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SUMMARY 

Summary s t a t i s t i c s ,  t a b u l a t i o n s ,  and v a r i a b i l i t y  s t u d i e s  a r e  p r e s e n t e d  f o r  t h e  

e n t i r e  c loud o b s e r v a t i o n  a r c h i v e  - n e a r l y  88 000 samples - from the NASA Globa l  Atmo- 

s p h e r i c  Sampling Program (GASP), which was conducted from 1975 t o  1979 aboard  f o u r  

commercial a i r l i n e r s  i n  r e g u l a r  s e r v i c e .  Summary s t a t i s t i c s ,  t a b u l a t i o n s ,  and v a r i -  

a b i l i t y  s t u d i e s  a r e  a l s o  p r e s e n t e d  f o r  GASP p a r t i c l e - c o n c e n t r a t i o n  d a t a  - n e a r l y  

56 000 samples - g a t h e r e d  c o n c u r r e n t l y  wi th  the c l o u d  o b s e r v a t i o n s .  C louds  w e r e  

encoun te red  i n  a b o u t  15 p e r c e n t  of t h e  d a t a  samples ,  b u t  t h e  p r o b a b i l i t y  of c l o u d  

encoun te r  is  shown t o  va ry  s i g n i f i c a n t l y  w i t h  a l t i t u d e ,  l a t i t u d e ,  and d i s t a n c e  from 

t h e  t ropopause ,  and less s i g n i f i c a n t l y  w i t h  season .  S e v e r a l  m e t e o r o l o g i c a l  c i r c u l a -  

t i o n  f e a t u r e s ,  such a s  t h e  I n t e r t r o p i c a l  Convergence Zone, are a p p a r e n t  i n  t h e  l a t i -  

t u d i n a l  d i s t r i b u t i o n  of c loud c o v e r ,  The c loud-encounter  s ta t is t ics  are shown t o  he 

c o n s i s t e n t  wi th  the c l a s s i c a l  m i d - l a t i t u d e  cyc lone  model, w i t h  more c l o u d s  encoun- 

t e r e d  i n  t h e  upper t r o p o s p h e r e  i n  h i g h s  t h a n  i n  lows.  Observa t ions  of c l o u d s  spaced 

more c l o s e l y  than 90 minutes of f l i g h t  t i m e  a r e  shown t o  be s t a t i s t i c a l l y  dependen t .  

The number d e n s i t y  of p a r t i c l e s  w i t h  a diamete r  g r e a t e r  than  3 p a l s o  v a r i e s  

wi th  * t i m e  and l o c a t i o n .  I t  depends p r i m a r i l y  on the h o r i z o n t a l  e x t e n t  of c l o u d i n e s s ,  

t h a t  is, t h e  p o r t i o n  of each sampl ing i n t e r v a l  t h a t  is s p e n t  w i t h i n  c l o u d s .  Thus,  

t h e  v a r i a b i l i t y  of t i m e  i n  c louds  and the v a r i a b i l i t y  of p a r t i c l e  number d e n s i t y  a r e  

c l o s e l y  r e l a t e d .  

The summary s t a t i s t i c s  f o r  c loud  and p a r t i c l e  encoun te r  are u t i l i z e d  t o  e s t i m a t e  

t h e  f requency  of c loud  encoun te r  on long-range commercial t r a n s p o r t  r o u t e s  and t o  

a s s e s s  the p r o b a b i l i t y  and e x t e n t  of l aminar  f low (LF) l o s s  due t o  c l o u d  o r  p a r t i c l e  

encoun te r  by a i r c r a f t  u t i l i z i n g  laminar  f low c o n t r o l  (LFC). The o b s e r v a t i o n s  o f  

route-averaged t i m e  i n  c louds  are found t o  f i t  an  e m p i r i c a l  model based  on a gamma 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n ;  t h i s  model can be used t o  estimate t h e  p r o b a b i l i t y  of 

extended c loud  encoun te r  a long  a r o u t e .  The a n a l y s i s  i n  t h i s  r e p o r t  shows t h a t  t h e  

p r o b a b i l i t y  of LF l o s s  i n  c l e a r  a i r  is n e g l i g i b l e  and t h a t  t h e  p r o b a b i l i t y  of 

extended c loud  e n c o u n t e r ,  and a s s o c i a t e d  s i g n i f i c a n t  loss of LF, i s  t o o  low, of 

i t s e l f ,  t o  make LFC i m p r a c t i c a l ,  

For  u s e r  convenience ,  t h i s  r e p o r t  is  p r e s e n t e d  i n  two volumes. Volume I con- 

t a i n s  t h e  n a r r a t i v e ,  a n a l y s i s ,  and c o n c l u s i o n s .  Volume I1 is composed of f i v e  appen- 

d i x e s ,  as f o l l o w s :  A - GASP Cloud and P a r t i c l e  I n s t r u m e n t a t i o n ;  B - I n d i v i d u a l  

F l i g h t  Summaries; C - Independence of Cloud O b s e r v a t i o n  P e r i o d s ;  D - Cloud-Encounter  

S t a t i s t i c s  a s  Func t ions  of L a t i t u d e ,  Longi tude,  Nor thern  Hemisphere Season ,  and 

~ l t i  tude;  and E - Cloud-Encounter S t a t i s t i c s  a s  Func t ions  of L a t i t u d e ,  L o n g i t u d e ,  

Nor thern  Hemisphere Season,  and D i s t a n c e  From t h e  N a t i o n a l  M e t e o r o l o g i c a l  C e n t e r  

(NMC) Tropopause. 

INTRODUCTION 

The purpose  of t h i s  r e p o r t  is  t o  p r e s e n t  summary r e s u l t s  of t h e  a n a l y s i s  of  a l l  

cloud-  and p a r t i c l e - e n c o u n t e r  measurements taken i n  t h e  NASA Globa l  Atmospher ic  S a m -  

p l i n g  Program (GASP) ( r e f s .  1 t o  3 ) ,  which w a s  conducted from 1975 t o  1979 from as 

many a s  f o u r  Boeing 747 a i r c r a f t  o p e r a t i n g  i n  r e g u l a r  commercial s e r v i c e  worldwide.  



This  r e p o r t  e x t e n d s  and g e n e r a l i z e s  the p r e l i m i n a r y  r e s u l t s  g i v e n  e a r l i e r  i n  

r e f e r e n c e s  4,  5, and 6, which were based on t h e  f r a c t i o n  of GASP d a t a  from o n l y  

December 1975 t o  December 1977. Those p r e l i m i n a r y  a n a l y s e s  were based on t h e  f i r s t  

52 000 c loud o b s e r v a t i o n  p e r i o d s  i n  t h e  set ,  whereas t h e  a n a l y s e s  i n  t h i s  r e p o r t  a r e  

based on the t o t a l  se t ,  approx imate ly  88 000 c loud  o b s e r v a t i o n  p e r i o d s .  The pr imary  

m o t i v a t i o n  f o r  t h i s  s t u d y  is  ev idence  t h a t  t h e  low-drag c h a r a c t e r i s t i c s  of l a m i n a r  

f low c o n t r o l  (LFC)  wings a r e  l o s t  ( a l b e i t  t e m p o r a r i l y )  i n  v i s i b l e  c l o u d s  and a r e  a l s o  

o c c a s i o n a l l y  l o s t  i n  c i r r u s  h a z e s .  These i n c r e a s e s  i n  d r a g  i n f l u e n c e  t h e  economic 

f e a s i b i l i t y  of LFC-winged a i r c r a f t  ( r e f s .  7 t o  1 0 ) .    he i n c r e a s e  i n  d r a g  is  due t o  

t u r b u l e n t  wakes behind p a r t i c l e s  which p e n e t r a t e  t h e  boundary l a y e r  ( r e f .  1 0 ) .  Cloud 

ice p a r t i c l e s  a l s o  cause  aerodynamic problems for r e e n t r y  v e h i c l e  nose cones  

p e n e t r a t i n g  c i r r u s  c louds  ( r e f .  1 1  ) .  There fo re ,  u s i n g  i n s t r u m e n t a t i o n  d e s c r i b e d  i n  

r e f e r e n c e s  1 2  t o  14,  the U . S .  A i r  Force has  a l s o  been p u r s u i n g  a r e s e a r c h  e f f o r t  on 

c i r r u s  particle d i s t r i b u t i o n s .  

The  r e s e a r c h  r e p o r t e d  h e r e  l ies  w i t h i n  t h e  f i r s t  of a  two-par t  r e s e a r c h  e f f o r t  

by NASA 4:s a s s e s s  t h e  impact  of c loud p a r t i c l e s  on LFC performance.  I n  t h e  f i r s t  

p a r t ,  a c l i m a t o l o g y  of c loud and particle e n c o u n t e r s  is  be ing  developed to a d d r e s s  

t h e  fundamental  q u e s t i o n s :  What is t h e  p r o b a b i l i t y  of c loud  e n c o u n t e r  on a i r l i n e  

r o u t e s ,  and what is  t h e  v a r i a b i l i t y  of c loud  encoun te r  wi th  a l t i t u d e ,  s e a s o n ,  and 

l o c a t i o n ?  These c l ima to log ica l .  d a t a ,  t o g e t h e r  w i t h  t h e o r e t i c a l  e s t i m a t e s  of t h e  

e f f e c t  of ice c r y s t a l s  on LFC ( r e f .  l o ) ,  and USAF p a r t i c l e  measurements i n  c i r r u s  

c louds  ( e  .g., r e f s .  15  and 1 6 )  have a l r e a d y  been used i n  making p r e l i m i n a r y  estimates 

of t h e  p o r t i o n  of t i m e  t h a t  LFC would be l o s t  i n  c l o u d s  and c l e a r  air ( r e f .  1 7 ) .  I n  

t h e  second p a r t  of t h e  r e s e a r c h  e f f o r t ,  t o  be implemented d u r i n g  1984, NASA w i l l  make 

p r e c i s e  i n  s i t u  measurements of the c loud  and p a r t i c l e  environment  on f l i g h t s  of an  

LFC-winged r e s e a r c h  a i r c r a f t  i n  a n  a t t e m p t  t o  q u a n t i f y  b e t t e r  the e f f e c t s  of c l o u d s  

on LFC ( r e f s .  1 8  and 1 9 ) .  

The l o c a t i o n  of c l o u d s  and t h e i r  e x t e n t  are a l s o  of i n t e r e s t  for s e v e r a l  meteo- 

r o l o g i c a l  r e a s o n s ,  such a s  t h e  E a r t h ' s  r a d i a t i o n  b a l a n c e  I r e f .  201, and long- term 

( c l i m a t i c )  v a r i a t i o n s  of global. t empera tu re  ( r e f s .  21 and 2 2 ) ;  t h u s ,  bo th  the meteo- 

r o l o g i c a l  and t h e  LFC a p p l i c a t i o n s  of c loud-encounter  r e s u l t s  a r e  d i s c u s s e d  h e r e .  

  his r e p o r t  beg ins  by d e s c r i b i n g  t h e  c loud-encounter  and p a r t i c l e - c o n c e n t r a t i o n  data 

sets used i n  t h i s  s t u d y .  Then, c loud-encounter  d a t a  a r e  ana lyzed  i n  t e r m s  of a l t i -  

t u d e ,  l a t i t u d e ,  season ,  and d i s t a n c e  from the t ropopause ;  t h e s e  d a t a  are a l s o  i n t e r -  

p r e t e d  i n  terms of g l o b a l  m e t e o r o l o g i c a l  c i r c u l a t i o n  f e a t u r e s  and r e l a t i v e  v o r t i c i t y .  

The p a r t i c l e - c o n c e n t r a t i o n  d a t a  a r e  then ana lyzed .  The r e p o r t  t h e n  s h i f t s  i t s  ernpha- 

sis t o  t h e  a p p l i c a t i o n s  of both c loud  and p a r t i c l e  d a t a  t o  t h e  e s t i m a t i o n  of l aminar  

f l o w  l o s s  f o r  LFC a i r c r a f t  and conc ludes  w i t h  the p r e s e n t a t i o n  of a n  e m p i r i c a l  model 

f o r  t h e  p r o b a b i l i t y  of c loud  cover  a long  a i r l i n e  r o u t e s .  The f i v e  append ixes  c i t e d  

i n  t h i s  volume a l l  appear  i n  Volume 11. 

A much s h o r t e n e d  v e r s i o n  of t h i s  r e p o r t ,  w i t h o u t  append ixes  and w i t h  p r imary  

emphasis on t h e  m e t e o r o l o g i c a l  c o n c l u s i o n s ,  appears  i n  r e f e r e n c e  23. 

SYMBOLS AND ABBREVIATIONS 

ABV above 

ANOVA a n a l y s i s  of v a r i a n c e  

A1 p r e s s u r e  a l t i t u d e  band from 28.5 t o  33.5 kft 



A 2  pre s su re  a l t i t u d e  band from 33.5 t o  38.5 k f t  

A3 p re s su re  a l t i t u d e  band from 38.5 t o  43.5 k f t  

BLO o r  BLW below 

B747 ~ o e i n g  747 a i r c r a f t  

C I V  "clouds i n  v i c i n i t y "  [ i . e . ,  c louds a long t h e  f l i g h t  path) 

CLAYR number of cloud patches  encountered dur ing  a 256-second c loud  o b s e r v a t i o n  

D diameter  of p a r t i c l e ,  pm 

EMD equ iva l en t  melted diameter  of p a r t i c l e ,  pm (cf . r e f .  15)  

GASP Global ~ t m o s p h e r i c  Sampling Program (NASA) 

ICAO I n t e r n a t i o n a l  C i v i l  Aviat ion Organiza t ion  

ITCZ i n t e r t r o p i c a l  convergence zone 

LF laminar flow 

LFC laminar flow c o n t r o l  

N number of observa t ions ,  dimensionless  

NH Northern Hemisphere 

NMC Nat iona l  Meteorological  Center  (NOAA) 

NOAA Nat iona l  Oceanic and Atmospheric Adminis t ra t ion  

P p r o b a b i l i t y ,  pe r cen t  

P ( TIC>O p r o b a b i l i t y  of cloud encounter ,  percen t ,  numerical ly  e q u i v a l e n t  t o  

PCE (q.~.) 

PCE p r o b a b i l i t y  of cloud encounter ,  pe r cen t  ( s ee  fig. 1 )  

PD5 t o t a l  p a r t i c l e  concen t r a t i on  o r  number d e n s i t y  f o r  p a r t i c l e s  larger t han  

3 pm i n  diameter ,  p r t i c l e s / m 3  

P P ~ V  p a r t s  per  b i l l i o n  by volume ( a s  i n  ozone concen t r a t i on )  

TIC t i m e  i n  clouds ( t o t a l  i n d i c a t e d  t i m e  i n  c louds dur ing  an  obse rva t i on  p e r i o d  

d iv ided  by per iod  observa t ion  t i m e  ), percen t  ( s e e  f i g .  1 ) 

TICF average time i n  c louds per  obse rva t i on  per iod  for a given f l i g h t  ( p e r c e n t  

TIC i n  appendix B listings (Vol. I1 ) ) 

average  t i m e  i n  cloud per obse rva t i on  per iod  f o r  a l l  t h e  f l i g h t s  on a g iven  

rou t e ,  obtained from t h e  average of  TIC^ values;  a l s o  termed " rou te -  

averaged time i n  c louds"  



TICIV time i n  c louds wi th  c louds a long the f l i g h t  pa th  (as i n  TIC, b u t  de f ined  

only f o r  a set  of non-zero T I C  obse rva t i ons ,  i.e., obse rva t i ons  w i t h  

T I C  > 01, pe r cen t  ( s ee  f i g .  1 )  

tropopause s e p a r a t i o n  band loca ted  10 t o  15 k f t  below t h e  t ropopause  

T2 t ropopause s e p a r a t i o n  band l oca t ed  5 t o  10 k f t  below t h e  t ropopause 

tropopause s e p a r a t i o n  band loca ted  0 t o  5 k f t  below t h e  t ropopause 

tropopause s epa ra t i on  band loca ted  0 t o  5 kf t above the t ropopause 

VLXXXX des igna to r  f o r  GASP a rch ive  tape number XXXX 

t: r e l a t i v e  v o r t i c i t y ,  set-I (less than 0 f o r  a n t i c y c l o n i c  flow; g r e a t e r  than 0 
f o r  cyc lon ic  f low) 

parameter i n  gamma p r o b a b i l i t y  d e n s i t y  func t i on  model f o r  TICF, equa l  t o  0.7 

CJ s tandard  d e v i a t i o n  

A bar  over a symbol o r  abb rev i a t i on  denotes  the mean va lue .  

~ d d i t i o n a l  Symbols i n  Tables and Appendixes (Vol.  11) 

S I G M A ( X )  s tandard  dev i a t i on  of q u a n t i t y  x, pe rcen t  

N number of observa t ions  

- 
T average temperature  i n  c l e a r  a i r ,  OC 

CLEAR 
- 
T average temperature  i n  c louds,  O C  

CLOUD 
- 
"cLEm 

d i s t a n c e  from tropopause dur ing  f l i g h t  i n  c l e a r  a i r ,  k f t  

- 
AzcLouo 

d i s t a n c e  from tropopause dur ing  f l i g h t  i n  c louds,  kft 

DATA 

The cloud-encounter and pa r t i c l e - concen t r a t i on  (particle-number-density) d a t a  
used i n  t h i s  s t udy  were measured i n  the Global Atmospheric Sampling Program (GASP) 

from December 1975 t o  J u l y  1979. These d a t a  are from GASP t a p e s  ~L0004 t o  VL0031 , 
which have been archived a t  the NOAA Nat iona l  Cl imat ic  Cente r ,  Ashev i l l e ,  North 

Caro l ina .  The con t en t s  and formats of t he se  tapes  a r e  de sc r ibed  i n  r e f e r e n c e s  24 

t o  32. B r i e f l y ,  the d a t a  a c q u i s i t i o n  phase of GASP began i n  March 1975; o p e r a t i o n a l  

measurements began i n  December 1975 and cont inued t o  J u l y  1979. Meteoro log ica l  and 

t r a c e  c o n s t i t u e n t  d a t a  were obtained with  ins t ruments  placed aboard a s  many as fou r  

Boeing 747 a i r l i n e r s  i n  r o u t i n e  commercial s e r v i c e .  Data c o l l e c t e d  on t he se  f l i g h t s  

should thus  be r e p r e s e n t a t i v e  of cond i t i ons  encountered by commercial a i r l i n e r s ,  even 

though the  obse rva t i ons  do no t  c o n s t i t u t e  a t r u l y  random sample of a l l  p o s s i b l e  atmo- 

s p h e r i c  cond i t i ons  from a s t a t i s t i c a l  p o i n t  of view. Observa t ions  were recorded a t  

nominal 5- o r  10-minute i n t e r v a l s  a t  a l l  a l t i t u d e s  above about  20 k f t .  



The presence of c louds  a t  c r u i s e  a l t i t u d e  was determined with  a l i g h t - s c a t t e r i n g  

p a r t i c l e  counter  ( r e f s .  24 t o  34) ,  h e r e i n a f t e r  r e f e r r e d  t o  a s  the  "cloud d e t e c t o r , "  

The GASP cloud and p a r t i c l e  i n s t rumen ta t i on  is  descr ibed  f u r t h e r  i n  appendix A 

(Vol. 11). A c loud-de tec t ion  t h r e sho ld  l e v e l  f o r  p a r t i c l e s  l a r g e r  t h a n  3 pm i n  diam- 

e t e r  was s e t  emp i r i ca l l y ,  based on v i s u a l  observa t ion  of a l i g h t  haze o u t s i d e  t h e  

a i r c r a f t .  The same th r e sho ld  l e v e l  was used f o r  a l l  GASP cloud d e t e c t o r s  and 

r e s u l t e d  i n  an " i n  c louds"  r e g i s t r a t i o n  whenever the l o c a l  p a r t i c l e  c o n c e n t r a t i o n ,  

o r  number d e n s i t y  PD5 (of p a r t i c l e s  wi th  diameter  D > 3 p), w a s  g r e a t e r  t han  

66 000/m3. The sampling t i m e  f o r  t he  c loud d e t e c t o r  was 256 s e c  ( 4  minutes  16 sec- 

onds) ,  corresponding approximately t o  a h o r i z o n t a l  d i s t a n c e  of 36 n.mi. a t  a ground 

speed of 500 knots .  A t  t h e  end of each sampling cyc l e  f o r  the GASP system,  t h e  t i m e  

( o u t  of the  las t  256 s e c )  which r e g i s t e r e d  a s  " i n  c louds"  was recorded.  Also, t h e  

number of cloud pa tches  encountered dur ing  the sampling per iod  was recorded;  a new 

patch was r e g i s t e r e d  i f ,  having once en t e r ed  a cloud ( P D ~  > 66 000/rn3) and 

subsequent ly  l e f t  it ( P D ~  < 8250/rn3), the cloud d e t e c t o r  aga in  reached t h e  c loud-  

d e t e c t i o n  t h r e sho ld .  (See d i s cus s ion  of CLAYR i n  r e f s .  24 to  32.) 

During the f i r s t  minute of each sampling per iod ,  t he  numbers of particles i n  

s e l e c t e d  s i z e  ranges were counted. Although GASP cloud d a t a  were f i r s t  r epo r t ed  i n  

December 1975 ( r e f .  24) ,  p a r t i c l e  count d a t a  were no t  repor ted  u n t i l  January  1977 

because of a r a t h e r  l a r g e  u n c e r t a i n t y  i n  t he  t o t a l  p a r t i c l e  count r e s u l t i n g  from 

nonuniform i l l umina t i on  of the  sample chamber and high no ise - to -s igna l  r a t i o  on chan- 

n e l s  measuring p a r t i c l e s  sma l l e r  than 1 .4 pn i n  diameter  ( r e f s .  2 8  to  3 2 ) .  While 

t h r e e  channels  were repor ted  f o r  the  p a r t i c l e  counte r ,  only the l a r g e s t  p a r t i c l e  

channel ( f o r  D > 3 ym) has been used h e r e i n  because only the  l a r g e s t  p a r t i c l e s  a r e  

be l ieved  t o  be s i g n i f i c a n t  f o r  laminar flow (LF) degrada t ion .  

The GASP d a t a  w e r e  recorded a t  nominal 5- o r  10-minute i n t e r v a l s  d u r i n g  f l i g h t  

above 2 0  k f t .  I n  add i t i on  t o  t he  b a s i c  GASP measurements, the t ropopause  p r e s s u r e  a t  

each GASP d a t a  l o c a t i o n  has been time and space i n t e r p o l a t e d  from t h e  NOAA N a t i o n a l  

Meteorological  Center (NMC) g r i d s ,  when a v a i l a b l e ,  and added t o  the a rch ived  t a p e s ,  

Aux i l i a ry  meteoro log ica l  d a t a  used herein, such a s  v o r t i c i t y ,  have been computed from 

t h e  NMC i s o b a r i c  h e i g h t  f i e l d s  f o r  each GASP d a t a  l oca t i on  ( r e f .  35) .  

Before proceeding, it is  necessary t o  e s t a b l i s h  t h r ee  q u a n t i t i e s  of c loud-  

encounter  nomenclature which w i l l  be used r epea t ed ly  i n  t he  ana ly se s  t o  fol low:  T I C ,  

PCE, and TICIV. F i r s t ,  GASP obse rva t i on  per iods  a r e  s epa ra t ed  acco rd ing  t o  whether  

o r  no t  c louds a r e  encountered dur ing  each 256-sec per iod .  F igure  1 i l l u s t r a t e s  f o u r  

success ive  observa t ion  per iods ,  one wi th  no cloud encounter  and t h r e e  with one o r  

more cloud patches  encountered. The t i m e  wi th in  each cloud pa tch  is i n d i c a t e d  (e . g . ,  

TZ1 
denotes  t h e  t i m e ,  i n  seconds,  w i th in  t h e  f i r s t  cloud patch du r ing  t h e  second 

obse rva t i on  p e r i o d ) .  The p o r t i o n  of time i n  clouds (TIC), expressed as a pe rcen t age ,  

o r  t h e  four  observa t ion  pe r iods  i n  f i g u r e  1 is c a l c u l a t e d  a s  fo l lows:  

*I 1 
+ T 

TIC, = 
256 

x 100 



T + T  + T  

TIC = 
31 32 33 

3 256 
x 100 

The average p o r t i o n  of time i n  c louds f o r  t he se  four  obse rva t i on  pe r iods  is 

TIC + TIC + TIC + T I C  

TIC = 
1 2 3 4 

4 

A n  observa t ion  per iod  with TIC = 0 is a p p r o p r i a t e l y  termed " i n  c l e a r  a i r "  

because a t  no t i m e  dur ing  t h a t  observa t ion  per iod  d id  t h e  p a r t i c l e  c o n c e n t r a t i o n  

exceed 66 000/m3, the th reshold  concen t r a t i on  (TC ) . Those obse rva t i on  periods dur ing  

which t h e  p a r t i c l e  concen t r a t i ons  exceeded the n: f o r  some p o r t i o n  of t h e  p e r i o d  

i l , 0 < TIC C 100 p e r c e n t )  had clouds a long t h e  f l i g h t  pa th ,  o r  a r e  s a i d  to have 

had "clouds i n  t h e  v i c in i t y ' '  (CIV). A low TIC,  f o r  example, 10 t o  40 p e r c e n t ,  would 

i n d i c a t e  a s c a t t e r e d  cloud l aye r ;  T I C  = 50 t o  90 pe rcen t  would i n d i c a t e  a broken 

cloud l aye r ;  and TIC = 90 t o  100 pe rcen t  would i n d i c a t e  an  o v e r c a s t  deck of c louds .  

