
a 

/” 

Report No. FAA-RD-78-3 

3 

**: 
amp , 

S.T. Wang 
\ 
I 

Documeng is available.to the US. public through 
the National Technical Information Service, 

Springfield, Virginia 22161. 

https://ntrs.nasa.gov/search.jsp?R=19780019150 2020-03-22T03:02:54+00:00Z



NOTICE 
lab 

This document i s  disseminated under the sponsorship o f  the Department o f  
Transportation i n  the i n t e r e s t  o f  information exchange. The United States 
mvernment assumes no l i a b i l i t y  for i t s  contents or  use thereof.  

c 



T*chnical Report Documentation Page 
1 .  Report No. I 2. Government Accession No. 1 3. Rociprent'r Catalog No. I 
FAA-RD-78-3 I I I 

1 I 
4. Title and Subtitle ' IS. Report Oat. 

Wind Shear Modeling f o r  A i r c ra f t  Hazard Def in i t ion 

Systems Research-& Development Service/ 

ing these wind shear hazards. 
characteristics f o r  stable and neutral boundary layers, thunderstorms, and frontal  
winds potent ia l ly  encounterable by a i r c r a f t  i n  the terminal area are given. Wind 
shear i s  defined as s ign i f icant  changes i n  wind speed and/or direct ion up t o  500 m 
above the ground that may adversely affect the approach, landing, o r  takeoff of an 1 a i rc ra f t .  

Engineering models o f  wind shear f o r  d i rec t  hazard analysis are presented i t $  
mathematical formulae, graphs, tables, and computer lookup routines. The wind prof i le  
data u t i l i z e d  t o  establish the models i s  described as t o  location, how obtained, time 
o f  observation and number of data points up t o  500 m. These models provide the three 
.components o f  wind speed i n  two-dimensional vert ical  planes, i.e., as functions of the 

A set o f  wind prof i les  and associated wind shear 

+'' 

Frontal Wind Shear 

I 
' 21. No. of Pager 22. Prico 1 19. Socurity Cloarif. (of t h i s  report) 20. Security Clorrif. (of this page) 

Unclassified Unclassified 257 
Form DOT F 1700.7 (8-72) Reproduction of completed page authorized - 

i 

t 



PREFACE 

The work reported herein was supported by the Federal Aviation 
Administration, Wind Shear/Wake Vortex Avoidance System Branch, Approach and 
Landing Division, Systems Research and Development Service, under Inter- 
agency Agreement No. DOT-FA76-WAI -620. The authors are indebted to many 
people for their i n p u t s  to this effort .  In particular, Guice Tinsley, Frank 
Coons, Joe Cox and Frank Melewicz, technical representative, from the FAA 
have been most supportive of the work. The authors have also worked closely 
w i t h  the Stanford Research Institute through Mike Keenan and Wade Foy. W .  A.  
Stephens and Jack McDonald of Douglas Aircraft Company have been most 
gracious and helpful to the authors dur ing  the simulation tests a t  their 
facil i ty.  Dick Kurkowski and Dick Bray from NASA/Ames Research Center have 
provided many useful i n p u t s  and suggestions and George Fichtl from NASA/ 
Marshall Space F l i g h t  Center was instrumental i n  init iating the work early 
i n  i t s  development. Finally, the authors acknowledge the dedicated efforts 
of Ms. Roxane Binkley and Mrs. Judy Wright i n  preparing the illustrations and 
typing the final draft. 

Y 

P 

ii 



O N -  

- eo 



TABLE OF CONTENTS 

SECTION 

TECHNICAL REPORT DOCUMENTATION . . . . . . . . . . . . . . . . . . . .  i 

PREFACE ii 

METRIC CONVERSION FACTORS iii 

LIST OF ILLUSTRATIONS v i i  

x i  io LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  

1.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.2 General Descr ip t ion o f  Wind Shear Models . . . . . . . . . .  
1.3 Organization . . . . . . . . . . . . . . . . . . . . . . . .  

1 

3 

1.4 References 4 . . . . . . . . . . . . . . . . . . . . . . . . .  
2.0 THUNDERSTORM WIND SHEAR . . . . . . . . . . . . . . . . . . . . .  

2.1 Data Source . . . . . . . . . . . . . . . . . . . . . . . . .  
5 

5 

2.2 Data Processing . . . . . . . . . . . . . . . . . . . . . . . .  6 

8 

9 

. . . . . . . . . . . . . . . . . . . .  9 

2.3 Quasi-Steady Wind Speed P r o f i l e  Gr id  System . . . . . . . . .  
2.3.1 Tables o f  Wind Speed . . . . . . . . . . . . . . . . .  
2.3.2 I l l u s t r a t i o n s  

2.3.3 Computer Program f o r  Computing Thunderstorm 
Wind Speed P r o f i l e s  . . . . . . . . . . . . . . . . .  

2.4 Turbulence i n  Thunderstorms . . . . . . . . . . . . . . . . .  
2.5 S t a t i s t i c a l  Model o f  Turbulence . . . . . . . . . . . . . . .  

10 

10 

18 

2.6 App l i ca t i on  o f  t he  Thunderstorm Wind Shear Model . . . . . .  24 

36 

39 

. . . . . . . . . . . . . . . . . . . . . . . . .  40 3.1 Data Source 

41 3.2 Presentat ion o f  Data . . . . . . . . . . . . . . . . . . . .  
iv 

2.7 References . . . . . . . . . . . . . . . . . . . . . . . . .  
3.0 NEUTRAL AND STABLE BOUNDARY LAYERS . . . . . . . . . . . . . . . .  



SECT ION PAGE 

3.3 Mean Wind Speeds . . . . . . . . . . . . . . . . . . . . . .  43 

3.3.1 Tables o f  Wind Speed . . . . . . . . . . . . . . . . .  43 

3.3.2 I l l u s t r a t i o n s  . . . . . . . . . . . . . . . . . . . .  44 

3.3.3 Compuier Program . . . . . . . . . . . . . . . . . . .  44 

3.4 Turbulence Model .’ . . . . . . . . . . . . . . . . . . . . . .  44 

3.5 S t a t i s t i c a l  Model Re la t i ve  t o  Risk o f  Exceedance . . . . . .  68 

3.6 App l i ca t i on  o f  Wind Shear Models f o r  Neutra l  and 
Stable Boundary Layers . . . . . . . . . . . . . . . . . . .  75 

3.7 References . . . . . . . . . . . . . . . . . . . . . . . . .  78 

4.0 FRONTAL WIND SHEAR . . . . . . . . . . . . . . . . . . . . . . . .  80 

4.1 Quasi-Steady Wind Speed P r o f i l e  Gr id  System . . . . . . . . .  83 

4.1.1 Tables o f  Wind Speed . . . . . . . . . . . . . . . . .  83 

4.1.2 I l l u s t r a t i o n s  . . . . . . . . . . . . . . . . . . . . .  84 

4.1.3 Computer Program . . . . . . . . . . . . . . . . . . .  84 

Q.2 Turbulence Model . . . . . . . . . . . . . . . . . . . . . .  84 

4.3 S t a t i s t i c a l  Model . . . . . . . . . . . . . . . . . . . . . .  85 

4.4 App l ica t ions  o f  Fronta l  Wind Shear Model . . . . . . . . . .  85 

4.5 References . . . . . . . . . . . . . . . . . . . . . . . . .  87 

5.0 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88 

5.1 References . . . . . . . . . . . . . . . . . . . . . . . . .  91 

APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  92 

1A LIST OF ABBREVIATIONS AND SYMBOLS . . . . . . . . . . . . . . . .  93 

2A TABULATED THUNDERSTORM DATA . . . . . . . . . . . . . . . . . . .  95 

2B GRAPHICAL ILLUSTRATION OF THUNDERSTORM WIND SPEED PROFILES . . .  157 

2C COMPUTER PROGRAM FOR CALCULATION OF TURBULENT 
THUNDERSTORM WIND FIELDS . . . . . . . . . . . . . . . . . . . .  178 

V 

I 



SECTION PAGE 

3A TABULATED STABLE AND NEUTRAL BOUNDARY LAYER DATA . . . . . . . 194 

38 GRAPHICAL ILLUSTRATION OF STABLE AND NEUTRAL BOUNDARY 
LAYER WIND SPEED PROFILES . . . . . . . . . . . . . . . . . . . 206  

3C COMPUTER PROGRAM . . . . . . . . . . . . . . . . . . . . . . . 215  

4A TABULATED FRONTAL DATA . . . . . . . . . . . . . . . . . . . . 224 

48 GRAPHICAL ILLUSTRATION OF FRONTAL WIND SPEED PROFILES . . . . 237 

- 

n 

vi. 



LIST OF ILLUSTRATIONS 

FIGURE PAGE 

2-1. 
C o n t o u r M a p s . .  . . . . . . . . . . . . . . . . . . . . . . . .  7 

2-2. Measured and F i t t e d  Spectra f o r  Thunderstorm [2-71 . . . . . . . .  11 

2-3. Typical Power Spectra of Vertical Component of Turbulence 
Measured i n  Clear Air, Cumulus Cloud, and Thunderstorm [2-71 . . 13 

2-4. Prof i le  of  the RMS Values of the Vertical and Headwind Velocity 
Fluctuations as Predicted by Lewellen, e t  a l .  [2-11] . . . . . .  16 

2-5. Integral Length Scale Description [2-101 . . . . . . . . . . . . .  17 

2-6. S t a t i s t i c a l  Properties of Thunderstorms along F l i g h t  Paths a t  

Gr id  System Superimposed on Typical Thunderstorm Wind Speed 

I 

Constant Elevations of 200, 300 and 400 m . . . . . . . . . . .  22 

3-1. Grid System Superimposed on the Data of Clarke and Hess [3-1] . . 42 

3-2. 45 

3-3. 
Boundary Layers . . . . . . . . . . . . . . . . . . . . . . . .  47 

Comparison of Measured Turbulence Data w i t h  Equation 3-5 [3-31 . . 
Correlation of q, w i t h  Richardson Number f o r  Stable  

3-4. Vertical Turbulence Intensity . . . . . . . . . . . . . . . . . .  49 

3-5. Longitudinal and Lateral Turbulence Intensi ty  . . . . . . . . . .  51 

3-6. Influence of S tab i l i t y  on Turbulence Energy Spectrum . . . . . . .  52 

3-7. 

3-8. 

Comparison of the Modified Dryden Spectrum w i t h  Kaimal's 

Near Neutral Boundary Layer w i t h  Turbulence Superimposed, 

Stab1 e Boundary Layer w i t h  Turbulence Superimposed, 

Empirical Curve F i t  [3-31 . . . . . . . . . . . . . . . . . . .  54 

55 1 u = 1 ,  u, = 0.5 m s- , zo = 0.01 m . . . . . . . . . . . . . . .  

p = 25, u* = 0.5 m s-1, zo = 0.01 m 
3-9. . . . . . . . . . . . . . .  56 

3-1 0. 

3-11. 

3-1 2. 

Stable Boundary Layer w i t h  Turbulence Superimposed, 

Stable Boundary Layer with Turbulence Superimposed, 

Stable Boundary Layer w i t h  Turbulence Superimposed, 

p = 50, u* = 0.5 m s-1, zo = 0.01 m 

p = 75, u* = 0.5 m s-1, zo = 0.01 m 

p = 100, u* = 0.5 m s-1,  z0 = 0.01 m . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  57 

hu . . . . . . . . . . . . . .  58 

59 

vii 

I 
\ 

n 



F I GURE PAGE 

3-1 3. Stabl e Boundary Layer w i  h Turbulence Superimposed, 

3-14. Near Neutral  Boundary Layer w i t h  Turbulence Superimposed, 
1 1-1 = 1.0, u, = 0.58 m s- , z0 = 0.01 m . . .. . . . . . . . . . 

3-15. Stable Boundary Layer w i t h  Turbulence Superimposed, 
i.~ = 12.5, u* = 0.56 m s-1, zo = 0.01 m 

3-16. Stable Boundary Layer w i t h  Turbulence Superimposed, 
1-1 = 25.0, u* = 0.54 m s-1, zo = 0.01 m 

3-1 7. Stabl e Boundary Layer w i t h  Turbulence Superimposed, 
1-1 = 50, u* = 0.50 m s-1, zo = 0.01 m . . . . . . . . . . . . 

3-18. Stable Boundary Layer w i t h  Turbulence Superimposed, 
1-1 = 100, u* = 0.42 m s-1, zo = 0.01 m , . . . . . . . . . . . 

3-1 9. Stable Boundary Layer w i t h  Turbulence Superimposed, 
1-1 = 200, u, = 0.25 m s-1, zo = 0.01 m . . . . . . . . . . . 67 

Wind Speeds, 0 t o  6 m s-y (0 t o  14 mph) . . . . . . . . . . 69 

1-1 = 200, u* = 0.5 m s- f , zo = 0.01 m . . . . . . . . . . . . 60 

62 

. . . . . . . . . . . 63 

64 . . . . . . . . . . . 

65 

66 

3-20(a). Cumulative Percent Frequenc o f  Occurrence o f  R i  a t  Given 

3-20(b). Cumulative Percent Frequenc o f  Occurrence o f  R i  a t  Given 
Wind Speeds, 6 t o  12 m s-y (14 t o  28 mph) . . . . . . . . . 70 

3-20(c). Cumulative Percent Frequency o f  Occurrence o f  R i  a t  Given 
Wind Speeds, 12 t o  15 m s-1 (28 t o  32 mph) . . . . . . . . a 71 

3-21. Va r ia t i on  o f  R i  w i t h  p/u* a t  z = 6.1 m . . . . . . . . . . . 73 

3-22. 

4-1. 

Va r ia t i on  o f  Wind Speed a t  z = 6.1 m wi th p/u* (zo = 0.01 m) 

Wind Speed f o r  Synoptic Front  Cold A i r  Out-Flow, 

. 74 

January 28, 1977 . . . . . . . . . . . . . . . . . . . . . . 81 

4-2. Wind Speed f o r  Synoptic Front  Cold A i r  Out-Flow, 
December 10, 1976 . . . . . . . . . . . . . . . . . . . . . 82 

2A-1. I d e n t i f i c a t i o n  Format f o r  A l l  Tables i n  Appendix 2A . . . . 96 

2B-1. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: 
Series No. 0446, 14 May 74, ITx = 6.1 m s-1, 
H = 4000 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . 158 

0 

Case 1(A) 

i" 

28-2. Typical  Wind P r o f i l e s  along a 3" G l i de  Slo e: Case 2(B) 
Series No. 1314, 2 Ju l  72, wx = 5.0 m s- 7 , 
H = 3279 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . 159 



FIGURE PAGE 

2B-3. 

2B-4. 

28-5. 
. ,  

2B- 61. 

2B-7. 

Typical  Wind P r o f i l e s  along a 3" Gl ide Slo e: Case 3(C) 
Series No. 1731, 6 May 72, w, = 8.6 m s- 7 , 
H = 5714 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . .  160 

Typical  Wind P r o f i l e s  along a 3" Gl ide Slope* Case 4(D) 
Series Noo 1459, 27 May 72, ux = 11.6 m s - ~ ,  
H = 7692 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . .  161 

Typical  Wind P r o f i l e s  along a 3" Gl ide Slope' Case 5(E) 
Series No. 1924, 31 May 71, W, = 16.7 m smi, 
H = 11428 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  162 

Typical  Wind P r o f i l e s  along a 3" Gl ide Slope- Case 6(F) 
Series No. 1933, 27 Jun 72, Wx = 11.0 m s - l ,  
H = 7273 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . .  163 

Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: 
Series No. 1942, 7 Jun 71, Wx = 11.8 m s-1, 

Case 7 ( G )  

H = 7843 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . .  164 

2B-8. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: 
Series No. 1712, 23 May 74, Rx = 8.5 m s-1, 

Typical  Wind P r o f i l e s  along a 3" Gl ide  Slope: 

Case 8(H) 

H = 5556 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  165 

2B-9. Case 9 ( I )  
Series No. 1507, 16 Jun 73, W, = 11.5 m s-1, 
H = 7408 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  166 

2B-10. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope- Case lO(J) 
Series No. 2206, 10 Jun 71, I?, = 13.1 m s- 1 , 
H = 8511 t an  3" (km) . . . . . . . . . . . . . . . . . . .  . 167 

28-11. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: 
Series No. 2118, 2 Jun 71, Wx = 12.4 m s-1, 

2B-12. Typical  Wind P r o f i l e s  along a 3" Glide S l o  e: 

Case 11(K) 

H = 8163 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  168 

Case 12(L) 
Series No. 1759, 4 Jun 73, ITx = 5.5 m s- 7 , 
H = 3636 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  169 

Y 2B-13. Typical  Wind P r o f i l e s  along a 3" Glide Slop : Case 13(M) 
Series No. 0211, 14 Jun 72, Wx = 9.6 m s- 7 , 
H = 6349 t a n  3" (km) . . . . . . . . . . . . . . . . . . . . .  1\70 

B 

2B-14. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: 
Series No. 0109, 12 Jun 71, R, = 8.0 m s - l ,  
H = 5128 t an  3" 

Case 14(N) 

(km) . . . . . . . . . . . . . . . . . . . . .  171 

2B-15. Typical  Wind P r o f i l e s  along a 3" Gl ide Slope: Case 15(0) 
Series No. 0436, 23 May 72, Wx = 11.4 m s-1, 
H = 7408 t an  3" (km) . . . . . . . . . . . . . . . . . . . . .  172 

ix 



FIGURE PAGE 

28-16. Typical Wind Profiles along a 3" Glide Slope: 
Series No. 0020, 12 May 72, tax = 6.9 m s-1, 
H = 4444 t a n  3" (km) , . . . . . . . . . . . . . . . . . . . . 173 

Typical Wind Profiles along a 3" Glide Slope: 
Series No. 1837, 23 May 74, Wx = 17.5 m s-1, 
H = 11428 tan 3" (km) . . . . . . . , . . . . . +. . . . . . . 174 

Case 16(P) 

2B-17. Case 17(Q) 

28-18. Typical Wind Profiles along a 3" Glide Slope- Case 18(R) 
Series No. 1651, 19 Apr 72, Wx = 25.0 m s- I , 
H = 16000 tan 3" (km) . , . . . . . . . . . . . . . . . . . 175 

Series  No. 1904, 26 May 71, Wx = 11.0 m s-1,  
H = 7143 tan 3" ( k m )  . . . . . . . . . . . . . . . . . . . . . 176 

2B-19. Typical Wind Profiles along a 3" Glide Slope- Case 19(S) 

28-20. Typical Wind Profiles along a 3" Glide Slope. Case 20(T) 
Series No. 0029, 21 Apr 72, Wx = 19.9 m smi ,  
H = 13333 tan  3" ( k m )  . . . . . . . . . . . . . . . . . . . . 177 

2C-1. Schematic of VEL0 Subroutine . . . . . . . . . . . . . . . . . . 179 

2C-2. Physical Interpretat ion of a Single Component of the 
Non-Gaussian Turbulence Model . . . . . . . . . . . . . . . . . 182 

26-3. Area-Weighting Technique . . . . . . . . . . . . . . . . . . . . 189 

2C-4. Grid System o f  Wind Field . . . . . . . . . . . . . . . . . . . 192 

3B-1. 
3B-2 t h r o u g h  3B-8 Computed w i t h  Wind Shear Model . . . . . . 207 

3B-2. Stable Boundary Layer, No. 1 . . . . . . . . . . . . . . . . . . 208 

Theoretical Wind Speed Profile for  Comparison w i t h  Figures 

3B-3. Stable Boundary Layer, No. 2 . . . . . . . . . . . . . . . . . . 209 

3B-4. Stable Boundary Layer, No. 3 . . . . . . . . . . . . . . . . . . 210 

3B-5. Stable Boundary Layer, No. 4 . . . . . . . . . . . . . . . . . . 211 

3B-6. S tab le  Boundary Layer, No. 5 . . . . . . . . . . . . . . . . . . 212 

3B-7. Stable  Boundary Layer, No. 6 . . . , . . . . . . . . . . . . . 213 

3B-8. Stable Boundary Layer, No. 7 . . . . . . . . . . . . . . . . . 214 

3C-1. Grid System: K = 1 Corresponds t o  A i x  = 
and K = 2 Corresponds t o  fdy = fdy(s) - !dy?z) - Wy(z = 0 . b )  . . 220 

1; - 0.15) - W ( 2 )  
c 

X 



FIGURE FAGE 

3C-2. Area-Weighting Technique . . . . . . . . . . . . . . . . . . . .  221 

48-1. Fl ight  Paths through Streamline Pattern Moving w i t h  the Front 
Corresponding t o  Wind Speed Profiles i n  Figures 4B-2 and 

Wind Speed Profiles along Four Different F1 i g h t  Paths through 

Wind Speed Profiles along Four Different Fl ight  Paths t h r o u g h  

4B-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  238 

Cold Front, Case 1 . . . . . . . . . . . . . . . . . . . . . .  239 
4A-2. 

4A-3. 
Cold Front, Case 2 . . . . . . . . . . . . . . . . . . . . . .  240 

xi 



LIST OF TABLES 

PAGE 
k 

2-1. 
\ 

Y 

2-2. 

2-3. 

2-4. 

2-5. 

3-1. 

4-1. 

2A-1 (a).  

2A-1 ( b ) .  

2A-1 ( c ) .  

2A- 2 (a ) . 
2A-2 ( b  ) . 
2A-2 ( C )  . 
2A-3 (a ) . 
2A-3( b) .  

2 A - 3 ( ~ )  

2A-4(a). 

2A-4( b ) .  

2 A - 4 ( ~ ) .  

2A-5(a). 

Ensemble Averages, Standard Deviat ions and Corre la t ions 
19 

Horizontal  Length o f  Each Storm Record . . . . . . . . . . . 25 

fo rWX,  W andW,.. . . . . . . . . . . . . . . . . . . . . Y 

Thunderstorm Wind Field,  B10, Sim i la r  t o  Phi ladelphia/  
Allegheny P r o f i l e  12-17]; HX - Horizontal  S ta t i on  (ft.), 
V e l o c i t i e s  Are Given i n  Knots and Height i n  Feet . . . . . . 27 

P r o f i l e ,  [2-171; HX - Horizontal  S ta t i on  ( f t . ) ,  
V e l o c i t i e s  Are Given i n  Knots and Height i n  Feet . . . . . . 30 

Thunderstorm Wind F ie ld ,  B l l  , S i m i l a r  t o  Kennedy/Eastern 

Maximum and Minimum V e r t i c a l  V e l o c i t i e s  a t  300 m Level i n  
Data of Goff [ 2 - l ]  . . . . . . . . . . . . . . . . . . . . 35 

Risk o f  Exceedance Associated w i t h  Wind Speed P r o f i l e s  
Shown i n  Figures 3-8 through 3-19 . . . . . . . . . . . . . . 76 

Warm Front Wind Speed P r o f i l e  14-11; W, = 0 . . . . . . . . . . 86 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion, Wx . . . . . . . . . 97 

Wind Speed Perpendicular t o  Frontal  Motion, W . . . . . . . . 98 

V e r t i c a l  Wind Speed, W, . . . . . . . . . . . . . . . . . . . . 99 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion, W, . . . . . . . . . 100 

Y 

Wind Speed Perpendicular t o  Frontal  Motion, W . . . . . . . . 101 

V e r t i c a l  Wind Speed, W, . . . . . . . . . . . . . . . . . . . . 102 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion, Wx . . . . . . . . . 103 

. . . . . . . . 104 Wind Speed Perpendicular t o  Fronta l  Motion, 

V e r t i c a l  Wind Speed, W, . . . . . . . . . . . . . . . . . . 105 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion, Wx . . . . . . . . . 106 

Wind Speed Perpendicular t o  Fronta l  Motion, Wy . . . . . . . 107 

V e r t i c a l  Wind Speed, W, . . . . . . . . . . . . . . . . . . . . 108 

Wind Speed i n  D i r e c t i o n  of Fronta l  Motion, Wx . . . . . . . . . 109 

Y 

wY 

xi i 



PAGE 

Wind Speed Perpendicular t o  Frontal  Motion. W . . . . . . . .  110 
Y 

2A.5(b) . 
2A.5(~) . 
2A.6(a) . 
2A-6( b )  . 
2A.6(~) . 
2A.7(a) . 
2A-7 ( b )  . 
2A- 7 ( c ) . 
2A.8(a) . 
2A-8 ( b )  . 
2A.8(~) . 
2A-d( a )  . 
2A-9( b )  

2A.9(~) . 
ZA.lO(a) . 
2A-1 O( b) . 
2A.10(~) . 
2A-11 (a) . 
ZA.ll(b) . 
2A-11 ( c )  . 
2A-12(a) . 
2A-12( b )  . 
2A.12(~) . 
2A- 13( a ) . 
2A-13( b)  . 

....................................... 111 

Wind Speed i n  D i r e c t i o n  o f  Frontal  Motion. W, 

wY 

. . . . . . . .  112 

. . . . . . . .  113 Wind Speed Perpendicular t o  Frontal  Motion. 

V e r t i c a l  ............................... 114 
i 

Wind Speed i n  D i r e c t i o n  o f  Frontal  Motion. W, . . . . . . . .  715 

. . . . . . . .  116 
wY 

Wind Speed Perpendicular t o  Fronta l  Motion. 

....................................... 117 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion. W, 

Wind Speed Perpendicular t o  Frontal  Motion. 

. . . . . . . .  118 

. . . . . . . .  119 

. . . . . . . . . . . . . . . . . . . .  120 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion. W, . . . . . . . .  121 

. . . . . . . .  122 Wind Speed Perpendicular t o  Fronta l  Motion. 

. . . . . . . . . . . . . . . . . . .  123 

Wind Speed i n  D i r e c t i o n  o f  Frontal  Motion. W. . . . . . . . .  124 

. . . . . . . .  125 Wind Speed Perpendicular t o  Fronta l  Motion. 

. . . . . . . . . . . . . . . . . . .  126 

. . . . . . . .  127 

wY 
V e r t i c a l  Wind Speed. W. 

wY 
V e r t i c a l  Wind Speed. W. 

wY 
V e r t i c a l  Wind Speed. W. 

Wind Speed Perpendicular t o  Fronta l  Motion. Wy . . . . . . . .  128 

V e r t i c a l  Wind Speed. W. 

Wind Speed i n  D i r e c t i o n  o f  Fronta l  Motion. W. 

. . . . . . . . . . . . . . . . . . .  129 

. . . . . . . .  130 

. . . . . . . .  131 

. . . . . . . . . . . . . . . . . . .  132 

Wind Speed i n  D i r e c t i o n  o f  Frontal  Motion. W, . . . . . . . .  133 

Wind Speed Perpendicular t o  Fronta l  Motion. Wy . . . . . . . .  134 

Wind Speed i n  D i r e c t i o n  o f  Frontal  Motion. W, 

Wind Speed Perpendicular t o  Fronta l  Motion. 
wY 

V e r t i c a l  Wind Speed. W. 

xiii 



2A-13 ( c ) . 
2A.l4(a) . 
2A- 1 4 ( b ) . 
2A.14(~) . 
2A.l5(a) . 
2A.l5(b) . 
2A- 1 5( c ) . 
2A.l6(a) . 
2A- 1 6 ( b ) . 
2A.16(~) . 
2A-17 (a) . 
2A.l7(b) . 
2A.17(~) . 
2A.l8(a) . 
2A-18( b)  . 
2A.18(~) . 
2A.l9(a) . 
2A-19( b) . 
2A.19(~) . 
2A.20(a) . 
2A-20( b) . 
2A.20(~) . 

2c-1 a 

3A-1 (a) . 
3A-1 (b) . 

PAGE 

. . . . . . . . . . . . . . . . . . .  135 
Wind Speed in Direction of Frontal Motion. W. . . . . . . . .  136 

. . . . . . . .  137 Wind Speed Perpendicular to Frontal Motion. 

. . . . . . . . . . . . . . . . . . .  138 
Wind Speed in Direction o f  Frontal Motion. W, 139 

Wind Speed Perpendicular to Frontal Motion. Wy . . . . . . . .  140 
. . . . . . . . . . . . . . . . . . .  141 

. . . . . . . .  142 

. . . . . . . .  143 
. . . . . . . . . . . . . . . . . . .  144 

. . . . . . . .  145 

. . . . . . . .  146 
. . . . . . . . . . . . . . . . . . .  147 

. . . . . . . .  148 

Vertical Wind Speed. .. 
wY 

Vertical Wind Speed. Wz 
~ . . . . . . . .  

Vertical Wind Speed. W. 

Wind Speed in Direction of Frontal Motion. W, 

wY 
Vertical Wind Speed. W. 

