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Abstract

The EXospheric TEMeratures on a PoLyhedrAl gRid (EXTEMPLAR) method predicts the neutral densities in the thermo-
sphere. The performance of this model has been evaluated through a comparison with the Air Force High Accuracy Satellite
Drag Model (HASDM). The Space Environment Technologies (SET) HASDM database that was used for this test spans the
20 years 2000 through 2019, containing densities at 3 hour time intervals at 25 km altitude steps, and a spatial resolution
of 10 degrees latitude by 15 degrees longitude. The upgraded EXTEMPLAR that was tested uses the newer Naval Research
Laboratory MSIS 2.0 model to convert global exospheric temperature values to neutral density as a function of altitude. The
revision also incorporated time delays that varied as a function of location, between the total Poynting flux in the polar regions
and the exospheric temperature response. The density values from both models were integrated on spherical shells at altitudes
ranging from 200 to 800 km. These sums were compared as a function of time. The results show an excellent agreement
at temporal scales ranging from hours to years. The EXTEMPLAR model performs best at altitudes of 400 km and above,
where geomagnetic storms produce the largest relative changes in neutral density. In addition to providing an effective method
to compare models that have very different spatial resolutions, the use of density totals at various altitudes presents a useful

illustration of how the thermosphere behaves at different altitudes, on time scales ranging from hours to complete solar cycles.
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Key Points:

¢ Thermosphere neutral densities from the EXTEMPLAR model are compared with
the SET HASDM density database for a 20 year time period

e The use of mean densities on spherical shells at several altitudes is an effective way
to compare the models

e The EXTEMPLAR model performs well at altitudes of 400 km and above where

geomagnetic storms produce the largest changes in neutral density
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Abstract

The EXospheric TEMperatures on a PoLyhedrAl gRid (EXTEMPLAR) method pre-
dicts the neutral densities in the thermosphere. The performance of this model has been
evaluated through a comparison with the Air Force High Accuracy Satellite Drag Model
(HASDM). The Space Environment Technologies (SET) HASDM database that was used
for this test spans the 20 years 2000 through 2019, containing densities at 3 hour time
intervals at 25 km altitude steps, and a spatial resolution of 10 degrees latitude by 15
degrees longitude. The upgraded EXTEMPLAR that was tested uses the newer Naval
Research Laboratory MSIS 2.0 model to convert global exospheric temperature values

to neutral density as a function of altitude. The revision also incorporated time delays
that varied as a function of location, between the total Poynting flux in the polar regions
and the exospheric temperature response. The density values from both models were in-
tegrated on spherical shells at altitudes ranging from 200 to 800 km. These sums were
compared as a function of time. The results show an excellent agreement at temporal
scales ranging from hours to years. The EXTEMPLAR model performs best at altitudes
of 400 km and above, where geomagnetic storms produce the largest relative changes in
neutral density. In addition to providing an effective method to compare models that
have very different spatial resolutions, the use of density totals at various altitudes presents
a useful illustration of how the thermosphere behaves at different altitudes, on time scales

ranging from hours to complete solar cycles.

Plain Language Summary

A recently developed computer model predicts the mass density of atoms and molecules

in upper atmosphere, in the region known as the thermosphere. Changes in this “neu-
tral density” following geomagnetic storms can perturb the orbits of the many satellites
in this region, leading to imprecise knowledge of their paths and risk of collisions. This
model uses measurements of the solar wind and the embedded magnetic field to predict
the level of heating in the upper atmosphere, and the resulting expansion of the atmo-
sphere to higher altitudes. In order to test the capabilities of the new model, its calcu-
lations were compared with density values derived by an Air Force data assimilation sys-
tem based on radar tracking of multiple objects in Earth orbit over a 20-year period. The
results of this comparison show an excellent agreement, particularly at the higher alti-

tudes where geomagnetic storms have the greatest influence.
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1 Introduction

A major focus of space weather research has been on the topic of the mass den-
sity of the neutral atoms and molecules in the thermosphere. As the variations in this
density perturb the orbital motion of satellites, there has been considerable effort in be-
ing able to predict these variations using both empirical models and numerical simula-

tions (Bruinsma et al., 2018; J. Emmert, 2015).

Recently Weimer et al. (2020) had described a new empirical model that calculated
exospheric temperatures, the asymptotic limit that the temperature in the thermosphere
reaches at high altitudes (Prolss & Bird, 2004), often abbreviated as either T¢, or Tw.
The temperature inputs to the model were derived from neutral density measurements
from multiple satellites. Data from the Challenging Mini-satellite Payload (CHAMP)
(Reigber et al., 2002; Bruinsma et al., 2004) in the years 2002 through 2009 were used,
along with the Gravity Recovery and Climate Experiment (GRACE) satellites (Tapley
et al., 2004), from 2003 through 2010. These total mass densities were derived from ac-
celerometer measurements of the orbital drag. In our work we use density data from the
CHAMP and GRACE missions provided by Mehta et al. (2017), who had recalibrated
the drag coefficients and provided updated values of the neutral densities. The original
data were from Sutton (2008). Additional density data were from the European Space
Agency’s Swarm mission (Friis-Christensen et al., 2006), for the time period from 30 Nov
2013 through 2017. Orbital motions obtained from Global Positioning System (GPS) re-
ceivers on these spacecraft were used to determine the drag (Astafyeva et al., 2017; van

den IJssel et al., 2020).