The p r o b a b i l i t y  of cloud encounter  (PCE) dur ing  an obse rva t i on  pe r iod  is  

obta ined  by d i v i d i n g  the  number of observa t ion  pe r iods  with  C I V  (i .em, TIC > 0 )  

by the  t o t a l  number of observa t ion  pe r iods .  For the  example i n  f i g u r e  1 ,  

3 obse rva t i ons  with  C I V  
PCE = = 0.75 

4 obse rva t i ons  tota l .  

Note that PCE is equ iva l en t  t o  the t e r m  P(T1C > 0 )  i n  r e f e r e n c e s  4, 5, 6 ,  and 17 

and i n  appendixes D and E (Vol. 11) of the p r e s e n t  r e p o r t .  

Now cons ider  on ly  those  observa t ion  per iods  with  some cloud presence ,  t h a t  is,  

with  TIC > 0 .  The average po r t i on  of t i m e  i n  c louds dur ing  an obse rva t i on  pe r iod  

with  c louds i n  the v i c i n i t y  (TICIV) is 

TICIV = 
1 + T*C2 + *IC3 

3 

These t h r e e  cloud-encounter q u a n t i t i e s  a r e  r e l a t e d  by 

- 
TIC = PCE x TICIV 

Equation (1 ) is demonstrated f o r  the example i n  f i g u r e  1 as fo l lows:  

TIC + TIC + TIC + TIC T I C  + TIC + TIC + TIC 
1 2 3 4 

= 0.75 1 2 3 4 
4 3 

For convenience,  TIC, PCE, and TICIV a r e  a l l  expressed a s  pe rcen t ages .  



From December 1975 t o  J u l y  1979, 1748 GASP f l i g h t s  gathered cloud d e t e c t i o n  d a t a  

( n o t  neces sa r i l y  cloud encoun te r s ) .  A summary of these  f l i g h t s ,  by month and con- 

t r i b u t i n g  a i r c r a f t ,  is  given i n  t a b l e  I and a monthly and seasona l  summary of a l l  t h e  

f l i g h t  rou tes  is presented  i n  t a b l e  11. Note t h a t  p a r t i c l e  count (PD5) was n o t  

repor ted  u n t i l  January 1977 (it is  a v a i l a b l e  f o r  1341 f l i g h t s ) .  I n d i v i d u a l  f l i g h t  

summaries and averaged d a t a  a r e  l i s t e d  i n  appendix B (Vol. 11). The r o u t e s  a r e  

l i s t e d  a l p h a b e t i c a l l y  by a i r p o r t  p a i r  and ind iv idua l  f l i g h t s  a r e  ordered  by d a t e .  

Cloud encounter and p a r t i c l e  d a t a  a r e  repor ted  with r e s p e c t  t o  two d i f f e r e n t  

he igh t  re fe rences  i n  t h i s  r e p o r t .  The f i r s t  is  the  p re s su re  a l t i t u d e ,  with which a l l  

p i l o t s  a r e  f a m i l i a r .  Each p re s su re  a l t i t u d e  corresponds t o  a given va lue  of atmo- 

sphe r i c  pressure  according t o  t he  ICAO Standard Atmosphere ( r e f .  3 6 ) .  The second 

he igh t  re fe rence  is the  d i s t a n c e  from the  Nat ional  Meteorological  Center  (NMC) t ropo-  

pause. The tropopause s epa ra t e s  the  weather-active t roposphere from t h e  t he rma l ly  

s t a b l e  and gene ra l l y  c loud-free s t r a t o s p h e r e .  The a c t u a l  tropopause h e i g h t  v a r i e s  

p r imar i l y  with l a t i t u d e  and season with day-to-day changes superimposed a s  l a rge -  

s c a l e  storms develop and decay. F igure  2 presen t s  the  average t ropopause h e i g h t  ove r  

t h e  world fo r  each season ( r e f .  37 ) . For s i m p l i c i t y ,  t he  term " a l t i t u d e "  w i l l  denote  

"pressure  a l t i t u d e "  and the  term "tropopause" w i l l  denote the "NMC t ropopause."  

The complete GASP d a t a  s e t  c o n s i s t s  of 87 922 c loud observa t ion  pe r iods ,  

256 sec  each, f o r  a t o t a l  of approximately 6250 hours i n  a l l .  A s  shown i n  f i g u r e  3 ,  

t he se  observat ions tend t o  be more numerous i n  t he  Northern Hemisphere ( N H )  mid- 

l a t i t u d e s  bu t  a r e  f a i r l y  uniformly d i s t r i b u t e d  by Northern Hemisphere seasons .  About 

58 percent  of the  observa t ions  were made i n  winter  and sp r ing  and about  42 p e r c e n t  

were made i n  summer and autumn. The shaded a r ea s  i n  f i g u r e  3 (and subsequent  s i m i l a r  

f i g u r e s )  denote observa t ion  per iods  having clouds i n  the  v i c i n i t y ,  t h a t  i s ,  with 

TIC > 0. The numbers above the  ba r s  i n d i c a t e  t he  percentage of obse rva t ion  p e r i o d s  

i n  each bar having clouds i n  t he  v i c i n i t y  e . ,  the  percentage is equal  t o  the 

shaded a r ea  of the  bar d iv ided  by the  total .  a r ea  f o r  each bar  and m u l t i p l i e d  by 1 0 0 ) .  

O f  t he  t o t a l  87 922 cloud observa t ion  per iods ,  13  206 ( 1 5 . 2 5  p e r c e n t )  were i n  t h e  

v i c i n i t y  of clouds.  

The d i s t r i b u t i o n  of cloud observa t ion  per iods  as a func t ion  of a l t i t u d e  is shown 

i n  f i g u r e  4 ( a ) .  Over 96 percent  of the  observa t ion  per iods  f a l l  between t h e  normal 

a i r l i n e  c r u i s e  a l t i t u d e s  of 28.5 kft and 43.5 k f t .  Figure 4 ( b )  shows t h a t  t h e  dis- 

t r i b u t i o n  of cloud observa t ion  per iods  as a func t ion  of d i s t ance  from t h e  NMC t ropo-  

pause is much more uniform. Because the  NMC tropopause d a t a  were o c c a s i o n a l l y  n o t  

a v a i l a b l e ,  only 70 340 observa t ion  per iods  a r e  represen ted  i n  f i g u r e  4 ( b ) ,  This  

pane l  c l e a r l y  i l l u s t r a t e s  t h a t  very few clouds a r e  encountered i n  the s t r a t o s p h e r e  

( 3  percent  i n  the  5000 f e e t  above the  tropopause versus  19 pe rcen t  i n  t he  5000 f e e t  

below the t ropopause) .  I n  f a c t ,  the frequency of clouds i n  the s t r a t o s p h e r e  may be 

even smal le r  than ind i ca t ed  because the  GASP data a r e  l o c a l  measurements, whereas t h e  

tropopause pressures  a r e  i n t e r p o l a t e d  from l a rge - sca l e  g r i d s  (2.5O l a t i t u d e  by 

2.5O longi tude by 12 h o u r s ) ,  s o  t h a t  the  smal l - sca le  undula t ions  of t h e  t ropopause  

may be missed by the NMC g r i d .  The g raph ica l  r e s u l t s  of f i g u r e s  3(b) and 4 a r e  

summarized numerical ly  i n  t a b l e  111, 

Cloud-encounter d a t a  a r e  used he re in  a s  repor ted ,  with a l l  obse rva t ion  p e r i o d s  

given equal  weight.  However, because c loudiness  ( or  the  lack  thereof  ) is  a s s o c i a t e d  

wi th  la rge-sca le  weather systems, no t  a l l  observa t ion  _periods a r e  independent .  A 

study of the  observa t ion  per iod independence is  presented i n  appendix C (Vol. 11). 

The r e s u l t s  of t h i s  s tudy i n d i c a t e  t h a t  t o  be considered s t a t i s t i c a l l y  independent ,  

observa t ions  of cloud o r  no cloud condi t ion  must be separa ted  by 90 t o  120 minutes  of 

f l i g h t  time. This s tudy  a l s o  analyzed the independence of TIC values  w i t h i n  a c loud .  



I t  was found that f o r  T I C  values  of l e s s  than SO pe rcen t ,  obse rva t i ons  s e p a r a t e d  by 

10 t o  20 minutes could be considered independent.  For TIC va lues  l a r g e r  t han  50 per-  

c e n t ,  the  sample-to-sample observa t ions  a r e  h igh ly  c o r r e l a t e d ,  and t h e  t i m e  between 

independent observa t ions  cannot be r e l i a b l y  es t imated .  I t  can be assumed, however, 

t o  l i e  between 20  and 120 minutes.  

Pa r t i c l e - concen t r a t i on  ( P D ~ )  d a t a  per iods  a r e  shown i n  f i g u r e  5 t o  have n e a r l y  

t he  same d i s t r i b u t i o n s  with  ( a )  l a t i t u d e  and ( b )  season a s  the  c loud -de t ec to r  d a t a  

( f i g .  3)  . I n  t o t a l ,  t he r e  were 70  304 p a r t i c l e - c o n c e n t r a t i o n  obse rva t i on  pe r iods ,  

of which 55 718 were co inc iden t  wi th  cloud observa t ion  pe r iods ,  about  6 3  p e r c e n t  of 

t h e  t o t a l  number of cloud observa t ion  per iods  (87 9 2 2 ) .  About 1 3  p e r c e n t  of t h e  

p a r t i c l e  d a t a  were gathered i n  c louds o r  i n  the  v i c i n i t y  of c louds ;  t h i s  compares 

with  15.25 pe rcen t  f o r  cloud obse rva t i on  per iods .  The d i s t r i b u t i o n s  of p a r t i c l e -  

concen t r a t i on  observa t ion  per iods  presen ted  i n  f i g u r e  6 a s  a func t i on  of ( a )  a l t i t u d e  

and (b) d i s t a n c e  from the  NMC tropopause a r e  a l s o  very s i m i l a r  t o  t he  d i s t r i b u t i o n s  

of cloud observa t ion  per iods  ( f i g .  5 ) . There a r e  51 676 p a r t i c l e - c o n c e n t r a t i o n  

obse rva t i on  pe r iods  a t  times when t h e  NMC tropopause d a t a  w e r e  a v a i l a b l e .  

CLOUD-ENCOUNTER ANALYSIS 

Complete t a b u l a t i o n s  of the cloud-encounter s t a t i s t i c s  a s  f u n c t i o n s  of l a t i t u d e  , 
longi tude ,  and season (Northern Hemisphere) a r e  given i n  appendix D (Vol.  11) as 

func t i ons  of a l t i t u d e  and i n  appendix E (Vol. 11) a s  func t i ons  of d i s t a n c e  from t h e  

tropopause . A map to  provide geographica l  o r i e n t a t i o n  f o r  t h e  l a t i t u d e - l o n g i t u d e  

c e l l s  is given a t  t he  f r o n t  of appendix D, and t h e  d a t a  e n t r i e s  a r e  exp la ined  a t  t h e  

beginning of appendixes D and E m  I n  t h e  right column f o r  each season  and a l t i t u d e  

band, t he  r e s u l t s  from a l l  d a t a  i n  each l a t i t u d e  band a r e  given under the heading 

"zonal mean." For convenience, t he se  zona l  means of each v a r i a b l e  a r e  summarized i n  

t a b l e s  I V  and V as func t i ons  of l a t i t u d e  and season.  Table IV g i v e s  the r e s u l t s  i n  

t e r m s  of a l t i t u d e  and t a b l e  V g ives  them i n  terms of d i s t a n c e  from t h e  t ropopause . 
While t he  t a b u l a t i o n s  and summaries he re in  were format ted f o r  optimum use fu lnes s  to  

t he  LFC a i r c r a f t  s t u d i e s ,  it is a n t i c i p a t e d  t h a t  t he  r e s u l t s  w i l l  be of i n t e r e s t  t o  a 

broader  segment of the  s c i e n t i f i c  community. Therefore ,  t h e  r e s u l t s  of t h e  a n a l y s i s  

of cloud-encounter v a r i a b i l i t y  and the  r e l a t i o n  of these  d a t a  t o  o t h e r  me teo ro log i ca l  

v a r i a b l e s  a r e  d i scussed  i n  the subsequent  paragraphs.  

The p r o b a b i l i t y  of cloud encounter  (PCE) and the  mean t i m e  i n  c louds  (TIC) bo th  

dec rea se  r a p i d l y  above t h e  tropopause,  as  shown i n  f i g u r e  7. F igure  8 shows the 

cumulative frequency d i s t r i b u t i o n s  corresponding t o  the  d a t a  shown i n  f i g u r e  7. 

These curves  g ive  t he  percentage of observa t ions  (on t h e  o r d i n a t e )  i n  which TIC 

equaled o r  exceeded any given percentage (on t h e  a b s c i s s a ) .  I f  t h e s e  curves may be 

assumed t o  be r e p r e s e n t a t i v e  of population-based p r o b a b i l i t y  va lues ,  then they may 

be considered cumulative p r o b a b i l i t y  d i s t r i b u t i o n s  a l s o  and t h e  o r d i n a t e  l a b e l  

P ( >  TIC) is  app rop r i a t e .  

corresponding t o  f i g u r e s  7 and 8, bu t  a s  func t i ons  of a l t i t u d e  i n s t e a d  of d i s -  

t ance  from the  tropopause,  a r e  f i g u r e s  9 ( a )  and 9 ( b ) ,  r e s p e c t i v e l y .  The dec rea se  i n  

c loudiness  with  a l t i t u d e  i n  f i g u r e  9 ( a )  is p r i m a r i l y  due t o  t he  i nc r ea sed  l i k e l i h o o d  

of being i n  t he  s t r a t o s p h e r e  i n  t he  upper a l t i t u d e s .  

Although a l l  a v a i l a b l e  d a t a  were used i n  p repar ing  f i g u r e s  7 t o  9, we do no t  

i n t end  t o  imply t h a t  t he se  a r e  u n i v e r s a l  curves .  I n  fact, c loud ines s  v a r i e s  s i g n i f i -  
c a n t l y  with both l a t i t u d e  and season. These v a r i a t i o n s  may be seen i n  t a b l e s  I V  

and V as w e l l  as i n  t he  f i g u r e s  p resen ted  with  the  fo l lowing  d i s c u s s i o n .  



Var i a t i ons  w i th  l a t i t u d e  and season of t he  average percen tage  of t i m e  i n  c louds  

(TIC)  a r e  presen ted  i n  f i g u r e  10 f o r  the  t h r e e  primary a l t i t u d e  ranges .  Some of t h e  

v a r i a b i l i t y  i n  f i g u r e s  1 0 ( a ) ,  1 0 ( b ) ,  and 1 0 ( d )  can be expla ined  by s ea sona l  v a r i a -  

t i o n s  of t he  mean h e i g h t  of t h e  t ropopause.  Other f e a t u r e s  may be r e l a t e d  t o  t h e  

g loba l  c i r c u l a t i o n  o r  semipermanent c i r c u l a t i o n  f e a t u r e s  i l . , h ighs  and lows ) , as 

discussed  below. 

Re l a t i on  t o  Global C i r c u l a t i o n  Fea tures  

The gene ra l  s ea sona l  d i f f e r e n c e s  i n  maxima and minima i n  c loud ines s  a r e  
explained by t he  s ea sona l  migra t ion  of t h e  I n t e r t r o p i c a l  Convergence Zone ( I T C Z )  and 

o the r  gene ra l  c i r c u l a t i o n  f e a t u r e s .  The reg ion  of maximum c loud ines s  ranges  between 

approximately 18ON i n  NH summer and 18's i n  NH win te r .  The Hadley c e l l  c i r c u l a t i o n  

t o  the  nor th  and sou th  of t h e  ITCZ s h i f t s  wi th  t he  Zone r e s u l t i n g ,  f o r  t h e  Nor thern  

Hemisphere, i n  maximum descending motions (minimum c loud ines s )  near  3S0N i n  summer 

and lS0N i n  w in t e r .  Thus, dur ing  win te r  ( f i g .  1 0 ( a )  ), t he  depressed  va lues  of c loud-  

encounter  f requency i n  t h e  10°N t o  20°N i n t e r v a l  and enhanced va lues  sou th  of 10°N 

a r e  c o n s i s t e n t  wi th  t h e  zona l  mean Hadley c i r c u l a t i o n ,  which has  i t s  a x i s  nea r  10°N 

wi th  descending motions t o  t h e  nor th  and ascending motions t o  the sou th  of the a x i s  

( r e f .  38 ) . Meteoro log is t s  w i l l  recognize t h a t  t h e  fo l lowing  a d d i t i o n a l  s p e c i f i c  

f e a t u r e s  a r e  cons i s  t e n t  wi th  the mean g loba l  c i r c u l a t i o n :  

1 .  The peak i n  mean c loudiness  gene ra l l y  occurs  near  the  subso l a r  l a t i t u d e  ( s u n  
overhead a t  noon),  lagging it by a few degrees .  In the NH win te r ,  t h e  peak occu r s  

near  15OS, i n  s p r i n g  and autumn near  the Equator,  and i n  summer nea r  1 SON. Some ev i -  

dence of seasona l  symmetry between hemispheres is shown i n  f i g u r e  11 ; t h i s  is  n o t  

unexpected. 

2 .  A secondary maximum, l oca t ed  between 40°N and 60°N, is  noted i n  a l l  t h e  

curves  of f i g u r e  10. This is  t he  r e s u l t  of t h e  i nc r ea sed  frequency of cyc lone  

encounter  a long t h e  Northern Hemisphere po l a r  f r o n t .  The e f f e c t  i s  l a r g e s t  i n  win- 

t e r ,  a s  would be expected because the maximum i n t e n s i t y  of t he  mid - l a t i t ude  baro- 

c l i n i c  storm systems occurs  then.  Indeed, f o r  the win te r  seasons  of bo th  hemi- 

spheres ,  t h e  secondary and primary maxima a r e  of n e a r l y  the  same magnitude. Because 

of the  lack of a i r l i n e  rou t e s  a t  h igh l a t i t u d e s  i n  t h e  Southern Hemisphere, no com- 

pa rab l e  r e l a t i v e  maximum appears  i n  t h e  f i g u r e s ;  neve r the l e s s ,  one r e l a t e d  t o  the 

Southern Hemisphere p o l a r  f r o n t  might be expected from symmetry c o n s i d e r a t i o n s  and is 

h i n t e d  a t  i n  f i g u r e  1 1 . 
3 .  When the minima of cloud encounter  are s t u d i e d ,  we s e e  t h a t  a l a t i t u d i n a l  

displacement  a l s o  occurs  dur ing  the  year ,  wi th  t he  l a t i t u d e  of t h e  minimum p o i n t  

preceding t h e  poleward o r  equatorward movement of the subpola r  p o i n t .  I n  w i n t e r ,  

this f e a t u r e  is  f a r t h e s t  sou th ,  a t  about  15ON. I n  sp r ing ,  t h e  p o i n t  moves t o  30°N; 

i n  summer, it reaches  35ON; then  i n  autumn, it r e t r e a t s  t o  25ON a g a i n .  The d a t a  f o r  

t h e  Southern Hemisphere, a l though  l i m i t e d  i n  l a t i t u d i n a l  e x t e n t ,  s u g g e s t  a r e l a t i v e  

minimum near  3S0S i n  win te r  (Southern Hemisphere summer) and a minimum nea r  15OS 
t o  25OS f o r  t h e  o t h e r  seasons.  The minima f o r  each hemisphere, s ea son  and h e i g h t  

combination a l l  have va lues  i n  a narrow range from 1 t o  5 pe rcen t .  

Figure  12 p re sen t s  t h e  average percentage of t i m e  i n  c louds ( T I C )  as a f u n c t i o n  

of l a t i t u d e  and d i s t a n c e  from the tropopause f o r  each season.  The fo l l owing  conclu-  

s i o n s  can be made: 



1.  The primary maximum of T I C  is  l oca t ed  near  t h e  Equator,  10 t o  15 k f t  below - 
t h e  tropopause.  This  peak corresponds t o  a TIC of about  20 p e r c e n t  except  i n  win te r  

when it reaches  n e a r l y  50 percen t .  There a r e  very few d a t a  from a l t i t u d e s  above t h i s  

d i s t a n c e  i n t e r v a l  because the  t r o p i c a l  tropopause u s u a l l y  exceeds 50 k f t  i n  a l t i t u d e .  

- 
2 .  In gene ra l ,  TIC decreases  as t he  d i s t a n c e  t o  t he  t ropopause dec rea se s .  The 

primary except ions  t o  t h i s  p a t t e r n  occur i n  s p r i n g  and autumn when, i n  mid - l a t i t udes ,  

c l oud ines s  t ends  t o  peak i n  t h e  5 t o  10 k f t  i n t e r v a l  below t h e  t ropopause.  

The preceding r e s u l t s  a r e  c o n s i s t e n t  with t he  observa t ions  of P r o j e c t  Je t  Stream 

and o t h e r s  ( r e f s .  39 t o  441, which showed a  maximum occurrence of c i r r u s  c louds  from 

3.3 t o  6.6 k f t  below t h e  tropopause a t  temperate l a t i t u d e s .  For t r o p i c a l  r eg ions ,  it 

was r epo r t ed  i n  r e f e r ence  45 t h a t  c i r r u s  c louds a r e  c o n s i s t e n t l y  5 k m  ( abou t  16 k f t )  

or more below t h e  tropopause,  bu t  t h a t  c louds occas iona l l y  a r e  found above the tropo- 

pause i n  very high l a t i t u d e s .  

v a r i a t i o n s  wi th  season of the v e r t i c a l  p r o f i l e  of cloud-encounter p r o b a b i l i t y  

and the  average t i m e  i n  c louds f o r  data from 40°N t o  SOON a r e  shown i n  f i g u r e  1.3. 

The p r o b a b i l i t y  of cloud encounter  (PCE)  decreases  wi th  a l t i t u d e  i n  w i n t e r ,  s p r i n g ,  

and autumn, b u t  i n  summer t h e r e  is a  peak between 3 3 . 5  and 38.5 k f t .  This  l a t t e r  

f e a t u r e  may r e s u l t  from c i r r u s  c louds blown of f  t he  tops  of summer thunders torms near  

the  tropopause.  The values  of TICIV range from 25 t o  40 p e r c e n t  f o r  s p r i n g ,  summer, 

and autumn. I n  t he  win te r  and sp r ing ,  TICIV i n c r e a s e s  with  a l t i t u d e  while  TIC 

dec rea se s ,  which sugges t s  l e s s  haze o r  s u b v i s i b l e  c i r r u s  with  i n c r e a s i n g  a l t i t u d e .  

The winter  TICIV v a r i e s  from 48 pe rcen t  a t  low a l t i t u d e s  t o  66 p e r c e n t  a t  t h e  h i g h e s t  

a l t i t u d e .  These l a r g e  values  may r e f l e c t  the  dense c i r r o s t r a t u s  s h i e l d s  of l a r g e  

b a r o c l i n i c  systems most p e r s i s t e n t  dur ing  win te r ,  f o r  example, the s e m i s t a t i o n a r y  

I c e l a n d i c  and Aleu t ian  low-pressure systems. 

Cloudiness  and Re l a t i ve  V o r t i c i  t y  

A s  noted prev ious ly  i n  connect ion w i th  t h e  p e r s i s t e n c e  of c loud ines s ,  c l oud i -  

ness  is o f t e n  r e l a t e d  t o  l a rge - sca l e  storm systems ( a  gene ra l  model i s  pre sen t ed  

i n  r e f .  46 . An o b j e c t i v e  v a r i a b l e  o f t e n  used f o r  s e p a r a t i n g  t h e  two fundamental  

dynamic regimes,  cyclones and an t i cyc lones ,  is  the r e l a t i v e  v o r t i c i t y  1: ( r e f .  36 ) . 
Figure  14 shows the  cumulative f requency d i s t r i b u t i o n  for all data ob ta ined  a t  0 t o  

10 k f t  below t h e  tropopause s epa ra t ed  only by t h e  a l g e b r a i c  s i g n  of t h e  r e l a t i v e  

v o r t i c i t y  ( cyc lon i c  flow is p o s i t i v e ;  a n t i c y c l o n i c  flow is  nega t ive  ) . The d i f f e r e n c e  

between t he se  curves  is  s i m i l a r  t o  t h e  d i f f e r e n c e  between t h e  curves  f o r  t h e  h i g h e s t  

and lowest a l t i t u d e  bands i n  f i g u r e  9 ( b )  and is l a r g e r  than t h e  d i f f e r e n c e  between 

t h e  curves  f o r  the l a y e r s  below t h e  tropopause ( f i g .  8 ) .  Therefore  t h i s  d i f f e r e n c e  - 
is  impor tan t .  F igure  15 p r e s e n t s  TIC a s  a func t i on  of d i s t a n c e  from the  t ropopause 

and s i g n  of t h e  r e l a t i v e  v o r t i c i t y  f o r  each NH season f o r  the l a t i t u d e  r eg ion  from 

3 0 ° N  t o  70°N. Indeed, t he  d i f f e r e n c e  i n  c loud ines s  between c y c l o n i c  and a n t i c y c l o n i c  

cond i t i ons  with  r e s p e c t  t o  d i s t a n c e  from the tropopause is  very appa ren t  on t h i s  f i g -  

u r e  and is c o n s i s t e n t  wi th  t he  ozone d i s t r i b u t i o n s  i n  cyclones  and a n t i c y c l o n e s  

r epo r t ed  i n  r e f e r ences  4  and 47 and t h e  known nega t ive  c o r r e l a t i o n  a t  t h e s e  h e i g h t s  

between ozone and water vapor.  (See r e f .  47. ) For the LFC a p p l i c a t i o n ,  t h i s  r e s u l t  

i n d i c a t e s  t h a t  condi t ions  s i g n i f i c a n t l y  d i f f e r e n t  from the  average  of a l l  d a t a  can be 

expected i f  s p e c i f i c  f l i g h t  r o u t e s  a r e  l i k e l y  to  encounter more c y c l o n i c  than a n t i -  

cyc lon i c  c i r c u l a t i o n  systems, o r  v i c e  versa .  



