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ABSTRACT 

A machine method f o r  computing winds 
radiosonde d a t a  is  developed and t e s t e d .  

from GMD-1 t r ack ing  and 
The test inc ludes  a 

d i r e c t  comparison of bal loon ascent  rates, h o r i z o n t a l  wind speeds 
and d i r e c t i o n s  wi th  those computed from p r e c i s i o n  FPS-16 r a d a r  
t r ack ing  da ta .  I n  each of f i v e  cases t e s t e d ,  t h e  GMD and r a d a r  
measurements w e r e  made simultaneously by t r a c k i n g  t h e  s a m e  
e f f e c t i v e  t a r g e t ,  i .e . ,  a radiosonde t r a n s m i t t e r  and t h e  chaff  
f i l l e d  ba l loon  which c a r r i e d  i t  a l o f t .  

The method a c c u r a t e l y  reproduces t h e  macroscale and mesoscale 
f e a t u r e s  of t h e  wind speed p r o f i l e s  and v e c t o r  hodographs wtien 
t h e  e l e v a t i o n  ang le s  are g r e a t e r  than t e n  degrees .  A t  lower 
e l e v a t i o n  ang le s ,  long per iod,  l a r g e  magnitude e r r o r s  i n  e l e v a t i o n  
ang le s  produce e r r o r s  i n  t h e  winds which swamp t h e  mesoscale 
f e a t u r e s  and d i s t o r t e d  even the  macroscale f e a t u r e s .  To recover  
reasonably a c c u r a t e  mean winds low o r d e r  or thogonal  polynomials 
are f i t t e d  t o  t h e  measured e l e v a t i o n  angles .  The number of 
obse rva t ions  f i t t e d  by t h e  polynomials i s  determined by applying 
a cu rva tu re  c r i t e r i o n  t o  t h e  GMD-1 winds 

The winds computed from the FPS-16 measurements con ta in ,  
between t h e  e a r t h ' s  s u r f a c e  and t h e  m a x i m u m  a l t i t u d e  reached 
by t h e  radiosonde ba l loon ,  many o s c i l l a t i o n s  i n  wind speed and 
d i r e c t i o n .  The hodographs suggest  t h a t  t h e  v e l o c i t i e s  can be 
decomposed i n t o  a mean wind vec to r  and a p e r t u r b a t i o n  v e c t o r  
which r o t a t e s  c y c l o n i c a l l y  o r  a n t i c y c l o n i c a l l y  wi th  he igh t .  I n  
t h e  s t r a t o s p h e r e ,  a n t i c y c l o n i c  r o t a t i o n  predominates. The 
p e r t u r b a t i o n  v e c t o r s  have magnitudes ranging from 0.5 t o  10 m/sec 
and r o t a t e  through 2n r ad ians  i n  0.5 t o  3 km. The source  of t h e  
p e r t u r b a t i o n s  remains unsolved b u t  t h e  p r o p e r t i e s  of t he  v e c t o r  
wind and temperature p e r t u r b a t i o n s  are c o n s i s t e n t  w i th  those of 
both i n e r t i a l - g r a v i t y  and shear-gravi ty .  
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SECTION 1. INTRODUCTION 

f 

The v e r t i c a l  p r o f i l e s  of the h o r i z o n t a l  winds computed from 
p r e c i s i o n  r a d a r  t r ack ing  d a t a ,  and from radar-sonde t h e o d o l i t e  
d a t a ,  are complicated by numerous v a r i a t i o n s  i n  both wind speed 
and d i r e c t i o n  (Barbe (19581, Scoggins (19651, and Sawyer (1960)). 
Many of t h e  v a r i a t i o n s  are o s c i l l a t o r y  wi th  ver t ical  wave l e n g t h s  
less than 3 km. The combination of l a r g e  magnitudes (1 - 5 m/sec> 
and s m a l l  ver t ical  wave l eng ths  produces l a r g e  v e l o c i t y  s h e a r s  
which are s i g n i f i c a n t  t o  t h e  me teo ro log i s t  and t o  t h e  des igne r s  
and eng inee r s  of aerospace v e h i c l e s .  

The obse rva t ion ,  i d e n t i f i c a t i o n  and f u t u r e  p r e d i c t i o n  of 
t h e s e  meso- and microscale  o s c i l l a t i o n s  i s  c u r r e n t l y  l i m i t e d  by 
t h e  s c a r c i t y  of p r e c i s i o n  r ada r  i n s t a l l a t i o n s .  It would be a 
d e f i n i t e  advantage i f  t h e  o s c i l l a t i o n s  could be a c c u r a t e l y  
measured by t h e  rawinsonde instruments .  I f  t h e  p r e s e n t  rawin 
network i s  no t  s u f f i c i e n t l y  dense t o  r e so lve  t h e  h o r i z o n t a l  
d i s t r i b u t i o n  of t h e  o s c i l l a t i o n s ,  t h e  frequency of radiosonde 
a s c e n t s  can be inc reased  t o  provide a denser  space-time network. 

Measurements of azimuth and e l e v a t i o n  ang le s  must a l s o  be 

The c u r r e n t  
made a t  a h ighe r  than normal frequency by t h e  GMD-1 o r  GMD-2 
t r ack ing  equipment during each b a l l o o n ' s  a s c e n t .  
rate of one measurement p e r  minute provides  enough d a t a  t o  
r e s o l v e  only t h e  l a r g e r  of t he  mesoscale o s c i l l a t i o n s .  Even 
t h i s  c a p a b i l i t y  i s  destroyed by t h e  crude methods and assumptions 
used i n  t h e  convent ional  hand processing of t h e  GMD d a t a  t o  
compute t h e  winds. Since t h e  GMD equipment can be set t o  read 
azimuth and e l e v a t i o n  ang le s  ten t i m e s  p e r  minute and t h e  d a t a  
can be a c c u r a t e l y  processed by machines, r e s o l u t i o n  of t h e  meso- 
scale and some of t h e  microscale  o s c i l l a t i o n s  might be p o s s i b l e .  

A s p e c i a l  obse rva t iona l  program designed t o  make t h i s  test 
w a s  conducted i n  t h e  sou theas t e rn  United S t a t e s  during February 
1964. The program w a s  sponsored by the  Aerospace Environment Divi-  
s i o n ,  NASA - Marshall Space F l i g h t  Cen teqwi th  t h e  cooperat ion 
of t h e  U.S. Weather Bureau, t h e  A i r  Force and Navy. A t  a l l  
r e g u l a r  radiosonde s t a t i o n s  i n  t h e  network, a s c e n t s  were made 
every t h r e e  hours. A t  Hun t sv i l l e ,  Alabama, and a t  t h e  M i s s i s s i p p i  
T e s t  S i t e  t he  a s c e n t s  w e r e  m a d e  every n i n e t y  minutes.  A t  a l l  
s t a t i o n s  t h e  GMD t r ack ing  equipment w a s  set t o  record a t  i t s  
maximum rate. Also, c a r e  w a s  taken t o  a s s u r e  uniformity i n  t h e  
radiosonde base l i n e  checks. 

All t he  d a t a  including the thermodynamic and t r a c k i n g  
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measurements w e r e  read a t  Huntsv i l le  and recorded on t ape  f o r  
machine processing.  The d a t a  processing has  Deen a formidable 
t a s k  p r i n c i p a l l y  because of e r r o r s  i n  t h e  GMD measurements of 
e l e v a t i o n  angles .  I n  t h i s  r e p o r t ,  t h e  e r r o r s  and t h e  l i m i t a -  
t i o n s  they impose on wind computations are determined and machine 
methods f o r  process ing  t h e  d a t a  are eva lua ted .  

i 

SECTION 2. OBJECTIVES 

This  s tudy  w a s  undertaken t o  develop f o r  t h e  MSFC-NASA P r o j e c t  
an o b j e c t i v e  method o r  methods of computing winds from GMD-1 
da t a .  Accuracy i n  both  t h e  mean wind and the dev ia t ions  from t h e  
mean w a s  des i r ed .  C lea r ly  t h i s  would r e q u i r e  a s tandard  f o r  
d i s t i n g u i s h i n g  between real dev ia t ions  and those  r e s u l t i n g  from 
e r r o r s  i n  t h e  da ta .  Winds computed from p r e c i s i o n  r ada r  t rack-  
i n g  of a radiosonde ba l loon  could s e r v e  as t h e  s tandard  i f  t he  
r a d a r  and t h e  GMD were s imultaneously t r ack ing  the  same t a r g e t .  

b 

I 
I 
I 

4 

The Inter-Range I n s t r - m e n t a t i o n  Group-Meteorological Working 
Group has  conducted experiments Of t h i s  type using the  FPS-16 
r ada r ,  develnped f o r  rocket  t r ack ing ,  and a GMD-2 w i th  a GMD-1 
c a p a b i l i t y .  Metallic chaff i n s i d e  t h e  ba l loon  provided t h e  
t a r g e t  f o r  t h e  r ada r  while  t he  GMD t racked  t h e  radiosonde 
transmitter a t t ached  t o  t h e  bal loon.  S l a n t  range,  azimuth and 
e l e v a t i o n  angles  were measured by t h e  GMD-2 a t  t h e  m a x i m u m  rate 
of t e n  t i m e s  p e r  minute,  t h e  same rate  as t h a t  used i n  the  
MSFC-NASA P r o j e c t .  Temperature and r e l a t i v e  humidity w e r e  
a l s o  measured a l t e r n a t e l y  as a func t ion  of p re s su re  (convent ional  
baroswitching) .  Therefore  a complete set of GMD-2 or GMD-1 
measurements w e r e  a v a i l a b l e .  

The au tho r s  w e r e  f o r t u n a t e  t o  r ece ive  f i v e  complete sets of '  
t r ack ing  d a t a  from t h e  IRIG/MWG. These d a t a ,  a l l  from P t .  Mugu, 
C a l i f o r n i a ,  p rovide  t h e  b a s i s  f o r  t h e  s tudy .  I n  keeping wi th  
t h e  d e s i r e  t o  d e r i v e  a d a t a  reduct ion  method f o r  t h e  MSFC-NASA 
P r o j e c t  t h e  s tudy  is  concerned wi th  t h e  FPS-16 and the  GMD-1 
measurements. 

SECTION 3. DEFINITION OF A STANDARD 

3A. FPS-16 Measurements 

Every one t e n t h  of a second t h e  FPS-16 r a d a r  measures and 
records  s l a n t  range t o  the  nea res t  yard ,  azimuth and e l e v a t i o n  
angles  t o  t h e  n e a r e s t  one thousandth of a degree.  The accuracy 
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Figure  1: Example of  FPS-16 e l e v a t i o n  a n g l e s ,  February 7 ,  1964 

F igure  2 :  Example of  FPS-16 e l e v a t i o n  a n g l e s ,  February 20, 1964 
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of these  measurements has  been reviewed by Scoggins (1963) who 
accep t s  t h e  va lues  quoted by Sander l in  of an RMS accuracy of 
5 ya rds  i n  s l a n t  range and 0.01 degrees  i n  azimuth and e l e v a t i o n  
angles .  

Evidence of random and p e r i o d i c  e r r o r s  i n  t h e  e l e v a t i o n  
ang le s  are shown i n  F igu re  1 taken from aesmall segment of  t h e  
d a t a  obta ined  during t h e  ascent  of  February 7 ,  1964. The a b s c i s s a ,  
which r ep resen t s  t i m e  a f t e r  release, w a s  d iv ided  i n t o  u n i t s  of 
5 sec beginning 40 min and 1 0  sec a f t e r  release. The expanded 
o r d i n a t e  scale, which spans only 0.5 deg, permi t ted  a c c u r a t e  
p l o t t i n g  t o  0.001 deg. The obse rva t ions  were p l o t t e d  as recorded 
every  0 .1  sec. It is  clear by i n s p e c t i o n  t h a t  t h e  e l e v a t i o n  
ang le s  contained p e r i o d i c  o s c i l l a t i o n s  superimposed on a g e n e r a l  
i nc rease .  The per iod  of t h e  o s c i l l a t i o n s  v a r i e d  between 9 and 
10 sec. Superimposed on t h e s e  w e r e  h igh  frequency random 
d e v i a t i o n s ,  approximately 0.002 t o  0.003 deg i n  magnitude. 
Large spur ious  d e v i a t i o n s ,  0.01 t o  0.03 deg i n  magnitude, are 
a l s o  ev iden t  every 9 o r  10 sec., i . e . ,  a t  t h e  same pe r iod  as t h e  
above mentioned o s c i l l a t i o n s .  These l a r g e  e r r o r s ,  which appear  
t o  have been c o r r e l a t e d  wi th  p o s i t i v e  cu rva tu res  i n  t h e  trace,  
must obviously be e l imina ted  along wi th  t h e  smaller random devia- 
t i o n s .  It  seemed d e s i r a b l e  however t o  p re se rve  t h e  p e r i o d i c  
o s c i l l a t i o n s  t o  determine t h e  magnitude of t h e  speed o s c i l l a t i o n s  
they produce. 

A second example taken from t h e  a scen t  of  February 20 i s  
p resen ted  i n  Figure 2.  I n  t h i s  case, t h e ' e l e v a t i o n  ang le  w a s  
lower and w a s  a c t u a l l y  decreas ing  q u i t e  r a p i d l y  wi th  t i m e .  To 
hold  t h e  e n t i r e  t r end  on one diagram a uniform drop i n  e l e v a t i o n  
ang le  of 0.02 deg p e r  sec w a s  removed from t h e  d a t a .  
produced an apparent  i n c r e a s e  i n  e l e v a t i o n  angle .  
c o n s i s t e n t l y  n o i s i e r  than  Figure 1. 
o s c i l l a t i o n s  can only be  de t ec t ed  by s i g h t i n g  down t h e  curve.  
Superimposed on t h e  gradual  t rend  w e r e  f r equen t  random f luc -  
t u a t i o n s  of  approximately 0.01 deg wi th  occas iona l  f l u c t u a t i o n s  
o f  0.03 deg. General ly  speaking, t h e  e r r o r s  throughout t h i s  
a s c e n t  were g r e a t e r  than those of t h e  7 th  and t h e  ampli tude of 
t h e  e r r o r s  i nc reased  as t h e  e l e v a t i o n  angles  decreased.  

Th i s  
F igure  2 i s  

Evidence of  p e r i o d i c  

3B. Method of Process ing  FPS-16 Data 

A f t e r  examining s e v e r a l  graphs of t h i s  t ype ,  i t  w a s  decided 
t h a t  a r e l a t i v e l y  s imple method of process ing  t h e  FPS-16 d a t a  
would provide  t h e  d e s i r e d  s tandard .  
o s c i l l a t i o n s  wi thout  in t roducing  spur ious  f r equenc ie s ,  t h e  

To remove t h e  h igh  frequency 
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arithmetic mean of every 10 consecutive non-overlapping p o i n t s  
w a s  computed. This generated 1 sec average va lues  a t  i n t e r v a l s  
of 1 sec. Winds were then obtained by cen te red  d i f f e r e n c i n g .  

Since winds w e r e  computed from azimuth ang le s  and t h e  d i s -  
t ance  of t he  ba l loon  from t h e  FPS-16 (measured on a curved 
e a r t h ) ,  one might expect  t h e  r e s u l t i n g  winds t o  d i f f e r ,  i f  

(1) t h e  d i s t a n c e  w a s  computed from t h e  averaged 
v a l u e s  of range and e l e v a t i o n  ang le ,  o r  

(2) t h e  d i s t a n c e s  were f i r s t  computed from t h e  r a w  
d a t a  and then averaged. 

