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sampling the atmosphere during the mission period , atmospheric cross sections
can be constructed which permit a better estimate of the state of the atmosphere
during the mission test periods.

Department of Defense agencies conducting ballistic missile reentry tests and
studies at Kwajaiein Missile Range (KMR) require accurate atmospheric measure—
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ments within the missile test environment from the surface to 100 km. The
Air Force Space and Missile Systems Organization (SAMSO) sponsors most of the
reentry programs at I~4R. SAMSO is one of the prime drivers in generating upper
atmospheric requirements for its particular tests. The Army’s Ballistic Missil
Defense Comand operates in two functional modes at KMR: they are responsible
for operating the range and they perform defensive research against reentry
vehicles. Therefore, results from this study are of interest to both the Air
Force and the Army.
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INTRODUCTION

Vehicle tracking techniques and support systems involved in reentry mi s-
sions have become elaborate and sophisticated . The result is that non-
predictive variations in the performance of the reentry vehicle may be due
to some atmospheric perturbation rather than instrumentation error from
ground—based sensors. It therefore becomes important to be able to sepa-
rate atmospheric effects from vehicle effects. To fully evaluate these
missions and reconstruct the reentry trajectory, a detailed knowledge of
the atmosphere that the vehicles traverse is required .

Department of Defense agencies conducting ballistic missile reentry tests
and studies at Kwajalein Missile Range (I<MR) require accurate atmospheric
measurements wi thin the missile test environment from the surface to 100
km. The Air Force Space and Missile Systems Organization (SAMSO) sponsors
most of the reentry programs at KMR. SAMSO is one of the prime drivers
in generating upper atmospheric requirements for its particular tests.
The Army ’s Ballistic Missiles Defense Comand operates in two functional
modes at KMR : they are responsible for operating the range and they per-
form defensive research against reentry vehicles.

An example of programs requiring atmospheric data exceeding the present
sounding capabilities available at Kwajalein Missile Range (KMR) are the
Advanced Ballistic Reentry System (ABRES), Thrus ted Replica (TREP ) , Tes t
Development Vehicle , and Maneuverable Reentry Vehicle programs. These
programs require atmospheric density and wind measurements in the reentry
corridor as the reentry vehicle moves through it. The TREP program re-
quires upper atmospheric density measurements along the reentry trajec-
tory from an alti tude of 60 km to at least 100 km wi th accuracies in den-
sity to be less than ±5%.

To date, requirements for upper atmospheric data have been met by util-
izing radiosonde balloons and meteorological rockets which have the capa-
bility of defining atmospheric structure from the surface to 70 km. The
radiosonde is capable of measuring atmospheric parameters from the surface
to 30 km and the rocketsonde from 20 to 70 km. Measurements at altitudes
above 70 km requi re other types of systems such as rocket grenades , Pitot
probe, rigid active sphere, and inflatable passive falling spheres. Each
of these systems has its individual advantages and disadvantages . The
two systems which were utilized in the ABRES pretest series are the rigid
active sphere and the inflatable passive sphere, or Robin system. The
rigid sphere is capable of obtaining atmospheric data over the altitude
interval from 40 to 140 km and may be able to intersect a portion of the
reentry corridor missions because of its greater range capability . How-
ever , this system is much larger and , more costly; consequently, It is
limi ted in the number of soundings that can be made to support a reentry
mission . The inflatable sphere system is relatively small and easily
handled ; therefore, a number of these units can be used to support a
mission. Another advantage is that atmospheric wind data as well as den-
sities are derived from the inflatable sphere, while the rigid sphere in

2

4 
_ _ _  _ _ _- V -~ 

- - - . r-r - ---—--— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— ~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -



its present configuration can be used to derive only density data. Den-
sity, however, is of primary interest to Air Force programs. The inflat-
able spheres are dependent on precision radar track for derivation of
atmospheric data, while the rigid sphere is not, since it contains an on—
board accelerometer for obtaining data. The rigid sphere does utilize a
precision radar track for altitude determination. However, a number of
precision radars are located at this site and can be used for the inflat-
able sphere track. The disadvantage of the present Robin system is that
measurements are restricted below an altitude of 90 km and the system
does not have the range capability to intersect the reentry corridor.
However, if the actua l horizontal variability of density does not exceed
5%, then the inflatable sphere system can still provide the required den-
sity measurements. Consequently, an experiment wi th inflatable spheres
was conducted to study the density variab ility over KMR. The results
from this study are of interest to both the Air Force and the Army.