From f i g u r e  15,  t h e  fo l lowing  conclusions can he drawn: 

1 . For w in t e r ,  TIC i s  s u b s t a n t i a l l y  l a r g e r  f o r  nega t ive  v o r t i c i t y  t han  f o r  p o s i -  

t i v e  v o r t i c i t y ,  p a r t i c u l a r l y  near  t he  tropopause.  The maximum occurs  i n  t h e  l a y e r  

immediately below t h e  t ropopause . These r e s u l t s  appear t o  c o n t r a d i c t  m e t e o r o l o g i c a l  

t each ings ,  because nos t meteoro log is t s  are accustomed t o  a s s o c i a t i n g  p o s i t i v e  rela- 

t i v e  v o r t i c i t y  wi th  c louds ,  which is c e r t a i n l y  t h e  ca se  a t  the E a r t h ' s  s u r f a c e .  How- 

eve r ,  because of the v e r t i c a l  s t r u c t u r e  of t h e  atmosphere and t he  t i l t i n g  of the 

pre s su re  systems wi th  r e s p e c t  t o  a l t i t u d e ,  t he  oppos i t e  tends t o  be t r u e  a t  a i r c r a f t  

f l i g h t  a l t i t u d e s .  

2.  ~ u r i n g  summer, TIC i s  nea r ly  cons t an t  a t  5 pe rcen t ,  independent  of t h e  vor- 

t i c i t y  and d i s t a n c e  from t h e  tropopause.  This is  c o n s i s t e n t  wi th  t h e  s e a s o n a l  

d i f f e r e n c e s  of fewer and weaker cyclones  i n  summer wi th  more c louds ,  r e l a t i v e l y ,  

stemming from convec t ive  s torms,  a s  d i scussed  i n  t h e  prev ious  s e c t i o n .  

3 .  The behavior dur ing  s p r i n g  and autumn is app rop r i a t e  f o r  t r a n s i t i o n  p e r i o d s  
between win te r  and summer. 

F igure  16 p r e s e n t s  PCE a s  a  func t ion  of s i g n  of the r e l a t i v e  v o r t i c i t y ,  d i s t a n c e  

from the  tropopause,  l a t i t u d e ,  and season (w in t e r  and summer). The fo l l owing  cha rac -  

t e r i s t i c s  a r e  observed i n  t h i s  f i gu re :  

1 .  The va lues  of PCE f o r  p o s i t i v e  and nega t ive  r e l a t i v e  v o r t i c i t y  d i f f e r  most i n  

t h e  win te r  and a t  a l t i t u d e s  near  the  tropopause.  A s  mentioned be fo re ,  p o s i t i v e  vor-  

t i c i t y  and clouds are c o r r e l a t e d  i n  t he  lower atmosphere and t h i s  is c o n s i s t e n t  w i t h  

t he  crossover  of the  curves  a t  10 t o  15 k f t  below the  t ropopause i n  w i n t e r .  

2. For nega t ive  v o r t i c i t y  (heavy c u r v e ) ,  w in t e r  va lues  of PCE a r e  much l a r g e r  

than summer va lues .  

3 .  I n  w in t e r ,  t he  maximum i n  PCE is a t  0  t o  5 k f t  below t h e  t ropopause  when t h e  
r e l a t i v e  v o r t i c i t y  is  nega t ive  and a t  10 t o  15 k f t  below t h e  t ropopause  when the 

r e l a t i v e  v o r t i c i t y  is p o s i t i v e .  

4.  For both seasons and both s i gns  of r e l a t i v e  v o r t i c i t y ,  PCE t ends  t o  be 

smal le r  f o r  l a t i t u d e s  from 3 0 ° N  t o  40°N than f o r  h ighe r  l a t i t u d e s .  

F igure  17 p r e s e n t s  T I C I V  a s  a  func t i on  of s i g n  of r e l a t i v e  v o r t i c i t y ,  d i s t a n c e  

from the  tropopause,  l a t i t u d e ,  and season (w in t e r  and summer ) . The fo l l owing  charac-  

t e r i s t i c s  a r e  observed i n  t h i s  f i gu re :  

1 . In  win te r ,  TICIV is c o n s i s t e n t l y  l a r g e r  a t  a l l  a l t i t u d e s  when t h e  r e l a t i v e  

v o r t i c i t y  is  nega t ive .  This is  c o n s i s t e n t  wi th  e a r l i e r  d i s c u s s i o n s .  

2.  I n  win te r ,  the maximum i n  T I C I V  occurs  0 t o  5 k f t  below t h e  t ropopause .  

3 .  For both s i g n s  of r e l a t i v e  v o r t i c i t y ,  T I C I V  decreases  s h a r p l y  f o r  a l t i t u d e s  
more than 10 k f t  below t h e  t ropopause.  

4 .  There is  no d i s t i n g u i s h a b l e  p a t t e r n  between TICIV and d i s t a n c e  from the 

tropopause i n  summer, a l though t h e  magnitude of TICIV tends t o  be l a r g e r  f o r  p o s i t i v e  

v o r t i c i t y  than f o r  nega t ive  v o r t i c i t y  . 



Cloudiness ,  Temperature, and Ozone 

Other t r a c e  c o n s t i t u e n t s  and meteoro log ica l  v a r i a b l e s  measured by G A S P  a i r c r a f t  

du r ing  t h e  time of the  d a t a  analyzed h e r e i n  ( n o t  a l l  c o n s t i t u e n t s  were measured a t  

a l l  t imes)  were water vapor, ozone, carbon monoxide, and wind. An in-depth s y n o p t i c  

and s t a t i s t i c a l  a n a l y s i s  of the  i n t e r r e l a t i o n s h i p  between c louds  and t h e s e  v a r i a b l e s  

is  beyond t h e  scope of t h i s  s tudy ,  b u t  cons ide rab l e  i n s i g h t  i s  a v a i l a b l e  from t h e  

d i s t r i b u t i o n  of mean values  of some of t he se  parameters with  r e s p e c t  t o  t h e  

t r  opopause . 
Figure  1 8  p r e s e n t s  the  mean a i r  temperature  and ozone concen t r a t i on ,  i n  and o u t  

of c louds ,  wi th  r e s p e c t  t o  t h e  d i s t a n c e  from the  tropopause.  The mean a i r  tempera- 

t u r e  i n  t h e  v i c i n i t y  of clouds is  c o n s i s t e n t l y  coo l e r  than i n  c l e a r  a i r ,  perhaps 

sugges t ing  t h a t  c louds a r e  more l i k e l y  t o  form i n  coo l  a i r  because l e s s  water vapor 

is requi red  f o r  s a t u r a t i o n .  However, a s  w a s  shown i n  f i g u r e  15,  c louds  tend t o  occur  

i n  a r e a s  of a n t i c y c l o n i c  v o r t i c i t y  ( i  .e., i n  r i d g e s  1, where t h e r e  is a p a t t e r n  of 

upward v e r t i c a l  motions and where the tropopause is g e n e r a l l y  h ighe r  and c o l d e r  than  

i n  t roughs.  Thus, c i r r u s  c louds form more r e a d i l y  i n  r i dges ,  no t  on ly  because it is  

co lde r  t h e r e  b u t  a l s o  because t h e  p a t t e r n  of v e r t i c a l  motions around t h e  under ly ing  

cyclones  tends t o  produce upward motions of s u f f i c i e n t l y  mois t  a i r  from below. 

I t  is a l s o  apparen t  from f i g u r e  18 t h a t  concen t r a t i ons  of ozone a r e  c o n s i s t e n t l y  

sma l l e r  i n  t he  v i c i n i t y  of c louds than i n  c l e a r  a i r . '  Perhaps t h e  s i m p l e s t  explana-  

t i o n  f o r  t h e  s t r o n g  a n t i c o r r e l a t i o n  between c i r r u s  c louds and ozone a t  commercial 

a i r c r a f t  c r u i s e  a l t i t u d e s  is  t h a t  c i r r u s  c louds  a r e  a s s o c i a t e d  w i th  mois t  upward- 

moving a i r  coming from the  ozone-poor t roposphere ,  and c l e a r  a r e a s  are a s s o c i a t e d  

wi th  d ry  downward-moving a i r  coming from t h e  ozone-rich s t r a t o s p h e r e  . This  explana-  

t i o n  is  c o n s i s t e n t  with t h e  v e r t i c a l  motions a t  t he  t ropopause l e v e l  expected i n  

b a r o c l i n i c  storms ( r e f .  46) and w i t h  t h e  previous obse rva t i on  t h a t  t h e r e  is less 

c loudiness  i n  t h e  upper atmosphere and more ozone i n  a cyclone than  i n  an a n t i -  

cyclone. (See figs. 14 and 15 and r e f s .  4 and 47.) 

Even though the preceding exp l ana t i on  is s t r a igh t fo rward ,  a t  l e a s t  three o t h e r  

f a c t o r s  may in f luence  the  observed l e v e l  of c o r r e l a t i o n  between c i r r u s  c louds  and 

ozone : 

1 .  Sampling - The cloud and ozone d a t a  a r e  from i n  s i t u  GASP obse rva t i ons ,  b u t  

t h e  tropopause d a t a  have been i n t e r p o l a t e d  i n  t i m e  and space from NMC g r i d  maps 

(2.5O l a t i t u d e  by 2.5O l ong i tude )  which a r e  a v a i l a b l e  only a t  12-hour i n t e r v a l s .  

Thus, some of t h e  high-frequency undula t ions  of t h e  tropopause (e  .g ., see r e f .  48) 

a r e  probably missed by t he se  maps. This  l e ads  t o  e r r o r s  i n  t h e  c a l c u l a t e d  h e i g h t  of 

t he  t ropopause . 
2 .  Chemistry - Enhanced chemical and photochemical d e s t r u c t i o n  of ozone may 

occur i n  t h e  presence of high r e l a t i v e  humidity.  A s  reviewed i n  r e f e r e n c e  49, ozone 

photochemistry  is  an a r ea  of very a c t i v e  r e sea rch ,  and we leave  assessment  of t h i s  

p o s s i b i l i t y  t o  modelers working i n  t h e  f i e l d .  

' I t  was repor ted  i n  r e f e r ence  5 t h a t  t h e  concen t r a t i on  of ozone i n  c l e a r  a i r  is 

s i g n i f i c a n t l y  d i f f e r e n t  ( h i g h e r )  from t h a t  i n  cloudy air ,  a t  t h e  99.9 p e r c e n t  con- 

f idence  l e v e l .  



3. ~ e c h a n i c a l  d e s t r u c t i o n  - Ozone is a r e l a t i v e l y  uns t ab l e  gas  and is  known t o  

d i s s o c i a t e  on c o n t a c t  wi th  a hard su r f ace .  The i c e  c r y s t a l s  and p a r t i c l e s  i n  a c loud  

provide a r e l a t i v e l y  l a r g e  s u r f a c e  a r e a  f o r  ozone d e s t r u c t i o n .  

PARTICLE-CONCENTRATION ANALYSIS 

AS s t a t e d  i n  the s e c t i o n  e n t i t l e d  "Data, " GASP cloud-encounter d a t a  a r e  a v a i l -  

a b l e  beginning i n  December '1975, b u t  par t ic le-number-densi ty  d a t a  (PD5) do n o t  b e g i n  

u n t i l  January 1977.  Approximately 63 pe rcen t  of t h e  c loud obse rva t i on  p e r i o d s  have 

corresponding p a r t i c l e - c o n c e n t r a t i o n  d a t a .  F igure  19 p r e s e n t s  t h e  c loud ines s  v a r i -  

a b l e s  f o r  only those  observa t ion  per iods  having p a r t i c l e - c o n c e n t r a t i o n  measurements. 

The s i m i l a r i t y  between t h i s  f i g u r e  and f i g u r e  13, the  corresponding f i g u r e  f o r  a l l  

cloud-encounter d a t a ,  and t h e  marked s i m i l a r i t i e s  of f i g u r e s  5 and 6 t o  f i g u r e s  3 

and 4, a l l  provide evidence t h a t  t h e  p a r t i c l e - c o n c e n t r a t i o n  d a t a  s u b s e t  is s ta t i s t i -  

c a l l y  s i m i l a r  t o  t h e  e n t i r e  d a t a  s e t .  

Concent ra t ions  i n  Clear  and Cloudy A i r  

Figure 20 shows t h a t  t he  p a r t i c l e  d e n s i t y  PDS(D > 3 pm) is abou t  t h r e e  o r d e r s  

of magnitude g r e a t e r  i n  cloudy a i r  ( T I C  > 0 )  than i n  c l e a r  a i r  (TIC = 0). Figu re  21 

shows the  cumulat ive frequency d i s t r i b u t i o n s  of all a v a i l a b l e  PDS d a t a  f o r  s e v e r a l  

T I C  values .  Among observa t ions  i n  t h e  v i c i n i t y  of c louds (0  < TIC < 1 0 0 ) ,  t h e  proba- 

b i l i t y  of encounte r ing  any g iven  p a r t i c l e  d e n s i t y  i n c r e a s e s  a s  TIC i n c r e a s e s .  How- 

eve r ,  t h i s  d i f f e r e n c e  is  s m a l l  compared wi th  the d i f f e r e n c e  between c l e a r  and c loudy  

a i r  shown by t h e  TIC = 0 and t h e  TIC  > 0 curves .  

F igure  22  p r e s e n t s  t h e  cumulative frequency d i s t r i b u t i o n s  of p a r t i c l e  number 

d e n s i t y  f o r  c l e a r  and cloudy a i r  w i th  r e s p e c t  t o  (a) a l t i t u d e  and (b) d i s t a n c e  from 

t h e  tropopause.  The d i f f e r e n c e s  i n  t he se  d i s t r i b u t i o n s  f o r  TIC > 0 and T I C  > 75 

with  r e s p e c t  t o  a l t i t u d e  a r e  very smal l ,  whereas more p a r t i c l e s  tend t o  be p r e s e n t  i n  

t h e  0 t o  5 k f t  i n t e r v a l  below the tropopause.  

F igure  23 pre sen t s  s i m i l a r  cumulative frequency d i s t r i b u t i o n s  w i t h  r e s p e c t  t o  

( a )  l a t i t u d e  and (b)  NH season.  I n  the c l e a r  a i r ,  more p a r t i c l e s  a r e  p r e s e n t  between 

O 0  and 60°N than o u t s i d e  t he se  l a t i t u d e s ,  and more p a r t i c l e s  a r e  p r e s e n t  i n  s p r i n g  

and summer than i n  win te r  and autumn. These same r e l a t i o n s h i p s  a l s o  t end  t o  h o l d  f o r  

cloudy air ,  a t  l e a s t  f o r  p a r t i c l e  concen t r a t i ons  smaller than about  1 o4 mm3. 

A s  mentioned i n  t h e  s e c t i o n  e n t i t l e d  " In t roduc t ion , "  t he  goa l  of t h i s  r e s e a r c h  

is t h e  d e r i v a t i o n  of t h e  c l imatology i . t he  s t a t i s t i c a l  behavior  w i t h  l o c a t i o n ,  

season,  a l t i t u d e ,  e t c .  1 of t h e  p a r t i c l e  number d e n s i t y  to be encountered on a i r l i n e  

r o u t e s  worldwide, from which the  economic f e a s i b i l i t y  of employing laminar-f  low- 

c o n t r o l  (LFC) wings may be, assessed .  I n  t h i s  regard ,  t h e  PD5 d a t a  i n  t h e  c u r r e n t  

i n v e s t i g a t i o n  a r e  most va luab le  when they p e r t a i n  t o  f l i g h t  c o n d i t i o n s  t h a t  are 

e i t h e r  t o t a l l y  i n  c l e a r  a i r  o r  t o t a l l y  wi th in  c louds .  It is c r u c i a l  to  know whether  

t h e  p a r t i c l e  number d e n s i t y  i n  c l e a r  a i r  is, on t h e  average,  s u f f i c i e n t l y  high t o  

make LFC imprac t i ca l  as a low-drag method. I f  such is the case ,  t hen  the LF l o s s  

w i th in  c louds is  almost  c e r t a i n  t o  be p r o h i b i t i v e .  I f ,  however, t h e  l o s s  i n  clear 

a i r  is not  c r i t i c a l ,  then cloud encounter  is  t h e  l i m i t i n g  f a c t o r .  The re fo re ,  it i s  

impor tan t  t o  e s t ima te  t h e  p o r t i o n  of the  t i m e  t h a t  c louds w i l l  be encounte red ,  as w a s  

examined i n  t h e  s e c t i o n  e n t i t l e d  "Cloud-~ncounter  Analysis ."  Most e s t i m a t e s  t o  d a t e  

assume t h a t  a l l  c louds always cause LF l o s s  and that LF l o s s  i n  c l e a r  a i r  does  n o t  



occur ,  b u t  one purpose of t he  p r e s e n t  r e sea rch  was t o  a s c e r t a i n  what s u b s e t ,  i f  any, 

of cloud encounters  would no t  cause LF l o s s  and what p o r t i o n  of t h e  t ime LF would be 

10s t i n  c l e a r  a i r .  

I n  t h i s  s tudy ,  the  P D 5  d a t a  were examined t o  de r ive  s t a t i s t i c s  on p a r t i c l e  

concen t r a t i ons  t o  be encountered i n  c l e a r  a i r  and cloudy a i r .  The r e s u l t s  are summa- 

r i z e d  i n  t a b l e  VI, which p r e s e n t s  a  composite of t h e  o v e r a l l  p a r t i c l e - e n c o u n t e r  expe- 

r i ence  a s  a  func t i on  of TIC. This  t a b l e ,  from which f i g u r e  21 was p l o t t e d ,  i n c l u d e s  

a l l  cond i t i ons  from t o t a l l y  c loud-free  t o  t o t a l l y  i n  c louds.  

Appl ica t ion  of GASP Par t ic le -Concent ra t ion  Data t o  

LFC A i r c r a f t  S tud i e s  

The motivat ion f o r  ana lyz ing  t h e  GASP d a t a  f o r  cloud-encounter s t a t i s t i c s  i n  t h e  

format p r ev ious ly  d i scussed  is t he  requirement  f o r  ob t a in ing  p a r t i c l e - c o n c e n t r a t i o n  

c l i m a t o l o g i c a l  d a t a  t o  be u t i l i z e d  i n  f e a s i b i l i t y  s t u d i e s  f o r  new long-range a i r c r a f t  

des igns .  Such a i r c r a f t  would use laminar-f low-control (LFC)  wings,  o f f e r i n g  promise 

of up t o  a  30-percent drag reduc t ion  from t h a t  of c u r r e n t  wing des igns  ( r e f .  7 ) .  The 

p a r t i c u l a r  need of cloud-encounter e s t i m a t e s  for t h i s  c l a s s  of a i r c r a f t  s t e m s  from 

the  f a c t  t h a t  LF is thought t o  be l o s t ,  a l b e i t  t emporar i ly ,  whenever t h e  a i r c r a f t  is 

wi th in  clouds or i c e - c r y s t a l  concen t r a t i ons  con t a in ing  a  s u f f i c i e n t l y  l a r g e  number 

d e n s i t y  of hydrometeors l a r g e r  than about  30 pm i n  e q u i v a l e n t  mel ted d iameter  (EMD) . 
(See r e f .  15 f o r  d e f i n i t i o n  of EMD.) Experience wi th  the USAF X-21, an e a r l y  LFC- 

winged research  a i r c r a f t ,  seemed t o  show ( r e f s .  8 and 10) t h a t  LF was always l o s t  i n  

v i s i b l e  c louds and sometimes w i th in  c i r r u s  hazes .  Motivated by the X-21  expe r i ence ,  

H a l l  ( r e f .  10) der ived ,  from aerodynamic cons ide ra t i ons ,  t h e  range of i c e - p a r t i c l e  

f l u x e s  which should cause s i g n i f i c a n t  l o s s  of LF. Figure  24 i s  adapted from the H a l l  

a n a l y s i s  and is presen ted  a s  an example of t he  es t imated  LF degrada t ion .  P a r t i c l e  

concen t r a t i on  ( 1 7 t - ~ )  is  p l o t t e d  on t he  o r d i n a t e ,  a g a i n s t  t h e  e q u i v a l e n t  melted diame- 

ter of t h e  p a r t i c l e s .  From t h i s  f i g u r e ,  t h e  fo l lowing  obse rva t i ons  may be made: 

1 .  No l o s s  of LF is  expected t o  r e s u l t  from p a r t i c l e s  w i th  EMD sma l l e r  than 

33 pm, r ega rd l e s s  of t h e i r  concen t r a t i on ,  o r  from t o t a l  p a r t i c l e  c o n c e n t r a t i o n s  
2 3 smal le r  than 3.5 x 10 /rn , r e g a r d l e s s  of p a r t i c l e  s i z e .  

2.  Tota l  l o s s  of LF is expected i f  t he  concent ra t ion  of p a r t i c l e s  w i th  EMD equa l  
5 t o  o r  l a r g e r  than 3 3  pm is g r e a t e r  than o r  equa l  t o  1 .9 x 10 pa r t i c l e s /m3  ( o r ,  e . g o ,  

i f  the concent ra t ion  of particles l a r g e r  than 60 pm is g r e a t e r  t han  o r  e q u a l  t o  

1 .3 x 1 05/m3 ) . Simi l a r  conc lus ions  can be reached i n  t h i s  manner f o r  o t h e r  p a r t i c l e  

s i z e s .  

3. Between no l o s s  and t o t a l  l o s s  of LF, p a r t i a l  l o s s  is  expected e . . ,  i f  the 

number d e n s i t y  of p a r t i c l e s  wi th  EMD e u a l  t o  o r  l a r g e r  t han  33 pm is  g r e a t e r  than  
5 9 

8.0 x lo2/m3 b u t  l e s s  than 1 .4 x 10 /m . The th reshold  of LF l o s s  was 10 p e r c e n t  i n  

t h e  H a l l  a n a l y s i s .  This  t h r e sho ld  is  represen ted  by the lower boundary of t h e  reg ion  

l abe l ed  " P a r t i a l  l o s s  of LF" i n  f i g u r e  24. 

The task a t  hand, then,  is  t o  u t i l i z e  GASP d a t a  f o r  d e r i v i n g  or e s t i m a t i n g  the 

p r o b a b i l i t y  that p a r t i c l e  number d e n s i t i e s  s u f f i c i e n t  t o  cause  LF l o s s  w i l l  be 

encountered i n  day-to-day ope ra t i ons .  To es t ima te  t he  p r o b a b i l i t y  and s e v e r i t y  of LF 

l o s s  i n  t h e  presence of p a r t i c l e s ,  no t  on ly  t he  p r o b a b i l i t y  of cloud encounte r  must 



be known, b u t  a l s o  the p r t i c l e  number d i s t r i b u t i o n  w i th in  c louds and i n  c l e a r  a i r .  

~ l l  the  e lements  of t h e  problem a r e  represen ted  i n  t he  fo l lowing  equa t i on :  

P(LFC l o s s )  = [P(LFC l o s s )  1 ] [P ( ~ l i ~ h t  i n  c louds ) ] 
Cloudy 

+ [P(LFC l o s s )  1 ]  light i n  c l e a r  a i r )  ] 
Clea r  

From t h e  GASP cloud-encounter d a t a  p resen ted  e a r l i e r ,  t he  p r o b a b i l i t y  of f l i g h t  

both i n  and o u t  of c louds  can be es t imated .  The p r o b a b i l i t i e s  of LF deg rada t i on  i n  

and o u t  of c louds  axe,  however, no t  d i r e c t l y  a c c e s s i b l e  from the  GASP d a t a  ana lyzed  

h e r e i n ,  s i nce  t he se  provide only the  t o t a l  number d e n s i t y  of p a r t i c l e s  w i th  EMDS 

l a r g e r  than 3 ym. However, emp i r i ca l  p a r t i c l e - d i s t r i b u t i o n  d a t a  a r e  a v a i l a b l e  from 

missions c a r r y i n g  Knollenberg-probe-type i n s t rumen ta t i on .  The i n v e s t i g a t i o n s  of the 

U . S .  A i r  Force Geophysics Laboratory (AFGL) a r e  p a r t i c u l a r l y  va luab le  s o u r c e s  of 

t h e s e  d a t a  ( r e f s  . 15, 16, and 50 t o  56) .  These AFGL d a t a  were s t u d i e d  t o  de te rmine  

t he  v a r i a b i l i t y  of t h e  r a t i o  of the  number of p a r t i c l e s  l a r g e r  than 3 pn t o  t h e  num- 

be r  of p a r t i c l e s  l a r g e r  than 33 p.m. This  r a t i o  is b e s t  v i s u a l i z e d  as t h e  r a t i o  of 

t he  two hatched a r e a s  shown on f i g u r e  25, presen ted  t o  show the  concept .  This  r a t i o  

depends on t h e  type  of cloud encountered and ranges from about  10 f o r  t h i c k  c louds  t o  

about  100 o r  more f o r  very t h i n  c i r r u s  c louds (numerous very smal l  c r y s t a l s )  and h a s  

a modal va lue  of around 30. I n  p r a c t i c a l  usage, then,  t h e  number of p a r t i c l e s  l a r g e r  

than t he  LFC-cr i t i ca l  s i z e  (EMD of 33 m could be es t imated  by d i v i d i n g  t h e  number 

of p a r t i c l e s  i n  a GASP PD5 obse rva t i on  by t h e  a p p r o p r i a t e  r a t i o .  To p rov ide  a 

conserva t ive  e s t i m a t e  of LF l o s s ,  a  worst  case  r a t i o  i n  c louds is  t aken  t o  be 10 and 

a worst  case  r a t i o  i n  c l e a r  air  is taken t o  be 100. H e r e  "worst  case"  s i g n i f i e s  t h e  

g r e a t e s t  upper bound f o r  the  concen t r a t i on  of LFC-cr i t i ca l  p a r t i c l e  s i z e s  - hence ,  

t h e  g r e a t e s t  p r o b a b i l i t y  of LF l o s s .  

