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ABSTRACT
Density data in the altitude range between 140 km and 200 km are sparse. Thus, it
is impossible to draw all-encompassing conclusions as to the accuracy of the calibration
of thermospheric density models in this altitude region. However, an extrapolation can
be achieved in this region with density data from the satellites above, JB2006 model
(Jacchia-Bowman model), and with sounding rocket data from below, NRLMSISE-00
model (Naval Research Laboratory’s Mass Spectrometer Incoherent Scatter Extension
2000), thus connecting the two regions to establish a thermospheric density profile for the
region in question. This thesis presents two possible methods to bridge the density
prediction from the lower validity region of the JB2006 model with the density prediction
from the upper validity region of the NRLMSISE-00 model.
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Chapter 1
Introduction
With many satellites orbiting the Earth, it is essential to know their exact position
and track those satellites in order to maintain the planned orbit and make sure they do not
collide with other satellites or debris. Thermospheric density modeling is the one of the
essential factor for orbit prediction. It is also important for re-entry analysis, groundtrack maintenance, and precise orbit determination, since the density affects what the
drag is doing to a satellites’ orbit. Many scientists have developed thermospheric neutral
density models and reduced the errors of these models during the past several decades.
As a result, satellites are flying in well-characterized orbits, and the predicted future
locations are becoming more and more accurate.
However, no one model can satisfy all conditions. Each model has its own
strengths and weaknesses, and is applied to different regions according to its validity.
For the calculation of thermospheric neutral density, Jacchia-class models and MSISclass (Mass Spectrometer Incoherent Scatter) models are widely used. [1] Since Jacchiaclass models were formulated based on the density derived from the drag data measured
by satellites above approximately 200 km, they are more reliable at relatively higher
altitude. [2] On the other hand, the basis of MSIS-class models’ formulation are data
from ground based measurements with some sounding rockets and satellites
measurements, which make them more reliable at lower altitudes but less reliable at
higher altitudes than Jacchia-class models.
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This thesis focuses on the analysis and comparison of Jacchia-class and MSISclass models, and introduces bridging methods which connects their own reliable regions
(Jacchia-class models at higher altitude, and MSIS-class models at lower altitude). These
methods make it possible to better estimate the density data in the altitude region of
approximately 140 km~200 km, which is too low for satellites to orbit long term, and too
high for many sounding rockets to fly.
Chapter 2 reviews the structure of the Earth’s atmosphere, primarily the
thermosphere and the ionosphere, and energy sources in the space environment causing
the atmospheric density to be varied, such as solar variation, geomagnetic activity, among
other effects. The variation of thermospheric neutral density is discussed, and several
thermospheric neutral density models are introduced. Chapter 3 details the two models of
interest: the Jacchia-Bowman 2006 (JB2006) model and the Naval Research Laboratory’s
Mass Spectrometer Incoherent Scatter Extension 2000 (NRLMSISE-00) model. This
chapter also deals with data reduction for model formulation and how to compute
temperature and density. Chapter 4 compares two models in two ways. First, density and
temperature data for 2006 are calculated from both models and are compared without any
measurement data from 2006.

Secondly, density data are measured from several

satellites and are used to compare both models for 2005. Chapter 5 shows two possible
methods to bridge the valid region of the NRLMSISE-00 model to the valid region of the
JB2006 model and the formulation for bridging the two models. Chapter 6 concludes this
study, and discusses further work. In the Appendix A, there are several figures detailing
additional results beyond what was presented in Chapter 4. Finally, several figures from
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JB2006 model, which show the sensitivity of atmospheric density and temperature
behaviors according to the position of the Sun, are shown in Appendix B.

Chapter 2
Overview
This chapter reviews the structure of the Earth’s atmosphere, especially focusing
on the thermosphere and the ionosphere.

External forces affecting the Earth’s

atmosphere, including solar variations/irradiances and geomagnetic activity, are
introduced. To show the tendency of variations of thermospheric neutral density, several
variations are discussed such as the heating by solar ultraviolet emission with respect to
the solar cycle, diurnal variation, semiannual variation, among others. Lastly, several
thermospheric neutral density models which can predict the temperature and density are
briefly described.

2.1 Structure of the Earth’s Atmosphere
The gaseous area surrounding the Earth is divided into several concentric
spherical strata separated by transition zones.

The upper boundary at which gases

disperse into space lies at an altitude of approximately 1,000 km above sea level.
Atmospheric layers are defined by differences in chemical composition which produce
variations in temperature. Figure 2.1 shows the layers of the Earth’s atmosphere with
temperature variability between solar maximum and solar minimum, and electron
densities of D, E, and F ionospheric layers. This data is based on measurements from
ground-based and satellite/rocket systems.
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Fig. 2.1: Structure of the Earth’s atmosphere and the vertical temperature profile with
respect to the altitude; operating altitude regions of ground-based measurements; electron
density profile of ionosphere and its layers [3]

In the troposphere, which extends from Earth’s surface to an altitude of around
15 km, the temperature decreases with respect to height, since the surface absorbs most of
the solar visible radiation and is heated more efficiently than the overlying atmosphere.
The dominant molecules in this layer are N2 and O2. The layer which extends from about
15 km to 50 km is called the stratosphere. Absorption of ultraviolet (UV) radiation by
ozone causes temperatures to increase with altitude in this layer.

The dominant

molecules in the stratosphere still remain N2 and O2. The mesosphere is the layer above
the stratosphere, and extends approximately from 50 km to 90 km above the Earth. The
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temperature in this layer decreases with altitude again due to infrared cooling by CO2 and
reaches 180°K~190°K at an altitude of 90 km. In this region, concentrations of ozone
and water vapor are negligible. Therefore, the temperature is lower than that of the
troposphere and stratosphere.

The chemical composition of air becomes strongly

dependent on altitude and the atmosphere becomes enriched with lighter gases with
increasing height. At very high altitudes, the residual gases begin to stratify according to
molecular mass owing to gravitational separation. The dominant molecules are still N2
and O2. [4]
The region of the upper mesosphere and the lower thermosphere, which is the
layer above the mesosphere, is too high for balloons and too low for satellites. As a
result, data available to study this altitude region are sparse. In the thermosphere, which
extends upward from the top of the mesosphere into space, the effect of radiative cooling
is reduced and heating by solar extreme ultraviolet (EUV) radiation is more effective.
Combined effects of less cooling and more heating cause temperatures to increase up to
1,500°K when the Sun is active.

Figure 2.1 illustrates that the temperature in the

thermosphere is quite sensitive to the Sun. The variability of temperature is larger than
the other layers with the solar minimum and maximum. In the lower thermosphere, the
temperature increases rapidly with height up to about 250 km above the surface. Above
that altitude, a nearly constant temperature persists. O3 and O2 are decomposed by
chemical reactions to form O which cause O to be the dominant chemical species in the
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thermosphere. At the upper thermosphere, He becomes the dominant molecule. Figure
2.2 shows the principal constituents of the thermosphere with height*.

Fig. 2.2: Principal constituents of the thermosphere (courtesy of the NCAR High
Altitude Observatory and the Cooperative Program for Operational Meteorology
Education and Training)[4]
The Earth’s atmosphere is segmented into two major zones. The homosphere is
the lower of the two and the location in which turbulent mixing dominates the molecular
diffusion of gases. In this region, which occurs below around 105 km, the composition of
the atmosphere tends to be independent on height and is nearly identical at all altitude
range. Above around 105 km, which is called turbopause, the importance of turbulent
mixing of atmospheric constituents diminishes. The various atoms and molecules diffuse
independently and form density profiles appropriate to their masses. Because gravity is

*

http://www.meted.ucar.edu/hao/aurora/therm_const.htm [retrieved 7 January 2008]
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the force pulling the atmosphere downward, the lighter atmospheric constituents feel a
weaker downward force, and their density falls off less rapidly, so that each constituent’s
density varies with altitude according to its own mass.

That causes the lighter

constituents such as H, He, and O to be the dominant species in upper thermosphere. [4]
The air becomes increasingly rarefied at higher altitudes. At heights of about
80 km, the air becomes so thin that free electrons can exist for short periods of time
before they are captured by nearby positive ions, which the ions and electrons are
produced by solar EUV. The altitude region of about 80 km ~ 1,000 km in which those
charged particles exist is called ionosphere. The three ionospheric regions (D, E, and F
layer) are defined by peaks or inflection points in the electron density profile that produce
distinctive signatures in the spectrum of radio waves reflected by the ionosphere. The F
layer is further divided into the F1 and F2 layer. Like the thermosphere, the ionosphere’s
density structure is strongly influenced by variation in solar activity and by the day-night
variations caused by the Earth’s rotation. Figure 2.3 † shows the electron and neutral
particle densities in the ionosphere.

†

http://www.meted.ucar.edu/hao/aurora/iono_var.htm [retrieved 7 January 2008]
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Fig. 2.3: Variability of electron and neutral particle densities in the ionosphere according
to the solar maximum, minimum, midnight, and noon (courtesy of the NCAR High
Altitude Observatory and the Cooperative Program for Operational Meteorology
Education and Training) [4]

The low- and mid-latitude ionosphere is produced by photo-ionization of the
neutral atmosphere, so its composition reflects that of the neutral atmosphere. In the E
region, photo-ionization of N2 and O2 yields NO+ and O2+ as the main constituents, while
photo-ionization of O makes O+ the principal constituent in the F region. At high levels,
the mid-latitude ionosphere is dominated by its lightest constituent, H+. Figure 2.4 ‡
shows the principal constituents of the ionosphere.

