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INTRODUCTION 

The five independent contributions which constitute this 
report describe various research activities that were supported 
by the Global Atmospheric Sampling Program under Grant 
NSG-3138, or which developed independently, using the GASP data 
base. Chapter 1 was written as a Master of Science thesis by 
C. S. Chen. Under the direction of R. Pratt, Chen surveyed the 
characteristics of the particle size spectrum in various 
meteorological settings from a special collection of GASP data 
taken near the end of the program. Chapter 2 describes further 
analysis of that subset of data performed by A. Detwiler, whose 
specific interest was the relationships between humidity and 
cloud particles. In Chapter 3, Pa Falconer and R. Pratt report 
climatological and case studies of tropical ozone distributions 
measured on a large number of flights over the course of the 
entire program. Finally, Chapters 4 and 5 by A. Hogan and 
colleagues discuss particle counter calibrations, as well as 
the comparison of GASP particle data in the upper troposphere 
with other measurements at lower altitudes, over the Pacific 
Ocean. 

This final report, together with previous publications, 
completes the documentation of GASP research at the Atmospheric 
Sciences Research Center. A complete listing of reports and 
publications resulting from this program is given in the 
following table. 
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CHAPTER 1 

AIRCRAFT MEASUREMENTS OF THE PARTICLE SIZE SPECTRUM NEAR 
THE TROPOPAUSE 

Cheng-Shih Chen* 

INTRODUCTION 

I n  t h e  a t m o s p h e r e ,  p a r t i c l e s  a r e  r e l a t e d  t o  wea the r  p r o c e s s e s  
and d e t e r m i n e  t h e  r a d i a t i v e  and o p t i c a l  p r o p e r t i e s  o f  t h e  
a tmosphere .  P r e v i o u s  s t r a t o s p h e r i c  p a r t i c l e  r e s e a r c h  h a s  been  
d e s c r i b e d  i n  major r e f e r e n c e s  s u c h  a s  J u n g e  (1963), G r e e n  and  
Lane ( 1 9 6 4 ) ,  and F r i e d l a n d e r  ( 1 9 7 7 ) .  But  l i t t l e  r e s e a r c h  h a s  
d e a l t  e x t e n s i v e l y  w i t h  t h e  upper  t r o p o s p h e r e  and lower  
s t r a t o s p h e r e ,  i . e .  a round  t h e  t r o p o p a u s e .  Atmospher ic  p a r t i c l e  
o b s e r v a t i o n s  have  u s u a l l y  been o b t a i n e d  i n  t h r e e  ways. F i r s t ,  
t h e r e  a r e  n e a r - s u r f a c e  measurements  l i k e  t h o s e  o f  J u n g e  
( 1 9 6 1 ) .  More r e c e n t l y ,  Rosen and Hofmann, (1976)  and E h h a l t  
(1975)  have  c a r r i e d  o u t  b a l l o o n - b o r n e  o b s e r v a t i o n s .  F i n a l l y ,  
t h e r e  a r e  a i r c r a f t  measurements s u c h  a s  C a d l e  and Langer  (1979)  
and GAMETAG ( 1 9 7 7 ) .  I n  t h e  l a t t e r  c a t e g o r y ,  most f l i g h t  
measurements  a r e  r i c h  i n  d e t a i l  b u t  l i m i t e d  i n  number o f  c a s e s  
s t u d i e d .  

Dur ing t h e  p a s t  4 y e a r s  t h e  G l o b a l  Atmospher ic  Sampl ing Program 
(GASP) o f  t h e  N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  
(NASA) h a s  a c q u i r e d  a n  e x t e n s i v e  a i r c r a f t  d e r i v e d  d a t a  b a s e .  
C o n s t i t u e n t s  measured i n c l u d e  ozone ,  w a t e r  vapor  mixing r a t i o ,  
c a r b o n  monoxide,  p a r t i c l e s ,  and m e t e o r o l o g i c a l  d a t a ,  f rom 
a u t o m a t e d  i n s t r u m e n t a t i o n  i n s t a l l e d  on commercia l  a i r l i n e r s .  
The s i m u l t a n e o u s  o b s e r v a t i o n  o f  s e v e r a l  s u c h  t r a c e  con- 
s t i t u e n t s ,  i n  a d d i t i o n  t o  t h e  m e t e o r o l o g i c a l  v a r i a b l e s ,  g r e a t l y  
a i d s  i n t e r p r e t a t i o n  o f  t h e  d a t a .  S i n c e  t h e  d a t a  a r e  measured 
and r e c o r d e d  by au tomated  i n s t r u m e n t s ,  t h e y  c o v e r  many p a r t s  o f  
t h e  e a r t h  o v e r  a  l o n g  p e r i o d  o f  t i m e .  Thus t h e  GASP h a s  
o b t a i n e d  a  l a r g e  and g e o g r a p h i c a l l y  e x t e n s i v e  d a t a  b a s e .  
However, i t  is l i m i t e d  i n  f l i g h t  l e v e l  t o  a l t i t u d e s  a round  t h e  
t r o p o p a u s e ,  b e c a u s e  o f  t h e  t y p i c a l  f l i g h t  l e v e l  o f  commerc ia l  
a i r l i n e r s .  

The GASP d a t a  d e s c r i b e d  i n  t h i s  s t u d y  a l s o  i n c l u d e  p a r t i c u l a r l y  
e x t e n s i v e  measurements  o f  c o n d e n s a t i o n  n u c l e i  and l i g h t -  
s c a t t e r i n g  p a r t i c l e s .  F u r t h e r m o r e ,  t h e r e  a r e  d a t a  from a  
s p e c i a l  f i l t e r  m o d i f i c a t i o n  t o  t h e  c o n d e n s a t i o n  n u c l e i  
i n s t r u m e n t  which p e r m i t s  a rough c h a r a c t e r i z a t i o n  of t h e  s i z e  
s p e c t r u m  o f  t h e  s m a l l e s t  p a r t i c l e s .  The s i z e  s p e c t r u m  is 
r e l a t e d  t o  t h e  age  o f  a  p a r t i c u l a r  p a r t i c l e  p o p u l a t i o n  a s  
d i s c u s s e d  i n  S e c t i o n  1 . 4 .  Such i n f o r m a t i o n  h a s  never  b e f o r e  
been c o l l e c t e d  i n  s u c h  a  r o u t i n e  and widespread  manner. 

* G r a d u a t e  S t u d e n t ,  Department o f  Atmospher ic  S c i e n c e ,  S t a t e  
U n i v e r s i t y  o f  N e w  York a t  Albany. 



The goal of this chapter is to describe the particle concen- 
trations and size distributions near the tropopause over 
various synoptic situations and geographical locations, using 
the GASP data base. This information is of interest in itself, 
but also permits some general conclusions concerning particle 
removal processes, as well as cross-tropopause transport of air. 



1 . 2  INSTRUMENTATION 

The a t m o s p h e r i c  t r a c e  c o n s t i t u e n t s  u s e d  i n  t h i s  s t u d y  were 
measu red  f r o m  O c t o b e r  1978  t h r o u g h  F e b r u a r y  1979 .  The d e t a i l s  
o f  i n s t r u m e n t a t i o n  and  d a t a  r e c o r d i n g  a r e  f o r  t h e  m o s t  p a r t  
c o v e r e d  by  B r i e h l  e t  a l e ,  ( 1 9 8 0 ) .  The u s u a l ,  a n d  minimum t i m e  
r e s o l u t i o n  f o r  a l l  c o n s t i t u e n t s  i n  t h i s  s t u d y  is 5 m i n u t e s ,  o r  
a h o r i z o n t a l  d i s t a n c e  o f  a b o u t  70 km. a t  f l i g h t  v e l o c i t y .  

1 . 2 . 1  Ozone 

GASP o z o n e  measu remen t s  a r e  made u s i n g  a n  u l t r a v i o l e t  
a b s o r p t i o n  o z o n e  p h o t o m e t e r  ( T i e f e r m a n n ,  1 9 7 9 ) .  The  
c o n c e n t r a t i o n  of a t m o s p h e r i c  o z o n e  is d e t e r m i n e d  by m e a s u r i n g  
t h e  d i f f e r e n c e  i n  i n t e n s i t y  o f  a n  u l t r a v i o l e t  l i g h t  beam w h i c h  
a l t e r n a t e l y  p a s s e s  t h r o u g h  t h e  s a m p l e  g a s  a n d  a n  o z o n e - f r e e  gas  
( g e n e r a t e d  w i t h i n  t h e  i n s t r u m e n t ) .  The r a n g e  o f  t h i s  i n s t r u -  
ment  i s  f r o m  3 t o  2 0 , 0 0 0  ppbv ( p a r t s  per b i l l i o n  by v o l u m e ) ,  
w i t h  a s e n s i t i v i t y  o f  3 ppbv.  

L a b o r a t o r y  c a l i b r a t i o n s  i n d i c a t e  t h a t  t h e  p u b l i s h e d  o z o n e  
measu remen t s  a re  p r o b a b l y  9 p e r c e n t  t o o  h i g h .  I n  t h i s  s t u d y ,  
t h e  r e l a t i v e  c h a n g e s  i n  ozone  a r e  o f  mos t  i n t e r e s t ,  a n d  no  
c o r r e c t i o n  has b e e n  a p p l i e d .  T h e  random e r r o r  of t h e  a m b i e n t  
o z o n e  measurement  i s  3 p e r c e n t  of r e a d i n g  o r  3 ppbv ,  w h i c h e v e r  
is g r e a t e r .  

1 .2 .2  Water Vapor 

A t m o s p h e r i c  w a t e r  v a p o r  is measu red  w i t h  a  c h i l l e d  m i r r o r  
d e w / f r o s t  p o i n t  h y g r o m e t e r  (Eng lund  a n d  D u d z i n s k i ,  1 9 8 1 ) .  T h e  
h y g r o m e t e r  c o n s i s t s  of a n  e l e c t r o n i c s  p a c k a g e ,  and a the rmo-  
e l e c t r i c a l l y - c o o l e d  m i r r o r  s e n s o r  r e m o t e l y  mounted a t  t h e  
a i r c r a f t  s k i n .  The h y g r o m e t e r  o p e r a t e s  by o p t i c a l l y  d e t e c t i n g  
t h e  f o r m a t i o n  o f  c o n d e n s a t e  o n  t h e  m i r r o r  s u r f a c e  as  t h e  m i r r o r  
i s  c o o l e d  t o  t h e  d e w / f r o s t  p o i n t  t e m p e r a t u r e  o f  t h e  a m b i e n t  
a i r .  T h e  i n s t r u m e n t  c a n  t r a c k  d e w / f r o s t  p o i n t  c h a n g e s  of a b o u t  
1 . 5  d e g  C p e r  s e c o n d .  

Wate r  v a p o r  d a t a  a r e  r e p o r t e d  a s  b o t h  d e w / f r o s t  p o i n t  t e m p e r -  
a t u r e  and  w a t e r  v a p o r  m ix ing  r a t i o .  D a t a  h a v e  b e e n  e d i t e d  o u t  
whenever  t h e  i n d i c a t e d  d e w / f r o s t  p o i n t  was more t h a n  1 0  p e r c e n t  
warmer t h a n  t h e  a m b i e n t  a i r  t e m p e r a t u r e  o n  t h e  g r o u n d  t h a t  t h i s  
would e x c e e d  p h y s i c a l l y  r e a l i s t i c  s u p e r s a t u r a t i o n  v a l u e s  (P. 
F a l c o n e r ,  p r i v a t e  commun ica t i on  r e f e r e n c e d  by  B r i e h l  e t  a l . ,  
1 9 8 0 ) .  The water v a p o r  measurement  is  n o t  c a l i b r a t e d  d u r i n g  
f l i g h t s ,  b u t  l a b o r a t o r y  c a l i b r a t i o n s  i n d i c a t e  a measu remen t  
e r r o r  w i t h  a s t a n d a r d  d e v i a t i o n  of 1 . 2  d e g  C ,  o v e r  a r a n g e  f r o m  
-68  t o  +17 d e g  C. 



1.2.3. Light-Scattering Particles 

A Royco light-scattering particle detector modified for high 
altitude use measured the concentrations of particles whose 
scattering area was equivalent to that of water drops whose 
minimum diameter equals 0.45 micron. Measured particle 
densities, in particles per ambient m3 are reported for 
particles greater than 0.45, greater than 1.4, and greater than 
3.0 micron in diameter (hereafter referred to as PD2, PD4, and 
PD5, respectively). However PD2 has a high noise to signal 
ratio, so little emphasis is put on PD2 in this study. 

Experience has indicated that flight through clouds results in 
a significantly greater count of the largest size particles 
than is obtained in clear air (Reck et al., 1977). A simple 
cloud detector is thus available by observing the counting rate 
of the particle size range which yields the PD5 data. This 
signal is monitored for 255 seconds prior to each data 
recording. The time (in seconds) during which the signal is 
greater than a preset level is interpreted as time in clouds. 
This level was based on visual observation of a light haze, and 
corresponds to a local particle density in the PD5 range of 
66,000 particles per m3. 

1.2.4 Condensation Nuclei 

The condensation nuclei concentration measurement (hereafter 
referred to as CN) is made when an air sample is brought from 
the GASP inlet probe to the monitor through an 8 m length of 17 
mm internal diameter tubing. In the detector system, the 
pressurized sample is humidified and enters a cloud chamber. 
An adiabatic expansion process then creates conditions such 
that the particles act as nucleation sites for the formation of 
a water droplet cloud. The density of the cloud, assumed to be 
proportional to the number of particles present, is measured by 
a light attenuation instrument. The instrument has a full 
scale of 1000 particles per cm3 at flight level. The overall 
accuracy of a concentration measurement is estimated to be 
better than 10 percent of a reading at concentrations greater 
than 100 particles per cm3, for a given type of particle. 
Noise level in the monitor's output signal is equivalent to 
less than 10 particles per cm3 at flight conditions. The 
time constant (63 percent change) for a step change in inlet 
concentrations is 6 seconds, which permits high spatial 
resolution of meteorological conditions. Additional details 
are given by Nyland (1979). 

A local value of CN as well as an average over the previous 240 
seconds is recorded at each observation time. The concen- 
tration is given in particles per cm3 at ambient conditions. 



1.2.5 Filtered Condensation Nuclei 

In addition to the measurement of total CN described above, an 
independent measurement was made with another CN instrument 
which drew its sample through a Nuclepore filter. This filter 
selectively transmits particles of certain ranges proportional 
to poresize and flow rate. Theory behind this modification is 
discussed in Section 1.4. The transmission characteristics of 
the filter for different sizes of particles is affected by 
particle diffusion, impaction, and interception. These factors 
are expressed in equations developed by Spurny (1969) which are 
applied here. 

The transmission efficiency E of a Nuclepore filter is a 
function of partial efficiency of impaction e if partial 
efficiency of diffusion E D  and partial efficiency of 
interceptionE Thus transmission efficiency can be written 
as: 

E' = 2 ~ t k  c+ 2 s t k 2 ~  exp [ -  
1 

i 1 - 2 s t k 2 c  
~ t k  VT 

E = 2.56 N ~ ~ / ~  - 1 . 2  N - 0.177 lJD4l3, when N < 0.01 D D D 

E = 1 - 0.81904 exp ( -3 .6568 ND) - 0.09752 exp (-22.3045 N ~ )  - D 

0.03248 exp (-56.95 ND) - 0.0157 exp (-107.6 ND) when ND > 0.01 

E = NR ( 2  - NR) R 

where 

S t k  = Stokes number (see Spurney) 

ND = c o e f f i c i e n t  of  d i f f u s i v e  collection (see Spurney) 



P = porosity = 0.05 

NR = particle radius + pore radius 

6 = empirically derived structural parameter of a pore filter. 

The c a l c u l a t i o n  here a p p l i e s  t o  t h e  p r e s s u r i z e d  s t a t e  of  the 
sample  i n  t h e  a i r c r a f t  (850  mb, 280%) .  S t u d i e s  by Shaw 
(1980)  a n d  Twomey (1977 )  s u g g e s t  2 g p e r  cm3 as  a n  
a p p r o p r i a t e  p a r t i c l e  d e n s i t y  u s e d  i n  c a l c u l a t i n g  t h e  S t o k e s  
number,  

R e s u l t i n g  t r a n s m i s s i o n  c u r v e s  f o r  t h e  f i l t e r  i t s e l f  are g i v e n  
i n  F i g .  1-1 f o r  the two p o r e  s i z e s  u s e d  i n  t h e  program. These 
curves  ( e x c e p t  c u r v e  E) a l s o  a c c o u n t  f o r  t h e  p a r t i c l e  l o s s  i n  
t h e  i n l e t  t u b i n g  t o  t h e  CN c o u n t e r s .  A c c o r d i n g  t o  D e n n i s  
(1976), t h i s  t u b i n g  l o s s  c a n  b e  e x p r e s s e d  a s :  

n - - - 0.819 exp ( - 1 4 . 6 2 7 A )  + 0.096 exp (-89.22A) + 0.01896 exp (-212A) 
nr\ u 

where  

A = ae rodynamic  c o e f f i c i e n t  (see D e n n i s ,  1 9 7 6 )  

The c a l c u l a t i o n  i n d i c a t e s  t h a t  d i f f u s i o n  l o s s e s  i n  t h e  8 m 
l e n g t h  of i n l e t  t u b i n g  a l o n e  amount t o  as much as 5 p e r c e n t ,  1 0  
p e r c e n t ,  and  50  p e r c e n t  of t h e  p a r t i c l e s  p r e s e n t  f o r  d i a m e t e r s  
of 0 .02  m i c r o n ,  0 . 0 1  m i c r o n ,  and  0 . 0 0 2  m i c r o n ,  r e s p e c t i v e l y .  
The p a r t i c l e  l o s s  i n  t h e  i n l e t  t u b e  a f f e c t s  b o t h  t h e  u n f i l t e r e d  
and f i l t e r e d  CN measurements  t o  t h e  same d e g r e e ,  



C u r v e  

Table 1-1. Key for Figure 1-1 

F i l t e r  
Pore Size 
D i a m e t e r  
( p  m) 

Assumed 
Particle 



Fig. 1-1. Nuclepore filter t ransmiss ion  e f f i c i ency .  Table 1-1 lists 
curve characteristics. AL1 curves except E inc lude  i n l e t  
tube loss. 



1.2.6 Meteorological Data 

In addition to the trace constituent measurements, aircraft 
flight data are obtained to precisely describe meteorological 
and flight conditions. Aircraft position, heading, and the 
computed wind speed and direction are obtained from the 
inertial navigation system. Altitude, air speed, and static 
air temperature are collected from t h e  central air data 
computer in the aircraft. 



1 . 3  DATA 

The d a t a  r e c e i v e d  f rom NASA L e w i s  Resea rch  C e n t e r  i s  i n  2 f i l e s  
a s  l i s t e d  by f l i g h t  and d a t e  i n  T a b l e  1-2.  The f i l t e r  p o r e  
s i z e  f o r  f i l t e r e d  CN d a t a  i s  8 m i c r o n s  f o r  f i l e  1, and  1 micron  
f o r  f i l e  2. A s  a r e s u l t  o f  low t r a n s m i s s i o n  e f f i c i e n c y  and  
n a r r o w  c o l l e c t i n g  r a n g e  f o r  t h e  1 micron  f i l t e r  ( F i g .  1-11, 
most  o f  t h e  f i l t e r e d  CN d a t a  ( h e r e a f t e r  FCN) i n  f i l e  2 is v e r y  
s m a l l  and i n  t h e  r a n g e  o f  measurement  e r r o r .  S i n c e  t h e  FCN 
d a t a  p l a y s  a n  i m p o r t a n t  r o l e  i n  o u r  i n t e r p r e t a t i o n ,  o n l y  t h e  
f i r s t  f i l e  o f  d a t a  i s  u s e d .  For  t h i s  s t u d y  t h r e e  d e r i v e d  
v a r i a b l e s  were  c a l c u l a t e d  f o r  a l l  f i l e  1 f l i g h t s :  r e l a t i v e  
h u m i d i t y  w i t h  r e s p e c t  t o  water and  r e l a t i v e  h u m i d i t y  w i t h  
respect  t o  ice ,  and  t h e  r a t i o  o f  t o t a l  C N  t o  FCN. 

Computer p l o t s  o f  e a c h  f l i g h t  s e r v e d  a s  t h e  b a s i s  o f  t h e  c a s e  
s t u d i e s  d e s c r i b e d  i n  S e c t i o n  1 .5 .  The l e g e n d  i n  T a b l e  1 - 3  
a p p l i e s  t o  t h e  p l o t s  p r e s e n t e d  i n  S e c t i o n  1 .5 .  O t h e r  details 
c o n c e r n i n g  t h e  p l o t s  a r e  a s  f o l l o w s :  

(1) The p l o t  t i t l e s  g i v e  f l i g h t  d e p a r t u r e  da t a ,  
d e p a r t u r e - a r r i v a l  a i r p o r t  p a i r ,  and  f l i g h t  number. 

( 2 )  The a b s c i s s a  is Greenwich  Mean Time (GMT) . 
( 3 )  Some v a r i a b l e s  are  n o t  a l w a y s  r e c o r d e d  e v e r y  5 

m i n u t e s ,  s o  t h e  d a t a  s p a c i n g  is i r r e g u l a r .  
( 4 )  Data n o t  i n c l u d e d  i n  t h e  r a n g e  g i v e n  i n  table 1-3 are  

n o t  p l o t t e d .  

For  e v e r y  f l i g h t ,  o n e  or  more 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  
( N M C )  s y n o p t i c  a n a l y s i s  maps were c o l l e c t e d  f r o m  t h e  
m i c r o f i l m .  For c o n v e n i e n t  r e f e r e n c e ,  some o f  t h e  f l i g h t  r o u t e s  
were  drawn on a p o l a r  s t e r e o g r a p h i c  p r o j e c t i o n  of  t h e  N o r t h e r n  
Hemisphere  as  shown i n  F i g .  1 -2 .  Then t h e  r o u t e s  were  mapped 
o n t o  t h e  s y n o p t i c  a n a l y s e s .  A f t e r  examin ing  b o t h  t h e  f l i g h t  
p l o t s  and s y n o p t i c  maps,  t h e  f l i g h t s  were d i v i d e d  i n t o  
c a t e g o r i e s  of m e t e r o l o g i c a l  i n t e r e s t  which  are  d e s c r i b e d  i n  
S e c t i o n  1 .5 .  



T A B L E  1-2 - G A S P  DATA USED I N  C H A P T E R  1 A N A L Y S E S  

A) F I L E  1 (From VL0023, F i l e  

F L I G H T  DEPARTURE 
ROUTE DATE 

L A X - S F 0  
S F O - N R T  
NRT-HNL 
HNL-PDX 
PDX-HNL 
HNL-PDX 
PDX-HNL 
HNL-OSA 
OSA-HNL 
HNL-NRT 
NRT-HKG 
HKG - D E L  
DEL-THR 
T H R - F R A  
F R A - L H R  
LHR- J F K  
J F K - I A H  
IAH- JFK 
J F K - L H R  
LHR-FRA 
FRA-THR 
THR-BKK 
BKK-HKG 
HKG -NRT 
NRT- LAX 
LAX-HNL 
HNL-PPG 
PPG-PPT 
PPT-LAX 
LAX-SF0 
S F O - N R T  
NRT-HNL 
HNL-OSA 
OSA-HNL 
HNL-LAX 
L A X - J F K  
J F K - A T H  
ATH-BGR 
BGR-LAX 
L A X - P I K  
PIK-LHR 
LAX-HNL 

DATA T I M E  
INTVL (GMT) 

NDATA 



A) FILE 1 (From VL0023, File I) 

FLIGHT DEPARTURE DATA TIME NDATA 
ROUTE DATE INTVL (GMT) 

7 5  " HNL-LAX 11/12/78 2059-0114 51 
76 " LAX-HNL 11/13/78 0602-1027 4 9  
7 7  " HNL-AKL 11/13/78 1326-2103 108 



TABLE 1-2 - CONTINUED 
B) FILE 2 (From VLOO24, File 1) 

FLIGHT DEPARTURE 
ROUTE DATE 

JFK-LHR 
LHR-LAX 
LAX-HNL 
HNL-OSA 
OSA-HNL 
HNL-NRT 
NRT-HKG 
HKG -DEL 
DEL-FRA 
FRA-LHR 
LHR- JFK 
JFK- IAH 
IAH-MEX 
MEX- IAH 
IAH- JFK 
JFK-LHR 
LHR-FRA 
FRA-DEL 
DEL-HKG 
HKG -NRT 
NRT-LAX 
LAX-SF0 
SFO-SEA 
SEA-LHR 
LHR-SEA 
SEA-SF0 
SFO-NRT 
NRT-HNL 

DATA TIME 
INTVL (GMT) 

NDATA 



T a b l e  1-3. P l o t  Legend f o r  F i g u r e s  1-4; 1 - 6 ; l - 1 0 ;  a n d  
1 - 1 3 .  

V a r i a b l e  Symbol P o s i t i o n  Label  U n i t  Range  

Wind S p e e d  W L o w e r  MPS M / S  0 t o  1 0 0  

Wind D i r e c t i o n  D Lower W I N D R  d e g  0 t o  3 6 0  

T e m p e r a t u r e  T Lower TEMP deg  C -68 t o  -35  

Dew/£ rost P o i n t  F Lower DFPT d e g  C -68 t o  -35 
T e m p e r a t u r e  

C l o u d  
S e c o n d s  

S L o w e r  CLSEC s e c o n d s  0 t o  256  

Ozone Mixing 0 Lower OZONE ppbv 0 t o  3 0 0  
R a t i o  

Water Vapor  H L o w e r  H20 P P m w  0 t o  800  
M i x i n g  R a t i o  

A e r o s o l  Con- 2 Upper PD2 no.  /m3 1 0 5  t o  107 
c e n t r a t i o n  
( d  2 0.45pm) 

A e r o s o l  Con- 4 Upper  PD4 no .  /m3 lo3 to l o 6  
c e n t r a t i o n  
( d  2 1 . 4 p m )  

A e r o s o l  Con- 5 Upper PD5 no. /m3 l o 1  t o  l o 6  
c e n t r a t i o n  
(d  -) 3 +m) 

F i l t e r  
R a t i o  

C o n d e n s a t i o n  C Upper CN n o  . / c m 3  0 t o  1 0 0 0  
Nuclei 

F i l t e d  Con- F Upper FCN no .  / c m 3  0  t o  1 0 0 0  
d e n s a t i o n  
N u c l e i  

A l t i t u d e  P Upper PAMB m b  1 8 0  t o  300  



Fig. 1-2. Some major f l i g h t  routes in the GASP 



1.4 INTERPRETATION OF PARTICLE DATA IN TERMS OF THE S I Z E  
SPECTRUM 

I n  t h e  d i s c u s s i o n ,  the f i l t e r  r a t i o  w i l l  b e  u s e d  a s  a n  i m p o r t a n t  
v a r i a b l e  i n  i n t e r p r e t i n g  t h e  s i z e  s p e c t r u m  o f  a t m o s p h e r i c  
p a r t i c l e s .  The  f i l t e r ,  o r  " t r a n m i s s i o n " ,  r a t i o  i s  d e f i n e d  a s  t h e  
l o c a l  CN/FCN. P a r t i c l e s  c o u n t e d  a s  CN may r a n g e  i n  s i z e  f r o m  
0 . 0 0 1  t o  a b o u t  1 0  m i c r o n s  ( p a t i c l e s  s m a l l e r  t h a n  0 . 0 0 1  m i c r o n  a r e  
removed b y  t h e  i n l e t  t u b i n g ) ,  a n d  a p p a r e n t l y  h a v e  a t r o p o s p h e r i c  
s o u r c e ,  e s p e c i a l l y  n e a r  t h e  e a r t h ' s  s u r f a c e  ( e  . g .  J u n g e ,  1 9 6 1 ;  
H o p p e l ,  1 9 7 3 ) .  Fresh p a r t i c l e  p o p u l a t i o n s  u s u a l l y  a r e  
c h a r a c t e r i z e d  by d e c r e a s i n g  number c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  
r a d i u s  (see u n f i l t e r e d  c u r v e  i n  F i g .  1 - 3 ) .  A t  GASP f l i g h t  l e v e l ,  
f o r  i n s t a n c e ,  CN h a v e  a t y p i c a l  v a l u e  of r o u g h l y  1 8 0  p a r t i c l e s  p e r  
cm3 i n  t h e  t r o p o s p h e r e ,  a n d  o n l y  40  p a r t i c l e s  per cm3 i n  the 
s t r a t o s p h e r e .  

The 8 m i c r o n  f i l t e r  r e s p o n s e  c u r v e s  i n  F i g .  1-1 show a  maximum 
t r a n s m i s s i o n  a t  a b o u t  0 .05  m i c r o n  i n  r a d i u s .  T h i s  w a s  
d e l i b e r a t e l y  c h o s e n  t o  be c l o s e  t o  t h e  s i z e  o f  p a r t i c l e s  w h i c h  a r e  
mos t  l o n g - l i v e d  i n  t h e  a t m o s p h e r e ,  b e c a u s e  t h e y  are t h e  s i z e  l e a s t  
a f f e c t e d  by  r e m o v a l  p r o c e s s e s  (Tworney, 1 9 7 7 ) .  Removal  p r o c e s s e s  
t e n d  t o  m o d i f y  t h e  a m b i e n t  s i z e  d i s t r i b u t i o n  t o w a r d  o n e  r e s e m b l i n g  
t h e  t r a n s m i s s i o n  c u r v e s  i n  F i g .  1-1 i n  s h a p e  ( a l s o  see f i l t e r e d  
c u r v e  i n  F i g .  1 - 3 ) .  T h u s ,  a p o p u l a t i o n  o f  p a r t i c l e s  w i t h  a s i z e  
s p e c t r u m  p e a k i n g  r o u g h l y  i n  t h e  r a n g e  of  0 .01-0 .05  m i c r o n  r a d i u s  
may be c o n s i d e r e d  a n  aged s p e c t r u m .  Here, " r e m o v a l "  means r e m o v a l  
of a  p a r t i c l e  f r o m  i t s  o r i g i n a l  s i z e  r a n g e ,  r a t h e r  t h a n  p h y s i c a l  
r e m o v a l  f r o m  t h e  l o c a l  a r e a .  I n  t h e  GASP d a t a  r e g i o n ,  p a r t i c l e s  
a r e  removed m a i n l y  by  c o a g u l a t i o n ,  a p r o c e s s  w h e r e b y  p a r t i c l e s  
j o i n  t h r o u g h  c o l l i s i o n .  T h i s  p r o c e s s  is p a r t i c u l a r l y  e f f e c t i v e  i n  
r e d u c i n g  t h e  c o n c e n t r a t i o n  o f  small p a r t i c l e s  when l a r g e  p a r t i c l e s  
a r e  p r e s e n t .  F u r t h e r m o r e ,  when r e l a t i v e  h u m i d i t y  w i t h  r e s p e c t  t o  
water is  g r e a t e r  t h a n  a b o u t  30 p e r c e n t ,  p a r t i c l e s  s t a r t  t o  g row by 
water v a p o r  d e p o s i t i o n  ( P r u p p a c h e r  a n d  K l e t t ,  1 9 7 8 ) .  T h u s  t h e  
g r o w t h  of  w a t e r  o r  ice c l o u d  p a r t i c l e s  b r o a d e n s  t h e  s i z e  s p e c t r u m  
a n d  will e n h a n c e  t h e  c o a g u l a t i o n  e f f i c i e n c y  g r e a t l y  (Twomey, 
1 9 7 7 ) .  Besides c o a g u l a t i o n ,  s e d i m e n t a t i o n  t e n d s  t o  remove t h e  
l a r g e s t  p a r t i c l e s ,  but t h i s  e f f e c t  is u s u a l l y  d o m i n a t e d  b y  a i r  
m o t i o n s  a t  GASP a l t i t u d e s .  

I n  a  w e l l - f e d  a e r o s o l  p o p u l a t i o n ,  t h e  f i l t e r  r a t i o  (CN/FCN) 
d e c r e a s e s  t o w a r d  u n i t y  w i t h  t i m e .  H e r e a f t e r ,  t h e  f i l t e r  r a t i o  
w i l l  b e  used as an  i n d i c a t o r  o f  a i r  w i t h  aged p a r t i c l e  
p o p u l a t i o n s ,  w i t h  a r o u g h  i n v e r s e  p r o p o r t i o n a l i t y  t o  t h e  m a g n i t u d e  
o f  f i l t e r  r a t i o .  I n  mos t  s i t u a t i o n s ,  s t r a t o s p h e r i c  a i r  t e n d s  t o  
h a v e  a s m a l l  f i l t e r  r a t i o  (aged p a r t i c l e s ) ,  as  w e l l  as  l o w  
a b s o l u t e  CN a n d  FCN c o n c e n t r a t i o n s ,  w h i l e  t r o p o s p h e r  i c  a i r  t e n d s  
t o  h a v e  a l a r g e r  f i l t e r  r a t i o  ( f r e s h  p a r t i c l e s )  , m o s t l y  d u e  t o  i t s  
l a r g e  a n d  f r e s h  CN p o p u l a t i o n s .  



Troposphere - 

Fig. 1-3. Schematic comparison of unfiltered (U) and filtered (F) 
size distributions for stratosphere and troposphere. 



1.5 CASE STUDIES 

Four m e t e o r o l o g i c a l l y  d e f i n e d  c a t e g o r i e s  were used t o  g r o u p  t h e  
f l i g h t s  f o r  f u r t h e r  s t u d y .  

(1) Trough c r o s s i n g s ,  where t h e  t r o p o p a u s e  was p e n e t r a t e d  
away f rom t h e  p r e s e n c e  o f  h i g h  wind. 

( 2 )  J e t  c r o s s i n g s ,  i n  which s t r o n g  winds and wind s h e a r  
were o b s e r v e d  a s  t h e  a i r c r a f t  f l e w  a c r o s s  a n  upper  l e v e l  j e t  
c o r e  n e a r l y  o r t h o g o n a l l y .  

( 3 )  Along j e t s ,  f o r  f l i g h t s  n e a r l y  p a r a l l e l  t o  a n  upper  
l e v e l  j e t  such  t h a t  t h e  a i r c r a f t  e x p e r i e n c e d  much lower 
g r a d i e n t s  t h a n  i n  ( 2 )  and sampled e x t e n s i v e l y  on one s i d e  o f  
t h e  j e t  o r  t h e  o t h e r .  

( 4 )  T r o p i c a l  f l i g h t s  a s  d i s t i n c t  from t h e  above mid- 
l a t i t u d e  c a s e s .  T h i s  c a t e g o r y  is e a s i l y  s u b j e c t  t o  d e e p  
c o n v e c t i o n  and a lways  i n  t r o p o s p h e r i c  a i r .  

1 .5 .1  Trough C r o s s i n g s  

F l i g h t  4 1  ( T a b l e  1 - 2 )  shown i n  F i g u r e  1 - 4  p r o v i d e s  a n  example 
o f  c o n s t i t u e n t  b e h a v i o r  d u r i n g  t r a n s i t i o n s  between t r o p o s p h e r i c  
and  s t r a t o s p h e r i c  a i r .  The c l o s e s t  200 mb upper a i r  a n a l y s i s  
a v a i l a b l e  i s  1200 GMT on  2 8  October  1978 ( F i g .  1 -  T h i s  and 
s u b s e q u e n t  a n a l y s e s  show a d e e p e n i n g  t r o u g h  t i l t e d  s o u t h w e s t -  
n o r t h e a s t  ove r  t h e  m i d  P a c i f i c ,  which t h e  a i r c r a f t  p e n e t r a t e d  
a t  a b o u t  1500 GMT. 

R e f e r r i n g  t o  F i g u r e  1 - 4 ,  p e n e t r a t i o n  o f  s t r a t o s p h e r i c  a i r  is 
f i r s t  r e c o g n i z e d  by t h e  b a c k i n g  o f  t h e  wind d i r e c t i o n  f rom 
n o r t h  i n t o  t h e  w e s t ,  accompanied by a p r o g r e s s i v e  i n c r e a s e  i n  
t h e  ozone mixing r a t i o ,  b e g i n n i n g  a t  a p p r o x i m a t e l y  1500 GMT. 
C o n c u r r e n t l y ,  t h e  wa te r  vapor  mixing r a t i o  d e c r e a s e s .  The 
s h a r p e s t  ozone g r a d i e n t s  (1530 and  1605 GMT) a r e  c o i n c i d e n t  
w i t h  s h a r p  t e m p e r a t u r e  g r a d i e n t s ,  which c a n  be  i n t e r p r e t e d  a s  
r e s u l t i n g  from t h e  p l a n e ' s  p e n e t r a t i o n  o f  t h e  t h e r m a l l y  s t a b l e  
l a y e r  which c o n s t i t u t e s  t h e  l o c a l  t r o p o p a u s e .  Lack o f  sound ing  
i n f o r m a t i o n  i n  t h e  a r e a  r u l e s  o u t  any  i n v e s t i g a t i o n  o f  t h e  
d e t a i l s  of  t h e  t r o p o p a u s e  r e g i o n .  The asymmetry o f  t h e  
t e m p e r a t u r e  t r a c e  a b o u t  t h e  t r o u g h  a x i s  r e f l e c t s  the asymmet r i c  
h e i g h t  p a t t e r n  of  t h e  t r o u g h  e v i d e n t  on t h e  200 m b  a n a l y s i s .  

A d r o p  i n  CN and FCN p a r t i c l e  c o n c e n t r a t i o n s  c o r r e s p o n d s  
c l e a r l y  t o  t h e  s t r a t o s p h e r i c  p o r t i o n  o f  t h e  f l i g h t  a s  d e f i n e d  
by ozone and t h e  t h e r m a l  s t r u c t u r e .  S i n c e  t h e  two v a l u e s  a r e  
n e a r l y  e q u a l  i n  t h e  s t r a t o s p h e r e ,  t h e  f i l t e r  r a t i o  (CN/FCN) is 
a p p r o x i m a t e l y  o n e ,  r e f l e c t i n g  t h e  we l l - aged  n a t u r e  o f  t h e  a i r .  
Presumably ,  most o f  t h e  small p a r t i c l e s  ( d i a m e t e r s  less t h a n  
0 . 0 1  m i c r o n ) ,  which c o n t r i b u t e  t o  h i g h  CN l e v e l s  i n  t h e  
t r o p o s p h e r e ,  have  been removed by c o a g u l a t i o n  i n  t h e  
s t r a t o s p h e r e ,  l e a v i n g  m o s t l y  p a r t i c l e s  which a r e  a l s o  l a r g e  
enough t o  be p a s s e d  by t h e  Nuclepore  f i l t e r .  
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Fig. 1-4. Trough c ross ing  flight p lo t .  Osaka (OSA) t o  
Honolulu (HNL) on October 28, 1978. 



Fig. 1-5. S impl i f ied  NMC 200 mb a n a l y s i s ,  1200 GMT 28 October 1978. 
F l i g h t  segment d i scussed  i n  t h e  t e x t  i s  i n d i c a t e d  by t h e  
dashed-dotted l i n e .  S o l i d  l i n e s  r ep re sen t  geopo ten t i a l  he igh t  
contours ,  i n  meters  (e.  g. 212 = 12,120 gpm) . Dashed l i n e s  a r e  
i s o p l e t h s  of windspeed, i n  knots .  