With t he se  assumptions,  the Hal l  c r i t e r i a  i n  f i g u r e  24  and the PD5 a n a l y s e s  i n  

t h e  s e c t i o n  e n t i t l e d  "Par t ic le -Concent ra t ion  Analysis"  can be r e l a t e d  t o  e s t i m a t e  t h e  

degree of LF l o s s  t o  be expected,  i n  both t o t a l l y  c l e a r  air and t o t a l l y  c loudy a i r .  

F i r s t ,  we r e c a l l  from f i g u r e  24 t h a t  t h e  LFC-cr i t i ca l  d e n s i t y  of p a r t i c l e s  l a r g e r  
2 3 than 33 pm i n  diameter  is 8.0 x 10 /m . Mult ip ly ing  t h i s  d e n s i t y  by t h e  clear a i r  

r a t i o  of 100, the c r i t i c a l  d e n s i t y  of p a r t i c l e s  l a r g e r  than 3 pm i n  d iame te r  would be 

8 x I 04/m3. From f i g u r e  21 and t a b l e  V I ,  we f i n d  t h a t  t h i s  p a r t i c l e  d e n s i t y  w a s  
never encountered i n  c l e a r  a   here fore, the assumption t h a t  no LF l o s s  occurs  i n  

t r u l y  c l e a r  a i r  seems app rop r i a t e .  

The assumption of no LF l o s s  i n  c l e a r  air  does no t  t o t a l l y  ag ree  w i th  d a t a  t aken  

dur ing  t h e  X-21 program, i n  which some LF l o s s  e v i d e n t l y  occurred i n  v e r y  l i g h t  h a z e  

( r e f s .  8  and 1 0 ) .  However, no p a r t i c l e - c o n c e n t r a t i o n  measurements w e r e  t aken  i n  

conjunc t ion  wi th  t h e  X-21 missions,  s o  t he  p a r t i c l e  concen t r a t i ons  i n  t h e  haze w e r e  

unknown, and un fo r tuna t e ly  cannot be used t o  r e f i n e  t h e  assumption of no l o s s  i n  

c l e a r  a i r .  I t  is repor ted  i n  r e f e r ences  57 and 58 t h a t  l o c a l  c o n c e n t r a t i o n s  of l a r g e  

p a r t i c l e s ,  r e s u l t i n g  from p a r t i c l e  f a l l o u t  i n t o  the c l e a r  a i r ,  may be encounte red  

beneath c i r r u s  cloud decks dur ing  f l i g h t  i n  o therwise  c l e a r  a i r .  The o b s e r v a t i o n s  i n  

r e f e r ence  57, and c a l c u l a t i o n s  i n  r e f e r ence  58, show t h a t  t he se  p a r t i c l e s  can s u r v i v e  

f a l l s  of s e v e r a l  k i l ome te r s .  However, we b e l i e v e  t h a t  t h e  c o n c e n t r a t i o n s  of t h e s e  

p a r t i c l e s  w i l l  g e n e r a l l y  be too  low t o  degrade LF, a l though  the  p a r t i c l e s  are large 

enough t o  cause a  problem, i f  encountered i n  s u f f i c i e n t  concen t r a t i on .  



I n  c louds,  the c r i t i c a l  number d e n s i t i e s  of p a r t i c l e s  wi th  EMD > 3 p a r e  

obtained by mul t ip ly ing  the worst case  r a t i o  (10)  by the c r i t i c a l  d e n s i t i e s  of p a r t i -  
2 2 

cLes with EMD > 33  ym: f o r  10-percent LF l o s s ,  (8  x 10 /m ) ( 1 0 ) ;  f o r  t o t a l  l o s s ,  
5 2 (1  .9 x 10 /m ) ( 10 ) . The curves f o r  T I C  3 75 i n  f i g u r e  21 sugges t  t h a t  t h e  c r i t i c a l  

3 3 number dens i ty  f o r  a 10-percent LF l o s s ,  8 x 10 /m , would be exceeded 100 p e r c e n t  
6 3 

of the  t ime,  To ta l  l o s s  of L F ( P D ~  = 1 .9 x 10 /m ) would be expected approximately 

5 percent  of the time. Thus, a s i g n i f i c a n t  degree of LF l o s s  w i th in  clouds is  obvi- 

ous ly  p red i c t ed ,  and the  prev ious ly  s t a t e d  assumption t h a t  encounters  w i t h  v i s i b l e  

c louds always r e s u l t  i n  a l o s s  of LF seems v a l i d  u n t i l  f u r t h e r  obse rva t ions  a r e  

obtained of LF degrada t ion  i n  c louds,  w i t h  modern cloud-part ic le-sampling i n s t r u -  

mentation. Such observa t ions  a r e  planned f o r  the near f u t u r e  i n  a NASA experiment 

( r e f .  1 9 ) ,  i n  which the  Hal l  c r i t e r i a  can be va l ida t ed  f o r  the  f i r s t  t ime. I n  t h a t  

experiment,  a Knollenberg probe p a r t i c l e  sampler ( r e f ,  59) w i l l  be flown aboard a 

NASA J e t S t a r  a i r c r a f t  modified with LFC wing  s e c t i o n s ,  t o  measure t h e  p a r t i c l e  envi-  

ronment s imultaneously with t he  assessment of LFC system performance. The r e s u l t s  of 

the  experiment should a l low v a l i d a t i o n  of the  assumption of no LF l o s s  i n  c l e a r  a i r  

and a new de te rmina t ion  of the l e v e l  of LF degradat ion i n  a v a r i e t y  of c loud condi- 

t i o n s .  pending these  r ev i sed  e s t ima te s  of LF l o s s ,  no l o s s  of LF i n  c l e a r  a i r  and 

t o t a l  l o s s  of LF i n  a l l  c louds a r e  assumed; thus ,  the a n a l y s i s  i n  t h e  next  s e c t i o n  

w i l l  be centered  around the  GASP cloud-encounter da t a .  

APPLICATION OF GASP CLOUD-ENCOUNTER DATA TO AIRLINE ROUTE STUDIES 

I n  t h i s  s e c t i o n ,  the  GASP cloud-encounter da t a  a r e  app l i ed  t o  t h e  e s t ima t ion  of 

cloud-encounter s t a t i s t i c s  f o r  a i r l i n e  a p p l i c a t i o n ,  F i r s t ,  the o v e r a l l  cloud- 

encounter v a r i a b i l i t y  i s  summarized i n  t a b l e s  and d iscussed  from t h e  viewpoint of 

s t a t i s t i c a l  s i g n i f i c a n c e .  Then, an empir ica l  s t a t i s t i c a l  model f o r  the rou te -  

averaged time i n  clouds is developed. This model is appl ied  t o  seven high-densi ty  

a i r l i n e  rou t e s ,  and the  impl ica t ions  f o r  the  economic f e a s i b i l i t y  of LFC t r a n s p o r t s  

a r e  d i scussed .  

Overa l l  Resu l t s  

Tables V I I ,  V I I I ,  and I X  presen t  s t a t i s t i c s  der ived  from cloud obse rva t ion  

per iods .  Reca l l  t h a t  each cloud observa t ion  per iod l a s t s  on ly  256 s e c ,  o r  approxi- 

mately 36 n,mi. a t  a ground speed of 500 kno t s ,  I t  is impor tan t  t o  r e a l i z e  t h a t  such 

s t a t i s t i c s  a r e  der ived from these  256-sec i n t e r v a l s  and a r e  on ly  e s t ima te s  of t he  

cloud-detect ion p r o b a b i l i t y  over o the r  time i n t e r v a l s  o r  d i s t a n c e s .  It  is shown i n  

appendix C ( v o l e  11) t h a t  success ive  observa t ions  a r e  no t  r e a l l y  s t a t i s t i c a l l y  inde- 

pendent u n t i l  about  20 i n t e rven ing  observa t ions  have e lapsed .  With t he se  cons ider -  

a t i o n s  f i rmly  i n  mind, t a b l e s  V I I ,  V I I I ,  and IX a r e  s t i l l  u s e f u l  i n  s tudying  the 

r e l a t i v e  p r o b a b i l i t y  of cloud encounter  a s  a func t ion  of a l t i t u d e ,  NH season,  and 

geographic loca t ion ;  t h i s  p r o b a b i l i t y  is of use i n  determining the  f e a s i b i l i t y  of LFC 

f l i g h t .  

Table V I I  presen t s  a composite of T I C  s t a t i s t i c s  a s  a func t ion  of a l t i t u d e  f o r  

t h e  g loba l  d a t a  s e t  i . .  , a l l  seasons and l a t i t u d e s )  and r e p r e s e n t s  an e l a b o r a t i o n  

of t he  da t a  p l o t t e d  i n  f i g u r e  9 (h . The b e n e f i t s  of h igher  c r u i s e  a l t i t u d e  f o r  cloud 

avoidance a r e  r e a d i l y  apparent  from t h e  t a b l e .  For example, an a i r c r a f t  c r u i s i n g  a t  

28.5 t o  33.5 k f t  would be expected t o  f l y  through a 256-second time i n t e r v a l  t o t a l l y  

c l e a r  of clouds 78.8 pe rcen t  of t he  time and t o  encounter c louds du r ing  t h a t  i n t e r v a l  

( T I C  > 0) 21 .2 percent  of the  t ime. There is  a 16-percent p r o b a b i l i t y  of being i n  



clouds f o r  more than 10 percent  of t he  i n t e r v a l  (25.6 s e c )  and an 8-percent  proba- 

b i l i t y  of being i n  c louds ha l f  o r  more of t he  i n t e r v a l  ( 1 28 sec  . There is only  a 

1 .6-percent p r o b a b i l i t y  t h a t  more than 90 percent  of t he  i n t e r v a l  would be cloudy.  

By c r u i s i n g  a t  a h ighe r  a l t i t u d e ,  33.5 t o  38.5 k f t ,  however, the  p r o b a b i l i t y  of 

encounter ing clouds i n  any 256-sec i n t e r v a l  is  reduced from 21.2 t o  15.8 p e r c e n t .  I n  

t he  c r u i s e  a l t i t u d e  range from 38.5 t o  43.5 k f t ,  r ep re sen t ing  the  upper range of 

c u r r e n t  t r a n s p o r t  a i r c r a f t ,  the  p r o b a b i l i t y  of cloud encounter i n  each 256-sec i n t e r -  

v a l  is reduced s t i l l  f u r t h e r  t o  8.5 percent .  Above 43.5 k f t ,  t h e r e  is v i r t u a l l y  no 

p r o b a b i l i t y  of encounter ing clouds.  

Resu l t s  Analyzed With Respect t o  A l t i t ude  

The va lues  j u s t  presented i n  t a b l e  V I I  a r e  u s e f u l  f o r  e s t ima t ing  the  r e l a t i v e  

cloud-encounter frequency on a worldwide b a s i s ,  bu t  f o r  t he  ope ra t i ons  of most a i r -  

l i n e s ,  s t a t i s t i c s  f o r  more l im i t ed  geographic regions a r e  of more p r a c t i c a l  i n t e r e s t .  

For t h i s  reason,  t he  d a t a  of t a b l e  V I I I  were e x t r a c t e d  from appendix D (Vol. 11). - 
For t a b l e  V I I I ,  only t he  average value of TIC (TIC) t he  p r o b a b i l i t y  of c loud  

encounter  (PCE, numerical ly  equal  t o  P(T1C > 0 )  i n  appendix D), and t h e  number of 

independent observa t ion  per iods making up the  sample i n  each c e l l  of t h e  l a t i t u d e -  

s ea son -a l t i t ude  g r i d  a r e  presented.  These parameters were chosen from a l l  t hose  i n  

appendix D because they a r e  of most d i r e c t  usefu lness  i n  a s se s s ing  t h e  r e l a t i v e  mag- 

n i t udes  of cloud-encounter f requenc ies .  

The d a t a  i n  t a b l e  V I I I  a r e  presented f o r  10' l a t i t u d e  zones between 40°S and 

80°N, and f o r  the  t h r e e  primary a l t i t u d e  bands analyzed i n  t h i s  r e p o r t ,  denoted f o r  

convenience a s  fol lows:  

Band Al: 28.5 t o  33.5 k f t  

Rand A2: 33.5 t o  38.5 k f t  

Band A3: 38.5 t o  43.5 k f t  

The d a t a  a r e  f u r t h e r  subdivided by NH season. I t  is immediately appa ren t  t h a t  most 

d a t a  were obtained between 30°N and 60°N l a t i t u d e .  For completeness,  d a t a  a r e  pre-  

sen ted  f o r  every l a t i t u d e  zone having observa t ions ;  b lanks  i n d i c a t e  t h a t  no d a t a  were 

taken i n  a zone. The reader  is  s t rong ly  caut ioned t h a t  t he  s t a t i s t i c s  w i t h i n  zones 

having fewer than 30 independent samples may no t  be r e p r e s e n t a t i v e  of popu la t i on  

values .  

La t i t ude  zone from 30°N t o  60°N.- Most confidence may be placed i n  t h e  v a r i a b i l -  

i t y  of d a t a  i n  t a b l e  V I I I  occur r ing  wi th in  t h e  30°N t o  60°N l a t i t u d e  band. This  

v a r i a b i l i t y  was f u r t h e r  t e s t e d  f o r  s t a t i s t i c a l  s i g n i f i c a n c e ,  us ing  t h e  a n a l y s i s  of 

var iance (ANOVA) technique ( r e f .  60) a s  implemented through a well-proven so f tware  

package ( r e f .  61 1. The fol lowing genera l  conclusions were reached f o r  t h e  30°N t o  

60 O N  l a t i t u d e  region: 

1.  The average value of TIC ranges from 0 percent ,  f o r  a l t i t u d e  band A3, t o  

13.7 percent ,  f o r  band Al. The r e spec t ive  p r o b a b i l i t y  of cloud encounter ,  PCE, 

ranges from 0 t o  32.4 percent .  

- 
2. I n  comparing the  TIC s t a t i s t i c s  from d i f f e r e n t  a l t i t u d e  bands by t h e  ANOVA - 

technique,  we note  t h a t  the  TIC value i n  band A3 ( h i g h e s t  a l t i t u d e  band) is s i g n i f i -  

c a n t l y  lower ( t h u s  a f fo rd ing  a smal le r  chance of l o s i n g  LF) than t h e  va lues  i n  



- 
bands A1 and A2, and t h a t  the  TIC value i n  band A2 is probably s i g n i f i c a n t l y  lower 

t han  t h a t  i n  band Al. Thus, i n  t h i s  l a t i t u d e  region, an i nc rease  i n  a l t i t u d e  pro- 

v ides  a  s i g n i f i c a n t l y  lower p r o b a b i l i t y  of cloud encounter .  (1n t h i s  r e p o r t ,  an 

event  is termed " s i g n i f i c a n t "  i f  it could have occurred by random chance 1 p e r c e n t  o r  

l e s s  of t he  t i m e .  It is termed "probably s i g n i f i c a n t "  i f  it could have occur red  no 

more than 5 pe rcen t  of t he  t i m e  by chance. Events occur r ing  more than 5 p e r c e n t  of 

t h e  time by random chance were considered not  s t a t i s t i c a l l y  s i g n i f i c a n t . )  

3. With a l l  seasons and a l t i t u d e s  considered toge the r ,  t h e  average t i m e  i n  - 
clouds (TIC)  v a r i e s  s i g n i f i c a n t l y  wi th  a l t i t u d e ,  season,  and l a t i t u d e ,  and t h e  proba- 

b i l i t y  of cloud encounter  (PCE) v a r i e s  s i g n i f i c a n t l y  with a l t i t u d e  and l a t i t u d e ,  bu t  

no t  with season. 

- 
4.  When only sp r ing  and summer a r e  compared, TIC v a r i a b i l i t y  with a l t i t u d e  and 

l a t i t u d e  is probably s i g n i f i c a n t ,  b u t  v a r i a b i l i t y  wi th  season is n o t  s i g n i f i c a n t .  

For PCE, only a l t i t u d e  is probably s i g n i f i c a n t ,  b u t  l a t i t u d e  and season a r e  n o t  

s i g n i f i c a n t .  

- 
5 .  When autumn and win te r  a r e  compared, TIC v a r i a b i l i t y  wi th  season and a l t i t u d e  

i s  s i g n i f i c a n t  and v a r i a b i l i t y  with l a t i t u d e  is  probably s i g n i f i c a n t .  For PCE, 

season is s t i l l  no t  s i g n i f i c a n t ,  bu t  a l t i t u d e  is  s i g n i f i c a n t ,  and l a t i t u d e  is 

probably s i g n i f i c a n t .  

6. From i t e m s  4 and 5 above, we  conclude t h a t  the  g r e a t e s t  v a r i a b i l i t y  occurs  i n  

win te r .  This is c o n s i s t e n t  w i t h  meteorological  experience,  which t e l l s  us t h a t  t h e r e  

i s  both more l a t i t u d i n a l  and a l t i t u d i n a l  v a r i a b i l i t y  i n  t he  win te r  than i n  the o t h e r  

seasons.  

7 .  Comparing a l t i t u d e  bands A1 and A2, over a l l  seasons,  w e  no te  s i g n i f i c a n t  

v a r i a b i l i t y  with season and l a t i t u d e ,  and probably s i g n i f i c a n t  v a r i a b i l i t y  w i th  a l t i -  - 
tude f o r  TIC. For PCE, on ly  the v a r i a b i l i t y  with a l t i t u d e  is s i g n i f i c a n t ,  a t  the 

95 percent  l e v e l .  

8. Comparing a l t i t u d e  bands A2 and A 3  over  a l l  seasons,  we note  s i g n i f i c a n t  

v a r i a b i l i t y  w i t h  l a t i t u d e  and a l t i t u d e ,  bu t  no s i g n i f i c a n t  seasonal. d i f f e r e n c e .  For 

PCE, season is not  s i g n i f i c a n t ,  bu t  a l t i t u d e  and l a t i t u d e  a r e  s i g n i f i c a n t .  

9. TO summarize i tems 1 t o  8 above, a l t i t u d e  is  always impor tan t ,  l a t i t u d e  is of - 
less importance, and season of l e a s t  importance t o  the v a r i a b i l i t y  of T I C  and PCE. 

Other l a t i t u d e  zones.- With the  cau t ions  imposed by smal l  sample s i z e  f i r m l y  i n  

mind, we conclude t h a t  t he  fol lowing t rends  seem t o  be p r e s e n t  i n  t a b l e  V I I I  f o r  t he  

o the r  l a t i t u d e  bands : 

1 .  For regions poleward of 20° l a t i t u d e  i n  both the  Northern and Southern H e m i -  

spheres ,  t h e  s u p e r i o r i t y  of a l t i t u d e  band A 3  f o r  cloud avoidance becomes more e v i d e n t  

t h e  more poleward one goes. 

2. For t he  t r o p i c a l  region,  20°N t o  20°S, a l t i t u d e  band A3 is  no longer  obvi- 

ous ly  b e t t e r  f o r  cloud avoidance than bands A1 and A2; i n  f a c t ,  band A2 is probably - 
t h e  bes t ,  o v e r a l l .  Values f o r  TIC of 10 percent  and PCE of 30 p e r c e n t  a r e  good rep- 

r e s e n t a t i v e  values f o r  this region and band. The tropopause is  a t  i ts  h i g h e s t  i n  t h e  

t r o p i c s ,  a t  50 t o  55 k f t ,  s o  t h a t  even band A 3  is  s t i l l  w e l l  below t h e  t ropopause 

and wi th in  t he  convect ive region of t he  atmosphere; it is t hus  s u b j e c t  t o  cloud 



occurrence and v e r t i c a l  development. The f a c t  t h a t  t he  h i g h e s t  va lue s  of and 

PCE i n  the t r o p i c a l  reg ion  both occur i n  band A3 i s  c o n s i s t e n t  wi th  the r e s u l t s  of 

o the r  r e sea rch  ( r e f .  45) showing c i r r u s  c o n s i s t e n t l y  occur r ing  5 km o r  more benea th  

t h e  t r o p i c a l  t ropopause - e x a c t l y  wi th in  band A3. Thus, f o r  the t r o p i c a l  r eg ion ,  no 

s t r o n g l y  favored a l t i t u d e  band f o r  minimum cloud encounter  e x i s t s ,  and w e  recommend - 
t h a t  a TIC of a t  l e a s t  t 0 pe rcen t  and a PCE of 30 pe rcen t  be assumed f o r  p l ann ing  

purposes .  

R e s u l t s  Analyzed With Respect t o  Dis tance  From the Tropopause 

A companion a n a l y s i s  t o  t h a t  f o r  t a b l e  V I I I  was performed, i n  which t h e  d a t a  

w e r e  analyzed wi th  r e s p e c t  t o  d i s t a n c e  from the tropopause r a t h e r  than  a l t i t u d e .  For 

convenience, t he  f o u r  tropopause s e p a r a t i o n  bands are denoted as fo l lows:  

Rand TI : 10 t o  15 k f t  below the tropopause 

Band T2: 5 t o  10 k f t  below the  t ropopause 

Band T3: 0 t o  5 k f t  helow the tropopause 

Band T4: 0 t o  5 k f t  above t h e  t ropopause 

A s  before ,  the  d a t a  were analyzed by 10' l a t i t u d e  zones and by NH season ,  and t h e  - 
parameters  p resen ted  a r e  aga in  TIC, PCE, and the  number of independent  o b s e r v a t i o n s .  

The r e s u l t s  a r e  p resen ted  i n  t a b l e  I X ,  These d a t a  were e x t r a c t e d  from appendix E 

( ~ o l .  11). However, much of t he  var iance  t h a t  occurs  wi th  r e s p e c t  t o  season  and 

l a t i t u d e  is contained i n  t h e  s i n g l e  v a r i a b l e  "d i s t ance  from t h e  t ropopause."  There- 

f o r e ,  t h e  ANOVA technique used i n  the prev ious  s e c t i o n  could no t  be used t o  p rov ide  

meaningful r e s u l t s  f o r  the  d a t a  s t r a t i f i e d  by s e p a r a t i o n  from t h e  t ropopause .  An 

ANOVA of t he se  d a t a  would g ive  s t a t i s t i c a l l y  con£ ounded r e s u l t s ,  Neve r the l e s s ,  from 

an i n spec t i on  of t a b l e  I X ,  t he  fol lowing conc lus ions  appear reasonable  w i thou t  

f u r t h e r  s t a t i s t i c a l  con£ i rmat ion:  

L a t i t u d e  zone from 30°N t o  6 0 ° N , -  The fo l lowing  t e n t a t i v e  conc lus ions  can be 

made for  l a t i t u d e s  from 3 0 O ~  t o  BOON: 

- 
1 , Band T4 ( t h e  uppermost) seems t o  have markedly lower va lues  of T I C  and PCE 

t han  t h e  o the r  bands. The textbook maxim t h a t  c louds  do no t  o f t e n  e x i s t  a t  a l t i t u d e s  

above t he  tropopause is aga in  proven he re ,  

2 .  The values  i n  the two lowest  bands, TI and T2, do no t  appear  markedly 

d i f f e r e n t .  But cloud encounter  appears  less probable  f o r  band T3 than  f o r  

bands TI and T2. 

Other  l a t i t u d e  zones .- For t h e  t h r e e  l a t i t u d e  zones from 20°N to 30°N, from 20°S 

t o  40°S, and from 60°N t o  8 0 ° ~ ,  t h e r e  a r e  g e n e r a l l y  too  few obse rva t i ons  t o  make 

r e l i a b l e  conc lus ions ,  bu t  conclusions '1 and 2 above seem t o  be borne o u t ,  

For t h e  t r o p i c a l  reg ion  20°N t o  20'5, a11 data, as noted p r e v i o u s l y  f o r  t h e  

a l t i t u d e  d a t a ,  were obtained w e l l  below the t r o p i c a l  tropopause; i n  most cases, 

band TI was the  only one having data. Therefore ,  no comparisons were p o s s i b l e ;  any 

comparison i n  t h i s  l a t i t u d e  zone must be made on a l t i t u d e  d a t a  ( t a b l e  V I I I  ) . 



Resu l t s  Derived D i r e c t l y  From Route S t a t i s t i c s  

~ l t h o u g h  t h e  d a t a  i n  t a b l e s  VIII and I X  a r e  h e l p f u l  i n  e s t i m a t i n g  t he  cloud- 

encounter  v a r i a b i l i t y  with a l t i t u d e ,  season,  and l a t i t u d e  zone, f u r t h e r  l o n g i t u d i n a l  

d e t a i l ,  imposed by geographic and s ea sona l  c l i m a t o l o g i c a l  d i f f e r e n c e s ,  is needed t o  

de r ive  t he  v a r i a b i l i t y  p e r t i n e n t  t o  var ious  c i t y  o r  r e g i o n a l  p a i r s .  Examples of 

i m p l i c i t  c l i m a t o l o g i c a l  e f f e c t s  would i nc lude  j e t  streams with t h e i r  a s s o c i a t e d  c loud  

p a t t e r n s ,  the presence of semipermanent synop t i c  f e a t u r e s  such as t h e  Aleu t ian  and 

I ce l and i c  lows, and monsoon cloud p a t t e r n s  i n  connect ion w i t h  t h e  Ind ian  subcont i -  

nen t .  NO a t t emp t  was made t o  model t he  e f f e c t  of t he se  f e a t u r e s  d i r e c t l y ,  b u t  they 

and o t h e r s  undoubtedly i n f l uence  the  s t a t i s t i c s  f o r  the  va r ious  c i t y  p a i r s  i n  ways 

t h a t  a r e  no t  appa ren t  i n  t he  zona l  mean va lues .  Also it is impor t an t  t o  r e a l i z e  that 

t he  s t a t i s t i c s  used i n  t he se  t a b l e s  p e r t a i n  to  t h e  ensemble behavior  of 256-sec 

observa t ion  pe r iods  wi th in  each c e l l  i n  a latitude-longitude-season-altitude g r i d .  

