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ADDENDUM TO NASA CONTRACTOR R-EPORT 

NASA CR-61192 

Janua ry  1968 

REVIEW OF RAWINSONDE REDUCTION METHODS 

BY 

R. S. Wheeler, The Boeing Company 

RE: S e c t i o n  4 ,  "Conclusions and Recommendations, 'I (see F i g u r e s  4-2 and 
4 - 3 )  pp. 4 - 1  through 4-8 

The c y c l i c  v a r i a t i o n  i n  t h e  winds d e p i c t e d  i n  F i g u r e s  4-2 and 4-3 
of CR 61192 has now been i n v e s t i g a t e d .  T h i s  e r r o r  w a s  caused by a p ro -  
blem w i t h  t h e  NASA Atmospheric Research F a c i l i t y ' s  AN/GMD-2A Rawinsonde 
System, s p e c i f i c a l l y ,  t h e  Comparator, which p r o v i d e s  t h e  r ange  measure- 
ments.  A d i f f i c u l t y  i n  t h e  e l ec t romechan ica l  l i n k a g e  induced a c y c l i c  
v a r i a t i o n  i n  i t s  t u r n i n g  r a t e .  The p e r i o d i c i t y  o f  t h i s  v a r i a t i o n  was 
shown t o  b e  approximately t h r e e  minutes  p e r  c y c l e ,  t h e  same as t h a t  
obse rved  i n  t h e  reduced GMD-2A winds and b a l l o o n  r i se  r a t e s .  
b l e m  has  now been c o r r e c t e d .  

The pro- 

When t h e  AN/GMD-2A equipment a t  t h e  M i s s i s s i p p i  Test F a c i l i t y  w a s  
checked,  i t  worked p e r f e c t l y  w i t h  no c y c l i c  e r r o r  p r e s e n t .  Apparen t ly ,  
t h e  f a u l t  i s  n o t  common t o  a l l  0 - 2  se ts .  It i s  b e l i e v e d  t h a t  a ben t  
d r i v e  s h a f t ,  o r  o t h e r  cause  of b ind ing ,  i s  r e s p o n s i b l e  i n  t h o s e  sets 
whi.ih produce t h e s e  v a r i a t i o n s .  
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Rawinsonde reduc t i on  techniques or iented s p e c i f i c a l l y  f o r  computer opera- 
t i o n  are reviewed and evaluated. 
f a c i l i t a t e  the d e s c r i p t i o n  of t h e  reduct ion procedures. 

Equations and f l o w  cha r t s  are used t o  

An e r r o r  study i s  performed on rawinsonde data t o  determine accuracies o f  
the t r a c k i n g  and sounding data. 
t o  compare t r a c k i n g  accuracies of two o f  the types o f  rawinsonde systems, 
the AN/GMD-1 , and the AN/GMD-2A systems. 

An optimal es t ima t ion  technique i s  used 

Comparison o f  various reduct ion techniques f o r  temperature , humid i ty  , and 
wind values are made t o  determine which bes t  s u i t s  an accurate, computer- 
o r i e n t e d  reduct ion program. Incorporated i n  t h i s  comparison are t e s t s  t o  
determine the bes t  technique f o r  d i g i t a l l y  f i l t e r i n g  the t r a c k i n g  data. 

Recommendations are presented i n  a general fash ion i n  order  t h a t  t he  re -  
d u c t i  on program may be t a i  1 ored t o  speci f i  c needs and i ns t rumentat i  ons . 
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SECTION 1 

INTRODUCTION 

1 .o GENERAL 

I .  
I -  
I 

The Atmospheric Research F a c i l i t y  a t  Marshall  Space F l i g h t  Center, NASA, 
conducts rawinsonde observations aper iod i ca l l y  i n  connection w i t h  f a r - f i e l d  
sound propogat ion s tud ies,  veh ic le  engine tes ts ,  and o the r  various r e -  
search requirements. Two types o f  rawinsonde systems are employed f o r  
these observations. One o f  these i s  the AN/GMD-1 system, he rea f te r  re -  
fe r red  t o  as the GMD-1, and the o ther  i s  the AN/GMD-2A, he rea f te r  r e f e r r e d  
t o  as GMD-2. GMD-1 employs an AN/AMT-4( ) type o f  radiosonde and GMD-2 
employs an AN/AMQ-9 type o f  radiosonde. Data acqui red from e i t h e r  system 
i s  reduced by d i g i t a l  computer t o  output the thermodynamic and kinematic 
p roper t i es  o f  the atmosphere. The purpose o f  t h i s  repo r t  i s  t o  review 
var ious computer techniques o f  reduct ion,  evaluate them and t o  s e t  f o r t h  
the procedures t h a t  g i ve  the bes t  resu l t s  t o  m e t  the requirements o f  the 
Atmospheric Research Faci li ty. 

The coord inate convention o f  t h i s  repo r t  d i f f e r s  from t h a t  used i n  most o f  
the docunents referenced i n  t h i s  study. 
sec t i on  i s  devoted t o  a d e f i n i t i o n  o f  the  coordinate system, the reason 
f o r  i t s  use, and i t s  relevance t o  ba l loon motion and winds. 

Therefore, Paragraph 1.1 o f  t h i s  

This  r e p o r t  a lso includes a study o f  the e r ro rs  a f f e c t i n g  the data from 
each system. These e r ro rs  are determined and the methods o f  d imin ish ing  
t h e i r  e f f e c t s  are discussed. These methods inc lude data e d i t i n g ,  smoothing 
by d i g i t a l  f i l t e r s ,  and exc lus ion o f  frequency content by a l t e r i n g  t h e  r a t e  
o f  sampling. Paragraph 1.2 i s  added t o  t h i s  sec t ion  as an a i d  t o  the 
reader by i n t roduc ing  these methods and b r i e f l y  reviewing the consequences 
o f  t h e i r  usage. 

1.1 WIND COORDINATE SYSTEM 

The coord inate system used i n  t h i s  repor t  i s  an orthogonal, c u r v i l i n e a r ,  
nonro ta t ing  (ea r th - f i xed )  system whose o r i g i n  i s  the center  o f  t he  t rack ing  
antenna o f  the rawinsonde and whose hor izon ta l  distances are measured on 
the sur face o f  the reference sphere. This  reference sphere i s  concentr ic  
w i th  an assuned spher ica l  ear th ,  and i t s  rad ius i s  t he  d is tance from the  
center  o f  the  ea r th  t o  the center  o f  the  antenna. This coordinate system 
i s  a mod i f i ca t i on  o f  "Standard Coordinate System 10 - Earth-Fixed Launch 
S i te "  i n  accordance w i t h  the coordinate system standards s e t  f o r t h  by 
NASA f o r  P r o j e c t  Apo l lo  (Reference 1). Winds are def ined as the t ime de- 
r i v a t i v e s  o f  the ba l loon 's  displacement on the surface of the  reference 
sphere. 
re ference sphere and are  given i n  t e r n  o f  he igh t  above sea l e v e l  s imply 
by adding the he igh t  o f  the antenna above sea l e v e l  t o  the he igh t  of the 
b a l l o o n  above the sur face o f  the reference sphere. 

Height  o f  the  ba l loon i s  everywhere measured along r a d i a l s  o f  the 

1-1 
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1.1 ( CONT I NUE D) 

I t  should be noted t h a t  ob ta in ing  winds from the  ba l l oon ' s  displacement 
on the  surface o f  the reference sphere i s  n o t  i n  agreement w i t h  cu r ren t  
procedure which i s  t o  r e f e r  ho r i zon ta l  displacement t o  the  changing sphere 
whose surface i s  always through the c e n t e r l i n e  o f  the bal loon.  
cu r ren t  procedure introduces an e r r o r  i n  the  winds because o f  the d i v e r -  
gence o f  r a d i a l s  w i t h  increas ing height .  U t i l i z i n g  the f i x e d  reference 
sphere through t h e  antenna e l iminates apparent motion due t o  d i ve rg ing  
rad ia l s .  Hence, the f i x e d  reference sphere has been adopted. 

1.2 METHODS TO M I N I M I Z E  DATA ERRORS 

This 

Smoothing by d i g i t a l  f i l t e r s ,  a l t e r i n g  the frequency content o f  a s e t  o f  
data by changing the sampling r a t e ,  and data e d i t i n g  are methods by which 
data may be t r e a t e d  t o  minimize the  e f f e c t  of e r r o r s  contained w i t h i n  the 
data. D i g i t a l  f i l t e r s  have the advantage o f  sharp ly  d e l i n e a t i n g  between 
d i s j o i n t  sets o f  v a r i a b i l i t y  when the frequency band l i m i t s  o f  these 
v a r i a b i l i t i e s  can be a t t r i b u t e d  who l l y  t o  e i t h e r  s i g n i f i c a n t  s igna l  o r  t o  
the "noise" o f  random e r r o r s .  D i g i t a l  f i l t e r s  a l so  penal ize the observa- 
t i o n s  through the l oss  o f  data po in ts  from each end o f  the sets  o f  data 
c a l l e d  observations o r  rawinsonde runs. Decreasing the  sampling r a t e  a l s o  
costs data po ints ,  b u t  the scope o f  the run remains unchanged. 
the lower sampling rates prov ide no sharp d e l i n e a t i o n  between frequencies. 

However, 

Systematic and b ias e r r o r s  are a l s o  invest igated.  
detected and corrected i n  the data e d i t i n g  procedures, b u t  most o f  them 
w i l l  pass undetected i n t o  the data ready f o r  reduct ion.  Unless systemat ic 
e r r o r s  are c y c l i c ,  they w i l l  n o t  be a f f e c t e d  by the a p p l i c a t i o n  o f  d i g i t a l  
f i l t e r s  nor by changing the sampling ra te .  
measurement o f  the data are known, the a p p l i c a t i o n  o f  es t ima t ion  theory t o  
overdetermined coordinate p o s i t i o n s  o f  the radiosonde t r a n s m i t t e r  (here- 
a f t e r  re fe r red  t o  as the ba l l oon  coordinates - although a s l i g h t  misnomer) 
can minimize the variances and opt imize the r e s u l t s .  A p p l i c a t i o n  o f  e s t i -  
mation theory i s  discussed and a l so  the means by which the coordinates may 
be overdetermined. 

Some o f  these w i l l  be 

I f  the t r u e  variances i n  

Var ia t ions i n  the wind reduct ion procedures are suggested. 
po r t s  on the r e s u l t s  and provides comparisons f o r  an eva lua t i on  o f  these 
va r ia t i ons .  
p r o f i l e s  determined from GMD-E data i s  noted. 
does n o t  permit  a thorough i n v e s t i g a t i o n  of t h i s  phenomenon, b u t  some con- 
j ec tu res  as t o  i t s  cause are presented. 

This paper re-  

I n  these comparisons a c e r t a i n  phenomenon observed i n  wind 
The scope o f  t h i s  paper 
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SECTION 2 

RAWINSONDE DATA - COMPUTER REDUCTION FORMULAE 

2 .o GENERAL 

2.1 FOMULAE 

For e i t h e r  GMD-1 o r  GMD-2 raw data, the thermodynamic proper t ies  o f  the 
atmosphere such as temperature, humidi ty,  vapor pressure and v i r t u a l  
temperhture must be ca lcu la ted  t o  der ive the  q u a n t i t i e s  requ i red  i n  the 
f i n a l  output. 
are c m o n  t o  e i t h e r  GMD-1 o r  GMD-E data. 

Hence, the formulae and procedures given i n  t h i s  paragraph 

The data e d i t i n g  technique i s  accanplished by l i s t i n g  the raw data and 
then v i s u a l l y  examining i t  fo r  l o g i c a l  consistency. Because GMD-1 data 
are manually keypunched, punching e r ro rs  can be found and corrected be- 
fore any data reduct ion i s  attempted. GMD-2 data are punched automati- 
c a l l y  by the Automatic Data Processing u n i t ,  so v i sua l  examination mainly 
confirms temperature and humid i ty  invers ions by comparison wi th the re -  
cord o f  temperature and h u n i d i t y  ordinates from the recorder.  
i n  s l a n t  range are a lso noted and checked f o r  consistency w i t h  changes i n  
e leva t i on  angle. 

Decreases 

2.1.1 Temperature 

Temperature i s  der ived from the r a t i o  of res is tance of the temperature 
element a t  the basel ine temperature t o  the res is tance o f  the element a t  
the ambient temperature. The basel ine temperature i s  the  s t a b i l i z e d  tem- 
perature i n  the  chamber i n  which the radiosonde i s  c a l i b r a t e d  and condi- 
t i oned  p r i o r  t o  ba l loon release. The temperature, t, i n  degrees Celsius 
i s  given by the  empi r i ca l  re la t ionsh ip :  

where t b  i s  t he  masured  basel ine temperature, Rc the res is tance of the  
element a t  basel ine temperature, and Rt the res is tance o f  the element 
a t  temperature t. Rc i s  found by: 

where db i s  the recorder  d i v i s i o n  or ord inate f o r  the temperature i n  the 
chamber dur ing the basel ine check, and Rt: 
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2.1.1 (Conti wed) 

where dt i s  the recorder  d i v i s i o n  when the temperature element i s  a t  tem- 
perature, t. 
i n  degrees Kelv in .  