Another  p a r t i c l e  c h a r a c t e r i s t i c  t y p i c a l  o f  t h e  s t r a t o s p h e r e  i s  
t h e  m a i n t e n a n c e  o f  PD4 a t  a  s t e a d y  v a l u e  o f  a b o u t  l o 4  
p a r t i c l e s  p e r  m3. T h i s  b e h a v i o r  is e v i d e n t  i n  F i g .  1 - 4 ,  and  
i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  1 .6  F i n a l l y ,  t h e  a b s e n c e  o f  
a n y  PD5 o b s e r v a t i o n  r e f l e c t s  t h e  l a c k  o f  l a r g e  p a r t i c l e s  ( a n d  
c l o u d )  i n  t h e  s t r a t o s p h e r e .  T h i s  is i n  c o n t r a s t  t o  t h e  
a b u n d a n t  and v a r i a b l e  l a r g e  p a r t i c l e  c o u n t s  and c l o u d  s e c o n d  
o b s e r v a t i o n s  i n  t h e  t r o p o s p h e r i c  p a r t  o f  t h e  f l i g h t  p r i o r  t o  
1500 GMT. 

1 .5 .2  J e t  C r o s s i n g s  

F l i g h t  48 ( T a b l e  1 - 2 ) ,  shown i n  F i g u r e  1 - 6 ,  is c h o s e n  h e r e  a s  
r e p r e s e n t a t i v e  o f  f l i g h t s  a c r o s s  t h e  c o r e  o f  t h e  je t  s t r e a m .  
On 30 Oc tober  1978 ,  t h e  250 mb s y n o p t i c  a n a l y s i s  ( F i g .  1 - 7 )  
shows a  j e t  s t r e a m  o v e r  t h e  e a s t  c o a s t  o f  Canada. The a i r p l a n e  
t r a n s e c t e d  t h e  j e t  between 1910 and 2045 GMT a t  a  f l i g h t  l e v e l  
o f  238 mb. F l i g h t  wind s p e e d  d a t a  a r e  i n  good a g r e e m e n t  w i t h  a  
s o u n d i n g  made c l o s e  t o  t h e  j e t  maximum, which r e p o r t s  a  maximum 
wind o f  77 m / s  a t  235 mb. 

The a i r c r a f t  ( F i g .  1 -6 )  measured a  peak wind o f  73 m / s  a t  1940 
GMT which is  v e r y  c l o s e  t o  t h e  j e t  maximum from t h e  s o u n d i n g .  
B e f o r e  r e a c h i n g  t h e  maximum wind,  t h e  t e m p e r a t u r e  d r o p p e d  5  d e g  
C a t  c o n s t a n t  f l i g h t  l e v e l .  T h i s  is e q u i v a l e n t  t o  a  1 2  d e g  C  
change  i n  p o t e n t i a l  t e m p e r a t u r e  w i t h i n  260 km,  and r e p r e s e n t s  
a n  u n u s u a l l y  i n t e n s e  t e m p e r a t u r e  g r a d i e n t  f o r  t h e s e  a l t i t u d e s .  

The s c h e m a t i c  j e t  s t r u c t u r e  shown i n  F i g .  1 - 8 ,  s u g g e s t e d  by 
S h a p i r o  (1978)  is u s e f u l  i n  u n d e r s t a n d i n g  t h i s  j e t  c r o s s i n g .  
Because  S h a p i r o ' s  c r o s s  s e c t i o n s  a r e  b a s e d  on s e v e r a l  l e v e l s  o f  
meso-sca le  f l i g h t  d a t a  a s  w e l l  a s  s o u n d i n g  d a t a ,  i t  was 
p o s s i b l e  f o r  him t o  c a l c u l a t e  p o t e n t i a l  v o r t i c i t y  d i s t r i b u t i o n s  
a round  j e t  s t r e a m s  f o r  a  few cases. I n  h i s  p a p e r ,  h i g h  
c o n c e n t r a t i o n s  o f  ozone t y p i c a l  o f  t h e  s t r a t o s p h e r e  and  h i g h  
v a l u e s  o f  p o t e n t i a l  v o r t i c i t y  were o b s e r v e d  t o  c o i n c i d e  n e a r  
j e t  s t r e a m s  where s t r a t o s p h e r i c  a i r  w a s  e x t r u d e d  i n t o  t h e  u p p e r  
t r o p o s p h e r e .  C a l c u l a t i o n s  made i n  t h e  c o u r s e  o f  t h i s  s t u d y  
i n d i c a t e d  t h a t  d e t a i l e d  p o t e n t i a l  v o r t i c i t y  d i s t r i b u t i o n s  c o u l d  
n o t  b e  d e f i n e d  w i t h  GASP d a t a ,  e v e n  when s o u n d i n g  d a t a  w a s  
a v a i l a b l e .  

A c r o s s  s e c t i o n  o f  t h e  j e t  ( p a r a l l e l  t o  f l i g h t  48)  w a s  
c o n s t r u c t e d  from t h e  l i m i t e d  s o u n d i n g  d a t a  a v a i l a b l e  a t  1200  
GMT, 30 Oc tober  1978 ,  a p p r o x i m a t e l y  8  h o u r s  p r i o r  t o  t h e  
p l a n e ' s  p a s s a g e  ( F i g .  1 - 9 ) .  The a i r c r a f t  t e m p e r a t u r e  d a t a  was 
used  t o  i n f l u e n c e  some d e t a i l s  o f  t h e  v e r t i c a l  c r o s s  s e c t i o n  
a n a l y s i s  o f  p o t e n t i a l  t e m p e r a t u r e .  However, f rom t h e  s y n o p t i c  
a n a l y s i s  b e f o r e  and a f t e r  t h i s  t i m e ,  t h e  250 mb p a t t e r n  is s e e n  
t o  b e  r a p i d l y  c h a n g i n g  i n  t i m e ;  t h e  t r o u g h  l i n e  s h i f t e d  
e a s t w a r d  1 0  d e g r e e s  o f  l o n g i t u d e  i n  1 2  h o u r s .  T h e r e f o r e ,  t h i s  
c r o s s  s e c t i o n  may n o t  w e l l  r e p r e s e n t  t h a t  a t  t h e  f l i g h t  t i m e ,  
and  t h e  



0 
P P C P P P P P P P P P P P P P P P P R  5 - 0 0  LL 

1 - 0 0  0 UI I 

10/30/78 LHR-JFK FLHT: 48 

Fig. 1-6. Cross j e t  f l i g h t  plot. London (LHR) to New 
York City ( JFK)  on October 30, 1978. 



Fig. 1-7. Simplified NMC 250 mb ana lys i s ,  1200 GMT 30 ~ c t o b e r  1978. 
 light segment discussed i n  t he  t e x t  i s  ind ica t ed  by t h e  
dashed-dotted l i n e .  So l id  l i n e s  represent  geopotent ia l  
height  contours,  i n  meters (e.g. 008 = 10,080 gpm). Dashed 
l i n e s  a r e  i sop le ths  of windspeed, i n  knots. 



Fig. 1-8. Cross section a n a l y s i s  for 0000 GMT 16 April 1976, reproduced 
from Shapiro (1978). Windspeed (m/s )  , heavy dashed l ines;  
potential  temperature ( O K ) ,  sol id l ines.  w light path, light 
dashed lines with GMT hours, solid circles .  
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Fig. 1-9. Cross section of f l i g h t  48: 1200 GMT 30 October 1978. 
Wind speed (m/s) , dashed line; poten t ia l  temperature (OK), 

so l id  lines. 



f l i g h t  d a t a  s h o u l d  n o t  be e x p e c t e d  t o  c o i n c i d e  e x a c t l y  w i t h  t h e  
c r o s s  s e c t i o n .  The a i r c r a f t  measured a  wind i n c r e a s e  f rom 4 3  
m / s  t o  7 5  m/s i n  a b o u t  325 km,  e q u i v a l e n t  t o  a wind s h e a r  of 
a b o u t  10-4s-1 ,  and t h e r e f o r e ,  comparab l e  t o  t h a t  i n  
S h a p i r o ' s  example. The t e m p e r a t u r e  t r a c e  i n  F i g .  1-6  i s  
a s y m m e t r i c a l  w i t h  r e s p e c t  t o  t h e  j e t  maximum, w i t h  a  n e a r l y  
d i s c o n t i n u o u s  t e m p e r a t u r e  change  on t h e  po leward  s i d e  o f  t h e  
j e t ,  a t  1 9 1 5  GMT. Al though it would b e  i n t e r e s t i n g  t o  
c o n s t r u c t  t h e  3 -d imens iona l  s t r u c t u r e  o f  this f e a t u r e ,  which 
has no o b v i o u s  c o u n t e r p a r t  i n  S h a p i r o ' s  c a s e s ,  t h i s  i s  n o t  
p o s s i b l e  w i t h  t h e  d a t a  a v a i l a b l e .  The boundary  between 
s t r a t o s p h e r i c  and t r o p o s p h e r i c  ozone  l e v e l s  i n  F i g .  1 -6  i s  
l o c a t e d  i n  t h e  same p o s i t i o n  w i t h  r e s p e c t  t o  t h e  je t  c o r e  as  i n  
S h a p i r o ' s  c a s e .  S h a p i r o ' s  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  ozone  
g r a d i e n t  c o r r e s p o n d s  t o  a s t r o n g  p o t e n t i a l  v o r t i c i t y  g r a d i e n t  
on t h e  po leward  s i d e  o f  t h e  j e t ,  which is m a n i f e s t e d  i n  F i g .  
1-6  by t h e  s t r o n g  wind s h e a r  from 1900 t o  1930 GMT. I n  
g e n e r a l ,  t h i s  c r o s s  s e c t i o n  a n a l y s i s  is c o n s i s t e n t  w i t h  
S h a p i r o ' s .  However, w e  c a n n o t  r e s o l v e  t h e  meso-sca le  p o t e n t i a l  
v o r t i c i t y  d i s t r i b u t i o n ,  which may b e  p r e s e n t  d u e  t o  t h e  wind 
s h e a r  ( F i g .  1 -  . T h i s  u n d e r s c o r e s  one  r e c u r r i n g  dilemma 
a s s o c i a t e d  w i t h  t h e  G A S P  d a t a ,  namely t h a t  t h e  s p a t i a l  
r e s o l u t i o n  i n  ou r  d a t a  a n a l y s i s  i s  r e s t r i c t e d  t o  non -con t inuous  
o b s e r v a t i o n s  a l o n g  a p a r t i c u l a r  p a t h  and t o  t w i c e - d a i l y ,  
s y n o p t i c  s c a l e  r a d i o s o u n d i n g  p r o f i l e  d a t a .  

The compar i son  w i t h  S h a p i r o ' s  c a s e  i s  u s e f u l  f o r  i n t e r p r e t i n g  
t h e  p a r t i c l e  d i s t r i b u t i o n s  shown i n  F i g .  1-6. One might  e x p e c t  
s t r o n g  p a r t i c l e  g r a d i e n t s  i n  t h e  v i c i n i t y  o f  t h e  je t  c o r e  and  
c o i n c i d e n t  w i t h  t h e  ozone g r a d i e n t .  However, w h i l e  CN, water 
vapor and t h e  f i l t e r  r a t i o  a r e  low i n  t h e  s t r a t o s p h e r e ,  a s  
e x p e c t e d ,  t h e  change  i n  t h e s e  v a r i a b l e s  n e a r  t h e  je t  is n o t  a s  
d r a m a t i c  a s  t h e  ozone  change .  The g r a d i e n t s  a c r o s s  t h e  
t r o p o p a u s e  i n  o t h e r  s i t u a t i o n s  a r e  g e n e r a l l y  s h a r p e r  ( c a t e g o r y  
l ) ,  b u t  wind speed  is g e n e r a l l y  much lower  a s  w e l l .  T h e r e f o r e ,  
t h e  l a c k  o f  s t r o n g  g r a d i e n t  may be a r e s u l t  o f  mix ing  n e a r  t h e  
j e t  c o r e ,  which c o u l d  be accompl i shed  by t u r b u l e n t  m o t i o n s  
( S h a p i r o ,  1 9 7 8 ) .  As i n  c a t e g o r y  1, PD4 is seen t o  have  a h i g h ,  
r a t h e r  c o n s t a n t  l e v e l  i n  t h e  s t r a t o s p h e r e .  I t  is i n t e r e s t i n g  
t h a t  t h e  c o n s t i t u e n t s  which a r e  abundan t  i n  t h e  s t r a t o s p h e r e  
(PD4 and ozone)  show a s h a r p  g r a d i e n t  a c r o s s  t h e  j e t ,  w h i l e  
t h o s e  which o r i g i n a t e  i n  t h e  t r o p o s p h e r e  (CN and  water) show a 
much weaken g r a d i e n t .  T h i s  may be  a r e s u l t  of  a  g e n e r a l  
asymmetry i n  t h e  mixing p r o c e s s e s  a c r o s s  t h e  i n t e r f a c e  o f  
t r o p o s p h e r i c  and s t r a t o s p h e r i c  a i r ,  n e a r  j e t  s t r e a m s .  

1 .5 .3  Along Je t s  

The GASP a i r l i n e r  f l i g h t s  were f r e q u e n t l y  o r i e n t e d  p a r a l l e l  t o  
j e t  s t r e a m s  t o  r e d u c e  f u e l  consumpt ion  on e a s t w a r d  f l i g h t s .  



F l i g h t  57 ( F i g .  1 - 1 0 )  h a s  a  r o u t e  p a r a l l e l  t o  t h e  j e t  s t r e a m  
a x i s  o v e r  t h e  N o r t h e r n  P a c i f i c  Ocean,  T h i s  j e t  stream ( F i g .  
1-11} is  s t r o n g  n o t  o n l y  i n  i ts wind s p e e d  ( 9 0  m / s ) ,  b u t  a l s o  
i n  l o n g i t u d i n a l  s c a l e ,  a n d  i n  v e r t i c a l  s c a l e ,  s i n c e  it  e x t e n d e d  
f r o m  300 mb t o  200 rnb w i t h  s imilar  s t r e n g t h .  

I n  t h e  f l i g h t  d a t a ,  wind s p e e d s  g r e a t e r  t h a n  70 m/s p r e v a i l e d  
f r o m  1300 GMT t o  1 5 1 5  GMT.  his 2 1 / 4  h o u r  i n t e r v a l  w i l l  b e  
r e f e r r e d  t o  a s  t h e  a l o n g - j e t  r e g i o n .  F r o s t  p o i n t  t e m p e r a t u r e  
i s  a b o u t  t h e  same as  a m b i e n t  t e m p e r a t u r e  t h r o u g h  t h e  r e g i o n ,  
a n d  w a t e r  v a p o r  m i x i n g  r a t i o  is d o u b l e  i t s  v a l u e  o u t s i d e  t h e  
r e g i o n .  The p r e s e n c e  o f  l a r g e  p a r t i c l e s  is  i n d i c a t e d  b y  c l o u d  
s e c o n d  r e a d i n g s ,  a n d  h i g h  p a r t i c l e  c o n c e n t r a t i o n s  i n  t h e  PD4 
a n d  PD5 s i z e  r a n g e s ,  wh ich  c o r r e s p o n d  t o  s m a l l  ice c r y s t a l  s i z e  
a t  t h i s  a l t i t u d e .  A l l  t h e  f e a t u r e s  a b o v e  s u g g e s t  t h e  p r e s e n c e  
o f  c l o u d ,  wh ich  a t  t h i s  a l t i t u d e  would b e  o f  t h e  c i r r u s  v a r i e t y  
s u c h  as  is f r e q u e n t l y  f o u n d  on t h e  e q u a t o r i a l  ( a s c e n d i n g )  s i d e  
o f  j e t  streams (Mahlman, 1 9 7 3 ) .  Not s u r p r i s i n g l y ,  c l o u d  c o v e r  
i s  r e p o r t e d  by  s u r f a c e  s t a t i o n s  be low t h i s  r e g i o n ;  h o w e v e r ,  
t h e s e  were p r i m a r l y  low a n d  m i d d l e  l e v e l  c l o u d  d e c k s  a s s o c i a t e d  
w i t h  a n  o c c l u d i n g  low p r e s s u r e  d i s t u r b a n c e  a h e a d  of  t h e  u p p e r  
j e t  s t r e a m  c o r e  ( F i g .  1 - 1 2 ) .  

The h i g h  m o i s t u r e  a n d  p a r t i c l e  l e v e l s ,  a n d  low o z o n e ,  i n d i c a t e  
t h i s  s e g m e n t  o f  t h e  f l i g h t  was i n  t h e  t r o p o s p h e r e .  B u t  t h e  
f i l t e r  r a t i o  a v e r a g e s  1 . 3 ,  which  i s  a  t y p i c a l  v a l u e  f o r  
s t r a t o s p h e r i c  a i r .  The f i l t e r  r a t i o  is  u s u a l l y  h i g h e r  i n  
t r o p o s p h e r i c  c a s e s ,  e s p e c i a l l y  w i t h  c l o u d i n e s s ,  a n d  i n  t h i s  
r e s p e c t  this f l i g h t  i s  a t y p i c a l .  S e c t i o n  1 . 4  d e s c r i b e d  t h e  
c o a g u l a t i o n  p r o c e s s  which  is e f f e c t i v e  i n  r emoving  p a r t i c l e s ,  
e s p e c i a l l y  i n  w e t  and  p e r s i s t e n t  s i t u a t i o n s  l i k e  t h i s  c a s e .  
J u d g i n g  f r o m  t h e  f l i g h t  d a t a ,  t h e  a i r c r a f t  must  h a v e  
e x p e r i e n c e d  n e a r l y  o r  c o m p l e t e l y  ice s a t u r a t e d  a i r  o v e r  t h e  
1 6 0 0  km i n t e r v a l  o f  p a r t i c l e  e n c o u n t e r .  Thus  t h e  m o i s t u r e  a n d  
v e r t i c a l  m o t i o n  a r o u n d  t h e  i n t e n s e  je t  i n  t h i s  case may have 
p r o d u c e d  u n u s u a l l y  e f f e c t i v e  c o a g u l a t i o n  c o n d i t i o n s ,  w h i c h  
would  r a p i d l y  remove t h e  s m a l l e s t  p a r t i c l e s ,  w h i l e  n o t  af- 
f e c t i n g  t h e  l a r g e r  p a r t i c l e s  a p p r e c i a b l y .  Thus  t h e  m e t e o r o -  
l o g i c a l  c o n d i t i o n s  may h a v e  e n h a n c e d  t h e  a g i n g  p r o c e s s ,  l e a d i n g  
t o  a f i l t e r  r a t i o  l o w e r  t h a n  u s u a l l y  o b s e r v e d  i n  t h e  t r o p o -  
s p h e r e .  I n  o t h e r  s imi la r  t r o p o s p h e r i c  c a s e s ,  t h e  f i l t e r  r a t i o  
is  p r o b a b l y  h i g h e r  e i t h e r  b e c a u s e  it is  n o t  a s  w e t ,  a n d  t h e  
c o a g u l a t i o n  e f f i c i e n c y  is  l o w e r ,  o r  t h e  c l o u d  s y s t e m  i s  n o t  a s  
u n i f o r m ,  s u c h  t h a t  f r e s h  p o p u l a t i o n s  o f  CN a r e  c o n t i n u a l l y  
i n j e c t e d  ( s u c h  a s  i n  d e e p ,  c e l l u l a r  c o n v e c t i o n  i n  t h e  t r o p i c s ) .  

1 .5 .4  T r o p i c a l  c o m p a r i s o n  

F i g .  1-13  ( F l i g h t  6 1  i n  T a b l e  1 - 2 )  s e r v e s  as a n  e x a m p l e  o f  t h e  
t r o p i c a l  f l i g h t s  i n  t h e  d a t a  s e t ,  mos t  o f  wh ich  o c c u r  o v e r  o p e n  
o c e a n  a n d  a re  t h e r e f o r e  l a c k i n g  u p p e r  a i r  a n a l y s e s .  A l l  s u c h  



11/03/78 NRT-LAX FLHT: 5 7  

Fig. 1-10. Along jet f l i g h t  plot. Tokyo (NRT) to Los 
Angeles (LAX) on November 3 ,  1978. 



~ i g .  1-11. Simplified NMC 250 mb analysis, 1200 GMT 3 November 1978. 
 light segment discussed i n  the t e x t  i s  ind i ca t ed  by the 
dashed-dotted l i n e .  Solid l i n e s  r ep re sen t  t h e  geopotential 
height contours, i n  meters (e. g. 008 = 10.080 gpm)  . Dashed 
lines a re  isopleths of windspeed, i n  knots. 



Fig. 1-12. Simplified NMC surface analysis, 1200 GMT, 3 November 1978. 
Flight segment discussed in the text i s  indicated by t h e  
dashed-dotted line. Solid lines represent t h e  surface 
isobars, i n  mi l l ibars  ( e ,  g. 92 = 992 mb) , 
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Fig. 1-13. Tropical flight plot. Tahiti (PPT) to Los 
Angeles (LAX) on November 5, 1978. 



f l i g h t s  were l o c a t e d  w e l l  below the h i g h  t r o p i c a l  tropopause, 
a n d  recorded n e a r l y  constant temperature a c r o s s  t h e  equatorial 
z o n e ,  a s  w e l l  a s  low ozone concentrations (averaging 34 ppbv in 
F i g .  1 - 1 3 )  . The water vapor mixing r a t i o  is higher i n  the 
cloudy region ( f r o m  1 0 1 5  t o  1115 GMT) t h a n  is u s u a l l y  s e e n  i n  
mid-latitude cases. The filter ratio tends to be more 
variable, and  also reaches higher values, t h a n  i n  the 
mid-latitudes. 



6 DATA BASE PROPERTIES 

T h i s  s e c t i o n  d e s c r i b e s  a v e r a g e  p r o p e r t i e s  b a s e d  o n  t h e  e n t i r e  
d a t a  s e t ,  o r  s u b s e t s  o f  i t ,  r a t h e r  t h a n  i n d i v i d u a l  f l i g h t s .  

1 . 6  S i z e  Range A v e r a g e s  

T a b l e  1-4 p r o v i d e s  a  summary o f  t r o p i c a l  a n d  m i d - l a t i t u d e  
f l i g h t s  i n  t h e  t r o p o s p h e r e  a n d  i n  t h e  s t r a t o s p h e r e .  C a t e g o r y  
a v e r a g e s  were fo rmed  f r o m  t h e  number o f  f l i g h t s  a n d  d a t a  p o i n t s  
l i s t e d  i n  t h e  t a b l e ,  a f t e r  i n s p e c t i o n  a n d  s u b j e c t i v e  s e l e c t i o n  
f r o m  t h e  f l i g h t s  i n  f i l e  1. The w e t  c a t e g o r i e s  a r e  d e f i n e d  a s  
d a t a  times w i t h  n o n - z e r o  c l o u d  s e c o n d  m e a s u r e m e n t s ,  w h i l e  d r y  
means t h o s e  w i t h o u t .  Ozone is  c l e a r l y  l o w e r  a n d  water v a p o r  
h i g h e r  i n  t h e  t r o p i c s ,  a s  e x p e c t e d ,  e v e n  i n  t h e  h i g h  
t r o p o s p h e r e .  CN a r e  more a b u n d a n t  i n  the t r o p i c s ,  e s p e c i a l l y  
i n  d r y  s i t u a t i o n s .  However,  FCN a r e  a p p r o x i m a t e l y  t h e  same, 
w i t h i n  w e t  o r  d r y  c a t e g o r i e s ,  s o  t h a t  t h e  f i l t e r  r a t i o  i s  
h i g h e r  i n  t h e  t r o p i c s  t h a n  i n  t h e  m i d - l a t i t u d e .  Such h i g h e r  
l e v e l s  o f  CN a n d  f i l t e r  r a t i o  i n  t h e  t r o p i c s  a r e  c o n s i s t e n t  
w i t h  t h e  idea t h a t  t h e  u p p e r  t r o p i c a l  t r o p o s p h e r e  i s  s u b j e c t  t o  
more d i r e c t  a n d  f r e q u e n t  s u p p l y  of p a r t i c l e s  f r o m  b e l o w ,  
r e s u l t i n g  i n  a f r e s h e r  p o p u l a t i o n  w i t h  a  l a r g e  p e r c e n t a g e  o f  
small  p a r t i c l e s .  The t r o p i c a l  c l o u d i n e s s  a n d  l a r g e  p a r t i c l e s  
e n c o u n t e r e d  b y  t h e  GASP a i r c r a f t  i s  more l i k e l y  t o  b e  d e e p  
c o n v e c t i o n  which  p r o v i d e s  rather d i r e c t  t r a n s p o r t  o f  l o w  l e v e l  
a i r  t o  f l i g h t  l e v e l .  T h i s  p r o c e s s  was documented  more corn- 
p l e t e l y  w i t h  s y n o p t i c  a n d  s a t e l l i t e  d a t a  f o r  o n e  o f  t h e  GASP 
f l i g h t s  o v e r  e q u a t o r i a l  A f r i c a  ( P r a t t  a n d  F a l c o n e r ,  1 9 7 9 ) .  
C l o u d  a r e a s  i n  t h e  m i d - l a t i t u d e s  a r e  g e n e r a l l y  o f  t h e  c i r r u s  
v a r i e t y  a n d  more l i k e l y  t o  c o n s i s t  o f  a i r  wh ich  h a s  s p e n t  a 
l a r g e  t i m e  i n  t h e  u p p e r  t r o p o s p h e r e .  The  o c c a s i o n a l  l o w  v a l u e s  
o f  f i l t e r  r a t i o  which  l e a d  t o  t h e  v a r i a b i l i t y  seen i n  F i g .  1 - 1 3  
a r e  l i k e l y  a r e s u l t  o f  a r eas  of d e n s e  c l o u d  p a r t i c l e s  i n  w h i c h  
c o a g u l a t i o n  h a s  p r o c e e d e d  r a p i d l y ,  wh ich  a l t e r n a t e  w i t h  a reas  
o f  f r e s h  p a r t i c l e  i n j e c t i o n  f r o m  be low.  

To complete t h e  c o m p a r i s o n ,  s t r a t o s p h e r i c  a v e r a g e s  a r e  a l s o  
shown i n  T a b l e  1 - 4 .  A s  e x p e c t e d ,  o z o n e  is  h i g h  and  w a t e r  v a p o r  
low,  The low v a l u e  o f  CN is  c o n s i s t e n t  w i t h  t h e  r o l e  o f  t h e  
t r o p o s p h e r e  a s  the s o u r c e  of small p a r t i c l e s .  S i n c e  t h e  FCN i s  
not much d i f f e r e n t  f r o m  t h e  o the r  c a t e g o r i e s ,  t h e  f i l t e r  r a t i o  
i s  l o w  i n d i c a t i n g  w e l l - a g e d  a i r .  F i g .  1 - 3  shows s c h e m a t i c a l l y  
t h e  d i f f e r e n c e  b e t w e e n  t h e  t o t a l  p a r t i c l e  p o p u l a t i o n  a n d  t h e  
f i l t e r e d  p o p u l a t i o n  i n  t h e  s t r a t o s p h e r e  a n d  t r o p o s p h e r e .  T h e  
a b s o l u t e  d i f f e r e n c e  b e t w e e n  t o t a l  CN ( a r e a s  b e n e a t h  t h e  n e a r l y  
s t r a i g h t  l i n e s )  i n  t h e  two r e g i o n s  o c c u r s  m a i n l y  i n  t h e  small  
p a r t i c l e  s i z e s .  The a r e a s  u n d e r  t h e  c u r v e d  l i n e s  i n  F i g .  1 - 3  
c o r r e s p o n d  t o  t h e  number o f  p a r t i c l e s  c o u n t e d  a s  FCN,  a f t e r  t h e  
o r i g i n a l  p a r t i c l e  p o p u l a t i o n s  pass t h r o u g h  t h e  f i l t e r .  



Table 1-4. Date Base Averages 

Number of 
flights used 
in average 

Range of  
d a t a  p o i n t s  
used i n  
aver  age 
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CN 
( n o  ./crn3) 

FCN 
(no./cm3) 

Ozone 
(ppbv 

Mixing 
ratio 
(ppmw 

Filter 
r a t i o  

PD2 
( n o  ./rn3x105) 

PD4 
( n o  ./m3x104) 

TROPOSPHERE 

Tropical M i d - L a t i  t u d e  

Net Dry All Net Dry All 

STRATOSPHERE 



CN h a s  an  o v e r a l l  d a t a  a v e r a g e  o f  177  p a r t i c l e s  p e r  c m 3  w h i c h  
is c l o s e  t o  m o s t  o b s e r v a t i o n s  a t  t h i s  l e v e l  ( C a d l e  a n d  L a n g e r ,  
1 9 7 5 ;  K a s e l a u ,  1 9 7 4 ) .  T h e  s t r a t o s p h e r e  a v e r a g e s  4 0  p a r t i c l e s  
p e r  c m 3 .  T h i s  c o r r e s p o n d s  c l o s e l y  t o ,  f o r  i n s t a n c e ,  J u n g e l s  
( 1 9 6 3 )  measurement  o f  35 p a r t i c l e s  p e r  c m 3  a t  1 krn a b o v e  t h e  
t r o p o p a u s e .  The h i g h e r  c o n c e n t r a t i o n  of CN i n  t h e  t r o p o s p h e r e  
v s .  t h e  s t r a t o s p h e r e  is c o n s i s t e n t  w i t h  t h e  p resumed  t r o p o -  
s p h e r i c  s o u r c e  o f  C N ,  w h i l e  t h e  o p p o s i t e  s i t u a t i o n  e x i s t s  f o r  
ozone .  The t a b u l a t e d  v a l u e s  o f  C N  a n d  PD2 i n d i c a t e  t h a t  i n  t h e  
s t r a t o s p h e r e ,  2 p e r c e n t  o f  t h e  p a r t i c l e  p o p u l a t i o n  i s  g r e a t e r  
t h a n  0 .45  m i c r o n  i n  d i a m e t e r ,  w h i l e  f o r  m i d - l a t i t u d e s  a n d  t h e  
t r o p i c s ,  t h e  f r a c t i o n  i s  o n l y  0 . 6  p e r c e n t  and  0 .3  p e r c e n t ,  
r e s p e c t i v e l y .  ( R e c a l l  t h a t  PD2 is t h e  c u m u l a t i v e  t o t a l  o f  a l l  
p a r t i c l e s  g r e a t e r  t h a n  0 . 4 5  m i c r o n  d i a m e t e r .  T h e  s c h e m a t i c  
s k e t c h  i n  F i g .  1 - 3  w i l l  be h e l p f u l  f o r  t h e  f o l l o w i n g  dis- 
c u s s i o n . )  T h u s ,  t h e  s t r a t o s p h e r i c  a i r  h a s  a  h i g h e r  p r o p o r t i o n  
o f  l a r g e r  p a r t i c l e s  t h a n  t h e  t r o p o s p h e r e .  F u r t h e r m o r e ,  o f  t h e  
s t r a t o s p h e r e  p a r t i c l e s  g r e a t e r  t h a n  0 .45  m i c r o n  i n  d i a m e t e r ,  1 0  
p e r c e n t  a r e  l a r g e r  t h a n  1 . 4  m i c r o n .  T h i s  c o m p a r e s  w i t h  4 0  
p e r c e n t  a n d  2 6  p e r c e n t  i n  t h e  m i d - l a t i t u d e  and  t r o p i c a l  
t r o p o s p h e r e ,  r e s p e c t i v e l y .  T h a t  means ,  i n  t h e  s t r a t o s p h e r e ,  90 
p e r c e n t  o f  PD2 f a l l  b e t w e e n  0 . 4 5  a n d  1 .4  m i c r o n  d i a m e t e r ,  a n d  
e x t r e m e l y  l a r g e  p a r t i c l e s  a r e  r a r e  compared  t o  t h e  t r o p o s p h e r e .  

1 . 6 . 2  S c a t t e r  P l o t s  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  o v e r a l l  b e h a v i o r  o f  p a r t i c l e  d a t a ,  
s c a t t e r  p l o t s  w e r e  d e v e l o p e d  among t h e  c o n s t i t u e n t s  PD4, CN a n d  
o z o n e .  PD4 w a s  c h o s e n  as  r e p r e s e n t a t i v e  o f  t h e  l a r g e r  
p a r t i c l e s  because t h e  PD2 r a n g e  h a s  b e e n  f o u n d  t o  h a v e  a n  
e x c e s s i v e  n o i s e  l e v e l ,  w h i l e  P D 5  s i z e  p a r t i c l e s  a r e  n o t  as  
f r e q u e n t l y  o b s e r v e d .  

F i g .  1 - 1 4  is  a s c a t t e r g r a m  f r o m  t h e  e n t i r e  d a t a  s e t  b e t w e e n  
ozone  c o n c e n t r a t i o n  a n d  f i l t e r  r a t i o ,  wh ich  s u m m a r i z e s  v e r y  
e f f e c t i v e l y  t h e  n a t u r e  o f  t h 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  i n  t h e  
s t r a t o s p h e r e  and t r o p o s p h e r e .  The "L"  shape i n d i c a t e s  t h a t  
when o z o n e  c o n c e n t r a t i o n  i s  h i g h  ( i n  t h e  s t r a t o s p h e r e )  t h e  
f i l t e r  r a t i o  u s u a l l y  d o e s  n o t  e x c e e d  2 . 0 ,  w h i l e  h i g h  v a l u e s  o f  
t h e  f i l t e r  r a t 0  a r e  o n l y  f o u n d  w i t h  low ( t r o p o s p h e r i c )  v a l u e s  
of  ozone .  The s c a t t e r g r a m  between o z o n e  and CN ( F i g .  1 - 1 5 )  
a l s o  h a s  a n  "L" s h a p e ,  s u g g e s t i n g  t h a t  CN h a s  a t r o p o s p h e r i c  
s o u r c e  w h i l e  o z o n e  h a s  a s t r a t o s p h e r i c  s o u r c e .  T h e s e  s ca t t e r -  
g rams  summar ize  r e l a t i o n s h i p s  which  a re  n o r m a l l y  o b s e r v e d  i n  
t h e  i n d i v i d u a l  flight p l o t s .  

The s c a t t e r g r a m  be tween  PD4 a n d  o z o n e  ( ~ i g .  1 - 1 6 )  show t h a t  P D ~  
h a s  a  t y p i c a l  s t r a t o s p h e r i c  v a l u e  a r o u n d  l o 4  p a r t i c l e s  per 
m3, w h i l e  P 0 4  c o n c e n t r a t i o n s  vary w i d e l y  a t  t r o p o s p h e r  ic 
l e v e l s  o f  ozone .  F i g .  1-6  i s  shown a s  a n  example of t h i s  
b e h a v i o r .  



FILTER RATIO 

Fig, 1-14. Scattergram between ozone and f i l t e r  ratio, 
all data. Numbers refer to number of obser- 
vations Ce.g. 9 = nine or more data points) .  



Fig. 1-15. Scattergram between ozone and CN, a l l  data. 



Fig. 1-16. Scattergram between ozone and PD4, all data. 



1.6.3 Stratospheric Value of PD4 

The typical stratospheric level in the PD4 size range was 
investigated further by excluding tropospheric data from a 
scattergram between PD4 and ozone. This is shown in figure 
1-17. The correlation obvious in Fig. 1-17 (equal to 0.65 at 
the 99.95 percent significance level, assuming the data are 
independent) raises a suspicion that a PD4 gradient exists in 
lower stratosphere, and that PD4 size particles may be 
transported downward toward the tropopause, as is known to 
occur for ozone. (The units of both ozone and PD4 in Fig. 1-17 
are mixing ratio.) This is plausible since Junge et al. (1961) 
have shown the existence of an aerosol layer in the middle 
stratosphere which might serve as a particle source. Also, the 
soundings by Hofmann et al. (1975) suggest a downward flux from 
particle data, although the vertical mixing ratio gradient is 
small in magnitude. However, this possiblity of a vertical 
gradient with a source region above GASP altitudes is contrary 
to the observations made on the GASP file 2 flights which occur 
in mid winter. In these flights, PD4 concentrations seldom 
exceed lo4 particles per m3, even when ozone reaches 
extreme levels (over 1000 ppbv). Therefore, the correlation 
between ozone and PD4 particles in Fig. 1-17 is probably a 
result of the dilution of lower stratospheric air by 
tropospheric air with low ozone and low concentrations of PD4 
particles. The scattergram between CN and ozone for the 
stratosphere (Fig. 1-18) is consistent with this idea, keeping 
in mind that CN have a tropospheric source, and ozone a 
stratospheric source. 

This explanation of the ozone-PD4 correlation in terms of 
dilution by tropospheric air with lower PD4, may seem 
inconsistent with the existence of tropospheric concentrations 
of PD4 which are higher than the typcial stratospheric value 
(as in Fig. 1-16). Fig. 1-19 is a scattergram of relative 
humidity with respect to water vs. PD4 concentrations. This 
figure suggests strongly that the higher concentrations of 
tropospheric PD4 size particles are water droplets (or ice 
particles) growing in a moist environment. This is confirmed 
by Fig. 1-20 which uses the same data but excludes any 
observation of PD4 when PD5 size particles are present. PD5 
size particles are usually ice crystals (Twomey, 1977), and 
Fig. 1-20 confirms that PD4 and PD5 particles are usually found 
together and are probably growing ice particles. Therefore, 
any tropospheric air which may be mixed into the stratosphere 
would probably lose most of its (ice) PD4 particles by 
sublimation, as it mixes with dry stratospheric air. 



OZONE (PPBV) 

Fig. 1-17. Scattergram between ozone and PD4, strataspheric air. 
(Note reversal of axes compared to F i g .  1-16, and mix ing  
ratio units for PD4.) 



Fig. 1-18. Scattergram between ozone and CN, stratospheric 
air. 



Relative humidity w i t h  respect to water (7,) 

Fig. 1-19. Scattergram between PD4 and relat ive humidity w i t h  respect to water. 
All data. 



R e l a t i v e  humidity w i t h  respect to w a t e r  (7,) 

Fig. 1-20. Scattergram between pD4 and relative humidity with respect t o  water, 
exclusive of any observation of PD4 when PD5 size particles are present. 
A l l  data. 



I f  t h e  i n t e r p r e t a t i o n  p r e s e n t e d  h e r e  i s  c o r r e c t ,  F i g s .  1 -17  and 
1 -18  i n d i c a t e  t h a t  t h e  l o w e r  s t r a t o s p h e r e  is  d i l u t e d  by 
t r o p o s p h e r i c  a i r ,  b a s e d  o n  o b s e r v a t i o n s  of ozone ,  PD4, a n d  CN. 
Whi le  t h e s e  d a t a  show n o  e v i d e n c e  o f  a f l u x  of P D 4  s i z e  
p a r t i c l e s  downward t h r o u g h  t h e  s t r a t o s p h e r e ,  t h e  q u e s t i o n  o f  
how t h e  s t r a t o s p h e r e  m a i n t a i n s  wha t  a p p e a r s  t o  b e  a u n i f o r m  
c o n c e n t r a t i o n  of p a r t i c l e s  o f  t h i s  s i z e  is i n t r i g u i n g  a n d  
r e m a i n s  unanswered .  