INFLATABLE SPHERE SYSTEM

The inflatable sphere system, or Robin sphere, is an operational system
which is launched on a weekly basis from five Meteorological Rocket Network
[1] stations to obtain data from 30 to 90 km. The Robin sphere system
(Fig. 1) consists of the Super Loki booster motor and the Robin sphere
dart. The dart achieves an apogee of 115 km after being drag separated
froip the booster motor. At apogee the folded sphere is deployed and is
inunediately inflated by residual air and the release of i sopentane from a
capsule contained within the sphere. The fully inflated sphere is 1 m in
diameter and is constructed of rnetalized mylar which permits the sphere
to be tracked by radars as it descends towards the surface (Fig. 2). To
obtain high—quality density data , the spheres must be tracked by precision
radars equivalent to an FPS-l6 radar or better. At most of the ranges,
the density data are derived by using one FPS-16 radar. The requirement
for the prec is ion radar track of the sphere is necessary for the accura te
determination of velocities and acce lerations , especially above 85 km where
the small drag acceleration of the sphere makes accurate density me..sure-
ments more difficult. Wi th radars capable of greater accuracies and the
utilization of coherently derived range—rate data, the atmospheric data
above 85 km altitude can be improved ; and it may be possibl e to derive
accurate density data to approximately 95 km.

The Robin software utilizes the position data from the trajectory of the
falling sphere to compute density , and then pressure is derived with the
hydrostatic equation. Once density and pressure have been determined , the
temperatures are computed by using the gas law.

I
The Robin sphere reduction uses the followi ng equations to derive atmo-
spheric density. The equations of motion of the sphere are:
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where m = mass sphere, x, y = horizontal coordinate, z = alti tude, p =

atmospheric density , Cd = drag coefficient of the sphere , A = sphere cross—
sectional area , v = relative motion of sphere wi th respect to the air mass ,
and w = motion of the air mass relative to the earth. Dotted x , y, z co-
ordinates indicate velocity and accel erations derived from radar position
data and w with the designated subscri pt is the wind in the particular
coordinate.

From the equations of motion of the sphere, a set of equations for comput-
ing atmospheric densities is derived as follows:
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and assume w = 0, or that there are no vertical motions present in the
atmosphere.

An examination of these equations shows that precise position data derived V

from the radar are needed in computing accurate density data . A report by
Luers [2) contains a full description of the Robin sphere program and the
l imi tations associated with computing atmospheric densities. In its pres— :
ent operating mode, the Robin sphere system is capable of obtaining density
measurements over the altitude interval of 60 km to near 90 km wi thin ±5%. - 
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THE EXPERIMENT DESIGN

To study spatial and temporal variability, simultaneous launch of two Robin
sphere systems in opposite directions was initially planned to achieve the
maximum spatial separation. Additional soundings, 1 to 2 hours later,
would have determi ned the effect s of temporal variability. However, be-
cause of the operational constraints, It was necessary to modify the experi-
ment by launching in opposite directions with an unavoidable elapsed time
between soundings. This resulted in at least a 30-minute difference be-
tween sphere launches. Al though launches were made in opposite directions,
with maximum spatial separation between soundings, there was also a tem-
poral variation associated with each of the sets of firings.

Table I contains information on the launch times, di rections, and mi ss ion
success. Twelve Robin spheres were launched and tracked by the range
radars ( two MPS—36) on Kwajalein as well as the KREMS radars on Rol—Namur.
Two of the soundings did not provide useful data because of a premature

V sphere collapse. The table also indicates the time and distance differ-
ences between each of the successive soundings. The sample size of the
measurements availabl e for analysis is limited ; however, It is anticipated
that data obtained from later launcr~es can be used to verify these firstresults. The data used in this analysis were obtained by averaging the
derived atmospheric data from each of the MPS-36 radars which were made
available shortly after each of the missions.

In addition to an investigation of spatial and temporal density varia-
tions, data derived from the Robin program will be compared wi th data
derived from a program developed by Xonics which utilizes radar range
rate from the Al cor radar. A theoretical study by Xonics [3] determined
that the inflatabl e sphere could be used to obtain data to 100 km altitude
by utilizing range—rate data. This new program and the Robin program
will be used, and the data from the two programs will be compared. This
report is concerned only with atmospheric data obtained wi th the opera-
tional Robin sphere system; Xonics will analyze the various data reduction
systems.

DATA ANALYSIS

Density Prof iles

The density data from each of the soundings are presented in graphica l
and tabular form wi th the density values listed in Appendix A. The den-
sities are plotted as a ratio wi th the 1966 US Standard Atmosphere. The
utilization of the 1966 standard is an arbitrary choice which permi ts the
density data to be presented on a linear scale wi th alti tude, thereby
resulting in a finer resolution display of the data, The density data
from the first three series of launches are shown in Figs. 3a, b, and c.
In Fig. 3a both of the profiles show a similarity in structure throughout
the altitude interva l of 65 to 90 km. There appears to be a relatively
small—scale variation In density from one sounding to the other. The

b

— - V ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~ 

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V _ V ~~~~~ V - _ V__ ~_ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —



second series of launches (Fig. 3b) shows a similarity in the density
structure between the two soundings wi th the largest variation in the den-
sity ratios occurring between 85 and 89 km. Figure 3c is a plot of the
density ratios from the soundings made on 21 August. Again there are
similarities in structure between the paired soundings , with larger dif-
ferences noted between each set of paired measurements. Of these three
paired soundings the profiles obtained on 17 August (Fig. 3b) appear dif-
ferent from the other two sets at altitudes above 85 km. It was initially
assumed that this may have been a diurnal feature since this set was
launched 5 hours later than the other series. However, this assumption
does not appear to be consistent because these measurements appear to be
similar in structure to the first two launches on 31 August 1976 at 0112
UT and 0251 UT, indicating a random variation rather than one that can
be attributed to a tidal variation.

