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A th ree -yea r o b s e r v a t i o n p r o g r a m i n 
B o u l d e r , C o l o . , u s i n g N O A A ' s t ra i l e r -
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µsec-long p u l s e o f c o h e r e n t energy . T h e 
e n e r g y b a c k s c a t t e r e d to the l i d a r is c o 
h e r e n t l y d e t e c t e d o n a H g C d T e c h i p 
i l l u m i n a t e d b y a f requency -o f f se t l o c a l 
osc i l l a to r . T h e d e t e c t o r o u t p u t is d i g i 
t i zed at a rate o f 10 M H z f o r 2 0 0 µs, 
l e t t i ng us r e c o r d the b a c k s c a t t e r s i g n a l 
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c a l l y ave rage 1000 pu l ses . S i n c e the la 
ser p u l s e r e p e t i t i o n f r e q u e n c y is 10 H z , 
th is r ep resen t s a 1 0 0 - s e c o n d t e m p o r a l 

M a d i s o n J . Pos t is w i t h the A t m o 
s p h e r i c L i d a r P r o g r a m at the W a v e 
P r o p a g a t i o n L a b o r a t o r y — p a r t o f the 
E n v i r o n m e n t a l R e s e a r c h L a b o r a t o r i e s , 
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Fig. 1. Reduction of speckle noise by averaging multiple pulses. Re
corded signal level (arbitrary units) is vertical, time (in microseconds) or 
range (150 m µs - 1 ) is horizontal. 
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a v e r a g e . F i g u r e 1 s h o w s t h e b e n e f i t s o f 

a v e r a g i n g p u l s e s t o b r i n g " r e a l " d a t a 

o u t o f t h e n o i s e . 

W e h a v e r e c o r d e d m o r e t h a n 6 5 0 

s u c h v e r t i c a l s i g n a l p r o f i l e s t h r o u g h o u t 

a t h r e e - y e a r p e r i o d b e g i n n i n g i n M a y 

1 9 8 1 , a p e r i o d t h a t f o r t u i t o u s l y i n c l u d e s 

t h e E l C h i c h ó n v o l c a n i c e v e n t . F r o m 

t h e s e 6 0 0 p r o f i l e s , n e a r l y 2 6 0 w e r e c h o 

s e n f o r a n a l y s i s o n t h e b a s i s o f q u a l i t y 

a n d t e m p o r a l i n d e p e n d e n c e o f t h e d a t a . 

A f t e r e x h a u s t i v e s y s t e m c a l i b r a t i o n , 

t h e b a c k s c a t t e r s i g n a l s w e r e i n v e r t e d b y 

c o m p u t e r u s i n g t h e c o h e r e n t l i d a r 

e q u a t i o n t o p r o d u c e v e r t i c a l p r o f i l e s o f 

β, t h e v o l u m e b a c k s c a t t e r c o e f f i c i e n t . β 

h a s u n i t s o f c r o s s - s e c t i o n a l a r e a p e r u n i t 

v o l u m e p e r s t e r a d i a n ( i s o t r o p i c s c a t t e r 

i n g i n t o a 4 π s t e r a d i a n s p h e r e i s a s 

s u m e d ) , o r m - 1 s r - 1 i n M K S . A t y p i c a l β 

v a l u e o f 1 0 - 1 0 m-1 sr-1 i s e q u i v a l e n t t o 

o n e 4 0 - µ m d i a m e t e r p a r t i c l e i n 1 m 3 . 

S c a l e d u p , t h i s c o r r e s p o n d s t o a s i n g l e 

1 m m d i a m e t e r " p a r t i c l e " p e r h o u s e 

( 5 0 0 m 3 ) . O f c o u r s e , a t m o s p h e r i c β v a l 

u e s a r i s e f r o m p a r t i c l e s o f m a n y d i f f e r 

e n t s i z e s a n d s h a p e s , b u t c o n t r i b u t i o n s 

t o o u r t o t a l s i g n a l a r e d o m i n a t e d b y 

a e r o s o l s 1-2 µm i n d i a m e t e r . 

