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1.0 SUMMARY AND CONCLUSIONS
1.1 INTRODUCTION

This report documents a comparison that has been
made between the Aerospace low altitude atmospheric density
data base and two wWidsly-used models, MSIS (Hedin, et al.,
19877), and J70 (Jacchia, 1870). By 'low altitude’” we mean
the altitude range between 120 km (the lower limit of the

measured densities) snd 200 km.

There were five different types of measurements made
with nine separate instruments on +five satellites. The
instruments were ion gqsuges, capacitance menometers, an
accelerometer, a mass spectrometer, snd calorimeters. Three
of these instruments were flown on the same satellite, AE-E,
and s0 a direct intercomparison allows us to estimate

instrumental bias.
1.2 DATA ANALYSIS

The +ive sastellites were all flown in the 1974-1977
period of low solar activity, which limits the generality of
the results reported here. Howsver meny paramaters other
than solsr flux are of interast, and the data base provides
reasonable coverage +or all of theam. The coverage for
latitude, 1longitude, saltitude, geomagnetic index, 1local

time, and month are shown for each instrument (except the

¢
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capacitance manometers, which sre included with the

ionization gauges) in Section 2.

There are several possible ways of comparing the

data to the models; we have chosen to use the logarithm of
the ratio of the measurement to thes model prediction as the
objective function. Figure 1.1 is @ histogram of the
messured density from AE-C at 175 km, snd is typical of all
the measurements. It has a pronounced high- density tsil,
snd the two ™"Pesrson parameters”™ R81 aond B2 are not
consistent with a normal distribution. (RBl, (Root Beta 1)
is the third moment about the mean divided by the varjance
raised to the 1.5 power; it is a measure of skewness, and is
zero for a normal distribution. B2 (Beta 2) is the fourth
moment about the mean divided by the variance squared, and
is called the kurtosis. For a normal distribution it has »
value of 3.0. 1If the kurtosis is larger than <this, it
indicates that the distribution has an excess number of
points near the mean and out in the tails.) The histograms
of massured densities at fixed altituces sre consistent with
a lognormal distribution, so that the log of the density is
normally distributed. (That is, the <fractional variations
in the density nf. normally distributed, not the variations

themselves.) If the models sccurately represent the average

variability of the density, we would expect our chosen
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ob jective function to be normally distributed, end the usual

confidences limits would spply.

Section 3 prasents histograms of the log ratio +for
each instrument +for both models. The MSIS model was
slightly modified from that which has bsen published. The
original model ussd average solar +flux parsmeters and
geomagnetic indices which were centered at the time of
interest; we felt that it was more reslistic to use sverages
that ended at the time of the measurement. Tables 1 and 2
summarize the statistical data. In these tables, AE-C,
AE-D, etc. are the satellites, ""Density” is the combination
of the ion gauges and capacitance manometers, 0SS" is the
open-source mass spectrometer, “MESA™ s the ministure
electrostatic accelerometer, and ™Cal" is » calorimeter.
The square root of the variances of the standard deviation,
RB1, snd B2 have been calculated sssuming that the
underlying distribution is a normal one; in only one case,
the AE-E density measurements compared with the J70 model,

is RBl1 and B2 consistent with a normal distribution.

Figuras 1.2 to 1.9 show the mean, standard
deviation, skewness and kurtosis for the AE-C density gauges
and the AE-E MESA (accelerometer) residuals as a function of
altitude. The MSI8 model ylelds s uniformly smaller

standard deviation than does J70, but {ts kurtosis, in

11
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particular, i{is much lesrger, so that an estimate of the
confidence interval about any prediction cannot be made

other than cmpirically.

Because the J70 model residuals were more normally
distributed, we examined those residuals in more detail,
hoping to be able to improve the standard deviation while
maintaining the favorable skewness and kurtosis. Section ¢
presents plots of the average log ratio versus local solar
time for two altitudes, and for both the J70 end the MSIS
model. In these figures, the dismonds represent the mean
and the error bars through the diamonds are the standard
deviastion of the mesn (not of the individual data points).
There srs strong, systemstic, trends in the J70 residuals,
snd no obvicus trends in the MSIS residuals. Accordingly,
we fit the J70 residuals at each altitude with a low-order
Fourier time series: a constent term end a diurnal,
semi-diurnal, and ter-diurnal cosine. The coefficients were
always significant in some altitude range, slthough no term
was significant at all altitudes. The amplitudes and phases
80 dearived sre also shown in Section &, where it can be seen
that the semi~-diurnal and tar-diurnal terms become
increasingly important at lower altitudes and the diurnal
term has the opposite bshavior. The phase of each of the

terms also shows an altitude dependence; perhaps the most

12
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surprising is the shift of the diurnal bulge to serly

morning at the lower altitudes.

