpolated to the
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(a) Day of Year 80, Mar 21 (b) Day of Year 172, Jun 21
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(c) Day of Year 264, Sep 21 (d) Day of Year 355, Dec 21
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Figure 6. Examples showing how the day of year influences the maps of exospheric temperature. In a-d the day of year is set to 80, 172, 264, and 355, while the
other parameters are fixed: AT and the polar energy flux are set to zero, UT = 3 hr, while both S, and M;, = 120 sfu.

satellite's coordinates in geographic latitude and local time. The green lines show the exospheric tempera-
tures that the MSIS model would use. These values may be elevated at the start of these graphs due to the
auroral activity that occurred on the previous day. Even so, most of the time the MSIS values are actually
quite close to the measured values.

The dashed, red lines in Figures 7 and 8 show the largest and smallest temperatures that are found on
the global-scale grid at each time step. Interestingly, the minimum temperature value appears to decrease
during the very strong heating events, while the maximum temperature increases. This behavior during
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Figure 7. Example of exospheric temperatures along the GRACE A orbit, from 12 UT on 26 July to 12 UT on 28 July
2004. Solid red lines show the temperatures from the EXTEMPLAR model evaluated along the orbit, while the dashed
red lines show the smallest and largest values on the global grid at the same times. Blue lines show the measured
values, and green lines show the temperatures in the MSIS model.

extreme geomagnetic storms will need to be investigated in future model revisions. It may perhaps be an
artifact resulting from using the same delay times in the C; AT and C,¢S; terms across the globe, while the
low-latitude heating response could be delayed. The C,4 coefficient in the Versions 5 and 6 fits is negative at
low latitudes, which results in a delay in the response at low latitudes until after the polar heating turns off
and, in extreme events, may overcompensate.

The four pairs of light gray vertical lines in these figures designate time intervals that are selected for use
in Figure 9, which shows maps of the temperatures and both satellite orbits for these four intervals. The
specific conditions used in the EXTEMPLAR model are taken from the midpoint in these time intervals and
are indicated in the legends at the top of each map. The orbits are overlaid with the heavy blue (GRACE A)
and magenta (CHAMP) lines, starting at the round symbols and ending at the squares. Although the range
of temperatures represented by the coloring was kept constant within the previous figures, in Figures 9a-9d
the color bars changed in order to show the most dynamic range in each part. Figures 9b and 9c indicate that
sometimes the equatorial regions are much cooler than the polar regions, where the temperature changes
are the greatest. As the auroral heating levels are quite extreme in this event (over 1,000 GW at times), the
effects of the statistical fluctuations mentioned earlier start to appear, manifested as either enhancements
or depressions along meridional lines.

The EXTEMPLAR model predictions have been compared with both the derived temperatures and the MSIS
results for every day in the database, with mean errors and standard deviations computed on a day-by-day
basis. These prediction errors were calculated for each day in 2002 to 2010 for which there were measure-
ments available. The result was that on 82% of the days the EXTEMPLAR model had lower errors than the

WEIMER ET AL.

13 0f 19



Space Weather 10.1029/2019SW002355

Position and Data from CHAMP
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Figure 8. Example of exospheric temperatures along the CHAMP orbit, from 12 UT on 26 July to 12 UT on 28 July
2004. Solid red lines show the temperatures from the EXTEMPLAR model evaluated along the orbit, while the dashed
red lines show the smallest and largest values on the global grid at the same times. Blue lines show the measured
values, and green lines show the temperatures in the MSIS model.

MSIS model with the CHAMP data, and it was better with the GRACE A measurements on 84% of the days.
In 2014 to 2017 the new model does better than MSIS 80% of the time for the Swarm A measurements, and
75% for Swarm B. To be fair, we note that none of these data were available to the developers at the time
that the 2000 version of the MSIS model was constructed. The Swarm B measurements from 2017 were
not used in the development of EXTEMPLAR, and in trying the same tests for that year, the same level of
improvement was found, although geomagnetic activity in 2017 was low.