A test w a s  conducted t o  compare t h e  r e s u i t s  of both methods. 
D i f f e rences  i n  t h e  computed winds were i n s i g n i f i c a n t  and there-  
f o r e  t h e  second method w a s  a r b i t r a r i l y  s e l e c t e d .  

All c a l c u l a t i o n s  w e r e  made by a computer using t h e  a c t u a l  
obse rva t ions  of s l a n t  range and ang le s .  The he igh t  (z)  above 
t h e  observing r a d a r  and d i s t ance  over a curved e a r t h  (D) w e r e  
ob ta ined  from the  fol lowing formulae: 

2 r  1. z = R[ (1 + s i n  E + 

-1 cos E (l+z 2. D = RO = R[cos 

R 

where R i s  t h e  e a r t h ' s  r a d i u s ,  r i s  t h e  s l a n t  range, E i s  t h e  
e l e v a t i o n  a n g l e  and 8 i s  t h e  angle between r a d i i  from t h e  c e n t e r  
of t he  e a r t h  t o  the  r a d a r  and t o  t h e  bal loon.  

The v e r t i c a l  and h o r i z o n t a l  v e l o c i t i e s  of t h e  ba l loon  w e r e  
computed f o r  t h e  i t h  p o i n t  by f i n i t e  d i f f e r e n c i n g  between the  
h e i g h t s ,  t i m e s  and h o r i z o n t a l  p o s i t i o n s  a t  p o i n t s  i+l and i-1. 
This  provided 2 sec average v e l o c i t i e s  of t h e  ba l loon  a t  a 1 s e c  
i n t e r v a l .  To determine t h e  h o r i z o n t a l  v e l o c i t y  of t h e  a i r ,  t he  
v e l o c i t i e s  of the ba l loon  r e l a t i v e  t o  the  a i r  must be removed. 
The r e l a t i v e  v e l o c i t i e s  w e r e  expected t o  be o s c i l l a t o r y  wi th  
pe r iods  of t h e  o r d e r  of 5 t o  15 sec. 
average v e l o c i t i e s  w e r e  a l s o  computed by cen te red  d i f f e r e n c i n g  
and compared t o  t h e  2 s e c  average v e l o c i t i e s .  
p o s i t i o n  coord ina te s  were averaged without  overlapping t h e  d a t a  
p o i n t s  b u t  each average was now de r ived  from 50, 100 and 200 
consecut ive p o i n t s .  

Therefore  10,  20 and 40 sec 

A s  befo re ,  t he  
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Figure  3: FPS-16 wind speeds and a scen t  r a t e s  from 40 min 10 sec  
t o  42 min 40 sec  a f t e r  r e l e a s e  on February 7 ,  1964 

F igure  4 :  FPS-16 wind speeds and a s c e n t  r a t e s  from 42 min 
t o  45 rnin 10 sec,  February 7 ,  1964 
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3 C .  Examples of Winds and Balloon Ascent Rates 

I .  

Examples of t h e  v e l o c i t i e s  computed by t h e  above methods 
from the  FPS-16 d a t a  a r e  presented  i n  F igures  3 and 4 .  Con- 
s e c u t i v e  i n  t i m e ,  they r ep resen t  a sma l l  p o r t i o n  of t h e  February 
7 a scen t .  In both f i g u r e s ,  t he  upper graph d e p i c t s  t h e  a s c e n t  
ra te  of t h e  ba l loon ,  t h e  lower graph d e l i n e a t e s  t h e  h o r i z o n t a l  
speed of t h e  bal loon.  The l a t t e r ,  wi th  r e s e r v a t i o n s ,  has  been 
l a b e l e d  "wind speed''. 
release, i . e . ,  t h e  same tiiiie a s  F igure  1. The p e r i o d i c  o s c i l l -  
a t i o n s  which w e r e  ev iden t  i n  the  e l e v a t i o n  angles  of F igure  1 are 
c l e a r l y  ev iden t  i n  t h e  2 sec average "wind speeds" of F igu re  3. 
O s c i l l a t i o n s  of f 2 m/sec wi th  a pe r iod  of about 9 sec 
c h a r a c t e r i z e  t h e  f i r s t  minute.  During t h i s  t i m e ,  t h e  10 sec 
average speeds (dashed l i n e )  and the  40 sec average speeds 
(heavy l i n e )  remained almost cons tan t  even though t h e  e l e v a t i o n  
ang le  inc reased  (Figure 1 ) .  This  imp l i e s  an  inc rease  i n  t h e  
average a scen t  ra te  of the  ba l loon .  The upper graph confirms 
t h e  i n c r e a s e  from 3.5 t o  6 m/sec f o r  t h e  10 sec average and 3.5 
t o  5 m/sec f o r  t h e  40 s e c  average.  

F igu re  3 begins  40 min 10  sec a f t e r  

It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  o s c i l l a t i o n s  i n  t h e  2 sec 
averages about  the  40 sec averages are  approximately f 2 m/sec 
f o r  both t h e  v e r t i c a l  and h o r i z o n t a l  components. 
t h e  magnitude of t h e  o s c i l l a t i o n s  would be  expected i f  they 
r e p r e s e n t  t h e  ba l loons  motion re la t ive  t o  t h e  a i r .  Also,  
a l though i t  i s  n o t  r egu la r ,  t he re  i s  approximately a  IT/^ phase 
s h i f t  between t h e  r e s p e c t i v e  components. The magnitudes,  
pe r iods  and phase s h i f t s  suggest  they are produced by the  ba l loon  
For a d i scuss ion  of t he  o s c i l l a t i o n s  produced by ascending 
s p h e r i c a l  ba l loons  t h e  reader  is  r e f e r r e d  t o  a paper  by Scoggins 
(1965). 

Symmetry i n  

I f  t h e  assumption is  c o r r e c t  t h a t  t h e  high frequency o s c i l l -  
a t i o n s  are caused by a c c e l e r a t i o n s  of t h e  ba l loon  r e l a t i v e  t o  
t h e  a i r  then  they are e f f e c t i v e l y  removed by t h e  40 sec averages 
and t h e  l a t t e r  are a measure of t h e  wind speed. I f ,  on t h e  
o t h e r  hand, t h e  o s c i l l a t i o n s  are real  wind v a r i a t i o n s ,  they  
can only be  t r e a t e d  s t a t i s t i c a l l y .  Therefore ,  i n  a l l  subsequent  
examples t h e  40 sec average winds computed from t h e  FPS-16 d a t a  
s h a l l  be  considered a s  t he  s tandard  f o r  comparing t h e  GMD winds. 
One might g e t  t h e  impression from Figures  3 and 4 t h a t  t h e  40 sec 
average oversmooths t h e  da t a .  This  impression is  due t o  t h e  
extended t i m e  scale. 
t h e  complete absc i s sa  r ep resen t s  .a he igh t  i n t e r v a l  of on ly  3 / 4  
km. Despi te  t h e  smooth appearance of t h e  40 sec average curves  

For  an average a scen t  ra te  of 5 m/sec 
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t h e  complete p r o f i l e s  of wind speed vs h e i g h t ,  hodographs and 
a scen t  rates, t o  be p re sen ted ,  c o n t a i n  an amazing complexity. 

Add i t iona l  support  f o r  the use of a 30 o r  40 sec average 
as a s t anda rd  can be de r ived  from t h e  power spectrum of t h e  
February 7 ,  FPS-16 winds. The t i m e  series of t h e  2 sec average 
wind speeds (4977 v a l u e s )  were analyzed €o r  LOO and 500 l a g s .  
The spectrum of t h e  la t ter  i s  shown i n  F igu re  5. Long term 
t r ends  w e r e  n o t  removed from t h e  o r i g i n a l  da t a .  The o r d i n a t e  
is t h e  product  of t h e  autocovariance and t h e  l a g  d iv ided  by t h e  
s t anda rd  d e v i a t i o n  o f  t h e  series. An ou t s t and ing  f e a t u r e  is  t h e  
s p e c t r a l  peak a t  9 sec. This  pe r iod ,  ev iden t  i n  t h e  s m a l l  
sample of F igu res  3 and 4 ,  was predominant throughout t h e  a scen t .  
Again t h i s  sugges t s  a n a t u r a l  pe r iod  of t h e  ba l loon .  The power 
is  a minimum between pe r iods  of 30 and 60 sec and remains 
r e l a t i v e l y  low up t o  200 sec. The minimum impl i e s  t h a t  t h e  
averaging p e r i o d  could be inc reased  t o  200 sec which i s  equ iva len t  
t o  averaging over  a v e r t i c a l  d i s t a n c e  of 1 km. A s  w i l l  be 
shown, t h i s  would r e s o l v e  t h e  macroscale o r  s y n o p t i c  scale 
f e a t u r e s  of t h e  wind b u t  would obscure t h e  mesoscale f e a t u r e s  
which p r e s e n t l y  concern us. 

The power spectrum of t h e  2 sec average. wind speeds w a s  
a l s o  computed from t h e  February 20th winds. It resembled the  
spectrum shown i n  F igu re  5 f o r  a l l  p e r i o d s  g r e a t e r  than 20 sec 
bu t  i t  contained much more power a t  smaller pe r iods .  Large 
peaks i n  t h e  power a t  1 4  and 8 sec are a t t r i b u t e d  t o  t h e  ba l loon  
wh i l e  t h e  power a t  pe r iods  less than 5 sec i s  a t t r i b u t e d  t o  t h e  
n o i s e  i n  t h e  o r i g i n a l  da t a .  

SECTION 4 .  COMPARISON OF FPS-16 AND GMD-1 MEASUREMENTS 

Measurements of e l e v a t i o n  ang le s  c o n t a i n  t h e  most t rouble-  
some e r r o r s  i n  t h e  GMD t r ack ing  system. An RMS e r r o r  of 0.05 
deg is commonly accepted f o r  both t h e  GMD-1 and GMD-2 measurements 
of azimuth and e l e v a t i o n  angles .  This  is f i v e  t i m e s  t h e  FPS-16 
e r r o r  d i scussed  earlier. However, i n  wind computations the  RMS 
e r r o r  may be a necessary b u t  not  s u f f i c i e n t  c r i t e r i o n  i f  t h e  
e r r o r s  are o c c a s i o n a l l y  l a r g e  and somewhat organized r a t h e r  than 
random. E r r o r s  of t h i s  type are ev iden t  i n  t h e  GMD curves 
p re sen ted  i n  F igu res  6 ,7  and 8. These f i g u r e s  are consecut ive 
i n  t i m e  and F igu res  7 and 8 correspond r e s p e c t i v e l y  t o  Figures  
3 and 4 .  

I n  Figures  6-8, t h e  GMD e l e v a t i o n  ang le s  can be compared 
d i r e c t l y  t o  t h e  FPS-16 measurement, made a t  t he  same t i m e  from 
the  same t a r g e t .  Only every o t h e r  FPS-16 measurement w a s  p l o t t e d  
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t o  permit i d e n t i f i c a t i o n  of each value.  A l l  GMD ang le s ,  one 
every 6 sec, are p l o t t e d  and connected by s t r a i g h t  l i n e s .  The 
s l a n t  range measured by t h e  FPS-16 are a l s o  shown i n  t h e s e  f i g u r e s .  
The scales on the o r d i n a t e  apply d i r e c t l y  t o  t h e  FPS-16 measure- 
ments. To o b t a i n  t h e  proper  e l e v a t i o n  ang le  f o r  t h e  GMD, 2 deg 
must be added t o  t h e  e l e v a t i o n  angle scale. A t  t h e  i n i t i a l  
p o i n t  of Figure 6 ,  38 min a f t e r  release, t h e  GMD measured an 
e l e v a t i o n  ang le  2.15 deg g r e a t e r  t han  t h a t  measured by t h e  FPS-16. 
This  d i f f e r e n c e  i s  due t o  p a r a l l a x ;  t h e  GMD w a s  3,363 ya rds  
eas t - sou theas t  of t h e  FPS-16 and t h e  ba l loon ,  moving eastward, 
w a s  s o u t h e a s t  of both.  

Between t h e  38th and 40th min, t h e  mean e l e v a t i o n  ang le  
recorded by both systems w a s  approximately cons t an t .  The de- 
v i a t i o n s  from t h e  mean, however, w e r e  n o t  w e l l  c o r r e l a t e d .  For 
example, t h e  o s c i l l a t i o n  i n  t h e  GMD e l e v a t i o n  ang le  curve 
between 39 min 25 sec and 55 s e c  does n o t  appear i n  t h e  FPS-16 
measurements. Since t h i s  t o t a l l y  spu r ious  o s c i l l a t i o n  should be 
e l imina ted ,  averaging over more than 30 sec appears  t o  be 
necessary.  A s  t h e  e l e v a t i o n  angles  i n c r e a s e ,  Figure 7 ,  t h e  
t r e n d s  i n  t h e  t w o  curves remained similar b u t  once aga in  
d e v i a t i o n s  from t h e  mean w e r e  not w e l l  c o r r e l a t e d .  The spur ious  
o s c i l l a t i o n s  i n  t h e  GMD curve again had pe r iods  i n  t h e  o r d e r  
of 30 sec. 

The i n c r e a s i n g  e l e v a t i o n  angles  i n  F igu re  7 correspond t o  
t h e  inc reased  a s c e n t  ra te  of the ba l loon ,  d i scussed  i n  Sec t ion  3C, 
n o t  t o  a s lower h o r i z o n t a l  wind speed. Th i s  can b e  deduced from 
t h e  approximately l i n e a r  t r end  i n  t h e  range measurements. A f t e r  
42 min 20 sec, the  s l o p e  of t h e  range curve inc reased  as t h e  
ba l loon  e n t e r e d  t h e  r eg ion  of s t rong  wind s h e a r s  below t h e  j e t .  
With the  i n c r e a s i n g  wind speeds,  t h e  e l e v a t i o n  ang le s  began t o  
drop and then decreased r a p i d l y  a f t e r  t h e  43rd min (Figure 8). 
Both in s t rumen t s  recorded the  decreasing ang le s  bu t  t h e  l a r g e  
spu r ious  o s c i l l a t i o n s  i n  the  GMD measurements r eve r sed  t h e  t rend 
a t  43 min 50 sec and aga in  a t  44 min 50 sec. The d e v i a t i o n s  
from the mean appear t o  be ? 0.2 deg o r  4 t i m e s  t h e  RMS e r r o r .  
To e l i m i n a t e  o r  s t r o n g l y  suppress t h e s e  o s c i l l a t i o n s ,  a t  least  
6 consecut ive p o i n t s  must be averaged. This  p l a c e s  a lower l i m i t  
on t h e  number of p o i n t s  o r  on the t i m e  i n t e r v a l  r e q u i r e d  f o r  
averaging t h e  GMD da ta .  

SECTION 5. GMD-1 DATA PROCESSING 

5A. GMD-1 Measurements and Data Reduction 

A complete set of measurements i n  t h e  GMD-1 system inc ludes  
p r e s s u r e ,  temperature,  r e l a t i v e  humidity,  azimuth ang le ,  e l e v a t i o n  
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ang le ,  and t i m e .  The azimuth and e l e v a t i o n  ang le s  are p r i n t e d  
on a t a p e  every t e n t h  of a minute. Included i n  t h e  p r i n t o u t  
are the  ang le s  i n  degrees and a p o r t i o n  of t h e  v e r n i e r  scale 
which can be read t o  the hundredths of a degree.  To synchronize 
the  t r ack ing  and thermodynamic d a t a ,  t h e  l a t t e r  can be determined 
a t  t h e  same t i m e s  as the former, o r  t h e  thermodynamic d a t a  can 
be r ead  independently i f  t h e  t i m e  of each reading i s  determined. 
The second method is  p r e f e r r e d  because t h e  p r e s s u r e  is  c a l i b r a t e d  
only when t h e  baroswitch is a c t i v a t e d  a t  t h e  completion of each 
temperature con tac t .  For m a x i m u m  accuracy, t h e  baroswitching 
should a l s o  a c t i v a t e  a t i m e r .  A t i m e r  i s  n o t  included i n  t h e  
GMD equipment, t h e r e f o r e ,  i t  was necessa ry  t o  assume t h a t  t h e  
t i m e  between c o n t a c t s  w a s  determined by t h e  corresponding 
d i s t a n c e s  on t h e  radiosonde r eco rde r  c h a r t .  This assumption 
i s  v a l i d  i f  t h e  l i n e  v o l t a g e  is  c o n s t a n t ,  f o r  then the  r e c o r d e r  
c h a r t  f eeds  o u t  a t  a cons t an t  rate. 