The absolute temperature, T, i s  g iven by T = t + 273.15 

2.1.2 Huni d i  ty  

The r e l a t i v e  humid i ty  i s  der ived f o r  the carbon type sensing element from 
empi r i c a l  formulae i nvol v i  ng a ca l  cu l  ated re1 a t i  ve humi d i  t y  a t  a tempera- 
t u r e  o f  -40°C and corresponding t o  a humid i ty  o rd ina te  from the  recorder  
o f  46 recorder d i v i s i o n s .  This c a l i b r a t i o n  humidi ty,  f , ,  i s  der ived fr m 
the base1 i ne check re1 a t ionsh i  p s e t  i n t o  t h e  CP-223A/UMLcal c u l  a to r .  
p re l im ina ry  value of r e l a t i v e  humid i ty ,  f40, i s  f i r s t  determined employ 
d i f f e r e n t  sets o f  constants dependent on whether the  term i n v o l v i n g  the 
dif ference between 46 ordinates and the g iven humid i ty  ord inate,  d,, i s  

A 

p o s i t i v e  o r  negative. 
amount which i s  a f u n c t i o n  o f  the humid i ty  o rd ina te  and the  d i f f e r e n c e  
between the ambient temperature ( i n  degrees Cels ius)  and -40°C. 
r e l a t i v e  humidi ty,  U, i s  g iven i n  percent as fo l lows:  

This p re l im ina ry  humid i ty  i s  then adjusted by an 

Thus the  

U = f40  

and f40, the in termediate value, i s  der ived from: 

when (46 - df)  > 0: 

46 - df 
a = 1.66 + 33 

b = 100 - fc 

c 
' C  

2.51 c = 64.8 - - 

and when (46 - df)  < 0: 

b = 10 - f, 

2-2 
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2.1.2 (Continued) 

f C  c = - 5.198 

If ambient temperature i s  colder t h a n  -40°C in the formula f o r  U (Equa- 
tion 2.4),  the temperature correction term becomes imaginary. Hence, no 
temperature correction i s  applied i f  the term ( t  + 40) - < 0 ,  and U = f40. 

2.1.3 Vapor Pressure 

The percent relative humidity of the saturation vapor pressure a t  any 
given temperature i s  the actual partial pressure o f  the water vapor con- 
tent  of the atmosphere. 
the existing vapor pressure, e ,  i s  given by: 

Based on Teten's empirical formula (Reference 2 ) ,  

{7.5t/( t + 237.3) 1 (6.11) 10 e = m  
The constants in the exponent of 10 are those for the vapor pressure over 
water and are the correct values t o  use even where the ambient temperature 
of the atmosphere is  below 0" Celsius. 

2.1.4 Virtual Temperature 

Virtual temperature, T*, i s  necessary i n  the determination of the height 
of 'the balloon for GMD-1 da ta  reduction, and for the determination of 
atmospheric pressure i n  reducing GMD-2 da t a .  
of T,  the ambient temperature in degrees Kelvin; pressure, P ,  i n  millibars; 
and the partial pressure, e ,  of the water vapor in millibars. 
in degrees Kelvin by the following formula: 

I t  i s  derived as a function 

I t  i s  given I 

T* = T (  P - 0.3 p 7  812e 1 (2.7) 

and the mean virtual temperature, T*, for the layer between any d a t a  p o i n t  
and the preceding data point: 

2 .2  COORDINATES FROM GMD-1 DATA 

The GMD-1 raw d a t a  consist o f  punched cards manually produced from the re- 
corder records. The following information i s  punched: The elapsed time 
a t  half-minute intervals from time of balloon release, the pressure from 
the pressure calibration char t  for the contact indicated, the recorder 
chart ordinate for the temperature, the ordinate for the humidity, the 
antenna elevation and azimuth angles for the rawin recorder to the nearest 

2-3 



D5-15565 

2.2 (CONTINUED) 

ten th  of a degree. 
p o i n t  i n  a rawinsonde run i s  an i d e n t i f i c a t i o n  card punched w i t h  c e r t a i n  
necessary information. Tables 2-1 and 2-11 show the in fo rmat ion  content  
necessary f o r  the reduct ion procedures recommended i n  t h i s  r e p o r t  f o r  
GMD-1 and GMD-2 data. 

Preceding the  cards g i v i n g  t h i s  data f o r  each time 

TABLE 2-1. RECOMMENDED GMD-1 I D  AND RAW DATA CARD CONTENT 

I D  DATA CARD 

1, 2 
3 

4, 5 
6 

7, 8 
9 
10, 11, 12, 13 
14 
15, 16, 17, 18, 
20 
21, 22, 23 
24 
25, 26, 27 
28 
29, 30, 31 
32 
33, 34, 35 
36 
37, 38, 39 
40 
41, 42, 43 
44 
45, 46, 47 

Column Type of In format ion 

Day o f  Month 
Blank 
Month o f  Year 
B1 ank 
Last  Two Numbers o f  the  Year 
Blank 
Time (GMT) Zulu 

Blank 

Blank 
Fc from Computer CP-223B/UM 
B1 ank 
Surface Wind D i rec t ion ,  Degrees 
Blank 
Surface Wind Speed, (Tenth) mps 
B1 ank 
Surface Temperature, (Tenth) Degrees Celsius 
B1 ank 
Surface Humidity, Percent 
Blank 
Baseline Temperature, (Tenth) Degrees Celsiui  
81 ank 
Baseline Temperature Ordinate (Tenth) 

3 S t a t i o n  Number 

2-4 
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2.2 ( CON T I N UE D ) 

TABLE 2-1. (CONTINUED) 

__ ~~ ~ 

RAW DATA CARD 
Col unn Type o f  In fo rmat ion  

~ ~~~~ -~ 

3 2, 3 
I 

I ,  8, 9, 10 
I1 
12 
13 
14, 15 

16 
17 
18 
19, 20 
?1 
22 
23 
24, 25 
26 
27 
28 
29, 30, 31 
32 
33 
34 

Time i n  Minutes 

Decimal Po in t  
Time i n  Tenth/Minutes 

Comna 
Pressure, mb 
Decimal Po in t  

Pressure, mb (Tenth) 
C m a  
Temperature Ordinate 
Decimal Poi n t 

Temperature Ordinate (Tenth) 

Comna 
Humidity Ordinate 

Decimal Po in t  
Humidity Ordinate (Tenth) 

Comma 
Elevat ion Angle (Degrees) 

Decimal Po in t  
E leva t ion  Angle (Tenth) (Degrees) 

Coma 
Azimuth Angle (Degrees) 
Decimal Po in t  
Azimuth Angle (Tenth) (Degrees) 
Coma 
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2.2 (CONTINUED 

TABLE 2-11. RECOWENDED GMD-2 I D  AND R A W  DATA CARD CONTENT 

I D  DATA CARD 

Co 1 umn Type o f  In format ion 

1 ,  2 
3 

4, 5 
6 

7, 8 
9 
10, 11, 12, 13 
14 

15, 16, 17, 18, 19 
20 

21, 22, 23 

24 

25, 26, 27, 28, 29 
30 

31, 32, 33, 34 
35 
36, 37, 38, 39 

40 
41, 42, 43 
44 
45, 46, 47 

48 
49, 50, 51 
52 
53, 54, 55 

56 
57, 58, 59 

60 
61, 62, 63 

Day o f  Month 
Blank 
Month o f  Year 
Blank 
Las t  Two Numbers o f  the Year 
Blank 
Time (GMT) Zulu 

Blank 
S ta t i on  Number 
Blank 

Fc from Computer CP-223/UM 

Blank 
Surface Pressure, (Tenth) mb 
B1 ank 

Surface Wind D i r e c t i o n ,  Degrees 
Blank 

Surface Wind Speed, (Tenth) mps 
Blank 
Surface Temperature Ordinates (Tenth) 
B1 ank 

Surface Humidi ty Ordinates (Tenth) 
Blank 
Surface Temperature, (Tenth) 
B1 ank 
Surface Humidity, Percent 

B1 ank 
Basel ine Temperature, (Tenth 
B1 ank 

Degrees Celsius 

Degrees Ce ls iu  

Basel ine Temperature Ord inate (Tenth) 
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2.2 ( CONT IN UE D) 

TABLE 2- 11. (CONTINUED) 

RAW DATA CARD 
Column Type o f  In format ion 

1, 2, 3, 4 Time i n  Seconds 

5 B1 ank 
6, 7, 8, 9, 10, 11 Slant  Range, Meters 

12 Blank 
13, 1 4 ,  15, 16 

17 Blank 
18, 19, 20, 21, 22 Azimuth Angle (Hundredth) (Degrees) 

23 Blank 
24, 25, 26 
27 B1 ank 

28, 29, 30 
31 Thru 77 B1 ank 

78 
79 
80 Card Regis ter ing Character 

E levat ion Angle (Hundredth) (Degrees) 

Temperature Ordinate (Tenth) 

Humidity Ordinate (Tenth) 

If 0, .No Lost  Signal  
I f  0, No Los t  Sequence 

2.2.1 GMD-1 Bal loon Height 

The bas ic  dimension f o r  reduct ion o f  t h e  ba l l oon  coordinates and winds 
from GMD-1 data i s  the ba l l oon  height.  
o f  t he  radiosonde instrument,  i s  der ived from t h e  i n t e g r a t i o n  o f  t he  hydro- 
s t a t i c  equat ion by incremental addi t ions o f  t he  thicknesses o f  layers 
between data po in ts .  These thicknesses are determined i n  geopotent ia l  
meters from t he  pressures given a t  each data p o i n t  and the a r i t h m e t i c  mean 
value of the v i r t u a l  temperatures a t  these p o i n t s  de l i nea t ing  the layers 
i n  accordance w i t h  t h e  fo l l ow ing  formula (Reference 3) : 

This he igh t ,  a c t u a l l y  t he  he igh t  

A + i  = 29.2897959 f? I n (  'i pi -1 ) (2.9) 
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2.2.1 (Cont i  nued) 

Then the height a t  each data p o i n t  above the surface i s  g iven i n  geo- 
p o t e n t i  a1 meters by : 

(2.10) 

which needs no c o r r e c t i o n  f o r  curvature o f  the ear th .  
p o t e n t i a l  he ight  t o  geometric h e i g h t  i s  done using two constants r ’  and R* 
whose values are dependent on l a t i t u d e  o f  the s t a t i o n .  
conversion t o  geometric he igh t  i s :  

Conversion o f  geo- 

The formula f o r  

(2.11) 

X ,  the height  above sea l e v e l  i s  then: 

X = X ’ + H  

2.2.2 GMD-1 B a l l  oon Coordinates 

The hor izonta l -d is tance-out ,  HDO, o f  the ba l l oon  from the antenna i s  de te r -  
mined by means of the formula (Reference 4) : 

HDO = (RH + X’) cos [ E + s i n  -l (v)] (2.12) 

where RH i s  the sum o f  RE, the l o c a l  radius o f  the ea r th ,  p lus  H, the 
h e i g h t  o f  the antenna above sea l e v e l ;  and where E i s  the e l e v a t i o n  angle 
i n d i c a t e d  by the antenna. 
seen by r e f e r r i n g  t o  Figure 2-1. 

The c u r v i l i n e a r  coordinates i n  the  Y ( p o s i t i v e  t o  the  eas t )  and Z ( p o s i t i v e  
t o  t h e  nor th)  d i r e c t i o n s  are r e a d i l y  obtained from the f o l l o w i n g  formulae: 

The geometry f o r  t h i s  equat ion can e a s i l y  be 

-1 HDO s i n  A Y = RH s i n  ( RH + x. ) 
and, 

-1 HDO COS A I R H  + ” 1 2 = RH s i n  

2-8 
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2.2.2 (Continued) 

2-10 

where 

RH = RE + H 

and A i s  the azimuth angle measured by the  antenna clockwise from t r u e  
no r th  i n  the tangent plane. These c u r v i l i n e a r  coordinates are the  values 
as would be measured on the surface o f  t he  reference sphere which i s  cen- 
te red  a t  the center  o f  the ea r th  and whose rad ius,  RH, i s  the rad ius of t he  
earth,  RE, p lus the  he igh t  o f  the antenna, H ,  above mean sea l e v e l .  

2.3 COORDINATES AND PRESSURE REDUCTION - GMD-2 

GMD-2 raw data are automat ica l ly  punched as received from the AN/AMQ-9 
radiosonde by the  Automatic Data Processing (ADP) u n i t .  
f o r  each time p o i n t  i n c l u d i n g  zero, t he  ba l l oon  release t ime, and each f i v e  
seconds t h e r e a f t e r  t o  the terminat ion o f  the run  conta in  the  f o l l o w i n g  i n -  
formation: 
range t o  the bal loon,  the e l e v a t i o n  angle t o  the  nearest  hundredth of a 
degree, t he  azimuth angle t o  the nearest  hundredth o f  a degree, recorder  
d i v i s i o n  ord inates f o r  temperature and humid i ty .  
ti es o f  temperature, humidi ty, and vapor pressure are determined i n com- 
pu te r i zed  reduct ion i d e n t i c a l l y  t o  the procedures s e t  f o r t h  i n  para- 
graph 2.1 except t h a t  both the temperature and humid i t y  ord inates read 
from the data cards must be m u l t i p l i e d  by a f a c t o r  o f  0.95 t o  make them 
equiva lent  t o  the recorder d i v i s i o n s  i n d i c a t e d  on the recorder.  
j u s t e d  ord inate values may then be reduced by the formulae thus f a r  pre- 
sented. 

The data cards 

the  t ime elapsed s ince release i n  seconds, the measured s l a n t  

The thermodynamic proper- 

These ad- 

Data necessary f o r  c a l c u l a t i n g  the winds are d i r e c t l y  measured by the  GMD-2 
system: R, the s l a n t  range; E, t he  e l e v a t i o n  angle; and A, the azimuth 
angle. 
o f  the atmosphere, i s  pressure. 
geometric he igh t  coordinate r e a d i l y  determined from R and E.  