‡

http://www.meted.ucar.edu/hao/aurora/iono_const.htm [retrieved 7 January 2008]
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Fig. 2.4: Principal constituents of the ionosphere (courtesy of the NCAR High Altitude
Observatory and the Cooperative Program for Operational Meteorology Education and
Training) [4]

2.2 Primary Energy Sources in the Space Environment
The Earth is affected by abundant energy from the space environment such as
stellar, solar, among others. With these energies, the density of the upper atmosphere
changes because of a complex interaction between three basic parameters: the nature of
the atmosphere’s molecular structure, the incident solar flux, and geomagnetic (auroral)
interactions. The primary energy source is the Sun, which includes various components,
such as photons, neutral/charged particles, and magnetic/electric/gravitational fields.
Figure 2.5 shows various forms in energy flowing from the Sun to Earth. [5]
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Fig. 2.5: Space environment. Energy in various forms is constantly flowing from the
Sun to Earth. [5]

2.2.1 Solar Variations
Radiation energy emitted from the Sun is variable according to the solar activity
such as solar flares, the 11-year cycle, the 27-day rotation, and coronal mass ejections
(CMEs), among other phenomena. This energy travels to the Earth and affects the
atmosphere and hence the atmospheric drag on satellites.
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2.2.1.1 11-year Cycle of Sunspots
Sunspots are relatively dark areas on the Sun’s surface (photosphere) which the
temperatures in the dark centers drop to about 4,000°K compared to about 5,780°K for
the surrounding photosphere. Sunspots have intense magnetic field about 2,500 times
stronger than that of the Earth. [6] Usually, sunspots appear in groups of two sets of
spots; one set has positive magnetic field, and the other has negative one. In the sunspot
areas, convection is inhibited due to the intense magnetic activity, causing low surface
temperature, which makes a darker surface when compared to the surroundings. The
variation of sunspots strongly affects the amount of incoming solar radiation which
reaches the Earth. The method of estimating daily solar activity by counting the number
of individual sunspots and groups of sunspots on the surface of the Sun was devised by
Rudolph Wolf in 1849. The Wolf number, named after Rudolf Wolf, is also known as
the international sunspot number. [7] Values of this number have been collected and
tabulated for about 300 years, and the average periodic cycle of sunspot activity of
around every 11 years were found while individual cycles vary in length from about 9 to
14 years. [8] Figure 2.6 illustrates the periodic cycle of the sunspots. The bottom figure
shows the Wolf numbers with years, and top figure shows the Wolf numbers with
latitudes. Both figures illustrate the approximate 11-year sunspot cycle very well. In
addition, the top figure shows the latitudinal location of sunspots; sunspots appear around
30° latitude on the Sun’s surface at the beginning of the cycle (solar minimum). As time
goes by, sunspots appear around 15° latitude at solar maximum, and around 7° latitude at
the end of the solar cycle (solar minimum).
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Fig. 2.6: Daily sunspot area averaged over individual solar rotation. It shows the
around 11-year sunspot cycle very well. The sunspot area with latitude looks like
butterfly (courtesy of NASA) §

The Wolf number in solar cycle 23 (May 1996~Jan. 2008) peaked in 2000~2002
with many furious solar storms. Lately, a symptom of a period of quiet called the solar
minimum was noticed and included very few flares, sunspots, or activity of any kind.
Furthermore, the signal of the start of new solar cycle, solar cycle 24, was captured from
the NASA satellites that are part of the STEREO (Solar Terrestrial Relations
Observatory) mission. [9] As seen in Figure 2.6, sunspots at the end of an old solar cycle
congregate near the equator of the Sun, and sunspots at the beginning of a new solar
cycle appear at a higher latitude around 30° and have reversed polarity (opposite
magnetic polarity compared to sunspots from the previous solar cycle). A new sunspot,

§

http://science.nasa.gov/headlines/y2006/images/longrange/butterfly.jpg [retrieved 15 January 2008]

14
seen on January 4, 2008 was located at high latitude around 30° N and lasted for three
days and fits these two criteria well. The sunspot was very small, but lasted long enough
to conclude that this was the beginning of a new solar cycle. The National Oceanic and
Atmospheric Administration (NOAA) also confirmed the start of a new sunspot cycle. [9]
A study of near-term sunspot cycles from NASA predicts the peak of sunspot number of
new solar cycle 24 will be around November 2010, with a sunspot number of 122. [10]

2.2.1.2 27-day Solar-Rotation Cycle
The Sun rotates on its axis once in about 27 days, and the axis is tilted by about 7.25°
from the ecliptic plane. However, since the Sun is gaseous and not a solid planet, it does
not rotate rigidly like solid planets do. In fact, the solar surface and atmosphere rotate
differentially according to the location, which can be noticed by tracing sunspots; fastest
at the equator (26.8 days) and slowest at the poles (36 days). The solar rotation causes a
fluctuation which is correlated with the solar radio flux. The growth and decay of active
solar regions makes the solar flux change irregularly. These active regions have lots of
different patterns of growth, stability, and decay, furthermore causing an uncertain
cyclical pattern, since they rotate with the Sun over its 27-day period. It’s very difficult
to predict these patterns, and to determine how they heat the Earth’s atmosphere. This
uncertainty affects the accuracy of solar flux predictions. [11]
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2.2.2 Solar Irradiance
The International Standards Organization (ISO) [12] has developed standards for
solar irradiance to specify the representation of solar irradiances, since solar irradiances
are crucial for physical and technical issues required to characterize solar indices.
Spectral categories of solar irradiance products are shown in Table 2.1.

The Sun

irradiates huge amounts of energy from its hot surface at a level of approximately
1,365 W/m2, and ranges in energy type from X-rays to radio frequencies. The space
environment around the Earth is exposed to the globally averaged energy of 341W/m2
from the Sun. [13] Some solar indices largely affect temperature and density of the
Earth’s atmosphere; however, others can be negligible.

Table 2.1: Spectral categories of solar irradiance product [14]
ISO 21348 Spectral
Sub-category

Wavelength
Range

ISO 21348 Spectral
Subcategory

Wavelength
Range

hard X-rays

λ < 1 nm

ultraviolet (UV)

300 nm £ λ < 400 nm

soft X-rays (XUV)

1 nm £ λ < 30 nm

visible (VIS)

400 nm £ λ < 700 nm

extreme ultra- violet
(EUV)

30 nm £ λ < 120 nm

infrared (IR)

0.70 m m £ λ < 10 m m

far ultraviolet (FUV)

120 nm £ λ < 200 nm

far infrared

10 m m £ λ < 1,000 m m

middle ultra-violet
(MUV)

200 nm £ λ < 300 nm

radio

λ > 1 mm

Tobiska et al. [5] developed new solar indices for use in thermospheric density
modeling. Solar indices used in that study are listed in Table 2.2, and correspond to the
spectral category of ISO. F10.7, S 10.7, and M10.7 were selected as major solar indices
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largely affecting neutral density. The 10.7 cm solar radio flux, F10.7 (2,800 MHz), is
measured daily at the ground-based Dominion Radio Astrophysical Observatory of the
Canadian National Research Council’s Herzberg Institute of Astrophysics. The unit of
F10.7 is 10-22Wm-2Hz-1 and more conveniently expressed as solar flux units (1 sfu =
10 -22Wm-2Hz-1). Typical values of F10.7 range from 70 to 300 sfu. [11] The 26 nm~34 nm
solar EUV emission, S10.7, has been measured from the one of the instruments on the
NASA/ESA Solar and Heliospheric Observatory (SOHO) research satellite since its
launch in December 1995. The SOHO research satellite is in a halo orbit at the Lagrange
point (L1) on the Earth-Sun line, approximately 1.5 million km from the Earth, thus the
satellite is never shadowed by the Earth or the Moon in this ideal point for observation of
the Sun. Near 280 nm solar MUV radiation, M10.7, is calculated from the Mg II, which is
measured by the NOAA satellites equipped with the Solar Backscatter Ultraviolet
(SBUV) spectrometer. The chromospheric Mg II, 279.56 and 280.27 nm solar MUV
emissions, is measured by the SBUV, and provided daily by NOAA Space Environment
Center (SEC).
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Table 2.2: Solar Indices for Atmospheric Heating [5]

2.2.3 Geomagnetic Activity
Hydrogen and helium can escape gravitational attraction from the Sun due to the
very hot temperature of the Sun’s outermost region, the corona. Those materials make a
form of steadily streaming outflow, called solar wind, which consists of fully ionized
plasma caused by the very high temperature of the Sun. After the process of heating,
compression, and subsequent expansion, the speed of solar wind reaches up to 800 km/s
over coronal holes. When these high speed materials encounter the Earth’s magnetic

18
field, a bow shock is formed, the Earth’s magnetic field is compressed to a distance of
about 10 Earth radii on the sun-facing side, and the magnetic field is stretched into a very
long tail, magnetotail, which reaches more than 1,000 Earth radii on the opposite side
(Figure 2.5). [15] The solar wind also carries the Sun’s magnetic field out to the far
reaches of the solar system, called the interplanetary magnetic field (IMF). Magnetic
reconnection (Figure 2.7) takes place when the Sun’s interplanetary magnetic field joins
with the Earth’s, subsequently, the magnetic field of the Sun and Earth becomes coupled
together.