Wind Speed in Direction of Frontal Motion. W, 

wY 
Vertical Wind Speed. Wz 

Wind Speed in Direction of Frontal Motion. W, 

Wind Speed Perpendicular to Frontal Motion. Wy . . . . . . . .  149 
Vertical Wind Speed. W. 

Wind Speed in Direction o f  Frontal Motion. W, 

wY 
Vertical Wind Speed. W. 

Wind Speed in Direction o f  Frontal Motion. W, 

Wind Speed Perpendicular to Frontal Motion. Wy . . . . . . . .  155 
Vertical Wind Speed. W. . . . . . . . . . . . . . . . . . . .  156 
Transfer Functions o f  the Non-Gaussian Model . . . . . . . . .  186 
Longitudinal Wind Speed. Q,. Ro . 10 . . . . . . . . . . . .  196 
Lateral Wind Speed. A Ro . 10 . . . . . . . . . . . . . . .  197 

Wind Speed Perpendicular to Frontal Motion. 

Wind Speed Perpendicular to Frontal Motion. 

. . . . . . . . . . . . . . . . . . .  150 
. . . . . . . .  151 
. . . . . . . .  152 

. . . . . . . . . . . . . . . . . . .  153 
. . . . . . . .  154 

Wind Speed Perpendicular to Frontal Motion. 

7 

7 
Y’ 

xiv  



PAGE 

Longi tud ina l  Wind Speed, Q,, Ro = 10 . . . . i. . . . . . . . . 198 

La te ra l  Wind Speed, fi . . . . . . . . . . . . . . . 199 

Longi tud ina l  Wind Speed, A,, Ro = 10 . . . . . . . . . . . . . 200 

La te ra l  Wind Speed, 0 Ro = l o 5  . . . . . . . . . . . . . . . 201 

Longi tud ina l  Wind Speed, fix, Ro = 10 . . . . . . . . . . . . 202 

La te ra l  Wind Speed, 'jy' Ro = 10 . . . . I )  . . . . . . . . . . 203 

Longi tud ina l  Wind Speed, fix, Ro = 10 . . . . . . . . . . . . 204 

La te ra l  Wind Speed, fi . . . . . . . . . . . . . . 205 

Longi tud ina l  Wind Speed, W,, f o r  Cold Front; Case 1, 0307, 
l?, = 9.3 m s-1,  L = 17.4 km, AX = 153.7 m . . . . . . . . . 225 

La te ra l  Wind Speed, Wy, f o r  Cold Front; Case 1, 0307, 
I?, = 9.3 m s-1, L = 17.2 km, AX = 153.7 rn . . . . . . . . . 227 

6 

6 Ro = 10 
Y' 

5 

Y' 
4 

4 

3 

3 Ro = 10 
Y' 

3A-2(a). 

3A-2 (L) . 
3A-3(a). 

3A-3(b). 

3A-4(a). 

3A-4( b) . 
3A-5(a). 

3A- 5 ( b ) . 
4A-1 (a). 

4A-1 ( b ) .  

4A-1 (c). 

4A-2(a). 

4A-2(b). 

4 A - 2 ( ~ ) .  

V e r t i c a l  Wind S eed, W f o r  Cold Front; Case 1, 0307, 
= 9.3 m sm7, L = f j . 4  km, AX = 153.7 m . . . . . . . . . . 229 

X 

Longi tud ina l  W i  d Speed, W,, f o r  Cold Front; Case 2; 7050, 

La te ra l  Wind Sp ed, Wy f o r  Cold Front; Case 1, 0307, 

V e r t i c a l  Wind S eed, W f o r  Cold Front; Case 1, 0307, 

'Rx = 7.1 rn s-', L = 13.2 km, AX = 117.7 rn . . . . . . . . . . 231 

vx = 9.3 m smf, L = 17.2 km, AX = 153.7 rn . . . . . . . . . . 233 

W, = 9.3 rn s-7 ,  L = f j . 4  km, AX = 153.7 m . . . . . . . . . . 235 

xv 



SECTION 1.0 

INTRODUCTION 

1.1 Background 

Wind shear, particularly a t  the lower altitudes i n  the terminal area, 
has been identified as  being hazardous t o  a i rcraf t  operations. 
reliable wind  profiles are required for use i n  f a s t  time and manned f l i g h t  
simulation studies aimed a t  f u l l y  defining and understanding the wind shear 
hazard. This report describes wind speed profiles developed for the above 
simulation t o  improve the safety and re l iabi l i ty  of operations i n  the 

Accurate and 

terminal area. A comprehensive set  of wind profiles and associated wind 
shear characteristics w h i c h  encompass many of the wind shear environments 
potentially encounterable by aircraf t  i n  the terminal area have been modelled, 
subject t o  the da ta  available. For the purpose of this effort ,  wind shear i s  
defined a s  significant changes i n  wind speed and/or direction up t o  500 m 
above the ground which may adversely affect the approach, l and ing ,  or  takeoff 
of an aircraft .  The wind shear i s  mathematically modelled and the mathe- 
matical scenarios (environment) are presented i n  a format for direct app l  ica- 
t i o n  t o  wind shear haza rd / f l i gh t  s imulat ion studies. 

1.2 General Description of Wind Shear Models 

A survey of existing wind shear d a t a  and mathematical models w h i c h  are 
comprehensive, of sufficient spatial extent, and detailed enough for the 
development o f  mathematical models of wind shear is reported i n  Reference 
[l-11. 
and duration o f  frontal wind shear, neutral and stable boundary layer wind 
shear, and thunderstorm wind shear. The physics of these atmospheric phenom- 
ena w i t h  w h i c h  significant wind shear i s  associated is also outlined i n  this 
reference and is  not described i n  the present report. 
reported i n  the l i terature and described i n  Reference [l-11 have been chosen 
for  the three wind  shear condi t ions considered, Le . ,  1 )  thunderstorm wind 
shear, 2 )  neutral and stable boundary layer wind shear and 3)  f ronta l  wind 
shear. 

T h i s  reference reviews the s ta te  of the a r t  and describes the scale 

- 

.. Selected d a t a  sets 

In a l l  three cases, the most comprehensive set  of wind shear data  
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reported i n  the l i terature have been discretized to  a g r i d  system and a 
computer program lookup w i t h  interpolation capabilities developed. The 
spatial va r i a t ion  of wind speed, both horizontally and vertically, i s  obtained 
f rom the programs when called by a main simulation program. 
da ta  measurement, how the da ta  were obtained, the time of observation and 
the extent of the data up  t o  500 m are outlined for each of the wind shear 
conditions considered. 
wind w h i c h ,  i n  the thunderstorm and frontal  cases, is effectively a quasi- 
steady s ta te  wind having  a 10 sec averaging period are described. For the 
stable And neutral boundary layer case, the wind  speeds are mean values 
w h i c h  are defined as a 10 m i n  average or  greater. 
stable boundary layer, spatial dependence of the wind only i n  the vertical 
direction, z ,  i s  considered and the wind field i n  these cases i s  assumed 
homogeneous i n  horizontal  extent. For the thunderstorm and f rontal  wind 
f ields,  bo th  vertical, z, and hor izonta l ,  x ,  spatial dependence i s  considered. 
The data available, however, represents wind fields i n  a vertical plane 
sliced t h r o u g h  the storm and spatial va r i a t ion  i n  the direction lateral t o  
the motion of the storm i s  n o t  considered. All three velocity components, 
t h a t  i s ,  l o n g i t u d i n a l  velocity, W x ,  lateral velocity, W and vertical 
velocity, W z ,  are defined a t  each poin t  i n  the vertical spatial plane, 
however. 

The location o f  

From these data  sets,  a description of steady s ta te  

For the neutral and 

Y ’  

Since the h i g h  frequency component of the var ia t ion i n  the wind has 
been averaged o u t  of the data  sets used t o  define the mathematical form of 
the wind  shear models, turbulence simulation techniques are  provided from 
w h i c h  a turbulent fluctuation can be generated and superimposed upon the 
quasi-steady s ta te  wind f ields.  For the thunderstorm and frontal models, 
the frequency content of the turbulent simulation must contain a l l  fluctua- 
tions greater than 0.1 Hz. For the neutral and stable boundary layer the 
turbulence model must contain fluctuations of a l l  frequencies. 

Statist ical  models which will allow estimates of the probabi l i ty  of a 
given shear magnitude and the frequency of occurrence are developed t o  the 
extent current da ta  permits. A s ta t is t ical  description of the wind fields 
a re  required t o  establish meaningful magnitudes of wind shear t o  assure t h a t  
the values used i n  f l i g h t  hazard studies are real is t ic  and might  actually be 
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encountered in the real world. Statistical data, however, is very limited 
in this regard and it was necessary in most cases to establish only crude 
estimates of the probability of wind'shear and the risk of exceeding a 
prescribed value. 

1.3 Organization 
B, The mathematical models of wind speed developed for thunderstorms, 

stable and neutral boundary layers, and the synoptic frontal storms are 
reported individually in Sections 2, 3 and 4, respectively. Each section 
describes the nature of the data set used to develop the table lookup programs 
and the theoretical turbulent simulation models recommended for use with 
the quasi-steady winds. Statistical models are also described and estimates 
of probabilities and risk of exceedance given. 
the wind fields for easy engineering application are given. Also, numerous 
i 11 us trati ve plots of typical wind speed prof i 1 es encountered a1 ong conven- 
tional flight paths are provided for visualization of the type and magnitude 
of wind shear potentially encounterable in the atmospheric conditions con- 
sidered. Finally, a careful listing of the computer code and the associated 
data set are described. The computer programs are given'in the form of . 
subroutines which can be immediately coupled with a fast time computer 
program for calculating flight through wind shear hazards or for direct 
application to flight simulation studies. This material has been placed in 
the appendices because of its bulkiness and because, although it directly 
pertains to the engineering application of this report, it is not immediately 
relevant to the text of each section. However, the appendices have been 
numbered corresponding to the section of the report to which they refer. 
Appendix 1 contains the nomenclature while Appendices 2, 3 and 4 contain the 
tables, i 1 lustrations and computer code for the respectively numbered 
sections. Finally, each section contains recommendations and guidelines for 
engineering applications. The range of applicability, engineering interpre- 
tation, and examples of how to use the data are given. 

In the appendix, tables of 

The report concludes with a summary section which summarizes the results 
o f  the effort , presents conclusions, and provides recommendations concerning 
future efforts. A discussion of data deficiencies and the associated weak- 
nesses and strengths of the model are also described in the summary section. 
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SECTION 2.0 

THUNDERSTORM WIND SHEAR 

A model o f  wind shear associated w i t h  thunderstorms has been developed 
from the  data o f  Goff  [2-11. These data cons is t  o f  measurements of l o n g i -  
tud ina l ,  l a t e r a l  and v e r t i c a l  wind speeds a t  various l e v e l s  o f  a 500 m 
tower. Although the data are measured along a v e r t i c a l  l i n e  i n  the atmo- 
sphere, they are pro jected h o r i z o n t a l l y  t o  form a v e r t i c a l  plane using the 
concept o f  f rozen turbulence o r  Tay lo r ' s  hypothesis. Thus, the wind shear 
phenomena associated w i t h  thunderstorm models can be described as a two- 
dimension, s p a t i a l  wind f i e l d .  

The data o f  Goff [2-11, a f t e r  ca re fu l  review (see Reference [2-2]), 

were selected as being the best data a v a i l a b l e  t o  const ruct  a q u a n t i t a t i v e  
model o f  thunderstorm wind shear t h a t  provides both v e r t i c a l  and hor izonta l  
wind shear values. As noted, the model i s  r e s t r i c t e d  t o  two-dimensional 
space. The extensive survey reported i n  Reference c2-21 ind i ca tes  t h a t  
there a re  no three-dimensional data sets a v a i l a b l e  nor any t h e o r e t i c a l  
models associated w i t h  thunderstorms which would a1 low a three-dimensional 
s imulat ion t o  be c a r r i e d  out. Therefore, i t  was necessary t o  r e s t r i c t  t he  
s imulat ion o f  thunderstorm wind shear t o  two-dimensional wind f i e l d s .  The 
data, however, do inc lude a l l  three v e l o c i t y  components o f  the wind vector 
i n  the plane swept ou t  by the 500 m tower as the storm passes. 

2.1 Data Source 

Thunderstorm wind shear data are presented i n  the  form o f  l o n g i t u d i n a l  
(Wx), l a t e r a l  (W ) and v e r t i c a l  (W,) wind speed components i n  a v e r t i c a l  

Y 
plane f o r  20 thunderstorm cases. Data f o r  these 20 storms were measured 
dur ing the months o f  May through June over the pe r iod  o f  1971 through 1973 

h i s t o r i e s  o f  the wind speed are converted t o  ho r i zon ta l  s p a t i a l  d i s t r i b u t i o n s  

using Tay lo r ' s  hypothesis ( i .e. ,  x = Wt). 
wind speed components are provided i n  the form o f  isotach maps f o r  Wx, 
and Wz, respect ive ly .  

- w i t h  the WKY-TV/NSSL 481 m meteorological tower, Norman , Oklahoma. Time 

Ten second averaged values of 

These data were converted t o  a 41 x 11 p o i n t  g r i d  
wY 
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system as i l l u s t r a t e d  i n  F igure 2-1. The data for  t he  20 thunderstorm cases 

a computer lookup r o u t i n e  developed f o r  i n t e r p o l a t i n g  the Wx, W and Wz wind 

speeds fo r  any l o c a t i o n  w i t h i n  the x-z plane. Tabulated data fo r  Wx, 

and W z  dn the  41 x 11 p o i n t  g r i d  system are given i n  Appendix 2A; a p i c t o r i a l  
desc r ip t i on  o f  the wind speed p r o f i l e s  and streamline pat terns a re  given i n  
Appendix 28, and a computer program which stores the  data on d i sks  and 
c a r r i e s  ou t  the t a b l e  lookup w i t h  the op t i on  o f  superimposing turbulence i s  
described i n  Appendix 2C. 

' having been d i s c r e t i z e d  on the g r i d  system were s tored on magnetic tape and 

Y 
wY 

The 20 thunderstorm cases f o r  the purpose o f  t h i s  r e p o r t  are assigned 
numbers 1 through 20 which correspond t o  Go f f ' s  i d e n t i f i c a t i o n  symbols A 
through T. 
the numerical and the a lphabet ica l  i d e n t i f i c a t i o n .  

A l l  tabulated and i l l u s t r a t e d  data i n  the appendix conta in  both 

2.2 Data Processing 

For each thunderstorm, a 10 min record was taken and the data were 
averaged over 10 sec i n t e r v a l s  throughout the 10 mins. 
f i t t e d  t o  a regu la r  ar ray o f  a 60 x 10 g r i d  by Goff.  Although the actual  
measurements were no t  un i formly spaced, the  data as presented f o r  p u b l i c  
d i s t r i b u t i o n  were uni formly spaced on the 60 x 10 g r i d .  
cons is ts  of 60 10 sec averaged data sets represent ing a cross sect ion through 
the storm. Streamline pat terns as w e l l  as isotach maps o f  W,, W and Wz 

were a lso drawn from the data and a re  given i n  Reference [2-11. 

These data were then 

Each 10 min record 

Y 

The data presented i n  Reference [ 2 - l ]  were evenly spaced over 10 50 m 
i n t e r v a l s  i n  the z-d i rect ion.  Values assigned t o  each i n t e r v a l  were deter-  

1974 data. For the 
t ransformat i  on from 
each cross-sect ion 
o f  the thunderstorm 

The coordinate 

mined by l i n e a r  i n t e r p o l a t i o n  from seven l e v e l s  o f  measurements f o r  the 
1971, 1972 data and from only  three l e v e l s  o f  measurement f o r  t he  1973 and 

x-d i rect ion,  60 i n t e r v a l s  were u t i l i z e d  where a Gal i lean 
t ime t o  space was u t i l i z e d .  The ho r i zon ta l  ex ten t  of 
s t he re fo re  a v a r i a b l e  and i s  equal t o  the f r o n t a l  speed 
times the 10 min averaging period. 

- 

system u t i l i z e d  i n  Reference [ Z - l ]  and a lso i n  t h i s  
r e p o r t  def ines the  x - d i r e c t i o n  as being measured p o s i t i v e l y  i n  the  d i r e c t i o n  
o f  f r o n t a l  motion and the y - d i r e c t i o n  as being measured perpendicular t o  the 
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f r o n t a l  a x i s  u t i l i z i n g  the r ight-hand r u l e ,  i.e., p o s i t i v e  W i s  measured 
i n t o  the plane o f  the paper. The Wx components o f  the wind speed are pos i -  
t i v e  i n  the d i r e c t i o n  o f  f r o n t a l  motion, i.e., p o s i t i v e  from l e f t  t o  r i g h t  on 
the contour maps and the v e r t i c a l  wind speed, W z ,  i s  p o s i t i v e  i n  the upward 
d i r e c t i o n .  

Y 

The data presented by Gof f  [Z-1) are the l o n g i t u d i n a l  wind speed, Wx, 
r e l a t i v e  t o  the motion o f  the storm. 
genera l ly  presented r e l a t i v e  t o  the f i x e d  frame o f  reference attached t o  the 
ground. 

I n  t h i s  repor t ,  however, t h e  data are 

I n  view o f  the 10 sec averaging per iod u t i l i z e d  t o  reduce the data, a l l  
f l uc tua t i ons  i n  wind speed o f  frequency higher than 0.1 Hz have been f i l t e r e d  
out  o f  the data. Thus, the data conta in  va r ia t i ons  i n  wind speed having f r e -  
quencies o f  0.1 Hz o r  less.  
t o  which a i r c r a f t  motion i s  most sens i t i ve .  However, t o  assure c o r r e c t  
s imulat ion where high frequency wind components are s i g n i f i c a n t ,  i t  i s  
recommended t h a t  a tu rbu len t  f l u c t u a t i o n  be superimposed upon the quasi- 
steady wind f i e l d s .  
f o r  use w i t h  the thunderstorm gust f r o n t  data. 

These low frequencies are expected t o  be those 

Section 2.4 discusses and recommends a turbulence model 

The f o l l o w i n g  section, Section 2.3, describes the quasi-steady wind 
speed p r o f i l e  g r i d  system and presents working data f o r  wind shear hazard/ 
f l i g h t  s imulat ion studies.  
view o f  the f a c t  t h a t  i t  i s  averaged over 10 sec t ime i n t e r v a l s  and thus 
contains departures from the mean wind speed which i s  genera l ly  averaged over 
a 10 min per iod o r  greater.  

The wind speed i s  r e f e r r e d  t o  as quasi-steady i n  

2.3 Quasi-Steady Wind Speed P r o f i l e  Gr id  System 

The wind f i e l d s  o f  Gof f  [ Z - l ]  were f i t  t o  a 41 x 11 p o i n t  g r i d  system. 
The g r i d  system as i l l u s t r a t e d  i n  F igure 2-1 was superimposed on the contours 
and wind speeds a t  each g r i d  p o i n t  tabulated and punched onto computer cards. 
The data were l a t e r  stored on magnetic tape. 

The g r i d  system i s  numbered from the l e f t -hand  bottom corner. 
numbers increase from l e f t  t o  r i g h t  i n  the p o s i t i v e  x - d i r e c t i o n  o f  the 
o r i g i n a l  data and from bottom t o  top i n  the p o s i t i v e  z - d i r e c t i o n  of the 

The 

a 



original  data .  The wind speeds are given i n  units of meters per sec, 
m ,'Iy with Wx being positive i n  the direction o f  f ronta l  motion, W, being 
positive upward and W being positive i n t o  the plane of the paper. 

The wind speed Wx i s  stored on tape as the wind speed relative t o  the 
The stored values o f  wind speed are therefore the values an 

Y 

storm motion. 
observer would measure moving along w i t h  the storm. To convert t o  the earth 
frame of reference the mean motion of the storm must be added t o  the longi- 
t u d i n a l  wind speed. 
tions of the wind speed profiles. 

The next section describes tables and graphical i l lustra- 
In these cases the mean motion has been 

added. 

2.3.1 Tables of Wind Speed 

Tables of thunderstorm wind speed are given i n  Appendix 2A. The upper 
por t ion  o f  the table covers g r i d  stations 1 t h r o u g h  21 and the lower t ab le  
covers g r i d  stations 21 th rough  41. (Note column 21 i s  repeated for symmetry 
and c l a r i t y  of presentation.) 

The thunderstorm case numbers designation for  this report are listed a t  
the t o p  of each table. 
number corresponds t o  the thunderstorm designation given by Goff [2-13. 

The le t te rs  i n  parentheses and the following series 

Also listed a t  the t o p  of the table i s  the frontal speed, $, and the 
horizontal  length scales fo r  the given wind record. The horizontal extent of 
each d a t a  set  varies because of the d a t a  reduction procedure. 
length of f ie ld ,  L, i n  kilometers and the horizontal  g r i d  spacing, Ax, are 
specified on each table. The vertical extent of each field i s  taken as  500 m 
w i t h  50 m vertical g r i d  spacing. 

Hence, the 

2.3.2 Illustrations 

Illustrations of the l o n g i t u d i n a l  , lateral and vertical wind speeds 
.a encountered along a 3" glide slope t h r o u g h  each thunderstorm are provided i n  

Appendix 2B. The glide slope i s  adjusted t o  terminate a t  the lower left-hand 
corner of each streamline p l o t  as illustrated. 
speed profiles i s  height, 2 s  nondimensionalized w i t h  the length, H = L t an  3", 
where L i s  the length of the wind f ield.  

The ordinate i n  the wind 

Each profile is the wind seen by an 
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airplane traveling along the f l i g h t  pa th  l i ne  drawn across the streamlines as 
shown i n  the upper f igures.  
lower left-hand corner always. 
re la t ive  t o  the speed of the f ront  w h i c h  for reference purposes is  indicated 
w i t h  the ver t ical  dashed line on the horizontal wind speed profile. 
speed profi les  are re la t ive  t o  the f ixed  earth frame of reference. 

The f l i g h t  paths  are drawn t o  terminate i n  the 
Note t h a t  the streamlines plotted are 

T h e  wind 

2.3.3 Computer Program fo r  Computing Thunderstorm Wind Speed Profi les  

A computer program has been developed which  for given i n p u t  x,  z 
computes the longitudinal, l a t e r a l ,  and ver t ical  wind speeds a t  t h a t  position. 
The s i x  velocity gradients awx/ax, aW,/az, aW,/ax, aW,/az, aW / a x ,  and aW /a, 
are  a lso o u t p u t  by the program. 
t ions  for  the computer program are  provided i n  Appendix 2C. 
program a lso  has the option of cal l ing for  turbulence which i s  super- 
positioned upon the thunderstorm wind f i e l d .  
based on the technique of Reeves, e t  a l .  [2-31 i s  employed for  turbulence 
simul a t i  on. 

Y Y 

The computer 
A detailed description and user's instruc- 

A non-Gaussian turbulence model 

I t  i s  intended tha t  this computer program can be used as a subroutine 
fo r  d i r ec t  application t o  f a s t  time f l i g h t  studies or for f a s t  time computer 
simulation of a i r c r a f t  f l i g h t  t h r o u g h  thunderstorms. As an example of the 
application of the computer program, the reader is referred t o  Reference [2-41 
i n  which this computer program has been used t o  study a i r c r a f t  dynamics i n  
thunderstorms and Reference [2-51 where the d a t a  were used for  manned f l i g h t  
simulator programming. 

2.4 Turbulence i n  Thunderstorms 

Measurements of the power spectral  density function for turbulence in 
thunderstorms has been reported as ear ly  as 1962 by Steiner and Rhyne [2-61. 
Their data was measured only over the approximate reduced spa t ia l  frequency 
range of 0.004 t o  0.4 rad m-'. The theoretical  von Karman spectrum follows 
the data in t h i s  frequency range very well as  demonstrated by Houbolt, 
e t  a l .  [2-71, i n  Figure 2-2a. The Dryden spectrum, on the other hand, does 
not  compare as  well with the data .  However, w i t h  the properly chosen length 
scale a reasonable f i t  is  obtained (see F igure  2-2b).  All reported data ,  
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Figure  2-2 Measured and F i t t e d  Spec t r a  for Thunderstorm.L%Integral  
Length S c a l e  [2-71 
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however, were measured i n  the altitude range of 12 t o  8 km and moreover they 
do not extend t o  low enough frequencies t o  i l lustrate  a t  which p o i n t  the knee 
of the turbulence spectrum curve occurs. The knee of the power spectral 
density function is  important i n  many design applications (see Reference 
[2-81) and particularly t o  the empirical value of length scale, L, used i n  
the analytical models o f  the power spectral density function. 

In Reference [2-71 a comparison of the power spectral density function 
of severe storms w i t h  t h a t  of cumulus clouds and clear a i r  turbulence is  
given (see Figure 2-3). .  One can see from Figure 2-3 that the turbulent 
spectra for  severe storm behaves very similar t o  that of cumulus clouds and 
clear a i r  turbulence w i t h  the only major difference being higher values of 
+(Q) which indicates higher turbulence intensity. 
measured a t  very h i g h  altitudes and probably do not include effects due t o  
the presence of the ground. 

Again,  these d a t a  are 

Reference [2-71 computes two values of turbulence intensity. 
computed directly from the experimental data by integrating the power 
spectral density function over only the limits of the frequency range i n  
which the data have been measured, i . e . ,  

One i s  

where u and R designate upper and lower, respectively. 
designated by L? i s  related t o  cyclic frequency used i n  Section 3-4 by 
n = WQ/2n. 
compute i t s  value from the autocorrelation function evaluated a t  zero, 

Spatial frequency 

An alternate method of measuring the turbulence intensity is  t o  

00 

o2 = R(o) = +(Q)dL? 

0 I 
I t  i s  found t h a t  based on the Dryden model the two measures of turbulence 
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Figure 2-3 Typical Power Spectra o f  Vertical Component o f  Turbulence 
Measured in Clear Air, Cumulus Cloud, and Thunderstorm [2-7) 
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i n t e n s i t y  a re  r e l a t e d  by 

where Ru and QR represent the  upper and lower l i m i t s ,  respect ive ly ,  o f  the 
range o f  t he  tu rbu len t  spectrum measurements. 
t i o n  i s  t h e  length  scale, L, which i s  an extremely important parameter i n  

Also appearing i n  t h i s  equa- 

f i t t i n g  t h e  a n a l y t i c a l  expressions f o r  t he  turbulence spectra t o  the  data 
(see Reference [2-91). 

Although the  von Karman spectra tends t o  f i t  t h e  data b e t t e r  as 
i l l u s t r a t e d  i n  F igure 2-2, t h e  Dryden spectrum i s  convent ional ly  used because 
of i t s  r a t i o n a l  form, 

I 

2 2 
Lw ow r 1  + 3(Lw a )  1 

[l + (L R ) 2 7  
- Y Y  Y 

+w - 
W 

Y 
Y 

Evaluat ion o f  the Dryden spectrum i n  a turbulence s imulat ion rou t i ne  
requi res knowledge o f  the length  scale, L, and o f  the  turbulence in tens i t y ,  
z. 
fo r  the v e r t i c a l  f l u c t u a t i o n s  i n  the  range o f  4.88 m s-’ t o  2.27 m s - l  and 

fo r  the  l a t e r a l  f l u c t u a t i o n s  o f  4.69 m s- l  t o  2.69 m s-’. 
values of CT were no t  measured. 
values o f  approximately 10.20 > oWz > 4.75 m s- l  and 9.82 > CT 

Houbol t, e t  a1 . [2-71 recommend values o f  L = 1036 m and gives 01 values 

Longi tudinal  

Adjust ing ol t o  0 from Equation 2-3 gives 
> 5.63 rn s-’. 

wY 
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These values cannot be used d i r e c t l y ,  however, because the  ground i s  
expected t o  have a s t rong e f f e c t  on the  turbulence length  scale and in tens i ty .  

No actual  data f o r  L and (J nor f o r  how they vary w i t h  he ight  i n  a 
thunderstorm below 500 m appears t o  be ava i l ab le  i n  the  l i t e r a t u r e .  
e t  a l .  [2-101 pos tu la te  a decrease i n  length  scale and i n t e n s i t y  a t  low 
a l t i t udes .  Pre l iminary r e s u l t s  from the  a n a l y t i c a l  model o f  Lewellen, 
e t  a l .  [2-111 p r e d i c t  increas ing values o f  crWx and owi! near the  ground (see 
Figure 2-4). 
o f  U,,,~/(J~~ and ow /awz be determined from Figure 3-5. 

Barr, 

I n  Sect ion 3.4 i t  i s  recommended t h a t  near t h e  ground the  r a t i o  
The re la t i onsh ips  are 

Y 

-0.4 = C0.177 t 2.74 x z]  Ow /Ow x i !  

and 

-0.8 uw ’‘w = C0.583 + 1.39 x lom3 z.] 
Y Z  

(2-5 1 

and fo r  l dck  o f  a b e t t e r  model t h i s  r e l a t i o n s h i p  i s  recommended herein. 

