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OCEAN COLOUR ANALYSIS USING CZCS DATA 

by DAVID HAHKESFORD LAWRENCE. B,Sc.(Hons) 

ABSTRACT 

A low-cost Image processor has been designed and b u i l t t o p rov ide a 
system s u i t a b l e f o r I n v e s t i g a t i n g the q u a n t i t a t i v e mapping of 
phytop lankton patchiness us ing Nimbus-7 CZCS s a t e l l i t e images. The 
processor design was based upon a Motorola 68000 computer l i n k e d t o a 
768x512x8 b i t imagestore. High r e s o l u t i o n Images were input from the 
CZCS CCT v ia a 40 Mbyte tape t r a n s p o r t . The system had the novel 
c a p a b i l i t y f o r rea l t ime l i n e a r and n o n - l i n e a r opera t ions upon images 
on a p i x e l - b y - p i x e l basis and f a s t eva lua t i on (< 10 seconds) of 
r e t r i e v a l a lgo r i t hms i n v o l v i n g narrow band images. Software was 
developed t o manage the images in the f o l l o w i n g ways: h igh emphasis 
f i l t e r i n g , edge d e t e c t i o n , con t ras t s t r e t c h r o u t i n e s , r e c t i f i c a t i o n , 
and pseudo co lour rou t i nes f o r g r e y - l e v e l c o l o u r i n g p r i o r t o d i s p l a y o f 
the processed image on a double r e s o l u t i o n co lour mon i t o r . 

I n i t i a l t e s t i n g o f the inst rument was v ia mul t lband a e r i a l photographs 
inpu t through a broadcast q u a l i t y camera, a l though the major a n a l y s i s 
was c a r r i e d out on CZCS d a t a . Software was developed t o c o r r e c t the 
measured radiances at the s a t e l l i t e f o r atmospheric e f f e c t s , thus 
g i v i n g values of the w a t e r - l e a v i n g rad iances . In the c o r r e l a t i o n 
s tud ies the sea t r u t h was obta ined i n the form of c h l o r o p h y l l 
concen t ra t ions determined dur ing DOR surveys of the Engl ish Channel . 
Both h igh and low c h l o r o p h y l l concen t ra t i on scenes were ana lysed . The 
a l g o r i t h m t e s t i n g invo lved r a t i o i n g the radiances from the va r ious 
narrow bands and i n c o r p o r a t i n g them in q u a n t i t a t i v e expressions which 
were l i n e a r , l o g a r i t h m i c and po l ynom ia l . Four d i f f e r e n t images were 
I n v e s t i g a t e d and the r e s u l t s showed t h a t the observed c h l o r o p h y l l 
concen t ra t ions were best c o r r e l a t e d w i t h w a t e r - l e a v i n g radiances 
through a l i n e a r exp ress i on . The spec t ra l I n fo rma t ion was a lso 
analysed w i t h a c l u s t e r i n g - t e c h n i q u e t o i d e n t i f y patches of c h l o r o p h y l l 
o f va ry ing c o n c e n t r a t i o n s . The work shows t h a t d i g i t a l image 
processing can be used in con junc t i on w i t h r e t r i e v a l a l go r i t hms t o 
prov ide rea l t ime de tec t i on o f phytop lankton f r o n t s in coasta l w a t e r s . 

Ill 
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CHAPTER 1 

imHODUCTION 

1.1 OVERVIEU 

1.1.1 Problems of sca le In oceanography 

The oceans cover some 70% o f the E a r t h ' s sur face (Harvey 1982) , 

cor responding t o about 360 m i l l i o n square k i l ome t res (A l l an 1983) . The 

dynamics o f the ocean are such t h a t o rder -o f -magn i tude changes can 

occur w i t h i n days and over l a rge areas (Hibbs & Wilson 1983) . 

Consequent ly , i n a d d i t i o n t o e s t a b l i s h i n g mean va lues , i t i s v i t a l to 

measure v a r i a t i o n s i n ocean p r o p e r t i e s i n order t o a r r i v e a t a f u l l 

understanding o f the oceans- The requi rement t o sample vast areas i n a 

sho r t t imeframe represents a daunt ing prospect f o r the oceanographer 

and i t has been sa id t h a t ' t he wors t p lace f rom which t o study the sea 

i s the sea s u r f a c e ' ( A l l a n 1983). The data c o l l e c t e d by a s i n g l e 

research vessel i s amassed over a pe r i od o f days or even weeks, i . e . i t 

i s not a s imultaneous da tase t , and the vessel cannot sample l a rge 

expanses o f sea. In a d d i t i o n t o these shor tcomings, surveys a t sea 

i n c u r a g rea t expend i tu re o f va luab le t ime and money. This i s apparent 

when one cons iders the cos t o f data c o l l e c t i o n and ana l ys i s assoc ia ted 

w i t h the CPR (cont inuous p lankton reco rde r ) p lank ton a t l a s o f the North 

A t l a n t i c and North Sea (Lucas & Glover 1975) . Moving away from the sea 

sur face t o a h i g h - a l t i t u d e vantage p o i n t prov ides a perspec t i ve not 

a v a i l a b l e f rom s h i p s . The development o f Ear th s a t e l l i t e s tu rned t h i s 

dream i n t o r e a l i t y and hera lded a new approach to oceanography, namely 

s a t e l l i t e oceanography or marine remote sens ing . Remote sensing 

techniques prov ide synopt ic coverage o f huge areas i n a s i n g l e 

' s n a p s h o t ' . To some ex ten t ships and s a t e l l i t e s f u r n i s h complementary 



data and the re are d e f i n i t e advantages i n us ing them toge ther (Johnson 

& Ha r r i s s 1980). Remote sens ing , when used i n con junc t i on w i t h i n - s i t u 

measurements, i s a powerful technique which r e l i e s upon the 

c o l l a b o r a t i o n o f science and techno logy . 

1 .1 .2 Remote sensing 

Remote sensing may be l o o s e l y de f ined as the technique by which 

i n f o r m a t i o n concern ing a remote o b j e c t or reg ion i s acqu i red w i t h o u t 

making d i r e c t phys ica l c o n t a c t . A c o r o l l a r y o f t h i s d e f i n i t i o n i s t h a t 

on l y e lec t romagnet ic or sound waves may be used i n remote sensing as 

both o f these i n t e r a c t w i t h mat ter but do not c o n s t i t u t e ' t a c t i l e ' 

con tac t i n the everyday sense. In p r i n c i p l e t h e r e f o r e , remote sensing 

embraces photography, human v i s i o n , o p t i c a l and rad io astronomy, r a d a r , 

sonar e t c . However, the term i s u s u a l l y reserved f o r the obse rva t i on 

o f the sur face o f the Ear th or o ther bodies i n our so la r system and 

assumes t h a t a two-dimensional image w i l l be generated. Remote sensing 

developed from a e r i a l photography and the term has on ly been i n use 

s ince about 1960 (Bauer 1976) , 

For t e r r e s t r i a l remote sens ing , e lec t romagnet ic r a d i a t i o n i n the form 

o f microwaves, l i g h t or i n f r a - r e d energy i s used. F igure 1.1 

i l l u s t r a t e s the var ious types o f t e r r e s t r i a l remote sensing i n a 

h i e r a r c h i c a l f a s h i o n , i n o rder o f dec reas ing l y impor tan t d i s t i n c t i o n s . 

Passive remote sensing measures r e f l e c t e d s o l a r energy or r a d i a t i o n 

em i t t ed by the o b j e c t , i . e . blackbody r a d i a t i o n , but the term a lso 

inc ludes the measurement o f the E a r t h ' s magnetic or g r a v i t a t i o n a l 

f i e l d . In c o n t r a s t , when the i l l u m i n a t i o n source i s the sensor i t s e l f , 

such as microwave ins t ruments or LIDAR ( l a s e r induced f luo rescence 

sys tem) , i t i s termed a c t i v e remote sens ing . Remote sensing may be 
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performed from a v a r i e t y o f p l a t f o r m s , i n c l u d i n g s a t e l l i t e s , a i r c r a f t , 

rockets and b a l l o o n s . Several impor tan t d i s t i n c t i o n s may be drawn 

between the remote sensing o f land and oceans: 

( i ) Ocean fea tu res are less s tab le than land ones, i . e . the former 

may change i n compara t i ve ly shor t t ime i n t e r v a l s . 

( i i ) The s igna l emerging from w i t h i n the sea i s gene ra l l y much 

smal le r than t h a t r e f l e c t e d f rom the l a n d ' s sur face due t o the 

sea 's lower a lbedo. Both the so la r e l e v a t i o n and sea-sur face 

roughness i n f l u e n c e the sea 's a lbedo. 

( i i i ) Atmospheric c o r r e c t i o n i s necessary f o r remote sensing o f the 

sea but not f o r land as a d i r e c t consequence o f ( i i ) . 

The techniques o f remote sensing were o r i g i n a l l y developed f o r land 

purposes and t h e i r ex tens ion t o the marine environment i s hampered by 

the above c o l l u d i n g f a c t o r s . The boxes l i n k e d by s o l i d l i n e s i n F i g . 

1.1 descr ibe the type o f remote sensing used i n t h i s work. The 

i n t e r a c t i o n s of l i g h t which are i nvo l ved i n marine remote sensing are 

shown i n F i g . 1-2; the sca t t e red and s p e c u l a r l y r e f l e c t e d rays 

represent extraneous s i g n a l s , whose removal i s the task o f atmospheric 

c o r r e c t i o n . There are many t e x t s a v a i l a b l e on remote sens ing ; see f o r 

example Colwel l (1983) , Curran (1985) , Holz (1985) and Swain & Davis 

(1978) f o r the sub jec t i n general and Deepak (1980) , Gordon & Morel 

(1983) , Gower (1980, 1981) and Stewart (1985) f o r s a t e l l i t e 

oceanography i n p a r t i c u l a r . 
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Fi g u r e 1.2 S u n l i g h t i n t e r a c t s with the atmosphere and 
ocean i n s e v e r a l ways. The s c a t t e r e d and 
r e f l e c t e d r a y s r e p r e s e n t unwanted s i g n a l s . 



1.1.3 Ocean colour 

The newcomer t o remote sensing may be su rp r i sed t o l ea rn t h a t an 

ocean's co lou r i s capable o f p r o v i d i n g d e t a i l e d q u a n t i t a t i v e 

i n f o r m a t i o n about the ocean's composi t ion (Bohren 1983). However, one 

soon r e a l i s e s t h a t f o r a d i s t a n t observer the on l y d i s c e r n i b l e f e a t u r e 

i s the v a r i a t i o n i n c o l o u r ; i n a l l o the r respects the sea sur face i s 

f e a t u r e l e s s a t l a rge sca les . The use o f the term ' co lou r * i m p l i e s t h a t 

the v i s i b l e range o f wavelengths i s t o be cons ide red , being t h a t octave 

o f o p t i c a l wavelengths which s u f f e r s the l e a s t atmospheric loss and 

represents an atmospheric window. I t i s no acc iden t then t h a t both 

human v i s i o n and photosynthes is e x p l o i t t h i s window o f maximum energy. 

Any co lou r may be de f ined as a p a r t i c u l a r combinat ion o f the th ree 

pr imary co lou rs ( r e d , green and b lue ) {Gregory 1979) . Since the co lou r 

o f the oceans i s r a r e l y redd ish or brown, j u s t two pr imary co lou rs 

(green and b lue ) are needed to de f ine ocean c o l o u r (Ho je rs lev 1980) . 

Measuring the amount o f green and b lue l i g h t emerging from the sea 

enables a co lou r index to be d e f i n e d , from which q u a n t i t a t i v e 

i n f o r m a t i o n may be i n f e r r e d . Th is i n f o r m a t i o n may then be used f o r 

mon i t o r i ng marine p lan ts and as an a i d t o understanding oceanic 

f e r t i l i t y and f i s h e r i e s management. The I d e n t i f i c a t i o n o f d i f f e r e n t 

o b j e c t s or m a t e r i a l s u l t i m a t e l y r e l i e s upon the ana lys i s o f spec t ra l 

v a r i a t i o n s i n the measured s i g n a l s . 

1 .1 .4 Hater types 

Natura l waters e x h i b i t h i g h l y v a r i a b l e p r o p e r t i e s and t h i s i s r e f l e c t e d 

i n J e r l o v ' s (1968) o p t i c a l c l a s s i f i c a t i o n scheme which d i s t i n g u i s h e s 

between ten d i f f e r e n t water types- In the c o n t e x t o f remote sensing 

though, a d i s t i n c t i o n on l y needs to be made between two bas ic water 

types (Morel & P r i eu r 1977): 



( i ) Case 1 waters whose o p t i c a l p r o p e r t i e s are determined s o l e l y by 

phytop lankton and t h e i r byproduc ts . Absorp t ion o f l i g h t by 

pigments i s the dominant process i n these waters -

( i i ) Case 2 waters whose o p t i c a l p r o p e r t i e s are determined by 

m a t e r i a l s o ther than those i n Case 1 , i . e . resuspended organ ic 

and/or i no rgan ic sediments and t e r r i genous p a r t i c l e s . In t h i s 

s i t u a t i o n , p a r t i c l e s c a t t e r i n g i s the pr imary process; pigment 

absorp t ion i s o f secondary impor tance. 

The d i f f e r e n c e s are summarised i n F i g . 1.3. Components 1 , 2 and 3 tend 

t o C O - v a r y and a water body c o n t a i n i n g one or more o f components 4 , 5 

o r 6 i s c l a s s i f i e d as Case 2 (Gordon & Morel 1983) . Ocean waters 

u s u a l l y belong t o Case 1 , w h i l e coas ta l waters are u s u a l l y Case 2; 

a l though i t i s q u i t e poss ib le f o r coas ta l waters to be Case 1 . Case 2 

waters are more d i f f i c u l t to sense remote ly due t o the unp red i c tab le 

nature o f sediments and p a r t i c u l a t e m a t e r i a l . 



CASE 1 VATBRS 

1 L i v i n g a l g a l c e l l s 

2 A s s o c i a t e d d e b r i s 

3 D i s s o l v e d o r g a n i c n a t t e r 

4 Kesuspended sediments 

5 Terrigenous p a r t i c l e s 

6 Anthropogenic i n f l u x 

CASE 2 VATERS 

F i g u r e 1.3. D e f i n i t i o n of Case 1 and Case 2 waters i n terms of 
c o n s t i t u e n t s . (Taken from Gordon and Morel 1983.) 



1.2 MARINE RESOURCES 

1.2.1 Photosynthesis and the ro le of chlorophyl l 

Without photosynthes is there would be no form o f l i f e , as we know i t , 

on E a r t h . Photosynthesis by a l l p l an t s t r aps on average 1% o f the 

s o l a r r a d i a t i o n i n c i d e n t upon the E a r t h ' s sur face and s to res i t i n 

ca rbohydra tes , p r o t e i n s , f a t s and o the r e n e r g y - y i e l d i n g compounds 

(Mi lgrom 1984) . A supply o f carbon d i o x i d e , wa te r , l i g h t and n u t r i e n t s 

( n i t r a t e s , phosphates and s i l i c a t e s ) i s r equ i red f o r pho tosyn thes is . 

Approx imate ly one h a l f o f the annual carbon produc t ion by 

photosynthes is takes place i n the sea (Yentsch 1983) . Apar t from 

producing energy f o r the maintenance and growth o f l i f e , oceanic 

photosynthes is i s a major source o f atmospheric oxygen (Apel 1983) . In 

the sea, photosynthes is i s accomplished by phytop lankton - microscop ic 

p l a n t organisms whose s izes range from less than 5jjm t o lirm or more. 

Plankton have no means o f p r o p u l s i o n ; they merely f l o a t and d r i f t under 

the i n f l u e n c e o f wind and cu r ren t s (Boney 1975) . Phy top lank ton , 

t h e r e f o r e represent the pr imary producers o f organ ic mat ter which 

suppor t the whole marine food chain and hence t h e i r abundance l a r g e l y 

determines and r e f l e c t s the t o t a l marine p r o d u c t i v i t y (Stowe 1979) . 

Photosynthes is r e l i e s upon c e r t a i n pho tosyn the t i c pigments f o r i t s 

o p e r a t i o n , p r i n c i p a l l y c h l o r o p h y l l ' a ' , which i s regarded as the key 

i n d i c a t o r o f p o t e n t i a l l y p roduc t i ve waters on account o f i t s 

c h a r a c t e r i s t i c absorp t ion spectrum i n the v i s i b l e range. These 

pho tosyn the t i c p igments, i n c l u d i n g c h l o r o p h y l l ' a ' , are con ta ined 

w i t h i n the phy top lank ton , o f which the most abundant species are 

diatoms and d i n o f l a g e l l a t e s . The p r i n c i p l e o f remote sensing o f 

c h l o r o p h y l l ' a ' , and hence p h y t o p l a n k t o n , i s t h a t c h l o r o p h y l l 

absorp t ion i n f l uences ocean co lou r w i t h abso rp t i on peaks a t 440 and 675 

nm i n the v i s i b l e r e g i o n . Both the s tand ing crop o f phytop lankton and 



i t s cor responding pr imary p r o d u c t i v i t y are r e l a t e d t o ocean co lou r 

(Ho je rs l ev 1980) . 