A l l  t h e  necessary c h a r t s  f o r  t h e  P t .  Mugu GMD soundings w e r e  
a v a i l a b l e .  P re s su res  w e r e  read t o  t h e  n e a r e s t  m i l l i b a r  from the  
c a l i b r a t i o n  c h a r t s .  Frequencies corresponding t o  temperature 
and r e l a t i v e  humidity w e r e  read t o  the  n e a r e s t  t e n t h  of an 
i n t e r v a l  from the  recorder  c h a r t s ;  t h i s  provides  temperature 
measurements a c c u r a t e  t o  t h e  n e a r e s t  one o r  two t e n t h s  of a 
degree.  T i m e s  were read t o  the hundredth of a minute. 

I n  t h e  course of t h i s  study i t  w a s  found t h a t  t h e  p r e s s u r e  
c a l i b r a t i o n  c h a r t  could n o t  be accepted l i t e r a l l y .  F r i c t i o n  i n  
t h e  baroswitch appa ren t ly  produces e r r o r s  i n  t h e  p r e s s u r e  
c a l i b r a t i o n .  The sandwich of conductors and i n s u l a t o r s  i n  t h e  
baroswitch does no t  have a smooth s u r f a c e .  I f  t he  need le  p o i n t  
on t h e  baroswitch arm ( a c t i v a t e d  by t h e  pressure-sensing ane ro id )  
encounters  a s u r f a c e  i r r e g u l a r i t y ,  it might be he ld  u n t i l  a 
p r e s s u r e  d i f f e r e n c e  develops t o  overcome the f r i c t i o n .  The p r e s s u r e  
d i f f e r e n c e  would, of course,  r e p r e s e n t  an e r r o r .  Apparently,  
t h i s  f r i c t ion - induced  e r r o r  i s  less probable  when the  instrument  
i s  swinging and bouncing i n  f l i g h t  because of e r r o r s  i n  a scen t  r a t e ,  
which w i l l  be  discussed la te r ,  were removed by smoothing t h e  
p r e s s u r e  d i f f e r e n c e s  between success ive  c o n t a c t s .  This imp l i e s  a 
more uniform p r e s s u r e  increment between p r e s s u r e  c o n t a c t s  
when t h e  ba l loon  w a s  i n  f l i g h t  than when t h e  ba l loon  w a s  i n  che 
c a l i b r a t i o n  chamber. The smoothing a l s o  removed roundoff e r r o r s  
i n  reading t h e  p r e s s u r e  c a l i b r a t i o n  c h a r t  a t  low p r e s s u r e s .  When 
t h e  p r e s s u r e  increment between c o n t a c t s  i s  less than one m i l l i b a r ,  
t h e  reading e r r o r  is  of t h e  same magnitude as t h e  p r e s s u r e  
increment i t s e l f .  It w a s  a l s o  found necessary t o  smooth the  
series of c o n t a c t  t i m e s .  E r ro r s  i n  t h e  t iming were probably caused 
by non-uniform l i n e  vo l t ages .  A l l  smoothing w a s  done o b j e c t i v e l y  
as p a r t  of t h e  computer program t o  be d i scussed  next .  
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5B.  Computational Methods 

' #  

I n  t h e  GMD-1 rawin system the p r e s s u r e  c o n t a c t s  provide t h e  
most n a t u r a l  i n t e r v a l  f o r  processing t h e  d a t a .  By choosing t h e  
p r e s s u r e  c o n t a c t  i n t e r v a l  as the b a s i c  i n t e r v a l ,  t h e  thermodynamic 
d a t a  is  s p e c i f i e d  wi th  no i n t e r p o l a t i o n s .  However, t h e  t i m e  
i n t e r v a l  between c o n t a c t s  i s  not a cons t an t ;  i t  i n c r e a s e s  
as t h e  p r e s s u r e  decreases .  It i s  about 1 / 2  minute n e a r  t h e  e a r t h ' s  
s u r f a c e  and i n c r e a s e s  t o  approximately 1 minute a t  100 m i l l i b a r s  
and 1 1/2 minutes at 50 m i l l i b a r s .  
i n t e r v a l  is  used f o r  computing winds as w e l l  as f o r  spec i fy ing  
thermodynamic q u a n t i t i e s ,  t h e  number of obse rva t ions  of azimuth 
and e l e v a t i o n  ang le  t h a t  e n t e r  each wind c a l c u l a t i o n  w i l l  vary. 
The number varies from 5 o r  6 obse rva t ions  p e r  i n t e r v a l  nea r  
t h e  s u r f a c e  of t he  e a r t h  t o  about 10 o r  15 a t  50 mbs. Since t h e  
e r r o r s  i n  t h e  ccmputed h e i g h t s  arid i n  t h e  observed e l e v a t i o n  
ang le s  a l s o  tend t o  i n c r e a s e  a s  t h e  p r e s s u r e  dec reases ,  averaging 
between t h e  p r e s s u r e  c o n t a c t s  au tomat i ca l ly  tends t o  compensate 
f o r  t h e  degenerat ion of t h e  data .  The number of va lues  t h a t  
e n t e r s  t h e  average n e a r  t h e  ground i s  a l s o  c o n s i s t e n t  w i th  
t h e  minimum requ i r ed  to  remove spur ious  o s c i l l a t i o n s  as discussed 
i n  the  previous s e c t i o n .  

I f  t h e  p r e s s u r e  c o n t a c t  

An a r b i t r a r y  d e c i s i o n  w a s  made t o  o b t a i n  winds a t  t h e  mid- 
p o i n t  of t h e  i n t e r v a l  between success ive  c o n t a c t s  ( t o  be r e f e r r e d  
t o  simply as "mid-points"). All measurements of azimuth ang le  
and e l e v a t i o n  ang le  between success ive  c o n t a c t s  w e r e  averaged 
and t h e  mean va lue  w a s  ass igned t o  t h e  mid-point. The t i m e  
and t h e  he igh t  of t h e  mid-point w e r e  taken t o  be t h e  a r i t h m e t i c  
means of t h e  t i m e s  and he igh t s  a t  t h e  b racke t ing  c o n t a c t s .  The 
d i s t a n c e  o u t  over  a curved e a r t h  w a s  computed from t h e  mid-point 
he igh t  and t h e  average e l e v a t i o n  angle.  Then the  d i s t a n c e  out  
and t h e  average azimuth angle  w e r e  used t o  compute h o r i z o n t a l  
winds by f i n i t e  centered d i f f e r e n c e s .  

The computer program t o  process  t h e  GMD radiosonde d a t a  

1. E d i t i n g  t h e  d a t a  t o  remove g ross  e r r o r s  due t o  t r a n s c r i p -  

2. F i l t e r i n g  t h e  d a t a  t o  remove random n o i s e ;  
3. Computing t h e  winds and t h e i r  s h e a r s ;  
4 .  Checking t h e  s h e a r s  on t h e  b a s i s  of p h y s i c a l  c r e d i b i l i t y .  

i nvo lves  t h e  fol lowing s t e p s :  

t i o n  o r  keypunching mis t akes ;  

A t  t he  conclusion of t h e  f o u r t h  s t e p ,  t h e  program e i t h e r  terminates  
by p r i n t i n g  o u t  t he  r e s u l t a n t  information o r  r ecyc le s  t o  s t e p  2 
where a more powerful f i l t e r i n g  device i s  app l i ed  t o  t h e  da t a .  
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Thermodynamic q u a n t i t i e s  a r e  processed f i r s t .  To remove 
i r r e g u l a r i t i e s  i n  the  GMD c h a r t  feed  speed, t h e  recorded t i m e  of 
each con tac t  i s  smoothed by two a p p l i c a t i o n s  of  a t h r e e  p o i n t  
average i n  which .a l1  p o i n t s  are weighted equa l ly .  To remove 
c a l i b r a t i o n  e r r o r s  and roundoff e r r o r s ,  t h e  same t h r e e  p o i n t  
average i s  app l i ed  6 success ive  t i m e s  t o  t h e  p re s su re  da ta .  No 
smoothing is  app l i ed  t o  t h e  temperature o r  humidity da t a .  

The he igh t  of each con tac t  above t h e  e a r t h ' s  s u r f a c e  is 
computed by a s e t w i s e  a p p l i c a t i o n  of t h e  i n t e g r a t e d  h y d r o s t a t i c  
equat ion  between t h e  smoothed pressure  l i m i t s  of success ive  
con tac t s .  I n  t h e  i n t e g r a t i o n , v i r t u a l  temperature  is assumed t o  
vary  as p between con tac t s .  The h e i g h t s  are s t o r e d  then t h e  
d i s t a n c e s  ou t  and average azimuth ang le s  are computed and s t o r e d  
f o r  t he  wind computations. 

k 

A t  each mid-point t h e  ascent  rate of t h e  ba l loon  and t h e  
h o r i z o n t a l  wind v e c t o r  ( d i r e c t i o n  and speed) i s  computed by 
f i n i t e  d i f f e r e n c i n g  between t h e  p o s i t i o n  coord ina tes  a t  t h e  
ad jacen t  mid-points. These two con tac t  i n t e r v a l  averages 
correspond t o  about a 1 min average n e a r  t h e  s u r f a c e  and a 3 min 
average a t  50 mb. 

The magnitude of t h e  curva ture  of t h e  hodograph is  a l s o  
computed a t  each mid-point by the fol lowing equat ion  

[ (ul + u3 - 2u2)2 + (vl + v - 2v2) 2 ]1 /2  
3 

where u and v are the  two wind components and the  s u b s c r i p t s  
1 , 2 ,  3 r e f e r  t o  success ive  mid-points.  The winds are accepted 
when t h e  magnitude of t h e  curva ture  is  less than 4 m / s e c .  
t h e  s t r a t o s p h e r e  t h i s  i s  approximately equ iva len t  t o  a 2 meter 
p e r  second p e r t u r b a t i o n  wi th  a wavelength of 1 ki lometer .  The 
b a s i s  of t h i s  c r i t e r i o n  w i l l  be presented  la ter  i n  Sec t ion  10. 
The cu rva tu re  a t  t h e  j e t  co re  can exceed 4 m / s e c  but  t h i s  would 
b e  an i s o l a t e d  p o i n t ,  t he re fo re  a l l  i s o l a t e d  p o i n t s  a t  which 
t h e  c r i t e r i o n  w a s  exceeded were accepted.  Only when the  c r i t e r i o n  
w a s  v i o l a t e d  a t  s e v e r a l  p o i n t s  w i t h i n  a l i m i t e d  range, w a s  i t  
deemed necessary  t o  recompute the  winds. 

In  

The winds w e r e  recomputed using mid-point va lues  obta ined  by 
averaging over  t h r e e  contac t  i n t e r v a l s  r a t h e r  than one. The 
f i n i t e  d i f f e r e n c e  opera t ions  were c a r r i e d  o u t  between va lues  a t  
mid-points f o u r  c o n t a c t s  a p a r t .  Wind speeds and d i r e c t i o n s  w e r e  
s t i l l  computed a t  each mid-point however. The magnitude of t h e  
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curva tu re  of t h e  hodograph w a s  a l s o  re-computed a t  each mid-point 
and compared t o  t h e  same c r i t e r i o n .  I n  those cases where t h e  
c r i t e r i o n  w a s  n o t  s a t i s f i e d  by winds based on averages over  
t h r e e  con tac t  i n t e r v a l s ,  an average over 5 o r  7 con tac t  i n t e r v a l s  
r e s u l t e d  i n  a hodograph t h a t  s a t i s f i e d  t h e  c r i t e r i o n ;  b u t  t h e  
hodograph contained l a r g e  v e l o c i t y  e r r o r s  spread  over  many succes- 
s i v e  p o i n t  s .  I n s t e a d  of i nc reas ing  t h e  raveraging beyond a 
t h r e e  contac t  i n t e r v a l ,  curve f i t t i n g  w a s  used t o  o b t a i n  t h e  
mean wind speed and d i r e c t i o n  appropr ia te  t o  synop t i c  scale 
ana lyses .  The method i s  discussed i n  Sec t ion  8. 

SECTION 6. COMPARISON OF FPS-16 AND GMD-1 ASCENT RATES AND WINDS 

6A. Ascent rates 

When ascen t  rates ca l cu la t ed  from FPS-16 d a t a  are compared 
wi th  those  c a l c u l a t e d  from GMD-1 da t a ,  two completely d i f f e r e n t  
sets of measurements are involved. The FPS-16 rates w e r e  computed 
from thermodynamic d a t a  which are independent of t h e  t r ack ing  
d a t a .  The t i m e  i n t e r v a l s  are a l s o  independent s i n c e  the  FPS-16 
measurements w e r e  made a t  0.1 second t i m e  i n t e r v a l s  whereas 
t h e  GMD d a t a  w e r e  ob ta ined  a t  a v a r i a b l e  t i m e  i n t e r v a l  dependent 
upon t h e  baroswitch con tac t s .  

I f  t h e  a scen t  rates do n o t  agree ,  two sources  of e r r o r  
which c o n t r i b u t e  t o  e r r o r s  i n  the GMD-1 winds must be considered:  

1. An e r r o r  i n  t h e  mean temperature o r  i n  the  l i m i t i n g  p res -  

2 .  An e r r o r  i n  t h e  t i m e  due t o  an uneven feedout  rate of 
s u r e s  used i n  t h e  i n t e g r a t i o n  of t h e  h y d r o s t a t i c  equat ion .  

t h e  r eco rde r  c h a r t .  T h i s  e r r o r  can be d i s t ingu i shed  from 
t h e  previous  one s i n c e  a s i g n i f i c a n t  change of feedout  rate w i l l  
tend t o  in t roduce  a phase l a g  between t h e  FPS-16 and the  GMD-1 
a s c e n t  rates when the  a scen t  r a t e s  are p l o t t e d  as a func t ion  of 
t i m e .  

Two examples of a scen t  r a t e s  as a func t ion  of t i m e  and he igh t  
are i l l u s t r a t e d  i n  F igure  9. The upper graph w a s  taken from the  
run  of  February 7 ,  1964; t h e  lower graph from February 20. I n  
bo th  diagrams t h e  continuous l i n e s  r ep resen t  t he  FPS-16 ascent  
rates; t h e  dash l i n e  r ep resen t s  t h e  GMD a scen t  rates. The l a t t e r  
w e r e  based on t h e  smoothed pressures .  The i s o l a t e d  c r o s s e s  
r e p r e s e n t  t h e  a scen t  rates computed from t h e  GMD d a t a  using t h e  
o r i g i n a l  p re s su re  c a l i b r a t i o n  va lues .  
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I n  t h e  a s c e n t  of February 
approximate t h e  FPS-16 a scen t  

7 ,  t h e  GMD a s c e n t  rates c l o s e l y  
rates from t i m e  0 t o  55 min a f t e r  

~~ 

release. The correspondence is e x c e l l e n t  w i th  r e s p e c t  t o  both 
amplitude and phase of t he  depa r tu re s  from t h e  mean. Because 
t h e  a s c e n t  rates vary from 2.7 t o  6 m / s e c  t he  he igh t  scale a t  
t he  top of t h e  diagram i s  non-l inear .  A t  h e i g h t s  g r e a t e r  than 
13 km, t h e  correspondence between t h e  two rates d e t e r i o r a t e s .  
Nevertheless ,  t h e  correspondence between t h e  GMD a scen t  rates 
computed from t h e  smooth p res su re  d a t a  are s i g n i f i c a n t l y  b e t t e r  
than those  based on t h e  o r i g i n a l  c a l i b r a t i o n  c h a r t .  