Also i n  Section 3.4, an equation (3-11) f o r  evaluat ing ow, proposed by 
B a r r ,  e t  al’. [2-101 i s  given. 
i s  very dubious f o r  thunderstorms and i s  no t  recommended. For example, a 

very l a r g e  and uncommonly observed value o f  u, i s  2 m s-’ o r  greater  (see 
Section 3.4) which from Equation 3-11 gives a value o f  owz = 2.6 m s-’. This 
value which would occur on l y  i n f requen t l y  i n  a normal boundary l a y e r  i s  a 
f a c t o r  o f  1.8 lower than the  lowest value o f  oWz measured by Ste iner  and 
Rhyne [2-61 bear ing i n  mind, o f  course, t h a t  t h e i r  data were measured a t  
a1 t i t u d e s  between 12 and 8 km. 

Evaluat ion o f  oWz from t h i s  equation, however, 

I t  i s  assumed, however, t h a t  Ste iner  and Rhyne’s data w i l l  extend t o  
lower a l t i t u d e s  and t h e  procedure recommended f o r  evaluat ing owz i s  t o  se lec t  
a value i n  the  range o f  10.20 > oWz < 4.75 m s-’. To p r e d i c t  okjx and ow 

Equation 2-5 should be used. 
Y’ 

The length  scale o f  t h e  turbulence may be se lected from Figure 2-5 taken 
from Reference [2-101 where 
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et a l ,  [2-113 
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Figure 2-5 Integral Length Scale Description [2-101 
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- z I 300 m 
Lw - ‘w = {;io m ,  z 300 m 

X Y 

-1.2 zC0.177 + 0.00274 z] ; z s 300 m 
z > 300 m wZ = (300 m; (2-5) 

Table 2-1 provides values of cyclic frequencies for different veloc- 

I t  i s  observed from this table t h a t  the tabulated values 
i t i e s  of wx and for spatial frequency of 0.4 and 0.004 radians/m, 
respectively. 
exceed 0.1 Hz only for the upper limit of Q and a t  velocities greater than 
10 m s-’. The importance of this observation t o  the simulation model of wind 
shear being developed herein is  t h a t  the wind da ta  util#,zed i n  the math 
model has been integrated over 10 sec periods and,  therefore, contains 
oscillations in the low frequency range of less than  0.1 Hz. Therefore, i t  
i s  proposed t h a t  a turbulence simulation for the current thunderstorm model 
have a l l  frequencies below 0.1 Hz f i l tered out  using a h i g h  pass f i l t e r  (see 
Reference [2-121).  In  many ways this result i s  advantageous because the 
turbulence spectra are better known a t  h i g h  frequencies and can be simulated 
very well ; whereas, low frequency turbulence spectra are n o t  yet well 
defined. The h i g h  frequency range corresponds t o  the well established 
inertial subrange [2-131 for which $(a) obeys the -5/3 power law. 
pass digital f i l t e r  program was used w i t h  the computer program given i n  

A h i g h  

Appendix 2C b u t  i s  n o t  included i n  the write-up because i t  is  a standard 
program given i n  Reference [2-141 and is  too long t o  be included in this 
report 

2.5 Statist ical  Model of Turbulence 

In an attempt t o  make some estimate of the most extreme wind shear 
which could be encountered d u r i n g  the expected l i f e  cycle of a thunderstorm, 
the 20 thunderstorm cases were taken a s  a sample for s ta t is t ical  purposes. 
From this sample, wind speeds along the 20 f l ight paths illustrated i n  

Appendix 2B were s ta t i s t ica l ly  analyzed. Table 2-1 shows the ensemble 
average of the wind speeds along the f l ight  pa ths  p l u s  the one point 
standard deviation of each wind speed and the correlations between the wind 
speed components. These values are defined as  shown below fo r  the 
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TABLE 2-1 

ENSEMBLE AVERAGES, STANDARD DEVIATIONS AND CORRELATIONS 

Y 
FOR W,, W AND W, 

,O 
0 
50 

100 
150 
200 
2 50 
300 
350 
400 
450 
500 

zO 

0 
50 

100 
150 
200 
2 50 
300 
350 
400 
450 
500 

ZO 

0 
50 

100 
150 
200 
250 
300 
350 
400 
450 
500 

<Wx> 

9.0700 
9.1895 
9.7518 
11.4401 
12.3359 
12.5787 
11.8227 
8,8224 
4.3032 
l.rb70 

-0.1681 

X 
OW 

4.0341 
3.4693 
3.7829 
3.9754 
4.0718 
3.8818 
3 . 8244 
5 . 4606 
5.7848 
5.5734 
5.3830 

pw w 
X Y  

3.4760 
1 . 9669 
1 . 5427 
0.3304 
0.1372 
0.9971 
0.0995 
2 . b395 

-4.8549 
-4.6407 
-2.0084 

<w > 
Y 

-0.6850 
-1,0350 
-1.2028 
-1.3898 
-1,2510 
-0,1779 
0,2164 
1.1370 
2.1131 
2.7131 
2;9205 

Y 
OW 

3.7439 
3.4720 
3.6212 
3.7328 
3.7115 
4.9743 
5,1184 
4.7680 
5.8223 
7.3732 
8.2354 

pwxwz 
lr.0000 
0.0184 

-0.1086 
-0.7416 
-0.8220 
-0.8448 
-1.4322 
-2.b172 
-2,5340 
-0 . 5253 
-0,1117 
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<Wz> 

0 . 0000 
-0.0519 
-0,1174 
-0.2904 
-0.2539 
-0.0397 
-0.0670 
0 . 6 6 2 0  
1.2981 
0 , 8968 
0.4902 

Z 
OW 

0.0000 
0.1404 
0 . 2641 
0.4325 
0.6140 
1.09853 
0.8Stll 
0.9819 
1 . 2641 
0.6563 
0.4774 

pw w 
Y Z  

0 D 0000 
-0.0567 
0.1101 

-0.0176 
1.2121 
3.8696 
2.11130 
1 . 2844 
1.9091 

-0,5719 
-1 -8076 



l ong i tud ina l  wind speed. 

W <wx> = - I 
N iil xi 

- - 
X 

OW 

and 

J N - 1  

(2-7) 

The r e l a t i o n s h i p  f o r  the l a t e r a l  and v e r t i c a l  wind speed and other  two 

co r re la t i ons  a re  s i m i l a r l y  defined. 

The r e s u l t s  o f  Table 2-1 a l l ow  a t r i v a r i a t e  p r o b a b i l i t y  densi ty  func t i on  

f o r  the wind components a t  each p o i n t  along the f l i g h t  path t o  be con- 

structed. A t r i v a r i a t e  d i s t r i b u t i o n  as described i n  Reference [2-15] i s  

given by 

(2-1 0) 

where 

and 

x2 = CS..~? + ZCS..Z.Z * 
11 1 I J  I j ’  i = 1, 2, 3 

The v e r t i c a l  bars designate the  determinant o f  the  ma t r i x  S i j  where 
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s . .  = 
1 J 

pw w x z  pw w 
X X Y  

OW 

. a .  0 e . .  

wY 
U m.. . a .  

"2 

and z i  i s  the standardized var ia te  

(2-1 3)  

t i  = ( W i  - <Wi>)/sij; j = L2Y3 

From this function the probabili ty o f  the wind vectors a t  each p o i n t  can be 
estimated, however, the mathematics involved is too complicated t o  present i n  
detai l  i n  t h i s  report and the reader i s  referred t o  Reference [2-151. 

There i s cons i dera bl e encouragement tha t  a proba b i  1 i t y  model of 
thunderstorms could be constructed since the components of [ s .  .] and the 
ensemble averages f o r  the 20 storms are reasonably consistent functions of 
the spat ia l  coordinate x,z. This i s  demonstrated i n  Figure 2-6 which shows 
the variation o f  <Wz>, ow and pwxVly along horizontal l ines  through the storm 
a t  equal increments of  A t  = 1 min o r  Ax/Vx. 
and  200 m level.  T h e  data show well defined variation w i t h  time and con- 
s i  s t en t  trends with a1 t i  tude .  
the remaining s t a t i s t i c a l  parameters. 

1J 

X 
The l i nes  a r e  a t  the 400, 300 

Equal ly  consistent resul ts a r e  obtained w i t h  

These well behaved s t a t i s t i c a l  parameters suggest t ha t  a study t o  
develop a complete s t a t i s t i c a l  model of a thunderstorm be carried out. 
resu l t s  o f  t h i s  study would allow simulation o f  thunderstorms, similar t o  
turbulence simulations, t o  be performed. Thus ,  a simulator coiild be pro- 
grammed to  simulate approaches and landings t h r o u q h  a random selection of 

thunderstorms. Moreover, the s t a t i s t i c a l  model would allow an estimate of 
the most extreme wind shear associated w i t h  a thunderstorm and i t s  frequency 
of occurrence. 

The 

Until such a model i s  avai lable ,  t h e  best estimate of the probabili ty 
of an extreme value i n  the thunderstorm can be made from the tabulated 
values o f  standard deviation (Table 2-1) and the assumption of a Gaussian 
dis t r ibut ion.  For example, one can estimate tha t  a t  the point z = 250 m on 
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the. 3" g l i d e  slope Wx w i l l  on the average be 12.6 m s - l  , there i s  however a 
32% chance t h a t  i t  w i l l  be 23.88 m s - l  o f  t h a t  value; a 5% chance t h a t  i t  
w i l l  be 27.76 m s - l  o f  t h a t  value; e tc .  
f l u c t u a t i o n s  a t  neighboring po in ts  are s t a t i s t i c a l l y  independent which is  
obviously n o t  the case i n  view o f  the s i g n i f i c a n t  value o f  the c o r r e l a t i o n  
c o e f f i c i e n t s  a l s o  shown i n  Table 2-1. 

This approach assumes t h a t  the wind 

Considerably more work i s  requi red t o  produce a s a t i s f a c t o r y  s t a t i s t i c a l  
model o f  a thunderstorm wind f i e l  d , however , p r e l  i m i  nary analyses conducted 
on the sample o f  20 thunderstorms suggest a meaningful model i s  f e a s i b l e  and 
w i t h i n  reach. 

2.6 App l i ca t i on  o f  the Thunderstorm Wind Shear Model 

The user o f  the thunderstorm wind shear model simply se lects  which 
thunderstorm case i s  o f  i n t e r e s t  t o  h i s  s imulat ion problem and generates 
wind speed p r o f i l e s  f o r  g iven values o f  x and z throughout the wind f i e l d .  
The se lec t i on  o f  the thunderstorm case must consider two factors :  one i s  the 
length o f  ho r i zon ta l  f e t c h  over which the s imulat ion i s  t o  be c a r r i e d  out  
and the other  i s  the s e v e r i t y  o f  the storm which i t  i s  desired t o  simulate. 

A l l  p r o f i l e s  have the same v e r t i c a l  extent  which i s  500 m. However, 

I f  a s imulat ion i s  t o  be c a r r i e d  out  over a s i g n i f i c a n t l y  long 
they have d i f f e r e n t  lengths depending upon the mean motion o f  the thunder- 
storm. 
distance i n  the ho r i zon ta l  d i rec t i on ,  one must s e l e c t  the storm which w i l l  
span the distance o f  the proposed simulat ion.  Table 2-2 l i s t s  the l eng th  of 
each thunderstorm based on i t s  case number. This t a b l e  can be used t o  
s e l e c t  which thunderstorm case t o  use i n  ca r ry ing  ou t  the s imulat ion where 

the length o f  ho r i zon ta l  extent  i s  c r i t i c a l .  

The s e v e r i t y  o f  the storms a l so  d i f f e r  f o r  a number o f  reasons. 
i s  t h a t  the m a t u r i t y  o f  the storms as they passed over the  tower were i n  
d i f f e r e n t  stages o f  development, another i s  t h a t  t he  center o f  t he  thunder- 
storm may no t  have passed over the tower and only  the f r i n g e s  o f  the storm 
were recorded. I n  se lec t i ng  a storm t o  have a s e v e r i t y  appropr iate f o r  the 
s imulat ion t o  be c a r r i e d  out, the user may e i t h e r  inspect  the graphical  
i l l u s t r a t i o n s  shown i n  Appendix 2B and thus p i c k  what would appear t o  be the 

One 
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TABLE 2-2 

HORIZONTAL LENGTH OF EACH STORM RECORD 

1 4.00 11 8.16 

2 3.28 12 3.64 

3 5.71 13 6.35 

4 7.69 14 5.13 

5 11.43 15 7.41 

6 7.27 16 4.44 

7 7.84 17 11.43 

8 5.56 18 16.00 

9 7.41 19 7.14 

10 8.51 20 13.33 

worst storm r e l a t i v e  t o  the s imulat ion he wishes t o  perform. 

t h a t  t he  wind p r o f i l e s  shown are based on a s p e c i f i e d  f l i g h t  path which 
terminates a t  the bottom lef t -hand corner o f  each data se t  and which has a 
constant 3" g l i d e  slope. Therefore, the f l i g h t  path f o r  which the winds are 
i l l u s t r a t e d  may no t  pass through the worst  p a r t  o f  t he  storm. I n  t h i s  case, 
the user may examine the tab les provided i n  Appendix 2A and by examining the 
o v e r a l l  wind f i e l d s  s e l e c t  from the tab les the thunderstorm case which gives 
e i t h e r  the l a r g e s t  l o n g i t u d i n a l  wind, l a r g e s t  v e r t i c a l  wind, o r  the l a r g e s t  
l a t e r a l  wind, which ever may be o f  i n t e r e s t .  

Note, however, 

Having chosen the thunderstorm of i n t e r e s t ,  one would normally wish t o  
p r e d i c t  what the p r o b a b i l i t y  o f  encountering such a thunderstorm would be 
and w i t h  what frequency would such storms occur. 
would a l l ow  t h i s  type o f  r i s k  o f  exceedance estimate t o  be made are no t  
a v a i l a b l e  and requ i re  f u r t h e r  research f o r  t h e i r  development. The best 
procedure t o  achieve some estimate o f  the p r o b a b i l i t y  o f  encountering such a 
storm i s  t o  u t i l i z e  the in format ion provided i n  Section 2.5. Table 2-1 i n  
t h i s  sect ion gives the ensemble averaged wind speeds f o r  a l l  20 thunderstorm 
cases and the standard dev iat ions of these wind speeds about t h i s  mean. 

S t a t i s t i c a l  models which 
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Again, these r e s u l t s  are compiled f o r  on ly  those f l i g h t  paths as spec i f i ed  
e a r l i e r .  The user can, by comparing h i s  selected storm w i t h  the ensemble 

averaged value, determine the number o f  standard dev iat ions h i s  storm departs 
from the mean and i n  t h i s  way estimate the p r o b a b i l i t y  o f  the wind f i e l d  
magnitude. The a d d i t i o n  o r  subt ract ion o f  standard dev iat ions about the 
mean a t  each p o i n t  along the wind f i e l d  provides on ly  a crude est imate o f  
the s t a t i s t i c s  o f  the thunderstorm wind f i e l d s ,  however. 
i l l u s t r a t e d  by inspect ion o f  the coherence between wind speed components 
provided i n  Table 2-1. There i s  a very s t rong coherence between wind speed 

components and therefore each p o i n t  i n  the wind f i e l d  does not  behave inde- 
pendently. 
each p o i n t  bu t  i n  l i e u  o f  a b e t t e r  approach t h i s  method can be fol lowed. 

This p o i n t  i s  w e l l  

Therefore, i t  i s  i n c o r r e c t  t o  simply add stahdard dev ia t i on  a t  

The foregoing arguments c l e a r l y  i n d i c a t e  t h a t  there i s  a need t o  ca r ry  
out a more d e t a i l e d  analys is  o f  thunderstorms such t h a t  a s t a t i s t i c a l  model 
which would provide the extreme magnitudes o f  wind speed and o f  the wind 
shear expected t o  occur i n  a thunderstorm w i l l  be ava i l ab le .  The frequency 

of occurrence of the extreme i s  a lso g r e a t l y  needed. 

The turbulerke model developed i n  conjunct ion w i t h  the thunderstorm 
wind shear model should d e f i n i t e l y  be used i n  ca r ry ing  ou t  any s imulat ion 
process. The reason f o r  t h i s  i s  t h a t  the data u t i l i z e d  t o  develop the wind 
shear model p r e d i c t  a t  most downdrafts o f  3 m s-’. Values o f  downdrafts as 

h igh as 15.5 m s - l ,  however, are reported i n  [2-16 and 2-17]. 
however, are undoubtedly averaged over much shor ter  periods o f  t ime than 10 
sec f o r  which the data presented here in are averaged. Nei ther reference 

gives any in format ion on the averaging t ime u t i l i z e d  i n  a r r i v i n g  a t  the 
quoted value o f  15.5 m s-’. Two models o f  thunderstorm wind f i e l d s  t h a t  
have been developed by Keenan [2-171 are tabulated i n  Tables 2-3 and 2-4. 
These wind f i e l d s  were reconstructed from the f l i g h t  data recorder of a i r c r a f t  
involved i n  accidents r e s u l t i n g  from f l i g h t  through severe thunderstorms. 
Inspect ion o f  these tabulated r e s u l t s  i l l u s t r a t e  t h a t  much more extreme 

downdrafts o r  downbursts as def ined i n  Reference [2-161 occur i n  these data 
sets than i n  those tabulated i n  Appendix 2A. 

These values, 

There i s  a t  t h i s  t ime c o n f l i c t i n g  data and opinions as t o  the maximum 
Although the magnitude o f  the downdraft t h a t  can occur i n  a thunderstorm. 



- -- - -- 
Table 2-3 Thunderstorm Wind F ie ld ,  B10, Similar t o  Philadelphia/Allegheny 

Prof i le  [2-1y; HX - Horizontal Station (ft.,), Velocit ies Are 
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Table 2-4  Thunderstorm Wind Field, Bll, Similiar to Kennedy/Eastern 
Profile, [2-13; HX - Horizontal Station (ft.), Velocities 
Are Given in Knots and Height in Feet, 
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10 sec average data of Goff [2-11 will have lower values than the peak 
downdraft wind speeds reported by Fu j i t a  [ 2-1 61, the d i  screpancy i n  the 
values cannot be completely contributed t o  averaging time. A recent report 
by Alexander [Z-181 gives a s ta t is t ical  summary of vertical wind speed data 
recorded a t  NASA’s 150 m ground wind tower fac i l i ty ,  Kennedy Space Center, 
Florida. 
ments were processed t o  determine the intensi ty ,  frequency, time of occur- 
rence, etc. ,  of the daily maximum vertical g u s t .  
were s tudied .  
vertical downdraft recorded is  9.3 m sml although data recorded specifically 
d u r i n g  the hurricane Agnes indicated a downdraft i n  excess of 11.9 m s-’. 

One year of continuous around-the-clock vertical wind speed measure- 

Both updrafts and downdrafts 
These values represent 0.1 sec averages and the maximum 

Sinclair [Z-191 indicates t h a t  downdrafts a t  1000 m for an Oklahoma 
thunderstorm may be considerably i n  excess of the 15.5 m s-l recorded in 
Reference [Z-161. 
as 28 m s-’ based on a 1/25 sec averaging period. 
model of Williams, e t  al .  [2-201 does n o t  predict wind speed downdrafts 
greater t h a n  10 m s-l.  

Sinclair has experienced and measured downdrafts as h i g h  
Finally, the numerical 

Thus, i t  i s  evident t h a t  research i s  needed t o  b r i n b  together the d a t a  
currently available and t o  resolve the magnitude of the maximum downdraft 
which can occur within a thunderstorm. T h i s  would allow the current simula- 
tion model t o  be updated by superimposing turbulence fluctuations of 
real is t ic  magnitude on quasi-steady wind fields. 
t o  provide an estimate of wind f ields which would be consistent with the 
higher values of vertical wind  speed reported i n  References [2-16 and 2-17] 
consider the following. 

For the time being,  however, 

I f  the wind  shear model based on the thunderstorm data  from Goff [2-1] 
incorporates i n t o  the turbulence simulation fluctuations which are based on 
4.75 I ow 5 10.2 m s-l recorded a t  12 t o  8 km a s  described earlier i n  Section 
2.4, very high downdrafts will be computed. 
value o f  oWz = 7.5 m s 
approximately 2.5 m s-’, a value of 10 m s-l is obtained for one s tandard 
deviation and a value o f  17.5 m s-l for two s t a n d a r d  deviations. 

z 
For example, t a k i n g  the average 

and adding  t o  t h a t  the 10 sec average wind speed of ,e -1 

The 
reported value of 15.5 m s- ’  mentioned ear l ier  is slightly less than  two 
s t anda rd  deviations about the 10 sec mean. Thus ,  s ta t i s t ica l ly  i t  i s  clear 
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t h a t  downdrafts of 15 m s-l o r  greater can readily occur i n  thunderstorms if 
the turbulence intensities a t  altitudes o f  12 t o  8 km extend t o  the ground. 
However, turbulence intensity i s  normally attenuated near the ground and i t  
i s  n o t  confirmed t h a t  such h i g h  values exist there. 
mentally resolved, i t  is  recommended t h a t  the model o f  thunderstorm wind 
shear based on the extensive d a t a  from Goff [2-l] should have turbulent 
fluctuations superimposed w i t h  a standard deviation of owz = 7.5 m s-'. The 
downdraft magnitudes reported i n  accident investigation will then be achieved 
i n  the simulation. 

U n t i l  this i s  e>iperi- 

I t  i s  anticipated t h a t  the proposed turbulence simulation model based on 

However, a 
the work o f  Reeves, e t  a1 . [2-31 will provide a real i s t i c  turbulence simu- 
l a t i o n  t o  accompany the wind shear model proposed i n  this report. 
better simulation of the large downdraft fluctuations t h a t  occur i n  a thunder- 
storm can be achieved by u t i l i z i n g  a model of turbulence which  includes 
cohkretice between different levels of the atmosphere o r  between different 
positions i n  the storm, Such a model has been preliminarily developed by 
Perlmutter and Frost [2-211; however, this model requires further perfection 
and the coherence function associated w i t h  thunderstorms m u s t  be developed t o  
permit i t s  use. 

An alternative explanat ion of why the da ta  of Goff does n o t  contain 
downbursts of the intensity reported i n  [2-16 and 2-17] i s  t h a t  the 20 
thunderstorms investigated may not  contain a "spearhead echo" type storm 
[2-161 or the measured da ta  may not  encompass the downdraft por t ion  of the 
storm. Fuj i ta  [2-161 defines a downburst a s  Wz = 3.6 m s-l a t  the 300 m 
level. 
i t  i s  n o t  known whether this represents a peak g u s t  o r  a value averaged over 
Some interval of time which  is  undoubtedly less t h a n  10 sec. The data  of 
Goff [ Z - l ]  do not indicate any values of W, t h a t  equal or  exceed the 3.6 m s-l 
definition of a downburst. There are a few values, however, t h a t  do approach 
the 3.6 m level; for example, thunderstorm cases 8 and 11 shown i n  Table 
2-5 which l i s t s  the maximum and minimum values of W -  recorded a t  the 300 m 

The averaging time related t o  this wind  speed i s  not specified, and 

level i n  
given i n  
pri s i  ng , 
over the 

L 

the d a t a  utilized t o  construct the thunderstorm wind shear model 
this report. 
however, because obviously the chance of a downburst being directly 
tower the instant o f  maximum intensity i s  extremely small. 
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TABLE 2-5 

MAXIMUM AND MINIMUM VERTICAL VELOCITIES AT 300 m 
LEVEL IN DATA OF GOFF 12-11 

- 1 1.6 -2.5 11 1.8 -3 .O 
2 3.0 -1.2 12 2.0 -0.9 
3 
4 
5 
6 
7 
8 
9 

10 

2.6 
3 .O 
3.0 
3.7 
1.2 
4.0 
4.1 
3.0 

-1.1 
0.7 

-1.3 
-1.5 
-2.1 
-3.0 
-0.1 
-1.2 

13 
14 
15 
16 
17 
18 
19 
20 

3.2 -0.7 
2.1 -1 .o 
2.0 -0.5 
2 .o -1 .o 
1.1 -0.5 
1 .o -1 .o 
2 .o -2 .o 
0.2 -1.1 

Fuj i ta  [2-221 p o i n t s  o u t  the probabili ty of an a i rpo r t  being under the 
influence of a spearhead echo is  very low and i s  probably less than 2 percent 
o f  the thunderstorm probabili ty.  
aviat ion hazards for the extreme downburst  is  limited t o  only a f rac t ion  of 
the spearhead echo area. W i t h  this i n  mind i t  is  re la t ive ly  easy t o  believe 
tha t  the data of Goff do contain a few storms of the magnitude approaching 
those types defined as  spearhead echo by Fuj i ta .  Moreover, since several o f  

the storms c lear ly  record downdrafts approaching the magnitude of downbursts 
fo r  10 sec averaged wind speed, i t  is  envisioned t h a t  s ign i f icant ly  higher 
downward g u s t  for a shorter, say, 3 sec average a r e  contained i n  the or iginal  
data.  

. 

Moreover, he notes tha t  the location of  

The data set  i l l u s t r a t e d  i n  Tables 2-3 and 2-4 is  being punched on cards 
and will be included w i t h  thunderstorm data now stored on magnetic tape. 
is believed, however, t h a t  the current data set u t i l i z i n g  the appropriate  
turbulent intensities will  provide a v a l i d  simulation of thunderstorms for  
fl ight/hazard simulation studies. 
i n  number, enables a manned f l i g h t  simulation study t o  provide the p i l o t  w i t h  

I t  

The  l a rger  selection of thunderstorms, 20 
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several d i f f e r e n t  thunderstorm s i t u a t i o n s  t h a t  do n o t  dup l i ca te  those t h a t  he 
has negot iated i n  previous tes ts .  Thus, he cannot l e a r n  a given storm. By 

se lec t i ng  the same sequence of thunderstorms, a second p i l o t  involved i n  the 
same t e s t  program can be exposed t o  the i d e n t i c a l  t e s t  p a t t e r n  u t i l i z e d  fo r  

the f i r s t  p i l o t  w i t h  n e i t h e r  p i l o t  f l y i n g  the same storm more than once. 

F i n a l l y ,  i t  i s  c a l l e d  t o  the a t t e n t i o n  o f  the user, t h a t  i n  ca r ry ing  ou t  
a s imu la t i on  where av ion ics using ground wind speeds as inputs  a re  being 
studied, the storm must be considered t o  be passing over the a i r p o r t  o r  
anemometer from which the  ground wind i s  being determined a t  the speed of the 
gust f r o n t ,  vx. Therefore, the l eng th  o f  the thunderstorm record used i n  the 

s imulat ion must be s u f f i c i e n t l y  long t h a t  the l o c a t i o n  o f  the assumed 
anemometer a t  the a i r p o r t  has n o t  moved ou t  o f  the range o f  data s e t  dur ing 
the time taken by the a i r c r a f t  t o  complete i t s  approach. 
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SECTION 3.0 

NEUTRAL AND STABLE BOUNDARY LAYERS 

The data s e t  u t i l i z e d  i n  formulat ing a mathematical model f o r  wind 
shear o r  wind f i e l d s  associated w l t h  neutra l  and s tab le  boundary layers 
r e l i e s  mainly on the  work o f  Clarke and Hess [3-11. Although numerous 

a n a l y t i c a l  models f o r  boundary layers,  both under neu t ra l  and s tab le  condi- 
t i o n s  were a v a i l a b l e  i n  the l i t e r a t u r e ,  these were i n  general based on the 

assumption o f  constant s t ress which i s  v a l i d  on l y  t o  the f i r s t  50 o r  100 m 
of the atmospheric boundary l aye r .  
evoke t h i s  assumption and included the i n f l uence  o f  turbulence o f  the atmo- 
spheric boundary l a y e r  were genera l ly  h i g h l y  mathematical and required 
numerical s o l u t i o n  w i t h  a computer. Therefore, the data s e t  of [3-11, which 
are presented i n  the form o f  contour maps o f  constant l o n g i t u d i n a l  and 
l a t e r a l  wind speeds as a f u n c t i o n  o f  height,  z, and the s t a b i l i t y  of t he  
atmosphere expressed by the  s t a b i l i t y  parameter, 1-1, allowed t a b u l a t i o n  of 
the wind f i e l d s  on a g r i d  system. These tabulated data were then coupled 

w i t h  a t a b l e  lookup computer program t o  provide the f a s t  t ime wind speed 
model f o r  f l i g h t  hazard s imulat ion.  