1 .2 .2 Nutrients and ocean f ronts 

Except i n upwe l l i ng reg ions , n u t r i e n t l e v e l s l i m i t the growth o f 

phy top lank ton . N u t r i e n t s are in t roduced i n t o the euphot ic or upper 

l a y e r o f the water column by the upwe l l i ng o f deeper, coo le r w a t e r . 

Photosynthes is does not take p lace below the euphot ic zone due t o a 

shortage o f l i g h t . Produc t i ve reg ions t h e r e f o r e have we l l -m ixed water 

columns and no t h e r m o c l i n e , whereas s t r a t i f i e d reg ions o f low 

p r o d u c t i v i t y develop thermoc l ines which i n h i b i t the i n f l u x o f 

n u t r i e n t s . The thermoc l ine i s an abrupt temperature t r a n s i t i o n marking 

the boundary between two separate l a y e r s ; the upper one c o n t a i n i n g warm 

water o f low d e n s i t y , the lower one w i t h c o l d water o f h igher d e n s i t y . 

Water column mix ing i s produced by t i d e s , wind and c u r r e n t s i n 

con junc t i on w i t h bottom f r i c t i o n (Yentsch 1983) . The l i k e l i h o o d o f 

f u l l v e r t i c a l mix ing depends upon the water depth and t i d a l v e l o c i t y 

(Simpson & Hunter 1974, Yentsch & G a r f i e l d 1981) . 

Ocean f r o n t s are h o r i z o n t a l boundaries between d i s s i m i l a r water masses 

(Johnson & Har r i ss 1980, Le Fevre e t a l . 1983, H o l l i g a n e t a l . 1984a, 

1984b) and the s p a t i a l s t r u c t u r e o f temperature and ocean c o l o u r f r o n t s 

are s i m i l a r (Mue l le r & L a V i o l e t t e 1981, Yentsch & G a r f i e l d 1981, Gordon 

& Morel 1983) because p roduc t i ve reg ions con ta in r e l a t i v e l y c o l d water 

and v i ce ve rsa . However, t h i s i s not always the case f o r two reasons. 

F i r s t l y , remotely-sensed c h l o r o p h y l l app l i es t o depths o f 1 t o 20 

metres or so , over which there i s l i k e l y to be cons iderab le v e r t i c a l 

s t r u c t u r e i n c h l o r o p h y l l concen t ra t i on w h i l e i n f r a r e d measurements 

r e g i s t e r the temperature o f the top O.OSnm o f the sea on ly (Mue l le r & 
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L a V i o l e t t e 1981). Secondly, peak phytop lankton growth occurs a f t e r the 

maximum i n n u t r i e n t l e v e l , producing a t ime lag between the two types 

o f imagery. In conc lus ion t h e n , v i s i b l e and thermal imagery do not 

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

1.2.3 F i s h e r i e s 

The t o t a l p r o d u c t i v i t y o f a l l p l a n t l i f e on E a r t h , i n terms o f f i x e d 
q 

carbon , i s approx imate ly 100x10 me t r i c tons per annum (Boney 1975) . 
Q 

A s i g n i f i c a n t p ropo r t i on o f t h i s (20x10 tons ) i s produced i n the 

oceans (Smith & Baker 1983) . Th is re fe rence conta ins a though t -

provok ing t a b l e o f mean and t o t a l p r o d u c t i v i t y values f o r open oceans, 

coas ta l zones and upwe l l i ng a reas . The t o t a l we ight o f f i s h (o r 

t e r t i a r y consumers) i s on ly a t i n y f r a c t i o n o f the marine p r o d u c t i v i t y 

because the number o f grazers or consumers i n the food cha in (Boney 

1975) d imin ishes markedly w i t h each step up the chain and a lso because 

o f organ ic mat te r consumed f o r r e s p i r a t i o n purposes. The l a t t e r would 

o therw ise be a v a i l a b l e f o r t i s s u e f o r m a t i o n . I t has been es t imated 

t h a t the annual q u a n t i t y o f f i s h harvested du r i ng the 1970s was about 

70 m i l l i o n tons (Johnson & Munday 1983) . Fur thermore, on ly an 

a d d i t i o n a l 30 m i l l i o n tons cou ld have been produced economica l l y . The 

most p roduc t i ve reg ions sur rounding the UK are the f r o n t s o f Ushant, 

Flamborough and I s l a y i n which dense patches or blooms o f phy to ­

p lank ton develop i n the sp r i ng and autumn, making them prime f i s h i n g 

s i t e s (Pingree e t a l . 1975) . These areas are poo r l y researched and 

thus not f u l l y e x p l o i t e d . The p r e d i c t i o n o f phy top lankton 

d i s t r i b u t i o n s (both temporal and s p a t i a l ) would be o f g rea t ass is tance 

i n the management o f the sea and i t s resources . 
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1.3 REMOTE SENSING TECHNOLOGY 

1.3 .1 Preanfele 

Before the era o f s a t e l l i t e oceanography, photographic images taken 

from a i r c r a f t were used to moni tor water q u a l i t y or t u r b i d i t y i n terms 

o f concen t ra t i ons o f c h l o r o p h y l l and suspended s o l i d s (K loos te r & 

Scherz 1973, L i l l e s a n d e t a l . 1975, Deschamps e t a l . 1977). Th is form 

o f Imagery i s s t i l l put to good use In the 1980's (Khorram 1981a, 

S p i t z e r e t a l . 1982) . The requirement f o r atmospheric c o r r e c t i o n i s 

l ess severe f o r a i rbo rne remote sensing and may even become unnecessary 

a t low a l t i t u d e s . 

Despi te i t s inadequate rad iome t r i c s e n s i t i v i t y and I n f e r i o r spec t ra l 

r e s o l u t i o n , the LANDSAT ( f o r m e r l y ERTS - Earth Resources Technology 

S a t e l l i t e ) se r i es o f s a t e l l i t e s has been used e x t e n s i v e l y f o r s a t e l l i t e 

oceanography (Alberotanza & Zandonel la 1981, Brooks 1975, Horstmann & 

Hardtke 1981, Khorram 1981b, K r i t i k o s e t a l . 1974, Le Fevre e t a l . 

1983) . However, the spaceborne ins t rument used i n t h i s work i s NASA's 

Coastal Zone Color Scanner (CZCS) which i s an exper imental sensor 

c a r r i e d on the N1mbus-7 s a t e l l i t e , s p e c i a l l y designed f o r the remote 

assessment o f ocean c o l o u r . The M u l t i s p e c t r a l E l e c t r o n i c Se l f -Scann ing 

Radiometer (MESSR), aboard Japan 's Marine Observat ion S a t e l l i t e (MOS-

1 ) , represents the on l y t r u e successor to the CZCS, i n the sense t h a t 

i t s spec t ra l and rad iome t r i c c h a r a c t e r i s t i c s are s u i t a b l e f o r ocean 

co lou r measurement. The MOS-1, i s due f o r launch i n l a t e 1986 or e a r l y 

1987 (Moore 1986). 

The c o l l e c t i o n o f sea t r u t h f o r the v a l i d a t i o n o f CZCS data i s achieved 

w i t h the undu la t i ng oceanographic recorder (UOR) (Aiken 1980, 1981a, 

1981b). The UOR measures c h l o r o p h y l l f luorescence as an i n d i c a t o r o f 
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c h l o r o p h y l l concen t ra t i on in mg.m""^. This i s in con t ras t w i t h the 

CPR which captures p lankton on a s t r i p of c l o t h w h i l s t the sh ip i s 

underway and prov ides the number dens i t y and species composi t ion of 

phytop lankton (Boney 1975) . 

1.3.2 The C2CS 

The CZCS i s a mechan ica l ly -scann ing radiometer w i t h s i x spec t ra l 

channe ls , v iewing the Earth from an a l t i t u d e o f 955 km in a nea r -po la r 

Sun-synchronous o r b i t . Four channels are i n the v i s i b l e range, one i n 

the near i n f r a r e d and one in the thermal i n f r a r e d . Each scan of the 

Earth i s 1600 km wide and the ground r e s o l u t i o n i s nomina l l y 825 

met res . The CZCS has a t i l t mechanism f o r the avoidance o f Sun g l i n t 

(specu la r image o f the Sun) and i t s data i s quant ised t o 256 l e v e l s (8 

b i t s ) . As the d i f f u s e r e f l e c t a n c e or albedo of the sea i s so s m a l l , 

the CZCS fea tu res an unusua l l y h igh r ad iome t r i c s e n s i t i v i t y . The 

s p e c i f i c purpose of the CZCS i s t o es t imate the near -su r face 

concen t ra t i on of phytop lankton pigments and t o t a l ses ton , being the 

f i r s t s a t e l l i t e - b o r n e ins t rument of i t s k i n d . I t can a l so measure 

sur face temperature and the d i f f u s e a t t e n u a t i o n c o e f f i c i e n t (Gordon 

1981b) . The CZCS enables the d i s t r i b u t i o n o f phytoplankton c h l o r o p h y l l 

t o be v i s u a l i s e d and changes in t ime and space, such as phytop lankton 

blooms, t o be observed. I t i s capable o f d e l i n e a t i n g sub t l e v a r i a t i o n s 

in ocean co lour through a t u r b i d atmosphere. Remote sensing w i t h the 

CZCS i s no panacea f o r the oceanographer though, as i t s u f f e r s from 

several d i f f i c u l t i e s p e c u l i a r t o s a t e l l i t e oceanography, namely: 

( i ) Ocean co lour imagery can on ly be acqu i red in the dayt ime and 

under c loud less c o n d i t i o n s ; these are fundamental r e s t r i c t i o n s 

which cannot be avoided in the v i s i b l e range. 
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( i i ) The CZCS has i n s u f f i c i e n t spec t ra l r e s o l u t i o n to d i s t i n g u i s h 

between c h l o r o p h y l l and degraded pho tosyn the t i c p igments, such 

as phaeopigments-

( i i i ) Only the uppermost p a r t o f the water column (20 metres or 

l e s s ) i s probed by the CZCS, imp l y i ng t h a t phy top lankton 

c h l o r o p h y l l peaks may be too deep f o r d e t e c t i o n ; fu r thermore 

a l l i n f o r m a t i o n on v e r t i c a l s t r u c t u r e i s l o s t ( P i a t t & Herman 

1983) . 

A l though the CZCS on l y samples the upper l a y e r , the remotely-sensed 

c h l o r o p h y l l concen t ra t i on i s s t i l l a r e l i a b l e index o f t o t a l 

c h l o r o p h y l l i n the water column because the euphot ic and p e n e t r a t i o n 

depths are h i g h l y c o r r e l a t e d (Smith & Baker 1983) . 

1.3.3 D ig i ta l image processing 

Spaceborne remote-sensing ins t ruments view grea t expanses o f the Ear th 

w i t h e v e r - i n c r e a s i n g s p a t i a l r e s o l u t i o n . Th is r e s u l t s i n p rod ig ious 

q u a n t i t i e s of da ta , which w i l l on l y increase i n the f u t u r e . For the 

CZCS, a s tandard scene c o n s i s t i n g o f j u s t 2 minutes o f data corresponds 

to an area o f approx imate ly 1600 by 800 km (Hovis 1982) and represents 

about 2x10^ p i x e l s per channe l , thus t o t a l l i n g 12x10^ p i x e l s i n 

a l l . Only by us ing a d i g i t a l computer can these h igh volumes o f 

d i g i t a l data be hand led, e s p e c i a l l y as the data i s u s u a l l y supp l i ed on 

computer-compat ib le t apes . There i s a lso the a d d i t i o n a l and e s s e n t i a l 

requi rement t o e x t r a c t a subset o f the data and conver t i t i n t o two-

dimensional form f o r d i s p l a y purposes. Th is i s achieved through the 

use o f an Imagestore or f ramestore coupled t o a h i g h - r e s o l u t i o n 

mon i t o r . C o l l e c t i v e l y a computer and images tore , i n con junc t i on w i t h 



a s u i t a b l e sof tware package, c o n s t i t u t e an image processor which i s 

a l so used t o per form data ana l ys i s and e x t r a c t i o n o f housekeeping and 

c a l i b r a t i o n i n f o r m a t i o n e t c . An image processor has now become 

ind ispensab le f o r f a s t and e f f i c i e n t e x t r a c t i o n o f s a l i e n t i n f o r m a t i o n 

f rom raw d a t a . 

1.4 OBJECTIVES 

The aims o f t h i s p r o j e c t f a l l i n t o two broad c a t e g o r i e s . F i r s t l y , the 

design and c o n s t r u c t i o n o f an app rop r i a te l ow-cos t image processor f o r 

the d i sp lay and man ipu la t ion o f images. Th is i nvo l ves both hardware 

and sof tware development and represents the eng ineer ing component o f 

the p r o j e c t . Secondly, the c r e a t i o n o f a so f tware package f o r the 

c o r r e c t i o n and ana l ys i s o f remotely-sensed data in o rder t o 

quant i t a t i v e l y map the d i s t r i bu t i on o f phy top iank ton i n p roduc t i ve 

coas ta l w a t e r s . Th is process r e l i e s upon sea t r u t h f o r the v a l i d a t i o n 

o f r e t r i e v a l a l g o r i t h m s . More s p e c i f i c a l l y , the o b j e c t i v e s o f t h i s 

work a r e : 

( i ) The development o f a l ow-cos t 768 by 512 p i x e l imagestore and 

i t s i n t e r f a c i n g t o a min icomputer . P r o v i s i o n o f so f tware f o r 

c o n t r o l l i n g the Imagestore and managing the t r a n s f e r of data 

between Imagestore and computer. 

(11) The development o f a p i p e l i n e processor and assoc ia ted 

sof tware f o r the r e a l - t i m e e v a l u a t i o n o f simple r e t r i e v a l 

a l g o r i t h m s . 
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( i i i ) The establ ishment o f a monochrome b r o a d c a s t - q u a l i t y camera 

f a c i l i t y f o r t r a n s f e r r i n g images from photographic p r i n t s and 

t ransparenc ies t o the imagestore . 

( i v ) The product ion of sof tware f o r r o u t i n e image p rocess ing , such 

as con t ras t s t r e t c h , h istogram e q u a l i s a t i o n , f a l se and pseudo 

c o l o u r , smoothing and sharpen ing . 

(v ) The e x t r a c t i o n of housekeeping i n f o rma t i on and c a l i b r a t i o n 

values from raw CZCS d a t a , and the generat ion of spec t ra l 

images. 

( v i ) The rad iome t r i c convers ion and atmospheric c o r r e c t i o n o f CZCS 

spec t ra l images, i n c l u d i n g the c a l c u l a t i o n of S u n - s a t e l 1 i t e 

geometry. 

( v i i ) The r e c t i f i c a t i o n of CZCS images i n order t o l oca te p i x e l s 

corresponding t o s i t e s sampled by s h i p . 

( v i i i ) The a p p l i c a t i o n of l i n e a r , power and polynomial regress ion 

techniques t o develop r e l a t i o n s h i p s between CZCS radiances and 

e i t h e r CPR sea t r u t h or UOR c h l o r o p h y l l c o n c e n t r a t i o n s . 

( x i ) The a p p l i c a t i o n of novel c l u s t e r i n g methods (unsuperv ised 

c l a s s i f i c a t i o n ) f o r mapping r e l a t i v e phytop lankton 

concen t ra t i on from CZCS d a t a . 
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CHAPTER 2 

PHYSICAL AND TECHNOLOGICAL BASIS OF REMOTE 
SENSING: OCEAN COLOUR AND THE CZCS 

This chapter examines the p r i n c i p l e s o f marine remote sensing i n 

d e t a i l , t h a t i s the t h e o r e t i c a l r e l a t i o n s h i p s between ocean co lou r and 

the o p t i c a l p r o p e r t i e s o f sea w a t e r , and the c h a r a c t e r i s t i c s o f the 

N1mbus-7 and CZCS used f o r measuring ocean c o l o u r . Atmospheric e f f e c t s 

and the es t ima t i on o f w a t e r - l e a v i n g radiances are discussed l a t e r i n 

chapter 4 . The techniques and Inst ruments used f o r d i r e c t i n - s i t u 

measurement o f c h l o r o p h y l l concen t ra t i on are descr ibed b r i e f l y . 