B e f o r e a v e r a g i n g t h e β v a l u e s o b 

s e r v e d d u r i n g a 3 - m o n t h p e r i o d f r o m a 

f i x e d a l t i t u d e ( t o d e t e r m i n e t h e s e a 

s o n a l a v e r a g e , f o r e x a m p l e ) , w e m u s t 

u n d e r s t a n d h o w t h e β v a l u e s a r e d i s t r i b 

u t e d s t a t i s t i c a l l y . T o d o t h i s w e p l o t t h e 

o r d e r e d β v a l u e s v e r s u s c u m u l a t i v e 

p r o b a b i l i t y , w i t h t h e p r o b a b i l i t i e s ( 0 -
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n e a r 5 0 % , s p a r s e n e a r 0 % a n d 1 0 0 % ) . 
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r i t h m of β, w e o b t a i n e d s t r a i g h t l i n e s f o r 

a l l b u t t h e l o w e r a l t i t u d e s , i n d i c a t i n g 
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d o n e o n l o g β ( g e o m e t r i c a v e r a g i n g ) a n d 
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β p o i n t s t o m u l t i p l i c a t i v e i n j e c t i o n a n d 
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a n d c o s m i c m a s s d i s t r i b u t i o n s , a n d i s 
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A t h e o r e t i c a l d e r i v a t i o n , b o r r o w e d 
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s h e d s l i g h t o n p o s s i b l e a t m o s p h e r i c 

p r o c e s s e s a t w o r k . L e t ' s b e g i n w i t h a 

s o u r c e r e g i o n f o r β o f v a l u e β1 a n d e n d 

w i t h a n o b s e r v e d βn, h a v i n g p r o g r e s s e d 

t h r o u g h a s e r i e s o f n t r a n s f o r m a t i o n i n 

t i m e a n d / o r s p a c e . I f t h e c h a n g e i n β 

f r o m o n e s t e p t o t h e n e x t i s p r o p o r 

t i o n a l t o t h e p r e v i o u s v a l u e , t h e n 

T h e αi a r e r a n d o m , i n g e n e r a l . R e w r i t 

i n g a n d s u m m i n g g i v e s 

o r f o r βi s m a l l a n d n l a r g e , 

T h e n logβn = l o g β 1 + α1 + α2...+ α n a n d 

l o g β n i s n o r m a l l y d i s t r i b u t e d b y t h e 

C e n t r a l L i m i t T h e o r e m , b e i n g t h e s u m 

o f m a n y r a n d o m v a r i a b l e s . 

F i g u r e 2 s h o w s a c u m u l a t i v e p r o b 

a b i l i t y p l o t t y p i c a l o f t h e m i d - t r o p o 

s p h e r e , t o g e t h e r w i t h t h e b e s t s t r a i g h t -

l i n e fit. T h e m e a n β f o r t h i s s e t c a n b e 

f o u n d b y t r a n s f e r r i n g t o t h e l o g β a x i s 

f r o m t h e 5 0 % p r o b a b i l i t y p o i n t . A l s o , 

o n e c a n r e a d i l y a n s w e r q u e s t i o n s s u c h 

a s " W h a t p e r c e n t o f t h e t i m e i s l o g β 
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s t a n d a r d d e v i a t i o n o f t h e d i s t r i b u t i o n i s 

d i r e c t l y p r o p o r t i o n a l t o t h e s l o p e o f t h e 

s t r a i g h t l i n e . 

A v e r a g i n g o u r d a t a g e o m e t r i c a l l y a t 

e a c h a l t i t u d e f o r v a r i o u s s e a s o n s l e a d s 

t o p r o f i l e s l i k e t h o s e o f F i g . 3 , w h e r e t h e 

E l C h i c h ó n s t r a t o s p h e r i c c l o u d i s a p 

p a r e n t . N o t i c e h o w t h e c l o u d l o w e r s 

a n d e x t e n d s i n h e i g h t w i t h t i m e . S u b s e 

q u e n t p r o f i l e s s h o w t h e c l o u d s t a b i l i z 

i n g a t 17 k m a l t i t u d e a n d d i s s i p a t i n g 

f r o m t h e s t r a t o s p h e r e w h i l e a p p a r e n t l y 

i n c r e a s i n g t r o p o s p h e r i c β v a l u e s . T h e 

m e c h a n i s m s a n d r a t e s f o r t h i s s t r a t o 

s p h e r e - t r o p o s p h e r e e x c h a n g e a r e c u r 

r e n t l y b e i n g d e t e r m i n e d , b u t i t i s o b v i 

o u s t h a t m o r e t h a n j u s t g r a v i t a t i o n a l 

s e t t l i n g i s a t w o r k . S t r a t o s p h e r i c / t r o p o ¬

s p h e r i c f o l d i n g 5 i s a l i k e l y c a n d i d a t e t o 

e x p l a i n t h e o b s e r v e d v e r t i c a l m i x i n g . 