To create the empirical model, the temperature values were sorted into 1620 cells
on a geodesic, polyhedral grid. These triangular grid cells have nearly equal areas and
their edges have arc lengths of approximately 7°. Multiple linear regression fits were then
used to obtain an equation for the exospheric temperature at each cell’s specific loca-
tion, as a function of the input parameters. For convenience, the unique acronym EX-
TEMPLAR was given to this method, for EXospheric TEMperatures on a PoLyhedrAl
gRid. The Naval Research Laboratory Mass Spectrometer and Incoherent Scatter radar
Extended (NRLMSISE-00) thermosphere model (Hedin, 1991; Picone et al., 2002) was
originally used to convert the density measurements into the exospheric temperatures

values that were used for the model development. (For this paper we use the newer, NRLM-
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SIS 2.0 model (J. T. Emmert et al., 2020).) Afterwards the ”MSIS” model (as commonly
known) was used to calculate neutral densities using the exospheric temperatures out-

put from EXTEMPLAR for given locations and input parameters. Comparing such den-
sity predictions with the original satellite measurements revealed a very good performance
by the combination of the EXTEMPLAR and MSIS models (hereafter referred to as sim-
ply EXTEMPLAR, with the MSIS component assumed). As there were on the order of
~100,000 data points in each grid cell, the regression formulas that used only six input
variable and 16 coefficients could not contain a memory of specific time periods or events,
so this was considered a valid test of the model. Nevertheless, a validation trial using

an independent dataset is valuable.

The Air Force High Accuracy Satellite Drag Model (HASDM) (Storz et al., 2005)
assimilates radar tracking of several dozens of calibration satellites to obtain thermospheric
neutral densities. HASDM continuously adjusts coefficients in a modified Jacchia-Bowman
2008 (JB2008) model (Bowman et al., 2008; Tobiska et al., 2008) to match the radar mea-
surements. While the Combined Space Operations Center (CSpOC) of the United States
Space Force (USSF) (previously part the Air Force) archives the temperature-correction
coefficients that have been applied to the JB2008 atmosphere, these data are not avail-
able to the public. Space Environment Technologies (SET) validates the HASDM out-
puts under contract and produces a recreation of the densities of the global atmosphere,
calling it the “SET HASDM density database” (Tobiska et al., 2021). With approval of
the USSF, SET has released the density values for scientific use. These data span two
solar cycles, from January 1, 2000 through December 31, 2019. As stated by Tobiska et
al. (2021), “all solar cycle, geomagnetic storm and sub-storm, extended solar flare, and
thermospheric cooling perturbations are embedded in the data. Because of its accuracy,
time resolution, global scale, and information content, the SET HASDM database den-
sities are suitable for use as a new space weather benchmark for atmospheric expansion
against which space weather events are measured.” The purpose of this paper is to present
the results of a comparison between the EXTEMPLAR and HASDM density values. The
comparison was run for the entire, 20-year time period with a newer version of the EX-
TEMPLAR model described in Section 3. In addition to serving as a useful validation
tool, the results have provided helpful insights into the behavior of the thermosphere over

the two solar cycles.
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2 Density Calculations Using NRLMSIS

It is helpful to review how the MSIS model is used with the EXTEMPLAR pro-
gram in order to obtain the neutral densities. This description helps with understand-
ing some of the results that will be shown. The standard input parameters for MSIS are
the geographic coordinates, altitude, date, time, solar Fyg 7 index (both daily and 81-
day average), and the daily A, index of geomagnetic activity. There is an option to in-
clude values of the ap index over six, 3-hour intervals. To obtain the neutral densities
in the thermosphere, NRLMSIS 2.0 calculates the density of each atomic and molecu-
lar species at a boundary at 122.5 km altitude, along with the temperature and temper-
ature gradient. Normally, MSIS also calculates the exospheric temperature for the given
conditions and coordinates. The boundary conditions and exospheric temperature are
then used to compute the density of each species as a function of altitude, as illustrated
in the example in Figure 1. The species densities are summed to obtain the total den-

sity (the black line in the figure).

One shortcoming to the MSIS model is that the actual values of the A, index are
obtained only after measurements from magnetometers at selected, global locations are
processed. So real-time indices are not available. While there are predictions of A, avail-
able, they are only estimates. As geomagnetic indices are only an indirect proxy for the
amount of heating that occurs in the polar regions, it is assumed that a model of the Poynt-
ing flux should be more accurate, as this energy flux has a more direct, physics-based
relationship with the temperature changes. Furthermore, as the solar wind velocity and
IMF values are the primary input needed to obtain the Poynting flux, values can be ob-
tained from real-time measurements having an approximately 1 hr lead time, rather than
much later. This lead time results from the time it takes the solar wind and IMF to travel
from a satellite monitor located at an “upstream” position (Case & Wild, 2012) while
the measurement data that are transmitted arrive much sooner. The physical relation-
ship between the energy flux and temperatures plus the lead time are two reasons why
the use of exospheric temperatures from the EXTEMPLAR model is advantageous. It
also uses the solar indices S1¢ and Mg, that are considered to be more accurate than
F1o.7 alone since they represent the actual solar irradiance being deposited into the ther-

mosphere (Bowman et al., 2008; Tobiska et al., 2008).
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With a small modification to the MSIS program, the exospheric temperature that
is calculated by the EXTEMPLAR model is included as a new input parameter. This
temperature (if included in the input parameters) replaces the value that MSIS calcu-
lates internally. Figure 2 illustrates the effect of changing the exospheric temperature
in MSIS, with densities as a function of altitude shown for temperatures of 600, 1000,
1400, 1800, and 2200°K. Note that at an altitude of 200 km, the exospheric tempera-

ture variations have little effect on the modeled density.

