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Abstract

A high-resolution model of exospheric temperatures has been developed, with the objective of predicting the global values of
exospheric temperatures with greater accuracy. From these temperatures, the neutral densities in the thermosphere can be
calculated. This model is derived from measurements of the neutral densities on the CHAMP, GRACE, and Swarm satellites.
These data were sorted into 1620, triangular cells on a spherical, polyhedral grid, using coordinates of geographic latitude and
local solar time (longitude). A least-error fit of the data is used to obtain a separate set of regression coeflicients for each
grid cell. Several versions of model functions have been tested, using parameters such as the day-of-year, Universal Time,
solar indices, and emissions from nitric oxide in the thermosphere, as measured with the SABER instrument on the TIMED
satellite. Accuracy is improved with the addition of parameters that use the total Poynting flux flowing into the Northern
and Southern hemispheres. This energy flux is obtained from the solar wind velocity and interplanetary magnetic, using an
empirical model. Given a specific date, time, and other inputs, a global map of the exospheric temperature is obtained. These
maps show significant variability in the polar regions, that are strongly modulated by the time-of-day, due to the rotation of the
magnetic poles around the geographic pole. Values at specific locations are obtained using a triangular interpolation of these
results. Comparisons of the exospheric temperatures from the model with neutral density measurements are shown to produce

very good results.
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Introduction

A high-resolution model of exospheric temperatures has been developed, with the objective
of predicting the global mapping of exospheric temperatures with greater accuracy. These
temperatures can be used to predict the neutral densities, when substituted into the calculations
used by the NRLMSISE-00 model [Picone et al, 2002]. The new model is based on
measurements of the neutral densities with the CHAMP, GRACE, and Swarm satellites (A&B).
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3. The temperature data in each grid cell, along with their
associated dates, times, and other information, are used in
a least-error fit to derive a set of coefficients that are
associated with each of the 1620 cells:
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The grid is from a 20-sided icosahedron, with each triangular face subdivided into 81 (92)
equilateral triangles that are projected to a spherical surface. It has 1620 triangles of
approximately equal area. The blue lines in the figure show three orthogonal axes, with one pole
at the top. The edges of the triangles span approximately 7°. For convenience the new model is
referred to with the acronym EXTEMPLAR (EXospheric TEMperatures on a PoLyhedrAl gRid).

Multiple, incremental versions of the model functions have been tested during development.
The lowest residual errors are produced with the formula shown above. Co — Cis are the
regression coefficients. Sio and Mip are solar indices defined by Tobiska et al. [2008]. The
parameter AT is the global change in the exospheric temperature as a function of time that is
calculated from a differential equation in which the temperature increases in proportion to the
total W05 Poynting flux [Weimer, 2005a, 2005b], and decreases at an exponential, cooling rate.
[Weimer et al., 2011; 2015]. In one version of the model the cooling is rate is determined by
the total power of nitric oxide emissions, as measured with the SABER instrument on the TIMED
satellite. In another version the cooling rate is an exponential function of the the exospheric
temperature multiplied with a model equation for the level of nitric oxide. The parameter 6,y is
the angular representation of the day-of-year, while ¢,, is the Universal Time, converted to
radians. St is the total W05 Poynting flux flowing into the Northern and Southern hemispheres,
that is calculated using measured values of the IMF and solar wind velocity.



(a) Grid Values (b) Interpolated

e ——

Results

Given a set of input parameters, a
temperature is calculated for each of
the 1620 grid cells, as shown in the
example in Figure 2a, with local noon
at 0 longitude. To obtain a higher
resolution, or the temperature at any
specified latitude/local time, a
triangular interpolation of the "¢
gridded temperature values is used, =of i
as shown in Figure 2b. \

Figure 3 shows the effects of
varying the Universal Time, at a
heating level of 200 GW. At 9 UT the
peak temperature is found in the
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Figure 2. Example map of exospheric temperature variations calculated
. . with AT=100°K, day of year=80, UT=15 h, both Sio and Mi0=120 sfu,
southern hem_lsphere, while at 21 UT and polar heating is 50 GW in both hemispheres. (a) Shows the values in
the peak is in the northern each grid cell, and (b) shows results using a triangulated interpolation.
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Figure 3. Examples showing influence of Universal Time on the maps of exospheric temperature. In (a)-(d) the UT is
set to 3, 9, 15, and 21 hours, while the other parameters are fixed: AT=100K, day of year=80, both Si0 and
M10=120 sfu, and the polar energy flux is 200 GW in both hemispheres.
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Figure 4. Maps of exospheric temperatures with only the day-of-year changed (equinox and solstice dates), while the
other parameters are fixed: AT and the polar energy flux are set to zero, UT=3 h, both Si0 and M10=120 sfu.
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hemisphere, due to the rotation of the magnetic poles around the geographic pole. The day-of-
year also has a significant effect, as shown in Figure 4 for days 80, 172, 264, and 355 (equinox
and solstice).

