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INTRODUC TION

In response to a request from Ballistic Missile Defense Advanced Tech-
nology Center (BMDATC), a program to measure the atmospheric parameters
of temperature and wind in real time was initiated at WSMR, New Mexico.
The requirement was to determine the feasibility of making the measure-
ments in near real time by using ballistic sphere techniques. Near
real time for this purpose is defined as collecting the required data
between 5 and 50 km altitude within 15 minutes of an initial command.
The ballistic sphere is a passive device deployed from a meteorological
rocket and tracked by a ground—based radar. Data are derived solely
from the radar position information recorded during sphere descent.

THE BALLISTIC SPHERE

For approximately 15 years inflatable spheres deployed from meteorologi-
cal rockets have been used to measure atmospher ic winds and tempera ture
and to derive density and pressure between 30 and 90 km altitude. In 1972
the Meteorological Rocket Network [1,2] started a routine sounding program
at five locations using a 1—rn inflatable sphere deployed from a Super Loki
rocket system. Data accuracies vary from 2 percent rms between 30 and
80 km to 10 percent rms at 90 km altitude. Uncertainties are caused pri-
marily by radar noise and computer program filtering bias. The computer
program devised by the University of Dayton Research Institute (IJDRI)
under contract to Air Force Geophysics Laboratories (AFGL) [3] (formerly
Air Force Cambridge Research Laboratories) uses equations of motion , an
initial assumption of temperature , measured drag values, radar da ta, and
hydrostatic equations to calculate the atmospheric parameters . The theory
and discussions of accuracies are covered in the cited reference. The
simplified equations used in the computations are as follows:

Density

2m (g —

~~AV (
~ 

— w )
d z

where m mass of sphere , g gravity (vertical) ~~, ~ = vertical velocity

and accelera tion of sphere , Cd drag coefficient , A = sphere cross sec-

tional area , V — velocity of sphere with respect to the atmosphere , and

w — vertical wind velocity .

Wind

W =~~~ -i~i-—-, W =~
_ a-_

x z—g y z—gz z

V .



W and W are wind veloc ity in the X and Y direc tions and x , x, ~~, and y

are sphere velocity and acceleration in X and Y directions.