3 Recent EXTEMPLAR Modifications

Work is presently under way to improve the EXTEMPLAR method and develop
a real-time, operational program, so the version used in this comparison is similar to but
not exactly identical to what was described by Weimer et al. (2020). One difference is
that the we now use the newer NRLMSIS 2.0 model (J. T. Emmert et al., 2020) rather
than NRLMSISE-00. This change will enable use of future updates to this model, but
it also resulted in a need to recalculate all temperature values used in the EXTEMPLAR
model development, the reason being that the newer version of the MSIS model produces

densities lower than the original version for the same input conditions.

An exospheric temperature is derived from a density with use of the MSIS model
by means of a reiterative substitution of revised exospheric temperatures in the model
until the model’s output density at the given coordinates matches the measured value.
The bisection method is used, with the search terminating when the resolution is within
2°K. The result is called the measured temperature. The process is repeated for every

density measurement in the database.

For this method to work, the density measurements need to match, on average, the
unmodified MSIS model as much as possible during or else the derived temperature val-
ues may be excessively high or low. The density measurements from the various satel-
lites may need to be multiplied by a correction factor in order to produce the best over-
all match with the densities from the MSIS model. The process is described by Weimer
et al. (2016) using the original CHAMP and GRACE data (Sutton, 2008). Later Weimer
et al. (2018) had derived different correction factors for the newer, higher-resolution den-
sity values provided by Mehta et al. (2017) for these satellites, and these same factors
were used for the original EXTEMPLAR model Weimer et al. (2020). For example, the
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CHAMP data were all multiplied by a factor of 1.12 before calculating the temperatures.
The new NRLMSIS 2.0 model actually matched the CHAMP densities very well with-
out any adjustment, so the correction factor was changed to 1. The correction factor for
the GRACE A satellite varies over time from 1. to 1.2, depending on the date, while a

factor of 1.08 was used for densities from all Swarm satellites.

The previous work by Weimer et al. (2020) originally had an objective to deter-
mine whether or not satellite measurements of emissions from nitric oxide could be used
in predictions of thermospheric temperatures and density. Several versions of the EX-
TEMPLAR formula were reported, with Versions 1 through 5 using the measured ni-
tric oxide emissions in the temperature calculation. The sixth version used a simulated
value of the extra cooling due to nitric oxide within a difference equation (details below)
rather than measured values. As nitric oxide emission measurements are not presently
available in real time, the most recent EXTEMPLAR model is most closely related to
the previous Version 6, that used only solar indices and Poynting flux values from an em-
pirical model (Weimer, 2005a, 2005b) that can use historical or real-time solar wind and

Interplanetary Magnetic Field (IMF) measurements.

The EXTEMPLAR model that was used in this comparison with the HASDM data
is referred to as Version 2.4.2, since is a second-generation model, using the fourth (of
several) iterations that were tested, and using version 2 of the NRLMSIS model. As be-
fore, the exospheric temperatures are calculated separately for each of 1620 grid cells;
this grid is obtained from a 20-facet icosahedron, in which each facet is subdivided into
81 equilateral triangles, with the new vertices projected outward to a sphere. A new fea-
ture is that the Poynting flux values are delayed in time, with different time delays used
for each grid cell. The result is that when the auroral heating suddenly increases the tem-
peratures in the grid cells near the pole will increase sooner than at locations near the
equator, that have a delayed response. Details about these delays will be reported in a

separate publication.
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The exospheric temperature in each grid cell is obtained from this formula:
Tooy = Co+ C1510 + C2S10sin(fp) + Cs.S510 cos(6p)+

Cyv/Mig + Csv/ Mg sin(fp) + Ce/Mig cos(0p)+

C7sin(20p) 4+ Cg cos(20p) + Co sin(pyr) + C1 cos(dur)+ (1)