Other a n a l y t i c a l  models which d i d  n o t  

None o f  the data sets o r  mathematical models a v a i l a b l e  i n  the l i t e r a t u r e  
f o r  boundary layers (see Reference [3-21) incorporate ho r i zon ta l  v a r i a t i o n  
o f  wind speed. 
layers reported here in depend on ly  on the v e r t i c a l  scale, z. I t  should be 
borne i n  mind, however, t h a t  t e r r a i n  features indigenous t o  each landing 

Hence, the wind shear models f o r  neu t ra l  and s tab le  boundary 

s i t e  can in f l uence  the s p a t i a l  gradient  o f  the wind speed h o r i z o n t a l l y  and 
a l so  introduce a poss ib le  v e r t i c a l  wind speed component. 

a i r p o r t  t e r r a i n  i s  r e l a t i v e l y  f l a t  and n o t  surrounded by high mountains o r  
sharp c l i f f s  which create f l ow  disturbances, both v e r t i c a l l y  and h o r i z o n t a l l y  
i n  the wind. Therefore, the wind shear model described i n  the f o l l o w i n g  
sect ion i s  expected t o  present a v a l i d  s imulat ion o f  wind shear i n  terminal  
areas of the t y p i c a l  a i r p o r t .  However, i nd i sc r im ina te  a p p l i c a t i o n  of the 

Fortunately,  most 

model i s  cautioned against  u n t i l  f u r the r  studies o f  wind f i e l d s  over i r r e g u l a r  
t e r r a i n  become ava i l ab le .  
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3.1 'Data Source 

Boundary layer data are presented i n  the form of horizontal and lateral  
The boundary layers are described over f l a t  uniform wind vector components. 

homogeneous terrain and therefore have no vertical component of wind speed 
or dependence on the x-coordinate. Of course , when turbulence fluctuations 
are superimposed as described i n  Section 3.4, a vertical component can 
occur. Tile wind speed profile i s  t h u s  dependent only on the h e i g h t ,  z, and 
on the s tabi l i ty  of the atmosphere characterized by the s tabi l i ty  parameter, 
v. The data se t  used i n  the boundary layer model is  based on the results of 
the extensive wind speed measurements reported i n  Reference [3-11 Also, 
the influence of baroclinicity i s  neglected and i s  justif ied f o r  this data 
i n  Reference [3-11. .< 

Wind speeds and temperatures were measured over a very f l a t ,  smooth 

Hourly doub le  theodolite observations of pilot  balloons were taken a t  
Micrometeorological observations were taken a t  

surface having a mean surface roughness parameter, zo, of approximately 3.5 
mm. 
five stations for  40 days. 
two of the five stations. 
and 16 m while temperature differences were measured a t  one station between 
1 and 2 m, 2 and 4 m. 
method and values of surface heat f l u x  by means of temperature and wind 
profiles. Surface pressures were measured a t  each of the five stations and 
radiosonde measurements were made every three hours a t  the central station. 
In addi t i  on, three hourly surface pressure and temperature data from 14 
stations a t  distances u p  to 350 km away were used to augment the data obtained 
by the research expedition. 

Wind profiles were measured a t  0.5, 1 ,  2 ,  4, 8 

Values of u, were estimated by the drag coefficient 

Geostrophic winds were determined from the data by u s i n g  second order 
curve f i t t i n g  procedures on the pressure data. 
using temperatures from a surface network reported every three hours and 
from a temperature field measured each day a t  1500 hours. Interpolation 
from the three-hour data set were primarily used i n  assessing baroclinicity 
which was shown t o  be small. A second se t  of thermal wind estimates based 
on twice daily radiosonde data from a network of five stations were also 
made. 
determined as evidenced by the high  correlation (93 percent) w i t h  observed 

Thermal winds were determined 

Reference [3-11 reports that surface geostrophic winds were well 
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winds; however, no c la im  o f  h igh accuracy i n  est imat ing thermal winds i s  
made i n  the repor t .  

These data thus reduced were reported by Clark and Hess C3-11 i n  the 
form o f  contour maps o f  winds as a f u n c t i o n  o f  dimensionless height,  2 = 

rf/u,,, and o f  the s t a b i l i t y  parameter, F.I = icu,/fL'. The contours of the 
map a re  l i n e s  o f  constant A@, = (; = 0.15) - Wx(z) and AWy = Wy(z) - 
A h  x A 

Wy(z = 0.15), respect ive ly ,  where W i s  the dimensionless wind speed W/u,. 
The symbol f i s  the C o r i o l i s  parameter (here, t r e a t e d  p o s i t i v e  i n  both 
hemispheres wi th a r ight-hand coordinate system imp l i ed  i n  the  Northern 
hemisphere). For use i n  t h i s  repor t ,  the data were converted t o  a 34 x 11 
g r i d  as i l l u s t r a t e d  i n  Figure 3-1. 
tape and a computer look-up r o u t i n e  developed f o r  i n t e r p o l a t i n g  the values 
of Ax and 9 f o r  given values o f  z and y. The tabulated data are given i n  
Appendix 3A, i l l u s t r a t i v e  wind speed p r o f i l e s  are given i n  Appendix 3B, and 
a computer program f o r  l ook ing  up and i n t e r p o l a t i n g  the data is given i n  
Appendix 3C. 

A h  A A h  

The data were then stored on magnetic 

Y 

3.2 Presentat ion o f  Da::a 

The data are presented i n  a r ight-hand coordinate system w i t h  isx 
p o s i t i v e  i n  the d i r e c t i o n  from l e f t  t o  r i g h t  and 
o f  the paper. 

p o s i t i v e  i n t o  the plane Y 

The values o f  y range from -333.34 t o  216.67 i n  increments o f  AF.I = 

16.67. This unusual increment s i z e  was chosen f o r  convenience in e x t r a c t i n g  
the data from the contour p l o t s .  
increments o f  A 2  = 0.0149. 

Values o f  2 range from 0.001 t o  0.15 i n  

Because o f  the s i m i l a r i t y  and sca l i ng  laws used i n  reduct ion o f  the 
data, values o f  wind below ^z = 0.001 are n o t  given. To e s t a b l i s h  the p r o f i l e  
from ^z = 0.001 t o  zero the l o g - l i n e a r  wind speed p r o f i l e  was used ( f o r  a 
desc r ip t i on  o f  the 1 og-1 i near wind speed p r o f  i 1 e see Reference [ 3-21) . 
Values of fix(;) below 2 = 0.001 are determined from 

1 fix(?) = E {Rn(Ro 2 + 1)  + 4.5 ;p/ic}; 1-1 2 0, 0 i; f 5 0.001 

where Ro i s  the Rossby number def ined as Ro = u,/fzo. The va r iab le  zo i s  the 
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empirically determined surface roughness. 
Reference [3-21. The value of fi is  zero for 0 5 L 0.001. Introducing 
h Y 
z = 0.001 i n t o  the equation gives the value o f  wind speed t o  which  a l l  the 
tabulated longitudinal wind speeds are referenced. 

Typical values of zo are given i n  

3.3 Mean Wind Speeds 

T h i s  section considers values of the mean wind f i e l d s  c6mputed from the 
mathematical model of the neutral and the s tab le  boundary layers.  
the d a t a  include the range of unstable condi t ion,  i.e., -334.34 I 1.1 < 0,  
s t rong wind shear i s  n o t  normqlly associated w i t h  unstable boundary layers 

Although 

and hence no values of winds for this range o f  p are  given. 

The wind data are averaged over a 10 minute period o r  longer and t h u s  
represent mean values. A model of turbulence for the neutral and s t ab le  
boundary layer i s  given i n  Section 3.4 w h i c h  i s  superimposed t o  g i v e  the 
random instantaneous wind speed. 

The grid system used i n  s tor ing  the data i s  numbered from the bottom 
left-hand corner. 
of increasing p and from bottom t o  t o p  in the direction of increasing ^z. 
T h u s  column 1 corresponds t o  p = -333.34 and column 34 corresponds t o  

z = 0.15. 

The  numbers increase from l e f t  t o  r i g h t  i n  the direction 

p = 216.67 where row 1 corresponds t o  E = 0.001 and row 11 corresponds i t o  
A 

3.3.1 Tables of Wind Speed 

Tables of the longitudinal and l a t e ra l  wind speeds fix(;) 
neutral and s table  boundary layers,  i . e . ,  p 2 0, are given i n  
These values are computed from the tabulated wind differences 
relationship 

l 

and fi (;) fo r  
Y 

Appendix 3A. 
from the 

and 
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where from Equation 3-1 evaluated a t  f = 0.001, 

-1 Px(i = 0.001) = K [Rn(0.001 Ro + 1) + 0.01125 u] (3-4) 

3 . 3 . 2  11 lustrations 

The longitudinal and lateral wind speeds which  would be encountered 

Height is expressed i n  meters, m ,  on the 
along a 3" g l i d e  slope are p lo t t ed  for various s tabi l i ty  conditions and 
Rossby numbers i n  Appendix 38. 
vertical scale and wind speeds are expressed i n  meters per second, m s-', on 
the horizontal ax is .  

3 . 3 . 3  Computer Program 

A computer program has been written which computes w i t h  i n p u t s  of height, 
z, and s tabi l i ty  parameter, p, the longitudinal, W,, lateral ,  W 
and the w i n d  gradients aWx/az and abJ /az.  Y 
as input the friction velocity, u,, the Coriolis parameter, f ,  and surface 
roughness, zo. 

meters, f ,  i s  introduced i n  s-l.  

wind speeds 
The computer program also requires 

Y'  

All velocities are i n p u t  and o u t p u t  i n  m and lengths i n  

This computer code can be used as  a direct  subroutine input t o  existing 
computer programs for f l igh t  simulators or computer programs of a i rplane 
motion i n  variable wind fields.  
the mean wind speed is available by appropriate specification o f  control 
variables. 
Appendix 3C. 

The  opt ion  of superimposing turbulence on 

A complete description of the computer program is given i n  

3 . 4  Turbulence Model 

A turbulence model has been developed for use w i t h  the neutral and 
stable boundary layer da ta  which employs turbulence kinetic energy spectra 
developed by Kaimal [3-31, as  shown in Figure 3-2. 
functional form for the spectra. 

Kaimal gives the following 
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1 Power spect ra l  dens i ty  d i s t r i b u t i o n  i n  a d i rec t ion ,  m2 s - l  

Turbulence i n t e n s i t y  o r  root-mean-square f l u c t u a t i o n  i n  
n cyc l  i c  frequency, s-’ 

‘a 

rl Reduced frequency nz/Wx(z) 
2 Height above ground, m 

W x b >  
a 

a d i rec t i on ,  m sml 

Mean wind speed a t  the height  z, m s - l  
Designates component o f  v e l o c i t y  f l u c t u a t i o n  (e i t he r  hX, w 

Y 
or wz) 

The in f luence o f  atmospheric s t a b i l i t y  enters through the  var iab le  TI, 

which i s  a c h a r a c t e r i s t i c  reduced frequency and i s  a func t ion  o f  Richardson’s 
number as shown i n  Figure 3-3. 
0.04 < R i  5 0.20. 

These values o f  q, a re  f o r  the range 

Values o f  no f o r  t he  neut ra l  boundary l aye r  where R i  = 0 are recommended 
i n  Reference [3-41 as 

(qo lw = 0.01444; = 0.0265; (q  ) = 0.0962 (3-6) 
X Y O wz 

Thus fo r  t he  complete range o f  0 i: R i  5 0.2 the  approximate re la t i onsh ips  are 
used i n  t h i s  r e p o r t  are 

0 R i  < 0.029 

0.029 5 R i  5 0,2 (no )w X 

0.0265 

1.5 R i  0.018 2 R i  < 0.2 

0.0962 0 I R i  < 0.035 
2.8 R i  0.035 5 R i  < 0.2 

0 5 R i  < 0.018 
(nJw = [ 

Y 

Z 

The re la t i onsh ip  between R i  and 1-1 i s  

R i  = (;p/~)[l + 4.5 Zhp/tc]-’ (3-1 0) 
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The turbulence spectra data o f  Kaimal [3-31 given above appear t o  be the  most 
comprehensive presentat ion o f  atmospheric spectra associated w i t h  the s tab le  
boundary l a y e r  and are  taken here in t o  represent the  s t a t e  of t h e  a r t .  

To u t i l i z e  Equation 3-5 a value o f  turbulence i n t e n s i t y  must be deter-  

mined. F igure 3-4, taken from Reference [3-51, gives the  turbulence i n t e n s i t y  
o f  t h e  v e r t i c a l  wind speed component, oWx, nondimensionalized w i t h  u,, p l o t t e d  
as a func t i on  o f  nondimensional a l t i t u d e ,  &/K. 

&/K = 0 and the  r a t i o  o f  v e r t i c a l  turbulence in tens i t y ,  oWz, t o  the f r i c t i o n  
For neut ra l  condi t ions,  

ve loc i t y ,  u,, becomes 1.3. 

A t  &/K = 1.22, the  turbulence i n t e n s i t y  vanishes as 
boundary l a y e r  becomes so s tab le  t h a t  e s s e n t i a l l y  laminar 
I n  general, oW,/u, decreases w i t h  increas ing s t a b i l i t y .  

A curve f i t  o f  Figure 3-4 between 0 5 ;V/K I 1.22 i s  

the atmospheric 
f l ow  i s  achieved. 

(3-1 1 ) 

The value of ow, can thus be determined f o r  given values o f  u,, p and 2.  

l a rge  scale surface features nor how they vary w i t h  atmospheric s t a b i l i t y  i s  
avai lab le.  
funct ion of a l t i t u d e  according t o  the  fo l l ow ing  

No sa t i s fac to ry  mathematical desc r ip t i on  o f  how oWx and C T ~  vary w i t h  
Y 

Barr, e t  a l .  [3-51 propose t h a t  t he  r a t i o  C T ~ ~ / ~ ~ ~  be t rea ted  as a 

- zi - 

T h i s  
3-5, 

(3-1 2 )  

300 m o r  1000 ft. 
r e l a t i o n s h i p  does no t  r e s u l t  i n  s a t i s f a c t o r y  agreement w i t h  Equation 
however, and the re1 a t  ions h i p  

Reference [3-5] a l so  proposes t h a t  CT /ow, = oW,/~wz. wY 

(3-1 3)  
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, i s  proposed by Fros t  [3-41. 

i s  t h a t  f o r  neut ra l  condi t ions awx/awy/aw, = 2.6/2.0/1.3 which is consis tent  
w i t h  a number o f  repor ted resu l t s .  

Values of owx /~wz  and CJ /awz are p l o t t e d  i n  Figure 3-5 as a func t ion  of 
dimensionless hetght  t o  f a c i l i t a t e  computation o f  these values. 
o f  Equations 3-11, 3-12 and 3-13 show t h a t  f o r  t he  neu t ra l  atmosphere 

Equation 3-13 i s  developed i d e n t i c a l  t o  Equation 

'3-12 but  assumes t h a t  ow i s  less  than awx near t h e  ground. The assumption 
Y 

wY 
Inspect ion 

CT = 2.6 u,, a = 2.0 u, and a = 1.3 u, 
Y wZ 

W 
"X 

(3-1 4) 

Figure 3-6 shows long i tud ina l  turbulence spectra f o r  varying degrees of 
s t a b i l i t y .  
increas ing s t a b i l i t y .  
t o  be expected s ince the  thermal e f f e c t s  which create s tab le  boundary layers  
depress 1 arge scale tu rbu len t  motion. 

t o  be inf luenced by sur face t e r r a i n  features, p a r t i c u l a r l y  i n  the  l ong i -  
tud ina l  and l a t e r a l  components. No mathematical models which account f o r  
t e r r a i n  e f f e c t s  a re  avai lab le.  

t i v e l y  homogeneous t e r r a i n  which i s  c h a r a c t e r i s t i c  o f  the  m a j o r i t y  of 
a i r p o r t s  should g ive  a v a l i d  representat ion o f  most terminal  areas. 
po r t s  located near unusual t e r r a i n  features such as mountains o r  c l i f f s ,  

f luc tua t ions  i n  the  l ong i tud ina l  and l a t e r a l  components o f  t he  wind may, 
however, be higher than simulated by the proposed turbulence model. 

Turbulence i n  the  atmosphere i s  observed t o  decrease w i t h  
This i s  most ev ident  a t  t h e  low frequency ranae and i s  

These spectra, however, are repor ted 

The spectra having been measured f o r  r e l a -  

For a i r -  

The spectra represented by Equation 3-5 do no t  have a r a t i o n a l  form and, 
consequently, are d i f f i c u l t  t o  use i n  turbulence s imu la t ion  schemes [3-61. 
To overcome t h i s  d i f f i c u l t y ,  the spect ra l  data i n  F igure 3-2 were adjusted t o  

f i t  a modi f ied Dryden spectrum having the  func t iona l  form 

The constants C1 and C2 are adjusted such t h a t  t he  modi f ied 

Kaimal's data [3-31. Values o f  C1 = 0.1580 and C2 = 0.0694 

(3-1 5 )  

Dryden curve f i t s  

were determined 
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t o  give the best curve f i t .  
fo r  the turbulence simulation model 

T h u s ,  the power spectral density function chosen 

(3-1 6)  
a 1 + 0.0694(~-1/q,)~ 

Figure 3-7 compares the modified Dryden spectra w i t h  Equation 3-16. Although 
t h i s  curve f i t  does not provide a good representation of the higher frequency 
spectra,  i t  does f i t  the data quite well i n  the lower frequency range w h i c h  
i s  expected t o  have the most s ign i f icant  influence on the f l i g h t  of a i r c ra f t .  

T h i s  turbulence model u t i l i z ing  the turbulence spectra g iven  by Equation 
3-16 and the z transformation technique (see Meuman and Foster [3-71) has 
been developed and can be coupled w i t h  the mean wind f i e l d s  for  the s tab le  
and neutral boundary layers t o  give a random fluctuating f ie ld .  
hoyever, i s  l i nea r  and resu l t s  i n  a Gaussian d is t r ibu t ion  o f  the wind  speeds 
in the atmosphere which introduces a small error i n t o  the simulation (see 
Reeves, e t  a1 . [3-61). 

The model, 

To i l l u s t r a t e  the influence of turbulent f luctuations on the velocity 
prof i le  experienced by an a i r c r a f t  d u r i n g  landing i n  a s tab le  boundary layer,  
Figures 3-8 t h r o u g h  3-13 have been prepared. These figures i l l u s t r a t e  s tab le  
boundary layer wind speed prof i les  seen by an a i r c r a f t  on a 3" glide slope 
with turbulence, computed by the simulation technique, superimposed. 
i ne r t i a l  a i r c r a f t  velocity is  64 m s-l  which corresponds t o  a s i n k  r a t e  of 
3.35 m s-'. 
a s  0.15 sec which resu l t s  i n  a turbulent f luctuation be ing  superimposed a t  Az 
increments of 0.35 m along the f l i g h t  pa th .  
ing r e su l t s  re la t ive  t o  the s t a b i l i t y  of the boundary layer. 
f igures ,  u, has been held constant and )1 i s  increased in sequential order. 
The f i r s t  velocity prof i le  (Figure 3-8) corresponds t o  the neutrally s tab le  
layer where i s  essent ia l ly  zero. 
turbulence from the 500 m level t o  the ground and tha t  the t u r n i n g  of the 
boundary layer is reasonably small a f t e r  100 m. 
3-9) i l l u s t r a t e s  a somewhat higher  level of s t a b i l i t y ,  p = 25. 
tudinal wind speed i s  larger  because, a s  noted e a r l i e r ,  the computed 

The 

The time increment used i n  the turbulence simulation was taken 

The f igures show some in te res t -  
In these 

One observes tha t  the a i r c r a f t  encounters 

The second figure (Figure 
The longi- 
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profiles are based on the same fr ic t ion velocity, u*, and surface roughness, 

Le. ,  where z/C i s  large, the mechanical turbulence is  damped o u t  by buoyancy 
induced turbulence, however, as z/L' becomes small due t o  the aircraf t  
approaching the ground, the situation is reached where the atmospheric 
boundary layer returns t o  a neutral condition and mechanical tlrrbulence 
dominates the buoyancy induced turbulence. 
approximately 125 m., The airplane thus f l ies  from a region of rather quiet 
flow t o  a sudden and rapidly increasing turbulent intensity. 
intensity becomes larger a s  1.1 increases, however, this is  not  due t o  the 
effects of s tabi l i ty  b u t  due t o  higher mean velocities resulting from a 
constant u,. 

. The interesting feature of this figure is t h a t  a t  large values of z, zO 

In Figure 3-9 this occurs a t  

The turbulence 

For consecutive figures, as the s tab i l i ty  of the boundary layer 
increases one observes that the transition from the essentially laminar flow 
t o  the h i g h l y  turbulent region approaches lower and lower levels. I t  should 
also be noted from this sequence of figures t h a t  the strongest directional 
shear occurs a t  intermediate values of 1.1, whereas, the strongest linear shear 
occurs a t  the larger values of  p. 

An alternate way of  computing the profiles would be t o  assign the same 
wind speed a t  a certain level and adjust u, accordingly. 
corresponds t o  conditions encountered a t  an airport where the wind speed 
measured with an anemometer a t  a fixed height, say, a t  the 10 m level would 
record identical values b u t  the wind shear would be appreciably different due 
t o  the associated s tab i l i ty  conditions. 
puted profiles h a v i n g  a common value of 10 m s-l wind speed a t  the 10 m 
level. 
parameter, u, by 

Physically this 

Figures 3-14 through 3-19 show com- 

The value of u, used i n  the computation is  related t o  the s tabi l i ty  

U, = 0.58 - 0.0016 p 

The same characteristics of the wind speed profiles are observed, how- 
ever, the higher wind speeds now occur a t  intermediate values of p rather 
t h a n  a t  the higher values as i n  the sequence of  Figures 3-8 through 3-13. In 
turn, one observes t h a t  the directional shear i s  also largest a t  intermediate 
values of  1.1 w h i c h  i s  i n  correspondence w i t h  the former sequence of figures. 
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3.5 S t a t i s t i c a l  Model Re la t i ve  t o  Risk o f  Exceedance 

The wind shear associated w i t h  the s tab le and neu t ra l  boundary layers 
a r e  dependent upon the  variables, 1.1 and u,, o r  the mean wind speed, W x ,  s ince 
they a re  d i r e c t l y  re la ted.  A s t a t i s t i c a l  desc r ip t i on  o f  these two parameters 
w i l l  enable the user of the wind shear model t o  provide an estimate o f  the 
p r o b a b i l i t y  and frequency o f  exceeding a prescr ibed value o f  wind shear. 

I n  order t o  e s t a b l i s h  t h i s  s t a t i s t i c a l  desc r ip t i on  some estimate o f  the 
p r o b a b i l i t y  o f  a given s t a b i ’ l i t y  cond i t i on  occurr ing simultaneously w i t h  a 

given value o f  u, i s  needed. An approximate analys is  t o  achieve t h i s  goal i s  
proposed as fo l lows. From s t a t i s t i c a l  theory the  p r o b a b i l i t y  o f  1-1 and u, 
occurr ing simultaneously i s  equal t o  the  p r o b a b i l i t y  o f  u given u,, 

P (p  2 uP/u,), times the p r o b a b i l i t y  o f  u,, P(u* 2 u,~), [3-81. 
r e f e r r e d  t o  as a cond i t i ona l  p r o b a b i l i t y .  

This i s  

v u  1. up; u* L u*p) = p(1-l I vp/u,) P(u* 2 u,,) (3-1 7 )  

The p r o b a b i l i t y  o f  given a wind speed, Wx, which can be d i r e c t l y  
They g ive the  

Note t h a t  these 

r e l a t e d  t o  u*, has been estimated by Barr, e t  a l .  [3-51. 
p r o b a b i l i t y  o f  Richardson number, R i ,  f o r  a given wind speed, W,, where both 
Wx and R i  a re  evaluated a t  6.1 m, shown i n  Figure 3-20. 

curves are h i g h l y  i n te rpo la ted  and based on only  two sets  o f  data. 
Richardson number, R i ,  i s  r e l a t e d  t o  1-1 by the r e l a t i o n s h i p  

The 

(3-1 8 )  

and W, i s  r e l a t e d  t o  u, and v by 

0 ,< R i  5 0.18 

(3-1 9) 
R i  2 0.18 
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Assigning  values of z = 6*1 m, z = 0.01 m, f = 

3-18 and 3-19 have been plotted i n  Figures 3-21 and 3-22 for convenient 
reference. 

s-l,  K = 0.4, Equations 
0 

Using the above results the designer may se l ec t  a value of 1-1 and a value 
of u, which gives a wind shear condition i n  which he is  interested. 
probabili ty of 1-1 given  u, is  then obtained d i r ec t ly  from the figure.  

The 

The probabili ty of u, can be determined from the d i s t r i b u t i o n  of mean 
w i n d  speeds given by Frost [3-41 a s  interpreted from Justus,  e t  a l e  C3-91. 
T h i s  reference shows t h a t  the probabili ty of  a mean wind speed greater  t h a n  a 
prescribed value W occurring d u r i n g  the year is described by a Rayleigh 

P 
d i s t r ibu t ion ,  i .e. ,  

(3-20) 

Reference [3-41 shows t h a t  this equation i s  a general representation of wind 
speeds measured a t  138 a i rpo r t  s i t e s  throughout the United States where an 
average value of the scale  fac tor ,  c ,  i s  4  IT^ s-l 2 0.9  IT^ s-’. Since u, i s  
re la ted t o  mean wind speed by Equation 3-19, the probabili ty of u, is  
d i r ec t ly  related t o  the probabili ty o f  W x +  

W i t h  the information provided above, the user of the neutral and s t ab le  
boundary layer wind shear model can estimate what the Probabili ty of a given 
wind  shear occurring over an expected l i fe t ime i s  by u t i l i z i n g  the prob- 
a b i l i t y  of p given u, from Figure 3-20 and multiplying t h a t  by the 
probabili ty of u, given by Equation 3-19. 
model, consider the following example. 
probabili ty of 1-1 be ing  equal t o  200 given  t h a t  u, is  equal t o  0.5 m s-’. 
From Figure 3-21 f ind R i  = 0.164 corresponding t o  p = 200 and u, = 0.5 m s-’, 
i . e . ,  w / u *  = 400. From F i g u r e  3-22 determine Wx/u, = 23 and therefore Wx = 

11.5 m s-l f o r  the g i v e n  values of u, and 1-1. 
of R i  2 t o  0.16 a t  11.5 m s-l  i s  1.0 - P ( R i  2 0.16; W., = 11.5 m s - l )  = 0.12. 

To i l l u s t r a t e  the use of the above 
A user wishes t o  determine the 

From Figure 3-20 the probabili ty 

From Equation 3-20 the probabili ty of Wx 2 11.5 m s-l”is P(Wx L 11.5 m s - l )  = 

0.0003. 
year i s  from Equation 3-17 equal t o  0.003%. 

T h e  probabili ty of both p _> 200 and Wx 2 11.5 occurring i n  a g iven  
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To establish the risk of exceeding a prescribed wind shear i n  a given 
period of time we proceed as follows. The probabili ty,  p, t h a t  will be 
exceeded i n  any one year is related t o  the return period T by the relation- 
s h i p  Tp = 1. The probabi l i ty  tha t  a value less than o r  equal t o  p will occur 
i n  one year i s  q = 1 - p. 
value l e s s  than or  equal t o  p will occur i s  

In a period of N years the probabili ty Q t h a t  a 

(3-21 ) M 
Q = q  

The probabili ty o r  risk t h a t  a value greater t h a n  p will occur a t  l e a s t  once 
i n  a period of N years i s  

N P = l  - q  

= I -  (1 - P I N  (3-22) 

Hence continuing the foregoing example, the probabi l i ty  tha t  p = 200 and 
u, = 0-5 m s 
Equation 3-22 equal t o  3.4%. 

-1 will occur a t  l e a s t  once i n  a period of 25 years is  from 

To g i v e  the reader some feel  f o r  the nature of t h e , w i n d  shear associated 
w i t h  a given probabili ty of occurrence, Table 3-1 has been prepared. 
tab le  gives the risk o f  exceedance associated w i t h  each of the wind  shear 
conditions depicted i n  Figures 3-8 t h r o u g h  3-18. 

T h i s  

3.6 Application of Wind Shear Models for Neutral and Stable 
Boundary Layers 

Application of the wind  shear model for the neutral and stable boundary 
layer proceeds by f i r s t  select ing s t a b i l i t y  condi t ions fo r  w h i c h  the simula- 
t i o n  i s  t o  be carr ied out. 
parameter, p, the f r i c t i o n  velocity,  u*, and the surface roughness, zo. The 
rule-of-thumb for the e f f e c t  of these individual parameters is tha t  h i g h  
values of u,, p and zo a l l  r e su l t  i n  l a rger  l i nea r  shear. 
intermediate values o f  p, say, on the order of 50, g i v e  the la rges t  direc- 
t ional shear w i t h i n  the lower 500 m of the atmospheric boundary layer.  
Inspection of Figures 3-8 and 3-9 c l ea r ly  i l lus t ra te  this. 

