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PREFACE AND ACKNOWLEDGMENTS 

The f i r s t  experiment t o  combine a i rborne Doppler l i d a r  and ground based 

dual Doppler-radar measurements o f  wind t o  d e t a i l  t he  lower t ropospher ic f lows 

i n  quiescent and stormy weather was conducted i n  Central Oklahoma dur ing f o u r  

days o f  June-July 1981. Data from these unique remote sensing instruments, 

coupled w i t h  those from conventional and novel i n - s i t u  f a c i l i t i e s  such as a 

500 m t a l l  meteoro log ica l ly  instrumented tower, rawinsonde, and a dense 

network o f  surface based sensors, have been analyzed t o  enhance the  under- 

standing o f  wind, waves, and turbulence. 

and t h e  analyses presented i n  t h i s  repo r t  had t h e  mu l t i f ace ted  purposes o f  (1) 
comparing winds mapped by ground-based dual Doppl e r  radars, by anemometers on 

a t a l l  tower, and by NASA's i nnova t i ve  a i rborne Doppler l i d a r ,  ( 2 )  comparing 

measured atmospheric boundary l a y e r  f low w i t h  flows predic ted by t h e o r e t i c a l  

models; ( 3 )  i n v e s t i g a t i n g  t h e  k inematic s t r u c t u r e  of a i r  mass boundaries t h a t  
precede t h e  development o f  severe storms and, ( 4 )  studying the  kinematic 

s t r u c t u r e  o f  thunderstorm phenomena (e.g. downdrafts, gust f ron ts ,  etc,) t h a t  

produce wind shear and turbulence hazardous t o  a i r c r a f t  but  are d i f f i c u l t  t o  

observe w i t h  conventional instrumentat ion.  

The data c o l l e c t e d  f o r  t h i s  study 

The r e s u l t s  o f  experiments repor ted here in show t h a t  i t  i s  f e a s i b l e  t o  

have d e t a i l e d  but remotely acquired measurements o f  t he  c loudless atmospheric 

motion i n  many provocat ive weather s i t ua t i ons ,  whereas such observations were 

p rev ious l y  1 i m i t e d  t o  scaled-down laboratory  experiments, We have c a r r i e d  out  

these d e t a i l e d  measurements i n  nature 's  own laboratory  so we can improve fo re -  

casts using data t h a t  may become avai 1 ab1 e t o  operat ional  meteorologists.  

Meeting t h e  chal lenge of improving weather forecasts and storm hazard warnings 
demands an i n teg ra ted  and w e l l  -conceived experimental design t h a t  bu i  I d s  upon 

a base o f  t h e o r e t i c a l  and experimental r e s u l t s  and uses t h e  technological  

exper t ise,  leadership, and cooperation o f  several research groups, bound 
together  w i t h  s t rong and enduring commitments. NASA's Marshal 1 Space F l i g h t  

Center (MSFC), NOAA's National Severe Storms Laboratory (NSSL), and t h e  Uni - 
v e r s i t y  o f  Oklahoma's Department o f  Meteorology and Cooperative I n s t i t u t e  f o r  

Mesoscale Meteorological  Studies (CIMMS) have t h i s  commitment. This repor t  i s  
t h e  f i r s t  one showing t h e  r e s u l t s  of t he  combined e f f o r t s  f r o m  t h i s  group 

dedicated t o  improve our understanding o f  weather. 
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The r e p o r t  i s  d i v ided  i n t o  3 par ts .  Pa r t  I ,  "Intercomparison o f  Wind 

Data From A i  rborne L i  dar , Ground-Based Radars and Instrumented 444 m Tower, 

g ives r e s u l t s  o f  t h e  f i r s t  intercomparison of atmospheric boundary l a y e r  wind 

measured by dual Doppler radars and a i rbo rne  Doppler l i d a r .  The second p a r t ,  

"The S t ruc tu re  of t h e  Convective Atmospheric Boundary Layer as Revealed by 

L i d a r  and Doppler Radars" re1 ates remotely sensed p r o p e r t i e s  o f  homogeneous 

t u r b u l e n t  f low i n  t h e  atmospheric boundary l a y e r  t o  those p roper t i es  predic ted 
by theor ies.  P a r t  I 11, "Doppler L ida r  Observations i n  Thunderstorm Envi ron- 

ments," g ives an analys is  o f  t h e  f i r s t  observations w i t h  an a i rborne Doppler 
l i d a r  o f  thunderstorm outflows and f l o w  of environmental a i r  i n t o  a complex o f  

cumulus clouds. Appendix A describes t h e  Doppler l i d a r  instrumentat ion,  i t s  
operat ion,  and methods used t o  deduce t h e  Doppler v e l o c i t y  component o f  h o r i -  

zonta l  wind. 

These f i r s t  r e s u l t s  are due t o  t h e  dedicated e f f o r t s  of many and t h e  

authors are indebted t o  NASA f o r  i t s  support, under t h e  management o f  

Drs. James Dodge and Wi l l i am Vaughan, and t o  both t h e  NSSL and NASA s t a f f s  f o r  

t h e i r  f i n e  engineering support f o r  t h i s  l a r g e  data c o l l e c t i o n  e f f o r t .  

B i l b r o  and Ed Weaver o f  NASA, Chuck DiMarzio of Raytheon, and Bob Lee o f  

Lassen Research, helped us t o  b e t t e r  understand t h e  a i rborne l i d a r  system, i t s  
unique features and t h e  e r r o r s  t h a t  it i s  vulnerable to. D r .  Dan F i t z j a r r a l d ,  

NASA, i s  t o  be espec ia l l y  thanked f o r  present ing us w i t h  t h e  l i d a r  data i n  an 
e a s i l y  usable form, and f o r  cons t ruc t i ve  discussions Drs. Doug1 as L i  1 l y  and 

Claude E. Duchon o f  t he  Un ive rs i t y  o f  Oklahoma gave bene f i c ia l  comments and 
suggestions dur ing the  course o f  t h i s  study. Encouragement and support from 

Dr.  E. Kessler and s t a f f  a t  NSSL were c r i t i c a l  t o  t h e  q u a l i t y  o f  t he  work. 

Joan Kimpel o f  CIMMS and Robert Goldsmith o f  NSSL provided graphic services,  

and M iche l l e  Foster o f  NSSL typed the  manuscript. 

J i m  

The work reported here in has already l e d  t o  t h e  p u b l i c a t i o n  o f  n ine 

papers and t o  two others i n  preparation. 

convect ive atmospheric boundary l aye r  as revealed by 1 i d a r  and Doppler radars" 

has appeared i n  a recent issue o f  t he  i n t e r n a t i o n a l  j o u r n a l :  Boundary-Layer 
Meteorology and another a r t i c l e  "Est imat ion of t h e  average surface heat f l u x  

over an inhomogeneous t e r r a i n "  has been accepted f o r  p u b l i c a t i o n  i n  t h a t  j o u r -  
na l .  
borne l i d a r ,  ground based radars, and instrumented tower" has appeared i n  t h e  

The a r t i c l e  "The s t r u c t u r e  o f  t h e  

The paper "Comparison o f  winds, waves, turbulence as observed by a i  r- 
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Monthly Weather Review. 
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supported two Master I s  Theses. 
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PART I: INTERCOMPARISON OF WIND DATA FROM 

AIRBORNE LIDAR, GROUND-BASED RADARS AND 

INSTRUMENTED 444 rn TOWER 

1 



ABSTRACT 

On June 29, 1981 two ground-based Doppler radars, an a i rborne Doppler 
l i d a r ,  a very t a l l  (444 m) instrumented tower, and a rawinsonde c o l l e c t e d  wind 

data i n  t h e  Planetary Boundary Layer (PBL) i n  Central  Oklahoma. This allowed, 

f o r  t he  f i r s t  t ime, intercomparison of wind f i e l d s  synthesized from a i rborne 

Doppler l i d a r  data w i t h  those from dual Doppler radar data. 

p r o f i l e  o f  wind i n  t h e  PBL measured by t h e  radars compared favorably  w i t h  the  

p r o f i l e s  measured by the  tower and rawinsonde wh i l e  the  one obtained from 

l i d a r  data d i f f e r e d  from the other  th ree  by as much as 3 mas'' i n  wind speed 

and 38" i n  d i r e c t i o n .  
from radar and l i d a r  suggested t h a t  these discrepancies could be a t t r i b u t e d  t o  

a Schuler resonance i n  the  a i r c r a f t ' s  i n e r t i a l  nav iga t i on  system which caused 
an erroneous component o f  t h e  a i r c r a f t  v e l o c i t y  vector  t o  be subtracted from 

t h e  l i d a r  r a d i a l  v e l o c i t i e s ,  thus c r e a t i n g  e r r o r s  i n  t h e  synthesized wind 

speed and d i r e c t i o n .  

ho r i zon ta l  wind detected by the d i f f e r e n t  sensing systems compared we1 1. 

Also, spectra from the  d i f f e r e n t  sensing systems compared wel l  i n  both 

magnitude and shape, suggesting t h a t  t h e  l i d a r  and radar detected s i m i l a r  

t u r b u l e n t  s t ruc tu re .  
t h e  point -by-point  wind measurements made w i t h  t h e  l i d a r ,  radar, and I N S  

systems. 
may account f o r  discrepancies between t h e  1 i dar and radar measurements. 

The v e r t i c a l  

The t ime dependence o f  d i f ferences i n  wind estimates 

The v e r t i c a l  p r o f i l e  of t u r b u l e n t  f l u c t u a t i o n s  o f  t h e  

On J u l y  2,  1981 an experiment was conducted t o  compare 

The r e s u l t s  o f  t h i s  experiment a l so  suggest t h a t  Schuler resonance 

2 



1.1. INTRODUCTION 

Dur ing June 29 - Ju ly  2, 1981, four research f l i g h t s  t o t a l i n g  11 hours 

were made i n  Oklahoma by t h e  NASA Convair 990, G a l i l e o  I I  a i r c r a f t ,  i n s t r u -  

mented w i t h  a coherent Doppler l i d a r .  

range (i.e. < 100 km) o f  the NSSL Doppler radars and most o f  t he  t ime w i t h i n  

t h e  area o f  optimum dual Doppler analys is  fo r  t he  radars (one a t  Norman and 

the other  Cimarron radar located a t  Page A i r f i e l d  40 km northwest of 

Norman). The data c o l l e c t e d  dur ing these f l i g h t s  besides g i v i n g  in format ion 

on t h e  s t r u c t u r e  o f  the c loud- f ree boundary layer ,  t h e  prestorm environment, 
and t h e  a i r f l o w  i n  and around t h e  clouds, afforded an oppor tun i ty  f o r  t h e  
f i r s t  t ime intercomparison o f  wind data from t o t a l l y  d i f f e r e n t  systems -- 
a i rborne Doppler l i d a r ,  ground-based Doppler radars, rawinsonde, and i n s t r u -  

mented tower. For  t h i s  study, t he  p r i n c i p a l  instruments used i n  the  data 

co l  1 ec t i on  process were t h e  A i  rborne Doppler L i d a r  and Ground-Based Doppler 
Radar whose operat ion and performance are described i n  Appendix A. I n  t h i s  

p a r t  intercomparison data c o l l e c t e d  on June 29 and J u l y  2 w i l l  be discussed. 

1.2 THE EXPERIMENT 

These f l i g h t s  were made w i t h i n  t h e  

On June 29, 1981 data were c o l l e c t e d  between 1150-1410 CST. A t  t h i s  t ime 

skies were mostly c l e a r  and winds were moderate (5-8 mas"') out o f  t he  south 

and tended t o  back ( t u r n  counter-clockwise) and increase dur ing t h e  hours o f  
data c o l l e c t i o n .  Real t ime d isp lays of Doppler v e l o c i t i e s  measured by radar 

i nd i ca ted  t h a t  t h e  wind f i e l d  was r e l a t i v e l y  uniform t o  ranges o f  a t  l e a s t  

80 km i n  a l l  d i r e c t i o n s  which was consis tent  w i t h  hou r l y  surface observations 
du r ing  the  t ime o f  data c o l l e c t i o n .  There was s i g n i f i c a n t  daytime heat ing 

(maximum temperature o f  35OC) and abundant gu l f  moisture, making the atmo- 

sphere convect ive ly  unstable; t he  height  of t h e  capping i nve rs ion  was approxi- 
mately 1140m. Doppler l i d a r  r a d i a l  v e l o c i t y  est imates are ca lcu lated i n  

r e s o l u t i o n  volumes spaced 320 m i n  range from the  a i r c r a f t  out t o  approxi- 
mately 15 km i n  range (see Appendix A f o r  complete desc r ip t i on ) .  

t h i s  day at tenuat ion o f  t he  l i d a r  beam by atmospheric water vapor only allowed 

accurate v e l o c i t y  estimates t o  5 km whereas on d r i e r  days a range o f  10 km was 

achieved. 

d i r e c t e d  beams (Fig. 1.1) i n  a s i m i l a r  way i n  which v e l o c i t y  vectors a re  

synthesized from the  two Doppler radars (Doviak and Z r n i c ' ,  1984). 

However, on 

Ve loc i t y  vectors are ca lcu lated a t  i n t e r s e c t i o n s  o f  f o r e  and a f t  

3 
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Figure 1.1 Schematic of Airborne Doppler L i d a r  system showing in te rsec t i ons  
of forward and a f t  l i d a r  beams where wind vectors r e l a t i v e  t o  the ground a re  
ca lcu lated.  
c o l l e c t i o n s  on June 29, 1981. 

Also shown are the  other  sensing systems t h a t  were used f o r  data 

The l i d a r  instrumented a i r c r a f t  was flown i n  oblong "race t racks "  
approximately 65 km x 15 km, southwest o f  Norman (Fig. 1.2) where wind 
observat ion by t h e  two NSSL Doppler radars are r e l a t i v e l y  f r e e  o f  ground 

c l u t t e r  i n t e r f  erence (Dovi ak and Berger, 1980). Complete c i  r c u i  t s  were made 
a t  four d i f f e r e n t  heights:  

l e v e l .  
Doppler l i d a r ,  which i s  located on the  l e f t  s ide of the a i r c r a f t ,  would scan 

the  same approximate area when going i n  opposi te d i rec t i ons .  

day t a r g e t s  were only detected out t o  5 km; so no intercomparison o f  l i d a r  

data c o l l e c t e d  j u s t  minutes apart  was possible. A l l  i n  a l l ,  e igh t  data runs 
were made (each of approximately 5 minutes du ra t i on )  dur ing the per iod 1300- 

1410 CST. 

900, 750, 600, and 400 meters above ground 
The a i r c r a f t  was f lown i n  a counter-clockwise d i r e c t i o n  so t h a t  t he  

However, on t h i s  
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During t h i s  period, NSSL's two Doppler radars had t h e i r  range reso lu t i on  

The i r  Nyquist v e l o c i t i e s  were about 11 m*s'l  and t h e i r  unambiguous 
s e t  a t  450 m and were scanning t h e  same volume i n  which t h e  a i r c r a f t  was being 

flown. 
ranges were 345 km (Appendix Table A . l ) .  

Figure 1.2 Locat ion of two Doppler 
radars, t h e  instrumented tower T, 
t h e  rawinsonde release p o i n t  R, the  
approximate 1 i d a r  instrumented 
a i r c r a f t  t r a c k  +, t h e  g r i d  area 
(square box) t o  where 1300-1302 CST 
data were in terpolated.  

Every 5 minutes each radar scanned a volume subtended by 60' azimuth and 

3.4O e levat ion.  This  was done by scanning t h e  radar 60" azimuthal ly,  s t a r t i n g  

a t  0.4O e leva t ion  angle and incrementing the  e leva t ion  angle 0.5' a t  t h e  end 

o f  each azimuthal sector. The Doppler radars are able t o  de tec t  re tu rns  f rom 
r e f r a c t i v e  index f l uc tua t i ons  (cause by tu rbu len t  mix ing of gradients  o f  

temperature and moisture) i n  t h e  c l e a r  a i r  boundary layer .  Doviak and Jobson 

(1979) were able t o  observe c l e a r  a i r  wind per tu rba t ions  us ing these Doppler 

radars. 
wind f i e l d  as they were advected downwind by t h e  mean flow. When data from 

consecutive radar scans (approximately 3.5 minutes apar t )  were compared, i t  

was no t iced  t h a t  per turbat ions had moved downwind by a d is tance t h a t  t h e  mean 

Doviak and Berger (1980) were able t o  f o l l o w  per tu rba t ions  i n  t h e  

3 
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wind would have advected them dur ing t h i s  time. 

est imates synthesized from NSSL's dual Doppler radars a re  accurate enough (a 

few tenths o f  a ms-l) t o  map the  wind f i e l d  and i t s  k inemat ic p roper t i es  i n  

t h e  c l e a r  a i r  out  t o  ranges of 60 km. 

each radar (1250-1400 CST) . 

They concluded t h a t  v e l o c i t y  

Sixteen volume scans were recorded from 

Data were a l so  c o l l e c t e d  throughout June 29th by instruments on a tower, 

operated and maintained by NSSL. This 444 m t a l l  tower i s  located 39 km n o r t h  

of Norman. On t h i s  day wind speed, wind d i r e c t i o n ,  temperature and v e r t i c a l  

v e l o c i t y  data were c o l l e c t e d  a t  seven d i f f e r e n t  he ights  between the surface 

and 444 m. 

A rawinsonde was released a t  1150 CST from Tinker A i r  Force Base which i s  

located approximately 30 km north-northeast o f  Norman. 
rawinsonde al lowed us t o  determine the  height  o f  the i nve rs ion  as we l l  as t h e  

wind p r o f  i 1 e throughout the  boundary 1 ayer. 

1.3. SYNTHESIS OF WIND FIELDS 

Data from t h e  

I n  order t o  compare data from the  a i rborne Doppler l i d a r  and t h e  Doppler 

radars, data from both were i n t e r p o l a t e d  t o  common ho r i zon ta l  Cartesian g r i d s  

(20 km x 20 km, g r i d  spacing 500 m) using a Cressman weight (Cressman, 1959) 

w i t h  ho r i zon ta l  radius o f  in f luence o f  1.5 km. A v e r t i c a l  rad ius o f  i n f l uence  

o f  300 m was used f o r  t h e  radar data but no v e r t i c a l  i n t e r p o l a t i o n  was needed 

f o r  t h e  l i d a r  data because data were c o l l e c t e d  along beams on near ly  

h o r i z o n t a l  surfaces. 

Before i n t e r p o l a t i o n ,  data from both sensing systems were ed i ted  using 

r e f l e c t i v i t y ,  spect ra l  width, and s ignal  - to-noise r a t i o  thresholds. This 

removed data t h a t  were erroneous due t o  weak s ignal  o r  o ther  measurement 

unce r ta in t i es .  The Doppler radar data were a l so  ed i ted  along each r a d i a l  t o  

remove erroneous data p o i n t s  caused by p o i n t  t a r g e t s  ( a i  r c r a f t  , b i  rds, 

etc.). This was done using an a lgo r i t hm t h a t  compared t h e  v e l o c i t y  value i n  

quest ion w i t h  the  e igh t  nearest p o i n t s  along t h e  rad ia l .  

value was more than 3.5 m-s'l from t h i s  mean, t h e  v e l o c i t y  value was not used. 

I f  the  v e l o c i t y  

Data from each radar ( i n t e r p o l a t e d  t o  common g r i d s )  were v e c t o r i a l l y  

combined t o  a r r i v e  a t  a v e l o c i t y  vector a t  each g r i d  po in t .  

data from the  a i rborne l i d a r  forward and a f t  d i r e c t e d  beams were v e c t o r i a l l y  

combined. 

I n  a s i m i l a r  way, 

i 
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Grid volume loca t i ons  were determined by p l o t t i n g  t h e  I n e r t i a l  Navigat ion 

System's (INS) der ived t rack  of t he  NASA a i r c r a f t .  

p laced such t h a t  data c o l l e c t i o n  by both Doppler radars and t h e  l i d a r  were 

acquired together.  

and radar data. 
i n t e r p o l a t e d  i s  shown i n  Fig. 1.2. 
1.4. COMPARISON OF WIND DATA 
1.4.1. Mean Wind 

The gr idded volumes were 

A l l  i n  a l l ,  n ine g r i d  volumes were chosen t o  compare l i d a r  

Locat ion o f  t h e  g r i d  t o  where the  1300-1302 data were 

Fig. 1.3 i s  a sample o f  comparable vector wind f i e l d s  from both the  l i d a r  

and radars a t  about 1400 CST. 

t h e  vector  average over t h e  e n t i r e  gr id .  

2.4 ms-l and d i r e c t i o n  o f  16" can e a s i l y  be noticed. 
f o r  a l l  o f  t he  n ine common g r i d  volumes i s  shown i n  Table 1.1. 
d i f f e r e n c e  between the l i d a r  and radar mean winds can be noticed. L i d a r  
detected winds a t  e a r l i e r  t imes and h igher  he ights  were l i g h t e r  and had a more 

wester ly  component wh i l e  a t  l a t e r  t imes and lower he ights  t h e  l i d a r  detected 

winds were stronger and had a more eas te r l y  component than the  radar detected 

w i  nds. 

Mean wind given a t  t he  top o f  the f i gu res  i s  

Di f ferences i n  mean wind speed o f  

Comparison o f  mean wind 
A systematic 

AIRBORNE DOPPLER LIDAR 

HEIGHT 0.44 rn RUN 2 IOMPS - 
MEAN RIND V '4 3 u 10 8 VEL I 1  6 O l R  158 4 

DUAL DOPPLER RADAR 

DATE 62981 TIME 4C C3 DATE 62981 TI M E  155900 140200. 
HE I GHT 0.44 Itr p0.i  - 
MEAN WINO V+O.9 U 9  ' &'E- 9 i 212 j74 5 

Figure 1.3 Comparison of 1400 CST radar and l i d a r  vector wind f i e l d s  ( t h e  
radar wind f i e l d  i s  on the l e f t ) .  
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TABLE 1.1 

Comparison o f  L i d a r  and Radar Estimated Mean Wind 
(no r th  and west distances from NRO are p o s i t i v e )  

L i d a r  Radar 
TIME Gr id  O r i g i n  Height Ve 1 D i  r Vel D i  r 
(CST) ( f rom NRO, km) (km) (m/s 1 (de9 1 ( m / s )  (deg) 

1300 

1310 

1320 

1325 

1330 

1335 

1340 

1355 

1400 

(-40, +30) 

(-30, +40) 

(-30, +25) 

(-15, +35) 

(-40, +40) 

(-50, +35) 

(-25, +25) 

(-45, +25) 

(-20, +20) 

.90 

.88 

.79 

.78 

.76 

.58 

.61 

.40 

.44 

6.8 

6.8 

7.4 

7 .O 

7.1 

8.7 

9.5 

11.4 

11.6 

197.9 

218.6 

199.4 

204.9 

192.8 

169.4 

165.8 

156.5 

158.4 

6.6 

7.8 

8.0 

8.3 

8.4 

8.5 

8.9 

9.0 

9.2 

185.7 

180.6 

177.7 

181.1 

177.0 

173.6 

176.1 

171.3 

174.5 

1.4.2. W i  nd Prof i 1 es 

Another way o f  comparing data from the two sensing systems i s  t o  compare 

the  v e r t i c a l  p r o f i l e  o f  wind t h a t  t he  two systems measure. Wind p r o f i l e s  can 

be constructed f r o m  l i d a r  and radar data us ing t h e  mean vector winds l i s t e d  on 

Table 1.1 because these were computed a t  d i f f e r e n t  he ights  throughout t h e  

boundary layer.  The wind p r o f i l e  i n  the boundary l a y e r  as measured by l i d a r ,  

radar, rawinsonde, and tower i s  shown i n  Fig. 1.4. The radar wind p r o f i l e  i s  

near ly  l i n e a r  and a lso near ly constant w i t h  height,  as i s  t he  rawinsonde 

p r o f i l e .  The l i d a r  wind p r o f i l e  shows more v e r t i c a l  wind shear and non- 

1 i near i  t y  . 
Because t h e  p r o f i l e  data were c o l l e c t e d  over an hour t ime pe r iod  ( the 

data near the  top  near ly an hour before the  data a t  t he  bottom), changes i n  

t h e  wind speed and d i r e c t i o n  dur ing t h i s  t ime would cause t h e  wind p r o f i l e s  t o  

be skewed. From the tower data cont inuously c o l l e c t e d  a t  the 444 m height,  we 

detected a t r e n d  i n  both wind speed and d i r e c t i o n  between 1300-1400 CST. 

wind speed increased 1.3 ms-l dur ing t h i s  t ime and t h e  wind d i r e c t i o n  had a 

counter-clockwise s h i f t  ( i  .e., backing) of 13O. Using t h e  observation t h a t  

The 
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Figure  1.4 Comparison of wind 
p r o f i l e s  measured by l i d a r ,  radar,  
tower, and rawinsonde. 

WIND SPEED ( rnlsec)  WIND DIRECTION (deg) 

t h e  wind f i e l d  was h o r i z o n t a l l y  homogeneous, we assumed t h a t  t h i s  t ime t rend  

observed by the  tower occurred throughout the  lowest k i lometer  o f  the  atmos- 
phere i n  t h e  a i r  mass probed by t h e  l i d a r  and radars. 
wind p r o f i l e s  r e l a t i v e  t o  1330 CST t o  remove t h i s  t ime t rend (Fig. 1.5). 

tower p r o f i l e  was constructed from a 12-minute average o f  data from 

1321-1333 CST. The rawinsonde p r o f i l e  was adjusted us ing the  two-hour t r e n d  

from the  tower data. These wind p r o f i l e s  are now estimates o f  the  actual  

v e r t i c a l  p r o f i l e s  as detected by the  d i f f e ren t  sensing systems a t  t he  common 

reference time. The t rend  removal does not  change any o f  t he  d i f fe rences  
between t h e  l i d a r  and radar p r o f i l e s ,  bu t  i t  shows t h a t  t he  radar p r o f i l e  

compares b e t t e r  i n  wind speed and d i r e c t i o n  w i t h  both rawinsonde and tower 

p r o f i l e s  than i t  does w i th  the  l i d a r  p r o f i l e .  
1.4.3. I n t e n s i t y  o f  Turbulence 

We then adjusted t h e  
The 

2 2 The variances Q and ov o f  t h e  orthogonal wind components (u i s  i n  t h e  
U 

d i r e c t i o n  o f  t he  mean surface l a y e r  wind) were computed f o r  each l i d a r  and 

ge t  t h e  standard dev ia t ion  o f  t h e  ho r i zon ta l  wind v e l o c i t y  f luc tua t ions .  

t o t a l  var iance i s  

radar-estimated vector wind f i e l d ,  and then combined, 9 = (0: + () l'2, t o  
The 

1 
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where u i s  t he  standard d e v i a t i o n  due t o  e r r o r s  i n  t h e  v e l o c i t y  est imates and 
& 

i s  t h e  standard dev ia t i on  caused s o l e l y  by turbulence and small sca le 
“t 

organized f lows such as waves and convect ive c e l l s  (Doviak and Zrn ic ’ ,  

1984). The variances i n  (1.1) r e l a t e  t o  t h e  v e l o c i t y  est imated a t  g r i d  p o i n t s  

and inc ludes e r r o r s  in t roduced by i n t e r p o l a t i o n  and var iance reduct ion due t o  
t h e  Cressman i n t e r p o l  a t i o n  scheme (Dovi ak, et a1 . , 1976). 

errors were due only  t o  t h e  radar ’s  e l e c t r o n i c  noise. 

r a t i o  measurements we ca lcu la ted  r a d i a l  v e l o c i t y  est imate standard d e v i a t i o n  

us ing  a technique descr ibed by Doviak and Jobson (1979). 

methods o f  Doviak et al., (1976), we computed about a 1.1 m-s- l  standard e r r o r  

f o r  t h e  s i n g l e  r a d i a l  v e l o c i t y  est imate f rom each radar. 

We est imated t h e  radar e r r o r  standard dev iat ion,  uE, by assuming t h a t  
From s igna l - to -no ise  

Fol lowing t h e  

However, about 25 

- 

- 

- 

- 

LIDAR 
RADAR 

L 4 6 8 IO 12 

Figure 1.5 Comparison o f  wind 
p r o f i l e s  measured by l i d a r ,  radar, 
tower, and rawinsonde. P r o f i l e s  
have been adjusted t o  remove a t ime 
t rend r e l a t i v e  t o  1330 CST. 

WIND SPEED (rnlsec) 
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data from each radar were i n t e r p o l a t e d  t o  each g r i d  p o i n t  us ing a Cressman 

weighted f i l t e r  funct ion.  
symmetric Cressman in f luence region reduces the  variance o f  i n t e r p o l a t e d  data 

by an amount. 

Doviak et a l . ,  (1976) have shown t h a t  a s p h e r i c a l l y  

2 where 1 - R2 i s  t h e  r a t i o  of t he  g r i d  p o i n t  r a d i a l  v e l o c i t y  variance ul t o  

t h e  variance o f  each r a d i a l  v e l o c i t y  est imate used i n  t h e  Cressman f i l t e r .  N 

i s  t he  number o f  v e l o c i t y  est imates i n t e r p o l a t e d  t o  a g r i d  p o i n t  and although 

t h e  i n f l uence  region used here i s  e l l i p s o i d a l  we assume t h a t  (1.2) approxi-  

mates t h e  variance reduction. Thus, t he  e r r o r  variance al of t h e  i n t e r p o l a t e d  

r a d i a l  v e l o c i t y  i s  approximately 7.4 x 10" m2s-'. Now t h e  variance uE o f  

ho r i zon ta l  wind speed i s  a funct ion of wind d i r e c t i o n  and for t h e  case under 
considerat ion here, i n  which t h e  wind i n t e r s e c t s  the  l i n e  connecting t h e  

radars by about 45", uE i s  near ly  equal t o  u1 = 0.3 m s - l  (Doviak et a l . ,  
1976). A l l  standard dev iat ions l a r g e r  than t h i s  value are a t t r i b u t e d  t o  

actual  v a r i a t i o n s  i n  the  windf ie ld.  

2 
2 

An est imat ion o f  t he  l i d a r  e r r o r  standard dev ia t i on  was made assuming 

t h a t  e r r o r s  were caused by: 
was estimated from t h e  s ignal - to-noise r a t i o  (Lee, 1980); (2)  e r r o r s  i n  ground 

speed and ground t r a c k  angle as given i n  spec i f i ca t i ons  f o r  t he  I n e r t i a l  

Navigat ion System ( INS) ;  and ( 3 )  e r r o r s  i n  t h e  l i n e - o f - s i g h t  angle o f  the 
l a s e r  beam. 

(1) e l e c t r o n i c  noise i n  the  l i d a r  system which 

Speci f ied accuracies of t he  a i r c r a f t  ground speed and the  ground 
t r a c k  angle are approximately k0.5 m*s- l  and t0.4" respect ive ly .  Po in t i ng  o f  

t h e  l ase r  beam i s  accurate t o  w i t h i n  k0.3" (Raytheon, 1983). E r r o r  est imates 

ca l cu la ted  from the  s ignal - to-noise r a t i o  averaged 0.35 m*s - l  w i t h i n  5 km of 

t h e  a i r c r a f t .  
v e l o c i t y  est imates due t o  e r r o r s  i s  equal t o  1.2 m s - l  sec. 

vectors a re  synthesized w i th  approximately 35 r a d i a l  v e l o c i t y  est imates i n t e r -  

po lated t o  each g r i d  point ,  t he  standard dev ia t i on  caused by e r r o r s  i n  t h e  

v e l o c i t y  est imates i s  equal t o  0.6 m s- l .  

I f  we assume independent er rors ,  t h e  SD o f  t he  l i d a r  r a d i a l  
A f t e r  t h e  wind 

F igu re  1.6 shows the  comparison of t h e  standard dev ia t i on  o f  v e l o c i t y  
f l uc tua t i ons  measured by the th ree  sensing systems. Standard dev iat ions f o r  

wind measured by t h e  tower instruments were averaged f o r  approximately 

10 min. 

s t a n t  w i t h  height,  although not iceable t ime trends are evident, 

The t o t a l  standard dev ia t i on  9 detected by the radar i s  near ly  con- 

From 1300 
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t o  1320 CST the re  i s  a general decrease i n  standard dev ia t i on  w i t h  time, wh i le  
from 1320 t o  1335 there  i s  a general increase. From 1335 t o  1400 CST no 

apparent t rends are noticed. 
The t o t a l  standard dev ia t ion  measured by t h e  l i d a r  compares w e l l  i n  

magnitude w i t h  t h a t  measured by t h e  radars. 

he igh t ,  a t ime t rend  s i m i l a r  t o  t h a t  of t h e  radar 9 i s  no t iced  from 1300 t o  

1320 CST (decrease i n  standard dev ia t i on  w i t h  t ime) ,  wh i le  from 1320 t o  1400, 

l i t t l e  v a r i a t i o n  i s  noticed. 

Neglect ing v a r i a t i o n s  w i th  

The t o t a l  standard dev ia t i on  ca l cu la ted  from the  tower data shows no 
apparent t rends and tends t o  be l a r g e r  than t h a t  est imated by e i t h e r  t h e  l i d a r  

o r  radars. Two reasons may be responsib le  fo r  these l a r g e r  values. 

tower i s  c lose t o  t h e  surface, where v e l o c i t y  f l uc tua t i ons  may be expected t o  
be l a r g e r  because o f  surface e f fec ts  (Mason and Sykes, 1980), and (2 )  t h e  
tower instruments make p o i n t  measurements wh i l e  t h e  l i d a r  and radar both 

average through a reso lu t i on  volume, thus, i n  ef fect ,  smoothing t h e  data and 

decreasing t h e  est imate of oT. 

( 1 )  t h e  

12  



1.4.4. Spectra o f  Hor izonta l  Ve loc i ty  F luc tua t ions  

Spectra o f  ho r i zon ta l  v e l o c i t y  f l u c t u a t i o n s  o f  t h e  u and v wind compo- 

nents were computed from t h e  l i d a r ,  radar, and tower data. For comparison o f  
radar and tower data, spectra were ca l cu la ted  i n  t h e  d i r e c t i o n  of t h e  mean 

wind wh i l e  f o r  comparison of l i d a r  and radar data, spect ra were ca l cu la ted  i n  

t h e  d i r e c t i o n  o f  t h e  f l i g h t  path (Fig. 1.7). 

o f  32 g r i d  p o i n t s  spaced 500 m apart.  
Fou r ie r  ana lys is  was done t o  reso lve  wavelengths between 1 and 16 km. 

spectra were averaged t o  g ive  t h e  spectra shown i n  Figs. 1.8 and 1.9 t h a t  were 

used fo r  comparison. 

Spectra were ca l cu la ted  from radar  data by i n t e r p o l a t i n g  data t o  a l i n e  

Af te r  t h e  mean and t rend  were removed, 

Twenty 

Spectra were ca lcu la ted  i n  a s i m i l a r  way from t h e  l i d a r  data. Several 

l i n e s  o f  32 g r i d  po in ts  spaced 500 m apar t  and p a r a l l e l  t o  t h e  f l i g h t  pa th  

were selected. 
and t rend  were removed, Four ie r  ana lys is  was done t o  reso lve  wavelengths 

between 1 and 16 km. 

Fig. 1.8. Spectra from l i d a r  and radar data compare w e l l  i n  both magnitude 

and shape, espec ia l l y  i n  t h e  v-component where peaks i n  both spect ra occur a t  

about t h e  same wavelength. 

Data were i n te rpo la ted  t o  these g r i d  po in ts  and a f t e r  t h e  mean 

Six  spectra were averaged t o  g ive  t h e  spectra shown i n  

F igure 1.7 Schematic showing t h e  
d i  r e c t i  on a1 ong which spectra were 
ca l  c u l  ated t o  compare data. 

z 50 +40 
Y -DISTANCE (km) 
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Figure 1.8 Comparison of spectra of the u and v v e l o c i t y  component 
f l u c t u a t i o n s  from l i d a r  and radar data. 
(wavelengths A )  along d i r e c t i o n s  p a r a l l e l  t o  the  f l i g h t  path. 

Spectra are f o r  scales 

F igu re  1.9 i s  t h e  comparison of spectra i n  the  d i r e c t i o n  o f  t h e  mean wind 

from tower and radar data. Spectra were ca l cu la ted  from the tower data 

assuming t h a t  a l l  per turbat ions i n  the  wind f i e l d  were advected w i t h  the  mean 
wind and d i d  not change i n  the t ime frame needed t o  get enough data f o r  

spect ra l  analys is  (Tay lor 's  hypothesis). Thus, a l i n e  of g r i d  p o i n t s  was s e t  
up i n  t h e  d i r e c t i o n  of t he  mean wind and radar data were i n t e r p o l a t e d  t o  

them. 
d i r e c t i o n  were used i n  the comparison shown i n  Fig. 1.9. 

spect ra compare wel l  i n  both magnitude and shape. 

1.5. 

Likewise, radar data i n t e r p o l a t e d  t o  l i n e s  p a r a l l e l  t o  the  mean wind 

Radar and tower 

EXPLANATION OF DIFFERENCES BETWEEN LIDAR AND RADAR MEASURED WINDS 

Two factors may be responsible fo r  the d i  f ferences between the 1 i dar and 

radar measured mean winds (Table 1.1) and the  d i f ference between the  l i d a r  

wind p r o f i l e  and the  other wind p r o f i l e s  (Fig. 1.5). These are: (1) the  
l i d a r  has a very small v e r t i c a l  r e s o l u t i o n  (20 cm) which may have al lowed i t  
t o  detect  small v e r t i c a l  scale v a r i a t i o n s  i n  the  wind f i e l d  t h a t  were not 

detected by t h e  radar because o f  i t s  l a r g e r  v e r t i c a l  r e s o l u t i o n  (-700 m) or by 

t h e  tower or rawinsonde because of t ime and l o c a t i o n  d i f ferences,  or  (2 )  an 

inherent e r r o r  i n  the  Doppler l i d a r  system or i n  t he  I N S  o f  t h e  a i r c r a f t  

1 4  
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Figure 1.9 Comparison o f  wind spectra measured by tower instruments and 
radar. Spectra are f o r  scales A along the d i r e c t i o n  o f  t he  mean wind. 

(which i s  used t o  subtract  out t h e  motion o f  the a i r c r a f t  from t h e  l i d a r  
measured r a d i a l  v e l o c i t i e s )  may have caused t h e  l i d a r  measured winds t o  

o s c i l l a t e  about t h e  actual  mean winds. 
I n  order t o  t e s t  whether the  d i f f e r e n t  v e r t i c a l  reso lu t i ons  o f  t he  

sensing systems may have been the  cause o f  d i f f e rences  i n  the  estimated wind 

p r o f i l e s ,  we constructed comparable wind p r o f i l e s  f rom t h e  l i d a r  and radar 

data. 
const ruct  a wind p r o f i l e  w i t h  t h e  h ighest  v e r t i c a l  r e s o l u t i o n  possible. 

about a 20 km range were used t o  const ruct  a wind p r o f i l e ,  because ground 
c l u t t e r  overwhelmed a i  r v e l o c i t y  data from c l  oser ranges. 

l u t i o n  o f  t he  radars a t  t h i s  range i s  approximately 280 m. Wind p r o f i l e s  a t  

20 km range were constructed by f i n d i n g  a representat ive v e l o c i t y  value f o r  
each e leva t i on  angle a t  range 20 km. The representat ive v e l o c i t y  was ca lcu-  

l a t e d  by f i n d i n g  t h e  modal v e l o c i t y  ( t h e  average was found t o  be biased 

towards zero due t o  ground c l u t t e r  e f f e c t s )  f o r  t he  data p o i n t s  i n  a 4 km x 
10" sector. Hence, two r a d i a l  v e l o c i t y  p r o f i l e s  were constructed (one from 

each radar)  using 1330 tilt sequence data. Assuming ho r i zon ta l  homogeneity, 
we synthesized these two p r o f i l e s  a r r i v i n g  a t  mean wind speed and d i r e c t i o n  

prof  i 1 es 

This was done using radar data as c lose as poss ib le  t o  the  radars t o  
Data 

The v e r t i c a l  reso- 

1 5  



The l i d a r  p r o f i l e  was a l t e r e d  f o r  b e t t e r  comparison by t a k i n g  a v e r t i c a l  

Even w i t h  
average o f  t h e  trend-removed p r o f i l e  ( v a l i d  a t  1330 CST) over a 280 m v e r t i c a l  

d is tance centered a t  t h e  heights  where radar data were avai lab le.  

t he  same v e r t i c a l  r e s o l u t i o n  the re  were s t i l l  d i f ferences as l a r g e  as 

1.8 m-s'l i n  wind speed and 18" i n  wind d i r e c t i o n  (Fig. 1.10). 

concluded t h a t  t he  d i f f e r e n t  v e r t i c a l  r e s o l u t i o n  o f  t he  systems cannot exp la in  

t h e  l a r g e  d i f f e rences  between the l i d a r - d e t e c t e d  and the  radar-detected wind 

p r o f i  1 es. 

Thus, we 

We then t u r n  t o  t he  p o s s i b i l i t y  o f  an e r r o r  i n  e i t h e r  t h e  l i d a r  system o r  

i n  the  a i r c r a f t ' s  INS. Looking a t  Fig. 1.4 it i s  evident t h a t  winds measured 
by t h e  l i d a r  between 1300-1330 CST had a more wester ly  component and were 
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Figure 1.10 Trend removed l i d a r  wind p r o f i l e  v a l i d  a t  1330 CST (averaged over 
a 280 m depth) and radar wind p r o f i l e  ( v e r t i c a l  r e s o l u t i o n  280 rn) a t  1330 CST. 
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l i g h t e r  than winds measured by t h e  radars. Between 1330-1400 CST the  

measured winds had a more eas te r l y  component and were stronger than w 

measured by the  radar. 

To i n v e s t i g a t e  reasons f o r  t h i s  apparent b ias  of t h e  l i d a r  winds 

ca l cu la ted  t h e  c o r r e c t i o n  t h a t  had t o  be added t o  t h e  forward and a f t  

1 i dar 

nds 

we 

r a d i  a1 
v e l o c i t i e s  t o  make t h e  l i d a r  and radar-measured winds consistent.  The 
co r rec t i ons  t o  the  forward and a f t  r a d i a l  v e l o c i t i e s  t h a t  were needed a t  
d i f f e r e n t  t imes throughout the hour o f  data c o l l e c t i o n  are given i n  

Table 1.2. Unexpectedly, i t  was found t h a t  i n  a l l  cases the  co r rec t i on  needed 

was near ly  t h e  same for  both forward and a f t  r a d i a l  v e l o c i t i e s .  The only  wind 

vector  t h a t  could cause equal a d d i t i o n  t o  both r a d i a l  v e l o c i t i e s  i s  a vector  

perpendicu lar  t o  t h e  a i r c r a f t  path. Hence, we p l o t t e d  t h e  co r rec t i ons  perpen- 

d i c u l a r  t o  t h e  a i r c r a f t  t rack  vs. time, s e t t i n g  co r rec t i ons  t o  t he  west nega- 

t i v e  and t o  t h e  east p o s i t i v e  (Fig. 1.11). Also p l o t t e d  i n  Fig. 1.11 i s  a 

s inusoida l  wave wi th  amplitude 4 m-s'l and pe r iod  84 minutes, t h e  pe r iod  asso- 

c i a t e d  w i t h  the Schuler resonance, which i s  an inherent  source of e r r o r  i n  an 
INS (Frye, 1958; B r i t t i n g ,  1971). The ca l cu la ted  co r rec t i ons  f o l l o w  t h i s  

curve remarkably we1 1.  

T i  me 

1300 CST 

1310 

1320 

1330 

1340 

1350 

1400 

TABLE 1.2 

Correct ions t h a t  needed t o  be added t o  forward and a f t  r a d i a l  
v e l o c i t i e s  t o  make t h e  l i d a r  measured mean wind consis tent  w i t h  
t h e  radar measured mean wind. 

Correct  i on 

A f t  - Forward 

-1.45 m/sec -1.87 m/sec 

t4.75 +4.27 

-2.75 -2.81 

t2.49 +2.09 

+1.50 

-2.67 

+3.52 

+l. 72 

-2.63 

t3.48 

A i r c r a f t  
Heading 

20" 

205" 

20" 

200" 

25" 

200" 

25" 

To support t h e  possi b i  1 i t y  of a Schul e r  resonance, we examined 

photographs t h a t  were taken from the a i r c r a f t  every 10 seconds look ing  

17 
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s t r a i g h t  down. 
and compare these loca t ions  w i t h  t h a t  g iven by t h e  INS, 

a i r c r a f t  l o c a t i o n  given by t h e  I N S  was cons is ten t l y  o f f s e t  by -15 km t o  t h e  

nor theast  o f  i t s  actual  l o c a t i o n  (Fig. 1.12). When t h i s  o f f s e t  was removed, 

we found t h a t  t he  actual  pos i t i ons  o f  t h e  a i r c r a f t  o s c i l l a t e d  about t h e  I N S  
l oca t i ons  i n  a way consis tent  w i t h  the  p o s i t i o n  curve ( i n t e g r a l  o f  t h e  velo- 

c i t y  curve) associated w i t h  t h e  Schuler resonance shown i n  Fig. 1.11. Table 

1.3 i s  a comparison o f  p o s i t i o n  e r ro rs  o f  t he  I N S  ( a f t e r  the  o f f s e t  was 

removed) vs. t h e  estimated p o s i t i o n  e r r o r  due t o  t h e  Schuler resonance. 

zeroed t h e  d i f f e rence  o f  data i n  the  f i r s t  o f  Table 1.3. 

We were able t o  l oca te  c e r t a i n  landmarks found on t h e  ground 

We found t h a t  t h e  

We 

The agreement seen i n  Table 1.3 corroborates the  evidence presented 

e a r l i e r ,  lead ing  us t o  be l i eve  t h a t  a Schuler resonance of the  a i r c r a f t ' s  I N S  

caused the  subt rac t ion  of erroneous components of t he  a i r c r a f t  Is ground- 

r e l a t i v e  v e l o c i t y  vector  from the  l i d a r  measured forward and a f t  r a d i a l  

v e l o c i t i e s  r e s u l t i n g  i n  e r ro rs  i n  t h e  synthesized mean wind speed and 

d i rec t i on .  Furthermore, the  maximum p o s i t i o n  e r r o r  of t h e  Schuler resonance 

shown i n  Fig.  1.11 i s  3.2 km (d isregard ing t h e  o f fse t  p o s i t i o n  e r r o r  which may 

be due t o  o ther  sources) a f t e r  4 hours o f  f l i g h t  from C a l i f o r n i a  and i s  we l l  
w i t h i n  the  s ta ted  accuracy o f  t he  I N S  o f  3.2 km per  hour o f  f l i g h t  (NASA, 

1979). 

TABLE 1.3 

D i f fe rence between actual  and I N S  pos i t i ons  compared w i t h  
est imated d i f f e rence  due t o  the  Schuler resonance from 
Fig. 1.11. 