I n  e a r l i e r  r e p o r t s ,  t h e  gridded d a t a  were used d i r e c t l y  i n  a first a t t emp t  t o  prov ide  

an e s t ima te  of cloud-encounter s t a t i s t i c s  a long s e v e r a l  r o u t e s  and a l t i t u d e s  

( r e f s  . 5, 6, and 17 ) . However, because weather s y s  terns have a p p r e c i a b l e  h o r i z o n t a l  

e x t e n t ,  a high o r  low p re s su re  system can cover s e v e r a l  cel ls ,  so ,  as d i s cus sed  i n  

appendix C, t h e  d a t a  from ad j acen t  c e l l s  a r e  no t  independent .  Thus, t h e r e  a r e  

problems i n  us ing  c e l l  s t a t i s t i c s  t o  e s t ima te  t he  p r o b a b i l i t y  of encounte r ing  a given  

average amount of c loudiness  a long an a i r l i n e  rou t e  t ha t  t r a v e r s e s  one or more 

c e l l s  - t h e  e s t i m a t e  t h a t  is  needed i n  a s s e s s i n g  the f e a s i b i l i t y  of employing LFC on 

a i r l i n e  r o u t e s ,  For a l l  t he se  reasons, another  approach was sough t ,  

Empir ical  Model 

A more d i r e c t  approach is t o  compute t h e  cloud-encounter stat is t ics  f o r  r o u t e s  

of i n t e r e s t  by s tudying  the f requency d i s t r i b u t i o n  of route-averaged time-in-cloud 

values  f o r  a l l  f l i g h t s  on a given r o u t e ,  A model based on t h i s  approach was devel- 

oped as fol lows:  

1 . The ensemble of f l i g h t s  between each c i t y  p a i r  (e . go ,  JFK-LHR) was e x t r a c t e d  

from appendix B and each f l i g h t  placed i n t o  one of t h r e e  pr imary a l t i t u d e  bands (28.5 

t o  33.5 k f t ,  33.5 t o  38.5 k f t ,  and 38.5 t o  43.5 k f t )  accord ing  t o  the average a l t i -  

tude dur ing  the  e n t i r e  flight. 

2. For each f l i g h t ,  t he  value of %TIC w a s  obta ined  from appendix B. T h i s  value  

w i l l  be denoted  TIC^ and is t h e  average percentage of t i m e  i n  c louds  a long the r o u t e  

f o r  t h a t  flight. 

3 ,  Frequency d i s t r i b u t i o n s  of TICF w e r e  prepared f o r  each r o u t e  and a l t i t u d e  

band. A n  average value of TICF f o r  t he  rou t e ,  TICR, was then computed by averag ing  

a l l  t h e  va lues  of TICF from a l l  f l i g h t s  a long the rou t e .  

4. For each r o u t e  where a r e l a t i v e l y  l a r g e  number of f l i g h t s  i l . , more t han  

30) were i n  t he  sample, the f requency d i s t r i b u t i o n  of TICF w a s  p l o t t e d  and its char- 

a c t e r  s t ud i ed .  This  s tudy  d i s c l o s e d  t h a t  f o r  all r o u t e s  t h e  most f r e q u e n t  TIC value  
F 

was 0 (i . , f l i g h t  i n  c l e a r  a i r  a t  t he se  a l t i t u d e s  is t he  most f r e q u e n t  experience) , 
t h a t  a  TIC^ value of 100 p e r c e n t  was never ob ta ined ,  and t h a t  the f requency of TICF 

values  u sua l l y  decreased monotonically as TICF i nc r ea sed .  Th i s  behavior  suggested 



t h a t  t h e  obse rva t i ons  f o r  each r o u t e  could perhaps be modeled by e i t h e r  a n e g a t i v e  

exponen t i a l  p r o b a b i l i t y  d e n s i t y  func t ion ,  

- 
where t = TICF/TIC = TICF/TICR, TICR > 0 pe rcen t ,  and TICF < 100 p e r c e n t ;  or by a  

F  
gamma p r o b a b i l i t y  d e n s i t y  func t i on ,  

where t '  = O.'ITICF/~lCR and r) = 0.7. Fur the r  s t udy  showed t h a t ,  whi le  t h e  s imple  

nega t ive  exponent ia l  p r o b a b i l i t y  d e n s i t y  func t i on  (eq.  ( 3 ) ) modeled s e v e r a l  of t h e  

d i s t r i b u t i o n s  we11 ( r e f .  2 3 ) ,  the  gamma p r o b a b i l i t y  d e n s i t y  f u n c t i o n  (eq. ( 4 ) )  gave a 

b e t t e r  f i t ,  o v e r a l l ,  t o  a l l  of t h e  d i s t r i b u t i o n s  s t ud i ed .  A s  an example, f i g u r e  26 

shows his togram frequency p l o t s  of TICF f o r  t h e  rou t e  between t h e  E a s t  Coast  of t h e  

United S t a t e s  and Northwest Europe. A p l o t  f o r  t h e  99 f l i g h t s  w i th  an average c r u i s e  

a l t i t u d e  of 33.5 t o  38.5 kft is  shown i n  f i g u r e  2 6 ( a ) ,  and f i g u r e  26(b) shows a p l o t  

f o r  t h e  38 f l i g h t s  with an average c r u i s e  a l t i t u d e  of 28.5 t o  33.5 k f t .  On each fig- 

u r e ,  both t h e  observed frequency and t h e  frequency from t h e  gamma p r o b a b i l i t y  d e n s i t y  

func t i on  are shown. The apparen t  agreement of observed and modeled p l o t s  on each 

f i g u r e  was v e r i f i e d  by chi-squared goodness-of-f i t  t e s t i n g  a t  t h e  95-percent  c o n f i -  

dence l e v e l .  S imi l a r  good agreement w a s  obta ined  i n  o the r  ca se s  as w e l l .  There fo re ,  

equa t ion  ( 4 )  was used to model t h e  d i s t r i b u t i o n  of time i n  c louds  f o r  a11  c a s e s ,  

u s ing  t h e  sample value t' = 0 .7TICp/TICR a p p r o p r i a t e  t o  each r o u t e  and a l t i t u d e  

combination. The p r o b a b i l i t y  of encounter ing a value of TICF t h a t  e q u a l s  o r  exceeds  

a value X i s  found by i n t e g r a t i n g  equa t ion  ( 4 )  . 

P ( T I C ~  3 X )  = ~ ( t '  3 0.7X/TICR) = f ( t ' )  d t '  

R 

The i n t e g r a l  does n o t  e x i s t  i n  c lo sed  form and so  must be computed by numer ica l  

methods . 
This  model was app l i ed  t o  seven high-densi ty  rou t e s .  For each r o u t e  and a l t i -  

tude band, t he  fo l lowing  parameters  a r e  given i n  t a b l e  X: t h e  number of f l i g h t s  

a c t u a l l y  i n  the sample; TICR, the sample route-averaged percen tage  t i m e  i n  c louds  a t  

t h a t  a l t i t u d e ;  P ( T I C ~  < 1 % )  and P(TICF < 5%), t h e  p r o b a b i l i t i e s  that t he  ave rage  

time i n  c louds w i l l  be below 1 and 5 percen t ;  P ( T I C ~  2 5 % ) ,  P ( T I C ~  3 10%) .  

P  TIC^ 2 25%) ,  and P ( T I C ~  2 50%),  and t h e  p r o b a b i l i t i e s  t h a t  t he  average  t i m e  i n  

c louds  w i l l  equa l  o r  exceed 5, 10, 25, and 50 pe rcen t .  A l l  p r o b a b i l i t i e s  are 

expressed a s  percen tages .  Conclusions reached from s tudying  t a b l e  X a r e  as f o l l o w s  : 

1 .  For a l l  r o u t e s  except  A u s t r a l i a  t o  SE A s i a ,  TICR, P(TICF 3 5%), 

P(TICF 2 l o % ) ,  P(TICF 2 25%), and P(TICF 2 50%) a l l  gene ra l l y  d e c r e a s e  w i th  



a l t i t u d e .  For A u s t r a l i a  and SE A s i a  and o t h e r  s u b t r o p i c a l  r o u t e s ,  the t ropopause 

l i e s  w e l l  above t he  a i r c r a f t  c r u i s e  a l t i t u d e ,  and TIC i n c r e a s e s  w i th  h e i g h t ,  as 

remarked earlier. 

2 .  The abnormally low value of TICR f o r  33.5 t o  38.5 kft on t he  W e s t  Coast-to- 

NW Europe rou t e  r e f l e c t s  t h e  low tropopause h e i g h t  a t  t h e  h igh  l a t i t u d e s  t r a v e r s e d  on 

t h i s  rou te .  

3. There is a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  TICR va lues  between 

f l i g h t s  from the W e s t  Coast t o  Japan and those  i n  t h e  oppos i t e  d i r e c t i o n .  These 

f l i g h t s  are rou ted  t o  t ake  i n t o  account  the s t r o n g  west- to-east  North P a c i f i c  J e t  

Stream; the  h igher  TICR on t h e  west- to-east  r ou t e ,  where the Jet Stream is  u t i l i z e d  

f o r  a t a i l  wind, probably r e f l e c t s  t h e  increased  c loudiness  from t h e  c i r r u s  s h i e l d  

which t y p i c a l l y  accompanies t h e  Jet Stream. 

4 .  For the r o u t e s  and a l t i t u d e s  i n  the t a b l e ,  t he  p r o b a b i l i t y  of encounte r ing  

clouds on more than 10 pe rcen t  of a r o u t e  is l e s s  than 35 pe rcen t .  The p r o b a b i l i t y  

of encounter ing c louds  on more than 25 pe rcen t  of a rou t e  is less than  10. pe rcen t ,  

and t h e  p r o b a b i l i t y  of encounter ing clouds on more than  50 p e r c e n t  of a  r o u t e  is less 

than 2 percen t .  

5. The above conc lus ions  a r e  c o n s i s t e n t  wi th  an e a r l i e r  estimate ( re f .  8) t h a t  

c i r r u s  c louds e x i s t  no more than 6 pe rcen t  of t h e  t i m e  a t  LFC t r a n s p o r t  c r u i s e  

a l t i t u d e s .  

EFFECT OF CLOUDS ON LFC 

The impact of t he  above r e s u l t s  on t h e  f e a s i b i l i t y  of LFC f o r  long-range t r a n s -  

p o r t s  may be es t imated  a s  fo l lows .  I f  it is  assumed t h a t  LFC is  t o t a l l y  l o s t  w i t h i n  

c louds and that it is t o t a l l y  e f f e c t i v e  o u t s i d e  of c louds ,  then the  f r a c t i o n a l  e f f e c -  

t i v e n e s s  of LFC on a rou t e  is  equa l  t o  t he  f r a c t i o n  of the r o u t e  that is flown i n  
c l e a r  air .  It is es t imated  ( r e f .  7 )  t h a t  use of LFC w i l l  r e s u l t  i n  a 30-percent d r a g  

r educ t i on  outside of clouds.  Therefore ,  t he  n e t  drag r educ t i on  over a rou t e  w i l l  

range from the  f u l l  30 pe rcen t ,  when no clouds a r e  encountered on t h e  r o u t e ,  t o  

0 percen t ,  when the rou t e  l ies t o t a l l y  wi th in  c louds .  By t h i s  reasoning ,  f o r  exam- 

ple, on a r o u t e  t h a t  is 25-percent c loud covered, the n e t  e f f e c t i v e n e s s  of LFC is  

decreased t o  75 pe rcen t  of 30 percen t ,  o r  22.5 pe rcen t .  On a r o u t e  t h a t  is 

SO-percent cloud covered, LFC e f f e c t i v e n e s s  is reduced by h a l f ,  t o  15 pe rcen t .  Com- 

b in ing  these r e s u l t s  wi th  t h e  p r o b a b i l i t y  of c loud encounter  f o r  the r o u t e s  and a l t i -  

tudes  i n  t a b l e  X (see i t e m  4 above) ,  w e  es t ima te  t h a t  the p r o b a b i l i t y  of l o s i n g  

10 pe rcen t  o r  more of LFC e f f e c t i v e n e s s  is less than 35 pe rcen t .  S i m i l a r l y ,  t h e  

p r o b a b i l i t y  of l o s i n g  25 pe rcen t  o r  more of LFC e f f e c t i v e n e s s  is less t han  10 per-  

c en t ,  and t he  p r o b a b i l i t y  of l o s i n g  a t  l e a s t  50 p e r c e n t  of LFC is l e s s  than 2 per- 

cen t .  Therefore ,  we conclude f o r  t he se  rou t e s  and a l t i t u d e s  t h a t  t h e  p r o b a b i l i t y  of 

encounter ing ex t ens ive  cloud cover on long rou t e s  is no t  l a r g e  enough, of i t s e l f ,  t o  

make LFC imprac t i ca l .  

CONCLUSIONS 

The mot iva t ion  f o r  t h e  s tudy  r epo r t ed  h e r e i n  is the need fo r  estimates of t h e  

p r o b a b i l i t y  of cloud encounter  and of the i c e - p a r t i c l e  s i z e  d i s t r i b u t i o n  and number 

dens i t y ,  both i n  and o u t  of c louds,  e x i s t i n g  a t  a i r l i n e r  c r u i s e  a l t i t u d e s  i n  t h e  



range from 25.0 k f t  t o  45.0 k f t  (7 .62  t o  13.72 km) . These e s t ima te s  a r e  needed f o r  

a p p l i c a t i o n  t o  design of a i r c r a f t  employing laminar flow c o n t r o l  (LFC) t o  reduce  

drag .  Accordingly, summary s t a t i s t i c s ,  t a b u l a t i o n s ,  and v a r i a b i l i t y  s t u d i e s  have 

been der ived  and presented f o r  cloud-encounter d a t a  and p a r t i c l e - c o n c e n t r a t i o n  d a t a  

taken a s  p a r t  of the National  Aeronautics and Space Adminis t ra t ion ( N A S A )  Global  

Atmospheric Sampling Program (GASP) aboard commercial a i r l i n e r s .  The GASP d a t a  ana- 

lyzed h e r e i n  were from December 1975 t o  J u l y  f 979, and r ep re sen t  a l l  of the cloud-  

and concur ren t  par t ic le -encounter  data obtained dur ing  the  program. 

From this GASP a rch ive ,  nea r ly  88 000 cloud observa t ion  pe r iods ,  each of 256-sec 

du ra t i on  ( h o r i z o n t a l  d i s t ance  of approximately 36 n.mi. (66 km) a t  a  ground speed  
of 500 kno t s )  w e r e  a v a i l a b l e .  O n  the  average,  cloud encounters  were shown on abou t  

15 pe rcen t  of these  data samples. However, t h i s  value was found t o  vary s i g n i f i -  

c a n t l y  with a l t i t u d e ,  l a t i t u d e ,  and d i s t a n c e  from the tropopause, and l e s s  s i g n i f i -  

c a n t l y  with season. 

Seve ra l  meteorological  c i r c u l a t i o n  f e a t u r e s ,  such as the I n t e r t r o p i c a l  Conver- 
gence Zone, a r e  apparent  i n  the  l a t i t u d i n a l  d i s t r i b u t i o n  of c loud ines s  as d e r i v e d  

from the  GASP d a t a .  

The p r o b a b i l i t y  of encounter ing clouds v a r i e s  with synopt ic  weather systems.  In 

agreement with c l a s s i c a l  storm models, t he  p re sen t  da t a  show r e l a t i v e l y  more c l o u d i -  

ness  i n  the upper troposphere i n  an t icyc lones  (nega t ive  v o r t i c i t y )  than  i n  cyc lones  

( p o s i t i v e  v o r t i c i t y ) .  Marked d i f f e r e n c e s  i n  c loudiness  between a n t i c y c l o n i c  and 

cyc lon ic  condi t ions  with r e spec t  t o  the  d i s t a n c e  from the  tropopause were found. 

Observations of c louds spaced more c l o s e l y  than 90 minutes a r e  shown t o  be s t a -  

t i s t i c a l l y  dependent. 

The number d e n s i t i e s  of p a r t i c l e s  with diameters  l a r g e r  than 3 pm were a l s o  

sampled over a s h o r t e r  time per iod beginning i n  January 1977; 70 304 t o t a l  observa- 

t i o n s  made up t h i s  s e t ;  55 718 pa r t i c l e - concen t r a t i on  observa t ion  pe r iods ,  c o i n c i d e n t  

with cloud observa t ion  per iods ,  were analyzed. The p a r t i c l e - c o n c e n t r a t i o n  d a t a  have 

nea r ly  the  same l a t i t u d i n a l  d i s t r i b u t i o n  a s  t h e  cloud-detector  d a t a ,  b u t  r e l a t i v e l y  

more observa t ions  i n  summer, fewer i n  sp r ing ,  and more a t  h igher  a l t i t u d e s .  About 
13 pe rcen t  of t he  p a r t i c l e  da t a  were gathered i n  clouds or i n  t he  v i c i n i t y  of c louds .  

Because of the  a p p l i c a t i o n  t o  laminar flow c o n t r o l  (LFC) a i r c r a f t ,  a t t e n t i o n  was 

focused on the  concent ra t ion  of t he  l a r g e r  p a r t i c l e s  ( those l a r g e r  than  3 pm ) . I t  

was found t h a t  the  number d e n s i t y  of such p a r t i c l e s  a l s o  v a r i e s  wi th  season and loca-  

t i o n  and i s  c l o s e l y  r e l a t e d  t o  t he  h o r i z o n t a l  e x t e n t  of c loudiness .  

The summary s t a t i s t i c s  f o r  cloud encounter  show t h a t  the  p r o b a b i l i t y  of LFC l o s s  

i n  c l e a r  air is  n e g l i g i b l e ,  bu t  t h a t  a  s i g n i f i c a n t  degree of LF l o s s  is always t o  be 

expected i n  c louds.  

The observa t ions  of route-averaged time i n  cloud a r e  found t o  f i t  a gamma proba- 

b i l i t y  d e n s i t y  func t ion  model, which can be used t o  e s t ima te  the  p r o b a b i l i t y  of 
extended cloud encounter along a rou t e .  

From s tudy  of seven high-densi ty  a i r l i n e  rou t e s  with t he  above model, it is 
shown t h a t  t he  p r o b a b i l i t y  of extended cloud encounter and s i g n i f i c a n t  l o s s  of LFC 

e f f e c t i v e n e s s  should be too  low, of i t s e l f ,  t o  make LFC i m p r a c t i c a l  f o r  commercial 

use. 



The data show that i n  temperate  l a t i t u d e s ,  the uppermost a l t i t u d e  band s t u d i e d  

(38.5 t o  43.5 kf t) has the most promise for cloud avo idance .  For e q u a t o r i a l  r e g i o n s ,  

no band s t u d i e d  has a c l e a r  s u p e r i o r i t y ;  it is recommended t h a t  route-averaged t i m e -  

in-c louds  va lue  of 10 p e r c e n t  be employed i n  s i m u l a t i o n s  for these r e g i o n s .  

Langley Research Center  

National Aeronau t ics  and Space Admin is t ra t ion  

Hampton, VA 23665 
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TABLE I.- GASP JXIGHTS SUMMARIZED BY MONTH, CONTRIBUTING AIRCRAFT, 

AND TYPE OF DATA TAKEN 

aC represents cloud detector observations; P represents particle concentration 

observations. 



TABLE 1.- Concluded 

Year 

1978 

Month 

January 

February 
March 

April 

May 

I 
N6 5 5PA 

Aircraft 

N533PA 
N533PA 

None 
N533PA 

N533PA 

VLO020 

Tape 

VL0015 

VL0015 

VL0015 

VL0015 

1 

1979 

3 2 
3 2 

1 
Reference 

32 
3 2 

3 2 

File 

1 

1 

2 

233 

3 2 
32 

32 
3 2 

3 2  

3 2 

3 2 

32 

3 2 

i 

y a p  

c ,p  

c , p  

c , p  

3 
1 

1,2 
1 
2 

2 

3 
2 

1 

3 

1 
1 

1 
1 

1 

1 

1 

1 

June 

July 

August 

September 

October 

November 

December 

January 

J 

concentration 

P 

P 

C , p  
P 

P 
CYP 

C,P 
P 

C ,  E' 
P 

P 

C , P 
C,P 

c ,p  

a~ 

observations. 

N4711U 

N655PA 

N4711U 

N655PA 

None 

N4711U 

N655PA 

N4711U 

N655PA 

N4711U 

N655PA 

N4 711U 

N655PA 

N655PA 
February 

March 

April 

May 

June 

represents cloud 

VLOO17 
VL0018 
VLOO20 

VL0018 

VL0020 

VL0018 

VL0020 

VL0018 

VL0027 
VL0020 

VL0023 
VL0027 

VL0023 

VL0027 

VL0028 

VL0023 
VL0024 

VL0024 

N4711U 
N655PA 

N4711U 

N6 5 5PA 

N4 7 11U 
N4711U 
N655PA 

N4711U 
N655PA 

detector observations; P represents particle 

VL0029 
VL0024 

VL0025 

VL0029 

VL0030 
VL0025 

VL0026 

VL0030 
VL0031 
VL0026 
Vt0031 

VL0026 

1 
1 

1 

1 
1 

1 
1 

1 
1 

2 

1 
2 f 



TABLE 11.- MONTHLY AND SEASONAL S W R Y  OF THE NUMBER OF GASP FLIGHTS WITH CLOUD-ENCOUNTER DATA, 

BY CITY PAIRS FOR ROUTES WITHIN GEOGRAPHIC REGIONS 

(a) Intercontinental routes 

Region 
Distance, 

Month Seasonal totals 

Route City-?air coordinates 
n.mi. 

City-pair J F M A M J J A S O N D  W Sp Su Au Tota 

I U.S. WEST COAST -- HAW& 

SF0 HNL 37.6N 122.4W 21.3N 157.9W 2079 6 2 4  8 9 7 1 1 1 0  0 0 0 3 1 7  38 27 10 20 95 

LAX HNL 34.ON 118.4W 21.3N 157.9W 2217 2 2 2 1 8  7 7 1 4 1 2  0 0 1 6  5 42 28 12 12 94 
LAX IT0 34.ON 118.4V 19.7N 155.OW 2124 0 4 4 1 3 1 1 0 0 0 0 0  8 5 1 0 1 4  

SEA HNL 47.6N 122.3W 21.3N 157.9W 2329 0 1 4 6 0 0 0 0 0 0 0 2  5 6 0 2 1 3  

PDX HNL 45.7N 122.5W 21.3N 157.9W 2267 0 0 0 0 0 0 0 0 0 4 0 0  0 0 0 4  4 

LAS HNL 36.ON 115.2W 21.3N 157.9W 2392 0 0 0 0 1 0 0 0 0 0 0 0  0 1 0  0 1  

93 67 23 38 221 

2 CENTRAL USA -- HAWAII 

ORD HNL 42.ON 87.9W 21.3N 157.9W 3679 0 5 9 1 3 8 7 7 0 0 0 0 2  14 28 7 2 51 

DFW HNL 32.9N 97.1W 21.3N 157.9W 3277 0 0 2 0 6 0 0 0 0 0 0 6  2 6 0 6 1 4  

ORD IT0 42.0N 87.9W 19.7N 155.1W 3613 0 1 0 0 1 2 2 0 0 0 0 0  1 3 2 0  6 
DTW HNL 42.2N 83.4W 21.3N 157.9W 3878 0 0 0 1 0 0 0 0 0 0 0 0  0 1 0  0 1  

1 7 3 8  9 8 72 

1 WESTERN NORTH AIGRICA -- JAPAN 

LAX HNL 34.ON 118.4W 35.5N 139.8E 4754 7 3 1 1 7  2 1 6  8 1 2  5 2 0 11 20 26 7 64 
SF0 HND 37.6N 122.4W 35.5N 139.8E 4472 1 0 2 1 4 0 0 0 1 3 0 0  3 5 1 3 1 2  

LAX NRT 34.ON 118.4W 35.7N 140.4E 4727 0 1 0 0 2 0 0 0 0 0 1 2  1 2 0 3  6 
SF0 NRT 37.6N 122.4W 35.7N 140.4E 4441 1 1 1 0 0 0 0 0 0 2 1 0  3 0 0 3  6 

YVR HND 49.2N 123.2W 35.5N 139.8E 4079 0 0 0 0 0 0 0 0 0 1 0 0  0 0 0 1 2  

18 27 27 17 89 

1 U.S. EAST COAST -- JAPAN 

JFK HND 40.6N 73.8W 35.5N 139.8E 5872 8 1 1 1 8  7 3 9 9 1 1  4 1 0  10 28 29 5 72 

JFK CTS 40.6N 73.8W 42.8N 141.7E 5439 0 1 0 0 0 0 0 0 0 0 0 0  1 0  0 0 1  

l 5  U.S. WEST COAST -- NW EUROPE 

SEA LHR 47.6N 122.3W 51.5N .5W 4146 0 2 2 3 0 1 5 0 0 0 4 0 4  4 18 0 8 30 

SF0 LHR 37.6N 122.4W 51.5N .5W 4648 0 0 0 0 0 1 5 0 0 0 4 0 0  0 15 0 4 19 

LAX LHR 34.ON 118.4W 51.5N .5W 4721 0 1 0 0 1 0 0 0 0 0 5 2  1 1 0 7  9 

LAX PIK 34.ON 118.4W 55.4N 4.6W 4459 0 0 0 0 0 0 0 0 0 0 1 0  0 0 0 1 1  

5 34 0 20 59 



TABLE 11.- Continued 

Region Month S e a s o n a l  t o t a l s  
Distance, 

Route C i t y - p a i r  c o o r d i n a t e s  
Ci ty-pail: 

n.mi. 
J F M A M J J A S O N D  W Sp Su  Au T o t a l  

1 CENTRAL USA -- NW EUROPE I 
I DTW LHR 42.2N 83.4N 51.5N .5W 3262 0 0 0 0 2 0 0 0 0 0 0 0  0 2 0 0  2 1  

I U.S. EAST COAST -- NW EUROPE 

JFK LHR 40.6N 73.8W 51.5N .5W 2990 8 3  6  3 1 0  2 0  0  9 1 1  3  3  17 1 5  9 17  58 

J E K  E R A  40.6N 73.8W 50.1N 8.5E 3338 6 3 1 0  8  2 0  0  0 1 0  8  5 2  19 1 0  10  1 5  54 

IAD LHR 38.9N 77.5W 5L.5N .5W 3186 0 0 0 0 0 2 0 0 7 4 4 2  0  2  7 10 19 

JFK CPH 40.6N 73.88 55.5N 12.8E 3345 0 0 0 0 0 0 6 2 6 0 0 0  0  0  14 0  14 

BOS LHR 42.4N 71.OW 51.5N .5W 2824 0 0 0 0 4 0 0 0 9 0 0 0  0 4 9 0 1 3  

J F J  SNN 40.6N 73.8W 52.7N 8.9W 2672 I 0 0 0 0 0 0 0 0 0 1 0  1 0  0  1 2  

37 31 49 43 160 

1 EASTERN NORTH AMERICA -- SE EUROPE 

JFK FCO 40.6N 73.8W 41.8N 12.2E 3705 4 2 1 2 2 0 0 0 3 0 6 7  7  4 3 1 3  27 
YQX FCO 49.ON 54.5W 41.8N 12.2E 2751 1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 

J F K  ATH 40.6N 73.8W 37.8N 23.8E 4282 0 0 0 0 0 0 0 0 0 0 1 0  0 0 0 1  1 

BGR ATH 44.8N 68.8W 37.8N 23.8E 3961 0 0 0 0 0 0 0 0 0 0 1 0  0  0  0  1 1  

1 U, S. WEST COAST -- AUSTRALIA 

SF0 AKL 37.6N 122 .48  37 .0s  174.7E 5672 1 1 1 0 5 1 2 0 2 2 0 8  3  6 4 1 0  23 

SF0 SYD 37.6N 122.4W 33.96 151.2E 6444 1 0 0 0 1 0 1 0 0 1 0 2  I 1 1 3  6 1  

LAX AKZ 34.ON 118.4W 37 .0s  174.7E 5664 0 0 0 0 4 0 0 0 0 0 0 0  0  4  0  0 4  

1 lo 
U.S. WEST COAST -- SOUTHEAST ASIA I 

SF0 HKG 37.6N 122.4W 22.3N 114.  IE 5998 6 1 0 0 ~ 6 0 0 0 0 0 0 0  7 6 0 0 1 3  

CONTERMINOUS USA -- CENTRAL AND SOUTH AMERICA 

LAX GUA 34.ON 118.4W 14.7N 90.5W 1903  0 0 0 3 3 0 0 0 2 0 0 0  0 6 2 0  8 

JFK G I G  40.7N 73.8W 22 .8s  43.2W 4175 0 0 0 7 0 0 0 0 0 0 0 0  0 7 0 0  7  

IAH MEX 30.ON 95.4W 19.4N 99.1W 667 0 2 2 0 2 0 0 0 0 0 0 0  4 2 0 0  6 

JFK CUN 40.6N 73.8W 21.ON 86.9W 1352 0 0 2 0 0 0 0 0 0 0 0 0  2 0 0 0  2 

MIA CCS 25.8N 80.3W 10.6N 67 . O W  1184 0 0 0 1 0 0 0 0 0 0 0 0  0  1 0  0 2  



TABLE 11.- Continued 

Regicn Montl~ Seasonal  t o t a l s  
D i s  tsnce, 

Rou tf City-pair coo rd ina t e s  
n.mi. 