Figure 4a shows basically the same results as those obtained from the
earlier soundings. There appears to be an agreement in the overall ver-
tical structure with some variation at different altitudes. The density
ratios depicted in Fig. 4b are significantly different from the earlier
paired soundings. There is a similarit y in the density structure from
65 to 85 km; but in the altitude interval between 85 and 90 km, there is
a relatively large variation in density from one sounding to the other
with most of the variation restricted to altitudes above 85 km. This
indicated a significant change in atmospheric structure which will be
discussed later.

Temperature Profiles

The temperature data derived from the pa i red Robin spheres are shown in
Figs. 5a, b, and c; and the tabulated data from these soundings are listed
in Appendix B. These figures contain data derived from the first three
series of launches. These data are plotted with the 1966 standard atmo-
sphere as a reference for ease in viewing similarities between each of the
paired series. The temperature profiles shown in Fig. 5a indicate similar
structure and appear to be in genera l agreement. Figure 5b shows good
agreement between the paired soundings , with the biggest differences occur-
ring at 90 km.

An examination of Fig. 5c reveals similar temperatures between 65 to 78 km.
Above 78 km there is a difference in temperature between the soundings of
100 to 12°C. This indicates that changes have occurred from sounding to
sounding , wi th the changes taking place above 78 km. The first pair of
soundings from the 31 August series (Fig. 6a) shows that the temperatures
are generally in agreement except above 88 km. Figure 6b contains data
from the second series of launches on 31 August , and there is little dif-
ference in the temperature profiles from 65 to 80 km. Above 80 km there
is a large change in temperature. Again , the changes in atmospheric
structure are occurring above 80 km , while below this altitude there
appears to be, in most cases, little variation in temperature from sound-
ing to sounding .
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Density Variations

As pointed out earlie ’- in this report , the operationa l constraints placed
upon the program make it very difficult to determi ne density changes due
to spatial variabililty. However , if there was little density variation
between the paired soundings launched in different directions , and at
different times, then there is evidence that both spatial and temporal
variations are not a factor within the spatial and temporal confines of
the paired observations. If there are changes in density between each
success ive launch, the change could be attributed to either temporal or
spatial variation. Therefore, in the conduct of this investigation a
finding of little or no change in density between successive launches ,
though not launched s imultaneously, would indicate that spatial variation
is not a factor and the density from the Robin sphere would be represen-
tative of a general area or location , since time can also be equated to a
spatial variation. This assumption does not hold true if temporal and
spatial effects cancel each other.

For a valid evaluation of atmospheric variability , the magnitude of errors
in density that may influence the data must be examined . One of the fac-
tors to be considered is to what degree the data are affected by radar
noise. This effect was determ i ned by comparing the densities derived from
the MPS—36A radar wi th the densities derived by the MPS—36B radar track-
ing the same sphere. Results of this analysis are shown in Fig. 7 where
the error due to radar noise does not exceed 2%. The other error to con-
sider is the bias error which is caused by the type of filter used in the
Robin computer program, Luers calculated the m agnitude of the bias error
by simulation techniques [2]. The total error at various altitudes has
been computed from data obtained from these series of soundings and the
results are shown in Table 2. The total error varies between 2.0% and 3.6%.

The density variation between the paired soundings from the first series
as shown in Fig. 8a indicates variations of less than 4% except at 70 km
where the density ratio variation is 6.5%, and at 88 km where it is 5%.
The density variation over the entire altitude range in this series is
less than 4%, wi th time and horizonta l spatial differences of 52 mm and
94 km, respectively.

Figure 8b, the second series, shows two altitude intervals where the den-
sity ratio variation exceeds 4%. These intervals are at 86 to 87 km where
the variation is 7% and at 66 to 67 km where it is 5.5%. Otherwise, the
density ratio variation between the paired soundings does not exceed 4%.
Figure 8c, the third series, indicates the density ratio variation does
not exceed 4% with the exception of 5.5% at 82 to 83 km and 5% at 71 km.
In the later case , there was a time variation only, since the spatial
variation was less than 10 km at apogee. The density data from the sound-
ings on 31 August are shown in Figs. 9a and b. Launches 2011 and 2012
show fairly typical variations as previously observed in the data from
earlier paired measurements. The density ratio variation exceeds 4%
only at 90 km; otherwise, the variations in density are less than 4%,
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Figure 9b, the last series of this program , aopears different from the
earlier sound i ngs. In this case the largest variations in density between
any of the pa i red soundings is observed , indicating a large change in
atmospheric structure in the upper atmosphere. The change in the density
ratio at 65 km is. 5.5%. It is less than 4% up to an altitude of 81 km,
increasing to 6.2% at 83 km , then changing dramatically to a maximum in
excess of 18% at 89 to 90 km. These values are the largest observed in
any of the pa ired soundings.