The one parameter missing, b u t  necessary t o  a complete d e s c r i p t i o n  
This must be determined from the  ba l l oon  

2.3.1 Height o f  Bal loon 

The determinat ion o f  the he igh t  o f  t he  ba l l oon  above the tangen t ia l  plane 
through the antenna i s  n o t  s i g n i f i c a n t  n o r  i s  t h i s  the coord inate requi red.  
Rather, i t  i s  the he igh t  above the reference sphere through the antenna. 
So lu t i on  f o r  t h i s  he igh t ,  as can be seen i n  F igure 2-1, i s  g iven by the 
fo l l ow ing  formula i n v o l v i n g  the law o f  cosines and func t i ons  o f  R, s l a n t  
range, and E ,  e l e v a t i o n  angle (Reference 3 ) :  

1 
2 2 X ’  = [RH2 t R t 2RRH s i n  E ]  - RH (2.15) 
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2.3.1 (Continued) 

where R,, = RE + H, as before the sun o f  t he  l o c a l  rad ius  o f  t he  ea r th  and 
the he igh t  o f  t he  antenna above sea l e v e l .  From t h i s  he igh t ,  pressure a t  
each data p o i n t  can be determined. 

2.3.2 Pressure 

The he igh t  X ’  i s  converted t o  geopotent ia l  h e i g h t  by the  reverse process 
o f  convert ing the  geopoten t ia l  t o  geometric he igh t  as was done w i t h  GMD-1 
data. The formula i n v o l v i n g  the same l a t i t u d e  dependent constants r’ and 
R* i s :  

(2.16)- 

Since he igh t  i s  determined f o r  each data po in t ,  the  geopotent ia l  he igh t  
i s  thus known f o r  each data sample. 

I n  reducing t h i s  data t o  determine the  pressure, an approximation o f  t he  
pressure i s  f i r s t  determined i n  order t o  c o r r e c t  t he  temperature p r o f i l e  
t o  v i r t u a l  temperature. 
t h e  f o l l o w i n g  formulae are used (Reference 3) :  

Beginning w i t h  the  known surface pressure, Po, 

(2.17) 1 
4-i-1 - 4 i  

[14.64489795 (Ti-1 + Ti) P = P  
’i ai -1 

where P = Po f o r  t he  i n i t i a l  ca l cu la t i on .  Then v i r t u a l  temperature i s  
a i  =O 

very c l o s e l y  approximated f o r  the l e v e l  o f  P by: 
ai 

and 

TD 
” a 

Pa - 0.37812e 
Tf 2 

1 
- 4 i - 1  - 4-i 

p i  - ‘i-1 l14.64489795 (T*i-l + Tfi) 

2.3.3 GMD-2 Ba l loon Coordi nates 

(2.18) 

(2.19) 

Because s l a n t  range, R, i s  d i r e c t l y  measured, the hor izon ta l -d is tance-out  
(HDO) o f  t h e  ba l l oon  measured along the tangent plane i s :  

HDO = R COS E 
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2.3.3 (Continued) 

Using t h i s  parameter as was done w i t h  GMD-1 data, the c u r v i l i n e a r  coor- 
d inates o f  Y and Z a re  s i m i l a r l y  determined: 

-1 HDO s i n  A I R H t x 0  ) Y = RH s i n  

and 
-1 HDO COS A 

(RH ”’ I Z = RH s i n  

(2.13) 

(2.14) 

2.4 COMPUTATION OF ADDITIONAL THERMODYNAMIC PROPERT I ES 

Several o ther  thermodynamic quant i  t i e s  are computed t o  produce a complete 
reduct ion o f  the raw data. Since these a l l  are funct ions o f  atmospheric 
p roper t i es  already reduced from (%ID-1 and GMD-2 r a w  data, the formulae are 
app l i cab le  t o  e i t h e r  type o f  data reduct ion.  

2.4.1 Press ure 

Pressure i s  sometimes requi red i n  u n i t s  o the r  than the meteorologica 
o f  m i l l i b a r s .  I n  u n i t s  o f  k i logram (weight)  per  square meter: 

P’ = 10.1971621 P (2.20) 

I n  u n i t s  o f  newtons pe r  square meter: 
2 (2.21 ) P ”  = 10 P 

2.4.2 Dens i ty 

Density, p ,  i n  kilograms per  cubic meter i s  determined by: 

(2.22) P 
p = 0.3483832 7 

I n  u n i t s  o f  kilograms (weight)  ~ e c ~ m - ~ ,  densi ty  i s  

P 
p -  = 0.0355252 ~f 

I n  u n i t s  o f  newtons s e ~ ~ m - ~ ,  densi ty  i s  

P p O ’  = 34.83832 7 

(2.23) 

(2.24) 

u n i t  
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2.4.3 Op t i ca l  Index o f  Refract ion 

The o p t i c a l  index o f  r e f r a c t i o n  i s  given i n  "N" u n i t s  by (Reference 3 ) :  

e (2.25) N = ( n  - 1) l o 6  = 77.54 p + 37.84 e x l o 4  - 9.66 7 
where n i s  t h e  t r u e  index o f  r e f r a c t i o n ,  a dimensionless r a t i o  s l i g h t l y  
a r e a t e r  than 1.0. 

2.4.4 Electromagnetic Index o f  Re f rac t i on  

The index o f  r e f r a c t i o n  f o r  radar frequencies i s  given i n  'IN" u n i t s  by 
(Reference 3) : 

4 N = (n  - 1) l o 6  = 77.6 1 + 37.3256 x 10 
T2 

(2.26) 

where n i s  t he  dimensionless r a t i o  represent ing the actual  index o f  re-  
f r a c t  i on. 

2.4.5 Speed o f  Sound 

The speed o f  sound, C,, w i t h  respect t o  the medium - the atmosphere - i s  
g i ven  i n  meters pe r  second by (Reference 5 ) :  

= 20.0467 (T*)'" (2.27) 
cS 

I f  the  v e l o c i t y  o f  sound i n  the atmosphere w i t h  respect t o  a f i x e d  p o i n t  
on the  e a r t h  i s  required, the component o f  wind i n  the d i r e c t i o n  o f  i n -  
t e r e s t  must be added t o  C,. 

2.4.6 C o e f f i c i e n t  o f  V i scos i t y  

The c o e f f i c i e n t  o f  v i s c o s i t y ,  p, i s  g iven i n  newton sec m-' by 
(Reference 5)  : 

1.458 x (T)3'2 
u =  T + 110.4 

2.5 WIND REDUCTION 

(2.28) 

With the  computation o f  the bal loon coordinates from e i t h e r  GMD-1 o r  
GMD-2 data, reduct ion i n t o  wind canponents can be accomplished w i t h  simple 
d i f f e r e n t i a t i o n  w i t h  respect t o  time by d i v i d i n g  the displacement by the 
t i m e  i n t e r v a l  from p o i n t  Qi-l t o  Qi+l. The s implest  d i f f e r e n t i a t i n g  
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2.5 ( CONTINUED) 

f i l t e r  accomplishes t h i s  i d e n t i c a l l y  by m u l t i p l y i n g  th ree  successive coor- 
d i n a t e  values by - f S / 2  f o r  Qi-l, 0.0 f o r  Qi, f s / 2  f o r  Qitl, and apply ing 
the  sum o f  t he  products t o  the  Qi data p o i n t  ( f s  i s  t he  sampling frequency 
i n  samples per  second). 
some treatment o f  the  raw data t o  e l im ina te  e r r o r s  o f  t he  acc identa l  , sys- 
temat ic,  and random types t h a t  e x i s t  i n  t h e  data. 
t h i s  p re l im ina ry  treatment o f  t he  raw data, the  reduc t ion  o f  component 
winds i n t o  the r e s u l t a n t  wind vec tor  w i l l  be s e t  f o r t h .  

However, such simple d i f f e r e n t i a t i o n  must assume 

P r i o r  t o  d iscuss ion  of 

Simple d i f f e r e n t i a t i o n  w i t h  respect t o  t ime o f  the  Y and Z coord ina te  g ives  
t h e  wind components toward the  eas t  and n o r t h  , respec t i ve l y .  
hcwever, i n  normal meteorological  convention are s p e c i f i e d  i n  d i r e c t i o n  by 
t h a t  azimuth from which they blow and the  wind d i r e c t i o n  i s  g iven  by t h a t  
angle measured clockwise from t r u e  nor th .  
i s  determined by the  fo l l ow ing  means from the  acute anqle D between the  
wind ax i s  o f  f l ow  and the  l o c a l  meridian. 

The winds , 

Therefore, t he  wind d i r e c t i o n  

D i s  g iven  i n  magnitude by :  

(2 .29)  

where \i i s  the E-W wind component - p o s i t i v e  t o  the  eas t  - and i s  the  t ime 
d e r i v a t i v e  o f  t he  E-W displacement. i s  t he  N-S wind component 
- p o s i t i v e  t o  the  no r th  - and i s  the  t ime d e r i v a t i v e  o f  the  N-S d isp lace-  
ment o f  the ba l loon.  Wind d i r e c t i o n  WD i s  then s p e c i f i e d  by the  f o l l o w i n g  
quadrant dependence on whether \i and 2 are p o s i t i v e ,  negat ive,  o r  zero: 

S i m i l a r l y  

I f  \i i s  t and 2 i s  t, WD = D t 180" 

I f  \i i s  - and 2 i s  +, WD = 180" - D 

I f  \i i s  - and 2 i s  -, W,, = D 

I f  ? i s  t and 2 i s  -, WD = 360" - D 

I f  ? i s  0 and 2 i s  t, \ID = 180" 

I f  9 i s  0 and 2 i s  -, WD = 360" 

I f  t i s  0 and 2 i s  0, W D  = 0 (Calm) 

I f  9 i s  + and 2 i s  0, WD = 270" 

I f  \i i s  - and 2 i s  0, WD = 90" 
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2.5 (CONTINUED) 

The magnitude o f  t h e  wind vector  i s  wind speed, Ws, and i s  e a s i l y  deter-  
mined from: 

(2.31) 

A p r o f i l e  o f  the winds a l o f t  p l o t t e d  against  e i t h e r  t ime o f  the data p o i n t  
o r  equiva lent  equal a l t i t u d e  increments w i l l  show a v a r i a b i l i t y  t h a t  i s  
n o t  necessar i ly  representat ive o f  the t r u e  wind f i e l d  depending on the 
maximum frequency o r  wave number content permi t ted by the t ime o r  he igh t  
spacing o f  the data po in ts .  Therefore, some smoothing process i s  needed 
t o  t r e a t  the data. 

With GMD-1 data, the sampling r a t e  i s  normal ly ( a t  MSFC) one per 30 seconds. 
In h e i g h t  spacing, t h i s  i s  about one sampling per  150 meters. 
frequency o r  wave number content o f  t he  data i s ,  therefore,  one cyc le  per 
minute o r  about one pe r  300 meters. P e r i o d i c i t i e s  and wave lengths o f  t h i s  
order  o f  magnitude must be l a r g e l y ,  i f  n o t  completely, a t t r i b u t a b l e  t o  the 
v a r i a b i l i t y  o f  the atmospheric s t ruc tu re .  From t h i s  f a c t ,  i t  i s  submitted 
t h a t  smoothing o f  t he  raw data t o  e l im ina te  random o r  systemat ic c y c l i c a l  
e r r o r s  i s  n o t  v a l i d .  Despite t h i s ,  i t  should be note! t h a t  the d i f f e r e n -  
t i a t i n g  process over two data i n t e r v a l s  t o  determine Y o r  t f o r  the c e n t r a l  
data p o i n t  i s ,  i n  i t s  very nature, a smoothing procedure which e l iminates 
a l l  o f  the maximum frequency content and corrupts  every lower frequency. 

Even w i thou t  f i l t e r i n g ,  t he  sampling r a t e  o f  GMD-1 could a f f o r d  t o  be 
increased and s t i l l  have a content i n  c y c l i c  and random v a r i a b i l i t y  t h a t  
would be a t t r i b u t a b l e  mainly t o  the winds. 
t r y i n g  t o  manually punch data cards a t  a more r a p i d  r a t e ,  i t  i s  recommended 
t h a t  the sampling r a t e  be increased t o  one per  f i f t e e n  seconds which per-  
m i t s  a minimum wave leng th  a t  the terminat ion frequency o f  150 meters. 

The maximum 

Dependent on f e a s i b i l i t y  o f  

With GMD-2 data, t h e  sampling r a t e  o f  one per f i v e  seconds o r  about one 
per  25 meters o f  h e i g h t  al lows a maximum frequency o f  one cycle per  ten 
seconds o r  maximum wave number content averaging about one cyc le  per 50 
meters. Cer ta in l y ,  v a r i a b i l i t y  i n  the data o f  t h i s  frequency cannot be 
a t t r i b u t e d  t o  the t r u e  wind s t r u c t u r e  because o f  the self- imposed l a t e r a l  
motions o f  t he  ba l l oon  dynamics and the l a c k  o f  response c a p a b i l i t i e s  of 
the ba l l oon  and t r a i n  t o  such r a p i d  c y c l i c  v a r i a b i l i t y  i n  the  wind. There 
fore,  apply ing a smoothing f i l t e r  t o  the raw data from the GMD-2 system i s  
very much i n  order. 