A n o t h e r m e t h o d o f d i s p l a y i n g t h e 

d a t a i s t o c h o o s e a n a l t i t u d e a n d p l o t t h e 

o b s e r v e d β v a l u e s v e r s u s t i m e , s u i t a b l y 

F i g . 2. C u m u l a t i v e p r o b a b i l i t y p l o t f o r log / 3 a t 8 k m 

a l t i t u d e f o r d a t a o b s e r v e d i n s u m m e r 1981 a n d t h e b e s t 

s t r a i g h t - l i n e f i t . M e d i a n l o g β o c c u r s at 5 0 % p r o b a b i l i t y , 

s t a n d a r d d e v i a t i o n s a t 1 6 % a n d 8 4 % . O n e m a y e a s i l y 

d e t e r m i n e p e r c e n t a g e o f o b s e r v a t i o n s a b o v e o r b e l o w a 

g i v e n l e v e l o f l o g β . 

F i g . 3 . S e a s o n a l l y a v e r a g e d p r o f i l e s s h o w i n g t h e a p p e a r 

a n c e o f t h e E l C h i c h ó n c l o u d i n t h e s t r a t o s p h e r e i n f a l l 

1982 a n d i ts s u b s e q u e n t l o w e r i n g a n d c o n t a m i n a t i o n o f 

t h e t r o p o s p h e r e . 
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Fig. 4. Stacked time series showing both stratospheric 
and tropospheric backscatter and phasing relation
ships. 

a v e r a g e d w i t h a r u n n i n g t i m e filter. S u c h p l o t s s h o w m a r k e d 

c y c l e s w i t h b o t h a n n u a l a n d s e m i a n n u a l p e r i o d s . B y s t a c k 

i n g t h e t i m e h i s t o r i e s f o r a r a n g e o f a l t i t u d e s a s i n F i g . 4 , w e 

c a n n o t e p h a s e c h a n g e s a n d o t h e r s i m i l a r i t i e s a n d d i f f e r 

e n c e s b e t w e e n a l t i t u d e r e g i m e s . Q u a n t i f y i n g t h e s e e f f e c t s 

n e a r t h e t r o p o p a u s e l e a d s t o b e t t e r u n d e r s t a n d i n g o f s t r a t o 

s p h e r i c p u r g i n g . 

P e a k s i n β t h a t o c c u r i n t h e s p r i n g t i m e l o w e r t r o p o s p h e r e 

h i n t t o l o n g - r a n g e G o b i d u s t t r a n s p o r t ( t r a j e c t o r y a n a l y s e s 

a r e b e i n g p e r f o r m e d ) o r t o o r g a n i c a e r o s o l i n j e c t i o n b y 

p l a n t s . T h e o r g a n i c i n j e c t i o n h y p o t h e s i s h a s b e e n p r o p o s e d 6 

b y t h e S m i t h s o n i a n A s t r o p h y s i c a l O b s e r v a t o r y u s i n g i t s l o n g -

t e r m s o l a r a u r e o l e d a t a , w h i c h d i s p l a y s i m i l a r s p r i n g t i m e 

m a x i m a o v e r m a n y y e a r s . 

W e n o r m a l l y t a k e d a t a o n l y w h e n i t a p p e a r s v i s u a l l y t h a t 

n o c l o u d s a r e o v e r h e a d . H o w e v e r , e v e n t h e n w e f i n d t h a t 

a b o u t 3 0 % o f t h e t i m e o n e o r m o r e c i r r u s l a y e r s a r e p r e s e n t 

i n t h e h i g h t r o p o s p h e r e . W h i l e t h e E l C h i c h ó n s t r a t o s p h e r i c 

l a y e r p r o v i d e d a b a c k g r o u n d t a r g e t t h a t d i d n o t c h a n g e o v e r 

o u r 5 - m i n o b s e r v a t i o n p e r i o d , w e a l t e r n a t e l y t o o k d a t a w i t h 

a n d w i t h o u t p a t c h y c i r r u s i n t h e b e a m . T h i s t e c h n i q u e 