Fig. 2.7: Magnetic reconnection. Southward orientation of the interplanetary magnetic
field, and the re-connective process with the geomagnetic field that follows as the solar
wind carries the interplanetary field past the Earth (http://helios.gsfc.nasa.gov/
magneto.html [retrieved 24 January 2008])
The Earth’s magnetic field fluctuates and has an influence on satellite operations,
but the effect of fluctuations in the Earth’s magnetic field is small. Interaction between
the solar wind and the Earth’s magnetic field causes geomagnetic activity.

When

geomagnetic activity increases, the effect can be large enough to affect the Earth’s
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atmosphere significantly. The effect mostly appears in the way that the charged particles
from magnetic disturbances cause ionization in the upper atmosphere, thereby affecting
the density and, subsequently, the drag. The effect of ionization on atmospheric density
is noticeable.
Disturbance in the space weather causes temporary disturbances of the Earth’s
magnetosphere, and are called geomagnetic storms. Associated with solar coronal mass
ejections (CMEs), coronal holes, or solar flares, a geomagnetic storm is caused by a solar
wind shockwave which typically strikes the Earth’s magnetic field 24 to 36 hours after
the event and usually last 24 to 48 hours. [11] The F2 layer of the ionosphere becomes
unstable, and may even disappear during a geomagnetic storm time. Auroras can appear
in the northern and southern pole regions of the Earth. Geomagnetic storm affects the
upper atmosphere significantly. With the increased solar UV emission, geomagnetic
storms heat the Earth’s upper atmosphere, subsequently causing the upper atmosphere to
expand. The heated air rises, and density up to about 1,000 km increases significantly.
To determine the heat generated and the density increased by the solar wind, geomagnetic
activity must be measured and the value of the disturbance levels should be classified
numerically.
The most widely used geomagnetic planetary index is the Kp index, introduced by
Chapman et al in 1940. [16] K is an irregular disturbance of the geomagnetic field
caused by solar particle radiation within three hour interval of the universal time of day
(UT). Twelve observatories measure K every three hours; three in the United Kingdom,
three in the USA, two in Canada, one each in New Zealand, Australia, Sweden, and
Denmark. These observatories are located between 48°N and 63°S latitudes. [17] The
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K measured every three hours by the 12 observatories are averaged after applying latitude
corrections. After averaging 12 K values, the geomagnetic planetary index, Kp, is formed.
This parameter is a quasi-logarithmic, worldwide average of geomagnetic disturbances
below the auroral zones. The Kp (equivalent ap) gives indications of the severity of the
magnetic fluctuations and hence the disturbance to the ionosphere. The quasi-logarithmic
Kp values range from 0.0 to 9.0 meaning low geomagnetic activity (very quiet) and
extreme geomagnetic activity (extremely severe), respectively. The Kp index can be used
in two different forms; one with plus and minus subscripts awkwardly representing 1/3
values, and the other with decimal values (Table 2.3).
Table 2.3: Kp and ap Values. Kp index can be used in two forms; using the plus and
minus indicators or decimal values. [17]
Kp 00

0+

1-

10

1+

2-

20

2+

3-

30

3+

4-

40

4+

Kp 0.0 0.33 0.67 1.0 1.33 1.67 2.0 2.33 2.67 3.0 3.33 3.67 4.0 4.33
ap

0

Kp 5-

2

3

4

5

6

7

9

12

15

18

22

27

32

50

5+

6-

60

6+

7-

70

7+

8-

80

8+

9-

90

Kp 4.67 5.0 5.33 5.67 6.0
ap

39

48

56

67

80

6.33 6.67 7.0

7.33 7.67 8.0

8.33 8.67 9.0

94 111 132

154 179 207

236 300 400

With the Kp index, geomagnetic planetary amplitude, ap, which is directly related
to the Kp index, is also widely used. Some empirical thermospheric neutral density
models such as JB2006 and NRLMSISE-00 model use the ap (or Ap) as an input. The ap
indices, also known as the three-hourly indices (eight ap values a day), are directly
converted from the Kp indices in the way of minimizing the differences at 50° latitude.
Table 2.3 shows the linear scale between Kp and ap index. After averaging the eight ap
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values for each day, the daily geomagnetic planetary amplitude, Ap, is created. Thus, the
Ap index is a daily mid-latitude index of magnetic activity on a linear scale instead of the
quasi-logarithmic scale of the Kp index. The Ap ranges from 0 to 400 as shown in Table
2.3, but the average of Ap value is between10 and 20, and values greater than 100 are rare.
[17] The ap index is measured every three hours, which can be quite different from the
Ap. Hence, usage of the ap values instead of the Ap value can cause significantly different
results.

2.3 Variations of Thermospheric Neutral Density
The heating by solar ultraviolet emission is the primary heating source in the
thermosphere, subsequently, causing the thermospheric neutral density to be primarily
followed by the variation of heating. Therefore, thermospheric neutral density varies
directly according to the solar activity, such as solar flares, the 27-day solar rotational
variation, and the 11-year solar cycle variation. F10.7 has been used as the proxy of solar
activity in the past to explain these effects. However, Tobiska et al. developed new solar
indices, S10.7 and M10.7, to calculate density variation corrections better as the proxies of
solar ultraviolet radiation with F10.7. [5] The JB2006 model adopted these new solar
indices as the proxies of solar ultraviolet emission.
Since the thermospheric neutral density is directly influenced by the solar
irradiances, the difference in density between the dark side of the Earth and the sunlit
hemisphere exists.

This is frequently called the diurnal variation or day-and-night

variation. The diurnal variation of density is directly related to the local solar time. With

22
the analysis of densities derived from the satellite drag, the maximum density occurs at
around 2 p.m. local solar time and the minimum density takes place at around 4 a.m. local
solar time. [17] Local solar time or the difference in right ascension between the Sun and
the local position is often used as the parameter of diurnal variation.
Semiannual density variation was detected by Paetzold et al. in 1961, after
observing the atmospheric densities derived from satellite drag data. [18] Neutral density
varies with a six-month periodicity, when the maximums occuring in April and October and

Fig. 2.8: Semiannual variation at 500 km. The average F10.7 (F10B) and Jacchia’s
constant amplitude value at that altitude are displayed. (courtesy of Bowman et al.) [2]
the minimums occuring in January and July. Generally, the October maximum density is
greater than that in April, and the July minimum density is lower than that in January.
Figure 2.8 shows the semiannual variation at 500 km. The semiannual density variation
amplitude as a function of altitude, which is the difference in log10 density between the
principal minimum in July and the principal maximum in October, is plotted with the
Jacchia model’s constant 500 km amplitude value. As shown in Figure 2.8, Jacchia’s
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thermospheric neutral density model assumes that the density variation amplitude is
constant at each altitude, which means it is a function of altitude only, not a function of
time. However, Bowman et al. showed that it is not constant but variable from solar
minimum to solar maximum, which demonstrates that the density variation amplitude is
strongly correlated with the 81 day averaged F10.7. [2]

2.4 Empirical Thermospheric Neutral Density Models
The effect of atmospheric drag on a satellite’s orbit is the biggest error source for
satellites operating in the upper thermosphere below about 600 km. Various neutral
density models have been developed over the past several decades with two main
approaches, which are combining conservation laws and atmospheric-constituent models
into a physical model, and using physical concepts from measurements and satellitetracking data.

2.4.1 NASA Marshall Engineering Thermosphere (NASA MET)
Several decades ago, the NASA Marshall Space Flight Center (MSFC) used the
MSFC/J70, [19]

which was similar to the Jacchia 70 (J70) model, to calculate

atmospheric properties for altitudes between 90 km and 2,500 km. The program was
coded in Fortran IV, and could only be run on a specific computer. The formal first
version of the NASA MET model, NASA MET-1988, [20] which is the modified version
of the MSFC/J70, was developed in 1988 by correcting minor programming errors,
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including the calculation of atmospheric thermodynamics properties, and updating the
entire program from Fortran IV to Fortran 77 so that it could be executed on other
computers. To correctly adapt to the change of the new millennium, the model was
updated to the NASA MET-1999, [21] and includes some improvements in the
calculation of the solar coordinates, among others. In 2002, the model was developed
into NASA MET model-version 2.0 (NASA MET-V2.0) by Owens et al. [22] The
NASA MET-V2.0 is used by a number of aerospace organizations. It provides total mass
density, temperature, and individual species number densities for the altitude range of
90 km~2,500 km. Compared to the J70 model using the F10.7 solar flux with the 81 day
average, the NASA MET uses the 162 day averaged solar flux.