7. Comparisons With Neutral Density Measurements

A more important test is to determine how well the EXTEMPLAR model does at predicting the neutral
densities. The MSIS code is required in order to do so, substituting for the exospheric temperature values
that MSIS would use. As the database was constructed using all MSIS options turned on, it needs to be used
in the same way, including the measured values of the solar F,,, index and geomagnetic activity indices.
These parameters influence the conditions at the 120-km altitude boundary that MSIS uses to calculate the
density altitude profiles, given the exospheric temperature. Conditions at this boundary are not the same
across the globe, so as a result the global maps of the neutral densities do not necessarily vary in lockstep
with the exospheric temperatures.

Returning to the same time period that was shown previously, Figures 10 and 11 show the neutral densities
on 26-28 July 2004. The solid red lines in the figures show the neutral density that results from using the
new exospheric temperatures, substituted in the MSIS model, while the blue lines show the measured values
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Figure 9. Global maps of exospheric temperatures at selected intervals on 26-27 July 2004. The maps are overlaid with the orbital paths of the GRACE A (blue)
and CHAMP (magenta) satellites, starting and ending at the times indicated at the top, which correspond to the vertical, gray lines in Figures 7 and 8. The
starting and ending points of these paths are indicated with the round and square dots. EXTEMPLAR model input parameters, shown at the top, are calculated
at the center of each interval, with Hn and Hs indicating the amount of heating in the Northern and Southern Hemispheres.
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Figure 10. Example of neutral densities along the GRACE A orbit, from 12 UT on 26 July to 12 UT on 28 July 2004.
Solid red lines show the density from the EXTEMPLAR model evaluated along the orbit. Blue lines show the measured
values, and green lines show the densities from the MSIS model.

on GRACE A (Figure 10) and CHAMP (Figure 11). The green lines show the density obtained from the
unmodified MSIS model.

Comparing the errors in the model versus measured neutral densities on a day-by-day basis, the percentages
are basically the same as with the temperature comparisons, with the EXTEMPLAR-MSIS combination per-
forming better than MSIS alone about 80% of the time. The density correction factors mentioned previously
were applied to both model calculations equally.

While the data from the GOCE satellite was not used for building the new model, its performance relative
to MSIS could be compared for the neutral density predictions using this data set. From late 2009 to 2012,
EXTEMPLAR performed better on average 72% of the time, although the rate drops to only 32% in 2013,
when MSIS alone seems to do better while the altitude of GOCE was decreasing.

The densities computed from the EXTEMPLAR-MSIS combination were also compared with results from
the JB2008 model along the satellites orbits, and it did better than JB2008 on 80% of the GRACE A data. For
CHAMP, the rate was 79%, and for the GOCE data it was 70% on average, as well as in 2013. For the years
2014 to 2016, the improvement was 71% for Swarm A and 47% for Swarm B. The anomalies were in 2017,
when the EXTEMPLAR-MSIS combination did better than JB2008 for only 50% of the Swarm A density
measurements and only 2% of the time for Swarm B.

Returning to Figures 10 and 11, there are features worth noting. During the first 6 hr of 27 July, prior to
the time of Figure 9b, both GRACE A and CHAMP show density values that remain persistently low at low
latitudes, while the polar regions are experiencing substantial density increases. This delayed, low-latitude
response has been seen in other major geomagnetic storms.
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Figure 11. Example of neutral densities along the CHAMP orbit, from 12 UT on 26 July to 12 UT on 28 July 2004. Solid
red lines show the density from the EXTEMPLAR model evaluated along the orbit. Blue lines show the measured
values, and green lines show the densities the MSIS model.

The electronic supplement contains additional graphs, similar to those shown in Figures 10 and 11, for a
number of space weather events of interest. Predictions from the JB2008 model are also included on these
supplemental graphs. The selected time intervals include those listed by Shim et al. (2012) for the “Cou-
pling and Energetics of Atmospheric Regions (CEDAR) Electrodynamics Thermosphere Ionosphere (ETI)
Challenge.” Four other events of interest to the CEDAR program are included, along with eight other time
periods of interest. Nearly all of the events listed by Bruinsma et al. (2018) are covered.