The optimum f i l t e r ,  as explained i n  Appendix C,  f o r  apply ing t o  the GMD-2 
raw data i s  one of t he  M a r t i n  type constrained smoothing f i l t e r s .  The 
recomnended procedure i s  t o  apply t h i s  smoothing t o  the  raw data a f t e r  
e d i t i n g  t o  c o r r e c t  acc identa l  er rors .  This i s  t o  be done before any re-  
d u c t i o n  o r  operat ions i n v o l v i n g  s l a n t  range, e leva t i on ,  and azimuth angles. 
The exception, o f  course, i s  i n  t r y i n g  t o  apply any smoothing t o  raw data 
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2.5 ( CONT I N UED) 

such as temperature and  humidity ordinates. Smoothing these would conceal 
o r  obliterate real and radical changes in the normal lapse rates of these 
parameters which can be quite sharp edged and ex is t  in relatively t h i n  
1 ayers . 
The design f o r  the f i l t e r  required f o r  GMD-2 d a t a  i s  one which passes wave 
lengths greater t h a n  150 meters and cuts off a l l  shorter wave lengths. 
simple solution could be achieved by decreasing the sampling rate t o  one 
per fifteen seconds which would accomplish w h a t  i s  the recommended 
sampling rate for GMD-1 also. 
apparent step function measurement of temperature and h u m i d i t y  ordinates 
because i t  would permit the clock-driven comnutator of  the AMQ-9 t o  call in 
updated ordinates before the next d a t a  card i s  automati cal l y  punched. 

I n  the following section, the logic and  d a t a  flow charts o f  the computer 
reduction techniques for  GMD-1 and GMD-2 d a t a  are presented. Together 
with the formulae s e t  forth in this section, these w i l l  a i d  the engineer 
and  the programer i n  developing a reduction program in keeping w i t h  the 
recommendations of this  document. 

A 

Incidentally, this  would also eliminate the 
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SECTION 3 

FLOW CHARTS FOR RAWINSONDE PROGRAMS 

3.0 GENERAL 

To a i d  the  engineer and p rog ramer  i n  developing a computer program t o  re -  
duce e i t h e r  GMD-1 and GMD-2 rawinsonde data, data f l o w  char ts  a re  presented 
i n  t h i s  sect ion.  Only the  l o g i c  o f  the data f l ow  i s  presented s ince  f u r -  
t h e r  d e t a i l  o f  the  program w i l l  vary w i t h  the computer and the p rog raming  
language used. 
between data sets  are represented i n  any d e t a i l .  

Furthermore, on ly  d i f f i c u l t  areas and those t h a t  d i f f e r  

3.1 GMD-1 DATA FLOW CHART 

The data f l o w  cha r t  f o r  the atmospheric parameters t h a t  are necessary t o  
c a r r y  t h e  computation o f  GMD-1 data through the  wind values i s  presented 
i n  F igure 3-1. This f low cha r t  develops the  data f l o w  l o g i c  by d i sp lay ing  
the necessary i npu ts  t o  an equat ion t h a t  computes a c e r t a i n  parameter. For 
example, i t  i s  no t  poss ib le  t o  compute r e l a t i v e  humid i ty  u n t i l  t he  tempera- 
t u r e  has been computed. I n  turn,  a l l  t h a t  i s  necessary t o  compute the 
temperature i s  the  temperature recorder  d i v i s i o n ,  dt. 
necessary t o  compute these values can be found i n  Section 2. I n  add i t i on ,  
the  techniques t o  compute the ba l loon coordinates and wind values are n o t  
discussed s ince  a d e t a i l e d  f low o f  the computation f o r  these values can be 
found i n  Appendix C. 

Each equation 

3.2 GMD-2 DATA FLOW CHART 

The data f low cha r t  f o r  the  atmospheric parameters t h a t  are necessary t o  
ca r ry  the  computation o f  GMD-2 data through the wind values i s  presented 
i n  F igure  3-1. 

The s i g n i f i c a n c e  o f  F igure 3-1 i s  t h a t  l o g i c  d i f fe rences  e x i s t  because o f  
d i f f e rences  i n  i n p u t  data. 
through vapor pressure i s  i d e n t i c a l .  For GMD-1 data, geometric he igh t  
( o r  a l t i t u d e )  i s  a r e s u l t  o f  i n t e g r a t i n g  the hyd ros ta t i c  equation, g iven 
the v i r t u a l  temperature p r o f i l e .  Height f o r  the GMD-2 data, however, i s  
a d i r e c t  r e s u l t  o f  Equation 2-17 because s l a n t  range i s  provided. 

For e i t h e r  s e t  of rawinsonde data, computation 

Whereas pressure i s  d i r e c t l y  measured i n  the GMD-1 system, i t  must be com- 
puted i n  the  GMD-2 system. This  i s  one o f  the  major d i f fe rences  between 
the two systems and t h e i r  reduct ion programs. 
a l t i t u d e "  procedure o f  the GMD-1 system, i t  i s  necessary t o  have v i r t u a l  
temperature from the GMD-2 data. 
i t s  equation, Equation 2.7, requi res pressure. 
t o  es t imate  t h i s  pressure by us ing the  normal atmospheric temperature, as 
computed by  Equation 2.1, as i n p u t  i n t o  the pressure computation t o  y i e l d  
an approximated pressure. This approximated pressure i s  used t o  compute 
v i r t u a l  temperature which i n  t u r n  i s  used t o  compute the  actual  pressure 
a t  the  l e v e l  i n  question. 

To reverse the "pressure-to- 

This, obv ious ly ,  cannot be computed s ince  
I t  i s ,  there fore ,  necessary 
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3.2 (CONTINUED) 

The on ly  o the r  d i f f e r e n c e  between the two char ts  i n  F igure 3-1 i s  i n  the 
computation o f  h o r i z o n t a l  d istance ou t  using s l a n t  range and e l e v a t i o n  
values as i npu ts  f o r  GMD-2 data. 
geometric he igh t  and e l e v a t i o n  angles f o r  GMD-1 data and f a l l s  w i t h i n  the  
scope o f  computation o f  ba l l oon  coordinates. 

Other atmospheric parameters, i .e., densi ty ,  speed o f  sound, etc. ,  are 
i d e n t i c a l  f o r  both reduct ion programs, and f o l l o w  the computations pre- 
sented i n  Sect ion 2.4. 

This same parameter i s  a func t i on  o f  t he  

For t h i s  reason, they are n o t  included. 
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SECTION 4 

CONCLUSIONS AND RECOWENDATIONS 

4.0 CONCLUSIONS 

I n  Appendix B, a l t e r n a t i v e  approaches t o  the  reduc t ion  o f  meteoro log ica l  
data are reviewed and c r i t i qued .  I n  cases where a l te rna t i ves  e x i s t  e i t h e r  
i n  formulae o r  procedures, the methods presented i n  Sect ion 2 are those se- 
l e c t e d  because they produce more l o g i c a l l y  cons is ten t  and accurate resu l t s .  
However, if reduct ion r e s u l t s  showed no s i g n i f i c a n t  d i f fe rence,  the formula 
o r  technique presented i n  Sect ion 2 i s  the s impler  and more e a s i l y  pro- 
gramed method. This i s  t rue  a lso o f  the a l t e r n a t i v e  methods o f  deter-  
mining the winds reviewed and discussed i n  Appendix C. The most s u i t a b l e  
wind reduct ion method i s  the t h i r d  presented which i s  tabbed f o r  i d e n t i f i -  
ca t i on  purposes as MOD-3. It, b r i e f l y ,  i s  the procedure c u r r e n t l y  used 
a t  MSFC; of f i r s t  smoothing the raw data, then transforming them i n t o  the 
orthogonal c u r v i l i n e a r  coordinates o f  the ba l loon pos i t i on  a t  each t ime 
i n t e r v a l ,  and then d i f f e r e n t i a t i n g  the coordinates t o  compute the wind 
components. 

The d iscuss ion i n  the  previous sect ions and i n  the Appendices t o  t h i s  re -  
p o r t  have l e f t  a few unanswered questions. For instance, i n  the use o f  
f i l t e r s  f o r  smoothing, the optimum f i l t e r  type i s  recomnended b u t  no p a r t i -  
c u l a r  s e t  o f  f i l t e r  weights are named. 
data can one a f f o r d  t o  lose  because o f  the number o f  f i l t e r  weights em- 
ployed i s  purposely unanswered since the winds between the surface and 
the f i r s t  ava i l ab le  f u l l y  f i l t e r e d  p o i n t  must e i t h e r  be der ived by  the 
"educated" guess o f  a l i n e a r  i n t e r p o l a t i v e  scheme f r o m  the known sur face 
wind t o  the  l e v e l  o f  the f i r s t  ca lcu la ted  wind o r  by the use o f  expanding 
span f i l t e r s  from the i n i t i a l  l eve l  t o  the f u l l  span selected. 
t e r p o l a t i v e  scheme could be performed by computer b u t  should then be modi- 
f i e d  by a meteoro log is t  f o r  the e f fec ts  expected due t o  the observed ther -  
m a l  s t r u c t u r e  between the l eve l s  being in te rpo la ted .  The use o f  a ser ies 
o f  d i g i t a l  f i l t e r s  w i t h  expanding span can a lso be accomplished by computer 
and would produce more ob jec t i ve  resu l t s  than the a l te rna te  method. Fur- 
thermore, the  reverse o f  the same ser ies o f  f i l t e r s  p rov id ing  a con t rac t i ng  
span could be used a t  the terminal  end o f  the rawinsonde run. Use of one 
o f  these techniques must be weighed against  the advantage o f  a l a r g e  span 
( l a r g e  nunber o f  weights) f o r  use on the cen t ra l  por t ions  o f  the data se- 
quence. The l a r g e r  the number of weights used i n  a f i l t e r ,  the more pre- 
c i s e l y  can the  frequencies, comprised c h i e f l y  o f  noise, be del ineated from 
those proper ly  a t t r i b u t a b l e  t o  s ignal  i n  any s e t  o f  data. The sharper the 
r o l l - o f f  i n t e r v a l  between a def ined c u t o f f  frequency and a des i red termin- 
a t i o n  frequency, the grea ter  i s  the  number o f  f i l t e r  weights requ i red  t o  
s tay  w i t h i n  a given accuracy bound (Reference 6) .  It i s ,  therefore,  de- 
s i r a b l e  t o  have as l a rge  a span w i t h i n  reason as possible.  
seen i n  the frequency response curves shown i n  Figure 4-1 f o r  a 13-weight 
and a 73-weight f i l t e r .  
func t ion  on ly  of the frequency i n t e r v a l  between the c u t o f f  frequency and 
t h e  te rmina t ion  frequency and independent o f  what the desi red c u t o f f  o r  
te rmina t ion  frequency may be. 

The quest ion as t o  how much wind 

The i n -  

This can be 

The number of  weights i n  a Mar t i n  f i l t e r  i s  a 
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4.0 (CONTINUED) 

I -  
1 -  

i 

I 

1 :  

Another unanswered quest ion i s  t h e  cause o f  the l a r g e  systemat ic  c y c l i c  
changes i n  the r a t e  of r i s e  i n d i c a t e d  by the  GMD-2 data as depic ted i n  
Figure 4-2 which occurs i n  phase w i t h  a considerable c y c l i c  change i n  the 
magnitude of the wind vector  even when the data are p r e l i m i n a r i l y  smoothed 
w i t h  the  s t r i n g e n t  73-weight f i l t e r  depicted i n  F igure 4-1. 
was thought t h a t  t h i s  c o r r e l a t i o n  between the h o r i z o n t a l  and v e r t i c a l  
accelerat ions was evidence o f  v e r t i c a l  motions o f  the atmosphere e i t h e r  
associated w i t h  v e r t i c a l  wind shear o r  w i t h  g r a v i t y  waves imposed by l o c a l  
topography. However, as i s  observed, the v e r t i c a l  r i s e  ra tes  and hor izon- 
t a l  accelerat ions determined from the simultaneously observed GMD-1 data 
show l i t t l e  o r  no c o r r e l a t i o n  w i t h  each o t h e r  and reveal  p r a c t i c a l l y  none 
o f  the l a r g e r  c y c l i c  changes o f  t h e  GMD-2 data. This e l im ina tes  the  prob- 
a b i l i t y  t h a t  the approximately 200 second periods o f  t he  cycles i n  the 
GMD-2 data were due e i t h e r  t o  wind s t r u c t u r e  o r  some systemat ic character-  
i s t i c  o f  the ba l l oon ' s  buoyancy and drag dynamics. It, therefore,  appears 
t o  be some c h a r a c t e r i s t i c  o f  the GMD-2 t rack ing  and ranging system. The 
same simultaneous data from which the speeds i n  Figures 4-2 and 4-3 were 
determined were used i n  the ca l cu la t i ons  f o r  the op t im iza t i on  o f  ba l l oon  
coordinates by appl i c a t i o n  o f  est imat ion theory depic ted i n Figures 4-4 
and 4-5 (see Appendix A). 
changes o f  s lope o f  the height - t ime curve and the time-HDO curve f o r  the 
GMD-2 data are remarkably synchronous w i t h  the i n d i c a t e d  v e r t i c a l  and h o r i -  
zonta l  speeds shown i n  Figure 4-2 f o r  the GMD-2 data. 
thought, would c e r t a i n l y  be ant ic ipated.  However, i t  must be understood 
t h a t  t he  e l e v a t i o n  angles used i n  GMD-1 ca l cu la t i ons  f o r  t he  op t im iza t i on  
by es t ima t ion  theory are the e l e v a t i o n  angles measured by the GMD-2 an- 
tenna, and t h e  t ime-HDO curve from t h e  GMD-1 computations shows r e l a t i v e l y  
smal l  and random changes o f  s lope uncorrelated w i t h  the  undulat ions o f  the 
GMD-2 curves. This leads t o  the conclusion t h a t  the 200-second c y c l i c  
changes i n  the GMD-2 curve are due t o  some as y e t  undetermined c y c l i c  and 
phenomenal e r r o r  i n  the ranging measurements by the GMD-2 system s ince 
they a re  n o t  present i n  the e l e v a t i o n  angle data. 