1 . 7  SUMMARY 

The G A S P  d a t a  s e t  f r o m  f a l l  of 1 9 7 8  c o n s i s t s  o f  measurement s  of 
o z o n e ,  p a r t i c l e s  and  m e t e o r o l o g i c a l  v a r i a b l e s  f rom a w i d e  
v a r i e t y  o f  m e t e o r o l o g i c a l  s i t u a t i o n s  n e a r  t h e  m i d - l a t i t u d e  a n d  
t r o p i c a l  t r o p o p a u s e .  The r a t i o  o f  CN c o n c e n t r a t i o n  i n  t h e  f r e e  
air t o  t h o s e  i n  which the a m b i e n t  a i r s t r e a m  was passed t h r o u g h  
a  N u c l e p o r e  membrane f i l t e r  p r o v i d e d  a m e a s u r e  of t h e  amount  o f  
p a r t i c l e  a g i n g  by  t h e  c o a g u l a t i o n  p r o c e s s .  Ozone and  w a t e r  
v a p o r  h a v e  s e r v e d  l a r g e l y  a s  r e f e r e n c e  c o n s t i t u t e n t s  i n  t h i s  
s t u d y ,  a g a i n s t  which  t h e  measurement s  o f  l a r g e  ( l i g h t -  
s c a t t e r i n g )  a n d  small p a r t i c l e s  h a v e  b e e n  e v a l u a t e d .  

The d a t a  c h a r a c t e r i z e  t h e  s t r a t o s p h e r e  as  a  r e g i o n  o f  low t o t a l  
p a r t i c l e  p o p u l a t i o n s  which  h a v e  b e e n  w e l l  a g e d ,  compared  t o  t h e  
t r o p o s p h e r i c  a i r  w i t h  f r e s h e r  and  h i g h e r  p a r t i c l e  p o p u l a t i o n s .  
T h i s  is c o n s i s t e n t  w i t h  t h e  a c c e p t e d  u n d e r s t a n d i n g  o f  t h e  
s u r f a c e  of t h e  e a r t h  a s  t h e  s o u r c e  of s m a l l  p a r t i c l e s .  The 
l a r g e s t  s i z e  p a r t i c l e s  ( d i a m e t e r s  g r e a t e r  t h a n  3.0 m i c r o n )  a re  
f o u n d  o n l y  i n  t h e  m o i s t  r e g i o n s  o f  t h e  t r o p o s p h e r e ,  a n d  
p r o b a b l y  c o n s i s t  o f  ice p a r t i c l e s .  I n  t h e  t r o p o s p h e r e ,  t h e  
t r o p i c s  seem t o  h a v e  younger  a n d  f r e s h e r ,  a l t h o u g h  more 
v a r i a b l e  p o p u l a t i o n s  t h a n  t h e  m i d - l a t i t u d e s ,  p r o b a b l y  b e c a u s e  
t h i s  r e g i o n  c o n t a i n s  d e e p  c o n v e c t i v e  m o t i o n s  which  are more 
e f f e c t i v e  t h a n  m i d - l a t i t u d e  m o t i o n s  i n  t r a n s f e r r i n g  a i r  f r o m  
t h e  s u r f a c e  t o  f l i g h t  l e v e l .  One o f  t h e  most  "aged"  
p o p u l a t i o n s  i n  t h e  m i d - l a t i t u d e  t r o p o s p h e r e  was found  i n  t h e  
e x t r e m e l y  s a t u r a t e d  c l o u d  r e g i o n  on  t h e  a s c e n d i n g  s i d e  o f  a n  
i n t e n s e  jet .  T h i s  was p r o b a b l y  d u e  t o  t h e  r a p i d  c o a g u l a t i o n  
e f f e c t e d  by p l e n t i f u l  ice c r y s t a l s ,  as  w e l l  a s  t h e  poor  s o u r c e s  
o f  s m a l l  p a r t i c l e s  f o r  u p p e r  t r o p o s p h e r i c  a i r  i n  t h e  
m i d - l a t i t u d e s .  

C a s e  s t u d i e s  o f  m i d - l a t i t u d e  j e t  p e n e t r a t i o n s  y i e l d e d  
d i s t r i b u t i o n s  c o n s i s t e n t  w i t h  S h a p i r o ' s  (1978)  more d e t a i l e d  
a n a l y s e s  of s u c h  s t r u c t u r e s .  However, o f  t h e  c o n s t i t u e n t s  
measured  t h r o u g h  t h e  j e t ,  two which  h a v e  a  t r o p o s p h e r i c  s o u r c e ,  
h a d  a  very weak g r a d i e n t  a c r o s s  t h e  j e t  c o r e ,  w h i l e  t h e  two 
which  h a v e  a s t r a t o s p h e r i c  s o u r c e  showed a s h a r p  g r a d i e n t  
s i m i l a r  t o  t h a t  s e e n  i n  p o t e n t i a l  v o r t i c i t y  i n  S h a p i r o ' s  
a n a l y s e s .  T h i s  s u g g e s t s  a n  asymmetry  i n  t h e  m i x i n g  mechanisms 
f o r  t r o p o s p h e r i c  and f o r  s t r a t o s p h e r i c  c o n s t i t u e n t s  c r o s s i n g  
t h e  t r o p o p a u s e  n e a r  j e t s ,  and d e m o n s t r a t e s  t h e  u s e f u l n e s s  o f  



p a r t i c l e  measurements  i n  t h e  t y p e  o f  d e t a i l e d ,  d e d i c a t e d  
a i r c r a f t  i n v e s t i g a t i o n  c a r r i e d  o u t  by  S h a p i r o .  Such a n  
asymmetry would b e  c r u c i a l  t o  t h e  p r o p e r  s i m u l a t i o n  o f  cross- 
t r o p o p a u s e  t r a n s p o r t  by n u m e r i c a l  models .  I n  c o n t r a s t ,  G A S P  
f l i g h t s  t h r o u g h  t h e  t r o p o p a u s e  i n  t h e  a b s e n c e  of  h i g h  w i n d s  
f r e q u e n t l y  showed a d i s t i n c t  bounda ry  be tween  s t r a t o s p h e r i c  a n d  
t r o p o s p h e r i c  c h a r a c t e r i s t i c s ,  s u g g e s t i n g  t h a t  c r o s s - t r o p o p a u s e  
mix ing  is s m a l l  o v e r  wide  a r e a s  o f  t h e  m i d - l a t i t u d e  t r o p o p a u s e .  

I n  c l e a r l y  s t r a t o s p h e r i c  a i r ,  p a r t i c l e s  o f  d i a m e t e r  g r e a t e r  
t h a n  1 . 4  mic ron  ( P D 4 )  were  found  t o  r ema in  n e a r l y  u n i f o r m  i n  
c o n c e n t r a t i o n  a t  a b o u t  lo4 p a r t i c l e s  p e r  m3 w h i l e  con-  
c e n t r a t i o n s  i n  t h i s  s i z e  r a n g e  v a r i e d  e r r a t i c a l l y  above  and 
below t h a t  l e v e l  i n  t h e  t r o p o s p h e r e .  However, PD4 concen -  
t r a t i o n s  f e l l  below t h i s  l e v e l  and were c o r r e l a t e d  w i t h  o z o n e ,  
f o r  c o n c e n t r a t i o n s  o f  ozone  less  t h a n  s e v e r a l  h u n d r e d  ppbv. 
T h i s  s i t u a t i o n  i m p l i e s  t h a t  some a s  y e t  u n d e t e r m i n e d  mechanism 
m a i n t a i n s  t h e  PD4 s i z e  r a n g e  a t  a  c o n s t a n t  l e v e l  i n  t h e  l o w e r  
s t r a t o s p h e r e ,  e x c e p t  f o r  a r a t h e r  d i s t i n c t  r e g i o n  a t  t h e  b o t t o m  
of t h e  s t r a t o s p h e r e  which is s u b j e c t  t o  the e f f e c t s  of d i l u t i o n  
o f  PD4 p a r t i c l e s ,  a s  w e l l  a s  o z o n e ,  by t r o p o s p h e r i c  a i r .  
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CHAPTER 2 

GASP CLOUDS 

Andrew ~etwiler * 
2.1 INTRODUCTION 

Atmospheric state parameters and trace constituents in the 
upper troposphere and lower stratosphere were measured from 
March 1975, until June 1979, during the NASA Global Atmospheric 
Sampling Program (GASP) using automated measuring and sampling 
systems aboard several Boeing  747 commercial airliners as well 
as the NASA Convair 990. Windspeed and wind direction, static 
air temperature, dew/frostpoint temperature, condensation 
nuclei, light scattering particles, ozone, carbon monoxide, 
sulfate, nitrate, chloride, fluoride, and 7berylliurn were 
monitored. The measurements were obtained whenever the 
aircraft were above six km. No attempts were made to alter the 
flight paths specifically for the purpose of making measure- 
ments, and so the GASP data set consists of a series of strings 
of measurements typical of conditions encountered by en-route 
high altitude jet aircraft, with each string being a random 
sample of typical atmospheric circulations on the various 
scales from the mesoscale to the synoptic scale. 

Normally data are recorded every five minutes. At typical 
cruising speeds this amounts to a spatial separation of about 
70 km. Within a string of measurements along a flight, 
however, there will likely be a high degree of autocorrelation 
between adjacent measurements, since atmospheric circulations 
are typically organized on scales of this dimension or much 
larger. 

Sometimes sequential flights by the same aircraft back and 
forth along the same commercial route cross the same 
synoptic-scale circulation features 6 to 12 hours apart. Since 

* (Post-doctoral Research Associate, Department of Atmospheric 
Science, State University of New York at Albany. NSF support 
is acknowledged.) 



s y n o p t i c - s c a l e  f e a t u r e s  t y p i c a l l y  have  l i f e t i m e s  much l o n g e r  
t h a n  t h i s ,  one  c a n n o t  c o n s i d e r  e v e r y  f l i g h t  a c o m p l e t e l y  
i n d e p e n d e n t  s t r  i n g  of  measurements  f o r  some s t a t  i s t i c a l  
a p p l i c a t i o n s .  However, f o r  many p u r p o s e s  i t  is p o s s i b l e  t o  
d e r i v e  q u i t e  u s e f u l  s t a t i s t i c s  on a t m o s p h e r i c  c h a r a c t e r i s t i c s  
and  b e h a v i o r  f o r  t h e  e x t e n s i v e  GASP d a t a  s e t .  

From December 1 9 7 5 ,  t h r o u g h  J a n u a r y  1 9 7 8 ,  n e a r l y  300 ,000  s e t s  
of measurements  were r e c o r d e d  o v e r  a l m o s t  t h e  e n t i r e  g l o b e  
( B r i e h l  e t .  a l . ,  1 9 8 0 ) .  Between J a n u a r y  1 9 7 8 ,  and  J u n e  1 9 7 9 ,  

when the G A S P  program t e r m i n a t e d ,  more t h a n  300 ,000  a d d i t i o n a l  
o b s e r v a t i o n s  were  accumula t ed .  F i n a l  p r o c e s s i n g  o f  t h e  d a t a  i s  
j u s t  b e i n g  comple t ed .  Data a r c h i v e d  on m a g n e t i c  tapes w i l l  b e  
a v a i l a b l e  f rom t h e  N a t i o n a l  C l i m a t i c  C e n t e r  f o r  t h e  e n t i r e  
c o l l e c t i o n  o f  GASP f l i g h t s .  

Some a s p e c t s  o f  t h e  g l o b a l  d i s t r i b u t i o n  o f  c l o u d s  above  s i x  
k i l o m e t e r s  i n  t h e  a t m o s p h e r e  h a v e  r e c e n t l y  b e e n  e x p l o r e d  u s i n g  
t h e  G A S P  d a t a  se t  (Nas t rom e t  a l . ,  1 9 8 1 ) .  I n  a d d i t i o n  t o  
l o c a t i o n s  where c l o u d s  were d e t e c t e d ,  t h e  t e m p e r a t u r e ,  
h u m i d i t y ,  t race  g a s  c o n s t i t u t e n t s  and  p a r t i c l e  c o n c e n t r a t i o n s  
i n  t h e  c l o u d s ,  a l s o  a v a i l a b l e  a t  e a c h  measurement  p o i n t ,  were 
s t u d i e d  f o r  " i n  c l o u d "  r e c o r d s .  

I n  t h i s  r e p o r t  w e  w i l l  b e g i n  w i t h  a d i s c u s s i o n  o f  some general 
a s p e c t s  o f  t h e  g l o b a l  d i s t r i b u t i o n  o f  h i g h  a l t i t u d e  c l o u d s  a n d  
t h e i r  m i c r o p h y s i c a l  c h a r a c t e r i s t i c s ,  i n c l u d i n g  t h e  r e c e n t  work 
o f  Nastrom e t  a l .  W e  w i l l  t h e n  e x p l o r e  how t h e  GASP d a t a  s e t  
migh t  b e  f u r t h e r  u sed  t o  g a i n  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  
upper t r o p o s p h e r i c  c l o u d s .  O u r  a p p r o a c h  w i l l  b e  t o  t a k e  a  
s m a l l  s u b s e t  o f  t h e  G A S P  d a t a  s e t ,  c o n t a i n i n g  o n l y  4 5  f l i g h t s ,  
and  a n a l y z e  it i n  some d e t a i l .   his t y p e  o f  a n a l y s i s  w i l l  
compl iment  t h e  much b r o a d e r  a n a l y s i s  o f  Nastrom e t  a l .  

Al though  d a t a  a r e  r e p o r t e d  a t  a l t i t u d e s  a b o v e ,  n o m i n a l l y ,  s i x  
k i l o m e t e r s ,  t h e  GASP a i r c r a f t  s p e n d  mos t  o f  t h e i r  t i m e  a t  
c r u i s e  a l t i t u d e s  w e l l - a b o v e  t h e  6 km l e v e l .  N e a r l y  a l l  d a t a  
were r e c o r d e d  a t  a l t i t u d e s  be tween  9 and  11 k i l o m e t e r s  ( b e t w e e n  
t h e  300 and  200 h e c t o p a s c a l  (mb) p r e s s u r e  " l e v e l s . "  A t  these 
a l t i t u d e s  a l m o s t  a l l  o f  t h e  c l o u d s  e n c o u n t e r e d  will b e  ice 
p a r t i c l e ,  o r  c i r r u s ,  c l o u d s .  W e  w i l l  r e s t r i c t  t h e  f o l l o w i n g  
d i s c u s s i o n  t o  c i r r u s  c l o u d s ,  and  assume t h a t  a l m o s t  a l l  c l o u d s  
e n c o u n t e r e d  above  6 k i l o m e t e r s  were  c i r r u s .  



2,2 CIRRUS CLOUD OCCURRENCE 

Cirrus clouds generally form when r ising tropospheric air cools 
and the relative humidity increases sufficiently to produce ice 
particles on a small fraction of the ambient aerosol. 

With respect to mid-latitude synoptic disturbances, these 
conditions are most frequently encountered below the tropopause 
on the equatorward side of mid-latitude jet streams, down- 
stream of upper level troughs and in the warm air gliding 
upward over the warm-frontal zone associated with advancing 
wave cyclones. A schematic diagram of flow about such a 
disturbance is shown in Figure 2-1. 

In addition to the broad patterns of synoptic-scale upward 
motion in this type of situation, sub-synoptic scale circul- 
ations transverse to the jet stream tend to wrap tropospheric 
air upward on the equatorward (anticyclonic shear) side of the 
jet and stratospheric air downward on the poleward (cyclonic 
shear) side of the jet. (See Figure 2 - 2 ) .  These sub-synoptic 
scale circulations are forced, in part, by curvature of the 
flow (Scorer, 1978) and also by momentum imbalances in the 
entrance and exit regions of jet streaks (small packets of very 
high wind speeds that propagate along the mid-latitude jets), 
as noted by Riehl et al. (1954) , and Reiter (1963) , In 
addition, inertial instabilities in the strong, anticyclonic 
shear zones on the equatorward sides of jets can result in a 
variety of wave disturbances and turbulence in this zone. This 
often leads to the varied and intriguing patterns in the cirrus 
clouds that form in the updrafts associated with these 
turbulent zones (~iezee et al., 1967; Scorer, 1972). 

Ice particle growth and sublimation are typically quite slow in 
the upper troposphere. That means that millimeter-size ice 
crystals may fall several kilometers through relatively dry air 
before they have completely sublimated away.   his gives jet 
stream cirrus clouds their characteristic filamentary 
appearance. Thus small numbers of ice crystals may be 
encountered even in quite dry air well below and some distance 
away from the visible cirrus clouds in which they originally 
nucleated and grew (Barnes, 1980 ; Braham and Spyers-Duran, 
1967). Radiative equilibrium calculations show that the 
surface temperature of a millimeter-size ice particle may be a 
degree (Celcius) or more lower than the air temperature, and so 
growth may even occur in air that is apparently undersaturated 
with respect to ice (Hall and Pruppather, 1976; Heymsfield, 
1975b), 

Cirrus are also observed to "blow off" of the tops of towering 
cumulonimbus convective clouds. The ice particles are 
nucleated in, or at the tops of, the updrafts of the clouds and 
carried nearly to or even above the tropopause, There they are 



Fig. 2-1. A schematic of a i r  flow about a mid-latitude wave cyclone, 
based on Palmen and Newton (1969). The a i r  i n  which c i r rus  
clouds form typica l ly  rises from the  sub-tropical surface 
boundary layer  through several  cloud formation episodes 
ahead of the cold f ront  and over the warm f ron t  before 
cirrus formation occurs. Cirrus formation occurs i n  the  
upgliding regions (possible turbulent) near the txopopause 
and equatorward of the  jet  stream, 



+- poleward equatorward 

Fig. 2-2. A schematic of the transverse flow about jet streams. This figure is 
adapted from Shapiro et al. (1980). 



e n t r a i n e d  i n  t h e  c i r c u l a t i o n  a b o u t  t h e  t o p  o f  t h e  c l o u d  a n d  
c a r r i e d  downwind, These  " a n v i l "  c i r r u s  may b e  q u i t e  e x t e n s i v e ,  
e x t e n d i n g  h u n d r e d s  o f  k i l o m e t e r s  downwind f rom t h e  c l o u d .  
Cumulonimbus c i r r u s  a n v i l s  h a v e  been  o b s e r v e d  by s a t e l l i t e  t o  
d r i f t  o v e r n i g h t  h u n d r e d s  o f  k i l o m e t e r s  downwind o f  t h e  c l o u d  
o v e r  which t h e y  formed and  a f f e c t  t h e  deve lopmen t  o f  c o n v e c t i v e  
c l o u d s  on t h e  f o l l o w i n g  d a y  ( E .  H o l r o y d ,  p e r s o n a l  communi- 
c a t i o n ) .  

C i r r u s  a l s o  fo rm i n  a t m o s p h e r i c  wave m o t i o n s  t h a t  a r e  £ r e -  
q u e n t l y  g e n e r a t e d  t o  t h e  l ee  o f  moun ta in s .  Under c o n d i t i o n s  
f a v o r a b l e  f o r  moun ta in  wave f o r m a t i o n ,  t h e s e  wave c i r r u s  may b e  
q u i t e  e x t e n s i v e .  



2.3 CIRRUS CLOUD MICROPHYSICS 

C i r r u s  c l o u d s  t y p i c a l l y  f o r m  i n  r e l a t i v e l y  g e n t l e  u p d r a f t s  
( a p p r o x i m a t e l y  1 0  cm/sec) i n  clear a i r  a t  t e m p e r a t u r e s  b e l o w  
- 35OC.  A s  m e n t i o n e d  a b o v e ,  t h i s  f o r m a t i o n  t y p i c a l l y  t a k e s  
p l a c e  i n  t h e  u p p e r  t r o p o s p h e r e  e i t h e r  a h e a d  o f  m i d - l a t i t u d e  
wave c y c l o n e s ,  i n  o r o g r a p h i c a l l y - i n d u c e d  wave m o t i o n s ,  o r  i n  
somewhat more v i g o r o u s  u p d r a f t s  a s s o c i a t e d  w i t h  t o w e r i n g  
cumulonimbus  c l o u d s .  

The a i r  i n  which  c i r r u s  c l o u d s  f o r m  i s  p r i m a r i l y  o f  
t r o p o s p h e r i c  o r i g i n .  A s  i n  t h e  f o r m a t i o n  o f  l i q u i d  water 
c l o u d s  a t  h i g h e r  t e m p e r a t u r e s ,  some t y p e  o f  n u c l e u s  is  r e q u i r e d  
i n  o r d e r  f o r  i ce  p a r t i c l e s  t o  f o r m  f rom t h e  v a p o r  a t  o b s e r v e d  
t r o p o s p h e r i c  ice s u p e r s a t u r a t i o n s .  T h e s e  n u c l e i  w i l l  be 
t r o p o s p h e r i c  a e r o s o l  p a r t i c l e s .  

Ice p a r t i c l e s  may f o r m  i n  b a s i c a l l y  t h r e e  ways ,  d e p e n d i n g  o n  
t h e  r e l a t i v e  h u m i d i t y  a n d  t y p e  o f  n u c l e u s  i n v o l v e d .  A . f i r s t  
way is  t h e  c o n d e n s a t i o n - f r e e z i n g  p r o c e s s .  A r e l a t i v e  h u m i d i t y  
w i t h  r e s p e c t  t o  l i q u i d  w a t e r  (RHW) o f  g r e a t e r  t h a n  1 0 0 %  is  
r e q u i r e d .  A l i q u i d  w a t e r  d r o p l e t  n u c l e a t e s  on  a  s u i t a b l e  
a e r o s o l  p a r t i c l e  a n d  b e g i n s  t o  grow.  A t  some p o i n t  i t  f r e e z e s  
a n d  g r o w t h  o f  t h e  ice p h a s e  c o n t i n u e s  t h e r e a f t e r .  

A s e c o n d  p r o c e s s  of ice f o r m a t i o n  c a n  take p l a c e  a t  RHW c l o s e  
t o ,  b u t  less  t h a n ,  1 0 0 % .  This is c a l l e d  t h e  s o r p t i o n - f r e e z i n g  
p r o c e s s .  F o r  RHW c l o s e  t o ,  b u t  less  t h a n ,  100% many t y p e s  o f  
a e r o s o l  p a r t i c l e s  w i l l  a d s o r b  o r  a b s o r b  s i g n i f i c a n t  q u a n t i t i e s  
o f  w a t e r .  I f  t h e  t e m p e r a t u r e  i s  less t h a n  - 3 5 O ~  o r  s o ,  o n l y  a  
r e l a t i v e l y  s m a l l  amount  o f  w a t e r  n e e d  b e  a d s o r b e d  i n  a l i q u i d ,  
o r  s e m i - l i q u i d ,  s t a t e  b e f o r e  f r e e z i n g  o c c u r s  i n  many c a s e s .  On 
t h e  o t h e r  h a n d ,  i f  t h e  p a r t i c l e  a b s o r b s  t h e  w a t e r  i n t o  s o l u t i o n  
( s a y ,  f o r  i n s t a n c e ,  a n  ammonium s u l p k a t e  s o l u t i o n )  , t h e n ,  
a g a i n ,  a t  t e m p e r a t u r e s  less t h a n  -35C o r  s o  t h a t  s o l u t i o n  
d r o p l e t  n e e d  n o t  g e t  v e r y  l a r g e ,  i . e .  d i l u t e ,  b e f o r e  i t s  
p r o b a b i l i t y  of f r e e z i n g ,  homogeneous ly  o r  o t h e r w i s e ,  g e t s  v e r y  
l a r g e .  So ice p a r t i c l e s  may f o r m  by f r e e z i n g  o f  h a z e  d r o p l e t s  
a t  RHW l e s s  t h a n  100% a n d  t e m p e r a t u r e s  n e a r  - 3 f ~  a n d  below.  A t  
h i g h e r  t e m p e r a t u r e s  f r e e z i n g  of  a d s o r b e d  o r  a b s o r b e d  water 
p r o c e e d s  somewhat less r e a d i l y  u n l e s s  t h e  n u c l e a t i n g  p a r t i c l e  
h a s  c h a r a c t e r  istics t h a t  s t i m u l a t e  t h e  f r e e z i n g  of  w a t e r .  Once 
f r e e z i n g  o c c u r s ,  g r o w t h  o f  t h e  ice p h a s e  c o n t i n u e s  as  l o n g  a s  
ice s u p e r s a t u r a t i o n  p e r s i s t s .  

F i n a l l y ,  ice may fo rm d i r e c t l y  f r o m  t h e  v a p o r  o n t o  s u i t a b l e  ice 
n u c l e i  a t  some r e l a t i v e  h u m i d i t y  w i t h  r e s p e c t  t o  ice ( R H I )  
g r e a t e r  t h a n  100%. T y p i c a l  ice n u c l e i  r e q u i r e  a t h r e s h o l d  R H I  
somewhat  g r e a t e r  t h a n  1 0 0 %  b e f o r e  t h e y  c a n  n u c l e a t e  ice 
d i r e c t l y  f r o m  t h e  v a p o r .  Bu t  n o t e  t h a t  a t  a l l  t e m p e r a t u r e s  



l e s s  t h a n  O'C,  and  f o r  a g i v e n  water v a p o r  p r e s s u r e ,  RHI i s  
g r e a t e r  t h a n  RHW. RHI may be s i g n i f i c a n t l y  a b o v e  100% w h i l e  
RHW is s t i l l  q u i t e  a  b i t  l e s s  t h a n  1 0 0 % .  A t  - 50°c ,  f o r  
i n s t a n c e ,  R H I  e q u a l  t o  1 3 7 %  c o r r e s p o n d s  t o  RHW e q u a l  t o  85%. 
So ice n u c l e i  a c t i v e  a t  r e l a t i v e l y  small  ice s u p e r - s a t u r a t i o n s  
w i l l  p r o b a b l y  n u c l e a t e  ice i n  c o n d i t i o n s  t o o  d r y  f o r  the 
s o r p t i o n - f r e e z i n g  mechanism t o  work.  

Because  t r o p o s p h e r i c  a e r o s o l  l o a d i n g  g e n e r a l l y  d e c r e a s e s  w i t h  
i n c r e a s i n g  a l t i t u d e  and  w i t h  i n c r e a s i n g  d i s t a n c e  f r o m  e x p o s e d  
o c e a n  s u r f a c e s  ( i . e .  o u t  o v e r  t h e  p o l a r  ice c a p s ) ,  i t  i s  
i n f e r r e d  t h a t  t h e  e x p o s e d  o c e a n  s u r f a c e s ,  and  a l s o  t h e i r  f l o r a  
and f a u n a ,  a r e  t h e  main s o u r c e s  o f  t h e  n a t u r a l  t r o p o s p h e r i c  
a e r o s o l  o r  i ts p r e c u r s o r  g a s e s .  

I t  is  t h o u g h t  (Ludlam,  1 9 8 0 ,  pp. 9 6 - 9 9 )  t h a t  i n  t h e  t r o p o s p h e r e  
e f f e c t i v e  ice n u c l e i  d e r i v e  n a t u r a l l y  a l m o s t  s o l e l y  f r o m  s o l i d  
m i n e r a l  and  o r g a n i c  m a t e r i a l  a t  t h e  e a r t h ' s  s u r f a c e .  A v e r y  
s m a l l  f r a c t i o n  may d e r i v e  f r o m  m e t e o r i c  m a t e r i a l  s e t t l i n g  
downward f r o m  t h e  s t r a t o s p h e r e  o r  d e p o s i t e d  i n  t h e  t r o p o s p h e r e  
d i r e c t l y  by i ncoming  m e t e o r s .  B e c a u s e  i c e - n u c l e a t i n g  p a r t i c l e s  
d e r i v e d  f rom s u r f a c e  material  a r e  t y p i c a l l y  0 . 1  m i c r o m e t e r  o r  
more i n  diameter, a n d  b e c a u s e  t h e y  a r e  v e r y  l i k e l y  t o  be 
n u c l e a t e d  i n  s u p e r c o o l e d  l i q u i d  w a t e r  c l o u d s  as  t h e y  work t h e i r  
way i n t o  t h e  u p p e r  t r o p o s p h e r e  f rom t h e  s u r f a c e ,  t h e r e  are 
t y p i c a l l y  v e r y  few ice n u c l e i  p r e s e n t  i n  t h  uppe r  t r o p o s p h e r e  
c a p a b l e  o f  n u c l e a t i n g  ice d i r e c t l y  f r o m  t h e  v a p o r  a t  ice 
s u p e r s a t u r a t i o n s  c o r r e s p o n d i n g  t o  RHW l e s s  t h a n  1 0 0 % .  

So i t  is l i k e l y  t h a t  mos t  c i r r u s  c l o u d  ice p a r t i c l e s  f o r m  by a 
c o n d e n s a t i o n - f r e e z i n g  o r  s o r p t i o n - f r e e z i n g  p r o c e s s .  A e r o s o l  
p a r t i c l e s  s amp led  i n  t h e  uppe r  t r o p o s p h e r e  t e n d  t o  be 
h y g r o s c o p i c  s u l p h a t e  p a r t i c l e s ,  u s u a l l y  ammonium s u l p h a t e .  
T h e r e  a r e  a  v a r i e t y  of  ways s u c h  p a r t i c l e s  c a n  f o r m  i n  a i r  f r o m  
water v a p o r ,  g a s e o u s  s u l p h u r  compounds,  ammonia, a n d  o t h e r  
t r a c e  g a s  c o n s t i t u e n t s .  Some may f o r m  n e a r  t h e  e a r t h ' s  s u r f a c e  
and  mix upward,  o t h e r s  may fo rm  i n  t h e  u p p e r  t r o p o s p h e r e  i n  
s i t u ,  a n d  s t i l l  o t h e r s ,  o r  t h e i r  p r e c u r s o r s ,  may f o r m  i n  t h e  
s t r a t o s p h e r e  and  mix downward. ( P r u p p a c h e r  a n d  K l e t t ,  1 9 7 8  h a s  
a d e t a i l e d  d i s c u s s i o n  o f  t h e  a t m o s p h e r i c  a e r o s o l ) .  

G i v e n  the p r e s e n c e  o f  t h i s  h y g r o s c o p i c  a e r o s o l ,  t h e  m o s t  l i k e l y  
means by which  ice p a r t i c l e s  f o r m  i n  c i r r u s  c l o u d s  is  t h e  
s o r p t i o n  f r e e z i n g  p r o c e s s .  D e t a i l e d  c a l c u l a t i o n s  o f  t h e  
n u c l e a t i o n  and  g r o w t h  of  c i r r u s  c l o u d  p a r t i c l e s  i n  a n  u p d r a f t  
f r om p r e c u r s o r  ammonium s u l p h a t e  a e r o s o l  h a v e  been  p e r f o r m e d  b y  
H e y m s f i e l d  (1973 ,  1 9 7 5 b ) .  H e  shows t h a t  f o r  s u c h  a n  a e r o s o l  
t h e  RHW r e q u i r e d  t o  i n i t i a t e  t h e  ice p h a s e  is  t y p i c a l l y  
somewhat g r e a t e r  t h a n  85% a t  t e m p e r a t u r e s  n e a r  -50°c. Such  a n  



RHW c o r r e s p o n d s  t o  RHI e q u a l  t o  137% a t  t h i s  t e m p e r a t u r e .  The  
t h r e s h o l d  RHW is h i g h e r  a t  warmer t e m p e r a t u r e s .  Once t h e  ice 
p a r t i c l e s  f o r m ,  t h e i r  g r o w t h  w i l l  c o n t i n u e  u n t i l  a n  R H I  n e a r  
100% is  r e a c h e d .  Bu t  u n t i l  RHW e x c e e d s  85% o r  s o ,  n o  ice c l o u d  
w i l l  f o rm i n  a i r  c o n t a i n i n g  o n l y  t h i s  s u l p h a t e  a e r o s o l ,  
a c c o r d i n g  t o  H e y m s f i e l d ' s  c a l c u l a t i o n s .  Thus  it is p o s s i b l e  i n  
t h e  u p p e r  t r o p o s p h e r e  t o  m e a s u r e  f r o s t p o i n t  t e m p e r a t u r e s  
s e v e r a l  d e g r e e s  C e l c i u s  warmer t h a n  t h e  a m b i e n t  a i r  t e m p e r a t u r e  
i n  c l e a r  a i r .  

The b a l a n c e  be tween  t h e  r a t e  o f  c o o l i n g  i n  a n  u p d r a f t  a n d  t h e  
t o t a l  r a t e  o f  ice d e p o s i t i o n  o n  t h e  p a r t i c l e s  o f  ice g r o w i n g  i n  
t h e  u p d r a f t  d e t e r m i n e s  t h e  maximum s u p e r s a t u r a t i o n  r e a c h e d ,  and 
t h e r e f o r e ,  t h e  f r a c t i o n  o f  t h e  a m b i e n t  a e r o s o l  t h a t  n u c l e a t e s  
t o  ice.  The h i g h e r  t h e  maximum s u p e r s a t u r a t i o n ,  t h e  l a r g e r  t h e  
number o f  ice p a r t i c l e s  n u c l e a t e d ,  i n  g e n e r a l .  H i g h e r  maximum 
s u p e r s a t u r a t i o n s  a r e  f a v o r e d  by h i g h e r  u p d r a f t  s p e e d s .  U n l i k e  
l i q u i d  w a t e r  c l o u d s ,  which  t y p i c a l l y  h a v e  a r a t h e r  n a r r o w  
s p e c t r u m  of d r o p l e t  s i z e s  present ( i n  the absence of 
c o a l e s c e n c e ) ,  c i r r u s  c l o u d s  t e n d  t o  h a v e  a v e r y  w i d e  s p e c t r u m  
o f  p a r t i c l e  s i z e s  p r e s e n t  w i t h  t h e  l a r g e s t  f r a c t i o n  o f  t h e  
t o t a l  number i n  t h e  smallest  s i z e  r a n g e s ,  n e a r  a few 
m i c r o m e t e r s  maximum d i m e n s i o n .  ( ~ e f e r  t o  t h e  r e s u l t s  o f  V a r l e y  
( 1 9 7 8 a ,  1978b) V a r l e y  and  Brooks  ( 1 9 7 8 ) ,  V a r l e y  a n d  B a r n e s  
(1979)  , a n d  Cohen ( 1 9 7 9 ) ,  h e r e a f t e r  n o t e d  a s  AFGL 1 9 7 8 / 7 9 ) .  A t  
the t e m p e r a t u r e s  c h a r a c t e r i s t i c  o f  l i q u i d  water c l o u d s ,  
d r o p l e t s  r a p i d l y  r e a c h  e q u i l i b r i u m  w i t h  a m b i e n t  h u m i d i t y  
c h a n g e s  i n  t h e i r  e n v i r o n m e n t .  A t  c i r r u s  c l o u d  t e m  e r a t u r e s ,  
however ,  g r o w t h  and  s u b l i m a t i o n  a r e  much s l o w e r .  g o  i n  w a t e r  
c l o u d s  t h e  w a t e r  v a p o r  made a v a i l a b l e  i n  t h e  u p d r a f t  by 
a d i a b a t i c  c o o l i n g  is d i s t r i b u t e d  a b o u t  e q u a l l y  among t h e  l i q u i d  
d r o p l e t s  p r e s e n t ,  and t h e  d r o p l e t s  a r e  a l l  n e a r l y  t h e  same 
s i z e ,  a t  l e a s t  until c o a l e s c e n c e  b e g i n s  t o  o c c u r .  B u t  i n  
c i r r u s  c l o u d s  a  wide  s p e c t r u m  of  s i z e s  a p p e a r s  t o  c o e x i s t  i n  
t h e  a i r s t r e a m  sampled  b y  a i r c r a f t .  (The s a m p l e  volume i s  
c o l l e c t e d  o v e r  a p a t h  o f  a t  l e a s t  s e v e r a l  h u n d r e d  meters o f  
f l i g h t .  I t  is c o n c e i v a b l e  t h a t  c i r r u s  c l o u d  ice p a r t i c l e  s i z e s  
m i g h t  be found  t o  be more m o n o d i s p e r s e ,  h a d  a  s m a l l  volume o f  
a i r  been  s a m p l e d )  . 
F i g u r e  2 - 3  shows a s a m p l e  d r o p l e t  s p e c t r a  i n  a w a t e r  c l o u d  a t  
t h e  e a r t h ' s  s u r f a c e  and  o f  i c e - p a r t i c l e s  i n  a n  u p p e r  
t r o p o s p h e r i c  c i r r u s  c l o u d .  The volume of w a t e r  c l o u d  sampled  
i s  d e r i v e d  f r o m  a f l i g h t  p a t h  o n l y  a  few t e n s  o f  meters i n  
e x t e n t ,  w h i l e  t h e  volume o f  c i r r u s  sampled  i n  F i g u r e  2-3  was 
a l o n g  a n  a i r c r a f t  t r a c k  s e v e r a l  k i l o m e t e r s  l o n g .  

D i s a g r e e m e n t  among d i f f e r e n t  i n v e s t i g a t i o n s  a s  t o  t h e  t o t a l  
number c o n c e n t r a t i o n  o f  ice p a r t i c l e s  t y p i c a l l y  f o u n d  i n  a  
c i r r u s  c l o u d  (see H e y m s f i e l d ,  1 9 7 5 a )  p r o b a b l y  d e p e n d s  more on 
t h e  minimum p a r t i c l e  s i z e  measured  w i t h  t h e  e q u i p m e n t  employed 
i n  a g i v e n  i n v e s t i g a t i o n  t h a n  on v a r i a t i o n s  be tween  c l o u d s .  
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~ i g .  2-3. The size spectrum of w a t e r  droplets  in a ground fog   eyer et al., 1980) is compared to a t y p i c a l  size s p e c t r u m  
of c i r r u s  i c e  p a r t i c l e s  (AFGL, 1978 and 1979).  Note t h e  two o rde r  of magnitude disagreement i n  c i r r u s  particle 
number concentration between t h e  two d i f f e r e n t  AFGL probes f o r  s i z e s  n e a r  25 urn. These d a t a  points were acqui red  
simultaneously.  



T h e  s l o p e  o f  t h e  size s p e c t r u m  f o r  cirrus p a r t i c l e s ,  a s  s e e n  i n  
Figure 2 -3 ,  i s  t y p i c a l l y  q u i t e  steep. S m a l l  v a r i a t i o n s  i n  t h e  
minimum size m e a s u r a b l e  w i l l  l e a d  t o  l a r g e  v a r i a t i o n s  i n  t h e  
t o t a l  number d e d u c e d .  

The s h a p e  o f  the larger ice p a r t i c l e s  formed d u r i n g  t h e  
s o r p t i o n - f r e e z i n g  a n d  s u b s e q u e n t  g r o w t h  p r o c e s s e s  a p p e a r s  t o  be 
t y p i c a l l y  b u l l e t - s h a p e d  h e x a g o n a l  c o l u m n s  o r  c l u s t e r s  o f  s u c h  
co lumns  ( b u l l e t  r o se t t e s )  (Heymsfield, 1 9 7 5 a ) .  S m a l l e r  numbers  
o f  h e x a g o n a l ,  and n o n - h e x a g o n a l ,  p l a t e s  a n d  columns a re  a l s o  
o b s e r v e d  ( H e y m s f i e l d ,  1 9 7 5 a ;  O h t a k e  a n d  Inoue, 1 9 8 0 ;  S m i l e y  e t  
a l . ,  1 9 8 0 ) .  A v a i l a b l e  a i r c r a f t  i n s t r u m e n t a t i o n  i s  u n a b l e  t o  
c l e a r l y  r e s o l v e  t h e  s h a p e s  of pa r t i c l e s  much smaller t h a n  a b o u t  
1 0 0  prn maximum d i m e n s i o n .  