The parameters required a r e  the s t a b i l i t y  

On the other hand, 
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TABLE 3-1 

R I S K  OF EXCEEDANCE ASSOCIATED WITH WIND SPEED PROFILES 
SHOWN I N  FIGURES 3-8 THROUGH 3-19 

I Risk o f  
Exceedance 

P(Wx) P(Ri /Wx)  P(Ri & Wx) i n  25 Yrs, 
wX 

u* 1-I R i  

0050 
0.50 
0.50 
0.50 
0.50 
0,50 
0.50 
0,25 
0.34 
0.42 
0.46 
0.50 
0.56 
0.58 

200 
150 
100 

75 
50 
25 

1 
200 
150 
130 

75 

50 
12.5 
1 

0-18 
0.17 
0.15 
0.14 

0.12 
0.080 
0 . 005 
0.35 
0.20 
0.1 6 
0.14 
0.12 
0.04 
0.0042 

13.64 
12.24 
10-83 
10.13 
9.43 
8.72 
8.05 
6.32 
6.21 

12.1 1 
11.41 
10.71 
9.65 

9.33 

8 85x1 0-6 
8-61 x l  Om5 

6 . 54x1 0-4 
1.64~1 0-3 
3 . 88x1 Om3 

8.61 x l  0-3 

17.47~1 f3 
8.96~1 Om7 

1.09~1 0-5 
1 -04x1 0-4 
2.92~1 0-4 
7.72~1 0-4 
2.95~1 0-3 
4.34~1 0-3 

0070 
0,74 
0.65 
0,64 
0.58 
0.56 
0.42 
0.72 
0.61 
0.68 
0.64 
0.62 
0.59 

0.54 

6 . 2x1 Om5 

6 4x1 f5 
4 . 3 ~ 1 0 - ~  

2 . 3x1 0-3 
4 . 8 ~ 1 0 - ~  
7 . 3 ~ 1  0-3 
6 . 5 ~ 1  0-7 
6.6~1 Om6 
7 1 x l  0-5 

4 8x1 Oa4 
1 . 7 ~ 1  Om3 

1 .oXi o - ~  

1 .gX1 o - ~  

2 . 3x1 f3 

O,l6% 

0.16% 
1.07% 
2 . 47% 
5 . 59% 

11 -33% 
16.74% 
0.002% 
0 0 02% 
O,l8% 
0,47% 
1.19% 
4,16% 
5,59% 

Having selected the parameters o f  i n t e r e s t ,  one then determines the pro- 

I f  i t  i s  desired t o  s imulate 
b a b i l i t y  t h a t  these condi t ions w i l l  occur and what the  r i s k  i s  o f  exceeding 
the values t h a t  a re  planned f o r  the s imulat ion.  
severe cases o f  wind shear, then values o f  1-1 and u, should be chosen t o  have 
la rge  magnitudes which have correspondingly lower r i s k .  
value o f  r i s k  i s  acceptable. Simulat ing average d a i l y  condi t ions,  however, 

a l lows a higher r i s k  o f  exceeding the prescr ibed s t a b i l i t y  condi t ions t o  be 
accepted. The percent r i s k  t h a t  the user o f  the wind shear model i s  w i l l i n g  
t o  accept i s  subject  t o  h i s  own judgment based on the engineering app l i ca t i on  
fo r  which the s imu la t ion  i s  being c a r r i e d  ou t  and on the consequences asso- 
c i a t e d  w i t h  the t e s t  no t  being o f  s u f f i c i e n t  sever i ty .  

Therefore, a low 

One must a l s o  bear i n  mind t h a t  the r i s k  o f  exceeding a prescr ibed value 
computed i n  Sect ion 3.4 and tabulated i n  Table 3-1 are on a per a i r p o r t  per 
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year basis; consequently, although the p r o b a b i l i t y  o f  u, = 0.5 and IA = 200 
occurr ing simultaneously i s  6.2 x 10 -'I5 (see Table 3-1), f o r  10,000 a i r p o r t s ,  
t h i s  cond i t i on  w i l l  occur a t  0.62 o f  an a i r p o r t  o r  a t  l e a s t  one a i r p o r t  per  
year. 
two hours a t  an a i r p o r t  having heavy t r a f f i c ,  several p i l o t s  w i l l  be exposed 
t o  these condi t ions every year. 

I n  view o f  the f a c t  t h a t  s t a b i l i t y  condi t ions may endure f o r  one o r  

Use o f  the turbulence s imulat ion r o u t i n e  t o  be superimposed upon the 
steady s t a t e  winds requi res no add i t i ona l  s p e c i f i c a t i o n  o f  atmospheric param- 
eters,  however, the t ime step increment o f  the random signal ,  DT, i n  
subroutine STB, must be speci f ied.  I n  general, i t s  value i s  s e t  equal t o  the 
time step used i n  the c a l l i n g  program ca r ry ing  ou t  the numerical i n t e g r a t i o n  
of the equations o f  motion f o r  the f l i g h t  dynamics o f  the a i r c r a f t .  
other hand, i t  can be shown [3-71 t h a t  

On the  

bu t  since t h i s  value var ies w i t h  a l t i t u d e  an average value on the order o f  
0.01 sec o r  l ess  i s  genera l ly  recommended f o r  use w i t h  the turbulence simula- 
t i o n  rout ine.  

I n  ca r ry ing  out  a r e a l i s t i c  s imulat ion,  i t  i s  recommended t h a t  the 
turbulence be used w i t h  the  mean wind p r o f i l e .  
3-8 through 3-19 t h a t  s imulat ion o f  h igh s t a b i l i t y  condi t ions,  t h a t  i s ,  l a rge  

v ,  i s  accompanied w i t h  a t r a n s i t i o n  from a r a t h e r  smooth wind a l o f t  t o  
extremely severe turbulence near the 200 t o  100 m range, depending upon the 
s t a b i l i t y .  This s o r t  o f  turbulence phenomenon i s  expected t o  be q u i t e  r e a l -  
i s t i c  judging from comments w i t h  commercial a i r l i n e  p i l o t s  and from 
experimental data a v a i l a b l e  i n  the 1 i t e r a t u r e .  Super-posi t i o n i n g  turbulence 
on the wind f i e l d s ,  however, does requ i re  t h a t  a computer be ava i l ab le  f o r  
ca r ry ing  ou t  the computations o f  the wind speeds. This does n o t  impose a 
hardship because normally, a computer i s  involved whether the user i s  per-  
forming a manned f l i g h t  s imulat ion o r  programming a f a s t  t ime computer 
so l  u t i  on. 

I t  i s  evident from Figures 

Without turbulence, however, one can const ruct  a wind speed p r o f i l e  f o r  
the neutra l  o r  s tab le  boundary l a y e r  manually from the tables given i n  
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Appendix 3A. 
u, = 0.5 and zo = 0.05. 
Rossby number Ro = u,/zof = 1 x 10 . 
Appendix 3A. 
prof i 1 es 

As an example, determine the wind speed profile for 1-1 = 50, 
To establish the profile one first computes the 

7 This value corresponds to Table 3A-1 in 
Selecting the column labeled p = 50 gives the wind speed 

* h A 

Z wY 
0.15 63.4 -32.0 
0.10 63.4 -27.2 
0.05 59.3 -17.0 
0.005 29.5 -4.8 
0.0001 24.1 0.0 

A A A 

Dimensional values are obtained from z = u,z/f, Wx = W u, and wy = w U,, 
hence 

X Y 

wX wY Z 

m m s-l m s-l 
750 31.7 -16.0 
500 31.7 . -13.6 
250 29.6 -9.5 
25 14.7 -2.4 
5 12.1 0 

Thus, wind speed profiles can be established very simply. 
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SECTION 4.0 

FRONTAL MIND SHEAR 

A model’ of  f r o n t a l  wind s h e a r  has been developed i n  e x a c t l y  the same 
manner a s  the thunderstorm model. Unfor tuna te ly ,  the number o f  da t a  sets 
a v a i l a b l e  for p rocess ing  a r e  on ly  two, which  are shown i n  their  o r i g i n a l  
format i n  F igures  4-1 and 4-2. 
Ms. J u d i t h  S tokes  and Mr, Jean  Lee from the National Severe Storms 
Laboratory i n  Norman, Oklahoma, The d a t a  r e p r e s e n t  c o l d  frontal  passage i n  
the v i c i n i t y  of the 500 m tower and the reduc t ion  o f  these d a t a  sets is the 
same a s  used by Goff [4-13 f o r  thunderstorm g u s t  f r o n t  c a s e s  (see Sec t ion  
2.2). The d a t a  were measured on January 28, 1977, l a b e l e d  Case 1 i n  this 

These d a t a  were provided c o u r t e s y  of 

* 

r e p o r t ,  and on December 10,  1976, l a b e l e d  Case 2. 

No other d a t a  wh ich  would provide  the necessa ry  d e t a i l e d  wind speed pro- 
f i l e s  over a t  l e a s t  a two-dimensional p l ane  i n  space  were found dur ing  this 
s tudy .  Addi t iona l  d a t a  w h i c h  i s  on magnet ic  t a p e  a t  the National Severe  
Storms l a b o r a t o r y  have not  yet  been processed.  
from w h i c h  a model for f l i g h t / h a z a r d  s imula t ion  s t u d i e s  can be c o n s t r u c t e d  
appears  t o  be a v a i l a b l e .  

No warm front  wind s h e a r  d a t a  

The s imula t ion  model developed from the l i m i t e d  d a t a  i s  c o n s t r u c t e d  i n  
the same manner a s  the thunderstorm models, 
imposed on the con tour s  o f  constant wind speed shown i n  Figures 4-1 and 4-2. 
In these two c a s e s  a 113 x 11 g r i d  i s  used, 
c a r d s  and s t o r e d  on magnetic t a p e ,  
and those  of the thunders torm c a s e s  i s  the l a r g e r  g r i d  having 113 columns 
r a t h e r  t han  41 w h i c h  r e p r e s e n t s  a t o t a l  h o r i z o n t a l  d i s t a n c e  o f  approximately 
1 7 - 2  km i n  Case 1 and 13.2 km i n  Case 2. T h i s  represents approximately 30 
minutes o f  recorded d a t a ,  

That i s ,  a g r i d  system is  super- 

The  d a t a  were aga in  punched on 
The  on ly  d i f f e r e n c e  between these d a t a  

The fo l lowing  s e c t i o n ,  Sec t ion  4 - 1 ,  d e s c r i b e s  the quas i - s t eady  wind 
speed p r o f i l e  working d a t a  developed f o r  the l a r g e  s c a l e  f r o n t a l  wind s h e a r .  
The  wind speed i s  r e f e r r e d  t o  as quas i - s t eady  i n  view o f  the f a c t  t h a t ,  as 
w i t h  the thunderstorm d a t a ,  i t  has been averaged over 10 sec time i n t e r v a l s  
and thus contains f l u c t u a t i o n s  i n  the wind speed of 0 - 1  Hz or  sma l l e r .  I t  i s  

80 



P 
0 m 
0 

F z a: 
3 
00 
N 

yL 
0 

81 

I 
0 
rc 

I 
c, 
S 
0 

7 

0 
L 
LL 

0 

* n 
0 
S 

v, 

L 
0 rc 

-I-- 

-0 
a, 
a, 
Q 
v, 



L 
0 rc 

N 
I 

4- 

i 

82 



proposed t h a t  the same turbulence simulation model for thunderstorms be used 
for the frontal wind shear. 
give information pertaining t o  turbulence intensities and characteristic 
turbulent length scales in a major frontal flow, the lower values associated 
with thunde'rstorms are recommended as  input t o  the model. 

Since absolutely no da ta  was found which would 

4.1 Quasi-Steady Wind Speed Profile Grid System 

The wind fields shown in Figures 4-1 and 4-2 were f i t  t o  a 113 x 11 
point grid system. 
onto computer cards. 

Wind speeds a t  each grid point were tabulated and punch6d 
The d a t a  were la ter  stored on magnetic tape. 

The grid system i s  numbered from the left-hand bottom corner. 
numbers increase from l e f t  t o  right in the positive x-direction and from 
bottom t o  t o p  in the positive z-direction of the original da ta .  
speeds are given in units of meters per second, m S - ' ~  with 1.4, being positive 
in the direction o f  frontal motion, W, being positive upward and W being 
positive into the plane of the paper. 
a r e  9.3 m SI' and 7.1 m s - l ,  respectively. 

The 

The  wind 

Y 
The frontal speeds of the two storms 

The wind speeds, W x y  shown in Figures 4-1 and 4-2 are  the wind speeds 
relative t o  the storm motion which are the values punched on cards and stored 
on magnetic tape. To convert t o  wind speed relative t o  the ground the f ronta l  
motion must be added t o  W,. The next subsections describe tables and 
graphical i l lustrations of the wind speed profiles. 

4.1.1 Tables of Wind Speed 

Tables of synoptic cold frontal passage wind speeds are given in 
Appendix 4A. 
covering grid stations 1 through 20, 21 through 40, etc. The tabulated 
values of Wx are values relative t o  the storm motion. 
given a t  the top o f  the t a b l e  for converting Wx t o  i t s  value relative t o  
ground. 

The tables have, due  t o  their length, been sp l i t  into six par ts  

The frontal speed is  

The frontal storm case numbers' designation as 1 and 2 in this report 
are l isted in the upper left-hand corner. 
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Also, l isted a t  the top  o f  the table is the horizontal length scales for 
the given wind record. The horizontal extent of each da ta  se t  varies because 
of the data reduction procedure. Hence, the length of f ie ld ,  L ,  i n  kilo- 
meters and the horizontal g r i d  spacing, Ax, are specified on each table. The 
vertical extent of each field is taken as 500 m w i t h  50 m vertical g r i d  
spacing . 

4.1.2 Illustrations 

Illustrations of the l o n g i t u d i n a l ,  la teral ,  and vertical wind speeds 
encountered along four 3" glide slope through each front are provided i n  
Appendix 4B. 
1 and 3.3 km for Case 2. 
i ng  along the f l i g h t  pa th  drawn across the streamlines as illustrated i n  the 
f i r s t  figure of the appendix. 
t o  the speed of the f r o n t  which for reference purposes i s  indicated w i t h  the 
vertical dashed l ine on the horizontal  wind speed profile. 
prbfiles are relative t o  the fixed earth frame o f  reference. 

The glide slopes are displaced i n  increments of 4.3 km for  Case 
Each profile i s  the wind seen by a airplane travel- 

Note t h a t  the streamlines plotted are relative 

The wind speed 

4.1.3 Computer Program 

The card deck or magnetic tape on which the f ron ta l  wind speeds are 
tabulated can be directly coupled w i t h  the program for thunderstorms given i n  
Appendix 2C and requires and provides identical i n p u t / o u t p u t  statements. The 
only modification needed i s  t o  increase a l l  dimension statements, do-loop 
statements and read-in control integers from 41 t o  113. 

The turbulence opt ion can also be called for i f  desired. The turbulence 
and Lwz used i n  the intensities aWX, awy and crwz and length scales Lwx, 

program a l l  have values as estimated for thunderstorms, however, i n  lieu of 
better information on turbulence i n  major fronts, these values can be used. 

LWY 

4.2 Turbulence Model 

No data on turbulence i n  large frontal  flows were found i n  the l i t e ra -  
ture. 
be employed along w i t h  the lower values of the i n p u t  parameters. 
da ta  on turbulence i n  thunderstorms i s  also very limited i n  the region near 
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the ground, and the thunderstorm turbulence model i s  i t s e l f  an approximation. 

Again, i t  i s  pointed ou t  t h a t  on ly  the h igh frequency components of the 

turbulence ( L e . ,  frequencies greater than 0.1. Hz) have been l o s t  i n  the data 
s ince the quasi-steady wind f i e l d  given represent 10 sec averages. There i s ,  

however, a very g rea t  need t o  ob ta in  turbulence data i n  thunderstorms and 
la rge  f r o n t s  i n  the v i c i n i t y  of the ground o r  terminal  areas o f  an a i r p o r t .  

4.3 S t a t i s t i c a l  Model 

Due t o  the pauci ty  o f  d e t a i l e d  wind speed data f o r  major f ron ts ,  no 
attempt i s  made t o  e s t a b l i s h  a s t a t i s t i c a l  model o f  the wind f i e l d s .  

4.4 Appl icat ions o f  Fronta l  Wind Shear Model 

The f r o n t a l  wind shear model i s  appl ied exac t l y  the same as the thunder- 
storm models described i n  Section 2.6. The user, however, has only  l i m i t e d  

choice o f  wind f i e l d s  t o  use i n  the  s imulat ion s ince only  two f i e l d s  are 
avai lab le.  Keenan [4-21 has used thunderstorm case numbers 2 and 3 as f ron ts  

since these two thunderstorms behave i n  a manner s i m i l a r '  t o  f ron ts .  However, 
they are extremely sho r t  i n  length and are no t  long enough f o r  a f u l l  l eng th  

s imulat ion based on an a i r c r a f t  approaching from 500 in along a 3' g l i d e  
slope. For tunate ly  

the f r o n t a l  data t h a t  a re  a v a i l a b l e  f o r  the two cases o f  wind shear s tud ied 
extend over a s u f f i c i e n t l y  long distance t h a t  a sequence o f  one o r  more 

Such an approach requi res a hor izonta l  f e t c h  o f  9.5 km. 

landings o r  takeoffs,  can be simulated using these data. 
assuming a 3 m i l e  separat ion distance can be simulated. 
f i e l d s  encountered along f l i g h t  paths separated by small distances show q u i t e  
d i s s i m i l a r  wind speed p r o f i l e s  as evidenced from the graphical  d i sp lay  i n  
Appendix 4B. 

Up t o  two landings 
Moreover, the wind 

Again, i t  i s  recommended t h a t  turbulence models be used i n  conjunct ion 
w i t h  the quasi-steady s t a t e  wind speeds u t i l i z e d  i n  developing the f r o n t a l  
wind shear model. 
averaged out  using 10 sec averages, j u s t  as described f o r  the thunderstorm 
models, and therefore t o  achieve a c o r r e c t  s imulat ion h igh gusts should be 
introduced i n  the form o f  turbulence. The turbulence i n t e n s i t i e s  used i n  the 
model, however, are s t i l l  open t o  question, and i t  i s  proposed t h a t  the lower 

It i s  a n t i c i p a t e d  t h a t  extreme wind speeds w i l l  be somewhat 
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extremes o f  t u r b u l e n t  i n t e n s i t i e s  quoted f o r  the thunderstorm cases be u t i l -  
i z e d  f o r  f r o n t a l  wind shear. 

Much more data on f r o n t s  i s  needed before an adequate model o f  a synopt ic 
f r o n t  wind f i e l d  i s  possible.  
Severe Storms Laboratory i n  Norman, Oklahoma, b u t  r e q u i r e  f u r t h e r  processing. 
Also, t o  u t i l i z e  the 10 sec average wind speeds generated by the NSSL Program 
e f f e c t i v e l y ,  more must be determined about the  turbulence l e v e l s  i n  major 
f ronts.  

Such data may be a v a i l a b l e  a t  the National 

One add i t i ona l  s e t  o f  data t h a t  the engineer i n te res ted  i n  ca r ry ing  ou t  

This model was developed from data obtained i n  an accident 
warm f r o n t  s imulat ion should be aware o f  i s  a one-dimensional p r o f i l e  compiled 
by Keenan [4-21. 
which occurred i n  Tokyo i n  1966. 
one-dimensional model. 

Table 4-1 i l l u s t r a t e s  the warm f r o n t  

TABtE 4-1 

WARM FRONT WIND SPEED PROFILE [4-2); W z  = 0 

6.1 
30.5 
61 .O 
91.4 

121.9 
152.4 
182.9 
213.3 
243.8 

-6.6 
-3.6 
-4.4 

0 
5.4 
5.9 
5.8 
5.8 
5.7 

3.9 
-2.1 

-12.1 
-20.6 
-30.4 
-33.5 
-32.9 
-32.9 
-32.4 

274.3 
304.8 
457.2 

5.6 
5.6 
5.9 

-31.9 
-31.4 
-31.4 
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SECTION 5.0 

SUMMARY 

Mathematical models of wind fields associated with thunderstorms, 
neutral and stable boundary layers, and storm fronts have been developed 
based on reported experimental data .  These d a t a  have been tabulated and 
presented in Appendices 2A, 3A and 4A, respectively. Computer programs have 
been developed which ut i l ize  table lookup and interpolation routines t o  com- 
pute wind speeds a t  spatial positions and under s tabi l i ty  conditions as 
called for by the main calling computer program. 
presented in Appendices 2C and  3C. 

These computer programs are 

Turbulence simulation techniques have been developed which permit the 
super-positioning of random fluctuations having  the characteristics of 
turbulence associated with the atmospheric phenomena o f  interest. 

The wind speed models for  thunderstorms and major fronts represent the 
three components o f  wind velocity in a vertical plane 500 m in extent and of 

variable lengths i n  the horizontal direction. 
application of  these models assumes t h a t  the fl ight pa th  l i es  i n  the plane of 
the wind speeds with t h a t  plane being centered over the runway. These models, 
therefore, give rea l i s t ic  simulation of wind shear due t o  a thunderstorm 
moving parallel t o  the runway and allow the fl ight mechanics computation t o  
have departures from the f l ight  p a t h  in the vertical direction. Any 
departure of the a i r c r a f t  o u t  of the plane in the lateral direction i s  not  
accurately model led. 
the wind components in the x- and z-direction i s  large and, therefore, i t  i s  
anticipated t h a t  the same i s  true in the y-direction. 
disturbances encountered by an a i rcraf t  displaced by the wind a reasonable 
distance o u t  of the plane of the wind field will be nearly similar t o  the in- 
p l  ane winds . 

In simulating an approach, 

However, evidence i s  shown that the correlation between 

Therefore the wind 

To simulate a f l ight  p a t h  which i s  diagonal t o  the direction of the 
motion o f  the front, one must assume t h a t  the wind fields modelled are two- 
dimensional over a very large lateral scale. This, however, i s  not  likely 
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and t o  provide wind fields which permit this type of simulation will require 
considerably more research i n t o  the three-dimensional nature of thunderstorms 
and major fronts. 

The turbulence model developed t o  accompany the mean w i n d  field data are 
believed t o  be quite real is t ic  w i t h  the exception t h a t  the value o f  the 
turbulence parameters i n  the frontal  case are vertically unknown. The turbu- 
lence model for  the neutral  and stable boundary layers i s  based on extensive 
da ta  sets and theoretical analysis and is believed t o  be very representative 
of what happens i n  the actual atmosphere. The thunderstorm turbulence model 
i s  based on advanced turbulence concepts and does include large-scale velocity 
fluctuations of a non-Gaussian nature, however, coherence matching between 
large gusts w h i c h  a r e  i n  the development stage [S-11 should possibly be added 
t o  the simulation technique. 
require better definition which can only be achieved w i t h  more experimental 
effort .  Currently, i t  i s  proposed t o  use the values of turbulent intensity 
measured a t  elevations of several kilometers because these are the better 
defined values. Moreover, comparing the thunderstorm data measured by ground 
based towers t o  those backed o u t  of o n - f l i g h t  da t a  recorders shows t h a t  there 
i s  quite a large difference between 10 sec averaged d a t a  and much shorter 
averaging period data .  
analyzed using a smaller time increment. 

Finally,  the parametric inputs t o  the model 

This suggests the available thunderstorm data  be re- 

There is  considerable need t o  measure turbulence i n  the v i c in i ty  of  the 
ground,  particularly i n  the downdraft center of thunderstorms and also t o  
measure the gust gradient w h i c h  could occur i n  these severe storms phenomena. 
The same conclusion holds true f o r  large-scale f ronta l  motion where very 
limited, i f  any, wind velocity measurements a s  well as turbulence measure- 
ments have been made. 
would be from an array o f  towers, preferably 500 m i n  height, and distributed 
i n  a l ine a t  least over 1 km i n  extent. Such an array of towers is obviously 
very expensive and the da ta  reduction associated w i t h  the vast amounts of 
d a t a  generated i s ,  i n  t u r n ,  costly. 
Marshall Space F l i g h t  Center w i t h  the limitations t h a t  the towers are only 
24 m i n  height [5-21. 

The type of measurement which appears most needed 

A tower array i s  available a t  NASA 
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As techniques f o r  remote sensing o f  wind speed become avai lab le,  t y p i c a l  
examples being 1 aser Doppl e r  , acoust ic  Doppl e r  or Doppl e r  radar methods , more 

probing o f  thunderstorms and o f  major synopt ic f r o n t s  w i l l  undoubtedly 
increase. 

A i r c r a f t  a re  a l so  being used t o  study thunderstorms and are  prov id ing 
It i s  no t  l i k e l y  t h a t  much probing o f  meaningful data a t  g rea t  a l t i t u d e s .  

thunderstorms o r  severe f r o n t a l  weather w i l l  be c a r r i e d  ou t  w i t h  a i r c r a f t  
below 500 m. However, data a t  t h i s  l e v e l  i s  extremely c r i t i c a l  i n  developing 
s imulator  wind f i e l d  models f o r  f l i gh t /haza rd  d e f i n i t i o n .  - 

A poss ib le  technique f o r  ob ta in ing  the  needed data would be t o  couple 
a i r c r a f t  measurements w i t h  those o f  t he  tower a r ray  c u r r e n t l y  i n  existence a t  
the  Atmospheric Sciences Div is ion,  NASA/Marshall Space F1 i g h t  Center, 
Huntsv i l le ,  Alabama. 
the  tower a r ray  w i t h  the  towers i n  operat ion would map out  a we l l  def ined 
two-dimensional wind f i e l d  and could a1 so provide three-dimensional wind 
f i e l d s  when the  angle o f  the  approaching storm i s  ob l ique t o  the  tower array.  

A coordinated program u t i l i z i n g  a i r c r a f t  passes over 

Mathematical models c u r r e n t l y  being developed have promise f o r  use i n  
wind shear s imu la t ion  appl icat ions,  however, they are, i n  turn,  dependent 
upon inpu t  parameters which must be exper imental ly measured before meaningful 

r e s u l t s  can be ca lcu lated.  

A s t a t i s t i c a l  model f o r  t he  s tab le  and neut ra l  boundary l aye r  has been 

developed which a l lows the  p r o b a b i l i t y  o f  a given wind speed and s t a b i l i t y  
cond i t ion  occur r ing  simultaneously t o  be estimated. The model a l s o  p red ic t s  
the  frequency o f  t h e  combined cond i t ions  occur r ing  w i t h i n  a speci f ied per iod  
o f  t ime. 
given s i t e  i n  t h e  mainland U.S.A. Th is  i s  a j u s t i f i a b l e  assumption based on 
a study o f  138 s i t e s  by Justus, e t  a l .  [5-31. 

of Richardson numbers i s  no t  q u i t e  as we l l  val idated, being based on o n l y  two 
sets o f  data. 
d i s t r i b u t i o n  o f  s t a b i l i t y  cond i t ions  w i t h  wind speeds. 

This model assumes a Rayleigh d i s t r i b u t i o n  o f  wind speeds f o r  any 

The p r o b a b i l i t y  d i s t r i b u t i o n  

It i s  bel ieved, however, t h a t  t h i s  i s  a good est imate o f  the  

The s t a t i s t i c a l  model f o r  the  thunderstorm i s  ra the r  weak and f o r  the 
synopt ic f r o n t s  nonexistent. The best  est imate o f  the  p r o b a b i l i t y  o f  a given 

magnitude o f  wind shear i n  a thunderstorm t h a t  i s  c u r r e n t l y  ava i l ab le  i s  
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based on the ensemble average of 20 thunderstorm cases along a prescribed 
f l ight  p a t h  and the standard deviation from the averaged value. 
puted s tandard  deviations are' added a t  each p o i n t  along the fl ight p a t h  as  i f  
they were independent points. T h i s  i s  a questionable assumption and further 
work i s  needed t o  develop the s ta t is t ical  model of a thunderstorm. 

These com- 

Before a s ta t is t ical  model of fronts can be developed much more d a t a  i s  
needed. Due t o  the lack of measurements of detailed wind speed profiles 
t h r o u g h  large fronts and a l so ,  t o  an extent, through thunderstorms, reliable 
simulation flight/hazard wind speed models cannot be developed. 