14 these empiricsl corrections to the model oere
spplied to the very same data that were used to derive them,
wa would expect to see s significant change in the standard
deviation of the corrected residusls. Histograms of the
"before” and ‘''after” distributions are shown in the final
part of Section 4. While there is » (statisticelly)
significant reduction in the standard deviation, it is still
larger than that obtsined using the MSIS model with no

corractions at all.

1.3 CONCLUSIONS

We have compared over 50,000 separate msasurements
of stmospheric density between 120 km and 200 km Wwith the
predictions of two models, the MSIS and the J70. The MSIS
model produces a considerably smaller standerd deviation of
the residuals than does the J70, even after the observed
systematic errors in local time and altitude have been
ramoved. The kurtosis of the MSIS residuals is large: this
may indicate that there osre still nonrsndom effects that
this model has failed to capture, 30 there is still hope
that it may bs signiticantly improved in the future. Until
that time, howaver, we have no choice but to use empirical

cumulativa probability functions to estimste confidence




limits of the sccuracy of its predictions. These are shown

in Figures 1.10 t0 1.17.

The averege bias of the log ratio is near zaro for
both models (cf. Tablas 1 and 2), and, in particuler, fis
nesr 2zero for the thres instruments on AE-E concidered
separately. This indicates that @ major portion of the
average error is due to instrumental biss rather than model
bias, so there is justification in subtracting the
individual biases and amelgamating the data. The cumulative
empirical probebility function for sll the data using the
MSIS model is shown in Figure 1.18, snd represents our best

estimate of the true distribution function for times near

solar minimum.
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2.0 GEOPHYSICAL PARAMETER COVERAGE

2.1 ALTITUDE DISTRIBUTION

Figures 2.1 through 2.8 show the altitude coverage
of the pight instruments (the ion gauges and the caspacitance
msnometers sre considered as one instrument). Only the AE-C
density gauges and the calorimeters have 8 significant
number of points below 135 km, and only Calorimeter-3
measured data below 128 km. The combined altitude
distribution is given in Fig. £.9. The totsl number of
points, 54,806, is ditferent ¢rom the numbers given in
Tebles One and Two of Section 1 because these data were not
editted; measurements were retained in Section One only if
the log of the ratio (measurement/model) were betuwesen plus

and minus one.

2.2 LATITUDE DISTRIBUTION

Figures £.10 through £.17 show the latitude
distribution of the measurements. The northern henisphere
is well covered, as is the squatorial region (AE-E had an
fnclination of 19.6 degrees), but only AE-C end AE-D

collected a significant smount o date below 20 S.

17




2.3 LONGITUDE DISTRIBUTION

Figures e.18 through 2.25 show the longitude
distribution of the measurements. Overall, there is

excellent longitude coverage.
2.4 LOCAL TIME DISTRIBUTION

Figqures 2.26 through 2.33 show the local time
distripution of the measurements. AE-C and AE-E have nearly
uniform coversge; the measurements on AE-D sre concentrated
in the morning and svening sectors. §3-1 end Calorimeter-3
made measurements primarily in the late morning and
afterncon, while the data +from Calorimeter-4 is almost

exclusively between 1100 and 1300.
2.5 MONTHLY DISTRIBUTION

Fiqures 2.34 through 2.41 show the monthly
distribution o+ the measurements. AE-C and AE-E cover all
four seasons, AE-D took data between September and Januery,
§3~1 was usaeful primarily in October, Calorimeter-3 in March

and April, and Calorimeter-4 in September and October.

2.6 24-HOUR AP DISTRIBUTION

Figures 2.42 through 2.48 show the distribution ot
the 24¢-hour average Ap index. These averages anded at the

tima of each measurement, sasnd are used in the MSIS model
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only. This index has & maximum possible value of 400; the }

- Figures show that its values in this data base are stongly

concentrated in the lowar twanty percent of its rangs. This

is consistent with the ¢act that this is a sunspot-minimum

data bese. (Even during sunspot-maximum periods,

k
- 1
1 } | geomagnatic indices sre more frequently in the lower portion
| of their renge. See the discussion in the following

sub-section.?
2.7 XP DISTRIBUTION

Figures 2.50 through 2.57 show the distribution of
- 1 the three-hour geomsgnetic index Kp. This index was

evasluated six hours prior to each density messurement, and

H is usad only in the J70 model. As with the 2¢4-hour sverage
Ap, most of tha datas were tesken when Kp(€) was in the lower