2 . 4  IMPORTANCE OF CIRRUS CLOUD STUDIES 

I n f o r m a t i o n  on  t h e  number c o n c e n t r a t i o n  o f  c i r r u s  ice 
p a r t i c l e s ,  t h e i r  s i z e  s p e c t r u m  a n d  s h a p e s ,  and  t h e  g l o b a l  
d i s t r i b u t i o n  of c i r r u s  c l o u d s ,  is  i m p o r t a n t  f o r  c a l c u l a t i n g  t h e  
e f f e c t s  o f  c i r r u s  c l o u d s  on  t h e  t r a n s m i s s i o n  o f  s o l a r  and 
t e r r e s t r i a l  r a d i a t i o n  t h r o u g h  t h e  a t m o s p h e r e .  I n  a d d i t i o n ,  
i n t e r f e r e n c e  by  c i r r u s  c l o u d s  may d e g r a d e  t h e  p e r f o r m a n c e  o f  
v a r i o u s  r e m o t e - s e n s i n g  a n d  c o m m u n i c a t i o n s  s y s t e m s  employed  by 
a i r c r a f t  and  by e a r t h - o r b i t t i n g  s a t e l l i t e s .  I n f o r m a t i o n  o n  t h e  
e x t e n t ,  and  m i c r o p h y s i c a l  p r o p e r t i e s ,  o f  c i r r u s  c l o u d s  is 
i m p o r t a n t  i n  t h e  d e s i g n  a n d  o p e r a t i o n  o f  t h e s e  s y s t e m s ,  t o o .  

The study o f  c i r r u s  c l o u d s  a l s o  h a s  a p p l i c a t i o n s  t o  t h e  p r o b l e m  
of  e r o s i o n  o f  h i g h  s p e e d  o b j e c t s  p a s s i n g  t h r o u g h  c l o u d s  o f  t i n y  
ice p a r t i c l e s ,  t h e  s t a t i c  c h a r g e  b u i l d - u p  on  s u c h  o b j e c t s ,  a n d  
t h e  i n c r e a s e  o f  d r a g  on  l a m i n a r - f l o w - c o n t r o l  winged  a i r c r a f t  
when p a s s i n g  t h r o u g h  s u c h  c l o u d s .  T h u s  b a s i c  knowledge o f  t h e  
g l o b a l  d i s t r i b u t i o n ,  and m i c r o p h y s i c a l  p r o p e r t i e s ,  of  c i r r u s  
c l o u d s  c a n  be a p p l i e d  t o  s e v e r a l  i m p o r t a n t  p r o b l e m s .  Fo r  t h i s  
r e a s o n ,  w e  h a v e  u n d e r t a k e n  t o  explore t h e  GASP d a t a  s e t  f o r  
i n f o r m a t i o n  that m i g h t  b e  a v a i l a b l e  c o n c e r n i n g  t h e s e  aspects o f  
cirrus c l o u d s ,  i n  a d d i t i o n  t o  the work a l r e a d y  p e r f o r m e d  by 
Nas t rom e t  a l .  ( 1981 )  o n  t h e  p r o b l e m  o f  c i r r u s  c l o u d  o c c u r r e n c e  
a t  a i r c r a f t  c r u i s i n g  l e v e l s .  



2 .5  GASP DATA USEFUL FOR C I R R U S  CLOUD STUDIES 

L e t  u s  l o o k  a t  t h e  GASP d a t a  se t  and e x a m i n e  t h e  t y p e s  o f  
measu remen t s  a v a i l a b l e  t h a t  m i g h t  b e  u s e d  i n  s t u d y i n g  (1) t h e  
m i c r o p h y s i c a l  a s p e c t s  o f  c i r r u s  c l o u d s ,  a n d  ( 2 )  t h e  
d i s t r i b u t i o n  o f  c i r r u s  c l o u d s  w i t h  r e s p e c t  t o  a t m o s p h e r i c  
c i r c u l a t i o n  s y s t e m s  o n  v a r i o u s  scales. For d e t a i l s  on GASP 
i n s t r u m e n t a t i o n  and  d a t a  a c q u i s i t i o n  beyond  those p r e s e n t e d  
h e r e ,  see B r i e h l  e t  a l .  ( 1980 )  a n d  P e r k i n s  a n d  G u s t a f s o n  ( 1 9 7 5 ) .  

Norma l ly  GASP d a t a  i s  r e c o r d e d  f o r  a 1 6  s e c o n d  p e r i o d  f o l l o w i n g  
255 s e c o n d s  o f  s a m p l i n g .  This l e a d s  t o  a n  i n t e r v a l  be tween  
d a t a  r e c o r d i n g s  o f ,  n o m i n a l l y ,  f i v e  m i n u t e s .  Due t o  t h e  n a t u r e  
o f  t h e  v a r i o u s  t y p e s  o f  measu remen t s  made, some o f  the d a t a  
r e p r e s e n t s  a n e a r l y  i n s t a n t a n e o u s  v a l u e  c h a r a c t e r i s t i c  o f  a 
v e r y  small r e g i o n  n e a r  t h e  a i r c r a f t  a t  t h e  t i m e  of  the 
r e c o r d i n g ,  w h i l e  o t h e r  d a t a  r e p r e s e n t  some p o r t i o n  of t h e  
p r e c e d i n g  255 s e c o n d s  (70  km)  of  f l i g h t .  Somet imes the 
c o n s t i t u e n t  a v e r a g e s  are formed  o v e r  e v e n  l o n g e r  p e r i o d s  
( d i s t a n c e s )  . 
2 .5 .1 .  O p t i c a l  P a r t i c l e  C o u n t e r  

The p r e s e n c e  o f  c i r r u s  c l o u d s  i n  the G A S P  d a t a  c a n  be i n d i c a t e d  
by t h e  o p t i c a l  p a r t i c l e  c o u n t e r .  The GASP a u t o m a t i c  o p t i c a l  
p a r t i c l e  c o u n t e r  is a m o d i f i e d  v e r s i o n  o f  a c o m m e r c i a l l y  a v a i l -  
able ROYCO (Menlo P a r k ,  CA) u n i t .  The l i g h t  s c a t t e r e d  In t h e  
n e a r - f o r w a r d  d i r e c t i o n  b y  a  p a r t i c l e  p a s s i n g  t h r o u g h  t h e  
f o c u s e d  image o f  a l i g h t  b u l b  f i l a m e n t  is  c o l l e c t e d .  Based  o n  
a c a l i b r a t i o n  w i t h  t r a n s p a r e n t  l a t e x  s p h e r e s ,  p a r t i c l e s  a r e  
s o r t e d  i n t o  t h r e e  c a t e g o r i e s ;  t h o s e  g r e a t e r  t h a n  - 4 5  p m  
d i a m e t e r ;  t h o s e  g r e a t e r  than 1 . 4  Prn d i a m e t e r ;  a n d  t h o s e  
g r e a t e r  t h a n  3 .0  A m  d i a m e t e r .  T h e s e  s i z e  c a t e g o r i e s  a r e  
b e t t e r  d e s c r i b e d  as " e q u i v a l e n t "  s i z e  c a t e g o r i e s ,  mean ing  t h a t  
a  p a r t i c l e ' s  a s s i g n e d  s i z e  is e q u a l  t o  t h e  s i z e  o f  a l a t e x  
s p h e r e  t h a t  s ca t t e r s  t h e  same amount  o f  l i g h t  i n  t h e  
n e a r - f o r w a r d  d i r e c t i o n ,  

No tests were done  w i t h  p a r t i c l e s  s i m i l a r  i n  s h a p e  and  
r e f r a c t i v e  i n d e x  t o  c i r r u s  ice  p a r t i c l e s  i n  o r d e r  t o  c a l i b r a t e  
t h e  o p t i c a l  p a r t i c l e  c o u n t e r s  s p e c i f i c a l l y  f o r  t h i s  t y p e  o f  
p a r t i c l e .  D e v i a t i o n s  f r o m  s p h e r i c a l  shape p r o b a b l y  led t o  
s i z i n g  e r r o r s  f o r  p a r t i c l e s  l a r g e r  t h a n  1 . 4  ~ r n  d i a m e t e r  ( i . e .  
f o r  t h o s e  p a r t i c l e s  w i t h  a c i r c u m f e r e n c e  s e v e r a l  t i m e s  o r  more 
l a r g e r  t h a n  t h e  w a v e l e n g t h  o f  t h e  s c a t t e r e d  l i g h t  ( P o l l a c k  a n d  
C u z z i ,  1 9 8 0 )  . 



V a r i a t i o n s  i n  r e s p o n s e  o f  t h e  v a r i o u s  ROYCO i n s t r u m e n t s  f l o w n  
on t h e  d i f f e r e n t  GASP a i r c r a f t  p r o b a b l y  i n t r o d u c e  a  r e l a t i v e  
u n c e r t a i n t y  o f  a  f a c t o r  o f  t h r e e  o r  s o  i n  t h e  r e p o r t e d  
c o n c e n t r a t i o n s  f o r  a  g i v e n  c h a n n e l ,  c o m p a r i n g  t h e  c o u n t s  o f  o n e  
i n s t r u m e n t  t o  t h o s e  of  a n o t h e r .  The i n s t r u m e n t  i s  programmed 
t o  a c c u m u l a t e  c o u n t s  f o r  60  s e c o n d s ,  a n d  t h i s  t r a n s l a t e s  i n t o  
a n  a v e r a g i n g  over  r o u g h l y  1 5  km of  f l i g h t  p a t h  a t  t y p i c a l  
c r u i s i n g  a i r s p e e d s .  The minimum d e t e c t a b l e  c o n c e n t r a t i o n  i s  30 
p a r t i c l e s / a m b i e n t  c u b i c  m e t e r .  The numbers  o f  p a r t i c l e s  
r e c o r d e d  e v e r y  f i v e  m i n u t e s  a r e  t h e  numbers  a c c u m u l a t e d  i n  t h e  
f i r s t  60 s e c o n d s  o f  t h e  255 s e c o n d  s a m p l i n g  p e r i o d .  

An o b s e r v a t i o n  o f  t h e  l i g h t - s c a t t e r i n g  p a r t i c l e  c o u n t  d u r i n g  a  
f l i g h t  t h r o u g h  a c i r r u s  c l o u d  w i t h  t h e  v i s i b i l i t y  r e d u c t i o n  o f  
a light h a z e ,  e a r l y  i n  t h e  G A S P  p r o g r a m ,  l e d  t o  t h e  somewhat  
a r b i t r a r y  d e f i n i t i o n  t h a t  t h e  GASP a i r c r a f t  w a s  c o n s i d e r e d  t o  
b e  " i n  c l o u d "  whenever  t h e  c o n c e n t r a t i o n  of  p a r t i c l e s  whose 
d i a m e t e r  w a s  g r e a t e r  t h a n  3 ,am e x c e e d e d  66 ,00O/amb ien t  c u b i c  
meter .  Dur ing  t h e  255 sec i n t e r v a l  be tween  r e c o r d i n g s ,  a 
m o n i t o r  w a s  kept  on t h e  r a t e  a t  which  p a r t i c l e s  g r e a t e r  t h n  
3 +m were  b e i n g  c o u n t e d .  I f ,  o v e r  o n e  s e c o n d ,  t h i s  r a t e  
c o r r e s p o n d e d  t o  a l o c a l  c o n c e n t r a t i o n  g r e a t e r  t h a n  66 ,000 /  
a m b i e n t  c u b i c  meter, t h e n  that s e c o n d  was a c c u m u l a t e d  i n  a  
" c l o u d  s econd t '  r e g i s t e r .  So e v e r y  f i v e  m i n u t e s ,  a l o n g  w i t h  t h e  
o p t i c a l  p a r t i c l e  d a t a ,  t h e  number o f  c l o u d  s e c o n d s  o u t  o f  t h e  
l a s t  255 s e c o n d s  w a s  a l s o  r e c o r d e d ,  and  a l s o ,  t h e  number o f  
times t h e  c o u n t i n g  r a t e  i n  t h e  l a r g e s t  size c h a n n e l  w e n t  a b o v e  
66 ,000  and  t h e n  be low 8 , 0 0 0  a m b i e n t  c u b i c  m e t e r  t h r e s h o l d  
v a l u e s  was r e c o r d e d .  T h i s  l a s t  v a r i a b l e  was t e r m e d  " c l o u d  
l a y e r s " ,  and  may be r e g a r d e d  a s  a m e a s u r e  o f  t h e  p a t c h i n e s s  o f  
c l o u d  c o v e r  a t  a  g i v e n  a l t i t u d e .  

I t  is l i k e l y  t h a t  p a r t i c l e s  much l a r g e r  t h a n  1 0  t o  20 A m  
d i a m e t e r  were  n o t  i n c l u d e d  i n  t h e  o p t i c a l  p a r t i c l e  c o u n t s .  
T h i s  uppe r  s i z e  l i m i t ,  wh ich  is n o t  p r e c i s e l y  known, i s  t h e  
r e s u l t  o f  l i m i t a t i o n s  o f  t h e  i n t e r n a l  e l e c t r o n i c s  a n d  a l s o  o f  
t h e  t r a n s m i s s i o n  e f f i c i e n c y  o f  t h e  s a m p l i n g  t u b i n g  f o r  l a r g e r  
p a r t i c l e s .  (G .  L a l a ,  p e r s o n a l  commun ica t i on .  D. B r i e h l ,  
p e r s o n a l  c o m m u n i c a t i o n ) .  The a i r  c o n t a i n i n g  t h e  p a r t i c l e s  w a s  
b r o u g h t  i n t o  t h e  ROYCO c o u n t e r  f r o m  o u t s i d e  o f  t h e  a i r c r a f t  
t h r o u g h  a p p r o x i m a t e l y  1 .24  m e t e r s  o f  t u b i n g .  The air w a s  
d e c e l e r a t e d  i n  a  s m a l l  chamber a n d  t h e  ROYCO s a m p l e  w a s  d rawn 
f rom t h a t  chamber .  Some unknown amoun t s  of  s a m p l e  h e a t i n g ,  and  
p a r t i c l e  e v a p o r a t i o n ,  b r e a k - u p  a n d  l o s s  may have  o c c u r r e d  
b e f o r e  t h e  s a m p l e  p a s s e d  t h r o u g h  t h e  ROYCO. A t e m p e r a t u r e  
s e n s o r  on  t h e  ROYCO p a r t i c l e - c o u n t i n g  head  i n d i c a t e d  t e m p e r -  
a t u r e s  t y p i c a l l y  be tween  O 0  C and 20° C i n - f l i g h t  
(J .  D. Holdeman, p e r s o n a l  c o m m u n i c a t i o n ) .  



2.5.2 Condensation Nuclei 

Something of the past history of an air parcel can be indicated 
by its total aerosol content, and the aerosol size spectrum. A 
measure of the total aerosol content was given by a modified 
Environment/One automatic condensation nucleus counter (Nyland, 
1979). This counter can detect the presence of most aerosol 
particles in the diameter range 0.01 p m  to several 
micrometers. Ambient air brought into the aircraft was mixed 
with clean air and brought to cabin pressure, whereupon it was 
fed into the condensation nucleus counter where an adiabatic 
expansion led to condensation and the growth of a small cloud 
in the expansion chamber. From the optical density of the 
cloud, an aerosol particle concentration is inferred. The 
counters were calibrated against a standard Pollock counter for 
given s i z e s  and types of aerosols; the reported accuracy is - + 
6.6%. The primary variation is due to variation in the 
physicochemical properties of the sampled particles, and also 
in small part to variations in the optical extinction measured 
for different clouds formed on the same number of particles. 
Additional information is given in Nyland (1979) . 

2.5.3 Humidity 

Humidity is a valuable measurement in examining cloud 
microphysical processes. During the 45 flights considered 
here, the water vapor concentration was detected with a 
custom-designed, cooled-mirror dew/frostpoint instrument 
manufactured by EG&G,  Waltham, Mass. (Englund and Dudzinski, 
1981). Three stages of thermoelectric cooling were used to 
cool the mirror accurately to stratospheric f rostpoint 
temperatures. Laboratory calibration showed the instruments to 
have an essentially first-order response to humidity changes. 
Dew/frostpoint changes as fast as 1.5O C/sec could be 
accurately tracked at temperatures from +17OC to -40°C. 
For dew/frostpoint depressions of more than about So C below 
ambient, and also for all measurements at ambient temperaures 
below -40° C, the instrument responded somewhat more slowly. 
Cold chamber calibrations typically showed a standard deviation 
of about l.ZO C around the nominally correct values for 
temperatures between +17O C and -68OC. 

Air was brought into the dew/frostpoint instrument through a 
de-iced air scoop and then through a constricted flow tube in 
such a way that sample pressure remained close to the ambient 
pressure. Frostpoint - ambient air temperature differences 
amounting to more than 10% of the air temperature itself 
(in°C) were occasionally reported, particularly during and 
following cloud 



e n c o u n t e r s .  T h i s  was p r o b a b l y  due  t o  some combina t ion  o f  
i n t e r n a l  e l e c t r o n i c s  problems i n  t h e  m i r r o r  t e m p e r a t u r e  
b a l a n c i n g  c i r c u i t  and w a t e r / i c e  c o n t a m i n a t i o n  i n  t h e  s a m p l i n g  
s y s t e m  (E. Lezberg  and T. Dudz insk i ,  p e r s o n a l  communica t ion ) .  
These anoma lous ly  h i g h  r e a d i n g s  were d e l e t e d  d u r i n g  p r o c e s s i n g  
o f  t h e  raw d a t a  ( s e e  a l s o  S e c t i o n  1 . 2 . 2 ) .  

2.5.4 Ozone and Carbon Monoxide 

Ozone and c a r b o n  monoxide c a n  be u s e d ,  r e s p e c t i v e l y ,  a s  t r a c e r s  
o f  s t r a t o s p h e r i c  and t r o p o s p h e r i c  a i r .  Ozone was mon i to red  
u s i n g  a n  u l t r a v i o l e t  a b s o r p t i o n  zone pho tome te r  which had  a  
r a n g e  f rom 3 t o  20,000 ppbv w i t h  a  s t a t e d  s e n s i t i v i t i y  o f  3 
ppbv. For t h i s  i n s t r u m e n t  e a c h  measu r ing  c y c l e  t a k e s  2 0  sec, 
s o  a  d a t a  r e c o r d  c o n t a i n s  t h e  v a l u e  d e t e r m i n e d  i n  t h e  most  
r e c e n t l y  comple t ed  c y c l e .  I n s t r u m e n t s  were  p e r i o d i c a l l y  
r e c a l i b r a t e d  and i n  g e n e r a l  t h e i r  r e l a t i v e  pe r fo rmance  was 
q u i t e  s t a b l e  (T ie f e rmann ,  1 9 7 9 ) .  The re  is some u n c e r t a i n t y  
a b o u t  t h e i r  a b s o l u t e  c a l i b r a t i o n ,  however ,  and t h e  r e p o r t e d  
v a l u e s  may be  c o n s i s t e n t l y  9% t o o  h i g h  ( B r i e h l  e t  a l ,  1 9 8 0 ) .  
" I n s t a n t a n e o u s "  v a l u e s ,  a s  w e l l  a s  v a l u e s  a v e r a g e d  o v e r  128  
s e c o n d s  and t h e  s t a n d a r d  d e v i a t i o n  o v e r  128  s e c o n d s ,  a r e  
r e c o r d e d  e v e r y  256 seconds .  

Carbon monoxide was measured by an  i n f r a r e d  a b s o r p t i o n  
t e c h n i q u e  Dudz insk i  ( 1 9 7 9 ) .  The measurements  a r e  judged  t o o  
n o i s y  t o  be  used  i n  t h i s  i n v e s t i g a t i o n ,  and c a r b o n  monoxide 
w i l l  n o t  be  c o n s i d e r e d  f u r t h e r  h e r e .  

2.5.5 A e r o s o l  Compos i t ion  

A e r o s o l  p a r t i c l e  c o m p o s i t i o n  was mon i to red  i n  t h e  GASP program 
by e x p o s i n g  f i l t e r s  f o r  two-hour i n t e r v a l s  a t  a l t i t u d e s  above  
9.6 km and t h e n  a n a l y z i n g  t h e  f i l t e r s  i n  t h e  l a b o r a t o r y  f o r  
s u l f a t e ,  c h l o r i d e ,  f l u o r i d e ,  n i t r a t e ,  and 7 b e r y l l i u m .  
Al though  such  measurements  might  b e  o f  some i n t e r e s t  i n  t h e  
s t u d y  o f  c i r r u s  c l o u d  m i c r o p h y s i c s ,  t h e  two-hour s a m p l i n g  
p e r i o d  c o r r e s p o n d s  t o  a  s p a t i a l  a v e r a g i n g  o v e r  d i s t a n c e s  w e l l  
i n  e x c e s s  o f  1000 km. T h i s  w i l l  mean a v e r a g i n g  o v e r  s e v e r a l  
c i r c u l a t i o n  s y s t e m s ,  v a r i o u s  amounts o f  c l o u d y  and c l e a r  a i r ,  
and o v e r  upper  t r o p o s p h e r i c  and lower  s t r a t o s p h e r i c  a i r ,  
t y p i c a l l y .  

The s i z e  r a n g e  o f  p a r t i c l e s  c o l l e c t e d  on f i l t e r s  is,  
a p p a r e n t l y ,  unknown. T y p i c a l l y ,  s u l f a t e s  and n i t r a t e s  fo rm t h e  
l a r g e s t  f r a c t i o n  o f  t h e  p a r t i c l e  mass c o l l e c t e d  i n  most  GASP 



f l i g h t s .  Some f l i g h t s  i n  t r o p i c a l  a reas  show s i g n i f i c a n t  
amounts  o f  c h l o r i d e ,  which may be  m a t e r i a l  o f  m a r i n e  o r i g i n  
c a r r i e d  upward i n  d e e p  c o n v e c t i v e  c l o u d s  t o  t h e  upper  
t r o p o s p h e r e .  F l i g h t s  t h r o u g h  t h e  s t r a t o s p h e r e  t y p i c a l l y  show a 
greater c o n c e n t r a t i o n  o f  7 ~ e r y l l i u m  t h a n  d o  t h o s e  t h r o u g h  the 
t r o p o s p h e r e  b e c a u s e  7 ~ e  is  t h o u g h t  t o  be p roduced  above  t h e  
t r o p o p a u s e  by cosmic r a y s .  

2 . 5 . 6  O t h e r  P a r a m e t e r s  

I n  a d d i t i o n  t o  t h e  above  p a r a m e t e r s ,  s t a t i c  a i r  t e m p e r a t u r e ,  
p r e s s u r e  ( a l t i t u d e )  and  a i r s p e e d  are recorded f rom t h e  c e n t r a l  
a i r c r a f t  d a t a  compu te r .  A i r c r a f t  p o s i t i o n  and  v e r t i c a l  
a c c e l e r a t i o n  are  d e r i v e d  from t h e  i n e r t i a l  n a v i g a t i o n  s y s t e m .  
Da te  and t i m e  a re  r e c o r d e d  f rom a  s p e c i a l  G A S P  u n i t .  

F i n a l l y ,  i n  a d d i t i o n  t o  t h e  d a t a  r e c o r d e d  d u r i n g  t h e  GASP 
f l i g h t s ,  t h e  a r c h i v e d  GASP d a t a  ( a v a i l a b l e  f rom t h e  N a t i o n a l  
C l i m a t i c  C e n t e r )  a l s o  c o n t a i n  a u x i l i a r y  d a t a  d e r i v e d  s u b s e q u e n t  
t o  t h e  f l i g h t .  These  i n c l u d e  s o l a r  e l e v a t i o n  a n g l e  and  t h e  
N a t i o n a l  M e t e o r o l g i c a l  C e n t e r  (NMC) t r o p o p a u s e  height. T h e s e  
data were n o t  y e t  a v a i l a b l e  f o r  t h e  4 5  f l i g h t  data se t  
c o n s i d e r e d  i n  t h i s  work.  



2.6 I N V E S T I G A T I O N S  TO BE PERFORMED WITH THE GASP DATA 

Data from G A S P  f l i g h t s  which include a l l  or almost a l l  of t h e  
types o f  measurements described i n  the  preceding s e c t i o n  could 
be used t o  i n v e s t i g a t e  the following a spec t s  o f  c i r r u s  c louds .  

(1) The g loba l  d i s t r i b u t i o n  of c i r r u s  cloud occurrence between 
approximately 200 and 300  hPa ( m b )  p ressure  l e v e l s  could e a s i l y  
be i nves t iga t ed ,  Comparison of ind iv idua l  records  of cloud 
episodes t o  corresponding s tandard meteorological  synopt ic  
analyses would provide a means of c o r r e l a t i n g  occurrence of 
these  clouds w i t h  atmospheric c i r c u l a t i o n  f e a t u r e s ,  

( 2 )  In  add i t i on  t o  the  occurrence of c i r r u s  c louds ,  t h e  
occurrence of near ly  c l e a r ,  but  i ce -supersa tura ted ,  a i r  can 
a l s o  be s tud ied  using the G A S P  d a t a ,  C lea r ,  i ce -supersa tura ted  
regions  a r e  commonly ind ica ted  by the formation and p e r s i s t e n c e  
of a i r c r a f t  c o n t r a i l s  i n  apparent ly  c l e a r  a i r .  I n  these  
reg ions ,  R H I  exceeds 1 0 0 %  but  RHW has ye t  t o  become la rge  
enough t o  i n i t i a t e  n a t u r a l  cloud formation by the  so rp t ion -  
f reez ing  process.  Casual observat ions  from the  ground a s  wel l  
a s  a  survey of s a t e l l i t e  images t o  the  e a r t h  show t h a t  
c o n t r a i l s  usual ly  p e r s i s t  i n  regions  near where n a t u r a l  c i r r u s  
clouds a r e  found (Detwiler ,  1980) .  Such c loudless  regions  
might be seeded with ice-nucleat ing agents  in order t o  form 
clouds a r t i f i c a l l y  and t o  modify the  r a d i a t i v e  heatin'g and 
cooling of t h e  ea r th  and lower atmosphere. I t  is of i n t e r e s t  
t o  determine whether c l e a r ,  i ce -supersa tura ted  regions  can be 
found i n  s i t u a t i o n s  where a r t i f i c i a l  cloud formation would be 
b e n e f i c i a l ,  

( 3 )  I t  is important t o  determine the  number of smal l  i c e  
p a r t i c l e s  p resen t  i n  t y p i c a l  c i r r u s  c louds  i n  order t o  al low 
more accura te  ca l cu l a t i on  of r a d i a t i v e  t r a n s f e r  through such 
clouds.  Previous r e s u l t s  show t h a t  the  l a r g e s t  number of 
p a r t i c l e s  usua l ly  have a s i z e  c l o s e  t o  the  de t ec t ion  l i m i t  o f  
the  instruments employed t o  measure i c e  p a r t i c l e  s i z e  s p e c t r a  
from a i r c r a f t .  Since the  G A S P  o p t i c a l  p a r t i c l e  de t ec to r  can 
sample p a r t i c l e s  somewhat smaller  than de tec ted  by ins t rument  
packages used i n  previous i n v e s t i g a t i o n s ,  the  G A S P  da t a  s e t  may 
be ab le  t o  give  some usefu l  information about the  presence of 
i c e  p a r t i c l e s  in c i r r u s  clouds l e s s  than a few micrometers i n  
diameter,  

( 4 )  By looking a t  the  measured humidi t ies  a n d  p a r t i c l e  s i z e  
spec t r a  i n  c i r r u s  c louds ,  some v e r i f i c a t i o n  of the  t h e o r e t i c a l  
i c e  p a r t i c l e  growth s imulat ions  of Heymsfield can be made. In  
add i t i on ,  a  humidity c r i t e r i o n  might be developed fo r  use by 
numerical modelers t o  parameterize the  presence or absence of  
c i r r u s  clouds i n  a model atmosphere, 



For this study the data records collected during 45 commercial 
flights late in 1978 were analyzed in detail. These flights 
are from file 1 of GASP archive tape VL0023, and are identified 
by route and date in Table 2-1. ~etailed time profiles of the 
variation of temperature, frostpoint temperature, condensation 
nuclei, light-scattering particles, wind speed and direction, 
flight pressure level and ozone concentration for each flight 
were examined. Synoptic analyses of meteorological fields for 
times nearly coincident with each data record were examined and 
compared to the flight profiles. Finally, scatter diagrams 
were prepared to explore the co-variation of several pairs of 
parameters. Several additional statistical calculations were 
performed, using the entire 45 flight data set. Results 
relating to the four topics described in this section are 
presented below. 



TABLE 2-1 - FLIGHTS FhQM GASP TAPE VLOO23, F l L E  1 (N655PA) 

FLlGHT DEPARTURE DATA TIME NDATA 
Rc) UTE DATE INTVL ( GMT) 

LAX-SF0 
SFd-NkT 
NHT-HNL 
HNL-PDX 
PDX-HNL 
H N L - P D X  
P D X - H N L  
HNL-dSk 
OSA- HNL 
HNL-NkT 
NRT- HKG 
HKG-DEL 
DEL-THR 
THR-FRA 
FRA-LHR 
LHR-JFK 
JFK-IAH 
I A H -  JFK 
JFK -LHK 
LHR-FKA 
FRA -THR 
THK-BKK 
BKK-HKG 
H K G - N R T  
NRT-LAX 
LAX- HN L 
HNL- PPG 
PPG- PPT 
PPT-LAX 
LAX-SF\) 
SFd-NRT 
NRT-HNL 
HNL-OSA 
QSA-HNL 
HNL-LAX 
LAX- JFK 
JFK -ATH 
ATH-BGR 
BGR-LAX 
L A X - P I K  
PlK-LHA 
L k X - H N L  



FLIGHT DEPARTURE DATA TIME NDATA 
ROUTE DATE INTVL (GMT) 

75 " HNL-LAX 11/12/78 2059-0114 51 
76 " LAX-HNL 11/13/78 0602-1027 49 
77 " HNL-AKL 11/13/78 1326-2103 10 8 



2 . 7  RESULTS 

2 . 7 . 1  G l o b a l  D i s t r i b u t i o n  o f  C i r r u s  C l o u d  E n c o u n t e r s  

The g l o b a l  d i s t r i b u t i o n  o f  c i r r u s  c l o u d  e n c o u n t e r s  i n  t h e  G A S P  
d a t a  s e t  h a s  a l r e a d y  b e e n  examined  u s i n g  a  l a r g e r  s u b s e t  o f  t h e  
t o t a l  s e t  t h a n  is  c o n s i d e r e d  h e r e ,  c o v e r i n g  t h e  p e r i o d  f r o m  
l a t e  1 9 7 5  t h r o u g h  1 9 7 7  ( N a s t r o m  e t  a l . ,  1 9 8 1 ) .  The d i s t r i -  
b u t i o n  o f  c l o u d s  b e t w e e n ,  n o m i n a l l y ,  200 a n d  300 hPa ( m b ) ,  w i t h  
r e s p e c t  t o  l a t i t u d e  a n d  l o n g i t u d e ,  h e i g h t  a b o v e  a n d  b e l o w  t h e  
NMC t r o p o p a u s e ,  a n d  f r e q u e n c y  o f  o c c u r r e n c e  a l o n g  s e l e c t e d  
c o m m e r c i a l  a i r  r o u t e s  were p r e s e n t e d  i n  t h a t  s t u d y .  I t  was  
shown t h a t  c i r r u s  c l o u d s  a re  e n c o u n t e r e d  m o s t  f r e q u e n t l y  o v e r  
t h e  i n t e r t r o p i c a l  c o n v e r g e n c e  z o n e  (ITCZ) a n d  o v e r  t h e  
m i d - l a t i t u d e  b a r o c l i n i c  z o n e s ,  w h e r e  t h e  m i d - l a t i t u d e  j e t  
s t r e a m s  a n d  wave c y c l o n e s  a r e  m o s t  o f t e n  f o u n d .  The s e a s o n a l  
a n d  s p a t i a l  v a r i a t i o n  o f  c i r r u s  c l o u d s  i n  t h e  G A S P  d a t a  s e t  w a s  
c o n s i s t e n t  w i t h  t h e  s e a s o n a l  m i g r a t i o n  o f  t h e  ITCZ a n d  t h e  
m i d - l a t i t u d e  b a r o c l i n i c  z o n e s .  The  r e s u l t s  o f  t h i s  s t u d y  a r e  
c o n s i s t e n t  w i t h  t h e  work o f  London ( 1 9 5 7 )  a n d  Appleman ( 1 9 6 1 ) ,  
who u s e d  s u r f a c e  o b s e r v a t i o n s  a n d  a small  s a m p l e  o f  a i r c r a f t  
o b s e r v a t i o n s ,  r e s p e c t i v e l y ,  t o  d e v e l o p  t h e i r  c i r r u s  
c l i m a t o l o g i e s .  

From t h e s e  r e s u l t s ,  i t  a p p e a r s  t h a t  w e a t h e r  a n d  c l imate 
m o d e l e r s  who w i s h  t o  p a r a m e t e r i z e  t h e  p r e s e n c e  o f  c i r r u s  c l o u d  
i n  t h e i r  m o d e l s  m i g h t  d o  s o  w i t h  some e x p r e s s i o n  r e l a t l n g  t h e  
p r e s e n c e  a n d  e x t e n t  o f  c i r r u s  c l o u d s  t o  t h e  l o c a t i o n  a n d  
s t r e n g t h  o f  t h e  ITCZ, a n d  t h e  m i d - l a t i t u d e  b a r o c l i n i c  z o n e s  a n d  
t h e i r  a s s o c i a t e d  c y c l o n e s .  

Nas t rom e t  a l .  c o m p u t e d  l o c a l  r e l a t i v e  v o r t i c i t y  f r o m  NMC u p p e r  
l e v e l  wind a n a l y s e s  a t  t h e  l o c a t i o n  o f  e a c h  GASP d a t a  r e c o r d  i n  
t h e i r  s t u d y .  They f o u n d ,  b a s i c a l l y ,  t h a t  c i r r u s  c l o u d s  t e n d e d  
t o  o c c u r  more f r e q u e n t l y ,  a n d  a t  h i g h e r  a l t i t u d e s ,  i n  areas of 
n e g a t i v e  r e l a t i v e  v o r t i c i t y  t h a n  i n  a reas  o f  p o s i t i v e  r e l a t i v e  
v o r t i c i t y .  T h i s  i s  q u i t e  c o n s i s t e n t  w i t h  the d i s c u s s i o n  a b o v e  
i n  w h i c h  t h e  t e n d e n c y  f o r  c i r r u s  c l o u d s  t o  f o r m  o n  t h e  
a n t i c y c l o n i c  s ide o f  j e t  streams ( n e g a t i v e  r e l a t i v e  v o r t i c i t y  
d u e  t o  a n t i c y c l o n i c  wind s h e a r )  a n d  d o w n s t r e a m  of m i d - l a t i t u d e  
wave c y c l o n e s  ( n e g a t i v e  r e l a t i v e  v o r t i c i t y  d u e  t o  a n t i c y c l o n i c  
f l o w  c u r v a t u r e  i n  t h i s  r e g i o n ) .  

The c r i t e r i o n  f o r  c l o u d  s e c o n d s  u s e d  i n  d e f i n i n g  the p r e s e n c e  
o f  c l o u d s  d u r i n g  GASP f l i g h t s  ( 6 6 , 0 0 0  c o u n t s  p e r  a m b i e n t  c u b i c  
meter f o r  p a r t i c l e s  o f  d i a m e t e r  g r e a t e r  t h a n  3 p m )  a p p e a r s  t o  
b e  r e a s o n a b l e .  From F i g u r e  2 - 4 ,  w e  see t h a t  most o f  t h e  c l o u d  
s e c o n d  r e p o r t s  appear w i t h  t h e  r e p o r t s  of RHI g r e a t e r  t h a n  80% 
o r  s o .  Compar i son  w i t h  t h e  more c o m p r e h e n s i v e  c i r r u s  p a r t i c l e  



Fig. 2-4. A scattergram showing t h e  r e l a t i o n  between cloud seconds 
and RHI ($1  observed i n  t he  45-flight subset  o f  GASP data. 



s i z e  s p e c t r a  o b s e r v e d  u s i n g  t h e  AFGL c i r r u s  s t u d i e s  (AFGL, 
1978/79)  shows t h a t  c i r r u s  p a r t i c l e s  a  few m i c r o m e t e r s  o r  l ess  
i n  e q u i v a l e n t  s c a t t e r i n g  d i a m e t e r  a r e  a l m o s t  a lways  p r e s e n t  
when a  v i s i b l e  c i r r u s  c l o u d  is p e n e t r a t e d .  

A compa r i son  o f  t h e  4 5  f l i g h t  data ser ies  used  i n  t h i s  s t u d y  
w i t h  c o r r e s p o n d i n g  m e t e o r o l o g i c a l  s y n o p t i c  a n a l y s e s  c o n f i r m e d  
t h a t  t h e  d i s t r i b u t i o n  o f  f l i g h t - l e v e l  c i r r u s  c l o u d s  f o l l o w e d  
t h e  d i s t r i b u t i o n  o f  c i r r u s  w i t h  r e s p e c t  t o  wave c y c l o n e s ,  j e t  
s t r e a m s ,  and t h e  ITCZ d i s c u s s e d  p r e v i o u s l y .  

A s m a l l  f r a c t i o n  o f  t h e  c l o u d s  o b s e r v e d  i n  t h e  s t u d i e s  o f  
Appleman (1961)  and Nastrom e t  a l .  (1981)  were n o t e d  t o  b e  
above  t h e  a n a l y z e d  NMC t r o p o p a u s e .  However, i f  ozone  is u s e d  
a s  a n  i n d i c a t o r  o f  s t r a t o s p h e r i c  a i r ,  t h e n  t h e  GASP d a t a  
s u g g e s t  t h a t  c i r r u s  c l o u d s  a l w a y s  o c c u r  i n  o z o n e - d e p l e t e d  
t r o p o s p h e r i c  a i r .  The s o u r c e  o f  t h e  d i s a g r e e m e n t  seems t o  be 
e i t h e r  t h a t  t h e  NMC t r o p o p a u s e  i s  a n a l y z e d  on t o o  c o a r s e  a 
s c a l e  to p i c k  u p  small s c a l e  v a r i a t i o n s  i n  t r o p o p a u s e  h e i g h t ,  
o r  t h a t  t h e  l a p s e  r a t e  c r i t e r i o n  u sed  t o  d e f i n e  t h e  NMC 
t r o p o p a u s e  is  n o t  c o m p l e t e l y  compa rab l e  t o  t h e  t r o p o p a u s e  
d e f i n e d  by  g a s e o u s  tracer d i s c o n t i n u i t i e s .  

