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1 Introduction

From Edition 2009, Orbiter supports a choice of differemiasphere models for Earth.
In addition to the Edition 2006 legacy model, the defaultriistion also contains
implementations of the Jacchia model [1-3] and the NRLMS0BENnodel which is

based on the MSISE90 model.

These models address the shortcomings of the 2006 legaosi podarticular the
underestimation of density and pressure above 120 km. Bathmodels are valid to
significantly higher altitudes (2500 km, compared to 200 kmtlie legacy model).

They provide the temperature, particle density for diffén@olecular constituents,
total mass density and molecular weight as a function ofualé, in the range from
90 to 2500km. For the Jacchia model, the only model paranietdie exospheric
temperaturef,,, which in turn depends on various parameters, such as thgveel
position of the sun, geomagnetic activity, and solar fluxe NRLMSISEOO model
also uses date information to compute variations on diffetine scales.

2 Exospherictemperature

Calculation ofT, is required for applying the J77 model. The exospheric teatpee
is varying with time and position, and must therefore be l@dated for each new
density evaluation. The model takes into account solavigctgeomagnetic activity,
and a model for the diurnal variationsn,.

The J71 model gives specifies the nighttime minimum globakpkere tempera-
ture, excluding geomagnetic activity, as

Te = 379.0K + 3.24K Fio.7 + 1.3K (Fyo.7 — Fio7) (1)

whereF} 7 is the daily average solar flux value one day prior, measuregeelength
10.7 cm, andF} 7 is the average value over three solar rotations of 27 dayis tbr
solar flux values are given in Solar Flux Unitsiaf=22 W/(m?H z).

In Orbiter, solar flux values based on observations are tefntinto account. In-
stead, a constant flux of

Fio7 = Flo7 = 140 -10722W/(m*H z2) 2)



is assumed, which reduces the expressiof foto
Te = 832.6K (3)

The diurnal model fofl,, takes into account the local hour angle of the sun with reaspec
to the measurement point, as well as the declination of tineaswl the geographic
latitude of the measurement point. This model is given by

Ty = Te [140.3 (sin®? 0] + (cos™? |n| — sin>? |6]) cos®*(7/2))] 4)

with
T = H—37.0°+6.0°sin(H + 43.0°) (5)
1
0 = §(<ﬁ +d0) (6)
1
n = §(<ﬂ —d0) (7)

whereds denotes the sun’s declinatiop,is the geographic latitude andd the hour
angle of the sun with respect to the measurement point, diyen

H=a-ap (8)

wherea andag, are the right ascension of the measurement point and theespec-
tlve:gli.nally, geomagnetic activity is taken into account by thechia model by speci-
fying a maodification termAT,, for T, in the form
ATE = 28.0K- K, +0.03KeX» (2> 350km) (9)
ATEL = 14.0K- K, +0.02Ke®* (2 < 350km) (10)
for two separate altitude regimes, respectivel, is the three-hourly planetary geo-

magnetic index for a time 6.7 hours previous. To provide itwity at z=350km, a
transition functionf is introduced:

1
f= 5(tanh(0.04(z —350km)) + 1) (11)
The geomagnetic activity correctiah7,, can then be written as
AT, = fATH + (1 - f)ATE (12)

In Orbiter, variations in geomagnetic activity are ignartstead, a constant geomag-
netic index ofK, = 3.0 is assumed. This simplifies the correction terms to

ATH = 84.6026K (13)
ATEL = 42.4017K (14)
AT, = (42.2009f + 42.4017)K (15)
The final value for the exospheric temperature is then given b
Too =T + AT (16)

Examples for global distributions df,, are shown in Fig. 1, for two different solar
declination values(® and20°). Note that the maximum df,, is trailing the Sun’s
location (indicated by a circle).
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Figure 1: Exospheric temperature distributions as a femctif geographic longitude
and latitude, for two different declination values of thenS0° (top) and20° (bottom).
The position of the sun is indicated by a circle.
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Figure 2: J77 temperature profiles as a function of altituatelffferent values of exo-
spheric temperaturé,.

3 TheJacchiatemperature and density model

The Jacchia model is static and assumes two distinct atitadimes, where in the
lower regime (from 90 to 100 km) the atmospheric constitseare mixed, and the
density is computed by integrating the barometric equatiéhaltitudes> 100km,
the atmosphere is assumed to be in diffusion equilibriumefich of the individual
constituents.

3.1 Temperature

The temperature profile obtained from the Jacchia code asaidum of altitude for
three different values df, is shown in Fig. 2. As can be seen, the temperature pro-
files are identical up to an altitude of about 100 km, wheresthadard US atmospheric
model is used. At higher altitudes, the temperatures asyinally approach the pre-
scribed exospheric temperature.