Pos i t i on  
Actual P o s i t i o n  E r ro r  E r ro r  Estimated 

T i  me Estimated From Photos From Schul e r  Resonance 

1358 CST +0,7 (km) +0.7 (km) 

1338 -3.1 -3.0 

1320 -0.6 -1.6 

1.6. COMPARISON OF DATA COLLECTED ON JULY 2, 1981 

On Ju ly  2, 1981, the  CV-990 a i r c r a f t  c i r c l e d  t h e  Norman Doppler radar a t  

a range o f  about 50 km, a t  1.1 km height  (Fig. 1.13) i n  a counter-c lockwise 

d i rec t i on .  This was done so t h a t  t h e  Airborne Doppler L i d a r  System (ADLS), 

1 8  
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Figure 1.11 P l o t  of a i r c r a f t  
movement (undetected by t h e  I N S )  
perpendicu lar  t o  t h e  a i  r c r a f t  
heading vs. time. Ve loc i t i es  and 
distances t o  t h e  northwest are 
negat ive and t o  the  southeast 
pos i t i ve .  

F i  gure 1.12 Map showi ng d i  f f erence 
between actual  a i r c r a f t  l o c a t i o n  and 
INS i nd ica ted  loca t ion .  

45' 
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which was located on the  l e f t  s ide of t h e  plane, could c o l l e c t  data on t h e  

s ide o f  t h e  plane nearest t o  the radar where Doppler radar v e l o c i t y  est imates 

were no t  contami nated by echoes o f  t he  plane. 

c o l l e c t e d  data from 1353-1438 CST, wh i le  t h e  plane was f lown i n  a one and one 

ha1 f c i  r c l  e around t h e  Norman Doppl e r  radar. 

The 1 i d a r - i  nstrumented a i  r c r a f t  

During t h i s  time, data were a lso c o l l e c t e d  i n  two d i f f e r e n t  modes by t h e  

Doppler radar as i t  tracked the  a i r c r a f t .  Data were c o l l e c t e d  i n  the  t ime 

se r ies  mode from 1350-1439 CST (i .e., in-phase and quadrature-phase echo 

samples a t  16 range gates are recorded) and i n  t h e  pulse p a i r  mode ( i  .e., r e a l  

t ime estimates o f  r a d i a l  v e l o c i t y  are made by t h e  pulse-pai r  processor and 

recorded i n  a d d i t i o n  t o  t h e  echo samples o f  I and Q) from 1423-1439 CST. How- 

ever, t h e  pulse p a i r  v e l o c i t y  est imates were found t o  be i n  e r r o r  because o f  

contamination by o v e r l a i d  echoes and thus were not  used fo r  t h i s  comparison. 

A rawinsonde was released a t  1150 CST on t h i s  date from Tinker A i r  Force 
Base, located 30 km NNE o f  Norman. The wind p r o f i l e  i n  t h e  lowest 2 km o f  t h e  

atmosphere as detected by the  rawinsonde i s  shown i n  Fig. 1.14. Wind measured 

PATH 

END 1439 

1400 

Figure 1.13 F l i g h t  path o f  the ADLS 
on J u l y  2, 1981. Tinker AFB is t he  
rawinsonde re1 ease s i t e .  

START 1344 CST 

1430 
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RAWINSONDE WIND PROFILE 
1152 CST, 2 JULY 81 
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Figure  1.14 Wind p r o f i l e  as 
detected by rawinsonde a t  1152 CST 
Ju l y  2, 1981. 

WIND DIRECTION WIND SPEED 
(dog) (mhec) 

by the  rawinsonde a t  t h e  height  a t  which data c o l l e c t i o n  by t h e  l i d a r  and 

radar was made, was approximately 2 rn=s'l from 55". 

I n  order t o  compare data from t h e  l i d a r  and radar, l i d a r  data from t h e  

forward and af t -po inted beams were i n te rpo la ted  t o  separate (but  commonly 

loca ted)  Cartesian g r i d s  us ing a Cressman weight w i t h  rad ius o f  in f luence o f  
500 m (Cressman, 1959). The r a d i a l  v e l o c i t i e s  of t h e  two g r i d s  o f  data were 

then v e c t o r i a l l y  combined t o  determine wind speed and d i rec t i on ,  and then t h e  

component o f  t h i s  wind towards t h e  radar was computed. A l l  l i d a r  data w i t h i n  

a 2" azimuthal sector from t h e  radar were then averaged, and assumed v a l i d  a t  

t h e  mid-point, t o  enable comparison w i t h  t h e  radar data. 

The radar-measured rad i  a1 v e l o c i t y  values were determined from averages 

o f  100 Doppler spectra (Fig. 1.15). Spectra a t  t h e  same range were averaged 

over an azimuth sector o f  approximately 10" (-20 seconds o f  data)  and t h e  peak 

o f  t h i s  average spectra was used as t h e  r a d i a l  v e l o c i t y  value representat ive 
f o r  t h a t  azimuthal sector a t  t h a t  range. The w id th  u ( t h e  square r o o t  o f  t h e  

second moment) o f  t h e  Doppler spect ra i s  2 m s". 
taken t o  be i n d i c a t i v e  o f  t h e  v e l o c i t y  f l u c t u a t i o n s  w i t h i n  t h e  beam because 

However, t h i s  should not be 

i 
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window b ias needs t o  be removed (Waldteufel, 1976). The v e l o c i t i e s  i n  s i x teen  
sector  volumes (spaced 600 m i n  range) were then averaged together  t o  a r r i v e  

a t  a mean r a d i a l  v e l o c i t y  f o r  a volume approximately 10" (azimuth) by 10 km 

(range) by 0.7 km ( v e r t i c a l  ) . 
Winds der ived from t h e  a i r c r a f t ' s  I N S  were a l so  a v a i l a b l e  every minute 

dur ing the  t ime t h e  a i r c r a f t  was flown. 

winds towards t h e  radar was used fo r  intercomparison. 

The component o f  t he  INS-derived 

Fig. 1.16 i s  a p l o t  of  t h e  r a d i a l  v e l o c i t i e s  from t h e  th ree  d i f f e r e n t  
sensors through a f u l l  360" a rc  about t h e  Norman Doppler radar. 

are connected f o r  v isual  c l a r i t y  and do not represent i n t e r p o l a t i o n .  The 

l i d a r  and INS-derived winds have both been converted t o  r a d i a l  v e l o c i t i e s  
towards the  radar so t h a t  these winds can be compared t o  the  r a d i a l  v e l o c i t y  

est imates made w i th  the  Doppler radar. 

sensing systems i s  approximately out of t h e  east a t  5 m s-l. 

The p o i n t s  

The mean wind detected by the t h r e e  

Although we can expect dev iat ions about the  s ine  wave because of non 

u n i f o r m i t i e s  i n  the  wind f i e l d ,  Fig. 1.16 shows t h a t  the dev iat ions found i n  
any one sensor's v e l o c i t y  estimates are not cons is tent  w i t h  those found i n  

2 2  
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Figure  1.16 Comparison o f  r a d i a l  v e l o c i t i e s  detected by radar, l i d a r ,  and the  
a i r c r a f t  ' s  INS. 

e i t h e r  o f  the  o ther  sensors' est imates over m r e  than a few tens o f  degrees, 
Poss ib le  reasons f o r  t h i s  d i s p a r i t y  between sensors are numerous. For one, 

t h e  Doppler radar v e l o c i t y  est imates are incons is ten t  and biased between 180"- 
300' due t o  ove r la id  second t r i p  echoes (Doviak and Zrn ic ' ,  1984) o f  storms 

t h a t  were 100-180 km west of Norman (Fig. 1.17). The apparent departure o f  

t h e  r a d i a l  v e l o c i t i e s  from a s ine  curve expected fo r  un i form wind (e.g., 

v e l o c i t i e s  i n  t h e  azimuthal sector  180 - 0 deg. reach values about 3 m s-l 
whereas v e l o c i t i e s  i n  t h e  sector  0 - 180 deg. reach a peak value o f  about 

4 m 5-l  f o r  t h e  radar and I N S  data and almost 6 m f o r  t h e  l i d a r  data),  

measured by a l l  o f  the  sensing systems could be due t o  per tu rba t ions  i n  t h e  

wind f i e l d  caused by storms which were 50 km west o f  t h e  data c o l l e c t i o n  

c i r c l e .  Furthermore, t he  reso lu t i on  volume over which t h e  r a d i a l  v e l o c i t i e s  

a re  estimated d i f f e r s  vas t l y  f o r  t h e  l i d a r  and radar measurements. The INS 
measurements are p o i n t  values smoothed by the  response o f  t h e  a i r c r a f t .  And 

f i n a l l y ,  the  l i d a r  measures the  v e l o c i t y  o f  a i r  weighted by t h e  r e f l e c t i v i t y  

d i s t r i b u t i o n  o f  aerosols, whereas t h e  radar measures a i r  v e l o c i t y  weighted by 
t h e  r e f l e c t i v i t y  d i s t r i b u t i o n  o f  r e f r a c t i v e  index i r r e g u l a r i t i e s  o r  by 

insects ,  i f  they con t r i bu te  t o  t a r g e t  r e f l e c t i v i t y .  

2 3  
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Figure 1.17 
dep ic t ing  storms t o  the  west which caused second t r i p  ecnoes i n  t h e  Doppler 
radar data. 

Photo of NSSL's WSR-57 radar d isp lay  (1427 CST, July 2 ,  1981) 

Range r ings  are spaced 40 km. 
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It can be seen from Fig. 1.16 t h a t  t h e  INS-derived r a d i a l  v e l o c i t i e s  tend 

t o  f l u c t u a t e  more than e i t h e r  t h e  l i d a r  o r  radar r a d i a l  v e l o c i t i e s ,  poss ib l y  

because t h e  INS v e l o c i t i e s  a re  p o i n t  measurements whereas the  l i d a r  and radar 

v e l o c i t i e s  are averages (over an azimuth sector  o f  about 2" and 10" 

respec t i ve l y  ) The obvi ous b ias  between 1 i dar and radar r a d i  a1 v e l o c i t i e s  

between 0' and 180' could be poss ib l y  r e l a t e d  t o  a Schuler resonance o f  t h e  

a i r c r a f t ' s  INS, as was found i n  t h e  l i d a r  data c o l l e c t e d  on June 29, 1981. 

1.7. CONCLUSIONS 

A major o b j e c t i v e  of t h i s  experiment was t o  compare data from NASA's a i r -  

borne Doppler l i d a r  and NSSL's dual Doppler radar system. 

the  mean wind and wind p r o f i l e  detected by t h e  d i f f e r e n t  sensing systems were 
explained as being caused by a Schuler resonance o f  t h e  a i r c r a f t ' s  INS, which 

caused an erroneous component of t he  a i r c r a f t ' s  ground-re la t ive v e l o c i t y  vec- 

t o r  t o  be subtracted from t h e  l idar-measured v e l o c i t i e s .  Furthermore, i t  i s  

be l ieved t h a t  these e r r o r s  were as l a r g e  as 4.5 mas-' due t o  t h e  lengthy t ime 

t h a t  t h e  a i r c r a f t  was i n  f l i g h t  before c o l l e c t i n g  data. 
Standard dev ia t i on  o f  v e l o c i t y  f l u c t u a t i o n s  measured by the  l i d a r  and 

radar compared we1 1, as d i d  spectra o f  t he  v e l o c i t y  f l u c t u a t i o n s  o f  1 i d a r ,  
radar, and tower data. Thus, it i s  concluded t h a t  t h e  l i d a r  and radars are 
accurate enough t o  map v e l o c i t y  pe r tu rba t i ons  i n t h e  c l e a r - a i r  boundary 1 ayer. 

Discrepancies i n  

F i n a l l y ,  it i s  concluded t h a t  NASA's a i rborne Doppler l i d a r  system i s  

capable o f  measuring wind f i e l d s  i n  the  c l e a r  a i r  environment on a smal ler  

sca le than was prev ious ly  avai lab le.  

Doppler l i d a r  system w i l l  be used t o  conduct research f l i g h t s  i n  the  fu tu re .  

This improved l i d a r  system w i l l  incorporate changes designed t o  co r rec t  a l l  o f  
t he  major e r r o r  sources encountered i n  t h e  f l i g h t s  conducted i n  1981. Accele- 

r a t i o n s  o f  t he  a i r c r a f t ,  which are not  detected by t h e  INS (such as a Schuler 

resonance), w i  11 be accounted f o r  by a1 t e r n a t e l y  po i  n t i  ng the  1 i dar beam bel  ow 

t h e  hor izon so t h a t  ground re tu rns  can be observed and t h e i r  apparent Doppler 
v e l o c i t i e s  removed i n  l a t e r  analysis.  This system w i l l  be used t o  observe 

regions surrounding convect ive phenomena which a t  present i s  not poss ib le  

using conventional Doppler radars. The a i rborne Doppler l i d a r  system w i l l  be 

especial l y  useful when used i n  conjunct ion w i t h  Doppler radars because radars 

are capable o f  mapping the  wind f i e l d  i n s i d e  a convective storm whereas the  

l i d a r  maps the  wind f i e l d  j u s t  outs ide the storm. 

b e t t e r  i n s i g h t  i n t o  convective phenomena. The a i rborne Doppler l i d a r  system 

An improved version o f  t h e  a i rborne 

This should g ive us a 
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w i l l  a lso  be useful t o  examine turbulence and waves i n  t h e  c l e a r  a i r  p lanetary  

boundary l a y e r ,  espec ia l ly  near t h e  capping invers ion  where few observations 

have been conducted. 
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PART 11: THE STRUCTURE OF THE CONVECTIVE ATMOSPHERIC 

BOUNDARY LAYER AS REVEALED BY L IDAR 

AND DOPPLER RADARS 
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ABSTRACT 

The t u r b u l e n t  s t r u c t u r e  o f  t h e  convect ive atmospheric boundary l aye r ,  

based on the  analyses o f  data f rom t h e  instrumented NSSL-KTVY tower, a i rborne 

Doppler l i d a r ,  and ground-based Doppler radars, i s  presented. The v e r t i c a l l y  

averaged winds over t h e  b a r o c l i n i c  boundary l a y e r  agree wel l  w i t h  those f o r  a 

ba ro t rop i c  atmosphere support ing the  hypothesis o f  Arya and Wyngaard (1975) 

t h a t  v e r t i c a l l y  averaged winds are i n s e n s i t i v e  t o  b a r o c l i n i c i t y .  The computed 

momentum f l u x  p r o f i l e s  a re  affected by b a r o c l i n i c i t y .  The momentum f l u x  pro-  
f i l e s  deduced from wind measured w i t h  radar agree wel l  w i t h  those numerical ly 

predicted. App l i ca t i on  of t h e  assumptions t h a t  measured wind equals the geo- 

s t roph ic  wind V a t  l e v e l s  above t h e  i nve rs ion  and t h a t  t he  V p r o f i l e  i s  
9 9 

l i n e a r  y i e l d s  surface pressure gradients consis tent  wi th  those estimated from 

a network o f  pressure sensors. Hor izontal  wind spectra from l i d a r ,  radar, and 

tower data compare we l l  w i th  each other i n  shape and magnitude. A consis tent  

peak near 4 km i n  a l l  t h e  computed spectra might have been caused by h o r i -  
z o n t a l l y  symmetric c e l l s  wi th a ho r i zon ta l  wavelength 4 t imes t h e  boundary 

l a y e r  he ight  as shown i n  Kuettner (1971) f o r  t h e  case of weak wind shear. 
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" I  

2.1. I NTRODUCT I O N  

Our present knowledge of t h e  s t r u c t u r e  of t h e  convect ive atmospheric 

Although data from t h e  Wangara exped i t ion  
boundary l a y e r  comes mainly from t h e  r e s u l t s  o f  numerical models (Deardoff,  

1972, Wyngaard, e t  a l . ,  1974). 

(Clarke, e t  a l . ,  1971) and t h e  Minnesota boundary l a y e r  experiment (Izumi and 
Caughey, 1976; Kaimal , e t  a l . ,  1976) conf i rm some of t h e  numerical model pre- 

d i c t i ons ,  t h e r e  i s  s t i l l  an urgent need fo r  observat ional  s tud ies  on the  con- 

v e c t i  ve atmospheric boundary 1 ayer (ABL). 

Resul ts  on t h e  s t r u c t u r e  of t h e  convect ive ABL based on t h e  analyses o f  
data from t h e  instrumented 444 m NSSL-KTVY tower, a i rborne  Doppler l i d a r ,  and 

ground-based Doppler radars w i l l  be presented here. A b r i e f  d e s c r i p t i o n  o f  

t h e  NASA a i rborne Doppler l i d a r  system and t h e  NSSL Doppler radars i s  given i n  

Appendix A, 

The data co l l ec ted  on June 29, 1981 were found t o  be espec ia l l y  s u i t a b l e  

Also, 
f o r  t h e  study o f  the  convect ive ABL s t ruc tu re .  
c o l l e c t i o n  per iod were most ly c l e a r  and vo id  o f  p r e c i p i t a t i o n  ta rge ts .  

there  was a wel l -def ined inve rs ion  l i d  f o r  making a r e l i a b l e  est imate o f  t h e  

he igh t  o f  t h e  convect ive ABL, which i s  an important sca l i ng  l eng th  f o r  t h e  

general i zat ion  o f  observat ional  r e s u l t s  on ABL s t ruc tu re .  

The sk ies dur ing  t h i s  data 

2.2. DATA COLLECTION 

On June 29, 1981 the  l idar - ins t rumented a i r c r a f t  was f lown i n  oblong 

"race t racks"  (Fig. 1.2 o f  Par t  I )  and data co l l ec ted  f o r  t h e  intercomparison 
experiment described i n  Sect. 1.2 i s  used here t o  deduce t h e  k inemat ic  s t ruc -  

t u r e  of t h e  ABL. 
Sect ion 1.2 and data from t h e  instrumented NSSL-KTVY tower, loca ted  about 39 
km no r th  of Norman, were a lso  c o l l e c t e d  throughout June 29, 1981. 

sonde was a lso  released a t  1150 CST on t h i s  day from Tinker  A i r  Force Base 

which i s  loca ted  approximately 30 km north-northeast o f  Norman. 

The radar data were c o l l e c t e d  simultaneously as descr ibed i n  

A rawin- 

2.3. DATA ANALYSIS 

Data from t h e  radars, l i d a r ,  and tower were ed i ted  t o  screen out  data 

t h a t  were obviously erroneous. 
spec t ra l  width, and r e f l e c t i v i t y  thresholds,  if data a t  a p o i n t  exceeded any 

E d i t i n g  was done us ing s igna l - to -no ise  r a t i o ,  
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o f  these thresholds,  they were discarded. 

ed i ted  along a r a d i a l  t o  remove erroneous data due t o  anomalous ta rge ts  such 

as a i r c r a f t  and b i rds.  

(1983). 

The Doppler radar data were a l so  

This e d i t  procedure i s  f u l l y  descr ibed by E i l t s  

2.3.1. Construct ion o f  t h e  Wind P r o f i l e  

An observed wind p r o f i l e  (Fig. 2.1) was const ructed us ing tower data 

below 444 m and dual Doppler radar data from 500 m up t o  2 km. 
were no t  used i n  t h e  cons t ruc t ion  o f  t h e  wind p r o f i l e  because o f  t h e  e r ro rs  i n  

t h e  mean wind detected by t h e  l i d a r ,  poss ib l y  due t o  a Schuler resonance o f  

t h e  a i r c r a f t ' s  INS which caused erroneous components o f  the  a i r c r a f t ' s  ground 
r e l a t i v e  motion t o  be subtracted from t h e  measured r a d i a l  v e l o c i t i e s  (see Par t  

I ) .  The Cartesian coord inate system was ro ta ted  such t h a t  t h e  x-ax is  and t h e  

u-component o f  wind were a l igned along t h e  d i r e c t i o n  of surface wind and t h e  

y -ax is  and v-component of wind were 90" counterclockwise t o  t h e  sur face 

wind. 

L ida r  data 

The mean wind data from the  tower represent a t ime average o f  t h e  data 

--- OBSERVED (h/L=-15.7)  - - CALCULATED GEOSTROPHIC WIND PROFILE 

z /h  

Figure  2.1 Observed wind p r o f i l e  
and estimated geostrophic wind 
p r o f i l e .  The as ter isks  a t  t h e  
sur face denote t h e  surface 
geostrophic wind componeqts 
est imated from surface pressure 
gradi  ents. 
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col  l e c t e d  between 1320-1335 CST, whi l e  those from t h e  dual Doppler radars 

represent a space average of 1330 CST tilt sequence data t h a t  had been i n t e r -  

po lated t o  20 x 20 kin g r i d s  placed every 250 in from 500 m up t o  2 km. 

geostrophic wind p r o f i l e  i s  ca l cu la ted  us ing t h e  methods described i n  sec t i on  

2.4.2 under t h e  assumption t h a t  i t  i s  l i n e a r  w i t h  he ight  and equals t h e  

observed wind above (z=2 kin) t h e  invers ion.  

The 

2.3.2. Ca lcu la t i on  of Ve loc i t y  Spectra 

Spectra o f  t he  l o n g i t u d i n a l  and transverse components of wind were calcu- 

l a t e d  from t h e  tower, radar, and l i d a r  data. Spectra were ca l cu la ted  from t h e  
radar data by i n t e r p o l a t i n g  t h e  data t o  a se r ies  of 32 g r i d  p o i n t s  spaced 500 

m apart.  A f t e r  the mean and t rend  were removed, Four ie r  analys is  was done t o  

resolve wavelengths between 1 and 16 km. Thi r ty- two spectra were averaged t o  

g ive t h e  spectra shown i n  Fig. 2.2. 

Spectra from t h e  l i d a r  data were ca l cu la ted  i n  a s i m i l a r  way by i n te rpo -  

S ix  l a t i n g  data t o  a se r ies  o f  32 g r i d  p o i n t s  a l igned along the  f l i g h t  path. 

spectra were averaged t o  y i e l d  t h e  spectra shown i n  Fig. 2.3. 

Spectra from the  tower data were c a l  cu l  ated assuming Tay lo r ' s  hypo- 

thes is .  
d i r e c t i o n  o f  t he  mean wind, and data were i n t e r p o l a t e d  t o  the  g r i d  p o i n t s  by 

assuming t h a t  a l l  of the data were advected w i t h  the mean wind a t  444 m. 
spectra were averaged t o  g i ve  t h e  spectra shown i n  Fig. 2.4. 

A se r ies  of 32 g r i d  p o i n t s  spaced a t  500 m was a l igned along t h e  

Four 

2.3.3. Determi nat  i on o f  M i  crorneteorol ogi  ca l  Paramet ers 

The tower data co l l ec ted  enabled us t o  determine u* t he  f r i c t i o n  ve lo-  
c i t y ,  Qo = ( w J e V J )  the  surface kinematic heat f l ux ,  and hence L t h e  Obukhov 

length.  
vat ional  r e s u l t s  w i th  numerical model resu l t s .  

Est imat ion of these parameters i s  necessary fo r  comparing our obser- 

The surface kinematic heat f l u x  Qo was estimated us ing a technique 

described by Sundara-Rajan et a l . ,  (1984) for  h i g h l y  convect ive condi t ions.  
This  technique (Appendix B) i s  based on the  assumption t h a t  t h e  normalized 

v e r t i  cal  v e l o c i t y  variance remai ns constant between t h e  1 eve1 s 0.2h and 0.6h 
where h i s  t h e  height  of t h e  convective ABL -- an assumption adequately sup- 

por ted by observations o f  t h e  convective ABL over h o r i z o n t a l l y  homogeneous 
s i t e s  (Kaimal et  a l . ,  1976). Sundara-Rajan et  a l . ,  (1984) found t h a t  t h i s  

method gives r e l i a b l e  estimates o f  t he  average surface heat f l u x  even Over an 
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Figure  2.2 Spectra of hor izonta l  wind ve loc i ty  f luctuat ions from radar data. 
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Figure 2.4 Spectra o f  hor izon ta l  wind v e l o c i t y  f l uc tua t i ons  from tower data. 

inhomogeneous urban area l i k e  Oklahoma City. 

compute Qo from the  v e r t i c a l  v e l o c i t y  variance (w 

convect ive AB1 using the  assumption t h a t  

Thus, it i s  s t ra ight forward t o  
-7 ) and the  height  (h)  o f  t h e  

(2.1) - -  - 0.39 
w*  

7 
2 

11 3 where W* i s  t he  convect ive sca l i ng  v e l o c i t y  given by w* = (BhQo) 
where 

and eo 
had t o  reso r t  t o  t h i s  i n d i r e c t  way o f  est imat ing Qo because the  sur face- layer  

temperature p r o f i l e  from the  tower observations was no t  s u f f i c i e n t l y  accurate 

f o r  t he  " p r o f i l e "  method (Appendix 5). 

= g /e i s  t he  buoyancy parameter; g i s  t he  acce le ra t ion  of g r a v i t y  
i s  t h e  average v i r t u a l  po ten t i a l  temperature of the  surface layer.  

0 
We 

The f r i c t i o n  v e l o c i t y  u*, used as a sca l i ng  parameter fo r  our ho r i zon ta l  

wind, was computed using an i t e r a t i v e  technique assuming the  fo l l ow ing  
Businger-Dyer wind p r o f i l e  (Businger et  a l , ,  1971; Businger, 1973) f o r  the  

convect ive surface layer :  

where 5 z z / 1  and zo i s  t he  roughness scale. Eq. (2.2) was appl ied t o  the  
lowest l eve l s  ( 7  and 26 m) o f  the  tower, y i e l d i n g  
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where 5 - 
respec t i ve l y .  The funct ion $ i s  given by 

are t h e  mean wind speeds a t  the heights  of 22 and z 1  

where x = ( 1  - 1 5 ~ ) ~ ' ~  andcl and E2 are equal t o  z l / L  and z2/L respect ive ly .  

The von Karman constant k i s  assumed t o  be equal t o  0.35 i n  accordance w i t h  
Businger et  a l . ,  (1971). Eq. (2.3) was used i t e r a t i v e l y ,  s t a r t i n g  w i t h  the  
assumption t h a t  $( El)  and $( E2) = 0 (neu t ra l  s tab i  1 i t y ) .  

i t e r a t i o n s  were needed f o r  convergence. The Obukhov length L = ( - ~ * ~ / k @ , )  
was determined using the  computed values o f  u* and Qo. 

The height  h o f  the convect ive ABL was determined from the v i r t u a l  

p o t e n t i a l  temperature p r o f i l e  computed from t h e  rawinsonde data (Fig. 2.5). 

For the two hours o f  data c o l l e c t i o n  on June 29, 1981, the  parameters were 
estimated t o  be: 

, L = -70 m y  and h = 1140 m. 

Approximately 10-15 

-1 -1 K, u, = 0.42 m s Qo = 0.13 m s 

2.3.4. Est imat ion o f  Momentum Flux P r o f i l e s  

From t h e  observed wind and geostrophic wind p r o f i l e s  we can i n f e r  t h e  

p r o f i l e s  o f  momentum f l uxes  us ing the  v e l o c i t y  defect equations: 

f ( V  - Vg) = d U ' W ~  /dZ (2.4) 

where f i s  t he  C o r i o l i s  frequency and U 

components. 
t o  momentum f l u x  gradients which are produced by turbulence i n  the  ABL. 

Vg a re  t h e  geostrophic wind 9' 
These equations a t t r i b u t e  the ayeostrophic component o f  t he  wind 

By i n t e g r a t i n g  (2.4) and (2.5) w i t h  respect t o  z, us ing the boundary 

cond i t i ons  

t h e  momentum f l uxes  a t  he ight  z 

-u'w' = u: and v ' w '  = 0, a t  z = 0, we a r r i v e  a t  the equations f o r  

2 - Z 

0 
-u 'w'  ( z )  = 1 f[Vg(Z) - V(Z)]dz + U, 
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29 JUNE I981 TINKER AFB 
1150 CST RAWINSONDE 

Figure 2.5 V i r t u a l  p o t e n t i a l  
temperature p r o f  i 1 e from rawinsonde 
data showing t h e  height  o f  t h e  
cappi ng i nvers i  on. 

- v ' w ~  ( Z )  = f[U(Z) - U,(Z)]~Z (2.7) 

Equations (2.6) and (2.7) were used t o  c a l c u l a t e  t h e  momentum f luxes a t  

100 m i n t e r v a l s  through the  ABL. 

2.4. RESULTS 
2.4.1. V e r t i c a l l y  Averaged Minds 

Using t h e  observed wind p r o f i l e ,  a v e r t i c a l  average over the  whole ABL 

was computed f o r  both components o f  wind. 
and Wyngaard (1975), t h e  v e r t i c a l l y  averaged wind through the  convect ive ABL 

can be regarded as independent of b a r o c l i n i c i t y .  To t e s t  t h i s  hypothesis, we 

a l s o  computed t h e  v e r t i c a l l y  averaged wind components fo r  t he  ba ro t rop i c ,  

convect ive ABL using t h e  f o l l o w i n g  r e l a t i o n s  f o r  t h e  s i m i l a r i t y  funct ions A i  

and Bi given by Arya (1977) based on the r e s u l t s  o f  some recent, soph is t i ca ted  

numerical models f o r  t h e  convect ive ABL. 

According t o  t h e  hypothesis o f  Arya 

0 
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Ai = an(-h/L) + f.n(fh/u*) + 1.5 

Bi = k(fh/u,)-' = 1.8(fh/u,) exp (0.2h/L) 

The s i m i l a r i t y  funct ions A i  and B i  are de f ined as-  

Bi = -k cV 9 >/u* (s ign  f )  (2.11) 

The values of A i  and Bi were f i r s t  computed f o r  the  observed cond i t ions  o f  

h/L, h/zo, and fh /u*  were determined from equations (2.10) and (2.11). The 
v e r t i c a l l y  averaged wind components <g>/u* and < b / u ,  were computed from the  

f o l l o w i n g  r e l a t i o n s  fo r  them der ived from t h e  ve loc i ty-defect  equations (2.4) 
and (2.5): 

<u>/u* = cu >/u* (2.12) 
9 

<v>/u, = t V  >/u, + uJfh 
9 

(2.13) 

The v e r t i c a l l y  averaged wind components and t h e i r  counterparts fo r  t h e  
ba ro t rop i c  case are given i n  Table 2.1. The agreement between the  two sets o f  

values i s  good, support ing t h e  hypothesis of Arya and Wyngaard (1975) t h a t  t h e  

v e r t i c a l l y  averaged winds over the  convect ive ABL can be assumed t o  be 

i ndependent o f  barocl  i n i  c i  t y  . 
Un l i ke  the  v e r t i c a l l y  averaged winds, t he  v e r t i c a l  p r o f i l e  o f  wind i s  

s t rong ly  a f fec ted  by b a r o c l i n i c i t y ,  as i s  ev ident  from the  numerical model 

r e s u l t s  repor ted by Arya and Wyngaard (1975). 

theobservat ional  resu l t s  on t h e  v e r t i c a l  wind p r o f i l e  w i t h  the  r e s u l t s  o f  Arya 
and Wyngaard (1975) could not  be made becayae o f  the  d i f ferenc53 i n  the  values 

o f  t he  b a r o c l i n i c i t y  parameters Mx = and M = - (A) and a l so  

t h e  s t a b i l i t y  parameter h/L. 

D i rec t  comparison of 

h 
U, az o yo u, az 0' 

0 
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TABLE 2.1. Comparison of V e r t i c a l l y  Averaged Winds 

<U>/u* <V>/u* 

Observed 18.2 -2.4 

From s i m i l a r i t y  funct ions 18.0 0.0 

2.4.2. Momentum Flux and Geostrophic Mind P r o f i l e s  

For t h e  est imat ion o f  momentum f luxes from equations (2.6) and (2.7), t h e  

geostrophic wind components a t  t h e  surface and t h e i r  v a r i a t i o n  w i t h  he ight  

should be known. The surface geostrophic wind was estimated from surface 

pressure gradients.  The actual  wind above t h e  boundary l aye r  a t  t he  h ighest  

l e v e l  ( 2  km) measured by t h e  radars was assumed t o  be equal t o  the  geostropic 

wind a t  t h a t  height;  a lso t h e  assumption of a l i n e a r  v a r i a t i o n  o f  geostrophic 

wind w i t h  he ight  was made. The computed momentum f l u x  p r o f i l e s  are shown i n  

Fig. 2.6. Also shown i n  the  same f i g u r e  are the  momentum f l u x  p r o f i l e s  com- 
puted from t h e  h igher  order c losure model o f  Wyngaard, et  a l .  (1974) f o r  a 

ba ro t rop i c  convect ive ABL. There i s  considerable disagreement between the  
two, and t h e  momentum f l uxes  computed from the radar-detected winds (hence- 

f o r t h  t o  be c a l l e d  "observed momentum f luxes")  do not go t o  zero a t  t he  top of 

t h e  boundary layer .  This may we l l  be due t o  t h e  assumption of constant geo- 

s t roph ic  shear as wel l  as the  d i f f i c u l t y  o f  est imat ing c o r r e c t l y  the surface 

geostrophic wind components from surface pressure gradients. 

o f  t he  boundary layer ,  

It can be seen from equation (2.7) that  f o r  v 'w '  t o  go t o  zero a t  t he  t o p  

<u> = <u > 
9 

(2.13) 

where t h e  angle brackets denote t h e  average over the  whole boundary layer .  

F igure 2.6 shows c l e a r l y  t h a t  t h i s  cond i t i on  i s  not sa t i s f i ed ,  i n d i c a t i n g  t h e  

p o s s i b i l i t y  o f  inaccuracies i n  the  computation o f  t he  geostrophic wind compo- 

nents. 

Le t  us assume t h a t  t he  computed geostropic wind components a t  t he  surface 

are accurate. It i s  not  necessary t o  make any assumption regarding t h e  
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- WYNGAARD et ol., 1974 

Figure 2.6 Momentum f l u x  p r o f i l e s  
(dashed l i n e s )  estimated from 
v e l o c i t y  defect equations us? ng a 
geostrophic wind p r o f i l e  l i n e a r  from 
t h e  estimated surface geostrophic 
wind t o  t h e  actual  wind a t  2 km. 
These f l u x  p r o f i l e s  are compared t o  
t he  numerical model r e s u l t s  o f  
Wynyaard, e t  a1 (1974) f o r  t he  
barot rop ic ,  convect ive boundary 
layer.  

NORMALIZED STRESS 

geostrophic wind components above t h e  top  of t he  boundary l a y e r  i f  we make use 

o f  equation (2.3) and the fo l l ow ing  equation der ived from equation (2.6): 

<T> = <V > + U, 2 / f h  
9 

(2.14) 

f o r  u'w' t o  be zero a t  the top  o f  t h e  boundary layer .  But s t i l l  t h e  
assumption o f  un i form geostrophic shear has t o  be made. 

momentum f l u x  p r o f i l e s  could be computed from equations (2.6) and (2.7), and 

the r e s u l t s  are shown i n  Figure 2.7. The agreement w i t h  t h e  f l u x  p r o f i l e s  

reported by Wyngaard, e t  a l .  (1974) i s  b e t t e r  than t h a t  f o r  Fig. 2.6. The 
observed momentum f l u x  p r o f i l e s  show a s h i f t  t o  t h e  f i g h t  of t h e  corresponding 
p r o f i l e s  f o r  t he  ba ro t rop i c  case, as would be expected from the r e s u l t s  o f  
Arya and Wyngaard (1975) fo r  t he  observed barocl i n i c i  ty  

As before, the 

(aug/az = -6 m/sec/km, aV /az = -4 m/sec/km). 
9 

We can compute another set  of momentum f l u x  p r o f i l e s  wi thout  using the 

computed surface geostrophic wind components by assuming t h a t  t h e  actual  wind 

above t h e  boundary l a y e r  a t  t h e  h ighest  l e v e l  (2 kin) detected by t h e  radars 

equals the  geostrophic wind a t  t h a t  height, together w i t h  the  assumption o f  

a l i n e a r  v a r i a t i o n  of geostrophic wind w i th  height. 

computed momentum f l u x  p r o f i l e s  based on these assumptions, and the  agreement 

w i t h  the r e s u l t s  o f  Wyngaard, e t  al.  (1974) i s  much be t te r ,  i n d i c a t i n g  t h a t  

our  assumption t h a t  t he  geostrophic wind equals t h e  actual  wind a t  the highest 

F igure 2.8 shows the  

3 9  



- WYNGAARD et of. 1974 

I .o 
NORMALIZED STRESS 

F igure  2.7 Momentum f l u x  p r o f i l e s  
computed us ing a geostrophic wind 
p r o f i l e  l i n e a r  from the  estimated 
surface geostrophic wind w i t h  t h e  
cons t ra in t  t h a t  t he  momentum f l u x e s  
go t o  zero a t  z = h. 

F igure  2.8 F lux p r o f i l e s  assuming a 
l i n e a r  p r o f i l e  o f  geostrophic wind, 
f o r  which the  geostrophic wind 
equals wind a t  2 km, and t h e  
cons t ra in t  t h a t  t he  f luxes go t o  
zero a t  z = h. 
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l e v e l  measured by t h e  radars may be f a i r l y  accurate. 

observed momentum f l u x  p r o f i l e s  t o  the  r i g h t  of the numerical model r e s u l t s  i s  

again i n  t h e  c o r r e c t  sense f o r  t h e  observed b a r o c l i n i c i t y .  

The s l i g h t  s h i f t  o f  t he  

2.4.3. Spectra o f  Hor izontal  Wind 

Space and t ime averaged spectra from radar and tower (see Fig. 1.9 o f  

P a r t  I) compare very wel l  both i n  magnitude and shape, as d i d  t h e  average 

spectra (averages of spectra along 6 l i n e s  500 m apar t )  from radar and l i d a r -  

est imated wind f i e l d s  (see F ig .  1.8 of Pa r t  I ) .  A cons is ten t  peak, al though 

weak, near 4 km wavelength can be not iced i n  Figures 2.2, 2.3, and 2.4. This 
peak was a lso no t i ced  i n  ho r i zon ta l  wind spectra a t  d i f f e r e n t  he ights  through- 

out  t h e  pe r iod  o f  data c o l l e c t i o n ,  suggesting t h e  prevalence of some t ime- 

consis tent  three-dimensional s t r u c t u r e  t h a t  i s  symmetrical i n  the  h o r i z o n t a l  

d i r e c t i o n s  w i t h  a h o r i z o n t a l  wavelength of approximately 4 km. 

t h a t  t h i s  three-dimensional s t r u c t u r e  i s  t he  r e s u l t  of symmetric c e l l s  t h a t  

have a wavelength 4 t imes the  boundary l a y e r  he ight  ( h  = 1140 m du r ing  the  

p e r i o d  o f  t h i s  study),  as shown by Kuettner (1971) f o r  the case o f  weak wind 

shear. 

It i s  proposed 

2.5. CONCLUDING REMARKS 

The foregoing study o f  t he  s t r u c t u r e  of t h e  convect ive ABL i n d i c a t e s  t h a t  

the v e r t i c a l l y  averaged winds over the boundary l a y e r  can be assumed t o  be 

independent o f  b a r o c l i n i c i t y  i n  accordance w i t h  the  hypothesis o f  Arya and 

Wyngaard (1975). Our assumption t h a t  t h e  geostrophic wind equals t h e  actual  

wind measured above the  top of t h e  boundary l a y e r  along w i th  a geostrophicwind 

p r o f i l e  t h a t  i s  l i n e a r  throughout the  boundary l a y e r  seems t o  y i e l d  momentum 

f l u x  p r o f i l e s  which compare we l l  w i t h  t h e  numerical model p r e d i c t i o n  o f  
Wyngaard, et a l .  (1974) and Arya and Wyngaard (1975). 
assumption y i e l d s  surface geostrophic winds t h a t  a r e  f a i r l y  cons is tent  w i t h  

those deduced from surface pressure gradients as can be seen i n  Fig. 2.1. 

Likewise, t h i s  

Spectra o f  t he  l o n g i t u d i n a l  and transverse components o f  t he  wind 

computed from l i d a r ,  radar and tower data compare wel l  both i n  shape and 

magnitude. A cons is tent  peak near the 4 km wavelength found i n  a l l  t h e  

computed spectra i s  proposed t o  be caused by h o r i z o n t a l l y  symmetric c e l l s  w i t h  
ho r i zon ta l  wavelength 4 t imes t h e  boundary l a y e r  he ight  as shown by Kuettner 

(1971). 

i 
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This study has also demonstrated the feasibil i ty of using the NASA 
airborne Doppler l idar system for observational studies of the structure of 
the clear a i r  boundary layer. 
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PART 111: DOPPLER LIDAR OBSERVATIONS I N  

THUNOEKSTORM ENVIRONMENTS 
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ABSTRACT 

On 30 June 1981, the  wind f i e l d s  around a v a r i e t y  o f  convect ive clouds, 

ranging from l a r g e  thunderstorm complexes t o  i s o l a t e d  cumulus congestus, were 

observed i n  some d e t a i l  using an a i rborne Doppler l i d a r  operated by t h e  

Nat ional  Aeronautics and Space Admin is t ra t ion (NASA). Despi te the  presence o f  

e r r o r s  caused by problems i n  sampling some of t h e  a i r c r a f t  a t t i t u d e  and motion 

parameters used i n  the  data analysis,  reasonably c l e a r  p i c t u r e s  of t h e  main 

features o f  t h e  f l ow  f i e l d s  near several clouds have been obtained. 

Features o f  spec ia l  i n t e r e s t  seen i n  the l i d a r  analyses are waves and 

v o r t i c e s  a t  t h e  leading edge o f  a gust f r o n t  marked by an arcus cloud forma- 

t i o n ,  and secondary surges o f  out f low behind another gust f r o n t  which was 

mostly f r e e  o f  clouds and r a i n  a t  f l i g h t  l eve l .  
NSSL mesonet s t a t i o n s  overf lown by the  l i d a r  a i r c r a f t  i n  t h e  v i c i n i t y  o f  t h e  

arcus cloud serve t o  conf i rm the  approximate l o c a t i o n  and character o f  t h e  

gust f r o n t  a t  t h e  sur face depicted by t h e  l i d a r  analyses i n  t h a t  area. The 

storm system, which contained the  gust f r o n t  vo r t i ces ,  moved eastward, i n t e n -  

s i f i e d  and w i t h i n  one hour produced a damaging gust f r o n t  tornado i n  Norman, 

OK. 

Observations from one o f  t h e  

Also seen by the  l i d a r  were c lea r  a i r  flows near the  base and sides o f  an 

i sol ated cumulus congestus c i  rcumnavi gated a t  two 1 evels by t h e  NASA a i  r- 
c r a f t .  Prominent aspects o f  t h e  observed flows near t h e  i s o l a t e d  cumulus 

inc luded 1 km-scale bands o f  enhanced convergence embedded i n  an o v e r a l l  pa t -  

t e r n  o f  convergence i n t o  the  c loud region. 

l e v e l s  examined, 1100 m AGL (roughly a t  c loud base) and 2300 m AGL but  must be 

regarded as suspect due t o  t h e  presence of uncorrectable measurement e r ro rs  

associated with the  nav igat ion and a i r c r a f t  motion samp1ir.g d i f f i c u l t i e s .  

These pat terns were seen a t  both 
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3.1. INTRODUCTION 

The "Severe Storms Experiment" was designed s p e c i f i c a l l y  t o  study t h e  

c l e a r  a i r  f lows near convect ive clouds, espec ia l l y  those associated w i t h  

severe thunderstorms, t h a t  might occur w i t h i n  range o f  one or  both o f  t he  NSSL 
Doppler radars. Par t  I 1 1  of t h i s  repo r t  concerns i t s e l f  w i t h  the  r e s u l t s  o f  

t h i s  experiment. 

With t h e  advent o f  Doppler radar systems, it f i r s t  became poss ib le  t o  

observe the  i n t e r n a l  wind f low pat te rns  o f  convect ive storms i n  some d e t a i l  

(Lhermit te,  1970, Ray, et a l . ,  1975). However, i n  sampling a i r  v e l o c i t i e s  a t  

t h e  edges o f  convect ive storms, the  extremely small r e f l e c t i v i t i e s  i n  the  

"c lear "  a i r  a l low the  much l a r g e r  r e f l e c t i v i t i e s  o f  t h e  adjacent storm, seen 

through the  sidelobes, t o  contaminate Doppler measurements i n  the  rada r ' s  
reso lu t i on  volume (Doviak and Z rn i c ' ,  1984), y i e l d i n g  r a d i a l  v e l o c i t y  e s t i -  

mates which are biased toward s torm- in ternal  t a r g e t  motions. Furthermore, 

rad ia l  v e l o c i t y  estimates a t  low radar e leva t i on  angle and c lose range may 
a l so  be biased (toward zero v e l o c i t y )  by ground c l u t t e r .  

t he  s ide lobe contamination and la rge  radar reso lu t i on  volume propor t ions  can 

make it d i f f i c u l t  t o  ob ta in  adequately d e t a i l e d  p i c tu res  o f  t he  wind f i e l d  

near the  edges o f  storms. 

o f t e n  sh ie lded from the  radar 's  view due t o  t h e  ea r th ' s  curvature when t h e  

storms are located beyond ranges of about 60 km (Doviak, et al., 1979, Doviak 

and Zrn ic ' ,  1984). 

A t  longer ranges, 

I n  add i t ion ,  storm features below cloud base are  

Doppler l i d a r s  not on ly  feature f i n e  reso lu t i on  w i th  very compact s ide-  

lobes, bu t  a l so  can be designed such t h a t  range and Doppler v e l o c i t y  ambigui- 
t i e s  w i l l  no t  be encountered i n  normal use. However, the  i n f ra red  frequencies 

employed i n  many systems su f fe r  s i g n i f i c a n t  a t tenuat ion  dur ing passage through 
moist  a i r  due t o  absorpt ion by water vapor and carbon dioxide. 

l i d a r s  are we l l - su i ted  t o  the  task o f  de tec t ing  c l e a r  a i r  winds outs ide o f  

storm clouds, bu t  can only  probe shor t  d istances i n t o  the  clouds, wh i le  
Doppler radars perform best i n  t h e  hydrometeor-rich environment w i t h i n  t h e  

clouds. 