The curves f o r  February 20 c o n t a i n  several i n t e r v a l s  w i th  
n o t i c e a b l e  phase d i f f e r e n c e s  which are a t t r i b u t e d  t o  v a r i a t i o n s  
i n  t h e  feedout rate of t h e  recorder  chart.. A l l  t i m e s  involved 
were rechecked t o  determine i f  t h e  d a t a  had been t r a n s c r i b e d  
and punched c o r r e c t l y ;  no e r r o r s  were de tec t ed .  Between t h e  
17 th  and 25th min t h e  c r o s s e s  s c a t t e r e d  above and below t h e  
FPS-16 curve r e p r e s e n t  e r r o r s  i n  t h e  p r e s s u r e  c a l i b r a t i o n  c h a r t  
probably due t o  f r i c t i o n  i n  the baroswitching device.  

Both diagrams d rama t i ca l ly  i l l u s t r a t e  why i t  i s  dangerous t o  
assume a cons t an t  a scen t  rate f o r  a radiosonde bal loon.  It i s  
s t anda rd  practice t o  assume a cons t an t  rate between the  p r e s s u r e  
r e fe rence  c o n t a c t ,  i . e . ,  between every 5 c o n t a c t s .  This  co r re s -  
ponds t o  5 consecut ive p o i n t s  on t h e  dashed GMD-1 l i n e .  I n  
5 p o i n t s ,  t he  a s c e n t  rate f r equen t ly  v a r i e d  from 4 t o  6 m / s e c  
o r  about 150%. An extreme case occurred between t h e  t h i r d  and 
f i f t h  minute on t h e  20th of February where t h e  rates v a r i e d  
600%. E r r o r s  i n  winds caused by the  assumption of a uniform 
a s c e n t  ra te  have been discussed by Danielsen (1959). 

6B. Wind P r o f i l e s  and Hodographs 

The winds der ived from t h r e e  separate bal loon a s c e n t s  w i l l  
now be examined t o  determine the  accuracy of the GMD computations. 
For each a s c e n t ,  both the  wind speeds p r o f i l e s  and the  v e c t o r  
hodograph w i l l  be presented.  I n  t h e  p r o f i l e s  t he  wind speeds,  
i n  meters p e r  second, are p l o t t e d  a g a i n s t  h e i g h t ,  i n  k i lome te r s .  
The FPS-16 wind speeds,  computed a t  a cons t an t  t i m e  i n t e r v a l  
of 20 sec, are connected by s t r a i g h t  l i n e  segments. Each speed 
r e p r e s e n t s  a 40 sec average. The GMD wind speeds,  computed 
a t  t h e  mid-point of each p r e s s u r e  c o n t a c t ,  are r ep resen ted  by 
c rosses .  They w e r e  not  connected because most of t h e  c r o s s e s  
f e l l  on, o r  ad jacen t  t o  t h e  FPS-16 p r o f i l e s .  The temperature  
trace as a func t ion  of height  w a s  a l s o  p l o t t e d  and can be 
recognized as a heavy continuous l i n e  s l o p i n g  upward t o  t h e  l e f t .  
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Figure 11: FPS-16 wind v e l o c i t y  hodograph, February 7 ,  1964 
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The o r d i n a t e  a l s o  conta ins  a s tandard  p res su re  scale. An 
appropr i a t e  temperature  expressed i n  degrees  Kelvin i s  t h e  lower 
scale along t h e  absc i s sa .  

6B. (1) .  Ascent of February 7 ,  1964 

Wind speeds der ived  from the  f i r s t  a s c e n t ,  February 7 ,  1964, 
are presented  i n  F igure  10. The p r o f i l e  i s  unusual because t h e  
l a r g e  scale f e a t u r e s  inc lude  t h r e e  m a x i m a .  The f i r s t  i s  a t  an  
e l e v a t i o n  of  1 km; t h e  second, 6 km; t h e  t h i r d ,  t h e  main j e t ,  is  
cen te red  a t  11.6 km. Superimposed on t h e s e  macroscale  f e a t u r e s  
are numerous mesoscale and microsca le  o s c i l l a t i o n s  i n  t h e  wind 
speed. I n  t h i s  r e p o r t ,  t h e  term mesoscale  w i l l  r e f e r  t o  wind 
o s c i l l a t i o n s  w i t h  a v e r t i c a l  wave l e n g t h  g r e a t e r  than  one and 
less than  t h r e e  k i lometers ,  as f o r  example, t h e  o s c i l l a t i o n s  
between 14 and 16 km. The term mic rosca le  w i l l  apply t o  a l l  
s h o r t e r  wave l eng ths  such a s  those between the  7 th  and 1 0 t h  
km. It i s  c l e a r  i n  Figure 10  t h a t  t h e  GMD winds reproduce both  
t h e  macroscale  and mesoscale f e a t u r e s  of t h e  wind p r o f i l e  from 
t h e  s u r f a c e  t o  19 km. Within t h i s  i n t e r v a l  on ly  t h e  mic rosca le  
f e a t u r e s  w e r e  d i s t o r t e d  o r  e l imina ted .  S ince  t h e  two p r o f i l e s  
w e r e  computed from completely independent sets o f  measurements 
t h e r e  can be  l i t t l e  doubt about t h e  e x i s t e n c e  of bo th  t h e  macro- 
scale and mesoscale f e a t u r e s .  

O s c i l l a t i o n s  i n  wind d i r e c t i o n  can be seen  i n  t h e  hodograph 
p l o t t e d  from t h e  FPS-16 wind vec to r s ,  F igure  11, and t h e  GMD-1 
wind v e c t o r s ,  Figure 12. The complete hodographs w e r e  complicated 
by many over lapping  po in t s .  Therefore ,  t h e  wind v e c t o r s  i n  t h e  
lowest  8 km were e l imina ted  from Figure  11 and those  i n  t h e  
lowest  6 km w e r e  e l imina ted  i n  Figure 12. To a i d  t h e  r e a d e r  
i n  t r a c i n g  t h e  hodograph as a func t ion  of h e i g h t ,  t h e  h e i g h t s  
i n  k i lome te r s  have been p l o t t e d  ad jacen t  t o  t h e  appropr i a t e  
p o i n t s .  Also,  t h e  observa t ions  up t o  t h e  j e t  co re  have been 
connected wi th  a heavy b l ack  l i n e  whi le  those  above t h e  j e t  c o r e  
w e r e  connected by a double l i n e .  When t h e  hodograph c l o s e s  on 
i t s e l f  o r  l oops ,  i t  has  been drawn t o  g i v e  t h e  impression of  a 
rope fo lded  over  i t s e l f .  With t h i s  o p t i c a l  device  i t  i s  p o s s i b l e  
t o  dec ipher  some extremely convoluted p a t t e r n s .  

A comparison of F igures  10 and 11 shows t h a t  o s c i l l a t i o n s  i n  
t h e  wind speed c o r r e l a t e  wi th  o s c i l l a t i o n s  i n  wind d i r e c t i o n s ,  
i .e . ,  t h e  o s c i l l a t i o n s  of  10.5 and 11.2 k i lome te r s  correspond t o  
undula t ions  i n  t h e  hodograph. The mesoscale speed o s c i l l a t i o n s  
a t  14 and 16  k i lometers  a l s o  correspond t o  loops  i n  t h e  hodograph. 
Note, i n  p a r t i c u l a r ,  t h a t  t h e  loop a t  14 k i lome te r s  w a s  produced 
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Figure 14: FPS-16 wind v e l o c i t y  hodograph, February 20, 1964 

F igure  15: GMD-1 hodograph, February 2 0 ,  1964 
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by an a n t i c y c l o n i c  tu rn ing  of  the  wind v e c t o r  w i th  he igh t .  

The remarkably c l o s e  correspondence betweer. t h e  GMD-1 and 
t h e  FPS-16 wind speeds and wind v e c t o r s  i n d i c a t e s  t h e  p o t e n t i a l  
of t h e  GMD-rawin system. With few excep t ions ,  t h e  wind speeds  
are a c c u r a t e  t o  wi th in  f 1 m / s e c  and t h e  wind d i r e c t i o n s  t o  
w i t h i n  t 2 deg. The m a x i m u m  e r r o r  i n  speed a t  an i s o l a t e d  
p o i n t  is  2 m/sec and t h e  m a x i m u m  e r r o r  i n  wind d i r e c t i o n  is  
25 deg. 

6B.  (2 ) .  Ascent of February 20, 1964 

The wind speed p r o f i l e  f o r  February 20 (Figure 13) con ta ins  
two m a x i m a .  
t h e  downslope Santa  Anna Wind. I n  t h e  nex t  k i lome te r ,  t h e  
speeds decrease  r a p i d l y  t o  almost zero.  Above t h i s  l e v e l  t h e  
wind speeds  i n c r e a s e  t o  a s t r o n g  j e t  of 67 m/sec a t  12 km then  
decrease  t o  a minimum of  10 m / s e c  a t  approximately 1 9  km. 
again ,  numerous mesoscale and mic rosca le  o s c i l l a t i o n s  are 
superimposed on t h e  mean p r o f i l e .  From t h e  s u r f a c e  t o  1 3  km, 
t h e  GMD wind speeds correspond c l o s e l y  t o  t h e  FPS-16 wind speed 
p r o f i l e  b u t  above t h i s  l e v e l ,  e r r o r s  of 3 and 4 m/sec are evident . '  
These e r r o r s  d i s t o r t  t h e  mesoscale o s c i l l a t i o n  a t  14 km and d i s -  
p l a c e  t h e  minimum a t  16 km t o  a s l i g h t l y  lower level.  Above t h e  
17 km l e v e l ,  t h e  inc reas ing  number of d a t a  p o i n t s  which e n t e r  t h e  
averages i n  t h e  GMD-1 c a l c u l a t i o n s  completely smooth o u t  t h e  meso- 
scale o s c i l l a t i o n s .  One n o t i c e s ,  however, t h a t  t h e  mean GMD 
speeds are c o n s i s t e n t l y  lower than  t h e  mean of t h e  FPS-16 measure- 
ment. I f  t he  reader  r e f e r s  back t o  F igure  9 ,  he w i l l  n o t i c e  t h a t  
t h e  a s c e n t  ra te  c a l c u l a t e d  from t h e  GMD d a t a  w a s  s lower than  t h a t  
of t h e  FPS-16 between t h e  1 7  and 20 km. The corresponding e r r o r s  
i n  a scen t  r a t e  and speed a r e  probably caused by a f a s t e r  than  
normal feedout  ra te  of t h e  recorder  c h a r t .  The c h a r t  i n t e r v a l s  
between success ive  c o n t a c t s  i s  then  overes t imated  and t h e  
speed underest imated.  However, some of t h e  e r r o r s  can be  
a t t r i b u t e d  t o  e r r o r s  i n  measurements i n  e l e v a t i o n  ang le s  f o r  t h e  
accuracy of t h e  e l e v a t i o n  angle  measurements degenera tes  a s  t he  
e l e v a t i o n  ang le s  decrease .  Since t h e  mean wind speed on 
February 20 was g r e a t e r  than t h a t  of February 7 ,  g e n e r a l l y  lower 
e l e v a t i o n  ang le s  w e r e  encountered. 

The f i r s t  maximum of 28 m / s e c  a t  0.05 km p r e s e n t s  

Once 

The hodograph (Figure 14) p l o t t e d  from t h e  FPS-16 winds of 
February 20th i s  complicated by numerous r e v e r s a l s ,  undula t ions  
and loops.  However, t h e  hodograph (F igure  15) p l o t t e d  from 
t h e  GMD-1 winds reproduces a l l  t h e  z i g s  and zags i n  t h e  FPS-16 
hodograph but  t he  correspondence i s  n o t  always exac t .  The 
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Figure  17: FPS-16 hodograph f o r  3rd a scen t  of  March 7 ,  1964 

Figure  18: GMD-1 hodograph f o r  3rd a s c e n t  of March 7 ,  1964 
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a n t i c y c l o n i c  loop a t  t he  1 4  km l e v e l  i s  d i s t o r t e d  bu t  i t  i s  s t i l l  
an i d e n t i f i a b l e  f e a t u r e .  Above t h e  1 7  km l e v e l  t h e  increased  
smoothing e l imina te s  the  loops but t r a c e s  of  t h e  loop a t  18.5 km 
appear i n  t h e  form of a reduced shea r .  Notice  t h a t  i n  t h e  FPS-16 
hodograph t h e  loops  a t  14,  16 and 18.5 km a l l  correspond t o  
a n t i c y c l o n i c  r o t a t i o n s .  

6B (3) .  Thi rd  Ascent of March 7 ,  1964 

Three a scen t s  made on March 7 ,  1964 w e r e  used i n  t h i s  s tudy.  
The two earliest  a scen t s  presented a s p e c i a l  problem and d i scuss ion  
of t h e s e  w i l l  be  postponed u n t i l  t h e  next  s e c t i o n .  

The ITS-16 p r o f i l e ,  (Figure 1 6 ) ,  of the  t h i r d  a scen t  of March 
7 (16592) con ta ins  many mesoscale and microsca le  o s c i l l a t i o n s  
superimposed on a b l u n t  low speed j e t  centered  a t  approximately 
1 2  km. The GMD wind speeds reproduce t h e  l a r g e  scale p r o f i l e  and 
many of t he  mesoscale f e a t u r e s .  The l a r g e s t  e r r o r s  (approximately 
3 m/sec) occur  a t  16 and 1 7  km. Once aga in ,  t h e  o s c i l l a t i o n s  
above t h e  18 km l e v e l  are v i r t u a l l y  e l imina ted  by t h e  inc reased  
number of p o i n t s  w i th in  each contac t  i n t e r v a l .  

The hodograph p l o t t e d  from the  ITS-16 winds, F igure  1 7 ,  
i n s p i r e d  t h e  comment, "It looks l i k e  an explosion i n  a s p a g h e t t i  
factory".  Indeed i t  i s  extremely complicated,  bu t  i f  c a r e  i s  
taken  i t  can be  deciphered. Between t h e  3 and 7 km level t h e r e  
are s e v e r a l  s m a l l  a n t i c y c l o n i c  loops i n  t h e  hodograph. Between 
7 and 13 km t h e r e  are both a n t i c y c l o n i c  and cyc lonic  loops  bu t  
above t h e  j e t  core  t h e  loops a r e  predominately an t i cyc lon ic .  
The GMD hodograph, Figure 18, bears  a c l o s e  resemblance t o  t h e  
FPS-16 hodograph up t o  about the 10 km l e v e l .  Above t h i s  l e v e l  
t h e r e  i s  a cons iderable  loss  of d e t a i l  i n  t he  mesoscale f e a t u r e s .  
The l o s s  of d e t a i l  c o n s i s t s  pr imar i ly  of a suppress ion  of  t h e  
d e v i a t i o n s  from t h e  mean and r e s u l t s  i n  l a r g e  d i r e c t i o n a l  e r r o r s  
a t  many p o i n t s  between 18 and 24 km. The GMD winds, however, 
do provide a reasonable  estimate of t h e  v a r i a t i o n s  of t h e  mean 
wind over  t h i s  he igh t  i n t e r v a l .  