The last pair of soundings indicates the occurrence of a disturbance
resulting in relatively large— scale changes in density especially above
80 km. These changes are more apparent when the densities from the 2011
sphere launch at 0155 UT are compared to the last launch 2016 at 0512 UT.
These two soundings indicate that the density structure had been altered
rather rapidly in time , with the largest variation temporal since there
was very little spatial variation between the soundings.

The rms density variation from 65 km to 90 km was computed for each pair
of observations and the results are listed in Table 3. For eac~ r~~ the
pairs of soundings , the rms density variation is less than 4% witr~ theexception of the last pair of sound i ngs where the rms variatio n in density
is almost 7%.

As mentioned earlier , the operational constraints prevented the design
of an experiment solely to determine spatial variability. However, it is
possible to show a composite of time and space variability and determine
whether the variability of both parameters is a factor. Figure 10 is a
plot of the density ratio between all the pa i red soundings. The plot
shows that the space and time variabilities are less than ±4% below
87 km, increasing to 8% between 87 and 90 km. Therefore, a conclusion
may be drawn that in terms of both space and time there are variations in
density but they are relatively small in scale and occu~ over small alti-
tude intervals. The large variations at the upper end of the profile are
attributed to the last two soundings , 2015 and 2016, where there appeared
large changes due to some type of atmospheric disturbance.

The paired soundings made near 0200 UT (200lA , 200lB , 2008, 2009, 2011 ,
and 2012) were used to analyze temporal variation in density to determine
what type of density variations occurred over the less than 1-hour time
period. Results of this analysis (Fig. 11) show very little variation
between the first and second soundings. The maximum variation , 5%, occurs
at 70 km, probably because of the Mach 1 transition in the sphere drag
coefficients. Therefore, in undisturbed conditions there is no large-scale
change in density over a time period of 1 hour or less during the time of
day of these particular soundings.

In an attempt to more clearly define if there are any effects due to spa-
tial variability , four of the launches were selected (2001A , 2001B, 2011
and 2012) where the first launch azimuth was made at 60° followed by the
launch at 240°. The data from these soundings (Fig. 12) shows that there
are no large differences in density due to space d4fferences.
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Figure 13 is a plot of the average density ratio for all 10 soundings
with the extreme values from these soundings. The average is not useful
for this investigation , but the range of values is because this represents
the envelope of extreme density variations. As depicted in this figure
the greatest variations in density occur between 85 and 90 km.

WIND PROFILES

The winds obtained from the several series of soundings are plotted in
terms of wind direction and total magnitude as a function of altitude .
Figures 14a, b, and c depict the wind direction measured from the first
three series of launches. These plots show that the wind direction re-
mains fairly consistent between each of the paired launches, but it can
change considerably between each of the different launch series. Win d
direction data from the series of launches on 31 August are shown in Figs.
15a and b. There appears the same consistency in the measured wi nd direc-
tion from each of the four series of soundings wi th the exception of the
altitude interval between 85 to 90 km and from 65 to 70 km. The wi ndspeed
measurements obtained from the first three series of launches are plotted
in Figs. l6a, b, and C; and again the same pattern is demonstrated as shown
in the plots of the wind direction, indicating a consistency between each
of the paired soundings and larger differences between each of the measure-
ments made on different days. The launch series on 31 August reveal a
large change in windspeed from 85 to 90 kin (Figs. 17a, b) and a somewhat
smaller change in wind magnitude occurring between 65 and 70 km, relative
to the wind at other levels.