2.4.2 Drag Temperature Model (DTM)
In 1978, the first version of drag temperature model (DTM-78) was developed by
Barlier, et al. [23]

The DTM-78 directly used the measurements of exospheric

temperature and atmospheric densities derived from satellite drag data, but it is not
representative of low solar activity condition due to the data set used, which causes
uncertain predictions during low solar activity. The DTM-78 was refined to respond well,
especially under extreme solar and geomagnetic conditions, with extended data and an
improved algorithm (DTM-94). [24] However, both DTM-78 and DTM-94 set their
lower boundaries at 120 km, where the temperature and its vertical gradient are
considered constant (T120, and dT120, respectively). These boundary conditions cause the
model to be less reliable in the lower thermosphere because significant variations of
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temperature at 120 km have been found from incoherent scatter radar observations.
Bruinsma et al. improved the DTM-94 modeling T120 with incoherent scatter radar
observations and dT120 with temperature and wind data in the lower thermosphere from
the upper atmosphere research satellite, which the dT120 is a function of local time,
latitude and season. Also, data from atmosphere explorer satellites are assimilated to
improve the prediction of temperature under low solar activity conditions (DTM-2000).
[25]

2.4.3 Jacchia-Bowman 2006 (JB2006) Model
In 1965, the first Jacchia-class (J65) model, [26] mostly based on satellite drag
data, was originally developed with some high altitude (120 km) boundary conditions.
The altitude boundary was lowered to 90 km in 1970 (J70 model). [27] The J70 model
was re-formulated by using newer and more complete data in 1971 (J71 model) [28], and
several years later, satellite mass spectrometer data were included and some equations
were revised (J77 model). [29] In 2006, the model was revised by Bowman et al., using
the newly developed solar indices; F10.7, S10.7, and M10.7, and named the JB2006 (JacchiaBowman 2006) model. [2]

In addition, new semiannual density equations were

developed and replaced the previous Jacchia formulation, and new global nighttime
minimum exospheric temperature equations replaced Jacchia’s Tc equation. Temperature
correction equations for diurnal and latitudinal effects and density correction factors
required at high altitude are also developed. The JB2006 model is detailed further in
Chapter 3.
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2.4.4 NRLMSISE-00 Model
The MSIS-class models derive from the DTM. Hedin et al. developed the first
Mass Spectrometer Incoherent Scatter (MSIS-1) model in 1977, [30] using the
measurement data of temperature and composition with the lower boundary at 120 km.
Furthermore, due to the collection of data, the MSIS-1 model has a weakness under the
high solar activity conditions. In 1983, the lower altitude limit was extended to 90 km,
and rocket flights, seven satellites, and five incoherent scatter radars, including data from
high solar activity, were included. This model was named the MSIS-83 model. [31] The
MSIS-83 model also adopted three hourly geomagnetic indices, ap, in addition to the
daily geomagnetic activity index, Ap. Hedin et al. developed the MSIS-86 model [32] by
adding or changing terms to better represent seasonal variations in the polar regions.
Finally, the lower limitation was extended to the ground at the MSISE-90 model (E
stands for extension). [33] Picone et al. developed the MSIS class model for the Naval
Research Laboratory’s MSIS Extension 2000 (NRLMSISE-00) model, which includes
total mass density data from satellite accelerometers and from orbit determination, recent
temperature data from incoherent scatter radar, and molecular oxygen number density
data from solar ultraviolet occultation aboard the Solar Maximum Mission (SMM). [1]
The NRLMSISE-00 model has an alternate representation of geomagnetic storm
behaviors using three hour ap indices in a formula, as well as the daily Ap geomagnetic
index. The NRLMSISE-00 model is discussed in Chapter 3 in detail.

Chapter 3
Model Descriptions
The Jacchia model is more operational, and is used in tracking and predicting
satellites’ orbital behavior. It is mostly based on drag data obtained by observing the
orbital motion of numerous satellites. On the other hand, satellite mass spectrometer and
ground-based incoherent scatter radar data are the major data sources of the Mass
Spectrometer Incoherent Scatter (MSIS) model, and is widely used in the research
community. Additionally, the incoherent scatter radar data is the core of the MSIS
formulation which is directly related to the temperature in the model. The latest version
of the Jacchia-class model is the Jacchia-Bowman 2006 (JB2006) model [2] which uses
new solar indices of extreme ultraviolet (EUV) and mid-ultraviolet (MUV). The Naval
Research Laboratory’s MSIS Extension 2000 (NRLMSISE-00) [1] is an MSIS-class
model that includes data of total mass density from satellite accelerometers, orbit
determination, and molecular oxygen number density. This chapter details both the
JB2006 and NRLMSISE-00 models. It deals with the evolution, data reduction, and
model formulation of both models, and also shows the computation flows of temperature
and neutral density from both models.
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3.1 The JB2006 Empirical Model
The Jacchia-65 was the first Jacchia-class thermospheric empirical model. Its
main drawback is the constant boundary conditions at 120 km.

In 1970, Jacchia

developed Jacchia-70 (J70) model, which lowered the constant boundary conditions to 90
km from 120 km. Jacchia re-formulated the J70 model using newer and more complete
data in 1971 (J71). A few years later, satellite mass spectrometer data were included and
some equations were revised (J77). In 2006, solar indices S10.7 (EUV, 26~34 nm) and
M10.7 (MUV, 279.56 nm and 280.27 nm) were included to calculate global minimum
nighttime exospheric temperature, and is designated as the JB2006 model.

New

exospheric temperature and semiannual density equations for representing thermospheric
density variations, temperature correction equations for diurnal and latitudinal effects,
and density correction factors for model corrections required at high altitude were
included in the JB2006 model.

3.1.1 Data Reduction
The Jacchia models are based primarily on satellite drag data. Analyzed drag data
are used to calculate a density profile. Very accurate daily values obtained from drag
analysis of numerous satellites with perigee altitudes between 175 km and 1100 km are
used to obtain the density data developed for the JB2006 empirical thermospheric density
model.

For the temperature fits, approximately 120,000 temperature values from

satellites tracked from 1978 through 2004 were calculated using a special energy
dissipation rate (EDR) method. [2]
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3.1.2 Model Formulation
The Jacchia model adopted the sea-level composition of the U.S. Standard
Atmosphere 1962 [34] and assumed that the atmosphere is composed only nitrogen,
oxygen, argon, helium, and hydrogen. Total mass density and temperature are calculated
in a condition of mixing up to 105 km. At altitudes greater than 105 km, the diffusion
equation is integrated to calculate total mass density.

3.1.2.1 Input Variables
The JB2006 model uses modified Julian day, RA and declination of the Sun,
latitude, altitude, daily F10.7 flux for previous day, 81-day average of F10.7 (F10.7A), ap index
for 6.7 hours earlier, S10.7 for previous day, S10.7A, M10.7 for 5 days earlier, and M10.7A as
input variables.

3.1.2.2 Composition
Below 500 km, minor constituents and hydrogen are eliminated. Here, it is
assumed that the atmosphere is composed of nitrogen, oxygen, argon, and helium. The
fraction by volume, q0(i), and the molecular weight, M i , are found as follows. First, it is
assumed that the total mean molecular mass at sea level, M 0 , is 28.960 g/mol, and the
composition is shown in Table 3.1. In the mixing region below 105 km, the mean
molecular mass, M , is calculated based on the sea-level molecular mass being caused
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only by oxygen dissociation.

Jacchia [27] developed a sixth-order polynomial for

calculating M ,

M (z) =

6

åc

n

( z - 10 0 )

n

(3.1)

n=0

where the coefficients are:
c0 = 28.15204

c1 = -0.085586

c2 = 1.2840 ｘ10-4

c3 = -1.0056 ｘ10-5

c4 = -1.0210 ｘ10 -5

c5 = 1.5044 ｘ10-6

c6 = 9.9826 ｘ10-8
The JB2006 model calculates the number densities of individual species between 90 km
and 105 km with Equation 3.1 and Table 3.1.

Table 3.1: Sea-Level Composition [27]
Fraction by Volume
q0(i)

Molecular Weight
mi (g/mol)

Nitrogen (N2)

0.78110

28.0134

Oxygen (O2)

0.20955

31.9988

Argon (Ar)

0.00934

39.948

Helium (He)

0.00001289

Sum

1.00000

4.0026
28.960
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3.1.2.3 Computation of Temperature
Global minimum nighttime exospheric temperature, Tc, was considered as a
function of F10.7 and F10.7A. However, Bowman et al. developed the Tc equation as a
function of F 10.7A, ΔF10.7, ΔS10.7, and ΔM10.7, which Δ values represent the difference
between the daily and 81-day average value of each index. The Tc equation is: [2]
Tc = 379.0 + 3.353 F10.7 + 0.358 DF10.7 + 2.094 DS10.7 + 0.343 DM10.7

(3.2)

Local exospheric temperature, Tl, is derived from Tc using factor of local solar time,
which is the temperature based on ap=0.

However, geomagnetic activity affects

exospheric temperature; therefore, Tl should be corrected on geomagnetic activity. [27]

(

DTg = 1.0o a p + 100o 1 - e

- 0.08 a p

)

(3.3)

Daily temperature correction, ΔTc, is for the correction of model errors in local solar time
and latitude. Since the errors are caused by local solar time, latitude, height, and F10.7,
ΔTc equations are least squares fit as a function of variables above. Altitudes are divided
into three regions; 140 km~200 km, 200 km~250 km, and 250 km~700 km.