A s econd  i n t e r e s t i n g  r e l a t i o n  o b s e r v e d  i n  t h i s  s t u d y  was t h e  
e x t r e m e l y  s h a r p  boundary  between c l o u d y ,  m o i s t  and c l e a r ,  d r y  
a i r  o b s e r v e d  when a GASP a i r c r a f t  c r o s s e d  a  j e t  stream a x i s  a t  
a c o n s t a n t  p r e s s u r e  l e v e l ,  These  boundary  zones  would be 
t y p i c a l l y  na r rower  t h a n  t h e  d i s t a n c e  c o v e r e d  by t h e  GASP 
a i r c r a f t  between o b s e r v a t i o n s  ( i . e . ,  l ess  t h a n  70 km) . 
Most o f  t h e  GASP d a t a  are  c o n c e n t r a t e d  i n  t h e  h e a v i l y -  
t r a v e l l e d ,  m i d - l a t i t u d e  N o r t h e r n  Hemisphere  a i r  r o u t e s .  I n  t h e  
l i m i t e d  volume o f  d a t a  a v a i l a b l e  from t h e  4 5 - f l i g h t  d a t a  s e t  
p e r t a i n i n g  t o  s u b - t r o p i c a l  a r e a s  it was i n t r i g u i n g  t o  n o t e  t h a t  
when c i r r u s  c l o u d s  were  o b s e r v e d ,  t h e y  t e n d e d  t o  o c c u r  i n  
sho r t -wave  r i d g e s  downstream f rom sho r t -wave  t r o u g h s  i n  the 
uppe r  l e v e l  wind f low.  Even though  t h e  s u b - t r o p i c s  a r e  n o t  
c h a r a c t e r i z e d  by t h e  same t y p e  o f  f r o n t a l  wave-cyclone as 
m i d - l a t i t u d e s ,  t h e  s y n o p t i c - s c a l e  waves and c o n v e c t i v e  c l o u d  
complexes  t h a t  o c c u r  i n  t h e  s u b - t r o p i c s  seem t o  p r o d u c e  a  
p a t t e r n  o f  c i r r u s  c l o u d i n e s s  t h a t  is r e l a t e d  t o  t h a t  s u b -  
t r o p i c a l  upper  l e v e l  f l o w  i n  t h e  same way a s  t h e  p a t t e r n  o f  
c i r r u s  c l o u d i n e s s  a s s o c i a t e d  w i t h  m i d - l a t i t u d e  d i s t u r b a n c e s  i s  
r e l a t e d  t o  m i d - l a t i t u d e  upper  l e v e l  f l ow .  (See  Ch. 1 4 ,  Palmen 
and Newton, 1969.  ) 

I t  s h o u l d  be  n o t e d  t h a t  t h e  GASP d a t a  s e t  s u f f e r s  f rom f a i r l y  
s e r i o u s  b i a s e s .  Most  o f  i ts  d a t a  is c o l l e c t e d  a l o n g  
c o n s t a n t - p r e s s u r e - l e v e l  f l i g h t s  between 300 and  200 hPa. I f  
c i r r u s  c l o u d i n e s s  t e n d s  t o  o c c u r  a t  f l i g h t  l e v e l  i n  r i d g e s ,  
s a y ,  and  b e n e a t h  f l i g h t  l e v e l  i n  t r o u g h s ,  t h e n  t h e  GASP d a t a  



i n d i c a t i o n  t h a t  c i r r u s  a r e  r a r e l y  o b s e r v e d  i n  t r o u g h s  a n d  o f t e n  
o b s e r v e d  i n  r i d g e s  d o e s  n o t  i m p l y  t h a t  c i r r u s  a re  n o t  o b s e r v e d  
a t  a n y  l e v e l  i n  t r o u g h s .  It is o n l y  when t h e  c i r r u s  c l o u d i n e s s  
d i s t r i b u t i o n  o b s e r v e d  i n  the GASP d a t a  i s  compared  t o  t h e  d i s -  
t r i b u t i o n  d e r i v e d  b y  o t h e r  means o f  o b s e r v a t i o n  t h a t  d e f i n i t e  
c o n c l u s i o n s  c a n  be drawn a b o u t  t h e  o v e r a l l  t r o p o s p h e r i c  d i s -  
t r i b u t i o n  of cirrus c l o u d s .  

To summar i ze  t h i s  s e c t i o n ,  i t  a p p e a r s  t h a t  t h e  d i s t r i b u t i o n  o f  
f l i g h t - l e v e l  c i r r u s  c l o u d s ,  r e l a t e d  t o  s y n o p t i c  c i r c u l a t i o n s  
a n d  t o  l a t i t u d e  and l o n g i t u d e ,  o b s e r v e d  i n  the G A S P  p r o g r a m  i s  
r e a s o n a b l y  c o n s i s t e n t  with t h e  d i s t r i b u t i o n  d e r i v e d  by o t h e r  
means o f  o b s e r v a t i o n .  The u n i q u e  f e a t u r e  of  t h e  G A S P  set  is  
t h a t  t h e  s i m u l t a n e o u s  measurement  o f  p r e s e n c e  o f  c l o u d  a n d  
o z o n e  a l l o w s  o n e  t o  c o n c l u d e  t h a t  c i r r u s  c l o u d s  a l w a y s  o c c u r  i n  
a i r  o f  t r o p o s p h e r i c  c h a r a c t e r ,  based o n  o z o n e  c o n t e n t .  
P r e v i o u s  i n d i c a t i o n s  t h a t  c i r r u s  c l o u d s  c o u l d  some t imes  be  
o b s e r v e d  above  t h e  t r o p o p a u s e  w e r e  p r o b a b l y  i n  e r r o r  d u e  t o  
i n a d e q u a t e  d e f i n i t i o n  of t h e  t r o p o p a u s e  i n  t h e  c l o u d  r e g i o n .  



2.7.2 Cloudless Ice-Supersaturated regions 

Before examining the  GASP data  s e t  for  the occurrence of 
c loudless  ice-supersaturated regions,  some l i m i t a t i o n s  on t h e  
accuracy of the humidity measurements in  the  da ta  s e t  m u s t  
f i r s t  be considered. Determination of R H I  is made by dividing 
the  equilibrium vapor pressure of water over i ce  a t  the f r o s t  
point temperature by the equilibrium vapor pressure over i c e  a t  
t h e  s t a t i c  a i r  temperature. So the accuracy w i t h  which R H I  can 
be determined is l imited by the accuracy w i t h  which the s t a t i c  
a i r  temperature and f ros tpo in t  a r e  measured. 

The accuracy w i t h  which the s t a t i c  a i r  temperature is measured 
is  not s t a t e d  i n  the GASP l i t e r a t u r e .  However, s ince  dynamic 
a i r  temperatures sensed by objec ts  moving a t  t y p i c a l  GASP 
cru is ing  speeds can be 20° C or more higher than s t a t i c  a i r  
temperatures, determination of s t a t i c  a i r  temperatures is not a 
t r i v i a l  problem. An accuracy for the  reported s t a t i c  a i r  
temperature of plus or minus lo C is reasonable. 

The f r o s t  point instrument has a nominal accuracy of about p lus  
or m i n u s  1.2OC in  the  laboratory.  Now, i f  one op t imis t i ca l ly  
takes a typ ica l  e r r o r  range for both the  s t a t i c  a i r  temperature 
and the f ros tpo in t  of plus or minus  10 C ,  then the e r r o r  i n  
the  determination of R H I  can be on the  order of plus  or minus 
15% a t  temperatures i n  the neighborhood of -50°C. The e r r o r  
w i l l  be somewhat l e s s  a t  higher temperatures and somewhat 
grea ter  a t  lower temperatures, assuming the  same precis ion of 
temperature and f ros tpo in t  measurements. 

I n  regions where temperature and humidity a r e  f luc tua t ing ,  
there  w i l l  be addi t ional  e r r o r s  due t o  mismatched response 
times of the s t a t i c  a i r  temperature sensor and the  f r o s t  poin t  
sensor ,  and due a l s o  t o  humidity f luc tua t ions  on time s c a l e s  
much shorter  than the  response times of e i t h e r  of the  
instruments. 

F ina l ly ,  for  purposes of determining c l e a r  a i r ,  it must be 
remembered t h a t  the  reported o p t i c a l  p a r t i c l e  counts a re  
accumulated over a 60 second period 3 t o  4 minutes preceding 
the time t h a t  the humidity and p a r t i c l e  counts a r e  recorded. 
Even though the a i r  may be c l ea r  a t  the  loca t ion  where the  
temperature and f ros tpo in t  a re  recorded, i f  any clouds were 
encountered over the previous 70 km then the  l i g h t - s c a t t e r i n g  
p a r t i c l e  count may be q u i t e  high. 

I n  the following discussion,  p a r t i c l e  counts w i l l  be expressed 
in  three cumulative s i z e  ranges. PD2 is the  number of 
p a r t i c l e s  per ambient cubic meter la rger  than 0.45 A m  
diameter; PD4 is  the number la rger  than 1 . 4  y m ;  and PD5 is the  



number l a r g e r  t h a n  3.0 P m .  By d e f i n i t i o n ,  PD4 is l e s s  t h a n  
PD2 w h i l e  PD5 i s  l e s s  t h a n  PD4, f o r  each r e c o r d e d  s e t  o f  
c o u n t s .  Now t a k i n g  t h e  p r e s e n c e  of  PD5 a s  a n  i n d i c a t i o n  o f  t h e  
p r e s e n c e  o f  i c e  p a r t i c l e s ,  we s e e  from F i g u r e  2-5 t h e  r a n g e  o f  
R H I  over  which s i g n i f i c a n t  numbers of  PD5 a r e  obse rved  i n  o u r  
4 5  f l i g h t  d a t a  s e t .  Fol lowing t h i s ,  i n  F i g u r e  2-6  is shown t h e  
range  of  R H I  over  which a t  l e a s t  some o p t i c a l  p a r t i c l e  c o u n t s  
were observed (PD2), b u t  none o f  t h e  counted  p a r t i c l e s  were 
l a r g e  enough t o  f a l l  i n t o  t h e  PD5 range .  I t  c a n  b e  s e e n  t h a t  
i n  a  few p e r c e n t  o f  a l l  c a s e s  where bo th  h u m i d i t y  and o p t i c a l  
p a r t i c l e  c o u n t s  a r e  b o t h  a v a i l a b l e  t h e r e  i s  a p p a r e n t l y  
" c l o u d l e s s "  i c e - s u p e r s a t u r a t e d  a i r  (on a  h o r i z o n t a l  s c a l e  o f  70 
km o r  more) .  

The "c loud second" d a t a  r e c o r d e d  by t h e  GASP i n s t r u m e n t  package  
can  a l s o  be used t o  make some i n f e r e n c e  a b o u t  t h e  p r e s e n c e  o f  
c l e a r  i c e - s u p e r s a t u r a t e d  r e g i o n s .  For c l o u d  s e c o n d s  c l o s e  t o  
255 one can i n f e r  c l o u d i n e s s  uniormly dense r  t h a n  what v i s u a l l y  
l o o k s  l i k e  " a  l i g h t  haze"  over  d i s t a n c e s  of  70 km o r  so .  For 
fewer c l o u d  seconds  one c a n  i n f e r  a  p a t c h i e r ,  more v a r i a b l e  
c l o u d i n e s s .  I n  F i g u r e  2-4 i t  c a n  be  s e e n  t h a t  most c l o u d  
second o b s e r v a t i o n s  a r e  accompanied by R H I  between 75% and  
130%. I t  can  a l s o  be  s e e n  t h a t  t h e r e  a r e  few c l o u d  second 
r e p o r t s  near  255 seconds.  T h i s  i n d i c a t e s  v a r i a t i o n s  i n  c i r r u s  
c l o u d  s t r u c t u r e  on s c a l e s  l e s s  t h a n  70 km. (The c l o u d  l a y e r  
o b s e r v a t i o n s  a v e r a g e  around f o u r  pe r  255 s e c o n d s ,  w i t h  a  
s t a n d a r d  d e v i a t i o n  o f  a b o u t  two. The c o u n t s  o f  number o f  c l o u d  
l a y e r s  per  255 s e c  i n t e r v a l  a r e  n o t  t r u l y  normal ly  
d i s t r i b u t e d .  The d i s t r i b u t i o n  i s  skewed somewhat towards  
h i g h e r  c o u n t s . )  

The f requency d i s t r i b u t i o n  o f  t h e  c l o u d  second c o u n t s  o b s e r v e d  
i n  our  45 f l i g h t  d a t a  s e r i e s  is shown i n  F i g u r e  2-7. I t  c a n  be 
s e e n  t h a t  even though t h e  a v e r a g e  number o f  c l o u d  seconds  
r e p o r t e d  is i n  t h e  neighborhood o f  50 o r  s o ,  t h e  f r e q u e n c y  
d i s t r i b u t i o n  is skewed towards  t h e  low end. 

C a s u a l  i n s p e c t i o n  o f  s a t e l l i t e  imagery and o b s e r v a t i o n s  o f  t h e  
sky  from t h e  ground a l s o  show t h a t  c i r r u s  c l o u d i n e s s  i n  i n d e e d  
t y p i c a l l y  q u i t e  p a t c h y  and v a r i a b l e ,  o f t e n  on a  s c a l e  o f  a  few 
k i l o m e t e r s .  

Looking through t h e  45 f l i g h t s ,  one f i n d s  t h a t  a b o u t  7% o f  t h e  
d a t a  r e c o r d s  a v a i l a b l e  w i t h  b o t h  humid i ty  and o p t i c a l  p a r t i c l e  
d a t a  p r e s e n t  have (1) R H I  g r e a t e r  t h a n  70%,  and ( 2 )  l e s s  t h a n  
10 c loud  seconds accumula ted  over  t h e  p r e v i o u s  255 seconds .  
There is some tendency f o r  t h e s e  r e c o r d s  t o  a p p e a r  s e q u e n t i a l l y  
( s e e  F igure  2 - 8 ) .  The combinat ion  o f  r e l a t i v e l y  h i g h e r  R H I  
accompanied by l i t t l e  c l o u d i n e s s  might b e  t a k e n  a s  a  c r u d e  



Fig. A scattergram of log PD5 (number per ambient cubic meter) 
versus RHI (%)  . Note the large number of observations a t  
the lower threshold of instrument sensi t ivi ty,  corresponding 
t o  one part icle  counted in  60 sec. Well-defined l ines of 
points above th i s  lowest one correspond t o  two, three, and 
four counts i n  60 sec, respectively. 



Fig. 2-6. A scattergram of log PD2 (number per ambient cubic meter) 
versus RHI , excluding those cases where PD5 are present- 
T h i s  f igure e s sen t i a l ly  gives the  frequency of occurrence of 
da ta  records w i t h  both ROYCO and humidity data  present ,  but 
no p a r t i c l e s  larger than three micrometers equivalent diameter, 
a s  a function of RHI. 
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Fig. 2-7. A bar graph showing the frequency distribution of cloud 
second reports observed on the 45 f l i g h t s .  
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~ i g .  2-8. A bar graph showing t h e  frequency distribution of the number 
of occurrences of one, two, o r  more successive observations 
with (1) M I  grea te r  than 80%, and ( 2 )  less than 10 cloud 
seconds. The horizontal distance between successive observa- 
tions is about 70 km. 



i n d i c a t i o n  o f  a n  o p p o r t u n i t y  f o r  s e e d i n g  t o  i n c r e a s e  t h e  amount  
o f  c l o u d i n e s s .  

The r e s u l t  t h a t  7% o f  t h e  a v a i l a b l e  r e c o r d s ,  by t h i s  c r i t e r i o n ,  
show an  o p p o r t u n i t y  f o r  c l e a r - a i r  seeding is c o n s i s t e n t  w i t h  
the p e r s o n a l  o b s e r v a t i o n s  o f  Beckwith (1972)  who n o t e d  t h a t  
p e r s i s t i n g  aircraft c o n t r a i l s  i n  c l e a r  o r  s c a t t e r e d  c l o u d  
c o n d i t i o n s  n e a r  f l i g h t  l e v e l  were o b s e r v e d  i n  a b o u t  7% o f  t h e  
395 o b s e r v a t i o n s  w h i c h  h e  made d u r i n g  n e a r l y  300 ,000  k m  o f  
f l i g h t  on commerc i a l  a i r l i n e r s  between 1 9 6 4  and 1972 .  I t  
s h o u l d  be  n o t e d  t h a t  B e c k w i t h ' s  o b s e r v a t i o n s  were made 
p r e d o m i n a n t l y  o v e r  t h e  c o n t i n e n t a l  U S  and between C a l i f o r n i a  
a n d  Hawai i ,  w h i l e  t h e  4 5 - f l i g h t  r e c o r d  c o n s i d e r e d  h e r e  e x t e n d e d  
a r o u n d  t h e  g l o b e  w i t h  some f l i g h t s  o v e r  s u b t r o p i c a l  and  
t r o p i c a l  a r e a s .  

The n e a r l y  c l e a r ,  humid a i r  a l o n g  t h e  GASP f l i g h t  r o u t e s  a l w a y s  
had a low ozone  c o n c e n t r a t i o n  and  w a s  p r o b a b l y  o f  p r e d o m i n a n t l y  
t r o p o s p h e r i c  o r i g i n .  

I n  summary, t h e n ,  it a p p e a r s  that e x t e n s i v e  r e g i o n s  of c l e a r  
i c e - s u p e r s a t u r a t e d  a i r  ( s a y ,  100 km o r  more i n  e x t e n t  along a 
f l i g h t  path)  a r e  r e l a t i v e l y  r a r e ,  o c c u r r i n g  d u r i n g  o n l y  a f e w  
p e r c e n t  o f  t h e  t o t a l  time d u r i n g  the 4 5  f l i g h t s .  Compar i son  
w i t h  m e t e o r o l o g i c a l  s y n o p t i c  a n a l y s e s  shows t h a t  t h e s e  k i n d s  o f  
r e g i o n s  t y p i c a l l y  o c c u r  i n  t h e  same s y n o p t i c  s i t u a t i o n s  a s  d o  
c i r r u s  c l o u d s .  Beckwith a l s o  n o t e d  t h a t  s u c h  r e g i o n s  a re  
t y p i c a l l y  much l e s s  t h a n  50 km i n  e x t e n t  (Beckwi th ,  1 9 7 2 ) .  
Ev idence  d e r i v e d  f rom s a t e l l i t e  image ry ,  and  n o t  p r e s e n t e d  
h e r e ,  a l s o  shows t h a t  c o n t r a i l s  p e r s i s t i n g  i n  l e n g t h s  o f  1 0 0  k m  
or  more i n  c o m p l e t e l y  c l e a r  a i r  a r e  r a r e l y  o b s e r v e d .  I n  a l m o s t  
a l l  o b s e r v a t i o n s  o f  c o n t r a i l s ,  what a p p e a r d  a s  n a t u r a l  c i r r u s  
c l o u d s  were g e n e r a l l y  p r e s e n t  w i t h i n  a  few t e n s  o f  k i l o m e t e r s  
o f  t h e  c o n t r a i l s  ( D e t w i l e r  , 1 9 8 0 ) .  

As i n  t h e  c a s e  o f  t h e  d i s t r i b u t i o n  o f  c i r r u s  c l o u d s  j u s t  
d i s c u s s e d  a b o v e ,  t h e  a p p p l i c a t i o n  of  G A S P  d a t a  t o  t h e  q u e s t i o n  
o f  o c c u r r e n c e  o f  c l e a r  i c e - s u p e r s a t u r a t e d  r e g i o n s  r e q u i r e d  
c o r r o b o r a t i o n  by o t h e r  means of  o b s e r v a t i o n  t o  answer  many 
i n t e r e s t i n g  q u e s t i o n s .  I n  p a r t i c u l a r ,  i t  is i m p o s s i b l e  t o  i n f e r  
f rom t h e  GASP d a t a  the p r e s e n c e  o f  clouds above  o r  below a 
p a r t i c u l a r  l e n g t h  o f  c l e a r  i c e - s u p e r s a t u r a t e d  f l i g h t  p a t h .  The 
u s e f u l n e s s  o f  making c l o u d s  a r t i f i c i a l l y  w i l l  p r o b a b l y  be much 
g r e a t e r  i n  a column of  c l e a r  a i r  t h a n  i n  a column that a l r e a d y  
c o n t a i n s  c i r r u s  c l o u d s  above  o r  below the a r t i f i c i a l l y - p r o -  
duced  ones. 



2.7.3 C i r r u s  Cloud S m a l l  P a r t i c l e  C o u n t s  

The q u e s t i o n  o f  t h e  number o f  s m a l l  p a r t i c l e s  p r e s e n t  i n  c i r r u s  
c l o u d s  can be d i r e c t l y  answered  u s i n g  t h e  GASP d a t a  s e t ,  a s  
l o n g  a s  some o f  t h e  u n i q u e  c h a r a c t e r i s t i c s  of t h e  GASP s a m p l i n g  
s y s t e m  a r e  k e p t  i n  mind. P a r t i c l e  s i z e s  a r e  e x p r e s s e d  i n  terms 
o f  t h e  s i z e  o f  l a t e x  s p h e r e s  r e q u i r e d  t o  p r o d u c e d  a n  e q u i v a l e n t  
amount  o f  n e a r - f o r w a r d  s c a t t e r i n g .  A l s o ,  t h e  p a r t i c l e  c o u n t s  
a r e  a c c u m u l a t e d  o v e r  r o u g h l y  70  km of f l i g h t  p a t h ,  which  may 
encompass s e v e r a l  s m a l l e r - s c a l e  r e g i o n s  o f  c l o u d  g r o w t h  o r  
d i s s i p a t i o n ,  o r  b o t h ,  w i t h  d i s t i n c t l y  d i f f e r e n t  p a r t i c l e  size 
s p e c t r a ,  

I n  F i g u r e  2 - 5 ,  the r a n g e  of t h e  o b s e r v e d  PD5 c o u n t s  versus RHI 
w a s  shown. T y p i c a l l y ,  on  t h e  o r d e r  o f  100 ,000  p a r t i c l e s  per 
a m b i e n t  c u b i c  meter were p r e s e n t  i n  c l o u d s .  E x a m i n a t i o n  o f  t h e  
4 5  f l i g h t  s e t  o f  r e c o r d s  shows t h a t  whenever R H I  is g r e a t e r  
t h a n  a b o u t  808 ,  PD4 is t y p i c a l l y  w i t h i n  a f a c t o r  o f  two o f  
PD5. Also, PD4 g r e a t e r  t h a n  r o u g h l y  10 ,000  p e r  a m b i e n t  c u b i c  
me te r  i s  a l m o s t  n e v e r  o b s e r v e d  u n l e s s  PD5 a r e  a l s o  p r e s e n t  (see 
F i g u r e s  2-9 and 2 -10) .  I n  r e g i o n s  o f  R H I  l e ss  t h a n  708 ,  t h e  
number o f  PD4 i s  t y p i c a l l y  l e ss  t h a n  1 0 , 0 0 0 ,  but much greater 
t h a n  PD5, i n d i c a t i n g  t h a t  t h e  l a r g e  r a t i o s  o f  PD4/PD5 o b s e r v e d  
i n  F i g u r e  2-9 f o r  RHW l e s s  t h a n  80% a r e  d u e  t o  v e r y  s m a l l  
numbers o f  PD5 a p p e a r i n g  i n  r e l a t i v e l y  d r y  a i r ,  accompan ied  b y  
a  f ew  t h o u s a n d  PD4 p e r  c u b i c  meter. 

I f ,  a v e r a g e d  o v e r  7 0  k m  o r  s o  i n  more o r  less c o n t i n u o u s  areas  
o f  c i r r u s  c l o u d i n e s s ,  t h e r e  a re  r o u g h l y  a s  many p a r t i c l e s  w i t h  
a  s i z e  be tween 1 .4  and  3.0 +rn as  t h e r e  a r e  b e t w e e n  3 . 0  a n d  
a b o u t  20  & m ,  t h e n  a n  u p d a t e  t o  p a s t  c o m p u t a t i o n s  o f  t h e  
r a d i a t i v e  p r o p e r t i e s  o f  c i r r u s  c l o u d s  may b e  r e q u i r e d  (Roewe 
and  L i o u ,  1978;  Derr, 1 9 8 0 ) .  These c o m p u t a t i o n s  d i d  n o t  
a c c o u n t  f o r  t h e  p r e s e n c e  of  l a r g e  numbers o f  s u c h  s m a l l  
p a r t i c l e s .  

The GASP d a t a  a r e  i n  r e a s o n a b l e  a g r e e m e n t  with t h e  AFGL d a t a ,  
showing s i m i l a r  c o n c e n t r a t i o n s  o f  p a r t i c l e s  o f  few m i c r o m e t e r s  
i n  d i a m e t e r  o r  l e s s  (AFGL, 1978/79)  . The AFGL g r o u p  u s e s  a n  
i n s t r u m e n t  t o  c o u n t  p a r t i c l e s  i n  t h i s  s i z e  r a n g e  t h a t  o p e r a t e s  
on t h e  same p r i n c i p l e s  a s  the G A S P  ROYCO c o u n t e r s ,  b u t  is  a 
d i f f e r e n t  d e s i g n  and m a n u f a c t u r e r  (PMS, B o u l d e r ,  CO) . Due t o  
some o f  t h e  u n c e r t a i n t i e s  men t ioned  above  c o n c e r n i n g  t h e  
a c c u r a c y  o f  s u c h  o p t i c a l  p a r t i c l e  c o u n t e r s '  s i z e  a s s i g n m e n t ,  i t  
would b e  p r u d e n t  t o  l o o k  f o r  c o r r o b o r a t i n g  e v i d e n c e  d e r i v e d  
f rom p a r t i c l e  s i z i n g  i n s t r u m e n t s  o p e r a t i n g  on  d i f f e r e n t  
p r i n c i p l e s .  

An a d d i t i o n a l  p rob lem is t h e  f r a g i l e  n a t u r e  o f  many c i r r u s  ice 
p a r t i c l e s .  A. Hogan ( p e r s o n a l  communica t ion )  h a s  i n d i c a t e d  t h e  
e x t r e m e  d i f f i c u l t y  of  s a m p l i n g  ice c r y s t a l s  s e t t l i n g  s l o w l y  i n  
n e a r l y  ca lm a i r  near t h e  s u r f a c e  i n  p o l a r  r e g i o n s .  They 





Fig. 2-10. A scattergram of log PD4 (number per ambient cubic meter) 
versus RHI (%) for cases where PD5 were not detected. 



o f t e n  b r e a k  u p  when t h e y  f a l l  o n t o  g l a s s  s l i d e s  c o a t e d  w i t h  
Formvar .  One m i g h t  e x p e c t  some ice  p a r t i c l e  b r e a k - u p  i n  t h e  
ROYCO s a m p l i n g  t u b i n g .  I t  i s  i n t r i g u i n g  t o  n o t e  t h o u g h ,  t h a t  
t h e  AFGL i n s t r u m e n t  ( P a r t i c l e  Measur i n g  Sys t ems  (PMS) 
a x i a l l y - s c a t t e r i n g  p r o b e )  t h a t  is s e n s i t i v e  t o  t hese  s m a l l  
p a r t i c l e s  c a n  s a m p l e  t hem i n  t h e  f r e e  a i r  stream. I t  d e t e c t s  
r o u g h l y  t h e  same numbers  o f  s m a l l  p a r t i c l e s  a few m i c r o m e t e r s  
o r  less i n  e q u i v a l e n t  s c a t t e r i n g  d i a m e t e r  i n  c i r r u s  c l o u d s  a s  
d o e s  t h e  GASP ROYCO. I t  is  p o s s i b l e ,  t h o u g h ,  t h a t  the c i r r u s  
ice p a r t i c l e s  a re  s o  f r a g i l e  that t h e y  are b r o k e n  u p  i n  t h e  
t u r b u l e n t  f l o w  f i e l d  s u r r o u n d i n g  the a i r c r a f t ,  s o  t h a t  e v e n  
when s a m p l i n g  i n  t h e  f r e e  a i r s t r e a m  s e v e r a l  c e n t i m e t e r s  f r o m  
t h e  a i r c r a f t  t h e  sampled c r y s t a l s  a v e  b e e n  a l r e a d y  b r o k e n  
somewhat d u r i n g  p a s s a g e  t h r o u g h  t h e  a i r c r a f t ' s  bow wave. 

~ e y m s f i e l d ' s  ( 1973 )  c i r r u s  s i m u l a t i o n s  w o u l d  s u g g e s t  t h a t  l a r g e  
numbers  o f  small  p a r t i c l e s  ( a  few m i c r o m e t e r s  o r  less i n  s i z e )  
s h o u l d  be p r e s e n t  i n  u p d r a f t s  whe re  c i r r u s  c l o u d s  a r e  f o r m i n g  
and  new ice p a r t i c l e s  n u c l e a t i n g  c o n t i n u o u s l y .  The s t e e p  s l o p e  
o f  t h e  more c o m p l e t e  A F G L  c i r r u s  p a r t i c l e  size s p e c t r a ,  l i k e  
t h a t  shown i n  F i g u r e  2 -3 ,  shows  t h a t  t y p i c a l l y  less  t h a n  1 0 %  o f  
t h e  ice p a r t i c l e s  p r e s e n t  a r e  1 0  + m  o r  g r e a t e r  i n  e q u i v a l e n t  
d i a m e t e r .  However, it s h o u l d  a l s o  be n o t e d  t h a t  m o s t  o f  the 
ice mass w i l l  u s u a l l y  b e  p r e s e n t  i n  t h e  s i z e  r a n g e  f r o m  t e n s  t o  
h u n d r e d s  o f  m i c r o m e t e r s .  

To summar ize  t h i s  s e c t i o n ,  t h e  s i z e  s p e c t r a  of  c i r r u s  c l o u d  
p a r t i c l e s  s amp led  o v e r  many t e n s  of  k i l o m e t e r s  a l o n g  c o n s t a n t  
p r e s s u r e  f l i g h t  p a t h s  show t h a t  PD4 a n d  PD5 c o u n t s  a r e  
t y p i c a l l y  w i t h i n  a f a c t o r  o r  two o f  e a c h  o t h e r  i n  r e g i o n s  where 
t h e  h u m i d i t y  is  h i g h  enough  t o  i n d i c a t e  p r e s e n c e  o f  s t a b l e  
cloud. I n  t h e s e  z o n e s ,  t y p i c a l l y  o n  t h e  o r d e r  o f  100 ,000  
p a r t i c l e s  l a r g e r  t h a n  3 .0  A m  i n  s i z e  a r e  p r e s e n t  p e r  a m b i e n t  
c u b i c  me t e r .  I n  d r i e r  a i r  somewhat smaller c o u n t s  o f  PD4 a n d  
much s m a l l e r  counts o f  PDS are  o b s e r v e d .  One m i g h t  i n f e r  t h a t  
i n  z o n e s  o f  RHI g r e a t e r  t h a n  8 0 %  o r  s o ,  t h e  l a r g e s t  number o f  
p a r t i c l e s  is u s u a l l y  i n  t h e  s i z e  r a n g e  f r o m  1 . 4 p m  t o  somewhat  
a b o v e  3 , u r n .  

2 - 7 . 4  C i r r u s  C loud  H u m i d i t i e s  

I n  a young cloud f o r m a t i o n  z o n e  t h e r e  will b e  p r e d o m i n a n t l y  
m i c r o m e t e r - s i z e  h a z e  p a r t i c l e s  a n d  a few l a r g e r  ice p a r t i c l e s .  
I n  a n  o l d e r  r e g i o n  of c l o u d  t h e r e  w i l l  b e  p r e d o m i n a n t l y  l a r g e r  
ice p a x t i c l e s  t h a t  a r e  t e n s  o r  h u n d r e d s  o f  micrometers i n  
e q u i v a l e n t  s c a t t e r i n g  d i a m e t e r .  I n  terms of the GASP data, 
this means t h a t  i n  young  f o r m a t i o n  z o n e s  PD4 w i l l  g r e a t l y  
e x c e e d  PD5. T h a t  is ,  t h e r e  w i l l  be many p a r t i c l e s  between 



1 . 4 ~ m  and 3.0 , a m .  I n  an  o l d e r  r e g i o n  PD4 w i l l  b e  c l o s e  t o  
PD5. Tha t  i s ,  many o f  t h e  p a r t i c l e s  l a r g e r  t h a n  1 . 4  y m  w i l l  
a l s o  be  l a r g e r  t h a n  3.0 Prn. 

F i g u r e s  2-9 and 2-11 show t h e  o b s e r v a t i o n s  where b o t h  h u m i d i t y  
and p a r t i c l e  d a t a  were pre sen t ,  and t h e  r e l a t i o n s h i p  between 
t h e  r a t i o  P D ~ / P D ~  and r e l a t i v e  humidi ty .  I t  c a n  be s e e n  t h a t  
f o r  RHW g r e a t e r  t h a n  a b o u t  4 5 %  and RHI g r e a t e r  t h a n  abou t  8 0 %  
most o b s e r v a t i o n s  show a r e l a t i v e l y  s m a l l  r a t i o  i n d i c a t i v e  o f  
an  aged a e r o s o l  popu la t ion .  For lower h u m i d i t i e s  mos t ly  l a r g e r  
r a t i o s  were observed .  A t  t h e  same t i m e ,  F i g u r e s  2 -5  and 2-12 
show t h a t  above t h e s e  t h r e s h o l d  r e l a t i v e  h u m i d i t i e s  (RHI 2 80% 
and RHW 2 4 5 % )  l a r g e r  PDS c o u n t s  were obse rved ,  i n d i c a t i n g  t h a t  
c l o u d s  were u s u a l l y  p r e s e n t ,  

We may conclude  from these o b s e r v a t i o n s  t h a t  most o f  t h e  cirrus 
p e n e t r a t e d  by GASP a i r c r a f t  were composed o f  r e l a t i v e l y  aged 
p a r t i c l e  p o p u l a t i o n s .  Th i s  s u g g e s t s  t h a t  c l o u d  f o r m a t i o n  z o n e s  
must bo th  be of r e l a t i v e l y  s m a l l  s c a l e  and have  s h o r t  life- 
t imes  compared t o  t h e  e n t i r e  s c a l e  and l i f e t i m e  o f  t h e  c l o u d s .  
The s m a l l - s c a l e  v a r i a t i o n s  in cirrus c l o u d  s t r u c t u r e  d i s c u s s e d  
i n  t h e  p reced ing  s e c t i o n  would, o f  c o u r s e ,  l e a d  one t o  e x p e c t  
t h i s .  

In t e rms  of t h e  d i s c u s s i o n  i n  S e c t i o n  2 . 7 . 2  c o n c e r n i n g  r e g i o n s  
in which a r t i f i c i a l  c loud  fo rma t ion  might  be s t i m u l a t e d ,  it is  
t h e  s m a l l  number of  r e g i o n s  w i t h  r e l a t i v e l y  h i g h  humid i ty  and 
r e l a t i v e l y  low l a r g e  p a r t i c l e  c o n c e n t r a t i o n s  i n  which s u c h  
c l o u d  fo rma t ion  might b e  a t t empted .  I n  such  r e g i o n s ,  d i s p e r s a l  
o f  i c e  n u c l e a t i n g  a g e n t s  might l e a d  t o  e a r l i e r  and more 
e x t e n s i v e  c loud  fo rma t ion  t h a n  would have o c c u r r e d  n a t u r a l l y .  

From t h e s e  r e s u l t s ,  and t h e  c loud-second v e r u s  R H I  r e l a t i o n s h i p  
shown i n  F i g u r e  2-4,  i t  a p p e a r s  t h a t  RHW g r e a t e r  t h a n  r o u g h l y  
4 5 %  and R H I  g r e a t e r  t h a n  rough ly  8O%, on s c a l e s  o f  70 km o r  s o ,  
u s u a l l y  i n d i c a t e s  s c a t t e r e d  t o  o v e r c a s t  c i r r u s  c l o u d i n e s s  a t  
t e m p e r a t u r e s  lower t h a n  -40° C .  

U n f o r t u n a t e l y ,  from F i g u r e  2-4  it is  s e e n  t h a t  a p o i n t  
measuwement o f  humidi ty  exceeding  t h e s e  t h r e s h o l d s  c a n n o t  be  
u n i q u e l y  r e l a t e d  t o  some s p e c i f i c  amount of  c l o u d i n e s s .  I t  i s  
p o s s i b l e  t h a t  a d i s t r  i b u t i o n  f u n c t i o n  d e s c r  i b i n g  t h e  e x t e n t  of 
c i r r u s  c l o u d i n e s s  might be d e r i v e d  from t h e  G A S P  data f o r  u s e  
by weather  and c l i m a t e  modelers  who wish t o  p a r a m e t e r i z e  t h e  
amount of  c l o u d i n e s s  i n  terms of  a  measure o f  r e l a t i v e  
humidi ty .  Although a  un ique  r e l a t i o n s h i p  between t h e  s p a t i a l  
c o n t e n t  o f  c i r r u s  and r e l a t i v e  humid i ty  may n o t  b e  a v a i l a b l e ,  
t h e  e x t e n t  o f  c l o u d i n e s s  over  a  p a r t i c u l a r  r e g i o n  might be 
s p e c i f i e d  i n  a  s t o c h a s t i c  s e n s e  by s e l e c t i n g  a c l o u d  amount a t  
random from such a d i s t r i b u t i o n  f u n c t i o n .  The e x a c t  d e t a i l s  o f  
t h e  p a r a m e t e r i z a t i o n  would, o f  c o u r s e ,  depend on t h e  d e t a i l e d  
workings of  the model i n  which i t  is  used ,  



Fig. 2-11. A scattergram of the log of the ratio PD4/PD5 versus M I  ( $ 1 .  
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Fig. 2-12. A scattergram of log PD5 (number per ambient cubic meter) 
versus RHW ( % I .  



2.8  SUMMARY AND CONCLUSIONS 

I n  t h i s  r e p o r t  w e  have  l o o k e d  i n  d e t a i l  a t  a r e l a t i v e l y  s m a l l  
p a r t  of t h e  e n t i r e  G A S P  d a t a  set. Our p u r p o s e  h a s  been  t o  
s t u d y  s e v e r a l  a s p e c t s  o f  c l o u d  f o r m a t i o n  and d i s t r i b u t i o n  a t  
l e v e l s  above  300 hPa i n  t h e  t r o p o s p h e r e ,  and  t o  compare t h e  
r e s u l t s  of  t h i s  s t u d y  t o  p r e v i o u s  c i r r u s  c l o u d  s t u d i e s .  

The somewhat a r b i t r a r y  c r i t e r i o n  used  i n  t h e  GASP d a t a  
r e d u c t i o n  t o  i n d i c a t e  t h e  p r e s e n c e  of  c l o u d s  a l o n g  t h e  flight 
p a t h  a p p e a r s  t o  be  r e a s o n a b l e .  T h e  d i s t r i b u t i o n  o f  s u c h  
"c louds1 '  a t  G A S P  f l i g h t  l e v e l s  w i t h  r e s p e c t  t o  a t m o s p h e r i c  
c i r c u l a t i o n  f e a t u r e s  i s  i n  good a g r e e m e n t  w i t h  p a s t  s t u d i e s  
b a s e d  on ground o b s e r v a t i o n s  and  special a i r c r a f t  f l i g h t s .  For 
t h e  4 5  f l i g h t s  s t u d i e d  h e r e ,  which c o n t a i n e d  ma in ly  N o r t h e r n  
Hemisphere  m i d - l a t i t u d e  and  s u b - t r o p i c a l  d a t a ,  c i r r u s  c l o u d s  
t e n d e d  t o  o c c u r  ahead  of  m i d - l a t i t u d e  wave c y l o n e s  and  
e q u a t o r w a r d  of  t h e  j e t  s t r e a m s ,  and  a l s o  i n  s m a l l - s c a l e  
u p p e r - l e v e l  r i d g e s  i n  t h e  s u b - t r o p i c s .  The c i r r u s  a l w a y s  
a p p e a r e d  i n  ozone-poor  a i r .  