3.2 Density

The Jacchia model requires the integration of a barometritiffusion equation up to
the desired altitude. This method is not computationalfficiet if density values at
arbitrary altitudes are required. In this case, a reasenedainpromise between com-
putational speed and accuracy can be achieved by precargdatkup tables over
the required ranges of altitudeand exospheric temperaturg,, and interpolating to
the actual parameters. Alternatively, a basis expansighdértwo parameters can be
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Figure 3: Density profiles for the J77 (left) and J71G modeght) as a function of
altitude, for three different values of the exospheric tenagure.

used. Gill [4] has approximated the J71 density model (dmhbere by J71G) by a
bi-polynomial expansion of the form

logp(z,Too) = i i cij2' T a7)

i=0 j=0

wherec;; are the basis coefficients of the expansion obtained by &deasires opti-
misation.

To provide sufficient accuracy while keeping the expansma treasonably low
order, the temperature and altitude range was divided inberegions, and separate
basis expansions calculated for each of them. Continuitthefdensity values and
derivatives across region boundaries was ensured by aygpdppropriate constraints
to the least squares fits. The authors present the coefBdimrd basis expansion using
a 5th degree polynomial in temperature and 6th degree poiiaidn altitude for each
region.

The density profiles as a function of altitude for three valo&T,, are shown in
Fig. 3 for both the J77 and the J71G models. The relativereiffee between the two
models is shown in Fig. 4. It can be seen that the models agritéowvmedium to high
values of, but diverge significantly for low values. This may be caubgdhe fact
that the interpolated Gill solution is modelling the earli@1 model rather than J77,
so may reflect the difference between the underlying modaiker than an effect of
the interpolation approach. As can be seen in the right imtlgemodels only diverge
below temperatures of 600 K, which are not encountered int€@tbmodel forT,,.

3.3 Pressure
We obtain atmospheric pressure from density by applyingdeal gas law
p=pNkT (18)

wherepy [m~3] is the particle density, and [J/K] is the Boltzmann constant. How-
ever, while the original Jacchia model retums, the interpolated Jacchia-Gill model
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Figure 4: Relative difference between the J77 and J71G madeh function of al-
titude, for three different values of the exospheric terapae (left), and for the full
temperature range (right).

instead provides the mass dengityThe relationship betweenandp is given by

N
pN = p—2 (19)

M
where N4 is Avogadro’s constant andl/ is the molar mass of the gas mixture. The
Jacchia model does provide, but as with the density, this requires an expensive
numerical integration over altitude. Therefore | presesteha polynomial series ap-
proximation of M in the parameters and7.,, similar to the density expansion of the
Jacchia-Gill model (Eq. 17). Instead of a piecewise patdwaddtion, the parameter
range of90 km < z < 2500 km and500 K < T, < 1900 K is mapped with a single
series of order 8 i and order 4 ifl... The basis coefficienis™) were obtained by
a least-squares fit andare listed in Appendix A. The distribution of the interpadat
solution of M is shown in Fig. 5. Below = 90 km the value of\/ is derived from the
US standard atmosphere model.

The atmospheric pressure values calculated with the J72haod with the J71G
model augmented with the molecular weight interpolationtined above are shown
in Fig. 6. The differences between the two models at low &abfd,, observed for
density naturally also appear for the pressure values. AIBHOK the agreement is
very good.

4 The NRLM SI SE-00 atmosphere model

A further atmospheric model supported by Orbiter is the NR&IBE-00 model, devel-
oped by Picone, Hedin and Drob, with a C version by D. Brodawsis based on the
MSISE90 model, adding some further observation data. MS0S#ovides the neutral
temperature and density from ground level to thermosplatiicides. Unlike the Jac-
chia models, the low-altitude data are not static, but vatk l@cation. They are based
on the MAP Handbook (Labitzke et al. 1985) tabulation of Zanarage tempera-
ture and pressure by Barnett and Corney. Below 20 km thesevgle supplemented
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Figure 5: Left: Distribution of molar mass as a function dfitatle and exospheric
temperature, obtained from a polynomial series expan&aght: relative error of the
series solution compared to the original Jacchia model data
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Figure 6: Pressure profiles for the J77 (left) and the augetedii 1G model (right) as
a function of altitude, for three different values of the sgheric temperature.
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Figure 7: Comparison of',, values for the J71G and NRLMSISE-00 models. Left:
daily profile on 10 March. Right: annual profile, measuredydai UT=0 and UT=12
hours. For all data, a location of longitude=0 and latitudlems used.

with averages from the National Meteorological Center (NM@ addition, pitot tube,
falling sphere, and grenade sounder rocket measurememts ¥847 to 1972 were
taken into consideration. Above 72.5 km MSISE-90 is esa#yta revised MSIS-86
model taking into account data derived from space shuttbtiand newer incoherent
scatter results.

The input parameters for the NRLMSISE-00 model are altifg@é®detic longitude
and latitude, day of year, seconds in day, average and ¢ i€n7 flux, and magnetic
index. On output, the model provides temperature at akitestospheric temperature,
total mass density, and number densities for He, ,0¢, Ar, H, N and anomalous
oxygen.