The

temperature variation of the first altitude region is denoted ΔTx and added to the
inflection point temperature, Tx, which the altitude of inflection point, zx, is 125 km. [2]
Finally, the exospheric temperature, T∞, is calculated as the sum of Tl, ΔTg, and ΔTc,
which T∞ is used to calculate density and local temperature.
With T∞, Tx can be obtained, which is a function of T∞ only. Tx equation is: [27]

Tx = 444.3807 + 0.02385 T¥ -392.8292 e(-0.0021357 T¥ )

(3.4)

32
Temperatures are function of altitude, T∞, Tx, and Gx with the boundary condition of
180°K (T0) at 90 km (z0), which Gx is a temperature gradient at 125 km. Gx is defined as:

T -T
æ dT ö
Gx = ç ÷ = 1.90 x 0
zx - z0
è dz øz = zx

(3.5)

At last, the local temperature at z, Tz, can be calculated by the Equation 3.6 below zx and
by the Equation 3.7 above zx, where zx is 125 km.

2
Tz = Tx + Gx ( z - zx ) é{-9.8204695´10-6 ( z - zx ) - 7.3039742´10-4} ( z - zx ) +1ù
ë
û
é p Gx
2
2.5 ù
Tz = Tx + (T¥ -Tx )tan-1 ê
( z - zx ) 1+ 4.5´10-6 ( z - zx ) ú
p
ë 2(T¥ -Tx )
û

{

}

(3.6)
(3.7)

3.1.2.4 Computation of Neutral Density
In the Jacchia-class model, altitude for calculating mass density is assumed to be
divided into two regions; mixing region up to 105 km and diffusion region above 105 km.
Above 500 km of the diffusion region, hydrogen number density is further considered.
[27]
In the mixing region, density is calculated by integrating the barometric equation
with a temperature obtained from the Equation 3.6. The barometric equation is

æ M ö Mg
d ln( r ) = d ln ç ÷ dz
è T ø RT

(3.8)
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where M is a mean molecular mass calculated from Equation 3.1, R is the universal gas
constant, R = 8.31432 joules K-1 mol-1, and g is the acceleration due to gravity, which is
calculated from the Equation 3.9 as a function of altitude.
-2

æ
z ö
2
g = 9.80665 ç1 +
÷ m / sec
è RE ø

(3.9)

where RE is a mean Earth’s radius, RE = 6356.766 km. From the total neutral density
obtained from Equation 3.8, the total number of particles per unit volume, N, is
computed by Equation 3.10, where A is Avogadro’s number, A = 6.02257 ´1023 mol-1.
With the total number of particles, the number densities of individual species, n(i), can
be calculated in different way with respect to the species; Equation 3.11 for N2, Ar, and
He, Equation 3.12 for O, and Equation 3.13 for O2 with q0 (i ) in Table 3.1.

N=

Ar
M

n(i ) = q0 (i )

(3.10)

M
N
M0

(3.11)

æ
M ö
n (O) = 2 N ç1 ÷
è M0 ø

(3.12)

æ M
ö
n(O2 ) = N ç
[1 + q0 (O2 )] -1÷
èM0
ø

(3.13)

In the diffusion region above 105 km, the number density of each individual
species is calculated first, and then total mass density is obtained by summation.
Individual species’ number density is calculated from Equation 3.14,
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dn (i )
mg
dT
= - i dz (1 + a i )
n(i )
RT
T

(3.14)

where mi is a molecular weight in Table 3.1, and a i is the thermal diffusion coefficient.
The JB2006 model uses a = - 0.38 for helium, and a = 0 for others. [2]
No hydrogen densities are included below 500 km. However, the JB2006 model
[2] includes the hydrogen density above 500 km, and assumes that hydrogen is in
diffusion equilibrium above that altitude. The equation to concentration of hydrogen at
500 km is

log10 n ( H )500 = 73.13 - 39.40 log10 T¥ + 5.5(log10 T¥ ) 2

(3.15)

Total mass density calculated from three different altitude regions is then
corrected by seasonal-latitudinal variation and semiannual variation.

Equation for

seasonal-latitudinal variation is

D log r = 0.02( z - 90)

f [ -0.045 ( z -90)] 2
æ 2p ö
e
sin f sin ç
÷ ( d + 100)
f
è Y ø

(3.16)

where, f is a geographic latitude, Y is days in year (365 or 366), and d is the number of
days since January 1.
To represent semiannual variation, the JB2006 model uses Equation 3.17 [2]

∆log ρ = F(z) G(t)

(3.17)
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where F(z) represents a variation amplitude as a function of altitude. Equation 3.18 is the
F(z) equation for obtaining global fit, covering all years and all heights, and Table 3.2 is
the values for Bi coefficients. Figure 2.8 showed the observed F(z) values and computed
global F(z) values from Equation 3.18. It showed the strong correlation of the F(z)
values with F10.7A.

2
2
2
F ( z ) = B1 + B2 F10.7 A + B3 F10.7 A z + B4 F10.7 A z 2 + B5 F10.7
A z + B6 F10.7 A z

(3.18)

Table 3.2: Bi coefficients of Equation 3.18 [2]
i

Bi

i

Bi

1

1.11613E-01

4

-1.00064E-02

2

-1.59000E-03

5

-2.37509E-05

3

1.26190E-02

6

2.60759E-05

For the average density variation as a function of time, G(t) is a Fourier series and is
normalized to 1. Equation 3.19 is the G(t) equation and the Ci coefficients are in
Table 3.3.

G (t ) = C1 + C2sin(w ) + C3cos(w ) + C4 sin(2w ) + C5 cos(2w )
+ C 6 sin(3w ) + C7 cos(3w ) + C8 sin(4w ) + C9 cos(4w )
ìC10 + C11 sin(w ) + C12 cos(w ) + C13 sin(2w ) + C14 cos(2w ) ü
+ F10.7 A í
ý
î + C15 sin(3w ) + C16 cos(3w ) + C17 sin(4w ) + C18 cos(4w ) þ
2
+ F10.7
A {C19 + C20 sin(w ) + C21 cos(w ) + C22 sin(2w ) + C23 cos(2w )}

(3.19)
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Figure 3.1 shows the computation flow of temperature and neutral density of the
JB2006 model.

Table 3.3: Least square fitted values for the Ci coefficients in Equation 3.19 [2]
i

Ci

i

Ci

i

Ci

1

-0.833646D+00

9

-0.541280D-01

17

0.156988D-03

2

-0.265450D+00

10

0.119554D-01

18

0.491286D-03

3

0.467603D+00

11

0.437544D-02

19

-0.391484D-04

4

-0.299906D+00

12

-0.369016D-02

20

-0.126854D-04

5

-0.105451D+00

13

0.206763D-02

21

0.134078D-04

6

-0.165537D-01

14

-0.142888D-02

22

-0.614176D-05

7

-0.380037D-01

15

-0.867124D-05

23

0.343423D-05

8

-0.150991D-01

16

0.189032D-04
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Input variables

Tc (Global nighttime minimum exospheric temperature)
Tl (Local exospheric temperature)
ΔTg (Variations with geomagnetic activity)
ΔTc (daily temperature correction)

T∞= Tl+ΔTg+ΔTc

Tx (Inflection point temperature at z = 125 km)
Gx = (dT/dz) z=125 km
z = input altitude (z = 105 km if z > 105 km)
M (mean molecular mass at z)
ρ (total mass density at z)
Tlocal (temperature at z)
n i (number densities of individual species at z)

z > 105 km

YES

ni and Tlocal for z > 105 km
Tz = Tlocal

NO
Tz = Tlocal
z > 500 km

YES

Hydrogen
density

YES

ρ

NO
Seasonal-Latitudinal variation
Semiannual variation

ρ

z < 1000 km
NO

High altitude
density
correction

Fig. 3.1: Computation flow of total mass density and temperature on the JB2006 model
[2], [27]
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3.2 NRLMSISE-00 Empirical Model
The MSIS-class models derive from the Drag Temperature Model (DTM). The
first version of MSIS-class models (MSIS-1) was introduced by Hedin et al. in 1977. [30]
Since the data for formulating the MSIS-1 model were mostly taken under low to
moderate solar activity conditions and the few data were taken under high solar activity
conditions (F10.7>170), it has weaknesses under the high solar activity conditions.
Furthermore, the lower formal boundary of the MSIS-1 model is 120 km. Hedin et al.
developed the MSIS-83 model in 1983, [31] which lowered the boundary to 90 km, and
included data from rocket flights, seven satellites, and five incoherent scatter radars,
including data from high solar activity. The MSIS-83 model also adopted alternate
representation of geomagnetic activity (three hourly ap indices) in addition to the daily
geomagnetic activity index, Ap.