8. Conclusion

Neutral density measurements taken on the GRACE A, CHAMP, and Swarm satellites have been used to
derive the exospheric temperatures that are required in the MSIS model in order to exactly match these mea-
surements. These temperatures have been incorporated into the new model named EXTEMPLAR, which
is based on least error fit solutions calculated within separate cells on a geodesic grid. Seven different solu-
tions are presented, in order to introduce the different terms and demonstrate step-by-step how the fits are
improved. Use of the energy flowing into the high-latitude regions, obtained from the W05 empirical model
(Weimer, 2005a, 2005b), is required to obtain the best results.

During geomagnetic storms the largest temperature and density increases are found near the poles, where
the energy dissipation from the solar wind and magnetosphere takes place. The EXTEMPLAR model results
show that the locations of the highest exospheric temperatures are strongly influenced by the Universal
Time, although this is not exactly new since the original MSIS model also includes UT variations. It is not
a surprising result, as the rotation of the magnetic poles around the geographic pole is expected to produce
such variations. On the other hand, the temperature enhancements in the Southern Hemisphere are found
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to be greater, and cover wider areas, than those seen in the Northern Hemisphere 12 hr later under iden-
tical conditions; these findings may be new. The Southern Hemisphere was found to have much greater
temperatures at the December solstice than those found in the Northern Hemisphere at the June solstice.

Future work to compare the derived exospheric temperatures with temperatures from TIMED Global Ultra-
violet Imager instrument (Meier et al., 2015) and ground-based nighttime FabryPerot interferometer red-line
thermosphere measurements, for example, Harding et al. (2017), over the same time intervals would be valu-
able. Improvement in total mass density and exospheric temperature will also likely improve first principles
calculations such as the Global Ionosphere-Thermosphere Model (GITM) [Ridley et al., 2006] and Another
Model of the Ionosphere (SAMI3) (Huba et al., 2008; Huba & Krall, 2013) for space-weather applications. In
the latter, daytime electron density photoproduction calculations are sensitive (i.e., correlated) to total mass
density through calculation of photoproduction rates (Emmert et al., 2014).

Comparing the exospheric temperatures from the EXTEMPLAR model with the original measurements
demonstrates that it is capable of reproducing the derived temperature values quite well, even during events
with strong levels of geomagnetic activity. Neutral densities can be calculated from the predicted exospheric
temperatures; the MSIS model is required for this calculation. Comparing these neutral densities that are
derived from the EXTEMPLAR model with the satellite measurements shows that the MSIS model predic-
tions can be improved upon using this technique. This combination should be very useful for predicting
satellite orbits with greater accuracy, especially following geomagnetic storms. Final assessment of the per-
formance should be done independently, such as by the CCMC. As shown in Figures 10 and 11, while this
model produces better predictions of the neutral density, the results are not perfect.

The results obtained with the basis functions and methodology chosen for the EXTEMPLAR model demon-
strate the potential for significant improvements over existing empirical exospheric temperature and total
mass density specifications. EXTEMPLAR is in the initial development stages, and with further work it
should be possible to make improvements. One particular method for upgrading the calculations would be
the addition of time delays that could vary according to location, for quantities such as the solar indices, the
AT temperature changes, and the level of heating in the poles.

Acronym

CCMC Community Coordinated Modeling Center

CHAMP Challenging Mini-satellite Payload satellite

DTM2013 Drag Temperature Model 2013

EXTEMPLAR  EXospheric TEmperatures on a PoLyhedrAl gRid

GRACE Gravity Recovery and Climate Experiment satellite

JB2008 Jacchia-Bowman 2008 neutral density model

MSIS Abbreviation for NRLMSISE-00

NRLMSISE-00 Naval Research Laboratory Mass Spectrometer and Incoherent Scatter radar Extended
model 2000

SABER Sounding of the Atmosphere using Broadband Emission Radiometry instrument

TIMED Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite
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