Nearly c l e a r ,  i c e - s u p e r s a t u r a t e d  r e g i o n s  a b o u t  70  k m  l o n g  were 
i n d i c a t e d  i n  a b o u t  s e v e n  p e r c e n t  o f  t h e  o b s e r v a t i o n s  t a k e n  
d u r i n g  t h e  4 5  f l i g h t s .  

Based on t h  GASP and AFGL c i r r u s  d a t a ,  i t  a p p e a r s  t h a t  mos t  
v i s i b l e  c i r r u s  c l o u d s  c o n t a i n  on t h e  o r d e r  of  1 0 , 0 0 0  t o  1 0 0 , 0 0 0  
p a r t i c l e s  p e r  c u b i c  meter  a few m i c r o m e t e r s  o r  l e s s  i n  
e q u i v a l e n t  s c a t t e r i n g  d i a m e t e r .  

F i n a l l y ,  t h e  GASP d a t a  i n d i c a t e  that on a  s c a l e  o f  t e n s  o f  
k i l o m e t e r s ,  t h e  t h r e s h o l d  l i q u i d  w a t e r  r e l a t i v e  h u m i d i t y  
accompanying c i r r u s  c l o u d  p r e s e n c e  is o n l y  a b o u t  4 5 % .  this 
c o r r e s p o n d s  t o  an  i c e - p h a s e  r e l a t i v e  h u m i d i t y  o f  8 0 %  a t  u p p e r  
t r o p o s p h e r i c  t e m p e r a t u r e s .  
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CHAPTER 3  

OZONE VARIABILITY I N  THE UPPER, TROPICAL TROPOSHERE 

by P h i l l i p  F a l c o n e r *  and Robe r t  P r a t t *  

3 . 1  INTRODUCTION 

Using d a t a  f rom t h e  S p r i n g  o f  1976 ,  and c o n t i n u i n g  t h r o u g h  t h e  
Autumn o f  1978 ,  ozone  mix ing  r a t i o  d a t a  f rom a i r c r a f t  f l i g h t s  
t h r o u g h  t h e  u p p e r ,  t r o p i c a l  t r o p o s p h e r e  ( 2 0 ° ~  t o  200s  a t  
f l i g h t  a l t i t u d e s  between 10  and 12 .5  k m )  were e x t r a c t e d  f r o m  
t h e  NASA-Global Atmospher ic  Sampling Program (GASP) d a t a  b a s e .  
Ana lyses  o f  t h e  s e a s o n a l  and i n t e r - a n n u a l  v a r i a t i o n s  o f  o z o n e  
i n  t h e  t r o p i c s  f o r  t h r e e  g e o g r a p h i c  r e g i o n s  - S o u t h  American 
(30% - 1 0 0 ° ~ ) ,  t h e  P a c i f i c  I s l a n d s  ( 1 5 5 O ~  - 145OW), 
and t h e  A u s t r a l a s i a  r e g i o n  (950E - 1550E) - show f e a t u r e s  
t h a t  a r e  n o t  e a s i l y  e x p l a i n e d  by t h e  c l a s s i c a l  model ( e . g . ,  
P r u c h n i e w i c z ,  1 9 7 4 ) .  Moreover ,  numerous i n s t a n c e s  o f  e l e v a t e d  
ozone  l e v e l s ,  p e r h a p s  e x c e e d i n g  t h e i r  s e a s o n a l  and  g e o g r a p h i c  
mean v a l u e s  by f a c t o r s  o f  2  t o  3 ,  were  e n c o u n t e r e d  b y  t h e  GASP 
a i r c r a f t .  A s  w i l l  b e  p o i n t e d  o u t  l a t e r ,  t h e  magn i tude  and  
s e a s o n a l  f r e q u e n c i e s  o f  t h e s e  s p o r a d i c  " e n c o u n t e r s "  a r e  m e r e l y  
symptomat ic  o f  t h e  u n d e r l y i n g ,  a n n u a l  ozone  o s c i l l a t i o n s  i n  t h e  
t r o p i c s .  

3 .2  ANALYSIS METHODS 

Ozone measurements f rom 5 6 3  f l i g h t s  between 20°S and  2 0 ° ~  
were s p e c i f i e d  a s  p a r t  o f  t h e  GASP t r o p i c a l  d a t a  se t ;  a l l  
o b s e r v a t i o n s  were made w i t h i n  t h e  t r o p o s p h e r e .  T h i s  l o n g i -  
t u d i n a l  c o v e r a g e  o f  t h e  t r o p i c s  c a n n o t ,  however ,  b e  c o n s i d e r e d  
u n i f o r m  because  t h o s e  a i r c r a f t  p a r t i c i p a t i n g  i n  t h e  GASP 
program (Pan Am and QANTAS) f l y  s t a n d a r d  a i r  c o r r i d o r s  be tween  
i r r e g u l a r l y - d i s t r i b u t e d  p o r t s  o f  c a l l  ( c f .  P e r k i n s ,  1976)  . The 
most  f r e q u e n t  c o v e r a g e  p r o v i d e d  by t h e  commerc ia l  a i r c r a f t  
i n c l u d e s  t h e  Sou th  and C e n t r a l  Americas;  t h e  P a c i f i c  I s l a n d s ,  
e a s t  o f  A u s t r a l i a ;  and  t h e  Fa r  E a s t  and A u s t r a l i a ,  as  s p e c i f i e d  
i n  t h e  i n t r o d u c t o r y  remarks .  A d d i t i o n a l l y ,  i n t e r - h e m i s p h e r i c  
d i f f e r e n c e s  i n  t h e  a v e r a g e ,  upper  t r o p o s p h e r i c  ozone  c o n t e n t  
were e v a l u a t e d  by c a l c u l a t i n g  s e a s o n a l  v a r i a t i o n s  o f  0  - 
2 0 ° ~ ,  and 0  - 20°S. 

The i n d i v i d u a l  ozone  mix ing  r a t i o  measurements  ( i n  par t s  p e r  
b i l l i o n  by Volume, ppbV) r e p o r t e d  on t h e  GASP m a g n e t i c  d a t a  

* Research  A s s o c i a t e s ,  ASRC 



t a p e s  g e n e r a l l y  r e q u i r e d  no c o r r e c t i o n s .  However, d u r i n g  t h e  
p e r i o d  from A p r i l  9 ,  1977 t o  September 9 ,  1977 ,  t h e  D a s i b i  
ozone s e n s o r  aboa rd  t h e  Q a n t a s  a i r l i n e r  a p p a r e n t l y  began t o  
l o s e  s e n s i t i v i t y  due t o  s c r u b b e r  f a t i g u e .  At t h e  t i m e  of  
i n s t r u m e n t  r e c a l i b r a t i o n  a t  Lewis i n  e a r l y  September ,  t h e  
r e c o r d e d  ozone v a l u e s  d e p a r t e d  f rom t h e i r  t r u e  v a l u e s  by  n e a r l y  
37%. I n  o r d e r  t o  " c o r r e c t "  f o r  d e t e r i o r a t i o n  o f  the s e n s o r ,  a n  
e m p i r i c a l ,  d a i l y  c o r r e c t i o n  term was a p p l i e d  t o  t h e  r e p o r t e d  
ozone v a l u e s ,  as  f o l l o w s :  

C o r r e c t e d  Ozone = Recorded Ozone x 1 . 9 1  x (1-0.476 exp  ( - ( JD-99/15315)  

where J D  i s  t h e  J u l i a n  Day (JD-99 i s  A p r i l  9 ) .  Two independ-  
e n t  c o n s i d e r a t i o n s  were used i n  d e f e n s e  o f  t h i s  c o r r e c t i o n  
term:  (1) e n g i n e e r s  c o n t a c t e d  a t  D a s i b i  C o r p o r a t i o n  and  a t  t h e  
C a l i f o r n i a  A i r  Resources  D i v i s i o n  i n d i c a t e d  t h a t  t h e  l i k e l y  
s c r u b b e r  l i f e t i m e  would be 2 - 3  months ,  w i t h  a r a p i d  d e t e r -  
i o r a t i o n  ( .V 0 . 5 %  d a y - l )  t h e r e a f t e r  f o r  t y p i c a l  h i g h  a l t i t u d e  
ozone c o n c e n t r a t i o n s ;  and ( 2 )  t h e  t i m e  s e r i e s  of  mean ozone  
abundance f o r  s e l e c t e d ,  t r o p i c a l  f l i g h t  c o r r i d o r s  a b o a r d  t h e  
Qantas and the Pan American a i r c r a f t  b e g i n  t o  v i s i b l y  d i f f e r  by 
t h e  end o f  J u n e ,  r o u g h l y  2 1/2 months a f t e r  A p r i l  9 .  T h i s  h i g h  
o r d e r ,  e x p o n e n t i a l  e q u a t i o n  e f f e c t s  o n l y  a  s l i g h t  i n c r e a s e  i n  
t h e  r e c o r d e d  ozone  th rough  J u n e ,  and a  p r o g r e s s i v e l y  l a r g e r  
i n c r e a s e  ( t o  3 6  - 6 % )  by September 9 .  

3 . 3  OZONE "ENCOUNTERS" I N  THE UPPER TROPICAL TROPOSPHERE 

Recent  e v i d e n c e  from the G A S P  t r o p i c a l  ozone  d a t a  s e t ,  and t h e  
GAMETAG ( G l o b a l  Atmospheric  Measurement ~ x p e r i m e n t  on Tropo- 
s p h e r i c  A e r o s o l s  and G a s e s )  f l i g h t  s e r i e s  o v e r  t h e  P a c i f i c  (c f .  
R o u t h i e r  -- e t  a l . ,  1 9 8 0 ) ,  and from t h e  i m p o r t a n t  a i r b o r n e  
e x p e r i m e n t s  conduc ted  by t h e  M a x - P l a n c k - I n s t i t u t e  f o r  Aeronomy 
( F a b i a n  and P r u c h n i e w i c z ,  1977)  n e a r l y  a decade  ago ,  shows t h a t  
e x t e n s i v e  l a y e r i n g  of  ozone i n  t h e  mid- t o  upper  t r o p i c a l  
t r o p o s p h e r e  may b e  more common t h a n  h e r e t o f o r e  b e l i e v e d .  
F r e q u e n t l y ,  t h e s e  ozone l a y e r s  a r e  f i r s t  encoun ted  a s  s h a r p  
ozone  g r a d i e n t  d i s c o n t i n u i t i e s  ( a n a l o g o u s  t o  m i d - l a t i t u d e  
wea the r  f r o n t s )  and o f t e n  p e r s i s t  f o r  s e v e r a l  hundreds  of  
k i l o m e t e r s  a l o n g  t h e  f l i g h t  p a t h .  Nastrom (1979)  g i v e s  two 
e x c e l l e n t  examples  o f  t h e s e  ozone " e n c o u n t e r s , "  b a s e d  upon GASP 
measurements between N e w  York and  Rio de J a n e i r o ,  and  c o n c l u d e s  
t h a t  the s o u r c e  o f  t h e s e  h i g h  ozone  l e v e l s  ( a p p r o x i m a t e l y  
60-100 ppbv) i s  c o n s i s t e n t  w i t h  l a r g e - s c a l e ,  m e r i d i o n a l  ozone  
t r a n s p o r t  from midd le  l a t i t u d e s .  Fab ian  and  P ruchn iewicz  
(1977)  obse rved  ozone  " f r o n t s 1 '  o v e r  t r o p i c a l  A f r i c a  on 
September 26 -27  a n d ,  a g a i n ,  on Oc tobe r  2 - 4 ,  1972 .  Unfor-  
t u n a t e l y ,  t h e y  d i d  n o t  s u g g e s t  any  i n t e r p r e t a t i o n  on t h e  s o u r c e  
o f  t h e s e  r e g i o n s  o f  h i g h  ozone o t h e r  t h a n  p o s s i b l e  i n s t r u m e n t  
e r r o r .  



W e  examined  1 4 1  t r o p i c a l  f l i g h t s  f r o m  t h e  GASP d a t a  se t  d u r i n g  
t h e  two-yea r  p e r i o d  1976-1977 f o r  t h e  p u r p o s e  o f  i d e n t i f y i n g  
t h e  f r e q u e n c y  a n d  c h a r a c t e r i s t i c s  o f  o z o n e  " e n c o u n t e r s . "  I n  
g e n e r a l ,  a n  e n c o u n t e r  was d e f i n e d  as  a n y  o c c u r r e n c e  o f  o z o n e  
m i x i n g  r a t i o s  i n  e x c e s s  o f  50 ppbV, a t  c o n s t a n t  c r u i s e  
a l t i t u d e ,  b e t w e e n  20°N a n d  20°S. A l t h o u g h  50 ppbV is  a n  
a r b i t r a r y  c h o i c e ,  w e  n o t e  t h a t  i t  d e p a r t s  s i g n i f i c a n t l y  f r o m  
t h e  mean a n n u a l ,  t r o p i c a l  o z o n e  a b u n d a n c e  o f  35 ppbV c a l c u l a t e d  
f r o m  t h e  1976-1977 G A S P  d a t a  s e t .  

One h a l f  o f  t h e  120 t r o p i c a l  o z o n e  " e n c o u n t e r s t 1  l a s t e d  n o  more  
t h a n  a p p r o x i m a t e l y  30 m i n u t e s ,  o r  400  k m  a t  t y p i c a l  c r u i s i n g  
s p e e d s  o f  t h e s e  c o m m e r c i a l  a i r l i n e r s .  An a d d i t i o n a l  2 0 %  
p e r s i s t e d  f o r  a t  l e a s t  o n e - h a l f  h o u r .  I n  b o t h  i n s t a n c e s ,  t h e s e  
e l e v a t e d  o z o n e  levels were o b s e r v e d  d e e p  i n  t h e  t r o p i c s  a n d  
away f r o m  t h e  s u b - t r o p i c a l  je t  s t r e a m  s y s t e m s  o f  e i t h e r  
h e m i s p h e r e .  The  r e m a i n i n g  a i r c r a f t  i n t e r c e p t i o n s  o f  
a n o m a l o u s l y  h i g h e r  o z o n e  o c c u r r e d  n e a r  t h e  p o l e w a r d  b o u n d a r i e s  
of  t h e  t r o p i c s ,  f r e q u e n t l y  i n  t h e  v i c i n i t y  ( w i t h i n  5O 
l a t i t u d e )  o f  h i g h ,  s u s t a i n e d  w i n d s  ( 1 30 m s - l )  . A l t h o u g h  
N a s t r o m  (1979)  was o n l y  a b l e  t o  c o n c l u d e  t h a t  " a b n o r m a l l y  l a r g e  
o z o n e  v a l u e s  o f  l a r g e  a r e a l  e x t e n t  a re  f o u n d  n e a r  t h e  e q u a t o r  
( b e t w e e n  53O a n d  5 6 O ~  a t  12+0 .5  km a l t i t u d e )  d u r i n g  
a u t u m n , "  w e  m i g h t  a d d  t h a t  o u r  s u r v e y  c l e a r l y  i n d i c a t e s  t h a t  
o z o n e  m i x i n g  r a t i o s  i n  e x c e s s  o f  50 ppbV l a s t i n g  a t  l e a s t  30  
m i n u t e s  ( 4 - 6  s u c c e s s i v e  o z o n e  r e a d i n g s )  a r e  f o u n d  o v e r  S o u t h  
Amer ica  d u r i n g  t h e  s p r i n g ,  a n d  i n  other t r o p i c a l  r e g i o n s ,  
i n c l u d i n g  A u s t r a l a s i a ,  a t  o t h e r  times of  t h e  y e a r .  T h u s ,  w e  
may e x t e n d  N a s t r o m l s  o b s e r v a t i o n  by s t a t i n g  t h a t  t h e s e  a r e a s  o f  
u n e x p e c t e d l y  l a r g e  o z o n e  v a l u e s  a r e  e p i s o d i c ,  b u t  w i d e s p e a d  
t h r o u g h o u t  the t r o p i c s .  F i g u r e s  3-1  a n d  3-2  i n d i c a t e  t h e  
n a t u r e  o f  t h e s e  o z o n e  f e a t u r e s .  

Our a n a l y s e s  show t h a t  t h e r e  i s  o n l y  a s l i g h t l y  g r e a t e r  number 
of o z o n e  " e n c o u n t e r s "  i n  t h e  n o r t h e r n  t r o p i c s  ( 0 - 2 0 ° ~ )  t h a n  
i n  i t s  s o u t h e r n  c o u n t e r p a r t  (0-20°S), b y  a 6:5  m a r g i n .  
M o r e o v e r ,  more t h a n  h a l f  o f  t h e s e  a re  a c c o m p a n i e d  b y  c o i n c i d e n t  
t r a n s i t i o n s  i n  t h e  ( c o n s t a n t  f l i g h t  a l t i t u d e )  p o t e n t i a l  
t e m p e r a t u r e ,  e q u i v a l e n t  t o  a t  l e a s t  2OC p e r  1 0 0  km. These 
two f a c t o r s  a p p e a r  c o n s i s t e n t  w i t h  t h e  p e n e t r a t i o n  o f  
o z o n e - r  i c h  a i r m a s s e s  f r o m  h i g h e r  l a t i t u d e s  i n t o  t h e  t r o p i c s .  
D a n i e l s e n  (1980)  c h a r a c t e r i z e s  t h e s e  i n s t r u s i o n s  a s  " t h i n  
l a m i n a e  of  d r y ,  h y d r o s t a t i c a l l y  s t a b l e  a i r . . . r i c h  i n  o z o n e . . . "  
wh ich  l e a v e  t h e  s t r a t o s p h e r e  d u r i n g  i n t e n s e ,  middle l a t i t u d e  
c y c l o g e n e s i s ,  a n d  s u b s e q u e n t l y  s p r e a d ,  i n  s h e e t s ,  e q u a t o r -  
w a r d s .  P r u c h n i e w i c z  s u g g e s t s ,  a l t e r n a t i v e l y ,  t h a t  t h e  e n t r a n c e  
z o n e  f o r  t h e s e  l a m i n a e  i s  p r i m a r i l y  n e a r  t h e  s u b - t r o p i c a l  j e t  
stream a t  3 0 * ~ .  T h e s e  i n t r u s i o n s  may a r r i v e  f r o m  e i t h e r  
h e m i s p h e r e ,  a s  s u g g e s t e d  i n  t h e  t r a n s - e q u a t o r i a l  w i n d  f l o w  
p a t t e r n  shown i n  F i g u r e  3-3.  U n f o r t u n a t e l y  n o  a i r  p a r c e l  
t r a j e c t o r y  a n a l y s e s  o f  t h e  o r i g i n  o f  these o z o n e  f r o n t s  w e r e  
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Fig. 3-1. F l igh t  record  wi th in  t h e  t r o p i c a l  troposphere between Pago Pago and Honolulu. Ozone, pressure a l t i t u d e ,  ambient 
temperature, and wind v e l o c i t i e s  a r e  obta ined from t h e  GASP a i r l i n e r s .  The symbol f r e f e r s  t o  an "ozone wall ' ' ,  
a r b i t r a r i l y  def ined as a r a p i d  inc rease  of t h e  ozone mixing r a t i o  t o  above 50 ppbV near t h e  poleward boundaries 
of t h e  t r o p i c s .  Typica l ly  t h e  "wall" begins with a t  l e a s t  a twofold increase  and continues f o r  a t  l e a s t  6 
success ive  r e g i s t r a t i o n s  i n t o  the  sub-tropics.  
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Fig. 3-2. Tropical f l i g h t  record between Rio de Janeiro  and New York City. The symbol * r e f e r s  t o  a gradual decrease of 
the  ozone mixing r a t i o  t o  l e v e l s  below 50 ppbV near  the  poleward boundaries of t h e  t rop ics .  A r e f e r s  t o  an 
"ozone peak" between 20's and 2 0 ' ~  i n  which ozone l e v e l s  g rea te r  than 50 ppbV do not  l a s t  longer than 6 
successive readings. The "extended ozone peak",-, l a s t s  longer than 6 successive reg i s t ra t ions .  
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Fig. 3-3, Horizontal flow at 250 millibars on July 27, 1977 
(A = Anticyclone, C = cyclone) . 



made because  o f  an i n s u f f i c i e n t  upper a i r  ( r a d i o s o u n d i n g )  d a t a  
b a s e  i n  t h e  t r o p i c s ,  p a r t i c u l a r l y  over  t h e  P a c i f i c .  

3.4 TROPICAL OZONE "ENCOUNTERS" ALONG THE NEW YORK C I T Y  - R I O  
DE JANEIRO TRANSECT 

The t r o p i c a l  ozone d i s t r i b u t i o n s ,  which have been d e s c r i b e d  i n  
a  c l i m a t o l o g i c a l  s e n s e  i n  t h e  p r e v i o u s  s e c t i o n ,  were a l s o  
examined on i n d i v i d u a l  f l i g h t s  f o r  any obvious  r e l a t i o n  t h e y  
bear  t o  a tmosphe r i c  t he rma l  s t r u c t u r e ,  observed  wind ,  
c l o u d i n e s s ,  o r  c h a r a c t e r  of  t h e  e a r t h ' s  s u r f a c e .  The m a j o r i t y  
o f  GASP t r o p i c a l  f l i g h t s  o c c u r r e d  over  open ocean ,  f o r  which 
t h e  o n l y  wind and t empera tu re  d a t a  a v a i l a b l e  were t h o s e  
measured by t h e  a i r c r a f t  i t s e l f .  Evidence from some GASP d a t a  
s u g g e s t s  t h a t  t r a c e  c o n s t i t u e n t  c o n c e n t r a t i o n s  a t  f l i g h t  l e v e l  
may be  r e l a t e d  t o  c o n v e c t i v e  a c t i v i t y ,  e s p e c i a l l y  o v e r  h e a v i l y  
v e g e t a t e d  a r e a s  o f  t h e  t r o p i c s  ( P r a t t  and F a l c o n e r ,  1 9 7 9 ) .  For 
most of  t h e  t r o p i c a l  f l i g h t s ,  e i t h e r  measurements o f  l i g h t -  
s c a t t e r i n g  p a r t i c l e s  by t h e  GASP i n s t r u m e n t  package o r  
s a t e l l i t e  p i c t u r e s  were t h e  o n l y  a v a i l a b l e  i n d i c a t i o n s  o f  t h e  
p re sence  o f  c l o u d i n e s s  nea r  t h e  a i r c r a f t ,  when t h e y  were 
a v a i l a b l e .  

Such c a s e  s t u d i e s  focused  on f l i g h t s  over  C e n t r a l  and South  
America. These f l i g h t  c o r r i d o r s  were u s u a l l y  o r i e n t e d  i n  s u c h  
a  way a s  t o  p rov ide  m e r i d i o n a l  t r a n s e c t s  th rough t h e  t r o p i c s  
and s u b t r o p i c s .  The f l i g h t  p a t h s  a l s o  pas sed  ove r  b o t h  
t r o p i c a l  j ung le  and open ocean. F o r t u n a t e l y  a  moderate  number 
of  upper a i r  r e p o r t s  were a v a i l a b l e  i n  t h e  a r e a .  The most 
i n t e r e s t i n g  example o f  t h e s e  f l i g h t s  was a l o n g  t h e  N e w  York 
C i t y  t o  Rio de  J a n e i r o  t r a n s e c t  on November 21 ,  1976 ( F i g u r e  
3 - 4 ) .  Nearly un i form ozone mixing r a t i o s  of  a b o u t  40 ppbV were 
encounted a s  t h e  p l a n e  f l e w  s o u t h  a c r o s s  t h e  w e s t e r l i e s  o f  t h e  
s u b t r o p i c a l  j e t .  A t  abou t  20°N, t h e  winds a t  f l i g h t  l e v e l  
became n o r t h e a s t e r l y ,  and ozone began t o  r i s e ,  r e a c h i n g  90 ppbV 
a s  t h e  winds a g a i n  r e v e r s e d  t o  s t r o n g  w e s t e r l i e s  a t  1 5 O ~ .  
Ozone remained g r e a t e r  t h a n  60 ppbV f o r  t h e  r e s t  o f  t h e  f l i g h t  
t o  Rio. 

The m e t e o r o l o g i c a l  s i t u a t i o n  is  c l a r i f i e d  by a  v e r t i c a l  c r o s s  
s e c t i o n  a long  t h e  f l i g h t  ( F i g u r e  3 -5 ) .  The t h r e e  a v a i l a b l e  
upper a i r  sound ings ,  a s  w e l l  a s  t h e  f l i g h t  d a t a  show t h a t  t h e  
i n c r e a s e  i n  ozone,  which began a t  about  20°N, c o r r e s p o n d e d  
rough ly  t o  a  s l o p i n g  t r a n s i t i o n  zone which a l s o  s e p a r a t e d  
e a s t e r l y  winds (below and nor thward)  from w e s t e r l i e s  (above and 
sou thward ) .  Humidity d a t a  from an aluminum o z i d e  hygrome te r ,  
wh i l e  t hey  must be judged c a r e f u l l y ,  s u g g e s t e d  t h a t  t h e  
t r a n s i t i o n  zone c o n s i s t e d  of  a  tongue of  r e l a t i v e l y  d r y  a i r ,  
w i t h  h i g h e s t  h u m i d i t i e s  found on t h e  t r o p i c a l  s i d e ,  a l o n g  w i t h  
t h e  h igher  ozone. Although soundings  were r e l a t i v e l y  s c a r c e ,  
s i g n s  of  t h i s  t r a n s i t i o n  zone were found t o  e x t e n d  a c r o s s  t h e  



Fig. 3-4. Ozone measured on a flight from New York City t o  Rio de Jane i ro  on November 21 ,  1976. 
Flight pa th  is  t h e  bold, s t r a i g h t  l i n e  from New York; ozone mixing r a t i o  i s  plotted 
using t h e  f l i g h t  path as t h e  zero axis .  Twelve hour i s e n t r o p i c  t r a j e c t o r y  computations 
a r e  designated as either A (ascent) o r  D (descen t ) .  Tra jec tory  endpoints l i e  on the 

New York C i t y  - Rio de Joneiro 
N o v  21, 1976 

217 mb : 



CROSS -SECTION ALONG 
FLIGHT PATH 

pressure 
( m b )  

/ - / EASTERLIES 

k \ - 150 
WESTERLIES 

WARM 
MOIST 

HIGH OZONE 

f 

t 1 / T3 

/ 
I / COOL 

FLIGHT LEVEL v / 
I /  

/- 
- 

217 mb 
- 

/ 

DRY 
DRY, SLOPING LOW OZONE 

TRANSITION ZONE 

2 5 0  

1 1 1 1 I 1 I 

10" N 2 0 ° N  
L a t i t u d e  

Fig.  3-5. Vertical  meteorological cross-section along t h e  f l i g h t  path. 
Wind data,  indicated by standard National Weather Service 
p lo t t ing  convention, was obtained from 3 upper a i r  soundings 
i n  the area ,  except for t h e  wind repor ts  a t  f l i g h t  level 
which a re  recorded i n  the GASP data. Endpoints of t r a j e c t o r i e s  
3 and 4 are indicated on the f l i g h t  path. 



C a r i b b e a n  u p  t o  20° o f  l o n g i t u d e  t o  t h e  w e s t  o f  t h e  f l i g h t  
p a t h .  The t e m p e r a t u r e  s o u n d i n g s  a l s o  i n d i c a t e d  that t h e  
t r a n s i t i o n  z o n e  c o n s i s t e d  o f  a l aye r  o f  e n h a n c e d  s t a t i c  
s t a b i l i t y .  

S i n c e  t h e  o r i g i n  o f  t h e  a i r  e n c o u n t e r e d  by t h e  a i r c r a f t  is  a s  
i m p o r t a n t  as  t h e  d i s t r i b u t i o n  measu red  a t  t h e  t i m e  of t h e  
f l i g h t ,  i s e n t r o p i c  back  t r a j e c t o r i e s  were o b t a i n e d  f o r  s e v e r a l  
l o c a t i o n s  a l o n g  t h e  f l i g h t  p a t h .  The t r a j e c t o r i e s  were 
g e n e r o u s l y  computed  by  P h i l i p  Haagenson a t  t h e  N a t i o n a l  C e n t e r  
f o r  A t m o s p h e r i c  R e s e a r c h ,  w i t h  the k i n d  c o o p e r a t i o n  o f  Melvyn  
S h a p i r o .  Four  of  t h e  compu te r  t r a j e c t o r i e s  a r e  i n d i c a t e d  i n  
F i g u r e  3 - 4 ,  i n  12 -hou r  s e g m e n t s  l a b e l e d  "A" f o r  a s c e n t  o r  "D" 
f o r  d e s c e n t .  ~ r a j e c t o r i e s  1 a n d  2 show p r e d o m i n a n t l y  r i s i n g  
a i r  which t o g e t h e r  w i t h  t h e  o b s e r v e d  t r o p o s p h e r i c  v a l u e  o f  
o z o n e ,  i s  c o n s i s t e n t  w i t h  t h e  e x p e c t e d  r i s i n g  m o t i o n  on  t h e  
e q u a t o r w a r d  s i d e  o f  t h e  s u b t r o p i c a l  j e t  (Pa lmen  and  Newton,  
1 9 7 9 ) .  The i n t e r p r e t a t i o n  o f  t r a j e c t o r y  3 is u n c e r t a i n ,  s i n c e  
t h e  p o t e n t i a l  v o r t i c i t y  was o b s e r v e d  t o  c h a n g e  g r e a t l y ,  
v i o l a t i n g  t h e  i s e n t r o p i c  a s s u m p t i o n .  ~ r a j e c t o r y  4 was c h o s e n  
t o  end  a t  t h e  o z o n e  maximum a t  1 3 O ~ .  I t  shows t h a t  the h i g h  
o z o n e  a i r  had  d e s c e n d e d  f o r  a l e a s t  3 6  h o u r s  p r i o r  t o  t h e  
f l i g h t  ( w i t h  t r o p o s p h e r i c  p o t e n t i a l  v o r t i c i t y  v a l u e s ) .  T h i s  
t r a j e c t o r y  i s  i n  p o s s i b l e  c o n f l i c t  with t h e  s a t e l l i t e  
o b s e r v a t i o n  of  a c l o u d  a r e a  s u ~ r o u n d i n g  t h e  e n d p o i n t ,  a l t h o u g h  
c o n v e c t i v e  e l e m e n t s  c o u l d  h a v e  b e e n  imbedded w i t h i n  a b r o a d  
a r e a  o f  d e s c e n d i n g  m o t i o n  o n  the s y n o p t i c  scale o f  t h e  
t r a j e c t o r y  c o m p u t a t i o n .  

The t r a j e c t o r y  a n a l y s i s  i n d i c a t e s  t h a t  t h e  h i g h  o z o n e  a t  
1 2 O ~ ,  f o u n d  a b o v e  t h e  t r a n s i t i o n  z o n e  i n  F i g u r e  3-5, d i d  n o t  
r e s u l t  f r om r e c e n t  t r a n s p o r t  o f  s t r a t o s p h e r i c  a i r  i n  t h e  
v i c i n i t y  o f  t h e  s u b t r o p i c a l  j e t .  Bu t  i t  is i m p o s s i b l e  t o  t e l l  
w h e t h e r  i t  is a r e s u l t  o f  o z o n e - r i c h  a i r  c a r r i e d  a l o n g e r  
d i s t a n c e  f rom h i g h  l a t i t u d e s  o f  e i t h e r  h e m i s p h e r e ,  o r  of 
t r o p o s p h e r i c  c h e m i s t r y  w i t h i n  t h e  t r o p i c s .  

The n o r t h - s o u t h  f l i g h t s  t o  S o u t h  Amer ica  f r e q u e n t l y  m e a s u r e d  
h i g h e r  ozone  d e e p  i n  t h e  t r o p i c s  t h a n  i n  t h e  s u b t r o p i c s  o n  t h e  
a n t i c y c l o n i c  s i d e  of  t h e  s u b t r o p i c a l  j e t  wes te r l ies ,  a s  i n  
F i g u r e  3 - 4 .  O t h e r w i s e ,  no  f i r m  c o n c l u s i o n s  c o u l d  be made f r o m  
t h e  i n d i v i d u a l  f l i g h t  e x a m i n a t i o n s  t o  r e l a t e  o z o n e  f e a t u r e s  t o  
w i n d ,  t e m p e r a t u r e  c h a n g e s ,  c l o u d i n e s s ,  o r  c h a r a c t e r  o f  t h e  
e a r t h ' s  s u r f a c e .  The majo r  p r o b l e m s  w e r e  lack of u p p e r  a i r  
d a t a ,  and  l a c k  o f  s i m u l t a n e o u s  GASP measu remen t s  o f  o t h e r  t r a c e  
c o n s t i t u e n t s  on mos t  o f  t h e  f l i g h t s .  



3.5 MULTI-SEASONAL, TROPICAL OZONE CLIMATOLOGY: 1976 - 1979 

We a r e  aware o f  o n l y  a few, d e t a i l e d  s t u d i e s  o f  t h e  a n n u a l  
ozone c y c l e  i n  t h e  upper  t r o p i c a l  t r o p o s p h e r e  which a r e  b a s e d  
upon many y e a r s  of  o b s e r v a t i o n s .  Ozone c l i m a t o l o g i e s  f o r  
i n d i v i d u a l  y e a r s  between 1963 and 1965 c a n  be  deve loped  f o r  
H i l o ,  Hawaii (19.  H ON) ; LaPaz, B o l i v i a  (16%) ; and  Canton 
I s l a n d  (3%) from b o t h  t h e  Air  F o r c e  Cambridge Resea rch  
L a b o r a t o r y  ozonesonde Network d a t a  b a s e  (cf.  H e r i n g  and Borden ,  
1967 and r e f e r e n c e s  t h e r e i n )  and t h e  NOAA Ozonesonde Program 
(Komhyr and S t i c k s e l ,  1 9 6 7 ) .  The o u t s t a n d i n g  f e a t u r e  o f  t h e s e  
t i m e  s e r i e s  (composed o f  b i -weekly  o r  monthly b a l l o n  a s c e n t s )  
is t h e  n o t i c e a b l e  l a c k  o f  s i m i l a r i t y  i n  t h e  t i m i n g  o f  t h e  
a n n u a l  ozone maxima* from one  y e a r  t o  t h e  next. T h i s  l e a d s  t o  
some ambigu i ty  i n  r e p r e s e n t i n g  t h e  l o c a l  ozone  c y c l e  when t h e  
mut i -year  ozone r e c o r d s  a r e  cornposi ted a t  i n d i v i d u a l  s t a t i o n s .  

The r e a d e r  is i n v i t e d  t o  compare,  f o r  i n s t a n c e ,  t h e  " r e p r e -  
s e n t a t i v e "  a n n u a l ,  upper t r o p o s p h e r i c  ozone  c y c l e  a t  t h e  Canal 
Zone (90N) p r e s e n t e d  by Pruchn iewicz  (1973) , b a s e d  upon t h e  
1963-65 chemi luminescen t  ozonesond r e l e a s e s  by AFCRL: ( F i g u r e  
3 - 6 ) ,  and t h a t  p r e s e n t e d  by C h a t f i e l d  and H a r r i s o n  ( 1 9 7 7 ) ,  
based  upon e l e c t r o c h e m i c a l  s o n d e s  r e l e a s e d  by  t h e  AFCRL be tween  
1966-69 ( ~ i g u r e  3 - 7 ) .  The a c t u a l  y e a r - t o - y e a r  v a r i a b i l i t y  a t  
200 hPa f o r  t h e  1963-65 p e r i o d ,  a s  i n t e r p o l a t e d  from t h e  
ozonograrns, is  shown i n  F i g u r e  3 - 8 ,  

Ozone c o n c e n t r a t i o n s  over  A f r i c a  o b t a i n e d  f rom commerc ia l  
a i r l i n e r s  between t h e  y e a r s  o f  1969 and 1974  ( o r  p o r t i o n s  
t h e r e o f )  have  a l s o  been used t o  d e v e l o p  a n  a n n u a l ,  t r o p i c a l  
ozone c y c l e .  Using n e a r l y  20 flights from t h e  1970-71 d a t a  
b a s e ,  T i e f e n a u  e t  a l .  (1973)  conc luded  t h a t  t h e  t r o p i c a l  
t r o p o s p h e r i c  ozone r e s e r v o i r ,  w h i l e  r e a s o n a b l y  wel l -mixed 
w i t h i n  any one  s e a s o n  betwwen 20°s and 2 5 O ~ ,  u n d e r g o e s  a  
" remarkab le  s e a s o n a l  v a r i a t i o n  between 0.03 g / g  and 0.08 
g/g ...( which s u g g e s t s )  ... a s t r o n g  s e a s o n a l  b e h a v i o r  asymmetery 
o f  t h e  hemispheres ,  a s  f o r  b o t h  r e g i o n s  be tween 200 t o  00s 
and O 0  t o  2 5 O ~  t h e  h i g h e s t  v a l u e s  o c c u r  between May and 
J u n e ,  t h e  l o w e s t  v a l u e s  between October  and December/ Our own 
i n t e r p r e t a t i o n  o f  t h e i r  r emain ing  ozone  d a t a  f rom 1972-1974 ,  
a l t h o u g h  it f r e q u e n t l y  shows a r e a s o n a b l y  u n i f o r m ,  i n t e r -  
h e m i s p h e r i c  ozone d i s t r i b u t i o n  w i t h i n  a n y  g i v e n  s e a s o n ,  c a n n o t  
be  used  i n  u n e q u i v o c a l  s u p p o r t  o f  a s i m p l e ,  a n n u a l  ozone  c y c l e  
whose maximum o c c u r s  d u r i n g  S p r i n g  i n  t h e  n o r t h e r n  hemisphere .  
For i n s t a n c e ,  from September-December 1972 t h r o u g h  September-  

* A semi-annual  wave i s  f r e q u e n t l y  p r e s e n t  i n  t h e  t r o p i c a l  
t r o p o s p h e r i c  ozone r e c o r d s .  
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Fig. 3-6 .  Seasonal var ia t ion of t r o p i c a l  ozone fo r  2 km layers over the 
tropical s t a t i o n  Canal Zone a t  10  N. The data are an average 
of 3 years of ozonesonde observations from 1963 to 1965. 
Large s o l i d  dots a re  a i r c r a f t  observations of Tiefenau, 
Pruchniewicz and Fabian (1973). 



Fig. 3-7. Latitude-seasonal perspective for ozone mixing f r a c t i o n s  a t  
7 km above s i x  s t a t i o n s  a t  75% longitude. (~eproduced f r o m  
Cha t f i e ld  and Harrison, 1977) . 
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~ i g .  3-8.  Time s e r i e s  of ozone mixing ratios a t  t h e  200 hPa (also m b )  
level over t h e  Canal Zone from the AFCRL Ozonesonde network. 
The insert shows t h e  seasonal average ozone levels  derived 
from t h e  196 3-65 ozonesonde records. 