2 . 1 MARINE OPTICS 

2 . 1 . 1 Ocean colour 

The phys ics o f marine o p t i c s and more p a r t i c u l a r l y ocean co lou r i s w e l l 

understood and developed ( J e r l o v 1968, 1976) . The term 'ocean co lou r * 

i s not s imp ly the co lou r o f the ocean as perce ived by human v i s i o n ; i t 

has a s t r i c t e r and f a r less a r b i t r a r y d e f i n i t i o n i n terms o f upwe l l i ng 

and downwel l ing i r r a d i a n c e (Appendix 1 ) . I n t r i n s i c ocean c o l o u r i s the 

spectrum o f the r e f l e c t a n c e R (X ) i n the v i s i b l e reg ion w i t h R (X ) 

de f ined by (Morel and Pr ieu r 1977, Gordon 1980, Morel 1980, Gordon and 

Morel 1983) : 

R (X) = E^j(X)/Ep(X) ( 2 . 1 ) 

where E j j (X ) and Ep (X ) are the upwe l l i ng and downwell ing i r r a d i a n c e 

r e s p e c t i v e l y , measured j u s t beneath the sea sur face ( F i g . 2 . 1 ) . 

Consequently R ( X ) I s not I n f l uenced by specular r e f l e c t i o n a t the 
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ATMOSPHERE 
e = TT 

R = E^j/Ej with 2 = 0 
e = 0 

e = 11/2 

— e = n/2 

F i g u r e 2.1 R e f l e c t a n c e and I r r a d i a n c e . <E ) I s the 
t o t a l downwelllng (upwelling) i r r a d i a n c e 
over the upper (lower) hemisphere. 

R (%) 

A 
10 

o . H 

Turbid water 

C l e a r water 

400 
— 1 — 
500 

— r ~ 
600 

- I — i > X 
700 <niii) 

F i g u r e 2.2 T y p i c a l ocean c o l o u r s p e c t r a , R ( X ) 
C A f t e r Morel (1980) ] 
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s u r f a c e . The R (X) i s a lso known as i r r a d i a n c e r a t i o or i r r a d i a n c e 

r e f l e c t a n c e and represents the f r a c t i o n o f downwel l ing photons which 

r e t u r n towards the sur face as upwe l l i ng photons. A l though the 

mechanism by which downwel l ing photons are r e d i r e c t e d upwards to the 

sur face i s c a l l e d s c a t t e r i n g , the term r e f l e c t a n c e i s used s ince 

r e f l e c t i o n i s j u s t one m a n i f e s t a t i o n o f the s c a t t e r i n g phenomenon. The 

upwe l l i ng radiance i s approx imate ly d i f f u s e or un i fo rm j u s t below the 

sea sur face (Gordon 1976b), thus enab l ing the d e f i n i t i o n o f R(X) t o be 

s ta ted i n terms o f i r r a d i a n c e o n l y . For a given water body and 

wave length , R ( X ) i s cons tan t , i . e . i t i s independent o f E^. Any 

changes i n E^ cause a p r o p o r t i o n a l change In Ey. There fore Ep 

may be regarded as a no rma l i sa t i on f a c t o r which renders R ( X ) 

independent o f i l l u m i n a t i o n c o n d i t i o n s above the s u r f a c e . R ( X ) 

e x h i b i t s l i t t l e change w i t h v a r i a t i o n s i n s o l a r z e n i t h angle (Kat tawar 

and Humphreys 1976) , being less than 15^ f o r angles of 0** t o 60" 

(Gordon 1976b). The so la r z e n i t h angle i s the angle between the Sun-

t o - p i x e l and z e n i t h - t o - p i x e l d i r e c t i o n s . The water con ten t d i r e c t l y 

a f f e c t s R ( X ) which may t h e r e f o r e be used t o d i s c r i m i n a t e between 

d i f f e r e n t water types (Morel 1980) . F igure 2.2 shows t y p i c a l 

r e f l e c t a n c e spect ra f o r c l e a r and t u r b i d wa te r s . R i s u s u a l l y on l y a 

few pe rcen t , but may reach 10% o r f a l l below 1%, depending upon the 

wavelength and the w a t e r ' s c o n s t i t u e n t s . 

2 .1 .2 Ocean colour and opt ica l propert ies 

The r e l a t i o n s h i p between ocean co lou r and the Inheren t o p t i c a l 

p r o p e r t i e s o f sea water i s de r i ved from the s o l u t i o n o f the equat ion o f 

r a d i a t i v e t r a n s f e r ( Je r l ov 1968, Thomas 1980). As t h i s equat ion i s an 

i n t e g r o - d i f f e r e n t i a l one ( Je r l ov 1968) , i t i s solved numer i ca l l y and 

u s u a l l y by i n c o r p o r a t i n g s i m p l i f y i n g assumptions- Many workers have 
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t a c k l e d t h i s problem but on ly two approaches are discussed here . 

F i r s t l y , Gordon and Brown (1973) i d e n t i f i e d the s i n g l e s c a t t e r i n g 

albedo COQ (= b /c ) and the s c a t t e r i n g phase f u n c t i o n ( P ( 0 ) ) as the 

determinants o f R. Then a Monte-Carlo method (Gordon e t a l . 1975) was 

used t o s imu la te the passage o f photons through w a t e r , assuming t h a t 

a l l fo rward s c a t t e r i n g occurs a t 0* (quasi s i n g l e s c a t t e r i n g 

a p p r o x i m a t i o n ) . I t was found t h a t R cou ld be expressed as a polynomial 

expans ion: 

3 

S r j X ' ( 2 , 2 ) 
i=1 

w i t h X given by: 

bb 
Q + bb 

As the f i r s t term i s dominant, i t i s v a l i d t o s t a t e t h a t R i s 

p r o p o r t i o n a l t o X o r : 

R cc — ^ ( 2 . 4 ) 

The cons tan t o f p r o p o r t i o n a l i t y va r i es between 0.32 (Sun near the 

z e n i t h ) and 0.37 ( t o t a l l y d i f f u s e i l l u m i n a t i o n ) . The value a i s the 

absorp t ion c o e f f i c i e n t o f sea water and i s the b a c k s c a t t e r i n g 

c o e f f i c i e n t , which i s de r i ved f rom the volume s c a t t e r i n g f u n c t i o n p (0 ) 

(Appendix 2 ) . A t t h i s stage i t i s usefu l to d i s t i n g u i s h between 

Inheren t and apparent o p t i c a l p r o p e r t i e s . Inherent ones are i n v a r i a n t 

w i t h respect to changes i n rad iance d i s t r i b u t i o n , w h i l e apparent ones 

are n o t . 
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The inhe ren t p r o p e r t i e s a re : 

i ) Absorp t ion c o e f f i c i e n t - a. 

i i ) Volume s c a t t e r i n g f u n c t i o n - p ( ^ ) . 

i i i ) Tota l s c a t t e r i n g c o e f f i c i e n t - b (de r i ved from p ( 0 ) ) . 

i v ) Forward and backsca t t e r i ng c o e f f i c i e n t s - b^ and b̂ ^ (de r i ved 

from p((9)) . 

v) A t t enua t i on c o e f f i c i e n t - c (c = a + b ) . 

Hence R i s d i r e c t l y r e l a t e d to the i nhe ren t o p t i c a l p r o p e r t i e s a and 

of sea wa te r , and does not change w i t h v a r i a t i o n s i n the 

d i s t r i b u t i o n o f radiance above and hence below the s u r f a c e . 

The second ana l ys i s of the r a d i a t i v e t r a n s f e r problem i s due t o Morel 

and P r i e u r (1977) who used the successive order s c a t t e r i n g method, 

r e s u l t i n g i n the exp ress ion : 

R = 0.33 ( 1 + A ) 

( 2 . 5 ) 

The A term depends upon the radiance d i s t r i b u t i o n and pid) bu t never 

f a l l s ou ts ide the range + 0 .05 , so f o r p r a c t i c a l use i t may be 

neg lec ted g i v i n g : 

R = 0.33 b^/a ( 2 . 6 ) 

Moreover A i s on ly s l i g h t l y wavelength-dependent i n the v i s i b l e 

spectrum. Eq. 2.6 i s on l y v a l i d f o r small values o f b^^/a, i . e . < 0.3 

(Sathyendranath and Morel 1983) . 
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In almost a l l o c e a n i c and c o a s t a l waters « a in the v i s i b l e 

reg ion (Morel and P r i e u r 1977, Gordon and Morel 1983, K i r k 1983, 

Sathyendranath and Morel 1 9 8 3 ) , in which c a s e E q . 2 .4 may be s i m p l i f i e d 

to the same form as E q . 2 . 6 . These two equa t ions a l s o s h a r e a lmost 

i d e n t i c a l c o n s t a n t s and toge ther prov ide s t r o n g t h e o r e t i c a l suppor t f o r 

a d i r e c t l i n k between R and a and b^ .̂ We may conclude t h e n , t h a t R 

i s governed by the r a t i o of b a c k - s c a t t e r i n g to a b s o r p t i o n . T h i s may be 

understood p h y s i c a l l y by r e f e r r i n g to F i g . 2 . 3 . The appearance of b̂ ^ 

in the denominator of E q . 2 .4 accounts f o r double b a c k s c a t t e r i n g which 

c a u s e s upwe l l ing photons to be r e d i r e c t e d downwards. 

The a n a l y s i s so f a r has been s o l e l y concerned w i th d i f f u s e r e f l e c t a n c e , 

i . e . the f r a c t i o n of downwell ing i r r a d i a n c e t ransformed i n t o d i f f u s e 

upwe l l ing i r r a d i a n c e . However a remote s e n s o r i s on ly c a p a b l e of 

measuring d i r e c t l y the w a t e r - l e a v i n g r a d i a n c e ( a f t e r a tmospher ic 

c o r r e c t i o n i f n e c e s s a r y ) , and not R ( X ) . The r e l a t i o n s h i p between 

L ^ ( X ) and R ( X ) i s d e r i v e d here and s t a r t s wi th d e f i n i t i o n s of E^ 

and Ep ( F i g . 2 . 1 ) from which R i t s e l f i s de f ined (Gordon and Morel 

1983, Sathyendranath and Morel 1983 ) : 

27r 
^ Il2 

cosd\\{eft>)smdde A4> ( 2 . 7 ) 

Ep i s d e f i n e d in a s i m i l a r way but w i th the l i m i t s of 0 and 7r/2 

( i n t e g r a t i o n over Q) r e p l a c e d by 7r/2 and TT r e s p e c t i v e l y . L^(0,0) i s 

the s u b - s u r f a c e u p w e l l i n g r a d i a n c e in the d i r e c t i o n (0,</)), where 6 

i s the angle in the v e r t i c a l p lane ( F i g . 2 . 4 ) and 0 i s the az imutha l 

angle ( h o r i z o n t a l p l a n e ) . I f L^j(0,(/)) i s independent of d and 0, then 

22 



6 < n/2 

( 1 ) Absorption 
- reduces 

( 1 1 ) Forward scattering may Increase 
R, but with a f a i r l y high sun. 
t h i s I s unlikely. Thus, t h i s 
mechanism nay be neglected and 

does not appear In the 
expression f o r R. 

b T / e > TT/2 
b 

< l i i > Backscatterlng 
- increases R. 

B > TT/2 

b̂ T y 8 > n/2 

(Iv) Double backscatterlng 
- may reduce R. 

R a 
a + b, 

In most natural waters bu<< a, 
thus (a+bjj) = a. In which case: 

Ra bjj/a 

Figure 2 .3. Relationship between R, a and \ 
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E q . 2 .7 becomes: 

E ĵ = TTL ĵ ( 2 . 8 ) 

U n f o r t u n a t e l y , t h i s I s not q u i t e t r u e because f o r 6 g r e a t e r than the 

c r i t i c a l ang le {48**; F i g . 2 . 4 ) , t o t a l i n t e r n a l r e f l e c t i o n o c c u r s a t the 

w a t e r - a i r i n t e r f a c e and the r a d i a n c e f o r 6 > 48** i n c r e a s e s r a p i d l y 

{ P l a s s e t a l . 1 9 7 5 ) , However, f o r 0 < 4 8 % the r a d i a n c e i s 

approx imate ly uni form and the r e l a t i o n f o r L ĵ becomes: 

Lu = Ey /Q ( 2 , 9 ) 

where i s the r a d i a n c e i n the z e n i t h d i r e c t i o n and Q i s 

approx imate ly 5 ( A u s t i n 1 9 8 0 ) . T h e o r e t i c a l l y Q d i s p l a y s a smal l 

wavelength dependence which i s n e g l i g i b l e in the v i s i b l e r a n g e , L ĵ i s 

r e l a t e d to R by: 

L ĵ = R .Ep/Q ( 2 . 1 0 ) 

The w a t e r - l e a v i n g r a d i a n c e may be found from v i a (Morel 

1980 ) : 

4 = <̂  ( 2 . 1 1 ) 

L y , a n d Ly e x h i b i t the same s p e c t r a l b e h a v i o u r . The (1 - P ) term 

a c c o u n t s f o r l o s s due to t o t a l i n t e r n a l r e f l e c t i o n , w i t h p a : 0 . 0 2 . The 

r e d u c t i o n in r a d i a n c e due to change in r e f r a c t i v e index i s accounted 

f o r by the n term, where n i s the r e f r a c t i v e index of sea water 

r e l a t i v e to a i r ( 1 . 3 4 1 ) . T h i s r e d u c t i o n does not imply an energy l o s s ; 
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i t i s mere ly a consequence of the i n c r e a s e in s o l i d ang le which o c c u r s 

for a s u b - s u r f a c e cone of l i g h t emerging above the s u r f a c e . 

S u b s t i t u t i n g for L ĵ in E q . 2.11 from E q . 2 . 1 0 : 

= R. En (1 - P ) ( 2 . 1 2 ) 

Q • n2 

A u s t i n (1980) g i v e s (1 - P ) / n ^ as 0.544 and so f i n a l l y the 

r e l a t i o n s h i p between Ly and R i s : 

l^\\)= 0 .544 R ( X ) . E D I X ) 

Q ( 2 . 1 3 ) 

where X has been in t roduced to i d e n t i f y the wavelength-dependent 

q u a n t i t i e s . E , L and R a r e a lways regarded as s p e c t r a l q u a n t i t i e s 

a l though t h i s may not be I n d i c a t e d f o r the sake of b r e v i t y . For 

p r a c t i c a l purposes and under f a v o u r a b l e c o n d i t i o n s ( c l e a r sky and high 

s o l a r a l t i t u d e ) , the r a t i o of L̂ ^ at two wavelengths i s assumed to be 

p r o p o r t i o n a l to the cor respond ing r a t i o of R (Sathyendranath and Morel 

1 9 8 3 ) . 

As f a r as p h o t o s y n t h e s i s i s c o n c e r n e d , red ( X = 700nm) and blue ( X = 

400nm) photons or quanta are e q u a l l y e f f e c t i v e In promoting photo­

s y n t h e s i s ( K i r k 1 9 8 3 ) , d e s p i t e the f a c t t h a t b lue quanta c a r r y a lmost 

t w i c e as much energy as red o n e s . In t h i s con tex t I t I s more 

a p p r o p r i a t e to e x p r e s s r a d i a n t f l u x In q u a n t a . s ' ^ than in w a t t s . The 

number of quanta per second cor respond ing t o a r a d i a n t f l u x o f ^ w a t t s 

i s g iven by: 
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± = ^ = = 5.034 X l O ^ ^ ^ X 

""'1^ ( 2 . 1 4 ) 

where p and X a re the f requency and wavelength r e s p e c t i v e l y of the 

photons , w i th X in m e t r e s . h i s P l a n c k ' s c o n s t a n t and c i s the 
r 

v e l o c i t y of l i g h t . T h i s e x p r e s s i o n assumes tha t a l l photons have the 

same w a v e l e n g t h , 

2 . 1 . 3 Influence of ocean constituents upon optical properties 

I t has a l r e a d y been shown t h a t R i s determined by the r a t i o (b^/a), 

and Gordon (1977) a s s e r t s t h a t the o n l y parameter which may be 

determined from remote s e n s i n g i s t h i s combinat ion of i n h e r e n t o p t i c a l 

p r o p e r t i e s . The next s tage i n unders tand ing the remote s e n s i n g of 

ocean c o l o u r i s to i n v e s t i g a t e how the composi t ion and c o n c e n t r a t i o n of 

ocean c o n s t i t u e n t s i n f l u e n c e a and and thus {b^/a). A l l 

i n h e r e n t o p t i c a l p r o p e r t i e s , i n c l u d i n g a and b^ ,̂ are r i g o r o u s l y 

a d d i t i v e (Gordon 1977, Sathyendranath and Morel 1 9 8 3 ) , i . e . the t o t a l 

c o e f f i c i e n t i s s imply the sum of c o e f f i c i e n t s fo r each c o n s t i t u e n t . 