C11S7 (8t ) sin(pyr) + C1257 (6t N ) cos(dur) + C13ST(dtN)+

C14AT sin(0p) + C15AT cos(0p) + C16AT
T, is the exospheric temperature in cell number N. Sip and Mo are solar proxy in-
dices that were developed for use in the JB2008 density model (Tobiska et al., 2008; Thayer
et al., 2021). Predictions of these indices are produced by SET, with updated values pro-
vided in near real-time. The recent and historical S;gand Mjgsolar indices are freely avail-
able at the JB2008 website https://spacewx.com/jb2008/while the predicted values
are publicly, commercially available through the US Space Force Unified Data Library.
0p is calculated using 2r DOY /365.25, which is the Day-Of-Year date converted to ra-
dians, and ¢y = 27UT /24 is the Universal Time (UT) converted to radians. The Cy
and Cg terms reproduce semi-annual/inter-annual variations in the data. St(dty) rep-
resents Poynting flux values that have been delayed in time by an amount that is unique
for each grid cell N. Sums of the Poynting flux are actually calculated for both the North-
ern and Southern Hemispheres. As described by Weimer et al. (2020), these totals are

combined with a formula that varies smoothly from one hemisphere to the other:
St = Sy sin?(0.5 * (Latitude + 7/2)) + Sg sin?(0.5 * (Latitude — 7/2)) (2)

where Sy and Sg are the total Poynting flux values in the Northern and Southern hemi-
spheres respectively. The latitude is determined from the coordinates of each grid cell’s
geometric center. In radians, this latitude ranges from —m/2 to +m/2. The Poynting flux
values in this version are smoothed with a boxcar averaging function having a width of
1 hr, prior to the application of the time delays, that range from 39 min in polar regions

to 6.6 hr at low latitudes.

The AT in (1) represent a global perturbation to the exospheric temperature, that
varies in each grid cell in proportion to Ci4, C15, and C14. AT varies in time, as calcu-
lated with the following numerical difference equation:

AT (tni1) = AT(t,) — AT(t) (‘”) +aSr(tn) — Pyolts) (3)

TC
In each time step AT increases in proportion («) to the total Poynting flux in both hemi-

spheres (S7), and decays at an exponential rate with time constant 7.. AT is further
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decreased by Pyo, which represents the cooling due to nitric oxide emissions. This sim-
ulated cooling is calculated with difference equations, using exactly the same methods
described by Weimer et al. (2020) in their equations (10) and (11), rather than using mea-
sured emissions. As in the previous versions of the model, the various parameters in the
difference equations were optimized through reiterative fits of the T, from (1) with all

temperature values in each cell.

4 Comparison with HASDM

The complete SET HASDM density database is available at https://spacewx.com/
hasdm/. As indicated by Tobiska et al. (2021), this data “covers the period from Jan-
uary 1, 2000 through December 31, 2019. Data records exist every 3 h during solar cy-
cles 23 and 24. The database has a grid size of 10°x15° (latitude, longitude) with 25
km altitude steps between 175 and 825 km.” One difficulty is that the resolution of this
grid is much more coarse than that used in the EXTEMPLAR model, in which the tri-
angular cells have edge lengths of approximately 7°, and their centers are separated by
as little as 4.3° between adjacent triangles. As the HASDM model, and the JB2008 model
from which it was derived, use spherical harmonics having low order and degree, using
smaller grid spacings for the HASDM data archive would not have helped much to im-

prove the resolution of details.

For purpose of comparison, the HASDM grid values were interpolated to the cen-
ters of the geodesic grid cells used in EXTEMPLAR. An example of such a comparison
is shown in Figure 3, from 26 October, 2003 at 6 h Universal Time (UT). In this exam-
ple (and others not shown) it is apparent that the EXTEMPLAR densities have features
that do not appear in the HASDM map. On the other hand, comparisons of EXTEM-
PLAR densities with CHAMP and GRACE measurements had indicated that small-scale

variations in the density variations do exist (Weimer et al., 2020). Reports on complex,

localized density enhancements had previously been reported on numerous occasions (Schlegel

et al., 2005; Sutton et al., 2005; Bruinsma et al., 2006; Crowley et al., 2010).

It was decided that the best way to compare the results from models having dif-
ferent resolutions is to calculate the mean density on the surface of a sphere at a given
altitude. The mean values are obtained by first taking the density value in each grid cell

and multiplying it by the area of that cell, and then summing these products. In the case
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of the HASDM database, the interpolated values are used. As the grid areas were pre-
computed in units of square radians, the integrated totals only need to be divided by 4mw
to obtain the mean value in units of kg/m?. In the example in Figure 3, the means are
indicated above each map in the upper-right corners. These values were computed for
every 3 hr interval in the SET HASDM density database, for the entire 20-year time pe-
riod, at altitudes of 200, 300, 400, 600, and 800 km. The results are shown as a function
of time in Figure 4, with the HASDM values indicated with the black lines and the EX-
TEMPLAR results drawn with the red lines. For comparison, density values from the
NRLMSIS 2.0 model, without the exospheric temperature modifications, are shown with
the blue lines to show whether or not the EXTEMPLAR model yields improvements.
The red lines are more visible as they are drawn last. Solar wind velocity and IMF val-
ues measured by the Advanced Composition Explorer (ACE) spacecraft during this time
period were input to the Poynting flux model used in the EXTEMPLAR program, us-

ing the Level 2 science data.