Pressure

P. = 1’

~~~
_

~~ 

+ .f~ i pgdz
i—l

NOTE: An in i t ia l  pressure P is computed f rom an in i t ia l  tempera ture

es t ima te  by using the  equation

P = T p  R
0 O O

~~j
a

where R is universal gas constant;  
~
‘1a is molecular wt of air.

Temperature

T PMa
Rp

For the BMDATC requirement a new set of sphere criteria had to be devised.
The sphere size had to be on the order of 0.1—rn diameter so that it would
fit into an existing rocket. The mass and diameter had to be calculated
for proper rate of fall. The relationship between Mach number , Reynolds
number , and drag coefficient had to fit the altitude region between 5 and
50 km. To achieve these goals, theoretical trajectories for several
spheres were computed , and a 0.1—rn, 0.100 kg candidate was selected (Table
1) as opt imum .

Table 1 is broken into five sections. Section 1 lists the altitudes at
which the sphere has vertical accelerations of —7 and —3 msec - , the alti-
tude band of vertical velocities greater than Mach 1, and the altitude at
which the Reynolds number exceeds 2 x iø~ . It is at this point that air
f l ow aro und the sp here becomes turbulent. Derived thermod ynamic da ta is
degraded. Section 2 tabulates time of fall in various regions of the
trajectory. Section 3 is a computation of temperature errors caused by
assumed vertical motion of the atmosphere. Section 4 describes one—sigma
crrors of temperature at various altitudes caused by radar noise. Section
5 lists the theoretical temperature biases errors at 55, 50, and 45 km.

FLIGHT TESTS

Two sphere sizes were used during this program : a 0.12 m and a 0.1 m.
The former was utLls 7 .s’1 because it was readily available, while the
smaller sphere had to be f~jbricated to order. Fortunately, a l a rg er

4
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TAbLE I

111)3 1 I I  I TRA,IECTIIRY I IIAIV,CTFII i SI III
III 0 .1 — r SI ’IIERI) !II l’LI)Y( 1 AT NI) II ALT ! 10k

100 K F . i r  150 I .~~ . 20(1

1. A lt for ; = — 7 r n / s  ‘ 1 .73 km 1 .18 km Y .9 km

Alt for z —3 mIs 65 ,12 km ‘~..75 km 5 1 .23 km

Alt band i t  1’ . , m’ ) km 1 .15 km ‘ . 15  km
Mach No . ~l 78.1,) km 79 ,1, ..’ km 75.~’2 km

Al t for turbulent f l u  < 100 c ‘ , , 1 km -. .1 km
Re No. 2 x 10

2 . Time of fall 50 to 20 km 2 mitt .7 3  a 1 mitt 59 S mm .23 s

Lr1~ of f a l l  50 to 10 km 1 ~~~ IS a .2 mm .1 a 4 mi tt 8 a

Time of fall apogee to .2 km 10 m itt I) 8 mitt 31 a 7 mm 44 S

Time of fall 50 km to 9 mitt 33 s 7 mm 57 s 1, mitt 21 a
Re No , > 2 tc IO~

u p error at 50 km for I . u 1 K 1. 710”K I ~12 4  5

~ica1 wind ,‘f 2 rn/s

yam 22 1 mIs at 40 km 1.21,9 K 1. ’ ’ 1 3°K (1 . 9 1 6  K

~am .1 rn/s at II) km 3 .  39 N (1 ,171 K I S 77~ K

:7 from .N = .1 m/s at 20 kr .556 5 (.269 K 0.399 K

1 from :5’ .1 u.s at 20 km 1 .1S t’  5 )~~l) , I )  N I).701°K

1st iu’a ted l’mp err ,’r due
to radar noise

- r ~~ km ....78 K  .9)7 K 2.307°K

T 50 km 1 . 99) 1 .1 8)1 5 1. 267 ’ K

40 km ( ( .51, 1 !  K .712 K 0 67o ‘K

30 km I . 2 1 7 u  ‘ I2 1.247 K 1.129 K

• °T 20 km .1 . qI,7[N ‘ . 290 u K 2 . 1 8 5 °K

T 10 km l- ,(1~~,9() 5 . 1 1 ) ’  5 4 .622 5

2. 7, ru,ture 7 .t., K at 55 km 9.79 K at 55 km
b ia s  orror 5. (I K . , r  30 km K at 50 km
estimation 2.1, - K at 11 km 2.07 °K at 41) km

•
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rocke t, the XM75 [4], was available at the beginning of the tests, and
no program delays were encountered.

The sphere was made of two—piece thin—wall spun aluminum , welded at the
equator. It was mounted on a lathe and turned in two directions to give
a final diameter tolerance of ±.13 mm and a medium polished surface smooth-
ness. Two molded plastic pieces were placed fore and aft of the sphere ,