The conclusion of this report i s  t h a t  mathematical models of wind shear 
in thunderstorms, stable and neutral boundary layers and fronts for fl ight/  
hazard simulation studies have been developed which, based on state of the 
a r t  knowledge, al low rea l i s t ic  simulation of f l ight t h r o u g h  hazardous 
atmospheric wind shear. These models, however, represent a very good 
beginning b u t  they should be continuously updated a s  information becomes 
available and standardized t o  establish consistent cr i ter ia  for pilot  

ics development and and certification. 
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APPENDICES 

The following appendices are numbered according to the section of the 
main body of the report to which they pertain. 
followed by an alphabetical symbol contains information relating to Section 2, 
Thunderstorm Wind Shear. 
format. 

For example, Appendix 2 

Appendices 3 and 4 are referenced in the same 
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APPENDIX 1A 

LIST OF ABBREVIATIONS AND SYMBOLS 

.. ------- F r i c t i o n  v e l o c i t y  

S t a b i l i t y  parameter, Ku,/fL' 

C o r i o l i s  parameter 

Monin-Obukhov s t a b i l i t y  length scale 

Hor izonta l  extent  o f  thunderstorm data s e t  

von Karman's constant taken as 0.4 

Length scale o f  l o n g i t u d i n a l  v e l o c i t y  f l u c t u a t i o n s  

Length scale o f  l a t e r a l  v e l o c i t y  f l u c t u a t i o n s  

Length scale o f  v e r t i c a l  v e l o c i t y  f l u c t u a t i o n s  

Mean speed o f  storm f r o n t  

Longi tud ina l  wind speed 

La te ra l  wind speed 

V e r t i c a l  wind speed 

F luc tua t i ng  l o n g i t u d i n a l  wind speed 

F luc tua t i ng  l a t e r a l  wind speed 

F luc tua t i ng  v e r t i c a l  wind speed 

Surface roughness 

Dimensional he igh t  

Dimensionless he igh t  2 = zf/u, 

Rossby number u,/fzo 

Power densi ty  spectrum f u n c t i o n  

Cycl ic  frequency 

Turbulence i n t e n s i t y  o f  a wind speed f l u c t u a t i o n  
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< >  
h 

Statistical correlation between a and f3 wind speed components 
Ensemble average 
Denotes d i mensi on1 es s parameter 
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APPENDIX 2A 

TABULATED THUNDERSTORM DATA 

Appendix 2A contains the  tabulated data i n t e r p o l a t e d  from the thunder- 
storm wind speed data presented and documented i n  Goff  [Z-11. 
t h e  fundamental data sets  upon which the  wind shear model f o r  thunderstorms 
i s  based. The user can compute wind speed p r o f i l e s  e i t h e r  by hand d i r e c t l y  
from t h e  tab les o r  by coupl ing the  data w i t h  the lookup computer program 
provided i n  Appendix 2C. 

These data are 

The rows and columns o f  t he  t a b l e  are numbered from the le f t -hand bottom 

corner. 
of the o r i g i n a l  data and from bottom t o  top i n  the p o s i t i v e  z - d i r e c t i o n  of 
the o r i g i n a l  data. 

m s ', w i t h  Wx being p o s i t i v e  i n  the d i r e c t i o n  o f  f r o n t a l  motion, Wz being 
p o s i t i v e  upward and W being p o s i t i v e  i n t o  the plane o f  the paper. 
upper p o r t i o n  o f  t he  t a b l e  covers columns 1 through 21 and the  lower t a b l e  
covers columns 21 through 41. (Note column 21 i s  repeated f o r  symmetry and 
c l a r i t y  o f  presentat ion.  ) 

The numbers increase from l e f t  t o  r i g h t  i n  the p o s i t i v e  x - d i r e c t i o n  

The wind speeds are given i n  u n i t s  o f  meters per sec, - 

The 
Y 

The thunderstorm case numbers' designat ion f o r  t h i s  r e p o r t  a re  l i s t e d  

a t  the top o f  t h e  tab le.  
number correspond t o  the  thunderstorm designat ion given by Goff [2-11. 

The l e t t e r s  i n  parentheses and the  fo l l ow ing  ser ies 

Also l i s t e d  a t  the top  o f  t he  t a b l e  are the  f r o n t a l  speed, ux, and the 
ho r i zon ta l  l eng th  scales f o r  the given wind record. The hor izonta l  extent  
o f  each data se t  var ies because o f  the data reduct ion procedure. 
l eng th  o f  f i e l d ,  L, in meters and the hor i zon ta l  g r i d  spacing, Ax, (m) are 
spec i f i ed  on each tab le.  
500 m w i t h  50 m v e r t i c a l  g r i d  spacing. Figure 2A-1 i l l u s t r a t e s  the i d e n t i -  

Hence, the  

The v e r t i c a l  extent  o f  each f i e l d  i s  taken as 

f i c a t i o n  format used f o r  a l l  tables.  
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GRAPHICAL ILLUSTRATION OF THUNDERSTORM WIND SPEED PROFILES 

This appendix contains graphical i l l u s t r a t ions  of the wind speed pro- 
f i l e s  encountered along f l i g h t  paths having a 3' glide slope through each o f  
the 20 thunderstorm cases. The position of each f l i g h t  pa th  relative t o  the 
streamlines fixed i n  the frame of reference moving w i t h  the storm is illus- 
trated i n  each of the figures, and is chosen t o  terminate i n  the left-hand 
corner of each data  set. 
t ra ry  f l i g h t  paths which could be encountered d u r i n g  any routine landing  
through a passing thunderstorm. 

&- 

.? 

The f l i g h t  paths are, therefore, essentially a rb i -  

The l o n g i t u d i n a l ,  la teral ,  and vertical wind speeds encountered along 
the glide slope are shown. The ordinate i n  the wind speed profiles is  
height, 2, nondimensionalized w i t h  the length, H = L tan 3", where L is the 
length of the wind  f ield.  
traveling along the f l i g h t  path drawn across the streamlines as shown i n  the 

Each profile i s  the wind as seen by an airplane 

upper figures. Note t h a t  the streamlines plotted are relative t o  the speed 
of the f r o n t  which, for reference purposes, has been indicated on the hori-  
zontal  wind speed profile w i t h  a vertical dashed line. 
profiles are relative t o  the fixed earth frame of reference. 

The wind speed 

The purpose of these i l lustrat ive profiles is t o  provide an impression 
of the diversity and severity of wind shear t h a t  can be encountered d u r i n g  a 
routine approach when a thunderstorm i s  i n  the vicinity of the terminal area. 
The data  sets do not necessarily represent a wind f ield through the center of 
the storm nor the worst downdraft conditions,  b u t  represent storms which may 
have passed either t o  one side or the other of the tower from which the data  
were measured. Therefore, the profiles do not  i l lus t ra te  necessarily the 20 
most severe f l i g h t  paths which would be encountered th rough  the given t h u n -  
derstorms b u t  rather a collection of wind speed profiles t h a t  represent an 
averaged s i tua t i  on. 
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APPENDIX 2C 

COMPUTER PROGRAM FOR CALCULATION OF TURBULENT 
THUNDERSTORM WIND FIELDS 

This appendix describes a computer program used t o  ob ta in  the l ong i -  
tud ina l ,  l a t e r a l ,  and v e r t i c a l  wind speeds a t  a given p o i n t  (x,z) and a l l  s i x  
v e l o c i t y  gradients  a t  t h a t  po in t .  The computer program has the  op t ion  o f  
superimposing a non-Gaussian tu rbu len t  f i e l d  on the  thunderstorm wind speeds. 
When the  turbulence op t i on  i s  u t i l i z e d ,  an input  f o r  t ime i s  required. 

spec i f i ed  t ime designates t o  the program the  per iod  over which the  tu rbu len t  
f l u c t u a t i o n s  are  computed. 

The 

The subrout ine VELO c a l l s  seven add i t iona l  subroutines as schematical ly 
i l l u s t r a t e d  i n  Figure 2C-1. 
ROMDON, FILTER, GAUSS, FFT, WIND, and BUILD. 

These seven subroutines a r e  e n t i t l e d  TURB, 

Program Descr ip t ion  

The program i s  w r i t t e n  i n  FORTRAN I V  and generates the wind f i e l d  w i t h  
turbulence superimposed f o r  (x,z,T) inputs  from the  c a l l i n g  f l i g h t  s imulator 
program. 

Subroutine VELO 

For the  given p o s i t i o n  and t ime the  VELO subrout ine fu rn i sh  the wind 
v e l o c i t y  [U,V,W output]  and v e l o c i t y  gradient  [UDX,UDZ,VDX,VDZ,WDX,WDZ, 
output]  i n  a f l o w  f i e l d  which i s  one o f  20 cases o f  c o l d  a i r  ou t f low from 
thunderstorms detected by Nat ional  Severe Storms Laboratory dur ing 1971 
through 1974 [2- l ] .  

Also, a non-Gaussian Dryden spectrum turbulence f l u c t u a t i o n  i s  added t o  
the  wind ve loc i t y .  

VELO f i r s t  c a l l s  the  subrout ine FILTER which sets  up the t r a n s f e r  func- 
t i o n  f o r  t a i l o r i n g  the  random s ignal .  It then c a l l s  subrout ine TURB. The 
subrout ine TURB processes the  random s igna l  generated i n  subroutine ROMDON 

through the  prescr ibed f i l t e r  system and outputs f l uc tua t i ons  wx, w and wz 
Y 
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having a non-Gaussian d i s t r i b u t i o n  w i t h  a Dryden spectrum form (Equation 2-4). 
The t r a n s f e r  t o  VELO i s  achieved w i t h  a common statement. 
subroutine WIND t o  ob ta in  the mean wind v e l o c i t i e s  a t  (x,z) t o  which the 

corresponding f l uc tua t i ons  a re  added. 

VELO then c a l l s  

The wind speed and wind speed 
gradients are then computed and the.data i s  output i n  u n i t s  o f  m s-’ and s-’, 
respect i vel  y . 

Nomenclature 

Subroutine VELO( X, Z,T, HAM, NBB ,U ,V, W ,UDX ,UDZ, VDX ,VDZ , WDX, WDZ) 

X 
Z 

T 
HAM 
NBB : 

U 

V 

W 
UDX 
UDZ 

VDX 
VDZ 
WDX 
WDZ 

Pos i t i on  vector  i n  l o n g i t u d i n a l  d i r e c t i o n  (user ’s u n i t s )  

P o s i t i o n  vector i n  v e r t i c a l  d i r e c t i o n  (user ’s  u n i t s )  

Controls t ime per iod o f  t u r b u l e n t  s ignal  (sec) 
Rat io  o f  u n i t  (meter/user’s u n i t s )  

In teger  number f o r  c a l l i n g  a new thunderstorm case. 
NBB=l c a l l s  a new thunderstorm data set  i n t o  storage 
Ve loc i t y  i n  l o n g i t u d i n a l  d i r e c t i o n  (m s-’) 
Ve loc i t y  i n  v e r t i c a l  d i r e c t i o n  (m s- l )  
Ve loc i t y  i n  l a t e r a l  d i r e c t i o n  (m s - l )  
Longitudinal  v e l o c i t y  gradient i n  x d i r e c t i o n  (s-’) 
Longi tudinal  v e l o c i t y  gradient  i n  z d i r e c t i o n  (s-’) 

V e r t i c a l  v e l o c i t y  gradient  i n  x d i r e c t i o n  (s- l )  
V e r t i c a l  v e l o c i t y  gradient i n  z d i r e c t i o n  (s-l)  
La te ra l  v e l o c i t y  gradient  i n  x d i r e c t i o n  (s-’)  

La te ra l  v e l o c i t y  gradient i n  z d i r e c t i o n  (s- l )  

[INPUT] 
[INPUT] 
[INPUT] 
[INPUT] 
[INPUT] 

[OUTPUT] 
[OUTPUT] 
[OUTPUT] 

[OUTPUT] 
[OUTPUT] 
[OUTPUT] 

[OUTPUT] 
[OUTPUT] 
[OUTPUT] 

[OUTPUT] 

T i s  incremented w i t h  each i n t e g r a t i o n  t ime step o f  the c a l l i n g  program 

and i s  a con t ro l  v a r i a b l e  f o r  the l eng th  o f  the random, tu rbu len t  s ignal  
generated. When VELO i s  f i r s t  c a l l e d  i n  i t  generates a t u r b u l e n t  s ignal  a t  

he ight  z f o r  a s p e c i f i e d  t ime per iod TEND. 

i n g  the i n i t i a l  case, i.e., NBB = 1 ,  T i s  compared w i t h  TEND, when T 2 TEND a 
new tu rbu len t  s ignal  a t  the current  he ight  z o f  t ime per iod TEND i s  generated. 

Thus a quasi-turbulence v a r i a t i o n  w i t h  he ight  i s  achieved. 

Each t ime VELO i s  c a l l e d  fo l l ow-  

NBB i s  se t  equal t o  u n i t y  f o r  t he  f i r s t  t ime VELO i s  ca l l ed .  It auto- 

m a t i c a l l y  changes NBB = 2 u n t i l  another thunderstorm i s  desired a t  which t ime 

the  c a l l i n g  program must r e s e t  NBB = 1. 
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ORIGINAL PAGE IS 
L i s t i n g  o f  Subroutine VELO 

Subroutine TURB 

The subroutine TURB i s  c a l l e d  by the subroutine VELO. This sub- 

r o u t i n e  c a r r i e s  out  the c a l c u l a t i o n  f o r  the tu rbu len t  f l u c t u a t i o n s  based 
on non-Gaussian turbulence model of Reeves, e t  a l .  [2-31. A Dryden 
spectrum i s  used. A schematic of t he  non-Gaussian turbulence s imulat ion 
model i s  given i n  Figure 2C-2. 

181 



i 

wide band gaussian l i n e a r  scale 
whi te noise f i 1 t e r s  factors 

sources 
e- 

- 
Figure 2C-2 Physical I n t e r p r e t a t i o n  o f  a Single Component o f  

t he  Non-Gaussian Turbulence Model 

TURB f i r s t  c a l l s  the subrout ine ROMDON t o  ob ta in  three independent d i s -  
c r e t e  Gaussian whi te  noise random funct ions Na, Nby N,. 

processed through a common statement by t h e  subroutine FILTER having the 
f i l t e r  f u n c t i o n  Hay Hb, Hc. 

These signals are 

A f t e r  mathematical analys is  t h e  simulated t u r b u l e n t  f l u c t u a t i o n  w,(t), 
w ( t )  and w,(t) are determined and w i t h  a common statement returned t o  VELO. 

L i s t i n g  o f  Subroutine TURB 

Y 
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Subroutine ROMDON 

T h e  subroutine ROMDON i s  cal led by the subroutine TURB. T h i s  subroutine 
c a l l s  the subroutine GAUSS which generates a random Gaussian white noise 
s ignal .  
and N c ( t )  are transferred t o  the subroutine FFT which  fas t  Fourier transforms 
N a ( t ) ,  N b ( t )  and N c ( t )  and returns the transformed signal t o  TURB. 

Three series of normalized zero mean random function Na(t), Nb(t) 

Nomenclature 

Subrout i ne ROMDON ( R R ,  RI , NT, NT2) 

RR(1,J)' Real p a r t  of Fourier transform of Na(t) [OUTPUT] 
RR(2,J) Real par t  of Fourier transform of N b ( t )  [OUTPUT] 
RR(3,J) Real par t  of Fourier transform of N c ( t )  [OUTPUT] 
RI(1,J) Imaginary par t  of Fourier transform of Na(t) [OUTPUT] 
RI(2,J) Imaginary par t  of Fourier transform of N b ( t )  [OUTPUT] 
RI(3,J) Imaginary par t  of Fourier transform of N c ( t )  [OUTPUT] 
NT Integer number of discrete noise s i g n a l ,  [ IN PUT] 

NT2 
usually NT = 128 

(2)NT2 = NT (for example, i f  NT = 128, NT2 = 7)  
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L i s t i n g  o f  Subroutine ROMDON 

J 

Subroutine GAUSS 

The subroutine GAUSS i s  c a l l e d  by the  subroutine ROMDON. Each t ime 
GAUSS i s  c a l l e d  i t  generates a new random number. 
by GAUSS a re  whi te  noise having a Gaussian d i s t r i b u t i o n .  

Random numbers generated 

Nomenclature 

Subroutine GAUSS( IX,S,AM,V) 

I X  A r b i t r a r y  s t a r t i n g  number, I X  = 65549 
S Adjust ing number, s e t t i n g  S = 1.0 gives standard 

+ dev ia t i on  o f  u n i t y  
184 

[INPUT] 
[OUTPUT] 

[ INPUT] 



AM Adjust ing number, s e t t i n g  AM = 0.0 gives zero mean 
V Random number output 

[INPUT] 

[OUTPUT] 

L i s t i n g  o f  Subroutine GAUSS 

DO so I=l,12 
IY=IX*65539 
IF(IY) S , b p b  

5 lY=IY+2147483t?47+1 
6 Y = I Y  

Y=Y*0*46bb613U-Y  
I X = I Y  

50 A = A + Y  
V=(A-6.U)*S+AM 
HEI'UHN 
EN0 

Subroutine F i l t e r  

The subroutine FILTER i s  c a l l e d  by the  subroutine VELO. The i n p u t  l i s t  
contains the he igh t  z. Th is  subroutine sets up n ine f i l t e r  funct ions shown 
i n  Table 2C-1, f o r  generati'ng the three d i r e c t i o n  f l u c t u a t i n g  s ignal ,  wx, w 

Y 
and wz. 

These are returned t o  TURB through a common statement where H(IT,J,K) 
equals Ha(K) i f  J = 1, Hb(K) i f  J = 2 and Hc(K) i f  J = 3. The value o f  
I T  = 1 spec i f i es  l o n g i t u d i n a l  f l uc tua t i ons ;  I T  = 2 v e r t i c a l  and I T  = 3 
l a t e r a l .  

L i s t i n g  o f  Subroutine FILTER 
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TABLE 2C-1 

TRANSFER FUNCTIONS OF THE NON-GAUSSIAN MODEL 

Longitudinal Component 

L 
wX 

4% w- 
2LW 

X X 

l+-y-- x S  
X 

1 --x--- 

wX 
1 + -  wx s 

0 -  
wx 12LWXl1’* wx I 

L 

1 + -  wx s 
wX 

Lateral Component 

Vertical Component 
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Su brobt i ne FFT 

The subroutine FFT provides a discrete fast Fourier or inverse Fourier 
transformation and it is called by the subroutine ROMDON and the subroutin4 
TURB. 

In the subroutine ROMDON, FFT is utilized to transform Na, Nb and Nc 

In subroutine TURB, after the frequency function has passed through the 
filter function, FFT is used to transform the frequency function back to the 
time functions a(t), b(t) and c(t). 

from the time domain to the frequency domain. 

Nomenclature 

Subroutine FFT (XR, X I , N , NU , NGG) 
[INPUT] XR [OUTPUTl 

XI [INPUT] 
transformed [OUTPUT] 

N Total number of the Array (N); usually N=128 [INPUT] 

187 
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Array of the real part of the function to be transformed 
Array of the imaginary part of the function to be 



NU (2)NU=N; usually NU=7 which gives N=128 ' [INPUT] 
NGG I f  NGG=l,  the subroutine performs the Fourier Transform 

I f  NGG=2, the subroutine performs the Inverse Fourier 
Transform 

[INPUT] 

L i s t i n g  o f  Subroutine FFT 
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Subroutine WIND 

The WIND subroutine is called by the subroutine VELO for the given 
position (x,z) from VELO. 
velocity at the point x,z in the flow field based on the tabulated data for 
the given thunderstorm data set placed in storage by subroutine BUILD. The 
area-weighting interpolation method i s  illustrated in Figure 2C-3. 

Interpolation by an area-weighting method for the 

The area-weighting scheme calculates the velocity and velocity gradient 
of each point by using the four nearest neighboring grid point velocities. 

Figure 2C-3 Area-Weighting Technique 
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The velocity at point P is given by: 

where 

A = A1 + A2 + A3 t A4 

The same interpolation method is used for the velocity gradients. 

Nomenclature 

Subrouti ne WIND (X , Z , HAM, KCK, WX , WZ , WY , WXX , WXZ , WZX , WZZ, WYX ,WYZ) 
(W) Position vector (users units) [INPUT] 
HAM Ratio of units (users units) [ INPUT] 
KC K [INPUT] Integer number for storing a new thunderstorm case. 

If KCK=1, the subroutine BUILD is cplled and a new 
thunderstorm data set is read in; otherwise KCK=2. 

wx Velocity in longitudinal direction 
wz Velocity in vertical direction [OUTPUT] 
WY Velocity in lateral direction 

WXX,WXZ Velocity gradient 
WZX,WZZ Velocity gradient [OUTPUT] 
WYX,WYZ Velocity gradient 

Listing o f  Subroutine WIND 
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Subrout ine  BUILD 

The subroutine WIND i s  called by the subroutine BUILD which reads ind i -  
v idua l  sets of wind speed da ta  i n to  storage. 
i n  sequential order based on the numbering system utilized i n  this report; 
t h a t  i s ,  Case 1 corresponding t o  Case A, Serial No. 0446 o f  Reference c2-1.1 
i s  read i n  f i r s t  and remains i n  storage u n t i l  KCK i n  l i s t  statement o f  sub- 
routine WIND is assigned the value 1. 
next thunderstorm case i n  numerical order. 

The thunderstorm cases are read 

The subroutine WIND then cal ls  the 

In subroutine BUILD, the grid'system for the wind f ield is shown i n  
Figure 2C-4 where IT=41 and JT=ll . 

JT 

3 
2 
1 1 2 3 4 5  i i+l IT 

Figure 2C-4 Grid System o f  Wind Field 
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At point ( 1 , J )  the normal velocity W,(I,J) and vertical velocity W,(I,J) are 
stored as 

A(I,J,l) = Wx(IyJ); 

A common statement is used to transfer the data A(I,J,K) to the subroutine 

A(I,J,2) = W,(I,J) 

WIND. 
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APPENDIX 3A 

TABULATED STABLE AND NEUTRAL BOUNDARY LAYER DATA 

This appendix contains t h e  tabulated data i n te rpo la ted  from the  
extensive measurement o f  wind ,speeds under varying condi t ions o f  s t a b i l i t y  
reported by Clarke and Hess [3-11. - 

The tabulated values a re  the  l o n g i t u d i n a l  and l a t e r a l  wind speeds 
Wx(z) = W,/u, and W (z)  = W /u, f o r  neutra l  and s t a b l e  boundary l aye rs  fo r  

Y Y 
p ,> 0 where the  dimensionless height  f = zf/u,. 
computer cards and used w i t h  the  computer lookup r o u t i n e  given i n  Appendix 3C 
i s  

A h  A A h  

The data a c t u a l l y  stored on 

A i X  = ix(; = 0.15) - QX(;) 

and 

A h  A h  

A i  = W,(z) - Wy(z = 0.15) 

These data have been converted t o  9, and W using the re la t i onsh ips  

Wx(z) = AWx(z = 0.001) - A$(;) + i x ( i  = 0.001) 

and 

Y 
h 

Y 

A h  A h  

A A  A h  A h  

WY(z) = AWY(z) - AWy(Z = 0.001) 

where 

W,(z = 0.001) = K-’[!?,n(O.OOl Ro + 1) + 0.01125 u] 
A *  

To extend t h e  tab les  t o  values o f  2 < 0.001 , wind speeds can be computed from 

1 
fix(;) = {Rn(Ro f + 1)  + 4.5 f p / d ; .  1.1 L 0, 0 ,< f 2 0.001 
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and ORIGINAL PAGE IS 
OF POOR & U r n  

The data are presented i n  a r ight-hand coordinate system w i t h  Wx p o s i t i v e  
i n  the d i r e c t i o n  from l e f t  t o  r i g h t  and W p o s i t i v e  i n t o  the plane o f  the 
paper. 

- Y 

Tabulated r e s u l t s  are given f o r  values o f  F.I ranging from 0 t o  200 i n  
increments o f  Ap = 10 l i s t e d  across the  top  o f  t h e  tab les  and f o r  values o f  
ranging from 0.001 t o  0.15 l i s t e d  i n  t h e  v e r t i c a l  le f t -hand column. 

From these tab les t h e  user can const ruct  wind speed p r o f i l e s  f o r  given 
values of p, u, and f. Note t h a t  f = zf/u, and Ro = u,/zf. 
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Table 3A-l(a) LongitudinaJ Wind Speed, ix, Ro =lo' 
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Table 3A-1 (b) La te ra l  Wind Speed, RO =IO7 ORIGINAL, PAGE 
OF POOR &UAw[TyI wY 

-18 .0  -20 .4  - 2 2 . 9  - 2 5 . 0  -2d.7  -32.0 -31.4 -30 .7  -2Y.8  -28 .9  - 2 8 . 0  

- 1 7 . +  -19.b - 2 2 . 3  -L4.Y -2d.U - j 1 . 2  - 3 0 . 6  -2Y.O -2b.9  -27 .9  -27.0 

- 1 7 . 1  -19.4 - 2 1 . 7  -L4.2 - 2 7 . 2  -30 .4  -29.7 - 2 b . 9  -2U.O - 2 7 . 0  - 2 6 . 1  

- 1 7 . 0  * l Y . l  - 2 1 . 2  -23.4 -40 .3  -29 .5  -Lb.u - 2 b . l  - 2 7 . 1  -26 .1  -25 .2  

-1b.3  -18.4 - 2 0 . 5  - 2 l . a  -25.3 -28.3 -27.0 -20.7 - 2 5 . 6  -24 .0  -23.7 

- 1 5 . 5  -17 .b  - 1 9 . 9  -21 .d  -24.3 -L7.2 - 2 0 . 2  -25.2 - 2 4 . 0  -23 .0  - 2 2 . 1  

- 1 4 . 5  -17.1 - 1 9 . 4  -20.9 -23.2 -25.9 -24.7 -23 .5  -22 .3  -21 .3  -20 .4  

. -13.5 - 1 5 . 5  - 1 7 . 4  -18.9 -20 .9  -23.2 -22.3 -21 .4  -2b.4  -1Y.b -1b.8  

- 1 2 . 1  - 1 3 . 5  - 1 5 . 0  -1b.5 -1d.o -21 .1  -20.3 -19 .3  -18 .0  -17 .2  -1b.5 

-10.4 - 1 1 . 3  - 1 2 . 4  - 1 3 . 8  - 1 b . 4  - 1 Y . 4  -1d.4 - 1 7 . 2  -15.2 -14.3 -13.Y 

-t l .7 -9 .9  - 1 0 . 9  - 1 2 . ~ 1  - 1 4 . 1  -17.0 -15.Y -14.7 -13 .3  -11 .3  -11,'s 

- 7 . 0  - b . l  - 9 . 2  -1U.2 - 1 2 . 1  - 1 4 . 5  -13.3 -12.1 - 1 0 . 9  -9 .9  -9 .0 

-3.3 -b.2 - 7 . 2  - b . 4  -10.U - 1 1 . b  -10.0 -9.4 - 8 . 2  -7.2 - 6 . 3  

-3 .7  -3 .9  -4 .4  - 5 . 4  -7.1 -9.1 - 7 . Y  -b.d -5.b -4 .9  -4.0 

- 1 . M  - l . b  - 2 . 0  - 2 . 5  -3.6 -4 .b  - 4 . 1  - 3 . 4  - 2 . 9  -2.4 -1 .d  

-O.d - O . b  -0.9 -1 .1  -1.0 - 2 . 1  - l . b  -1.5 -1.3 -1.0 -0.8 

0.u 0 . 0  0.0 O.G 0.0 0.0 0.0 0 . 0  0.0 0.0 0.0 

1 0 0  110 1 2 0  1 3 0  1 4 0  1 5 0  160 170 l M 0  190 2 0 0  

-2b.O -26 .U - 2 5 . 8  -25 .2  - 2 4 . 2  - 2 3 . 0  - 2 l . b  - 2 0 . 5  - 1 9 . 1  -17 .2  -15.0 

- 1 7 . 0  -25 .8  - 2 4 . 7  - 2 4 . 1  -23 .3  - 2 2 . 2  - 2 1 . 1  - 1 9 . 8  - 1 8 . 4  -16.5 -14.3 

- 2 6 . 1  -24 .d  - 2 3 . 8  - 2 3 . 3  -22 .4  -21.4 -10 .2  - l Y . O  - 1 7 . 6  -15.7 -13.6 

- 2 3 . 2  - 9 3 . 9  -22.Y - 1 2 . 4  -21 .b  -20 .5  -19 .3  - 1 M . O  -1b.6 -14.8 -12.b 

-23 .7  - 2 2 . 5  - 2 1 . 5  -21 .0  -20 .0  - 1 t l . U  -17.9 - 1 b . 9  - 1 5 . 8  -13.b -11.8 