To improve the representation of polar region

morphology, Hedin et al. developed the MSIS-86 model [32] by adding or changing
terms to better represent seasonal variations in the polar regions. The lower limitation of
the MSIS-class model extended to the Earth’s surface at the MSISE-90 model. [33] The
Naval Research Laboratory (NRL) made upgrade of the MSISE-90 model in the
thermosphere, including numerous drag and accelerometer data sets, and named the
NRLMSISE-00 model. [1] The NRLMSISE-00 model adopted a new component, named
anomalous oxygen, which allows for O+ and hot atomic oxygen contributions to the total
mass density above 500 km. As a result, the NRLMSISE-00 model can compute both
total neutral mass density just like the previous MSIS models, and effective mass density,
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which denotes the sum of the total neutral mass density and the anomalous oxygen
contribution above 500 km.

3.2.1 Data Reduction
The MSISE-90 model comprised the data from incoherent scatter radar (ISR),
mass spectrometer, pressure gauge, and falling sphere covering the period 1965 through
1983. [33]

However, until the MSISE-90 model, the MSIS-class models had not

included drag measurements and satellite-borne accelerometer data. In addition to the
data sets of the MSISE-90 model, the NRLMSISE-00 model expanded the data sets
including drag measurements and satellite-borne accelerometer data.
The core of the MSIS-class models is the incoherent scatter radar data, which
directly influence the model temperature. The new incoherent scatter radar data included
in the NRLMSISE-00 model are recent (until 1998) and the processing methods of those
data have been significantly improved, which increase the quality of the values. The
deficiency of the MSIS-class modes was that they didn’t include any satellite-borne
measurements, which makes it deficient to be applied to orbital tracking. However, the
NRLMSISE-00 model includes the satellite drag, orbit determination, and accelerometer
data on total mass density so that remove a postulated deficiency of the MSIS-class
models for orbital tracking applications. [1] The Millstone Hill mass spectrometer data
on lower thermospheric temperature, covering the altitude range of 100 km through
130 km, and the solar maximum mission (SMM) data, providing the molecular oxygen
number density (O2) over a wide range of solar activity, were included for the
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formulation of the NRLMSISE-00 model, which made it more reliable at lower
thermosphere. In summary, the NRLMSISE-00 model included the new satellite-borne
measurements, more recent ISR data, and lower thermospheric data from the Millstone
Hill and the SMM, which made the model more practical and more reliable at lower
thermosphere. [1]

3.2.2 Model Formulation
The NRLMSISE-00 model uses the Bates exponential temperature profile for the
upper thermosphere and an inverse polynomial in geopotential height for the lower
thermosphere. [33]

With these temperature profile, the exact integration of the

hydrostatic equation for a constant mass for the diffusive equilibrium density profile for
each important species. For the lower atmosphere, the NRLMSISE-00 model uses a cubic
spline formulation to calculate inverse temperature, using the chosen nodes of 123.4 km,
110 km, 100 km, 90 km, 72.5 km, 55 km, 45 km, 32.5 km, 20 km, 15 km, 10 km, and 0 km
for temperature parameter, which provide a reasonable representation of temperature
profile. The model also uses nodes of 72.5 km, 32.5 km, and 0 km for temperature
gradient, which makes atmosphere be divided into three parts.
transition from mixing to diffusive equilibrium near 105 km. [32]

There is a smooth
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3.2.2.1 Input Variables
Input variables of the NRLMSISE-00 model are year/day, UT, altitude, latitude,
longitude, local apparent solar time, daily F10.7 flux for previous day, F10.7A, and daily
magnetic index (Ap) and/or three-hourly magnetic indices (ap). Since F10.7, F10.7A,and Ap
effects are small and not well established below 80 km, the model sets these variables to
150, 150, and 4, respectively. The model can use Ap and/or ap. However, using only Ap
is simple to operate the model but inaccurate in storm time. The most common and
accurate use of geomagnetic indices is to place the model in storm time mode, which uses
both Ap and ap as input variables. In this case, ap indices up to 59 hours prior to the
current time including daily Ap index are used. [35] The exospheric temperature for
altitudes below 200 km, is set to global average, T¥ = 1027.32°K. [1]

3.2.2.2 Computation of Temperature
In the NRLMSISE-00 model, altitudes are divided into three regions;
thermosphere/mesosphere (above 72.5 km), lower mesosphere/upper stratosphere
(32.5 km~72.5 km), and lower stratosphere/troposphere (below 32.5 km). To calculate
temperature and temperature gradient, the basic expansion formula (G) is used to correct
global average of temperature and temperature gradient applying several variations; solar
activity, annual and semiannual variations, diurnal variation, magnetic activity,
longitudinal variation, etc. The sixth degree Legendre polynomials were used to express
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these variations. [1], [32] Above 123.4 km, temperature profile is calculated by the Bates
temperature profile in Equation 3.20 through 3.25
T ( z ) = T¥ - (T¥ - Tlb ) exp [ - s x ( z, zlb )]

x ( z - zlb ) =

( z ³ za )

( z - zlb )( RE + zlb )
( RE + z )

(3.20)
(3.21)

Tlb'
(T¥ - Tlb )

(3.22)

Tlb' = Tlb' [1 + G ( L) ]

(3.23)

T¥ = T¥ [1 + G ( L) ]

(3.24)

Tlb = Tlb [1 + G ( L) ]

(3.25)

s=

é (R + z ) ù
T = (T¥ - Ta ) s ê E lb ú
ë ( RE + za ) û

2

'
a

(3.26)

where
T¥ =

exospheric temperature

Tlb = temperature at zlb

Ta' =

temperature gradient at za

Tlb' = temperature gradient at zlb

(overbar) global average

zlb = 120 km

=
RE =

Earth’s radius

G =

basic expansion formula (sixth degree Legendre polynomials )

za =

123.4 km (altitude of temperature profile junction: fitting parameter)

za is used as a fitting parameter, and Ta and Ta' are calculated by Equation 3.20 and 3.26,
respectively.

za was set to 116.5 km in the MSIS-83 model, and was changed to

117.2 km in the MSIS-86, 122.8 km in the MSISE-90, and 123.4 km in the NRLMSISE00 model as the effort of providing a better overall fit to the data. Temperature below za
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was calculated by the sixth polynomial until the MSIS-86 model. However, as extending
the lower boundary to the surface in the MSISE-90 model, temperature profile could not
be expressed by polynomial. As a result, temperature below za is calculated by cubic
spline with chosen nodes described above. In the case of calculating temperature below
120 km, the exospheric temperature is set to global average exospheric temperature,
1027.32°K.

In the altitude range above 120 km, T¥ , Tlb , and Tlb' are obtained after

global average values are corrected by the basic expansion formula. The basic expansion
formula has similar forms but different coefficients according to the altitude regions
below 32.5 km, between 32.5 km and 72.5 km, and above 72.5 km.

3.2.2.3 Computation of Neutral Density
Neutral density is calculated by the hydrostatic equilibrium below turbopause
(mixing region) and by diffusive equilibrium above the turbopause (diffusive region).
However, to transit smoothly from mixing to diffusive equilibrium near the turbopause,
net density is expressed as a root of the sum of diffusive and mixing densities each raised
to a power by Equation 3.27 and 3.28. [32]
1

n ( z, M ) = éë nd ( z , M ) A + nm ( z , M ) A ùû A c1 ( z )...cn ( z )
Mh
A=
(M o - M )

where
M =

molecular weight of gas species

Mh =

28

M 0 = 28.95

(3.27)
(3.28)
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n

=

-3

net number density (m )

nd =

number density of diffusive profile

nm =

number density of mixing profile

ci(z) =

lower thermospheric density multiplier (chemistry and dynamic flow
effects on various species)

The MSIS-class models use different turbopause height according to species; 105 km for
O2, Ar, and O, 100 km for He, and 95 km for H. Turbopause height for N2 used to be also
set to 105 km, but the height for N2 in the NRLMSISE-00 model is not fixed to a specific
value but varies with respect to latitude and day of year from 105 km.
Neutral density above za (n d) is calculated by Equation 3.29 through 3.33, and
below za (nm) is defined by hydrostatic equilibrium and the ideal gas law. [33]

é T ( zlb ) ù
nd ( z , M ) = nlb D ( z , M ) ê
ú
ë T (z) û

1+a

(3.29)

g2

é T ( zlb ) ù
DB ( z , M ) = ê
ú exp [ -a g 2 x ( z , zlb ) ]
ë T (z) û
M glb
g2 =
(s Rg T¥ )
gs
glb =
2
(1 + zlb / RE )
nlb = nlb exp [G ( L) ]

(3.30)
(3.31)
(3.32)
(3.33)

where
g s = 9.80665 km/s2

nlb =

average density at zlb

Rg =

8.314ⅹ10-3 g km2/(mol s2)

a =

thermal diffusion coefficient (He, H: 0.38, Ar: 0.17, others: 0.0)
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One of the characteristics of the NRLMSISE-00 model is that it adopted a new
component, anomalous oxygen, which allows for appreciable O+ and hot atomic oxygen
contributions to the total mass density at high altitudes. Anomalous oxygen is included
to total mass density above 500 km.