and the assembly with appropriate spacers was loaded into the rocket s
(Fig. 1). The rocket was launched at a quadrant elevation of 80° and
reached altitudes of 60—70 km (Fig. 2). At that point a 110’-second

pyro techn ic  delay detona ted  a small explos ive  charge  and t he sp here was
ejected in to  tile a t m o s p h e re .  Radars acqui red  t h e  sphe re  and t r a c k e d  i t s
descent to impac t  11 t~’ 13 m i n u t e s  l a t e r .  Ra te  of f a l l  reached 500 rn/ sec
at 55 km (F ig .  3 ) .

Severe radar  a c q u i s i t i o n  problems were  encoun te red  on a lmos t  every mis-
sion. The number  of pieces e j ec t ed ’ at expulsion var ied  f r o m  t h r ee  to
four depending on t h e assembly configuration , and proper identification
of t i le  sp here  was d i f f i c u l t .  The FPS—l 6 and !~~S— 36 r ada r s  at WSMR did
not have d i s c r i m i n a t i o n  c a p a b i l i t y ,  and op e r a t i o n  judgment  was the  only
so urce  of t a rge t  se lec t ion  ava i lab le .  M an y v a r i a t i ons  of assembly tech-
niques , mu l t i p le r ada r assignments , and multi ple target assignments were
t r i ed , b u t  a c q u i s i t i o n  of the  sphere  remained a problem t h r o u g h o u t  the
program.  A number  of spheres  were f lown where  l i t t le  or no d a t a  were
recorded . This  p rob lem should be v i r t u a l ly  e l i m i n a te d  when d i s c r i m i n a -
tion radars are used .

RADAR ERRORS

~n 8 December 1975 , th ree  b a l l i s t i c  spheres of a p p r o x i m a t e ly  135 g mass
and 0.12 m d iameter  were  l aunched .  The t h ree  launch e i - i  were  t r acked  by
four  radars : three  FPS— 16 and one MP S—36 r a d a r .  The FPS— 16 r ada r s  are
desi gnated b y the  numbers , Rl 12 , Rl13 , and R114; anti the  MP S—3 6 is R354 .

Radar  t r a c k i n g  a c c u r a c i e s  were  c a l c u l a t e d  f rom  t i le  ‘~ Decemb er  f l i gh t s
• where  fou r  radars  were  used to s i m u l t a n e o u s ly  t r a c k  each sp here .  Tile

s t anda rd  d e v i a t i o n  of the  e r r o r  in range was e s t i m a t e d  by d i f f e r e n c i n g
the ranges f rom two radars . Assuming tha t  t h e  radar er r or s  ark:  indepen-
dent  and of equa l  va r i ance , the  s t anda rd  de.viat ion o l  t h e  d i f fe r e n c e
be tween  range values divided by the square root of 2 is an estimate of
the  one—sigma slan t range error f o r  each r ada r .  Table  2 shows the one—
sigma e r ror  in range , a z i m u t h , and e l eva t i on  u s i n g  var ious  c o m b i n a t i o n s
of the  radars . prom th i s  t ab le , the following conclusions can be made .
The FPS— 16 radars  pe r fo rmed  as expected  w i t h  regard  to s l a n t  range  t r a ck - -
ing errors of 3 to 6 rn. However , tile a z i m u t h  and elev,mt ion error s are
th r ee  to f o u r  times as l a r g e  as observed in t r a c k s  of l a r g e r  1—rn sp heres
[3]. Tile MPS— 36 r adar  exh ib i t s  somewhat larger tracking errors than the
FPS— lE r a dar . ~everthe lc !ss  as w i l l  be’ seen - i t e r , thc ~ PS—36 r a d a r  is of
s u f f i c i e n t  q u a l i ty  to p rov ide  reasonable  accuracy in  t e m p e r at u r e  and wind
measurement s  f r o m  the b a l l i s t i c  sp here . li lt ’ significantly hig her  e r r o r s
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F l i ght and Ilad.rm so 5, ,o 5u . )  Sm O N,,, ‘ ‘,

Flight 722 75. II ) ~ .“9 ‘.59 ..Il8 ‘.1 ‘.5, 2 .1 3
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in azimuth and e l e v a t i o n  f o u n d  I f i  t i l t .’ Fl ’ s—lb  t r acks  of t he  s m a l le r  bal-
l i s t i c  sp heres required a c o n s i d e r a b l y  l a rg e r  smoo th ing  in t e r v a l  to he