portion of its 0-9 range. The effect {is not as dramatic

related. Figure 2.58 ghows the Kp distribution from 1

i
]
¥
5 i‘
[ here, howaver, becsuse Ap and Kp are logerithmically
Jsnuary 1932 to 30 June 1881, snd so includes periods of

both high and low solar activity. Its distribution is not

A

unlike the Kp distribution when the density measurements
‘ & were made. The sverage value over this 80 year period was
2.12, with & stendard devistion of 1.46. This corresponds

to an aversge Ap of 7.7 (plus 13.3, minus 4.7). Although

‘ . there were no great geomagnetic storms during the time for
$
L 19
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which we have dasta, this is not considered to be
operationslly signiticant. (Kp reached its maximum value of
® only 20 times in BO years, snd exceeded 6+ (Ap esquels 24)

only one percent of the time.)
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3.0 MEASUREMENT/MODEL DISTRIBUTIONS
3.1 THE MSIS MODEL

Figures 3.1 <through 3.8 are histograms of the
natursl 1log of the ratio of the individual measurements to
the predictions oi'tht MSIS model. The date were editted so
that the magnitude of this ratio was always betwsen zero and
one; this eliminated 28 points (out of 54,60E). Most of the
editted points were obviously in error: @ reported
messurement of 1E-3 grams/centimeter-cubed, for instance,

instead of 1E-13.

The MSIS model was evaluated using 24-hour average
values of Ap and 8l-dsy sverage valuss of the solar flux
paramater F10.7 ending at the time of the measureament. The
original model specified that these averagaes were to be
centeread at the time ot interest, but it was difticult for
us to see the physical justification for that procedure. In
fact, histograms comparable to the ones presented in this
subsection were generated using the original model; in every

case, the standard devistions were slightly lerger.

3.2 THE J70 MODEL

Figures 3.8 through 3.16 sre histograms of the

natursl log of the individual dengity meaasurements divided

by the pradictions of the J70 model. As in the previous




subsection, thess data ware editted to exclude points with -
magnitude greater than one. A single additionil neasurement

. wes eliminated when the J70 model was used.
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4.0 CORRECTIONS TO THE J70 MODEL
4.1 LOCAL TIME DEPENDENCE

Figures 4.1 and 4.2 show the local time dependence

of the natural 1log of the AE-C density gauge measurements

batween 195 and 200 km divided by the predictions of the J?70
and the MSIS models, respectively. Figures 4.3 ancd 4.4 show
the same thing for the AE-E MESA measurements.' Figures .5
to 4.8 are compareble to the first four, but for the
sltitude range 150-155 km. It can be seen that the J70

plots exhibit a persistent, ressonably strong, local time

dependence for both instruments in both altitude ranges.

The MSIS plot at the higher altitude for AE-C also seems to

show a local time dependence, but it does not persist across

e
.

instruments nor at the lower altitude.

We made an empirical model of the error in the time

dependence of the J70 model using the AE-C density gaugc

data. In each five kilometer interval, the 1log ratio was

33
éé fit to & third-order Fourier expsnsion, using a constant
ji term and diurnal, semi-diurnal, and ter-diurnal terms. The
IE: coefficients were determined using a weighted least- squares
' igf? technique, tha waights being the reciprocal of the varisnces

of the means at sach local time. The altitude dependence of

; the coefficients is shown in Figures 4.9 through 4.15. The

- v e

| phases are determined such that a negative phase indicates

é
‘ & 23
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that the model's prediction should be incressed at later
times. For instance, the -44 degree phase angle for the
diurnal term et 165 km, coupled with the 0.092 value for the
smplitude, indicates <that the model's prediction should be
incressed by nine percent at about 0300 and decreased by the

same amount at 1500.

These corrections were applied to the J70 model, and
the histogram of the log ratios was recselculated. The
original histogram is shown in Fiqure .16 and the
“corrected” one in Figure 4.17. The standard deviation has
been reduced from 0.156 to 0.142, a statistically
significant amount. It is not operationally significant,
however, since the standard deviation using the uncorrected
MSIS model is substantially smaller, 0.126, as is shown in

Figure 4.18.