Figure 3.2 shows the computation flow of

temperature and neutral density from the NRLMSISE-00 model. Chapter 4 compares
both models by analyzing data from model simulation
Input Variables

0 km ~ 32.5 km

32.5 km ~ 72.5 km

72.5 km ~

T∞ ( Exospheric temperature)
T∞ = 1027.32°K at z ≤ 120 km
Tlb (Temperature at zlb = 120 km)
T'lb (Temperature gradient at zlb)

F10.7 = F10.7A = 150, Ap = 4
T∞ = 1027.32°K

Basic Expansion Formula (G)
for z ≤ 32.5 km, z > 72.5 km,
and 32.5 km < z ≤ 72.5 km
Tz (Temperature at altitude)
N, N2, O, O2, Ar, H, He density
Anomalous oxygen density
(z > 500 km)

Tz (Temperature at altitude)
N2, He, O2, Ar Density
(Others set to zero)

Tz , r
Fig. 3.2: Computation flow of total mass density and temperature on the
NRLMSISE-00 model [1], [32], [33]

Chapter 4
Analysis of Model Simulation

4.1 Total Mass Density Data from Satellite
The altitude range of interest used in this study is 140 km through 200 km.
However, data available in this region is sparse because these altitudes are higher than
those of sounding rockets and lower than the perigee height of the most satellites.
Therefore, instead of the altitude range of 140 km ~ 200 km, satellites with perigee height
above 200 km are used to evaluate these two models. Table 4.1 provides the satellite
number, “true” ballistic coefficient (B), inclination (degree), perigee and apogee height at
beginning of year 2000, and the overall time period for which data were obtained for the
satellites used in this study. True ballistic coefficients are required to estimate accurate
atmospheric temperature and density corrections for the High Accuracy Satellite Drag
Model (HASDM). [36] The true B values can be calculated by the equation,
B=CD A/M,

(4.1)

where CD is the dimensionless drag coefficient, A is the cross-section area of the satellite
viewed in the direction of satellite motion, and M is the mass of the satellite. Using
satellite tracking data, the true B values were computed by averaging the nearly 3,200
estimated B values obtained for each satellite. The true B values can be estimated to be
accurate to within 2~3% based on this analysis. [36]
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Table 4.1: Satellite Data (year: 2000) [37]
Satellite
Number

B
(m2/kg)

Inclination
(deg)

Perigee Height
(km)

Apogee Height
(km)

22277

0.02237

34.9

203

9384

25935

0.02145

38.7

208

19626

6073

0.00356

52.1

213

5431

4053

0.00582

30.2

264

2828

4.2 Results from the Model Simulation
To compare JB2006 to NRLMSISE-00, two model simulations are performed.
First, the density and temperature profiles are calculated for the whole year of 2004
through 2006.

Second, the density profiles calculated from the both models are

compared to the data measured from several satellites listed in Table 4.1 for 2004 and
2005.

4.2.1 Comparison of Temperature and Density in 2006
To obtain density and temperature profile from the JB2006, solar indices (F10.7,
S10.7, and M10.7) and geomagnetic indices (Ap) are used in the model. Contrarily, the
NRLMSISE-00 model does not include the S10.7 and M10.7 indices, and can use the same
solar indices and geomagnetic indices as the JB2006 model.

**

These solar ** and

http://spacewx.net/~jb2006/SD_delivery_folder/JB_delivery81 _v3_9.txt [retrieved 3 October 2007]

48

geomagnetic†† indices are updated daily on the website ([38], and [39]). In the case of
the position of the Sun, the JB2006 model uses the right ascension (RA) and declination
of the Sun while NRLMSISE-00 uses local apparent solar time. The RA and declination
of the Sun can be obtained from the website‡‡ which uses a solar position algorithm. [40]
To compare both models directly, the longitude and latitude of position of interest
are fixed at 0° and 45° respectively. NRLMSISE-00 uses 12:00 UT directly and JB2006
uses the RA and declination of the Sun at 12:00 UT. With these conditions, density and
temperature profiles are calculated from the both models in the range of between 90 km
and 500 km. The density and temperature profiles for the year of 2006 are shown
Figure 4.1.

Profiles from 2004 and 2005 are found in Appendix A.1 and A.2,

respectively.
Tenth-order polynomials in a least squares sense are used to curve-fit this data.
Using the constant temperature of 183°K at 90 km as the boundary condition for the
JB2006 model makes it less reliable below 200 km. Both models show the semi-annual
effects of density, as well. In most of the cases, the densities from the JB2006 model are
a little bit higher than those from the NRLMSISE-00 model.

††
‡‡

http://spacewx.net/~jb2006/SD_delivery_folder/JB_deliveryAp_v3_9.txt [retrieved 3 October 2007]
http://www.nrel.gov/midc/solpos/spa.html [retrieved 3 October 2007]

49

Fig. 4.1 (a): Temperature and density at an altitude of 90 km (2006)
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Fig. 4.1 (b): Temperature and density at an altitude of 125 km (2006)
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Fig. 4.1 (c): Temperature and density at an altitude of 150 km (2006)
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Fig. 4.1 (d): Temperature and density at an altitude of 200 km (2006)
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Fig. 4.1 (e): Temperature and density at an altitude of 300 km (2006)

54

Fig. 4.1 (f): Temperature and density at an altitude of 500 km (2006)
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4.2.2 Comparison of Data from Simulation and Measurement in 2005
Densities are calculated from both models and compared with those obtained
from several satellites’ tracking datasets, as was shown Table 4.1. Total mass densities
from the satellites are the daily average density values corresponding to the perigee point
(height, local solar time, latitude) at 0h UT. All the densities for the day (-12h to
+12h UT) are then averaged to obtain the daily average density values. The reference
perigee height is determined as the height that represents an approximate mid-point of all
perigee heights; 240, 200, 220, and 255 km for the satellites listed in the Table 4.1. The
reference density values at the reference perigee heights are used to compare both models.
The latitudes of satellites which the density data are measured range between ±34.9°,
±38.7°, ±52.1°, and ±30.3°, and are listed in the Table 4.1. [37]
The density values of the reference perigee heights are shown in Figure 4.2.
Those density values for 2004 are shown in Appendix A.3. As shown in Figure 4.2 and
Figure A.3 in the appendix, the density values from the measurements are generally
greater than those from the both models. Also, as mentioned above, the density values
from the JB2006 model are generally greater than those from the NRLMSISE-00 model.
Exceptions occur at the height of 240 km in 2005, as shown in Figure 4.2(c), and shows
that the density values from the measurements are greater than those from the
NRLMSISE-00 model and are generally smaller than those from the JB2006 model.
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Fig. 4.2 (a): Density at an altitude of 200 km (2005)

Fig. 4.2 (b): Density at an altitude of 220 km (2005)
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Fig. 4.2 (c): Density at an altitude of 240 km (2005)

Fig. 4.2 (d): Density at an altitude of 255 km (2005)

Chapter 5
Results

5.1 Comparison of Empirical Models
It is impossible to draw an all-encompassing conclusion as to the accuracy of the
calibration of the thermospheric density models in this altitude region. However, an
interpolation can be done using density data from the satellites above and with sounding
rocket data from below, thus connecting the two regions to establish a thermospheric
density profile for the region in question.
In the altitude above 200 km, as shown in Figure 4.2 and Figure A.3, the JB2006
model is generally more reliable than the NRLMSISE-00 model. The fact that the
JB2006 model is more reliable than the NRLMSISE-00 model is supported by the paper
by Marcos et al. [37] which shows the comparison of several empirical neutral density
models between the height of 200 km and 600 km. Numerous density values from 38
satellites with perigee heights ranging from 203 km to 1083 km in 1997 through 2004
were used to compare several density models. Figure 5.1 shows that the standard
deviations for the JB2006 model are significantly lower than those for the other models at
all altitudes.
However, no density data below 200 km is included to make formulation for the
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Fig. 5.1: Standard deviation of data-to-model ratios for JB2006, J70, NRLMSISE-00,
MET and DTM models (courtesy of Frank A. Marcos, Air Force Research Laboratory,
Hanscom AFB) [37]

JB2006 model, which is less reliable below 200 km. The core of the NRLMSISE-00
model is the incoherent scatter radar data, and also includes lower thermospheric data
measured from ground-based equipment. Therefore, it is reasonable to conclude that the
NRLMSISE-00 model is more reliable in the lower thermosphere, below approximately
140 km.

5.2 Formulation for Bridging Two Models
Two possible method were developed to bridge the valid region of the
NRLMSISE-00 model for the lower boundary (140 km and 160 km) to the valid region of
the JB2006 model for the upper boundary (180 km and 200 km); cubic spline method and
a simply weighted blending method. However, the cubic spline method for the density
profile shows curious results while that for the temperature profile is reasonable. As a
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result, it is turned out that simply weighted blending method is more powerful than cubic
spline method in this calibration.