Obviously, the three models are in excellent agreement at most altitudes, although
HASDM often has slightly larger values. The differences are largest at 200 km. While
the models track the same trends over time, the HASDM values at this altitude tend to
be larger than from EXTEMPLAR and NRLMSIS. However, as illustrated in Figure 2,
at 200 km altitude the variations in the exospheric temperature have little influence on
the density at this altitude; the density values at this altitude are determined almost en-
tirely by the conditions calculated within the NRLMSIS 2.0 model. One thing appar-
ent in Figure 4 is that the density changes at 600 to 800 km span a range of over two
decades, while at 200 km the range is only a factor of five. Additional details can be seen
in the Supporting Information document that contains 20 separate plots for each of the
years in the SET HASDM density database. This supplement contains an additional 20
plots with the logarithm of the ratios of the EXTEMPLAR and NRLMSIS densities with

respect to the HASDM densities.

A closer look at the time period spanning years 2001 through 2004 is shown in Fig-
ure 5, for altitudes 800, 600, 400, and 300 km, from top to bottom. The periodic geo-
magnetic activity due to the solar rotation and major storms are more visible in this graph.

Departures between the EXTEMPLAR and NRLMSIS results are more apparent.

—10—
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An expanded look at the active time period in late 2003 is presented in Figure 6,
covering the time period from 16 October through 24 November 2003, containing two
extreme geomagnetic storms. In this graph it is seen that the EXTEMPLAR model (red)
tracks the HASDM values (black) better than the NRLMSIS values (blue), and matches

the variations during the major storms very well.

Figure 7 contains another interesting time period, from 1 July 2004 through 30 Novem-
ber 2004. The first event within this interval has three, successive peaks in the neutral
density, followed by an event in November having two larger density peaks in succession.

In both events the EXTEMPLAR results track the HASDM results very well, particu-
larly in the rapid decline in the densities after the peaks, although there are time peri-
ods where the unmodified NRLMSIS model does better in matching the HASDM vari-

ations.

5 Correlations, Standard Deviations, and Ratios

Linear correlation coeflicients of the mean density values were calculated for each
of the 20 years, with the results shown in Figure 8. The panel in 8(a) shows the corre-
lations between the EXTEMPLAR and HASDM values, while the panel in 8(e) to the
right shows the NRLMSIS-HASDM correlations. The blue, red, green, brown, and black
lines represent altitudes of 200, 300, 400, 600, and 800 km, respectively. In general, the
EXTEMPLAR-HASDM correlations range from 0.90 to 0.98 for altitudes of 300 to 600
km, while the correlation for 200 km altitude tends to range from only 0.82 to 0.94. The
correlations at 800 km are more variable, being in the high range in some years, but de-
creasing in years associated with low solar activity (2007-2009 and 2018-2019). The NRLM-
SIS model has correlations with HASDM that are generally lower, with differences rang-
ing from about 0.02 to 0.1, and greater differences (worse correlation) at 800 km alti-

tude.

Standard deviations are shown in Figures 8(b) for EXTEMPLAR and 8(f) for NRLM-
SIS, using the same line coloring at each altitude. Dividing these deviations by the mean
of the HASDM density in each year results in the deviation expressed as a percentage,
shown in panels 8(c) and 8(g). With the exception of the deviations at 800 km altitude
before 2005, these percentage errors mostly fall in the range of 10% to 20% for EXTEM-

PLAR. The standard deviations for NRLMSIS are approximately the same at altitudes

—11-
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of 200 to 400 km, except much higher (worse) at 400 km during the times of low solar
activity. At 600 and 800 km altitudes the NRLMSIS standard deviations tend to be al-
ways greater than the EXTEMPLAR values.

The bottom row in Figure 8 shows the ratios between the model densities as a func-
tion of time. 8(d) shows the base 10 logarithm of EXTEMPLAR/HASDM density ra-
tios and 8(h) to the right shows the same for NRLMSIS/HASDM ratios. Ideally, the ra-
tio should be one, with a logarithm of zero. Most of the time the logarithm of the EX-
TEMPLAR ratios in 8(d) are in the range of about -0.1 to -0.05 (indicating densities slightly
less than the HASDM values by a factor of .79 to .89), with better results at 600 and
800 km in the years 2006, 2007, and 2019. The NRLMSIS ratios had greater variabil-
ity over time and at different altitudes, ranging from negative to positive ratios, partic-

ularly during the years of low solar activity (2007-2009 and 2018-2019).

For comparison with our results, Figure 9 contains estimates of the HASDM er-
rors, that were produced by B. Bowman and provided by Tobiska et al. (2021) in a sup-
plement at https://spacewx.com/hasdm/. These errors are derived within HASDM by
a process known as the Dynamic Calibration Atmosphere (DCA) (Storz et al., 2005).
The dots in Figure 8 show the HASDM error as a percentage, for each of the calibra-
tion satellites. The HASDM errors tend to range between 2% and 6% during the peaks
in the solar cycle (e.g., Figures 8(a) and 8(c)) and increasing to 4% to 10% when solar
activity is low (e.g., Figures 8(b) and 8(d)). These uncertainties were obtained by com-
paring the derived HASDM data assimilated densities with sets of densities derived from
segmented tracking orbit fits to calibration satellites. It is seen in these graphs that the

errors are largest at 750 km altitude and above.