used in ti le data  p rocess ing  t h a n  fo r  r e d u c t i o n  of 1—rn sphere  d a t a .  Thus
the computer  p rogram p r e v i o usly  USt’S! f o r  t h e  1—rn i n f l a t a b l e  s p h e r e  was
comp le te ly  revised , and a new concei t of data t r e a t m e n t  was devised w h i c h
reduced program biases.

DAT.\ REDUCT 1Oi~

The Ballistic Sphere Data Retluct ion Progr;n’~ (BSDRP ) uses radar input of
s lan t r ange , az i m u t h , and e levaL Ion angles at time increments of 1/ l() of
a s e c o n d  to p r educe  at n r o sp i le  r Ic 17k ’ : l s lu r e r I I n t 5 0 1  ‘.~‘ i ntis , t e mp e r a t  u r e  , d e n —
si tv , and p re s su re  f o r  that le g i o n  of  t h e  . i t : ’ 1 i ’ s p  crc’ h e t l . e s ’ n app l’ o x i I n ; l t ~ ’l ’ :
2 and 50 km. tt was des i ,grt.’d to be used either on ;u r e a l — t i m e  c o m p u t e r
system or ‘..‘rth batch process. ing. ~!len u sed  on a real—ti ‘14 ’ c o m p u t a t i o n a l
, v s te r , o u t p u t  s h o u l d  lag radar comput er input by less t h a n  1 minute.

Scme of ti’i e features of  t h e  p r o g r a m  .urt. as 10111145 : Tile program emp loys
quadratic smoothing t o  o b t a i n  t u e  v e l o , ’i t i e s  and accelerations needed t o
solve t o t .’ e q u a t i o n s  of mo t ion  and o b t a i n  at m o sp ie ’r I c  m e a s u r e m e n t s .  T h e
number  of d a t a  p o i n t s  uscd in the  q u a d r a t i c  s m o o t h i n g  is an i npu t  param-
et e r  of t i le  program and can be v ar i e d  at t h e  d i s c r e t i o n  of the user , de-
p e n d i n g  on s i z e  and mass  o f  t h e  sp here . For applications of t i l e  0 . 1 2 — n ! ,
l35—g b a l l i s t i c  sp iuer ei ’ ;  w i t h  t r ack i ng  by an F P S — l e  r a d a r , 63 d a t a  p o i n t s
were used in the data procesl ing. The BSDRP also provides the option to
effectively increase the smooth.ng interval at two specified altitudes by
successively doubling the  t ’ m e  iu1~ erval. This is achieved by averaging
consecutive data points. Thus, the number of data points used in the
smoothing remains the  same throughout the flight , but the time spacing
between data points increases by a factor of 2 each time the smoothing
interval is doubled . In the  case of the 0.12—rn ballistic sphere with
FPS—l6 radar tracking, the smoothing interval was expanded at 25 km and
10 km to maintain a noise error in temperature of less than 2 degrees over
the entire altitude r an g e .

Another feature of t i l e  t .ol I istic sphere program is t h e  removal of bins
errors res ulting from 51730(ltiliflg. This removal rio achieved as follows .
T u e  initi al ~~05 L t i o n  md veloc ity of t i l e  h a l l  lo t I c sphere was calcu-
la ted  f r o m  tile radar data shortl y after apogee. From these initial con-
ditions a tiieo ret i c 1 u l  s ph e r e  t r nj e c t o r v  r’.is gene r a t  cli  b’.’ assuming the
sp h e re  f e l l  i n  t i l e  l~ ) ( l 2 S ta n d . i r d  A t m o s p h e r e  w i t h  no w i n d s  p r e s en t .  This
t h e o r e t i c a l  p r o f i l e  was  then  t r l , i t e d  as I t re)’rcsl ’nted radar coordi—
n ;i te s .  The N—point qii ;id r i tic smoothing was  used to g e n e r a t e  a t m o s p h e r i c
parameters of winds , Lemperat ure , densit y and pressure. Any di fferences
between the c o m p u t e d  p a r a m e t e r s  and t h e  l°h2 ~‘tand;3rd Atmosphere ~ i ltii ~s
represented 1) 1 2 1 5  lfl ti l e m e2u’Iu jemt .nts due t o  50)7~ I 43 0 11 1 g .  ‘111325s ’ d i f f e r e n c t ’s
in densi ty , tempi’ r .it .ure . and w i n d s  wer e .s t ’ ~ ’ cd i u ~ a ‘las correction array .
Bias errors in  p r l ’s s l lr e  w e r e  n o t  s t o r e d  S t i l l ’ s ’  using the iti ,’;u] gus law , prs’s’