5.2.1 Cubic Spline Method
Figure 5.2 shows the cubic spline method for the temperature and density profiles
from lower altitude boundary of 140 km to upper altitude boundary of 200 km. For the
cubic spline, temperature and density data from the NRLMSISE-00 model in the altitude
of 90 km through 140 km with 1 km interval (51 data points) for lower bound, and from
the JB2006 model in the altitude of 200 km through 500 km with 1 km interval (301 data
points) for upper bound are used. As shown in Figure 5.2(a), the temperature profile is
reasonable to bridge the two models. However, Figure 5.2(b) shows that the density
profile becomes nonlinear with respect to the altitude in this altitude region. Density
profiles of other altitude boundaries show the similar nonlinearity. Therefore, it was
decided that the cubic spline method did not perform well to bridge the two models.
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Fig. 5.2(a): Cubic spline of Temperature with respect to altitude in 2006. The cubic
spline method for temperature profile between 140 km and 200 km is reasonable.
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Fig. 5.2(b): Cubic spline of density with respect to altitude in 2006. The cubic spline
method for the density profile between 140 km and 200 km shows nonlinearity.
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5.2.2 Linear Weighted Blending Method
Compared to the cubic spline method, the linear weighted blending method is
simple but powerful to bridge the two models. Four calibration comparisons are shown
in Figure 5.3. Density and temperature values are plotted on days 30 and 300 in 2006.
Between the boundary altitudes, the weighting portion of each model gradually shifts.
For example, in the case of boundary altitudes between 140 km and 200 km, 100% of the
density and temperature values from the NRLMSISE-00 model and 0% of those from
JB2006 model are used at the lower boundary altitude of 140 km. These percentages
gradually decrease for the NRLMSISE-00 model and increase for the JB2006 model, so
at the higher boundary altitude of 200 km, the density and temperature values are 0%
from the NRLMSISE-00 model and 100% from the JB2006 model. Equation 5.1 is the
equation for linear weighted blending from the density or temperature values from the
two models.

S=

1
é ( h - h L ) ´ J + ( hU - h ) ´ M ûù
( hU - h L ) ë

(5.1)

where
h =

altitude of interest; altitude between lower and upper boundary

hL =

lower boundary of altitude for blending (140 km or 160 km for this effort)

hU =

upper boundary of altitude for blending (180 km or 200 km for this effort)

J =

density or temperature value from the JB2006 model

M =

density or temperature value from the NRLMSISE-00 model

S =

blended value of density or temperature
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It is impossible to define which calibration is more accurate than the others due to
the lack of density and temperature values available to compare directly in this altitude
region so far.

However, with the considerations of data sets for making model

formulations and accuracy for altitudes above 200 km, it is reasonable to assume that the
density values from the calibration are more accurate than each model.
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Fig. 5.3 (a): Linear weighted blending method for temperature calibration (day: 30,
year: 2006)
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Fig. 5.3 (b): Linear weighted blending method for density calibration (day: 30,
year: 2006)
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Fig. 5.3 (c): Linear weighted blending method for temperature calibration (day: 300,
year: 2006)
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Fig. 5.3 (d): Linear weighted blending method for density calibration (day: 300,
year: 2006)

Chapter 6
Conclusions and Future Work

6.1 Conclusions
The first conclusion is that the JB2006 model is the most reliable than the other
thermospheric neutral density models at above 200 km. This is because the Jacchia-class
models are formulated by the density data derived from the drag data measured from the
satellites above about 200 km. However, since there is no density data included to
formulate the Jacchia-class model and the Jacchia-class models are formulated only
based on the temperature data using the standard diffusion equations below 200 km, the
JB2006 model is less reliable in this altitude region. On the other hand, since the MSISclass models are primarily based on the data from mass spectrometer measurements and
the Millstone Hill data are included to formulation which covers the altitude range of 100
km through 130 km, it is reasonable to conclude that the NRLMSISE-00 model is more
reliable than the JB2006 model at below approximately 140 km.
This thesis developed the two possible methods to bridge the valid region of the
NRLMSISE-00 model for lower altitude boundary to the valid region of the JB2006
model for upper altitude boundary.

The cubic spline shows reasonable results for

temperature profiles but shows curious results (nonlinear profile) for the density profiles
Therefore, this thesis didn’t use the cubic spline but a simple linear weighted blending
method. At the lower altitude boundary, 100% of the density and temperature values
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from the NRLMSISE-00 model and 0% of those values from the JB2006 model are used.
These percentages proportionally decreases for the NRLMSISE-00 model and
proportionally increases for the JB2006 model, so at the mid-altitude of lower and upper
boundary altitudes, the density and temperature values from the both models are 50%
each. And, continuing to this process, at the higher boundary altitude, the density and
temperature values are 0% from the NRLMSISE-00 model and 100% from the JB2006
model. This method is simpler than a cubic spline method, but is still a powerful method.
Due to the lack of density data measurements at this altitude range between 140
km and 200 km, any statistical comparisons were not performed to conclude which
altitude boundary is more reliable. Instead, this thesis suggests the four possible altitude
boundaries to bridge the NRLMSISE-00 and the JB2006 model.

6.2 Future Work
To optimize the calibration for the altitude range in question, density data from
measurements such as sounding rockets and/or satellites operated below 200 km are
needed. Comparing neutral density data from each case of calibration to those data from
measurements, optimal solution for merging the JB2006 and NRLMSISE-00
thermospheric empirical density models in this altitude region can be achieved. Also,
physics-based models which do not simply bridge two valid regions of the NRLMSISE00 and the JB2006 model can be made to explain the most reliable bridging method.
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Appendix A
Figures for Temperature and Density
Figure A.1 (a) through (f) and A.2 (a) through (f) are temperature and density
profiles derived from the JB2006 and NRLMSISE-00 models based on solar and
geomagnetic indices in 2004 and 2005 respectively. The same curve-fit method of tenthorder polynomials used in Chapter 4, using least squares method, are used to curve-fit
these data. They show that the density values from the JB2006 model are generally
higher than those values from the NRLMSISE-00 model and show the semi-annual
variations as well. Figure A.3. (a) through (d) illustrate the comparisons of density
between simulations from both models and measurements in the altitude of 200, 220, 240,
and 255 km in 2004. As shown in the figures, the density values from the measurements
are generally greater than those values from the both models. Also, the density values
from the JB2006 model are greater than those values from the NRLMSISE-00 model in
general. With these comparisons, it can be simply noticed that the JB2006 model is more
reliable than the NRLMSISE-00 model above 200 km as concluded in chapter 6.
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A.1 Comparison of Temperature and Density in 2004

Fig. A.1 (a): Temperature and density at an altitude of 90 km (2004)
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Fig. A.1 (b): Temperature and density at an altitude of 125 km (2004)
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Fig. A.1 (c): Temperature and density at an altitude of 150 km (2004)
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Fig. A.1 (d): Temperature and density at an altitude of 200 km (2004)
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Fig. A.1 (e): Temperature and density at an altitude of 300 km (2004)
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Fig. A.1 (f): Temperature and density at an altitude of 500 km (2004)
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A.2 Comparison of Temperature and Density in 2005

Fig. A.2 (a): Temperature and density at an altitude of 90 km (2005)
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Fig. A.2 (b): Temperature and density at an altitude of 125 km (2005)
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Fig. A.2 (c): Temperature and density at an altitude of 150 km (2005)
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Fig. A.2 (d): Temperature and density at an altitude of 200 km (2005)
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Fig. A.2 (e): Temperature and density at an altitude of 300 km (2005)
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Fig. A.2 (f): Temperature and density at an altitude of 500 km (2005)
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A.3 Comparison of Data from Simulation and Measurement in 2004

Fig. A.3 (a): Density at an altitude of 200 km (2004)

Fig. A.3 (b): Density at an altitude of 220 km (2004)
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Fig. A.3 (c): Density at an altitude of 240 km (2004)

Fig. A.3 (d): Density at an altitude of 255 km (2004)

Appendix B
Temperature and Density Variations Relative to the Location of the Sun
The largest influence on the Earth’s atmosphere is the Sun. The temperature and
density at a particular location varies with the relative position to the Sun. To include
this effect in the thermospheric neutral density model, the JB2006 model uses the
difference of the right ascension between the Sun and the position of interest, and the
NRLMSISE-00 model uses the apparent local solar time. This appendix shows the
sensitivity of temperature and density in thermosphere according to the relative position
from the Sun, using the JB2006 model.
In the figures B.1 through B.7, the longitude and latitude of position are fixed at
0° and 45°, respectively. The blue-solid line in each figure shows the density and
temperature data based on the difference of right ascension between the Sun and the
position corresponding to 12:00 UT. The green-dashed lines are those data by shifting
the right ascension of the Sun (20° offset). It is shown that the temperature and density
vary significantly according to the relative position from the Sun. Figure B.8 shows the
average percentages of temperature and density with respect to altitude. According to the
results, density is more sensitive to relative position from the Sun, compared to
temperature. The temperature decreases up to 3.15% at 500 km; however, the density
decreases up to 18.6% at that altitude.
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Fig. B.1: Sensitivity of temperature at an altitude of 100 km (2006)
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Fig. B.2: Sensitivity of temperature at an altitude of 120 km (2006)
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Fig. B.3: Sensitivity of temperature at an altitude of 150 km (2006)
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Fig. B.4: Sensitivity of temperature at an altitude of 200 km (2006)
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Fig. B.5: Sensitivity of temperature at an altitude of 300 km (2006)
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Fig. B.6: Sensitivity of temperature at an altitude of 400 km (2006)
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Fig. B.7: Sensitivity of temperature at an altitude of 500 km (2006)
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Fig. B.8: Average percentages of temperature and density with respect to altitude (2006)