- 2 2 . 1  - 2 1 . 0  - 2 0 . 0  -1Y.b - 3 U . o  -17 .3  -1b.o - 1 5 . b  - 1 4 . 6  -13 .0  

- 2 U . U  -39.4 -18 .5  - 1 6 . 1  - 1 7 . 1  - 1 3 . Y  -15 .3  - 1 4 . 7  -13 .h  -12.3 

-1d.H - 1 7 . 1  - 1 7 . 1  -1b.7  -15.b - 1 4 . 0  -14 .0  - 1 3 . 3  - 1 2 . 5  -11.2 

- 1 0 . 5  - 1 5 . 1  - 1 5 . 3  - 1 5 . 0  - 1 4 . 1  -13.3 -12.'/ - 1 2 . 0  - 1 1 . 3  -10.1 

- 1 3 . 9  -13.5 - 1 3 . 2  -13.0 -12 .5  - 1 1 . 9  - 1 1 . 3  -10 .7  - 1 0 . 2  -8 .9  

- 1 1 . 5  - 1 1 . 0  -10 .7  - 1 0 . 0  - 1 0 . 5  - 9 . 9  -Y.7 -9.3 -b.b -7.3 

-9.0 -8 .4  - 6 . 0  - b . l  - 7 . 9  -7 .7  -7 .8  - 7 . 6  - 7 . 0  -5.7 

- 0 . 3  -5.7 - 5 . 2  -5.0 -5 .0 - 5 . 3  -5.0 -5 .a  - 5 . 5  -4.2 

- 4 . 0  -3 .1  - 2 . 7  -3 .1  -3 .1  - 3 . 0  -3 .5  - 3 . b  - 3 . 6  - 2 . U  

-11.1 

-10.5 

-9.U 

-&.7  

-7.2 

-5.6 

-4.0 

-2.4 

-1.4 

-1 .8  -1 .3  -1.0 -1.4 -1.4 -1 .2 -1.0 -1 .8 -1.9 -1 .4  -0.6 

- 0 . d  -0 .b  -0.5 -0.0 -0.0 -0.5 -0 .7  -O.d -0 .b  -0.b -0.3 

0 . 0  0.0 0.0 0.0 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 
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Table 3A-2(a) Longitudinal Wind Speed, W,, Ro =lo 

0 

36.3  

Jb.3 

36.4 

36.3  

3b.3 

36.3 

36. j 

36.3  

3b.3 

3 b . l  

34 .1  

32.1 

30.1 

2 d . l  

23.3 

20.0  

1 0 0  

10.1 

7 0 . 1  

7 0 . 1  

10.1 

7 0 . 1  

6 9 . d  

b Y . l  

b7.  I 

bb.3 

05.u 

0 2 . 9  

33.4 

54.3 

44 .2  

32 .2  

23.5 

20.1  

10 2 0  30 

40.7 4 5 . 4  5 0 . 5  

40.7 45.4 5 0 . 5  

40.7 45 .4  50.5  

4 0 . 7  45 .4  5 0 . 5  

4 0 . 7  43.4 5 0 . 5  

40.7 4 5 . 4  50.5  

4 0 . 7  43 .4  5 0 . 5  

4 0 . 7  4 5 . 4  5 0 . 5  

40.7 45 .4  5 0 . 5  

4 0 . 6  4 5 . 3  50 .3  

38.2 42 .5  47 .4  

36.6 40.1 44 .b  

34.0 3 8 . 0  4 2 . 5  

3 2 . 0  35 .7  3 4 . 2  

25 .8  2 U . l  3u,o 

21.2  22.4 23 .4  

110 120 130 

7 1 . 6  72.d 73.7 

7 1 . 6  72.11 73.6 

7 1 . 5  72.7 73.3 

71 .4  72 .4  7d.4 

7 1 . 1  1 l . Y  12.2 

70.7 71 .4  7,l.O 

7 0 . 0  70.7 7 1 . 1  

bd.d a9.7 7 0 . 1  

.b1.5 6d.3  61.1 

oe.0 66.7 bo.$ 

n5.1 65.9 65.0 

bo.> 81.2 0 1 . 1  

55 .2  5 5 . 7  55 .5  

45.5 46.6 47 .1  

33.2 34.1 3 4 . 1  

20.1 ‘2b.h 2 1 . 0  

20.4 20.6 2U.Y 

4 0  

54.4 

5u.4 

54 .4  

54.4 

54.4 

54.4 

54.Y 

34.4 

5 4 . 1  

5 3 . 5 ’  

5 0 . U  

4u.3 

45. b 

90.5 

30 .5  

2 3 . 8  

140 

7 4 . 0  

7* .4  

7 4 . 0  

73.4 

7L.U 

12.2  

11.7 

70 .7  

o Y . l  

b1 .5  

0 5 . 0  

0 1 . 0  

55.9 

17.5 

35.1 

2 7 . 5  

2 1 . 2  

50 

a7.7 

57.7 

31.7 

9.1 7 

51.7 

5 7 . 7  

57.7 

51.7 

3 7 . 0  

35.7 

33 .6  

5 1 . 1  

Y 8 . 1  

40.7 

30.2 

2 3 . 1  

150 

13.;  

73.2 

74.7 

74.0 

73.3 

73.u  

7 2 . 4  

7 1 . 3  

09.Y 

oU.4 

ob.4 

02.4 

50.7 

4d.7 

3 0 . 0  

2 7 . 9  

21.5 

bU 

bU.4 

b0.C 

bU.4 

b6.4  

b6.4 

00.4 

06.3 

b 0 . 1  

59 .2  

5 1 . 7  

5 5 . 0  

5 3 . 2  

30.6 

r 1 . o  

3U.l  

2S.Y 

160 

75.8 

75 .3  

I 4 . U  

74 .1  

73.0 

73. I 

72.4 

71.4 

0 9 . Y  

bU.2 

bb.1 

02.3 

3b.Y 

4 4 . u  

36.3 

2 u . 1  

2 1 . 1  

711 00 9 0  

0 3 . 0  6 5 . 7  4U.U 

03.0 65.7 bb.O 

0 3 . 0  b5.7  6U.O 

o3.U 65.7 88.0 

03.0 6 5 . 7  6 8 . 0  

0 3 . 0  

b3.U 

b2.5  

b 1 . 4  

54.7 

5 7 . 1  

55.2 

51  ..I 

65.7 b7.Y 

b5.7 67.b 

b4.5 bb.2 

b3.2 64.4 

b1.V 63 .5  

s9.n 6 1 . 5  

Sb.4 5 8 . 3  

5 1 . 8  53 .6  

4 1 . 3  4 1 . 4  42.5 

30.0 29 .9  3O.S 

24.0 2 4 . 1  24 .7  

170 1UO 1 Y O  

I b . 1  

75.5 

74.9 

74.3 

vJ.8 

73 .1  

72.4 

71.4 

b9.Y 

L Y .  1 

a5.Y 

a2.2 

5 7 . 1  

4 Y . j  

30.5 

2Y .5 

2 2 . 1  

76 .3  

75.8 

75.2 

74 .6  

73.Y 

73 .2  

7 2 . 4  

71 .4  

7 0 . 0  

b8.1  

6 5 . 6  

b1.U 

57.3 

49.5 

3 0 . 8  

28 .8  

2 2 . 3  

76.b 

7 6 . 1  

75.5 

74.Y 

74.2 

73.4 

72 .0  

71.4 

70 .0  

bd.3 

b5.S 

62 .0  

5 7 . 0  

49.Q 

3 7 . 1  

29.1 

22 .6  

100 

7 0 . 1  

70.1 

7U. 1 

70.1 

70.1 

60.8 

6Y.1 

b7.7 

66 .3  

6 5 . 0  

62.9 

5 9 . 4  

5 4 . 3  

44 .2  

3 2 . 2  

25.5 

200 

76.9 

76 .4  

7 5 . 1  

75.2 

7 4 . 4  

73.7 

72.U 

7 1 . 5  

7u.u 

bd.4 

6 5 . 4  

61  .9 

57.d 

50.1 

37.4 

2Y.3 

22.9 
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h F POOR QUALITY. 
Table 3A-2(b) Lateral Wind Speed, Wy, Ro =l 

0 1 0  2 0  30 40 90 b 0  7 0  10  Y o  100 

- 1 8 . 0  -20.4 - 2 2 . 9  - 2 5 . 6  -2U.7 -32.0 - 3 1 . 4  -30.7 -29.U -28 .9  -28.0 

- 1 7 . 4  -19.U - 2 2 . 3  -24.Y - L U . U  -31.2 -3U.o -2Y.M -21.9 - 2 7 . 9  -27 .0  

- 1 7 . 1  - 1 9 . 4  -21 .7  -24.2 -21 .2  -3U.4 -21 .7  - 2 U . 4  - 2 8 . 0  -27 .0  - 2 b . l  

-17.0 - 1 9 . 1  - 2 1 . 2  - 2 3 . 4  -20 .3  -29 .5  - 2 8 . U  - 2 b . l  - 2 7 . 1  - 2 b . l  -25 .2  

-10.3 - 1 0 . 4  - 2 0 . 5  -22 .6  -25.3 -28.3 -27 .b  -20.7 -25.b -24.b -2.3.7 

- 1 5 . 5  -17 .8  - 1 9 . 9  -2 l .M - 2 9 . 3  -27 .2  -2b.2 - 2 5 . 2  -24 .0  -23.0 - 2 2 . 1  

- 1 4 . 5  - 1 7 . 1  -19 .4  - 2 0 . 9  - 2 3 . 2  -L5.9 - 2 4 . 1  - 2 3 . 5  -22 .3  - 2 1 . 3  - 2 0 . 4  

- 1 3 . 5  - 1 5 . 5  -11 .4  -18 .9  - L u . 9  -25 .2  - 2 2 . 3  - 2 1 . 4  - 2 0 . 4  - 1 9 . b  -18 .d  

- 1 2 . 1  - 1 3 . 5  - 1 5 . 0  -10 .5  -1d.0 - 2 1 . 1  - 2 0 . 3  -15 .3  - l U . O  -17.2 - 1 6 . 5  

- 1 0 . 4  - 1 1 . 3  -12 .4  -13 .9  -10 .4  - 1 Y " q  -1u.4 - 1 7 . 1  - 1 5 . 2  - 1 4 . 3  -13.Y 

-8 .7  - 9 . 8  - 1 0 . 9  - 1 2 . 6  - 1 4 . 1  -17.0 - 1 5 . Y  - 1 4 . 7  - 1 3 . 3  -12.3 - 1 1 . 5  

- 7 . 0  -1.1 -9 .2  - 1 u . 2  -1L.1  - 1 4 . 5  -13.3 - 1 2 . 1  - 1 0 . 9  - 9 . 9  - 9 . 0  

-5.3 -0 .2  - 7 . 2  -b.4 - 1 U . u  - 1 1 . 0  -10.0 - 9 . 4  -b .2  - 7 . 2  -b .J  

-3 .7  -3.9 - 4 . 4  ->.'I - 7 . 1  -Y.1 - 7 . 9  -b .b  - 5 . 8  - 4 . 9  - 4 . 0  

-1.U - 1 . d  - 2 . 0  - 2 . 5  -3 .0  - 4 . 8  - 4 . 1  - 3 . 4  - 2 . 9  -2 .4  - 1 . d  

-0 .H -0.d - 0 . 9  -1 .1  -1 .0  -2.1 -1.M -1.5 - 1 . 3  -1.0 -O.b 

10U 1 1 0  1 2 0  1.30 1 4 0  150 1bO 1 7 0  1 8 0  1 9 0  200 

-28.0 - 2 0 . 8  - 2 5 . 8  - 2 5 . 2  - 2 4 . 1  - 2 3 . 0  -21.8 - 2 0 . 5  - 1 9 . 1  -17 .2  -15.0 

-27 .0  -25.U - 2 4 . 7  - 2 4 . 2  - 2 3 . 3  -22 .2  - 2 1 . 1  -19.M - 1 8 . 4  - 1 6 . 5  -14 .3  

-26.1 -24.B - 2 3 . 8  - L 3 . 3  - 2 1 . 4  -21 .4  -20 .2  -19.0 -17 .6  -15.7 - 1 3 . 6  

-25 .2  -23 .9  -2L.Y - 2 2 . 4  - 2 1 . 0  -2U.5 -1'9.3 -11 .0  - 1 6 . 6  - 1 4 . 8  - 1 2 . 8  

-23 .7  - 2 2 . 5  - 2 1 . 5  - 2 1 . 0  -20.0 - 1 8 . 1  -17.9 -1b.Y - 1 5 . 6  -1J .d  -11 .8  

- 2 2 . 1  - 2 1 . 0  - 2 0 . 0  -1Y.6 - 1 8 . 0  - 1 7 . 3  -1b.O -15.U - 1 4 . b  - 1 3 . 0  -11.1 

- 2 0 . 4  -19 .4  - 1 6 . 5  -18.1 -17 .1  -15.Y -15 .3  -14 .7  -13.8 - 1 2 . 3  - 1 0 . 5  

-1M.U -17.M - 1 7 . 1  - 1 0 . 7  -15.U - 1 4 . 6  - 1 4 . 0  - 1 3 . 3  - 1 2 . 5  - 1 1 . 2  -9.1 

-10 .5  -15 .8  - 1 5 . 3  -15.0 -14.L - 1 3 . 3  -12 .7  - 1 2 . 0  -11 .3  - 1 0 . 1  -8.7 

-13.9 - 1 3 . 5  - 1 3 . 2  - 1 3 . 0  -12 .5  -11 .9  - 1 1 . 3  -10.7 - 1 0 . 2  - 8 . 9  -7 .2 

-11.5 - 1 1 . 0  -10.7 - l U . b  -1U.5 - Y . Y  - Y . 7  -Y.3 -1 .6  - 7 . 3  -5 .6  

- 9 . 0  -8 .4  -0.0 -1.1 -7.Y - 7 . 1  -7.6 - 7 . 6  -7 .0  - 5 . 1  -4.0 

-6 .3  -5.7 -5 .2  -5.0 -5.0 -5.3 -5.0 -5 .6  - 5 . 5  -4 .2  -2.4 

- 4 . 0  -3 .1  -2.7 - 3 . 1  -3.1 -3 .0  - 3 . 5  -3.d - 3 . 8  - 2 . 8  -1 .4  

-1.1 -1 .3  -1.0 - 1 . 4  -1.4 -1.2 -1.0 - l . b  - 1 . 9  -1 .4  -'O.b 

-0 .U - 0 . 6  -0 .5  -U.O -O.b -0.5 - 0 . 7  -0 .8  - 0 . 8  -0.6 -0.3 

0.0 0.0 0.0 0.0 0.0 0.0 u.c, 0.0 0.0 0.0 0 .0  
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Table 3A-3(a) Longi tudinal  Wind Speed, W,, Ro =10 

0 10 20 

35 .0  

35.0 

35.0 

35.0 

35 .0  

35.0 

35.0 

35.0 

35.0 

34.0 

32.4 

39.7 

39.7 

39.7 

3Y.7 

39.7 

3Y.7 

3 3 . 7  

39.7 

39.1 

34.5 

36.& 

30 

0 . 1 ¶ 0  

0 . 1 4 0  

0 . 1 3 0  

0 . 1 2 0  

0 . 1 1 0  

0 . l J 0  

U .090  

V.YCl0 

U.OlU 

0 .oou  

0 . 0 3 0  

U.UJU 

0 . J J O  

44 .0  

44.6 

44 .8  

44 .0  

44.b 

44 .0  

44.b 

44.a 

44.6 

44 .0  

4 1  . O  

4 0  50 60 1 0  h0 90 

3 0 . 3  

30.5 

30.5 

30.3 

30.5 

30 .5  

30 .5  

30.5 

30.5 

30.4 

28.4 

O . U * U  20.4 3 C - 2  34.4 3 9 . 1  42.5 45 .4  97.5 49.4 51 .2  52 .5  53.6 

0 .030  44.4 2e.2 32.3 30 .7  39 .6  4 2 . 3  4 4 . 3  45.9 41.0 U 7 - 9  48.5 

U . U Z U  2 2 . 3  2 0 - 2  3 0 . 0  33 .4  3 r . I  34.Y 35 .3  35.5 35.6 30.8 3b.5 

0 .01u  1 7 . 6  2;-3 22.3 24 .3  2U.7 24.4 24 .3  24.2 24 .2  25.0 26.4 

0.003 14 .2  1 2 - 4  1 6 . 6  1-7.1 1 b . O  1b.U 1 b . l  lU .3  l b . 4  18.Y 19.7 

0 . 0 0 1  11 .5  1Z,& 12 .1  12.4 l Z . b  12.9 13.2 13.5 13 .8  14.0 14.3 

4b.b 

4a.O 

4b.b 

4d.O 

4 6 . 0  

4 0 . 6  

4U.b 

46 .0  

4n.4 

4 7 . 7  

4 5 . 1  

5 1 . 9  

5 1 . 9  

51.9 

5 1 . 9  

51.9 

51.9 

51.0 

5 1 . 9  

5 1 . 2  

4V.Y 

47.0 

54 .6  

54 .0  

54 .6  

5 4 . 0  

54 .0  

54.6 

5 4 . 6  

54.4 

53.5 

51.Y 

4Y.Y 

57.3 6 0 . 0  

57.3 60.0 

57.3 60 .0  

57.3 60.0 

57.3 60 .0  

57.3 60 .0  

57.3 59 .9  

5b.7 5b.0 

55.0 57 .5  

54.0 2b .0  

51.9 54 .0  

6 2 . 2  

02.2 

62.2 

62.2 

b2.2 

b2.1 

b1.$ 

6 0 . 5  

5 9 . 1  

57.7 

55.7 

1 0 0  

64.3 

6 4 . 3  

64.3 

64 .3  

6 4 . 3  

64.0 

63.4 

62.0 

60.6 

59.2 

57.2 

100  110 1 2 0  130  1 4 0  1 5 0  1 6 0  176  I60 190 200' .  - 

b4.J 

b4.3 

b4 .J  

64.3 

04.3 

b4.0 

03 .4  

b2.O 

b 0 . 6  

59 .2  

37.2 

53 .6  

4b.5 

65.n 

6S.8 

65 .7  

65.b 

b5.4 

64.9 

b4 .3  

h 3 . 1  

61.7 

* h 0 . 2  

5 8 . 3  

54.7 

4Y.4 

6 1 . 1  

6 7 . 1  

06.Y 

66 .6  

66.2 

65 .6  

65 .0  

6 3 . 9  

62.6 

61 .0  

5Y.1 

55 .4  

50 .0  

6u.0 

6 7 . 9  

6 7  .O 

b7 .1  

66.5 

b 5 . 9  

b5.3 

64 .3  

62.9 

01.1 

59 .2  

55.3 

49.7 

b 0 . Y  

68.7 

bM.3 

e7 .o 

b 7 . 0  

6 0 . 3  

0 5 . 9  

64.Y 

0 3 . 5  

61 .7  

5 Y . M  

53.6 

5 U . l  

69 .7  

bY.5 

b 9 . 0  

bd .2  

0 7 . 8  

01.2 

b0.7 

0 3 . 5  

04 .2  

bL.0 

b 0 . 6  

28 .0  

5u.9 

70 .0  

b9.b 

b9 .0  

bB.4 

07.9 

07 .3  

bO.7 

0 3 . 0  

b 4 . 2  

62.4 

b0 .4  

bb.5 

5 1 . 1  

70 .3  

09 .8  

69 .2  

6b.o  

bb.O 

h7.4 

00 .7  

h5.b 

b4 .2  

b2 .3  

6 0 . 1  

56.4 

51.3 

70 .6  

70.0 

0 9 . 5  

bb.9 

0 b . Z  

b7.4 

bb.6 

b5.6 

b 4 . 2  

4 2 . 4  

59.9 

5 6 . 3  

5 1 . 6  

7 O . Y  

70.3 

69.7 

bY.1  

h8.4 

b7.6 

b0.Y 

05.7 

04.2 

6 2 . 5  

5Y.7 

5 0 . 2  

51.8 

71.1 

7 0 . 6  

7 0 . 0  

69 .4  

68.7 

6 7 . 9  

b7.1 

6 5 . 7  

64.3 

62 .7  

59.0 

56.2 

52.0 

0.010 26.4 27 .4  28.3 2 a . r  2 9 . 0  30.2 30.5 3O.u 31 .1  31.4 31.0 

u .u05  1Y.7 20.3 2 0 . 8  21 .3  21.7 2 2 . 2  2 f . 5  22.7 23 .0  23 .3  23 .6  

0 . 3 u 1  14 .3  14.0 14.9 1 5 . d  13 .5  13.7 1 b . U  10.3 16 .6  1b.Y 17 .1  

200 
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Table 3A-3(b) La tera l  Hind Speed, \Iv, Ro =10 
J 

0 . 1 5 0  

0 . 1 4 0  

0 . 1 3 0  

0.110 

u . 1 1 0  

0 . 1 0 0  

0 . 0 i U  

u.um3 

0 .  U70 

0 .Jo0  

U . 0 5 J  

0 . u 4 u  

u . u 3 u  

v .  u20 

0 . U I U  

5 . 0 0 5  

u . u u 1  

0.150 

0 . 1 4 0  

0 . 1 3 u  

0.120 

0 .110 

u.100 

0.UYU 

tJ.0dO 

U . U I U  

O.Ub0 

u.u30 

0 . 0 4 0  

u . 0 3 0  

0 .02u 

U . * l U  

o.uo5 

u.u01 

0 10 

-18 .0  -20.4 

-17.4 -19.8 

-17 .1  -19 .4  

-11.0 - l Y . l  

-10.3 -18 .4  

- 1 3 . 5  -17.d 

- 1 4 . 5  -17.1 

- 1 5 . 5  -15.5 

- 1 2 . 1  -13 .3  

-10.4 -11 .3  

-1 .7  -y .a  

-7 .0  -1.1 

-5 .3  -6.2 

- 3 . 7  -3.9 

- 1 . 1  -1.8 

-0 .8  -0 .8  

0.0 0.0 

2 0  3 0  

-22 .9  - 2 5 . 6  

-22.3 -24.Y 

-21 .7  - 2 4 . 2  

-21 .2  - 2 3 . 4  

- 2 0 . 5  - 2 2 . 0  

- 1 9 . 9  - d l . b  

- 1 9 . 4  - 2 0 . 9  

- 1 7 . 4  -11.Y 

- 1 5 . 0  - 1 0 . 5  

-12.4 -13.9 

-10.9 - 1 2 . 0  

- 9 . 2  - 1 0 . 2  

-7 .2  -b .4  

- 4 . 4  -5 .4  

-2 .0  - 2 . 5  

-0.9 - 1 . 1  

0 . 0  O.u 

4 0  

-2b.7  

-2b.U 

-21 .2  

- 2 0 . 3  

-23.3 

-29.3 

-23.2 

-2O.Y 

-1M.b 

-10.4 

- 1 4 . 2  

- 1 2 . 1  

- 1 0 . 0  

-7 .  I 

-3 .0  

-1  .o  

0 . 0  

SO 60 7 6  rO 90 100 ' 

- 3 2 . 0  -31 .4  -30.7 -29.M -2b.Y -28 .0  

- 3 1 . 2  - 3 0 . 0  -29.b -2M.Y - 2 7 . 9  -27 .0  

-5i l .4 - 2 9 . 1  -28 .9  -2b.O -27 .0  -20 .1  

-2Y.5  -2u.d - 2 B . l  - 2 7 . 1  - 2 6 . 1  -25.2 

-2b.3  - 2 7 . 6  -26.1 - 2 5 . 6  - 2 4 . 6  -23 .7  

-21 .2  -26.2 -25 .2  -24 .0  -23 .0  -22 .1  

- 2 5 . 9  - 2 4 . 1  - 2 3 . 5  -22 .3  -21 .3  -20.4 

-23.2 -22 .3  -21.4 -20.4 -19 .0  -18.8 

- 2 1 . 1  -20.3 -1Y.3 -18.0 - 1 7 . 2  -16.5 

-1Y.4 -1m.4 - 1 7 . 1  -15 .2  -14 .3  -13 .9  

-17 .0  -15 .9  -14 .7  - 1 3 . 3  -12 .3  -11.5 

-14 .5  -13.3 - 1 2 . 1  -10 .9  -9.Y -9.0 

- 1 1 . 8  -16.6 -Y.4 -8 .2  -7 .2  -6 .3  

- 9 . 1  -7 .9  -6.U - 5 . 8  - 4 . 9  - 4 . 0  

-4.b - 4 . 1  -3.4 -2 .9  - 2 . 4  -1.b 

-2 .1  -1 .d  - 1 . 5  - 1 . 3  -1.0 - 0 . 8  

0.0 O.u 0.0 0 .0  0.0 0.0 

-28 .0  - 2 6 . 8  - 2 5 . 8  - 2 5 . 2  - 2 4 . 1  - 2 3 . 0  -21.b - 2 0 . 5  - l Y . l  - 1 7 . 2  -15 .0  

- 2 7 . 0  -2S.b - 2 4 . 7  - 2 4 . 2  - 1 3 . 3  - 2 2 . 2  - 2 1 . 1  -1Y.b -1B.4 - 1 6 . 5  -14.3 

-20 .1  - 2 4 . 8  - 2 3 . 8  -23.3 -22.4 -21.4 - 2 0 . 2  - l Y . O  - 1 7 . 6  -15 .7  -13.6 

- 2 5 . 2  - 1 3 . 9  -22 .9  - 2 2 . 4  - 2 1 . 0  -2U.5 -19.3 -1b.O -10 .6  -14.8 -12 .8  

- 2 3 . 1  -22.5 - 2 1 . 5  - 2 1 . 0  -20.U -1b.b - 1 1 . 9  -10.9 - 1 5 . 6  - 1 3 . 8  -1l.U 

- 2 2 . 1  - 1 1 . 0  - 2 0 . 0  - l Y . b  -1b.6  - 1 7 . 3  - 1 0 . 0  -15.M - 1 4 . 6  - 1 3 . 0  -11 .1  

-10 .4  -1Y.4 - 1 r . 5  - 1 n . l  - 1 7 . 1  -15 .Y - 1 3 . 3  - 1 4 . 1  -13 .b  -12 .3  -10.5 

- 1 8 . 8  - 1 7 . 8  - 1 7 . 1  -1b.7 -1S.B -14.6 -1Y.U - 1 5 . 3  - 1 2 . 5  -11 .2  -9.8 

-16.5 - 1 5 . 8  - 1 5 . 3  - 1 5 . 0  - 1 4 . L  -13 .3  - 1 2 . 7  -12.U -11 .3  - 1 0 . 1  -b.7 

-13.Y - 1 3 . 5  -13 .2  - 1 3 . 0  - 1 2 . 5  -11 .9  - 1 1 . 3  - 1 G . 7  -10 .2  - B . Y  -7.2 

- 1 l . a  - 1 1 . 0  -10 .7  - l O . b  - 1 0 . 5  -5 .9 -Y.7 -9 .3  -8 .6 -1.3 - 5 . 6  

-9 .0  - H . 4  - 6 . 9  -b.l -7.Y -7 .7  -7 .n  - 7 . 0  -7.0 -5 .7 -4.0 

' 0 . 3  - 5 . 7  - 5 . 2  - 5 . 0  -5.u -5 .3  -5.b -5 .a  -5 .5  -4 .2  -2.4 

- 4 . 0  -3 .1  - 2 . 7  - 3 . 1  - 3 . 1  - 3 . 0  - 3 . 5  -3 .8  -3 .8  -2.8 -1.4 

-1 .1 -1.3 -1 .0  -1.4 -1.4 -1.2 -1.0 -1.8 -1 .9  - 1 . 4  -0.6 

-0 .8  -0 .6  -0 .5 'U .0  -0.0 -U.$ -0 .7  -0.8 - 0 . 8  -U.b -0.3 

0.0 (1.0 0.0 0 .0  O.u O.u 0 .u  0 .0  0 .0  0.0 0.0 



0.150 

0.140 

0.130 

0.120 

11.110 

0. 100 

0.  UY3 

0 .uau 

0 .UIU 

O.UD0 

0.U30 

0 . 0 4 0  

0.030 

U.0LO 

O.Ul0 

0.uu3 

V . J * l  
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Table 3A-4(a) Longitudinal  Wind Speed, i,, Ro =10 