Thus, Doppler 

Although the  wind f i e l d  maps furnished by Doppler radars and radar  arrays 

have been extremely he lp fu l  i n  revea l ing  some aspects o f  the  dynamics o f  

severe storms, t h e  l i m i t a t i o n s  of such radars have prevented researchers from 

obta in ing  t h e  d e f i n i t i v e  answers t o  many questions having t o  do w i t h  storm 

dynamics outs ide p r e c i p i t a t i o n  regions a t  c loud edge and cloud base. 
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For instance, b e t t e r  knowledge of t he  s t r u c t u r e  and i n t e r a c t i o n s  o f  

thunderstorm i n f l o w  and out f low below cloud base and t h e i r  i m p l i c a t i o n s  w i t h  

respect t o  product ion of damaging s t r a i g h t  l i n e  winds, or  o f  t h e  a m p l i f i c a t i o n  

of v o r t i c i t y  dur ing tornadogenesis, would be extremely use fu l  t o  severe storm 
researchers and forecasters. While most severe storm i n v e s t i g a t o r s  agree t h a t  

t h e  t i l t i n g  and s t r e t c h i n g  o f  ho r i zon ta l  v o r t i c i t y  associated w i t h  v e r t i c a l  

shear by d i f f e r e n t i a l  r i s i n g  motions and accelerat ions are o f  great importance 

i n  to rnad ic  storms (Davies-Jones, 1982), t he re  i s  s t i  11 unce r ta in t y  regarding 
t h e  impact on storm evo lu t i on  of t h e  many poss ib le  pa t te rns  of ambient v e r t i -  

ca l  shear, buoyancy, and other  parameters. Klemp and Wilhelmson (1978), us ing  

numerical s imulat ion,  have found storm evo lu t i on  t o  be espec ia l l y  s e n s i t i v e  t o  
the  i n t e n s i t y  and d i s t r i b u t i o n  of ambient v e r t i c a l  shear i n  the lower t ropo-  

sphere. Storms simulated by Weisman and Klemp (1982) exh ib i t ed  behavior which 

appeared t o  be governed by the environmental value o f  a bu lk  Richardson Number 

r e l a t i n g  buoyancy t o  v e r t i c a l  shear. Although d i r e c t  v e r i f i c a t i o n  o f  such 

s imulat ions i s  accomplished using d e t a i l e d  observations, t he  r e s u l t s  and con- 
c lus ions  drawn f r o m  them must be regarded as t e n t a t i v e .  

With respect t o  more general questions regarding cumulus convection dyna- 
mics, a b e t t e r  understanding of t h e  d i s t r i b u t i o n  of entrainment over t h e  sur-  

faces of convective clouds i s  eagerly sought by cumulus c loud modelers who 

cont inue t o  s t rugg le  w i t h  over ly  s p e c i f i c  formulations which l ack  the  desired 

general physical  Val i d i  t y  (Warner, 1970; Simpson et a1 . , 1982). 

Although the re  has been l i t t l e  doubt o f  t h e  existence o f  entrainment i n  

cumulus clouds s ince the pioneer ing work of Stommel (1947), t he re  has been 

considerable controversy over the  re1 a t i v e  importance o f  l a t e r a l  versus cloud- 

t o p  entrainment mechanisms. A number o f  authors (Morton, 1957, Turner, 1962, 

Squi res and Turner, 1962) have presented t h e o r e t i  cat models of cumul us 

updra f t s  which requ i re  l a t e r a l  entrainment dur ing the c loud 's  growing phase, 

and some workers (e.g., McCarthy, 1974) have found conf i rmat ion o f  t h e  

inverse-cloud-diameter dependence o f  the entrainment r a t e  p red ic ted  by most of 

these models. 

inverse r e l a t i o n s h i p  between cloud s i ze  and entrainment rate.  

However, others (Sloss, 1967) have been unable t o  v e r i f y  t h i s  

On t h e  other  hand, Squires (1958) and Fraser (1968) have proposed t h a t  a 
subs tan t i a l  p ropor t i on  of t o t a l  entrainment takes place through mixing a t  

c loud top. 
by Paluch (1979) and others. 

Observational evidence i n  favor of t h e i r  ideas has been obtained 

It seems l i k e l y  t h a t  both l a t e r a l  and cloud top  
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mtrainment mechanisms work simultaneously on most convect ive clouds, though 

.he r e l a t i v e  importance of each as a funct ion of c loud s ize,  shape and stage 

i f  e v o l u t i o n  remains an incompletely answered question. 

Mounted aboard a Convai r CV-990 j e t  a i  r c r a f t ,  NASA's a i rborne Doppler 

l i d a r  system (ADLS) not  only o f f e r s  good m o b i l i t y  bu t  a l s o  f o r e - a f t  beam 

scanning dur ing data c o l l e c t i o n  so t h a t  d i f f e r i n g  views o f  wind features can 

be obtained. Re t r i eva l  o f  t h e  f u l l  h o r i z o n t a l  wind vector  a t  a given p o i n t  

invo lves s o l u t i o n  o f  two simultaneous equations, one from each o f  two 

d i f f e r e n t  but  wel l -def ined l i n e - o f - s i g h t  views of t h e  wind f i e l d  a t  t h a t  

po int .  

motion i s  necessary i n  order t o  e s t a b l i s h  accurate estimates o f  t h e  wind 

vector  s. 

As w i l l  be seen l a t e r ,  p rec i se  knowledge of a i r c r a f t  a t t i t u d e  and 

It i s  the  p r i n c i p a l  purpose of t h i s  study t o  see whether data c o l l e c t e d  

by an a i rborne Doppler l i d a r  system can p rov ide  usefu l  i n s i g h t s  i n t o  the  wind 

f lows near t h e  edges and bases of a v a r i e t y  of convect ive clouds. 
3.2. METEOROLOGICAL SETTING FOR THE EXPERIMENT 

On 30 June, the  second day of a v a i l a b i l i t y  of t h e  l i d a r ,  the morning 

meteorological  s i t u a t i o n  i n  Central Oklahoma h i n t e d  a t  t he  p o s s i b i l i t y  o f  

s t rong thunderstorm a c t i v i t y  l a t e  t h a t  day. 

nor thern p a r t  o f  t he  s t a t e  t h e  previous evening and had become quasi-  

s ta t i ona ry ,  l y i n g  roughly along an east-west l i n e  which meandered along t h e  

Kansas-Oklahoma border. McCaul (1985) gives a d e t a i l e d  d e s c r i p t i o n  o f  t h e  

synopt ic  s e t t i n g  but  we present here a few s a l i e n t  features. 

A weak c o l d  f r o n t  had entered t h e  

The 1200 GMT (0600 CST) sounding from Oklahoma City (OKC) i n d i c a t e d  

unusual ly deep moisture w i th  l i t t l e  or  no capping i nve rs ion  above t h e  boundary 

layer.  
above t h e  50 KPA l e v e l ,  i n d i c a t i n g  a deep l a y e r  of weak warm advection. 

sounding had not changed s i g n i f i c a n t l y  by t h e  1855 GMT (1255 CST) launch t ime  

of a special  rawinsonde from Tinker A i r  Force Base (TIK) where the  l i d a r  

a i r c r a f t  was stat ioned. Fig. 3.1 depic ts  the  temperature, moisture and wind 

p r o f i l e  o f  t h e  special  T I K  sounding. Of special  i n t e r e s t  i n  Fig. 3.1 i s  t h e  

presence of convective i n s t a b i l i t y  i n  lower layers,  t h e  l i f t e d  index o f  t h i s  
atmosphere was about -3, and the  convect ive avai 1 ab1 e potent  i a1 energy (CAPE) 

Winds were l i g h t  and veered from south a t  t he  surface t o  northwest 

The 

per u n i t  mass f o r  boundary 

water amounted t o  5.08 cm. 

29"C, which was j u s t  being 

l a y e r  parce ls  was about 1830 m2s-2. 

reached a t  sounding time. 

P r e c i p i t a b l e  
The convect ive temperature was estimated t o  be 
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Figure 3.1 (a) Skew T-log p diagram; Tinker A i r  Force Base, 1855 GMT 
(1255 CST), 30 June 1981. (b) Hodograph o f  winds. Each c i r c l e  represents 
5 k t  o f  windspeed and the  numbers next t o  t he  curve give the  a l t i t u d e  i n  
thousands o f  feet  above mean sea level .  

The most s t r i k i n g  fea tu re  o f  t he  wind p r o f i l e  i s  t h a t  a t  no p o i n t  does 
There i s  a tendency f o r  t he  the  wind exceed 12 m 

shear vector, which always po in ts  p a r a l l e l  t o  t h e  tangent t o  t h e  hodograph 

i t s e l f ,  t o  r o t a t e  t o  the  r i g h t  w i t h  increas ing a l t i t u d e ,  a t  l e a s t  i n  the  lower 

h a l f  o f  t he  troposphere. 
updraf ts  o f  t h e  ho r i zon ta l  vortex tubes, which l i e  everywhere perpendicular t o  
t h e  shear vectors, could i n  p r i n c i p l e  lead t o  product ion of the c y c l o n i c a l l y  

r o t a t i n g  updra f t s  o f ten  seen i n  "supercel l  " storms (Browning, 1964; Barnes, 

1968). 
duct ion o f  r o t a t i n g  updraf ts  was l i k e l y  t o  be i n h i b i t e d  by the i n a b i l i t y  o f  
t h e  shear t o  r e l i e v e  t h e  updraf ts  o f  s u f f i c i e n t  amounts of condensed water 

load. Excessive water loading i n  storm updraf ts  i s  be l ieved t o  be a major 

f a c t o r  cons t ra in ing  t h e  buoyancy and hence, presumably, a lso the  persistence 

o f  storm updraf ts  ( L i l l y ,  1979). 

(25 k t l  i n  magnitude. 

Because of t h i s  shear vector ro ta t i on ,  t i l t i n g  by 

I n  t h i s  case, however, the winds and shears were so weak t h a t  the pro- 

Around the  t ime of the special  T I K  sounding, surface temperatures i n  many 

places i n  the  s t a t e  had r i s e n  above 3OoC and deep convection was beginning 

west and southwest o f  Oklahoma City. A t  2000 GMT (1400 CST) surface tempera- 

tures o f  33°C were i n  southern Oklahoma a t  Ardmore, wh i l e  a heavy thunder- 
shower was i n  progress a t  F t .  S i l l  (FSI) about 100 km t o  t h e  southwest o f  
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Norman, OK. Shor t l y  before 2000 GMT it was apparent t h a t  the  convection was 

becoming intense; thus, a t  about 2000 GMT t h e  l i d a r  a i r c r a f t  departed T I K  t o  
c o l l e c t  data f o r  t he  Severe Storms Experiment. 

For the  reasons mentioned e a r l i e r ,  t he  storms d i d  not  develop i n t o  

c l a s s i c  supercel ls,  bu t  ra the r  exh ib i t ed  the  cha rac te r i s t i cs  o f  " m u l t i c e l l "  

storms (Byers and Braham, 1949). However, according t o  a repo r t  i n  STORM DATA 
f o r  June 1981, one o f  the  storms produced damaging winds and a b r i e f  gust- 

f ron t  tornado i n  Norman, OK, around 2120 GMT (1520 CST), and thus s a t i s f i e d  
t h e  National Weather Service (NWS) c r i t e r i a  f o r  being "severe". 

OKC radar summaries, storm tops were observed t o  reach 60 k f t  (18.3 km), which 

seems consis tent  w i t h  the  thermodynamic p r o f i l e  of Fig. 3.1 i n  view o f  t h e  

tropopause height  o f  47 k f t  (14.3 km). 
3.3. DATA COLLECTION 

According t o  

The CV990 co l l ec ted  15 runs of l i d a r  data dur ing  i t s  30 June 1981 f l i g h t ,  

which l as ted  from 1959 GMT (1359 CST) t o  2244 GMT (1644 CST). 

through 12 were used f o r  t h i s  study because t h e  other  runs were taken before 

o r  between passes near convect ive a c t i v i t y .  
t h e  CV990 dur ing  t h e  per iod  when data runs 2 through 12 were being co l l ec ted  

i s  given i n  Fig. 3.2. 

Only runs 2 

A map showing the  f l i g h t  t rack  o f  

Run 2 commenced a t  2018 GMT (1418 CST) and run 12 ended a t  2100 GMT (1500 

CST). 
per iod  near t h e  beginning o f  t he  f l i g h t .  

immediately a f t e r  takeof f ,  t ak ing  a p re l im inary  run o f  data dur ing ascent. By 
t h e  t ime the  a i r c r a f t  s ta r ted  t o  approach Chickasha, several very strong thun- 
derstorm c e l l s  had begun t o  develop i n  a loose ly  organized c l u s t e r  j u s t  west 

and northwest o f  t h a t  City. Although t h e  p r e c i p i t a t i o n  shaf ts  were s t i l l  

d i s t i n c t  a t  t h i s  time, about 2015 GMT (1415 CST) ou t f low from the  several 
c e l l s  was beginning t o  merge and move east-northeast behind a wel l -def ined, 

near ly  l i n e a r  arcus cloud formation. 

Thus, a l l  t he  data used i n  t h i s  study were taken w i t h i n  a 42-minute 

The CV990 f lew southwest toward t h e  v i c i n i t y  o f  Chickasha, OK, (CHK) 

A t  about 2018 GMT (1418 CST) the  CV990 veered toward the  northwest t o  

make a data-gathering run ( run 2) along a f l i g h t  t rack  roughly p a r a l l e l  t o  
t h i s  advancing quas i - l inear  outflow feature. The a i r c r a f t  was f l y i n g  a t  

approximately 720 in above ground leve l  (AGL) gather ing data dur ing  run 2 which 
l as ted  more than 7 minutes. During t h i s  per iod  the  l i d a r  scanned t h e  arcus 
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X DIST i K M 1  FROM C I M  

F igu re  3.2 
every 20 m i  
r e f 1  e c t i  v i  t 

F l i g h t  t rack,  NASA CV-990, 30 June 1981. Times (GMT) are shown 
n w i th  a i r c r a f t  a l t i t u d e  (AGL) p r i n t e d  j u s t  below the  times. 
. ies  (dBZ) a t  2037 GMT are shown i n  dashed contours. 

Radar 

c loud formation o r  the edges of heavy p r e c i p i t a t i o n  continuously, w i th  l a s e r  
frame duty cycles ranging anywhere from 1.25 s t o  1.5 s. 

Figure 3.3, one of a ser ies of  photographs (termed DF photos) taken by 

Dr. Dan F i t z j a r r a l d  on board t h e  CV990 shows two th ings:  

heavy thunderstorm r a i n  core near Chickasha and (b)  the arcus formation a t  the 

southern edge o f  another storm core t o  the  northwest as viewed from the  CV990 

a t  about 2019 GMT (1419 CST). 

(a)  an i s o l a t e d  

Approximately 30 s a f t e r  t he  t ime of Fig. 3.3, t he  CV990 came abreast o f  

t he  arcus cloud formation surrounding the  advancing edges o f  the northwestern 

storm. 
a i r c r a f t  a t  1 s i n t e r v a l s  and covering the  l i d a r ' s  scanning area, t he  base o f  

t h e  arcus cloud occasional ly reached as low as an estimated 400 m above t h e  

ground. 

Judging f rom mission cloud photographs taken r e g u l a r l y  from the 

Although the  mission cloud photos were usefu l  i n  documenting t h e  
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Figure 3.3 
run 2. 
toward the r i g h t .  

Photo, look ing southwest, ca. 201900 GMT (141900 CST), dur ing 
A i r c r a f t  was moving Note r a i n  core a t  center and arcus a t  r i g h t .  

c loud forms scanned by the  l i d a r ,  they were unfortunately damaged somewhat 
dur ing processing and thus were unsui tab le f o r  reproduct ion here. Neverthe- 

l ess  a DF photo taken j u s t  before 2020 GMT (1420 CST) and shown i n  Fig. 3.4 

reveals the  s t r u c t u r e  o f  the arcus formation as broadly lobed a t  a ho r i zon ta l  

wavelength o f  about 300 m, w i t h  i r r e g u l a r i t i e s  i n  the  a l t i t u d e  of t h e  c loud 

base. Other mission cloud photos show t h a t  t h e  arcus cloud d i d  not d isp lay an 
espec ia l l y  s t r a i g h t  f ron t  edge, but ra the r  meandered somewhat a t  scales o f  3-5 

km along i t s  length. 

A t  about 2020 GMT (1420 CST) the  CV990 f l ew  j u s t  southwest o f  T u t t l e ,  OK, 

and w i t h i n  1 km o f  one o f  NSSL's mesonet s ta t i ons ,  Tutt le-South (TTS), which 

was operat ing a t  t h a t  t ime i n  support o f  the l i d a r  experiments. Data from 

t h a t  s t a t i o n  i n d i c a t e  the  passage o f  a moderately s t rong gust f r o n t  a t  about 
2023 GMT (1423 CST), fo l lowed by heavy r a i n  some 14 minutes l a t e r .  

are presented and discussed i n  Section 3.5.1. 

These data 

By 2025 GMT (1425 CST) the CV990 had reached t h e  northernmost edge o f  the 

developing convective complex, and thus commenced a 90° t u r n  t o  the  l e f t  t o  
scan the  northern edge of the storm. 
2026 GMT (1426 CST) and continued u n t i l  j u s t  a f t e r  2030 GMT (1430 CST). 

Run 3 o f  l i d a r  data began a t  about 
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Figure 
run 2. 
A i  r c r a f  

3.4 Photo, look ing  southwest, ca. 201930 GMT (141930. CST), dur ing 
Note continuous, lobed arcus cloud i n  foreground, r a i n  beyond it. 

t was moving toward the  r i g h t .  

Typical  frame cycles i n  run 3 ranged from 1.22 t o  1.50 s. 
(1427 CST) t he  a i r c r a f t  passed near t h e  f r o n t  edge o f  a bu lg ing  gust f r o n t  
which, judging from the  o r i e n t a t i o n  o f  t he  edge o f  t h e  ou t f low as seen i n  the  
photographs and i n  the  l i d a r  analyses, was pushing toward the  no r th  and 

northeast.  
number o f  l i d a r  v e l o c i t y  measurements a t  t he  edge o f  and j u s t  behind t h i s  gust 

f ron t .  In contrast  t o  the  wel l -def ined arcus c loud prev ious ly  seen on t h e  
east s ide o f  t he  storms and s tud ied i n  run 2, t h i s  gust f r o n t  was marked on ly  

by scud havi  ng a ragged, shredded appearance , of ten arranged i n  i r regu l  a r l y -  

shaped v e r t i c a l  f i laments (Fig. 3.5). 

convection j u s t  a f t e r  2030 GMT (1430 CST) as it continued toward t h e  

southwest. 
southeast was made i n  order t o  f l y  along the  back (or  southwest) edge o f  t h e  

storm area. 

A t  about 2027 GMT 

The a i r c r a f t ,  f l y i n g  a t  an a l t i t u d e  of 550 m AGL, obtained a 

The l i d a r  a i r c r a f t  began t o  pass out o f  the  v i c i n i t y  of t h e  a c t i v e  

Consequently, a t  2032 GMT (1432 CST) a l e f t  t u r n  toward t h e  

Run 4 o f  l i d a r  data was taken s t a r t i n g  a t  2036 GMT (1436 CST) and ending 

L i t t l e  o r  no ou t f low cloudiness was seen 
a t  about 2044 GMT (1444 CST) a t  a l t i t u d e s  ranging near 800 m and wi th frame 

cyc les ranging from 1.12 t o  1.40 s. 
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Figure 3.5 Photo, look ing south, ca. 202700 GMT (142700 CST), dur ing run 3. 
Note presence of detached scud instead o f  arcus clouds. A i r c r a f t  was moving 
toward t h e  r i g h t .  

on the southwest s ide o f  the storms and only l i g h t  r a i n  was f a l l i n g  from an 
amorphous cloud base i n  t h a t  p a r t  o f  the complex. However, a t  2039 GMT 
(1439 CST) the  a i r c r a f t  p u l l e d  away from t h i s  area o f  l i n g e r i n g  l i g h t  r a i n  

i n t o  an area o f  d i s t i n c t l y  warmer a i r  where c loud bases were not iceably  

better-def ined, w i th  bases a t  an estimated 1.5-2.0 km AGL. Sensors aboard t h e  
a i r c r a f t  confirmed not only a 1°C ambient temperature increase, but  a l so  a 

s i g n i f i c a n t  4°C r i s e  i n  dew point ,  The l o c a t i o n  o f  t h i s  apparent boundary 

between rain-cooled and undisturbed a i r  was about 12 km southwest o f  

Chickasha. 
t o  obta in  data c lose r  t o  the r e t r e a t i n g  storms, then turned a t  2040 GMT 

(1440 CST) back t o  t h e  southeast t o  pass by the rear  of another r a i n  c e l l .  

A t  t h i s  po in t ,  t he  CV990 turned b r i e f l y  toward t h e  east i n  order 

A t  about 2042 GMT (1442 CST) i t  was not iced t h a t  an i s o l a t e d  cumulus 

congestus was beginning t o  develop about 40 km t o  t h e  southeast. 

Consequently, i t  was decided t h a t  several circumnavigations should be made o f  
t h i s  new convective growth, which was centered about 10 km west of 

Elmore City, OK (ELC). 
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The CV990 approached t h e  cumulus congestus from the  no r th  and began a 
square f l i g h t  p a t t e r n  a t  an a l t i t u d e  o f  about 1100 M AGL around the  base o f  

t h e  cloud a t  2046 GMT (1446 CST). 

west s ide o f  t h e  c loud as t h e  a i r c r a f t  headed south. Runs 6, 7 and 8 were 

taken on t h e  other  sides of t h e  c loud a f t e r  a succession of 90" l e f t  turns. 

Each run a t  t h e  1100 m l e v e l  l as ted  an average o f  about 60 s. 

Run 5 consisted o f  t h e  data taken along t h e  

Figure 3.6, a DF photo taken dur ing run 7 wh i l e  look ing west toward the  

cumulus, reveals t h a t  the c loud t i l t e d  toward t h e  south w i t h  height,  
suggesting the updra f t  was being subjected t o  a v e r t i c a l  shear which was 

no r the r l y ,  a t  l e a s t  through mid-height o f  t h e  cloud. 

A t  t h e  conclusion o f  run 8 t h e  CV990 was again a t  t h e  northwest corner o f  
t h e  cloud, and the  t ime was about 2052 GMT (1452 CST). 

as it headed south along t h e  west s ide o f  t he  c loud i n  preparat ion f o r  another 

circumnavigation a t  a higher l eve l .  

a t t a i n e d  when run 9 began a t  2054 GMT (1454 CST) f o l l o w i n g  a 90" l e f t  t u r n  

southwest o f  t he  cloud. 
south s ide of  t h e  cloud, which could now be sa id t o  cons is t  o f  a ser ies o f  

The a i r c r a f t  climbed 

An a l t i t u d e  o f  about 2300 m AGL had been 

Run 9 was taken as t h e  a i r c r a f t  headed east along t h e  

Figure 3.6 
Note towering cumulus being undercut and sheared o f f  t o  south. 
moving toward the  r i g h t .  

Photo, look ing west, ca. 205030 GMT (145030 CST), dur ing run 7. 
A i r c r a f t  was 
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contiguous towers o r ien ted  along a northeast-southwest l i n e .  

12 were taken along t h e  other  edges o f  a square f l i g h t  t r a c k  around t h e  cloud, 

each one l a s t i n g  about 60 s average, as d i d  runs 5-8. 

run 12 t h e  t ime was about 2100 GMT (1500 CST). 

Runs 10 through 

A t  t he  conclusion o f  

The towering cumulus d i d  not develop i n t o  a thunderstorm, instead the  

uppermost p a r t s  o f  t he  t u r r e t s  were observed t o  shear o f f  toward the  east and 

southeast before reaching the  10 km l e v e l ,  and no s i g n i f i c a n t  a n v i l  c i r r u s  

formed. 
3.4. DATA ANALYSIS 

NASA furn ished a data tape for  t h e  30 June experiment which was t o  

conta in  the  f o l l o w i n g  informat ion:  

A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

I .  

J. 

K. 

L. 

M. 

Header in format ion regarding dates and t imes o f  each run, 

Posi t ion,  a t t i t u d e ,  groundspeed and heading in format ion from the  CV990 
INS f o r  each frame o f  each run, 

A i r c r a f t  a l t i t u d e  measured by down-looking radar dur ing each frame, 

INS-derived wind vector a t  t h e  a i r c r a f t  f o r  each frame o f  each run, 

Airspeed, ambient temperatures and dew p o i n t s  measured by t h e  gust 
probe; 

Number o f  t ransmi t ted pulses per l a s e r  frame; 

COHO and VCO o f f s e t  frequencies f o r  each frame, 

E leva t i on  angle of l i n e - o f - s i g h t  and pos i t i ons  o f  scanner wedges f o r  
each frame, 

Times and l i n e - o f - s i g h t  azimuths fo r  each l i d a r  frame, 

Raw Doppler v e l o c i t i e s ,  echo i n t e n s i t i e s  and spect ra l  widths f o r  each 
r e s o l u t i o n  volume along each frame, 

Edi ted and smoothed Doppf e r  v e l o c i t i e s  and range-normal i zed 
i n t e n s i t i e s  f o r  each r e s o l u t i o n  volume o f  each frame; 

Smoothing c o e f f i c i e n t s  used a t  each r e s o l u t i o n  volume of each frame. 
These were computed according t o  l o c a l  data q u a l i t y  based on s igna l -  
to-noise considerat ions (Lee, 1981); 

V o r t i c i t y ,  divergence, s t r e t c h i n g  and shearing deformation o f  t he  f l ow  
a t  each reso lu t i on  volume o f  each frame; 

Upon inspect ion of the data from a number of runs, it was found t h a t  many 

o f  t he  data f i e l d s  were e i t h e r  missing o r  erroneous, making i t  necessary t o  
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ascer ta in  whether or  no t  t h e  analys is  of t h e  data could be accomplished, 

data t h a t  were missing, such as COHO and VCO frequencies, number o f  pulses pe r  

frame, pressure a l t i t u d e ,  t rack  angle and l i n e  of s i g h t  e levat ion,  were e i t h e r  

not c r i t i c a l l y  important f o r  t h e  v e l o c i t y  analys is  o r  were deducible from 

o the r  given quan t i t i es .  
quency i s  an important parameter t o  record espec ia l l y  i f  t h e  frequency i s  no t  

t r a c k i n g  t h e  Doppler s h i f t  associated w i t h  the  measured a i r  speed. The erro-  

neous data, i n c l u d i n g  such other  important q u a n t i t i e s  as the  corrected and 

smoothed l i d a r  v e l o c i t i e s  and range-normalized l i d a r  i n t e n s i t i e s ,  had t o  be 

recomputed anew from t h e  raw data. Because t h e  smoothing procedure (Lee, 

1981) u$ed by NASA was r a t h e r  elaborate and would have been time-consuming t o  
implement, a somewhat s impler approach t o  smoothing was u l t i m a t e l y  taken, 

o b v i a t i n g  t h e  need t o  reconst ruct  t he  error-contaminated smoothing c o e f f i c i e n t  

arrays h r n i s h e d  on tape. 

The 

However, as discussed i n  Appendix A, t h e  VCO f r e -  

Thus, i t  became necessary t o  perform a number of "check" computations o f  

c e r t a i n  of the raw data f i e l d s  i n  order t o  v e r i f y  those given and ob ta in  those 

missing. I n  t h e  process of doing these computations, o ther  e r ro rs  i n  t h e  data 

became apparent. I n  the  f o l l o w i n g  sect ions these e r r o r s  and omissions and t h e  

techniques employed f o r  co r rec t i ng  them are b r i e f l y  mentioned. A complete 
discussion o f  t h e  v e r i f i c a t i o n  and c o r r e c t i o n  techniques re1 evant t o  CV990 

nav iga t i on  data i s  given i n  Appendix C, wh i l e  a s i m i l a r  d iscussion regarding 

v e r i f i c a t i o n  and c o r r e c t i o n  o f  the l i d a r  moment data i s  given i n  Appendix D. 

3.4.1 Navigat ion Data Review and E d i t i n g  

I n e r t i a l  nav igat ion systems are subject  t o  a v a r i e t y  o f  e r ro rs  ( B r i t t i n g ,  

1971), one o f  which invo lves o s c i l l a t i o n s  a t  t he  84.4-minute Schuler period. 

I N S  v e l o c i t y  e r r o r s  having ampli tude of about 4 m 5 - l  and pe r iod  near t h e  

Schuler pe r iod  were discovered i n  t h e  CV990 data and are aescribed i n  

Par t  I. Unfortunately,  the approximately 30-minute long record o f  nad i r  

photos which was a v a i l a b l e  f o r  the Severe Storms f l i g h t  was too shor t  t o  a l l ow  

determinat ion of whether o r  not  Schuler per iods were present i n  the  INS e r r o r s  
which occurred i n  t h a t  f l i g h t .  

Based on the  amount of apparent v a r i a b i l i t y  i n  t h e  INS e r r o r s  and t h e  

t i m i n g  o f  changes i n  d i r e c t i o n  of the e r r o r s  seen dur ing the  f l i g h t ,  t he  most 

l i k e l y  cause o f  t he  I N S  e r ro rs  i n  t h e  present data i s  f a u l t y  measurement o f  

accelerat ions dur ing sharp turns.  A review of Fig. C.2 i n  Appendix C.3 
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reveals t h a t  a i r c r a f t  p o s i t i o n  e r r o r s  were about 1.6 km i n  magnitude dur ing 

run 4; t h i s  i s  somewhat s u r p r i s i n g  s ince run 4 took p lace  only  about 40 min 
i n t o  the  f l i g h t ,  and p o s i t i o n  e r r o r s  are genera l ly  expected t o  be small dur ing 

t h e  ea r l y  stages o f  a f l i g h t .  P o s i t i o n  e r r o r s  o f  about 1.6 km were a l s o  noted 

as ea r l y  as 20 min i n t o  the  f l i g h t ,  which suggest t h a t  t he re  

p o s i t i o n  b ias  o f  1.6 km ( =  1 nau t i ca l  m i l e ) ;  t h i s  i n i t i a l  b 

been caused by a discrepancy of 1 arc min of l a t i t u d e  i n  the  

dinates entered i n t o  t h e  I N S  a t  take-of f .  

I n  reviewing the  a i r c r a f t  nav igat ion data, t h e  recorded 

c r a f t  l a t i t u d e  and long i tude  were found t o  conta in  e r r o r s  wh 
r e s u l t  o f  sampling the  I N S  p o s i t i o n  output t oo  i n f requen t l y .  

was an i n i t a l  

as might have 
s t a r t i n g  coor- 

values of a i r -  

ch were t h e  
Thus, i t  was 

necessary t o  e s t a b l i s h  a i r c r a f t  p o s i t i o n s  by forward-t ime i n t e g r a t i o n  o f  a i r -  
c r a f t  t rack  and v e l o c i t y  data. Track angles had t o  be computed from d r i f t  

angle and heading data, because t r a c k  angle data were no t  furn ished on t h e  

data tape. 

Obvious e r r o r s  were noted i n  c e r t a i n  of t he  data arrays furn ished on the  

tape, apparently caused by use o f  i n c o r r e c t  conversion fac to rs  dur ing t h e  

w r i t i n g  o f  t he  tape (Appendix C.l). 
rected. 

These e r r o r s  had t o  be diagnosed and cor-  

The t imes o f  t he  var ious l i d a r  data frames were a l s o  subject  t o  round-off 

er rors ,  and had t o  be reconstructed by an i n t e r p o l a t i o n  process so t h a t  t h e  

actual  d i s t r i b u t i o n  o f  l i d a r  data p o i n t s  i n  space would be f a i t h f u l l y  repre- 

sented i n  the  analyses. These co r rec t i ons  are described i n  Appendix C.2. 

The corrected INS-derived a i r c r a f t  p o s i t i o n s  were f u r t h e r  tes ted  against 

nadir-photography-derived p o s i t i o n s  f o r  those po r t i ons  o f  t he  f l i g h t  where 

such photo data ex is ted (Appendix C.3). 
photo-derived p o s i t i o n s  as t r u e  i n d i c a t o r s  o f  a i r c r a f t  p o s i t i o n ,  a v a r i a b l e  

southward p o s i t i o n  e r r o r  of about 1.7 km average magnitude was noted (see F ig .  

C.2 of Appendix C . 3 ) ;  t h i s  p o s i t i o n  e r r o r  could be described i n  terms o f  a 
constant b ias  i n  p o s i t i o n  p lus  superimposed time-dependent f l u c t u a t i o n s  i n  the  

p o s i t i o n  error,  

est imates, t he  time-dependent f l uc tua t i ons  suggested time-dependent e r r o r s  i n  
the  ground v e l o c i t y  est imates which, i n  turn,  can r u i n  wind estimates. Based 

on t h e  behavior o f  t he  smoothed t i m e - d i f f e r e n t i a t e d  I N S  p o s i t i o n  errors ,  t he  

ground v e l o c i t y  e r r o r s  were found t o  be as l a r g e  as 10 m s-l o r  more dur ing 
turns,  and perhaps 2-4 m 5-l dur ing the  several kin o f  s t r a i g h t  f l i g h t  f o l -  

lowing tu rns .  

Taking t h e  smoothed sequences o f  

While a constant p o s i t i o n  b ias would no t  co r rup t  wind f i e l d  
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Because the  10 s i n t e r v a l  between nad i r  photos was too  l a r g e  t o  a l low 

h igh-resolut ion study o f  t h e  INS e r ro rs ,  and s ince o the r  t ime-vary ing e r r o r s  

of near ly  equal magnitude (about 2 m s - l )  were occurr ing along w i t h  t h e  I N S  
er rors ,  only rough attempts a t  d iagnosis and removal of these e r r o r s  could be 

made. Such attempts were useful not  so much f o r  t he  marginal improvements i n  
data q u a l i t y  which they produced, but  r a t h e r  t o  demonstrate q u a n t i t a t i v e l y  the  

magnitude o f  the harmful e f fec ts  o f  t he  t ime-varying I N S  e r r o r s  on t he  

r e t r i e v e d  wind vector f i e l d s .  

Although some success was obtained i n  de f i n ing  t h e  magnitude o f  t he  I N S  

e r ro rs  v i a  the  techniques o u t l i n e d  i n  Appendix C, t he  discussions the re  make 
it c l e a r  t h a t  i t  i s  not y e t  f e a s i b l e  t o  make p rec i se  correct ions.  Hence, i n  

a l l  f i g u r e s  o f  wind analyses t o  be presented i n  Sect ion 3.5, t h e  I N S  e r r o r s  

have not been removed except when s p e c i a l l y  noted. The p r i n c i p a l  b e n e f i t  t o  

accrue from the study o f  t h e  INS e r r o r s  described i n  Appendix C has been t o  

g ive some rough idea of t h e  magnitude of the errors ,  t h e i r  t ime v a r i a b i l i t y  
and of t h e  l e v e l  o f  confidence which can be assigned t o  t h e  d e t a i l s  o f  t h e  

analyzed w i  nd f i e l  ds . 
3.4.2. Doppler Spectral Moment Data Review and E d i t i n g  

Review and e d i t i n g  were needed not only f o r  nav igat ion data but  a l so  f o r  

Doppler moment data. A f te r  i n s u r i n g  sel f -consistency i n  a l l  a i r c r a f t  p o s i t i o n  

and a t t i t u d e  data, t h e  next step i n  the  analys is  invo lved examining f i e l d s  o f  
Doppler moment data and removing any e r r o r s  and inconsis tenc ies a f f e c t i n g  

these data. 

subsequent processing and analysis.  

Modi f icat ions t o  data were needed i n  some cases t o  prepare it f o r  

The r e f l e c t i v i t y  est imates furnished by NASA showed evidence o f  being 

erroneous, so t h a t  these data had t o  be recomputed s t a r t i n g  from the  raw 

i n t e n s i t y  data (Appendix D.1). 
i n  t h i s  study included c o r r e c t i o n  f o r  t h e  inverse range-squared divergence 
experienced by backscattered photons as we1 1 as round- t r i p  c o r r e c t i o n  f o r  

absorption losses. The r e s u l t i n g  normalized r e f l e c t i v i t i e s  were usefu l  i n  

i d e n t i f y i n g  the pos i t i ons  of b r i g h t l y  r e f l e c t i v e  features such as c loud edges. 

The Doppler v e l o c i t y  data suppl ied by NASA were a l so  contaminated by 

The r e f l e c t i v i t y  est imat ion procedure employed 

e r r o r s  and a f u l l  d iscussion of these and methods used t o  c o r r e c t  them are 

presented i n  Appendix D.2. 
v e l o c i t y  estimates were caused by delays i n  r e p o r t i n g  t ime varying I N S  

measured par amet e t  s . 
It appears t h a t  s i g n i f i c a n t  e r r o r s  i n  r a d i a l  
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An optimal co r rec t i on  fo r  these delays would have requi red an exhaustive 

i n v e s t i g a t i o n  i n t o  the  system e l e c t r o n i c s  and data t r a n s f e r  queueing, a t a s k  
Hhich was beyond t h e  scope of t h i s  study. 

T i f i c a n t l y  a f fec ted  the  q u a l i t y  o f  t h e  Doppler data were those i n v o l v i n g  t h e  

record ing o f  d r i f t  angle (Appendix 0.3)  and ground v e l o c i t y  (Appendix 0.4). 

The d r i f t  angle was observed t o  be a small but  r a p i d l y  f l u c t u a t i n g  q u a n t i t y  t o  

which the  r a d i a l  v e l o c i t i e s  were q u i t e  sens i t i ve ,  wh i l e  t h e  groundspeed was a 

l a r g e  and r e l a t i v e l y  s lowly  vary ing q u a n t i t y  t o  which the  r a d i a l  v e l o c i t i e s  

were somewhat less sensi t ive.  

However, t h e  delays which most s i g -  

For r a p i d l y  varying q u a n t i t i e s  such as d r i f t  angle, t h e  e f fec t  o f  t h e  

delays was t o  produce seemingly random er ro rs  (1.e. frame b ias;  Appendix D.3) 
i n  t h e  measured range-averaged r a d i a l  v e l o c i t i e s ,  such e r r o r s  could be e f fec -  

t i v e l y  e l iminated by simple f i l t e r i n g  techniques. 

ma l l y  used t o  reduce the high-frequency e r r o r s  caused by d r i f t  angle delays, 
t e s t s  o f  a delay c o r r e c t i o n  a lgo r i t hm were a l s o  r o u t i n e l y  made; these t e s t s  

met w i t h  l i m i t e d  success i n  some of t h e  data runs. 

Although f i l t e r i n g  was nor-  

For the more slowly vary ing q u a n t i t i e s ,  c ross -co r re la t i on  techniques 

could t h e o r e t i c a l  l y  be used t o  determi ne delays of var ious parameters w i t h  

respect t o  t h e  other  r e l a t e d  parameters (McCaul, 1985). However, t h i s  tech-  

nique could not be appl ied t o  t h e  present data i n  a s t ra igh t fo rward  manner due 
t o  simultaneous presence o f  several i n t e r a c t i n g  errors ,  such as d r i f t  angle 

e r r o r  and ground v e l o c i t y  e r ro r ,  each of which var ied wi thout  wel l -def ined 

periods. 
t h e  c ross -co r re la t i on  technique fa1 1 ed because of t he  presence o f  1 i nger i  ng 

remnants o f  ground v e l o c i t y  error; techniques f o r  e l i m i n a t i o n  o f  t he  s lowly  

vary ing ground v e l o c i t y  e r r o r s  are not y e t  sophis t icated enough t o  permit  

f u r t h e r  analys is  o f  those e r r o r s  caused by delay o f  o ther  s lowly  vary ing 

parameters. 

Even a f t e r  attempts t o  remove ground v e l o c i t y  e r r o r s  from the  data, 

Spectral  width values furnished by t h e  system were found t o  be somewhat 
more subject  t o  noise than the  Doppler v e l o c i t i e s  and i n t e n s i t i e s .  

less,  i n  many instances l o c a l  maxima of spect ra l  width were found t o  c o r r e l a t e  

we l l  w i t h  pos i t i ons  o f  wind f i e l d  boundaries or gradients. 

3.4.3. 

Neverthe- 

Veloc i ty  Errors  Due t o  Beam Po in t i ng  Errors  

Ve loc i t y  e r ro rs  could be introduced through malfunct ions o f  t h e  wedge 

scanner which d i r e c t s  the  beam onto a supposedly ho r i zon ta l  t r a j e c t o r y  i n t o  

t h e  atmosphere. 
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Based on Lee's f i n d i n g s  o f  beam p o i n t i n g  biases, some uncer ta in t y  i n i -  

t i a l l y  surrounded t h e  performance o f  t he  beam scanner. 

caused by the  f a i l u r e  of t he  scanner t o  compensate for  a i r c r a f t  r o l l ,  prompted 

a dec is ion t o  d e l e t e  a l l  l i d a r  data whenever t h e  a i r c r a f t  r o l l  angle exceeded 

1' i n  magnitude. However, based on r e s u l t s  t o  be discussed i n  Appendix E, i t  
appears t h a t  these d e l e t i o n s  may have been unnecessary. 

o f  data deleted by t h i s  r o l l  angle c r i t e r i o n  was q u i t e  small. 

This unce r ta in t y ,  

However, the amount 

Doppler s h i f t s  recorded along r a d i a l s  which l i e  out o f  t h e  ho r i zon ta l  

plane can in t roduce considerable e r r o r  i n  presence of v e r t i c a l  shear, as we l l  

as have contamination from any v e r t i c a l  v e l o c i t y  t h a t  might be present. 

Because data are c o l l e c t e d  only  on a surface (hopeful ly a h o r i z o n t a l  one), 
i n s u f f i c i e n t  data are a v a i l a b l e  f o r  proper separat ion o f  t h e  h o r i z o n t a l  and 

v e r t i c a l  components of a i r  motion, and thus data taken "out-of-plane" cannot 
s t r i c t l y  be corrected t o  be compatible w i t h  data from t h e  ho r i zon ta l  plane. 

Fur ther  problems r e l a t e d  t o  beam e leva t i on  unce r ta in t y  a r i s e  because t h e  

l i d a r  beam scanner i s  he ld f i x e d  dur ing t h e  0.4 s dura t i on  o f  each frame, 

a l l ow ing  the  sequence o f  pulses t o  sweep through a v a r i e t y  o f  e leva t i on  angles 

whenever the  a i r c r a f t  r o l l s  i n  response t o  turbulence. 

Ve loc i t y  e r r o r s  can a1 so r e s u l t  f rom beam poi  n t i n g  e r r o r s  because they 

can cause i n c o r r e c t  components of a i r c r a f t  ground v e l o c i t y  t o  be included i n  

t h e  r a d i a l  v e l o c i t y  data. 
through study o f  t he  v a r i a t i o n  o f  range of ground s t r i k e s  versus the known 

v a r i a t i o n  i n  form o f  some topographic feature by which t h e  a i r c r a f t  passed 

dur ing data c o l l e c t i o n .  
du r ing  t h e  Oklahoma f l i g h t s ,  several beam ground s t r i k e s  were observed du r ing  

one a i r c r a f t  l e f t  t u r n ;  t h e  v a r i a t i o n  of range of these ground s t r i k e s  versus 
t h e  range expected based on a i r c r a f t  a l t i t u d e  and r o l l  angle provided an 

oppor tun i ty  t o  make a l i m i t e d  assessment of t h e  accuracy o f  the beam po in -  

t i n g .  
i n d i c a t e  t h a t  beam p o i n t i n g  e r r o r s  were l i m i t e d  t o  less than 1-2 deg i n  t h e  

v e r t i c a l .  
comparison o f  der ived wind vectors from regions where data from three o r  more 

l i d a r  l i n e s - o f - s i g h t  were co l lected,  i t  was poss ib le  t o  conclude t h a t  t he re  
were no apparent s i  gni f i cant e r r o r s  i n  h o r i  zontal beam p o i  n t i  ng. 

The most r e l i a b l e  way of assessing beam p o i n t i n g  i s  

Although no beam s t r i k e s  on mountainsides occurred 

The r e s u l t s  o f  these comparisons, discussed more f u l l y  i n  Appendix E, 

Using a technique o u t l i n e d  by McCaul (1985, Appendix F) i n v o l v i n g  

A conservat ive est imate of t he  windspeed e r r o r  i n  these data caused by 

beam e leva t i on  e r r o r s  i s  0.5 m s-l except above the gust f ron ts  o f  runs 2 and 
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and along t h e  cloud t u r r e t s  o f  runs 9-12, where l o c a l  e r r o r s  could reach 2-3 

5- l .  Clear ly ,  t he  problems o f  l a s e r  misalignment and f a i l u r e  o f  t h e  scanner 
o prov ide the  proper beam e leva t i on  compensation dur ing a i r c r a f t  r o l l s  should 

e corrected before the  next ser ies o f  experiments. I n  addi t ion,  i t  would be 

i es i rab le  i f  scanner p o s i t i o n i n g  could be updated a t  l e a s t  occas ional ly  dur ing 

!ach l i d a r  frame so as t o  ensure ho r i zon ta l  beam t r a j e c t o r i e s  fo r  a l l  pulses. 

1.4.4. Preparat ion o f  Meteorological  Data F ie lds  

I n  order t o  synthesize meteorological  data ( i  .e., r e f l e c t i v i t y ,  wind, 

urbulence) f i e l d s  from t h e  ed i ted  moment data a l igned along t h e  l a s e r  beam 

ind t o  present the r e s u l t s  i n  a s u i t a b l e  form f o r  d isp lay,  i t  was convenient 

.o i n t e r p o l a t e  moment data t o  a Cartesian g r i d  whose o r i g i n  was placed a t  t h e  
locat ion o f  NSSL's Cimarron Doppler radar because intercomparison o f  Doppler 

ind l i d a r  wind f i e l d s  were made (McCaul, 1985). Before t h e  g r i d  p o i n t  values 

:ould be assigned, advect ion compensation had t o  be made. 

i )  Data Advection 

The nonsimultanei ty o f  t h e  data c o l l e c t e d  by the  l i d a r  dur ing each run, 

i n  some cases spanning about 500 s, requi red t h a t  a t t e n t i o n  be given t o  t h e  

problem o f  data advection. This was not so much a problem w i t h  respect t o  

obta i  n i  ng 1 oca1 l y  co r rec t  r e t r i e v a l  o f  wind o r  i ntensi  t y  pat terns,  which was 

governed by the  maximum t ime  delay (about 50 s) between f o r e  and a f t  frame 
data used i n  analyzing f i e l d s  a t  maximum ranges (about 10 km) from the a i r -  

c r a f t ,  as i t  was a problem of obta in ing a c o r r e c t  p a t t e r n  over the l a r g e r  

scal es. 

I n  order t o  avoid d i s t o r t i o n  of t h e  data pa t te rns  found near t h e  storm 

ou t f l ow  f ron ts ,  i t  was decided t h a t  advect ion p ropor t i ona l  t o  the storm's 

v e l o c i t y  vector would be uni formly appl ied t o  a l l  data i n  each run. 

t h i s  dec is ion undoubtedly f a i l s  t o  account f o r  some of t he  complexity o f  t h e  

three-d imensional i ty  of outf lows observed i n  t h e  data, i t  i s  be l ieved t h a t  t he  

r e s u l t i n g  f i e l d s  are l ess  error-prone than they would have been had l o c a l  

advect ion been used. 

Although 

Tracking o f  the main storm c e l l s  on successive photographic images o f  

NSSL's WSR-57 radar screen suggested a storm motion vector o f  12.9 m s-l from 

2563. Due t o  r a p i d  development and e v o l u t i o n  of c e l l s  i n  t h i s  m u l t i c e l l  

complex as observed on the  radar screen and i n  the  f i e l d ,  t h i s  advect ion 

6 1  



vector  must not be considered an absolute ly  accurate measure of how the  c e l l s  
moved o r  how t h e  w i n d f i e l d  pa t te rns  propagated. 