6C. D i f f i c u l t i e s  Associated wi th  Very Low Eleva t ion  Angles 

I n  t h e  t h r e e  examples j u s t  p resented ,  the  method developed 
f o r  computing winds from t h e  GMD d a t a  proved t o  be  h ighly  satis- 
f a c t o r y .  However, i n  a l l  th ree  cases ,  t h e  e l e v a t i o n  angles  were 
never  less than 1 0  deg. 
i l l u s t r a t e s  t h e  breakdown of t h e  method when the  e l e v a t i o n  ang le  
w a s  very low. A t  t h e  time of the  f i r s t  ascent  on March 7 ,  1964, 
(a t  00432) t h e  average wind speeds were q u i t e  high. The speed 

An example w i l l  now be presented  which 



15a 

I!! 

' i  f4 



16. 

p r o f i l e  i s  p l o t t e d  i n  Figure 19. 
FPS-16 winds up t o  3 km. Above t h i s  l e v e l  t h e  GMD winds w e r e  
4 t o  6 m/sec slower than t h e  FPS-16 winds. 
e r r o r s  as g r e a t  as 25 m/sec were produced by t h e  GMD da ta .  The 
p r o f i l e  i n  F igu re  19  r e p r e s e n t s  the speeds computed from d a t a  
averaged ove r  3 c o n t a c t  i n t e r v a l s .  The i n i t i a l  winds contained 
s t i l l  l a r g e r  e r r o r s .  

The GMD winds agreed wi th  t h e  

Above t h e  8 km level,  

C l e a r l y ,  t h e s e  r e s u l t s  are unacceptable.  Inc reas ing  t h e  
averaging i n t e r v a l  t o  5 and 7 contact  i n t e r v a l s  produced no 
s u b s t a n t i a l  improvements. 
n i t u d e  of t h e  speed e r r o r s ,  b u t  spread them ove r  more p o i n t s .  
w a s  t h e r e f o r e  considered necessary t o  examine t h e  e l e v a t i o n  
ang le s  i n  d e t a i l  t o  determine the c h a r a c t e r i s t i c s  of t h e  e r r o r s  
and then t o  a t tempt  o t h e r  methods of smoothing which might a t  
least p rese rve  t h e  mean wind speeds. 

The l a r g e r  i n t e r v a l  reduced t h e  mag- 
It  

SECTION 7. DETERMINATION OF ERRORS I N  GMD ELEVATION ANGLES 

A d i r e c t  comparison of t he  e l e v a t i o n  ang le s  measured by t h e  
GMD wi th  those  measured by t h e  FPS-16 i s  complicated by t h e  d i f f e r -  
ence i n  t h e  e l e v a t i o n  ang le  produced by p a r a l l a x .  The e f f e c t  of 
p a r a l l a x  can be removed, however, by simply transforming the  FPS-16 
measurements ove r  t o  t h e  p o s i t i o n  o f  t h e  GMD-1 rawin system. I n  
t h e  t r ans fo rma t ion  equat ions,  t h e  cu rva tu re  of t h e  e a r t h  can be 
neg lec t ed  because t h i s  produces an e r r o r  of approximately 0.02 deg, 
which i s  n e g l i g i b l e ,  i n  comparison t o  t h e  GMD e r r o r s .  

The equa t ions  r e l a t i n g  t h e  azimuth and e l e v a t i o n  angles  which 
would be measured a t  the  GMD s i t e  t o  the  azimuth and e l e v a t i o n  
a n g l e s  measured by the  FPS-16 are as fol lows:  

2 2 
G F GF F GF D = D  + D 2  - 2 D  D c o s A a  

E = t a n  ( - 

a = a - s in -1  ( - s i n  Aa ) 

G 

G F  D, Ll 

where D i s  t h e  h o r i z o n t a l  d i s t a n c e  between t h e  ba l loon  and t h e  GMD 

D is  t h e  h o r i z o n t a l  d i s t ance  between t h e  ba l loon  and t h e  FPS-16 
G 

F 

DGF i s  t h e  h o r i z o n t a l  d i f f e r e n c e  between t h e  GMD and t h e  FPS-16 
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1 7 .  

a i s  t h e  azimuth angle  t o  t h e  bal loon a t  t h e  GMD s i te  

a i s  t h e  azimuth angle  t o  t h e  ba l loon  a t  t h e  FPS-16 s i t e  

a i s  t h e  azimuth angle  t o  t h e  GMD a t  t h e  ITS-16 s i t e  

E is  t h e  e l e v a t i o n  angle  of the  ba l loon  a t  t h e  GMD s i t e  

E i s  t h e  e l e v a t i o n  angle  of  t he  ba l loon  a t  t h e  FPS-16 s i t e  

G 

F 

R 

G 

F 

E r r o r s  i n  t h e  e l e v a t i o n  angles measured by t h e  GMD system 
during t h e  a scen t  of February 7 were r e l a t i v e l y  s m a l l .  A s  shown 
i n  F igure  20, m a x i m u m  e r r o r s  were s l i g h t l y  g r e a t e r  than 0.2 deg. 
One n o t i c e s  t h a t  t h e  e r r o r s  were predominately nega t ive  dur ing  the  
e a r l y  p o r t i o n  of  t h e  run and predominately p o s i t i v e  dur ing  t h e  
l a t t e r  po r t ion  of t h e  run. The change from nega t ive  t o  p o s i t i v e  
depa r tu re s  w a s  a s s o c i a t e d  wi th  a change from l a r g e  t o  s m a l l  
azimuth ang le s  and w a s  probably due t o  a s m a l l  t i lt  i n  t h e  GMD-1 
r a d a r  antenna. Although t h e  root  mean square  e r r o r  w a s  only s l i g h t -  
l y  g r e a t e r  than 0.05 deg, t he re  are c e r t a i n  pe r iods  when t h e  e r r o r s  
w e r e  organized t o  form long per iod o s c i l l a t i o n s .  E r r o r s  of t h i s  
type are se r ious .  

I n  Figure 21, which i s  taken from a p o r t i o n  of t h e  a scen t  of 
February 20, both t h e  e l e v a t i o n  angles  observed by t h e  GMD and those 
ad jus t ed  f o r  p a r a l l a x  are p l o t t e d  so t h a t  one can compare t h e  devi- 
a t i o n s  as t h e  e l e v a t i o n  ang le  changed. The t i m e s  corresponding 
t o  t h e  lower curve are t o  be  read from t h e  lower a b s c i s s a  and those  
corresponding t o  t h e  upper curves from t h e  upper absc i s sa .  The 
GMD measurements are connected by a t h i n  l i n e ;  t h e  FPS-16 measure- 
ments i n  t h i s  case are represented  by c rosses .  It  should be poin ted  
o u t  t h a t  only one ou t  of every 60 observa t ions  made by t h e  FPS-16 
has  been p l o t t e d .  The do t s  along the  GMD t r a c e  are t h e  mean ele- 
v a t i o n  angles  produced by smoothing over  f i v e  con tac t  i n t e r v a l s .  
Note t h a t  t h e  ad jus t ed  FPS-16 measurements, a l though s c a t t e r e d  
by t 0 . 0 3  deg, form a very smooth mean curve.  Against  t h i s  smooth 
curve,  t h e  GMD measurements o s c i l l a t e ,  sometimes s i n u s o i d a l l y  
and sometimes wi th  abrupt  s t e p s  of  0 .1  and 0.2 deg. 

E r r o r s  of  t h e  same type,  b u t  l a r g e r  i n  magnitude, are a l s o  
ev iden t  i n  F igure  22.  These measurements w e r e  taken from t h e  
f i r s t  a scen t  of March 7. The GMD measurements have been connected 
by s t r a i g h t  l i n e  segments and are seen t o  o s c i l l a t e  about a smooth 
curve.  The l a t t e r  r e p r e s e n t s  a f o u r t h  o r d e r  polynomial f i t  t o  
t h e  measurements by t h e  l e a s t  squares  method. The FPS-16 measure- 
ments ad jus t ed  f o r  p a r a l l a x  were c o n s i s t e n t l y  lower than those  
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Figure 2 1 :  GMD and p a r a l l a x  ad jus t ed  FPS-16 e l e v a t i o n  a n g l e s ,  - 

February 20, 1964 

I /" 

IJ? 5 

IL? 0 

11.5 

I/ 0 

ms 

mo 
55 so 

TIME ( m i d  
65 

F i g u r e  22 :  GMD and p a r a l l a x  ad jus t ed  FPS-16 e l e v a t i o n  a n g l e s  
p l u s  f o u r t h  o r d e r  polynomial f i t ,  1s t  a s c e n t  o f  
March 7 ,  1964, (00432) 
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measured by t h e  GMD. 
t h e  e n t i r e  a s c e n t .  Since t h e  magnitude of t h e  e r r o r  w a s  independent 
of t h e  azimuth angle ,  i t  must b e  due t o  a c a l i b r a t i o n  e r r o r  n o t  
t o  a tilt  i n  the  GMD-1 antenna. A s i m i l a r  e r r o r  of 0.65 deg w a s  
found i n  t h e  e l e v a t i o n  ang le  d a t a  from t h e  second a scen t  of 
March 7, which w a s  made 11 1/2hr s  a f t e r  t h e  f i r s t  a scen t .  
a t  t h e  t i m e  of t h e  t h i r d  a scen t ,  approximately 6 h r s  la ter ,  no 
sys t ema t i c  e r r o r  w a s  found. Presumably an adjustment had been 
made i n  c a l i b r a t i o n  of t h e  e l e v a t i o n  ang le s  between t h e  second 
and t h i r d  ascent .  

An e r r o r  of 0.69 deg w a s  ev iden t  throughout 

However, 

A s  noted earlier i n  connection w i t h  F igu re  21, t h e  FPS-16 
e l e v a t i o n  ang le s  trace ou t  a r e l a t i v e l y  smooth curve. 
i n  t h e  obse rva t ions  i n c r e a s e s  when t h e  e l e v a t i o n  ang le s  are a t  a 
minimum, b u t  t h e  d e v i a t i o n s  i n  the  smooth curve are u s u a l l y  less 
than 0.03 of a degree. That i s ,  only t h r e e  t i m e s  t h e  RMS e r r o r  
g e n e r a l l y  accepted f o r  t h e  FPS-16 measurements. The r eade r  i s  
a l s o  reminded t h a t  t h e  FPS-16 d a t a  p l o t t e d  i n  Figure 22 r e p r e s e n t  
1 /60 th  of t h e  obse rva t ions ;  
frequency as t h e  GMD measurements. 

The scat ter  

they are p l o t t e d  a t  t h e  same 

When t h e  e l e v a t i o n  ang le s  a r e  g r e a t e r  than 10 deg, t h e  GMD 
measurements r a t h e r  c l o s e l y  approximate t h e  FPS-16 measurements. 
A t  lower ang le s ,  however, t h e  o s c i l l a t i o n s  suddenly i n c r e a s e  i n  
magnitude. Deviat ions from the mean of 0.3 deg are f r equen t  
and occas iona l ly  t h e  e r r o r  i n c r e a s e s  t o  0.7 deg or f o u r t e e n  t i m e s  
t h e  commonly accepted RMS e r r o r .  One n o t i c e s ,  a l s o ,  t h a t  t h e  
d e v i a t i o n s  w e r e  predominately of t he  same s i g n  f o r  pe r iods  of t h e  
o r d e r  of 5 t o  7 min. The combination of l a r g e  amplitude and a 
long p e r i o d  o rgan iza t ion  i n  the e r r o r s  makes i t  extremely d i f f i c u l t  
t o  recover  a p rope r ly  smoothed curve by averaging over d i s c r e e t  
i n t e r v a l s  o r  by using running averages.  

SECTION 8. GMD-1 DATA PROCESSING FOR VERY LOW ELEVATION ANGLES 

The smoothness of t he  curve t r a c e d  by the  FPS-16 e l e v a t i o n  
ang le s  i n  F igu re  22 sugges t s  t h a t  t h e  l a r g e  s c a l e  f e a t u r e s  of the 
wind could be r e t a i n e d  i f  a r e l a t i v e l y  low o r d e r  polynomial 
f u n c t i o n  w e r e  s u b s t i t u t e d  f o r  t h e  e l e v a t i o n  ang le s  between 
t h e  20th and 90th min. The order  of t h e  polynomial w a s  determined 
by t e s t i n g  t h e  f i t  obtained from orthogonal  polynomials. I n  
p a r t i c u l a r ,  t h e  Gram-Schmidt orthogonal polynomials were used 
s i n c e  t h i s  set  of func t ions  i s  or thogonal  a t  a d i s c r e e t  set  of 
p o i n t s .  This  f e a t u r e  means t h a t ,  i n  t he  convent ional  "least 
squares"  method of curve f i t t i n g ,  i t  i s  unnecessary t o  compute 
t h e  sums of products  of p o i n t  va lues  and combinations of polynomial 
terms. (By t h e  d e f i n i t i o n  of or thogonal  func t ions  combinator ia l  
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tems are i d e n t i c a l l y  zero.)  It a l so  e l i m i n a t e s  t h e  need f o r  
so lv ing  a set  of simultaneous equat ions f o r  t h e  c o e f f i c i e n t  of  
t h e  va r ious  terms i n  t h e  polynomial. The c o e f f i c i e n t  of each 
term can be obta ined  independently of t h e  c o e f f i c i e n t s  of o t h e r  
terms. Not only is  t h i s  convenient and e f f i c i e n t  from t h e  com- 
p u t a t i o n a l  p o i n t  of view, b u t ,  i n  a d d i t i o n ,  i t  al lows ready 
de termina t ion  of t he  e f f i c i e n c y  of va r ious  o rde r  polynomials.  
The advantages of or thogonal  polynomials ' in  curve f i t t i n g  by the  
least squares  method have been discussed i n  d e t a i l  by Forsythe 
(1957). 

Polynomials of o r d e r  3 through 10 were f i t t e d  t o  t h e  e l e v a t i o n  
angles  obtained from t h e  f i r s t  sounding of March 7. The r o o t  
mean square  d i f f e r e n c e  between polynomial va lues  and observed 
va lues  w a s  computed f o r  each order  polynomial. The RMS d i f f e r e n c e  
decreased from 0.27 deg f o r  t h e  t h i r d  o rde r  polynomial t o  0.14 deg 
f o r  t h e  f o u r t h  o r d e r  and 0.11 deg f o r  t h e  f i f t h  o rde r .  Higher 
o r d e r  polynomials d i d  n o t  reduce the  RMS d i f f e r e n c e  below 0 .1  
deg. The do t t ed  l i n e  pass ing  through t h e  GMD e l e v a t i o n  angles  
i n  Figure 22 i s  t h e  f o u r t h  order  polynomial f i t  t o  those  va lues .  
This  confirms t h e  s u b j e c t i v e  impression t h a t  t he  main f e a t u r e s  of 
t h e  e l e v a t i o n  angle  d i s t r i b u t i o n  through a l a r g e  t i m e  range can 
b e  reproduced by a r e l a t i v e l y  l o w  o r d e r  curve.  
w i t h  o t h e r  soundings showed e s s e n t i a l l y  t h e  same r e s u l t s .  