Figures 5 and 6 show graphs of exospheric temperatures from the model (red lines) on 26—
28 July 2004, with dashed lines indicating global minimum/maximum temperatures. Blue lines
show the values derived from the GRACE A and CHAMP measurements. For comparison, the
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Figure 7. Total Poynting flux in Northern and

Figure 5. Exospheric temperatures
along the GRACE A orbit, from 12
UT, 26 July to 12 UT, 28 July, 2004.

Figure 6. Exospheric temperatures
along the CHAMP orbit, from 12 UT,
26 July to 12 UT, 28 July, 2004.

Southern hemispheres, from 12 UT, 26 July
to 12 UT, 28 July, 2004, and the derived AT
temperature.
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Figure 8. Maps of exospheric temperatures and

GRACE A and CHAMP orbit tracks, 26-27 July 2004.

MAX=1427

temperatures calculated by the NRLMSISE-00
model are shown with the green lines. Figure 7
shows the total Poynting flux and AT during this
time period. Maps of the global temperatures and
orbital tracks are shown in Figure 8, at the times
indicated by the light gray lines in Figures 5 and 6.
Global values of the neutral densities are obtained
by inserting these temperatures into the
NRLMSISE-00 model, while retaining the original
composition and other conditions at the low-
altitude boundary at 120 km. Figures 9 and 10
show the densities that are derived for the same
time period in July 2004 that was shown in Figures
5 and 6. The densities computed from the
unmodified NRLMSISE-00 and JB2008 [Bowman et
al., 2008] models are shown for comparison.
Figures 11 and 12 show densities computed for the
major storm interval on 20—21 November 2003,
and improved predictions using the EXTEMPLAR
method are evident.

The mean errors and standard deviations of the
density predictions were calculated for all CHAMP
and GRACE data in 2002 through 2010. Comparing
the model errors on a day-by-day basis,
EXTEMPLAR had better scores than NRLMSISE-00

on ~83% of the days. Repeating the comparison with the JB2008 model, EXTEMPLAR had better
scores on ~79% of the days.
future, leading to better predictions of satellite drag and orbits. One upgrade that could be done
is to introduce time delays that are computed separately for each grid cell.
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Figure 9. Neutral densities along Figure 10. Neutral densities along
the GRACE A orbit, from 12 UT, 26 the CHAMP orbit, from 12 UT, 26

e
n (&)
0 tha S
v >
- 2
. (O]
C [a)]
C >
-13.0 - S - N
C 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
12: 14:00 16:00 18:00 20:00 22:00 0:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
27 Jul 2004 27 Jul 2004
-11.5 T T T I I I I T T T I T T ] [ T T T T T T
O @ -11.0
C - -
- S
-12.0 > AN
> -115 PF
A /i 2 B
-12.5 [y o
o [a)] L
C S -12.0
- (@)) -
-13.0 3 -
C 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 N 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0:00 2:00 4:00 6:00 8:00 10:00 12:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00
28 Jul 2004 28 Jul 2004

EXTEMPLAR NRLMSIS  ——B2008 Measured EXTEMPLAR = NRLMSIS =——]B2008

July to 12 UT, 28 July, 2004. July to 12 UT, 28 July, 2004.
Data from GRACE_A Data from CHAMP

110 L L S S B 106 L

j: & .10,

3 -115 E

B =

(%] (%]

S -12.0 S

(@] (@]

3 3

S 125 / S E
) ) ) ) ) | ) ) ) | ) ) ) | ) ) ) | ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) M

0:00 2:00 4:00 6:00 8:00 10:00 12:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00
20 Nov 2003 20 Nov 2003

_ o S — -10.6 '

é 115 % :ii'i

% -12.0 E‘“ % AT ]

s} N 8 -114 -

S N S -11.6 =

3 125} 34 S 3
) ) | ) ) ) | ) ) ) | ) ) ) | ) ) ) | ) ) ) : ) ) ) | ) ) ) | ) ) ) | ) ) ) | ) ) ) | ) ) M

12: 14:00 16:00 18:00 20:00 22:00 0:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

20 Nov 2003 20 Nov 2003

A r?E -
§ .
— m - .
- >
L g .
()
C &) .
: ERY)
S
B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 N -11.8 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 .
0:00 2:00 4:00 6:00 8:00 10:00 12:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00
21 Nov 2003 21 Nov 2003
-11.0 T T T T T )
(?E .
-11.5 %
= .
= _
-12.0 S
D .
-12.5 | 3
B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 -11.8 __ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 __
12:00 14:00 16:00 18:00 20:00 22:00 0:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
21 Nov 2003 21 Nov 2003
Measured EXTEMPLAR = NRLMSIS — ]B2008 Measured EXTEMPLAR = NRLMSIS — ]B2008

Figure 11. Neutral densities along Figure 12. Neutral densities along
the GRACE A orbit, 20—21 the CHAMP orbit, 20—21 November
November 2003. 2003.
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