e n a b l e d u s t o m e a s u r e t h e a t t e n u a t i o n c o e f f i c i e n t α ( m - 1 ) 

d u e t o c i r r u s , w h i l e s i m u l t a n e o u s l y s e n s i n g β ( m - 1 s r - 1 ) . W e 

f o u n d t h e r a t i o β/α l i e s b e t w e e n 10-4 a n d 10-3 ( s r - 1 ) , g e n e r 

a l l y a g r e e i n g w i t h o u r t h e o r e t i c a l v a l u e 7 o f α = 0 . 1 4 L ( k m - 1 ) 

u s e d i n L O W T R A N 6 , w h e r e L i s t h e c i r r u s t h i c k n e s s ( k m ) . 

B a c k s c a t t e r c o e f f i c i e n t s a r e t y p i c a l l y 10-8 t o 10-7 (m-1 s r - 1 ) 

f o r t h i c k n e s s e s o f 1-2 k m , w i t h d e p o l a r i z a t i o n s t r o n g i n t h e 

l o w e r p o r t i o n s o f t h e l a y e r , w e a k i n t h e m i d d l e , a n d n e a r l y 

g o n e a t t h e t o p . 8 

(Continued on page 39) 
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Certainly NOAA is not the only group 
making atmospheric infrared (β mea
surements, although our set is probably 
the most extensive to date. NASA's Mar
shall Space Flight Center has both cw 
and pulsed systems that operate either 
ground-based or airborne. The Jet Pro
pulsion Laboratory has measured pro
files nearly simultaneously at both 9.3 

and 10.6 µm wave lengths 9 and 
found a significant increase in at al l 
altitudes at 9.3 µm (this is predicted 
theoretically by refractive index reso
nance effects). The Royal Signal and 
Radar Establishment in England has 
been flying a cw airborne system 7 for 
several years, accumulat ing a large but 
unpublished data set on atmospheric 

β's. 

For the future, more extensive mea
surement programs are planned to im
prove understanding of global variabi l
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Modal conversion in a gradient-index channel wave
guide due to boundary perturbations 176 
Design and characteristics of optical fiber unit for sub
marine cable 184 
Est imation of submarine optical fiber cable elongation 189 
Tensile strength of reinforced fusion-spliced optical fiber 194 
On weakly guiding single-mode optical waveguides. . . 199 
Power fluctuations in the side modes of injection 
lasers 205 

4. R.E. Lopez, M o n . Weather Rev. 105, 865 
(1977). 

5. M.A. Shapiro, "Turbulent mix ing wi th in 
tropopause folds as a mechanism for the 
exchange of chemica l constituents be
tween the stratosphere and t roposphere," 
J . Atmos. Sc i . , 37, 994-1004 (1980). 

6. R.G. Roosen and R.J . Angione, "A tmo
spheric transmission and cl imate: results 
f rom Smithsonian measurements," B u l l . 
A m . Meteoro l . S o c , 65, 950 (1984). 

7. F.X Knelzys, E.P. Shettle, W.O. Gallery, 
J . H . Chetwynd Jr., L.W. Ab reu , J .E .A . 
Selby, S.A. C lough, R.W. Fenn, "A tmo
spheric Transmit tance/Radiance: C o m 
puter Code L O W T R A N 6," Chapter 7, 
AFGL-TR-83-0187, A i r Force Geophysical 
Laboratory, H a n s c o m A F B , M A 01731 
(1983). 

8. A. Gross, M.J . Post, F.F. H a l l Jr., "Depo
lar izat ion, backscatter, and attenuation of 
C O 2 l idar by c i r rus c louds , " App l . Opt. 23, 
2518-2522 (1984). 

9. R.T. Menzies, M.J . Kavaya, P.H. Flamant, 
and D.A. Hamer, "Atmospher ic aerosol 
backscatter measurements using a tun
able coherent C O 2 l idar," App l . Opt., 23, 
2511 (1984). 

NASA through a series of workshops. 
New systems that may become involved 
in these efforts inc lude, among others, 
those being built by NASA Langley, the 
A i r F o r c e G e o p h y s i c s L a b o r a t o r y , 
CSIRO in Austral ia, and the University 
of Ar izona. Al though the N O A A set has 
provided some tasty morsels of knowl
edge that should help in designing the 
future experiments, the real feast w i l l 
occur when the global data set is har
vested and processed. 
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