4.1 RECOMMENDATIONS 

A t  f i r s t  i t  

Examination o f  these f i gu res  show t h a t  the 

This,  a t  f i r s t  

The recomnendations most p e r t i n e n t  t o  the purpose o f  t h i s  document which 
can improve the q u a l i t y  o f  rawinsonde reduct ion r e f e r  t o  the  sampling r a t e  
and t h e  punching o f  e l e v a t i o n  and azimuth angle data on the  i n p u t  data 
cards. As i n d i c a t e d  i n  the paragraph on wind reduct ion i n  Sect ion 2, i t  
appears t h a t  increas ing the  sampling ra te  o f  GMD-1 data t o  one pe r  f i f t e e n  
seconds would b e t t e r  de l i nea te  s igna l  from noise i n  the frequency domain. 
I t  i s ,  therefore,  recomnended t h a t  t he  p o s s i b i l i t y  o f  doing t h i s  w i thou t  
i ncreas i  ng the number o f  acc identa l  e r ro rs  and w i  t hou t  jeopard i  z i  ng the 
accurate t ransposing o f  the data t o  punched cards be i nves t i ga ted ;  and t h a t  
i f  the  h ighe r  sampling r a t e  appears feas ib le ,  i t  be made a p a r t  o f  the 
s tandard operat ing procedure f o r  computerized reduct ion o f  GMD-1 rawin- 
sonde runs. 
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4.1 ( CONT I NUE D ) 

The GMD-1 con t ro l  recorder p r i n t s  the e l e v a t i o n  and azimuth angles t o  the 
nearest  hundredth of a degree, b u t  the data cards are punched t o  record 
these angles on ly  t o  the nearest  tenth.  
troduced by t h i s  procedure, i t  i s  recommended t h a t  e l e v a t i o n  and azimuth 
angles f o r  the GMD-1 data be punched t o  the nearest  hundredth degree as i s  
done f o r  GMD-2 data. 

To reduce t h e  t r u n c a t i o n  e r r o r  i n -  

I n  GMD-2 data recorded a t  f i v e  second i n t e r v a l s ,  i t  i s  observed t h a t  the 
same temperatures and humid i ty  ordinates are recorded f o r  two o r  three 
data cards successively before a change i n  these values i s  ind icated.  The 
reason f o r  t h i s  i s  i n  the speed o f  r o t a t i o n  o f  the c lock -d r i ven  commutator 
on the radiosonde inst rument  which provides an updated temperature sample 
on ly  once i n  an 8.6, a 10.7, and another 10.7-second i n t e r v a l  each 30 
seconds, and an updated humid i ty  sample once i n  a 15.4 and a 10.7-second 
i n t e r v a l  . 
on more than one punched card i s  because the g iven data by t h e  ADP s t i l l  
represents the l a t e s t  i n fo rma t ion  avai lab le.  
lapse ra tes  o f  temperature and humidi ty are mis leading and in t roduce some 
e r r o r  i n  the t r u e  representat ion o f  the pressure p r o f i l e  and the  thermal 
s t r u c t u r e  o f  the atmosphere. To e l i m i n a t e  t h i s  c h a r a c t e r i s t i c  o f  GMD-2 
data and also t o  make i t s  i n fo rma t ion  more compatible w i t h  GMD-1, i t  i s  
recotnnended t h a t  the sampling frequency be reduced t o  one sample per  15 
seconds. 
the frequency content o f  the data and poss ib l y  obv ia te  the  a p p l i c a t i o n  of 
any smoothing f i  1 t e r .  

Therefore, the r e p e t i  ti on of temperature and humi d i  t y  ord inates 

The r e s u l t i n g  s tep  l i k e  

This would a l s o  tend t o  f i l t e r  random noise frequencies from 

The 200-second cyc le  appearing i n  the GMD-2 winds shown i n  Figure 4-2 was 
observed i n  a run o f  simultaneous data taken on September 6, 1967, a t  
1754 hours GMT. The frequency o f  occurrence o f  such a phenomenon i s  un- 
known. 
mine i t s  cause and source. I f  such a study showed t h a t  t h i s  phenomenon 
occurs occasional ly  from some c h a r a c t e r i s t i c  o f  t he  c i r c u i t r y  i n  radar  
type range measurements, t he re  would be wide sweeping i m p l i c a t i o n s  w i t h  
respect t o  independently observed c y c l i c  changes i n  r a t e  o f  r i s e  of 
bal loons i n  data from o the r  sources. 

I t  i s  recotnnended t h a t  a study be made o f  t h i s  phenomenon t o  deter-  

4-8 



ADDENDUM TO NASA CONTRACTOR R.EPORT 

NASA CR-61192 

January  1968 

REVIEW OF RAWINSONDE REDUCTION METHODS 

R. S. Wheeler,  The Boeing Company 

RE: S e c t i o n  4 ,  “Conclusions and Recommendations,” ( s e e  F igu res  4 - 2  and 
4 - 3 )  pp. 4 - 1  th rough 4 - 8  

The c y c l i c  v a r i a t i o n  i n  t h e  winds d e p i c t e d  i n  F igu res  4 - 2  and 4 - 3  
of CR 61192 has  now been i n v e s t i g a t e d .  T h i s  e r r o r  w a s  caused by a p ro -  
blem w i t h  t h e  NASA Atmospheric Research F a c i l i t y ’ s  AN/GMD-2A Rawinsonde 
System, s p e c i f i c a l l y ,  t h e  comparator ,  which p rov ides  t h e  range  measure- 
ments .  A d i f f i c u l t y  i n  t h e  e l ec t romechan ica l  l i nkage  induced a c y c l i c  
v a r i a t i o n  i n  i t s  t u r n i n g  ra te .  The p e r i o d i c i t y  o f  t h i s  v a r i a t i o n  w a s  
shown t o  b e  approximate ly  t h r e e  minutes  p e r  c y c l e ,  t he  same as t h a t  
observed  i n  t h e  reduced GMD-2Awinds and b a l l o o n  r i se  r a t e s .  
blem has  now been c o r r e c t e d .  

The p ro -  

When t h e  AN/GMD-2A equipment a t  t h e  M i s s i s s i p p i  Tes t  F a c i l i t y  w a s  
checked,  i t  worked p e r f e c t l y  w i t h  no c y c l i c  e r r o r  p r e s e n t .  Apparent ly ,  
t h e  f a u l t  i s  n o t  common t o  a l l  0 - 2  sets. It i s  be l i eved  t h a t  a bent  
d r i v e  s h a f t ,  o r  o t h e r  cause  o f  b inding ,  i s  r e s p o n s i b l e  i n  t h o s e  sets 
wh i c,h produce t h e s e  v a r i a t i o n s .  
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APPENDIX A 

ERROR STUDY 

1 .o GENERAL 

Simultaneous rawinsonde runs o f  GMD-1 and GMD-E were s tud ied  t o  prov ide an 
i n s i g h t  i n t o  the  e r r o r s  en te r ing  the record ing and reduct ion o f  data. One 
AMQ-9 and one AMT-4 rawinsondes were suspended from a s i n g l e  ba l l oon  and 
t racked by two separate t r a c k i n g  antennae. The antennae are s i t u a t e d  
approximately 61 meters apa r t  along a near NE-SW base l i n e .  Antenna #1, 
t he  NE one, i s  considered the o r i g i n  o f  the r e c t i l i n e a r  coordinate system 
f o r  ba l l oon  pos i t i ons .  
from Antenna #2 t o  the  o r i g i n  -41.8 meters i s  added t o  Y (W-E) coordinate, 
-44.5 meters i s  added t o  Z (S-N) and 1.1 meters i s  added t o  X (Height )  f o r  
comparison o f  p o s i t i o n s  determined from Antenna #l. 

Therefore, t o  c o r r e c t  the p o s i t i o n s  determined 

1.1 ERROR SOURCES 

These s i t e  co r rec t i ons  a re  very much smal ler  than the d i f f e rences  observed 
i n  t h e  ba l l oon  p o s i t i o n s  as reduced from each antenna's range, e l e v a t i o n  
and azimuth which a re  genera l ly  l a rge r  by an order  o f  magnitude. There 
a re  a number o f  f a c t o r s  c o n t r i b u t i n g  t o  these l a r g e  d i f ferences,  p a r t  o f  
them due t o  the separate antennae and t r a c k i n g  systems, and p a r t  due t o  
bas i c  d i f f e rences  between the  methods o f  determining coordinates. 

The separate antennae have i d e n t i c a l  pedestals, dr ives,  and gears; however, 
o r i e n t a t i o n  and l e v e l i n g  t o  the p rec i s ion  requi red t o  have . the i nd i ca ted  
l i n e s  o f  s i g h t  meet a t  the ba l l oon  and f l i g h t  instruments i s  apparent ly 
impossible. The t ime f a c t o r  i s  used as the i d e n t i f i e r  f o r  simultaneous 
data; however, each system records i t s  data on the s igna l  f r a n  i t s  own 
t imer .  That these are n o t  coordinated i s  evidenced when the azimuth 
angle i s  changing r a p i d l y .  I n  one instance when azimuth was changing a t  
a r a t e  o f  more than one and a h a l f  degrees per  second, the  azimuth l i n e s  
from the  two antennae diverged a t  an angle o f  g rea te r  than 10 degrees 
between them a t  a "simul taneous" reading. 
o f  t h e  bal loon, t he  azimuths should have converged a t  an angular d i f f e rence  
o f  from three t o  f i v e  degrees. 
been as much as a ten  second d i f f e rence  between the t imers.  Because o f  
these obvious d i f f e rences  i n  the t imers, good estimates o f  b ias i n  l e v e l i n g  
and o r i e n t i n g  o f  t h e  two antennae are p r a c t i c a l l y  impossible. 
o f  t h e  data i n d i c a t e s  t h a t  the d i f ferences are a t  l e a s t  0.3 degree and 
most probably o f  t he  order  o f  0.5 degree i n  both e l e v a t i o n  and azimuth 
angles, n o t  from t r u e  no r th  o r  t rue  h o r i z o n t a l  b u t  from each other.  

A t  the h o r i z o n t a l  -d i s  tance-out 

This would i n d i c a t e  t h a t  there could have 

Examination 

I n  a s i n g l e  rawinsonde run, the t iming i s  n o t  an e r r o r  f a c t o r  i n  the bal- 
l o o n  coordinates computation. 
e r r a t i c  or i s  f a s t  o r  slow, wind speed e r ro rs  w i l l  r e s u l t  which are 
impossib le  t o  detect .  

I f ,  however, t im ing  o f  the i n t e r v a l s  i s  

A- 1 
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1.1 (CONTINUED) 

I n  a d d i t i o n  t o  the  con t r i bu t i ons  t o  b ias  discussed, a very bas ic  d i f f e r -  
ence between the  GMD-1 and the  GMD-2 systems accounts f o r  a g rea t  deal of 
d i f f e rence  i n  the determined b a l  loon coordinates.  Whereas t h e  GMD-2 
d i r e c t l y  measures a l l  the components such as range, e leva t ion ,  and azimuth 
necessary t o  determi ne t h e  r e c t i  1 i near coordinates o f  the b a l l  oon ' s  
pos i t i on ;  a l l  o f  these coordinates i n  the GMD-1 system are  func t ions  of 
t he  ba l loon he igh t  which i s  determined from the  reduc t ion  o f  the hydro- 
s t a t i c  equat ion and the  pressure data f o r  each data p o i n t .  
the ba l loon he igh t  and indeed the  ho r i zon ta l  coordinates are  func t ions  o f  
t h e  pressure, temperature, and humidi ty,  each sub jec t  t o  e r r o r  i n  measure- 
ment. GMD-1 coordinates are  a l so  funct ions o f  the  azimuth and e leva t i on  
angles and t h e i r  e r r o r s  measured by the  t rack ing  antenna. 

1.2 RANDOM ERROR VARIANCE 

This means t h a t  

The sources o f  e r r o r  discussed thus f a r  con t r i bu te  i n  general t o  b 
ferences between t h e  two systems. I n  a d d i t i o n  t o  these, there  are 
e r ro rs  due t o  no ise i n  the data. An e f f o r t  t o  evaluate t h i s  c o n t r  
t o  t o t a l  e r r o r  was accomplished. 

as d i f -  
random 
bu t ion  

A moving average smoothing f i l t e r  was app l ied  t o  t h e  r a w  data from both 
GMD-1 and GMD-2 systems, and the  res idua ls  determined by sub t rac t i ng  from 
each raw data p o i n t  i t s  respec t ive  smoothed value. 
o f  two o f  these f i l t e r s  a re  shown i n  F igure A-1. 
res idua ls  was then d i v ided  by t h e  nunber o f  data po in ts  c o n t r i b u t i n g  t o  
each sumnation t o  g i v e  the  mean squares o r  var iance. 