CROSS-SECTIONA L ANALYSIS

To investigate the variations in the thermodynamic parameters over a period
of several hours, the measurements on 31 August were used to plot altitude-
time cross sections. Figure 18 is a plot of the density ratio of the indi-
vidual sounding to a mean density computation for altitude interval levels
of 3 or 5 km as shown on the plotted figure. This representation shows
how the densities changed at different level s in the atmosphere over the
test period. This figure shows that the largest changes in density occurred
at 90, 85, and 65 km. The cause of these variations is not known because
the changes are in excess of the variations one could expect over this
time period from strictly tidal effects. From this figure it can be shown
that wi th sufficient measurements the state of the atmosphere can be readily
defined within the confines of the measurement period. Related to the
change in density there appear changes In temperature throughout the mea-
surement period. These changes are shown in Fig. 19, a time-height cross
section of the temperature field. The significant features in the temper-
atures are the cold temperatures occurring between 87 and 90 km as observed
by the last sounding. This cooling coincides with a large increase In
density at the same alti tudes, Below the region of cooling , at 87 to 90 km,
a warming interval occurs between 82 and 85 km which appears to be a com-
pensating effect for the cooling above.
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To con~.~ete the investigation of atmospheric variations , the wind fieldwas plotted and is shown in Fig. 20. Here again the significant features
are the large variations in winds above 85 km. Below this level there are
some var iations in the wi nds during the measurement period, but these are
relatively small in comparison. In viewing the cross section of the den-
sity, temperature, and wind there appears to be a consistent pattern be-
tween each of the parameters. This is encouraging since densities and
temperatures are related through the hydrostatic relationship. However,
the winds are separate and independent from temperature and densities and
the data reveal a corresponding variation at approximately the same alti-
tudes. The occurrence of these features indicate the atmosphere can change
rapidly over a relatively short period in the mesosphere. The sources of
these changes remain a difficult probl em to pinpoint directly, but the
magnitude of the changes exceeds the normal diurnal tidal infl uences and
the observed variations could be due to gravity waves which reached these
level s at some other point and have been horizontally propagated to the
measurement region.

The region of the atmosphere between 70 and 100 km is relatively unexplored
compared to the region below 70 km where rocketsondes have been used exten-
sively. However, there have been studies by Theon and Faire [4,5] which
indicate that there can be large short-term variations in thermodynamic
parameters between 90 and 100 km.

CONCLUSION

The data obtained from these series of Robin sphere soundings indicate
that the variation in density due to temporal differences of an hour or
less and spatial differences of 100 km does exceed an rms value of ±4%,
with the exception of shallow al titude intervals (1 to 2 km) where the
variation can be as large as 6% to 7%. These figures are slightly above
the calculated system errors which vary from 4.2% at 90 km to 2% at 65 km.
Though there appears to be no large—scale variation in most of these sound-
ings , the last soundings (2015 and 2016 on 31 August) indicate a licge
variation of density above 85 km. These rapid changes In atmospheric
structure above 85 km are indicative of gravity waves which can alter
atmospheric structure and are known to occur randomly since their sources
are varied.

The poss ible sources of gravity waves are many, such as the jet stream,
aurora, orographic features, and instabilities at tropospheric heights.
Therefore their occurrence is impossibl e to predict.

With the possibility of relatively large changes in density above 85 km,
the requirement for accurate density in the reentry corridor becomes more
dependent on the temporal variation rather than spatial variations since
the velocity of the gravity wave can be greater than 900 km per hour. This V

woul d lead one to propose that the density measurements be made in the
order of tens of minutes prior or after the reentry mission , and have the
sounding traverse the reentry corridor. In lieu of this , one coul d launch
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Robin spheres before and after each mission to insure that there have been
no large—scale changes in density. In the event there are changes, the
density measurements could be scaled to closely estimate the actual density
measure menV dur ing the reentry mission. The conclusions drawn from this
study are tentative at this point. Since the sample size is limited and
the data utilized in this study were from the MPS—36 radars, it would be
very useful to perform a similar type analysis , utilizing data from the
Al cor radar , a more prec i se radar , and the new range-rate program, which
has a finer vertical resolution. However , with the addition of more data
from the various mission support rounds, the results found in this inves-
tigation are expected to be verified , especially in regard to measurements
above 80 km where there appears to be evidence at times of large-scale
changes in atmospheric structure. Data from support missions and data
obtained from projected routine soundings can be used as a data base for
determining atmospheric variability at these higher altitudes.

The requirement for precise atmospheric data becomes urgent when it is
understood that due to large cost involved in each of the individual
tests, the tests cannot be repeated to statistically evaluate the various
error sources. Rather, measurements have been made to completely define
the reentry performance , reducing the error in the ground-based sensors
and defining the error due to the uncertainty in atmospheric conditions.

11

4 
___________________V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V V~~~

V _
~~ V __V~ _____ ~V _ V_ _ V___  __ V_-V - — — -

V V



REFERENCES

1. RCC Council Meteorological Workin g Group - Meteorological Rocket
Network 111-42 (1964).

V 

2. Luers, James K., 1970, “A Method of Computing Winds , Dens i ty, Temper-
ature, Pressure , and Their Associated Errors from the High Al titude Robin
Sphere Us ing an Optimum Filter ,” Uni versity of Dayton Research Institute.

3. Martin , L. R., and T. Azzarelli , 1976, “Utilization of Coherent Radar
for Determination of Atmospheric Winds and Density,” Xoni cs TR—OOl ,
Xon ics , Los An geles, CA.

4. Theon et al,, “Some Observations on the Thermal Behavior of the
Mesos phere,” J .A tmos. Sci. 1967.

5. Faire et al., “Anomalous Mesospheric Temperatures Observed at White
Sands Miss i le Range , New Mex ico ,” COSPAR XII , 1969.