Calcu lat ions of t h e  mean wind from each data run used i n  the  study o f  t he  

main storm complex g i ve  values which d i f f e r  s u b s t a n t i a l l y  from the radar-  

der ived motion vector. I n  fac t ,  l i d a r  run 4 showed an average wind vector o f  

11.5 m s-l from 2 1 2 O .  

t h e  r e l a t i v e  importance o f  propagation o r  d i f f e r e n t i a l  motions i n  t h e  wind 

f i e l d s  s tud ied here. 
( i -e . ,  phase speed) of wind per turbat ions known bu t  d i f f e r e n t  than the mean 

wind i n  the  layer,  was sampled i n  exac t l y  the same manner as the  actual  

data. 

advect ion v e l o c i t y  and t h a t  equal t o  t h e  mean wind i n  t h e  l a y e r  show consider-  

ab1 e d i  f f erences . 

This discrepancy may be taken as a rough i n d i c a t o r  o f  

I n  Appendix F, a model wind f i e l d ,  w i t h  a v e l o c i t y  

Wind vectors synthesized from r a d i a l  v e l o c i t y  f i e l d s  us ing  t h e  co r rec t  

ii) Data I n t e r p o l a t i o n  and Wind Est imat ion 

I n t e r p o l a t i o n  t o  a Cartesian g r i d  was done using t h e  c i r c u l a r l y  symmetric 

d is tance weight ing f u n c t i o n  (Cressman 1959) and d e t a i l s  are discussed by 

McCaul (1985). 
s l i g h t l y  d i f f e r e n t  . rad i i  o f  i n f l uence  were used fo r  t he  i n t e r p o l a t i o n  velo- 

c i t y ,  i n t e n s i t y  and spect ra l  width data. The rad ius o f  i n f l u e n c e  f o r  i n t e r p o -  

l a t i o n  o f  v e l o c i t y  data was chosen t o  be 600 m i n  order t o  ensure t h a t  data 
from th ree  o r  f ou r  d i f f e r e n t  frames would be i n te rpo la ted ,  bu t  t h a t  data from 

on ly  two o r  t h ree  r e s o l u t i o n  volumes along the  beam would be used. This i s  
important because o f  t h e  tendency of the r a d i a l  v e l o c i t y  data t o  show more 

v a r i a b i l i t y  f r o m  frame t o  frame (due t o  t h e  d r i f t - a n g l e - r e l a t e d  e r r o r s  

described e a r l i e r )  than from range b i n  t o  range bin.  

To g i ve  maximum r e s o l u t i o n  t o  t h e  features o f  i n t e r e s t ,  

The rad ius o f  i n f l u e n c e  f o r  t h e  analys is  of l i d a r  echo i n t e n s i t y  and 

spect ra l  width was se t  a t  a smal ler  value, 400 m, i n  order t o  g ive maximum 

expression t o  the  l a r g e  gradients which occurred w i t h  these q u a n t i t i e s  i n  

zones o f  strongest meteorological  i n t e r e s t .  
Although the  i n t e r p o l a t i o n  procedure fo r  t he  scalar  f i e l d s  fo l lowed 

standard procedures (see McCaul 1985), several a d d i t i o n a l  steps were needed i n  
t h e  process o f  i n t e r p o l a t i n g  data fo r  wind estimates. Because wind i s  a 

vector quan t i t y  der ived from the scalar  r a d i a l  v e l o c i t y  data, t he  i n t e r -  

p o l a t i o n  process had t o  be done fou r  times: 
c i t y  data, once the forward l i n e - o f - s i g h t  data (i.e., angular d i r e c t i o n  o f  t h e  

once f o r  t h e  forward frame velo- 
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beam), once f o r  t he  a f t  frame v e l o c i t y  data, and f i n a l l y ,  once f o r  t he  a f t  

l i n e - o f - s i g h t  data w i t h i n  t h e  neighborhood o f  each g r i d  po in t .  The f u l l  

ho r i zon ta l  wind vector  i s  synthesized only  a f t e r  t h e  two d i f f e r e n t l y  d i rec ted  

sets o f  r a d i a l  v e l o c i t y  data and two d i f f e r e n t l y  d i r e c t e d  l i n e s  o f  s i g h t  data 

had been separately i n t e r p o l a t e d  t o  the  Cartesian g r id .  

The geometric mo t i va t i on  behind t h e  s o l u t i o n  f o r  t h e  t o t a l  vector i s  

shown i n  Fig. 3.7. Solut ions may be obtained i n  a v a r i e t y  of forms, t h e  

tude on used i n  t h i s  study r e t r i e v e s  t h e  wind vector i n  terms o f  a magn 

and an azimuth "AZ" according t o  

V = -VRZ/COS(AZ-AZLOS2) = -VRl/COS(AZ-AZLOS1) 

(3.la) 

(3. lb) 

where "AZLOS1" and "AZLOS2" are t h e  fore and a f t  i n t e r p o l a t e d  1 i nes-of - s i  ght  

and ' 'VR1" and "VR2" are t h e  f o r e  and a f t  i n t e r p o l a t e d  r a d i a l  v e l o c i t i e s  v a l i d  

a t  t h e  g r i d  p o i n t  i n  question. I n  apply ing Eq. 3.lb, t he  s o l u t i o n  f o r  " V "  i s  
obtained us ing the  form having t h e  l a r g e r  cosine value i n  t h e  denominator. A 

\ -40° Figure 3.7 Construct ion o f  wind 
vector from fore and a f t  r a d i a l  
v e l o c i t i e s .  I n t e r s e c t i o n  of 
perpendiculars f rom the  t i p s  o f  t h e  
components defines the  wind vector 
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sample p l o t  o f  wind vectors thus obtained from the  raw data i s  shown i n  Fig. 

3.8, along with the  r a d i a l  v e l o c i t y  data used i n  t h e i r  c a l c u l a t i o n .  

3.5. METEOROLOGICAL INTERPRETATION 

I n  t h i s  sect ion we present the  r e s u l t s  o f  the l i d a r  data analys is  i n  t h e  

v i c i n i t y  o f  thunderstorm outf lows and around an i s o l a t e d  cumulus congestus 

c l  oud. 

3.5.1. I n t e r p r e t a t i o n  of Thunderstorm Outflow Data 

I n  runs 2 and 3 o f  t h e  l i d a r  data, t h e  ho r i zon ta l  s t r u c t u r a l  features o f  

several thunderstorm out f lows were examined. Results from run 2 were obtained 

a t  an a l t i t u d e  o f  about 720 m AGL, wh i l e  those from run 3 were obtained a t  

about 510 m AGL. 

I n  both cases l i d a r  range was var iab le,  w i t h  a minimum o f  3 km near 

dense, low clouds and a maximum of 8 km i n  other  areas. 
was noted when the  l i d a r  beam entered arcus or  scud, as i n  run 2, bu t  l ess  

at tenuat ion was observed i n  run 3 when the  outf low was free o f  low clouds. 

Strong at tenuat ion 

Run 2 was made on t h e  northeast s ide of a complex of strong storm c e l l s  

developing from Chickasha t o  E l  Reno, OK; t h e  der ived wind f i e l d  i s  shown i n  

Fig, 3.9 wh i le  t h e  contoured f i e l d s  of r e t u r n  i n t e n s i t y  and spect ra l  width are 

shown i n  Figs. 3.10 and 3.11, I n  Fig. 3.9, l i g h t  southeast winds are evident 

i n  t h e  area j u s t  east of t h e  outf low f ront ,  and strong gusty southwesterly 

winds (sometimes 20 m s-l) are seen a t  and behind the gust f r o n t .  Fig. 3.9 
shows a p o r t i o n  o f  t he  gust f ron t  which s t re tches from coordinates ( X  = -5, 
Y = -33) northwestward t o  coordinates ( X  = -28, Y = 0). 
show a "wa l l "  o f  h igh i n t e n s i t y  re tu rns  and la rge  spectra' widths near the  

wind s h i f t  l i n e  seen i n  Fig. 3.9. As the  evidence t o  be presented s h o r t l y  

w i l l  show, t h i s  "wa l l "  of h igh i n t e n s i t y  and spectral  width was most l i k e l y  

due t o  the  l i d a r  s ignal  impinging on the  arcus cloud (Fig. 3.4) which occurred 

along much o f  t he  gust f r o n t  i n  run 2. 

Figs. 3.10 and 3.11 

I n  Fig. 3.11, t he  l a r g e  spect ra l  widths associated w i t h  the arcus cloud 

appear on t h e  southwest edge of t he  data swath and should not be confused w i t h  

t h e  l i n e  of l a r g e  spect ra l  widths l y i n g  along the  a i r c r a f t  t rack  on the nor th-  

east edge o f  t he  data swath. This l i n e  i s  an a r t i f a c t  o f  width values which 

a re  reported i n  t h e  f i r s t  range b i n  of each frame, and has no meteorological 
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X-DISTANCE FROM CIM (km) 

Figure 3.8 Sample f i e l d  o f  r a d i a l  v e l o c i t y  data and synthesized wind 
vectors. Shown are the  successive a i r c r a f t  pos i t i ons  and t h e  
i n t e r p o l a t i o n  c i r c l e .  

Run 3. 
A scaled v e l o c i t y  vector i s  on t h e  u m e r  l e f t  o f  

I 

the 
f igure.  
d i rec t i ons  ind ica ted  by t h e  vector attached t o  each frame number. The 
synthesized wind vectors are those located on the  Cartesian g r i d  w i t h  250 m 
spacings. 

The r a d i a l  ve loc i t y  vectors a re  those a l igned a long’ the f o r e  and a f t  
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Figure  3.9 
dur ing run 2. 
of t h e  data swath, and t h e  i r r e g u l a r  form o f  i t s  leading edge. 

Vector p l o t  o f  l i da r -de r i ved  winds o f  storm outf low observed 
Note stronger winds along t h e  f r o n t  o f  t h e  ou t f low a t  l e f t  edge 

66 



-10 

- 
E 

5 
V 

5 
0 

IC 
Y 

- 

2 -20 
w 
V 
2 

I- 
a 
%? 
4 
>. 

-3c 
-20 -10 

X-DISTANCE FROM CIM (km) 

Figure 3.10 Contour p l o t  o f  t he  normalized r e f l e c t i v i t y  along the  f r o n t  o f  an 
advancing storm outf low. Note correspondence of h igh i n t e n s i t y  areas w i t h  t h e  
leading edge o f  the  out f low seen i n  Fig. 3.9. 
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s ign i f icance.  Such spurious pa t te rns  i n  spect ra l  width may be seen i n  t h e  

f i r s t  range b i n  i n  every data run. 
a t  c loud boundaries, might have been caused by the l a r g e  echo powers ( f rom 

ta rge ts  c lose t o  the  l i d a r  o r  from h i g h l y  r e f l e c t i v e  c loud p a r t i c l e s )  t h a t  

exceed the  dynamic range of t he  rece ive r  ( 2  54 dB f o r  t he  10 b i t  analog-to- 

d i g i t a l  conver ter )  causing the  echo s igna l  peaks t o  be cl ipped. When echo 

s ignals  are c l ipped, odd harmonics are generated t h a t  have a l t e r n a t e l y  pos i -  

t i v e  and negat ive frequencies about the  mean Doppler s h i f t  o f  t he  echo and 

these harmonics can cause the  spect ra l  widths t o  be biased toward l a rge  values 

(Dovi ak and Zrni  c '  , 1984, p. 158). 

These l a r g e  widths, as wel l  as those seen 

P a r t i c u l a r l y  noteworthy i n  Fig. 3.9 are the  vor tex pat terns which appear 

a t  i r r e g u l a r  3-7 km i n t e r v a l s  along t h e  gust f ront .  
i nd i ca ted  by c i r c l e d  "Vee's". 

(a)  t he  t i l t i n g  of vert ical-shear- induced r o l l  v o r t i c e s  i n  the near-storm 

boundary l a y e r  by the  l i f t i n g  a c t i o n  of t he  co ld  ou t f l ow  a t  t he  edge o f  t h e  

gust f r o n t ,  o r  (b)  t o  the  convergence o f  t h e  v o r t i c i t y  associated w i t h  t h e  

s t rong ho r i zon ta l  shears found along t h e  gust front. 

The best examples a re  
These pat terns could be caused e i t h e r  by 

Support f o r  t h e  former theory seems t o  be espec ia l l y  s t rong i n  the  v i c i n -  
i t y  o f  t he  vor tex located a t  ( X  = -9, Y = -24), where a surge o f  southeaster ly 

wind i s  observed t o  extend from the  a i r c r a f t ' s  p o s i t i o n  back t o  t h e  southwest 

i n t o  the  vortex, producing a s t rong impression of a ho r i zon ta l  vor tex tube 

seen i n  ho r i zon ta l  cross-sect ion as it i s  t i l t e d  upward by the  d i f f e r e n t i a l  

r i s i n g  motion j u s t  ahead o f  t he  storm outflow. Analysis of t h i s  p a r t i c u l a r  

vortex p a t t e r n  requires caut ion because spurious pat terns can be produced by 

erroneous v e l o c i t y  data. Furthermore, no d e f i n i t e  c loud p a t t e r n  f e a t u r i n g  a 

vortex i n  t h e  arcus cloud could be seen i n  photographs (e.g., Fig. 3.4) taken 

a t  t h e  t ime the  l i d a r  data were co l lected.  

associated w i t h  notches o r  concavi t ies seen both i n  the  photographs (e.g., 
F ig .  3.4) and i n  the  r e f l e c t i v i t y  pat terns and thus appear t o  be genuine 

despi te  t h e  r e l a t i v e l y  weak ho r i zon ta l  winds i n  t h e  warm a i r  ahead o f  t he  gust 

f r o n t  . 

The other  vo r t i ces  appear t o  be 

Although l i d a r  data were not c o l l e c t e d  a t  more than one l e v e l  along t h i s  

out f low ( thus prec lud ing a d e t a i l e d  three-dimensional diagnosis o f  the v e r t i -  
c a l  shear d i s t r i b u t i o n  i n  t h e  near-storm boundary l a y e r ) ,  surface data .from a 

NSSL mesonet s t a t i o n  a t  T u t t l e  South (TTS) near ly  under the  a i r c r a f t  f l i g h t  

t r a c k  were a v a i l a b l e  f o r  comparison w i t h  t h e  l i d a r - d e r i v e d  wind. Because t h e  
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a i r c r a f t  apparently was c loses t  t o  TTS ( w i t h i n  1 km) a t  201955 GMT (141955 

CST), t h e  v e r t i c a l  shear a t  one p o i n t  (TTS) could be estimated q u i t e  accu- 

r a t e l y  by f i n d i n g  t h e  d i f f e r e n c e  between wind vectors obtained by t h e  l i d a r  
and t h e  surface s t a t i o n  and d i v i d i n g  by a i r c r a f t  a l t i t u d e .  

l i d a r  data from b i n  2 o f  frames 81 and 82 o f  t h e  l i d a r  data gave a wind o f  

4.3 m s - l  from 135" a t  t he  TTS l o c a t i o n  a t  201955 GMT, wh i l e  t h e  surface s t a -  
t i o n  gave a 60-s average wind o f  1.9 m s - l  from 134" a t  202000 GMT. 

a i r c r a f t  a l t i t u d e  est imate o f  722 m from the  CV99O's down-looking radar and 

i g n o r i n g  t h e  t i n y  d i f f e rence  i n  wind azimuths, we ob ta in  a v e r t i c a l  shear o f  

Synthesis o f  t h e  

Using t h e  

3.3 10-3s-L 

Thus, even though t h e  winds were very l i g h t ,  t he re  was v e r t i c a l  shear 

d i r e c t e d  t o  t he  northwest i n  the immediate v i c i n i t y  o f  t he  gust f r o n t  t h a t  

could have been t i l t e d  onto t h e  v e r t i c a l  t o  produce t h e  v o r t i c i t y  pa t te rns  

seen i n  the  run 2 data. T o  see whether the  actual  measured v o r t i c i t i e s  could 

be produced d i r e c t l y  by t h e  t i l t i n g  mechanism, we examine the  i n v i s c i d  

v o r t  i c i t y  equation i n  he i  ght coordi  nates : 

where: 5 = v e r t i c a l  v o r t i c i t y  

f = p lanetary  v o r t i c i t y  

6 = ho r i zon ta l  divergence 

t, = ho r i zon ta l  wind vector 

= t o t a l  three-dimensional wind vector 

W = v e r t i c a l  wind component 

a = s p e c i f i c  volume 

P = pressure 
k = u n i t  vector along Z-coordinate 
A 

I f  we neglect  the small terms i n v o l v i n g  advection of p lanetary v o r t i c i t y  and 

ho r i zon ta l  pressure-density solenoidal  e f f e c t s ,  Eq. 3.2 may be r e w r i t t e n  i n  
terms o f  t he  r a t e  o f  change of parcel v e r t i c a l  v o r t i c i t y  f o l l o w i n g  t h e  motion 

as fo l l ows :  
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where t h e  f i r s t  term on t h e  r i g h t  represents convergence o f  p r e - e x i s t i n g  and 

p lanetary  v o r t i c i t y  and t h e  second represents t i l t i n g  o f  p r e - e x i s t i n g  v e r t i c a l  
shear. Assuming t h a t  v e r t i c a l  v o r t i c i t y  i s  i n i t i a l l y  n e g l i g i b l e ,  and us ing 

observed convergence ra tes  o f  10-2s-1 and v e r t i c a l  shears o f  along t h e  

gust f r o n t  and an estimated gradient  of r i s i n g  motion o f  10 m s-l across 10 

km, o r  

assuming v o r t i c i t y ,  v e r t i c a l  shear and gradients o f  r i s i n g  motion are roughly 

independent quan t i t i es ,  it would take about lo4 s t o  produce the  observed vor-  
t i c i t i e s  o f  lO-*s-', t h i s  t ime, which i s  approximately 3 hours, i s  too long t o  

account f o r  t he  observed v o r t i c i t y  development, which probably occurred i n  

l e s s  than an hour. 

we f i n d  a v o r t i c i t y  product ion r a t e  o f  about 10-6s-2. Now 

However, we note from Eq. 3.3 tha t  once v o r t i c i t y  reaches about 10-4s-1, 

Considering t i l t i n g  only,  a v o r t i c i t y  of 10-4~-1 could be generated i n  

i t  no longer can be neglected as a fac to r  i n  t h e  t o t a l  v o r t i c i t y  product ion 

rate.  
on ly  100 s (about 2 min). Once such a v o r t i c i t y  ex i s t s ,  it w i l l  ampl i fy  expo- 

n e n t i a l  l y  i n  t h e  presence of t he  strong convergence observed. 

by a f a c t o r  o f  100 gives the required observed v o r t i c i t y ;  t h i s  can be achieved 
i n  an a d d i t i o n a l  t ime "Ti' given by t h e  na tu ra l  l oga r i t hm o f  100 d i v ided  by the  

observed convergence of 10-2s-1, o r  i n  only a t ime T = 460 s. 
c lude t h a t  i n  the  v i c i n i t y  o f  t he  gust f r o n t  observed i n  t h i s  storm, t o t a l  

v o r t i c i t i e s  o f  about 10-2s-1 could be produced i n  about 560 s ,  or  l e s s  than 10 

min, due t o  t i l t i n g  o f  i n i t i a l l y  hor izonta l  v o r t i c i t y  and subsequent 

s t r e t c h i n g  by t h e  strong f r o n t a l  convergence f i e 1  d. 

Amp1 i f i c a t i o n  

Thus, we con- 

I n  t h e  preceding argument we have based our ca l cu la t i ons  on p r e - e x i s t i n g  

v e r t i c a l  shears estimated from surface data and l i d a r  data a t  an a l t i t u d e  

above 700 m AGL. 

v o r t i c e s  may be the  r e s u l t  of t i l t i n g  o f  t h e  much l a r g e r  v e r t i c a l  shears found 

very near t h e  surface. Assuming such mechanisms t o  be a c t i n g  on our data, i t  

i s  q u i t e  l i k e l y  t h a t  t i l t i n g  alone could exp la in  the  bulk of the v o r t i c i t y  

observed . 

Simpson (1982) has argued t h a t  t he  evo lu t i on  o f  some rneso- 

If these vo r t i ces  were indeed caused by t h e  t i l t i n g  o f  ho r i zon ta l  boun- 
dary l a y e r  vortex tubes by the  l i f t i n g  a c t i o n  o f  t h e  outf low, then i t  i s  

important t o  note t h a t  t he  r e l a t i o n s  between t h e  boundary l a y e r  shear vector 

and t h e  o r i e n t a t i o n  o f  t h e  l i f t i n g  surface were almost i dea l :  t he  l o c a l  shear 

vector was or iented from an azimuth of 135", w h i l e  the out f low was moving w i t h  
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a vector almost perpendicular t o  t h e  shear, p rov id ing  maximum v o r t i c i t y  pro- 
duct ion a l l  along t h e  length o f  t h e  f r o n t .  

Vor t ices q u a l i t a t i v e l y  s i m i l a r  i n  appearance t o  those observed here have 

been observed by Carbone (1982, 1983) along an in tense winter - t ime co ld  f r o n t  

i n  C a l i f o r n i a .  

h igher  (e.g., storm motions of 28 m S-'), and t h e  storm i n f l o w  was charac- 

t e r i z e d  by a s t rong j e t  p a r a l l e l  t o  the  f ront .  This j e t  was most intense a t  
an a l t i t u d e  o f  600 m AGL, and was hypothesized t o  be a storm-induced i n f l o w  

feature. 

I n  Carbone's data, peak v o r t i c i t i e s  and divergences were simi-  
l a r  t o  those observed here, about 10- 2 1  s- , but o v e r a l l  wind speeds were much 

The v o r t i c e s  observed by Carbone apparently had t y p i c a l  scales o f  about 

13 km, somewhat l a r g e r  than t h e  3-7 km observed here. Carbone a t t r i b u t e d  t h e  

v o r t i c e s  t o  Helmholtz i n s t a b i l i t i e s  i n  the  regions of s t rong ho r i zon ta l  shear 

along t h e  front.  Ba rc i l on  and Drazin (1972) conclude, us ing standard l i n e a r  
s t a b i l i t y  analys is  techniques, t h a t  shear zones which can be modeled as v e r t i -  

cal  vor tex sheets are always unstable i n  t h e  presence o f  superadiabat ic lapse 

rates.  Evidence f o r  the presence o f  superadiabatic lapse ra tes  near t h e  out -  

f low shown i n  these data i s  described below. Thus, i t  i s  poss ib le  t h a t  

Helmholtz i n s t a b i l i t i e s  may have been responsible fo r  t h e  development o f  t he  

v o r t i c a l  c i r c u l a t i o n s  observed i n  t h e  l i d a r  data discussed here. Vort ices 

resembling Carbone's and those observed here have a lso been obtained along 

ou t f l ow  shear zones i n  numerical s imulat ions o f  convect ive clouds (Rotunno, 

1984, p r i v a t e  communication). 

It i s  espec ia l l y  important t o  note t h a t  the v o r t i c e s  observed here are 

s t rong enough t o  appear i n  t h e  p l o t s  o f  t o t a l  measured wind vectors, r a t h e r  

than merely i n  t h e  p l o t s  o f  pe r tu rba t i on  vectors. The l i n g e r i n g  presence o f  

systematic e r r o r s  i n  the  l i d a r  measurements was seen i n  places i n  the  p e r t u r -  
b a t i o n  wind f i e l d s  and i n  contour p l o t s  of c e r t a i n  k inemat ical  q u a n t i t i e s  

i n f e r r e d  from t h e  l i d a r  winds. One important conclusion t o  be made from t h i s  

study i s  t h a t  w h i l e  the  winds der ived from the  l i d a r  measurements are only  
subject  t o  r e l a t i v e l y  minor e r ro rs  (usua l l y  about 1 m s-l), these e r r o r s  are 

l a r g e  enough t o  render suspicious many of t h e  features seen i n  t h e  perturba- 

t i o n  wind f i e l d s .  

Unfor tunate ly ,  it was not poss ib le  t o  conf i rm the  presence o f  these vor- 

t i c a l  pa t te rns  by an independent observat ion from Doppler radar due t o  the  

en t r y  o f  t h e  gust f r o n t  i n t o  the  reg ion of ground c l u t t e r  by the t ime the  C I M  

J 
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Doppler radar was turned on. 

t he  ground c l u t t e r  appeared noisy and were apparent ly subject  t o  s idelobe con- 
taminat ion from storm r e f l e c t i v i t y  i n  adjacent beam rad ia l s ,  

s t reng th  o f  t h e  winds i n  t h e  outflow, about 20 m s-l  i n  spots, was observed t o  

be s i m i l a r  t o  t h e  C I M  r a d i a l  v e l o c i t i e s  reported i n  t h e  core of t h e  storm some 

10 km southwest. As mentioned e a r l i e r ,  such v e l o c i t i e s  would probably be good 

estimates o f  t he  wind due t o  the  approximate alignment of t he  mean winds i n  

the ou t f l ow  l a y e r  toward CIM. 

D e t a i l s  o f  t he  gust f r o n t  which l a y  ou ts ide  o f  

However, t h e  

Fur ther  conf i rmat ion of t he  s t reny th  of t h e  outf low came when the  f r o n t  

a r r i v e d  a t  TTS, 
202230 GMT (142230 CST), w i t h  winds veer ing t o  southwest and increas ing t o  

maximum values o f  12.5 m 5-l immediately a f t e r  gust f r o n t  passage. The 

surface winds a t  TTS a t  t h e  t ime of gust f r o n t  passage i s  shown i n  F ig .  3.12, 
along w i t h  other  major meteorological  parameters recorded. This f i gu re ,  

designed t o  dep ic t  t he  t ime se r ies  of TTS data i n  a space cross-sect ion which 

might be seen across the  outf low look ing north-northwest, reveals not on ly  a 
veer ing and surging of t he  wind associated w i t h  it, bu t  a lso shows a sharp 9°C 

drop i n  temperature and a 1°C drop i n  a dew p o i n t  behind the  outflow. 
ever, t h i s  temperature dec l i ne  was ev iden t l y  not d i r e c t l y  associated w i t h  the  

onset o f  heavy r a i n  which was delayed by about 14 minutes w i t h  respect t o  t h e  

t i m e  o f  passage o f  t he  gust f ront .  
i n t e n s i t i e s  o f  120 m / h r  b r i e f l y ,  was a l s o  ev iden t l y  accompanied by a second 
surge o f  s t rong wind, w i t h  a peak gust of 18.3 m 

southwest. This l a g  between the  f i r s t  wind surge and the  onset o f  heavy r a i n  

provides s t rong  evidence t h a t  t h e  " w a l l "  of h igh i n t e n s i t y  re turns seen by the  
l i d a r  i n  t h e  v i c i n i t y  o f  t h e  gust f r o n t  was associated only  w i th  the  arcus 

c loud and not  w i t h  heavy p r e c i p i t a t i o n .  

This s t a t i o n  reported passage o f  t h e  gust f r o n t  a t  about 

How- 

The onset of heavy ra in ,  which reached 

f r o m  t h e  west- 

Add i t i ona l  i n fo rma t ion  about the  s t r u c t u r e  of t h i s  out f low may be gleaned 

from the  data using appropr iate assumptions about f r o n t a l  motion. 

speed o f  propagation of t h e  f r o n t  i s  taken, fo l lowing Goff (1975), t o  be about 

0.67 t imes t h e  peak surface gust value a t  t h e  leading edge, then it i s  pos- 

s i b l e  t o  deduce a f r o n t a l  propagation speed o f  about 0.67*12.5 = 8.3 m s-l. 
Using t h e  speed and the observed delay (about 150 s )  between 2020 GMT and t h e  

t ime o f  f r o n t a l  passage a t  TTS, i t  appears t h a t  the surface f ron t  was roughly 

150*8.3 = 1250 m west-southwest of TTS a t  2020 GMT. The l i d a r  raw data taken 

from forward frame 82 a t  201955 GMT i n d i c a t e  t h e  f r o n t a l  p o s i t i o n  a t  722 m 
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Figure 3.12 P l o t  o f  meteorological observations a t  TTS ( T u t t l e  South), 2000- 
2100 GMT, 30 June 1981. 
a f t e r  t he  CV 99 over f l i g h t )  and delayed onset o f  heavy rain.  
labeled 20 rn s-? scales t h e  wind vectors; t he  bo ld  arrows are 60 sec. averaged 
winds whereas the t h i n  superimposed arrows are t h e  peak winds i n  each 60 sec, 
period. 

Note passage o f  t he  ou t f l ow  a t  2023 GMT ( t h ree  min 
The vector 

Wind d i r e c t i o n  i s  referenced t o  North which i s  toward the  page top. 



a l t i t u d e  t o  be i n  r e s o l u t i o n  volume 12, a t  a distance of 192 + 11*320 = 

3712 m. 
with respect t o  t h e  f ron t ,  it i s  s t i l l  reasonable t o  conclude t h a t  t h e  f r o n t  

sloped back t o  t h e  west-southwest a t  a slope o f  about 722/(3200-1250) = 

0.37. 
i t s  leading edge, we can a t  l e a s t  deduce t h a t  much o f  t he  l i d a r  data c o l l e c t e d  

i n  run 2 was c o l l e c t e d  j u s t  above t h e  leading several km of a s lop ing  storm 

out f low airmass. Unfortunately,  t he  r e l a t i v e  p o s i t i o n s  o f  t h e  surface f r o n t  

and t h e  l i d a r  observed f r o n t  cannot be given along t h e  e n t i r e  length o f  t h e  

f r o n t  because t h e  appropr iate surface data were not  avai lab le.  

Even i f  we account f o r  as much as 1 km e r r o r  i n  a i r c r a f t  p o s i t i o n  

While t h e  f ron t  almost sure ly  d i d  not maintain a simple wedge shape a t  

Comparison o f  surface temperature data w i t h  temperature data taken by t h e  

a i r c r a f t  reveals t h e  1 i k e l y  presence of a s l i g h t l y  superadi aba t i c  1 apse r a t e  
of 10.6OC per  km o f  a l t i t u d e  a t  TTS l o c a t i o n  a t  2020 GMT, j u s t  two and one- 

h a l f  minutes before the a r r i v a l  o f  t he  outf low. 

Addi t ional  out f low data were taken dur ing run 3 along the  northern edge 

o f  t he  storms. P lo ts  o f  t he  der ived winds are shown i n  Fig. 3.13. Note the  
presence o f  wavelike pat terns i n  t h e  wind f i e l d  i n t e n s i t y  and a lso t h e  sinuous 

shape o f  t h e  leading edge of t h e  outf low as observed e a r l i e r  along run 2. 
These features may be manifestat ions of t he  c e l l u l a r  character o f  t he  convec- 

t i o n  or  may be r e l a t e d  t o  the  v o r t i c a l  per turbat ions seen f u r t h e r  southeast i n  

run 2. Indeed the re  appears t o  be some c o n t i n u i t y  t o  t h e  form o f  t h e  out f lows 

i n  the  northeast corner (beginning) o f  run 3 and t h e  northwest corner (ending) 

o f  run 2, both showing strong souther ly  o r  south-southwesterly f l ow  a t  about 

20 ms-l. However, a t  l e a s t  some o f  the  per turbat ions observed dur ing run 3, 
espec ia l l y  those behind the  leading edge o f  t he  outf low, are probably a r t i -  

f a c t s  o f  l i d a r  and INS system instrumental  o r  coord inat ion e r r o r s  which were 

no t  completely o r  adequately handled by t h e  f i l t e r i n g  methods employed i n  

these analyses. 

i n  v e l o c i t y  located j u s t  southwest o f  t he  gust f r o n t  by a distance o f  about 
3 km and o r ien ted  northwest-southeast. 

espec ia l l y  b l a t a n t  case o f  t he  l i d a r  system e r r o r  mentioned e a r l i e r ,  because 

i t  i s  seen t o  a l i g n  i t s e l f  q u i t e  c lose ly  w i t h  the d i r e c t i o n  o f  a f t - p o i n t i n g  

l i d a r  l i n e s  o f  s i g h t  i n  run 3. This p a r t i c u l a r  l i d a r  e r r o r  may be associated 

w i t h  t h e  "shock" experienced by the  a i r c r a f t  when it a c t u a l l y  penetrated a 
p o r t i o n  o f  the gust f r o n t  a t  coordinates ( X  = -36, Y = 4). I N S  measured wind 

and d r i f t  angle data from t h i s  run conf i rm t h e  impact t h e  gusty outf low had on 

A feature o f  s ign i f i cance  seen i n  Fig. 3.13 i s  t h e  sharply def ined change 

This i s  ev iden t l y  caused by an 
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t h e  a i r c r a f t :  
tude, and d r i f t  angles changed by more than 2" between successive l i d a r  frames 

dur ing the  gust f ron t  penetrat ion.  P lo ts  of aircraft-measured temperature and 
a l t i t u d e  are a l so  provided (Fig. 3.13) t o  demonstrate t h e  penetrat ion o f  t h e  

out f low by t h e  a i r c r a f t  and t o  suggest t h a t  t h e  temperature changes measured 

INS measured winds f l uc tua ted  by as much as 6 m*s'l i n  magni- 

a t  t h e  a i r c r a f t  were l i k e l y  t o  be due t o  
change it experienced. 

C lea r l y  t h e  r e s u l t s  obtained by t h e  

being bu f fe ted  s t rong ly  must be viewed w 
t h e  l a r g e r  wind s h i f t s  seen southwest o f  

probably erroneous. Only the  l i d a r  data 

more than j u s t  t he  s l i g h t  a l t  tude 

l i d a r  dur ing the  pe r iod  wh i l e  it was 

t h  extreme skepticism. Thus, some o f  

t h e  gust f r o n t ' s  leading edge are 

c o l l e c t e d  p r i o r  t o  penetrat ion o f  
thegust f r o n t  seem f u l l y  cred ib le ;  f o r t u n a t e l y  the  o r i e n t a t i o n  o f  t h e  f r o n t  

was such t h a t  a r e l a t i v e l y  good view o f  t he  f r o n t a l  wind s t r u c t u r e  was 

obtained w h i l e  t h e  a i r c r a f t  was s t i l l  i n  smooth a i r .  

Fig. 3-14 shows the  f i e l d  o f  r e f l e c t i v i t y .  The only  s i g n i f i c a n t  features 

i n  the  i n t e n s i t y  f i e l d  are noted near and j u s t  south of t h e  out f low's  leading 

edge. This small band o f  h igh i n t e n s i t y  re tu rns  may be due t o  p r e c i p i t a t i o n  
o r  t o  scud f i laments which were observed along t h i s  p o r t i o n  of t h e  storm 

(e.g., Fig. 3.5) .  No organized arcus cloud was observed dur ing run 3. 

I n  Fig, 3.15 t h e  spect ra l  width i s  seen t o  have a wel l  def ined maximum a t  

coordinates ( X  = -32, Y = 4 ) ,  which correspond c l o s e l y  t o  the  p o s i t i o n  o f  a 

p o r t i o n  o f  t he  leading edge o f  t he  out f low where it i s  s t rong ly  curved and 
apparently character ized by convergence and cyc lon i c  v o r t i c i t y .  

i n  Fig. 3.15 are t h e  noisy widths, whose o r i g i n s  were explained e a r l i e r ,  i n  

the nearest range b i n  t o  the  a i r c r a f t .  

Also evident 

Based on the  observations made i n  run 3 and conf i rmat ion from s i m i l a r  

studies o f  t h e  r e s u l t s  from other  runs, it i s  poss ib le  t o  make several general 

statements about the  systematic e r r o r s  found i n  the l i d a r  data and t h e i r  

impact on t h e  r e s u l t s  o f  t h i s  study. F i r s t ,  wind s h i f t s  which show a p r e f e r -  

e n t i a l  o r i e n t a t i o n  along e i t h e r  t h e  fore o r  a f t  l i d a r  l i n e s - o f - s i g h t  - i n  run 

3 ( e i t h e r  170" and 130') must be considered suspect. 

t h e  i n t e n s i t y  o f  the system e r r o r s  seem t o  be q u i t e  s e n s i t i v e  t o  t h e  r e l a t i v e  
motion o f  t he  a i r c r a f t  and the  ambient wind, w i t h  t h e  worst e r ro rs  noted when 

t h e  a i r c r a f t  was subject  t o  a crosswind. Third, k inemat ical  parameters, such 

as divergence, v o r t i c i t y ,  and s t r e t c h i n g  and shearing deformation, are q u i t e  
s e n s i t i v e  t o  the  presence of these errors.  

Second, the  presence and 
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Figure 3.14 Contour p l o t  o f  normalized r e f l e c t i v i t y  observed dur ing run 3. 
Note r e l a t i v e  lack o f  s t rong i n t e n s i t y  areas near the gust f ront ,  due t o  t h e  
absence of t he  arcus cloud formation. 
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Figure 3.15 Contour p l o t  o f  spect ra l  widths ( turbulence) observed dur ing 
run 3. 
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3.5.2. I n t e r p r e t a t i o n  o f  Data a t  t he  Edge o f  an I s o l a t e d  Cumulus Congestus 

During runs 5 through 12, l i d a r  observations were made o f  an i s o l a t e d  

cumulus congestus near Elmore City (ELC), OK (Fig. 3.2). Observations were 
made a t  1100 m AGL and a t  2300 m AGL, the  former being c lose t o  c loud base and 

t h e  l a t t e r  wel l  above cloud base. F ie lds  o f  v e l o c i t y  vectors, r e f l e c t i v i t y ,  

and spect ra l  width were generated using an advection vector given by the mean 
o f  t he  fou r  run-averaged wind vectors used i n  each Circumnavigation. 

t he  advection vector f o r  t he  lower l e v e l  was not  t he  same as t h a t  used f o r  t h e  

upper leve l .  
than 350 s, but  were as much as 750 s between levels ,  render ing the use o f  one 

common advection vector and o b j e c t i v e  analys is  t ime inappropr ia te i n  view o f  

t h e  obvious convective growth which was t a k i n g  place i n  t h e  region o f  
i nterest .  

Thus, 

Time d i f ferences between observations a t  each l e v e l  were less 

The l i d a r  range was about 6-8 km dur ing t h e  lower a l t i t u d e  passes and 

increased t o  more than 12 km dur ing the  h igher  a l t i t u d e  passes. 

i n  range was, o f  course, probably a t t r i b u t a b l e  t o  t h e  decrease i n  ambient 

water vapor w i t h  a l t i t u d e .  

This increase 

Figs. 3.16 and 3.17 show the l i d a r - d e r i v e d  wind vectors computed by com- 

b i n i n g  forward and a f t  l i d a r  data from w i t h i n  s i n g l e  runs only, one run a t  a 

t ime f o r  a l t i t u d e s  o f  1.1 and 2.3 km respect ive ly .  However, f o r  small scale 
circumnavigation studies such as those i n v o l v i n g  runs 5-8 and 9-12, f u r t h e r  

in format ion about t h e  wind f i e l d ,  espec ia l l y  i n  t h e  corner regions not wel l  

covered i n  t h e  standard analys is  (i.e., combining fore and a f t  data only i n  

each run), can be obtained by combining l i d a r  data from p a i r s  o f  d i f f e r e n t  bu t  

adjacent runs. I n  such analyses, f o r  instance, wind vectors were computed 

us ing  l i d a r  data from forward frames i n  run 5 and a f t  frames i n  run 6, s i m i l a r  

analyses were made f o r  forward and a f t  data from runs 6 and 7, 7 and 8, and 8 
and 5 respec t i ve l y  (Fig. 3.18) . 

It should be noted t h a t  several forward and a f t  frames were deleted a t  

the beginning o f  run 11 ( a t  about X = 29, Y = -77) due t o  excessive r o l l  by 
t h e  a i r c r a f t .  

an i nve r ted  "V" (Fig. 3.17). 

These delet ions have produced a gap i n  t h e  analys is  shaped l i k e  

Note t h a t  i n  p l o t s  3.16, 3.17 and 3.18 t h e  superimposit ion o f  vectors 

computed from t h e  var ious combinations of runs of fered an oppor tun i ty  t o  
examine t h e  l i d a r  analyses fo r  consistency and t ime con t inu i t y .  

agreement o f  vectors i n  areas o f  over lap between data c o l l e c t e d  i n  t h e  f o u r  

I n  Fig. 3.16, 
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Figure 3.16 Vector p l o t  of l i dar -der ived  winds observed dur ing runs 5-8 (each 
run taken s ing ly ) .  The data were taken j u s t  below and around a towering 
cumulus a t  1130 m AGL. 
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Figure 3.17 
(each run taken s ing ly ) .  
2290 m AGL. 
on Fig. 3.21. 

Vector p l o t  o f  l i da r -de r i ved  winds observed dur ing  runs 9-12 

The dashed l i n e  i s  t h e  o u t l i n e  of h igh  r e f l e c t i v i t y  regions shown 
The data were taken a t  mid- levels a t  an a l t i t u d e  of 
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runs i s  var iab le,  bu t  consider the  fac t  t h a t  t h e  f low under examination i s  a t  

t he  base o f  an a c t i v e  towering cumulus and t h a t  t he  t ime d i f f e rence  between 

observations used t o  const ruct  t h e  wind vector i s  as l a r g e  as 90 s. Vector 

agreement ranges from near c o l l i n e a r i t y  a t  coordinates (X = 27, Y = -88) t o  

40" azimuth discrepancy a t  (X = 27, Y = -92). 

l i g h t e d  i n  Fig. 3.19, which shows t h e  pe r tu rba t i on  vectors ca l cu la ted  r e l a t i v e  

t o  t h e  assumed advection vector (see V A "  and "VA" i n  t h e  p l o t  l a b e l )  used for  

runs 5-8. The reasons f o r  t h i s  and other disagreements are not known, bu t  t h e  

actual  t ime evo lu t i on  of the features may be responsible. Another p o s s i b i l i t y  

i s  systematic instrument e r r o r  i n  t h e  l i d a r  system, which as we have seen, 
hasthe c a p a b i l i t y  t o  i n t e r f e r e  s i g n i f i c a n t l y  w i t h  the proper r e t r i e v a l  o f  t he  

pe r tu rba t i on  w i  nd f i e ld .  

These d i f ferences are high- 

Accurate estimates o f  cloud-scale deformation, divergence, and v o r t i c i t y  

can be made w i t h  an accuracy b e t t e r  than 
v e l o c i t i e s  are obtained t o  w i t h i n  0.25 m s-l accuracy. 

sions, and presumably e r ro rs  i n  d r i f t  angle measurements were on the order o f  
0.2O, leading t o  unce r ta in t i es  o f  about 0.5 m s-l i n  t he  r e t r i e v e d  wind data; 

f o r  l a r g e r  d r i f t  angle er rors ,  l a r g e  e r ro rs  i n  r e t r i e v e d  winds are unavoid- 

able. 
from the l i d a r  data tend t o  be dominated by t h e  presence o f  these systematic 

er rors .  

on a 250 m g r id  only i f  t h e  
For these data, excur- 

Hence, many o f  t he  computed f i e l d s  of divergence and v o r t i c i t y  obtained 

Despite t h e  d i f ferences i n  t ime and a l t i t u d e ,  t he  two circumnavigations 

reveal t h e  presence o f  several cloud-scale zones of convergence. Although 

t h e r e  was considerable v a r i a t i o n  i n  t h e  l o c a l  p a t t e r n  (Figs. 3.19 and 3.20), 

t he  general character o f  t he  environment near the  towering cumulus was seen t o  
be one o f  convergence a t  both leve ls .  This would tend t o  conf i rm the  observa- 

t i o n s  o f  Byers and Braham (1949), who found convergence i n  a c t i v e  thunder- 
storms o f t e n  extended upward from above t h e  low-level  out f low up t o  beyond the  

mid-troposphere. This represents a s u b s t a n t i a l l y  d i f f e r e n t  type o f  cumulus 
c loud than t h a t  observed by Raymond and Wilkening (1982) i n  the New Mexico 

mountains, who found convergence below cloud base and divergence above i t  up 

t o  a t  l e a s t  6 km above mean sea l e v e l  and i n f e r r e d  t h e  presence of s t rong 
cloud-top mixing as the dominant entrainment mechanism a t  work. 

noted t h a t  although our data show considerable evidence i n  support o f  t he  

presence o f  1 a t e r a l  entrainment, t h e  add i t i ona l  presence of c l  oud-top en t ra in -  

ment cannot be r u l e d  out. 

It should be 
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This p a r t i c u l a r  towering cumulus c loud f a i l e d  t o  grow i n t o  an a c t i v e  
thunderstorm; tops o f  t he  c loud were observed t o  tilt toward the east and 

southeast before reaching a l e v e l  where an a n v i l  could be produced o r  s i g n i f i -  

cant p r e c i p i t a t i o n  generated. Such behavior i s  i ncons is ten t  w i t h  the  observed 

wind hodographs taken a t  OKC and T I K  e a r l i e r  i n  the  day, which showed weak 

winds and weak shear a t  a l l  leve ls .  Entrainment, which q u i t e  l i k e l y  p r e v a i l e d  

a t  cloud edge based on t h e  p r e v a i l i n g  convergence observed a t  both l e v e l s  

examined, sure ly  played a r o l e  i n  reducing the  buoyancy o f  the updraf ts.  

The approximate l o c a t i o n  of the edge o f  the cumulus may be deduced from’ 

an inspect ion o f  Fig. 3.21 which shows the  p a t t e r n  o f  r e f l e c t i v i t y  from 
t h e l i d a r  data taken dur ing runs 9-12. 

compared with t h a t  shown on Fig. 3.22 which i s  f o r  data below cloud base and 

which does not show any high r e f l e c t i v i t y  boundaries. Although some data 

voids are present i n  Fig. 3.21, the edge o f  t he  c loud may be estimated t o  

fo l l ow  t h e  dashed l i n e  which encloses a l l  t h e  anomalously h igh i n t e n s i t i e s .  

A t  t h i s  p o i n t  i t  may be worthwhile comparing Fig. 3.21 w i t h  the  photo o f  t h e  
c loud shown on Fig. 3.6, taken dur ing run 7. Both f i gu res  show t h a t  t he  c loud 

i s  ragged, suggesting t h a t  the c loud i s  being eroded, probably by the  en t ra in -  
ment o f  d r i e r  a i r  above t h e  mixed layer. This entrainment i s  cons is tent  w i t h  

t h e  general p a t t e r n  o f  convergence observed (Figs. 3.13 and 3.14). Also 

important i s  t h e  f a c t  t ha t ,  from comparison o f  Figs. 3.16 and 3.17, t h e  velo- 

c i t i e s  a t  t h e  higher a l t i t u d e  are s l i g h t l y  smaller than those a t  t h e  lower 

a l t i t u d e  and suggest veer ing w i t h  height. Thus t h e  shear vector averaged over 
t h e  area was from the  northeast, which may account f o r  t he  northeast alignment 

of the cloud. 