6 Discussion

The method in which the neutral densities from different models were integrated
over the surface of a sphere at a given altitude has proven to be an effective way to make
comparisons. The results show a very good agreement between the EXTEMPLAR and
HASDM models on scales ranging from years down to hours. The correlations between
the two models at the smallest scales, as seen in Figures 6 and 7 are excellent. The EX-
TEMPLAR predictions match the HASDM values especially well during the most ex-

treme events, most notably at 400 km altitude and above. In general, the EXTEMPLAR
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method improved upon the unmodified density predictions from the NRLMSIS model,
resulting in higher correlations, lower standard deviations, and more consistent ratios
in comparison with the HASDM densities. However, there are times when the NRLM-

SIS model is in better agreement with the HASDM values.

The results shown here are helpful for illustrating how the thermosphere behaves
over time at different altitudes, including the annual and solar cycle variability in ad-
dition to during major events. It is seen that geomagnetic storms have the greatest in-
fluence at higher altitudes, where there are substantial changes in the neutral density

with respect to pre-storm levels.

The correlations graphed in Figure 8(a) for the EXTEMPLAR-HASDM densities
at altitudes of 300-600 km are approximately 0.95, which we consider to be very good.
While the correlations at 200 km altitude are lower (in the range of 0.82 to 0.94), they
are still reasonable. At 200 km altitude the exospheric temperature calculations have lit-

tle effect on the density variations, as shown in Figure 2.

Results at 800 km are the most inconsistent. Figure 9 also indicates that the HASDM
errors are the largest here, particularly during times of low solar activity, as shown in
9(b) and 9(d). Solar minimum also coincides with the lowest correlations at 800 km (black
line in Figure 8). The plots in the Supporting Information for the years 2007—2009, and
2017-2019 show that the densities from the HASDM system have a relatively flat line
at this altitude, while the NRLMSIS model produced variations in the density that are
the expected signatures of the semi-annual oscillations (J. T. Emmert & Picone, 2010).
As the EXTEMPLAR method uses NRLMSIS to calculate densities, it also has the semi-
annual oscillations. The most likely explanation for the flat response in the HASDM sys-
tem is that the model it is based on lacks sufficient variation in the amount of atomic

oxygen and or helium.

At 800 km altitude the EXTEMPLAR densities tend to exceed the HASDM val-
ues during the large geomagnetic storms, such as in late October in Figure 6(a). This
is the cause of the increase in the black line in 2003 in Figure 8(c). It can be argued that
the densities calculated by the EXTEMPLAR-MSIS combination could more accurate
than HASDM at this altitude, since the sparse atmosphere may have little effect on the

segmented orbit density fits.
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It was mentioned earlier that HASDM has a coarse spatial resolution, while satel-
lite measurements indicate that the density often varies over distances that are smaller
than can be resolved with this model. In cases were the total densities of the two mod-

els are in agreement, the EXTEMPLAR-MSIS combination is likely more accurate.

Oftentimes the integrated densities from HASDM are slightly greater than those
from EXTEMPLAR. In a comparison between the SET HASDM dataset with the JB2008
model and CHAMP and GRACE density measurements, Licata et al. (2021) had found
that the HASDM density values were also consistently greater than the values derived
from the CHAMP and GRACE accelerometer measurements, while matching better than
the JB2008 model. Licata et al. (2021) also found that during the major storm in Oc-
tober 2003 (the same event shown here in the first half of Figure 6), while the HASDM
dataset had slightly larger densities than measured with CHAMP and GRACE, it did

very well at matching the relative changes in density during this period.

It would be possible to modify the NRLMSIS model to bring it (and EXTEMPLAR)
in better agreement with the HASDM densities. For example, changes could be made
in composition and derivatives at the lower boundary of the thermosphere. On the other
hand the density values from HASDM may have a bias, so first it would be necessary
to resolve the reasons for why the HASDM and NRLMSIS models differ at some alti-
tudes before committing to any modifications. As reported by J. Emmert (2015), the
estimation of coefficients of drag and ballistic coefficients “is quite challenging even for

objects whose mass, geometry, and composition are precisely known.”

7 Conclusion

The comparison of the densities calculated by the EXTEMPLAR program with the
values in the SET HASDM density database show that EXTEMPLAR performs very
well. As the HASDM assimilation system relies on radar tracking of multiple satellites
to derive the neutral densities, it is expected to be very accurate. But it cannot predict
the response of the neutral density to sudden geomagnetic storms in advance, before the
tracking measurements can be obtained. On the other hand, the EXTEMPLAR program
can use the real-time measurements of the solar wind velocity and IMF to make predic-

tions approximately 1 hr ahead of the thermosphere’s response to extreme space weather
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events. This lead provides time to issue alerts or calculate perturbations to satellite or-

bits.

The EXTEMPLAR results shown here had used Level 2 science data from the ACE
satellite, which had a better quality than the real-time data provided by ACE. Presently
the real-time solar wind measurements are provided by the Deep Space Climate Obser-
vatory (DSCOVR). The quality of the real-time DSCOVR solar wind and magnetic field
measurements are just as good as the ACE Level 2 data, so this change will not degrade
the performance of EXTEMPLAR. The solar indices are also updated in near real time
by SET.

Other developers of thermosphere models, either empirical or numerical, are en-
couraged to compare their neutral density calculations with the SET HASDM density
database in a similar manner. The total, integrated densities shown in Figure 4 are avail-
able in an archive at https://doi.org/10.5281/zenodo.5177065 for the entire, 20 year
time period. As mentioned earlier, these data are of value for studying how the neutral

density at different altitudes vary on time scales ranging from hours to solar cycles.