The t o t a l a b s o r p t i o n and b a c k s c a t t e r i n g c o e f f i c i e n t s a r e : 

a j . + S ^ i ( 2 . 1 5 ) 
w i=1 

\ - * ( 2 . 1 6 ) 

where a ^ and b^^ app ly to pure water and a^ and b^^ app ly to 

c o n s t i t u e n t i fo r an ocean wi th n c o n s t i t u e n t s . As the s c a t t e r i n g 

phase f u n c t i o n of pure water i s s y m m e t r i c a l , b̂ ^̂  may be r e p l a c e d by 

V 2 = 
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^ = \ n + i jbb i ( 2 , 1 7 ) 

where b^ i s the s c a t t e r i n g c o e f f i c i e n t of pure w a t e r . I f each 

c o n s t i t u e n t i has c o n c e n t r a t i o n C^-, then E q s . 2 .15 and 2 ,17 may be 

r e p r e s e n t e d as (Sathyendranath and Morel 1983 ) : 

a - ay + ( 2 . 1 8 ) 

\ - b , / 2 + EbtiCi ( 2 . 1 9 ) 

where the a s t e r i s k denotes t h a t the c o e f f i c i e n t i s ' s p e c i f i c ' , i . e . per 

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

a r e known f o r each c o n s t i t u e n t and f o r a l l v i s i b l e w a v e l e n g t h s , R may 

be e x p r e s s e d i n terms of the d i f f e r e n t c o n c e n t r a t i o n s . 

I t might be thought t h a t R a y l e i g h ' s theory ( R a y l e i g h 1871a, b , c ) would 

be adequate f o r d e s c r i b i n g the s c a t t e r i n g of l i g h t by water m o l e c u l e s 

s i n c e the m o l e c u l a r s i z e i s much s m a l l e r than the wavelength o f v i s i b l e 

l i g h t . Indeed i t does reproduce s a t i s f a c t o r i l y the observed dependence 

o f the s c a t t e r i n g c o e f f i c i e n t upon wavelength and s c a t t e r i n g a n g l e . 

U n f o r t u n a t e l y , the s c a t t e r i n g i n t e n s i t y i s s e r i o u s l y o v e r e s t i m a t e d a s 

the t h e o r y t a k e s no account o f the s t r o n g m o l e c u l a r i n t e r a c t i o n s which 

o c c u r i n l i q u i d s (Sturm 1 9 8 1 ) , but not in gases f o r which the t h e o r y 

was deve loped , A proper s o l u t i o n was prov ided by Smoluchowski (1908) 

and E i n s t e i n (1910) who proposed t h a t m o l e c u l a r s c a t t e r i n g in l i q u i d s 

i s due to f l u c t u a t i o n s in d e n s i t y a t the m i c r o s c o p i c l e v e l which 

produce c o r r e s p o n d i n g f l u c t u a t i o n s in the l o c a l d i e l e c t r i c c o n s t a n t . 

T h i s i n t u r n c a u s e s the r e f r a c t i v e index to f l u c t u a t e as r e f r a c t i v e 

index i s the square r o o t of r e l a t i v e p e r m i t t i v i t y or d i e l e c t r i c 
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c o n s t a n t (Yarwood 1 9 7 3 ) . The changes i n r e f r a c t i v e index a r e 

r e s p o n s i b l e f o r t h i s type of s c a t t e r i n g which i s known as ' d e n s i t y 

f l u c t u a t i o n s c a t t e r i n g ' ( J e r l o v 1 9 6 8 ) . D e n s i t y f l u c t u a t i o n s a r e caused 

by the cont inuous random motion o f m o l e c u l e s . Al though the p r e d i c t e d 

wavelength dependence i s A under t h i s reg ime , the observed 

dependence i s s l i g h t l y d i f f e r e n t , namely X " ^ ' ' ^ (Morel and P r i e u r 

1 9 7 7 ) ; the d i s c r e p a n c y be ing due to a smal l v a r i a t i o n i n the r e f r a c t i v e 

index of water w i t h wavelength ( K i r k 1 9 8 3 ) . 

The S m o l u c h o w s k l - E i n s t e i n theory a lone i s I n s u f f i c i e n t for d e s c r i b i n g 

s c a t t e r i n g in the sea as even the c l e a r e s t wa te rs c o n t a i n suspended 

p a r t i c l e s in abundance, which e x h i b i t an approx imate ly h y p e r b o l i c s i z e 

d i s t r i b u t i o n (Bader 1 9 7 0 ) . Some t h e o r e t i c a l s t u d i e s assume d i f f e r e n t 

s i z e d i s t r i b u t i o n s , namely normal and log-normal (Morel and B r i c a u d 

1981) or r^ e x p ( - 2 r ) (Kat tawar and Humphreys 1976) where r i s the 

p a r t i c l e r a d i u s . D e s p i t e t h e s e d i f f e r e n t d i s t r i b u t i o n s , they a l l 

i n d i c a t e t h a t p a r t i c l e s may be p r e s e n t In a wide range of s i z e s and 

more i m p o r t a n t l y t h a t the p a r t i c l e s i z e may be comparable w i t h or 

g r e a t e r than the wavelength of v i s i b l e l i g h t . In t h i s c a s e M i e ' s 

s c a t t e r i n g theory (Mie 1908) must be used I n s t e a d . Mie and R a y l e i g h 

s c a t t e r i n g a r e 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 4 . 2 . 1 . 

P a r t i c l e s c a t t e r i n g In n a t u r a l w a t e r s i s very s t r o n g l y peaked i n the 

forward d i r e c t i o n (Gordon 1973) and the degree o f asymmetry i s 

d e s c r i b e d by the b a c k - s c a t t e r i n g r a t i o r p , d e f i n e d as the r a t i o of 

the b a c k s c a t t e r i n g c o e f f i c i e n t to the t o t a l s c a t t e r i n g c o e f f i c i e n t 

b. F o r phytoplankton t h i s r a t i o I s of the o rder of 0.1% whereas f o r 

n o n - c h l o r o p h y l l i a n p a r t i c l e s I t i s 1 or 2% (Sa thyendranath and Morel 

1 9 8 3 ) . The term ' n o n - c h l o r o p h y l l i a n ' r e f e r s to p a r t i c l e s which a r e not 
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d e r i v e d from phytoplankton or i t s b y p r o d u c t s . S i n c e i s smal l f o r 

phytoplankton and n o n - c h l o r o p h y l l i a n p a r t i c l e s b̂ ^ <5C b, b e a r i n g i n 

mind t h a t i t i s b^ and not b upon which R depends. S c a t t e r i n g and 

b a c k s c a t t e r i n g a r e d e p r e s s e d a t wave lengths c o r r e s p o n d i n g to s t r o n g 

a b s o r p t i o n bands (Morel and B r i c a u d 1 9 8 1 ) , w i t h the s c a t t e r i n g spectrum 

assuming the i n v e r s e form of the a b s o r p t i o n spectrum (Sathyendranath 

and Morel 1 9 8 3 ) , 

O p t i c a l l y pure water e x h i b i t s low a b s o r p t i o n from 400 to 600nm, w i t h a 

s l i g h t minimum around 430nm; from 600nm onwards the a b s o r p t i o n 

i n c r e a s e s r a p i d l y ( F i g . 2 . 5 ) . T h i s i n c r e a s e in the red end o f the 

spectrum i s in f a c t the t a i l - e n d o f a s e r i e s of d i s t i n c t a b s o r p t i o n 

bands in the i n f r a - r e d ( J e r l o v 1 9 6 8 ) . The c o e f f i c i e n t of m o l e c u l a r 

s c a t t e r i n g by water b̂ ^ ( X ) i s approximated by (Sathyendranath and 

Morel 1983 ) ; 

b^{\) = b^ (500) ' ^ ^ '"^'^ 

\ 5 0 0 / ( 2 . 2 0 ) 

where by (500 ) i s 0.00288m*"^ ( a t 500nm). S i n c e R i s p r o p o r t i o n a l to 

(b j^ /a ) , the r e f l e c t a n c e of pure water i s h igh in the b lue reg ion and 

very smal l in the r e d , thus a c c o u n t i n g f o r i t s b lue c o l o u r . The 

v a r i a t i o n In R I s g r e a t e r than the v a r i a t i o n In b̂ ^ o r 1 / a a l o n e . 

Natura l w a t e r s c o n t a i n many d i f f e r e n t c o n s t i t u e n t s ( S p i t z e r e t a l . 

1 9 8 2 ) , c a t e g o r i s e d by F i g . 2 . 6 . D i s s o l v e d m a t e r i a l compr ises s a l t s and 

y e l l o w s u b s t a n c e s . S a l t s i n c r e a s e the s c a t t e r i n g by 30% compared w i t h 

pure water ( K i r k 1 9 8 3 ) ; however of the d i s s o l v e d m a t e r i a l s o n l y the 

y e l l o w s u b s t a n c e s a r e o p t i c a l l y important ( J e r l o v 1 9 6 8 ) . Y e l l o w 
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s u b s t a n c e s r e p r e s e n t a group of complex o r g a n i c compounds produced by 

the decomposi t ion of p l a n t t i s s u e due to m i c r o b i a l a c t i o n . The major 

s o u r c e s of y e l l o w s u b s t a n c e s a r e r i v e r r u n - o f f and land d r a i n a g e 

( H o j e r s l e v 1 9 8 1 ) , a l though a smal l amount i s r e l e a s e d from brown 

seaweed and phytoplankton (Yen tsch 1 9 8 3 ) . Y e l l o w s u b s t a n c e s a r e 

removed from the oceans by the p r o c e s s e s o f o x i d a t i o n and a d s o r p t i o n on 

s i n k i n g p a r t i c l e s . The German term ' g e l b s t o f f i s o f ten used as an 

a l t e r n a t i v e name f o r y e l l o w s u b s t a n c e s . Y e l l o w s u b s t a n c e s a r e so named 

because they s h i f t wa te r c o l o u r from b lue to y e l l o w as a consequence of 

t h e i r h igh a b s o r p t i o n i n the b lue reg ion ( F i g . 2 . 7 a ) . T h i s a b s o r p t i o n 

stems from an u l t r a - v i o l e t a b s o r p t i o n peak which o v e r l a p s the v i s i b l e 

spectrum ( Y e n t s c h 1 9 8 3 ) . The a b s o r p t i o n spectrum has an approx imate ly 

exponent ia l form (Deschamps e t a l . 1977, Johnson and Munday 1983 ) : 

= a^ (500) exp [ - 0 . 0 1 4 ( X - 500) ] ( 2 . 2 1 ) 

w i t h X i n nm. 

The suspended p a r t i c l e s or p a r t i c u l a t e s r e s u l t from wave a c t i o n , l and 

d ra inage and r i v e r s and c o n s t i t u t e a h i g h l y heterogeneous group, which 

may be d i v i d e d i n t o two d i s t i n c t t y p e s : o r g a n i c and i n o r g a n i c (Brown 

and Gordon 1 9 7 4 ) . The o r g a n i c s have a r e f r a c t i v e index of 1.01 - O . O l i 

r e l a t i v e to w a t e r ; the imaginary p a r t r e p r e s e n t i n g a b s o r p t i o n . 

I n o r g a n i c s or m i n e r a l s a r e non-absorb ing w i th r e f r a c t i v e index i n the 

range 1.15 to 1.20 r e l a t i v e to w a t e r . C o n s e q u e n t l y , o r g a n i c s may be 

regarded c h i e f l y a s a b s o r b e r s , w h i l e m i n e r a l s a r e pure s c a t t e r e r s -

Al though the bulk of suspended p a r t i c l e s i s u s u a l l y o r g a n i c , s c a t t e r i n g 

i s s t i l l dominated by the minera l component. The wavelength dependence 

o f minera l s c a t t e r i n g ( F i g . 2 .7b ) i s t y p i c a l l y (Deschamps e t a l . 1977, 

3 2 



Absorption ' 
co e f f i c i e n t 

Kxponential (a) Absorption spectrum of 
yellow substances. 

700 nm 

Scattering 
c o e f f i c i e n t 

(b) Scattering spectrum of 
minerals. (Absorption 
by minerals i s small). 
The scattering dependence 
may be weaker than V, 

^̂ 00 500 600 700 nm 

Absorption 
c o e f f i c i e n t 

(c) Absorption spectrum 
of chlorophyll 'a'. 
(Taken from Clarke et 
a l . 1970). 

700 nm 

figure 2.7 Optical characteristics of ocean constituents. 
Absolute values are not used as they depend 
upon the concentration of the constituents. 

3 3 



Morel and P r i e u r 1977 ) : 

b p ( X ) - b p ( X , ) ( M - 1 

where b^l X ) and b^iX^] a r e the s c a t t e r i n g c o e f f i c i e n t s a t X and X^. 

The wavelength dependence may be weaker than X"^ in s u r f a c e w a t e r s 

because the m a j o r i t y of the s c a t t e r i n g i s by l a r g e p a r t i c l e s g r e a t e r 

than 2pm ( J e r l o v 1 9 6 8 ) . E q . 2 .22 i s i n v a l i d f o r pigmented or a b s o r b i n g 

p a r t i c l e s due to the i n t e r a c t i o n between the s c a t t e r i n g and a b s o r p t i o n 

p r o c e s s e s in t h i s c a s e (Morel 1 9 8 0 ) . A l though m o l e c u l a r s c a t t e r i n g by 

water o n l y makes a smal l c o n t r i b u t i o n to t o t a l s c a t t e r i n g , i t may 

become s i g n i f i c a n t when c o n s i d e r i n g b a c k s c a t t e r i n g a lone as p a r t i c l e 

s c a t t e r i n g i s so s t r o n g l y peaked i n the forward d i r e c t i o n (Morel and 

P r i e u r 1 9 7 7 ) . 

Phytoplankton and zooplankton c o n s t i t u t e suspended o r g a n i c m a t e r i a l and 

are i n s i g n i f i c a n t as f a r as s c a t t e r i n g i s c o n c e r n e d . Phytop lankton 

though p lay a s i g n i f i c a n t p a r t in a b s o r p t i o n due to the a b s o r p t i o n 

c h a r a c t e r i s t i c s o f the e n c l o s e d p h o t o s y n t h e t i c p igments . I n d e e d , i t i s 

t h e s e a b s o r p t i v e f e a t u r e s which enable pigment c o n c e n t r a t i o n s to be 

measured remote ly . The key p h o t o s y n t h e t i c pigments a r e c h l o r o p h y l l s , 

c a r o t e n e s and b i l i p r o t e i n s (S ingh e t a l - 1 9 8 3 ) , each of which may e x i s t 

in s l i g h t l y d i f f e r e n t chemica l fo rms; f o r f u r t h e r d e t a i l s c o n s u l t Boney 

( 1 9 7 5 ) . C h l o r o p h y l l s and c a r o t e n e s a r e found in a l l p h o t o s y n t h e t i c 

p l a n t s , w h i l e o n l y c y a n o b a c t e r i a c o n t a i n b i l i p r o t e i n s as w e l l ( K i r k 

1 9 8 3 ) . C h l o r o p h y l l ' a ' i s the dominant c h l o r o p h y l l and has a b s o r p t i o n 

peaks a t 440nm ( b l u e ) and 675nm ( r e d ) ( F i g . 2 . 7 c ) , a l though t h e s e s h i f t 

s l i g h t l y when c h l o r o p h y l l bonds w i t h p r o t e i n s or l i p i d s . The b lue peak 

i s more i n t e n s e than the red one . The s i t u a t i o n i s f u r t h e r c o m p l i c a t e d 
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by the p r e s e n c e of c h l o r o p h y l l * a ' degradat ion p roducts o r 

phaeopigments, namely phaeophyt in ' a ' and phaeophorbide * a ' (S ingh e t 

a l . 1 9 8 3 ) . The phaeopigments have s i m i l a r absorp t ion s p e c t r a to 

c h l o r o p h y l l ' a ' w i th the a b s o r p t i o n peaks d i s p l a c e d by 10 or 20 nm 

towards the b lue (Gordon and C l a r k 1 9 8 0 a ) . The CZCS on ly has a few 

s p e c t r a l c h a n n e l s and cannot d i s t i n g u i s h between c h l o r o p h y l l * a ' and 

the phaeopigments and so t h e s e a r e combined to produce a s i n g l e 

p h o t o s y n t h e t i c pigment i n d e x . The phaeopigments r e s u l t from the 

a c i d i f i c a t i o n of c h l o r o p h y l l ' a * (Gordon e t a l . 1983b) and a r e p r e s e n t 

i n smal l q u a n t i t i e s (10 or 20%) compared to c h l o r o p h y l l * a ' (Gordon e t 

a l . 1 9 8 0 a ) . A p a r t i c u l a r l e v e l of c h l o r o p h y l l ' a ' c o n c e n t r a t i o n 

produces a c h a r a c t e r i s t i c r e f l e c t a n c e spectrum or s p e c t r a l s i g n a t u r e 

and o v e r a wide range o f c o n c e n t r a t i o n s a c o n s i s t e n t f a m i l y o f s p e c t r a 

i s genera ted ( F i g . 2 . 8 ) . The mean s l o p e of each spectrum d e c r e a s e s 

w i t h i n c r e a s i n g c o n c e n t r a t i o n ( C l a r k e e t a l . 1 9 7 0 ) . The a p p a r e n t l y 

anomalous i n c r e a s e i n the green reg ion may be e x p l a i n e d by the 

i n c r e a s e d phytopiankton b a c k s c a t t e r l n g throughout the v i s i b l e r a n g e , 

emphasised by low c h l o r o p h y l l ' a ' a b s o r p t i o n i n the g r e e n . There i s a 

smal l r eg ion between 500 and 550nm In which the r e f l e c t a n c e remains 

a lmost c o n s t a n t , i r r e s p e c t i v e of phytoplankton c o n c e n t r a t i o n . 