December 1 9 7 3  ( t h e  same 5 s e a s o n s  u sed  by T i e f e n a u ,  e t  a l . ) ,  a 
s e m i - a n n u a l  ozone  wave,  w i t h  e q u i n o c t a l  maxima, is e v i d e n t .  

Us ing  the G A S P  a i r c r a f t  d a t a ,  s e a s o n a l  ( t h r e e  month)  o z o n e  
mixing r a t i o s  from t h r e e  t r o p i c a l  z o n e s ,  as  d e s c r i b e d  S e c t i o n  
3 . 1 ,  were  c a l c u l a t e d  f o r  the l a t i t u d e  i n t e r v a l s  0-200S,  
0 - 2 0 0 ~ ,  a n d  20°S -20°~ .  These  d a t a  a r e  p r e s e n t e d  i n  
F i g u r e s  3-9 t o  3-11. The t h r e e  y e a r ,  h e m i s p h e r i c  a v e r a g e  o z o n e  
c o n c e n t r a t i o n s  shown i n  Table 3-1 r e v e a l  a s t r i k i n g  c o n t r a s t  
be tween  t h e  w e s t e r n  and  e a s t e r n  h e m i s p h e r e s ,  b u t  l i t t l e  
d i f f e r e n c e  n o r t h  and  s o u t h  o f  t h e  e q u a t o r .  The a b s e n c e  o f  a n y  
s i g n i f i c a n t  m e r i d i o n a l  ozone  g r a d i e n t  w i t h i n  t h e  P a c i f i c  
I s l a n d ,  A u s t r a l a s i a n  o r  South American 

P a c i f i c  I s l a n d s  ~ u s t r a l a s i a  S o u t h  A m e r i c a  

E q u a t o r  t o  20's 28.6ppbv 28 .4  49 .6  

E q u a t o r  t o  2 0 ' ~  

T a b l e  3-1. Average  t r o p i c a l  ozone  mixing r a t i o s  f r o m  GASP 
commer i ca l  a i r l i n e r s  i n  t h e  y e a r s  1976-1979  

f l i g h t  f i l e s  is i n t e r p r e t e d  a s  l i k e l y  e v i d e n c e  f o r  p e r s i s t e n t  
no r  t h - s o u t h  mix ing  o f  a  q u a s i - c o n s e r v a t i v e  t r a c e r  g a s ,  such a s  
o z o n e ,  a c r o s s  t h e  e q u a t o r i a l  zone.  I n d e e d ,  w e  h a v e  already 
i n d i c a t e d  t h a t  t h e  l a c k  o f  l o n g  term, u p p e r  t r o p o s p h e r i c  o z o n e  
g r a d i e n t s  a l o n g  a  m e r i d i o n a l  p l a n e  is a f e a t u r e  o b s e r v e d  i n  
r e p e t i t i v e  a i r c r a f t  f l i g h t s  ( T i e f e n a u  e t  a l . ,  1973 ;  
P r u c h n i e w i c z ,  1 9 7 3 )  and  f rom o z o n e s o u n d i n g s  o v e r  ( a p p r o x i -  
mately) 7 5 O ~  a t  C a n a l  Zone  ON) and LaPaz,  B o l i v i a  
( 16Os ) .  

The o b v i o u s  e a s t - t o - w e s t  d i f f e r e n c e  i n  t h e  mean a b u n d a n c e  
of ozone  a l o f t  s u r e l y  s t a n d s  i n  s u p p o r t  o f  f a v o r e d  z o n e s  o f  
i n t e r h e m i s p h e r  i c  t r a n s p o r t  . For i n s t a n c e  Wu (1978)  shows t h a t  
o f  t h e  t h r e e  g e o g r a p h i c  r e g i o n s  which w e  h a v e  s e l e c t e d  f o r  our 
a n a l y s i s ,  t h e  t i m e  a v e r a g e d ,  v e r t i c a l l y - i n t e g r a t e d ,  m e r i d i o n a l  
wa t e r  vapor  t r a n s p o r t  i s  5 t o  1 0  times s t r o n g e r  over  t h e  S o u t h  
American c o n t i n e n t  t h a n  o v e r  t h e  ~ u s t r a l a s i a n - p a c i f i c  I s l a n d s  
s e c t o r s .  T h i s  is c l e a r l y  c o n s i s t e n t  w i t h  o u r  h i g h e r  o z o n e  
r e g i s t r a t i o n s  i n  the w e s t e r n  hemi sphe re .  I t  m i g h t  be n o t e d ,  i n  
c f i n c l u s i o n ,  t h a t  t h e  y e a r - t o - y e a r  d i f f e r e n c e s  i n  t h e  a n n u a l  
ozone  c y c l e  r e c o r d e d  f rom GASP a i r l i n e r s  p r e c l u d e s  a n y  simple 
i n t e r p r e t a t i o n  of t h e  b e h a v i o r  of t h e  t r o p i c a l  o z o n e  
r e s e r v o i r .  On t h e  who le ,  w e  are  i n c l i n e d  t o  t h i n k  t h a t  the 
t r o p i c s  behave  w i t h  unexpected c o m p l e x i t y .  
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Fig. 3-9. Ozone variations i n  the upper tropical troposphere over 
Pacific Islands for the years 1976-79, Total number of GASP 
f l ights  and of ozone observations are l i s ted  over each 
season. 
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Fig. 3-10. Ozone variations i n  the upper t r o p i c a l  troposphere over t h e  
Australia-Asia region f o r  the years 1976-79. Total number 
of GASP flights and of ozone observat ions are l i s t e d  over 
each season. 
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Fig.  3-11. Ozone var ia t ions  i n  the  upper t r o p i c a l  troposphere over South 
America fo r  t h e  years 1976-79. Total number of  GASP f l i g h t s  
and of ozone observations a r e  l i s t e d  over each season. 



3.6 CONCLUS I O N S  

F r e q u e n t  and  w i d e s p r e a d  measurements  o f  a t m o s p h e r i c  o z o n e  i n  
t h e  t r o p i c s  20°N t o  20°S) i n d i c a t e  a more complex t i m e  and  
s p a c e  b e h a v i o r  t h a n  h a s  been presumed.  Reg ions  o f  ozone  
c o n c e n t r a t i o n  i n  e x c e s s  o f  5 0  ppbV appear f rom t i m e  t o  t i m e  i n  
b o t h  t h e  n o r t h e r n  and s o u t h e r n  t r o p i c s ,  b u t  w i t h  g r e a t e s t  
f r e q u e n c y  o v e r  the f l i g h t  r o u t e s  b e t w e e n  t h e  United S t a t e s  and  
Sou th  America.  T h e  o r i g i n  o f  t h e s e  r e g i o n s  o f  r e l a t i v e l y  h i g h  
ozone  c o u l d  n o t  be i d e n t i f i e d .  However, c a s e  s t u d i e s  s u g g e s t e d  
t h e  i nvo lvemen t  o f  p e n e t r a t i o n s  o f  m i d d l e  l a t i t u d e  air m a s s e s ,  
accompanied by d i s t i n c t  t e m p e r a t u r e  g r a d i e n t s  ( 2  ~ O C  p e r  1 0 0  
km)  a n d ,  o c c a s i o n a l l y ,  a b r u p t  wind d i r e c t i o n  c h a n g e s .  

By i m p l i c a t i o n ,  t h e s e  c h a r a c t e r i s t i c s  o f  ozone  d i s t r i b u t i o n  i n  
t h e  t r o p i c s  s u g g e s t  a c o n s i d e r a b l e  r o l e  f o r  t h e  t r a n s p o r t  o f  
ozone i n t o  and w i t h i n  t h e  t r o p i c s  by  l a r g e  s c a l e  a i r  m o t i o n s .  
T h i s  c o n c l u s i o n  i s  c o n s i s t e n t  with t h e  t y p e  o f  i n t e r - a n n u a l  a n d  
i n t e r - r e g i o n a l  v a r i a t i o n  of  mean ozone  c o n c e n t r a t i o n s  shown i n  
Figures 3 - 9  t o  3-11,  which i s  a l s o  a n  e x p e c t e d  c h a r a c t e r i s t i c  
o f  l a r g e  s c a l e  a i r  p a t t e r n s  i n  b o t h  low and  m i d d l e  l a t i t u d e s .  
It is a l s o  c o n s i s t e n t  w i t h  o u r  o b s e r v a t i o n  t h a t  t h e  f r e q u e n c y  
o f  ozone  e n c o u n t e r s  was r o u g h l y  p r o p o r t i o n a l  t o  t h e  s e a s o n a l  
a v e r a g e  ozone  l e v e l s ,  which would be t h e  c a s e  i f  t h e  e n c o u n t e r s  
r e p r e s e n t e d  i n t r u s i o n s  o f  ozone  r i c h  a i r  from h i g h e r  l a t i t u d e s .  

T h e  G A S P  d a t a  a v a i l a b l e  f o r  t h i s  s t u d y  were s u f f i c i e n t  t o  
i n d i c a t e  s u c h  c o m p l e x i t y  i n  the t r o p i c a l  ozone  d i s t r i b u t i o n ,  
which has g e n e r a l l y  r ema ined  u n r e c o g n i z e d .  Yet i t  was n o t  
s u f f i c i e n t  t o  p rove  t h e  r o l e  of  long range t r a n s p o r t ,  or  of  
o t h e r  p o s s i b l e  f a c t o r s  s u c h  as  l o c a l  p h o t o c h e m i s t r y ,  o r  
l i g h t n i n g  p r o d u c t i o n  o f  ozone  i n  the i n t e n s e  c o n v e c t i v e  s t o r m s  
common i n  t h e  t r o p i c s .  Examina t ion  o f  t h e  l a t e r  and  more 
c o m p l e t e  GASP d a t a  may shed more l i g h t  on t h e s e  mechanisms, b u t  
i t  a p p e a r s  that w e l l - d e s i g n e d ,  d e d i c a t e d  o b s e r v a t i o n  p r o g r a m s  
a r e  n e c e s s a r y  t o  u n d e r s t a n d  t h e  a p p a r e n t l y  complex  b e h a v i o r  of 
t r a c e  c o n s t i t u e n t s  i n  t h e  t r o p i c s .  
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CHAPTER 4 

COMPARISON OF AEROSOL STANDARDS AND 'THE CALIBRATION 
OF THE NASA-LEWIS RESEARCH CENTER POLLAK COUNTER * 

by  W. W i n t e r s ,  S. Bernard ,  and  A. Hogen 

4 . 1  INTRODUCTION 

The  A t m o s p h e r i c  S c i e n c e s  Research  C e n t e r  h a s  m a i n t a i n e d  a 
work ing  r e f e r e n c e  p h o t o  e l e c t r i c  n u c l e u s  c o u n t e r  ( M e t n i e k s  a n d  
P o l l a k ,  1 9 5 9 ;  P o l l a k  a n d  ~ e t n i e k s ,  1 9 6 0 )  i n  i t s  l a b o r a t o r y  f o r  
several y e a r s .  The p a r t i c u l a r  i n s t r u m e n t  u s e d  a s  a w o r k i n g  
r e f e r e n c e  is  t h e  t w e l f t h  i n  a  ser ies  of  a b o u t  3 0  i n s t r u m e n t s  
c o n s t r u c t e d  by R. Gussman i n  a c c o r d a n c e  w i t h  d r a w i n g s  a n d  
s p e c i f i c a t i o n s  s u p p l i e d  t o  h im by P r o f .  L. W. P o l l a k .  This 
i n s t r u m e n t  was s e l e c t e d  from a p r o d u c t i o n  l o t  o f  three, a l l  o f  
wh ich  were m u t u a l l y  compared  a n d  f o u n d  t o  b e  i n  a g r e e m e n t  
w i t h i n  +1 scale  d i v i s i o n ,  t h r o u g h o u t  t h e  f u l l  r a n g e  o f  
c a l i b r  a z i o n  . 
The l i n e a r i t y  of  the e l e c t r i c a l  componen t s  o f  this i n s t r u m e n t  
is f r e q u e n t l y  v e r i f i e d  with n e u t r a l  d e n s i t y  filters, and a 
r e f e r e n c e  microammeter .  The r e f e r e n c e  P o l l a k  c o u n t e r  i s  
compared  with newly  m a n u f a c t u r e d  c o u n t e r s  as  t h e y  a re  a c q u i r e d  
by ASRC. No s e r i o u s  d i s c r e p a n c i e s  e x i s t  i n  t h e  p e r f o r m a n c e  
h i s t o r y  o f  the r e f e r e n c e  ( P G  1 2 )  n u c l e u s  c o u n t e r .  

4 .2  CALIBRATION HISTORY O F  THE WORKING STANDARD 

The r e f e r e n c e  P o l l a k  c o u n t e r  (Gussman-Po l l ak  # 1 2  or  PG 1 2 )  was 
s e l e c t e d  by c o n v e n i e n c e  f r o m  t h e  s e r i e s  PG 1 2 ,  1 3 ,  1 4  a f t e r  
i n t e r c o m p a r  i s o n  of t h e  i n s t r u m e n t s ,  PG 1 3  was i n s t a l l e d  a t  t h e  
Mauna Loa O b s e r v a t o r y  i n  1977  a n d  is  s t i l l  i n  s e r v i c e  t h e r e ,  
s e r v i n g  as b o t h  a work ing  r e f e r e n c e  s t a n d a r d ,  a n d  a s  a 
c l i m a t o l o g i c a l  i n s t r u m e n t .  I t  h a s  been t h o r o u g h l y  r e - e v a l u a t e d  
several times (B.  Bodha ine  , p e r s o n a l  c o m m u n i c a t i o n )  a n d  w a s  
r e c e n t l y  compared w i t h  a pho tograph ic  A i t k e n  c o u n t e r  ( W i n t e r s ,  
B a r n a r d ,  and  Hogan,  1 9 7 7 ) .  
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I n s t r u m e n t  PG 1 4  was s i m u l t a n e o u s l y  i n s t a l l e d  a t  t h e  Woodcock- 
B l a n c h a r d  tower  o n  t h e  n o r t h e a s t  s h o r e  o f  Oahu. I t  w a s  
r e t u r n e d  t o  ASRC a f t e r  f i v e  y e a r s  s e r v i c e  a n d  r e - c o m p a r e d  w i t h  
i n s t r u m e n t  PG 1 2 .  T h e r e  was no  s y s t e m a t i c  d i f f e r e n c e  i n  
r e s u l t s  b e t w e e n  t h e  i n i t i a l  a n d  p o s t  e x p e r i m e n t  c o m p a r i s o n .  

R e f e r e n c e  i n s t r u m e n t  PG 1 2  was t a k e n  t o  t h e  P a r t i c l e  T e c h n o l o g y  
L a b o r a t o r y ,  U n i v e r s i t y  of M i n n e s o t a  i n  1 9 7 3 ,  f o r  c o m p a r i s o n  
w i t h  a n  e l e c t r o s t a t i c  a e r o s o l  d e t e c t i o n  t e c h n i q u e .  The t w o  
t e c h n i q u e s  showed a g r e e m e n t  t o  20% t h r o u g h o u t  the r a n g e  of  
c a l i b r a t i o n  ( L i u ,  P u i  , Hogan,  and  R i c h ,  1 9 7 4 )  . L a t e r  t h a t  
y e a r ,  a c a l i b r a t i o n  workshop  w a s  h o s t e d  by R. C a d l e  a t  t h e  
N a t i o n a l  C e n t e r  f o r  A t m o s p h e r i c  R e s e a r c h ,  T h i s  P o l l a c k  c o u n t e r  
was compared  w i t h  s e v e r a l  i n s t r u m e n t s  i n c l u d i n g  t h e  
S t r a t o s p h e r i c  A i t k e n  N u c l e i  D e t e c t i o n  S y s t e m  (SANDS) a n d  t h e  
b a l l o o n - b o r n e  system of J. Rosen. Again  good a g r e e m e n t  and  
c o m p a r a b l e  r e s u l t s  were  f o u n d  among t h e  s e v e r a l  t e c h n i q u e s  
( C a d l e ,  e t  a l . ,  1 9 7 5 )  . 
The ASRC r e f e r e n c e  c o u n t e r  h a s  b e e n  compared  i n  t h e  l a b o r a t o r y ,  
w i t h  r e f e r e n c e  ( o r  l a b o r a t o r y )  P o l l a k  c o u n t e r s ,  o r  P o l l a k  
r e p l i c a s ,  i n c l u d i n g  t h o s e  b u i l t  by: G e n e r a l  E l e c t r i c  C o . ;  
USAEC H e a l t h  and Safety Lab;  B G I ,  I n c .  ; Envi ronment /One  C o r p .  ; 
R e s e a r c h  I n s i t u t e  of A t m o s p h e r i c s ,  Nagoya; Tokyo I n s t i t u t e  of  
S c i e n c e ;  G a r d n e r  A s s o c i a t e s ;  a n d  o b s e r v a t o r y  i n s t r u m e n t s  o f  
NOAA-Geophysical m o n i t o r i n g  f o r  C l i m a t i c  Change .  I n  m o s t  
c a s e s ,  c l o s e  a g r e e m e n t  w a s  found .  In two cases t h e  c a u s e  of  
d i s a g r e e m e n t  was q u i c k l y  l o c a t e d  i n  two e l e c t r i c a l  c o m p o n e n t s ,  
a n d  a g r e e m e n t  a c h i e v e d  a f t e r  r e p l a c i n g  t h e  c o m p o n e n t s .  

Compar i son  of  o t h e r  p h o t o e l e c t r i c  n u l e u s  c o u n t e r s  w i t h  t h e  ASRC 
r e f e r e n c e  c o u n t e r  a p p e a r s  t o  b e  a  r e l i a b l e  t e c h n i q u e  f o r  
v e r i f y i n g  t h e  p e r f o r m a n c e  o f  s u c h  c o u n t e r s  and d e t e c t i n g  
d e g r a d e d  c o u n t e r  p e r  forrnance . 

4 . 3 .  CALIBRATION OF THE NASA LEWIS POLLAK COUNTER 

A P o l l a k  p h o t o e l e c t r i c  n u c l e u s  c o u n t e r  was a c q u i r e d  by NASA 
L e w i s  a s  a w o r k i n g  r e f e r e n c e  f o r  t h e  s e v e r a l  ~ n v i r o n m e n t / O n e  
a u t o m a t i c  n u c l e u s  p h o t o m e t e r s  u s e d  i n  t h e  G l o b a l  A t m o s p h e r i c  
S a m p l i n g  Program.  T h i s  i n s t r u m e n t  is number 2 3  i n  t h e  s e r i e s  
p r o d u c e d  by R. Gussman,  a n d  i s  a  v e r y  s imi lar  r e p l i c a  o f  t h e  
s e v e r a l  i n s t r u m e n t s  c i t e d  i n  t h e  p r e v i o u s  s e c t i o n .  

T h i s  i n s t r u m e n t  w a s  t r a n s p o r t e d  t o  t h e  ASRC L a b o r a t o r y  a t  
S c h e n e c t a d y  A i r p o r t  o n  December 7 ,  1 9 7 6 ,  by  Ted Nyland .  I t  w a s  
r e - a s s e m b l e d  i n  t h e  c a l i b r a t i o n  room a n d  a l l o w e d  t o  e q u i l i b r a t e  
o v e r n i g h t .  A c o m p a r i s o n  was c o m p l e t e d  d u r i n g  t h e  a f t e r n o o n  of 
December 8 ,  1 9 7 6 ,  using a sod ium c h l o r i d e  a e r o s o l  g e n e r a t e d  by 
a D e V i l b i s s  n e b u l i z e r ,  The r e s u l t s  o f  t h e  c a l i b r a t i o n  a r e  
t a b u l a t e d  be low a s  T a b l e  4 - 1 .  



T i m e  Gussman-Pollak # 1 2  G u s s m a n - P o l l a k  # 2 3  
(ASRC S t a n d a r d )  (NASA L e w i s  1 1 9 4 1 8 )  

1 4 1 5  Z e r o  Check  
1 5 5 0  51 .9  

5 2 . 2  
1 6 1 0  6 2 . 9  

6 3 . 0  
1 6 2 5  7 2 . 8  

7 3 . 1  
7 4 . 0  

1 6 5 0  79 .0*  
8 1 . 9  

1 7 1 5  9 1 . 0  
9 0 . 2  
9 0 . 9  

1 7 5 0  9 6 . 0  
96 .0  

* S t a r r e d  o b s e r v a t i o n  was a t t e m p t e d  d u r i n g  line v o l t a g e  
t r a n s i e n t  w h i c h  r e s u l t e d  i n  p o s t - o b s e r v a t i o n  z e r o  s h i f t s .  

Table 4 - 1  Comparison o f  p h o t o e l e c t r i c  n u c l e u s  c o u n t e r s  a t  
ASRC S c h e n e c t a d y  L a b o r a t o r y  on December 8 ,  1976 .  
Sodium C h l o r i d e  a e r o s o l  w a s  p r o d u c e d  from a 
DeVilbiss n e b u l i z e r .  



Examina t ion  o f  t h e  t a b u l a t e d  d a t a  shows t h a t ,  i n  n e a r l y  e v e r y  
c a s e ,  t h e  ag reemen t  between t h e  two i n s t r u m e n t s  is  w i t h i n  o n e  
s c a l e  d i v i s i o n  a t  t h e  o b s e r v e d  v a l u e .  T h i s  is  t h e  c r i t e r i o n  
f o r  ag reemen t  e s t a b l i s h e d  by P o l l a c k  and  P l e t n i e k s  (1960)  i n  
d e r i v i n g  t h e  " i n t r i n s i c  c a l i b r a t i o n "  o f  s u c h  p h o t o e l e c t i r c  
n u c l e u s  c o u n t e r s .  Two compar i son  p o i n t s  ( # 8  a n d  # l o )  i n  t h e  
t a b l e  a r e  n o t  w i t h i n  t h i s  c r i t e r i o n .  The d i s a g r e e m e n t  i n  p o i n t  
# 8  a p p e a r s  t o  b e  due  t o  a  v o l t a g e  t r a n s i e n t  i n  t h e  l a b o r a t o r y  
a t  t h a t  t i m e  r e s u l t i n g  i n  a  s u b s e q u e n t  z e r o  s h i f t .  R e p e t i t i o n  
o f  t h e  e x p e r i m e n t  ( p o i n t  # 9 )  r e s u l t e d  i n  good c o r r e s p o n d e n c e .  
P o i n t  #10 was t h e  f i r s t  measurement  a f t e r  d i l u t i o n  o f  t h e  
a e r o s o l  s u p p l y  i n  t h e  t e s t  chamber.  The d i s p a r i t y  h e r e  may b e  
due  t o  i n c o m p l e t e  mix ing  i n  t h e  t e s t  chamber ,  a s  r e p e t i t i v e  
p o i n t s  # 1 1  and  #12  a g a i n  show good ag reemen t .  T h i s  c o m p a r i s o n  
s e q u e n c e ,  showing 1 2  o f  14 compar i son  p o i n t s  ( 8 6 % )  t o  b e  w i t h i n  
+ 1 s c a l e  d i v i s i o n  when s i m u l t a n e o u s l y  o b s e r v e d  w i t h  two P o l l a k  - 
c o u n t e r s ,  is  t y p i c a l  o f  t h e  pe r fo rmance  o f  s u c h  i n s t r u m e n t s .  
The r e m a i n i n g  1 4 %  o f  p o i n t s  f a l l i n g  o u t s i d e  t h i s  band a r e  
u s u a l l y  a t t r i b u t a b l e  t o  random unknown e r r o r  a s  i n  t h i s  c a s e .  
The NASA L e w i s  i n s t r u m e n t  i s  shown t o  b e  a  r e l i a b l e  r e p l i c a  of  
t h e  Dub l in  n u c l e u s  c o u n t e r ,  and  t o  d u p l i c a t e  t h e  i n t r i n s i c  
c a l i b r a t i o n  o f  s u c h  c o u n t e r s  e s t a b l i s h e d  by P o l l a k  and  M e t n i e k s  
( 1 9 6 0 ) .  



4 . 4  CONCLUSIONS 

The NASA Lewis r e f e rence  a e r o s o l  d e t e c t o r  was compared t o  t h e  
r e f e r e n c e  a e r o s o l  d e t e c t o r  of t h e  Atmospheric Sciences Research 
Center i n  a t e s t  f i x t u r e  (Hogan, 1 9 8 0 )  shown t o  be capab le  o f  
d e t e c t i n g  degraded ins t rument  performance. The  NASA L e w i s  
p h o t o e l e c t r i c  nucleus  counter  met P o l l a k l s  accuracy c r i t e r i o n ,  
reproducing t h e  " i n t r i n s i c  c a l i b r a t i o n "  of such in s t rumen t s ,  a s  
e s t a b l i s h e d  by t h e  r e f e rence  coun te r ,  t o  w i th in  1 s c a l e  
d i v i s i o n  i n  86% of t h e  t r i a l s .  

The  r e f e r e n c e  counter  of  t h e  ASRC h a s  been used t o  c a l i b r a t e  
p o r t a b l e  coun te r s  used  on shipboard over the  s e a s ,  on a i r c r a f t  
of NCAR and t h e  U.S. l i n t a r c t i c  Research Program, o n  t h e  ~ r c t i c  
and A n t a r c t i c  i c e ,  a n d  a t  s e v e r a l  i s l a n d  and mountain 
s t a t i o n s .  This same r e f e rence  ins t rument  has  been compared 
with t h e  working s t anda rds  o f  t h e  major manufacturers  of  
a e r o s o l  coun te r s  and  s e v e r a l  major l a b o r a t o r i e s .  Data o b t a i n e d  
by t h e s e  s e v e r a l  programs a r e  directly comparable. 
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CHAPTER 5 

A e r o s o l  C o n c e n t r a t i o n s  Over t h e  P a c i f i c  

A .  W. Hogan,  S. B a r n a r d ,  K. K r e b s c h u l l  

5 . 1  INTRODUCTION 

T h e  ~ t r n o s p h e r i c  S c i e n c e s  R e s e a r c h  C e n t e r  b e g a n  a s u r v e y  o f  
a e r o s o l  c o n c e n t r a t i o n s  o v e r  t h e  s u r f a c e  o f  t h e  s e a s ,  i n  
c o o p e r a t i o n  w i t h  t h e  S t a t e  U n i v e r s i t y  M a r i t i m e  C o l l e g e ,  i n  
1 9 6 6 .  I n i t i a l  o b s e r v a t i o n s  were c o n f i n e d  t o  t h e  N o r t h  A t l a n t i c  
a r e a  a n d  o b s e r v a t i o n s  o v e r  t h e  P a c i f i c  were made Erom 1 9 6 9  t o  
1 9 7 6 .  The  P a c i f i c  o b s e r v a t i o n s  a r e  m a i n l y  c o n f i n e d  t o  the 
g r e a t  c i r c l e  r o u t e s  b e t w e e n  t h e  Panama C a n a l  a n d  A u s t r a l i a  - 
N e w  Z e a l a n d ;  C a l i f o r n i a  t o  H a w a i i ;  C a l i f o r n i a  t o  J a p a n ;  a n d  
H a w a i i  t o  Japan,  A d d i t i o n a l  n o r t h - s o u t h  t r a n s e c t s  a c r o s s  t h e  
t r o p i c s ,  a n d  e a s t - w e s t  t r a n s e c t s  n e a r  t h e  A n t a r c t i c  c o n v e r g e n c e  
a r e  a v a i l a b l e  from s i n g l e  c r u i s e s  of  s u r v e y  s h i p s .  T h e  a u t h o r  
made o b s e r v a t i o n s  f r o m  40° t o  7 8 O ~ ,  a l o n g  t h e  i n t e r n a t i o n a l  
d a t e  l i n e  Erom U.S,C.G.C. Nor thwind  i n  1979-80 .  The  s u r f a c e  
o b s e r v a t i o n s  t h r o u g h  1 9 7 6  w e r e  c o m p i l e d  a n d  p l o t t e d  o n  a 
m e r c a t o r  p r o j e c t i o n  (Hogan ,  1 9 7 6 )  ; l o n g e r  " c l i m a t o l o g i e s '  o f  
s u r f a c e  a e r o s o l  o b s e r v a t i o n s  h a v e  r e c e n t l y  become a v a i l a b l e  
f r o m  i s l a n d  s t a t i o n s .  The  a u t h o r  h a s  made a e r i a l  a e r o s o l  
o b s e r v a t i o n s  a l o n g  t h e  West C o a s t  U S  - H a w a i i  - Samoa - N e w  
Z e a l a n d  - McMurdo Sound - S o u t h  P o l e  c o r r i d o r  a t  a l t i t u d e s  
b e t w e e n  16000-26000 f t  rnsl. T h e s e  s u r f a c e  a n d  mid t r o p o s p h e r i c  
a e r o s o l  o b s e r v a t i o n s  a r e  e x a m i n e d ,  a l o n g  w i t h  s i m i l a r  
r e c o r d i n g s  o b t a i n e d  b e t w e e n  3 0 , 0 0 0 - 4 3 , 0 0 0  f t  m s l  by t h e  G l o b a l  
A t m o s p h e r i c  S a m p l i n g  P r o g r a m  a i r c r a f t ,  i n  a n  a t t e m p t  t o  
d e t e r m i n e  the b a c k g r o u n d  of  p a r t i c l e s  i n  t h e  a t m o s p h e r e ,  a n d  
t h e i r  d i s p e r s i o n  by  t h e  g e n e r a l  c i r c u l a t i o n .  

5,2 INSTRUMENTATION AND CALIBRATION 

The i n i t i a l  a e r o s o l  o b s e r v a t i o n s  from s h i p b o a r d  o v e r  t h e  
P a c i f i c  were made w i t h  t h e  p o r t a b l e  s m a l l  p a r t i c l e  d e t e c t o r  o f  
R i c h  ( 1 9 5 5 )  , a s  m a n u f a c t u r e d  by G a r d n e r  A s s o c i a t e s  o f  
S c h e n e c t a d y ,  NY. O b s e r v a t i o n s  f r o m  o c e a n o g r a p h i c  s h i p s  w e r e  
made w i t h  a s i m i l a r  p h o t o e l e c t r i c  n u c l e u s  c o u n t e r ,  m o d i f i e d  t o  
p r o d u c e  g r e a t e r  s e n s i t i v i t y  t o  s m a l l  c h a n g e s  i n  a e r o s o l  
c o n c e n t r a t i o n s  (Hogan ,  W i n t e r s  a n d  G a r d n e r ,  1 9 7 5 ) .  S u r f a c e  
o b s e r v a t i o n s  a t  V i t o  Levu ,  F i j i  a n d  P i t c a i r n  i s l a n d  (Hogan a n d  
C h r i s t i a n ,  1 9 7 9 )  w e r e  made w i t h  t h e s e  i n s t r u m e n t s .  
M e a s u r e m e n t s  f r o m  1 1 , 0 0 0  f t  m s l  a t  Xauna L o a ,  H a w a i i  a n d  f r o m  
t h e  s o u t h e r n  t r a d e w i n d  z o n e  i n  Samoa w e r e  o b t a i n e d  b y  t h e  
NOAA-Geophysical  M o n i t o r i n g  f o r  C l i m a t i c  Change P r o g r a m  



( B .  B o d h a i n e ,  p r i v a t e  c o m m u n i c a t i o n ) ,  u s i n g  a P o l l a k  c o u n t e r .  
A d d i t i o n a l  P o l l a k  c o u n t e r  d a t a  a r e  a v a i l a b l e  f r o m  t h e  n o r t h e r n  
t r a d e w i n d  z o n e  a t  B e l l o w s  B e a c h ,  Oahu ,  H a w a i i  ( H o g a n ,  1 9 7 6 ) .  

T h e  a i r c r a f t  o b s e r v a t i o n s  t a k e n  a t  a l t i t u d e s  from 1 6 , 0 0 0 - 2 6 , 0 0 0  
f t  were o b t a i n e d  w h i l e  f e r r y i n g  t h e  i n s t r u m e n t e d  LC-130R o f  the 
U S  A n t a r c t i c  R e s e a r c h  P r o g r a m  ( R e n a r d  a n d  F o s t e r ,  1 9 7 8 )  f r o m  
t h e  U S  t o  A n t a r c t i c a .  The  a i r b o r n e  a e r o s o l  d e t e c t o r  w a s  t h e  
same (Hogan ,  W i n t e r s ,  a n d  G a r d n e r ,  1 9 7 5 )  a s  that u s e d  a t  t h e  
s u r f a c e ,  b u t  c o n n e c t e d  t o  e i t h e r  a c o m p r e s s o r  tap o r  i s o k i n e t i c  
probe (Hogan ,  1 9 7 9 )  . The a e r o s o l  i n f o r m a t i o n  f r o m  h i g h e r  
a l t i t u d e s  p r o v i d e d  by  t h e  G l o b a l  A t m o s p h e r i c  S a m p l i n g  P r o g r a m  
was o b t a i n e d  w i t h  a p r e s s u r i z e d  a u t o m a t i c  n u c l e u s  c o u n t e r s  
( N y l a n d ,  1 9 7 9 ) .  All o f  t h e s e  i n s t r u m e n t s  d e r i v e  t h e i r  
c a l i b r a t i o n  f r o m  t h e  1 9 6 0  P o l l a k  a n d  M e t n i e k s  c a l i b r t i o n  o f  
p h o t o e l e c t r i c  n u c l e u s  c o u n t e r s ,  a n d  a r e  s p e c i f i c a l l y  r e f e r e n c e d  
t o  i n s t r u m e n t  # 1 2  o f  t h e  Gussrnan se r ies  o f  P o l l a k  r e p l i c a s .  

T h e  p h o t o e l e c t r i c  n u c l e u s  c o u n t e r  d e t e c t s  t h e  t o t a l  number  
c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  a i r .  W h i l e  t h i s  i s  a 
f u n d a m e n t a l  p a r a m e t e r ,  i t  is d e s i r a b l e  t o  know some o f  t h e  
o t h e r  p h y s i c a l  p r o p e r  t i e s  o f  t h e  a e r o s o l ,  s u c h  as  d i f f u s i o n  
c o e f f i c i e n t  ( w h i c h  i s  s i z e  d e p e n d e n t ) ,  f r a c t i o n  c h a r g e d  ( w h i c h  
i n f l u e n c e s  c o n d u c t i v i t y ) ,  a n d  l i g h t  s c a t t e r i n g  a rea .  T h e  mean 
d i f f u s i o n - c o e f f i c i e n t  a n d  r e a c t i o n  o f  p a r t i c l e s  c h a r g e d  were 
m e a s u r e d  i n  many cases u s i n g  t h e  d i f f u s e r  d e n u d e r  of  R i c h  
( 1 9 6 6 ) .  Some l i g h t  s c a t t e r i n g  p a r a m e t e r s  w e r e  m e a s u r e d  by a 
c o m m e r c i a l  i n s t r u m e n t  ( R o y c o )  a t  t h e  s u r f a c e .  A Royco l i g h t  
s c a t t e r i n g  d e t e c t o r  was  a l s o  used as p a r t  o f  t h e  G A S P  
i n s t r u m e n t a t i o n  p a c k a g e .  

V e r t i c a l  p r o f i l e s  n e a r  H a w a i i  ( H o g a n ,  1 9 7 6 )  i n d i c a t e  that, 
a l t h o u g h  t h e  t o t a l  number c o n c e n t r a t i o n s  o f  a e r o s o l  p a r t i c l e s  
m e a s u r e d  a t  t h e  s u r f a c e ,  a n d  a b o v e  t h e  t r a d e  w i n d  i n v e r s i o n  a r e  
q u i t e  s i m i l a r ,  t h e  size ( a s  d e t e r m i n e d  by l i g h t  s c a t t e r ,  
f r a c t i o n  c h a r g e d  a n d  d i f f u s i o n  c o e f f i c i e n t )  o f  t h e  a e r o s o l  a t  
t h e  two a l t i t u d e s  i s  v e r y  d i f f e r e n t .  E x p e r i e n c e s  at South P o l e  
showed t h a t  v e r y  d r y  s u b s i d i n g  a i r  c o n t a i n e d  l a r g e  n u m b e r s  o f  
p a r t i c l e s  o f  v e r y  smal l  s i z e  ( H o g a n ,  1 9 7 5 ) .  

T h e s e  e x p e r i e n c e s  l e d  t o  o u r  s u g g e s t i o n  t o  ~ e w i s  R e s e a r c h  
C e n t e r  t h a t  t h e  G A S P  p r o g r a m  i n c o r p o r a t e  a simple s i z i n g  
t e c h n i q u e  i n t o  t h e  a i r b o r n e  o b s e r v a t i o n s ,  w h i c h  w o u l d  y i e l d  
some i n f o r m a t i o n  r e l a t i v e  t o  p a r t i c l e  s i z e s  e n c o u n t e r e d .  T h i s  
t e c h n i q u e  is b a s e d  o n  t h e  i n t i a l  c a l c u l a t i o n s  of S p u r n y  ( 1 9 6 9 ) ,  
who s u g g e s t e d  t h a t  membrane f  i 1 t e r s  c o u l d  b e  u s e d  as  s i z e  
s e l e c t i v e  d i f f u s i o n  b a t t e r i e s .  Twomey ( 1 9 8 1 )  has r e c e n t l y  
d e s c r i b e d  a more  c o m p l e t e  N u c l e p o r e  - b a s e d  membrane  f i l t e r  
s i z e  m e a s u r e m e n t  t e c h n i q u e .  



A s e c o n d  a u t o m a t i c  n u c l e u s  c o u n t e r  was a s p i r a t e d  t h r o u g h  a  
N u c l e p o r e  f i l t e r ,  i n  p a r a l l e l  w i t h  t h e  p r i m a r y  u n a l t e r e d  
n u c l e u s  c o u n t e r  d u r i n g  t h e  l a s t  y e a r  o f  t h e  GASP p rog ram.  The  
a e r o s o l  c o n c e n t r a t i o n  measu red  by t h e  p r i m a r y ,  u n a l t e r e d  
nucleus c o u n t e r  r e p r e s e n t s  t h e  t o t a l  number c o n c e n t r a t i o n  o f  
a l l  p a r t i c l e s  p r e s e n t  g r e a t e r  t h a n  t h e  minimum d e t e c t a b l e  
size. T h e  number o f  p a r t i c l e s  measu red  by t h e  s e c o n d  counter 
r e p r e s e n t s  t h o s e  t r a n s m i t t e d  t h r o u g h  t h e  s i z e - s e l e c t i v e  
"window" o f  t h e  n u c l e p o r e  f i l t e r .  