Acronyms

ACE Advanced Composition Explorer

CHAMP Challenging Mini-satellite Payload satellite

DCA Dynamic Calibration Atmosphere

DSCOVR Deep Space Climate Observatory

EXTEMPLAR EXospheric TEmperatures on a PoLyhedrAl gRid

GRACE Gravity Recovery and Climate Experiment satellite

HASDM High Accuracy Satellite Drag Model

JB2008 Jacchia-Bowman 2008 neutral density model

MSIS Short abbreviation referring to the either of the NRL density models

NRLMSISE-00 Naval Research Laboratory Mass Spectrometer and Incoherent Scat-
ter radar Extended density model 2000

NRLMSIS 2.0 Naval Research Laboratory Mass Spectrometer and Incoherent Scat-
ter radar model, Version 2.0

SET Space Environment Technologies
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Data Availability Statement

A data archive containing the integrated neutral densities on spherical shells at al-
titudes of 200, 300, 400, 600, and 800 km, from both EXTEMPLAR and HASDM, is avail-
able at https://doi.org/10.5281/zenodo.5177065. The Supporting Information doc-
ument contains graphs of these integrated densities for each of the 20 years. The orig-
inal SET-HASDM database access and supplementary information can be found at https://
spacewx.com/hasdm/. The ACE level 2 data are available from the NASA archives at
https://cdaweb.gsfc.nasa.gov/pub/data/ace. The solar indices are available at https://

spacewx.com/jb2008/.

(The reserved Zenodo DOI link noted above will become active only af-
ter this paper is accepted. A temporary copy of this archive is now at: https://

bit.1ly/2X79AZ4)
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Figure 1. Example of densities from NRLMSIS 2.0 as a function of altitude. All species that
are calculated are shown, using colors indicated in the legend. Total density shown in black. In-
put values were 80° latitude, 0 longitude, on Spring equinox at 0 Universal Time. Fio.7 index was

120 sfu, and A, index zero, with exospheric temperature set to 1000°K.
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T..= 600 to 2200, step 400 (°K)
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Figure 2. Example of total densities from NRLMSIS 2.0 as a function of altitude, for different
values of exospheric temperature. The five lines show results with the exospheric temperature set
to 600°, 1000°, 1400°, 1800°, and 2200°K, using the colors purple, blue, green, orange, and red,

respectively. Other input parameters are the same as in Figure 1.
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Figure 3. Example of neutral densities from EXTEMPLAR (top) and HASDM (bottom),

mapped at 400 km altitude. Values are calculated for 26 October, 2003, at 6 h UT. The values in
the upper right corners show the mean values of the densities at this altitude, with minimum and
maximum values indicated in the lower left and right corners. All units are the base 10 logarithm

of the density in kg/m?.
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Figure 4. Mean values of densities graphed as a function of time, using a logarithmic scale,
for the time period from 1 January, 2000 through 31 December, 2019. HASDM results are shown
in black, EXTEMPLAR in red, and NRLMSIS 2.0 values in blue, for altitudes of 800, 600, 400,

300, and 200 km (top to bottom).
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Figure 5. Mean values of densities graphed as a function of time, using a logarithmic scale,
for the time period from 1 January, 2001 through 31 December, 2004. HASDM results are shown
in black, EXTEMPLAR in red, and NRLMSIS 2.0 values in blue, for altitudes of 800, 600, 400,

and 300 km (top to bottom).
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Figure 6. Mean values of densities graphed as a function of time, using a logarithmic scale,
for the time period from 16 October through 24 November 2003. HASDM results are shown in
black, EXTEMPLAR in red, and NRLMSIS 2.0 values in blue, for altitudes of 800, 600, 400, and

300 km (top to bottom).
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Figure 7. Mean values of densities graphed as a function of time, using a logarithmic scale,
for the time period from 1 July 2004 through 30 November 2004. HASDM results are shown in
black, EXTEMPLAR in red, and NRLMSIS 2.0 values in blue, for altitudes of 800, 600, 400, and

300 km (top to bottom).
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Figure 8. Model correlations, standard deviations, and ratios. EXTEMPLAR results are in
the left column and NRLSIS 2.0 results are in the right column. (a) and (e) Coefficients of corre-
lation for all years. The blue, red, green, brown, and black lines represent altitudes of 200, 300,
400, 600, and 800 km, respectively. (b) and (f) Standard deviations, in units of kg/m?, using the
same line colors. (¢) and (g) Standard deviations expressed as a percentage of the HASDM mean
density in each year. (d) and (h) Base 10 logarithm of the ratio between the model and HASDM

density, showing the mean value in each year.
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(b) Year 2008 Density % Error (1 Sigma) HASDM DCA Values
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Figure 9. HASDM errors as a function of altitude. The four parts show the errors for the

years (a) 2001, (b) 2008, (c) 2014, and (d) 2019.
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1. Figures S1 to 5S40
Introduction

This Supporting Information contains 40 additional figures that supplement the figures
included in the main body of the paper. Figures S1-S20 show the mean densities at the
given altitudes graphed as a function of time for the SET HASDM density data, and

both the EXTEMPLAR and unmodified NRLMSIS models. Each plot corresponds to
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X-2

one complete year, from 2000 through 2019. Densities at altitudes of 800, 600, 400, 300,
and 200 km are shown, from top to bottom. The plotted values are the base 10 logarithm
of the mean values of the densities, in units of kg/m?3. The mean or average values at each
time step are obtained by integration over a spherical surface. The SET HASDM density
database values are graphed with the black lines, EXTEMPLAR results in red, and the
NRLMSIS model values in blue. All points are calculated at 3 h intervals. The red lines
are drawn last and may obscure the others where they overlap.