The algorithm for calculatin@,, differs between the J71G and the NRLMSISE-00
model. Figure 7 compares tlg, profiles over a single day (left) and over a year, at
UT=0 and UT=12 hours (right). It can be seen that the dailyijgrof the NRLMSISE-
00 model appears more complex, showing less symmetry anoh@pnced minimum.
The annual NRLMSISE-00 profile displays a higher amplituadlé lawer average than
the J71G model.

The temperature profile as a function of altitude for a givatadMJD 54900.5) at
latitude=0, longitude=0) for both models is shown in FigT8e density and pressure
altitude profiles for both models at the same time and looati@ shown in Fig. 9. It
can be seen that the models generally agree well.

5 Comparison with Orbiter 2006 legacy model

The atmosphere model in Orbiter Edition 2006 (denoted as8pB€es a simple static,
piecewise linear temperature profile. For segments of emisémperature, pressure
and density are calculated as

p(2) = pre~ 190/ (RDI(z=21) p(z) = pre~ oo/ (RD(z=21) (20)
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Figure 8: Comparison of temperature altitude profiles of@ahd NRLMSISE-00 at
MJD=54900.5, longitude=0, latitude=0.
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Figure 9: Comparison of density and pressure altitude m®fibf J71G and
NRLMSISE-00 at MJD=54900.5, longitude=0, latitude=0.
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Figure 10: Comparison of temperature distributions betwibe Orbiter legacy model
and the J71G model far,, = 1000 K.

wherez; is the base altitude of the segment,andp; are the corresponding pressure
and density,R is the specific gas constant, setRo= 286.91 JK~'kg~! for air, and
go is the gravitational acceleration. The pressure and deisisections of linearly
varying temperature are calculated as

T(Z)] —g0/(aR) 21)

T(2) —[(g90/(aR))+1]
T

5 p(z) = p1 [Tl

whereaq is the temperature gradient [K/m].

Because the gravitational acceleratipnannot be assumed constant over the alti-
tude range, altitude must be interpreted asgeopotential altitude. Conversion be-
tween geometric altiude; and geopotential altitudeis given by

p(z) =p1 [

R

h:
R—i—zgzg

(22)

whereR is the planet radius.

Similar to the J71G model, OBO06 is based on a static standardsphere model
at low altitudes (below 105 km). Above this altitude, up t@&on, the temperature is
assumed to be constant at 225.66 K. This is equivalent toydawrvalue of T, and
consequently the temperature profiles of the two modelsgéveapidly between the
two models above 120 km for more realistic valuedgf, as shown in Fig. 10, where
a value ofT,, = 1000 K was chosen for the J71G model.

Likewise, the pressure and density profiles of the legacyt@rmodel agree well
with the J71G model below 120 km, while at higher altitudes @rbiter model con-
tinues to follow an exponential decay, while the J71G modaintains significantly
higher density and pressure values (Fig. 11). As a res@tOB06 model values drop
to essentially insignificant values at = 200km, the default cutoff altitude of the
legacy model, while density and pressure remain signifitamuch higher altitudes
for the 371G model.

The transition from the OB06 to the J71G model in Orbiter liérefore lead

10



= Orbiter legacy
—_—71G H

= Orbiter legacy
—_—71G H

altitude [km]
5
8
altitude [km]
5
8

107 10° 10° 107° 10° 10°
density [kg/m®] pressure [kPa]

Figure 11: Comparison of density (left) and pressure digtions (right) between the
Orbiter legacy model and the J71G modelTay = 1000 K.

Altitude [km] | 50 150 1000
2006 Legacy model | 0.000055 0.000056 -
J71G model 0.000289 0.0015 0.0020

NRLMSISE-00 modell 0.00384  0.0266 0.0146

Table 1: Timing comparison between atmosphere models: Sforel 000 model eval-
uations at different altitudes.

to significantly higher drag effects from altitudes abové® kéh which will continue
substantially above the previous cutoff altitude of 200 km.

6 Computational complexity

For a real-time application like Orbiter, the computatibefficiency of the atmosphere
model is important. Atmosphere data are queried at eachftiamee by each vessel
within the atmosphere range limit of a given celestial bo&ar densely populated
simulation scenarios, a complex atmosphere model may selyaaffect performance.

Timing results for the three atmosphere models are showmlneTl. They show
the times for 1000 evaluations of model evaluation at diffeialtitudes. It can be seen
that the NRLMSISE-00 model is significantly more expenshantthe J71G model by
approximately an order of magnitude, and both models arstanbally more expen-
sive than the trivial Orbiter legacy model.

It should however be noted that for moderately loaded sitruriascenarios, even
the more expensive models may not significantly degradepaegnce. For a test sce-
nario with 50 vessels in the atmosphere, the applicatioh®@NRLMSISE-00 model
resulted in a drop in frame rate from 130 to 114 frames perrseco
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Basis coefficientsf.jw) for obtaining the logarithmic molar magdg of the atmospheric
gas mixture as a function of altitud&in units of km/1000) and exospheric temperature
Tw (in units of K/1000).
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5.60433585e+00
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