With GMD-2 data a t  a sampling frequency o f  0.2 samples per  second t h i s  
method does g i ve  some i n s i g h t  i n t o  the  t r u e  var iance o f  t h e  data. The 
smoothing f i l t e r  employed has a c u t o f f  frequency such t h a t  wave lengths 
longer  than about 400 meters were passed and a l l  wave lengths sho r te r  
than about 125 meters were f i l t e r e d  i n t o  the  res idua ls .  
between were p a r t i a l l y  passed and p a r t i a l l y  f i l t e r e d  i n  t h e  r o l l - o f f  i n t e r -  
va l  o f  t h e  f i l t e r ' s  response. 

The t r a n s f e r  func t ions  
The sum o f  the  squared 

The wave lengths 

V a l i d  wind var ia t ions  t h a t  can be measured by the  rawinsonde systems and 
t o  which the ba l loon can respond should i nc lude  on ly  wave lengths g rea te r  
than about 150 meters. Higher frequency v a r i a b i l i t y  must be c red i ted  t o  
the  "noise" i n  the  data. 
f i l t e r i n g  s ince the sho r tes t  wave length  i t  can sense i s  about 300 meters. 
Although GMD-1 data were f i l t e r e d  w i t h  the  same f i l t e r  used on GMD-2 data, 
the  e f f e c t i v e  separat ion i s  between wave lengths g r e a t e r  than 2500 meters 
from wave lengths o f  between 300 and 750 meters. 
due t o  r e a l  wind v a r i a t i o n  are  e n t i r e l y  e l im ina ted .  
thus determined i s  due t o  the  v a r i a b i  li ty of t h e  wind s t r u c t u r e  and i s  n o t  
because o f  ''noise" i n  the data. 

The sampling r a t e  o f  GMD-1 does n o t  r e a l l y  permi t  

Higher f requencies n o t  
Hence, a l l  var iance 

I n  reviewing t h e  l i t e r a t u r e  (References 7, 8, 18, and 191, one f inds gener- 
a l l y  quot ing t h e  manufacturer, c la ims of s tandard dev ia t ions  of 25 meters 
i n  s l a n t  range, 0.1 degree o r  l e s s  i n  e l e v a t i o n  and azimuth angles and 
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1.2 ( CONTINUED) 

2 percent i n  he igh t .  
g ives as r e s u l t s ,  a 1 percent e r r o r  i n  he igh t  a t  3 Km inc reas ing  t o  g rea ter  
than 3 percent a t  30 Km which i s  i n  general  agreement w i t h  the 2 percent 
r e l a t i v e  e r r o r .  

An USAF A i r  Weather Service Study (Reference 9 )  

I n  t h e  variance determinat ion from the study o f  GMD-2 data, the random 
e r r o r s  i n  s l a n t  range appear t o  be less  than the c la im o f  25 meters stand- 
a rd  dev ia t ion  and t o  be o f  the  order  o f  10 meters. However, the  l i m i t e d  
number o f  cases used i n  the  var iance determinat ion leaves the 25 meters 
standard e r r o r  as probably the more r e a l i s t i c  value. I n  e leva t i on  and 
azimuth angles the var iance study gave approximately 0.1 degree standard 
deviat i -on i n  agreement w i t h  the accuracies claimed by the manufacturers. 
The argument t h a t  the var iance study covered too few cases may ho ld  f o r  
the  angle measurements as w e l l  as s l a n t  range i n  which case the standard 
e r r o r s  i n  azimuth and e leva t i on  may be s i g n i f i c a n t l y  g rea te r  than the quot-  
ed 0.1 degree. 

For he igh t  e r ro rs ,  the var iance study had t o  employ GMD-1 data so t h a t  the 
r e s u l t s  are probably n o t  s i g n i f i c a n t  because o f  the  low sampling r a t e .  
The r e s u l t s  were considerably less  than t h e  r e l a t i v e  e r ro rs  quoted above 
b u t  d i d  approximately agree w i t h  the value used by H. M. de Jong (Reference 
8) 
tua t i ons  o f  the sensors. 

o f  20 meters as the random standard e r r o r  inherent  i n  the  random f l u c -  

1.3 O P T I M I Z A T I O N  OF COORDINATES 

The major b e n e f i t  o f  the simultaneous runs o f  GMD-1 and GMD-2 w i t h  t h e i r  
respect ive f l i g h t  equipments at tached t o  a s i n g l e  ba l l oon  i s  i n  the oppor- 
t u n i t y  t o  apply es t imat ion  theory t o  t h i s  "overdetermined" system and 
compute opt imized est imates o f  the  ba l l oon ' s  coordinates i n c l u d i n g  ca lcu-  
l a t i o n s  o f  the minimized var iance a t  each data p o i n t .  Using the  e leva t i on  
and azimuth angles and the  s l a n t  range from the  GMD-2 data and the  
independent he ights  ca l cu la ted  from the GMD-1 pressure, temperature, and 
humid i ty  data; the  est imat ions o f  the  optimum heights  and distances out  
from t h e  antenna were computed us ing the procedures s e t  f o r t h  by de Jong 
(Reference 8). The variances of s l a n t  range, azimuth e leva t i on  angles, 
and he igh t  are requ i red  inputs  t o  the  ca l cu la t i ons .  Various values f o r  
these were t r i e d  t o  assess the  e f f e c t  on the r e s u l t s .  

Fur ther  e f f o r t  t o  opt imize the est imate o f  t h e  ba l l oon  p o s i t i o n  was 
attempted i n  computing the  HDO by employing t h e  azimuths o f  both antennae 
t o  t r i a n g u l a t e  the  p o s i t i o n .  The increase i n  dimensions e n t a i l s  an i n -  
crease i n  the s i z e  o f  the covar iance and Jacobian matr ices and the com- 
p l e x i t y  o f  the m a t r i x  operat ions reqq i red  i n  the a p p l i c a t i o n  o f  e s t i t r a t i o n  
theory t o  opt imize the  r e s u l t s .  
improvement (see Figure A-2) over the  "two-dimensional" approach of 
de Jong's (Reference 8 ) ,  i s  mute test imony t o  the  r u l e  t h a t  the number o f  
bas ic  ca lcu la t ions  should n o t  exceed M+1, where M i s  the  number of con- 
s t r a i  n t s  imposed. 

That there  i s  no r e a l l y  s i g n i f i c a n t  
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1.3 (CONTINUED) 

I n  general, the r e s u l t s  appear t o  be s e n s i t i v e  t o  the values used. The 
minimized var iance o f  t h e  distance-out o f  the ba l l oon  i s  s e n s i t i v e  t o  the 
values used as angle variances w h i l e  the  minimized var iance o f  the he igh t  
i s  s e n s i t i v e  t o  the values used f o r  s l a n t  range and he igh t  as would be 
a n t i  c i  pated. 

L inea r  est imat ion theory i s  o f  i n t e r e s t  on ly  i n  determining the degree t o  
which variance i n  reduct ion o f  ba l l oon  coordinates can be minimized. The 
simultaneous runs made w i t h  the AMQ-9 and the AMT-4 radiosondes attached 
t o  a s ing le  ba l l oon  permi t  a p p l i c a t i o n  of l i n e a r  es t ima t ion  theory a t  the 
cos t  o f  considerable e f f o r t  and the expense o f  the e x t r a  radiosondes. 
improvement i n  the determinat ion o f  he igh t  and h o r i z o n t a l  coordinates of 
the bal loon i s  n o t  considerable. For t h i s  reason, t h i s  procedure i s  n o t  
recomnended. 
measurement i n  a d d i t i o n  t o  s l a n t  range measurement, l i n e a r  es t ima t ion  
techniques could be appl ied t o  the reduct ion methods r e s u l t i n g  i n  some 
improvement i n  accuracy o f  the winds determined as w e l l  as improved accu- 
racy f o r  the pressure-height p r o f i l e .  Examples o f  the degree o f  improve- 
ment by app l i ca t i on  o f  es t ima t ion  theory are shown i n  Figures 4-4, 4-5 
and A-2. 
accurate as poss ib le  values o f  the variance i n  measurement o f  s l a n t  range, 
e l e v a t i o n  and azimuth angles, and computation o f  ba l l oon  he igh t  from 
pressure measurement. I t  can be seen i n  Figures 4-4 and 4-5 t h a t  by 
underestimating the t r u e  variance value o f  s l a n t  range, the opt imized 
values o f  both he igh t  and HDO, ,and the p l o t s  of t he  ca l cu la ted  est imat ion,  
g i v e  too  much credence t o  the s t r a i g h t  GMD-2 c a l c u l a t i o n s  of these 
coordinates. P a r t i c u l a r l y  i n  the p l o t s  of h e i g h t  w i t h  t ime the GMD-1 
r e s u l t s  appear t o  be more c r e d i b l e  s ince they f a l l  on a f a i r l y  s t r a i g h t  
l i n e  w i t h  a more o r  less uni form slope. 

The 

If however the AMQ-9 provided a telemetered pressure 

As i nd i ca ted  however, i t  i s  impor tant  t o  use r e a l i s t i c  and as 
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APPENDIX B 

REDUCTION OF THERMODYNAMIC PROPERTIES 

I -  
1 .o GENERAL 

The formulae and procedures reviewed i n  t h i s  appendix are on ly  those f o r  
which a l t e r n a t i v e s  are  given. Also if other  formulae such as fo r  humid i ty  
do n o t  p e r t a i n  t o  the type of sensing element used a t  MSFC, they w i l l  no t  
be inc luded i n  t h i s  review. 

1.1 PROPERTIES 

I 

1 -  
I 

I -  

I 

1.1.1 Temperature 

a. The s t r i c t  p r o p o r t i o n a l i t y  maintained by the radiosonde t ransmi t te r  
between two audio frequencies and two  res is tances i n  the c i r c u i t  
(Reference 7) i s  exp lo i t ed  i n  reducing temperature from the AN/TMQ-5 
recorder  d i v i s i o n s  on the s t r i p  char t .  The TMQ-5 i s ,  i n  f a c t ,  a 
record ing  frequency meter and the d i v i s i o n s  o r  ord inates are a 
measure o f  the audio frequency modulat ion o f  the c a r r i e r  s igna l .  
Twice the number o f  ord inates counted from the l e f t  margin o f  the 
s t r i p  cha r t  equals the frequency of the modulat ion ( o r  more proper ly ,  
the frequency o f  the t ransmi t te r ' s  b lock ing  o s c i l l a t o r ) ,  and t h i s  
frequency i s  the func t i on  of the res is tance of the temperature 
sensing element. With these re la t ionsh ips ,  the temperature, t, may 
then be der ived as a funct ion o f  the r a t i o  o f  the res is tance o f  the 
element a t  the measured temperature dur ing the p r e f l i g h t  c a l i b r a t i o n  
procedure known as the basel ine check. The res is tance o f  the element 
a t  the basel ine temperature i s  given i n  the l i t e r a t u r e  (References 10 
and 11) by the empir ica l  formula: 

where db i s  the basel ine temperature ord inate.  
the  element a t  the temperature, t, i s  given by the s i m i l a r  formula: 

The res is tance o f  

where d t  i s  the ord ina te  observed a t  temperature t. The v a l i d i t y  o f  
the empi r i ca l  constants employed i n  the above two equations i s  
dependent on the res is tance o f  the temperature element meeting the 
r i g i d  spec i f i ca t i ons  t o  which it i s  manufactured. The spec i f i ca t i ons  
r e q u i r e  t h a t  a t  a temperature o f  30°C, the element must have a 
res is tance o f  40,000 ohms. The r e l a t i o n s h i p  between t h i s  resistance, 
R30, and t h a t  a t  the basel ine temperature i s  given i n  the l i t e r a t u r e  
as fo l lows:  

B- 1 
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where t 
Simp1 ifbing, we get: 

i s  the temperature of the baseline check in degrees Celsius. 

R30 = Rc [0.005(tb + 17O)I5 
or , 

8-2 

2631 6 

0.19 
03 .4 )  30 R30 5.26316 = - - 

0.005(tb = 170) = R 
C RC 

The relationship between the ambient temperature, t ,  and the ra t io  
of the resistances R30 to  R t  i s  given i n  the l i t e ra ture  as follows: 

which can be similarly simplified t o  read: 
~ 3 0  0.19 

t + 170 = 200 - 
Rt 

From Equat ion B-4: 

which, if  substituted into Equation B-6, makes the formula for 
temperature in degrees Celsius: 

0.19 
t = ( t b  170) (:) - 170 

I n  th i s  form the equations t o  derive temperature become a handy 
and useful tool, and the value of R30 does not appear i n  the 
reduction fonnul ae. 

(8.7) 

b. In Reference 12, values of the empirical constants used in Equation B.l 
and 8-2 were given as 21710 i n  place of 2.137 x 107 and 114.2 i n  
place of 1.125 x 105. These were used and compared w i t h  the results 
u s i n g  the constants given in Equations B-1 and 8-2. 
within about a tenth of a degree a t  a l l  data points. Selection of 
the constants then was based on which of the two se ts  gave the closer 
value t o  the calibration temperature from the CP-223A/UM calculator 
for  the calibration ordinate of 37.6. For th i s  reason, the values 
given i n  Equations B-1 and B-2 and quoted in References 10 and 11 
are the recommended values. 