T h i s l e d to the idea o f a ' h i n g e p o i n t ' (Hov is e t a l . 1980, Johnson and 

Munday 1983) or p o i n t of i n f l e c t i o n . The response of the CZCS to 

d i f f e r e n t c h l o r o p h y l l c o n c e n t r a t i o n s i s i l l u s t r a t e d in F i g . 2 . 9 in an 

i d e a l i s e d form and a l s o shows the hinge p o i n t a t about 530nm. In 

a d d i t i o n , the f i g u r e p r o v i d e s some j u s t i f i c a t i o n , a l b e i t a b s t r a c t , f o r 

the use of r a t i o s i n c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s ; the approach 

be ing to use CZCS channel 3 (near the hinge p o i n t ) as a q u a s i -
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r e f e r e n c e , a l though i t w i l l change s l i g h t l y w i t h the amount o f 

b a c k s c a t t e r i n g , and CZCS channel 1 or 2 which are s e n s i t i v e t o 

c h l o r o p h y l l c o n c e n t r a t i o n . 

The t o t a l r e f l e c t a n c e spectrum f o r na tu ra l waters i s governed by the 

o p t i c a l c h a r a c t e r i s t i c s of a l l the c o n s t i t u e n t s discussed above. The 

o v e r a l l absorp t ion and backsca t t e r i ng c o e f f i c i e n t s are g iven 

r e s p e c t i v e l y by (Morel 1980): 

% ' ^Ph 

b. = bJ2 + r b^ (2 .24 ) 
b W p p 

assuming t h a t absorp t ion by minera ls i s n e g l i g i b l e , i . e . ap = 0. 

ap^ i s the absorp t ion c o e f f i c i e n t f o r phy top lankton p igments . 

Changes i n absorp t ion modify the spec t ra l shape of R ( X ) , whereas 

v a r i a t i o n s i n backsca t t e r i ng cause an o v e r a l l increase or decrease i n R 

( X ) across the whole v i s i b l e spectrum (Morel 1980) . The perce ived 

co lou r o f na tu ra l wa te rs , i n terms o f dominant wavelength and spec t ra l 

p u r i t y , i s h i g h l y v a r i a b l e and t h i s v a r i a b i l i t y i s a lso apparent i n 

measured spectra o f r e f l e c t a n c e ( B a r t o l u c c i e t a l . 1977, Morel and 

P r i eu r 1977, Morel 1980, Sathyendranath and Morel 1983). Th is 

d i v e r s i t y i s a d i r e c t consequence of the v a r i a t i o n s i n c o n s t i t u e n t s ' 

concen t ra t i ons and the wavelength-dependent nature of marine o p t i c a l 

p r o p e r t i e s . 

F i n a l l y there are two a d d i t i o n a l mechanisms which may c o n t r i b u t e t o the 

upwe l l i ng radiance and i n t e r f e r e w i t h the remote sensing o f ocean 

compos i t i on . The f i r s t i s r e f l e c t i o n from the sea bed which a r i s e s i n 
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shal low and/or c l e a r wa te rs , an ana l ys i s o f which i s given by Gordon 

and Brown (1974) . The o ther mechanism i s phytop lankton f luorescence a t 

685nm caused by c h l o r o p h y l l ' a ' , but which amounts to on ly 1% o f the 

absorbed l i g h t (K i r k 1983, Yentsch 1983). Both e f f e c t s are assumed t o 

be n e g l i g i b l e i n t h i s work, e s p e c i a l l y i n s h e l f seas where depths are 

i n excess o f 50m. 

2.1 .4 Other considerat ions 

Downwell ing l i g h t i n the sea i s a t tenuated w i t h depth i n an exponent ia l 

manner (assuming homogeneous o p t i c a l p r o p e r t i e s ) : 

(2) = (0) exp ( -KpZ) ( 2 . 25 ) 

where E Q ( Z ) and E Q ( 0 ) are the downwel l ing i r r a d i a n c e s a t depth z 

and zero depth r e s p e c t i v e l y ; the l a t t e r being the i r r a d i a n c e j u s t below 

the s u r f a c e . i s the a t t e n u a t i o n c o e f f i c i e n t f o r downwel l ing 

i r r a d i a n c e . Eq. 2.25 may be manipulated to de f i ne t hus : 

^ _ d f i n (z ) 

( 2 .26 ) 

At g rea t depths the downwel l ing i r r a d i a n c e becomes v a n i s h i n g l y small 

and may be considered n e g l i g i b l e . In order t o e s t a b l i s h a measure of 

s i g n i f i c a n t depth f o r remote sensing purposes, the concept o f 

' p e n e t r a t i o n dep th ' i s i n t r o d u c e d , being the depth o f the l a y e r ( f rom 

the sur face downwards) from which 90% o f the d i f f u s e l y r e f l e c t e d 

i r r a d i a n c e o r i g i n a t e s . Pene t ra t i on depth i s denoted by ZgQ and i s 

approximated ( w i t h i n 10^) by (Gordon and McCluney 1975): 
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= (2 .27 ) 

At t h i s depth the downwel l ing i r r a d i a n c e f a l l s t o 1/e (37%) o f i t s 

sur face v a l u e . Since K Q ^ a t h e n : 

ZgQ ^ 1/a (2 .28 ) 

Therefore the maximum pene t ra t i on depth i s s imply 1 /a . When making i n -

s i t u measurements of marine parameters f o r comparison w i t h remo te l y -

sensed e s t i m a t e s , the measurements should be made over the p e n e t r a t i o n 

depth at l e a s t (Gordon 1978a). The zone in which t he re i s s u f f i c i e n t 

l i g h t t o support photosynthes is i s known as the euphot ic zone and the 

depth of t h i s zone (as a r u l e of thumb) corresponds approx imate ly t o 

the depth at which the downwel l ing I r r a d i a n c e f a l l s to 1% of the 

sur face v a l u e . Denot ing t h i s depth by z^^ , the r e l a t i o n between i t 

and i s (Gordon et al 1983b) . 

^eu = 100).290 

^ 4 .6 ZgQ ( 2 .29 ) 

Both ZgQ and z^^ vary w i t h wavelength as KQ i s a f u n c t i o n o f 

wave length . For Case 1 waters the maximum value o f ZgQ i s t y p i c a l l y 

50m (a t 475nm), whereas the maximum f o r t u r b i d Case 2 waters may on ly 

be one or two metres (a t 600nm). In the worst case ZgQ may be less 

than 0.5m at c e r t a i n wavelengths. The pene t ra t i on depth cannot be 

determined from remote measurements (Gordon 1978a). 

The i n f l u e n c e of an ocean c o n s t i t u e n t at depth z , compared t o the 

i n f l u e n c e i t would have j u s t below the s u r f a c e . I s reduced by the 
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f o l l o w i n g we igh t ing f a c t o r (Smith 1981) 

g (z ) = exp -2 K p { z ' ) dz* (2 .30 ) 

g (z ) accounts f o r the reduc t ion i n the sur face i r r a d i a n c e on i t s 

downward path t o depth z and again f o r the r e t u r n path t o the s u r f a c e . 

At each p i xe l the remotely sensed parameter i s s i ng le - va lued and so i t 

i s imposs ib le t o recover the depth p r o f i l e of pigment concen t ra t i on 

C(z) f o r a s t r a t i f i e d ocean. The remotely est imated pigment 

concen t ra t i on C i s r e l a t e d t o C(z) by (Gordon and Clark 1980b): 

^90 

C(z)g(z)dz 
(2 .31 ) 

C may be i n t e r p r e t e d as t h a t constant pigment concen t ra t ion ( i . e . an 

homogeneous ocean) which would produce the same wa te r - l eav i ng radiance 

as the s t r a t i f i e d ocean. 

Empi r ica l a l go r i t hms f o r the r e t r i e v a l of pigment concen t ra t i on 

commonly use the r a t i o of w a t e r - l e a v i n g radiance at two wavelengths 

and This r a t i o i s approx imate ly r e l a t e d t o the inheren t o p t i c a l 

p r o p e r t i e s by: 

(2 .32 ) 

For an ocean con ta in i ng phytop lankton o n l y , the two backsca t te r i ng 

c o e f f i c i e n t s are nea r l y equal as backsca t te r i ng i s on ly s l i g h t l y 

dependent upon phytop lankton pigments (Gordon et a l . 1983b) and 

wave length . Eq. 2.32 t h e r e f o r e s i m p l i f i e s t o : 
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Lw (X i ) /Lw (X2) ^^a (X2) /a (X i ) (2 .33 ) 

Expanding the absorp t ion c o e f f i c i e n t s i n terms of a^ and ap^ ( the 

s p e c i f i c absorp t ion c o e f f i c i e n t f o r phytop lankton pigments) g i v e s : 

^1 ( 2 .34 ) 

This demonstrates t h a t the r e l a t i o n s h i p between the w a t e r - l e a v i n g 

radiance r a t i o and pigment concen t ra t i on i s I n h e r e n t l y n o n - l i n e a r 

(Gordon et a l . 1983b) . C Is the pigment concen t ra t i on expressed as the 

sum o f c h l o r o p h y l l ' a ' and phaeopigment c o n c e n t r a t i o n s . 

2.2 NIMBUS-7 PLATFORM 

In 1972 NASA began a i r c r a f t i n v e s t i g a t i o n s t o determine whether ocean 

co lour could be measured through the atmosphere (Hovis et a l . 1980) . 

Subsequently a p ro to type ocean co lour scanner (OCS) was made and f lown 

In a NASA U-2 plane at an a l t i t u d e of 20km (Hovis 1981) . The r e s u l t s 

o f t h i s experiment (Hovis and Leung 1977) were promis ing d e s p i t e the 

i n t e r f e r e n c e of the atmosphere and i n 1973 NASA decided t o f l y t he CZCS 

(based on the OCS) on the Nimbus-G p l a t f o r m due t o be launched i n 1978. 

The CZCS was b u i l t by Ba l l Brothers Research Corpora t ion t o NASA's 

s p e c i f i c a t i o n and hardware development s t a r t e d i n January 1975. The 

Nimbus-G was launched s u c c e s s f u l l y on 24 October 1978, a f t e r which i t 

was renamed Nimbus-7. 
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The Nimbus-7 Is the l a s t i n the Nimbus se r ies (Bay l i s 1981) o f NASA 

meteoro log ica l s a t e l l i t e s Intended f o r research purposes on ly - i t i s 

not an opera t iona l system. Besides the CZCS, Nimbus-7 a lso c a r r i e s 

seven o ther sensors ( S l a t e r 1980, Stewart 1985): 

i ) Earth Rad ia t ion Budget (ERB) 

11) Limb I n f r a - r e d Mon i to r i ng o f the St ra tosphere (LIMS) 

H i ) S t ra tosphe r i c Aerosol Measurement I I (SAM I I ) 

1v) Solar Backscat tered U l t r a - v i o l e t and Tota l Ozone Mapping System 

(SBUV/TOMS) 

v) S t ra tosphe r i c and Mesospheric Sounder (SMS) 

v i ) Scanning Mul t i channe l Microwave Radiometer (SMMR) 

v i i ) Temperature - Humidity I n f r a - r e d Radiometer (THIR) 

The Nimbus-7 must prov ide a s tab le p l a t f o r m f o r the CZCS and the seven 

o ther ins t ruments i t c a r r i e s . Due to the e f f e c t s of r o l l , p i t c h and 

yaw the s a t e l l i t e ' s a t t i t u d e w i l l vary s l i g h t l y but t h i s i s u s u a l l y 

s i g n i f i c a n t l y less than one degree (Wilson e t a l . 1981) . 

2.2.1 Orbi t and orb i ta l period 

A s a t e l l i t e w i l l on l y ma in ta in a s tab le o r b i t o f a p a r t i c u l a r s i ze i f 

i t s v e l o c i t y i s the c o r r e c t va lue ; a lower v e l o c i t y r e s u l t s i n the 

s a t e l l i t e ' s descent to the ground and a h igher one produces a change In 

o r b i t or even escape from the E a r t h ' s g r a v i t a t i o n a l f i e l d a l t o g e t h e r . 

The v e l o c i t y f o r a s tab le o r b i t i s such t h a t the opposing c e n t r i p e t a l 

and g r a v i t a t i o n a l acce le ra t i ons (and thus f o r ces ) are e q u a l . Equat ing 

the simple expressions f o r these two acce le ra t i ons leads t o : 

v^ = GM/r ( 2 .35 ) 
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where G i s the un ive rsa l g r a v i t a t i o n a l cons tan t and M i s the mass o f 

the E a r t h ; the value of GM i s 3.98601 x 10^^ m^.s"^ (Duck and 

King 1983) . r i s the o r b i t rad ius from Earth cen t re t o the s a t e l l i t e 

and V i s the s a t e l l i t e ' s v e l o c i t y . Since the angular v e l o c i t y a; ( i n 

r a d i a n s . s " ^ ) i s r e l a t e d to v through v = rco and the o r b i t a l pe r i od T 

i s 27r/a) , then Eq. 2.35 becomes: 

27r ( 2 .36 ) 
GM 

T i s i n seconds and r i s i n metres. The CZCS has a nominal a l t i t u d e 

o f 955km (Hovis 1981) and the e q u a t o r i a l Ear th rad ius i s 6378km (K ing -

Hele e t a l . 1983) . Thus r i s 7333km, and the o r b i t a l pe r i od as 

determined by Eq. 2-36 i s 104,15 minu tes . This corresponds t o 13.83 

o r b i t s per day and an o r b i t a l speed o f 7.4 k m . s ' ^ . 

The above d e r i v a t i o n assumes a p e r f e c t l y spher i ca l E a r t h . However the 

E a r t h ' s shape i s more a c c u r a t e l y descr ibed as an ob la te sphe ro id ; the 

e q u a t o r i a l diameter being 43km g rea te r than the po la r diameter (M i les 

1974) . In f a c t the Ear th i s s l i g h t l y e l l i p t i c a l i n the e q u a t o r i a l 

p lane . The presence o f t h i s ob la teness or ' e q u a t o r i a l bulge* prevents 

the es tab l i shment of p e r f e c t l y c i r c u l a r o r b i t s and r e s u l t s i n 

e l l i p t i c a l ones i n s t e a d . The CZCS o r b i t i s on ly very s l i g h t l y 

e c c e n t r i c , having an e c c e n t r i c i t y e o f 0.0007 (King-Hele e t a l . 1983) . 

This causes the Ear th to be d i sp laced from the cen t re o f the e l l i p s e by 

approx imate ly 5km and r e s u l t s i n a d i f f e r e n c e o f approx imate ly 10km 

between the per igee he igh t ( c l o s e s t approach to Ear th) and apogee 

he igh t ( g r e a t e s t separa t ion from the Ear th ) ( F i g . 2 . 1 0 ) . Desp i te the 

E a r t h ' s oblateness Eq. 2.36 i s s t i l l v a l i d f o r de termin ing o r b i t a l 

p e r i o d s , being an e x p l i c i t form o f K e p l e r ' s t h i r d law f o r e l l i p t i c a l 

4 4 



Apogee Perigee r ( U e r ( l - e 

E^r th Centre of 
e l l i p s e 

K a j o r 
a x i s 

Minor axis—I 

Exaggerated 
orbi ta l 
e l l i p s e 

Figure 2.10 E l l i p t i c a l orb i t , apogee and perigee. 
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Figure 2.11 De f in i t i on of i n c l i n a t i o n angle, 

45 



o r b i t s , prov ided t h a t r represents the semi-major a x i s . 