S i m i l a r  tests 

The method of process ing  GMD-1 d a t a  (d iscussed  i n  Sec t ion  5) 
w a s  modified t o  inc lude  curve f i t t i n g  when the  cu rva tu re  c r i t e r i o n  
is v i o l a t e d  a t  more than one poin t  a f t e r  t h e  averaging has  been 
inc reased  t o  t h r e e  con tac t  i n t e r v a l s .  A f o u r t h  o rde r  polynomial 
i s  f i t t e d  t o  a l l  e l e v a t i o n  angles  wi th in  t h e  segment of cu rva tu re  
v i o l a t i o n  p l u s  t e n  con tac t  i n t e r v a l s  a t  each end of t h e  segment. 
The over lap  is  included t o  ensure a smooth t r a n s i t i e n  i n  t h e  
winds computed by the  two sets of da t a .  

Curve f i t t i n g  t o  t h e  he igh t s ,  azimuth angles  and t i m e s  w a s  
n o t  considered necessary  because t h e  accuracy of t hese  measurements 
d i d  n o t  s e r i o u s l y  degenerate  a t  low e l e v a t i o n  angles .  However, 
t o  ensure  some modicum of consis tency between t h e  scale on which 
t h e  e l e v a t i o n  angles  were determined and t h e  scale of t h e  o t h e r  
parameters ,  t h e  averaging i n t e r v a l  f o r  the  azimuth ang le  w a s  
extended t o  f i v e  con tac t s  and the f i n i t e  d i f f e r e n c i n g  w a s  en la rged  
correspondingly.  
w e r e  a l s o  obta ined  from f i v e  contac t  i n t e r v a l  averages of t h e  
va lues  given by t h e  polynomial. 

The e l eva t ion  angles  a t  each mid-contact p o i n t  

To determine t h e  amount of degrada t ion  i n  t h e  GMD d a t a  t h a t  
r e s u l t s  from the  use of curve f i t t i n g  over long pe r iods ,  t h e  winds 
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f o r  February 20 w e r e  recomputed using a f o u r t h  o r d e r  polynomial 
f i t t e d  t o  t h e  GMD-1 e l e v a t i o n  angles  from t h e  l e v e l  of t h e  j e t  
maximum t o  t h e  top of t h e  sounding. The upper p a r t  of F igure  23 
reproduces t h e  top  of F igure  13. It shows the ver t ical  p r o f i l e  
of wind speed computed from FPS-16 e l e v a t i o n  angles  as a s o l i d  
l i n e  and t h e  p r o f i l e  obtained from a polynomial by a series of 
c rosses .  The vec to r  hodograph f o r  bo th  t h e  FPS-16 and t h e  
polynomial winds over  t h e  same por t ion  of  t h e  sounding i s  shown 
i n  t h e  lower p a r t  of F igure  23. 
by a double l i n e  and t h e  polynomial va lues  by a heavy s o l i d  l i n e .  

The FPS-16 va lues  are j o i n e d  

The wind speeds computed from t h e  polynomial correspond c l o s e l y  
t o  t h e  mean of t h e  FPS-16 wind speeds except  t h e  former are 3 
t o  5 m / s e c  s lower than t h e  l a t te r  between t h e  15th  and 1 8 t h  km. 
The mean wind d i r e c t i o n  i s  a l s o  w e l l  r epresented  by t h e  polynomial 
winds because t h e  hodograph passes  through t h e  loops i n  hodograph 
of  t h e  FPS-16 winds. 

SECTION 9. WIND COMPARISONS A 1  :TRY LOW ELEVATION ANGLES 

9A. F i r s t  Ascent of March 7,  1964 

Winds der ived  from t h e  one and t h r e e  con tac t  i n t e r v a l  averages 
f a i l e d  t o  m e e t  t h e  curva ture  c r i t e r i o n  above 8 km i n  t h e  f i r s t  
ascent of March 7. A f o u r t h  o rde r  polynomial w a s  t h e r e f o r e  f i t t e d  
t o  a l l  e l e v a t i o n  angles  above 6.5 lm. But the  e l e v a t i o n  angles  
a l s o  contained a sys temat ic  e r r o r  of +0.69 deg. This  e r r o r  w a s  
f i r s t  removed and then t h e  winds w e r e  a l l  recomputed using a one 
con tac t  i n t e r v a l  up t o  8 km and t h e  polynomial above 6.5 km. I n  
t h e  1.5 km over lap  t h e  winds were blended t o  provide  a smooth 
t r a n s i t i o n .  

The r e s u l t s  are presented  i n  F igure  24 as c rosses  superimposed 
on t h e  same FPS-16 p r o f i l e  as i n  F igure  19. The speeds computed 
from t h e  polynomial approximate the  mean of t h e  FPS-16 but  t h e  
former are aga in  3 - 5 m/sec slow between the  13th  and 15  km and 
too  f a s t  between the  16 th  and 18 th  km. Considering the l a r g e  
e r r o r s  i n  t h e  o r i g i n a l  GMD measurements, (F igure  22) ,  and t h e  
l a r g e  e r r o r s  i n  t h e  t h r e e  contac t  averaged winds (F igure  1 9 ) ,  t h e  
polynomial method recovers  reasonably accu ra t e  mean wind speeds.  
I n  t h i s  case, a h igher  o rde r  polynomial might improve t h e  accuracy,  
b u t  gene ra l ly ,  as t h e  o r d e r  i s  inc reased ,  a reduct ion  i n  some 
e r r o r s  is  accompanied by an inc rease  i n  o t h e r s  o r  t h e  gene ra t ion  
of new e r r o r s .  

It i s  i n t e r e s t i n g  t o  no te  t h a t  t he  polynomial method places 
t h e  j e t  a t  8.6 km with  a speed of 58 m/sec, while  t h e  j e t  i n  t h e  
FPS-16 p r o f i l e  i s  a t  10.5 km with 62 m/sec. The j e t  i n  t h e  mean 
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Figure 25:  FPS-16 hodograph, 1st a s c e n t ,  March 7 ,  1964 

Figure 26: GMD-1 hodograph, 1st a s c e n t ,  March 7 ,  1964 
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Figure 28: FPS-16 hodograph, 2nd a s c e n t ,  March 7 ,  1964 

Figure  29: GMD-1 hodogrnph, 2nd a s c e n t ,  March 7 ,  1964 



21. 

wind speed is  probably c l o s e  t o  8 km because the  peak a t  10.5 km 
i s  produced by a mesoscale o s c i l l a t i o n  superimposed on the  mean. 
The superimposi t ion can be clearly seen  i n  F igure  25, where 
between 9.5 and 11.5 km, t h e  FPS-16 hodograph forms almost a 
p e r f e c t  circle.  The c i r c l e  could be reproduced by a 10 m/sec 
p e r t u r b a t i o n  vec to r  r o t a t i n g  a n t i c y c l o n i c a l l y  wi th  he igh t .  
of t h e  loops i n  t h i s  o r  t he  o the r  f o u r  FPS-16 hodographs w e r e  
comparable i n  magnitude. A l s o ,  the  temperature  p e r t u r b a t i o n s  
w e r e  180 deg ou t  of phase wi th  the speed pe r tu rba t ions  wh i l e  i n  
most of t he  o t h e r  loops  t h e  phase angles  w e r e  c l o s e  t o  90 deg. 

None 

The GMD hodograph, Figure 29, w a s  c a l m  and se rene  compared 
t o  t h e  a c t i v e  o s c i l l a t i o n s  i n  the FPS-16. A s  noted ear l ie r  i n  
Figure 23, t h e  p o r t i o n  der ived from t h e  polynomial passed through 
t h e  loops i n  t h e  FPS-16 hodograph. Therefore ,  t h e  polynomial 
method appears  t o  have produced a c l o s e  approximation t o  t h e  mean 
wind d i r e c t i o n s  and speeds.  

9B. Second Ascent of March 7 ,  1964 

A t  t h e  t i m e  of t he  second a scen t ,  1107 GMT, t h e  j e t  had 
descended t o  7.5 km bu t  t h e  speed, 58 m/sec, w a s  t he  same as t h e  
mean speed of t he  f i r s t  a scen t .  In  the  speed p r o f i l e ,  p resented  
i n  F igure  27, a sys temat ic  e r r o r  of 0.65 deg w a s  subs t r ac t ed  
from a l l  t h e  GMD e l e v a t i o n  angles.  A s  i n  t h e  f i r s t  a s c e n t ,  t h e  
one con tac t  averaging i n t e r v a l  reproduced t h e  FPS-16 speeds up 
t o  8 km. Above t h i s  l e v e l ,  t h e  cu rva tu re  c r i t e r i o n  w a s  v i o l a t e d  
and a f o u r t h  o r d e r  polynomial was f i t t e d .  The r e s u l t i n g  winds 
dev ia t ed  2-4 m / s e c  from t h e  mean of t h e  FPS-16 winds between 
1 3  and 1 8  km. A t  a l l  o t h e r  l e v e l s ,  t h e  speeds w e r e  q u i t e  c l o s e  
t o  t h e  mean. 

The l a r g e  amplitude mesoscale o s c i l l a t i o n s  i n  wind speed and 
d i r e c t i o n  which produce t h e  loop i n  Figure 25 is  not  ev ident  
i n  the  speed p r o f i l e  bu t  l a r g e  angular  tu rn ing  i s  s t i l l  ev iden t  
i n  the  hodograph, Figure 28. Between 9 and 1 3  km, t he  temperature 
p e r t u r b a t i o n s  are also 180 deg out  of phase wi th  t h e  wind speed 
p e r t u r b a t i o n s  as they were twelve hours  ear l ie r .  

I n  the  f i n a l  comparison, the GMD winds, F igure  29, conta in  
a l l  t h e  dominant f e a t u r e s  of t h e  hodograph up t o  1 4  km. The 
m u l t i p l e  loops  above 1 4  km are a l l  smoothed ou t  bu t  t h e  mean 
winds are aga in  c lose ly  approximated. 
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SECTION 10. EVIDENCE OF GRAVITY AND GRAVITY-INERTIAL WAVES 

The hodographs of winds computed from t h e  p r e c i s i o n  r a d a r  
t r ack ing  d a t a  con ta in  many mesoscale and mic rosca le  o s c i l l a t i o n s  
i n  wind speed and d i r e c t i o n .  If t h e  hodographs are decomposed 
i n t o  mean v e l o c i t i e s  and v e c t o r  dev ia t ions  from t h e  mean, t h e  
d e v i a t i o n  v e c t o r s  have magnitudes from 1 t o  5 m/sec and change 
t h e i r  d i r e c t i o n  w i t h  he igh t .  I n  most cases, t h e  d e v i a t i o n  v e c t o r s  
r o t a t e  a n t i c y c l o n i c a l l y  wi th  he igh t .  The combination of s h e a r s  
i n  t h e  mean wind and t h e  r o t a t i n g  v e c t o r  produce t h e  undulat ions 
and loops observed i n  t h e  hodographs. 

The o r d e r  of magnitude of the p e r t u r b a t i o n s  i n  wind speed and 
temperature p l u s  t h e  s m a l l  v e r t i c a l  wave l e n g t h s  are c o n s i s t e n t  
w i th  t h e  p r o p e r t i e s  of g r a v i t y  waves i n  an i so the rma l  atmosphere 
a t  rest (Hines 1960, Eckhart  1960). However, t h e  u and v 
p e r t u r b a t i o n s  of a g r a v i t y  wave are l i n e a r l y  p o l a r i z e d  while  i n  
t h e  examples shown t h e  l a r g e r  p e r t u r b a t i o n  v e c t o r s  r o t a t e  w i th  
he igh t .  

Approximate p e r t u r b a t i o n  s o l u t i o n s  f o r  shear-gravi ty  and 
i n e r t i a l - g r a v i t y  waves w i l l  be  presented i n  a fol lowing r e p o r t .  
The s o l u t i o n s  show t h a t  waves of both c l a s s e s  have r o t a t i n g  
p e r t u r b a t i o n  wind v e c t o r s  s i m i l a r  t o  those found i n  t h e  FPS-16 
hodographs. 

The magnitude of t h e  cu rva tu re  c r i t e r i o n ,  introduced i n  
S e c t i o n  5B, w a s  determined by r e fe rence  t o  t h e  cu rva tu res  a s soc i -  
a t e d  wi th  t h e s e  r o t a t i n g  p e r t u r b a t i o n  vec to r s .  I n  t h e  f i v e  cases 
analyzed i n  t h i s  r e p o r t ,  t he  curvature  between t h r e e  success ive  
GMD winds w a s  less than 4 m/sec when the GMD winds c l o s e l y  
approximated t h e  FPS-16 winds. Also, when t h e  GMD e l e v a t i o n  angles  
contained l a r g e  e r r o r s ,  cu rva tu res  which g r e a t l y  exceeded t h e  
c r i t e r i o n  w e r e  f r e q u e n t l y  encountered. However, i f  t h e  e r r o r s  
i n  e l e v a t i o n  ang le s  w e r e  organized over a long p e r i o d ,  t h e  
c u r v a t u r e  c r i t e r i o n  might n o t  be exceeded. It may be necessary 
t o  a l s o  inc lude  a c r i t e r i o n  based on the  magnitude of t h e  v e c t o r  
d e v i a t i o n s  from t h e  mean. The problem of s e p a r a t i n g  t h e  meso- 
scale o s c i l l a t i o n s  from o s c i l l a t i o n s  produced by e r r o r s  i n  
measurements deserves  f u r t h e r  study. It i s  worth no t ing  t h a t  t h e  
cu rva tu re  c r i t e r i o n  i s  e f f e c t i v e  f o r  d e t e c t i n g  an e r r o r  i n  one 
p o s i t i o n  coordinate .  The cu rva tu res  a t  t h e  two ad jacen t  p o i n t s  
are then of t h e  oppos i t e  s ign .  A mic rosca le  o s c i l l a t i o n  could 
produce t h e  same e f f e c t  bu t  t h e i r  cu rva tu res  were again l e s S  
than  4 m/sec i n  t h e  cases s tudied.  
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SECTION 11. CONCLUSIONS 

. 

The GMD-1 t r ack ing  and radiosonde d a t a  have been shown, 
by comparison t o  p r e c i s i o n  F'PS-16 r a d a r  t r a c k i n g  d a t a ,  t o  be 
s u f f i c i e n t l y  a c c u r a t e  t o  r e so lve  bo th  t h e  macroscale and mesoscale 
f e a t u r e s  of t h e  wind when: the ang le s  are measured t e n  t i m e s  t h e  
normal rate; t h e  d a t a  is c a r e f u l l y  read and then processed by 
machine; and t h e  e l e v a t i o n  angles are g r e a t e r  than 10 deg above 
the  e f f e c t i v e  horizon. 

A t  lower e l e v a t i o n  ang le s ,  t h e  e r r o r s  i n  t h e  e l e v a t i o n  ang le s  
i n c r e a s e  t o  1 0  and 15 t i m e s  the  g e n e r a l l y  accepted RMS e r r o r .  
This  i n c r e a s e  i s  presumably due t o  t h e  instruments  i n a b i l i t y  t o  
d i s c r i m i n a t e  between d i r e c t  and ground r e f l e c t e d  o r  r e f r a c t e d  
s i g n a l s .  The combination o f  l a r g e r  e r r o r s  which c o n t a i n  long 
pe r iod  f l u c t u a t i o n s  and t h e  inc reased  s e n s i t i v i t y  t o  e r r o r s  a t  
low e l e v a t i o n  angles  precludes r e s o l u t i o n  of t h e  mesoscale f e a t u r e s  
of t h e  winds. 