This p a t t e r n  of r e f l e c t i v i t y  should be 

Questions s t i l l  remain as t o  why t h e  l a r g e r  thunderstorms were not sub- 

j e c t  t o  t h e  unfavorable mechanisms which prevented the  observed cumulus c loud 
from growing i n t o  a thunderstorm. 

t a l  boundary, it seems hard t o  support t he  view t h a t  40 km o f  distance from 

such a weak boundary could make such a l a rge  d i f f e rence  i n  the  fa te  o f  t he  

convective elements. 
F t .  S i  11 , i n  southwestern Oklahoma, from experiencing a heavy thundershower 

ea r l y  on t h e  afternoon o f  30 June. 
radar, i nc lud ing  more t ime c o n t i n u i t y  studies, along w i t h  temperature and 

pressure measurements and numerical s imulat ion studies o f  convective clouds i n  

speci f ied environments w i l l  be needed t o  resolve t h e  questions r e l a t e d  t o  t h e  

success o r  f a i l u r e  o f  i n d i v i d u a l  cumulus clouds t o  mature i n t o  thunderstorms, 

Although they were c lose r  t o  t h e  main f ron-  

Such increased distances from t h e  f ron t  d i d  not prevent 

Further observations w i t h  both l i d a r  and 
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Figure 3.21 
strong r e f l e c t i v i t y  gradients a t  c loud edges (dashed l i n e ) .  

Contour p l o t  of normalized r e f l e c t i v i t y  a t  2290 m AGL. Note 
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Figure  3.22 Contour p l o t  o f  normalized r e f l e c t i v i t y  1129 rn AGL. 
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and t o  resol  ve t h e  quest i  ons regardi  ng t h e  e v o l u t i o n  of o rd ina ry  thunderstorn 

i n t o  severe thunderstorms. 

3.6. CONCLUSIONS AND RECOMMENDATIONS 

By t h e  use of a i rborne Doppler l i d a r  it has been shown t h a t  s i g n i f i c a n t  

in format ion not r e a d i l y  a v a i l a b l e  from any o the r  source can be obtained about 
t h e  f l ow  f i e l d  i n  the  storm environment. D e t a i l s  of t h e  low- level  out f low 

were mapped f o r  a l a r g e  m u l t i c e l l  thunderstorm system which occurred i n  Okla- 

homa on 30 June 1981. I n  addi t ion,  ambient wind f low a t  c loud base and a l o f t  

was s tud ied f o r  an i s o l a t e d  cumulus congestus which occurred t h a t  same day. 

I n  t h e  case o f  t he  ou t f l ow  study, waves and v o r t i c e s  were noted along t h  

leading edge o f  t h e  flow, espec ia l l y  where t h e  outf low a i r  propagated perpen- 

d i c u l a r  t o  t h e  ambient low- level  shear vector. The v o r t i c e s  appeared t o  be 

due t o  t i l t i n g  o f  v e r t i c a l  -shear-related ho r i zon ta l  vor tex sheets by the  d i f -  

f e r e n t i a l  r i s i n g  motions ahead of the outf low, t o  convergence of ho r i zon ta l  

shear a t  t he  f r o n t a l  boundary, and poss ib ly  t o  Helmholtz i n s t a b i l i t y  o f  t h e  

sheared i n t e r f a c e  between t h e  warm a i r  and t h e  cool out f low. 

The f lows around the  cumulus congestus were genera l ly  character ized by 
cloud-scale convergence a t  c loud base and a t  mid- levels,  w i t h  a number o f  con 

f luence l i n e s  outs ide t h e  cloud and divergent f low pa t te rns  o f  a v a r i e t y  o f  

scales a t  both leve ls ,  Flows a t  mid l e v e l s  near the  c loud edge appeared t o  bl 

a r e f l e c t i o n  o f  the expansion o r  con t rac t i on  o f  a c t i v e  c loud t u r r e t s .  

An intercomparison w i t h  s i n g l e  Doppler radar was attempted f o r  t h a t  por-  
t i o n  o f  t h e  l i d a r  data most s u i t a b l e  f o r  such a study, but no is iness and poor 

r e s o l u t i o n  i n  the  radar data prevented any d e f i n i t e  conclusions from being 

drawn other  than t h a t  t h e  instruments agreed t o  wi th in  1 r n - ~ ' ~  on the  average 

vel o c i  t i es r e t  r i  eved. 

Most o f  the meteorological data f i e l d s  produced by t h e  Doppler l i d a r  mea 

surements seemed consis tent  and bel ievable,  but  there remained evidence, even 

a f t e r  i n tens i ve  data ed i t ing,  o f  some systematic e r r o r s  i n  t h e  data. These 
e r r o r s  were apparently r e l a t e d  i n  a complex way t o  poor ly  understood and 

inadequately measured f l u c t u a t i o n s  i n  the  a i r c r a f t  a t t i t u d e  dur ing data c o l -  

l ec t i on .  
seemed t o  g ive a s a t i s f a c t o r y  and o f ten  reveal ing view of near-cloud f low pat-  
terns,  systematic e r r o r s  o f t e n  prevented c lear-cut  views o f  t he  smal ler  pe r -  

t u rba t i ons  i n  the  windf ie ld.  

Although the  bas ic  wind vectors der ived from the Doppler l i d a r  data 
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To take f u l l  advantage of t h e  a i rborne Doppler l i d a r ' s  s p a t i a l  reso lv ing  
c a p a b i l i t y ,  Doppler v e l o c i t i e s  must be obtained w i t h  a 0.50 m s-l accuracy i n  

order t o  est imate cumulus-scale ( i  .e., 500m) divergence and v o r t i c i t y ,  which 

f requen t l y  have magnitudes o f  For these data, even t h e  quan t i za t i on  

e r r o r s  i n  the  d r i f t  angle measurement on t h e  order of 0.2 deg generated uncer- 

5-l .  

t a i n t i e s  o f  about 0.5 m s-l  i n  the r e t r i e v e d  wind data; because l a r g e r  d r i f t  

angle e r r o r s  a l so  occurred, l a r g e r  e r r o r s  i n  r e t r i e v e d  winds, sometimes on t h e  

order o f  3-4 m s - l ,  were observed. Hence many of t h e  f i e l d s  of divergence and 

v o r t i c i t y  obtained from the  l i d a r  data tend t o  be dominated by t h e  presence o f  

these systematic errors.  

One explanat ion f o r  t h e  reason t h e  ca l cu la ted  kinematical  parameters 

proved t o  be so s e n s i t i v e  t o  l i d a r  e r r o r s  has t o  do w i t h  the  o b j e c t i v e  analy-  
s i s  scheme used i n  the i n t e r p o l a t i o n  of r a w  data t o  a regu la r  g r i d .  

Cressman weight ing func t i on  used i n  the  o b j e c t i v e  analyses o f  these l i d a r  data 
was c i r c u l a r l y  symmetric. Such a weight ing func t i on  i s  best s u i t e d  f o r  use i n  

data f i e l d s  which are ra the r  evenly d i s t r i b u t e d .  

l i d a r  data network s a t i s f i e d  t h i s  requirement f o r  evenness o f  d i s t r i b u t i o n ,  

there were notable instances where l i d a r  data along c e r t a i n  noise-contaminated 

frames had t o  be deleted. These missing frames tended t o  occur, o f  course, i n  

j u s t  those p a r t s  o f  t h e  f l i g h t  character ized by s i g n i f i c a n t  v e l o c i t y  f l u c t u a -  

t i o n .  
of r a w  data p o i n t s  w i t h i n  the  c i r c u l a r  Cressman regions o f  i n f l u e n c e  around 

some g r i d  po in ts  t o  be q u i t e  uneven. The uneven d i s t r i b u t i o n s  o f  data w i t h i n  

t h e  c i  r c l  es o f  i nf  luence, along with t h e  exaggerated e r r o r  cha rac te r i  s t i  cs o f  

t h e  raw data obtained dur ing t u r b u l e n t  f l i g h t ,  combined t o  produce espec ia l l y  

biased estimates o f  gridded q u a n t i t i e s  near t h e  '7nissing" r a d i a l s .  Appl ica- 

t i o n  o f  f i n i t e  d i f f e r e n c i n g  t o  p a i r s  of gr idded estimates which happened t o  be 

biased i n  opposi te ways was one way i n  which t h e  analys is  technique used here 

might have amp l i f i ed  e x i s t i n g  errors .  

The 

Although i n  general t h e  

The absence o f  data along these frame r a d i a l s  caused t h e  d i s t r i b u t i o n  

I n  f u t u r e  work w i t h  t h i s  s o r t  of data, an i n t e r p o l a t i o n  scheme which can 

deal e f f e c t i v e l y  w i t h  asymmetric data d i s t r i b u t i o n s  i n  the  v i c i n i t y  o f  gra- 

d i e n t s  should be used. 

i f  steps are taken t o  reduce the l a s e r ' s  s u s c e p t i b i l i t y  t o  'lmoding" dur ing 
t u r b u l e n t  f l i g h t ,  and if t h e  r o l l  angle compensation i n  t h e  l i d a r  op t i cs  i s  

operat ing properly. 

The i n t e r p o l a t i o n  scheme w i l l  not  be u rgen t l y  needed 
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Whenever t h e  a i r c r a f t  i s  exper iencing l a r g e  d r i f t  angle per turbat ions,  

systematic v e l o c i t y  e r r o r s  (frame b i a s )  may a l so  en te r  the data even a f t e r  

apply ing the  a lgo r i t hm designed t o  remove frame biases if: ( a )  t h e  du ra t i on  

o f  t h e  l i d a r  frame i s  long w i t h  respect t o  t h e  pe r iod  o f  d r i f t  angle per turba-  

t i o n ,  (b)  t he  d r i f t  angle p e r t u r b a t i o n  i s  of a form which a l lows s i g n i f i c a n t  
v a r i a t i o n s  i n  a i r c r a f t  groundspeed t o  enter  t h e  actual  l i d a r  r a d i a l  ve lo-  

c i t i e s ,  and (c )  the values of d r i f t  angle and groundspeed assigned t o  t h e  

l i d a r  frame do not correspond t o  t h e  p roper l y  weighted values needed f o r  an 
accurate removal o f  t h e  a i r c r a f t  groundspeed component. I n  run 3,  a poss ib le  

instance o f  t h i s  problem occurred when t h e  a i r c r a f t  penetrated the  outf low 

which came from the storm under surve i l lance.  Di f ferences o f  2" were noted 

between successive measurements o r  d r i f t  angle along w i t h  6 m s-l changes i n  

l i d a r - d e r i v e d  r a d i a l  v e l o c i t y  between successive l i k e - d i r e c t e d  l i d a r  frames. 

These sharp changes could be associated w i t h  s i g n i f i c a n t  systematic e r r o r  i n  

t h e  1 i dar-der i  ved v e l o c i t i e s ,  which were obta i  ned a t  each range by averaging 
t h e  re tu rns  from some 50 pulses f i r e d  dur ing a 0.5 s period. 

might be present t o  a l esse r  extent  whenever t h e  a i r c r a f t  i s  f l y i n g  through 

a i r  conta in ing m i lde r  turbulence. 

This problem 

I n  order t o  e l im ina te  t h i s  problem, it would be necessary t o  remove t h e  

a i r c r a f t ' s  t ime-varying ground-re la t ive component o f  Doppler s h i f t  i n  the echo 
o f  each t ransmi t ted  pulse p r i o r  t o  t h e  averaging which provides t h e  est imate 

o f  r a d i a l  v e l o c i t i e s  along a frame. If t h i s  proposed method o f  e l i m i n a t i n g  

t h e  problem i s  too  burdensome t o  be compatible w i t h  rea l - t ime hard-wired data 

processing, then an a l t e r n a t i v e  approach would be t o  record more f requen t l y  

t h e  d r i f t  angle, heading, and groundspeed. Fur ther  study o f  t h i s  p o t e n t i a l  

source o f  e r r o r  seems warranted t o  determine i t s  importance f o r  f u t u r e  work 

w i t h  t h i s  type o f  data. 

Another p o t e n t i a l l y  s i g n i f i c a n t  source of e r r o r  t h a t  could a f f e c t  t he  

computation o f  l i d a r - d e r i v e d  wind vectors i s  t h a t  r e l a t e d  t o  poss ib le  d i f -  

ferences i n  a l t i t u d e  of t he  fore and a f t  data used i n  so lv ing f o r  t he  wind 

vectors. Due t o  the beam p o i n t i n g  e r r o r s  which t h e  l i d a r  system experienced 

as a r e s u l t  o f  t he  scanner's r o l l  and p i t c h  compensation problems, t h e r e  was a 
1-2" unce r ta in t y  i n  t h e  beam e leva t i on  angles. Obviously, f l u c t u a t i o n s  i n  

l i d a r  beam e leva t i on  angle w i l l  have t h e i r  most i n j u r i o u s  e f f e c t  on r e t r i e v a l  

of wind vectors a t  l a r g e  ranges from t h e  a i r c r a f t  and i n  s i t u a t i o n s  charac- 
t e r i z e d  by strong v e r t i c a l  shear. I n  fact ,  f o r  a range of 10 km from the  a i r -  

c r a f t ,  t h e  use o f  two d i f f e r e n t  l i d a r  frames having e leva t i on  angles d i f f e r i n g  
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by 2" impl ies use o f  r a d i a l  wind data from l e v e l s  separated by about 350 m. 
Idhen v e r t i c a l  shear i s  s t rong (e.g., s-l) t h i s  d i f ference can produce 

e r r o r s  comparable t o  t h e  e r r o r s  produced by the  d r i f t  angle delay. 

A conservat ive est imate o f  t he  wind speed e r r o r  caused by beam e l e v a t i o n  

e r r o r s  i s  0.5 m s-l  except above t h e  outf low on runs 2 and 3 and along t h e  

cloud t u r r e t s  o f  runs 9-12, where l o c a l  e r r o r s  appeared t o  reach 2-3 m 5 - l .  

Clear ly ,  t he  problems of l a s e r  misalignment and f a i l u r e  of t he  scanner t o  

prov ide the  proper beam e leva t i on  compensation dur ing a i r c r a f t  r o l l s  should be 

corrected before t h e  next se r ies  of experiments. I n  add i t i on ,  i t  would 

bedesi rab le  i f  scanner p o s i t i o n i n g  could be updated a t  l e a s t  occas ional ly  

d u r i n g  each l i d a r  frame so as t o  ensure ho r i zon ta l  beam t r a j e c t o r i e s  f o r  a l l  

pulses. 

Another source of e r r o r  contaminating t h e  l i d a r  data i s  t h a t  associated 

w i t h  unce r ta in t y  of  a i r c r a f t  groundspeed. 
r e p o r t i n g  o f  data dur ing per iods when the  a i r c r a f t  i s  n e i t h e r  acce le ra t i ng  nor 

decelerat ing,  analys is  shows t h a t  ground v e l o c i t y  unce r ta in t y  con t r i bu tes  only  

about 0.3 m t o  r a d i a l  v e l o c i t y  e r r o r s  i n  the  l i d a r  wind data. However, i f  

the  a i  r c r a f t  i s  acce le ra t i ng  o r  decel e r a t i  ng, then ground v e l o c i t y  e r r o r s  can 
be as l a r g e  as the product of t he  acce le ra t i on  and t h e  delay. 

s i g n i f i c a n t  source o f  e r r o r  dur ing reconst ruct ion o f  t h e  wind f i e l d s .  

I f  delays are present i n  t h e  

This can be a 

Several o ther  problems were encountered dur ing t h e  data ans l ys i s  w i t h  

respect t o  improper sampling or  record ing of var ious a i r c r a f t  motion and 

a t t i t u d e  parameters. Improved accuracy and d e t a i l  i n  t h e  recording o f  l a t i -  

tudes, longi tudes, v e l o c i t i e s ,  angles and times w i l l  be h e l p f u l  i n  f u t u r e  work 

w i t h  the  data from the  NASA's ai rborne Dopler l i d a r .  

tudes o f  some o f  t he  v e l o c i t y  e r r o r s  found i n  some p a r t s  o f  t he  f l i g h t ,  

spec ia l  care should be taken t o  i nsu re  t h a t  a d e t a i l e d  record of t he  I N S  per-  

formance i s  maintained. It i s  espec ia l l y  important t h a t  a l l  po r t i ons  o f  data 

c o l l e c t i o n  f l i g h t s  be documented w i t h  nad i r  photography, so t h a t  the a i r c r a f t  

p o s i t i o n s  computed by the INS can be compared w i t h  t h e  actual  p o s i t i o n s  

obtained from d e t a i l e d  maps. 

s l i g h t l y  f a s t e r  on shor t  f l i g h t  legs (such as those found i n  cloud circumnavi-  

gat ions)  i n  order t o  get a s u f f i c i e n t l y  l a r g e  number of photos per run. 

I n  view of t he  magni- 

The t i m i n g  of the photographs should be perhaps 

One poss ib le  a l t e r n a t i v e  t o  t h e  use o f  nad i r  photography i n  determining 
whether or not the I N S  i s  f u rn i sh ing  erroneous data invo lves a scheme i n  which 

ground s t r i k e  data are obtained a f t e r  every f o r e / a f t  frame p a i r  and the  mea- 
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sured Doppler v e l o c i t y  of t h e  ground compared w i t h  i t s  expected value o f  

zero. 
o f  measuring t h e  I N S  er rors ,  t h e  n a d i r  photography should not be dispensed 

wi th u n t i l  t he  mer i t s  o f  any newly proposed technique have been establ ished 

exper imental ly.  

While t h i s  idea shows considerable promise f o r  p rov id ing  a d i r e c t  way 

With respect t o  t h e  determinat ion of t he  delays which tend t o  occur i n  

t h e  data record ing process, one poss ib le  way o f  studying t h i s  problem would be 

t o  f l y  a s p e c i a l l y  designed t e s t  t rack  a t  both the beginning and the  end o f  

each day's data c o l l e c t i o n  e f f o r t .  
f i r s t  a t  a constant but  slow ground speed o f  say 120 m s-l f o r  a pe r iod  of 
about 30 s; t h i s  would be fo l lowed by a 30 s per iod o f  steady accelerat ion t o  
a ground speed o f  150 m s-l, then fo l lowed by 30 s o f  f l i g h t  a t  t h a t  h igh  

ve loc i t y ;  f i n a l l y  another 30 s per iod  o f  steady decelerat ion back t o  120 m s'l 
would ensue. A f t e r  another 30 s of s t r a i g h t  f l i g h t  a t  120 m s-l, a f i n a l  60-s 
l e g  f e a t u r i n g  shal low weaving and banking maneuvers t o  t h e  l e f t  and the  r i g h t  

The t r a c k  would consis t  of l e v e l  f l i g h t ,  

r 
each 

1 ec t  i on 

be 

es are 

would be made, w i th  banking i n  each d i r e c t i o n  l a s t i n g  10 s o r  so. Nad 

photographs would be taken every 3-5 s t o  prov ide adequate coverage o f  
l e g  o f  t h e  t e s t  run, and the  l i d a r  would operate i n  i t s  normal data co 

mode. Inspect ion o f  t h e  wind f i e l d  analyses from such t e s t  runs would 

undoubtedly h e l p f u l  i n  showing whether any e r ro rs  o r  inconsistenc 

a f f e c t i n g  the  data. 

I n  summary, the l i d a r  thus f a r  has demonstrated considerable promise i n  

p o r t r a y i n g  the  d e t a i l s  o f  t he  c l e a r  a i r  f lows near an assortment o f  convect ive 

clouds. Not on ly  can the  wind f i e l d s  be obtained i n  the c l e a r  a i r  near c loud 

edges, but  the probable l oca t i ons  of those cloud edges can be determined from 

inspec t i on  o f  t he  echo i n t e n s i t i e s .  Doppler spect ra l  widths o f t e n  are useful 

i n  l o c a t i n g  wind f i e l d  s h i f t s  and per turbat ions.  Revisions t o  the  l i d a r  sys- 

tem which are c u r r e n t l y  underway w i l l  probably co r rec t  most o f  t he  problems 

noted above, and r e s u l t  i n  even more d e t a i l e d  and reveal ing i n s i g h t s  o f  t he  

f lows near convective clouds. 
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APPENDIX A 

DESCRIPTION OF INSTRUMENTATION 

1.1 Doppler L i d a r  

A desc r ip t i on  of t he  l i d a r  system has been given i n  B i l b ro ,  et  al .  
(1984), nevertheless,  c e r t a i n  features of t he  system mer i t  d iscussion due t o  

the nove l ty  o f  t h e  ins t rument 's  use i n  t h i s  t ype  of experiment and t h e  ways i n  

Mhich system performance can a f fec t  data q u a l i t y .  Fig.  A. l  depic ts  i n  b lock 

diagram form t h e  system's main components and t h e i r  i n te r re la t i onsh ips .  

The NASA l i d a r  employs an 8 W continuous-wave C02 lase r  which emits 

i n f r a r e d  r a d i a t i o n  a t  a wavelength of 10.6 m. 
vaster o s c i l l a t o r  i n  a mas te r -osc i l l a to r  power amp l i f i e r  system, sends i t s  

output t o  a beam s p l i t t e r ,  which t ransmi ts  most of t h e  i n f ra red  beam along a 
pathway toward t h e  atmosphere, and d i v e r t s  the  small remaining p o r t i o n  fo r  use 

as a reference frequency dur ing  de tec t ion  o f  t h e  Doppler s h i f t e d  echoes. 

That p o r t i o n  o f  t h e  beam which i s  bound f o r  t he  atmosphere i s  f i r s t  sent 

This laser ,  which acts  as the  

t o  an e l e c t r o - o p t i c  modulator where i t  i s  converted 

po la r ized  continuous wave i n t o  a t r a i n  of h o r i z o n t a l l y  po la r ized  2.0 us pulses 

a t  a r a t e  of fp o f  100 Hz. The e lec t ro -op t i c  modulator cons is ts  o f  a mercury 
cadmium t e l l u r i d e  c r y s t a l  f lanked by p o l a r i z i n g  f i l t e r s  of v e r t i c a l  and h o r i -  

zontal o r i e n t a t i o n  a t  i t s  i npu t  and output s ides respectively.  The actual  

conversion of  t he  CW r a d i a t i o n  i n t o  a pu lse t r a i n  wi th new p o l a r i z a t i o n  occurs 
because the  c r y s t a l ,  under the  in f luence o f  a t ransverse e l e c t r i c  f i e l d  

(app l ied  f o r  t h e  s p e c i f i e d  pu lse  dura t ion  a t  t he  spec i f ied  pulse r e p e t i t i o n  

ra te ) ,  becomes b i  r e f r i n g e n t  and causes the  v e r t i c a l  l y  po l  a r i  zed r a d i  a t i o n  from 

t h e  i npu t  f i l t e r  t o  acqui re hor izon ta l  p o l a r i z a t i o n  dur ing  passage through the  

c rys ta l ,  thus p e r m i t t i n g  unobstructed passage through the  output f i l t e r  on ly  

dur ing  those t ime i n t e r v a l s  designated fo r  pulse transmission. 

produced by t h e  e lec t ro -op t i c  modulator then pass through a Faraday o p t i c a l  

i s o l a t o r  which prevents sca t te red  r a d i a t i o n  from re-enter ing the  master l a s e r  

and causing any frequency sh i  f t s  ( " p u l l  i ng") i n  t h a t  Laser 's output. 

from a v e r t i c a l l y  

The pulses 

Next t h e  pulses enter  a beam expander and a ser ies  o f  amp l i f i e rs  where 

The pulses then pass through a Brewster window a l igned t o  
they experience some 36 dB o f  gain, g i v ing  them t y p i c a l  energies o f  about 

15 mJ per pulse. 
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OPTICAL LINK - 
E L E C T R I C A L  LINK --- 
POLARIZATION c) 

R 

PROCESSOR 

ATMOSPHERE -k-J 
Figure A . l  
( A D L S ) .  

Block diagram of N A S A ' s  Airborne C02 D o p p l e r  Lidar System 
BW i s  the width of the beam. Symbols are defined i n  the text.  

96 

3 



pass only  h o r i z o n t a l l y  po la r i zed  rad ia t i on .  

quarter-wave p l a t e  made o f  t ransparent  mater ia l  having an index o f  r e f r a c t i o n  

which i s  a funct ion of the  p o l a r i z a t i o n  o r ien ta t i on .  

i s  o r ien ted  so t h a t  t h e  mutual ly  perpendicu lar  axes f o r  which i nd i ces  o f  

r e f r a c t i o n  are minimal and maximal are both 45" from t h e  h o r i z o n t a l l y  o r ien ted  

ax is  of p o l a r i z a t i o n  o f  the  outbound l a s e r  rad ia t ion .  Thus, a f t e r  t r a v e r s i n g  

t h e  quarter-wave p la te ,  one component of t h e  i n i t i a l l y  h o r i z o n t a l l y  po la r i zed  

r a d i a t i o n  lags i t s  normal component by 90" o f  phase, and t h e  r e s u l t i n g  n e t  

r a d i a t i o n  t ransmi t ted  by t h e  p l a t e  i s  c i r c u l a r l y  po lar ized.  

Next t h e  pulses pass through a 

The quarter-wave p l a t e  

A f t e r  passing through t h e  quarter-wave p l a t e  t h e  pulsed beam i s  expanded 

and c o l  1 imated by an a1 1 -a1 umi num folded parabol i c of f  -axi  s t e l  escope and 
d i rec ted  through a scanner which d e f l e c t s  t h e  beam out  an e x i t  window on t h e  

l e f t  s ide  of the  a i r c r a f t  and onto a s p e c i f i e d  path through t h e  atmosphere. 
Because o f  t h e  ser ies o f  expansions t h e  l a s e r  beam undergoes wh i le  on i t s  way 

through t h e  system opt ics ,  t h e  w id th  of t h e  beam increases from about 8.5 mn 
a t  t h e  master o s c i l l a t o r  t o  about 20 cm a t  t h e  p o i n t  o f  en t r y  i n t o  t h e  atmos- 
phere, as measured between t h e  ( l / e 2 )  po in ts  o f  a Gaussian func t i on  which 

approximates the  power d i s t r i b u t i o n  across t h e  beam. 

The scanner consis ts  o f  a p a i r  o f  separately r o t a t a b l e  germanium wedges, 

t h e  angular o r i en ta t i ons  o f  which determine t h e  beam's t r a j e c t o r y  w i t h i n  a 

cone having a 19.6" ha l f -ang le  and a x i s  normal t o  t h e  l e f t  s ide  o f  t h e  a i r -  

c r a f t .  
wedges would, f o r  any value of a i r c r a f t  p i t c h  and fo r  a l l  values o f  a i r c r a f t  

r o l l  smal ler  than go, d i r e c t  t h e  beam i n  a t r u e  ho r i zon ta l  p lane a t  t h e  maxi- 

mum poss ib le  forward and a f t  dev ia t ions  from t h e  c e n t e r l i n e  o f  t h e  cone, which 

i t s e l f  always po in ts  normal t o  t h e  l e f t  s ide  of t h e  a i r c r a f t .  For r o l l  angles 
grea ter  than 9", t h e  wedges were programmed simply t o  d i r e c t  t h e  beams out t h e  

a i r c r a f t  a t  t h e  angle ( r e l a t i v e  t o  t h e  a i r c r a f t )  t h a t  would be chosen i f  t h e  
a i r c r a f t  were assumed t o  be i n  r o l l - f r e e  f l i g h t .  Thus, i n  t h e  absence o f  s i g -  

n i  f i cant a i  r c r a f t  r o l l ,  t h e  p u l  ses were t o  be h o r i  zontal  l y  d i  rec ted  approxi - 
mately 20" f o r e  o r  a f t  of a l i n e  extending from t h e  l e f t  s i de  of t h e  a i r c r a f t  
and having an o r i e n t a t i o n  normal t o  t h e  a i r c r a f t  heading vector  (Fig. 1.1). 

For t h i s  experiment t h e  system was programmed so t h a t  the  scanner 

Lee (1982) found evidence from some l i d a r  data taken i n  C a l i f o r n i a  i n  

1981 t h a t  t h e  scanner was d i r e c t i n g  t h e  l i d a r  beam s l i g h t l y  out  o f  t h e  h o r i -  

zonta l  p lane dur ing  quas i - ro l l - f ree  f l i g h t .  He measured e leva t i on  biases o f  

about -0.4" f o r  a f t  shots and +1.0 o r  more fo r  fo re  shots. Because such beam 
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e leva t ion  biases can lead t o  s i g n i f i c a n t  d i f ferences i n  t h e  a l t i t u d e s  o f  t he  

var ious r e s o l u t i o n  volumes o f  data used i n  t h e  o b j e c t i v e  analyses, attempts 

were made i n  t h i s  study t o  conf i rm whether o r  not t he  scanner was operat ing 

according t o  spec i f i ca t i on .  The technique used t o  assess scanner performance 
and t h e  r e s u l t s  and i m p l i c a t i o n s  of t h a t  assessment are discussed i n  Appendix 

E. 

Typica l  operat ion of t he  data sampling cyc le  i n  t h i s  experiment involved 

the  transmission o f  about 50 pulses, r e q u i r i n g  about 0.5 s i n  t he  forward 

d i r e c t i o n ,  fo l lowed by a t ime gap of a t  l e a s t  0.6 s f o r  t he  r e o r i e n t a t i o n  o f  
t he  wedges, fo l lowed by t h e  t ransmission of about 50 pulses i n  the  a f t  d i r e c -  

t i o n ,  and again r e o r i e n t a t i o n  of t he  wedges. This p a t t e r n  was repeated more 

o r  l e s s  cont inuously f o r  t h e  several minutes o f  each o f  t h e  many data runs. 

For the  purposes o f  subsequent discussion, each d i s t i n c t  sequence o f  50 s im i -  

l a r l y  d i r e c t e d  t ransmi t ted  pulses i s  denoted by t h e  term "frame". The wedges 

remain locked i n  p o s i t i o n  du r ing  t h e  i n t e r v a l  i n  which the pulses o f  each 

frame are t ransmit ted.  I n  t h i s  experiment, t h e  pe r iod  between frames va r ied  

from 1.1 t o  1.5 s. Although genera l ly  each frame was fol lowed by a counter- 
d i r e c t e d  frame, exceptions t o  t h i s  r u l e  were occasional ly  noted. 

The sense o f  r o t a t i o n  of t he  p o l a r i z a t i o n  vector of the backscattered 

rad ia t i on ,  viewed along the  d i r e c t i o n  o f  propagation, i s  reversed by 
s p h e r i c a l l y  symmetric sca t te re rs  (Newel1 et a1 ., 1955). 

which was o r i  g i  nal  l y  r i  ght -cf r c u l  a r l y  po l  a r i  zed p r i o r  t o  being scat tered 
becomes l e f t - c i r c u l a r l y  p o l a r i z e d  a f t e r  being scat tered (see Fig. A.l). 

returned r a d i  a t i o n  i s  a1 so character ized by a Doppl e r  sh i  f t  i n  frequency g i  ven 

by fd  = - 2 V r / X ,  where X i s  t he  wavelength of t he  t ransmi t ted  r a d i a t i o n  and Vr 
i s  t he  t a r g e t ' s  r a d i a l  v e l o c i t y  ( p o s i t i v e  when motion i s  away from the  l i d a r )  

r e l a t i v e  t o  the a i r c r a f t .  
aerosols are quasi -uni formly d i s t r i b u t e d  i n  space) when sampled a t  any range- 

t ime delay (i.e., t ime i n t e r v a l  f o l l o w i n g  the  transmission o f  the pulse) gives 

a sample amplitude p ropor t i ona l  t o  t h e  sum of t he  incoherent echoes from a l l  

sca t te re rs  w i t h i n  the  r e s o l u t i o n  volume associated w i t h  t h a t  p a r t i c u l a r  sample 

(Doviak and Zrn ic ' ,  Chapter 4, 1984). 

Thus, t h e  r a d i a t i o n  

This 

The received s ignal  (quasi-continuous i n  t ime i f  

A f t e r  re tu rn ing  t o  t h e  telescope, the Doppler-shi f ted "echoes" t r a v e l  

back through the quarter-wave p l a t e  where they have t h e i r  p o l a r i z a t i o n  con- 

ver ted from c i r c u l a r  t o  p lanar  (Fig. A.l). During t h i s  f i n a l  change o f  

po l  a r i  z a t i  on, the 1 aggi ng component o f  t he  c i  r c u l  a r l y  po la r i zed  backscattered 
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wave experiences a f u r t h e r  r e t a r d a t i o n  o f  phase by 90°, causing the  received 

s i  gnal s t o  acqui r e  v e r t i c a l  po l  a r i  z a t i  on i ns tead  o f  t h e  ho r i zon ta l  po l  a r i  za- 

t i o n  they o r i g i n a l l y  possessed p r i o r  t o  t r a v e r s i n g  the  quarter-wave p l a t e  on 

the  outbound p o r t i o n  o f  t h e i r  excursion i n t o  t h e  atmosphere. 

window which t h e  re tu rns  encounter next thus r e f l e c t s  them toward a beam 

spl  i t t e r  which combi nes them w i t h  the  o r i  yi nal master osc i  11 a t o r  s i  gnal and 

d i r e c t s  both t o  the  surface o f  a c ryogen ica l l y  cooled mercury cadmium 

t e l l u r i d e  detector. 

The Brewster 

The detector  takes the r e s u l t i n g  t ime-vary ing i n te r fe rence  pa t te rns  and 

converts them i n t o  an output s ignal  having a modulat ion frequency equal t o  

t h a t  of the Doppler s h i f t  fd o f  t he  echo signals.  Fig. A.2a shows a p a i r  o f  
t ransmi t ted  pulses and (b)  the i n t e r f e r e n c e  pa t te rn ,  a t  t he  detector  input ,  

caused by mixing t h e  Doppler s h i f t e d  echo s igna ls  (assumed t o  be returned from 

a uni form d i s t r i b u t i o n  o f  t a r g e t s  a l l  having the  same 10 m s-l v e l o c i t y )  w i t h  

t h e  master o s c i l l a t o r  s ignal .  The r e p e t i t i o n  t ime (PRT) o f  the pulses and t h e  

corresponding s p a t i a l  separation are i n d i c a t e d  on t h e  f i g u r e  as we l l  as t h e  
approximate pulse shape, but  t h e  schematic exaggerates the  pe r iod  f t- l  o f  t he  

rad ia t i on .  
var ious r e s o l u t i o n  volumes i s  due t o  t h e  aerosol t a r g e t  speed added t o  t h e  
a i r c r a f t  airspeed along the  l i d a r  l i n e - o f - s i g h t  (L.O.S.). An a i r c r a f t  
airspeed o f  150 m s-l causes about a k10 MHz s h i f t  f o r  t he  fo re -  o r  a f t -  

d i  rected beams. 

The Doppler s h i f t  f d ( r )  associated w i th  the  echoes from the  

Although the  o p t i c a l  detector  cannot d i s t i n g u i s h  p o s i t i v e  from negat ive 

Doppler s h i f t s  ( t h a t  i s  t he  reason f o r  absolute signs around f d  i n  Fig, A.l), 
ambigui t ies i n  the  s ign of f d ( r )  are avoided because o f  t he  dominance o f  t h e  
Doppler s h i f t  due t o  a i r c r a f t  airspeed along t h e  l i d a r  L.O,S . ,  a s h i f t  whose 

s i g n  can always be determined from a knowledge of t he  d i r e c t i o n  o f  t he  l i d a r  

scan. Now f d ( r )  may be expressed i n  terms of t he  Doppler s h i f t  due t o  t h e  
a i r c r a f t  airspeed along the  L.O.S., namely fd(O), and some superimposed range- 

dependent dev iat ions Afd(r )  from f d ( 0 )  due t o  t h e  1.0.5. speed o f  aerosols 
r e l a t i v e  t o  the  L.O.S. speed o f  a i r  a t  t h e  a i r c r a f t ,  

Fol lowing e x t r a c t i o n  o f  t he  Doppler-shi f ted s ignal  by the detector,  an 

a m p l i f i e d  version o f  the de tec to r ' s  output i s  mixed w i t h  a s ignal  having a 

frequency given by the  sum o f  fco = 60 MHz and I fd(O) l ,  t he  l a t t e r  being near 
10 MHz, t o  produce a d i f f e rence  frequency a t  an intermediate frequency f I F  

near 60 MHz but  sh i f t ed  s l i g h t l y  from i t  by t h e  amount *Afd(r)  f o r  the a f t  o r  
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(a )  TRANSMITTED PULSES 

fd"2(10)6H~ for V, I 
-IO rn s-1 

. .  

(b) DOPPLER-SHIFTED ECHO, OPTICAL DETECTOR INPUT 
TYP RES VOL I 

I 

LAG 8 PAIRS, Ng=32 I 

F igure  A.2  Transmitted pulses (a )  and t h e  i n te r fe rence  pa t te rn  (b )  a t  t h e  
i npu t  t o  t h e  o p t i c a l  de tec tor  assuming airspeed i s  zero and aeroso s a re  

inphase (o r  quadrature phase) s igna l  i npu t  t o  t h e  po ly  pulse p a i r  p rocessor 's  
( P P P P )  anal.og t o  d i g i t a l  ( A / D )  converter. The b o l d  v e r t i c a l  l i n e s  i n d i c a t e  
t h e  spacings of s igna l  samples d i y i t i z e d  by t h e  A/D Converter. 

un i fo rm ly  d i s t r i b u t e d  and a l l  move a t  a r a d i a l  v e l o c i t y  of 10 m s- 1 . ( c )  The 
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fore beams respec t ive ly .  The 60 MHz s igna l  i s  suppl ied by a coherent o s c i l -  

l a t o r  (COHO), wh i l e  t h e  s ignal  having frequency I fd (O) l  is suppl ied by a 
vo l  tage-contro l  l e d  osci  11 a t o r  (VCO) tuned t o  t h e  most recent value o f  t h e  a i  r -  

c r a f t  a i rspeed component along t h e  l i d a r  l ine-o f -s igh t .  The s igna l  I f d ( O ) l  i s  

added t o  fco i n  t h e  mix ing process i n  order  t o  keep t h e  mixer 's  output near 60 

MHZ, and t o  obv ia te  the  need f o r  es t imat ing  d i r e c t l y  t h e  inconvenient ly  l a r g e  

Doppler s h i f t  f d ( r ) .  The a i r c r a f t ' s  a i rspeed i s  measured by a probe and moni- 

t o red  by t h e  Central  Timing and Control  System (CTCS) which provides commands 

t o  t h e  VCO. 

The s igna l ,  now a t  f IF,  i s  next sent t o  a po ly-pulse-pai r  processor 

(PPPP) where it i s  mixed w i t h  inphase (0 )  and quadrature phase ( T  /2) compo- 

nents o f  t h e  COHO vo l tage i n  order t o  generate t h e  complex v ideo (I and Q) 
vers ion o f  t h e  range-dependent Doppler s h i f t  Afd(r),  t h e  s ign  o f  which i s  

determined by t h e  r e l a t i v e  phase of I and Q. F igure A.2c shows t h e  I o r  Q 
s igna l  a t  t h e  i n p u t  o f  t h e  PPPP or, i f  airspeed i s  zero, a t  t h e  output o f  t h e  

o p t i c a l  detector.  I n  t h e  PPPP, t h e  complex video, usua l l y  having a frequency 

o f  not  more than several MHz, i s  converted from an analog s igna l  t o  a d i g i t a l  
sample a t  a 15 MHz r a t e  and then subjected t o  t h e  autocovariance and spect ra l  

processing which produces the  estimates o f  t h e  s igna l  ' s  f i r s t  t h ree  moments: 

i n t e n s i t y  (zero th  moment Mo), mean frequency ( f i r s t  moment MI) and spect ra l  

width ( t h e  square r o o t  o f  t h e  second moment ME). 

The poly-pulse-pai r processor represents a na tura l  extension o f  t h e  

f ami 1 i a r  p u l  se-pai r processor (PPP) empl oyed i n  most Doppler weather radar  

systems. 

t i o n  volume i s  est imated from t h e  argument of t h e  f i r s t  l a g  o f  t h e  auto- 

covariance func t i on  ( a c v f )  o f  t h e  d i g i t i z e d  complex v ideo signal .  However, 

because o f  t h e  smallness o f  t h e  phase s h i f t s  t h a t  occur dur ing  t h e  timespans 

o f  t h e  pu lse  durat ions t y p i c a l l y  used by Doppler radar, t h e  autocovariance 

est imat ion technique f o r  such systems usua l l y  invo lves  format ion of lagged 

products o f  echo signal  samples associated w i t h  sequent ia l l y  t ransmi t ted  

pulses. I n  contrast ,  because of the  l a r g e r  Doppler phase s h i f t s  associated 

w i t h  the  use o f  t h e  l i d a r ' s  h igher  t ransmi t ted  frequencies, t h e  ca lcu la t ions  

o f  autocovariance made by the  1 i d a r ' s  poly-pulse p a i r  processor i s  accom- 

p l  i shed us ing echo samples associated w i t h  i n d i  v i  dual t ransmi t ted  pulse. 

Furthermore, because t h e  l i d a r  has a wavelength much shor te r  than the radar ,  

echos from successive t ransmi t ted  pulses are uncorre la ted f o r  t h e  PRTs used. 

However, f o r  each reso lu t i on  volume t h e  PPPP averages 32 lagged products a t  

I n  t h e  PPP, t h e  mean frequency s h i f t  of t h e  re tu rns  from a resolu-  
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each l a g  o f  t he  acvf examined i n  order t o  reduce the  s t a t i s t i c a l  f l u c t u a t i o n s  

o f  t he  estimated acvf. Although 32 contiguous samples (spaced T~ = 66.7 ns 

a p a r t )  f o r  each l a g  product (Fig. A.2c) are averaged t o  reduce t h e  s t a t i s t i c a l  
unce r ta in t y  i n  the  covariance estimates, t h e  equiva lent  number o f  independent 

samples e f f e c t i v e  i n  reducing var iance i s  s i g n i f i c a n t l y  l ess  than 32 f o r  l a r g e  

s ignal  t o  noise r a t i o s  (SNR) because t h e  contiguous l a g  product samples, when 

spaced w i t h i n  the  t ime span of t h e  t ransmi t ted  pulse, are h i g h l y  co r re la ted  

(Doviak and Z r n i c ' ,  1984). However, f o r  low SNR samples o f  s ignal  p lus  no ise 

a re  not h i g h l y  co r re la ted  and hence a l a r g e  number of near ly  independent 

est imates are obtained t o  reduce variance i n  t h e  est imate of t h e  acvf. 

The PPP uses only the  zeroth and f i r s t  l a g  o f  the acvf t o  est imate the  

mean frequency W 1  and width 

estimates t h e  f i r s t  8 l a g  (i.e. l T s a  Tsd3ts) products o f  t he  acvf i n  order t o  
improve the  accuracy o f  thee spect ra l  moment estimates. 

Four ie r  transformed a f t e r  s e t t i n g  t o  zero those values of t he  acvf t h a t  are 

no t  est imated a t  longer lags (i.e., 1 0 2 4 ~  >nTs>9TS). 
extension o f  t h e  l a g  domain increases the dens i t y  o f  l i n e s  i n  t h e  spect ra l  
domain so t h a t  t h e  peak o f  t h e  Doppler spectrum i s  b e t t e r  resolved. 

PPPP t h e  8 l a g  acvf i s  unweighted before t h e  Four ie r  t ransformat ion i s  per- 

formed but  it has been shown (Lee and Lee, 1980) t h a t  an optimum weight ing i s  

obtained when each l a g  product i s  m u l t i p l i e d  by the  magnitude of t he  acvf a t  

i t s  respect ive l a g  before t h e  Four ie r  transformation. The f i r s t  moment e s t i -  

mate I$ ( the  caret  symbol i s  used t o  s i g n i f y  an estimate) i s  then the  Doppler 

s h i f t  o f  t he  l i n e  which has t h e  l a r g e s t  power. The i n t e n s i t y  io o f  t h i s  l i n e  

i s  a lso recorded i n  order t o  est imate echo power given t h e  estimate ME and 

noise power, as w e l l  as the  assumption of a Gaussian shaped Doppler spec- 
trum. However, no attempt was made t o  i nco rpo ra te  the  second moment e s t i -  

mate M2 i n  t h e  computation o f  echo power. 

a t  8~ generates a spect ra l  window t h a t  i s  usua l l y  much broader than the  width 
o f  t he  Doppl e r  spectrum associ ated w i t h  t u r b u l  ent  vel oc i  t i  es i n s  i de t h e  reso- 

l u t i o n  volume. I n  t h i s  case, t he  i n t e n s i t y  of t h e  peak spect ra l  l i n e  i s  pro-  

p o r t i o n a l  t o  t h e  s ignal  p lus  noise power. Although t h e  zeroth l a g  product i s  

not  computed, e r r o r s  i n  power estimates are usua l l y  small (i,e., cldB) when 

t h e  Doppler spect ra l  width i s  small compared t o  t h e  width of t he  spect ra l  

window. 
measured autocovariance magnitude t o  t h e  assumed Gaussian funct ion.  The no ise  

power may be estimated by examining the behavior o f  the peak l i n e  i n t e n s i t y  as 

o f  t h e  Doppler spectrum, whereas t h e  PPPP 

The acvf i s  then 

This zero weighted 
S 

I n  NASA's 

A 

A 

The t r u n c a t i o n  of t he  acvf 

S 

The second moment M2 i s  est imated by least-squares f i t t i n g  the  
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a func t ion  o f  range where ta rge ts  are not detected and may be removed from 

each i n t e n s i t y  est imate v i a  an a lgo r i t hm described i n  Appendix D . 1 .  
est imates o f  i n t e n s i t y ,  v e l o c i t y  and width assigned t o  a given reso lu t i on  

vo l  ume are t h e  average values i n  t h e  appropr ia te "range b i  nl' (range i n t e r v a l  
corresponding t o  t h e  reso lu t i on  volume, numbered and ordered w i t h  respect t o  

d is tance from t h e  a i r c r a f t )  obtained from processing echo samples from each o f  

t h e  50 t ransmi t ted  pulses t h a t  comprise each frame of moment data. 

The actual  

A f t e r  c a l c u l a t i n g  t h e  spect ra l  moments i n  a l l  r eso lu t i on  volumes of a 

g iven data frame, t h e  PPPP sends t h e  r e s u l t s  t o  an on-board minicomputer which 

computes t h e  t a r g e t ' s  Doppler v e l o c i t y  re1 a t i  ve t o  ground using t h e  a i  r c r a f t  

ground v e l o c i t y  and airspeed estimates der ived from t h e  I n e r t i a l  Navigat ion 

System (INS). 
aircraf t -measured v e l o c i t i e s  and t h e  PPPP est imate This  f i gu re  i s  drawn 

f o r  t h e  hypothe t ica l  case i n  which t h e  l i d a r  i s  measuring wind a t  zero range 

(i.e., a t  t h e  a i r c r a f t  i t s e l f ) .  I n  t h e  case depicted, t h e  t r u e  airspeed vec- 
t o r  equals t h e  sum of t h e  ground v e l o c i t y  and wind vectors, but  t h e  drawing i s  

equa l ly  v a l i d  i f  t h e  wind vector i s  measured a t  nonzero range, however, i n  

t h i s  l a t t e r  case t h e  sum o f  the  ground v e l o c i t y  and wind vectors does not 

equal the  t r u e  airspeed vector. Sensors measure t h e  airspeed along t h e  

heading d i r e c t i o n  bu t  t h e  t r u e  airspeed vector i s  the  vector  sum o f  t h e  mea- 
sured airspeed and the  speed o f  a i r  perpendicu lar  t o  the  heading ( "s ide-  

s l i p " ) .  Although s i d e s l i p  i s  not  measured by t h e  a i r c r a f t  sensors, t h e  accu- 

racy o f  t h e  l i da r -de r i ved  r a d i a l  wind data i s  no t  compromised, s ince any 

s i d e s l i p  v e l o c i t y  components a re  au tomat ica l l y  inc luded i n  the  l i d a r ' s  r a d i a l  

v e l o c i t y  estimates. 
be i n  e r r o r  i f  t h e  s i d e s l i p  i s  nonzero. 