2 . 2 .2 Repeat c y c l e 

Since the CZCS o r b i t a l pe r iod i s approx imate ly 104 minutes the Ear th 

r o t a t es through 26° between successive o r b i t s . Therefore the o r b i t a l 

c ross ing of the equator ( f rom South to Nor th) s h i f t s to the West by 

t h i s amount w i t h each o r b i t . In order t o e s t a b l i s h a repea t ing t race 

p a t t e r n , an i n t e g r a l number o f o r b i t s must occur i n an i n t e g r a l number 

o f days. The CZCS repeat pe r iod i s s i x days because dur ing t h i s pe r iod 

the CZCS makes e x a c t l y 83 o r b i t s of the E a r t h . Thus the whole t r ace 

pa t t e rn i s repeated every s i x days (Vanselous e t a l . 1978, 

Sathyendranath and Morel 1983). For compar ison, Landsat 's repeat c y c l e 

i s 18 days corresponding to 251 o r b i t s . The repeat cyc le i s e a s i l y 

destroyed by very small p e r t u r b a t i o n s , n e c e s s i t a t i n g o r b i t a l 

adjustments f o r the maintenance o f s t ab le c y c l e s . 

2 .2 .3 Sun-synchronous o r b i t 

The E a r t h ' s oblateness not on ly r e s u l t s in e l l i p t i c a l o r b i t s , but a l so 

causes r o t a t i o n of the s a t e l l i t e ' s o r b i t a l plane about the E a r t h ' s 

po la r ax i s ( i . e . p recess ion) and r o t a t i o n o f the o r b i t a l e l l i p s e i n i t s 

own p lane . The l a t t e r phenomenon i s i n s i g n i f i c a n t f o r the CZCS s ince 

the Nimbus-7 o r b i t has a very small e c c e n t r i c i t y . However precess ion 

represents a ser ious p e r t u r b a t i o n which i s a f u n c t i o n of the o r b i t a l 

rad ius r ( s t r i c t l y the semi-major a x i s ) and the o r b i t a l i n c l i n a t i o n i 

which i s de f ined i n F i g . 2 . 1 1 . Not ice t h a t the angle i s measured when 

the s a t e l l i t e i s a t the ascending node, i . e . c ross ing the equator f rom 

South to No r th . The precession r a t e i f l ( i n r a d i a n s . s " ^ ) r e l a t i v e 

t o the s p a t i a l l y f i x e d background o f s t a r s i s (Stewar t 1985): 



Si = -3 Jg foM r 2 C O S i ( 2 . 37 ) 
2 V r r3 ' ( l - e 2 ) 2 

J 2 equals 1.08263 x lO"'^ and i s the c o e f f i c i e n t o f the second 

zonal harmonic o f the geopo ten t ia l (Duck and King 1983) and represents 

the i n f l u e n c e o f the E a r t h ' s ob la teness , and R i s the E a r t h ' s 

equa to r i a l rad ius (6378km). Only po la r o r b i t s (1 = 90**) have zero 

p recess ion . The Nimbus-7 o r b i t a l plane has an i n c l i n a t i o n angle 1 o f 

99.28** and i s t h e r e f o r e a re t rog rade o r b i t ( F i g . 2 . 1 2 ) . Equat ion 2.37 

y i e l d s the value of + 1.9918 x 10"^ rad ians .s~^ f o r the Nimbus-7 

precession r a t e , which i s equ i va len t t o +0.986** per day or +360.13* per 

y e a r . This p o s i t i v e precession i s such t h a t the o r b i t a l plane t u r n s 

a n t i c l o c k w i s e (viewed from the Nor th) a t the same r a t e a t which the 

Ear th r o t a t e s around the Sun ( F i g . 2 . 1 3 ) . Th is precession causes the 

o r b i t a l plane to ma in ta in a f i x e d o r i e n t a t i o n to the Sun and the l oca l 

t ime a t which the Nimbus-7 crosses the equator i s cons tan t . O r b i t s of 

t h i s type are Sun-synchronous and have the use fu l p roper ty of removing 

v a r i a t i o n s i n i l l u m i n a t i o n which would o therw ise occur w i t h va ry ing 

so la r z e n i t h ang les . The Nimbus-7 Is i n a h igh noon Sun-synchronous 

o r b i t (Hovis 1981, B a y l i s 1981) and crosses the equa to r , from South to 

N o r t h , a t l o c a l noon. However, as the o r b i t i s re t rograde the 

sa te l11 t e t r a v e l s s i 1gh t l y westwards o f 1 t s equato r i a l c r o s s i ng 

p o s i t i o n and hence the reg ion around the Uni ted Kingdom i s viewed 

t y p i c a l l y an hour or so before l oca l noon depending upon the p o s i t i o n 

o f the s a t e l l i t e t r a c k . The daytime pass i s from South to North and 

the converse app l i es t o the n i g h t - t i m e one ( F i g . 2 . 1 2 ) . 
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Figure 2 . 1 5 Sun-synchronous orb i t . 
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2.2 .4 Lat i tud ina l coverage 

The Nimbus-7 i n c l i n a t i o n i s 99.28** at the equator or a l t e r n a t i v e l y 

9 .28" from the d i r e c t i o n of N o r t h . This skew ot from North increases 

w i t h l a t i t u d e in accordance w i t h (Wi lson et a l . 1981): 

sin Q! s in 9.28VCCOS ( l a t i t u d e ) ] ( 2 .38 ) 

The maximum l a t i t u d e which may be reached corresponds t o q:= 90**, i . e . 

when the s a t e l l i t e s t a r t s heading South. Thus: 

1 = s i n 9 . 2 8 V [ c o s ( l a t i t u d e ) ] 

s i n 9.28*^ = cos ( l a t i t u d e ) = s i n (90" + l a t i t u d e ) 

l a t i t u d e = + (9 .28 " - 90") = + 80 .72" 

The same reasoning app l ies t o the Southern hemisphere and the Nimbus-7 

coverage i s l i m i t e d t o 80 .72" North and South. 

2.2 .5 Summary of orb i ta l parameters 

Orb i t t y p e : 

O r b i t a l a l t i t u d e : 

O r b i t a l shape: 

O r b i t a l p e r i o d : 

Repeat c y c l e : 

I n c l i n a t i o n : 

Equa to r ia l c ross ing t ime 

Ground coverage: 

Daytime coverage: 

N i g h t - t i m e coverage: 

Near -po lar and Sun-synchronous 

955km 

Almost c i r c u l a r , e c c e n t r i c i t y = 0.0007 

104 minu tes , 13.8 o r b i t s per day. 

Every 6 days, corresponding t o 83 o r b i t s 

99 .28" (hence re t r og rade ) 

Local noon f o r ascending node, i . e . South t o 

North pass. 

Between 81"N and 81"S. 

South t o North pass 

North t o South pass. 
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2.3 CZCS CHARACTERISTICS 

The CZCS i s a scanning m u l t i s p e c t r a l radiometer w i t h s i x spec t ra l 

channe ls , four o f which are devoted t o the measurement o f ocean c o l o u r . 

Scanning o f the E a r t h ' s sur face I s achieved by a con t i nuous l y r o t a t i n g 

m i r r o r f o r the d i r e c t i o n perpend icu la r t o the s a t e l l i t e t r a c k ; the 

s a t e l l i t e ' s o r b i t a l motion prov ides the o ther scan d i r e c t i o n . The 

o r b i t a l v e l o c i t y , scan- ra te and scan-wid th are arranged to generate an 

image of cont iguous s c a n l i n e s . This type of scanner I s known 

c o l l o q u i a l l y as a 'whiskbroom' scanner ( S l a t e r 1980; F i g . 2 .14) i n 

order t o con t ras t i t w i t h the 'pushbroom' type which uses a l i n e a r 

a r ray of s t a t i o n a r y d e t e c t o r s , each one of which measures the rad iance 

f o r a s i n g l e p i xe l in the s c a n l i n e . This approach does away w i t h 

mechanical scanning and i s used i n the French Systeme P roba to i r e 

d 'Observat ion de la Terre (SPOT) s a t e l l i t e which employs 6000 

d e t e c t o r s . 

Apart from the d i g i t a l and analogue e l e c t r o n i c s , the CZCS cons i s t s of 

th ree main s e c t i o n s : scanner, te lescope and spectrometer ( F i g , 2 . 1 5 ) . 

These are a l l mounted on t o an o p t i c a l bench which at taches t o the 

underside of the N1mbus-7. The complete CZCS ins t rument weighs 42kg 

and measures 81 x 38 x 56cm, whereas the Nimbus-7 s a t e l l i t e I s 3m high 

and weighs 907kg (Stewart 1985) . The most comprehensive sources of 

i n f o rma t i on on CZCS c h a r a c t e r i s t i c s are Ba l l Aerospace Systems D i v i s i o n 

(1979a, b ) , which should be consu l ted f o r f u r t h e r d e t a i l s . 

2,3.1 The scanner 

The scan m i r r o r i s a t tached t o an e l e c t r i c a l l y d r i ven h o r i z o n t a l sha f t 

w i t h a balance counterweight at the o ther end. The angular speed Is 

8.081 r e v o l u t i o n s per second corresponding t o 0.12375 seconds per 
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Figure 2 . 1 5 Basic s t r u c t u r e of the CZCS. 
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r e v o l u t i o n . The scanner i s f i t t e d w i t h a momentum compensator which 

produces an angular momentum equal ( w i t h i n 0.05%) and oppos i te t o t h a t 

produced by the scan m i r r o r and sha f t e t c . Without t h i s compensation 

the a t t i t u d e of the Nimbus-7 would be d i s t u r b e d . When v iewing the 

nad i r d i r e c t i o n the scan m i r r o r i s i n c l i n e d at 45** t o the h o r i z o n t a l . 

A l though the scan m i r r o r r o t a t es c o n t i n u o u s l y , data i s on ly c o l l e c t e d 

du r ing an a c t i v e scan o f ± 39.36° ( F i g . 2 .16) and t h i s produces a swath 

of j u s t over 1600km or 1000 mi les which i s s u f f i c i e n t to g ive t o t a l 

g loba l coverage every 72 hours (McClain 1980) . The scan d i r e c t i o n i s 

from West t o East f o r dayt ime passes. A f u r t h e r f ea tu re prov ided i s a 

t i l t mechanism which permi ts the scan m i r r o r ' s i n c l i n a t i o n t o be va r i ed 

by ± 10** i n 1" increments from i t s nominal p o s i t i o n , i . e . from 35** t o 

5 5 " . This has the e f f e c t o f s h i f t i n g the scan plane forwards ( i n the 

d i r e c t i o n of o r b i t a l mot ion) or backwards of nad i r by up t o 20° i n 2" 

increments ( F i g . 2 . 1 6 ) . The purpose of t h i s t i l t mechanism i s t o s teer 

the scan away from the specular image of the Sun ( r e f l e c t e d from the 

water s u r f a c e ) ; o therwise the de tec to rs would become s a t u r a t e d . A s ide 

e f f e c t of t h i s i s a narrowing of the swath t o 1300km w i t h a backward 

t i l t of 20" and a widening t o 2300km w i t h a forward t i l t o f 20° 

(Gordon and Morel 1983, Sathyendranath and Morel 1983) . Fu l l angular 

momentum compensation i s mainta ined at a l l t i l t ang les . The t i l t 

mechanism takes nea r l y ten seconds per inc rement , so to change from 

f u l l forward t i l t t o f u l l backward t i l t takes over th ree m inu tes . At 

any p a r t i c u l a r t ime the t i l t angle i s a v a i l a b l e as par t of the 

housekeeping i n f o r m a t i o n . 
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2.3.2 The telescope and spectrcoieter 

These two components represent the opt ica l system of the CZCS (F ig . 

2 .17) . The telescope co l lec ts and focuses l i g h t pr io r to i t s spectral 

measurement by the spectrometer. The telescope, comprising the primary 

and secondary mi r ro rs , is a Cassegrain conf igurat ion (Swain and Davis 

1978). This is followed by a dichroic beamsplitter which separates the 

thermal in f ra - red energy from the v i s i b l e and near in f ra- red energy. 

The thermal in f ra - red energy, for channel 6, is ref lected back to a 

small mirror in the centre of the secondary mirror and thence to the 

detector . The remaining energy, for channels 1 to 5, passes through 

the beamsplitter and on to the spectrometer. The reason for t h i s 

separation of the thermal in f ra - red energy is that the channel 6 

detector (HgCdTe photoconductor) alone must be cooled, using a passive 

radiat ive cooler , to produce an adequate noise equivalent temperature 

di f ference (NETD). Before reaching the spectrometer, the radiance for 

channels 1 to 5 also passes through a small aperture (<lmm) known as a 

f i e l d stop which, in conjunction with the e f fec t i ve focal length of the 

instrument, defines the instantaneous f i e l d of view (IFOV). The use 

of a single f i e l d stop, common to channels 1 to 5, ensures that they 

are a l l exact ly co-reg is tered. The radiance is then d i rec ted , via a 

couple of mi r ro rs , onto a concave d i f f r a c t i o n grat ing which disperses 

the radiance in to i t s spectral components. 

The spectral response of the f i ve v i s i b l e channels is determined by the 

pos i t i on , re la t i ve to the g ra t ing , of each channel's s i l i con photodiode 

detector and the size of each channel's ex i t s l i t (not shown). Also 

included in the spectrometer's opt ical path is a pair of depolar is ing 

wedges which scramble the polar isat ions of the radiance so that the 

instrument is insensi t ive to the state of po lar isat ion and thus 

54 



L n 

rodiaHve 

cooler 

scon mirror 

channel 6 

detector 

dichroic 
beamsplitter 

nmary 
rror 

de- polarising 
wedges 

secondary 
mirror 

fold 
mirrors 

visible and 

near infra 

collimating 
mirror channel 

detectors 

grating 
calibration optics 
and light sources 

Figure 2.17 CZCS optical system 



measures only the in tens i ty of the radiance. This measure is necessary 

because a large proportion of the radiance may be highly polarised due 

to sca t te r ing . Every 16 scanl ines, when the instrument is not viewing 

the Earth i . e . outside the act ive scan, a radiometric ca l ib ra t ion 

signal is in jected into the opt ical path through a hole in the 

co l l imat ing mi r ro r . Two incandescent lamps are avai lable for th i s 

purpose which have known radiances in each of the f i ve v i s i b l e 

channels. During ca l ib ra t ion one of the two lamps is selected by 

ground command. Channel 6 is cal ibrated by viewing a honeycomb black 

body radiator whose temperature may be extracted from the housekeeping 

in format ion. 

Spatial resolut ion 

The design guidel ine for the IFOV was 865 x 10"^ radians or 0.0496% 

corresponding to a nadir or sub -sa te l l i t e resolut ion of h.tan (IFOV) = 

826m, where h is the o rb i ta l a l t i t ude (955km). However, the f ina l 

design was based on 9000 sampling in te rva ls per revolut ion of the scan 

mi r ror , which implies an IFOV of 360V9000 = 0.04* or 698 x lO"^ 

radians. This produces a nadir resolut ion of 667m or 0.41 mi les. The 

resolut ion in a l l other d i rect ions along the scanline is i n f e r i o r to 

t h i s . 

Consider a sensor viewing the ground with a small IFOV, refer to F i g . 

2.18. The scan-angle for the centre of the corresponding ground ce l l 

is 6; the scan-angles for the extremes of the ground ce l l are e-IFOV/2 

and e+IFOV/2. From the l a t t e r two scan-angles, the angles subtended at 

the Earth's centres ( t f l ^ and A ^ respect ively) may be der ived, 

enabling the angle ^Sl to be found. Angles Sl^ and Si^ are given by 

(Appendix 3 ) : 
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sin- IFOV/2) (e-IFOV/2) (2.39) 

sin"' 
/ D h\ 

sln(e-^IFOV/2) (8-^lF0V/2) (2.40) 

Ttierefore the angle A J l subtended by the ground ce l l at the Earth's 

centre, in the d i rec t ion of the scanline i s : 

A. SI = Sl^' Sl^ 

s i n (BltlJsin(e^IF0V/2) - sin" (^)sin(9-IF0V/2) -IFOV (2.41) 

The size of the ground c e l l , in the d i rec t ion of the scanl ine, is 

simply R.Acft , provided that A J l is expressed in radians. R is the 

radius of the Earth (6378 km). The maximum scan-angle for the CZCS is 

± 39.36' and AJl, as determined from Eq. 2 .41 , is 0.011958" or 2.0871 x 

-4 

10 radians. Accordingly, the ground ce l l size or spat ia l 

resolut ion at the ends of the scanline is 1331m in the scanline 

d i r e c t i o n . This is very nearly double the nadir value of 667m. The 

spat ial resolut ion in the d i rec t ion of the orb i t track also 

deter iorates with increasing scan-angle and backward/forward t i l t of 

the scan mirror improves/further degrades the reso lu t ion . The scan of 

+39.36** and IFOV of 0.04" resul ts in 1968 samples per channel per 

act ive scan. The CZCS represents a f i r s t generation instrument; second 

generation ones feature much improved resolut ions. For example the 

Japanese Marine Observation S a t e l l i t e (MOS-1) w i l l carry a 

Mul t ispectral Electronic Self-Scanning Radiometer (MESSR) which uses 

charge coupled device (CCD) arrays and has a 50m resolut ion (Slater 

1986, Swinbanks 1986). The French SPOT-1 s a t e l l i t e with two High 
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Resolution V is ib le (HRV) sensors does even bet ter wi th 10m and 20m 

resolut ions in panchromatic and mult i spectral modes respect ively 

(Slater 1986). Like MOS-1, SPOT-1 employs CCD arrays, but i s not 

intended for ocean colour measurement. 