City-pair J F M A M J J A S O N D  W Sp Su Au Toral  

EASTERN USA -- MIDDLE EAST 

JFK BAH 40.6N 73.8W 26.1N 50.5E 5737 2 0 1 0 2 0 2 2 0 0 0 0  3 2 4 0  9 

1 l3 HAWAII -- OCEANIA I 

HNL NAN 21.3N 157.9W 17-85 177.5E 2 756 2 4 0 0 0  

HNL PPG 21.3N 157.9W 14.25 170.6W 2258 0 2 2 0 8 0  

HNL AKL 21.3N 157.9W 37. OS 174.7E 3826 0 0 0 0 0 0 0  0 1 0 0 0 1 2  

10 10 0 27 47 

1 l4 

HAWAII -- JAPAN 

HNL NRT 21.3N 157.9W 35.7N 140.4E 3312 2 3 2 0 1 1 0 0 0 4 1 0  7 2 0 5 1 4  

HNL OSA 21.3N 157.9W 34.8N 135.5E 3556 2 4 0 0 0 0 0 0 0 2 2 0  6 0 0 4 2  

13 2 0 9 24 

1 l5 
HAWAII -- GUAM I 
HNL GUM 21.3N 157.9W 13.4N 144.8E 3321 0 1 2 1 6 0 0 0 0 0 0 4  3 7 0 4 1 4  

AUSTRALIA -- SOUTHEAST ASIA I 
SYD SIN 

SYD MNL 

MEL BKK 
MEL SIN 

SYD KUL 

MEL KUL 

DRW BKK 

SYD BKK 

1 l7 

AUSTRALIA -- INDIA I 
PER BOM 31.9s 116.OE 19.ON 72.9B 3932 4 0 0 0 0 0 0 4 0 O 1 3  4 0 4 4 1 2  

1 l8 

AUSTRALIA -- SOUTHERN AFRICA AND INDIAN OCEAN I 
PER MRU 31.9s 116.OE 20.55 57.7E 3175 2 3 0 0 0 0 0 0 0 0 0 0  5 0 0 0  5 

AKL CPT 37.0s 174.7E 34.0s 18.6E 6336 0 0 0 0 0 0 0 0 0 1 0 0  0 0 0 1 2  

5 0 0 1  6 

W 
W 



TABLE 11.- Con t inued  

Reg 1 0 z i  D i s t a n c e ,  Month Seaso r~a l  totals 

Route C i t y - p a i r  coordinates 
n.mi. 

C i t y - p a i r  J F M A M J J A S O N D  W Sp Su Au Tota l  

19 NW EUROPE -- SE EUROPE 

FRA I S T  50.1N 8.5E 41.ON 28.8E 1008 2 0 2 1 0 0 0 0 0 0 0 0  4 1 0 0  5 
LHR ATH 51.5N .5W 37.9N 23.7E 1305 0 0 0 0 0 0 0 4 0 0 0 0  0 0 4 0  4  

ORY BEG 48.8N 2.4E 44.8N 20.3E 771 0 0 0 0 0 0 0 2 0 0 0 0  0 0 2 0  2  
LHR BEG 51.5N . 5 W  44.8N 20.3E 920 0 0 0 0 0 0 0 0 0 0 0 1  0 0 0 1  1 
SNN FCO 52.7N 8.9W 41.8N 12.3E 1076 ~ 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 

AMS ATH 52.3N 4.8E 37.8N 23.8E 1178 1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 

LHR FCO 51.5N ,5W 41.8N 12.3E 7  8  3  0 0 0 0 0 0 0 0 1 0 0 0  0  0  1 0 2  

6 1 7 1 1 5  

2  0  NW EUROPE -- MIDDLE EAST 

FRA THR 50.1N 8.5E 35.7N 51.3N 2035 0 0 0 0 1 0 0 0 1 4 3 2  0 1 1 9 1 1  

FRA BAH 50.1N 8.5E 26.1N 50.5E 2402 3 2 0 0 0 0 0 0 0 0 3 1  5 0 0 4  9  
AMS BAH 52.3N 4.8E 26.1N 50.5E 2  5 7  9 0 0 0 0 0 0 0 0 0 0 0 1  0  0  0  1 1  

5  1 1 1 4  2 1  

2 1  NW EUROPE -- MIDDLE EAST 

LHR BOM 51.5N .5W 19.  ON 72.9E 3899 4 0 0 0 0 0 0 4 0 0 1 3  4 0 4 4 1 2  

FRA DEL 50.1N 8.5E 28.6N 77.1E 3304 0 3 2 0 0 0 0 0 0 0 0 0  5 0 0 0  5 

FRA KHI 50.1N 8.5E 24.9N 67.2E 30 78 0 0 0 0 1 1 0 0 0 0 0 0  0 2 0 0  2  

FRA BOM 50.1N 8.5E 19.ON 72.9E 3553 O O O O l O O O O O O O  0 1 0  0 2  

9 3 4 4 2 0  

2  2  NW EUROPE -- SOUTH AFRICA 

LHR CPT 51.5N .4W 33.95 18.7E 5 2 2 2 0 0 0 0 0 0 0 0 0 1 0 0  0 0 0 1  1 

2  3  SE EUROPE -- MIDDLE EAST 

I S T  THR 41.0N 28.8E 35.7N 51.3E 1102 2 1 4 0 0 0 0 0 0 0 6 5  7 0 0  11 18 
ATH THR 37.8N 23.7E 35.7N 51.3E 1328 0 2 0 0 0 0 0 4 0 0 0 1  2 0 4 1  7  
ATH DAM 37.8N 23.7E 33.4N 36.5E 677 0 0 0 0 0 0 0 1 0 0 0 1  0 0 1 1  2 

BEG BAH 44.8N 20.3E 26.1N 50.5E 1836 0 0 0 0 0 0 0 0 0 0 0 1  0 0 0 1  1 

ATH BAH 37.8N 23.7E 26.1N 50.5E 1 5  2  7 1 0 0 0 0 0 0 0 0 0 0 0  1 0  0 0 2  

1 0  0  5  1 4  29 



TABLE 11. - Continued 

Region Distance, Month Seasonal t o t a l s  
Route City-pair coordinates 

n.mi. 
C i  ty-pai r  J F M A M J J A S O N D  W Sp S u  Au T o t a l  

1 24 

SE EUROPE -- INDIA I 
IST BOM 41.ON 28.8E 19.ON 72.9E 2607 1 1 0 0 0 0 0 0 0 0 0 0  2 0 0 0  2 

IST DEL 41.ON 28.8E 28.6N 77.1E 2459 ~ 0 0 0 0 0 0 0 0 0 0 ~ 0  1 0 0 0  1 
ATH DEL 37.8N 23.7E 28.6N 77.IE 2700 0 0 0 0 0 0 0 1 0 0 0 0  0  0  1 0 2  

3 0 1 0  4  

I 25 

SE EUROPE -- SOUTHEAST ASIA 

ATH BKK 37.8N 23.7E 13.9N 100.7E 4281 0 0 0 0 0 0 0 4 0 0 0 0  0 0 4 0  4  

1 26 
SOUTHEAST ASIA -- MIDDLE EAST I 

BKK THR 13.9N 100.7E 35.7N 51.3E 2953 0 2 0 0 0 0 0 4 0 0 I 1  2 0 4 2  8  

BKK BAH 13.9N 100.7E 26.1N 50.5E 2905 1 3 0 0 0 0 0 0 0 0 3 1  4 0 0 4  8 
KUL BAH 3.1N 101.6E 26.3N 50.5E 3239 1 0 0 0 0 0 0 0 0 0 0 2  1 0 0 2  3  

BKK DAM 13.9N 100.7E 33.4N 36.5E 3659 0 0 0 0 0 0 0 1 0 0 0 1  0 0 1 1  2  
SIN BAH 1.4N 103.9E 26.1N 50.5E 3414 l . 0 0 0 0 0 0 0 0 0 0 0  1 0  0  0 2  

8 0 5 9 2 2  

1 27  
SOUTHEAST ASIA -- JAPAN I 

HKG NRT 22.3N 114.1E 35.8N 140.4E 1592 1 3 1 0 3 1 0 0 0 2 1 2  5 4 0 5 1 4  

HKG HND 22.3N 114.1E 35.5N 139.8E 1558 1 0 2 1 0 0 0 0 1 2 0 0  3 1 1  2 7  

8 5 1 7 2 1  

1 28 
SOUTHEAST ASIA -- INDIAN SUBCONTINENT I 
HKG DEL 22.3N 114.1E 28.6N 77.1E 2032 1 3 2 0 2 1 0 0 0 2 0 1  6 3 0 3 1 2  
BKK DEL 13.9N 100.7E 28.6N 77.1E 1582 L O 2 1 0 0 0 1 1 1 0 1  3 1 2 2  8 

BKK BOM 13.9N 100.7E 19.ON 72.9B 1627 0 0 0 0 1 0 0 0 0 0 0 0  0 1 0 0  1 

BKK K H I  13.9N 100.7E 24.9N 67.2E 2001 0 0 0 0 0 0 0 0 0 1 0 0  0  0  0  1 2  

29 INDIAN SUBCONTINENT -- MIDDLE EAST 

DEL THR 28.6N 77.1E 35.7N 51.3E 1373  1 0 2 0 1 0 0 0 1 3 0 2  3 1 1 5 1 0  

BOM THR 19.ON 72.9E 35.7N 51.3E 1519 1 1 0 0 0 0 0 0 0 0 2 4  2 0 0 6  8 

KHI THR 24.9N 6 7 . 2 E  35.7N 51.3E 1046 0 0 2 0 0 0 0 0 0 1 2 2  2 0 0 5  7 

KHI I S T  24.9N 67.2E 41.ON 28.8E 2138 0 0 0 1 0 0 0 0 0 0 0 0  0  1 0  0 2  



TABLE 11.- Continued 

Region Distance, Month Seasonal totals 
Raute City-pair coordinates 

City-pair 
n.mi. 

S F M A M J J A S O N D  W Sp Su Au Total 

3 0 MISCELLANEOUS, WITHIN ATLANTIC REGION 

LKR LPA 51.5N .5W 27.9N 15.4W 1567 0 0 0 0 0 0 0 0 0 0 0 1  0 0 0 1  1 

BGR LPA 44.9N 68.8W 27.9N 15.4W 2717 0 0 0 0 0 0 0 0 0 0 0 1  0 0 0 1 1  

0 0 0 2  2 

3 1 MISCELLANEOUS, WITHIN PACIFIC REGION 

LAX PPT 33.9N 118.4W 17.5s 149.5W 1939 0 0 0 0 2 0 0 0 0 1 1 2  0 2 0 4  6 

GUM NRT 13.4N 144.4E 35.7N 140.4E 1355 0 0 0 0 4 0 0 0 0 0 0 2  0 4 0 2  6 
TPE OKA 25.IN 121.6E 26.2N 127.7E 336 0 0 0 1 0 0 0 0 0 0 0 0  0 1 0  0 2  

0 7 0 6 1 3  

(b) Transcontinental or shorter routes 

3 2 COAST TO COAST IN CONTINENTAL USA 

LAX JFK 34.ON 118.4W 40.6N 73.8W 2142 1 1 3 1 3  0 4 4 5 0 0 0 1 0  27 8 5 L 41 

JFK SF0 40.6N 73.8W 37.6N f22.4W 2241 0 5 3 0 4 6 3 0 1 2 0 5  8 10 4 7 29 

SF0 BOS 37.6N. 122.4W 42.4N 71.OW 2344 0 0 0 0 0 0 0 0 0 0 0 2  0 0 0 2  2 

BGR LAX 44.9N 68.8W 34.ON 118.4W 2350 0 0 0 0 0 0 0 0 0 0 1 1  0 0 0 2 2  

35 18 9 12 74 

33 MID USA TO WEST COAST 

ORD LAX 42.ON 87.9W 34.ON 118.4W 1510 1 9 1 3 1 8 4 2 0 0 0 0 0  23 13 2 0 38 

ORD LAS 42.ON 87.9W 36.1N 115.1W 1310 2 0 4 3 6 0 0 0 0 0 0 0  6 9 0 0 1 5  

ORD SF0 42.ON 87.9W 37.6N 122.4W 1601 2 0 0 4 0 2 2 0 0 0 0 0  2 6 2 0 1 0  

ORD SEA 42.ON 87.9W 47.6N 122.3W 1490 0 1 0 2 0 0 0 0 0 0 0 0  1 2 0 0  3 
IAH SF0 30.ON 95.4W 37.6N 122.4W 1415 0 0 0 0 0 0 0 0 0 1 0 0  0 0 0 1 2  

32 30 4 1 67 

34 TEXAS -- EAST COAST 

DFW JFK 32.9N 97.OW 40.6N 73-88 1203 0 0 2 0 6 0 0 0 0 0 0 6  2 6 0 6 1 4  

IAH JFK 30.ON 95.4N 40.6N 73.8W 1229 0 2 2 0 2 0 0 0 0 3 2 0  4 2 0 5 1 1  

6 8 0 11 25 



TABLE 11.- Continued 

Region 
D i s  Lance, 

Month Seasocal t o t a l s  

Route C i t y - p a i r  coordinates 
n.mi. 

C i t y - p a i r  J F M A M J J A S O N D  W Sp Su Au Total 

3 5 GREAT LAKES -- EAST COAST 

ORD JFK 42.ON 87.9W 40.6N 73.8W 640 0 3 4 0 1 3 4 0 0 0 0 0  7 4 4 0 1 5  

DTW IAD 42.2N 83-48 39.ON 77.4W 334 0 0 0 0 0 2 0 0 1 4 2 2  0 2 1 . 8 1 1  

DTW BOS 42.2N 83.48 42.4N 71.OW 550 0 0 0 0 4 0 0 0 6 0 0 0  0 4 6 0 -  

7 10 11 8 36 
-- --- 

36 WEST COAST ROUTES (LONG) 

SF0 SEA 37.6N 122.4W 47.5N 122.3W 600 0 2 2 2 0 1 0 0 0 0 0 4  4 3 0 4 1 1  

LAX SEA 34.ON 118.4W 47.6N 122.3W 835 0 0 0 0 0 1 0 0 0 0 0 0  0 1 0 0  1 

SF0 W R  37.6N 122.4W 49.2N 123.2W 697 0 0 0 0 0 0 0 0 0 1 0 0  0 0 0 1 2  

4 4 0 5 1 3  
- - 

3 7 LOS ANGELES -- SAN FRANCISCO 

SF0 LAX 37.6N 122.4W 34.ON 118.4W 291 1 4 0 2 5 0 0 0 2 2 1 3  5 7 2 6 2 0  

3 8 LOS ANGELES -- DENVER 

LAX DEN 34.ON 118.4W 39.8N 104.9W 734 0 3 6 3 2 4 3 0 0 1 0 0  9 9 3 1 2 2  

39 DENVER -- CHICAGO 

DEN ORD 39.8N 104.9W 42.ON 87.9W 7 81 0 2 6 0 0 4 3 0 0 0 0 0  8 4 3 0 1 5  

40 WITHIN GREAT LAKES REGION 

ORD DTW 42.ON 87.9W 42.2N 83.4W 201 0 2 6 0 0 4 3 0 0 0 0 0  8 4 3 0 1 5  

ORD CLE 42.ON 87.98 41.4N 81.8W 2 7 6 0 0 4 6 4 0 0 0 0 0 0 0  4 10 0 0 14 

ORD YYZ 42.0N 87-98 43.7N 79.6W 379 0 2 2 4 0 0 0 0 0 0 0 2  4 4 0 2 1 0  

ORD PIT 42.ON 87.9W 40.5N 80.2W 35 9 0 2 0 0 6 0 0 0 0 0 0 0  2 6 0 0 8  

18 24 3 2 47 

MISCELLANEOUS, WITHIN NORTH AVERICA 

SEA FA1 47.6N 122.3W 64.8N 147.8W 1319 0 0 0 0 0 0 0 0 0 0 0 2  0 0 0 2  2 

LAS LAX 36.1N 115.1W 34.ON 118.4W 20 5 ~ 1 0 0 1 0 0 0 0 0 0 0  1 1 0 0  2 

YQX JFK 49.ON 54.6W 40.6N 73.8N 956 1 0 0 0 0 0 0 0 0 0 0 0  1 0 0 0  1 

JFK LAS 40.6N 73.8W 36.1N 115.1W 1944 0 1 0 0 0 0 0 0 0 0 0 0  1 0 0 0  I 
JFK JFK 40.6N 73.8W 40.6N 73.8W 0 0 0 0 1 0 0 0 0 0 0 0 0  0 1 0  0 1  



TABLE 11.- Continued 

Region 
Distance, 

Month Seasonal totals 
Route C i t y - p a i r  coordinates 

n.mi. 
City-pair  J F M A M J J A S O N D  W Sp Su Au T o t a l  

4  2  TRANS-AUSTRALIAN ROUTES 

SYD PER 33.9s 151.2E 31.95 116.OE 1769 3 0 0 0 0 0 0 4 0 0 1 2  3 0 4 3 1 0  
MEL PER 37.78 144.8E 31 .9s  116.OE 1455 2 3 0 0 0 0 0 0 0 0 0 1  5 0 0 1  6  
SYD DRW 33.98 151.2E 1 2 . 4 s  130.9E 1701  0 0 0 0 0 0 0 2 0 0 0 0  0  0  2  0 2  

8 0 6 4 1 8  

4  3  SE AUSTRALIAN COAST 

SYD MEL 33.98 151.2E 37.75 144.8E 386 4 6 0 0 0 2 0 6 0 0 3 8  10  2  6 11 29 

4  4  AUSTRALIA -- NEW ZEALAND 

SYD AKL 33.9s 151.2E 37.05 174.7E 1161  1 4 0 0 8 1 2 0 2 1 3 1 6  5 9 4  20 38 
SYD CHC 33.9s 151.2E 43.55 172.5E 1147 2 0 0 0 0 0 0 2 0 0 0 2  2 0 2 2  6  
AKL AKL 37.0s 174.7E 37.0s 174.7E 0  0 0 0 0 1 0 0 0 0 0 0 0  0  1 0  0 2  

7  1 0  6  22 45 

4  5 AUSTRALIA -- OCEANIA 

SYD NAN 33 .9s  151.2E 17 .8s  177.5E 1709 2 4 0 0 0 2 0 0 0 0 4 1 2  6 2  0  16  24 

SYD PPG 33.98 151.2E 1 4 . 2 s  170.6W 2383 0 2 0 0 0 0 0 0 0 0 0 0  2 0 0 0  2 

SYD NOU 33.98 151.2E 22.05 166.2F 1066 0 0 0 0 0 0 0 2 0 0 0 0  0  0  2  0 2  

8 2  2  1 6  28 

4  6  WITHIN OCEANIA 

PPG PPT 1 4 . 2 s  L70.6W 17 .6s  149.6W 1228 0 0 2 0 8 0 0 0 0 1 1 8  2  8  0 1 0  20 

4  7  WITHIN NW EUROPE 

LHR ERA 51.5N .5W 50.1N 8 . 5 E  351 3 4 3 0 3 1 0 0 1 4 5 3  10  4  1 12  27 
LHR BRU 51.5N .5W 50.9N 4.5E 1 9 1  3 0 2 0 1 0 0 0 4 4 2 0  5 1 4 6 1 6  

LKR AMS 51.5N .5W 52.3N 4.8E 202 0 0 0 2 4 0 0 0 0 0 0 1  0 6 0 1  7 
MUC FRA 48.1N 11.7E 50.1N 8.5E 174 1 0 0 2 0 0 0 0 3 0 0 0  1 2 3 0  6 

PIK LHR 55.4N 4.6W 51.5N .5W 276 0 0 0 0 0 0 0 0 0 0 1 0  0 0 0 1  1 
MUC SNN 48.1N 11.7E 52.7N 8.9W 8 3 1  0 0 0 0 0 0 0 0 0 0 1 0  0  0  0  1 2  

16  13  8 2 1  58 

I 



TABLE I1 .- Concluded 

Reg ion  
D i s t a n c e ,  

Month S e a s o n a l  t o t a l s  
Route C i t y - p a i r  c o c r d i n a t e s  

n.mi. 
C i t y - p a i r  J F M A M J J A S O N D  W Sp Su AU Total 

48 WITHIN SE EUROPE 

FCO I S T  41.8N 12.3E 41.ON 28.8E 747 2 2 2 0 0 0 0 0 0 0 6 7  6 0 0 13 19 

ATH FCO 37.8N 23.8E 41.8N 12.2E 585 0 1 0 0 0 0 0 4 0 0 0 2  1 0 4 2  7 

ATH BEG 37.8N 23.8E 44.8N 20.3E 449 0 0 0 0 0 0 0 2 0 0 0 0  0 0 2 0 2  

7 0 6 15 28 

49 WITHIN SE ASIA 

SIN BKK 1.4N 103.9E 13.9N 100.7E 774 1 4 0 0 0 0 0 0 0 0 3 3  5 0 0 6 1 1  

BKK HKG 13.9N 100.7E 22.3N 114.lE 915 1 0 2 1 1 O O O L 2 1 1  3 2 1 4 1 0  

MNL HKG 14.5N 121.OE 22.3N 114.1E 611 4 2 2 0 0 0 0 2 0 0 0 0  8 0 2 0 1 0  

GUM MNL 13.4N 144.4E 14.5N 121.OE 1364 0 2 2 0 2 0 0 0 0 0 0 2  4 2 0 2  8 

SIN HKG 1.4N 103.9E 22.3N 114.2E 1388 2 0 0 0 4 0 0 0 0 0 0 0  2 4 0 0  6 

KUL SIN 3.lN 101.5E 1.4N 103.9E 176 0 0 0 0 0 0 0 0 0 0 0 1  0 0 0 1 2  

22 8 3 13 46 

5 0 WITHIN CENTRAL AND SOUTH AMERICA 

CCS GIG 10.6N 67.OW 22.8s 43.2W 2444 0 0 0 5 0 0 0 0 1 0 0 0  0 5 1 0  6 

GUA CCS 14.7N 90.5W 10.6N 67.OW 139 7 0 0 0 3 1 0 0 0 1 0 0 0  0 4 1 0  5 

GUA SJO 14.7N 90.5W 9.9N 84.2W 468 0 0 0 0 2 0 0 0 0 0 0 0  0 2 0 0  2 

SJO PTY 9.9N 84.2W 9.ON 79.4W 289 0 0 0 0 2 0 0 0 0 0 0 0  0 2 0 0  2 

GIG VCP 22.8s 43.2W 23.05 47.1W 216 0 0 0 0 0 0 0 0 2 0 0 0  0 0 2 0  2 

GIG PTY 22.85 43.2W 9.ON 79.4W 2857 0 0 0 0 0 0 0 0 1 0 0 0  0 0 1 0  1 

PTY GUA 9.ON 79.4W 14.7N 90.5W 736 0 0 0 0 0 0 0 0 1 0 0 0  0 0 1 0 2  

0 13 6 0 19 

5 1 WITHIN AFRICA 

MRU JNB 20.4s 57.7E 26.15 28.2E 1658 2 2 0 0 0 0 0 0 0 0 0 0  4 0 0 0  4 

5 2 WITHIN INDIAN SUBCONTINENT 

KHI DEL 24.9N 67.2E 28.6N 77.1E 575 0 0 0 1 1 1 0 0 0 0 0 0  0 3 0 0  3 

Grand t o t a l s :  

Winter  (W): 532 f l i g h t s  

S p r i n g  (Sp): 484 f l i g h t s  

Summer (Su): 276 f l i g h t s  

Autumn (Au): 456 f l i g h t s  

Total 1748 f l i g h t s  



TABLE 111.- SUMMARY OF CLOUD-ENCOUNTER OBSERVATIONS 

( a )  Pressure a1 ti t ude  

(b )  D is tance  f rom NMC t ropopause 

4 3 m 5  k f t  
Above 

0 
0 
0 
0 
0 

65 
2 
0 
7 

74 

1 

T o t a l  

4853 
3784 
2055 
2714 

13406 . 
22226 
20659 
15676 
15955 
7451 6 I 

87922 

I 

Total. 