0 1 0  

24.M 29.2  

24 .a  2 9 . 1  

L4.M 29.2 

24 .8  29.2 

24.U 2 9 . 2  

14.1 29.2 

24.b 29 .2  

24.6 29.2 

24.m 29.2  

24 .0  2 9 . 1  

2 2 . 0  26 .7  

20 .6  24 .5  

18.b 2 2 . 5  

10.6 2 0 . 5  

1i .m 14.5  

u.4 Y.7 

5 .8  6 . 0  

0 . 1 5 0  

0 .140 

0 .150 

u. 120 

u.110 

0 . l U U  

0.Ll9u 

0.uau 

0.J70 

* . W O O  

0 .030  

u.u40 

0 . 0 3 0  

u.020 

0.Ul l I  

0.003 

0.uu1 

20 

33.Y 

33 .5  

3 3 . 9  

3 3 . 9  

33.4 

33 .9  

33 .5  

33.9 

33 .9  

33.8 

31.0 

2L1.6 

26.5 

24 .2  

16 .5  

1 0 . 9  

6 .3  

30 

39.0  

34.u 

3 Y . V  

3Y.U 

3Y.U 

3 9 . 0  

3Y .0 

3Y.0 

3 9 . 0  

3 d . 8  

3 5 . 9  

3 3 . 5  

30 .9  

21.7 

10.5 

l l . Y  

0.0 

4 0  

4 2 . 9  

4 4 . Y  

42 .9  

4L.Y 

4.4.9 

42.Y 

4L.Y 

4 i . Y  

42.b 

42 .u  

5Y.3 

3b.8 

54.1 

2Y.0 

l Y . O  

12.3 

b . Y  

5 0  

46.2 

4b.2 

46.2 

4b.2 

4 0 . 2  

46 .2  

40 .2  

4 6 . 2  

45.5 

4 4 . 1  

4 2 . 1  

39.b 

3b.b 

29 .2  

im.0 

1 2 . 3  

1.2 

6U 

411. b 

48.M 

4M.8 

4a.a  

4b.b 

U 8 . 8  

QM.6 

4Y.b 

4 1 . 1  

40.2 

6 4 . 1  

*1 .7  

3a .5  

2Y.5 

18.b 

12 .4  

1 . 4  

70  

5 1 . 5  

5 1 . 5  

51 .5  

5 1 . 5  

5 1  .5  

51 .5  

51.5 

51.0 

49 .8  

48.2 

46.2 

43 .7  

40 .2  

29.8 

18.5 

12 .5  

7 . 1  

b o  YO 100 

5 4 . 2  50 .5  S 8 . b  

54.2 5b.5 58.6 

54.2 56 .5  58.6 

54.2 50.5 51.6 

5 4 . 2  56 .5  58.6 

34 .2  56.4 58.2 

5 4 . 2  5 0 . 1  51.6 

53.0 54.7 56.2 

5 1 . 1  53.3 54.d 

50.3 52.0 53.4 

4b.3 50.0 51.4 

43.4 46.6 47.9 

41.3 42 .1  42.8 

29 .9  31.0 32.1  

18 .4  l Y . 3  20.6 

12 .6  13.2 13.Y 

8.0 U.3 b.6 

100 1 1 0  1 2 0  1 3 0  140 1 5 0  1 6 0  1 1 6  1UO 19G - 206 - 

5 8 . 6  

58 .6  

5 8 . 6  

31 .6  

5B.b 

5 8 . 2  

57 .0  

3 b . 2  

3 4 . 8  

5 3 . 4  

3 1 . 4  

4 7 . 9  

4 2 . 6  

3 2 . 1  

LU.0 

13 .9  

b.b 

60.0 

00 .0  

0 0 . 0  

59 .9  

59 .6  

5 9 . 2  

5 8 . 5  

5 1 . 3  

5b.0 

5 4 . 5  

5 2 . 6  

4 9 . 0  

4 3 . 7  

34 .0  

21 .7  

14.5 

8 . 8  

6 1 . 3  

6 1 . 3  

6 1 . 2  

60.3 

60 .4  

5Y.L 

5Y.2 

5d.2 

5b.8 

55 .2  

53 .4  

49.6 

4 4 . 2  

35 .1  

2 2 . 5  

1 5 . 1  

9. I 

b 2 . 2  

0 2 . 1  

o1.d  

b l . 3  

6 0 . 7  

0 0 .  1 

39.b  

5M.D 

5 7 . 2  

55 . *  

5 3 . 5  

4Y.O 

45.Y 

3 5 . 0  

23 .2  

15.5 

9 .4  

b 3 . 1  

b2.9 

02.3 

0 i . Y  

b1 .3  

DU. / 

bU.2 

5 9 . 4  

31.1 

5b.U 

5 4 . 0  

5U.l 

44.4  

3b.4  

23.b 

1o.u 

9 .1  

64.0 

b5.7 

0 5 . 2  

b2.5 

b2.O 

b l . 5  

6U.9 

5Y.U 

56.4 

5D.9 

34.b 

3u.a 

45.1 

31.2 

L4.5 

l b . 4  

l U . 0  

b4.3 

b 3 . 8  

03.3 

6 2 . 6  

62.1 

b1.3  

0 0 . 9  

5Y.Y 

3b.4 

5 6 . 1  

54 .6  

30.u 

45.4 

3 1 . 5  

2 4 . 1  

10 .7  

10 .3  

b4.5  

6 4 . 0  

6 3 . 4  

b2.b 

b2.2 

6 1 . 6  

00.9 

59.Y 

58.4 

50 .5  

54 .4  

50.7 

45.b 

31 .a  

25 .0  

17.0 

10.5 

b 4 . 8  

6 4 . 3  

6 3 . 7  

b 3 . 1  

6 2 . 4  

b1.7 

bU.9 

5 9 . 9  

5u.4 

5 6 . 6  

5 4 . 1  

5 0 . 5  

45.8 

3M.O 

2 5 . 3  

1 1 . 3  

10.8 

b 5 . 1  

6 4 . 0  

b 4 . 0  

b 3 . 4  

6 2 . 6  

b l . Y  

6 1 . 1  

5Y.Y 

58 .5  

5o.U 

5 4 . 0  

50.4 

4 0 . 0  

38.3 

25.6 

17 .5  

11.1 

65.4 

64 .8  

64 .3  

63 .1  

6 2 . 9  

62.2 

6 1 . 3  

60.0 

5 d . S  

56.Y 

53.3 

50.4 

46.3 

38 .5  

25 .9  

17.8 

11.4 

202 
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Table 3A-4.(b) Lateral Wind- Speed, Wy, Ro =10 

c 

0 . 1 3 0  

0 . 1 4 0  

0 . 1 3 0  

O . l l 0  

0 . 1 1 0  

0 . 1 0 0  

0 . J Y 0  

u.uuI) 

0.070 

0.000 

0 .J50 

0 . 0 4 0  

0.UJO 

0 . 0 2 0  

0 . 0 1 0  

0 . 0 0 3  

lJ.001 

0 .150 

0.140 

0 .130 

0 . 1 L 0  

0.110 

3 .  100 

0.UY0 

d.lJd0 

0 .07u 

(I. 000  

0.05tJ 

0.  u 4 0  

0.0JO 

3 .020 

0 . 0 1 0  

0 . 0 0 3  

U.Ud1 

- 1 H . O  -10.4 - 2 2 . 9  - 2 5 , b  -28 .7  -32 .0  -31 .4  - 3 0 . 7  -2Y.S -2V.5  -26 .0  

- 1 7 . 4  -19.d - 2 2 . 3  - 2 4 . 9  -2U.0 -31.2 - 3 0 . 0  -2Y.Y -2a .Y - i 7 . Y  -27 .5  

-17 .1  -19.4 -21 .7  -24 .2  - 2 7 . 2  -3U.4 -2Y.7 -2b.Y - 2 a . 0  - 2 7 . 0  - 2 6 . 1  

-17.0 -19 .1  -21 .2  - 2 3 . 4  -26.3 -2Y.5 -db.b -2Y.1 - 2 7 . 1  -20 .1  -25.2 

-1b.3 -18.4 - 2 0 . 5  - 2 2 - 6  -25 .3  -21.3 -27 .0  -26.7 - 2 5 . 6  -24 .6  -23.7 

-15.5 -17.Y - 1 9 . 9  - 2 1 . 1  -24 .3  -27 .2  -26.2 -25 .2  -24 .0  - 2 3 . 0  -22.1 

-14 .5  - 1 7 . 1  -1Y.4 - 2 0 . Y  -23.2 -25.Y -24 .7  - 2 3 . 5  - 2 2 . 3  - 2 1 . 3  - 2 0 . 4  

-13.5 -15.5 - 1 7 . 4  -1U.Y -2U.Y -23 .2  -22 .3  - 2 1 . 4  - 2 0 . 4  - 1 9 . 6  -18.b 

-12 .1  - 1 3 . 5  

-10 .4  -11 .3  

-8 .7  -9 .a  

- 1 . 0  - b . l  

-5.3 -6.2 

-3.7 - 3 . 9  

- 1 - 8  -1.6 

-0.8 -0 .6  

u.O 0 . 0  

- 1 5 . 0  

-12 .4  

-10.5) 

-9 .2 

-1.2 

-4 .4  

-2 .0  

-0.Y 

0 . 0  

-10.5 

- 1 3 . 9  

-12 .u  

- 1 0 . 2  

- b . 4  

-5 .4 

- 2 . 5  

-1 .1  

lJ.0 

- 1 8 . 6  

-1b.4  

- 1 4 . 2  

- 3 2 . 1  

-10 .0  

-7.1 

- 3 . 0  

- 1 . 0  

0 .0  

- 2 1 . 1  - 2 6 . 3  - 1 9 . 3  - 1 9 . 0  - 1 7 . 2  

-1y.4 -1b.4  - i 7 . 2  -15.2 -14 .3  

-17 .0  -15.Y -14*'7 - 1 3 . 3  -12 .3  

-14.8 -13 .S - 1 2 . 1  - 1 0 . 9  -9.Y 

-11 .8  - l U . b  -9 .4  -9.2 - 7 . 2  

- Y . 1  - 7 . 9  -b.b -5 .8  -4.9 

-4.8 - 4 . 1  - 3 . 4  -2 .9  -2 .4  

- 2 . 1  - 1 . a  -1 .5  - 1 . 3  -1.0 

0.u 0 6 0  0 . 0  0.0 0.u 

-16 .5  

-13 .9  

-11.5 

- Y . O  

-6 .3  

-4 .0 

-1.u 

-O.U 

0 . 0  

- 2 8 . 0  - 2 6 . a  - 2 5 . 9  - 2 5 . 2  -24.2 -23 .0  - 2 1 . 8  - 2 0 . 5  - 1 9 . 1  - 1 7 . 2  -15 .0  

- 2 7 . 0  - 2 5 . 6  -24 .7  -2U.2 -23.3 - 2 2 . 2  - 2 1 . 1  -19.8 - 1 8 . 4  -16.5 - 1 4 . 3  

- 2 6 . 1  -24 .e  - 2 3 . 8  - 2 3 . 3  - 2 2 . 4  -21 .4  -20 .2  -19.0 -17.6 -15.7 - 1 3 . 6  

- 2 5 . 2  -?3.Y - 2 2 . 9  - 2 2 . 4  -21 .0  -L0 .5  -19 .3  -18 .0  - 1 6 . 6  -14 .8  -12 .8  

- 2 3 . 7  -22 .5  -21 .5  -21.6 -2U.U -1b.b - 1 7 . 9  -1o.Y -15 .b  -13.U -11.d 

- 2 2 . 1  -21 .0  - 2 0 . 0  - l Y . b  -1u.o -1'1.3 -16 .0  -15.8 - 1 4 . 0  -13.U - 1 1 . 1  

- 2 0 . 4  -1Y.4  -111.5 -111.1 - 1 7 . 1  -1b.Y - 1 5 . 3  -14.7 -13.M -12 .3  -10.5 

- 1 t i . H  -17.8 - 1 7 . 1  -10.7 -13 .8  - 1 4 . 6  - 1 4 . 0  - 1 3 . 3  -12 .5  - 1 1 . 2  -Y.8 

-10.3 - 1 5 . a  -15 .3  - 1 5 . 0  - 1 4 . 1  - 1 3 . 3  -12 .7  - 1 2 . 0  - 1 1 . 3  -10.1 -8 .7  

-13 .Y - 1 3 . 5  - 1 3 . 2  - 1 3 . 0  - 1 2 . 5  - 1 1 . 9  - 1 1 . 3  -10.7 -10 .2  -6.4 -7.2 

- 1 1 . 5  - 1 1 . 0  -10 .7  - l U . b  - 1 0 . 3  - Y . Y  -9 .7  - Y . 3  -H.6 -7.3 - 5 . 6  

-y.o -8.4 -8.0 - U . l  -/.9 -1 .7  -7.8 -7 .0  -7 .0  -5.7 -4.0 

-b .3  - 5 . 7  - 5 . 2  - 3 . 0  -5 .0  - 3 . 3  - 5 . 0  - 5 . 6  -5.5 -4 .2  -2 .4 

-4 .0  -3 .1  - 2 . 7  - 3 . 1  - 3 . 1  -3 .0 -3.5 -3 .8  -3 .8  -2 .8  -1 .4  

- 1 . 8  -1 .3  -1 .0  -1 .4  -1.4 -1 .2 - 1 . 6  -1 .8  -1 .9  - 1 . 4  -U.O 

-0.13 - 6 . 6  - 0 . 5  -0.6 - 0 . 6  - 0 . 3  -0 .7  -0.8 - 0 . Y  -0 .6  -0.3 

0.0 0.0 0 .0  0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 
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Table 3A-5Ia) Longi tudinal  Wind Speed, W,, Ro =lo  

0 10 2 3  30 4 0  30 bU 7 0  6 0  VU 100 
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Table 3A-5(b) La tera l  Wind Speed, WY, Ro =10 
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0 . 0  0 . 0  0.0 u.0 0.0 u.u 0.0 0.0 0.0 0 . 0  0.0 
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APPENDIX 3B 

GRAPHICAL ILLUSTRATION OF STABLE AND NEUTRAL BOUNDARY 
LAYER 

To provide an illustration 
encounterkd along a flight path 
boundary 1 ayers , seven velocity 
developed in this report. Both 

WIND SPEED PROFILES 

of the velocity profiles which can be 
during approach through neutral and stable -. 

profiles have been computed using the model 
1ongitudinaT and lateral wind speeds are 

shown. 
shown in Figure 3B-1 along with wind speed profiles calculated from the 
standard log-linear equation for the stable boundary layer, see References 
[3-2 and 3-51. 
with the more elaborate simulation models developed in this report to be 

The conditions for which the velocity profiles have been computed are 

This enables a comparison of the simpler theoretical models 

made. 
linear, theoretical models give only the longitudinal component of wind 
speed, whereas, the table lookup model provides both the longitudinal and the 
lateral components. The lateral wind speed component is quite significant in 
many of the cases illustrated and represents an estimate of the directional 
shear encountered during approach or landing. This directional shear cannot 
be obtained from the simpler theoretical equatibns. 

Figures 3B-2 and 38-5 through 3B-7 are computed for a u, value of 
0.1 m s-’. This value of friction, velocity when used to compute dimensional 
height from the nondimensional form 2 gives a value of z = 173 m at z  ̂ = 0.15 
which is the maximum vertical extension of.the tabulated data. Consequently, 
the aforementioned figures do not extend to the 500 m level as do Figures 
36-1, 3B-3 and 38-4. 

One thing to note in comparing the velocity profiles is that the log- 

Additional visualization of the velocity profiles which can be 
encountered in stable and neutral boundary layers with turbulence super- 
imposed are given in the text, Figures 3-8 through 3-13, Section 3.4. 

206 



ORIGINAL PAGE IS 
OF POOR Q U .  

80 

60 

3s Y 

N 

4c 

Figure 38-1 Theoret ical  Wind Speed P r o f i l e  f o r  Comparison 
w i t h  Figures 38-2 through 38-8 Computed w i t h  Wind Shear 
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APPENDIX 3C 

COMPUTER PROGRAM 

The subroutine STB i s  a FORTRAN computer program f o r  c a l c u l a t i n g  the  

wind speeds W, and W ahd t h e  wind speed gradients aWx/az and aW /az. 

t o  the program a r e  height, z, f r i c t i o n  ve loc i t y ,  u,, C o r i o l i s  parameter, f, 
s t a b i l i t y  parameter, 1-1, and surface roughness, zo. 
introduced i n  u n i t s  o f  meters and meters per second, respect ive ly .  
returned v e l o c i t i e s  and gradients have u n i t s  o f  meters per second and inverse 
seconds, respect ive ly .  Wind speeds and gradients a t  a new value o f  height, 
z, are obtained by simply assigning a new value t o  z i n  the c a l l i n g  program. 
A new cond i t i on  o f  s t a b i l i t y  i s  a lso achieved by assigning 1-1 a new value i n  
the  c a l l i n g  program. 

Inputs Y Y 

These parameters must be 
The 

The user has the  op t i on  o f  adding tu rbu len t  f l u c t u a t i o n s  t o  the wind 
speed by assigning t h e  con t ro l  i n tege r  NKK a value greater than two. 

Subroutine STB 

The subroutine STB f o r  a given height  z and w i t h  the parameter, p, 

spec i f i ed  provides t h e  wind v e l o c i t y  W, and W The user has the opt ion o f  

superimposing turbulence f l u c t u a t i o n s  on the mean wind speed i f  desired. The 
turbulence s imulat ion r o u t i n e  uses the spectra developed i n  Section 3.5 and 
the z-t ransformat ion technique f o r  generating t h e  f l u c t u a t i o n s  w,, w and wz. 

Y '  

Y 
Subroutine STB f i r s t  c a l l s  t h e  subroutine I N I T ,  which reads the i n p u t  

data i n t o  storage. The con t ro l  va r iab le  NST i s  then set  equal t o  two and 
f u r t h e r  use o f  STB does n o t  c a l l  t he  subroutine INIT. STB then c a l l s  t he  
subroutine WINDF which i n te rpo la tes  wind speeds i n  the z d i r e c t i o n  f o r  a 
prescr ibed value o f  p. 

A t  the use r ' s  option, NKK (O<NKK) can be s e t  greater than two and the  
subroutine STB w i l l  c a l l  t he  subroutine DRYDEN which processes the random 

s ignal  from the  subroutine GAUSS and generates tu rbu len t  f l u c t u a t i o n s  having 
the  modif ied Dryden spectra described i n  Section 3.4. 
a re  added t o  t h e  t u r b u l e n t  wind f i e l d  output. 

These f l u c t u a t i o n s  
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Nomenclature 

Subroutine STB (Z ,AMU, USTR, f, ZO, NST, WX, WY ,DWX ,DWY, DT, I X ,  NKK) 

Z Height (m) [ IfiPUT] 
AMU 
USTR 
F 

zo 
NST 

wx 
WY 
DWX. . 
DWY 
DT 
I X  

S t a b i l i t y  parameter (-333.33 < p < 216.67) 
Surface f r i c t i o n  v e l o c i t y  u* (m s - l )  
C o r i o l i s  parameter, f ( s - l  
Surface roughness, zo (m) 
Control va r iab le  NST = 1 i n i t i a t e s  t h e  storage o f  t he  

tabulated wind speeds 
Wind speed i n  t h e  x d i r e c t i o n  (m s") 
Wind speed i n  t h e  y d i r e c t i o n  (m s-') 
Gradient o f  W, i n  t h e  z d i r e c t i o n  (s-') 
Gradient o f  W i n  t he  z d i r e c t i o n  (s-') 

Time increment A t  o f  t h e  tu rbu len t  f l u c t u a t i o n  (s) 
I n i t i a t i n g  i n tege r  f o r  random s ignal  generator, value 

Y 

a r b i t r a r y  

[INPUT] 
[INPUT] 
[INPUT] 
[INPUT] 

T 

[INPUT] 

[OUTPUT] 
[OUTPUT] 
[OUTPUT] 
[OUTPUT] 

[ INPUT] 
[INPUT] 

NKK In teger  f o r  t o t a l  terms of z t ransformat ion [ I N  PUT] 
( i f  NKK s 2 turbulence i s  no t  added 
i f  NKK > 2 turbulence i s  superimposed on wind 
speed outputs) 



Subroutine DRYDEN 

The subroutine DRYDEN f i r s t  c a l l s  the subroutine GAUSS which generates a 
Gaussian white noise random signal .  The random s ignal  i s  then passed through 

a f i l t e r  which generates t h e  f l u c t u a t i n g  output having a spectrum f u n c t i o n  o f  
the Dryden form which f i t s  t h e  data o f  Kaimal [3-31. The subroutine DRYDEN 

P then re tu rns  the f l u c t u a t i n g  wind components, DU, DV and DW t o  the  subroutine 

STB . 
The subroutine DRYDEN u t i 1  izes the  s t a b i l i t y  parameter, p, t he  f r i c t i o n  

ve loc i ty ,  u,, t he  C o r i o l i s  parameter, f, and the wind speed a t  height, z. 
The scale frequencies, no, and turbulence i n t e n s i t i e s ,  CT , are computed 
i n t e r n a l l y  i n  the subroutine. 

2 

Nomenclature 

Subrouti ne DRYDEN( Z , SMU,USTR, F ,V,DU ,DV , DW, DT, I X ,  NKK) 

Z Height (m) 
SMU S t a b i l i t y  parameter, 
USTR 

F C o r i o l i s  parameter, f (s-'  
DU 
DV 

DW 
DT Time increment o f  t he  tu rbu len t  f l u c t u a t i o n s  ( s )  
IX 
NKK Total number o f  terms f o r  z t ransform 

F r i c t i o n  ve loc i t y ,  u, ( m  s - l )  

Wind f l u c t u a t i o n  i n  l o n g i t u d i n a l  d i r e c t i o n  (m s - l )  
Wind f l u c t u a t i o n  i n  l a t e r a l  d i r e c t i o n  (m s - l )  

Wind f l u c t u a t i o n  i n  v e r t i c a l  d i r e c t i o n  (m s- l )  

S t a r t i n g  i n tege r  f o r  generating random signal  

[INPUT] 
[INPUT] 
[ I N  PUT] 

[INPUT] 
[INPUT] 

[OUTPUT] 
[OUTPUT] 

[INPUT] 
[SPACE] 

[ INPUT] 

l i s t i n g  o f  Subroutine DRYDEN 
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H 3  
6 0  

d -1 

3 5  

Y l  
‘3 d 

Y 3  

1 0  0 

1 3 u  

1 4 1 

142 

i ‘tj 

1 4 4  
1 4 3 

Subroutine GAUSS 

The subroutine GAUSS i s  c a l l e d  by the  subroutine DRYDEN. Each t ime 
t 

GAUSS i s  c a l l e d  i t  generates a new random number. 
by GAUSS are whi te  noise having a Gaussian d i s t r i b u t i o n .  

Random numbers generated 

21 8 



Nomenclature - 

Subroutine GAUSS (IX,S,AM,V) 

[INPUT] 
[OUTPUT] I X  A r b i t r a r y  s t a r t i n g  number, I X  = 65549 

S Adjust ing number, s e t t i n g  S = 1.0 gives standard [INPUT] 
dev ia t i on  of u n i t y  

e2 AM Adjust ing number, s e t t i n g  AM = 0.0 gives zero mean [INPUT] 

V Random number output [OUTPUT] 

L i s t i n g  o f  Subroutine GAUSS 

Subroutine I N I T  

The subroutine INIT i s  c a l l e d  once by the subroutine STB t o  i n i t i a t e  
storage o f  the data. 
system arrangement shown i n  Figure 3C-1. 
where each row designated by J corresponds t o  the wind d i f f e rence  a t  t h a t  
e leva t i on  as explained i n  Section 3.1. 
sents a prescr ibed value o f  1-1 ranging from -333.34 t o  216.67. 
represents l o n g i t u d i n a l  wind speed and K=2 represents l a t e r a l  wind speed. 

The stored data i s  t rans fe r red  t o  the  subroutine WINDF through a common 

statement. 

Subroutine INIT stores the  data according t o  the  g r i d  
The data are stored as WDEL (I,J,K) 

Each column designated by I repre- 
The index K=l  
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----- 

I-- I 

I I 
: 2 3  1 34 

a 

h h 

Figure 3C-1 Grid System: K=l Correzponds to AW, = yx(? 0.15) - W x ( 2 )  
and K=2 Corresponds to W = fiy(i) - Y (z = 0.15) Y 

Listing o f  Subroutine INIT 

220 



Subroutine WINDF 

The WINDF subrout ine i s  c a l l e d  by the  subroutine STB f o r  values o f  1-1 and 
z. 
a t  the e leva t ion  and f o r  the  s t a b i l i t y  condi t ion,  1-1, from the  tabulated data 
placed i n  storage by subrout ine INIT. 
method i s  i l l u s t r a t e d  i n  Figure 3C-2. 

I n te rpo la t i on  i s  performed by an area-weighting method f o r  the  v e l o c i t y  

The area-weighting i n t e r p o l a t i o n  
Y 

Figure 3C-2 Area-Weighting Technique 

The area-weighting scheme ca lcu la tes  the v e l o c i t y  and ,ve loc i ty  gradient  
a t  the speci f ied +point  by us ing the  fou r  nearest neighboring g r i d  p o i n t  
values. The v e i o c i t y  a t  p o i n t  P i s  given by: 

Wp = $AIW1 + A2W2 + A3W3 + A4W4] 

where 

A = A1 + A2 + A3 + A4 

The same i n t e r p o l a t i o n  method i s  used f o r  the  v e l o c i t y  gradients. 

Nomenclature 

Subrouti  ne W INDF(AMU, Z , WX , WY , DWX , DWY ,USTRY F, ROSTR ) 

AMU Atmospheric s t a b i l i t y  parameter, 1-1 
22 1 

[ IWPUT] 



Z 
wx 
WY 
DWX 
DW Y 

USTR 
F 

ROSTR 

Height (m)  

Wind speed i n  the  x d i r e c t i o n  (m s-') 
Wind speed i n  t h e  y d i r e c t i o n  (m s - l )  
Wind speed gradient  i n  z d i r e c t i o n  (s-') 
Wind speed gradient  i n  z d i r e c t i o n  (s-')' 

F r i c t i o n  ve loc i t y ,  u, (m s - l )  
Cor io l  i s  parameter ( s - l )  
Rossby number, Ro 

[ INPUT] 
[OUTPUT] 
[OUTPUT] 

[INPUT] 
[INPUT] 
[INPUT] 

L i s t i n g  o f  Subroutine WINDF 
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APPENDIX 4A 

TABULATED FRONTAL DATA 

Tabulated data f o r  two c o l d  a i r  synopt ic f r o n t s  a r e  giyen i n  t h i s  
appendix. The tab les  have, due t o  t h e i r  length, been s p l i t  i n t o  s i x  pa r t s  
cover ing columns 1 through 20, 21 through 40, etc. 

W, a re values r e l a t i v e  t o  the  storm motion. The f r o n t a l  speed ux i s  given 
a t  the  top  o f  t he  t a b l e  f o r  conver t ing W, t o  i t s  value r e l a t i v e  t o  the  
ground. 

The tabulated values o f  - 

h 

The case numbers f o r  t he  two storm f r o n t s  s tud ied are l i s t e d  a t  t he  top  
Also l i s t e d  a t  the top  o f  t he  t a b l e  a re  the  horizonta.1 length  

Hence, the length  o f  f i e l d ,  

o f  the  tab le.  
scales f o r  t h e  given wind record. 

var ies  because o f  t h e  data reduct ion procedure. 
L, i n  k i lometers and the  hor izon ta l  g r i d  spacing, Ax, are spec i f i ed  on each 
tab le.  The v e r t i c a l  ex ten t  o f  each f i e l d  i s  taken as 500 m w i t h  50 m 
v e r t i c a l  g r i d  spacing. 

The hor izon ta l  extent  o f  each data se t  
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APPENDIX 4B 

GRAPHICAL ILLUSTRATION OF FRONTAL WIND SPEED PROFILES 

In this appendix, the wind speed profiles which an a i rc raf t  would 
encounter approaching along a 3" glide slope through a cold synoptic front 
are i l lustrated.  
equal increments along the horizontal extent of the data set are shown i n  

the four f l i g h t  paths. 
different for a i rc raf t  approaching a t  different times through the same front. 
Due to  the limited spatial extent of the data se t  the l a t t e r  f l i g h t  paths, 3 
and 4, do not  extend t o  the fu l l  500 m level and consequently are only 
plotted t o  the height a t  which thky pass out  of the data set  a t  the r ight -  
hand margin. 

speeds relative t o  the motion of the f r o n t  which is 9.3 m s-l and 7.1 m s-l 
for Figures 46-2 and 4B-3, respectively. The vertical dashed l ine on the 
longitudinal velocity pbofiles i l lus t ra te  the mean motion of  the front, gx. 

Four f l i g h t  paths having 3" glide slopes and spaced a t  

4 Figure 4B-1. Figures 48-2 and 4B-3 i l lus t ra te  the wind speed profiles along 
One observes that the winds can be significantly 

The streamlines on which the f l i g h t  paths are drawn are based on wind 
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