Spectral characterist ics 

The spectral response of the f i r s t four channels is specia l ly t a i l o red 

for remote sensing of ocean co lour , having the fo l lowing 

charac te r i s t i cs : 

Channel Colour 

Blue 

Blue/green 

Green 

Red 

V is ib le 

V is ib le 

V is ib le 

V is ib le 

Near IR 

Thermal IR 

Spectral 
Range (nm) 

443 ± 10 

520 ± 10 

550 ± 10 

670 ± 10 

750 + 50 

11.5 ± 1 pm 

Saturation 
Radiance 
mW/(cm^. pm.sr) 

5.41 

3.50 

2.86 

1.34 

23.9 

The wavelength of channel 1 coincides wi th the maximum chlorophyl l ' a ' 

absorption and th i s channel is a very sensi t ive chlorophyl l i nd i ca to r . 

Although channel 2 i s near the h inge-point , i t s response i s weakly 

influenced by chlorophyl l ' a ' and so i t is used for the estimation of 

chlorophyl l ' a ' in regions of high concentrat ion. Channel 3 

corresponds to the minimum in chlorophyl l ' a ' absorption (Gordon and 

Morel 1983) and i s sensi t ive to backscattering by suspended sediments. 

This channel represents the hinge-point and together wi th channel 1 or 
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2, in the form of a r a t i o , permits the pigment concentration to be 

re t r ieved . The high absorption in channel 4 by water i s explo i ted by 

the atmospheric correct ion algori thm for the estimation of aerosol 

radiance. Channel 5 senses re f lec ted solar rad ia t ion and has a dynamic 

range more sui table fo r land. I t corresponds to band 7 of the Landsat 

Mult i -Spectral Scanner (MSS) and i s useful for detecting surface 

vegetat ion. Channel 6 is a conventional thermal band for measuring 

surface temperature. The very narrow bandwidth of channels 1 to 4 

(only 20nm) resul ts in a low signal strength and noise minimisation 

techniques were required in the design of the opt ica l system to ensure 

adequate s ignal - to-noise r a t i o s . Also shown in the table above are the 

saturat ion radiances at maximum gain. These are the radiances at which 

the detectors saturate and provide an ind ica t ion of the s e n s i t i v i t y of 

the instrument. These f igures represent almost an order of magnitude 

improvement over the Landsat MSS (Gordon and Morel 1983). Channels 2 

to 4 are normally saturated over land and clouds (Hovis 1982). Channel 

6 has proved to be unre l iab le , being out of operation for very long 

per iods; i t is not used in t h i s work. The only other sensor designed 

for the express purpose of measuring ocean colour i s the MESSR on 

Japan's MOS-1 s a t e l l i t e , which is due for launch in la te 1986 or ear ly 

1987 (Moore 1986). The MESSR has four channels: 510-590, 610-690, 720-

800 and 800-1100 nm (Slater 1986). The two HRVs on SPOT-1 have three 

channels: 500-590, 610-680 and 790-890 nm (Slater 1986), the f i r s t two 

being very s imi lar to those of MESSR. An Ocean Colour Monitor (OCM) 

wi th ten or more channels was proposed for the f i r s t European Space 

Agency (ESA) Remote Sensing S a t e l l i t e (ERS-1) and th i s instrument would 

have represented a considerable improvement over the CZCS (Paci 1980). 

Unfortunately, the OCM was not approved and the ERS-1 w i l l only be 

equipped wi th a payload of microwave instruments (Al lan 1983) and one 

60 



i n f ra - red instrument (Cracknel 1 1983). 

2.3.3 Analogue and digital electronics 

This section i s concerned only with the e lect ronic c i r c u i t s which 

handle the data generated during the act ive scan of the Ear th; the 

various electronics for con t ro l l i ng the scan mechanism, the t i l t device 

e tc . are not considered. Figure 2.19 out l ines the c i r c u i t r y fo r each 

channel, although channels 5 and 6 do not have the threshold and 

selectable gain f a c i l i t i e s . The output of the detector i s i n i t i a l l y 

fed to a low-noise preampl i f ier which then drives an ampl i f ie r stage 

whose gain is selectable, under command from the ground, from four 

values; 1.0, 1.23, 1.5 and 2.15. This f a c i l i t y permits d i f f e r e n t 

levels of solar i l l u m i n a t i o n , caused by varying solar zeni th angles, to 

be accommodated. Next there is a low-pass f i l t e r to remove any high 

frequency signals which would otherwise In ter fe re with the sampling 

process. There then fol lows an o f f se t ampl i f ie r which inserts a D.C. 

o f f s e t in such a way that any f i xed background level In the signal i s 

removed and the f u l l dynamic range then becomes avai lable fo r the top 

30* of the s igna l . This ' threshold ' f a c i l i t y may be switched-in from 

ground con t ro l . The sample and hold c i r c u i t samples the signal 9000 

times every scan-mirror r o t a t i o n , i . e . every 0.12375/9000 seconds = 

13.75 ps, corresponding to a sampling rate of 72.7 kHz. The output of 

th i s stage Is taken to the analogue-to-dig i ta l converter (ADC) which 

produces an 8 b i t d i g i t a l output for each sample. At th is point the 

measured radiance Is represented by an integer in the range 0 to 255. 

The departure from l i n e a r i t y for the c i r c u i t r y in Figure 2.19 Is w i th in 

2% for a l l channels and w i th in 1% for most of them. A l l the detectors 

exh ib i t a l inear re la t ionsh ip between inc ident radiance and output 

vol tage. The s ignal - to-noise r a t i o s , fo r nadir viewing and minimum 

61 



• s a | 4 ! l p D j p io i jsa jq^ puo uioB aiqopuDUJUJOD 344 B^Xi^ 

40U op 4nq JDiimis ajT) 9 puo 5 S ) 3 U U D 4 3 "v-l. siauuoqD J04 S D ! U O J 4:ai3 6L7 ajnBi j 

dIZ 04 

4nd4no 

0G—H 

^ 0 — ^ 

ja4J3AUo: 

I D 4 1 6 1 P 

0 4 
anBoiDuv 

ja4J3AUo: 

I D 4 1 6 1 P 

0 4 
anBoiDuv 

4in3j iD p]0L4 

pUO 3)dllJDS 

ja4J3AUo: 

I D 4 1 6 1 P 

0 4 
anBoiDuv 

4in3j iD p]0L4 

pUO 3)dllJDS 

ja4J3AUo: 

I D 4 1 6 1 P 

0 4 
anBoiDuv 

4 4 0 / u o 
p i o g s a j M i 

6ui )duiDs-3Jd 

IDuBis 
uoi4DjqilD3 

'aBoiiOA 

UID6 
aiqopuDuJiuoj 

4 3 5 4 4 0 

J04334ap 

•UJDBJd J 9 4 4 
jsnildiiJV asiou 



gain , measured at typ ica l radiance levels are (Hovis et a l . 1980, Bal l 

Aerospace Systems Div is ion 1979b): 

Channel Signal- to-noise r a t i o Radiance level 
2 

mW/(cm .pm.sr) 

1 158 3.0 

2 200 2.5 

3 176 1.5 

4 118 1.0 

5 350 15.0 

Channel 6 has an NETD of 0.22**K at 270*'K (Hovis et a l . 1980). 

The d i g i t a l output from each channel plus housekeeping information ( in 

d i g i t a l form) i s fed to the CZCS Zonal Information Processor (ZIP) . 

The ZIP performs buf fer ing and formatt ing of the data p r io r to 

transmission to the ground or storage on one of the three on-board tape 

machines i f there is no receiving s ta t ion in range (Hovis et a l . 1980). 

The purpose of buf fer ing is to reduce the peak data rate of 436 

kby tes . s ' ^ to a steady rate of 100 kbytes.s '^. At th i s rate 

the CZCS generates six spectral images, each covering the same area of 

approximately 1000 miles square, in j u s t over four minutes, 

corresponding to 24 Mbytes of data in a l l . Figure 2.20a i l l u s t r a t e s 

the formatt ing funct ion of the ZIP which is to take d i g i t a l samples 

from the six channels of data in s t r i c t r o t a t i o n , i . e . mult iplexed 

format. I t also inser ts synchronisation and time codes. One complete 

scan, containing data for a l l s ix channels, i s formatted in to 15 minor 

frames of 825 bytes each, thus t o t a l l i n g 12375 bytes. 
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Oire SCANLINE 1968 PIXELS/CHAMEL 

MINOR MI50R MINOR MINOR MINOR MINOR 

FRAME FRAME FRAME FRAME FRAME FRAME 

1 2 3 13 14 15 

MINOR FRAMES 1-14 

VORD FUNCTION 
1-3 3 Sync Bytes 
4 Minor-Frame I.D. 
5 Time Code 

6-9 4 F i l l Bytes 
10 P i x e l 1 Channel 1 
11 P i x e l 1 Channel 2 

1 

1 i ! 
15 P i x e l 1 Channel 6 
16 P i x e l 2 Channel 1 

I 1 
• 1 

825 P i x e l 136 Channel 6 

MINOR FRAME 15 ONLY 

VORD FUNCTION 
1-3 3 Sync Bytes 
4 Minor-Frame I.D. 
5 Time Code 

6-9 4 F i l l Bytes 
10 P i x e l 1 Channel 1 
11 P i x e l 1 Channel 2 

1 ) 

15 P i x e l 1 Channel 6 

16 P i x e l 2 Channel 1 
! t > 

! 1 

393 P i x e l 64 Channel 6 
394-417 A c t i v e C a l i b r a t i o n 

418-801 Voltage C a l i b r a t i o n 
802-825 Housekeeping Information 

Figure 2.20a ZIP formatting and b u f f e r i n g of CZCS data, 
Each minor frame c o n s i s t s of 825 words. 
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The las t minor frame also contains act ive ca l ib ra t ion data, 16 levels 

of voltage ca l ib ra t ion data and housekeeping in format ion, which are a l l 

sampled four times (Figure 2.20b), There are 32 housekeeping functions 

which provide information about the status of the CZCS and are 

transmitted in sequence, one per scanl ine. Each housekeeping funct ion 

is i den t i f i ed by an ID number in the range 0 to 31 , of which the 

fo l lowing four only are important (Singh personal communication): 

i ) ID = 2 

i i ) ID = 3 

i i i ) ID = 4 

i v ) ID = 5 

Scan mirror t i l t angle, given by 29.37-0.367 x DN 

degrees. Round o f f to the nearest even in teger . 

Gain s e t t i n g . Most s ign i f i can t b i t (MSB) = 0 i f 

DN ^ 150 and MSB = 1 for DN > 150, 

Gain se t t i ng . Least s ign i f i can t b i t (LSB) = 0 i f 

DN 4 150 and LSB = 1 for DN > 150. 

Threshold is OFF for DN > 150 and ON for DN ^ 

150. 

DN is the d i g i t a l number. The gain set t ing is found from the values of 

LSB and MSB by re fe r r ing to the fo l lowing tab le : 

LSB 0 1 0 1 

MSB 0 0 1 1 

Gain 1.0 1.23 1.5 2.15 

Housekeeping ID's of 15 and 31 are used to indicate that the act ive 

ca l ib ra t ion data for channels 1 to 5 are v a l i d ; for a l l other ID's the 

act ive ca l ib ra t ion data is disregarded. Channel 6 active ca l i b ra t ion 

data is va l id for a l l ID 's /scanl ines. 
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A c t i v e C a l i b r a t i o n (24 b y t e s ) 

Ch. 1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Repeat 3 times 

Voltage C a l i b r a t i o n (24 b y t e s ) 
Ch. 1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Repeat 3 times 

Ch. 1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Repeat 3 times 
1 1 1 1 ) 1 1 
1 1 1 t 1 1 1 
1 1 1 1 1 1 1 
1 1 1 1 1 1 1 

Ch. 1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Repeat 3 times 

V = 0 

V = 0.664 

V = 9.96 

Housekeeping Information (24 bytes) 
ID Data F i l l | F i l l F i l l BB/IR Repeat 3 times 

(1) T o t a l E a r t h scan = 1968 p i x e l s per channel. 

(2) 16 l e v e l s of voltage c a l i b r a t i o n . 

(3) A c t i v e c a l i b r a t i o n only v a l i d when housekeeping ID = 15 or 31, f o r 
channels 1-5. Channel 6 c a l i b r a t i o n v a l i d I n every scan l i n e . 

(4) 32 m u l t i p l e x e d housekeeping f u n c t i o n s with ID = 0 to 31. 

Figure 2.20b CZCS c a l i b r a t i o n and housekeeping information 
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Data is transmitted from the CZCS, or more accurately from the Nimbus-

7, at 2,2 GHz and received by a 3.6m t rack ing parabolic antenna at 
(a) 

Dundee Universi ty (Bayl is 1981). The signal is downconverted to 112.5 

MHz and then 10.7 MHz pr io r to FM d isc r im ina t ion . The demodulated 

output is squared and fed to a h igh-b i t density tape machine, on which 

i t is stored in d i g i t a l form. 

The Nimbus-7 solar panels generate about 550 Watts of power, although 

th i s has reduced wi th age, and th i s is i nsu f f i c i en t to power 

simultaneously and continuously a l l eight instruments carr ied by the 

spacecraft . Consequently, the CZCS was al located a maximum operation 

of two hours per day. This r e s t r i c t i o n on power, together wi th 

considerations of to ta l spacecraft weight and data rate ( fo r a l l 

instruments) are what l i m i t s the CZCS data r a t e . In t u r n , t h i s 

d ictates the spat ia l resolut ion for the six channels of the CZCS (Hovis 

1981). The CZCS average power consumption is SO Watts. 

The superior s e n s i t i v i t y of the CZCS detectors , combined with i t s 8 b i t 

precision (Landsat-1 was only 6 b i t s ) , resul ts in an approximate 60-

fo ld improvement in overal l s e n s i t i v i t y over the Landsat-1 MSS (Hovis 

et al . 1980). The only longstanding problem with the CZCS has been 

sens i t i v i t y loss , for which a par t ia l remedy was devised by Gordon et 

a l . (1983a) in the form of an empirical correct ion scheme; I t was also 

shown that channel 1 (443nm) suffers most from th is a f f l i c t i o n . The 

radiometric uncertainty in t h i s channel has become so serious that i t 

is almost unusable for quant i ta t ive work. Since re t r ieva l algorithms 

use two CZCS channels, the errors may be addi t ive ( V i o l l i e r 1982). 

(a) There are also receiving stations i n Kiruna (Sweden) and Lannion 
(France). 
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2.3.4 Sumnary of CZCS characterist ics 

Scan: 

Scan ra te : 

T i l t : 

Swath width 

IFOV: 

Spatial resolut ion 

Samples: 

V is ib le channels: 

Signal- to-noise 

r a t i o s : 

Commandable gain and 

Ca l ib ra t ion : 

Data precision 

Data ra te : 

Operation: 

± 39.36** 

8,0808 rps, equivalent to 0,12375 s per scan 

± 20** in 2° steps 

2300 km at +20** t i l t 

1600 km at 0** t i l t 

1300 km at -20** t i l t 

0.04% 698 X 10 radians 

667m (0.41 miles) at nadir and with zero t i l t 

1968 per channel per scan 

1) 433 - 453 nm 

2) 510 - 530 nm 

3) 540 - 560 nm 

4) 660 - 680 nm 

Greater than 150, except channel 4 which is 118 

threshold f a c i l i t i e s are provided. 

i ) Internal voltage ca l ib ra t ion generator 

i i ) Two lamps and one black-body radiator fo r 

act ive ca l i b ra t ion 

8 b i ts 

100 kbytes.s"^ (buffered) 

2 hours or less per day. 
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2.4 SEA TRUTH: THE MEASUREMENT OF CHLOROPHYLL AT SEA 

The chlorophyl l concentration of discrete sea water samples is usual ly 

estimated by the f luorometr ic method (Lorenzen 1966, 1967) whereby the 

fluorescence at 670nm is measured by a f luorometer, using blue l i g h t 

(430nm) as the exc i ta t ion source. The in tens i ty of fluorescence is 

related to the concentration of chlorophyl l ' a ' and phaeophytin ' a * . 