Two t y p e s  of  N u c l e p o r e  f i l t e r s  were  u s e d  d u r i n g  t h i s  p o r t i o n  o f  
t h e  p rog ram,  b o t h  o f  47  mm d i a m e t e r .  The f i r s t ,  w i t h  a n o m i n a l  
p o r e  s i z e  o f  8.0 , a m ,  w i l l  t r a n s m i t  n e a r l y  a l l  p a r t i c l e s  g r e a t e r  
t h a n  c m  r a d i u s ,  b u t  w i l l  e f f e c t i v e l y  remove a l l  
p a r t i c l e s  w i t h  r a d i i  l e s s  t h a n  5 x c m .  The s e c o n d ,  w i t h  
a  nomina l  p o r e  s i z e  o f  1 . 0 & m ,  removes  most p a r t i c l e s ,  b u t  
t r a n s m i t s  more t h a n  h a l f  of  t h e  p a r t i c l e s  t h r o u g h  i ts  "window" 
r e g i o n  of  .05p**rL,u/rnr.2 . 
The t o t a l  c o n c e n t r a t i o n  o f  a e r o s o l  p a r t i c l e s  i s  compared  t o  t h e  
t r a n s m i t t e d  t h r o u g h  e i t h e r  f i l t e r  . I f ,  f o r  e x a m p l e ,  t h e  8 p m  
p o r e  s i z e  i s  u s e d  and  t h e  d i f f e r e n c e  i n  c o n c e n t r a t i o n  a c r o s s  
t h e  f i l t e r  i s  g r e a t ,  t h e n  o n e  mus t  c o n c l u d e  t h a t  t h e  m a j o r i t y  
o f  t h e  number c o n c e n t r a t i o n  c o n s i s t s  o f  v e r y  s m a l l  p a r t i c l e s .  
I f  t h e  1 . 0 ~ m  p o r e  s i z e  is u s e d  and  t h e r e  i s  l i t t l e  d i f f e r e n c e  
a c r o s s  t h e  f i l t e r ,  t h e n  t h e  a e r o s o l  c o n s i s t s  m o s t l y  o f  
p a r t i c l e s  o f  s m a l l  d i f f u s i o n  c o e f f i c i e n t .  I f  e i t h e r  f i l t e r  
t r a n s m i t s  25  t o  75% of t h e  t o t a l  a e r o s o l ,  t h e  a e r o s o l  c o n t a i n s  
a  m i x t u r e  of many s i z e s .  

T h i s  t e c h n i q u e ,  i n  c o n j u n c t i o n  w i t h  m e t e o r o l o g i c a l  a n a l y s i s  and 
ozone  and w a t e r  v a p o r  m ix ing  r a t i o  d a t a  c a n  b e  u s e d  t o  
d e t e r m i n e  whe the r  t h e  a e r o s o l  m a t e r i a l  h a s  r e c e n t l y  f o rmed  v i a  
g a s  c o n v e r s i o n  ( l a r g e  l o s s  of s m a l l  p a r t i c l e s ,  which  would  be 
s h o r t - l i v e d  i n  n a t u r e  due  t o  c o a g u l a t i o n ) ,  o r  h a s  b e e n  a g e d  f o r  
a  l o n g  p e r i o d  w i t h o u t  t h e  a d d i t i o n  o f  new m a t e r i a l  ( n a r r o w  s i z e  
r a n g e  w i t h  l i t t l e  l o s s  o f  " s m a l l "  p a r t i c l e s  t h r o u g h  t h e  
f i l t e r ) ,  o r  h a s  r e c e n t l y  b e e n  b r o u g h t  u p  f r o m  t h e  s u r f a c e  by 
c o n v e c t i o n  ( b r o a d  s i z e  r a n g e ) .  These s o l u t i o n s  a r e  n o t  u n i q u e ,  
b u t  d o  p r o v e  o f  some b e n e f i t  i n  o u r  u n d e r s t a n d i n g  o f  a e r o s o l  
s o u r c e s  and s i n k s .  



5.3 METEOROLOGICAL ANALYSIS 

T h e  s u r f a c e  a e r o s o l  d a t a  c o l l e c t e d  d u r i n g  1966-76 showed t h a t  
t h e  mean a e r o s o l  c o n c e n t r a t i o n  v a r i e d  w i t h  c l imat ic  r e g i o n  o v e r  
t h e  open  s e a s .  Our p r e l i m i n a r y  a n a l y s i s  o f  G A S P  and 
m i d - t r o p o s p h e r i c  d a t a  i n d i c a t e s  a r e l a t i v e l y  s t r o n g  v a r i a t i o n  
i n  mean a e r o s o l  c o n c e n t r a t i o n  w i t h  l a t i t u d e  and  a l t i t u d e .  
S t r a t o s p h e r i c  a i r  i s  g e n e r a l l y  l ower  i n  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  t h a n  t r o p o s p h e r i c  a i r ,  W e  h a v e  s e l e c t e d  t h e s e  
m e t e o r o l o g i c a l  p a r a m e t e r s  t o  c a t e g o r i z e  a e r o s o l  c o n c e n t r a t i o n s :  

1. T e m p e r a t u r e  p r o f i l e s  d u r i n g  c l i m b  o r  d e s c e n t  a r e  u s e d  
t o  d e t e r m i n e  i f  l a p s e  o r  i n v e r s i o n  is p r e s e n t  at, and e n r o u t e  
t o ,  t h a t  a l t i t u d e ,  

2 .  When two d i s t a n t  t e m p e r a t u r e  p r o f i l e s  i n d i c a t e  t h e  
t r o p o p a u s e  may have  been  i n t e r e s t e d  i n  l e v e l  f l i g h t ,  t e m p e r -  
a t u r e  g r a d i e n t  wind d i r e c t i o n ,  a n d  ozone  d a t a  a re  u s e d  t o  
e s t i m a t e  t h e  l o c a t i o n  ( + 2  O )  whre  t h e  t r o p o p a u s e  w a s  c r o s s e d .  

3. Wind, t e m p e r a t u r e ,  and  ozon  p r o f i l e s  a r e  used t o  
i d e n t i f y  e x t r u s i o n s  o f  s t r a t o p s h e r i c  a i r  a r o u n d  j e t  s t r e a m s  a n d  
o v e r  t r o u g h s  , 

5 . 4  RESULTS O F  EXPERIMENTS 

5 . 4 . 1  S u r f a c e  A e r o s o l  C o n c e n t r a t i o n s  

The mean a e r o s o l  c o n c e n t r a t i o n s  a s  measured  o v e r  t h e  P a c i f i c  
Ocean s u r f a c e  f rom s h i p s  and  i s l a n d  s t a t i o n s ,  d u r i n g  t h e  p e r i o d  
1966-1974 is shown i n  F i g u r e  5-1.  More r e c e n t  da t a ,  f r o m  t h e  
Mauna Loa O b s e r v a t o r y  (11 ,000  f t  m s l )  and  American Samoa (sea 
l e v e l )  is e n c l o s e d  i n  boxes .  The mos t  f r e q u e n t l y  f o l l o w e d  
g r e a t  c i r c l e  r o u t e s  o v e r  t h e  P a c i f i c  a r e  shown by a r r o w e d  l i n e s .  

A s  a  g e n e r a l  c h a r a c t e r  i z a t i o n ,  t h e  Nor th  and  S o u t h  t e m p e r a t e  
r e g i o n s  have mean v a l u e s  o f  a e r o s o l  c o n c e n t r a t i o n  o f  300-500  
n/cm3. The t r a d e  wind r e g i o n ,  and t h e  r e g i o n  of p o l a r  
eas ter l ies  e x p e r i e n c e  mean a e r o s o l  c o n c e n t r a t i o n s  o f  l e s s  t h a n  
300 n/cm3. No marked i n c r e a s e  i n  a e r o s o l  c o n c e n t r a t i o n s  i s  
found  n e a r  t h e  ITCZ i n  the s u r f a c e  o b s e r v a t i o n s .  T h i s  may, i n  
p a r t ,  be due  t o  o b s e r v e r  b i a s ,  r e s u l t i n g  f rom d e l a y i n g  
o b s e r v a t i o n s  d u r i n g  showers  o r  t h u n d e r s t o r m s .  

5 . 4 - 2  O b s e r v a t i o n s  Along t h e  G r e a t  C i r c l e  Rou te  f rom 
C a l i f o r n i a  t o  Hawaii  

T h e  r a r i t y  o f  s e v e r e  s t o r m s  i n  t h e  e a s t e r n  P a c i f i c ,  a n d  t h e  
a b s e n c e  o f  i c e  i n  t h e s e  w a t e r s ,  a l l o w s  b o t h  s h i p s  a n d  a i r c r a f t  
t o  f o l l o w  a d i r e c t  g r e a t  c i r c l e  r o u t e  f rom Los A n g e l e s  o r  San  
F r a n c i s c o  t o  Hawaii .  The t r o p o p a u s e  is  n o r m a l l y  q u i t e  h i g h  
o v e r  t h e  t r o p i c a l  P a c i f i c ,  s o  t h a t  a l l  o f  t h e  d a t a  o b t a i n e d  
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Fig. 5-1. Mean values of aerosol concentration over t h e  seas, measured from shipboard 
during 1966-1974. The approximate great c i r c l e  a i r  routes covered by GASP 
and USAW a i r c r a f t  are  plotted,  



a l o n g  this r o u t e  i n  t h e  l a y e r s  b e t w e e n  550-300 m b  b y  t h e  
U . S . A . R . P .  H e r c u l e s  r e p r e s e n t  t r o p o p s h e r i c  a i r .  M o s t  o f  t h e  
GASP data  f r o m  t h e  300-200 mb l a y e r  is a l s o  f r o m  t r o p o s p h e r i c  
a i r ,  e x c e p t  t h a t  s t r a t o s p h e r i c  a i r  may be  e n c o u n t e r e d  a l o n g  t h e  
n o r t h e r n  mos t  p o r t i o n  o f  t h e  r o u t e ,  n e a r  t h e  N o r t h  A m e r i c a n  
c o a s t ,  when r e t u r n i n g  f r o m  ~ a w a i i .  The c l o c k w i s e  c i r c u l a t i o n  
o f  a i r  a b o u t  t h e  s e m i - p e r m a n e n t  h i g h  p r e s s u r e  s y s t e m s  a t  3 0 ° ~  
l a t i t u d e  o f t e n  r e s u l t s  i n  e a s t e r l y  w i n d s  i n  t h e  l o w e r  
t r o p o s p h e r e  a l o n g  t h e  n o r t h e r n  h a l f  o f  t h i s  r o u t e .  Westerlies 
a r e  f r e q u e n t l y  f o u n d  a b o v e  500 m b  over  t h e  t r a d e  w i n d  z o n e .  
The  a i r  a b o v e  700 mb i s  u s u a l l y  q u i t e  d r y ,  and  c l o u d l e s s  except 
f o r  c i r r u s ,  a l o n g  this r o u t e .  

The  mean s u r f a c e  values of A i t k e n  n u c l e u s  c o n c e n t r a t i o n  
m e a s u r e d  a l o n g  t h i s  r o u t e  f r o m  1966-1974 r a n g e d  f r o m  220-360 
n/cm3 ( T a b l e  5 - 1 ) .  T h e r e  w a s  a s l i g h t  l a t i t u d i n a l  t e n d e n c y ,  
p o s s i b l y  r e f l e c t i n g  i n f l u e n c e  o f  c o n t i n e n t a l  a i r  from t h e  west 
c o a s t  o f  N o r t h  A m e r i c a .  

A f l i g h t  f r o m  P o i n t  Mugu, C a l i f o r n i a ,  t o  H o n o l u l u  a t  a l t i t u d e s  
b e l o w  700 mb ( 6 , 0 0 0 - 8 , 0 0 0  f t  m s l )  a b o a r d  t h e  N a v a l  R e s e a r c h  L a b  
C o n s t e l l a t i o n  i n  1 9 7 2  f o u n d  c o n c e n t r a t i o n s  o f  150-300  n/cm3 
o v e r  t h i s  same r o u t e .  V e r t i c a l  p r o f i l e s ,  f r o m  t h e  s u r f a c e  t o  
a p p r o x i m a t e l y  500 mb upwind o f  t h e  i s l a n d  o f  H a w a i i ,  showed 
t h a t  t h e  t o t a l  a e r o s o l  c o n c e n t r a t i o n  a b o v e  t h e  t r a d e  i n v e r s i o n  
w a s  n u m e r i c a l l y  c o m p a r a b l e  t o  t h e  c o n c e n t r a t i o n  near the sea 
s u r f a c e .  The p a r t i c l e s  were, h o w e v e r ,  much smaller.  V e r y  l o w  
c o n c e n t r a t i o n s  (30  n/cm3) were f o u n d  i n  a i r  r e c e n t l y  o c c u p i e d  
by c u m u l u s  t u r r e t s .  

D a t a  f r o m  t h r e e  t r a n s e c t s  f r o m  Point Mugu t o  H a w a i i  a r e  
available f r o m  t h e  USARP-VX6 r e c o r d .  The m o s t  r e c e n t  da ta  
o b t a i n e d  O c t o b e r  9 ,  1 9 8 0 ,  is  i l l u s t r a t i v e  of  t y p i c a l  
c o n d i t i o n s ,  a n d  p l o t t e d  a s  F i g u r e  5-2. The a i r c r a f t  d e p a r t e d  
P o i n t  Mugu, climbed t o  1 6 , 0 0 0  f t  (530 mb) a n d  p r o c e e d e d  
w e s t w a r d  i n  d r y  a i r  w i t h  f o l l o w i n g  w i n d s .  T h e r e  w a s  a n  a i r  
p o l l u t i o n  a l e r t  i n  L o s  A n g e l e s  a t  t h i s  t i m e ,  and t h e  sea below 
w a s  obscured  by s t r a t u s  with n o  c l o u d s  a b o v e .  T h e r e  w a s  a 
f o l l o w i n g  wind  o f  1 5  t o  2 5  k t  f r o m  ENE t o  SE a t  t h i s  a l t i t u d e ,  
a n  ozone m i x i n g  r a t i o  o f  .040  ppm v/v ( s u p p l i e d  by 6 .  R o b i n s o n )  
and a t o t a l  a e r o s o l  c o n c e n t r a t i o n  o f  500 n/cm3. 

The a i r p l a n e  climbed t o  a p p r o x i m a t e l y  4 7 0  mb a t  1 2 8 O ~  
l o n g i t u d e ,  w h e r e  i t  e n c o u n t e r e d  more  m o i s t  a i r  w i t h  w i n d s  s t i l l  
f r o m  S E ,  a t  20 t o  35 k t .  The  sea s u r f a c e  w a s  s t i l l  c o v e r e d  by 
s t r a t u s ;  a l t o s t r a t u s  a n d  cummulus c l o u d  c o v e r  w a s  p r e s e n t  t o  
j u s t  below t h e  a i r c r a f t ' s  a l t i t u d e ;  and c i r r o s t r a t u s  were 
p r e s e n t e d  a b o v e .  The a e r o s o l  c o n c e n t r a t i o n  d e c r e a s e d  s l i g h t l y  
t o  280-430 n/cm3, w h i l e  o z o n e  i n c r e a s e d  t o  - 0 5 0  ppm v/v i n  
t h i s  l a y e r .  



Table  5-1. Mean S u r f a c e  Aerosol Concentrations Along the 
Los Angeles to Honolulu Great Circle Route 
from 1966-1974 

Long i tude Band Mean Concentration 

360 n/cm3 

Table 5-2. Aerosol Concentrations Observed from Shipboard 
along a Track from Hawaii to Samoa 

Latitude Band 

20N-10N 

10N-0 

Mean Concentration 
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Another climb to drier air at 420 mb was completed at 1 3 5 O ~  
longitude, over cumulus clouds. A light easterly was present, 
ozone was , 0 5 5  ppm and total aerosol concentration 350-450 
n/cm3. At 1 3 7 O ~  longitude the wind shifted to north at 30 
kt, the air became slightly more humid, and both ozone and 
aerosol concentrations decreased, to 0.35 pprn and 300 n/cm3 
respectively. A final climb to 385 rnb at 141°w found dry 
air, well above cumulus tops, and the winds light, but more 
westerly. The winds continued to become more westerly, and 
diminished in speed as the aircraft approached Hawaii. Ozone 
concentrations typical of the tropics ( . 0 2 5 - - 0 4 0  ppm v / v )  
persisted at this altitude. The aerosol concentrations were 
quite constant at 200 n/cm3 in the weak northwesterlies, and 
decreased to 150 n/cm3 in calm air near the Hawaiian Islands. 

The data from flight record indicate that: 

I) There was a weak flow of air slghtly contaminated with 
continental aerosol, above the stratus just west of the North 
American Coast. 

2) A weak front in the vicinity of 130° - 135%' 
promoted mixing of sea level aerosol up to, and higher altitude 
ozone down to, the 500 mb level. 

3) The troposphere between 700-400 mb over the trade wind 
zone is rather homogeneous with respect to ozone and aerosols, 
as the values found by the aircraft are quite comparable to 
those reported by the Mauna Loa Observatory at 680  mb (3.4 km, 
11,000 ft.). 

A transect along the same great circle was obtained on November 
12, 1978 by GASP aircraft at 220 mb. The air was quite dry all 
along the route. Relatively strong northwest winds were 
encountered just west of the North American coast. The winds 
became weaker, and more northerly west of 130°w longitude, 
and gently diminished, to light and variable west of 145Ow 
longitude. 

The accelerating winds east of 130-135O~ indicate that a jet 
stream was probably  over the continent, with corresponding 
subsidence b r i n g i n g  ozone lz.den air down to the 220 mb level. 
The calm tropical troposphere, above the trades, west of 
14S0W is again relatively low in ozone. There is a 
noticeable out-of-phase relationship between ozone and total 
particle concentration. The concentration of 200 n/crn3 
measured over the tradewind zone indicates that particle 
concentrations are rather uniform throughout the tropical 
troposphere, above the trade inversion. The Nuclepore sizing 
device quite constantly transmits 50 to 60 percent of the total 



aerosol concentration, indicating that the aerosol is a mix of 
many sizes, probably in coagulation equilibrium. Were this 
aerosol of smaller size, indicative of recent transport from 
its source, very little would be transmitted; were it depleted 
of small particles ( i . e .  similar to stratospheric aerosol) 
almost all particles would be transmitted. 

The greatest variability in size and concentration of aerosol 
particles over this section of the Pacific occurs beneath the 
trade inversion, where clouds rapidly modify the character- 
istics of the aerosol (Hogan, 1976). Aerosol concentrations 
show a slight out-of-phase relationship with ozone con- 
centration and diminish slowly with altitude. Some con- 
tinental influence may be present in easterly flow along the 
coast of North America, to as far offshore as 130°w longitude. 

Although aerosol concentrations observed were markedly uniform 
from 700 - 200 mb and from 1 3 0 ~ ~  to 1 5 5 O ~  longitude along 
cloudless tracks, very different aerosol characteristics may 
accompany storms and cloudiness in this region. 

5.4.3 Transects of the Troposphere Over the Tropical Pacific 
From Hawaii to Samoa 

Surface observations of aerosol concentration in this zone are 
available from shipboard surveys of 1966-1974, island 
observations from Vitu Levu, Fiji during the early 19701s, the 
north shore of Oahu at the same time, and continuous records 
from the NOAA-GMCC observatories at ~merican Samoa and Mauna 
Loa, Hawaii (700 rnb level). The mean values obtained at these 
observatories are remarkaly consistent, approximately 250 
n/crn3 at all locations. 

Mean values obtained from ships along this great circle route 
are the result of far fewer observations, and are somewhat less 
than the long term concentration. Table 5-2 indicates that 
surface aerosol concentrations in the tropics are slightly 
lower south of the ITCZ, which usually lie in the vicinity of 
100~. 

Airborne observations along the Hawaii-Samoa Great Circle Route 
are interesting because they present both a transect of the 
inter-tropical front and also allow comparison of aerosol 
concentrations in the northern and southern hemispheres in 
close time proximity. 

Two transects obtained in October 1977 by the USARP aircraft 
and the GASP Pan Am 747 SP (Flight 50) are shown in Figure 
5-3. The USARP C130 was proceeding south at 18,000 ft in very 
dry air above the trade inversion. At 1 3 O ~ ,  the air became 



AITKEN NUCLEI CONCENTRATIONS NEAR THE ITCZ 
OCTOBER 1977 

NORTH LATITUDE 

Fig. 5-3 .  Cross s ec t i ons  through t h e  i n t e r t r o p i c a l  convergence zone, over t h e  
p a c i f i c  Ocean, obtained nea r  500 rnb by the  USARP aircraft, and above 
200 mb by t h e  GASP-Pan Am F l i g h t  50. Enhanced par t i c le  concent ra t ions  
a r e  found i n  t he  ITCZ a t  both altitudes. 



slightly turbulent, more humid and occasionally saturated in 
the vicinity of cummulus turrets. The aerosol concentration 
increased from 120 n/cm3 to several hundred per cm3, with 
wide fluctuations in the moist a Concentrations then 
diminished to about 180 n/cm3 coincident with departure from 
the moist air at 4O - SON latitude. 
A few days later, Flight 50 transected the same region, at 178 
rnb and encountered a similar rise in aerosol concentration, 
with similar fluctuations between 5O and 12ON latitude. 

A similar transect between approximately 18,000 and 20,000 ft 
made by the C130 aircraft in October 1980 shows a similar 
pattern (Figure 5-4). The ozone record from this flight, 
supplied by E. Robinson, varies inversely with aerosol 
concentration. This is indicative that moist, ozone-depleted 
surface air carries great quantities of aerosol material to the 
mid and upper troposphere when strong vertical motion in 
cumulus towers is present along the ITCZ. An interesting 
question arises, however, as concentrations measured aloft are 
greater than surface concentrations. This same phenomenon is 
also found near, and over, Antarctica and will be discussed in 
subsequent sections. 

The particulate material transported upward by cumulus turrets 
near the ITCZ seems to spread out more uniformly over a 
latitude band of at least lo0 at higher altitudes. A GASP 
aircraft traversed this same flight route, between Honolulu and 
Auckland on November 13, 1978, at flight levels between 290-230 
mb pressure altitude. Humidity records indicate that the air 
may have been near ice saturation at the flight level between 
~ O - ~ O N  latitude, and south of ~ O S  latitude but that 
generally dry air was encountered in the vicinity of the 
equator. Winds were fairly strong and southwesterly near 
Hawaii, light and variable from 130N to   ON (a doldrum) and 
southwesterly at about 30 k t  south of the equator. Ozone 
concentrations seem typical of the tropics through most of the 
flight, but show a minimum in still air at ~ O O N  altitude. 
Total aerosol concentrations were very low (less than 100 
n/cm3) in the calm air between go and 140N latitude but 
rose to 300-500 n/cm3 in a broad band of dry air surrounding 
the equator. The concentrations fell below 100 n/cm3 upon 
entering moister air south of 8OS latitude. 

Preliminary analysis of the recorded data would seem to 
indicate that surface air had been transported to the flight 
level and above by cumulus turrets or cumulonimbus anvils prior 
to passage of the GASP aircraft. Upon cessation of convection, 
the air began to subside, reducing the relative humidity but 
not destroying the particles transported to this altitude along 
with the water. This analysis may not be precise, but this 



HAWAII - SAMOA SECTION 

Fig. 5-4. Measurements f r o m  Hawaii t o  Samoa n e a r  500 m b  and 250 mb. Ozone i s  out  
of phase with aerosol  i n  t h e  500 mb layer .  A t  both a l t i t u d e s  t h e  r i s i n g  
a i r  of t h e  ITCZ i s  characterized by 1) l e s s  dewpoint depression, 
2 ) reduced ozone, 3) increased p a r t i c l e  concentration. 
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"dry air" flight data does indicate that enriched aerosol 
layers exist over the equatorial zone in the absence of 
clouds. The presence of such high concentrations in the upper 
tropical troposphere near the ITCZ may very well account for 
the uniform aerosol concentrations in the troposphere between 
2 0 0  and 3 5 O ~ ,  where this air is strongly subsiding. 

5.4.4  Transects of the Sub Tropical Front Along a Route from 
Samoa to New Zealand 

A similar number of transects at flight levels between 550 rnb 
and 360 mb have been made by the USARP aircraft between 
American Samoa and Christchurch, New Zealand. A frequent 
meteorological feature along this flight route is a subtropical 
jet stream at 25O-30°S latitude. 

The aircraft departed Samoa and climbed to 550 mb in relatively 
moist air. The air began drying as the flight proceeded south 
at this pressure altitude. Very light westerly winds were 
encountered; ozone concentrations were again typical of the 
tropics; and aerosol concentrations diminished in concert with 
diminishing dewpoint. 

A climb to 470  mb was completed at 20°S latitude, stronger 
west northwesterly winds were encountered at this level as were 
higher ozone concentrations. At 2 4 O ~  latitude, ozone 
concentrations increased sharply to - 0 8 0  - .1 ppm and westerly 
winds strengthened just before initiating another climb to 425 
mb. A westerly jet was encountered between 25O and 30°S 
with a 100 kt core at 28%. Ozone concentrations oscillated 
from .040 to -080 ppm in the high winds, and diminished rapidly 
with decreasing wind speed at 30°S. 

A final climb to 400 mb was completed at 30°S latitude. 
winds were westerly at 30-40 kt at this altitude, and the air 
relatively dry, although an undercast was present. Cirro- 
stratus thickened and was present just below the aircraft at 
38OS, where the air rapidly became moister. Ozone con- 
centrations varied from - 0 4 0  - .070 ppm in this region, 
diminishing as the air became moister. Aerosol concentrations 
remained quite constant at about 200 n/cm3, all along the 
route south of 20°s, which seems to be a characteristic of 
the cloudless southern hemisphere temperate troposphere. 

The continuation of the HNL-AKL GASP flight described in the 
last section shows somewhat similar features in Figure 5-5 .  
"Spring comes" as a layer of fairly dry, calm, ozone rich air 
subsides between strong northwesterly winds at 22O-25OS. 
The subtropical jet at 22% was not well developed at this 
altitude ( 2 3 0  rnb) on the day of this flight, and the airplane 
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was just beginning to enter the core of the circumpolar jet as 
descent began to Auckland. Aerosol concentrations were 200 
n/cm3 in moist tropical air north of 20°s, and very con- 
sistent, near l00/crn3 in the dry air s o u t h  of 2 0 %  latitude. 

5.4.5.  Aerosol Observations South of 45% Latitude 

Very few aerosol observations have been made south of 45OS 
latitude. A continuous series of surface observations began at 
South Pole in 1975, which had been preceded by a year long 
series of such observations at Mirnii (Voskresenskii 1968). 
The first upper tropospheric and lower stratospheric aerosol 
measurements were made b y  the USARP VX6 aircraft in late 
October of 1977, and a transect of the polar stratosphere, near 
the 200 mb level was accomplished by a Pan American World 
Airways B747 aircraft in late October of 1977 (Hogan and 
Mohnen, 1979; Pratt and Falconer, 1979). Consistently low 
aerosol concentrations, on the order of tens per cubic 
centimeter, were found above  200 mb poleward of 4 5 %  latitude 
by GASP instruments aboard  Pan Am's Flight 50. The 
measurements are quite consistent with those from the surface 
to 270 mb over Antarctica by USARP VX6 aircraft. 

A strong circumpolar vortex is present near 60°s during the 
southern hemisphere winter and early spring.   his vortex 
usually breaks up in early to mid November, promoting mixing of 
upper air from Antarctica to the lower latitudes and vice 
versa. The extremely low concentrations o f  aerosol measured 
over Antarctica and south of 5 0 s  enroute to N e w  Zealand during 
Flight 50 probably reflect typical aerosol levels poleward of 
the vortex. Aerosol concentrations of 60 n/cm3 were found 
near the 400  mb level by the USARP VX6 aircraft in this region 
on November 1, 1977, when no jet was encountered. This 
transect showed strong downward mixing of ozone rich 
stratospheric air on the poleward side o f  the jet near 6 2 O S ,  
but a continuum of aerosol concentration at about 1 0 0  n/crn3 
on both sides, and in, the jet at 4 0 0  mb on November 11, 1977. 
This may indicate that the polar vortex had collapsed during 
early November 1977, because it appeared as though ozone-rich 
low latitude statospheric air reached high southern latitudes, 
and upper level mixing generally increased the aerosol 
concentration in the layer above 400 mb. 

A series of surface aerosol observations, made by the author, 
between Wellington, New Zealand and McMurdo, Antarctica, during 
December 1980 - January 1981 is shown as Figure 5-6. Seas were 
not stormy during this period, and general surface transport 
was from low to high altitude, as shown by the wind flags. 
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Fig. 5-6. Surface observat ions,  from USCGC Northwind, along t h e  date  l i n e  from 40's t o  75'5 l a t i t u d e .  The lowest con- 
cen t r a t i ons  of p a r t i c l e s  were measured a t  t h e  sur face  i n  t h e  e a s t e r l i e s  south of t he  Antarct ic  Ci rc le .  Haze 

and r e l a t i v e l y  high aerosol  concentrat ion were found from 50-65's. 



A e r o s o l  c o n c e n t r a t i o n s  were g e n e r a l l y  from 300 - 500 n/cm3 i n  
w e s t e r l y  windflow and l e s s  t h a n  200 n/cm3 were found o v e r  
pack and fast i ce ,  where winds were from o f f  t h e  ice s h e l f .  

The two t r a n s e c t s  o f  USARP VX6 i n s t r u m e n t e d  a i r c r a f t  from N e w  
Zealand t o  McMurdo a s  p r e v i o u s l y  c i t e d  were i n  r e l a t i v e l y  d r y  
a i r ,  a l t h o u g h  t h e  p r e v a i l i n g  wea the r  c o n d i t i o n s  were much 
d i f f e r e n t .  The t r a n s i t  o f  t h i s  a i r c r a f t  form C h r i s t c h u r c h  t o  
McMurdo on October  24,  1980  e x p l o r e d  an  e n t i r e l y  d i f f e r e n t  
r eg ime ,  p r o b a b l y  more r e p r e s e n t a t i v e  o f  s o u t h e r n  h e m i s p h e r i c  
s to rmy p e r i o d s  ( F i g u r e  5 - 7 ) .  No w e l l  d e f i n e d  j e t  was 
e n c o u n t e r e d  a t  f l i g h t  l e v e l s ,  b u t  winds were s t e a d i l y  o u t  of 
t h e  west a t  s p e e d s  above 50 k t  a l o n g  t h e  f l i g h t  r o u t e .  C i r r u s  
were p r e s e n t  a t  f l i g h t  l e v e l  ove r  t h e  s o u t h e r n  c o a s t  o f  t h e  
South  I s l a n d  (48%) and were p r e s e n t  a t ,  and above ,  f l i g h t  
a l t i t u d e  (and t h e  a i r  a t ,  o r  n e a r ,  wa te r  s a t u r a t i o n )  u n t i l  a  
d e s c e n t  was made f o r  ice r e c o n n a i s a n c e  i n  t h e  P o l a r  e a s t e r l i e s  
a t  6 7 O ~ .  Ozone c o n c e n t r a t i o n s  were u n i f o r m l y  low and a e r o s o l  
c o n c e n t r a t i o n s  e x c e e d i n g  200 n/cm3 were found i n  a l l  
o b s e r v a t i o n s  w i t h  s e v e r a l  measurements o f  400-500 n/cm3 o r  
more i n  s a t u r a t e d  a i r .  These r e s u l t s  may be  i n t e r p r e t e d  a s  
e v i d e n c e  t h a t  t h e  s to rmy r e g i o n  of t h e  G r e a t  S o u t h e r n  Ocean may 
n o t  o n l y  be  a s t r o n g  s o u r c e  of  a e r o s o l s  n e a r  t h e  s u r f a c e ,  b u t  
t h a t  t h e  s t r o n g  mixing accompanying t h e s e  s t o r m s  may d i s p e r s e  
t h i s  a e r o s o l  th rough  t h e  lower t w o - t h i r d s  o f  t h e  a t m o s p h e r e ,  i n  
a 20° wide b e l t ,  which may a t  times e n c i r c l e  t h e  e a r t h .  
There  i s  no e v i d e n c e  of e n c o u n t e r i n g  a i r  o f  r e c e n t  
s t r a t o s p h e r i c  h i s t o r y  a t  any p o i n t  a l o n g  t h i s  f l i g h t  r o u t e .  

5.5 SUMMARY AND CONCLUSIONS 

T h i s  work is  a  p r e l i m i n a r y  a n a l y s i s  of a e r o s o l  c o n c e n t r a t i o n s  
o b t a i n e d  a t  t h r e e  l e v e l s  ove r  t h e  P a c i f i c  Ocean i n  a n  a t t e m p t  
to d e f i n e  t h e  s o u r c e  and s i n k  r e g i o n s  f o r  a e r o s o l  m a t e r i a l ,  and  
t o  d i s c o v e r  some o f  t h e  m e t e o r o l o g i c a l  mechanisms which may 
r e s u l t  i n  t h e  t r a n s p o r t  of  t h i s  a e r o s o l  m a t e r i a l  away from i t s  
s o u r c e  r e g i o n  a t  s e v e r a l  l e v e l s .  Complet ion o f  a " c l i r n a t o l ~ g y ' ~  
o f  GASP a e r o s o l  d a t a ,  s i m i l a r  t o  t h e  c l i m a t o l o g y  of s u r f a c e  
a e r o s o l  d a t a  which s e r v e d  a s  a  b a s i s  f o r  t h i s  program w i l l  
undoubtedly  r e f i n e ,  o r  even c o n t r a d i c t ,  some o f  t h e s e  
p r e l i m i n a r y  c o n c l u s i o n s :  

1. C i r c u l a t i o n  about t h e  semi-permanent  h i g h  p r e s s u r e  
sys tem l o c a t e d  o f f  t h e  West C o a s t  o f  t h e  U S  a t  a p p r o x i m a t e l y  
3 0 ° ~  c a n  o f t e n  c a u s e  c o n t i n e n t a l  a e r o s o l  t o  be  a d v e c t e d  
seaward t o  a t  l e a s t  130°w l o n g i t u d e  over  t h e  P a c i f i c  i n  c l e a r  
a i r .  
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Fig. 5-7. Measurements a long a  g r e a t  c i r c l e  r o u t e  approximately above t h e  s h i p  r o u t e  of Fig. 5-6. The region was q u i t e  
stormy on t h i s  d a t e ,  wi th  no r e a l  je t  core a t  t h e  f l i g h t  l e v e l .  Ozone concen t ra t ions  were q u i t e  low and 
a e r o s o l  concen t ra t ions  r e l a t i v e l y  high and v a r i a b l e  i n  t h e  mois t  a i r ,  which probably had been i n  r e c e n t  con tac t  
wi th  t h e  s e a  su r face .  



2 .  A e r o s o l  c o n c e n t r a t i o n s  a r e  r a t h e r  u n i f o r m  i n  c l ea r  a i r ,  
o v e r  t h e  P a c i f i c  Ocean i n  t h e  l a t i t u d e  b a n d  b e t w e e n  a p p r o x i -  
m a t e l y  l o 0  and  3 0 ° ~  f r o m  t h e  t o p  o f  t h e  t r a d e  i n v e r s i o n  t o  
n e a r  t h e  2 0 0  mb l e v e l .  

3 .  W h i l e  some a e r o s o l  may e n t e r  t h e  l a y e r s  a d j a c e n t  t o  t h e  
t r a d e  wind  i n v e r s i o n  when o c c a s i o n a l  c u m u l u s  t u r r e t s  p e n e t r a t e  
t h e  i n v e r s i o n ,  i t  a p p e a r s  t h a t  t h e  m a j o r  s o u r c e  o f  c l e a r  a i r  
a e r o s o l  i n  t h e  b a n d  l o o - 3 0 ° ~  i s  l o c a t e d  i n  t h e  ITCZ. t h e  
a e r o s o l  s p r e a d s  o u t w a r d  above t h e  t r a d e  i n v e r s i o n .  

4 .  A e r o s o l  c o n c e n t r a t i o n s  seem t o  c h a n g e  v e r y  l i t t l e  
a c r o s s  f r o n t s  a n d  j e t  s t r e a m s  i n  t h e  d r y  a i r  of  t h e  s o u t h e r n  
h e m i s p h e r e .  The  s e a s o n a l  c h a n g e s  i n  c o n c e n t r a t i o n ,  e s p e c i a l l y  
t h o s e  a c c o m p a n y i n g  t h e  b reakdown o f  t h e  c i r c u m p o l a r  v o r t e x ,  
seems t o  e x c e e d  a i r  mass d i f f e r e n c e s  i n  a e r o s o l  c o n c e n t r a t i o n .  

5 .  A e r o s o l  c o n c e n t r a t i o n s  s o u t h  o f  40°S l a t i t u d e  a r e  
f r o m  5 -20  n/cm3 i n  t h e  l o w e r  s t r a t o s p h e r e  a n d  a b o u t  60  
n/cm3 i n  t h e  u p p e r  t r o p o s p h e r e  b e f o r e  b r e a k d o w n  of t h e  p o l a r  
v o r t e x .  A f t e r  b reakdown o f  t h e  p o l a r  v o r t e x ,  b o t h  l a y e r s  have  
a c o n c e n t r a t i o n  o f  a b o u t  1 0 0  n/cm3. 

6 .  The l o w e r  t w o - t h i r d s  of  t h e  a t m o s p h e r e  o v e r  t h e  s t o r m y  
b a n d  o f  t h e  P a c i f i c ,  f r o m  4 7 O - 6 7 O ~  may c o n t a i n  t o t a l  I a e r o s o l  c o n c e n t r a t i o n s  of  500  n/cm . The f r e q u e n c y  w i t h  
w h i c h  t h e  u p p e r  l a y e r s  o f  h i g h  a e r o s o l  c o n c e n t r a t i o n  mix  i n t o  
t h e  l o w e r  s t r a t o s p h e r e ,  i s  unknown. 

7 .  T h e  a e r o s o l  c o n c e n t r a t i o n s  o b s e r v e d  a l o f t ,  i n  c l e a r  
w e a t h e r  b y  a i r c r a f t ,  d u r i n g  t h e  G A S P  a n d  a s s o c i a t e d  programs,  
i s  c o m p a r a b l e  t o ,  o r  less t h a n ,  s u r f a c e  o b s e r v a t i o n s  o f  a e r o s o l  
w h i c h  made u p  t h e  i n i t i a l  d a t a  base. A e r o s o l  o b s e r v a t i o n s  a t  
a l t i t u d e s  i n  m o i s t  a n d  c l o u d y  c o n d i t i o n s  o f t e n  g r e a t l y  exceed 
the v a l u e s  o b t a i n e d  a t  t h e  s u r f a c e  b e n e a t h  t h e s e  p o i n t s .  
S imi l a r  phenomena h a v e  b e e n  n o t e d  i n  A n t a r c t i c a ,  when m o i s t  a i r  
a r r i v i n g  a t  S o u t h  P o l e  c o n t a i n s  more  a e r o s o l  m a t e r i a l  t h a n  that 
m e a s u r e d  o v e r  t h e  R o s s  S e a  by Hogan o r  ove r  t h e  W e d d e l l  Sea by  
M e s z a r o s  and V i s s y  ( 1 9 7 4 ) .  T h i s  may be d u e  t o  i n c o m p l e t e  o r  
i n a c c u r a t e  o b s e r v a t i o n s  ove r  t h e  s e a s  i n  s t o r m y  c o n d i t i o n s  
w h e r e  s o u r c e  s t r e n g t h  i s  greatest, o r  t o  p a r t i c l e  m u l t i -  
p l i c a t i o n  mechan i sms  i n  m o i s t  a i r .  A i r c r a f t  p r o f i l e s  i n  H a w a i i  
showed t r o p i c a l  c u m u l u s  t o  be s i n k s ,  o r  s c a v e n g e r s  o f  a e r o s o l ,  
i n  l i n e  w i t h  t h e o r i e s  of  J u n g e ,  Mohnen a n d  V o n n e g u t .  T h i s  
p o s e s  a n  i m p o r t a n t  q u e s t i o n  r e l a t i v e  t o  t h e  a e r o s o l  b a l a n c e  o f  
t h e  t r o p o s p h e r e .  
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