Fig. A.3 dep ic ts  the  r e l a t i o n  between t h e  var ious components o f  
A 

M1. 

However, t h e  INS estimates o f  wind a t  t h e  a i r c r a f t  w i l l  

For accurate r e t r i e v a l  o f  t h e  Doppler v e l o c i t i e s ,  t h e  VCO (Fig. A . l )  must 

accurate ly  t r a c k  t h e  measured airspeed such t h a t  fd(0)  always equals: 

f o r  t h e  f o r e  and a f t  r a d i a l  components o f  measured airspeed which e s t a b l i s h  

reference Doppler v e l o c i t i e s  "REF Vr". However, it i s  not  c r t i c i a l  t h a t  t h e  
VCCI frequency s a t i s f y  Eq. (A.l) exact ly ,  s ince t h e  L.O.S. airspeed component 

REF Vr removed from t h e  raw Doppler s ignal  dur ing generat ion of f I F  i s  
res to red  i n t a c t  dur ing subsequent ca l cu la t i ons  (see Eq. (A.2) below) i n  which 

account i s  taken of t h e  L.O.S. components o f  a i r c r a f t  a i rspeed and ground 

1 0 3  
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Vo = 39.8 m s'' 

GROUND VELOCITY 

AIRSPEED MEASURED 

TRUE AIRSPEED VECTOR 

WIND AT AIRCRAFT NS ESTIMATED WIND - SIDE SLIP 

F i g u r e  A.3 The va r ious  v e l o c i t y  components used t o  d e r i v e  t h e  h o r i z o n t a l  wind 
vec to r  f rom l i d a r  measurements. 
wind is made a t  r=O (i.e., a t  t h e  a i r c r a f t )  where t h e  sum o f  a i r c r a f t ' s  ground 
v e l o c i t y  and wind equals t h e  t r u e  a i rspeed vector .  

Thus schematic assumes t h e  measurement of 
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v e l o c i t y .  
observed Doppler s h i f t s  i n t o  t h e  bandwidth o f  t he  PPPP, which has a Nyquist  

v e l o c i t y  Va o f  39.8 m s-l. 
simultaneously the  f o r e  and a f t  REF Vr are genera l ly  not  equal t o  each o the r  
as they are i n  Fig. A.3. 

As mentioned e a r l i e r  t h e  REF Vr i s  used i n  order t o  p lace t h e  

Because t h e  fore and a f t  data are no t  acquired 

The q u a n t i t y  AVr i s  t he  v e l o c i t y  t o  be estimated by the PPPP 
(i.e., A V ~  = xM1/2. 
between t h e  fore and a f t  r a d i a l  components of t he  wind and those measuredquan- 

t i t i e s  AV,, INS-estimated ground v e l o c i t y ,  and REF Vr. 
f rom $his  f i g u r e  are. 

Using Fig.  A.3 it i s  easy t o  deduce t h e  r e l a t i o n s  

(. 

The equations deduced 

v -  + (REF V r  - V ) 
r,f - %,f g,f 

(A .2a )  

(A.2b) 

where Vr,a and Vr,f are the  L.O.S. components o f  t h e  wind vector  along the a f t  

and f o r e  d i r e c t i o n s  respect ive ly ,  and V 

o f  t he  a i r c r a f t  ground v e l o c i t y  i n  those respect ive d i rec t i ons .  These equa- 
t i o n s  are equal ly  v a l i d  f o r  measurements of wind fa r  from the a i r c r a f t  where 

t h e  sum o f  ground v e l o c i t y  and wind does not equal t h e  t r u e  airspeed vector.  

and Vg,f a re the  L.O.S. components g9a 

The d i g i t a l  sampling ra te ,  15 MHz, used i n  the  PPPP i s  such t h a t  t h e  

highest Doppler frequency unambiguous t o  the  processor, 7.5 MHz, corresponds 

t o  a Doppler v e l o c i t y  of 39.8 m s-l r e l a t i v e  t o  t he  measured a i r c r a f t  airspeed 
REF Vr along t h e  l i d a r  l i ne -o f - s igh t  (see Fig.  A.3). Signals having Doppler 

frequencies l a r g e r  than 7.5 MHz r e l a t i v e  t o  fd(0)  are f i l t e r e d  a t  t he  i n p u t  
s ide o f  t he  PPPP's d i g i t a l  converter. Nevertheless, ground-re la t ive r a d i a l  

wind v e l o c i t i e s  o f  magnitude greater  than 39.8 m s-l can be measured by the  

system i f  Vg d i f f e r s  from KEF Vr such t h a t  A V ~  remains w i t h i n  t h e  Nyquist 

i n t e r v a l  (-Va,+Va). 
c i t y  A V ~  l a r g e r  than 39.8 m S-l an accurate est imate o f  AVr w i l l  not be made 

because the  s ignal  w i t h  the  Doppler frequency imp l i ed  by such a l a rge  devia- 

t i o n  w i l l  be f i l t e r e d  a t  t he  i n p u t  t o  t h e  PPPP and then only noise w i l l  remain 
t o  be analyzed by the  processor. This has imp l i ca t i ons  for  t he  s t ra teg ies  

which w i l l  be needed i f  the ADLS i s  t o  be used successful ly t o  study such 

in tense phenomena as tornadoes and t r o p i c a l  cyclones, where t h e  v a r i a t i o n s  o f  

r a d i a l  v e l o c i t y  along c e r t a i n  l i n e s - o f - s i g h t  could exceed 39.8 rn 5-l. On t h e  

o the r  hand, it a lso  i nd i ca tes  t h e  importance of t r a c k i n g  REF Vr w i t h  t h e  vco 

flowever, i f  t h e  wind vector produces a L.O.S. velo- 
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i n  order t h a t  t he  Doppler-sh i f ted echoes do not f a l l  outs ide t h e  Nyquist 

i n t e r v a l .  

A diagram showing t h e  t y p i c a l  arrangement of r e s o l u t i o n  volumes i n  a dat 

Networks of  f o r e -  and a f t - d i r e c t e d  data are generated by the  pulse! 
frame and o f  l i n e s  o f  s i g h t  associated w i t h  successive frames i s  given i n  

Fig. A.4, 
l i d a r  beam as i t  scans t h e  area t o  t h e  l e f t  s i de  o f  t h e  a i r c r a f t .  Both ne t -  

works are presumed t o  l i e  i n  t h e  same h o r i z o n t a l  plane i n  t h e  data analyses 

described i n  the main body o f  t h i s  repor t .  Because many o f  t he  l i d a r  l i n e s  o 
s i g h t  deviated s l i g h t l y  from t r u e  h o r i z o n t a l  due t o  a i r c r a f t  r o l l  and surveyoi 

e r ro r ,  some o f  t h e  f o r e  and a f t  r e s o l u t i o n  volumes which appear t o  over lap 

when viewed i n  p lan  a c t u a l l y  d i f f e r  i n  a l t i t u d e  by amounts which increase w i t )  
range. 

l i s t i n g  o f  a l l  important parameters governing the  operat ion and performance 0' 

t h e  Doppler l i d a r  system i s  given i n  Table A.1, 

This p o i n t  receives f u r t h e r  discussion i n  Section 3.4.3. A t a b u l a r  

A.2  DOPPLER RADAR 

The National Severe Storms Laboratory (NSSL) operates two 10 cm Doppler 
radars, one located i n  Norman (NRO) and t h e  other  a t  Page A i r p o r t  (CIM, f o r -  
merly Cimarron a i r p o r t )  40 km northwest of NRO (Fig. 3.2). Parameters from 

these Doppler radars are compared w i t h  parameters o f  t he  l i d a r  system i n  Tablr 

A.l. The obvious advantage of t h e  l i d a r  system i s  t h a t  it has exce l l en t  angu 

l a r  r e s o l u t i o n  and low power requirements. However, i t s  range i s  l i m i t e d  and 

because o f  strong atmospheric a t tenuat ion,  increases i n  t ransmi t ted  power do 

not increase range i n  d i r e c t  p ropor t i on  t o  t h e  increase of t ransmi t ted  power. 

The Doppler radar operat i  on p r i  nc i  p l  es and methods have been descr i  bed 
elsewhere i n  d e t a i l ;  see fo r  example Doviak and Z r n i c '  (1984), o r  Doviak 

et a l . ,  (1979). 

A.3 OTHER INSTRUMENTS ON BOARD THE AIRCRAFT 

I n  a d d i t i o n  t o  the  l i d a r  i t s e l f ,  a number of a d d i t i o n a l  instruments on 

board t h e  CV-990 took measurements which were important t o  the  success o f  t he  

experiments. For the sake o f  completeness, those instruments which furn ished 

data mentioned (excluding cameras), are b r i e f l y  described here. Where a v a i l -  

able, i n fo rma t ion  regarding t h e  r e s o l u t i o n  and probable accuracy o f  t h e  
var ious system components i s  included, fo r  f u r the r  d e t a i l s  see B i l b r o  (1982) 

and Ames Research Center ( 1981). 
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Figure A.4 Typical arrangement of data samples in space. 
(i.e., Mo, MI, M2) f o r  each resolution volume are the result of Poly Pulse- 
Pair Processlng echos from 50 transmitted pulses. 

Raw data values 
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TABLE A.l 

Doppler Radar and L i d a r  Parameters 

Par amet e r  

Beamwidth (3 dB width)  

Resolut ion Volume Range Length 

Peak Transmitted Power 

# o f  Transmitted Pulses f o r  a 
Ve loc i t y  Estimate 

Pul se Width 

Unambiguous Range 

Nyquist Vel o c i  t y  

Wave1 ength 

Maximum Range o f  Detected 
Targets ( c l e a r  a i r )  

Maximum Range Sampl ed 

NRO 

0.81' 

150 o r  450 m 

750 kW 

- 

64 

1 o r  3 us 

115 o r  345 km 

34.3 o r  
11.4 m s - l  

10.5 cm 

=80 km 

a1 1 

- ClM L i d a r  

0.85' 20 cm 

150 o r  450 m 320 m 

600 kW 6 kW 

64 50 

1 o r  3 ps 2 us 

115 o r  345 km 1364 km 

35.4 or 39.8 m s-l 
11.8 m s - l  

10.9 cm 10.6 

4 0  km 210 km 

a1 1 28.8 km 

a. INERTIAL NAVIGATION SYSTEM (INS) 

Two L i t t o n  LTN-51 u n i t s  were used. These gy ro -s tab i l i zed ,  four-gimbal, 
a l l - a t t i t u d e  u n i t s  employ two degree-of-freedom gyros w i th  gas bearings. 
data furn ished t o  t h e  data a c q u i s i t i o n  system are: 

p o s i t i o n  ( l a t i t u d e ,  longi tude, r e s o l u t i o n  0.1 min) , 

t r u e  heading ( r e s o l u t i o n  0.1 deg, accuracy 0.4 deg), 

The 

t rack  angle ( r e s o l u t i o n  0.1 deg, accuracy 0.5 deg); 

d r i f t  angle ( r e s o l u t i o n  0.1 deg, accuracy 0.5 deg), 

p i t c h  angle ( r e s o l u t i o n  0.044 deg, accuracy 0.5 deg), 

roll angle ( r e s o l u t i o n  0.044 deg, accuracy 0.5 deg); 

groundspeed ( r e s o l u t i o n  0.51 m s-l, accuracy 0.51 m S- ' ) ,  
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wind speed ( r e s o l u t i o n  0.51 m s-'); 

wind azimuth ( r e s o l u t i o n  1.0 deg), 

b. TOTAL A I R  TEMPERATURE PROBE 

The Rosemount 102 AH2AG probe furnishes t o t a l  a i r  temperature and s t a t i c  

a i r  temperature data ( r e s o l u t i o n  0.1 deg) t o  an on-board computer which 
ca l cu la tes  airspeed ( r e s o l u t i o n  0.51 m s - l )  i n  t he  heading d i r e c t i o n ,  t h e  

airspeed data are furn ished t o  the  I N S  computer be used i n  c a l c u l a t i n g  t h e  I N S  

windspeed and azimuth a t  t he  a i r c r a f t  (see Fig. A.3). 

C. DEW-FROST POINT HYGROMETER 

General Eastern 1011 the rmoe lec t r i c  hygrometer (response 1-3 deg per  

second). 

d. RADAR ALTIMETER 

Stewart-Warner APN-159, r e s o l u t i o n  0.61 m, accuracy 1 percent. 

A.4 STATIONARY AUTOMATED MESONET INSTRUMENTATION 

Although the  l i d a r  experiments were not  w i t h i n  t h e  t ime pe r iod  of t he  

major p o r t i o n  o f  the data c o l l e c t i o n  e f f o r t  by NSSL f o r  1981, f o u r  automated 

mesonet s t a t i o n s  were operating. 
t i o n  used t o  c o l l e c t  meteorological  data near the  surface (see Doviak (1981) 

f o r  f u r t h e r  deta i  1 s )  : 

Below i s  a b r i e f  summary of t h e  instrumenta- 

a. WINO SPEED 

Spec ia l l y  cal  i b r a t e d  NWS F-420-C r o t a t i n g  cup DC generator- type ane- 

mometer ( r e s o l u t i o n  0.4 m s - l )  

b. WIND DIRECTION 

NWS F-420-C sp layed- ta i l  wind vane w i t h  modif ied d i r e c t i o n  t r a n s m i t t e r  

( reso l  u t i  on 1.4 deg). 

C. DRY-BULB/WET-BULB TEMPERATURE 

L i  near i  zed Ye1 1 ow Spri ng Model 44202 Thermistors, w i t h  sel  f - w e t t i  ng wet 

bu lb,  housed i n  standard NWS Stevenson screen ( r e s o l u t i o n  0.2 K). 
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d. STATION PRESSURE 

Texas E lec t ron i cs  Aneroid/LVDT U n i t  [ r e s o l u t i o n  0.5 mb), 

e. RAINFALL 

B e l f o r t  Model 5-780 weighing bucket raingage w i t h  we 

c e l l  ( r e s o l u t i o n  0.6 mm). 

Dew p o i n t  temperatures were computed from the  dry-bu 

temperature data by i n t e g r a t i o n  o f  the Clausius-Clapeyron 

l a t e n t  heat of vapor izat ion t o  be constant. 

ght-sensing load 

b and wet-bulb 

equation, assuming 
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APPENDIX B 

ESTIMATION OF THE AVERAGE SURFACE HEAT FLUX OVER AN 

INHOMOGENEOUS TERRAIN FROM THE VERTICAL VELOCITY VARIANCE 

B . 1 INTRODUCTION 

It i s  s t r a i g h t f o r w a r d  t o  compute t h e  surface f l uxes  o f  heat and momentum 

fo r  t h e  h o r i z o n t a l l y  homogeneous atmospheric boundary l a y e r  (ABL) from t h e  

sur f  ace-1 ayer p r o f  i 1 es of wind and potent i a1 temperature by the  p r o f  i 1 e method 

which uses t h e  i n teg ra ted  form o f  t he  f l u x - p r o f i l e  r e l a t i o n s h i p s  (Paulson, 

1970); it i s  a lso poss ib le  t o  compute both the  f r i c t i o n  v e l o c i t y  and surface 

heat f l u x  from the  surface-layer wind p r o f i l e s  alone, us ing t h e  method sug- 

gested by Klug (1967). For t h e  convect ive ABL, the  surface heat f l u x  can a l so  

be computed from j u s t  t h e  surface- layer p o t e n t i a l  temperature p r o f i l e s  us ing 
t h e  f r e e  convection formula, and t h i s  approach seems t o  g i v e  a heat f l u x  e s t i -  

mate t h a t  i s  b e t t e r  than Klug's method and i s  as good as the  p r o f i l e  method 

(Sundara-Rajan and Macklin, 1976). 

But i t  i s  not t h a t  easy t o  get a r e l i a b l e  est imate o f  t h e  surface f l uxes  

o f  heat and momentum i f  we don ' t  have surface- layer p r o f i l e  data. This paper 
describes a method o f  determining t h e  surface heat f l u x  from t h e  observations 

o f  t h e  v e r t i c a l  wind v e l o c i t y  variance (w ) a t  t h e  lower mid- levels o f  t h e  
convect ive ABL. This  method i s  based on t h e  assumption t h a t  t h e  v e r t i c a l  wind 

v e l o c i t y  variance remains constant between the  l e v e l s  0.2h and 0.6h where h i s  
t h e  height  o f  t h e  convect ive ABL - an assumption adequately supported by 
observations o f  t h e  convect ive ABL over h o r i z o n t a l l y  homogeneous s i t e s  (Kaimal 

e t  a l . ,  1976). 
p r i s i n g l y  good, consideri 'ng t h e  fac t  t h a t  t h i s  method was used over a t e r r a i n  

which was f a r  from being homogeneous. 

7 

The heat f l u x  estimates obtained w i t h  t h i s  method were sur- 

B.2 THE METHOD USED AND RESULTS 

Convective ABL observations over h o r i z o n t a l l y  homogeneous s i t e s  (Kaimal 

et a l . ,  1976) i nd i ca te ,  between l e v e l s  0.2h and 0.6h, < = 0.39 
w * 
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where w* i s  the convective s c a l i n g  v e l o c i t y ;  w* = ( BhQ0)1/3 where Qo i s  the 

k inematic heat f l u x  a t  t h e  surface, and 6 = (g /e  ) i s  t h e  buoyancy param- 

eter .  We assumed the  above r e l a t i o n s h i p  f o r  F a n d  computed t h e  values f o r  

Qo from the observed values of t h e  v e r t i c a l  v e l o c i t y  var iance a t  mid- levels o f  
t h e  ABLY and t h e  height  (h) o f  t he  ABL. 

The data we used were from the  NSSL-KTVY tower located about 10 km nor th-  

northeast o f  Oklahoma City on a r o l l i n g ,  genera l l y  undeveloped t e r r a i n  t h a t  i s  

bounded on the south by developed urban t e r r a i n .  A d e t a i l e d  d e s c r i p t i o n  o f  

t h e  t e r r a i n  and tower i s  given by Sanders and Weber (1970) and Lee and Stokes 

(1978). The h ighest  l e v e l  of measurement was a t  444 m, and t h i s  r e s t r i c t e d  us 

t o  use the data c o l l e c t e d  dur ing t h e  e a r l y  morning hours when t h e  height  o f  

t h e  ABL was s t i l l  below 444 m. 
v e r t i c a l  p r o f i l e s  o f  v i r t u a l  p o t e n t i a l  temperature, and only  those runs f o r  

which the  ABL height  could be accurate ly  determined were inc luded i n  the 

analysis. 

The he igh t  of t h e  A8L was determined from t h e  

The v e r t i c a l  v e l o c i t y  measurements were made a t  s i x  l e v e l s  (26, 45, 89, 
177, 266, 444 m) w i t h  R . M .  Young Model 27103 Prope l l e r  anemometers a t  a 

sampling r a t e  o f  10 seconds. 
anemometer can lead t o  an underest imat ion of v e r t i c a l  v e l o c i t y  var iance i n  t h e  

surface- layer (Kaimal, 1975), bu t  t h e  lowest l e v e l  of measurement used f o r  t h e  

analys is  reported here was 89 m. 

i m p l i e d  i n  r e l a t i o n  (1) holds good f o r  h i g h l y  convective condi t ions,  on ly  data 
f o r  which h/L 2 -10 were used. The Obukhov leng th  L(= -~*~/keQ,)  f o r  each run 

was computed from the  values of Qo and t h e  f r i c t i o n  v e l o c i t y  (u*) determined 

from the  mean wind speed values a t  26 m and 45 m us ing t h e  f l u x - p r o f i l e  
r e l a t i o n s h i p s  reported by Businger, et a l .  (1971) f o r  t he  surface- layer.  

Although the  u* estimates from t h e  mean wind speed values a t  he ights  above t h e  
surface-layer should be considered r e l a t i v e l y  crude, they are s u f f i c i e n t  f o r  

t he  computation o f  t he  values of t he  s t a b i l i t y  parameter h/L which are used 

here only f o r  t he  se lec t i on  of runs. The values of z, z/h, h/L, and Qo are 

given i n  Table B.l. 

The somewhat slow response o f  t h e  p r o p e l l e r  

Also, s ince t h e  f r e e  convection s i m i l a r i t y  

We wish we had independent measurements of surface heat f l u x  t o  t e s t  t he  

accuracy o f  the Qo estimates using t h i s  method. 
est imated the  surface heat f l u x  i n d i r e c t l y  from the  observed boundary l a y e r  

heat ing rate. 

We d i d  not  have any, but  we 

The heat ing r a t e  equation i s  given by (Tennekes, 1973): 
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TABLE B. l .  Surface kinematic heat f l u x  est imates f rom the  v e r t i c a l  
v e l o c i t y  var iance and t h e  boundary l a y e r  heat ing  rate.  

Qo (m s”K) 
Heat ing 

DATE (LST 1 (m 1 z/h -h/L method met hod 
T i  me Z Variance r a t e  

7-7-77 
7-10-77 
7-10-77 
7-14-77 
7-15-77 
7- 18- 77 
7-18-77 
7-19-77 
7-19-77 
7-25-77 
7-28-77 
7 - 30- 77 
8-26-77 
9-3-77 
9-3-77 
5-11-79 
5-17-79 
5-19-79 
6-3-79 
6-4-79 
6-4-79 
6-4-79 
6-9-79 
6-10-79 
6-10-79 

8: 15 
8: 15 
8: 45 
8: 45 
8: 45 
8: 15 
8: 45 
8: 15 
8: 45 
9: 15 
9: 15 
8:45 
8: 45 
8: 15 
8: 45 
7: 15 
8: 15 
8: 15 
10: 15 
7: 15 
7:45 
8:15 
10: 15 
7:45 
8: 15 

89 
89 
89 
89 
1.7 7 
89 
17 7 
89 
89 
177 
177 
89 
89 
89 
89 
89 
177 
177 
177 
89 
89 
89 
177 
89 
89 

0.34 
0.36 
0.34 
0.34 
0.40 
0.34 
0.40 
0.36 
0.29 
0.40 
0.50 
0.44 
0.20 
0.58 
0.39 
0.37 
0.50 
0.42 
0.43 
0.60 
0.49 
0.34 
0.44 
0.27 
0.27 

10.4 
17.63 
33.5 
24.5 
54.8 
11.5 
10.2 
49.1 
62,3 
23.4 
47.3 
61 .3 
44.9 
12.23 
21.0 
80.3 
16.2 
10.6 
577 . 5 
12.6 
54.8 
11.2 
10.4 
36.5 
10.2 

0.104 
0 080 
0.084 
0.073 
0.093 
0.132 
0.152 
0.104 
0.080 
0.184 
0,121 
0.149 
0.260 
0.118 
0.118 
0.119 
0.154 
0.149 
0.332 
0.073 
0,094 
0,113 
0.275 
0.106 
0.127 

0.093 
0.089 
0.122 
0.082 
0.102 
0.119 
0.183 
0.112 
0.084 
0.163 
0.147 
0.100 
0.305 
0.148 
0.120 
0.097 
0.149 
0.141 
0.274 
0.077 
0.087 
0.126 
0.296 
0.123 
0.144 
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It was found t h a t  f o r  a l l  t h e  runs included here, t h e  s t reng th  o f  i nve rs ion  

was n e g l i g i b l e ,  and hence the  downward kinematic heat f l u x  Qi a t  the  i n v e r s i o n  
base could be neglected. 

The Qo values computed us ing t h e  variance method and t h e  boundary l a y e r  
The agreement between the  two heat ing r a t e  method are compared i n  Fig. B.l. 

sets  o f  values i s  very good, the standard e r r o r  being 0.024 m s - I K  which i s  

almost t h e  same order as t h a t  f o r  t h e  p r o f i l e  method (Sundara-Rajan and 

Mack1 i n, 1976). 

B.3 CONCLUDING REMARKS 

It seems t h a t  t h i s  method o f  computing t h e  surface kinematic heat f l u x  
from t h e  v e r t i c a l  v e l o c i t y  variance gives a f a i r l y  r e l i a b l e  est imate o f  t h e  

average surface heat f l u x  values over an inhomogeneous t e r r a i n .  

nate ly ,  independent and d i r e c t  est imates o f  surface heat f l u x  were not a v a i l -  

ab le t o  t e s t  r i g o r o u s l y  the  v a l i d i t y  of t h i s  method. 

par ison w i t h  t h e  surface heat f l u x  estimates from the  boundary l a y e r  heat ing 

rates,  and t h e  r e s u l t s  are encouraging. Fur ther  documentation from o the r  

inhomogeneous s i t e s  i s  requi red t o  conf i rm t h e  r e s u l t s  o f  t h i s  study. 

Unfortu- 

What was done was a com- 

35 

Figure 9.1 Comparison o f  surface 
heat f l u x  estimates from the  
variance method and the  heat ing r a t e  
method. 
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APPENDIX C 

INSPECTION AND VERIFICATION OF CV990 I N S  DATA 

I n  t h i s  Appendix t h e  process of v e r i f y i n g  the  a i r c r a f t  p o s i t i o n  and a t t i -  

tude data, and c o r r e c t i n g  any e r r o r s  found i n  those data i s  described. 

a i r c r a f t  p o s i t i o n  was defined i n  terms of l a t i t u d e  and long i tude  recorded a t  

the t i m e  o f  each frame i n  each run. However, i nspec t i on  of t he  raw data i n d i -  
cated t h a t  these l a t i t u d e  and long i tude  measurements were e i t h e r  not  being 

updated f requen t l y  enough o r  were subject  t o  some s o r t  o f  round-of f  er ror ,  as 
t h e  values tended t o  remain constant f o r  per iods as long as 6-8 s a t  a time. 

Although i t  was c l e a r  t h a t  many o f  t he  s p e c i f i c  p o s i t i o n s  suggested by these 
l a t i t u d e  and longi tude values were i n  e r ro r ,  i t  was a lso evident t h a t  i f  t h e  

l a t i t u d e  and longi tude measurements were averaged w i t h  a "running mean" f i l t e r  

extending about 10 data p o i n t s  e i t h e r  s ide  of each given datum i n  t h e  respec- 

t i v e  se r ies  o f  l a t i t u d e s  and longi tudes, t he  r e s u l t i n g  set  o f  a i r c r a f t  p o s i -  
t i o n s  seemed t o  g i ve  a good representat ion o f  t h e  a i r c r a f t  f l i g h t  path. 

The 

This was v e r i f i e d  by comparing the  smoothed INS-derived p o s i t i o n s  w i t h  

those obtained from nad i r  photographs taken a t  about 10 s i n t e r v a l s  dur ing 

several o f  t h e  l i d a r  data runs. 

A1 though t h e  INS-deri ved a t t i t u d e  and v e l o c i t y  data contained s i g n i f i c a n t  

e r ro r ,  they showed s u f f i c i e n t  i n t e r n a l  sel f -consistency t h a t  they could be 

used t o  generate a f i r s t  guess o f  a i r c r a f t  pos i t i ons ,  which would l a t e r  be 

compared w i t h  photo-derived p o s i t i o n s  t o  y i e l d  estimates of the l a rge r -sca le  
INS biases i n  the  l i d a r  v e l o c i t i e s .  Thus it was deemed s a t i s f a c t o r y  f o r  the 

o v e r a l l  analys is  t o  ob ta in  the a i  r c r a f t  1 a t  i tudes and 1 ongi tudes by i n t e g r a -  

t i o n  forward i n  t ime using the s t a r t i n g  pos i t i ons  of t h e  a i r c r a f t  a t  t h e  

beginning o f  each run as reference p o i n t s  and t h e  INS-measured groundspeeds 

and d i r e c t i o n s  as the  ve loc i t y .  

t i o n  t o  be made of  t h e  i n t e r r e l a t i o n s h i p s  (Fig. C.l) among the  airspeeds, 

groundspeeds, heading angles and d r i f t  angles repor ted on tape. 

espec ia l l y  important t o  v e r i f y  these data s ince they would have t o  be used t o  

compute t h e  t rack  angle which was not furnished on t h e  data tape. I n  addi- 

t i o n ,  v e r i f i c a t i o n  o f  d r i f t  angle values was c r u c i a l l y  important due t o  t h e  
s e n s i t i v i t y  o f  t he  l i da r -de r i ved  wind vectors t o  d r i f t  angle f l uc tua t i ons .  

This procedure would also permi t  a v e r i f i c a -  

It was 
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Figure C.l A i r c r a f t  f l i g h t  
parameters re1 evant t o  data 
analysis.  

C.l ERRORS I N  CONVERSION FACTORS 

P r i o r  t o  discussing t h i s  v e r i f i c a t i o n  process, one obvious e r r o r  i n  the  

INS der ived wind azimuth data (INS der ived wind azimuth describes the  azimuth 

o f  t h e  wind vector estimated by the  a i r c r a f t  I N S  and i s  recorded a t  t h e  t ime 

o f  each l i d a r  frame) had t o  be corrected before beginning the  v e r i f i c a t i o n s .  

Examination o f  t h e  INS der ived wind azimuth values showed some angles l a r g e r  

than 360°, which was e a s i l y  t raced t o  the  use o f  an i n c o r r e c t  conversion 

f a c t o r  dur ing the  c rea t i on  of t he  data tape. 

r a t i o  o f  f a c t o r s  remedied t h i s  problem and gave be l i evab le  I N S  wind d i r e c t i o n  

values. 

M u l t i p l i c a t i o n  by a s u i t a b l e  

I n  t h e  f i r s t  step o f  checking the  a i r c r a f t  a t t i t u d e  and p o s i t i o n  data, i t  

became apparent t h a t  forward i n t e g r a t i o n  o f  t h e  a i r c r a f t  v e l o c i t y  vector, as 
def ined by t h e  groundspeed and t rack  angle (= t r u e  heading + d r i f t  angle),  

y i e l d e d  discrepancies i n  a i r c r a f t  p o s i t i o n  which increased s t e a d i l y  w i t h  

time. Since t h e  I N S  wind azimuths were p rev ious l y  found t o  be i n  e r r o r  by a 
f a c t o r  given by the  r a t i o  o f  two conversion fac to rs ,  i t  was suspected t h a t  a 

s i m i l a r  problem might be contaminating the d r i f t  angle values. Several t e s t  

so lu t i ons  o f  t he  vector t r i a n g l e  r e l a t i n g  a i r c r a f t  ground-re la t ive motion, 

a i r - r e l a t i v e  motion and INS-measured winds q u i c k l y  confirmed t h i s  

hypothesis. Although the I N S  wind azimuths had been found t o  be i n  e r r o r ,  
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confidence i n  t h e  I N S  wind speeds was warranted because of t h e i r  agreement 

w i t h  the magnitudes suggested from t h e  soundings taken on t h e  day of t h e  

experiment. This impression was confirmed dur ing subsequent analys is  o f  t he  

radar and l i d a r  wind data (see sec t i on  1.6). I n  fact ,  i t  was u l t i m a t e l y  

ascertained t h a t  t h e  e r r o r s  i n  I N S  wind azimuth and d r i f t  angle were comple- 

mentary: t h e  conversion factors  f o r  each q u a n t i t y  had been i n a d v e r t e n t l y  

switched du r ing  the  w r i t i n g  o f  t h e  tape data. It was thus a simple matter t o  

recompute t h e  co r rec t  values of t he  a i r c r a f t  d r i f t  angles by m u l t i p l y i n g  them 

by the r a t i o  o f  t h e  co r rec t  conversion fac to r  t o  t h e  i n c o r r e c t  one, as had 

been done f o r  t he  I N S  wind d i rec t i ons .  

Late i n  the  analys is  stage a s i m i l a r  conversion f a c t o r  problem was 

detected i n  the  recorded values o f  r o l l  angle, which were a l l  t o o  small by a 
fac to r  o f  2.27. 

ground re tu rns  observed i n  run 4 dur ing a l e f t  t u r n  i n  which l i d a r  data were 

co l lected;  conf i rmat ion o f  t he  e r r o r s  was obtained by comparison o f  t he  r o l l  

angle values recorded on the  l i d a r  data tape w i t h  those recorded independently 

by t h e  a i r c r a f t  INS system. Because of the lateness o f  t h e  discovery o f  t he  

r o l l  angle e r r o r  and because the  r o l l  angle e r r o r s  had no impact on the calcu- 
l a t i o n s  o f  a i r c r a f t  pos i t i on ,  no co r rec t i on  was app l i ed  t o  erroneous r o l l  

angle Val ues. 

C.2 CORRECTION TO THE RECORDED INS DERIVED P O S I T I O N  DATA 

Evidence of t h e  r o l l  angle e r r o r s  came from a sequence o f  13 

A f t e r  modify ing values o f  a i r c r a f t  d r i f t  angle t o  r e f l e c t  use o f  t h e  

proper conversion fac to r ,  i t  was poss ib le  t o  compute consis tent  t rack  angles 

and t o  ca r ry  out t he  t ime i n t e g r a t i o n  o f  the ground-re la t ive v e l o c i t y  vector 

i n  order t o  e s t a b l i s h  a consis tent  set of l a t i t u d e s  and longi tudes. 

actual  i n t e g r a t i o n  was performed i n  a l o c a l  x-y coord inate system having an 

o r i g i n  a t  t h e  s t a r t i n g  p o i n t  of each run. The c a l c u l a t i o n s  were made us ing 

double p r e c i s i o n  ar i thmet ic ,  as the  use of s i n g l e  p r e c i s i o n  a r i t h m e t i c  was 

found t o  cause p o s i t i o n  biases l a r g e  enough t o  i n t e r f e r e  w i t h  accurate assess- 

ment o f  t h e  INS p o s i t i o n  errors.  
t i o n  coordinates were then transformed back t o  l a t i t u d e s  and longi tudes by 

means of :  

The 

The revised computed a i r c r a f t  x and y pos i -  

LAT(1) = LAT(1-1) + A*(X(I) - X(1-1)) (C . la)  

LON(1) = LON(1-1) + A*(X(I)  - X(1-l))/(COS(LAT(I)) (C.lb) 

where "A" i s  a f a c t o r  which converts distance t o  degrees. 
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La t i t ude - long i tude  values obta ined i n  t h i s  manner fo l lowed q u i t e  c l o s e l y  

t h e  t r a c k  suggested by t h e  smoothed version o f  t h e  data given on t h e  tape, and 

s ince  these computed p o s i t i o n s  were obtained i n  a d e t e r m i n i s t i c  manner, they 

were deemed appropr ia te f o r  use i n  a l l  subsequent ca l cu la t i ons .  

A sample o f  t he  uncorrected tape data from t h e  f i r s t  62 frames o f  run 2 

deal ing w i t h  a i r c r a f t  p o s i t i o n  and a t t i t u d e  i s  given i n  Table C.1. The pos i -  

t i o n  problems discussed above are evident i n  t h e  l a t i t u d e s  ("LAT") and l o n g i -  
tudes ("LON") as wel l  as t h e  ca l cu la ted  x and y coordinates o f  t he  a i r c r a f t  

r e l a t i v e  t o  t h e  s t a r t  o f  t h e  run ("XCV990" and "YCV990"). Note i n  Table C . l  
t h e  tendency o f  a l l  o f  these q u a n t i t i e s  t o  remain constant f o r  per iods o f  t ime  

l a s t i n g  up t o  4-5 s. 
values from frames 36 through 39. An even more d i s t u r b i n g  sequence i s  seen i n  

frames 59-61, where both t h e  XCV990 and YCV990 values, as we l l  as LAT and LON, 

remain constant, suggesting t h a t  t h e  a i r c r a f t  remained s tat ionary f o r  s e v e r a l  

seconds! 
appear t o  be reasonable, they s t i l l  conta in  t h e  conversion f a c t o r  e r r o r  

described above, and are t o o  small by more than a fac to r  o f  two. 

A t y p i c a l  example i s  seen i n  t h e  sequence o f  XCV990 

It should be noted t h a t  although the  d r i f t  angle data (DRANGL) 

Another p o r t i o n  o f  t h e  output o f  tape data i s  given i n  Table C.2; t h i s  

t a b l e  again deals w i t h  t h e  f i r s t  62 frames from l i d a r  run 2. O f  p a r t i c u l a r  

i n t e r e s t  are the values o f  I N S  wind azimuth (WINDAZ), some o f  which (frames 

1-3 f o r  example) are seen t o  exceed 360'. 

The e f f e c t  o f  the co r rec t i ons  made dur ing t h e  data review stage o f  t h e  

analys is  can be gauged by examining Tables C.3 and C.4, which are rev ised 

versions o f  Tables C.l  and C.2, w i t h  some format changes i n  t h e  case o f  Table 

C.4 t o  accommodate some new ca lcu la ted  parameters. Note t h e  increased smooth- 
ness o f  r a t e  o f  change o f  t h e  LAT, LON, XCV990 (renamed "ClX990" i n  Tables 

C.3-C.4) and YCV990 (renamed "ClY990") arrays i n  Table C.3, and the  conversion 

o f  t h e  erroneous WINDAZ values i n  Table C.2 t o  c r e d i b l e  values o f  "AZINS" i n  

Table C.4. Note a lso t h a t  i n  Table C.4 the  values l a b e l l e d  " V I N S "  represent 

INS-derived wind magnitudes i n  meters per second obtained by conver t ing t h e  

"WINDSP" values i n  Table C.2 from knots. I n  Table C.3 values o f  d r i f t  angle 

can a l so  be seen t o  have increased, some h i n t  of problems t o  be discussed 

l a t e r  i s  seen i n  t h e  f a c t  t h a t  t he  d r i f t  angles are not resolved t o  a p r e c i -  
s i o n  beyond 0.1 deg. Note a l s o  t h a t  a number of o ther  parameters have been 

rev ised as wel l ;  t he  reasons fo r  these changes and the  method o f  making t h e  

changes w i  11 be discussed bel  ow. 

J 
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FRAME TIME LAT LON 2PWE.S L I i A D R  X C V 9 9 0  
1 201810 .  35 .113  -97 .737 0 0  2424 .  0. 
2 2 0 1 8 1 1 .  
3 2 0 1 8 1 2 .  
4 2 0 1 8 1 5 .  
5 2 0 1 8 1 7 -  
6 2 0 1 8 1 8 .  
7 2 0 1 8 1 9 .  
8 201821 .  
9 201622 .  

10 201824 .  
1 1  201825 .  
1 2  201827 .  
13 201828 .  
14 2 0 1 8 3 0 .  
15 201831 .  
16 2018330 
17  2 0 1 8 3 4 -  
18  201836. 
19 2 0 1 8 3 7 .  
20 201839 .  
2 1  2 0 1 U 4 0 0  
22 2 0 1 8 4 2 .  
2 J  201843 .  
24 2 0 1 8 4 5 .  

26 201847 .  
2 7  2014349. 
28 2 0 1 0 5 0 .  
29 201M51. 
30 201852 .  
3 1  2 0 1 8 5 4 .  

25 201046 .  

3 2  201435s. 
33 201856. 
34 201858 .  
35 201859 .  
3 6  2 0 1 9 0 0 .  
37 201YO1. 
3d 2 0 1 9 0 3 .  

40  2 0 1 Y 0 5 -  
4 1  2 0 1 9 0 6 .  
42  2 0 1 9 0 8 .  
43 2 0 1 9 0 9 .  
44 2 0 1 9 1 0 .  
4 5  201912 .  
46 2 0 1 9 1 3 .  
4 7  2 0 1 9 1 4 .  
4 8  2 O l Y I S .  
49 201917 .  
50 2 0 1 9 1 8 .  
5 1  2 0 1 9 1 9 .  
5 2  201921 .  
53 2 0 1 9 2 2 .  
54 201923 .  
5 5  201924 .  
5 6  201026 .  
5 7  201927 .  
5U 2 0 1 9 2 8 .  
59 201930. 
6 0  2 0 1 9 3 1 .  
6 1  2 0 1 9 3 2 ,  
6 2  201tJ33. 

3 5 . 1 1 3  
3 5 . 1 1 5  
3 5 . 1 1 7  
3 5 . 1 1 8  
3 5 . 1 1 8  
3s. 122 
35 .122  
35 .123  
35 .123  
3 5 . 1 2 7  
3 5 . 1 2 0  
35 132 
3 5  132 
3 5 . 1 3 2  
3 5 . 1 3 3  
35.1.35 
35 .137  
3 5 -  138  

3 5 . 1 3 0  
35 .143 
35 .145  
35 .145  
3 5 . 1 4 8  
35.14t.3 
3 5 . 1 4 8  

35 .152  
3 5 . 1 5 2  
3 5 . 1 5 7  
3 5 . 1 5 7  
JT.158 
35 .150  
3s. 158 
35 .162  
35 .162  
3 5 . 1 6 3  
35 .163 
3 5 . 1 6 7  
35 .160  
35. 160 
3 5 . 1 7 0  
35.172 
35 .172  
35 .172  
35 .172  
3 5 . 1 7 8  
35 .170  
35 .180  
35 .102  
35 .183  
35 .183  
3 5 . 1 8 5  
35 .185  
35 .105  
35.190 
35 .192  
35 .193  
3s. 1 Y3 
35 .193  
35. 197 

35. 130 

3 5 . 1 4 8  

-9 7.13 7 
-97 ,740  
-97 .740  
-9 7.745 
-Y7.747 
-97 .748 
-97 .740  
-97.748 
-97 .752  
-97.755 
-97 .757 
-97075 i1  
-9 7.758 
-97 .750 
- 9  7 . 762  
-9 7.702 
-9 7 e 767 
-97.7G8 
-97.7bU 
-97 .768  
-97 .772  
- 9 7  772  
-9 7.7 7 5 
-97 .770 
-97 .778 
-97.70 0 
-97.7L10 
-97 .782  
-97 .782  
-9 7 .783 - 9 7.7 u 3 

-Y 7.785 
-97 .705 
-97 .792  
-97 .792  
-97 .792  
-97 .792  
-97 .795 
-97 .795 - 97.795 
- 9 7  0 798 - 9 7. 'I98 
-97 .002  
-97.H02 
-9 7.802 
-0 7 e 80 5 
-97 .  005 
-97 .807 
-97 .000  - 97-81 2 
-97 .812  
-97.H1.3 
-97 .013  
- Y 7  U 1 3 
- 9 7  U I 3  
-97 .817 
-97 .018 
- 9  7 8 1 8 
-9 7 91 0 
-97 .u23 

-9 7.705 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0.  
0- 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0 .  
0. 
0. 
0. 
0 .  
0. 
0 .  
0 .  
0. 
0. 
0 . 

2404-  
2 4 1 0 .  
2470 
23Y4 
237d.  
2390 
2 4 2 4 .  
2 4 0 2  
2386. 
2414.  
2390.  
2 4 O O e  
2424 .  
2456.  
2394 
2372  
2 3 3 0  0 

2348 .  
2334 
2354 . 
2398 
2402  m 
2374 . 
2352 .  
2362  m 
2322.  
2338  
2352 .  
23  7b 0 

2 3 5 6  
2272  
2368.  
2392 .  
2452 
2426  
2444.  
2390. 
2 3 8 2  . 
2372  
2 3 7 0  e 
2 270 
2364 
2384.  
2376.  
2378. 
2404 
241U. 
2492 .  
24t12. 
2454 
2462. 
24 12 
2 4 0 4 -  
2422  
243U. 
2 4 0 0  
244b m 
2 4 3 0  
2422 
2 4  36 
241b.  

0. 
-200. 
-2u0. 
-740.  
-900. 

-1 040. 
- 1  040. 
-1 040. 
-1340.  
-1640.  
--I 800. 
-1 960 .  
- 1  960 
-1960.  
-2260. 
-22601  
-2720.  
-2U60. 
- 2 8 6 0 -  
-2860 
-3  160. 
-3 160 0 

-3480.  

-3700.  
-3920.  
-3923. 
-4080. 
-4 080 
-4 220 . 
-4 220 
-43UO. 
-43UO. 
-43UO. 
-4900.  
-4980 
-4Y80. 
-4900.  

-5 .300.  
- 5 3 0 0 0  
- 5 6 0 0 -  
-5600.  
-5900. 
- 5 3 0 0 .  
-5900.  
-b200. 
-6200. 
-6 360 
-6500. 
-6000. 
-6800. 
-b960 
-696 0 
-0960. 
-6960  
-7260.  
-7420.  
-7420. 
-7420. 
-7880.  

-37LIO. 

-S300. 

Y CV9G 0 TI3Ut.I E A  D DJZAFI CLE 
0. 310 .99S 0 . 7 0 3  

0 - 9 7  1 311.2c12 0. 
180. 
960 
5 6 0  
5 0 0 ,  
920. 
'120. 

1100. 
1100. 
1480 
1660. 
2 0 4 0 .  
2040 .  
2040, 
2220  * 
24 00 0 

2500 
2780 .  
2780  
2780 .  
3323.  
3520 .  
3520 
3 3 0 0  
3U00 
3M80. 
3880 
4260  a 
4260 
4800.  
4800. 
5 0 0 0  
5000.  
5000 .  
5360 
5360 
5 5 4 0 .  
5540 
5920. 
b100 .  
6100 .  
6280  
64&30. 
b4 80 
6480. 
6480. 
7220 
7220  
7400.  
7580.  
7 7 6 0 .  
7760 
7960 
7960. 