To r e s o l v e  t h e  mean o r  macroscale f e a t u r e s  of  t h e  wind v e c t o r s  
as a f u n c t i o n  of h e i g h t ,  t h e  e l e v a t i o n  ang le s  w e r e  g r e a t l y  smoothed 
by f i t t i n g  a f o u r t h  o r d e r  polynomial t o  s e v e r a l  hundred consecut ive 
observat ions.  The l i m i t s  o f  the curve f i t t i n g  w e r e  determined 
by applying a cu rva tu re  c r i t e r i o n  t o  t h e  wind v e c t o r s  computed 
from p o s i t i o n  coord ina te s  which were p rev ious ly  computed from 
averages of h e i g h t ,  e l e v a t i o n  and azimuth ang le s  over  one and t h r e e  
p r e s s u r e  c o n t a c t  i n t e r v a l s .  The o r d e r  of t h e  polynomial w a s  
determined by comparing t h e  reduct ion i n  the  RMS e r r o r  as t h e  
o r d e r  of t he  Gram-Schmidt or thogonal  polynomials w a s  i nc reased .  
I n  t h e  f i v e  cases  tes ted,  t h e  RMS e r r o r  remained almost cons t an t  
between t h e  f o u r t h  and t e n t h  o rde r  polynomials. 

The winds computed from t h e  FPS-16 measurements con ta in ,  
between t h e  e a r t h ' s  s u r f a c e  and t h e  maximum a l t i t u d e  reached 
by t h e  radiosonde bal loon,  many o s c i l l a t i o n s  i n  wind speed and 
d i r e c t i o n .  The hodographs suggest t h a t  t h e  v e l o c i t i e s  can be 
decomposed i n t o  a mean wind vec to r  and a p e r t u r b a t i o n  v e c t o r  
which r o t a t e s  c y c l o n i c a l l y  o r  a n t i c y c l o n i c a l l y  wi th  he igh t .  I n  
t h e  s t r a t o s p h e r e  a n t i c y c l o n i c  r o t a t i o n  predominates. The 
p e r t u r b a t i o n  v e c t o r s  have magnitudes ranging from 0.5 t o  10 m/sec 
and r o t a t e  through 2.rr r ad ians  i n  0.5 t o  3 km. The source of t h e  
p e r t u r b a t i o n s  remains unsolved b u t  t h e  p r o p e r t i e s  of t h e  v e c t o r  
wind and temperature p e r t u r b a t i o n s  are c o n s i s t e n t  w i th  those  of 
bo th  i n e r t i a l - g r a v i t y  and shear-gravi ty  waves. 
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APPENDIX 

Computer Programs 
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( G M D  1 7  b A L L O V  F?E4SJ<ED F i l Y  V O 3 T - O  

H O K I L O ' 4 T A L  D I S T A s l C E  JF B A L L 3 3 1  F X J H  7 B S E R V I V G  SMD 

A I Y D  D I R c C T I O Y  I Y E T i J R O L O 2 I t 4 L  3 3 Y V E V T I J Y )  

I v P U T  V A L U E S  DF E L E J A T I O Y  A V S L E  

A'JERASE J 4 L U E  O f  E L I V A T I O V  4 Y t L E  

LOWEST P O I Y T  C U R k E V r L Y  V I O L A T I V S  S H E 4 R  Z 3 I T l i R I 3 Y  

H I G H E S T  P 9 1 - T  C U q Y E V T L Y  V I 3 L A T I Y J  S i E A ?  t * I r . E ? I O V  
( Y I T H I V  A G I V E Y  D I S T 4 Y t E  JF 3 T H E 3  V I J L A T J O V S )  

S 4 T U t l A T I U V  V A P O R  P R Z S S U T C  

C l l M T A C T  N U Y B E R  - USED T 3  Z J V T I C J L  ) A T 4  Jq3ER 
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I N T E R V A L  

L A S T P J I  Y T  

L A S T S A E A R  

L A S T W I N D  

MESSAGE 

NP 

N U  

P 

R 

SHEARSRAD 

S d E A R L  I M I  1 

SPD 

T 

TBAK 

TEMP 

T P  

TW 

Z 

ZBAK 

Z S  

APPENDIX (CONT'D) 

YUMBER O F  A D D I T I O N A L  P R E S S U 3 E  C J V T A C T  I V T E R V A L S  
O N  E A C H  S I D E  OF C E N T E R  FOR L O V S  4 V E R A G E  d I Y D S  

H I G H E S T  L E V E L  N U M R E i  F O R  T H E A M O D Y V 4 M I C  D A T A  

H I G H E S T  L E V E L  N t J M B E i  AT W H I C H  S-iEAR S R A D I A V T  
C A Y  BE C O M P U T E 1  

H I G H E S T  L E V E L  NUMRE7 A T  W d I t H  d I V 1  C A Y  B E  
C O Y P U T E D  

A S I N G L E  A L P H A  C H A R 4 C T E R  U S E D  T 3  F L A S  W I V D  V A L U E S  
A T  L E V E L S  W H I C i  R E Q U I R E D  S P E S I A L  T 2 E A T Y E V T  

NUMBER Of- PRESSURE C 9 N T A C T S  

VUMBER O f  A Z I M U T H  A V D  E L E V 4 T 1 3 Y  A V G L E  D A T A  P L I I V T S  

P R E S S U R E  A T  A G I V E N  C O V T A C T  ( Y B )  

R E L A T I V E  H U M I D I T Y  ( P E R C E V T )  

W I Y D  SHEAR G R A D I A V T  B E T W E E Y  S U C C E S S I V E  C 3 N T A C T S  

A N  A R H I f K 4 R Y  L I M I T  3V T H E  S-IEAR G i A D I A Y T  B E T W E F Y  
S U C i E S S  I VE L E V Z L  s 

W I N D  S P E t D  [CM/SEG) 

T E M P E R A T U R E  A T  P R E S S U R E  C O Y T A C T  
( A L S O  U S t O  F O R  V I R T J A L  T E Y P E R 4 T J X E )  

A V E R A G E  T I M E  A S C K I B E D  1 9  Z 9 V T 4 C T  Y I D P O I V T  

A TEMPORARY S T O R A G E  A R R A Y  

T I M E  O F  P R E S S U K E  C D U T A C T  ( M I V I J T E S  F ? 3 Y  R E L E A S k )  

T I M E  OF A Z I M U T H  A Y D  k L E V A T I J V  A V S L E  3 H S E 3 V A T I O V S  

H E I G H T  OF B A L L O O V  A 3 J V E  S T 4 T I O Y  ( Y E T E R S )  

A V E K 4 G E  ' Z '  4 S C K I B E 3  T O  C J V T A C T  M I D P J I V T  

H E I G H T  OF S T A T I O V  A 3 J V E  M.S.L. I Y E T E R S )  
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C 

S E T  
N O S E T  

1 
2 

T A P E  

C A R D S  
S T A R T  

C 
C 
C 

GO 

10 
C 
c ++*++**+ 
C 

R E A D D A T A  

30 
3 1  

3 2  
33 
34  

3 5  
3 6  
38  

3 9  

K E Y P L O T  = 1 
K O U V T F I L E S  = 0 
R F k I N D  11 
R E A P  F Y T B ' ~ O Y T R D L I S H E A R L I M I T  
C A L L  C I i A R C 3 M P ( C O N T R O L ( 6 ) i  ' P L O T ' '  49 YOSET,  S E T 1  r ( 3 S E T I  
K E Y P L O T  = 2 

S H E A R L I M I T = 4 . n  

U N I T  = 14 

C A L L  T A P E C i E C K  
UO TO S T A R T  
U N I T  = 7 0  

CALL C H A R C J M P ( L A 3 E L '  ' E Y O ' r  31  GJt F T O P r  S3) 

IF( S H E A R L I M I T )  2, 1' 2 

C A L L  C H A R C D M P I C 3 N T R O L ~  ' T A P E '  , 4 r L A R ) S 1 T A P E 9 : 4 X D S  ) 

CALL T A P E h J U V T ( 1 4 r  ' M E T E D  41 't 1)  

R E A D  ( U V I T p F M T l )  L A B E L V Z S  

P R I Y T  F M T z r L A B E L  
DO 10 I = l r l S D  
M E S S A G E ( I I = *  * 

R E A D  T H E A M O D Y N A M I C  D A T A  **+*++e* 

DO 3 3  I = 1, 1 5 0  
VP = I 
S E A 0  ( U V I T ,  F M T 3 )  I C ( I ) *  I P ( I 1 1  P ( I ) v  T I I ) .  I T '  * ( I 1  
I F ( T P ( 1 )  - 999.9) 3 0 ,  341 3 3  
IF(IT) 311  3 2 '  3 1  
T ( I )  = 2 7 3 . 2 - T l I )  
so T O  33 
T ( I I = 2 7 3 , 2 + T ( I )  
C O M T I  Y U t  
Y A P  = YP - 2 
Y P  = N P  - 1 
L A S T P O I V T = Y P  
L A S T W I Y D  = L 4 S T P O I Y T  - 1 
L A S T S H E A K  = L A S T r l I ' d D  - 1 

C H E C K  FOR C O R R E C T  ORDER 

K E Y = O  
DO 39 I = 2 1 V N P  
I F ( I C ~ I + l ) - I C ( I ) - 1 ) ~ ~ ~ 3 ~ ~ ~ ~  
I F ( T P ( I + l ) - T P ( I ) )  3 8 1 3 8 1 3 0  
I F ( P (  I + l ) - P (  I ) )  3 7 , 3 8 1 7 8  
P R I ' J T  ERSYESAG,  IC( I )  
K F Y = 1  
COVT I N U €  
I F ( K E Y )  S T 3 P 1 4 0 v S T C P  
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C 
C St'OOTH PXL-SSURF VERSUS 6 0  q T 4 C T  C l J i V E  

r 

. 3  

/ 3 . 5  

c 

C 
C 
C 

C H E C K  KAW WILI) D A T A  F O A  R t A S O I f l R L E  SUI3OTHUESS 
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C 
C *+*++*++ O B T A I N  WINO F R 3 M  AVERAGE JF A Z I M U T H  4 Y O  E L E V 4 T I 3 Y  4Y"UE.S *e * * * * * *  

T E S T  
CADSPOT 

100 

101 

102 

103 
104 
109 

C 
C 
C 

I10 
111 
112 
114 
115 

1 2 0  
1 2 1  
1 2 2  

C 4 L L  w I N D ( 3 t  L A S T U I N C ,  0) 

S C A N  NIND FOR I M P R O B A B L E  S H E A R  G R A D I 4 Y T  

I N T E R V A L  = I! 
DO 1003 I = 41 L 4 S T S H E A t l  
IF(ABS(SHE4RGRAD(I))-SHEARLIMIT) 1 0 0 3 t 1 0 0 0 ~ B 4 D S P 3 T  
E R R R A S E = I  
Y E S S A G E I I ) = * S *  
K OUNT = 3  
E R R T O P = I  

J = E S R T D P + l  
K = E R R T ' 3 P + 4  

IF( E R R T O P - L A S T S H E A R  1 1001 lOOOt 1 O Q O  

I F (  K - L A S T S H E 4 R )  101, l J l r  200 
DC) 103 L = J t K  
I F ( A R S ( S i E 4 R G R A O 1 L ) ) - S t i E A 1 I L I M I T )  1 3 3 t 1 0 3 r 1 3 2  
K O U Y T = K f l U N T + l + L - J  
M E S S A G E I  L ) = *  S *  
E R R T O P = L  
SO TO 1 D 3  
COVT I NUE 

Y E S S 4 G E ( 1 ) = * l t  
GO TO 1003 

I N T E R P O L A T E  I F  L A R G E  SHE4H G R A D I A N T S  ARE F 3 U Y D  I Y  S M A L L  S E S H E N T  

I F I K O U Y T )  109r109~110 

I f ( I N T E R V A L 1  1 1 1 ~ l l l r L O V ~ A V E R G  
I F ( E R R T D P - I 1 + 4 ) )  1 1 2 . 1 1 2 r L O V G A V E R G  
I F ( K 0 U V T - 2 )  1201 1 1 4 1 1 2 0  
IFISHEARGRAD(I)+SHEARGR~DII+Z)) ~ ~ ~ ~ L ~ N ~ A V E P ; ~ L ~ Y ~ ~ V E ~ S  
C A L L  
G A L L  I ' J T R P 3 L A T E I  I + 2 r  1) 

I V T R P 3 L A T E  ( I t  1) 

Y E S S A G E (  I )=*E' 
Y ESS AGE ( I + 2  1 = * E * 
GO T C  T E S T  
IF I K O U N T - 5 )  
IF(SHEARGR40(I+l)+SHEARGRAD(I+3)) 1 2 2 , L 3 Y G 4 V E ~ G t L J V G 4 ~ E ~ ~  
C A L L  I V T R P 9 L A T E (  I+ l t l I  
C A L L  I l T R P ) L A T E (  I + 3 r l )  

LONSAVERG,  1 2 1  t LC lVCAVERG 

Y E S S A G E ( I + l ) = ' E *  
Y E S S A G E ( I + 3 ) = ' E *  
C A L L  I N T R P 3 L A T E I  I12! 
C A L L  I N T R P 3 L A T E I  1+2,2) 
C A L L  I N T R P 3 L A T E f  1 + 4 t 2 )  
SO TO T E S T  
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L 
LJSE A LONGEK A V E R A G I N G  P E K I n D  F O R  S C 4 T T E R E D  S r l L A I  ' E R 4 3 d S '  

L 

2 90 
L [IN G A V E R C, 

2 r ! I  

2 0 2  
F L A G  

1000 
C 
c *****I** 

L 

P K I N T  

E R K T O P  = L A S T W I N L  
I N T E R V A L  = I N T E R V A L  + 1 

C A L L  W i U 3 ( E R K B A S E I  E R K T O P .  i V T E R v A L J  
I F ( I N T E R V A L - ? )  2 0 1 1 2 C 2 1 2 0 L  

sn T O  T E S T  
DO F L A ; r I J L = F R d D A J E , E K K T O P  
MESSAGE I I J L )  =I  X '  
C A L L  C U 9 V E F I T ( E R 9 B A S € - l O , t R R T O P + l t )  
C A L L  UIYD( E R R B A S  F - 5 1  E R R T f ) P + 5  I 2 1 
SU T O  T E S T  
I N T E R V A L  = C! 