sure can he d e t e  rmi ned d i  r o e  t ly from tempt ’ not urs ’ and dens  it v mea su  r en i e l l  to
A f t e r  g e n e r . u t i o n  . 1 t h e  b i a s  cor  r I ’ -  t i o n  t . I I ’ l e , p u a - c t ’soi ng of the radar
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data continued. Radar data were processed by the ball ist ic sphere pro-
gram to provide calculations of winds, density , temperature, and pressure
at time increments of 1 second (two seconds after the smoothing Interval
was expanded). Corrections were then applied to this biased data by
determining from the bias correction table the proper correction for the
specified altitude. Subtraction of this bias from the BSDRP calculation
provided an unbiased estimate of the atmospheric parameters.

Another feature of this program is its ability to remove the often ob—
served unreal temperature perturbation when a sphere penetrates Mach 1.
This fictitious oscillation results from an Inability to accurately cal—
culate the drag coefficient as it passes through Mach 1. The bias error
correction technique employed in this program effectively removes this
oscillation.

The program also provides an estimate of the noise errors in the computed
values of winds, tempera ture , dens ity,  and pr essure by assuming indepen-
dent radar errors in range of 5 m and in azimuth and elevation of 0.4 mil .
These radar error estimates were obtained by differencing coordinates
from dual FPS—16 radar tracks of the 0.12 m ballistic spheres.

The BSDRP ballistic sphere program was designed for use with the CDC 6600
computer but was adapted to the Univac 1108 computer at WSMR. During
flight tests, radar data were transmitted to a central recording facility
and recorded on a packed magnetic tape. Tapes were then used with the
computer program to produce a data list. Delayed time processing of
15—20 minutes from launch time was successfully accomplished .

With each firing, or se t of f i r ings , a conjunctive radiosonde (RAOB) and
rocketsonde (ROCOB) observation was made. The radiosonde ascended on a
balloon and measured temperature , pressure, and winds between the surface
and 30 km. The rocketsonde descended on a parachute and measured temper—
ature and winds between 65 km and 25 km. Comparisons were then made be-
tween data collected from the ballistic sphere and the independent tech-
niques. Comparisons were also made between the various radars tracking
the same sphere. Because of operational constraints a time and space
variation existed between the conjunctive measurements and spheres which
could account for part of the observed differences. Rocketsonde and ra—
diosonde temperature accuracies are typically ±2°C m s  [2].

Generally ,  the temperature data from ballistic spheres appeared to be
valid between 5 km and about 42 km altitude. Above 42 km , the data de-
viates significantly f ro m the rocke tsonde c’sservation. This deviation
may have been caused by excessive radar noise or magnus forces induced by
the spinning sphere. Below 5 km , the sphere enter ’ d drag crisis where
the drag coefficient changed rapidly with ver) J i t t i t . change in Reynolds
number [5].
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ANALYSIS OF FLIGHTS

Figure 4 is typii al of data collected from a 0.120 m sphere. On this
mission , launched on 8 December 1975 , fo ur radars tracked the sphere
simultaneously. Differences in data, therefore , are directly attrib-
utable to individual radar errors. There is generally excellent agree-
ment between 4 and 20 km altitude. Between 20 and 35 kin, the temperature
values d i f f e r  b y up to 7°K with the grea test d if ference  coming from the
MPS—36. Above 35 km, there is a grad ual divergen ce up ~o about lO°K at