2720 
3445 
1510 
2547 

10222 

13461 
19235 
13225 
14161 
60082 

.--- 

70304 
I 

28.5-33.5 k f t  

1779 
797 
478 

1014 
4062 

6288 
2592 
2218 
3872 

14970 

1 7 

18.5-28.5 
k f t  

238 
195 
108 
143 
684 

1020 
593 
402 
563 

2578 

33.5-38.5 k f t  

2244 
1912 
1080 
1270 
6506 

Observat ions 
i n  v i c i n i t y  
o f  c louds  

Observat ions 
i n  c l e a r  
a i r  

0-5 k f t  
above 

104 
237 

72 
78 

491 

3555 
5350 
2909 
3493 

15307 

t 

19038 T o t a l  ............. 

38.5-43.5 k f t  

- 
592 
880 
389 
287 

2148 

W i  nte r  
Spr ing  
Summer 
Autumn 

T o t a l  

W i  n t e r  
S p r i  ng 
Summer 
Autumn 

T o t a l  

40734 

>5 k f t  
above 

7 
12 
4 
6 

29 

2056 
2748 
2341 
1279 
8424 ------- 

2 0 - 1 5 k f t  
be1 ow 

274 
549 
295 
369 

1487 

1323 
1848 
1779 
171 7 
6667 

Observa t ions  
i n  v i c i n i t y  
o f  c louds  

Observat ions 
i n  c l e a r  
a i r  

3262 
. 

2481 4 1 74 

8453 T o t a l  .,............. 

W i  n t e r  
S p r i n g  
Summer 
Autumn 

T o t a l  

Wi n t e r  
S p r i  ng 
Summer 
Autumn 

T o t a l  

10059 
991 5 
71 11 
7143 

34228 

1 5 - 1 0 k f t  
be1 ow 

593 
569 
437 
51 1 

21 10 

1631 
1966 
2423 
1869 
7894 

4794 
7557 
5945 
4370 

22666 

81 54 

10-5 k f t  
be1 ow 

88 1 
960 
348 
843 

3032 

2022 
2731 
1928 
2303 
8984 

10004 

1 

5-0 k f t  
be1 ow 

861 
11 18 

354 
740 

3073 

2874 
4592 
1840 
3500 

12806 

1201 6 15879 15798 



TABLE IV. - SUMMARY OF ZONAL MEAN CLOUD-ENCOUNTER STATISTICS BY SEASON AS 
FUNCTIONS OF LATITUDE AND ALTITUDE 

[Data from appendix D ( V o l .  11) 1 

WINTER 

L A T  I TUDE : 75N 65N 55N 45N 35N 25N 15N 5N 5s  15s 25s  355 

ALT.  (KFT  

- 
T I C ,  % 

3 8 . 5 - 4 3 . 5  . 9  0,O 4 . 6  3 . 1  . 8  3 . 0  1 0 . 4  1 9 . 2  2 2 . 4  3 . 3  . 8  
3 3 . 5 - 3 8 . 5  0 . 0  .2 6 . 8  9 . 1  7 . 8  7 . 8  2 . 9  1 4 . 4  1 2 . 6  1 1 . 6  4 . 9  3 . 5  
2 8 . 5 - 3 3 . 5  3 . 8  1 0 . 0  1 3 . 7  1 0 , 2  7 . 8  4 . 5  8 . 6  1 7 . 1  6 . 1  7 . 3  7 . 6  

SIGMA, % 

3 8 . 5 - 4 3 . 5  7 . 1  0 . 0  1 8 . 6  1 4 . 7  7 . 1  1 0 . 5  2 3 . 5  3 0 . 0  3 1 . 0  1 3 . 1  7 , 2  
3 3 . 5 - 3 8 . 5  0 . 0  2 . 7  2 1 . 7  2 4 . 4  2 1 . 1  2 0 3  72.3  2 6 . 8  2 5 . 0  2 5 . 7  1 7 . 6  1 5 , 3  
2 8 . 5 - 3 3 . 5  1 4 . 6  2 4 . 7  2 8 . 4  2 3 . 8  21 3 1 8 . 0  2 0 . 2  2 7 . 4  1 7 . 1  2 0 . 8  2 1 . 3  

T I  C I V ,  X 
3 8 . 5 - 4 3 .  5  5 4 . 7  0 . 0  6 5 . 8  5 0 . 8  3 1 . 2  2 0 . 6  4 0 . 2  4 7 . 2  4 1 . 3  2 6 . 5  3 6 . 4  
3 3 . 5 - 3 8 . 5  0,O 4 3 . 1  5 4 . 8  5 0 . 2  3 9 . 7  3 7 . 6  3 2 . 0  4 1 . 6  3 7 . 5  4 5 . 7  4 0 . 2  4 1 . 7  
2 8 . 5 - 3 3 . 5  4 2 . 2  4 6 . 8  4 8 . 5  4 2 . 4  4 3 , 9  58 .4  3 5 . 2  3 6 . 4  2 9 . 4  4 2 . 6  3 9 . 8  

SIGMA, X 
3 8 . 5 - 4 3 . 5  1 4 . 3  0 . 0  3 0 . 9  34 .3  3 0 . 4  2 0 . 2  3 0 . 4  2 9 . 9  3 1 . 4  2 7 , 7  3 4 . 2  
3 3 . 5 - 3 8 . 5  0 . 0  0 . 0  3 4 . 2  3 4 , 5  31 .6  2 9 . 5  2 6 . 9  3 0 . 8  3 0 . 6  3 2 . 3  3 3 . 6  3 4 . 0  
2 8 . 5 - 3 3 . 5  2 7 . 8  3 3 . 7  3 4 . 1  31 . 7  31 . 3  3 2 . 5  2 . 1  2 9 . 9  2 6 . 8  31 .9 3 3 .  1 

- 
T ( CLEAR I 

3 8 . 5 - 4 3 . 5  - 5 1 . 8  
3 3 . 5 - 3 8 . 5  -53 .1  - 5 6 . 3  
2 8 . 5 - 3 3 . 5  - 5 5 . 0  

- 
T ( CLOUDS 

3 8 . 5 - 4 3 . 5  - 6 9 . 5  
3 3 . 5 - 3 8 . 5  0 . 0  - 6 5 . 0  
2 8 . 5 - 3 3 . 5  - 6 0 . 9  



TABLE IV .- Continued 

SPR 1 NG 

LAT I TlJDE : 75N 65N 

A L T .  ( K F T I  

- 
T I C ,  % 

3 8 . 5 - 4 3 . 5  0 , O  
3 3 . 5 - 3 8 . 5  . I  . O  

2 8 . 5 - 3 3 . 5  0 . 0  1 6 . 9  

S I G M A ,  % 

3 8 . 5 - 4 3 . 5  0 . 0  
3 3 . 5 - 3 8 . 5  . 3  . I  
2 8 . 5 - 3 3 . 5  0 . 0  3 2 . 8  

T I  C I V ,  X 
3 8 . 5 - 4 3 . 5  0 . 0  
3 3 . 5 - 3 8 . 5  1 . 6  . 5  
2 8 . 5 - 3 3 . 5  0 . 0  6 3 . 0  

- 
T (  CLEAR) 

3 8 . 5 - 4 3 . 5  - 5 0 . 4  
3 3 . 5 - 3 8 . 5  - 5 5 . 6  - 5 0 . 2  
2 8 . 5 - 3 3 . 5  - 5 6 . 0  - 5 6 , 7  

P 

A Z ( CLOUDS 1 
3 8 , 5 - 4 3 .  5 0 . 0  



TABLE IV . - Continued 

SUMMER 

L A T  I TUDE : 75N 6 5 N  5 5 N  45N 

A L T  . ( K F T )  

S I G M A -  % 
38.5-43.5 0.0 1 9 1 , 8  1 1  .9 
33.5-38.5 . 1  4 . 3  9.0 20.6 
28.5-33.5 12.2 18.6 

SIGMA, X 
38.5-43.5 0.0 19.8 13.2 27 1 
33,5-38.5 0.0 23.1 21.6 28.9 
28.5-33.5 18.7 29.4 

P ( T I C > 5 0 % 1  
38.5-43.5 0.0 . 1  0.0 2.3 
33.5-38.5 0.0 . 2  .9 7.5 
28.5-33.5 2.0 5.8 

- 
T ( CLEAR I 

38.5-43.5 -42.2 -47.4 -50.8 -55.6 
33.5-38.5 -43.2 -49.3 -50.7 -50.2 
28.5-33.5 -48.1 -42. 1 

- 
T ( CLOUDS) 

38.5-43.5 0.0 -61.5 -60.2 -61.0 
33,5-38.5 -45.0 -55.7 -55.4 -52.3 
20.5-33.5 -49.2 -42.0 

Z Z (  CLEAR) 
38.5-43.5 7.5 6.0 4.8 - 1  , 5  
33.5-38.5 5 . 1  2.5 1 . I  -6.8 
28.5-33.5 -3.5 -1 1.0 

- 
n z c cLeuos ) 

38.5-43.5 0.0 -.6 1.6 -5.8 
33.5-38.5 4.7 -.7 -2.3 -8.1 
28.5-33.5 -3.6 -10.4 



TABLE 1V.- Concluded 

AUTUMN 

LAT 1 TUDE : 75N 65N 55N 

A L T .  L K F T )  

S I G M A ,  X 
3 8 . 5 - 4 3 , 5  0 . 0  . 7  3 . 9  
3 3 , 5 - 3 8 . 5  . I  1 1 . 6  77 .5  

2 8 . 5 - 3 3 . 5  0 . 0  30.  9 21 .O 

- 
T ( CLEAR 1 

3 8 . 5 - 4 3 . 5  -51 . 5  -50.1  
3 3 . 5 - 3 8 . 5  -57.3 -53 6 

2 8 , s - 3 3 . 5  - 5 9 . 0  -50 6 

T ( CLOUDS 
3 8 . 5 - 4 3 . 5  0 . 0  - 5 9 . 0  
3 3 . 5 - 3 8 . 5  - 6 2 . 0  - 5 9 . 2  
28 .5 -33 .5  0 . 0  -52 .4  



TABLE V. - SUMMARY OF ZONAL MEAN CLOUD-ENCOUNTER STATISTICS BY SEASON AS 
FUNCTIONS OF LATITUDE AfJD DISTANCE FROM NMC TROPOPAUSE 

[Data from appendix E ( V o l .  1111 

W l NTER 
LAT I TUDE : 75N 65N 55N 45N 

TRBP OIST( KFT) 

0 -  5  ABV 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

- 
TIC, % 

0 . 0  . 8  
1 1 . 3  

0 -  5  ABV 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

0 -  5  ABV 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5  ABV 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

0 -  5  ABV 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5 AB\/ 
0-  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5  ABV 
0 -  5 BLW 
5-1 0  BLW 

10-15 BLW 

0-  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

- 
T ( CLOUDS ) 

0- 5 ABV 0 . 0  - 6 1 . 9  -60 .5  - 6 2 . 8  
0 -  5  BLW - 6 2 . 0  -60 .5  -59 6 

5-10 BLW - 5 5 . 3  - 5 2 . 7  
10-15 BLW - 4 5 . 3  - 4 7 . 3  

- 
A ZCCLEAR) 

0 -  5 ABV 2 . 7  2 . 6  2 . 8  2 . 3  
0-  5  BLW - 1 . 3  - 2 . 2  - 2 . 2  
5-10 BLW - 6 . 9  -7.  1 

10-15 BLW - 1 1 . 6  - 1 1 . 9  

n z ( c ~ e u o s  1 
0 -  5  ABV 0 . 0  . 9  . 8  1 . 4  
0-  5  BLW - 1 . 2  - 2 . 6  - 2 . 8  
5-10 BLW - 6 . 8  - 7 . 2  

10-15 BLW - 1 2 . 0  - 1 2 . 0  



TABLE V ,- Continued 

SPR 1 NG 
LAT I TUOE : 75N 65N 

TRBP D I ST ( KFT 

N 
0 -  5 ABV 12 289 
0 -  5 BLW 11 42 
5 -10  BLW 0 0 

10-15 BLW 0 0 

- 
TIC, % 

0 -  5 ABV 0 . 0  . O  
0 -  5 BLW . 1 1 6 . 5  
5 -10  BLW 

10-15 BLW 

SIGMA, X 
0 -  5 ABV 0 . 0  1 

0 -  5 BLW . 5  3 2 . 5  
5-10 BLW 

10-15 BLW 

T IC lV ,% 

0 -  5 ABV 0 , O  .6 

0 -  5 BLW 1 . 6  6 9 . 2  
5 -10  BLW 

10-15 BLW 

SIGMA, % 
0 -  5 ABV 0 . 0  . 4  

0-  5 BLW 0 . 0  2 8 . 0  
5 - 1 0  BLW 

10-15 BLW 

P ( T 1  C > O % ;  
0 -  5 ABV 0 . 0  2 , 4  
0-  5 BLW 9 . 1  23 8 

5-10 BLW 
10-15 BLW 

P(T IC> lO%)  

0 -  5 ABV 0 . 0  0 . 0  
0 -  5 BLW 0 . 0  2 1 . 4  
5-10 BLW 

10-15 BLW 

P(TIC>25%) 

0-  5 ABV 0 . 0  0 , 0  
0 -  5  BLW 0 0 2 1 . 4  
5-10 BLW 

10-15 BLW 

P[TIC>5O%) 

0 -  5 ABV 0 . 0  0 . 0  
0 -  5 BLW 0 . 0  19 .0  
5 -10  BLW 

10-15 BLW 

- 
T ( CLEAR I 

0 -  5 A B V  - 5 9 . 1  - 5 2 4  
0 -  5 BLW -57 8 - 5 7 . 1  
5-10 BLW 

10-15 BLW 

- 
T ( CLBUDS 

0-  5 ABV 0 . 0  - 5 5 . 9  
0 - 5 B L W  - 5 9 . 0 - 5 7 . 0  
5-10 BLW 

10-15 BLW 

- 
~ ~ ( C L E A R )  

0 -  5 ABV 1 . 6  3 . 0  
0 - 5 B L W  - 1 . 3  - 2 . 1  
5 - 1 0  BLW 

10-15 BLW 

- 
/J Z ( CLBUDS 1 

0 -  5 ABV 0 . 0  2 . 8  
0 -  5 BLW - , 7  - 3 . 0  
5-10 BLW 

10-15 BLW 



TABLE V,- Continued 

SUMMER 
LAT I TUDE : 75N 65N 55N 45N 

TRBP D I S T ( K F T 1  

N 
0- 5  ABV 1 1  750 1341 699 

0- 5 BLW 0 110 391 1103 
5-1  0 BLW 0 0 102 854 

10-15 BLW 0 0 12 653 

0 -  5  ABV 
0-  5 BLW 
5-10 BLW 

10-15 BLW 

0 -  5 ABV 
0 -  5 BLW 
5-10 BLW 

10-15 BLW 

0 -  5 ABV 
0 -  S BLW 
5-10 BLW 

10-15 BLW 

0- 5 ABV 
0- 5 BLW 
5-10 BLW 

10-15 BLW 

0 -  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5  ABV 
0- 5  BLW 
5-10 BLW 

10-!5 BLW 

0 -  5  ABV 
0- 5 BLW 
5-10 BLW 

10-15 BLW 

0 -  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

0 -  5  ABV 
0 -  5  BLW 
5-10 BLW 

10-15 BLW 

0-  5 ABV 
0 -  5 BtW 
5-10 BLW 

10-15 BLW 

T I C ,  % 

. O  . o  - 3  1 . 2  

2.3 3 . 8  5.7 
8.0 8 . 0  
5 . 9  1 0 . 1  

SIGMA, % 
. 1  . 1  3 . 3  7 . 7  

10 .6  1 2 . 5  1 6 . 8  
1 9 . 2  1 9 . 7  
1 9 . 7  2 3 . 0  

T I  CIV, % 

. 4  2 . 0  1 3 6  22 .9  
15.C 18 .4  3 2 . 0  

26 .5  31 .O 
71 . 4  3 4 . 4  

SIGMA, X 
0 . 0  1 . 3  1 6 . 7  25 .6  

2 3 . 3  21 .9 27 .3  
2 6 . 8  28.1 

0 . 0  31 .2 

- 
T ( CLEAR 1 

- 4 4 . 7  - 5 0 . 8  - 5 1 . 9  -53 .9  
- 5 7 . 6  -54 .4  -54 .4  

-49 .1  - 5 2 . 6  
- 3 3 . 9  - 4 8 . 8  

- 
T ( CLBUDS 1 

- 4 5 . 0  -57 .0  - 5 9 . 3  - 5 9 . 2  
-59 .1  - 5 4 . 9  - 5 6 , 6  

- 4 5 . 5  - 5 4 . 2  
-31 0  - 4 9 . 7  

A ZCCLEAR) 
0 -  5 ABV 4 . 7  3 . 2  2 . 8  2 . 0  
0 -  5  BLW - 1 . 9  - 1 . 9  - 2 . 5  
5-10 BLW - 6 . 8  - 7 . 6  

10-15 BLW - 1 2 . 2  - 1 2 . 5  

6 z c c L e u o s )  
0-  5  ABV 4 . 7  1 , 9  1 . 2  1  3  
0 -  5  BLW - 1 . 4  - 2 . 3  - 2 . 7  
5-10 BLW - 7 . 1  - 7 . 4  

10-15 BLW - 1 0 . 9  - 1 2 . 3  



TABLE V .- Concluded 

AUTUMN 

LAT I TUDE : 75N 65N 
TROP D I S T ( K F T )  

N 
0 -  5 ABV 39 538 
0 -  5 BLW 0 203 
5-10 BLW 0  45 

10-15 BLW 0 0 

T I C ,  % 

0 -  5 ABV .O . 9  
0 -  5 BLW 1 6 . 5  
5-10 BLW 5 5 . 6  

10-15 BLU 

SIGMA,  X 
0 -  5 ABV . 1 6 . 9  

0 -  5 BLW 29.9 

5-10 BLW 38.6 

10-15 BLW 

T I C I V , %  
0-  5 ABV . 4  3 1 . 7  
0-  5 BLW 49.3 

5-10 BLW 67.6 
10-15 BLW 

SIGMA, % 

0 -  5 ABV 0 . 0  24.6 
0 -  5 BLW 32.3 
5-10 BtW 31 .6 

10-15 BLW 

PtTIC>O%; 
0 -  5 ABV 2 . 6  3 . 0  
0 -  5 BLW 3 3 . 5  
5 -10  BLW 82 .2  

10-15 BLW 

P(T IC> IO%)  
0-  5 ABV 0 . 0  2.2 
0-  5 BLW 29.1 
5-1 0 BLW 7 5 . 6  

10-15 BLW 

P(  T I  C>25% 
0 -  5 ABV 0 . 0  1 . 7  
0-  5 BLW 23.2 
5-10 BLW 71. 1 

10-15 BLW 

P (  TIC>5O%) 
0-  5 ABV 0 . 0  . 6  
0 -  5 BLW 16.3 
5-10 BLW 5 5 . 6  

10-15 BLW 

A 

T ( CLEAR I 
0 -  5 ABV - 5 7 . 7  -53 0 
0 -  5 BLW - 5 3 . 9  
5-10 BLW - 5 2 . 9  

10-15 BLW 

- 
T ( CLOUDS) 

0-  5 ABV - 6 2 . 0  - 5 7 . 7  
0- 5 BLW - 5 4 . 8  
5-10 BLW - 5 0 . 1  

10-15 BLW 

hz ( CLEAR 1 
0 -  5 ABV 3.2 2.8 
0 -  5 BLW -1  , 5  
5-10 BLW - 6 . 2  

10-15 BLW 

0 Z C CLOUDS 1 
0- 5 ABV . 6  1 . 0  
0 -  5 BLW - 2 . 5  
5 -10  BLW -6.6 

10-15 BLW 



TABLE VI .- CUMULATIVE FREQUENCY DISTRIBUTION OF MEAN PARTICLE CONCENTRATIONS~ 
AS A FUNCTION OF THE AVERAGE TIME IN CLOUDS (TIC) DURING AN OBSERVATION 

PERIOD (ALL GASP OBSERVATIONS INCLUDED) 

a ~ l l  part ic les  with diameters > 3  pm. 

b~xample: I n  clear a i r  (TIC = 0%) .  there are >3 x l o 3  particles/m3 i n  2.4% of cases. 

For TIC > O%, this  concentration is exceeded i n  76% of cases. 