I

12 

— V



l5~~~~ C
~~ l,.

U C’~~C~) 4.) ~~I 0Q) In .C C’) .
~~ DI

Ill ill 0. 4-) 0 C0. ~~- 
~~~~~~ ~ e ;10 0 CO IC

In .— 4) ,,
In 0 0 0 U C  Z 10 in
.~~ 4J~~~ U U 1 0 1 0  0 E1._O C~~ 4.) I~ DI 4)

I .C 1. 4.) 0 .0 C
0 0 0 Q) 0  5 >  •1~U . C —  C .C —  0 % -  0 .~~ ~~in 0.’- ~ O..- ~~W > U 0.C u, U1 l5 IS UI I5 C li) 1.. IS C

> 0  10 1. iS
10 C ’ Ii) 4-) .0
%- .%J 4.) 1.4.) .~~

~~CO 4-) C DC 4) C 10 IS CD CD ‘0 ‘0C’) — ~~ 1’) 1. C’) C’) C’) C’)
15 )4 )  I I I
4) Cl) I.) In Cd) Cl) Il)

1.10 0 . I S 0  0. 0. 0.
& 0~~~~~U~~ X

U

C IC

~~ 

-

~~ .
~~ I 15 I I 0 S 0 I I 0% I 10

I 0% 5 I . I S I 0 I
V —

‘a
‘a
0.Cd)

~~ 
I C’) , I D I I  0

~~ C S 0% I

4,
0.

C-
‘a

—
~~ — DI N 15- N 0 0 0 0
4-) ~‘) N I’) C’) C’) C’) C’) C’) C’) CC)

~~‘ — I ‘~~. •-~ ‘~~ C — — —0 0 0 0 S 0 0 0 0
0’. DI 01 0% 0% 0% 0% 0’.z

C O O0I—
Cd)
z
‘a0
U,
‘a

1. 1.. 1. )
~4, w

-~‘~0

-J 1. ~ I I _  _  _  _

‘a in

0- 1 0  ‘.00
0 I 0 D  S O D  S O  S O  S O  S O  S Oj,8 J,8 J 1  J 8  J~ ~ -

~ a 0 0 0 0 0 0 0 0
~~ — ID ID 15~ 15~ 15. 15. CD 15’ 15’ ‘.0N C’..) C’.) N C’.) N N

I’) C’) Ii) . C’..) N
m 0 1 0  I A 0~~~~~~~.- N CO t I’-’ — N C’) — (‘.1 * U)

C- 0 0 0 0 0 0 0 0 0 0 0 0

0’ DI DI DC DI DC DI

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘C’U - 4? 
—0 CM 50 10C .0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
§ 

~~-j ~~ N N CC) N C”.) N N C’.) N I”.) N N

13
4 -  ~~~~~~~~~~~ VVV * V • _ _ _ _  _______________V _ _ _ _ _ _  V V~~~~~~~~~~ V

—- - -~~~~~~~~~ 
V



TABLE 2. PERCENT RADAR ERRORS

Al titude (km) Noise Error * Bias Errur ** Total Error

90 2 4 4.2

85 2 3 3.6

80 2 —1.5 2.5

75 2 — l 2.2

70 2 —l 2.2

<70 2 0 2.0

*No,~~ e.vw’~. L~ empA~i.Lc.oJ1y compwted ~‘wm ‘uzda.’uo tiuictu~ng the. 4aine. .6phe/ie.

e/c.-to/~ £~s titeo ’te.t~c~J2y compwted by u-tALLzAng 4AmuLo~t-Lon ~~~hn~.qae~wLth RobJ.n compwte~’t p~wgn..am6 (Re d 1).

TABLE 3. DENSITY VARIATION

Paired Series RMS Density Variation

2001A — 2001B 3.2

2003 — 2005 3.5

2008 - 2009 3.3
I

2011 — 2012 2.6

2015 - 2016 6.9

I
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APPENDIX A. ATMOSPHERIC DENSITIES

KWAJALEIN MISSILE RANGE ROBIN SPHERE AVERAGE DENSITY VALUES (g/m ~)

Altitude(klll) 2001A 2001B 2003 2005 2008

90 0.00370 0.00359 0.00297 0.00308 0.00396

89 0,00447 0.00425 0.00377 0.00379 0.00459
88 0.00525 0.00501 0.00475 0.00457 0.00516

87 0.00605 0.00588 0.00586 0.00549 D.00579
86 0.00686 0.00684 0.00709 0,00665 0.00666

85 0.00785 0.00803 0.00847 0.00809 0.00787

84 0.00918 0.00949 0.01003 0.00983 0.00950

83 0.01104 0.01120 0.01171 0.01174 0.01146
82 0.01326 0.01331 0.01352 0.01386 0.01390
81 0.01600 0.01607 0.01563 0.01614 0.01667
80 0.01938 0.01951 0.01828 0.01863 0.01984

79 0.02308 0.02349 0.02157 0.02150 0.02319

78 0.02691 0.02782 0.02544 0.02502 0.02676

77 0.03129 0.03201 0.03016 0.02929 0.03098

76 0.03565 0.03696 0.03605 0.03492 0.03540

75 0.04130 0.04257 0.04289 0.04180 0.04082
V 74 0.04797 0.04933 0.05086 0.04990 0.04685

73 0.05547 0.05702 0.05847 0.05885 0.05452
72 0.06387 0.06591 0.06742 0.06913 0.06410
71 0.07269 0.07587 0.07820 0.08190 0.07480

70 0.08395 0.08607 0.08948 0.09012 0.08606

69 0.09441 0.09889 0.10492 0.10578 0.10070

68 0.~0997 0.11402 0.11781 0.11466 0.11682

67 0.12357 0.12535 0.13242 0.12540 0.12923
66 0.14485 0.14649 0.15335 0.14604 0.14917

65 0.16914 0.17333 0.16874 0.16817 0.16793