50 kin. Radars 112 and 114 show excellent agreement over the entire range
from 4 to 42 km. Above 50 km, the data is not usable. The difference
be tween tempera tures derived ~rorn tile various radars may, in addi tion to
inherent radar capability, be largely influenced by the servobandwid th of
the radar. Tracking at a low servobandwidth can produce the type of os-
cillation observed in radars R113 and R354.

Figure 5 compares radar 114 with data collected from conjunctive rocket—
sonde and radiosonde on the same day. Two distinct biases appear, one
at 24 km (lO°K) and the other at 35 kin (5°K). The data diverge signif-
icantly above 42 km and probab ly reflect the upper limit of this bal-
listic sphere measurement system .

Figure 6 compares the temperature data derived from five radars tracking
a single 0.1—rn sphere launched on 7 October 1976. There is excellent
agreemen t between 4 and 25 krn , then differences of up to lO°K between 30
and 35 km, and up to 7°K between 35 and 42 km. Figure 7 is a temperature
comparison between the sphere and the ROCOB/RAOB measurements. One radar
was selec ted as representative. Again , the biases appear at 25 and 35 km.

F At 25 km the sphere—der ived temperature is warmer than the RAOB, and at
35 km the sphere is colder than the ROCOB.

Table 3 lists the observed differences between ROCOB/RAOB and the averaged
temperature data from 10 radar tracks of 0.120—in spheres. The biases are
qu ite app aren t at 25 and 35 km, with an observed divergence above 42 km.
Otherwise, tempera ture dif f erences are generally within ±2°K.

Table 4 lists the observed temperature difference between ROCOB/RAOB and
the averaged data from 10 radar tracks of 0.1—n spheres. The biases at
25 and 35 km are still eviden t in approx ima tely the same magnitude and
direction. The biases may result from inaccuracies in drag coefficient
da ta , magnus e f f e c ts induced by the spinn ing sphere , or possibly other
factors. Figure 8 graphically illustrates the statistical differences
between spheres and ROCOB/RAOB for both the 0.1— and 0.12—in spheres.

As previously stated , the ROCOB and RAOB data differences are given as
±2°K m s .  Table 5 lists and Fig. 9 illustrates temperature data collected
from four radiosondes flown on 7 October 1976. Release times varied from
0705 to 1030 Mountain Standard Time. Maximum differences occur at 15 to
17 km , wi th a magni tude o f 6°C between the 0730 and 1030 releases.
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TABLE 3

TEMPERATURE DIFFERENCE) ROCOB AND RAOB tIINUS 0.12—METER SPHERE

Alt—km Diff(°K) Std Dev(°K)

50 —17.4 11.3
49 —18.3 14.8
48 —22.7 14.4
47 —19.4 11.4
46 —12.1 9.3
45 —5.6 9.5
44 —4.1 8.7
43 —3.0 7.4
42 —2.9 7.1
41 2.0 5.3
40 —1.1 4.8
39 —1.4 4.9
38 1.4 3.6
37 4.4 3.8
36 5.6 1.3
35 5.4 2.6
34 6.9 3.3
33 1.4 1.3
32 0.6 2.6
31 —3. 1 4.1
30 —5.3 3 .3

— 6.5 4.2
—7. 0 3.6

2 7  —7.3 3.6
26 —6.8 1 t’
25 —6.3 3.3
24 —5.3 2.2
23 —3.9 2.2
22 —3.6 2.3
21 — 3.3 1.5
20 —3.1 1.0
19 —2.6 1.9
1?’, —1 .1 0.8
17 —0.5 0.9
16 —1.5 1.8
15 —2.8 2.3
14 —0.6 2.1
13 2.6 1.5
12 2.6 5.2
11 10.6 10.0
10 9~~3 6.9
9 —1.6 2.5
8 —3. 8 2.2
7 —1.7 3.1
6 —0.9
5 —0.9 10.0
4 1.3 12.0
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l ’Ah l . l ,  4

TEMPERATURE DIFFERENCE , ROCOB AND RAOB MINUS 0.1—METER SPHERE

Alt—km Diff(°K) Std Dev(°K)

50 —4.0
49 —4.0
48 —0.5 3.5
47 4.5 5.0
46 7.0 4.2
45 5.0 4.2
44 4.0 5.7
43 — 2.5 3.5
42 —5.5 2.1
41 —0.5 0.7
40 1.5 4.8
39 0.5 4.4
38 1.5 2.9
37 h .3 1.0
36 4.0 0.8
35 6.0 1.2
34 5.0 4.1
33 6.0 4 . 2
32 0.2 4.1
31 —0.8 2.2
30 -2.0 2.0
29 —5 .0 2.1
28 —4.6 3.8
27 —3.9 4.8
2b —4.4 2.7
25 —5.3 2.6
24 —3.0 2.3
23 0.2 3.5
22 1.7 2.4
2] —1.5 1.6
2 ( 1  — 2 . 4  2 . 5

• 19 —1.9 3.8