Results were 
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1.1.1 (Continued) 

c. The reduct ion formulae for temperature c u r r e n t l y  used a t  the MSFC 
Atmospheric Research S ta t i on  i s  the most f requen t l y  mentioned i n  
the l i t e r a t u r e  (References 3, 4, 13, and 14) on computer reduct ion 
o f  rawinsonde data. It i s  based on the c a l i b r a t i o n  temperature, 
tc, corresponding t o  37.6 recorder d i v i s i o n s  from the CP-223A/UM 
c a l c u l a t o r  a f t e r  s e t t i n g  up the  basel ine check re la t i onsh ip .  The 
formula f o r  temperature i n  degrees Centigrade i s :  

i 
! -  

I -  

1 -  
I -  

(d537.6) a t + 2 0 . 5 2 5  + 61) + tc 
2.2625 t =  

where d t  i s  the temperature recorder d i v i s i o n  value, and tc, i n  
degrees Celsius, i s  usua l l y  w i t h i n  one degree of -19°C. D i f f e r e n t  
empir ica l  constants i n  the evaluat ion o f  a and b are used depending 
on whether the term ( d t  - 37.6) i s  p o s i t i v e  o r  negative. 
(dt - 37.6) i s  pos i t i ve :  

If 

b = 39.4 

2 
I 1 dt - 37.6 

b a = 1.177 + 2 [  

and when (dt - 37.6) i s  negative, the f i r s t  term o f  the r i g h t  s ide 
o f  Equation B-8 i s  m u l t i p l i e d  by (-1) and: 

b = 34.6 

dt - 37.6 2 and 

a = 1.24 + 1.06383 [ b 3 

As can be r e a d i l y  seen, the value o f  t converges on tc as 
(dt - 37.6) 0. 

d. With the same data being run through both temperature reduct ion 
methods, r e s u l t s  were obtained and compared. 
ext racted po r t i ons  o f  the two temperature curves t o  demonstrate 
t h e i r  behavior i n  the v i c i n i t y  o f  tc, the c a l i b r a t i o n  temperature 
f o r  37.6 ordinates.  Although the 37.6th ord inate value was passed 
i n  the t i m e  i n t e r v a l  between data points,  the curve represent ing 
the res is tance r a t i o  method appears t o  pass through the value o f  
tq almost exact ly ,  and i t  does so w i thout  any d i s c o n t i n u i t y  o r  
s i g n i f i c a n t  change i n  the slope. The dashed curve representing 
temperatures der ived by the second and more commonly used method 
must i n h e r e n t l y  pass through the  value o f  tc a t  the ord inate value 
o f  37.6; but, as i s  we l l  demonstrated, i t  does so by means o f  an 
i n f l e c t i o n  p o i n t  and considerable change i n  the slope. 

Figure B-1 shows 

The two 
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1.1.1 ( Con t i nued ) 

curves tend t o  converge a t  both ends o f  the run, b u t  the behavior 
o f  the dashed curve a t  the c a l i b r a t i o n  temperature leads t o  the 
conclus ion t h a t  the temperatures der ived from the  res is tance r a t i o  
formulae are  more accurate and more representa t ive  o f  the  ac tua l  
temperature p r o f i l e  of the atmosphere. 
r a t i o  method i s  recomnended. 

Hence, the res is tance 

1.1.2 Re la t i ve  Humidity 

A review o f  the l i t e r a t u r e  (References 3, 4, 10, 11, 12, 13, and 14) 
shows a number o f  reduc t ion  techniques f o r  eva lua t ing  r e l a t i v e  humid i ty  
from the recorder  d i v i s i o n  ord ina tes  fo r  humid i ty .  
i s  the  eva lua t ion  o f  a n i n t h  order  polynomial whose c o e f f i c i e n t s  are 
func t i ons  o f  the c a l i b r a t i o n  humid i ty  and ambient temperature and invo lve  
combinations o f  f o r t y  g iven empi r i ca l  constants. A second reduc t ion  
formula i s  an approximation having eleven terms i n v o l v i n g  func t ions  o f  
the r a t i o  o f  the res is tance corresponding t o  the humid i ty  o rd ina te  f o r  
ambient humid i ty  and temperature t o  the res is tance s p e c i f i e d  f o r  
r e l a t i v e  humid i ty  o f  33 percent a t  a spec i f i ed  temperature. 
t h i s  reduc t ion  formula i s  capable o f  producing both negat ive values and 
values grea ter  than 100 percent and would need c o r r e c t i n g  f o r  such resu l  t s .  

The most commonly used reduc t ion  technique f o r  the carbon element (see 
References 3, 4, 13, and 14) i s  a method employing two se ts  o f  constants, 
the  choice o f  which depends on whether the term (46-df) i s  negat ive o r  
p o s i t i v e .  df i s  the humid i ty  recorder d i v i s i o n  ord ina te .  The r e l a t i v e  
humid i ty ,  U, i n  percent  i s  determined from the fo l l ow ing :  

The f i r s t  o f  these 

Admittedly, 

A t  temperatures lower than -4O"C, the second term on the r i g h t  becomes 
imaginary so a c o n s t r a i n t  i s  imposed t h a t  t h i s  term vanishes when 
t s -40. 
46-at a temperature o f  -40°C i s  evaluated as fo l lows:  

f40  the r e l a t i v e  humid i ty  corresponding t o  an o rd ina te  o f  

/ \ 

f40 = fc + (,46 ; df,) a (b) 

where fc i s  the c a l i b r a t i o n  r e l a t i v e  humid i ty .  

When 46 - df > 0 

46 - df 
a = 1.66 + 7 

(B.lO) 
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1.1.2 (Continued) 

f -  
L c = 64.8 - 2.51 

and when 46 - cif < 0 

b = 10 - fc 

- 5.198 f C 
c=1.45 

Despite the  complexity o f  t h i s  method o f  humid i ty  reduct ion,  i t  i s  
s impler  than the n i n t h  order  polynomial mentioned f i r s t  among the 
reduct ion methods f o r  programming. 
may be l ess  accurate, bu t  the inaccuracy o f  the sensor i s  s u f f i c i e n t l y  
l a r g e  t h a t  the inaccuracy o f  the reduc t ion  method i s  r e l a t i v e l y  
i n s i g n i f i c a n t .  

The reduct ion method associated w i t h  Equation B.9 i s  se lected f o r  use 
by MSFC. I n  t h i s  recommendation, acknowledgement i s  made o f  the fac t  
t h a t  t h i s  i s  the  c u r r e n t l y  used technique and reprogramning i s  ha rd l y  
wor t  hwhi 1 e. 

The formula given by Equation B.9 

1 .1.3 V i r t u a l  Temperature 

There are th ree  formulae i n  more o r  l ess  common use f o r  the  d e r i v a t i o n  
o f  v i r t u a l  temperature. 
equation o f  s ta te ,  Da l ton 's  Law, and the r a t i o  o f  the  molecular weight 
o f  water vapor t o  the equ iva len t  molecular weight o f  d r y  a i r .  
( f o r  v i r t u a l  temperature i n  degrees Kel v i  n) 

I n  the main, these are de r i vab le  from the 

They are:  

P 
0.3781 2e) T * = T  ( B . l l )  

and, 

o r  

P + 0.00123e) (8.12) 
T* = ( P  - 0.37812e 

T* = T (1 + 0.376432 f) (8.13) 

4 

I 

I 
- i  

- I  
- I  

P + 0.376932e) 
P T * = T (  

B- 6 
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1.1.4 Hor izonta l  Distance Out (HDO) and C u r v i l i n e a r  Coordinates 

a. E leva t ion  and azimuth angle coordinates o f  the bal loon from the 
antenna are measured d i r e c t l y  from e i t h e r  the GMD-1 o r  GMD-2 
systems. With the add i t i ona l  d i r e c t  measurement o f  s l a n t  range, 
a l l  the data necessary f o r  the determinat ion o f  the winds i s  
ava i l ab le  f o r  the GMD-2 system. For the GMD-1 system, however, 
the s l a n t  range can be determined by means o f  the fo l l ow ing  
equat ion f o r  s l a n t  range (see Reference 3 ) :  

R = [(RE+H+X’) 2 - (RE+H)2Cos2E1’2 - (REM) sinE (B.14) 

The ba l loon p o s i t i o n  i n  an orthogonal c u r v i l i n e a r  coord inate system 
can be determined w i t h  these data fo r  each time data po in t ;  and 
d i f f e r e n t i a t i o n  w i t h  respect t o  t i m e  gives the magnitude o f  the 
wind components. 

b. An a l t e r n a t e  coordinate t o  determine s l a n t  range f o r  GMD-1 winds 
i s  t o  ca l cu la te  the plan-view distance o f  the bal loon from the 
antenna on the tangent plane through the antenna. This distance, 
normal ly c a l l e d  the Horizontal-Distance-Out (HDO) , can be 
ca l cu la ted  d i r e c t l y  w i thout  f i r s t  computing s l a n t  range. 
formula i s :  

The 

1 (RE+H) Cos E 
HDO = (RE+H+X’) Cos 

RE+H + X ’  

When s l a n t  range 
then i s  simply: 

HDO = R 

s measured d i r e c t l y  as w i t h  GMD-2 the formula 

Cos E 

(B.15) 

I n  e i t h e r  case HDO should be determined t o  compute the c u r v i l i n e a r  
coordinates o f  the bal loon pos i t ion .  A l l  these formulae are exact 
and can be der ived each from the other .  
t runca t ion  e r ro rs  involved, the r e s u l t s  f o r  HDO, X, o r  R would be 
the  same wi thout  regard t o  which formula was used t o  determine 
them. Even wi th t runcat ion  on the squares of very l a r g e  numbers, 
e.g., RE i n  meters o r  on i r r a t i o n a l  numbers, the e f f e c t  i s  usua l ly  
l e s s  than f i v e  pa r t s  per m i l l i o n  on computer r e s u l t s .  
i t  i s  recommended t h a t  f o r  f u r t h e r  reduc t ion  o f  the ba l loon pos i t i ons  
i n  r e c t i l i n e a r  coordinates the HDO be computed d i r e c t l y  f o r  GMD-1 
data because i t  minimizes t runca t ion  e r ro rs  introduced by the 
computer and because HDO must be determined anyway. 

Hence, i f  there were no 

Nevertheless, 
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1.1.4 (Continued) 
c .  An alternative t o  computing HDO for deriving the curvilinear 

coordinate Y and Z is  presented in Reference 6.  
introduces the parameter, F ,  which i s  evaluated i n  terms of the 
radius of the earth, the height of the antenna above sea level, 
the height of balloon above the reference sphere, and the slant 
range of the balloon from the antenna: 

This alternative 

(RE+H)‘  t ( R E + H t X * ) *  - R 2  

2 ( R E + H )  ( RE+H+X * )  
F =  (8.16) 

k i t h  reference t o  Figure 2-1 and a l i t t l e  manipulation, i t  i s  
readily seen t h a t  identically: 

F z Cos e 

where e i s  the internal angle a t  the earth’s center whose arc on 
the surface of the reference sphere i s  equivalent of the balloon’s 
tangential displacement from the antenna. 

Because the evaluation of F requires the computation of slant range 
even when i t  i s  n o t  directly measured as with GMD-1 data, use of the 
F parameter i s  a n  unnecessary complication i n  the reduction of the 
curvi 1 i near coordinates. 

The curvilinear coordinates, Y (positive to  the east)  and Z (positive 
t o  the n o r t h ) ,  are defined by the following equations: 

-1 HDO sin AI Y = ( R E + H )  sin [RE+H+X’ 

and 

(8.17) 

-1 [HDO COS A ]  
Z = ( R E t H )  sin kE+H+X* (8.18) 

where A i s  the a z i m u t h  angle measured by the antenna system. I f  the 
F parameter i s  used, the term ( 1  - F 2 ) 1 / 2  i s  substituted within the 
brackets o f  Equations 8.17 and B.18 for  the identically equal term 
H D O / ( R E + H + X ’ ) .  
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1.1.4 (Continued) 

where T i s  temperature o f  the atmosphere i n  degrees Ke lv in  

e i s  the p a r t i a l  pressure i n  mb due t o  water vapor 

P i s  the t o t a l  pressure of the mois t  atmosphere. and 

The s i m i l a r i t y  i n  the three formulae i s  imnediate ly  apparent and the use 
o f  any one o f  them i n  the range o f  atmospheric pressures, temperatures, 
and humid i t ies  makes d i f fe rences  o f  the order  o f  .01 degrees i n  the 
r e s u l t i n g  values o f  v i r t u a l  temperature. A1 though these d i f fe rences  are 
small ,  the e f f e c t  o f  a b ias  e r r o r  i n  v i r t u a l  temperature i s  c u m u l a t i v e  
i n  the determinat ion o f  ba l loon height  from GMD-1 o r  i n  the determinat ion 
o f  pressure from GMD-2 data. However, the accumulated e r r o r  introduced 
i n  he igh t  i s  o f  the order of one meter o r  l ess  f o r  the summation o f  
thicknesses from the surface t o  20,000 meters. 

The f i r s t  Equation, B . l l ,  i s  a development o f  the equation o f  s t a t e  f o r  
the  t o t a l  dens i ty  o f  the mois t  a i r ,  and the c o e f f i c i e n t  i s  der ived i n  
c a l c u l a t i n g  as p rec i se l y  as possible the d i f f e rence  between u n i t y  and 
the r a t i o  o f  the molecular weight f o r  water vapor t o  t h a t  f o r  dry  a i r  
(Reference 2). I n  t h i s  equation, the water vapor i s  t rea ted  as an i d e a l  
gas which i s  on l y  an approximation. However, throughout the range o f  
meteoro log ica l  condi t ions,  the con t r i bu t i on  t o  e r r o r  by t h i s  approximation 
i s  l e s s  than a ten th  o f  one percent and decreases r a p i d l y  w i t h  decreasing 
temperature (Reference 15). 