Figures S21-S40 show two ratios graphed as a function of time. Each plot corresponds
to one complete year, from 2000 through 2019. Ratios at altitudes of 800, 600, 400, 300,
and 200 km are shown, from top to bottom. The plotted values are the base 10 logarithm
of the ratio between the mean values of the densities derived by different methods. The
ratio of the EXTEMPLAR and SET HASDM density database values are graphed with
the red line, while the NRLMSIS and HASDM ratios are drawn in blue. All points are

calculated at 3 h intervals.
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Figure S1. Mean densities graphed as a function of time, using a logarithmic scale, for the year
2000. The SET HASDM density database values are graphed with the black lines, EXTEMPLAR

results in red, and the NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km

(top to bottom). Units are kg/m?.
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Figure S2. Mean densities graphed as a function of time, using a logarithmic scale, for the year
2001. The SET HASDM density database values are graphed with the black lines, EXTEMPLAR

results in red, and the NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km

(top to bottom). Units are kg/m?.
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Figure S3. Mean densities graphed as a function of time, for the year 2002. The SET HASDM
density database values are graphed with the black lines, EXTEMPLAR results in red, and the
NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S4. Mean densities graphed as a function of time, for the year 2003. The SET HASDM

density database values are graphed with the black lines, EXTEMPLAR results in red, and the

NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S5. Mean densities graphed as a function of time, for the year 2004. The SET HASDM
density database values are graphed with the black lines, EXTEMPLAR results in red, and the
NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S6. Mean densities graphed as a function of time, for the year 2005. The SET HASDM
density database values are graphed with the black lines, EXTEMPLAR results in red, and the

NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units
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Figure S7. Mean densities graphed as a function of time, for the year 2006. The SET HASDM

density database values are graphed with the black lines, EXTEMPLAR results in red, and the

NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S8. Mean densities graphed as a function of time, for the year 2007. The SET HASDM
density database values are graphed with the black lines, EXTEMPLAR results in red, and the

NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S9. Mean densities graphed as a function of time, for the year 2008. The SET HASDM
density database values are graphed with the black lines, EXTEMPLAR results in red, and the

NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to bottom). Units

are kg/m?.
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Figure S10.

2009
Mean densities graphed as a function of time, for the year 2009. The SET

HASDM density database values are graphed with the black lines, EXTEMPLAR results in

red, and the NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to

bottom). Units are kg/m?.
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Figure S11. Mean densities graphed as a function of time, for the year 2010. The SET
HASDM density database values are graphed with the black lines, EXTEMPLAR results in
red, and the NRLMSIS model values in blue, for altitudes of 800, 600, 400, and 300km (top to

bottom). Units are kg=m3.
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Figure S23. Ratios of mean densities as a function of time, for the year 2002. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Ratios of mean densities as a function of time, for the year 2003. The ratios

between the EXTEMPLAR results and SET HASDM density database values are drawn in red,

and the ratios between the NRLMSIS model values and the SET HASDM density database values

are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S25. Ratios of mean densities as a function of time, for the year 2004. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S26. Ratios of mean densities as a function of time, for the year 2005. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S28. Ratios of mean densities as a function of time, for the year 2007. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S29. Ratios of mean densities as a function of time, for the year 2008. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S30. Ratios of mean densities as a function of time, for the year 2009. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S31. Ratios of mean densities as a function of time, for the year 2010. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S32. Ratios of mean densities as a function of time, for the year 2011. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S33. Ratios of mean densities as a function of time, for the year 2012. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S34. Ratios of mean densities as a function of time, for the year 2013. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S35. Ratios of mean densities as a function of time, for the year 2014. The ratios

between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
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between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values

are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The
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Ratios of mean densities as a function of time, for the year 2015. The ratios
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Figure S37.
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Ratios of mean densities as a function of time, for the year 2016. The ratios

between the EXTEMPLAR results and SET HASDM density database values are drawn in red,

and the ratios between the NRLMSIS model values and the SET HASDM density database values

are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S38. Ratios of mean densities as a function of time, for the year 2017. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S39. Ratios of mean densities as a function of time, for the year 2018. The ratios
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values
are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The

base 10 logarithm of the ratios are shown.
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Figure S40.
between the EXTEMPLAR results and SET HASDM density database values are drawn in red,
and the ratios between the NRLMSIS model values and the SET HASDM density database values

are drawn with the blue lines, for altitudes of 800, 600, 400, and 300km (top to bottom). The
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Ratios of mean densities as a function of time, for the year 2019. The ratios