Altltude(km) 2009 2011 2012 2015 2016
90 0.00383 0.00298 0.00313 0.00290 0.00368
89 0.00444 0.00371 0.00380 0.00341 0.00417
88 0.00514 0.00466 0.00460 0.00411 0.00472
87 0.00598 0.00580 0.00559 0.00506 0.00537
86 0.00693 0.00706 0.00678 0.00623 0.00624
85 0.00807 0.00842 0.00824 0.00765 0.00742

84 0.00948 0.00984 0.00994 0.0094 5 0.00893
83 0.01114 fl.01146 0.01177 0.01143 0.01074
82 0.01319 0.01353 0.01381 0.01363 0.01287
81 0.01581 0.01604 0.01615 0.01609 0.01546

80 0.01901 0.01898 0.01892 0.01889 0.01862

79 0.02262 0.02233 0.02224 0.02208 0.02214
78 0.02655 0.02614 0.0259 7 0.02578 0.02622
77 0.03115 0.03082 0.03078 0.03056 0.03105

16 0.03602 0.03592 0.03607 0.03609 0.03675
15 0.04 178 0.04232 0.04312 0.04306 0.04311
74 0.0484 1 0.04927 0.05108 0.05141 0.05104
73 0.05598 0.05758 0.06016 0.06045 0.05962
72 0.06593 0.06819 0.07060 0.07092 0.06937
71 0.07863 0.08001 0.08212 0.08195 0.08178
70 0.09019 0.09041 0.09244 0.09213 0.09352
69 0.10446 0.10521 0.10758 0.10647 0.10790
68 0.12120 0.11658 0.11908 0.12039 0. 12243

67 0.13430 0.12877 0.13270 0.13362 0.13749

66 0.15202 0.14665 0.15197 0.15222 0. 15737
65 0.17207 0.16520 0.17022 0.17183 0.18184
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APPENDIX 8. TEMPERATURES

KWAJALEIN MISSILE RANGE ROBIN SPHERE AVERAGE TEMPERATURE VALUES (~K~

A lt itude(km) 2001A 2001B 2003 2005 2008

90 186.0 189.0 200.5 178.3 144.5
89 184.0 190.0 187.0 175.7 155.5
88 187.5 192.0 177.5 175 .7 170.0
87 193.5 194 .0 173.5 176.7 182.5
86 201.5 197.0 173.5 175.3 189.5

85 207.0 199.0 175.5 174.3 190.5
84 208.0 198.0 178.5 173.7 188.0
83 203.0 199.0 184.0 175.7 186.5
82 199.5 198.0 188.0 179.3 183.5
81 195.0 194.0 195.5 184.7 183.5
80 191.5 190.0 197.5 191.0 184.5
79 191.0 188.0 198.0 196.3 188.5
78 195.0 189.0 198.5 199.3 194.0
77 198.0 193.5 197.5 201.0 199.0
76 205.0 198.6 196.0 199.0 205.0
75 208.0 203.5 195.0 196.3 208.5
74 210.0 206.5 195.0 195.0 213.0
73 212.5 209.5 201.0 196.0 213.5

72 215.5 212.0 205.0 197.3 212.5
71 220.5 215.5 207.5 201.3 213.0
70 231.5 221.0 212.5 210.7 216.0
69 227.5 223.5 212.0 210.0 215.5
68 226.0 225.0 220.5 226.3 216,5

67 232.5 237.0 227.0 238.3 227.5
66 229.0 233.0 227.5 235.3 228.5
65 227.0 227.5 238.5 235.5 234.5

Altltude ( Iun) 2009 2011 2012 2015 2016

90 172.5 215.5 186.5 201.0 166.0
89 180.0 202.5 184.0 202.0 176.5
88 185.5 190.5 181.5 197.0 187.5

87 190.5 183.0 180.0 190.5 196.0
86 195.0 180.5 178,0 184.0 199.0
85 198.5 181 .5 176.5 179.5 197.5

84 199.5 186.0 176,5 175.5 194.5

83 200.0 190.0 179.5 175.0 192.0
82 199.5 192.0 183.5 177.0 190.5

81 197.0 192.5 187.5 180.5 189.0

80 194.0 193.0 191 .0 184.5 187.0
79 193.5 194.5 193.0 188.5 187.5
78 195.5 196.5 196,0 192.5 189.0

77 197.5 197.5 196 .0 192.5 190.0
76 201.5 200.5 197.5 193.5 191.0 V

75 204.5 200.5 196.0 193.0 193.5

74 207.0 203.0 196.0 192.0 194.0

73 210.5 204.0 197.0 194.0 197.0

72 209.5 203.5 199.0 196.0 200.0
71 206.0 204.0 202.0 200.5 200.0
70 211.0 212.0 210.5 209.5 206.5
b9 212.5 212 .5 211.5 212.5 210.0
68 214.5 223.5 223.0 219.5 216.0

67 225.0 234 .0 232.0 229.0 224.0
66 230.0 237.5 233 .5 232.5 227.0

V 65 234.5 241.5 240.5 237.5 227.0
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APPENDIX C. WINO SPEED AND DIRECTION

KWAJALEIN PIISSILE RANGE ROBIN SPHERE AVERAGE WIND VALUES

2001A 
- 

2001B 2003 2005 2008

Altitude(km ) 
~25!~. 

Direction ~~~~ Direction 
~~~~ 