The formula given i n  Equation 8.12 (References 3 and 4) appears t o  have 
been der ived i n  apply ing a f i x e d  cor rec t ion  value t o  compensate f o r  the 
f a c t  t h a t  water vapor does no t  behave as an i dea l  gas. 
do no t  g i ve  the source f o r ,  nor an explanat ion o f ,  the constant c o e f f i c i e n t  
used as the co r rec t i on  f a c t o r .  I f  as assumed, the a d d i t i v e  used as a 
c o e f f i c i e n t  f o r  vapor pressure i s  a co r rec t i on  fac to r ,  i t s  v a l i d i t y  i s  
good f o r  a humid atmosphere on ly  i n  a range o f  temperatures c lose t o  20°C. 
A t  lower temperatures, the formula should r e v e r t  back t o  t h a t  given i n  
B . l l .  

The references 

Equat ion 8.13 presents a formula which, though s i m i l a r  t o  B . l l  and 8.12, 
uses a c o e f f i c i e n t  f o r  vapor pressure whose d e r i v a t i o n  i s  completely 
obscure. References 11, 13 and 14, present ing t h i s  formula t o  determine 
T*, g i ve  no source nor explanat ion o f  the constant used. 
i n  value o f  T* der ived from B.11, the c o e f f i c i e n t  o f  e should be approxi-  
mate ly  0.3796; and t o  approximate the values o f  T* computed by 8.12, the 
c o e f f i c i e n t  would have t o  be s t i l l  l a r g e r  i n  value. 

Since the equat ion f o r  v i r t u a l  temperature determined by B. 11 produces 
values o f  T* i n  the range o f  the "golden mean" between the values computed 
by the o ther  two formulae, i t  i s  recomnended t h a t  v i r t u a l  temperature be 
determined by the formula o f  Equation B.11. 

To be equiva lent  

B- 9 
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APPENDIX C 

WIND REDUCTION PROCEWRES AND D I G I T A L  F ILTERS 

1 .o WIND REDUCTION PROCEDURES 

In t h i s  study, th ree  separate techniques (see F igure C-1) were t r i e d  i n  
the  wind reduc t ion  t o  p rov ide  smoothed values o f  the  wind. The f i r s t  o f  
these techniques named MOD-1 i s  a s t ra igh t fo rward  coord inate t ransformat ion 
from given range ( o r  HDO), azimuth, and e leva t i on  data. A d i f f e r e n t i a t i n g  
f i l t e r  i s  then app l ied  t o  determine the wind components and t o  smooth 
t h e i r  values i n  one operat ion.  

The o ther  two techniques both apply smoothing t o  the raw data before any 
coord inate t ransformat ions are performed. 
app l ies  the d i f f e r e n t i a t i o n  t o  smoothed range, azimuth, and e leva t i on  
which a re  then transfonned d i r e c t l y  t o  wind components w i thout  any 
computation o f  r e c t i l i n e a r  coordinates. 
smoothing t o  raw data o f  range, azimuth, and e leva t i on  a f t e r  which 
r e c t i l i n e a r  ba l loon coordinates a r e  determined, and then s t ra igh t fo rward  
d i f f e r e n t i a t i o n  o f  ba l loon pos i t i ons  w i t h  respect t o  t i m e  gives the  
w i  nd components . 

One o f  these (MOD-2) then 

The t h i r d  method (MOD-3) appl ies 

MOD-3 i s  the procedure c u r r e n t l y  used by MSFC i n  determining winds. 
MOD-2 method was o r i g i n a l l y  designed t o  t e s t  the concept t h a t  by apply ing 
a combined smoothing and d i f f e r e n t i a t i n g  f i l t e r  t o  the  R, E, and A data 
f i r s t ,  a l l  random uncorre la ted er ro rs  could be e l iminated p r i o r  t o  combining 
them through the t ransform operat ion o f  determining the orthogonal 
coordinates.  This concept, desp i te  i t s  i n t e p t ,  .does ng t  work because the 
equations t o  t ransform the t i m e  der iva t ives  R, A, and E i n t o  R, ?, and 2 
are n o t  f r e e  o f  the  u n d i f f e r e n t i a t e d  values o f  R, A, and E. Therefore, as 
can be seen i n  the f l o w  cha r t  diagram o f  MOD-2, a smoothing f i l t e r  must 
be app l ied  t o  R, A, and E p r i o r  t o  d i f f e r e n t i a t i o n .  
winds determined by t h i s  procedure are  almost exac t ly  the same as those 
der ived  by MOD-3. Figures 4-2 and 4-3 are p l o t s  o f  winds der ived from 
the same rawinsonde data and the curves f o r  e i t h e r  GMD-1 o r  GMD-2 data 
represent  the r e s u l t s  from e i t h e r  MOD-2 o r  MOD-3 wind reduc t ion  procedures. 

The 

As a r e s u l t ,  the 

The r e s u l t s  from MOD-1 are c lose t o  r e s u l t s  ind ica ted  f o r  MOD-2 and MOD-3 
except t h a t  the peaks and troughs are s l i g h t l y  sharper and t h e i r  amplitudes 
s l i g h t l y  greater ,  p a r t i c u l a r l y  f o r  GMD-2 winds. 
show more random s c a t t e r  o f  the wind data po in ts  demonstrat ing the  mistake 
o f  combining the i n d i v i d u a l  e r ro rs  i n  the raw data through transforming 
the coordinates before any smoothing process i s  appl ied.  

Because MOD-2 provides no s i g n i f i c a n t  improvement o r  d i f f e rence  i n  the winds 
from those o f  MOD-3, and because MOD-2 i s  a considerably more complex 
p r o g r a m i n g  problem, MOD-3 i s  the recommended procedure f o r  wind reduct ion.  

MOD-1 r e s u l t s  f o r  GMD-1 

c- 1 
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1.1 DIGITAL FILTERS 

Much has been written on digital f i l t e r s  fo r  both smoothing and 
differentiating (References 6, 16 and 17). The various types of 
f i l t e r s  are well discussed and their  i n d i v i d u a l  advantages and 
disadvantages enumerated. Wi th  the assumption t h a t  the true measure- 
ment of the wind and the error components are band-limited t o  disjoint 
frequency bands, smoothing and differentiating digital  f i l t e r s  derived 
from Fourier integral theory are optimum. The Martin f i l t e r s  based 
on a sine rolloff between the cutoff and termination frequencies are the 
best of these and the most eff ic ient  in g i v i n g  a specified accuracy 
w i t h  the fewest number of weights. 

Fil ters whose weights are proportional to the ordinates of the normal 
curve or to binomial coefficients have transfer functions t h a t  show 
modification of a l l  frequencies in the domain since the cutoff frequency 
i s  zero. Furthermore, they are smoothing f i l t e r s  only; and because 
differentiating i s  required, i t  should be a dis t inct  advantage to  perform 
smoothing concurrently w i t h  differentiating. For th i s  reason, the 
differentiating type of f i l t e r  i s  of great interest .  
Martin f i l t e r  w i t h  a d is t inct  cutoff frequency other t h a n  zero which can 
be specified is recomnended for use w i t h  wind reduction techniques. 

Therefore, the 

Designing the correct f i l t e r  f o r  wind  reduction requires knowledge of the 
s t a t i s t i ca l  properties of the noise or error components t o  be f i  1 tered 
o u t  of the data. 
ser ia l  correlation, and distribution are not  explicitly known. One must 
theorize as to the maximum frequencies which are significant of the true 
wind f ie ld  and t o  which the rawinsonde system will respond. 
largely be based on observation and certain l i m i t i n g  factors such as the 
sampling rate of the rawinsonde. Then, one can easily design the f i l t e r  
to  eliminate a l l  higher frequencies. 

The sampling rate  of the GMD-1 of one sample per 30 seconds limits the 
h i g h e s t  frequency t h a t  can be discerned to  one cycle per minute, a wave 
length of about 300 meters; the spectral power of a l l  shorter wave lengths 
is folded into the apparent power of lower frequencies. Wave lengths of 
300 meters and longer, however, must be considered as "signal" or part of 
the true wind f ie ld .  
attempt t o  f i l t e r  GMD-1 data a t  a l l .  

However, such properties of the noise as variance, 

This must 

For this reason, i t  i s  probably inadvisable t o  

c-3 
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1.1 ( CONTINUED) 

An important quest ion t o  be answered before designing a d i g i t a l  f i l t e r  
i s  how much of the data record l eng th  can one a f f o r d  t o  s a c r i f i c e .  
t o t a l  number o f  f i l t e r  weights l ess  one def ines the number o f  data po in ts  
l o s t  i n  the numerical f i l t e r i n g  process, one h a l f  a t  each end o f  the 
record. However, the g rea te r  t he  number o f  weights used, t he  sharper 
i s  t he  d e l i n e a t i o n  between passed and f i l t e r e d  frequencies; and i t  i s  
d e s i r a b l e  t o  have sharp d e l i n e a t i o n  i f  t h e  l i m i t s  o f  d i s j o i n t  frequencies 
can be p rec i se l y  defined. 
c y c l i c  phenomena t h a t  a re  i nhe ren t  c h a r a c t e r i s t i c s  o f  the measuring sets ,  
such as appears t o  be t h e  case f o r  the GMD-2 winds depic ted i n  Figures 
4-2 and 4-3, i t  may be des i rab le  t o  have a long r o l l o f f  i n t e r v a l  so  
t h a t  those frequencies t h a t  a re  n o t  exc lus i ve  t o  e i t h e r  s igna l  o r  no ise 
can be a t  l e a s t  p a r t i a l l y  passed. 
handle and f i l t e r  ou t  a narrow band o f  frequencies b u t  on l y  a t  a heavy 
cost  i n  length o f  the record; and f o r  even GMD-2 rawinsonde data, t h i s  
can ha rd l y  be af forded. 

The 

I f ,  however, t he re  a re  very long wave systemat ic 

A band pass f i l t e r  can be designed t o  

Figures 4-1, A-1, and C-2 g i v e  the response funct ions o f  var ious M a r t i n  
type smoothing f i l t e r s  which i l l u s t r a t e  t h e  c a p a b i l i t i e s  o f  t h i s  f i l t e r .  
A1 though these p l o t s  represent the  response o f  smoothing f i  1 t e r s  , the 
weights o f  d i f f e r e n t i a t i n g  f i l t e r s  a re  computed from the weights of a 
p a r t i c u l a r  smoothing s e t  so t h a t  t he  response c h a r a c t e r i s t i c s  a re  the  
same as f o r  t he  smoothing f i l t e r  from which the  d i f f e r e n t i a t i n g  f i l t e r  
was c a l  c u l  ated. 

The f i l t e r s  whose responses a re  shown i n  F igure 4-1 are t h e  f i l t e r s  used 
f o r  t he  GMD-1 and GMD-2 wind p r o f i l e s  depic ted i n  F igure 4-2. 
f i l t e r  used f o r  GMD-2 wind data shown i n  F igure 4-3 i s  represented by 
the response shown i n  C o f  F igure C-2. 
GMD- 1 w i  nds . 

The 

No f i l t e r s  were used on t h e  
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APPENDIX D 

LIST OF SYMBOLS 

A 
a 
b 

C 

CS 
D 

e 

F 

f 

f C 

f40 

f S 
H 
H DO 
i 
N 

n 

P 

P ’  

P ”  

Antenna azimuth angle measured clockwise from t r u e  n o r t h  
An exponent whose values a re  computed by given formulae 

A f a c t o r  i n  reduct ion formulae which i s  assigned var ious 
Val ues 

A constant i n  reduct ion formulae which i s  assigned var ious 
Val ues 

Speed o f  sound i n  meters pe r  second 
The acute angle between the wind ax i s  and the l o c a l  
meridian, arc  s i n  1?/tl 
Base1 i ne temperature o rd ina te  % t o  nearest t en th  o rd ina te  
Humidity ordinate,  t o  nearest  tenth o r d i  nate 
Temperature ordinate,  t o  nearest  tenth ord inate 

Antenna e leva t i on  angle 
Base o f  na tu ra l  logar i thm r a i s e d  t o  the power expressed i n  
brackets 
Vapor pressure, the p a r t i a l  pressure i n  mb. due t o  the water 
vapor content i n  the atmosphere 
Parameter used i n  t ransforming t o  c u r v i l i n e a r  coordinates 
Frequency o f  any c y c l i c  o r  wave funct ion,  cycles per second 
The ca l  i b r a t i  on r e l a t i  ve humi d i  ty i n  percent corresponding 
t o  46 ordinates a t  a temperature o f  -40°C. 
An in termediate r e l a t i v e  humidi ty i n  percent p r i o r  t o  
a p p l i c a t i o n  o f  temperature c o r r e c t i o n  
Sampling r a t e  i n  nmber o f  samples per second 
The he igh t  o f  the antenna above sea l e v e l  i n  meters 
Hor i  zonta l  d i  stance ou t  o f  t he  b a l l  oon ’ s pos i ti on 

A subscr ip t ,  index number o f  any p a r t i c u l a r  data p o i n t  
A dimensionless u n i t  u t i l i z e d  t o  express index o f  r e f r a c t i o n  
= (n-1) x 106 
Index of re f rac t i on  f o r  e i t h e r  v i s i b l e  l i g h t  o r  f o r  UHF 
r a d i o  frequencies 
measure o f  the bending o f  a ray 
Pressure o f  the atmosphere i n  m i  11 i bars 

Atmospheric pressure i n  Kg (weight)  per square meter 
Atmospheric pressure i n  newtons per square meter 

a dimensionless r a t i o  expressing a 
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Time d e r i v a t i v e  of he igh t  coordinate,  dx/dt ;  hence v e r t i c a l  
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