P R I N T  K E S U L T S  ********  

1 S P O (  I) , M E S S A G E (  I )  
9999 PRIYT ~ ~ 1 6 ,  T P ( I ) '  P ( I ) ,  r ( I ) I  z ( r i t  A S C ? T ( I )  

GC1 T O  ( S T A I T ,  W 9 I T E T A P E ) r  K E Y P C O T  
W l i I T F T A P F  W R I T E ( 1 1 )  T R A R p  Z R A R t  A Z I  E L ,  D p  X\ lc D I R P  S P D t  M E S S 4 G E i  I P t  p r  T I  

1 Z I  ASCRT, L A S T P O I N T I  L A B E L  
K O U N T F I L E S  = K D U N T F I L t S  + 1 
S O  T O  S T A R T  

S T O P  I F ( K 0 U N T F I L E S )  C A L L I  E V Q r  C A L L  
C A L L  N R I T E  (11 1 AOUNTF I L E S  

E N D F I L E  11 
R E W I N D  11 
C A L L  S E G L D ? (  1 2 9  ' P L O T  ' 1 

E N D  S T O P  
C 

F M T O  
F M T l  
F M T 2  

1 
2 
3 
4 
5 
6 

F M T 3  
F M T 4  
F M T 5  
F M T 6  
F M T 7  
F M T 8  
E K R M E S A G  

E ND D A F T  srl U 

F f l R M A T I ' l  PROGRAM GMD-9 V E R S I O N  0 0 1  ' / ' 3 ' 1 5 C l L )  
F f l R M A T ( 6 O C i  2 F  10.0) 
F O R M A T ( 1 H l r  6 O C 1  5x9  

' S H E A K L I M I T  = ' r F 5 . 1 1 / 1 H ~ /  
/ 1 H D t  ~ H T I M E I  6 X 4 H P R E S 9  5 X 5 H V T E M P v  4 X 6 H r l E I S i T v  
5 X 5 Y A S C R T p  6 X 4 H T R A R v  6 X 4 Y Z B A 2 9  3 X 2 H A Z t  S X 2 H E L p  5 X 4 H D I S T v  
4 X l H N i  7 X 3 H D I R v  7 X 3 H b P D  i 2 X 4 H V O T t r  / 

1HO' ~ H M I V S I ~ X ~ H M H I ~ X ~ H O ~ G ~ ~ X ~ H M I ~ X ~ ~ ~ M / S ~ ~ ~ ~ X ~ H Y I ~ , ~ X ~ ~ Y I ~ ~ X ? ~ ~ K ~ I  
2 O X 5 h M / S E C / l H O )  

F T l R M A T ( I 1 3 i  2F10 .31  F9.11 11, F 1 0 . 2 )  
F OKMAT ( F 1 0  11 
F n K M A T ( l H 3 ,  44x1 5F10.7, 15,  2 F l 9 . 2  i S X l C I  
F O R M A T (  1h31 F 5 . 1 1  F 9 . 1  t 3 F 1 0 - 2 , 5 X 1 7 C (  1H* 1 1 

2F 13.2 1 

F O R M A T ( ' 0  d I N D  D A T 4  NOT O R D F R E D  A T  T I Y E g 1 F 1 0 . 2 )  
F O R M A T ( 1 D C v  F 1 0 . 3 1  
F O K M A T ( ' 0  D A T t  NUT O R O E R E U  AT C O N T A C T  NUMBER ' 1 1 5 )  
R C E  D F C K  
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C 

C 

C 
C 
t 

c 
C 
C 

. 

1 

2 
3 

4 

5 

15 
1 1  

15  
14 
16 

18 

23 

S O U K C E  DECK 
S U B R O U T I V E  W I N @ (  S T A R T ,  STOP,  I N T E R V A L )  
I N T E G t R  S T A R T ,  STOP 

C O Y M O N  A (  3 0 D ) v  C (  9 O C l ) g  T W (  900); T Z Y P (  9 0 0 ) ~  A Z ( 1 5 3 ) r  E L ( 1 5 0 ) r  
1 D ( 1 5 0 ) ~  X ( 1 5 1 1 1 ,  Y ( 1 5 ~ ) .  D I R ( 1 5 0 1 ,  S P D ( 1 5 0 ) r  T ' ( 1 5 0 ) ;  
2 YW, L A S T P O I  YT 

DIMEYSIOY T B A R ( 1 5 T ) ) r  Z R A Q ( 1 5 0 ) r  Z (  1 5 3 )  1 XV(153)r S i E A 3 G R A D ( L 5 0 )  t 
1 J T O P (  1 5 0 )  

EQUIVALEVCE ( T E Y P ( l ) r  T B A I I ) ,  (TEMP(15l)r ZBAX), ( T E M P ( 3 3 1 ) r  Z ) r  
1 ( T E Y P ( 4 5 1 ) r  X N ) *  ( T t H P ( 6 U L ) p  SiEAIJ.;K4D)* ( T E Y P ( 7 5 L l r  JTCIP) 

9 E = . 6 3 7 1 2 2 3  E 9 
L I b ! I T 3 = S T A 3 T  
L I r 4 I T 4 = S T O P  
K E Y = 1  
I F  ( S T A % T -  ( 3 + I Y T E R V A L  ) 1 
L I Y I T 3 = 3 + I Y T E S V h L  
K E Y = 2  

1,212 

IF(STOP-(LASTPOINT-INTEQVAL-l) 1 4 1 4 1 3  
L I M I T 4=L A 5 TPC I Y T  - I  f i l l  E R V A L -  1 
K t Y = 3  
L I M I  T l = L I  U I f 3 - 1  
L I b  I T Z = L I + l I T 4 + 1  

S F T  MFA'I H E I G H T  AYD T I M E  

D O  5 I = L I M I T 1 1  L I M I T 2  
T B A R I I )  = (TP(I-1-IVTEKJAL) + T P - ( I + I V T E R V A L ) )  / 2.3 
Z R A R ( 1 )  = ( Z ( I - l - I Y T t R V A L I  + Z ( I + I Y T E 3 V A L I )  / 2.3 

4VERAGE A Z I M U T H  A V D  E L F V A T I O V  B E T W E E V  C O Y T 4 t T S  
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C 
C 
C 

C 
C O B T A I N  X A V D  Y C O O R D I V A T E S  F R O M  R A L O J V  D I S T 4 V C E  3 V E R  C U R V E D  E A R T H  
C 

D I S T A N C E  D O  23  I = L I M I T 1 9  L I M I T 2  
X X X = C O S  ( E L ( I ) ) / ( l . + Z B A R ( I ) / R E )  

X ( I ) = D ( I ) * S I N  ( A Z ( 1 ) )  
D 1 I )  = R E  + (1 .5738 - A S I I U ( X X X )  - E L ( I ) )  

?3 Y ( I )  = O(I) C O S ( A Z ( 1 ) )  

O R T A I N  W I N D  AND S H E A R  G R A U I A N T  B F T W E f V  C O Y T A 2 T S  ( Y / S E C )  

DO 90 I = L I ' l I T 3 ~ L I M I T 4  
I P = I + l t I Y T E R V A L  
I E ' = I - l - I  N T E R V A L  
I F ( J T O P (  I P ) - N W )  8 4 9 8 3 9 8 3  

S O  T O  1 5 3  
U 3 =  ( X (  I P )  -X ( I M )  1 / (  T E A R (  I P ) - T R A R (  I M  1 )  
V ~ = ( Y ( I P ) - Y ( I M ) ) / ( T B A R ( I P ) - T B A ~ ~ I M ) )  
S P D ( 1 )  = 1 . 6 h 7 E - 0 4  + S Q R T ( U 3  *+ 2 t J3  +*  2 )  
C A L L  M E T E D A Y G L E ( D I R ( I ) , U 3 * V ~ )  
I F (  I - ( L I H I T 3 +  2 )  1 869 85, 85  

83 L I M I T 6 = I  

A4 

R5 S t l t A R G R A D ( 1 - I )  = S Q R T ( ( U 1  t U3 - 2.0 U i l )  * +  2 t ( V 1  + V 3  - 2.9 
1 V 2 )  + + 2  1 + 1 . 6 6 7 E - 0 4 + S I G V ( l . ~ ~ S P D ( I ) t S P D ( I - 2 ) - ~ ~ 0 + S P ~ ~ I ~ l ~ ~  

86 U l = U Z  
u2 = u3 
v 1=v2 

90 v 2  = v 3  
91  C A L L  I V T R P 3 L A T E ( L I M I T 3 r 2 )  

C A L L  I V T K P 3 L A T E ( L I M I T 4 ~ 2 )  
JO TO ( R E T U R N 9 Z E K D L O W 9 Z E R U H I ) 9 K E Y  

Z E R O L O N  L I M I T S = S T A R T - l  
DO 100 I = l r L I M I T 5  
S P D (  1 )=O.O 
D I R (  I I = @ . >  

R E T U K N  
I n n  S H E A R G R A D (  I + l ) = @ . @  

ZEKOHI L I M I T 6 = L I h I T 4 + 1  
1 5 0  D O  2 0 0  I = L I M I T 6 r L A S T P O I V T  

S P D (  I )=O.C 
D I N (  I )=O.O 

205  S H E A R G R A D ( I - l ) = O . D  
R E T U R N  R E T U R N  

E NO D A F T  sri u R C E  D E C K  
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. 

. 

B EGIN DAFT S OUKCE DECK 
SUBROUT I V f  I NTRPOLATE( I rN,UN 1 
tO).;MON 4 (  90019 E( 900). TW( 900)r TfrPl 930). AZ(153). EL(15D), 

1 D(150)r X ( 1 5 0 ) *  Y(15;))r DIR(1501r SPD(153). T'(15Dlr 
2 NHrLASTPDIYT 

DIMENSIOY SHEARGRAD( 150) 
EQUIVALEYCE ( TEYP( 631) SHtARSRAD) 
Ul=SPD( I-l)+SIY( DIRI 1-1)+3-1415927) 
V l = S P ~ ( I - l ) + C O S ~ D I R ~ I - l ) + 3 ~ 1 4 1 5 9 2 7 ~  
V2=SPP(I+l)*COSlDIR( I+1)+3.1415927) 
UZ=SPD( I +1) * S I V (  DIR( It1 )+3.1415927) 
GO TU Ilr21rNNY 

1 U=(Ul+U2)/2. 
V=(Vl+V2)/2. 
SPD( I )=SQRT(U**2+V++2) 
CALL METFOANGLE (DIR( I )  r U p V )  

SHEARGRAD( I )=O. 
RETURN 

7 U=SPD(I)+SIN(DIRI1)+3.1415927) 
V=SPD(I)*C3S(DIR(I)+3.141>9271 
S H E A S G R A D ( I ) = S O R T I l U l + U 2 ~ 2 ~ ~ U ~ + + 2 + ( V l + V 2 ~ 2 ~ + ~ ~ * * 2 ~ *  

1 S I G Y ~ 1 ~ O r S P D L I ~ 1 l + S P D ~ I ~ l ~ ~ Z ~ 3 * S P D ~ I ~ ~  
2ETURN 

E ND D A F T  sn u RCE DECK 

OK 

B EGIN DAFT S DURCE DECK 
SUBKOUTI YE SLAV( +It Y r  Y A M t  1 
CHARACTER \ A M €  ( 4  
COMMON A( 7031, E (  YOO)r T U (  9'33). TEYP( 9 3 3 1 ~  421153)r EL(15D). 

1 D(1531, X1150), Y(15J)r DIK(150). SPD(153). TP(150), 
2 YWvLASTPOIVT 

DIMEYSIOY W(1000) 
D O 1  I = 2 r Y  

VL = 2 

VI. = NL + 10 
IF( NL - N )  3 ,  3 .  RETUKV 

S U M S 0  = 0.3 
OC 4 I = hlI* VL 
S U M  = SUR + TEMPI I )  

SUM = SUM / 11.3 

1 TEPP(1) = d ( 1 )  - w(I-1) 

2 V I  = NL 

3 SUM = G.0 

4 SUPlSO = SUYSP +TEYP(I) TEPlP(1) 

SUMSC = SUYSB / 11.0 
IF(SUP'SQ - SUM + SUH) 2 r 2 r O K  
S T D  = SQRT(SUYSQ - SUM aUH) 
D f l  L I = VI, VL 
I F ( A B S ( T E ~ P ( I ) - S U Y ) - 3 . t r S T D )  616r5 

5 P R I N T  FYTlrYhMErW(IlrTW(1) 
6 COYTINUE 

S O  T O  2 
R t T U R N  YFTUKN 
FYTL FnRMAT('a'v4Cr' AYGLE HAS THE QUESTI3VABLE V4LUE'rlPEL1.3, 

1 ' AT TIME'r3PF8.2) 
E Y O  DAFT SO U 9CE DECK 
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? 

6 E G I Y  DAFT S 'JURCE D E C K  
SUb'lOUT I \ E  
I F ( V )  l O t l l t l 0  

11  I F ( U )  1 2 t 1 3 t 1 4  
1 2  D=1.57C7963 

K E TtJRY 

R F T U R N  
14  D=4.712389 

R C T C I K N  
1 3  B = h T 4 N  ( A O S  ( U / V ) )  

MFTE3ArVGLE ( D t  Ut V 1 

1 3  n=c3. 

I F ( ? I )  1903t7COt733 
7 q O  I F ( V )  8 0 0 t 1 7 @ 0 t 9 3 ?  
8'70 D=6.2831853-8 

R E T U R N  
9 P n  D=D+3.1415927 

RETURN 
i o c n  I F ( V )  i i ~ o , i 3 1 1 3 , 1 2 0 0  
1100 D = R  

A E T U R N  
129C Dzj.1415927-H 
1 3 ? Q  R E T U R N  

E N O  D A F T  Si3 U R C E  D E C K  
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B EGIN DAFT S OURCE DECK 
SUBRUUTIVE CURVEFIT( IIIIJJJ) 
CClMMDFI A( 30D)r E( 9 0 0 ) r  TiJ( 9 0 0 ) r  T 4 P (  3 3 D ) t  AZ(1531, EL(l5G)v 

1 D(150)1 X115@)* Y(150)r DIR(150). SPD(150). T?(15O)r 
2 NY t LASTPOI Y T  

REAL AAA(5) 

1 
2 
3 

4 1  

4 

5 

6 

7 

1c1 

11 
12 
13 
1 4  
15 

4 5  
50 

60 
70 

II=III 
JJ=JJJ 
IFIII) 191.2 
I I = 1  
IF(JJ-LASTPOINT) 41.41.3 
J J=LASTPOIVT 
DO 5 I=l,Nd 
IF(TP(III-TW(1)) 4.415 
I START=I-19 
GO T O  6 
LONT I NUE 
CALL STOPDUMP ( ' CURVEFIT 1 ' 1 
DO l@ I=l.VW 
J K=NW+l-I 
IF(TP(JJ)-TW(JK) 1 1017'7 
IEND=JK+10 
GO TO 11 
COUTINUE 
CALL STOPDUMP( * CURVEFIT 2' 1 

I START=l 

I ENn=Nk 

IF(1START) 1 2 ~ 1 2 ~ 1 3  

IF( I END-NW 1 

VNN=IEYD-ISTART 
DO 50 I=1,5 
IO=I-1 
SUM=O. 0 
P SUY=G.O 
DO 45 J=ISTART. IEYD 
S=J-ISTI\RT 
XX = GRIY(IDVSIVNYI 
SUY = SUY+XX*E(J) 
PSUM = PSUY+XX*XX 
A A A (  I )=SUM/PSUM 
30  70 J=ISTARTtIEND 
S=J-ISTART 
xx=c.o 
DO 60 I=1v5 
IO=I-1 
XX = XX + AAA(I)*GKAHlIO,~rNYN) 
E ( J 1 =XX 
RETURN 

15.151 14 

E ND DAFT SO U RCE DECK 
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H E G I N  D A F T  S O U R C E  D E C K  
F U Y C T I O N  G R A M ( I R v S I N )  
I F ( I R )  E R R I Z E R O ~ M D R E  

E R R  C A L L  S T O P D U M P (  ' N E G C R A M A R G '  I 
Z E R O  SRAM=1.0  

R E T U R N  
MORE I F ( M ~ D ( I R V Z ) )  O D D V E V E N I O O O  
ODD C R Y = - l . O  

SO T O  1 
E V E N  C R Y = 1  .G 

1 K = I H  
X N = N  
C = l . G  
SUM=1.3  
F A C T = 1 . 0  
I R P 1 =  I R + 1  
T E R M =  1.0 
T l = R +  1.0 
T l A = R  
T ? = S  
T 4 = X N  
D O  L O O P ,  J K = 2 ,  I K P l  
c = - C  
K = J K - 1  
X K = K  
F A C T = F A C T * X K  
T E R M = T E R M + T l + T l A * 1 2 / T 4  
T l = K +  l . O + X K  
T l A = R - X K  
T Z = S - X K  
T 4 z X N - X K  

G R A M = S U M * C R N  
RETURN 

L O O P  SUM=C+TERV/(FACT*FACT)+SUM 

E N D  D A F T  SO U R C E  D E C K  
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