Since the correction procedure did not produce very
dramatic improvements for the AE-C data, we did not feel it

to be worthwhile to pursue the mattar with the other data

sets.
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TABLE 1

MSIS STATISTICS

N Mu Sigma Yver(sig) RB1 Vvar(RB1) B2 /var(B2)

AE-C Density 17415 0.065 0.126 0.001 ~0.30¢ 0.030 S.246 0.135
AE-D Density 10935 -0.090 0.132 0.001 0.120 0.037 3.243 0.128
AE-E Density 4977 0.089 0.130 0.001 -0.098 0.0SS 3.123 0.187
AE-E 0SS 757¢ -0.058 0.132 0.001 -0.054¢ 0.045 4.589 0.187
AE-E MESA 8280 -0.006 0.127 0.001 0.035 0.043 S5.1¢0 0.193
$3-1 Density 1454 0.100 O0.14s 0.003 0.282 0.103 3.088 0.3%%
Cal-3 1492 -0.018 0.17% 0.003 0.256 0.101 4.849 0.436
Cal-% 2451 0.145 .136 0.002 0.201 0.079 3.819 0.299
0

0
0

All Dats 54578 0.008 .130 0.007 -0.058 0.18® 4.180

.820

TABLE 2
. J70 STATISTICS

N Mu  Sigms Vvar(sig)  RB1 /var(RB1) B2 fvar(B2)

. AE-C Density 17415 0.050 0.156 0.001 -0.298 0.030 3.935 0.112

i . AE-D Density 10935 -0.113 0.147 ©0.001 =-0.064 0.037 3.006 0.12¢
: AE-E density 4977 0.08¢ 0.160 .002 -0.008 0.0S5 2.92¢ 0.182

o
2 AE-E 0SS 7573 =-0.063 0.170 0.001 -0.128 0.045 3.253 0.15¢
AE-E MESA 8280 -0.017 0.156 0.001 -0.011 0.043 3.763 0.159
$3-1 Density 1484 0.012 0.138 0.003 0.412 0.10% 3.528 0.367
Cal-3 1492 -0.004 0.192 0.004 0.32¢4 0.102 4.171 0.397
Cal-4 2451 0.010 0.129 0.002 0.212 0.07® 3.545 o0.283

All Data 54577 -0.011 0.1856 0.011 -0.087 0.175 3.462 0.415

Tables 1 and 2
25
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LARORATORY OPERATIONS

The Laboratory Operatioss of The Aarospace Corporation is conducting exper-

imentsal and theoretical i igatiens ary for the evalustion snd applics~ '

tion of scientific sdvances to naw military epace systems. Versatility and
flexibility have Desn developed to & high degres by the laberatory pereocmnel ia
desling with the many problems emcoustersd in the mation's Tepidly developiag
space systems. BExpertise ia the latest scientific developments is vital to the
ascconplishment of taske relsted to these probless. The laboratories that com
tribute to this ressarch are:

A Ledoratory: Launch vehicle and reentry astodynsaice sad hest
trenster, mﬁ-!u emguy and fluid mechanics, strwctwral sechenics, flight
dynamice; high-tempersturs thermomschanice, gas kinstics snd radiaticn; resesrch
in envirommental chemistry and contaminstion; cow and pulsed chemical laser
develogment including chemical kimetics, apectroscopy, optical resonators amd
bean pointing, atwospheric propagation, laser effects emd cowntermessvres.

Chend and sics Laboratory: Atwmospheric chemical veactions, atmo~
spheric op N scattering, state-specific chemicel resctions and redia-
tion tramsport im vocket pluses, applied lsser spectroscopy, lsser chemistry,
battery electrochemistry, space vecyun and radiation effects on materiasls, lu-
bricstiocn snd surface phencmens, tharsionic emiseios, photosensitive materials
and detectors, atomic frequency standards, aad bioenvirommeatal research aswd
monitoring.

EBlectromi tory : Microslectronics, Gads low-moise asod
power co0, tor » Olectromagnetic and optical propagation
phencusns, quantws slectremics, laser commmicatioss, lidsr, sad electro~optics;
commnication ecieaces, applied electromics, semicenductor crystal aand device
physics, rediemstric imaging; millimeter-wveve sad aicrovave techaology.

1 on Sciences fice: Program wverification, program trene-
lation, performance-semsitive eystem ign, diecributed architectwres for
spaceborne computers, fault-télerast cowputer eyetems, artificial imtelligemce,
and wicroelectroatics applicatioms.

Materiale Sciences #hnc?t Davelopseat of new materials: wetal mmtrix
conpoaites, polymsre, aoe fotus of carbon; w failure amalyeis and
reliability; fracture mechanics sad strese corroei evaloation of materials in

space eavirommeat; msteriels performssce in Spece traasportstion systems; asal- )

yois of oystems wulnerability and survivability in esemy~induced eavirommeats.

plasme waves is the Physics, infrared eotrensay; the
umucmmw.m.umaumw-m
esrth's etsssphere, foncephere, and sugnetesphere; the offects of wepticsl,

olectremagaetic, and mnnhu tefiations 1% opace o Space SyStems.
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