18 —0.9 5.0
17 0.9 1.5
16 —1.7 1.2
15 —0.2 1.9
14 —1.6 1.0
13 0.8 2.8
12 —0.6 2.4
11 3.0 4.1
10 0.6 4.6
9 1.2 4.1
8 1.8 4.6
7 4.7 5 . 8
6 8.9 8.8
5 13.4 7.3
4 —5.0 1.4
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TA8L E 5

RADIOSONDE TEMPERATURE TEST, 7 Oct 76

WS—0100 ; WS—070 5 ; HOL—07 15; JAL—074 0 ; JAL—1030 MST

Alt—k in WS HOL JAL JAL
( °K) ( °K) ( “ K) ( b K)

1.524 2ft1.2 281.0 2 7 9 . 9  2~ 1.8
3 . U 4 ~ 272,0 271.2 274.6 270.0
4.572 268.8 265.7 21,4.5 lt,4.3
6.096 258.5 257.8 25’l .3 259.1
7.620 250.4 248.1 249.3 119.3
9.144 139.1 237.2 238.1 239.3
10.66$ 225.2 225.1 225.5 227.1
12.19: 214 .4 214.3 213.8 215.1
13.711, 2 0 9 .9  209.3 20’1 .l~ 211.5
15.240 145 .’ 205 ,4 209.8 211.9
16.764 212.5 212.2 206.3 206.9
18.285 211.1 212. 3 210.. 212.4
19.812 256.1 210,1 217.4 214.7
21.336 217.4 214 .3 215.h 217 .9
22.860 999 ,Q* 224.2 220.8 219.2
24.384 999.0 222.0 ~- .-.- 5

25.908 999.0 22 ~.6 223.4 999.0
27.432 999.0 22-5 .8 214.1 999.0
15.956 999.0 125.6 226.3 999.0

*999 ~i,n t ,’, mi- .s~~
,, d~i L - ,
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These data are presented only to illustrate a pitfall in comparing two
sets of measurements. The natural time and space variability of the at-
mosphere in addition to nominal system accuracies must be considered.

Figures 10 and 11 show wind speed and direction versus altitude for a
0.12—rn sphere flown on 8 Deceriber 1975. Data are from two FPS—16 radars
and from ROCOB and RAOB. Between 4 and 27 kin, the wind speed agreemen t
between the two systems is excellent with differences of only a few me ters
‘per second in evidence. Light winds , less than 10 m/sec , were observed
only between 17 and 28 km. Between 28 and 40 kin, the sphere indica ted
winds from 5 to 10 rn/sec greater than ROCOB/RAOB. The profiles converge
at about 40 km and are in good agreement up to 46 km. The data from the
two radars is almost identical throughout the entire profile.

Wind direction compares favorably between ROCOB/RAOB and sphere. Points
of large variability appear only under light wind conditions. Differences
of up to 60° appear at 28 km where the corresponding winds are less than
10 in/sec.

Figures 12 and 13 illustrate wind speed and direction comparisons for a
0.1—rn sphere. As in the previous wind prof iles, data are taken from two
radar tracks of a single sphere and from the conjunctive ROCOB and RAOB .
In this case the wind speed is less than 10 rn/sec between 18 and 40 km.
The corresponding direction graph shows a wide scatter of data. Below
18 and above 40 kin, where win’i speeds are greater than 10 m/sec , the
agreemen t is generally within 10°.

LONCLUS IONS

The 0.1— or 0.120—in ballistic spherc is a relatively acc ura te me thod f or
the purpose needed of deriving the acmospheric parameters of wind and
temperature between 4 and 42 km altitude . Below 4 kin, turbulent flow
conditions for the sphere prevent the Ireasurement of temperature. Above
42 kin, inaccurate radar tracking or trackix’g at a low servobandwidth
prevents accurate temperature and wind measurement. Between 4 and 42 km,
temperatures compare favorably with conjunct ive radiosondes and rocket—
sondes with apparent biases occurring at 25 and 35 km. Winds are compa-
rable at all al titudes in bo th speed and a i r ect ion excep t under light wind

* 
conditions when wind d’- cction is inaccurate. The technique should be
applicable to users req’ ring fast , rea1—~ ime measurement of the atino—
sphere. The bias may suit from inaccuracies in drag coefficient data,
magnus force e f f e c ts on the spinning sphere , other factors. Additional
studies will be required to determine if the biases can be successfully
removed.
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