For TIC > 50%, this  concentration is  exceeded in 96.3% of cases. 

r 

PD5 ( m - 3 )  

> O  

> 1 o2 
> 3  x l o 2  

> l o 3  

> 3  l o 3  

> l o 4  

> 3  l o 4  

>5 l o 4  

>7 l o 4  

> l o 5  

> 3  lo5 

>7  lo5  

>1 o6 
> 3  x l o 6  

- 
PD5 

a(PD5) 

N 

* 

Percentage of observation periods w i t h  - 

TIC > 90% 

100 .O 

100 .O 

100 .O 

100 .O 

100 .O 

100.0 

100 .O 

100 .O 

98.9 

92.7 

32.6 

3.2 

1 .1 

TIC > 75% 

100 .O 

99.9 

99.9 

99.9 

99.8 

99.5 

98.8 

97.5 

93.8 

86.1 

41 .5 

10.1 

5 -5 

.6 

379 870 

483 474 

1 592 

TIC > 100% 

100 .O 

100 -0 

100 .O 

100 .O 

100 .O 

100 .O 

100 .O 

100 .O 

100 .O 

100.0 

7 .I 

, 

TIC = 0% 

31 .5 

18.1 

9.8 

4.8 

2.4 

.7 

.1 

0 .O 

0 .O 

0 .O 

0 .O 

0 .O 

449 

16 403 

47 374 

281 870 211 736 

197 044 64 922 

565 

TIC 2 10% 

94 .O 

92.0 

90 -4 

88 .I 

85.2 

80.1 

71 .6 

64.4 

57.1 

48.9 

20.6 

5.8 

3.3 

.4 

218 194 

407 224 

5 989 

TIC > 0% 

90 .O 

87.1 

84.1 

80.2 

76 .O 

68.9 

57.6 

49.9 

43 -5 

36.6 

15.2 

4.3 

2.4 

.3 

164 722 

359 583 

8 302 

TIC 2 25% 

96.9 

95.8 

94.7 

93 -0 

91 .1 

87.3 

80.7 

74.4 

67.4 

58.3 

25.6 

7.2 

4.2 

.6 

265 206 

451 673 

4 429 

TIC > 50% 

99 .O 

98.5 

98.1 

97.1 

96.3 

94 .O 

90.8 

86.9 

81 .O 

71.6 

33 .O 

9 .I 

5.3 

.7 

325 829 

478 388 

2 884 



TABLE V I I . -  CUMULATIVE PROBABILITY DISTRIBUTION OF T I C  AS A FUNCTION OF ALTITUDE WITH ALL 

SEASONS AND LATITUDES INCLUDH) 

r 

A l t i t u d e ,  

Percentage of observat ion pe r iods  with - 

k f t  T I C  = 0% T I C  > 0% 

31 .6 

20.0 

21 -2 

15.8 

8.5 

0.0 

14.8 

T I C  > 10% 

29 .O 

14.5 

16.0 

11.3 

6.1 

0 .O 

10.8 

18.5 t o  23.5 k f t  

23.5 t o  28 -5 k f t  

28.5 t o  33.5 k f t  

33.5 t o  38.5 k f t  

38.5 t o  43.5 k f t  

43.5 t o 4 8 . 5 k f t  

Total 

68.4 

80.0 

78.8 

84.2 

91 .5 

100.0 

85.2 

T I C  > 20% 

27.2 

13.2 

13.2 

9 .I 

5 .O 

0 .O 

8.8 

T I C  > 30% 

27.2 

11 .6 

11.2 

7.7 

4.2 

0 .O 

7.4 

TIC > 40% 

25.4 

11 .O 

9.4 

6.4 

3.5 

0 -0 

6.3 

T I C  > 50% 

22.8 

9.8 

8 .O 

5.3 

3.0 

0 -0 

5.3 

T I C  > 60% 

21.9 

8.6 

6.7 

4.3 

2.5 

0 .O 

4.3 

T I C  > 90% 

18.3 

2 .I 

1.6 

1 .O 

.6 

0 .O 

1 .O 

T I C  > 70% 

20.2 

7 - 4  

5.3 

3.4 

1.9 

0 .O 

3 -4 

TIC Z 80% 

I 18.4 

6 .O 

3.9 

2.4 

1.4 

0 .O 

2.5 



TABLE V I I  I .- ZONAL MEAN VALUES OF TIC AND PCE , !?OR THREE ALTITUDE BANDS 

Code: 
- 
TIC, % No. of i n d e p e n d e n t  o b s e r v a t i o n s  

PCE, % 

La ti t u d e  

80  ON-70 O N  

70°N-60°N 

60°N-SOON 

S p r i n g  Summer 

50°N-40°N 

40°N-30°N 

30°N-20 O N  

20°N-1 O O N  

10°N-O0 

0°-1 OOS 

10°S-20°S 

20's-30's 

30°S-40°S 

W i n t e r  

28.5-33 a5 

0.0 1 

0.0 

1 3 1 6 . 9  5 

26.8 

5.2 64  

20 .O 

28.5-33.5 

4.2 38 

31 .O 

6.7 99 

22 .O 

2.2 158 

6.7 

5.9 9 8  

15.8 

22.5 

50.5 

14.7 10 

44.4 

4.3 20 

19.0 

1 .1 19 

4.4 

0.5 18 

4.2 

4.1 27 

14.7 

AU tumn 

28.5-33.5 

3.8 20 

8.9 

10.0 8 3  

21.4 

28.5-33.5 

0.0 1 

0.0 

1 3 9 1 6 . 1  3 2  

28.3 

8.1 152 

22.0 

1 6 0 1 0 . 8  199 

23.4 

4.9 132 

12.1 

5.8 43 

1 5  .O 

5.8 30 

15.3 

9.0 15  

28.9 

11.2 5 

43.6 

2.8  16 

7.5 

13.3 12 

24.8 

5.8 25 

9.2 

13.7 206 

28.3 

10.2 248 

23.9 

7.8 182 

17.8 

4.5 73 

7.7 

8.6 41 

24.5 

17.1 33 

46.8 

6.1 62 

20.8 

7.3 63  

17.2 

7.6 89 

19.0 

A l t i t u d e  , 

33.5-38.5 

-1 4 

.3  

0.0 35 

2.2 

4.8 171 

73.2 

A l t i t u d e ,  k i t  A l t i t u d e ,  

33 -5-38.5 

0.0 2 

0 .O 

.2 25 

.4 

6.8 108  

12.5 

kft 

38.5-43.5 

0.0 29 

0 .O 

0.0 729 

0.5 

33.5-38.5 

0.0 2 

7.1 

A l t i t u d e ,  

33.5-38.5 

0.0 6 

1 .9 

2.2 36 

6.1 

5.1 213 

13.1 

6.3 238 

17.2 

6.4 145  

17.9 

3.1 68  

11.4 

6.7 27 

17.5 

10.3 22 

28 .O 

7 .3  16 

16.3 

8.6 20 

k f t  

38.5-43.5 

.9 

1 .6 

0 .0  50 

0 .O 

9.1 211 

18.2 

7 .8  291 

19.7 

7.8 199 

20.7 

2.9 84 

9 .I 

14.4 6 3  

34.6 

12.6 51 

33.6 

11 .6 67 

25.4 

4.9 62 

12.2 

3.5 78 

8.5 

38.5-43.5 

0.0 15  

0 .O 

- 
k f t  

38.5-43.5 

0.0 1 

0 .O 

0 .0  31 

0.3 

0.4 106 

2.4 

2.1 143 

8.2 

A 

2.5 74 

6 . 3  

2.7 20 

11.3 

5.9 8 

21.3 

4.7 12 

9.4 

2.4 10 

6 .8  

8.1 8 

0.4 39 

2.7 

2.0 99 

10.3 

8.5 185 

25.8 

3.1 244 

9.6 

1 . 8  126 

6 -5 

2 2 2 0  2 19 

51 .9 

7.9 14  

25.8 

10.1 1 6  

27.3 

0.4 14 

2 ,O 

0 .5  22 

3.6 

0.1 33 

0.7 

22.5 

5.7 1 2  

9.1 

5.7 14  

12.8 

0.1 

0.6 

0.1 148 

1.1 

2.7 

9.9 

2.7 91 

10.2 

1.1 12 

9.1 

5.7 3 

17.9 

26.3 8 

50 "0 

37.9 6 

73.4 

9.8 4 

26.8 

0.1 3 

2.7 

0.0 8 

2.2 

4.6 92 

6.9 

3.1 133 

6 , O  

0.8 48 

2.7 

3.0 26 

14.3 

10.4 33 

26 .O 

19.2 24 

40.7 

22.4 33 

54.3 

3.3 12 

12.5 

0.8 33 

2 .1 

16.9 

0.0 4 

2.7 

0.0 10 

1 .9 

6.8 320 

1 8  .O 

4.6 381 

14.4 

5.6 198  

18.0 

6.0 78 

20 .O 

10.0 28  

23.3 

10.8 16 

33.7 

7.7 20 

27.5 

3.0 9 

8 .3  

0 .4  5 

6 . 3  

11.6 203 

32.4 

5.0 207 

20.1 

4.7 130 

18.7 

6.8 41 

19.2 

1 .4 9 

12.9 

11 .1 1 

30 .O 

4.0 18 

13.7 

0.3 7 

4.5 

14.9 11 

26.7 

3.6 234 

8.9 

4.3 195 

9 .8  

1.5 69 

6.9 

8.3 33 

21.2 

12.3 34 

30.7 

14.9 28 

40.4 

13.5 41 

35.4 

0.1 9 

3.9 

2.8 18 

4.9 



TABLE IX.- ZONAL MEAN VALUES OF TIC AND PCE FOR FOUR TROPOPAUSE SEPARATION BANDS 

Code: T I C ,  % I;, % 

No. of independent observations 

--- -- 

Lati tude 

80°N-70°N 

70°N-60°N 

60°N-50°N 

50°N-40°N 

40"N-3O0N 

30°N-20°N 

20°N-10°N 

- 

10°N-O0 

0°-1 OOS 

10's-20's 

20"s-30°S 

30's-40°S 

Winter S p r i n g  

Separation - 

10-15 BLO 

24.6 16  

47.7 

20.6 77 

41 -4  

11.5 144 

27.6 

12.6 152 

29 -7 

6.0 23 

22.5 

28.7 7 

48.1 

47.5 1 

100 .O 

29.3 12 

69.2 

2.6 17 

15.9 

4.6 59 

13.7 

summer 

Separation 

10-1 5 BLO 

4.3 1 8  

20.6 

9 .5  122 

26.6 

7.7 161 

22.7 

6.4 164 

20.9 

7.0 6 3  

18.4 

20.8 12  

38 .O 

23.4 2 

57 .I 

13.1 13  

36 -8 

0.2 8 

4.2 

3.8 12 

4 .3  

from 

5-10 EL0 

25.8 40 

53.4 

28.5 118 

48.3  

11.9 208 

28.0 

7.2 111 

21.9 

1 .2 6 

11 .4  
-pppp- 

0.0  2 

0 .O 

0.0 6 

0 .O 

5.1 40 

12.3 

tropopause, 

0-5 BLO 

11 .3 12 

21 .6 

15.4 58  

30.8 

15.8 177 

33.5 

9 .3  238 

21 -7 

5.2 66 

14.2 

0.0 1 

0 -0 

0.0 4 

0.0 

2.3 25 

10.1 

Autumn 

k f t  

0-5 ABV 

0.0 1 

0 -0  

0.8 38 

2.5 

2.0 98 

3.8 

1.4 177 

4.0 

0.3 1 2 8  

1 .O 

0.0 15  

0.0 

0.0 1 

0.0 

0.0 11 

0.0 

from 

5-10 BLO 

72.9 51 

44.4 

76.8 200 

43  -5  

6.1 270 

20 -5  

4.1 190 

15.9 

3.8 12 

16 -6  

- 

0.0 3 

0.0 

2.5 11 

16.7 

Separation 

10-15 BLO 

5.9 10 

8 -3  

10.1 117 

29.2 

4.0 168 

12.4 

2.9 80  

10.1 

1.4 4 

11 .5 

0.0 

0 .O 

18.7 1 

58.8 

0.0 3 

0 -0 

0.1 17 

2.2 

1.1 24 

4.3 

Separation 

10-15 BLO 

7.5 58  

26.6 

9 .3  165 

22.6 

7.5 143 

21 .2 

5.3 42  

17.9 

6.7 6 

19 . I  

0.0 2 

0 .O 

22.5 4 

4 8  -7 

2.3 9 

9.1 

2.3 14  

13.2 

11.4 16  

17.6 

from 

5-10 BLO 

8.0 38 

30.4 

8 .0  149 

25.8 

2.3 126 

9.6 

0.7 43 

4.2 

1.1 2 

5.3 

1 0 . 0  1 

0.0 

0.0 7 

0 .O 

0.8 13 

4.6 

0 .8  27 

5.1 

tropopause, 

0-5 BLO 

0.1 2 

9.1 

16.5 

23.8 

8 .3  109 

24.3 

9 .0  313 

22.8 

6.2 313 

17 -4  

4.3 75  

16 .2  

0.0 2 

0 .O 

0.0 2 

0 .O 

0.0 8 

0 .0  

tropopause, 

0-5 BLO 

2.3 11 

15 .5  

3.8 90 

20.7 

5.7 164 

17  -7  

4.7 6 3  

13.0 

1 .0  5 

16.7 

-- 

0.0 2 

0 .O 

0.9 28 

5 .0  

k f t  

0-5 ABV 

0.0 3 

0 -0  

6 0 . 0  37 

2.4 

1.4 170 

3 -9 

1.6 280 

4.7 

1.6 205 

4 - 3  

1.3 18  

5.4 

0.0 1 

0 .O 

0.0 10 

0 .O 

k f t  

0-5 ABV 

0.0 3 

9 -1 

0.0 84  

0 .4  

0.3 145 

2.4 

1.2 110 

5.2 

0.5 20 

1 .7 

0.0 14 

0.0 

0 .0  15  

0.8 

from 

5-10 BLO 

55.6 11 

82 .2  

14 .3  113 

37.2 

12.5 232 

29.5 

5.0 730 

12.1 

3.9 21 

11 .3  

0.0 8 

0 .O 

8.0 18 

13.3 

tropopause, 

0-5 BLO 

16.5 30 

33.5 

8 .0  188 

20.2 

6.7 216 

18.0  

1 .2  76 

3 . 8  

0.9 

4.2 

0.0 3 

0 -0  

1 .2  16 

3.8 

k f t  

0-5 ABV 

0.0 5 

2 .6  

0.9 62 

3.0 

0.6 173 

1 .9 

0.6 147 

2.5 

0.0 27 

0 .O 

-I 

6 0 . 0  2 

0.0  

0.0 2 

0 .O 

0.0 8 

5.3 



TABLE X.- PROBABILITY OF ENCOUNTERING VARIOUS LEVELS OF AVERAGE CLOUDINESS 

ON SEVEN LONG-RANGE A I R L I N E  ROUTES, AS ESTIMATED FROM A GAMMA 

PROBABILITY DISTRIBUTION 

C o d e :  No .  of f l i g h t s  P ( T I C ~  5 % I ,  % 

 TIC^! % P ( T I C ~  z 1 0  % I ,  % 

P ( T I C ~  < I %I, % P ( T I C ~  > 2s % ) ,  % 

P ( T I C ~  < 5 % ) ,  % P ( T I C ~  z 50 % I f  % 

R o u t e  

C a l i f o r n i a  - 
H a w a i i  

E a s t  C o a s t  - 
West C o a s t  (USA) 

West C o a s t  - 
N o r t h w e s t  E u r o p e  

E a s t  C o a s t  - 
N o r t h w e s t  E u r o p e  

A u s t r a l i a  - 
S E  A s i a  

W e s t  C o a s t  - 
Japan ( w e s t b o u n d  

W e s t  C o a s t  - 
Japan ( e a s t b o u n d  

28 -5-33.5 

2 2 52.4 

9.4 32.5 

17.3 8.9 

47.6 1.2 

3 

6 53.8 

9.9 34 .O 

16.7 9.9 

46.2 1 .4  

38 52.1 

9.3 32.2 

17.5 8.7 

47.8 1 .1 

16  49.4 

8.4 29.2 

18.7 7 .O 

50.6 0.7 

4 

N o  

data  

A l t i t u d e ,  kf t 

33.5-38.5 

177 37.2 

5.5 17.4 

24.7 2.1 

62.8 = O  

58 46.2 

7.5 25.9 

20.1 5.3 

53.8 0.4 

26 16.9 

2.7 4 .o 
38.6 0.1 

83.1 = 0 

99 47.7 

7.9 27.4 

19.5 6 .O 

52.3 0.6 

2 0 51 .O 

8.9 30.9 

18  .O 7.9 

49 .O 0.9 

30 26.2 

3.8 9.1 

31 .3 0.5 

73.8 = O  

12 51 .O 

8.9 30.9 

18  .O 7.9 

49 .O 0.9 

38.5-43 - 5  

2 

1 3  14 .0  

2.4 2 .8  

41 .3 = 0 

8 6  .O = 0 

26 17.8 

2.8 4.4 

37.7 0.1 

82 .2  = 0 

2 4 23 .1 

3.4 7 .I 

33.5 0.3 

76.9 = 0 

N o 

data  

14  12.1 

2.2 2.1 

43.5 = O  

87.9 = O  

29 24.7 

3.6 8.1 

32.3 0.3 

75.3 = 0 



GASP 
8747 

FLIGHT PATH 

Observation n o .  1 Observation no. 2 Observation no. 3 Observation no. 4 

T I C l  = Percent o f  time in clouds during observation 1 = 
T1l + T12 

256 

TIC, = Percent o f  time i n  clouds during observation 2 = 
T 2 1  + T22  + T23 

256 
x 100 

T I C  = Percent o f  time in clouds during observation 3 = ' 3 1  + ' 3 2  ' ' 3 3  
3 2 5 6  

x 100 

TIC4 = Percent of tiine in clouds during observation 4 = 0 / 2 5 6  = 0  

- T I C l  + T I C 2  + T I C 3  + T I C 4  
T I C  Average percent o f  time in clouds during a l l  observations = 

4 

PC€ - Probabi l i ty  of cloud encounter in  an observation = 
3 Observations with clouds i n  v i c i n i t y  = 0 .75  

4 Observations t o t a l  

T I C l  + TIC2 + T I C 3  
T I C I V  E Average percent o f  nonzero time in clouds during an observation = 

- 
INTERRELATION: T I C  = PCE x T I C I V  - 

T I C l  f T I C 2  + T I C ,  + TIC4 T I C 1  + T I C 2  + TIC3 + TIC4 
P R O O F :  

.2 

4  
= 0.75 x 2 

4 

- 
Figure 1 .- Example of i n t e r r e l a t i o n  of TIC,  PCE and T I C I V  fo r  a s e t  of four 

observation periods. 



DEC - JAN - FEB HEIGHT OF TROPOPAUSE CHART 136 

( a )  Winter, 

~ i g u r e  2.- The average he igh t  of the tropopause. (~ ro rn  ref .  3 7 . )  



MAR - APR - MAY HEIGHT OF TROPOPAUSE CHART 146 

(b) Spring. 

Figure 2. - -Continued. 



JUN - JUL - A.UG HEIGHT OF TROPOPAUSE CHART 156 

- Mean Height (in wwa) of the Tropopoure. 11 

(c) Summer. 

Figure 2.- Continued. 



SEPT - OCT - NOV HEIGHT OF TROPOPAUSE CHART 166 

( d )  Autumn. 

Figure 2. - Concluded. 
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( a )  By l a t i t u d e .  

D J F  M A M  J J A  S 0 N 

W i n t e r  S p r i n g  Summer Autumn 

(b) By season. 

F i g u r e  3.-  ~ i s t r i b u t i o n  of cloud observat ion periods by l a t i t u d e  and season. Shading 

denotes observation periods with T I C  > 0 .  Numbers above bars a r e  percentage PCE 

for  each i n t e r v a l .  



0 2 8 . 5  33.5  38.5 4 3 . 5  4 8 . 5  

k f t  

(a) By a l t i t u d e -  

> 15 BLO 1 5  10 5 0 5 > 5 ABV 

k f t  

( b )  By distance from tropopause. 

Figure 4 .-   is t r ibu t ions  of cloud observation periods by a l t i t u d e  and d i s t ance  from 

tropopause. Shading denotes observation periods with TIC > 0.  Numbers above 

bars are percentage PCE fo r  each i n t e r v a l .  
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Figure 7. - Variation of global annual  mean values  of cloudiness parameters w i t h  

distance from t h e  tropopause . 



D i  s tance  f r o m  
t r o p o p a u s e  ( k f t )  

5 - 10 below 

-- 0 - 5 be low  

- -- 0 - 5 a b o v e  

T I C ,  p e r c e n t  

Figure 8.- Cumulative probabil i ty  d is tr ibut ions  of the values of TIC for the global  

annual data set. Plots  are grouped separately for  all data and f o r  data with 

clouds i n  the v i c i n i t y  (CIV). 



Pressure a1 t i  tude, k f t  

( a )  Cloudiness parameters. 

Pressure a1 t i  tude 
band, k f t  

0 28.5 - 33.5 

CI 33.5 - 38.5 

A 3 8 . 5 - 4 3 . 5  

0 2 0 40 60 80 100 

TIC, percent 

( b )  Cumulative p robab i l i ty  d i s t r i b u t i o n .  

Figure 9. - Variation of global  annual mean cloudiness with pressure  a l t i t u d e .  



P r e s s u r e  a1  ti t u d e  

30 r 

L a t i t u d e ,  deg 

(a) Winter. 

20 

10 

0 ,  

L a t i t u d e ,  deg  

28.5 - 33.5 k f t  

----- 33 .5  - 38.5 k f t  

38.5 - 4 3 . 5  k f t  

- 0 < 200 o b s e r v a t i o n s  

- 

(b) Spring. 

80N 60 40 20 0 20 40s 

~ i g u r e  10.- Variation of average time in clouds with latitude and height for 

Northern Hemisphere seasons. Symbols are plotted where there are fewer than 

200 observations. 



L a t i t u d e ,  d e g  

(c) Summer. 

L a t i t u d e ,  d e g  

(d) Autumn. 

Figure 1 0. - Concluded. 
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L a t i t u d e ,  deg 

Mar . ,  A p r . ,  May 

-----  S e p t . ,  O c t . ,  Nov. 

L a t i t u d e ,  d e g  

Figure 1 1 .- S e a s o n a l  symmetry of a v e r a g e  t i m e  i n  clouds w i t h  l a t i t u d e .  

Altitude = 33 .5  to 38.5 k f t .  



D i  s t a n c e  be1 ow 
t ropopause,  k f t  

A 10  - 15 

- n .  . 5 - i n  

L a t i t u d e ,  deg 

( a  ) Winter. 

L a t i t u d e ,  deg 

(b) Spring. 

Figure 12.- Var ia t ion  of average time i n  clouds with l a t i t u d e  and d i s t a n c e  from t h e  

NMC tropopause f o r  Northern Hemisphere seasons. Symbols a r e  p l o t t e d  where t h e r e  

a r e  fewer than  100 observat ions.  



Distance be1 ow 
t r o p o p a u s e ,  k f t  

L a t i t u d e ,  d e g  

(c) Summer. 

L a t i t u d e ,  deg 

(d) Autumn. 

F i g u r e  12.-  Concluded. 



0 Winter 

S p r i n g  
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A Autumn 

Pressure a1 ti tude ,  k f t  

TICIV 

PCE 

TIC 

5 

Figure 13.- Var i a t i on  of c loud ine s s  parameters  with pressure a l t i t u d e  and 

Northern Hemisphere seasons a t  40°N t o  50°N l a t i t u d e .  



5 < 0 (anticyclone) 

-------- > 0 (cyclone) 

20 40 60 

TIC, percent 

Figure 14.- Cumulative p r o b a b i l i t y  distribution of TIC a t  0 t o  10 kft below the 

tropopause in cyclones and a n t i c y c l o n e s .  
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----- 
- a < 100 d a t a  
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Be1 ow Be1 ow Be1 ow Above 

S e p a r a t i o n  f r o m  t ropopause ,  k f t  

(a) Winter. (b Spring. 

Figure 15.- Cloudiness parameter KC i n  cyclones ( r e l a t i v e  v o r t i c i t y  5 > 0) and 

an t i cyc lones  ( c  < 0) a s  a func t ion  of d i s t a n c e  from the NMC tropopause f o r  

Northern Hemisphere seasons a t  30°N t o  70°N l a t i t u d e .  Symbol is p l o t t e d  where 

t h e r e  a r e  fewer than 100 d a t a  samples. 
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(c) Summer. 
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Figure 1 5 .  - Concluded. 



Be1 ow Above 

60 - 
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- 

40 - 

P C E ,  - 
% 

Be1 ow Above 

S e p a r a t i o n  f r o m  t r o p o p a u s e ,  k f t  S e p a r a t i o n  from t r o p o p a u s e ,  k f t  

( a )  Winter .  ( b )  Summer. 

F igure  16.- Cloudiness  pa ramete r  PCE as a f u n c t i o n  of d i s t a n c e  from NMC t ropopause,  

l a t i t u d e ,  and s ign  of relative v o r t i c i t y  c, i n  Northern Hemisphere winter and 

summer. 



TICIV, 

70 

I 
----- 

l o t  

? > o  
I 0 < 20 D a t a  

I 

I 

Below Above 

p o i n t s  

TICIV, 

70 

30 

Be1 ow Above 

S e p a r a t i o n  from t r o p o p a u s e ,  k f t  S e p a r a t i o n  from t r o p o p a u s e ,  k 

(a) Winter.  ( b )  Summer. 

~ i g u r e  17.- Cloudiness  parameter TICIV as a f u n c t i o n  of d i s t a n c e  from NMC t ropopause,  

l a t i t u d e ,  and s ign  of r e l a t i v e  v o r t i c i t y  c, i n  Northern Hemisphere winter and 

summer. 



- 

- CI 

Temperature 

- 

- 

Ozone 

---- 
1 I I I 

30 B L O  

I n  clear  a i r  

-I--- With c louds  along 
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10 ABV 

Figure 18.- Temperature and ozone in clear air and in cloudy air as a function of 
distance from the NMC tropopause. 



0 W i n t e r  

S p r i n g  

Summer 

Autumn 

- 
T I C  

Pressure a1 t i  t ude ,  k f t  P r e s s u r e  a1 t i  t u d e ,  k f t  

Figure  19.- Var i a t i on  of c l oud ine s s  parameters  with pressure a l t i t u d e  and Northern 
Hemisphere s e a s o n s  a t  40°N t o  50°N for only those observations also having 

p a r t i c l e - c o n c e n t r a t i o n  data. 





T I C ,  p e r c e n t  

10 l o 5  

-3  
P a r t i c l e  c o n c e n t r a t i o n ,  PD5, rn 

Figure 21 .- Cumulative frequency distributions of PD5 in and out of clouds. 



T I C  > 75  

Pressure a l t i t u d e ,  k f t  

- 3 
P a r t i c l e  concent ra t ion ,  PD5,  m 

(a) By pressure altitude. 

Figure 22.- Cumulative frequency distributions fo r  PD5, as a function of pressure 

altitude and d i s t a n c e  from t h e  NMC tropopause. 
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(b) By distance from tropopause. 

Figure 22 .- Concluded. 



P a r t i c l e  concent ra t ion ,  PD5,  rn-3 

( a )  By l a t i t u d e .  

Figure 23.-  Cumulative f requency d i s t r i b u t i o n s  of PD5, as a f u n c t i o n  of latitude and 

Northern Hemisphere seasons. 
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F i g u r e  23.- Concluded. 
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Figure 24.- Estimated LF degradation within clouds at 40 kft and Mach 0.75 (based on 

ref. 10). 
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Ambient  
p a r t i c l e  
n c e n t r a t i  

(m3-ym1-l 

GASP measurement 

P a r t i c l e s  a f f e c t i n g  

LFC a t  40 k f t  a n d  
Mach 0.75 

P a r t i c l e  d i a m e t e r ,  Vrn 

Figure 25.- The range of pa r t i c l e  sizes measured by the GASP cloud detector and the 

range of pa r t i c l e  s izes  affect ing LFC. The flux of par t i c les  ( in tegra l  with s i ze  

of concentration) i n  each range i s  denoted by appropriate hatched areas. The 

concentration of particles depicted here is typical  of tha t  obtained i n  a thin 

c loud. 



PERCENTAGE 30 
OF 

FLIGHTS 25 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 

TICF. AVERAGE T I M E  I N  CLOUDS ON ENTIRE ROUTE, 7' 

(a) Average a l t i t u d e  of 33.5 t o  38.5 k f t .  

30 

PERCENTAGE 

0 F 25 
FLIGHTS 

20 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 

T I  CFl AVERAGE T I M E  I N CLOUDS ON ENTIRE ROUTE, 70 

( b )  Average a l t i t u d e  of 28.5 t o  33.5 k f t .  

Figure 26.- Observed and t h e o r e t i c a l  f requency  d i s t r i b u t i o n s  of a v e r a g e  t i m e  i n  
c louds  on GASP flights between the U.S. East Coas t  and Northwest  Europe. 
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