3 1  1 .262  
3 1 2 . 1 8 5  
3 1 3 . 5 0 3  
3 1 3 . 7 6 7  
3 1 3 0 7 l ~ 7  

314.6YO 
315 .564  
318 .272  
316 .795  
31G.799  
3 1 7 . 3 7 1  
3 1 7 -  6 7 8  
3 1 7 . 9 0 0  

314 .690  

3 1 0 . 9 0 1  
318 .689  
31U. 6 8 s  
3 1 0 . 6 0 9  

3 1 9 . 5 6 8  

3 1 9 . 5 6 8  
3 1 9 . 9 6 3  
3 2 0 . 4 0 2  
3 2 0 . 4 0 2  
320 4 0 3  
320.402 
3 2 0 . 4 9 1  
3 2 0 . 5 7 9  

319.568 

3 1 9 . 5 ~ e  

920 .57Y 
320 5 7 s  
320 .579  
3 2 0 . 7 9 f  
3 2 0 . 7 9 8  
321 .194  
321.1'14 
3 2 1 . 3 7 0  
321 SO 1 
32  1.50 1 
3 2 1 . 5 0 1  
321 .  so 1 
3 2 1 . 6 7 7  
3 2 1 . 6 7 7  
321 e677 
3 2 2 . 6 0 0  
322 .600  
3 2 3 . 3 9  1 
323.39 1 
3 2 3 . 1 7 1  
3 2 3 . 1 7 1  
3 2 3 . 0 7 5  
3 2 3 . 5 8 7  
323 56 7 

7960 32;). 0 7 5  
8.500. 324.1832 
8 7 0 0 .  324.490 
0 0 0 0 .  3 2 4 . 4 9 0  
8t )UO.  224 .4YO 
8 8 8 0 .  324.4U2 0.132 
9 2 4 0 .  324.402 0.132 

0 . 5 7 1  
0 . 4 3 9  
0 e044 
0 . 0 4 4  
0 .132  
0 -396 
0.303 
0 .306  
0 . 3 o t l  
0.439 
0 - 4 3 9  
0.396 
0 . 4 8 3  
0.971 
0 . 5 7 1  
0 . 5 2 7  
0 .527  
0 . 4 3 3  
0 . 2 2 0  
0 . 2 2 0  
0 . 2 2 0  
0.264 
0.352 
0 * a  
0 .o 
0 . 0  
0 . 1 3 2  
0 .132  
0 .176  
0 .176 
0.080 
0 . 0 U l J  
0 . 0 8 0  
0.164 
0 .<64 
0 .3 03  
0 .220  
0 . 1 3 2  
0.132 
0 .044  
0 .176 
0 .132  
0 .132  
0 .176  
001 7 6  
0 . 1 7 6  
0 .176 

-0.264 
0.132 
0.132 

-0eOdd 
0 .0 
0 .0 
0 .08U 
0rOBt3 

-0 .outJ 
-0.0 ut1 
-3 .OlSH 

Table  C . l  Sample of raw p o s i t i o n  d a t a  NASA CV 990. 
See t e x t  f o r  d e f i n i t i o n  of terms. 
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WIIJDSP V~INOAZ,TTOTC~..TSTAT_DEWPT_TSRPC T S E N S  ? - ' - ^ * - -  

-11.00 LI75.~0.33.90_23.90_lU090 31.90 0.10 
,-11.00 3 7 S . 5 0  33-90 23.90 19.10 31.20 0110 

..LO.OO 310.6O-JJ.bO. 23.bO-20.00 2 9 . 7 0 - .  0.10 
-10.00 3 1 9 ~ 6 0 ~ 3 3 ~ 7 0 ~ 2 ~ ~ ( 1 0 ~ 1 8 ~ 8 0 ~ 2 9 ~ 9 0 . ~ .  0 . 1 0  
10.00 355.00 33.60 23-80 19.40 30.40 0.10  

11.00 375.50 33.90 23-90 10.60 32.00 0.10 

10.00 3 5 5 . 0 0  33.70 23.70 20.30 30.40 0.10 
10*00-355000-33.70 23.70-19.40-301 10 - O m  10 

-13*00-3S7.30-33*70 23.70-19.50 30170 - 0.10 
13.00 373.20 33-60 23.50 19.80 31.t30 0.10 
14.00 361.80 33.70 2 5 . 5 0 '  

- 13000 -366.40 33.6'3 23.50- 
.-14.00-J57.30 3 3 0 U 0  23.50- 
14.00 357030 35.UO 23-10 

14 .00 .368 .60  33.90 23.70- - 1 S. 00 -566 a 4  0 33 90-23 e70-  
14.00 368.60 3J.00  2j.60, 
14.00  368.80 3 4 - 0 0  23.60 

14.00 368.60 33.90 23-70: 

9.30 31-70 0.10 
9.20-31 .oo- 0.10 
!0.50.31.50 0.10 
9.30 3 0 0 5 0  0 . 1 0  
0 . 0 0  29.50 0.10 
9.60 30.40 0 .10  
9-00 2 3 . 9 0 .  0 . 1 0  
9.90  30.70 0.10 
9 - 5 0  30.40 0.10 

-14.00-368 . G O  34 * 10-23.60-1 '3.80 31.10 _ _  0 . 1 0  
~ ~ L l e 0 0 ~ 3 3 Y ~ l O  34-10 23.70-20.90 30.50-. 0.10 
11.00 339.10 34.20 23-60 18-80 29.00 0 . 1 0  - - - . - - - 
11.00 566.40 34.20 23.60 ig.so 30.50 o . i o  

. - 1 0 . 0 0  555.00-54.00 25.70-19.00 30.50-.0.10 
-11.00 316.30 34-00 23060..20.60 2 Y . 4 0  ~ 0.10 

11.00 31b.30 33-90 23-50 10.70 30.40 0.10 
12.00 31h.30 33.90 23.60 20190 30-40  0.10 

-13 .00  343.60133090 23.70-19*-00- 
13.00 343.60 33.80 
14.00 343.60 33.00 - 14.00 343.60-33.bO 

- 1  4 00 332 .20-33*80 
19.00 34leJO 3.3.90 
14.00 350.40 33.90 -~ ,-. _ .  

-14.00 J53.40-33.30 23.70-21 - 5 0 -  
-14.00 350.40 34.00 23.60-19ib0 
14000 352.70 30.00 23.60 19.70 
14.00 352.70 34.00 23-70 18-50 
13.00 334.50-39 e 0 0  
13.00 534.50 34.00 
1J.00 334.50 33.YO 
13.00 334.50 34.10 

- 1  2 . 0 0  345 w 9  0 -34 000 
- 12.00- 345 0 5 )  0 34 0 t o  
12.00 3*5. '10 34.10 

' 13.00 304.90 34.10 - 13 e 00- 3 04 0 9  0-34 0 0 
-13.00-304.90-34.30 

13.00 304.90 34.30 
12000 336e80 3k.40 

.. 10.00 Jlb.30-34.60 - 10 0 00 -31 O I J O  34.60 
t3.00 336eLi0 34.70 
8 - 0 0  336.c30 34.60 
0.00-336.RO 34050 

- U . O O  3 3 h o t r O  34.40 23.30-20.40 
0 0 0 2 dv 0 0 3 4 8 3 0-  2 3 8 1 0- 2 0 e 8 0 

0 . 0 0  2 8 9 e 0 0  34840 23.20 LV.60 
Li*OO ZU'i .00 34.20 23.50--19.50 
5 . 0 0  34s.90 3a.30 25.20-20.20 
' ) . O O  ~lvtl-.!~O~-3-4.Jy 23*3-0-,-!0.50 

29.YO 
23.70 20.10 23.uo 
23.50 19.50 3 0 . 7 0  
25 * b o - 2 0  I O  30 - 0 0  
23 r60-2 I e 20- 30 a 6 0 
Z j . 6 0  19.90 2Y.80 
23.60 20.40 29.20 

.27.20 
29.90 
2 9 - 8 0  
30.00 
30.00 
30.80 
29.20 
2 Y .  10 
2 3 . 9 0  

30.20 
31 0 0 0  
31.20 
29-40 
2 9 . 9 0  
29. U O  
-30 0 8 0  
31.10 
31 030 
30.90 
30.40 
2 Y .  10 
29.40 
30.20 
32.00 
34.10 
34 -00 

3o .s lo  

0 .10 
0.10 
0.10 
0.10 
0.16 
0.10 
00  10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
o *  10 
0.10 
0.10 
0. 10 
0. I0 

I IMPU> 
0 . 0  
0. 0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 

. 0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0.0 
0.0 
0 . 0  
0.0 
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 

, 0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
00 0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
O f 0  

F 17 E. O L  Ll 
0.0 
0.0 
3.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0-0 
0.0 
0.0 
0 . 0  * 
0 . 0  

0.0 

0.0 
0.0 
0.0 
0.0 
0 .o 
0 .O 
0 .0 
0 . 0  
0.0 
0 .o 
0.0 
0.0 
0 . O  
0 . 0  
0 .o 
0 .o 
0 . 0  
0 .o 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0 .o 
0 .D 
0 . 0  
0 .o 
0 * 0 
0 . 0  
0 .0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0 00 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 .o 

0.0 

0.0 

UFt S L T  
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 
U . 0  
0.0 
0.0 
0 . 0  
0.0 
0 . 0  
9 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.c) 
0 . 0  
0.0 
0.0 
0.0 
I) . 0 
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0 . 0 
9.0 
0 . 0  
0.0 
0 . 0  
0 . 0  

0 . 0  
0.0 
0 . 0  
lJ.O 
0 . 0  
0 . 0 
0.0 
0-0- 

a. o 

Table C 2. 
See text f o r  definition of terms. 

Sample of raw metporological data, NASA CV 990. 
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FRAME 
- - I  L O  

2 20  
3 2 0  
4 20 

-5 -2 0 
6 2 0  
7 20 
8 20 

- 9 2 0  
10 20 
11  20 
12 20 

- 13-20 
1 1  29  
75 20 
16 21: 

- 17- 20 
1P 20 
19 20 
20 29 

c2 20 
23 20 
2 4  20 - f 5-2 0 
26 20 
27 20 
28 2 0  
25-20 

3 0  20 
3 1  20 zz  20 

-23 -20 
3 4  20 3'. 20 
30  20 

2 7 - 2 0  
38 LO 
39 20 
40 20 

-4 1 .IO 
42 20 
4 3  10 
4 4  2 0  

-45-20 
46 20 
47 20 
4 8  20 

- 49-20 
5 0  20 
5 1  L O  
52 2 0  

-53-20 
54 20 
55 20 
5G 2 n  
5 1  20 
5 0  20 
53 20  
10 20 

-431 10 
62 2 0  

-2 1 .-2 0 

7'131: 
tn10. 
1071. 
1812. 
lt31S. 
1817. 
1n1u. 
181 9. 
1821. 
1822.  
1H23. 
1025. 

182H. 
1830. 
1831. 
1833. 
1d34. 
1837. 
1839. 
1840. 
1H42. 
l t l 4 3 .  
1845. 
18Ub. 
1847. 
1849. 
1850. 
-1851 * 
1851'. 
1054. 
1855. 
1 e56. 
1857. 
1859, 
1900. 
1901. 
1Y02. 
1j0u. 
1305. 
1906. 
1YOLi .  
1999. 
191 0, 
1911. 
19 13. 
19 14. 
1915. 
19 17. 
1'118. 
1919. 
1 Y20. 
1922. 
1923. 
19214. 
1 '? 2 G . 
1927. 
1928. 
1 9 2 9 . 
1911. 
1'3 12. 
19 33. 

11327. 

1 ~ 3 6 .  

T a b l e  C 3.  Sample of cor rec ted  p o s i t i o n  data NASA CV-990. 
See t e x t  f o r  d e f i n i t i o n  o f  terms. 
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A2990 kAh990 EFS990 X F C k E - b Z L C S  V I h S  AZZhS L R I N S  T T C T  E A T P  T C E h  T S F C -  
170.2  407CE. O . E S 1  1 240 .80  5 0 7  l e 5 0 0  -5 .6  33 .9  2 3 - 9  1 e . S  21.9 

- 1  2C2.10 5.7 lCC.0 - ? . e  2 2 . 5  2 2 . ;  1 5 . 1  2 1 . 2  170 - 2  
170.5 
170.5 
171 -0 
171.2 
171 - 4  
171.5 
171.7 
1 7 1  e 9  
172 .1  
172.3 
172.4 
172.e 
172 * O  
173.C 
1 7 3 0 2  
173.3 
173.5  
173.7 
173.5 
174 I 
174.3 
174.9 
174 97 

179.0 
1 7 5 . 2  
1 7 5 . 1  
175 0 5  
175.7 

176 -0 
176.2 
176.4 
176.6 
176.7 
176 e 9  
177.1  
177 03 
177.4  

174.e 

i 7 s . e  

177.6 
177.8 
178aC 
178 - 2  
178.4 
i 7 e . e  
1 7 8 . a -  
179.0 
179.1 
179 -3 
175.5 
179 07 
179.9 

180.3  
i e o .  1 

1eo.s 
180 .a 
l e i  .o 
1 e i . s  .- 

i e 1 . 6  - l e i  .-_- .e-. 
181.4 

40.99 a 

4 0 4 4 2  
4 0  12C. 
3FF73 .  
1 S E 1 6 .  
2 9 6 5 9  e 
3 9 4 9 9  o 
1 5 2 3 E o  
3 9 1 7 7 .  
4 5 c 1 4 0  
3 8 8 2 5  0 

3ec4e .  
2eq70 .  
3 8 2 9 2  
2 E l 1 2 .  
3 7 9 3 2  0 

3 7 7 5 0  
3 7 5 7 0 .  
3 7 3 8 9  
372CS. 
3 7 0 2 @ 0  
3 6 8 4 7 -  
2 e t . 0 .  
3 6 4 9 5 .  
3 6 3 4  1 
3 e l E 7 .  
3 6 0 3 4  

3 5 7 2 6  s 
3 5 5 7 2  
2 5 4 l E .  
3 5 2 6 4  
3 5 1 1 1 0  

54eos.  
2 4 6 5 2 -  
3 4 5  I t  e 
3 4 3 6 2 0  
3 4 Z 1 0 *  
3 4 0 5 7  e 
3 3 9 0 5 -  

3 5 e e c .  

3 4 9 5 8  

3 3 7 5 3  . 
336C2 
3 3 4 5  1 * 
33300 

3 2 9 9 5 .  
3 2 8 4 2  o 
t 2 E & 5  
3 2 5 3 7  
523eC. 
3 2 2 3 2  
32080.  
2142E.  
3 1 7 7 6 -  
31022 .  
3 1470 a 
3 1 3 1 7 .  
"31 165. 
3 1 0 1 2 .  
3 0 e 5 5 .  -_ 107iZ.. 

_ -  ~ 

0 .E46 

1 0 6 2  

0 0 8 4 a  
C . E E Z  

0.e65 

c . e e C  
0 .SO! 

C - 8 6 2  
C. E63 

C . 8 8 8  

c.sc.. 
0 0502 
c.91 I 
0.514 
0.945 
0 . 5 1 6  
0 mF09 
C e900 
Co5OE 
0 - 9 1 7  
C 932  
0.460 
0.957 
C. 5 6 8  
c ,545 
C - 9 6 4  
C.546 
0 - 9 6 1  
C.965 
0 - 9 9  I 
0 .993  
C.SE7 
0 - 9 9 6  
1 . 0 1 2  
1.063 
I .os 1 
1 .661  
1.039 
1 0 0 4 1  
I .c3e  
1.046 

-- 

... 

.-. 

1 0 0 6 5  
1 e 0 7 4  
1.076 
1 .OY4 
10 104 
I o  1 2 2  
1 .164  
I m 167  
1 a 1 6 2  
1.181 
1.150 
I 0 153 
1- 1 7 2  
1.104 
1.212 
I a207 
1 .201 
1.204 
1.233 
1 0 2 2 8  
1 .23c 

i 241.10 5.7 i e 5 . o  
1 242.0C 5 . 1  140.0 

- 1  2c4.2c  s o 1  14c.o 
1 2 4 3 * 6 6  5 . 1  1 5 6 . 0  

- 1  2c4.eo 5 . 1  I Z t . 0  
1 254.50 5 . 1  1 5 6 . 0  

- 1  2C505C 6.7 157.0 
1 245.40 6 . 7  1C4.0 

- 1  2C701C 7.2 155.0  
1 246.60  6 . 7  l e l . 0  

-1  2C7.70 7.2 157.0  
I 247.2c 7.2 1 5 7 . c  

I 247aeC' -  7.2 1C2.0 
- 1  2CS.2G 7.7 ICI.0 

- 1  zce.50  7 0 2  1c2.0 

I 248 .50  
- 1  ZC5.50 

1 2 4 8 0 5 0  
- 1  210 .40  

1 244.40  
- 1  2 1 0 . 4 G  

1 249.4C 
- 1  210.EC 

1 2 5 0 - 2 0  
- I  iii.za 

I 2 5 0 . 2 0  
- 1  211 .2c  

I 25C.2C 
- I  211 .40  

1 25C.4C 
- 1  211.40 

1 250 .40  
- 1  2 1 1 . e 0  

1 2LCa6C 
- 1  212.OC 

1 251.CC 
- 1  212.20  

I 2CI.2C 
- 1  212.3C 

1 2 Z l a 3 G  
- 1  2 1 i . 2 c  

1 251 .50  
- I  21 i .ZC 

I 251.cc 
- 1  213041:  

1 252.46  

1 212.cc 
- 1  214070  

1 259.40  
- 1  214 .40  

1 ZEI.7C 
- 1  215'.00 

I 294-3C 
- 1  215.3C .-. 1 254a3C 

.- 

- 1  215.2c 
1 2S4.2C 

- I  i l 5 . E C  

7 . 2  1e2.0  
7 . 2  162 .0  
7 . 2  IC2.G 
5.7 145.0  
5 . 7  1 4 S . C  
5 .7  l C I . 0  
5 . 1  156.0 
50'7 1 2 f . O  
5.7 139.0 
6 . 2  I S - C  
6 .2  142-G 
6 . 7  1 5 1 . 0  
6 . 7  151.0 
7.2 1 5 1 . 0  
7.2 1 5 1 . 0  
7 . 2  14t .0  
7 .2 1 5 0 . 0  
7 .2  154.0 
7.2 154.0 
7.: 194.0 
7 . r  I C L . 0  
7 . 2  1 9 5 . 0  
C . 7  147.6 
6.7 147.0  
6 . 7  147.0 
6 . 7  147.0  
6 - 2  1 5 2 . 0  
6.; 152.0 
6 . d  1 5 2 . 0  
6 . 7  134.0 
t . 7  12400 
6.7 124.0  
6.7 124.C 
6 .2  l4E.O 
s o 1  13510  
5 . 1  I I S . 0  
4.1  148.0 
4 . 1  140.0 
4 . 1  14E.0 

4 . 1  l 2 7 . C  
4 .1  1 2 7 0 0  

. 4 - 1  127 .0  
4 . e  1 5 5 . 0  
4 . 6  140.0 
4 . e  14t .C 

4 .1  & s e . o  

_ _  
- 5 . 6  32.4 23.5 1 E . e  I 2 . C  
- 4 . 4  
-4.4 
- 5  -0 
-s.o 
- 5  .O 
- 6  - 5  
-e.& 
- 7 0 0  
- C . G  
- e  .cj 
- e . s  
- 7 . 1  
- 7 . 1  
-7 .5  
-7.1 
- 7 .  I 
- 7 .  I 
-5 .1  
- 5 . 1  
- 5  .5 
- 4 . 9  
- 4 . e  
- 4  a 6  
- 5  G 
- 5 . 2  
- 6 . 1  
- 6 . 1  
- e  .5 
-6 * S  
- C * Z  
- e  .s 
- e  .7 
- e  .e 
-6  *6 
-62.7 
- 6  .7 
-I.€ 

- 5 . 8  
- E * 7  
-5.5 
-5 .5  
- 5 . 5  
- 4  .e 
-4 .7  

-4 .7  
- 5 . 2  
-3 .9 
- 2 0 s  
- 2 . 5  
-3.5 
-2.5 
-3.5 
-2.4 

- 2  .e 
- 4 . c  
-2 .5  

-5 .e  

- 4 0 7  

- 2  04  

-2 .e 

3 3 - 7  23.: 
3 1 . c  23.- 
3 3 . 7  2 3 . 5  
3 2 . c  2 3 . 5  
2 2 . €  2 2 . 5  
3 3 - E  2 3 . 7  
2 z . s  23.7 
3 3 . 5  2 3 . 7  
3 2 . 5  23.7 
3 4 . c  2 3 . e  
3 4 . 0  23 .6  
24 .1  i 2 . e  
3 4 . 1  23.7 
24.2 23.6 
2 4 . 2  i 3 . e  
34.0  2 3 . 7  
24.c i 3 . e  
23.; 2 2 . 5  
33.5 2 3 . 6  

33 .9  2 3 . 7  

33.F 23 .e  
33.5 23.6  
23.5 23.7 
34 .0  23.C 
L4.C 23.6 
1 4 . c  23.7 
34.c 23.7 - . -~ 
34.c 22.7 
33.5 23.5 
24 .1  23.5 
34.0 23.5 
3 4 . 1  23.6 
'4.1 c2 .z  
3 4 . 1  23.7 
34.c Z 2 . C  
24.2 2 2 . 5  
34.2  2 3 . 7  
1 4 . 4  I 2 . C  
34.e  22.4 
34 .6  i 2 . e  
3 4 - 7  2 2 . 5  
34.6 2 3  

3 4 . 9  2 3 . 3  
3 4 . 3  2301 
24.4 2 2 . 2  
3 4 . 2  23.3 
2 4 0 2  i 2 . 2  
34.2 2 3 . 1  

14.5  2 3 2  

34.q  J.,? 

2 0  .o 
l E . E  
19.4 
2 c . z  
15 .4  
IS .5 

I F  .,' 
ls.i 
f C  . c  
19 .3  
1 E . B  
14 -6 
1 5 0 0  
1 5 . 5  
19.5 
1 5 . E  
20.5 

15.5 
19.C 
2 C . C  
14.7 

2 G  .5 
l S . E  

2c.  I 
15.5  
2c.1 
2 1 . 2  
15 - 5  
2 c . o  
2 1.5 
15 * e  
1 5 . 7  
1C.L 

2C.2 
L S . 5  
15.4 

I:.: 

i 8 . c  

1s.e 

1E.e 

2 0  .e 
1e.e 
l S . E  
2 1 . 1  
1s.5 
2 c . i  
15.5 
IS. c 
1s .e 
IC. 
l S . t  
20 .4  
ZC.5 
2C e 4  
2 0 . 8  
Z C O C  
19.5  
2 c . i  
i C . 5  
19.5 

29.7 
25.5 
3 0  e 4  
;G.4 
2 c .  1 
30.7 
3 1  * e  
2 1  . 7  
3 1  . O  
'1.2 
3 0  .S 
is.5 
'G .4  

.. c.0 7 
30  - 4  
21 .1  
2 0  .c 
2s .s 
LC.5 
'0 .E 
25.4 
3c.4 
3 0  a4 
1 1 . 0  
29 .9 

zc.7 
3 0  O B  
2 0 . 6  
is .e 
29.2 
25.2 

24.E 
2C.C 

.o 
;C.E 
2 9  -2 
25.1 
2 9  .si 
30 -9 
ZC.2 
2 1 . 0  
21.2 
2 ;  .4 
2 9  - 9  
is.€ 
2 0  . E  - 
31.1 
21 .2  
2 0  -5 
2C.4' 
2 9 . 1  
Z F  04 
2 0 . 2  
.:2 . 4 -  
34 .1  
1 4 . c  

$5.5 

2s.e 

29 09 

-- 

33 -0.. 

Tab le  C.4. Sample of c o r r e c t e d  me teo ro log ica l  d a t a ,  NASA CV-990. 
See t e x t  for  d e f i n i t i o n  o f  terms. 
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I n  examining the  times of each of the frames as reported on tape, i t  was 
found t h a t  although the  average spacing o f  frames i n  t ime was j u s t  s l i g h t l y  

over 1 s, t h e  reso lu t i on  of t he  t ime measurements was l i m i t e d  t o  whole 

seconds. This problem i s  seen i n  Table C . l  i n  the  column marked "TIME", 
although no d i g i t s  o f  t ime beyond the  decimal were p r i n t e d  i n  t h i s  p a r t i c u l a r  

tab le,  such d i g i t s  o f  the  raw t ime data were examined and always found t o  be 

zero. This " t ime quant iza t ion"  was capable of in t roduc ing  a h i g h l y  pat terned 

e r r o r  i n t o  t h e  a i r c r a f t  pos i t i ons  dur ing the  t ime in tegra t ions ,  f o r  instance, 

a i r c r a f t  pos i t i ons  would be i n  e r r o r  by amounts ranging up t o  120 m every 

f i f t h  frame i f  frames were taken every 1.2 s and the  a i r c r a f t  were f l y i n g  a t  
150 m s - l ,  because t h e  repor ted times would be i n  e r r o r  by as much as 0.8 s, 
As a consequence o f  these t ime errors ,  i t  was poss ib le  f o r  v e l o c i t y  e r ro rs  as 

l a r g e  as 1 m s - l  t o  be generated by the  ob jec t i ve  analys is  scheme i f  a frame 

o f  data were missing i n  an area having s i g n i f i c a n t  v e l o c i t y  gradients;  such a 

s i t u a t i o n  was a c t u a l l y  observed t o  occur occasional 

near gust f r o n t s  (see Sect ion 3.5.1). Thus, i t  was 
s t r u c t  a special  a lgor i thm which could produce more 

t ime a t  which each data frame was col lected. 

The design o f  t h i s  t ime co r rec t i on  a lgor i thm w 

y i n  the  data co l l ec ted  

deemed necessary t o  con- 

accurate estimates of t he  

s n o n t r i v i a l  i n  t h a t  the  

l i d a r  duty cyc le  between frames was not  constant f o r  more than about 20 o r  30 

seconds a t  a t ime on average, and of ten much less. 

the  a lgor i thm t o  scan backward and forward l o c a l l y  through the  data i n  each 

run u n t i l  best s t r a i g h t  l i n e  f i t s  could be made l o c a l l y  t o  the  recorded t ime 

values, The u l t ima te  aim o f  t he  a lgor i thm was t o  es tab l i sh  corrected times 

spaced as evenly ( l o c a l l y )  as poss ib le  which, when t runcated by dropping t h e  
f rac t i ona l  pa r t s  o f  each second, would y i e l d  the  o r i g i n a l  recorded times. A 
sample o f  t he  raw recorded t ime data and the  corrected t ime data output by the  

a lgor i thm i s  shown i n  Table C.5, which consis ts  of a ''before cor rec t ions"  and 

an " a f t e r  cor rec t ions"  sect ion,  again f o r  the  f i r s t  62 frames o f  run 2. The 

quant i t y  "TSEC" i s  the r e l a t i v e  t ime measured i n  seconds from the  beginning o f  

t h e  run, and i s  ca lcu la ted  i n  the  "before" sect ion by merely comparing the  

values o f  the  "TIME" array wi th the  i n i t i a l  value o f  "TIME". I n  t h e  " a f t e r "  

sect ion,  however, TSEC i s  t h e  basic quant i ty ;  it has been computed i n  the  t ime 

co r rec t i on  a lgor i thm and then used t o  create a corrected version o f  the TIME 

array. Note the  s i g n i f i c a n t  improvement i n  t ime reso lu t i on  w i t h  much smoother 

ra tes  o f  change o f  the t ime parameters. The small discrepancies between the  

d i g i t s  t o  the  r i g h t  o f  t he  decimal i n  the  f i n a l  TSEC and TIME arrays i s  a 

This made i t  necessary f o r  
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consequence o f  s ing le -prec is ion  a r i t hmet i c  round-off o f  the  TIME values. 

round-off e r r o r  has no ef fect  on any other  computations, s ince only  the  TSEC 
arrays were used i n  est imat ing r e l a t i v e  times i n  the  analyses. 

This 

APPENDIX C.3 I N S  GENERATED ERRORS I N  AIRCRAFT POSITION AND GROUND VELOCITY 

Low-f requency frame b i  ases ( i  .e., changes i n  average rad i  a1 vel o c i  t y  

e r r o r  f r o m  frame t o  frame) enter  the  l i d a r  data as a r e s u l t  o f  t ime-vary ing 

e r ro rs  i n  the  output from the  a i r c r a f t  INS.  These e r ro rs  cause i n c o r r e c t  com- 

ponents o f  a i r c r a f t  ground v e l o c i t y  t o  be removed from the  raw r a d i a l  v e l o c i t y  

estimates dur ing  the  operat ion o f  re ferenc ing the  Doppler v e l o c i t y  t o  ground- 

r e l a t i v e  coordinates (Appendix A.1). Components o f  t h e  ground v e l o c i t y  e r ro rs  

along t h e  l i d a r  l ines-o f -s igh t  then contaminate t h e  PPPP estimated r a d i a l  a i r  

v e l o c i t i e s  and, a f t e r  synthesis o f  the  wind f i e l d ,  u l t i m a t e l y  show up as any 

o f  a va r ie t y  of vector  e r r o r  pat terns superimposed on the t r u e  wind f i e ld .  

The problem may be e i t h e r  minor o r  ser ious depending on both the  amplitude o f  
t he  I N S  e r ro rs  and on t h e i r  t ime r a t e  of change; the  I N S  e r r o r  amplitude i s  

found t o  in f luence the  amplitude of the  e r r o r  in t roduced i n t o  the  ca lcu la ted  

wind f i e l d ,  wh i le  the  t ime r a t e  of change of t he  I N S  e r r o r  i s  found t o  

in f luence t h e  s p a t i a l  scale o f  t he  e r r o r  pa t te rns  produced. 

Nadir photographs taken a t  10 s i n t e r v a l s  dur ing por t ions  o f  t he  Severe 

Storms f l i g h t  could be used t o  es tab l i sh  reasonably accurate a i r c r a f t  pos i -  

t i o n s  dur ing selected t ime in te rva l s ,  a l low ing  a t  l e a s t  rough est imat ion o f  

the  magnitude and d i r e c t i o n  o f  the  INS p o s i t i o n  and v e l o c i t y  e r ro rs  f o r  por-  

t i o n s  o f  t he  f l i g h t .  Although a t  f i r s t  glance it might seem t h a t  t h e  nad i r  

photographs would resol  ve conclus ive ly  any controversy about the  a i  r c r a f t  ' s 
exact pos i t ion ,  i t  was found t h a t  s u f f i c i e n t  uncer ta in ty  ex is ted i n  the  photo- 

g raph ica l l y  derv ied pos i t ions  t o  render t h e i r  i n t e r p r e t a t i o n  d i f f i c u l t .  These 

unce r ta in t i es  (caused by the  r e l a t i v e  absence of landmarks e a s i l y  i d e n t i f i e d  
i n  the  photos), the  r e l a t i v e l y  coarse scale of t h e  U.S. Geological Survey 7.5 
Minute Topographic Quadrangle maps which were compared t o  t he  photos, the 

r e l a t i v e l y  long t ime per iod  between photos, and the  s e n s i t i v i t y  o f  camera 
o r i e n t a t i o n  t o  a i  r c r a f t  p i t c h  and r o l l  per turbat ions,  produced random uncer- 

t a i n t i e s  o f  about 30 in (standard dev ia t ion)  i n  the  photographica l ly  der ived 

pos i t ions .  These uncer ta in t ies  imply l a t e r a l  a i r c r a f t  v e l o c i t y  unce r ta in t i es  

of about 30 m each 10 s, or  about 3 m s-l from photo t o  photo, f a r  too  l a r g e  

t o  be o f  he lp i n  studying any short- t ime-scale I N S  er ro rs  i n  a i r c r a f t  velo- 

c i t y .  
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Nevertheless, t he  nad i r  photo-derived pos i t i ons  were useful i n  s tudy ing 
the  INS v e l o c i t y  e r ro rs  over l a rge r  spa t ia l  scales (i.e., over many frames). 
Such s tud ies were made fo r  those runs where the  photos were ava i lab le ,  runs 2- 

4,  and t h e  r e s u l t s  i nd i ca ted  the INS-derived ground v e l o c i t y  e r ro rs  were o f t e n  

as l a rge  as 2 m s-' wh 

The technique emp 

ground v e l o c i t y  e r ro rs  

the  photos and the  I N S  
p o s i t i o n  sampling r a t e  
f 1 i ght t rack  segment s o  

n averaged over each run. 

oyed t o  estimate the  INS-derived a i r c r a f t  p o s i t i o n  and 

was made complicated by the  d i f f e r i n g  sampling ra tes  o f  

repor ts  on a i r c r a f t  pos i t ions ,  t he  v a r i a b i l i t y  o f  t he  
and the  inherent non-straightness o f  many o f  t he  

There are two ways t o  def ine the  INS-derived p o s i t i o n  

e r r o r  i n  these data: 

t imes o f  l i d a r  frames t o  the  much wider spaced times of t he  nad i r  photos, then 
sub t rac t i ng  t h e  x and y coordinates of the  two sets o f  pos i t i ons  t o  ob ta in  

p o s i t i o n  e r r o r  estimates a t  the nad i r  photo times; t he  o ther  invo lves i n t e r -  

p o l a t i n g  the  nad i r  photo pos i t i ons  t o  the  much c loser  spaced times o f  t h e  

l i d a r  frames, fo l lowed again by subt rac t ion  of coordinates t o  ob ta in  p o s i t i o n  

e r r o r  estimates a t  t h e  l i d a r  frame times. 

one involves i n t e r p o l a t i n g  the  I N S  pos i t i ons  a t  t he  

Attempts t o  use e i t h e r  technique t o  determine the best estimates o f  pos i -  
t i o n  e r r o r  requi red smoothing of t he  photo der ived pos i t ions,  

experimentation w i th  var ious smoothing techniques, a method based on 

detrending fo l lowed by Four ie r  f i l t e r i n g  was f i n a l l y  developed which seemed t o  

g i ve  s a t i s f a c t o r y  resu l ts .  

o f  the  l i d a r  frames are detrended such t h a t  t he  remaining t ime ser ies o f  

" res idua l "  p o s i t i o n  e r r o r  are forced t o  be pe r iod i c  wi th in  the  data sequence; 

these res idual  values are then Four ier  analyzed, then subsequently Four ie r  
synthesized us ing only harmonics 0, 1 and 2. 
diagnosed t rend  back t o  these smoothed res idua l  p o s i t i o n  e r r o r  data produced 
t h e  smoothed sequence of I N S  p o s i t i o n  e r ro rs  (Fig. C.2). 
t i o n  e r ro rs  were then f i n i t e -d i f f e renced  wi th  respect t o  the  t ime i n t e r v a l s  

between l i d a r  frames i n  order t o  produce estimates of the a i r c r a f t ' s  ground 

v e l o c i t y  e r r o r  occur r ing  i n  each frame. Addi t ional  Four ier  f i l t e r i n g  o f  t he  

v e l o c i t y  e r r o r  r e s u l t s  was needed because of new noise introduced dur ing t h e  

d i f f e renc ing  process as a r e s u l t  of the  non-constancy o f  the  t ime i n t e r v a l s  
between l i d a r  frames. 

Af ter  some 

I n  t h i s  method, the p o s i t i o n  e r ro rs  a t  t h e  times 

Addi t ion o f  t he  o r i g i n a l l y  

These smoothed pos i -  

Although a number o f  s imp l i f y i ng  assumptions were made i n  these I N S  e r r o r  

analyses, the  r e s u l t s  o f  t he  technique seem t o  show good f i d e l i t y  t o  t h e  
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Figure C.2 
ai r c r a f t  ' s  ground velocity errors throughout the run. 

INS derived position e r ror  vectors for  run 4. A l s o  shown are  the 
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o r i g i n a l  photo-derived p o s i t i o n  e r r o r  data. 

i s  seen i n  Fig. C.2 t o  average about 1.6 km south-southeast of the  " t rue "  

(photo-der ived) pos i t ion ,  w i t h  va r ia t i ons  of about 200-300 m around t h i s  

average. However, it i s  j u s t  the t ime ra tes  of change of these p o s i t i o n  e r r o r  

va r ia t i ons  which are o f  i n t e r e s t ,  because they de f ine  t h e  INS-derived ground 

The vector e r r o r  i n  I N S  p o s i t i o n  

ve loc i t y  er rors .  As noted a t  

vector  sh i f t ed ,  from i t s  i n i t  

deg) by some 171 m dur ing the  

average I N S  v e l o c i t y  e r r o r  of 

the  run. The fact  t h a t  t he  a 

the  bottom of the  f igure ,  t he  p o s i t i o n  e r r o r  

a1 coordinates, toward t h e  east-northeast (81,4 
course o f  t he  255.1 s-long data run, imply ing an 

0.67 m s-l from a d i r e c t i o n  o f  261.4 deg dur ing  

r c r a f t  made a near ly  30 deg l e f t  t u r n  dur ing t h e  

run i s  shown by the  ground v e l o c i t y  vectors which have been added t o  the  d ia -  

gram; t h e  e f fec ts  of t h i s  t u r n  on the  q u a l i t y  of t he  I N S  data w i l l  be shown t o  

be q u i t e  dramatic. 

I n  order t o  analyze t h e  ground v e l o c i t y  e r ro rs  i n  more d e t a i l ,  t he  x- and 

I n  Figs. C.3 and C.4 are depicted the  x- and y -pos i t i on  e r ro rs  a t  
y-components of t he  p o s i t i o n  and v e l o c i t y  e r ro rs  were computed and s tud ied 

separately. 

the  times o f  l i d a r  frames. 

The F o u r i e r - f i l t e r i n g  was performed separately over the  th ree  main p a r t s  

o f  t he  t ime ser ies  of p o s i t i o n  data f o r  run 4 (Fig. 3.2): 

s t r a i g h t  f l i g h t  l e g  p r i o r  t o  the  l e f t  turn;  (b)  t he  l e f t  t u r n  (as i d e n t i f i e d  

from the  t ime ser ies  of a i c r a f t  r o l l  angles), and (c )  t he  f i n a l  s t r a i g h t  

f l i g h t  l e g  fo l low ing  the  l e f t  turn. 

f i l t e r e d  p o s i t i o n  t ime ser ies,  add i t iona l  smoothing us ing a simple th ree-po in t  

fi 1 t e r  was appl i ed t o  remove cusps which occurred a t  t he  j u n c t i o n  po in ts  

between the  th ree  pa r t s  of t he  run 4 data. 

(a )  the  i n i t i a l  

Fol lowing recons t ruc t ion  o f  the  Four ier -  

The f i n a l  f i l t e r e d  sequences of x- and y -pos i t i on  e r ro rs  used t o  compute 

the  ground v e l o c i t y  e r ro rs  i n  run 4 are given i n  Figs. C.5, 6.6. Note the  

removal o f  the  high-frequency noise and the  re ten t i on  o f  the  bas ic  pa t te rn  
t h a t  had been evident i n  the  u n f i l t e r e d  data. 

t he  ground v e l o c i t y  estimates which were deduced from the  t ime va r ia t i ons  of 
the data i n  Figs. C.5, C.6. F o u r i e r - f i l t e r i n g  techniques s i m i l a r  t o  those 

app l ied  t o  the  p o s i t i o n  data have been used. Note t h a t  i t  i s  apparent both 

from the  v e l o c i t y  curves and a lso from the  p o s i t i o n  curves t h a t  the ground 

v e l o c i t y  e r ro rs  may exceed 2 m dur ing s t r a i g h t  f l i g h t ,  10 m s-l dur ing  

turns,  and may vary w i t h  time. The t i m e  v a r i a b i l i t y  of these e r ro rs  has par-  

I n  Figs. C.7 and C.8 are g iven 
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FRAME NUMBER 

-------+- 
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Figure C.4 The y -pos i t i on  e r ro rs  a t  
frame times f o r  run 4. Mean e r r o r  
i s  -1545 m. 

F igure C.3 The x -pos i t ion  e r ro rs  a t  
frame times f o r  run 4. 
i s  193 m. 

Mean e r r o r  

FRAME NUMBER 
I56 

-+- - -  
Y POSITION ERROR, RUN 4 

1400 -- t -  

I , -  --I -2 

1 2 9  



FRAME NUMBER 

Figure C.5 F o u r i e r - f i l t e r e d  version 
o f  x p o s i t i o n  e r r o r  data i n  
Fig. C.3. Only harmonics 0, 1 and 2 
p lus  the  observed t rend were used t o  
create these pos i t i on  data. 

O- 3 .a 
OISTRNCE KM 

FRAME NUMBER 
0 78 39 1 1 1  156 145 

Figure C.6 The same as Fig. C.5 
except fo r  t h e  y pos i t i on  errors.  

OlSTFlNCE KM 
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FRAME NUMBER 

OISTRNCE KM 

Figure  C.7 The x component of 
ground v e l o c i t y  e r r o r s  est imated 
us ing data i n  Fig. C.5. A f t e r  
d i f f e r e n t i a t i o n  w i t h  respect t o  t h e  
uneven frame t ime i n t e r v a l s ,  f u r t h e r  
F o u r i e r  f i l t e r i n g  was used. Mean 
e r r o r  = 0.70 m s-l. 

FRAME NUMBER 

6: 8 13.5 20.3 2 i :  3 .8  
30 

E I S T R N C E  KM 

Figure  C.8 The same as Fig. C.7 
except t h i s  i s  y component o f  ground 
v e l o c i t y  e r r o r s  est imated us ing  data 
i n  Fig. C.6. 
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t i c u l a r l y  important consequences fo r  t he  c r e d i b i l i t y  of t h e  lidar-measured 

winds as i s  discussed i n  Sect ion C.4. 

Note a lso t h e  appearance of l a rge  ground v e l o c i t y  e r ro rs  a t  the beginning 

o f  the  run; t h i s  pa t te rn  could be the  r e s u l t  of t h e  method o f  detrending t h e  

raw p o s i t i o n  er ro rs ,  which d i d  not employ any least-squares s t r a i g h t - l i n e  

f i t t i n g .  

p e r i o d i c i t y  o f  t he  res idual  data w i t h i n  the  data domain, i s  vu lnerable t o  t h e  

e f f e c t s  o f  l a rge  random data e r ro rs  a t  the  end po in t .  

t i o n  o f  t he  r a w  data associated w i t h  the beginning of run 4 f a i l e d  t o  reveal  

any noteworthy i r r e g u l a r i t i e s  i n  the  photo p o s i t i o n  estimates t h a t  might 

account f o r  t he  l a rge  ground v e l o c i t y  estimates obtained there,  ra the r  i t  

appeared t h a t  these e r ro rs  came d i r e c t l y  from a large-scale e r r o r  t rend which 

was c l e a r l y  apparent i n  t h e  raw data. I n  summary, some skept ic ism i s  war- 

ranted f o r  t he  values of ground v e l o c i t y  e r r o r  obtained near the  endpoints of 

data sequences, although fo r  t he  data shown here evidence a lso  e x i s t s  which 

tends t o  support the  values calculated. 

The detrending technique used i n  t h i s  study, wh i l e  i nsu r ing  pure 

However, c lose examina- 

The estimated ground v e l o c i t y  e r ro rs  are we1 1 ou ts ide  the  manufacturer's 

spec i f i ca t i ons  o f  a 3-sigma v e l o c i t y  e r r o r  o f  0.5 m s-l, and are  capable o f  
in t roduc ing  s i g n i f i c a n t  b ias  i n t o  the  l i d a r  r a d i a l  v e l o c i t y  measurements w i t h  

respect t o  the  ground. Substant ia l  f u r t h e r  i nves t i ga t i on ,  i nc lud ing  addi-  
t i o n a l  f i e l d  measurements, w i l l  be needed i n  order t o  ob ta in  more d e f i n i t e  

in fo rmat ion  regarding the  magnitudes and va r iab i  1 i t y  of t h e  ground v e l o c i t y  

e r ro rs  on t ime scales t h a t  a f f e c t  t he  wind estimates. The e f f e c t  o f  these 
time-dependent e r ro rs  on the wind vectors re t r i eved  by t h e  l i d a r  system are  

demonstrated i n  Sect ion C.4. 

C.4 EFFECTS OF NAVIGATION ERRORS ON DOPPLER LIDAR DERIVED WIND FIELDS 

Important t o  the  wind f i e l d  estimate accuracy i s  t he  v e l o c i t y  e r r o r  asso- 
c i a t e d  w i th  the  t ime r a t e  of change of the p o s i t i o n  er ro r .  

mates o f  the  two components of the  v e l o c i t y  e r r r o r  were presented i n  Figs. C.7 
and C.8. The most conspicuous feature of these two p l o t s  was the  l a rge  but  

r e l a t i v e l y  b r i e f  y - v e l o c i t y  e r r o r  which occured between frames 132 and 153, 
dur ing  a l e f t  t u r n  made by the  a i r c r a f t .  

magnitude o f  more than 10 m s-l for a po r t i on  of t he  turn,  a magnitude which 

was roughly confirmed by inspec t ion  of the behavior of the  y -pos i t i on  e r r o r  i n  

Fig. C.6. Most o f  the  v e l o c i t y  e r r o r  was confined t o  the  y -d i rec t i on  dur ing  

Samples o f  e s t i -  

This v e l o c i t y  e r r o r  a t ta ined a 
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t h e  turn,  and s ince t h e  a i r c r a f t  t rack  was near ly  eastward a t  the  time, i t  

appeared t h a t  most of t h e  ground v e l o c i t y  was due t o  inaccurate measurement o f  

l a t e r a l  accelerat ions.  It i s  c lea r  t h a t  INS e r ro rs  are espec ia l l y  l i k e l y  t o  
occur i n  t h e  v i c i n i t y  o f  a i r c r a f t  turns. This suggests s t rong ly  tha t  biases 

m i  ght be present i n  t h e  1 idar-measured winds from t h e  towering cumulus c i  rcum- 

nav igat ions (runs 5-12), which featured numerous sharply banked turns.  Unfor- 

t una te l y  nadi r photo documentation of t he  a i  r c r a f t  ' s  movement was not avai 1 - 
able dur ing the  cumulus circumnavigations due t o  a temporary malfunct ion o f  
t h e  camera; there fore  t h e  performance of t he  I N S  dur ing these contor ted 

maneuvers could no t  be assessed. 

The exact manner i n  which these la rge  e r ro rs  are introduced i n t o  the  I N S  

output i s  not  y e t  known, although it i s  poss ib le  t h a t  i n t e r n a l  f i l t e r i n g  

processes employed i n  the  I N S  computation sequence might be capable of pro- 
ducing l a r g e  t rans ien t  e r ro rs  dur ing tu rns  and accelerat ions.  Fur ther  inves- 

t i g a t i o n  w i l l  be needed i n  order t o  i s o l a t e  t h e  t r u e  cause o r  causes o f  t he  
errors .  

I n  order t o  es tab l i sh  what so r t  o f  wind vector e r ro rs  might be introduced 

i n t o  the  l i d a r  analyses as a r e s u l t  o f  neglect  of o r  i nco r rec t  compensation 

f o r  t he  INS errors,  a r t i f i c i a l  data or  "measurements" cons is t i ng  only o f  the  

components o f  estimated ground ve loc i t y  e r ro rs  along the  l i d a r  l ines-o f -s igh t ,  
were synthesized t o  generate wind vectors. Hence the  raw v e l o c i t y  data used 

i n  these analyses consisted o f  "data" which were s t r i c t l y  i ndependent o f  range 

f o r  each l i d a r  frame. The resu l ts ,  a sample of which i s  shown i n  Fig. C.9 f o r  
run 4 data, reveal the  presence o f  a number o f  v o r t i c a l  and divergent " f lows"  
generated by pat terns i n  the  t ime-varying ground v e l o c i t y  e r r o r  i n t e r a c t i n g  

w i t h  the  over lapping o f  f o r e  and a f t  l i nes-o f -s igh t  a t  var ious ranges. Some 

o f  these e r r o r  vectors have magnitudes of 3-4 m s- l ,  q u i t e  s i g n i f i c a n t  i n  view 

o f  t he  f a c t  t h a t  t he  actual  wind f i e l d  i t s e l f  was only  about 10 m s-l i n  

s t rength f o r  much of the  data examined. 