Direction ~ p Direction 
~~~~~~~~ Direction

90 41 222 21 214 31 175 2 7 151 70 22

89 39 207 33 192 37 291 21 138 65 31
88 39 195 43 182 50 279 21 285 60 42
87 39 185 50 178 58 271 31 285 54 51

86 37 180 52 175 61 21 4 40 282 48 64
85 34 181 49 175 62 259 45 279 44 79
84 31 183 43 1 76 61 253 47 275 43 96
83 27 185 35 178 58 249 47 271 44 112
82 22 189 28 181 52 247 46 266 46 126
81 17 198 20 189 46 239 44 260 47 138
80 12 207 13 206 38 233 40 252 49 147

79 8 226 9 242 30 226 35 241 50 152
78 7 271 1 2 277 22 214 30 227 50 155
77 9 305 17 275 14 192 26 209 48 154

76 14 315 21 285 10 145 23 187 45 152

75 20 309 25 288 13 95 22 165 41 1 45
74 24 318 28 288 20 73 20 144 36 135
73 28 31 5 30 288 25 60 16 120 33 121
72 32 312 32 288 2’ 46 12 79 30 105

71 33 312 32 290 28 30 15 27 27 89
70 29 316 29 296 28 11 23 354 21 74
69 23 337 23 213 27 347 30 338 14 54

68 22 13 19 352 27 320 31 324 7 179

67 27 40 24 30 27 302 24 316 11 292
66 27 48 29 44 23 303 12 322 21 285
65 21 53 28 45 14 333 6 40 29 289

2009 2011 2012 2015 2016
Alti tude(kji,) 

~~~~ 
Direction ~ Direct ion ~~~~ Direction ~~~~ Direc t ion ~~~~ Direction

90 61 39 14 76 14 1 78 48 1 83 72 15
89 60 40 10 108 17 16S 32 349 53 9

88 57 46 10 133 18 154 18 326 34 184
87 50 53 12 133 21 136 9 271 16 181
86 44 64 18 123 26 118 12 187 7 169
85 40 77 26 115 33 107 23 156 13 151
84 36 91 34 108 42 99 32 140 22 142
83 35 106 42 103 49 94 42 130 29 132
82 36 119 48 100 55 91 49 122 37 122
81 38 130 52 96 59 88 54 115 43 114
80 41 137 55 94 62 87 58 108 48 107
79 43 141 58 93 62 86 59 101 51 100

78 44 143 58 93 61 84 58 95 S2 94

77 43 143 55 93 57 84 55 88 5 1 88
76 40 139 50 93 51 83 49 81 47 82
75 36 133 42 92 42 81 42 69 41 71
74 32 123 31 93 31 79 32 56 31 70
73 28 108 17 93 18 72 24 35 20 54
72 26 88 4 67 7 28 18 359 11 9
71 24 69 14 292 11 297 18 324 13 309
70 20 51 24 292 20 279 18 300 16 284 

V V

69 13 33 29 297 22 268 13 268 14 262

68 6 344 25 299 18 256 11 222 11 235
67 9 262 JDP 304 15 253 12 207 9 241
66 15 263 14 315 15 273 12 254 10 290
65 22 274 12 327 17 288 16 286 18 311
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