It i s  most important t o  r e a l i z e  t h a t  t he  magnitudes of the wind f i e l d  
e r ro rs  caused by these t ime-varying e r ro rs  i n  r a d i a l  v e l o c i t y  are not l i m i t e d  

t o  the  actual  magnitudes o f  t he  ground v e l o c i t y  e r ro rs  which caused t h e  rad ia l  

v e l o c i t y  errors.  

t h e  l i d a r  l i nes -o f - s igh t  are "d i s t r i bu ted"  throughout the  data c o l l e c t i o n  area 
as t h e  a i r c r a f t  continues along i t s  f l i g h t  t rack ,  only t o  be combined w i t h  

o ther  erroneous rad ia l  v e l o c i t y  components r e s u l t i n g  from l a t e r  or e a r l i e r  

Rather, the  components of the  ground v e l o c i t y  e r ro rs  along 
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responding t o  I N S  v e l o c i t y  e r ro rs  from Figs. C.7 and 
v o r t i  ca l  and d i  vergent pa t te rns  r e s u l t i n g  from the  

errors .  

o f - s igh t  a t  one moment, t o  be fol lowed a moment l a t e r  by an e r ro r  of the same 
magnitude l y i n g  inbound along an a f t  l i ne-o f -s igh t ,  t he  e r r o r  i n  the  wind 

f i e l d  vector estimate obtained from combining these two r a d i a l  ve loc i t y  e r r o r s  

would be almost three times as l a r g e  i n  magnitude as e i t h e r  of the  o r i g i n a l  

ground v e l o c i t y  er rors .  

I f  the  e r ro r  vectors should happen t o  l i e  outbound along a f o r e  l i n e -  

Although the  e r r o r  i n  wind vectors o f  Fig. C.9 was obtained using e s t i -  

mates o f  ground ve loc i t y  e r r o r  which var ied r e l a t i v e l y  smoothly w i th  time, i t  

i s  c lea r  t h a t  any t ime-varying e r ro rs  introduced i n t o  the  rad ia l  v e l o c i t y  data 

have t h e  po ten t i a l  t o  generate wind er ro r .  Generally, t h e  vector e r r o r  pa t -  

t e rns  w i l l  have a spa t ia l  sca le which corresponds w i th  the t ime scale o f  t he  

r a d i a l  v e l o c i t y  er rors ,  and w i  11 have magnitudes which correspond roughly t o  

t h e  magnitudes o f  t he  r a d i a l  v e l o c i t y  er rors .  

i nco r rec t  est imat ion o f  d r i f t  angle biases could, f o r  instance, produce smal l -  
scale, weak v o r t i c a l  and d ivergent  pa t te rns  i n  the  wind f i e l d  analyses; a t  t h e  

same time, ground v e l o c i t y  e r ro rs  which are l a r g e r  i n  magnitude but more 

L inger ing e r ro rs  caused by 

i 1 3 4  



slowly vary ing i n  t ime could produce a superimposed pa t te rn  o f  l a rge r  sca le 

v o r t i c i t i e s  and divergences. 

Thus it would appear t h a t  any wind per turbat ions having magnitude o f  

3-4 m 5-l or  less  obtained from the  Doppler data analys is  must be viewed w i t h  

caut ion and skepticism, as per tu rba t ions  of t h a t  magnitude could have been 

caused so le l y  by any of the  var ious forms o f  b ias  e r ro rs  i n  the  r a d i a l v e l o c i t y  

measurements. For tunate ly ,  many o f  the gust f r o n t  observations made dur ing the  
Severe Storms Experiment contained such s t rong wind f i e l d  features t h a t  even 
la rge  e r ro rs  o f  the type discussed here could not obscure the  rea l  f l o w  

pat tern.  
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APPENDIX D 

INSPECTION AND V E R I F I C A T I O N  OF DOPPLER SPECTRAL MOMENT DATA 

Inspect ion of l i s t i n g s  of the data f i e l d s  from the  tape furnished by NASA 

showed t h a t  t h e  NASA-corrected v e l o c i t i e s  and i n t e n s i t i e s  contained occasional 

inconsis tenc ies t h a t  were suggestive of data processing errors .  The raw data 

f i e l d s ,  however, seemed t o  be unaffected by these errors .  

Table 0.1 shows a sample of the  raw tape contents from the  f i r s t  frame o f  

run 2, f ea tu r ing  the  corrected data suppl ied by NASA as wel l  as the  raw 

data. The columns marked "XBEAM" and "YBEAM" g ive  the  X and Y coordinates o f  

each reso lu t i on  volume center r e l a t i v e  t o  the  s t a r t  of t he  run. The r a w  l i d a r  

v e l o c i t i e s  are given under "RAWVEL", wh i le  t h e  corrected and smoothed l i d a r  

v e l o c i t i e s  furn ished by NASA are given under "CORVEL". A l l  v e l o c i t i e s  a r e  
given i n  m*s'l. 
Spectral widths are given i n  logar i thmic  coded form under "WIDTH". Conversion 

o f  width values t o  m s-l format i s  described below. 

Raw l i d a r  i n t e n s i t i e s  are given i n  u n i t s  of dB above noise. 

O f  p a r t i c u l a r  note i n  Table D.1 i s  the  s u s c e p t i b i l i t y  o f  CORVEL t o  l a r g e  

er ro rs ;  see reso lu t i on  volumes ("BINS") 12 t o  14 and 16 f o r  examples. 

these same reso lu t i on  volumes the parameter RAWVEL i s  seen t o  be much b e t t e r  
behaved; o f  t he  f i r s t  18 reso lu t i on  volumes only  the  f i r s t  contained noisy 

data, and t h i s  was expected based on the  fac t  t h a t  the  t ransmission o f  the  
s ignal  was s t i l l  i n  progress dur ing the  t ime the  f i r s t  reso lu t i on  volume was 

being sampled. 

I n  

Values of CORAMP seem f a i r l y  reasonable, except t h a t  t he  steady decrease 

seen from reso lu t i on  volumes 2 t o  14 suggests t h a t  a range-squared co r rec t i on  

may not  have been incorporated. 
q u i t e  consis tent  and credib le ;  note the near constancy o f  width through 

reso lu t i on  volume 13, fo l lowed by a sudden degeneration t o  l a rge  noisy values 

a t  l a rge r  ranges. 

tency out t o  l a r g e r  ranges than width; t h i s  i s  a consequence o f  the way i n  

which spect ra l  width i s  estimated i n  the  poly-pulse-pai  r processor (PPPP) 

(Lee, 1980) and i s  not su f f i c i en t  reason t o  consider the  v e l o c i t i e s  l y i n g  i n  

the  region o f  l a rge  width t o  be suspect. Furthermore i t  was ascertained t h a t  

t h e  values o f  XBEAM and YBEAM (Table D.1) were not cons is tent  w i t h  ranges t o  

t h e  reso lu t i on  volumes (b ins)  deduced from the  measured t ime pos i t i ons  o f  t h e  
sampling gates i n  the  PPPP (McCaul, 1985). 

The coded values of width appeared t o  be 

Note a lso the  fact  t h a t  t he  RAWVEL array re ta ins  consis-  
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Inspect ion o f  data such as t h a t  shown i n  Table 0.1 made it c lea r  t h a t  a l l  

data preparat ion f o r  meteorological  i n t e r p r e t a t i o n  would have t o  be accom- 
p l i shed  s t a r t i n g  wi th  t h e  raw data and t h a t  reso lu t i on  volume coordinates 

would have t o  be recomputed. 
much raw data a t  longer ranges from the  a i r c r a f t  were noisy and should be 

ignored when c rea t ing  d isk  f i l e s  o f  raw data t o  be used i n  l a t e r  analyses. 

The range beyond which data degenerated t o  no ise was found t o  depend on a i r -  

c r a f t  a l t i t u d e ,  and hence probably was con t ro l l ed  by l e v e l s  of ambient mois- 

ture.  For runs 2 through 8, only t h e  f i r s t  28 range b ins  out of 45 ava i l ab le  

were re ta ined f o r  subsequent analysis;  f o r  t h e  higher a l t i t u d e  runs 9 through 

12, t h e  f i r s t  40 range b ins  were retained. 

Furthermore, raw data a lso made i t  c lea r  t h a t  

I n  order t o  prepare the  data fo r  meteorological i n te rp re ta t i on ,  i t  was 

necessary t o  range-normal i z e  t h e  raw i n t e n s i t y  data t o  produce estimates o f  
r e f l e c t i v i t y ,  convert t h e  width data t o  m-s'l format, and remove any "frame 

b ias"  from the  measured Doppler ( r a d i a l )  v e l o c i t y  data. This frame b ias  con- 

s i s t e d  o f  v e l o c i t y  e r ro rs  which were approximately constant w i t h i n  each frame 
o f  data and were associated wi th incomplete o r  erroneous documentation o f  

small sca le var ia t ions  i n  a i r c r a f t  a t t i t u d e  and motion. The removal o f  frame 

b ias  from t h e  v e l o c i t i e s  i n  each frame i s  done only a f t e r  po in t  ed i t i ng ,  and 

i s  discussed i n  Section 0.3. 
0.1 PREPARATION OF REFLECTIVITY FIELDS 

Range normal izat ion of the  raw i n t e n s i t y  furnished by NASA was accom- 

p l i shed  us ing a two-step a lgor i thm and i s  f u l l y  discussed by McCaul (1985). 
Therefore, on ly  an o u t l i n e  i s  given here. The f i r s t  step was t o  determine f o r  

each frame the  background noise l eve l  of t he  i n t e n s i t y  f i e l d .  

l e v e l  was found by averaging t h e  i n t e n s i t y  from the  most d i s tan t  20 reso lu t i on  

volumes, w i t h  any i n t e n s i t y  features r i s i n g  more than 3 dB above the  minimum 

o f  a l l  r eso lu t i on  volumes excluded from the  averaging. 
minimum i n t e n s i t y  i n  any frame occurred a t  a range c loser  than the outermost 

20 r e s o l u t i o n  volumes, t h e  b i n  number of that  minimum value was used as t h e  

inner  range b i n  l i m i t  i n  the  search through maximum range f o r  values t o  be 
used i n  computing the  noise l e v e l  fo r  t h a t  frame. The exclusion of any h igh  

i n t e n s i t y  features from the  noise l eve l  ca lcu la t ions  was made necessary by the  

occasional occurrence of h igh l y  r e f l e c t i v e  c loud edges i n  the  most d i s t a n t  20 

reso lu t i on  volumes. The noise l eve l  was determined fo r  each frame because 
small random changes of 1-2 dB were noted i n  t h e  background noise values 

dur ing t h e  course o f  t h e  t y p i c a l  data run. 

This no ise 

I n  cases where the  
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The second step i n  the  range normal izat ion was t o  subt rac t  the  noise 

l e v e l  from a l l  recorded values of i n t e n s i t y  and t o  m u l t i p l y  the  r e s u l t  by t h e  

sum of the  squares o f  t he  reso lu t i on  volume range and o f  a "Rayleigh Range" 
f a c t o r  re la ted  t o  l ase r  beam divergence (Murty and B i lb ro ,  1978). 

t i a l  range-dependent a t tenuat ion func t i on  i s  inc luded i n  t h e  Murty and Bilbro 
formulat ion.  

An exponen- 

I t was appropr ia te t o  est imate the  a t tenuat ion  constant k by l i n e a r l y  

f i t t i n g  the  range-dependent decibel  va r ia t i ons  i n  i n tens i t y .  Although t h e  

actual  i n t e n s i t y  at tenuates exponent ia l ly  w i t h  range i f  k i s  constant and 

independent of range, the  i n t e n s i t y ,  expressed i n  decibel  un i t s ,  w i l l  decrease 

1 i n e a r l y  w i t h  range. 

Only r e l a t i v e  i n t e n s i t i e s  were computed because t h e  in fo rmat ion  regarding 

An example of estimated emi t ted l ase r  power was not ava i l ab le  fo r  each frame. 

r e l a t i v e  r e f l e c t i v i t y  f i e l d s  computed from raw i n t e n s i t y  data us ing t h e  above 

described method i s  shown on Figure 0.2 whereas Fig. D.l shows the  raw in ten -  

s i t y  data. The raw i n t e n s i t y  p r o f i l e  from frame 12 o f  run 9 (Fig. 0.1) i s  

seen t o  s e t t l e  down t o  a no ise- level  value beyond a range o f  5 km from t h e  

a i r c r a f t ,  a f t e r  showing a l a rge  jump a t  a c loud edge which was located a t  a 
range o f  about 4 km. The c loud -s t r i ke  r e f l e c t i v i t i e s  (Fig. D.2) are seen t o  

stand out  c l e a r l y  from the  r e f l e c t i v i t i e s  i n  t h e  c loud f ree a i r  a t  near 

ranges. The cloud attenuates the  l i d a r  pu lse so t h a t  no echoes are received 

beyond 4.8 km range although cloud may be present there. 

The r e s u l t s  o f  a l l  the  rev is ions  documented above are v i s i b l e  i n  Table 
0.2, which represents the  corrected vers ion o f  Table 0.1, w i t h  the  decoded 

versions o f  Doppler spect ra l  width (McCaul 1985) l i s t e d  under t h e  "WIDTH" 

column. Note t h a t  not only are spect ra l  widths converted t o  m-s- l  format and 

r e f l e c t i v i t i e s  estimated, but a lso the  pos i t i ons  of the  l i d a r  reso lu t i on  

volumes with respect t o  the  a i r c r a f t  have been modi f ied so as t o  be consis tent  

w i t h  reso lu t i on  volume pos i t ions  deduced from t im ing  measurements. 

D.2. THRESHOLDING AND EDIT ING OF DOPPLER MOMENT DATA 

The next stage i n  prepar ing the data f o r  analys is  invo lved "po in t -  

Point  e d i t i n g  was performed on ve loc i ty ,  i n t e n s i t y ,  and width 
ed i t ing" ,  or removal of noisy data po int -by-point  based on d e t a i l e d  inspec t ion  

o f  the  data. 
f i e l d s  separately. The f i r s t  step was t o  apply a " threshold ing"  a lgor i thm 

which could set  t o  "missing" the  l a rge  numbers o f  obviously useless values 
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BIN 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
1 1  
14 
15 
16 
1 7  
1E 
1 9  
2 3  
2 1  
2 2  
2 2  
24  
2 5  
2 c  
2 7  
2E 

YDEAM 
-94 0 

-2500 
-406 .  
-562 0 

-7180 

-1 030- 
- 1 l E 6 .  
-1343 
- 1 4 9 9 0  
- 1 6 5 5 .  
- 1 0 1 1 .  
-1967.  
-2123.  
-2279.  
- 2 4 2 5 -  
-2592 0 

-2748.  
-2904 m 

-3060. 
-3216s 
-3372 m 

- 3 5 2 8 0  

-3040 0 

- 3 5 9 7 0  
- 4 1 5 3 -  
-4309.  

-e74 . 

- 3 e e 4  . 

B I N  C A T A L O G .  FRAME 

R A W 4 M P  R A Y V E L  R W I O T H  
150s 3 
145.7 
147.0 
146.8 
145. 1 
143.4 
140 .6  
1390 3 
l -38.2 
1350 2 
1 3 4 -  4 
191.6 
13 1. 2 
129.4 
1270 
127. 1 
1’24.3 
126.2 
124- 1 
12s. 1 
1240  9 
123.7 
1 2 3 0 9  
126.9 
128.0 

122.4 
124- 3 

125. e 

- 3 7 5 0  
3 - 1  
206 
4 02 
4 .7  
4 - 0  
3 - 5  
3 0 3  
2 . 1  
1.8 
1 .e 
2 . I  
2 0 3  
2 -6 
3 03  
i: 06 
2 .7 
1 0 6  

2500 
2 1  08 
21.8 
2 1  - 7  
2 2  .2 
-1 .8  
- 2  - 7  
-3 - 4  
21.7 
2101 

1.03 
0.51 
0. c 5  
0 .65  
0 ~ 6 5  
0 . 6 5  
0.82 
00 6 5  
0 - 6 5  
00 8 2  
0. e 5  
1 - 0 3  
1 0  0 3  
50 1 4  
6 . 4 8  
e. 4E 
6 0 4 8  

e. 4 E  
6 0 4 8  
6.48 
5014 
6 0 4 8  
5 0 1 4  
4 0 0 C  
4 - 0 4  
I- 14 
5 .  14 

6.4e 

l r  2 8  E N T R I E S  

44 .e  
4 2 . 1  
4 5 0  1 
4 e  -6 
4 6  m t r  
4 t . S  
4 5 0 9  
46 .5  
4 7 0 2  
46 .0  
4 7 . 1  
4 5 . 7  
4 7  - 2  
4e.5 
45  . 1 
96.3 

0 .C 
0 00 
c m c  
0 00 
0 0 0  
cmc 
0 00 

6C- 4 
6 5 , s  

0 00 
0 . c  
0 . 0  

CORAtrP C C R V E L  
-37. c 

3 .O 
1 0 9  
2 - 4  
2 . 4  
3 .6  
7 . 0  
3 0 2  
2 . 0  
1 0 1  
1 . 7  
2.0 

83 - 8  
- 5 3 1  - 0  
-506 - 2  

2 e 6  
2 - 4  

-239 a9 
21 0 9  

- 2 0 8  e 2  
-334 0 5  
-4c9.0 
-275  - 8  
208.3 

- 2  - 8  
-3 -5  

ERROF; 
c. c 7  

11.45 
3C.58  

7 .43 
2.33 

0.42 
c . 5 7  
0 e20 
0.25 
0.91 
5 - 8 6  

32. 27 
- 6 . 5 5  

-32.44 
-22.44 

23 -65  
-32.44 

2 2 . 1 2  
-5.84 
-1.41 
3 1  - 5 2  
1 7 - 1 0  

- 3 2 . 9 4  
-32 a44 

0 . 1 2  

e . 7 5  

21.6 -22.44 
-12401  15.20 

Table D.2. 
width d a t a  f o r  d a t a  i n  Table D . l .  See text  f o r  further 
d e t a i l s .  

Sample o f  c o r r e c t e d  l i d a r  wind, i n t e n s i t y  and 
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RRNbE PIN SZ 

Figure D . l  
for a l idar  frame containing a cloud 
s t r ike (frame 12 of r u n  9) .  

Typical raw intensity profile 

Figure D.2 The profile of relative 
ref lect ivi ty  estimated from data i n  
Fig. D.1. Note that  ref lect ivi ty  
i s  uniform i n  range until the l idar  
pulse strikes the cloud a t  4 km. 
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encountered a t  ranges beyond the  l i d a r ' s  func t iona l  l i m i t s .  The e d i t i n g  o f  
width and i n t e n s i t y  data requi red no special  threshold rou t i ne  because a l l  

v a l i d  ( i  .e., non-spurious) r e f l e c t i v i t y  estimates were found t o  f a l l  between 
the  f i x e d  thresholds of 20 and 80 dB above noise and a l l  v a l i d  Doppler spec- 

t r a l  widths were found t o  f a l l  between 0 and 6.0 m-s-l. The v e l o c i t y  thres-  

ho ld  l i m i t s  had t o  be establ ished i n d i v i d u a l l y  f o r  each data run; f o r  a l i s t  

of the  values used, consul t  Table 0.3. The spurious v e l o c i t i e s  which were 

removed v i a  the  threshold ing method were e a s i l y  i d e n t i f i e d  i n  l i s t i n g s  o f  raw 
data because o f  t h e i r  r e l a t i v e l y  la rge  magnitudes; examples are v i s i b l e  i n  
Tab1 e D. 1 under the  RAWVEL (Raw Vel o c i  t y  ) co l  umn, begi nn i  ng a t  resol  u t i  on 

volume (BIN) 19. 

Further e d i t i n g  was o f ten  needed t o  remove spurious po in t  values. 

s imp l i f y  t h i s  sometimes ted ious process, a graphical  rou t i ne  was designed 
which displayed each of the  f i e l d s  t o  be ed i ted  i n  a way which would f a c i l i -  

t a t e  f i n d i n g  spurious data quick ly .  
i n  Figs. D.3-0.6, f o r  data from run 10 o f  t h e  Severe Storms experiment. 

To 

Samples o f  the  graphical  output are shown 

I n  Fig. D.3 the  r a w  r a d i a l  v e l o c i t i e s  i n  each fore and a f t  frame are  

depicted i n  approximately t h e i r  t r u e  r e l a t i v e  pos i t ions  i n  space; the  

"vectors" represent ing the  rad ia l  v e l o c i t i e s  are drawn a t  an angle w i t h  
respect t o  the  l i ne -o f - s igh t  o f  each l i d a r  frame fo r  c l a r i t y  and ease o f  pat -  

t e r n  observation. 

Fig. D.4 shows both the  l i d a r  i n t e n s i t y  and spect ra l  width f o r  t he  data 
o f  run 10. The c i r c l e s  which represent the  loca t ions  o f  t he  data po in ts  i n  
space have d i  ameters propor t ional  t o  re1 a t  i ve ref 1 e c t i  v i  t y  , whi 1 e the  1 i ne- 

weight wi th which each c i r c l e  i s  rendered i s  roughly propor t ional  t o  spectral  
width. The band o f  l a rge  c i r c l e s  seen a t  mid-range i n  Fig. 0.4 thus repre- 
sents a h igh l y  r e f l e c t i v e  ta rge t ,  i n  t h i s  case the  edge o f  a cumulus congestus 
cloud. The l igh twe igh t  l i n e  w i t h  which the  l a rge  c i r c l e s  are drawn ind icates 

small measured spect ra l  widths, and presumably, good d e f i n i t i o n  o f  mean 

Doppl e r  vel oc i  t y  . 
Figures D.5 and 0.6 depic t  the  observed d i s t r i b u t i o n s  o f  observed rad ia l  

v e l o c i t i e s  f o r  each f o r e  (Fig. D.5) and a f t  (Fig. D.6) l i d a r  frame. The velo- 
c i t y  scale used i n  these f igures runs from -20 mas-' a t  t he  bottom o f  the  p l o t  

t o  +20 m - 5 - l  a t  t he  top. I n  both f igures  v a l i d  meteorological data appear as 
swaths o f  loosely  d i s t r i b u t e d  po in ts  near the  centers o f  the  p lo t s ,  with 

spurious returns arranged i n  swaths a t  the  edges of t he  p lo ts .  I n  Fig. D.6 
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Table 0.3 

Summary o f  Charac ter is t i cs  o f  L ida r  Data Runs 

RUN NFRAME VMIN VMAX UADV VADV TSTART TSTOP OATIME 

2 282 

3 210 

4A 195 

5 7 1  

6 33 

7 33 

8 24 

9 33 

10 35 

11 39 

12 48 

-10.0 

-8.0 

-14.2 

-9.0 

-20.0 

-9.0 

-9.0 

-10.0 

-2.0 

-2.0 

-10.0 

11.8 

18.3 

-7.3 

9.0 

7.0 

18.0 

13.0 

0.0 

10.0 

0.0 

0.0 

-1.80 

4.42 

5.12 

4.14 

2.09 

1.96 

1.59 

4.83 

3.09 

4.17 

4.53 

1.60 

4.35 

8.80 

7.57 

8.40 

9.63 

7.16 

6.35 

4.46 

2.88 

3.82 

201810 

202547 

203549 

204614 

204832 

205006 

205128 

205401 

205537 

205715 

205849 

NFRAME = Total  number o f  l i d a r  frames taken i n  the  run 

V M I N  = Minimum rad ia l  v e l o c i t y  used i n  threshold ing 

VMAX = Maximum r a d i a l  ve loc i t y  used i n  threshold ing 

UADV = Zonal motion component used i n  data advection 

VADV = Meridional moti0.n component used i n  advection 

TSTART = Time (GMT) data c o l l e c t i o n  began i n  the  run 

TSTOP = Time (GMT) data c o l l e c t i o n  ended i n  the  run 

OATIME = Time (GMT) o f  ob jec t i ve  analys is  o f  the  run 

202529 

203021 

204005 

204739 

204910 

205044 

205156 

205438 

205619 

205801 

205945 

202130 

202800 

203700 

204920 

204920 

204920 

204920 

205640 

205640 

205640 

205640 
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. - -  

Figure 0.3 Graphical output f o r  
ed i t i ng  data:  raw l i d a r  rad ia l  
winds from run 10. Wind data  
from f o r e  frames a r e  shown 
above; a f t  data  shown below. 
Along-track d i s t ance  s c a l e  is 
expanded f o r  c l a r i t y .  

'RRME NUMBER 

Figure 0.4 Graphical output ( r u n  10) f o r  e d i t i n a  data:  r e l a t i v e  r e f l e c t i v i t y  
i s  proportional t o  c i r c l e '  diameter, and spectrumawidth values a re  scaled in 
proportion t o  1 ine weight .  
returns. 

Small dashes ind ica t e  low-intensi ty ,  large-width 
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t -20 n:s 

1 
I 

Figure  0.5 
i s  f o r  t h e  same f o r e  frame data presented i n  Fig. D.3. 
o r  bottom margins are due t o  moding i n  t h e  l i d a r  t r a n s m i t t e r .  

Graphical output  f o r  e d i t i n g  v e l o c i t y  data: v e l o c i t y  d i s t r i b u t i o n  
Data p o i n t s  near t o p  
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0 0 0 D 0 0 0  o o g o o o o o o o o o g o o o o o o o o o g o o o o o n o o  t FARME NUMEEA 0 0 0 

. .  - t -20 nis 

Figure  D.6 Same a s  Fig. D.5 except  f o r  the a f t  frame d a t a .  
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t he  meteoro log ica l ly  usefu l  data i s  t he  swath of p o s i t i v e  v e l o c i t i e s  whereas 

the  swatch o f  negat ive v e l o c i t i e s  i s  associated w i t h  r e s o l u t i o n  volumes a t  

unusably long rangaes (Fig. 0.3) as i s  the  data swatch near +17 m s-l i n  F ig .  

0.5. Ve loc i ty  estimates a t  long ranges, where echo i n t e n s i t y  i s  less than 

noise, should be uni formly d i s t r i b u t e d  across the Nyquist i n t e r v a l ,  These 

coherent v e l o c i t y  swaths i n  echo f ree  regions might be caused by leakage o f  
coherent s ignals  i n t o  the PPPP. 

Thus, w i th  the  help o f  graphical d isplays,  i t  was poss ib le  t o  examine the  

data from each reso lu t i on  volume o f  each l i d a r  frame and t o  determine qu ick l y  

which data po in ts  were consis tent  w i th  neighbor ing data points .  Such a v isua l  
examination was made fo r  every data p o i n t  i n  every run, and if an incons is ten t  
data value was found, it was included i n  a l i s t  of "bad" po in ts  contained 

d i r e c t l y  i n  the  t e x t  o f  a p o i n t  e d i t  subrout ine whose funct ion was t o  replace 
such data po in ts  w i t h  a "missing" data parameter value, usua l ly  -999.99. 
some occasions i t  was necessary t o  de le te  e n t i r e  frames from the  data set  due 

t o  no ise contamination. 
0.3. DIAGNOSIS AND REMOVAL OF RADIAL VELOCITY BIASES 

On 

The next step i n  prepar ing the  data fo r  meteorological  i n t e r p r e t a t i o n  

invo lved de le t i on  o f  v e l o c i t y  biases which contaminated r a d i a l  v e l o c i t y  data 

i n  each frame. Correct ion o f  the  measured r a d i a l  v e l o c i t i e s  fo r  t h i s  "frame 
b ias "  was a d i f f i c u l t  and troublesome task. 

o ther  i nves t i ga to rs  using the  NASA data have described var ious approaches 

taken. 

Lee (1982), McCaul (1985), and 

L i d a r  frame b ias manifests i t s e l f  i n  t he  tendency fo r  the  v a r i a b i l i t y  o f  
t he  measured v e l o c i t i e s  t o  be much la rge r  from frame t o  frame a t  a given range 

than from reso lu t i on  volume t o  reso lu t i on  volume w i t h i n  a g iven frame. 
under ly ing phys ica l  cause o f  the b ias i s  not  completely understood, but  

apparent ly i s  re la ted  t o  inadequate measurement of changes i n  a i r c r a f t  a t t i -  
tude and re1 a t i  ve a i  rspeed, especi a1 l y  those associated w i t h  quasi -per iod ic  

fugo id  motions and c y c l i c  feedback ef fects i n  the  a i r c r a f t  f l i g h t  con t ro l  

system, and t o  larger-than-expected delays i n  record ing c e r t a i n  INS-derived 

data such as d r i f t  angle (Lee, 1982). 

The 

Lee (1982) found evidence i n  a de ta i l ed  study of l i d a r  data taken i n  1981 
i n  C a l i f o r n i a  t h a t  the frame biases were most l i k e l y  due t o  delays i n  
repo r t i ng  INS-measured d r i f t  angle values t o  the  data record ing system. Lee 
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(1982) examined var ious poss ib le  delays i n  d r i f t  angle and found a remarkable 

c o r r e l a t i o n  between the  excursions o f  t he  range-averaged r a d i a l  v e l o c i t i e s  and 

the  excursions o f  t he  lag-2 d i f ferences i n  measured d r i f t  angles. An attempt 

was made i n  t h i s  study t o  dup l i ca te  Lee's f ind ings  by means s i m i l a r  t o  those 
he employed. However, f o r  the  runs examined i n  the  30 June data, no c lea r  cut  

r e l a t i o n  between v e l o c i t y  excursions and d r i f t  d i f ferences emerged. 

I n  general, the  l a rge  v a r i a b i l i t y  of t he  t r u e  wind speed i n  the convec- 

t i v e  s i t u a t i o n  found on t h i s  day prevented the  discovery of the  s p e c i f i c  
phys ica l  mechanisms responsible for  t h e  biases. However, examination of the  

behavior o f  t he  v e l o c i t y  i n  a l l  the  data runs suggested t h a t  the  magnitude of 
t h e  problem was sens i t i ve  t o  t h e  l oca l  turbulence of the  f l ow  near the  a i r -  

c r a f t  and t o  the r e l a t i v e  o r i e n t a t i o n  of t he  airspeed and ambient wind 

vectors. 

Based on a d r i f t  angle study conducted by McCaul (1985), and the  absence 

o f  any c lear-cut  evidence as t o  the  phys ica l  mechanism responsible f o r  t he  

frame bias, it was decided t o  handle t h e  problem by means of f i l t e r i n g  only. 

Two important add i t i ona l  causes o f  low-frequency v e l o c i t y  e r ro rs  ( i  .e., 
ground v e l o c i t y  b ias  associated frame b ias )  were found i n  the  present data: 

with data recording delays, and ground v e l o c i t y  e r ro rs  produced by the  INS 
(appendix C.4). 
causing r a d i a l  v e l o c i t y  e r ro rs  o f  2 rn s-l or  more, and are thus comparable i n  

importance t o  t he  high-f requency d r i  ft angle delay e r ro rs  a1 ready discussed. 

Unfortunately,  ne i the r  the  e r ro rs  due t o  delays i n  record ing ground v e l o c i t y  

(discussed i n  the  next paragraph) nor e r ro rs  generated by t h e  INS could be 
e l iminated by using simple f i l t e r i n g  techniques because t h e i r  spect ra l  content 
was too  s i m i l a r  t o  t h a t  o f  t he  t r u e  wind f i e l d .  These low-frequency frame 

biases there fore  had t o  be estimated us ing independent means. 

Both of these e r r o r  sources were found t o  be capable o f  

A po r t i on  o f  the r a d i a l  v e l o c i t y  e r ro rs  (frame biases) were found t o  

r e s u l t  from delays o f  record ing INS-deri ved ground v e l o c i t y  dur ing per iods o f  

a i r c r a f t  accelerat ion o r  decelerat ion.  

v e l o c i t y  e r ro rs  "EGS" through the  data c o l l e c t i o n  chain f o r  an assumed calm 

wind f i e l d  and acce le ra t ing  a i r c r a f t  i s  depicted i n  Fig. D.7. From the f i g u r e  

it. i s  c lea r  tha t  an erroneous wind vector  equal i n  magnitude and d i r e c t i o n  t o  

t h e  ground ve loc i t y  e r r o r  vector EGS i s  "measured" by the  l i d a r  system as long 
as the  a i r c r a f t  acce le ra t ion  i s  maintained constant. Addi t ion o f  a constant 
nonzero wind f i e l d  t o  t h i s  hypothet ica l  s i t u a t i o n  w i l l  hot  a l t e r  the  error .  

The transmission of t he  ground 
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F i  gure 0.7 Geometrical expl anat i on 
of the  ef fects  of ground v e l o c i t y  
e r r o r s  (due t o  delays i n  recording 
data)  on the  rad ia l  v e l o c i t y  
computati on. 

However, depending on t h e  r e l a t i v e  magnitddes of the  ambient wind vector and 

the  e r r o r  EGS, and on the  o r i e n t a t i o n  of t he  ambient wind vector w i t h  respect 

t o  t h e  a i r c r a f t  t rack,  an apparent r o t a t i o n  of the  l i da r -de r i ved  wind vectors 
from t h e i r  t r u e  o r i e n t a t i o n  w i l l  be observed. Thus f o r  an ambient wind 

blowing from r i g h t  t o  l e f t  across the  a i r c r a f t  t rack  and a s i t u a t i o n  where the  

a i r c r a f t  i s  accelerat ing,  the data synthesis w i l l  produce wind vectors whose 

t i p s  are ro ta ted  rearward of t h e i r  t r u e  o r i e n t a t i o n  with respect t o  t h e  a i r -  

c r a f t ;  f o r  a decelerat ing a i r c r a f t  subject  t o  the  same wind, the  synthesized 

wind vectors w i l l  be ro ta ted  forward o f  t h e i r  t r u e  a i r c r a f t - r e l a t i v e  o r ien ta-  

t i on .  Some compl icat ion o f  the  pa t te rn  w i l l  occur a t  the  endpoints o f  t h e  

a i r c r a f t  accelerat ion,  where the  fore and a f t  l i d a r  beams a r e  unequally 

a f fec ted  by delays i n  repor t ing  the  ground ve loc i ty .  

Although the delays i n  repo r t i ng  the  a i r c r a f t ' s  ground v e l o c i t y  could not 

be estimated i n  d e t a i l ,  i t i s  be l ieved t h a t  they con t r i bu te  s i g n i f i c a n t l y  t o  
t h e  e r r o r  budget o f  the l i d a r  system f o r  t h e  data reported here. 
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APPENDIX E 

ASSESSMENT OF SCANNER PERFORMANCE 

A ser ies of 13 consecut ive l i d a r  beam ground s t r i k e s  was observed dur ing 

a l e f t  t u r n  executed by the  a i r c r a f t  a t  about 2039 GMT (1439 CST) dur ing run 4 

data co l l ec t i on .  

poss ib le  t o  ob ta in  some i n s i g h t  i n t o  how we l l  t he  scanner system was opera- 

t i ng .  
r o l l  angles (curve i n  top p l o t )  and range b ins  i n  which ground s t r i kes ,  iden- 
t i f i e d  by peaks i n  l i d a r  i n t e n s i t y ,  were observed (boxes i n  bottom p l o t ) .  It 

i s  apparent from a comparison of t he  va r ia t i ons  of r o l l  angle and observed 
ground s t r i k e  ranges t h a t  t he  measured values o f  r o l l  angle corresponding t o  

the  var ious l i d a r  frames were being recorded approximately one frame, o r  about 

1.33 s, t oo  la te .  When r o l l  angle and ground s t r i k e  range data are appro- 

p r i a t e l y  pa i red (.for instance, r o l l  angle from frame 139 w i t h  ground s t r i k e  

range from frame 138), a rough q u a n t i t a t i v e  assessment of two aspects o f  beam 

po i  n t i  ng performance can be made. 

Through study of t h i s  sequence of ground s t r i kes ,  it was 

Figure E . 1  shows p l o t s  of t h e  sequences of corrected (see Appendix C.1) 

F i r s t  it can be seen tha t ,  i n  accord w i th  design speci f icat ions,  no 

ground re tu rns  were observed fo r  r o l l  angles more negat ive than -9"; the r o l l  

angle o f  -8.4" repor ted i n  frame 134 might have been expected t o  produce a 

ground r e t u r n  i n  range b i n  20 of frame 133 (accounting f o r  t he  1-frame delay 
i n  repo r t i ng  of r o l l )  i f  t h e  scanner were not compensating proper ly  f o r  r o l l  

angles between +9" and -go, but  because no ground re tu rn  was found i n  frame 
133 there  was no evidence t h a t  t he  beam scanner was f a i l i n g  t o  compensate f o r  

r o l l  angles. 
p o i n t i n g  er ro rs  i n  near-zero r o l l  s i t ua t i ons ,  where the  scanner operates i n  a 

d i f f e ren t  manner i n  i t s  attempts t o  mainta in  hor izon ta l  beam t r a j e c t o r i e s .  

Although a range o f  20 b ins  i s  considerable, i t  i s  not too  fa r  f o r  the  recep- 

t i o n  o f  s ignals  from h igh l y  r e f l e c t i v e  targets.  

This o f  course does not conc lus ive ly  r u l e  out poss ib le  beam 

Add i t iona l l y ,  it i s  poss ib le  t o  p r e d i c t  from a knowledge o f  t he  r o l l  and 

scan angles and a i r c r a f t  a l t i t u d e  the range b i n  i n  which a ground s t r i k e  

should occur, assuming f l a t  t e r r a i n  and operat ion of t he  scanner according t o  

spec i f i ca t i ons  (i.e., r e t u r n  the  beam t o  p o i n t  along a l i n e  perpendicular t o  

t h e  a i r c r a f t  heading and i n  t h e  plane of t he  wings) a t  r o l l  angles greater i n  

magnitude than go. By comparing the  pred ic ted  ground re tu rn  range w i t h  t h e  
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observed value, l i m i t s  can be placed on the  magnitude o f  t he  beam po in t i ng  

biases reported by Lee (1982), assuming t h e  biases are always present i n  t h e  

scanner performance regard1 ess o f  the r o l l  angl e. 

Such a comparison i s  made i n  the  lower p l o t  o f  Fig. E.1, where the  s o l i d  

curve superimposed on the  observed values o f  ground s t r i k e  range represents 

the  values o f  predic ted ground s t r i k e  range, tak ing  the  l - f rame delay i n  r o l l  

angle proper ly  i n t o  account. An averaged a i r c r a f t  a l t i t u d e  of 847 m was used 

i n  a l l  ca lcu la t ions  o f  ground s t r i k e  range i n  order t o  remove the  in f luence of 

topographical var ia t ions ,  observed t o  be about 10-20 m i n  magnitude, f rom t h e  

computed range values. 
observed ground s t r i k e  ranges i s  excel lent ,  w i th  a l l  bu t  th ree  frames showing 

exact agreement. O f  the  th ree  frames not showing exact agreement, two are i n  
"e r ro r "  by on ly  one range b in ,  and the  other  l i e s  a t  t he  edge o f  the  data 

sequence, where the  r o l l  angle magnitude was decreasing rap id l y  and the  ground 

s t r i k e  range was growing even more rap id l y  i n  response. 

I n  general, the agreement between the  pred ic ted  and 

For the  ground s t r i k e  ranges shown i n  Fig. E.l, t y p i c a l l y  2-3 km, and t h e  

a i r c r a f t  a1 t i t u d e s  associated w i th  those ground strikes., 850 rn, the  appearance 
o f  a ground s t r i k e  i n  a given range b i n  def ines the  beam e leva t ion  angle ('mea- 

sured r e l a t i v e  t o  the  hor izon) only t o  w i t h i n  about a degree. 

range t o  ground ta rge ts  i s  q u i t e  sens i t i ve  t o  e r ro rs  i n  beam e leva t ion  angle, 
t h e  nearness o f  some f o r  the  ground s t r i k e s  t o  the  a i r c r a f t ,  t he  l a rge  range 

extent o f  the  range b ins and the  r e l a t i v e  sparseness o f  sampling i n  t ime pre-  

vent a more d e f i n i t i v e  bracket ing of the  e levat ion errors .  

Although the  

I n  conclusion, it appears tha t  i f  the  e leva t ion  e r ro rs  of t he  scanner a t  
small r o l l  angles are s i m i l a r  t o  the  errors  seen a t  l a r g e r  r o l l  angles, then 

those e r ro rs  are apparently l i m i t e d  t o  about 1.5-2.0' f o r  both f o r e  and a f t  

shots. The biases found by Lee (1982) f a l l  wel l  w i t h i n  these l i m i t s .  

Although the  e leva t ion  e r r o r  f o r  both f o r e  and a f t  shots could be zero, it i s  
l i k e l y  t h a t  some nonzero e leva t ion  error ,  probably o f  the  same order as t h a t  

observed by Lee, was present i n  the  l i d a r  data. Such e leva t ion  angle errors,  
o f  the  order o f  lo, could introduce s i g n i f i c a n t  e r ro rs  i n  wind estimates i n  

zones o f  s t rong v e r t i c a l  wind shear. 

I 
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APPENDIX F 

TESTS USING MODEL WIND FIELD 

It was also found des i rab le  t o  t e s t  the  wind r e t r i e v a l  a lgor i thms on a 

To perform t h i s  tes t ,  s t a r t i n g  p o s i t i o n  

Then, using 

simulated monochromatic wind f i e l d  designed t o  have proper t ies  which would be 
easy t o  i d e n t i f y  on p l o t t e r  output. 

in format ion from runs 9 through 12 were used t o  i n i t i a l i z e  the  a i r c r a f t  
l oca t i on  a t  t he  times given f o r  the  beginning o f  those runs. 

ac tua l l y  measured a i r c r a f t  airspeed data from each of t he  runs and the  model 

wind f i e l d  spec i f ied  by: 

U(X,Y,T) = 10 + 2*COS[(2~/5000)*(X + Y - 5T)] 

V(X,Y,T) = 10 + 3*COS[(2~/5000)*(X + Y - 5T)] (F.2) 

t he  a i r c r a f t  was forced t o  f l y  through the simulated atmosphere along a t rack  

obtained by sol  v i  ng the  vector t r i a n g l e  o f  a i  rspeed/headi ng, ground 
ve loc i t y / t rack  and t h e  model windspeed/di r e c t i o n  f o r  each frame i n  each o f  the  

fou r  runs us ing INS-derived headings and i n i t i a l  pos i t i ons  f o r  each run. 
s o l u t i o n  invo lved computation o f  the  magnitude and d i r e c t i o n  o f  t h e  ground 

ve loc i t y  vector, because the  other  two quan t i t i es  were assumed t o  be known. 

The 

As t h e  a i r c r a f t  progressed through the  model wind f i e l d ,  sample l i d a r  

frames were acquired a t  t imes speci f ied t o  be i d e n t i c a l  t o  those given i n  t h e  
actual  rea l  data runs, and "observations" of the  appropr iate r a d i a l  component 

o f  the t r u e  wind i n  the  var ious reso lu t i on  volumes were taken based on the  

behavior o f  the  model wind f i e l d  as a func t ion  o f  space and time. 

simulated observed r a d i a l  v e l o c i t i e s  and l i n e  o f  s igh t  angles were then 

subjected t o  the  analysis algor i thms described i n  sect ion 3.4.4. 

The 

For t h e  analyses it was necessary t o  est imate the  phase speed a t  which 
the  ana ly t i ca l  wind f i e l d  features are being "advected". Because the  " t rue"  

phase speed was speci f ied i n  the  form o f  t he  model wind f i e l d  i t s e l f  (see t h e  

5.0 m s"l, t he  phase l i n e s  propagated t o  the  northeast a t  3.53 m s-l and it 

was poss ib le  t o  study t h e  impact o f  an i nco r rec t  guess o f  the  advection speed 
on the  analyzed wind vectors. 

coe f f i c i en ts  o f  t ime T i n  the  sinusoids o f  Eqs. F.l and F.2, i.e., 6, = Cy - - 
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Figure  F.l 

RECONSTRUCTED MODEL WIND FIELD SAMPLED BY ADLS 

{ADVECTION AT P 
Ua ~ 2 ~ 5 0  ms-' 
vq ~ 2 . 5 0  ms-' 

I 
30 

X-DISTANCE FROM CIM (km) 

Wind f i e l d  synthesized from s imulated l i d a r  observat ions of a 
modeled wind f i e l d .  
t h e  t r u e  one (i.e., Ua = V, = 2.5 m s-'). 

Data are  advected us ing  an advect ion v e l o c i t y  equal t o  
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P e r t u r b a t i o n  wind f i e l d  of F i g .  F. l  (mean of wind shown on F i g .  
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DIFFERENCE WIND FIELD (RECONSTF 
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. 4 * . 4  
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F igure  F.3 Ve loc i ty  vector di f ferences between t h e  t r u e  per turbat ion  wind 
f i e l d  and t h a t  synthesized from t h e  simulated observation. 
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RECONSTRUCTED MODEL WIND FIELD SAMPLED BY ADLS 

I } ADVECTION AT MEAN WIND 
ua = IO m s-' 

I vg =IO m s" 
I I 
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-1 Figure  F.4 Same as Fig, F . l  except U, = Va = 10 m s 
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Figure F.5 Same as Fig. F.2 except Ua = V, = 10 m S-’. 
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F i g u r e  F.6 Same as Fig. F.3 except Ua = Va 10 m s-l. 
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The r e s u l t s  of t he  analys is  f o r  an assumed advection which matched the  

t r u e  "adVeCtiOnM (i.e., Ua = Va = 2.5 m s- 1 ) are given i n  F ig .  F.l. It i s  
c lea r  t h a t  the  t r u e  wind- f i e l d  pa t te rn  i s  q u i t e  wel l  depicted, although there  

are some e r ro rs  near the  edges o f  t he  analys is  area which can be eas i l y  seen 

i n  t h e  per tu rba t ion  wind f i e l d  pa t te rn  shown i n  Fig. F.2. Note t h a t  t h e  

e r ro rs  are l a rges t  along the  edges o f  t he  f i e l d  as can be seen i n  Fig. F.3 

which shows the  d i f ferences i n  the  t r u e  per tu rba t ion  wind f i e l d  and t h a t  syn- 
thesized wind from simulated observations. These e r ro rs  are due t o  the  inade- 
quacies o f  t he  Cressman i n t e r p o l a t i o n  scheme when data are not uniformly 

d i s t r i b u t e d  over the  i n t e r p o l a t i o n  volume. 

the  re t r i eved  vectors i n  areas where two runs of data overlap i n  space. 

(Ua = Va = 10 m s'l) i n  t he  layer ,  the  resu l ts ,  shown i n  Figs. F.4-f .6 are 

s i g n i f i c a n t l y  d i f fe ren t .  The basic pa t te rn  of t he  wind vectors i s  s t i l l  q u i t e  

accurate ly  represented, bu t  some inconsis tenc ies a r i s e  i n  areas o f  overlap 

between two data runs. Note the  displacement o f  data areas by comparing Figs. 

F . l  and F.4. I n  Fig. F.5, displacements are noted between the  convergence 

l i n e s  re t r i eved  from the  synthesis o f  data from the  d i f fe ren t  runs. The d i f -  

ference f i e l d s  shown i n  Fig. F.6 are considerably l a rge r  than i n  the  case when 

the  cor rec t  advection ve loc i t y  i s  used. These inconsis tenc ies are c l e a r l y  t h e  

r e s u l t  o f  t h e  improper s h i f t  o f  the data po in ts  i n  space caused by the advec- 

t i o n  cor rec t ion  a lgor i thm having t o  use an erroneous advection ve loc i ty .  

Note a lso  the  smooth blending of 

When the estimated advection vector i s  set  equal t o  the mean wind 
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