Treatment of the sample with acid enables the concentration of both 

pigments to be obtained. The f luorometr ic technique is also appl icable 

to continuous sampling systems in which sea water Is pumped on board 

from a f ixed depth. The Undulating Oceanographic Recorder (UOR) (Aiken 

1980, 1981a, 1981b) is a towed instrument which permits several marine 

parameters, including chlorophyl l concentration in mg/m^, to be 

measured over depths of 50m or more by v i r tue of i t s automatic 

undulating ac t i on . Continuous Plankton Recorders (CPR) (Boney 1975) 

trap plankton on a slowly winding s t r i p of bo l t ing c lo th which is 

analysed l a t e r , providing a count of phytoplankton c e l l s . Sea t r u th 

measurements are discussed in greater de ta i l by Charlton (1980). 
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CHAPTER 3 

IMAGE PROCESSING FOR REMOTE SENSING 

3.1 INTRODUCTION 

The man ipu la t ion and ana l ys i s of images requ i res a f a c i l i t y f o r 

processing two-dimensional d a t a . Analogue image processors (Curran 

1985) and o p t i c a l processors (Wi lson 1981) are s u i t a b l e f o r images in 

photographic f o rm. The former i s u s u a l l y based upon a t e l e v i s i o n 

camera and moni tor and on ly prov ides dens i t y s l i c i n g and c o n t r a s t 

ad jus tment . The l a t t e r employs a lase r t o i l l u m i n a t e a t ransparency 

and a lens t o produce a d i f f r a c t i o n p a t t e r n , which may be f i l t e r e d t o 

modify the s p a t i a l - f r e q u e n c y p r o p e r t i e s of the image. However, both of 

these ins t ruments have been l a r g e l y superseded by the d i g i t a l image 

processor , which handles images i n d i g i t a l f o rm. The advantages of 

d i g i t a l image processing a r e : 

i ) A b i l i t y t o process d i g i t a l or analogue images. 

i i ) A la rge number o f g r e y - l e v e l s may be accommodated, 

i i i ) Capaci ty f o r hand l ing h igh volumes o f d a t a . 

i v ) A wide range of techniques and so f tware i s a v a i l a b l e , making 

d i g i t a l image process ing a v e r s a t i l e t o o l , 

v) An inc reas ing amount of remotely-sensed data i s a v a i l a b l e i n 

d i g i t a l form on computer compat ib le tape (CCT). 

The s imp les t d i g i t a l image processor may be cons t ruc ted from a micro 

computer w i t h graph ics f a c i l i t i e s and a f l o p p y - d i s c d r i v e f o r data 

i n p u t . At the o ther ext reme, the re e x i s t expens ive, s p e c i a l i s t 

machines such as the MRP (Mass ive ly P a r a l l e l P rocesso r ) , which was 

b u i l t f o r NASA by Goodyear Aerospace ( P o t t e r 1983) . This comprises 

16,384 processors con f igu red as an a r ray of 128 by 128, and i s capable 

of 6000 m i l l i o n opera t ions per second. Popular medium-cost machines 
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are the IDP3000 (Plessey) and the I^S ( I n t e r n a t i o n a l Imaging 

Systems), the l a t t e r i s used by NERC i n Swindon, i n con junc t i on w i t h a 

la rge min icomputer . An unusual approach i s the CLIP ( c e l l u l a r l o g i c 

image processor) which processes images i n b ina ry f o rm, but may be 

extended t o images w i t h more than two g r e y - l e v e l s . Fur ther i n f o r m a t i o n 

on computer a r c h i t e c t u r e s f o r image processing i s g iven by Duf f and 

L e v i a l d i (1981) and i n the spec ia l issues of Computer (1981 and 1983) . 

Mainframe computers may a lso be used f o r d i g i t a l image p rocess ing , but 

the re i s o f t en d i f f i c u l t y in o b t a i n i n g s u f f i c i e n t d isc space and 

c e n t r a l - p r o c e s s i n g - u n i t (CPU) t i m e . The l a t t e r imp l ies t h a t the 

processing must be submit ted as a 'ba tch j o b * , so t h a t the work may be 

done at some o f f - peak t i m e ; perhaps the middle of the n i g h t . This i s a 

ser ious drawback as i t prevents the computer from being used 

i n t e r a c t i v e l y , which i s almost essen t i a l w i t h remotely-sensed d a t a . 

Another drawback r e s u l t s from the p r a c t i c e of communicating w i t h 

mainframe computers v ia v i sua l d i s p l a y u n i t s (VDU), which are p e r f e c t l y 

adequate f o r d i s p l a y i n g alphanumeric c h a r a c t e r s , but o f f e r no p r o v i s i o n 

f o r v iewing images. 

I n i t i a l l y , d i g i t a l image processing r e l i e d almost e x c l u s i v e l y upon 

mainframe computers but w i t h the rap id advances i n computer techno logy 

t h i s dominant p o s i t i o n has been s t e a d i l y eroded by min icomputers . I t 

i s a l so worth ment ion ing t h a t the d i s t i n c t i o n between microcomputers 

and minicomputers i s becoming b l u r r e d . However, a t present 

microcomputer systems may be ru led out f o r ser ious work. 

The most popular approach t h e r e f o r e I s t o use a dedicated min i -computer 

f o r Image p rocess ing ; in t h i s way the re I s no shar ing of resources w i t h 

a la rge number of use rs , as occurs w i t h a main-frame machine. The 
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a d d i t i o n of a t aped r i ve and h igh r e s o l u t i o n moni tor to a minicomputer 

provides f o r the inpu t and output of da ta / images. In f a c t the 

tapedr i ve may a lso be used f o r a r c h i v i n g processed images and f o r 

s t o r i n g programs and d a t a ; t h i s provides a means of recovery a f t e r a 

system f a i l u r e . As the cathode ray tube (CRT) of a moni tor has a very 

shor t pe rs is tence t i m e , i t i s necessary t o repeated ly send the image t o 

the CRT t o ma in ta in a s tab le p i c t u r e . This cannot be done by the 

computer i t s e l f as i t i s unable t o t r a n s f e r data at a s u f f i c i e n t l y h igh 

r a t e . Even i f i t c o u l d , i t would have no t ime f o r any o ther t a s k s . 

The s o l u t i o n i s t o arrange f o r the computer t o s to re the image in a 

spec ia l -purpose semiconductor memory, which i s used t o re f resh the CRT 

at a ra te of 25 t imes a second. This memory i s termed ' r e f r e s h memory' 

and toge ther w i t h the accompanying con t ro l e l e c t r o n i c s , i t i s known as 

an imagestore or f r ames to re . The computer t r a n s f e r s the image i n i t s 

own memory t o the image-store j u s t once; i t i s then f r e e to take on any 

o ther task requ i red o f i t . 

When dea l i ng w i t h remotely-sensed d a t a , i t i s advantageous t o speed the 

computer up in some way because such a l a rge number o f p i x e l s may be 

i n v o l v e d . To t h i s end, var ious a d d i t i o n a l devices may be a t tached t o 

the computer such as f l o a t i n g - p o i n t a c c e l e r a t o r s , which d r a m a t i c a l l y 

( e . g . by one o rder ) reduce the execut ion t imes f o r f l o a t i n g - p o i n t 

a r i t h m e t i c and ar ray p rocessors . The term ' a r r a y processor* i s a 

l i t t l e ambiguous f o r i t cou ld apply t o a u n i t con ta in i ng an a r ray of 

processors or a s i n g l e processor f o r hand l ing a r rays o f data ( B r u m f i t t 

1983, personal communicat ion) . The former category represents t r u e 

ar ray processors having vec to r i sed i n s t r u c t i o n s e t s . Most low-cost 

ar ray processors however f a l l i n t o the l a t t e r category and act as 

'back-end ' processors placed on the computer bus f o r dedicated h i g h -
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speed p rocess ing , such as f a s t Four ie r t r a n s f o r m s . The most recent 

development has been the i n c o r p o r a t i o n of e l e c t r o n i c hardware i n the 

imagestore i t s e l f , f o r a r i t h m e t i c and l o g i c a l o p e r a t i o n s . This 

' d i s p l a y processor ' concept ( Ince 1983) places processing power i n the 

imagestore , thus p a r t i a l l y r e l e g a t i n g the computer t o the r o l e of 

management and housekeeping. 

3.2 IHAGE PROCESSING HARDWARE 

3.2.1 I n i t i a l system 

At the ou tse t i t was r e a l i s e d t h a t a s u b s t a n t i a l reduc t ion i n the cost 

o f the whole system could be made by c o n s t r u c t i n g the imagestore and 

w r i t i n g the image processing sof tware i n - h o u s e . The cost of so f tware 

alone may be p r o h i b i t i v e ; f o r example, Log i ca ' s image process ing 

sof tware package INSIGHT i s in the reg ion of twenty thousand pounds. 

The imagestore could be cons t ruc ted at approx imate ly one h a l f o f the 

p r i c e o f a commercial one, and would permi t the i n c o r p o r a t i o n o f 

spec ia l f ea tu res which might not be a v a i l a b l e commerc ia l ly . 

A D i g i t a l Equipment Corporat ion (DEC) PDPll/23 minicomputer was a l ready 

a v a i l a b l e a t the s t a r t o f the p r o j e c t , and t h i s formed the hear t o f the 

image process ing system. In t roduced in 1979, the PDPll/23 i s a 1 6 - b i t 

machine w i t h 8 general purpose r e g i s t e r s and an address space o f 256k 

bytes (DEC 1979) . The remainder of the computer system ( F i g . 3 .1 ) 

compri sed: 

i ) 160k bytes of random access memory, which was increased l a t e r 

t o 224k b y t e s . 

i i ) One DEC RX02 dual f l o p p y - d i s c d r i v e ; t o t a l capac i t y IM b y t e , 

i i i ) One DEC VT52 console/VDU. 
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i v ) One DEC LA34 (DECwrlter IV) d o t - m a t r i x p r i n t e r , 

v) One DEC DLVl lJ u n i t , p r o v i d i n g 4 RS-232 s e r i a l I n t e r f a c e s f o r 

p r i n t e r s and VDUs. 

v i ) Two DEC DRVll 1 6 - b i t p a r a l l e l i n t e r f a c e u n i t s , f o r connect ing 

ex te rna l dev i ces . 

The opera t ing system was DEC's RT-11; a rea l t ime system which supports 

on ly one user but permi ts s imultaneous fo reground/ background program 

e x e c u t i o n . Fo r t ran IV and MACRO-11 assembly language were supp l ied 

w i t h RT-11. This a f f o rded easy mix ing of Fo r t ran and assembly language 

which was essen t i a l f o r w r i t i n g hand le rs , which i n t e r f a c e t o the 

hardware. 

The Imagestore, descr ibed i n the next s e c t i o n , was i n t e r f a c e d t o the 

computer v ia the DRVll p a r a l l e l i n t e r f a c e s thus t rans fo rm ing a general 

purpose minicomputer i n t o an image process ing system. 

3.2 .2 The imagestore 

Of a l l the d i f f e r e n t types of Imagery analysed w i t h image p rocessors , 

remotely-sensed data I s unusual i n being m u l t i - s p e c t r a l . The 

i m p l i c a t i o n of t h i s Is t h a t remotely-sensed data requ i res as many 

imagestores as the re are spec t ra l channe ls . Consider ing the form of 

t y p i c a l c h l o r o p h y l l r e t r i e v a l a l go r i t hms i t was decided t h a t 3 image-

s t o r e s , or r a t he r one Imagestore w i t h 3 re f resh memories, should be 

s u f f i c i e n t . This Is a lso convenient f o r p rov id i ng a f a l s e - c o l o u r 

f a c i l i t y , as each re f resh memory can d r i v e one of the th ree guns ( r e d , 

green and b lue) o f a co lour m o n i t o r . 

I t was a l so decided t o represent the d isp layed images as an a r ray of 

768 ( h o r i z o n t a l ) by 512 ( v e r t i c a l ) p i c t u r e elements ( p i x e l s ) and t o 
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place 393216 (768 x 512) b i t s of memory on each memory board or b i t 

p lane . The number of b i t s , and thus the number of g r e y - l e v e l s , per 

p i xe l i s s imply determined by the number of b i t planes p resen t . 

However the maximum i s e i g h t , thus p rov id i ng up t o 256 (2^ ) g rey -

l e v e l s f o r each p i x e l . 

The choice o f the type of memory device was between s t a t i c and dynamic 

random access memory (RAM), B i p o l a r s t a t i c RAMs were the obvious 

candidate on account of t h e i r very h igh speed, but the p e n a l t i e s are 

h igh c o s t , l a rge power consumption and small memory s i z e ; the l a s t of 

which exacerbates the f i r s t two . Dynamic RAMs are cheap, low power 

dev i ces , but they are much slower than b i p o l a r RAMs. However, on cost 

grounds a lone , dynamic RAMs of capac i t y 16,384 (16k) b i t s were chosen. 

Super ior devices are a v a i l a b l e now, such as 64k and 256k dynamic RAMs, 

pseudo -s ta t i c RAMs and s t a t i c CMOS RAMs. The r e a d - w r i t e cyc le t ime f o r 

16k dynamic RAMs i s t y p i c a l l y 400 t o 500 ns, but w i t h a v ideo sampling 

frequency of 16.0 MHz (1024 t imes the l i n e frequency of 15.625 kHz ) , 

the p i xe l per iod i s j u s t 62.5 ns . In order t o reduce the e f f e c t i v e 

cyc le t ime of the RAMs, two banks o f 2 4 - b i t s h i f t r e g i s t e r s are used t o 

widen the access path so t h a t 24 consecut ive p i x e l s are t r a n s f e r r e d i n 

one memory c y c l e . The e f f e c t i v e cyc le t ime per b i t i s then less than 

20 ns which i s we l l w i t h i n the p i x e l p e r i o d . Since 24 RAMs are 

requ i red per b i t plane t o prov ide storage f o r the 384k p i x e l s , the use 

o f 2 4 - b i t s h i f t r e g i s t e r s means t h a t the RAMs on each b i t plane are a l l 

loaded or unloaded at the same t i m e . Dynamic RAMs r e l y upon charge 

storage f o r t h e i r opera t ion and requ i re r e f r e s h i n g every 2 ms or less 

t o ma in ta in the charge . In t h i s system they are re f reshed every four 

scan l i n e s (0.256 ms) which i s we l l w i t h i n the s p e c i f i c a t i o n . One 

complete 8 - b i t imagestore requ i res 192 (8 x 24) RAMs f o r each r e f r e s h 
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channe l . 

Since r e a d i l y a v a i l a b l e moni tors employ i n t e r l a c e d scan ra the r than 

progress ive scan, i t i s essen t i a l t h a t the re f resh memory should take 

account of the two f i e l d s (even and odd) which combine t o make one 

frame of 512 l i n e s . U n f o r t u n a t e l y , i n t e r l a c e d scan moni tors can cause 

f l i c k e r on f i n e d e t a i l s t a t i c images. The 16k dynamic RAMs have 

mu l t i p l exed column and row addresses, both 7 b i t s w ide . The 

r e l a t i o n s h i p between RAM addresses and b locks of 24 p i x e l s , as they 

appear on the sc reen , i s shown i n F i g . 3 . 2 . 

The o v e r a l l s t r u c t u r e of the imagestore i s i l l u s t r a t e d in F i g . 3 . 3 . 

The input data f o r the re f resh memories may be se lec ted from the 

a n a l o g u e - t o - d i g i t a l - c o n v e r t e r (ADC) ( f o r the camera) or from the f i r s t 

DRVll ( f o r the computer) by us ing the input m u l t i p l e x e r s . The ou tpu ts 

are accessed by the computer through the same DRVll and a m u l t i p l e x e r . 

The output m u l t i p l e x e r s se lec t f a l s e - or pseudo-colour o p e r a t i o n . The 

d i s p l a y l ook -up - t ab les (LUT) permi t an a r b i t r a r y t r a n s f e r f u n c t i o n t o 

be in t roduced i n t o the output sec t i on of the re f resh channe ls . The 

LUTs are implemented w i t h f a s t (30 ns) b i p o l a r RAMs organised as 256 by 

8 b i t s . Each LUT has e i gh t address and e i g h t data l i n e s . P ixe l values 

are placed on the address l i n e s and the r e s u l t appears on the data 

l i n e s . The i n p u t - o u t p u t r e l a t i o n s h i p depends upon the contents o f the 

LUT, which are loaded i n from the computer v ia the second DRVl l . 

Usua l l y the r e l a t i o n s h i p i s a l i n e a r one, so t h a t the LUTs are 

' t r a n s p a r e n t ' t o the d a t a . However, by load ing d i f f e r e n t ones i n t o the 

RAMs, o ther e f f e c t s may be o b t a i n e d , such as con t ras t s t r e t c h and 

pseudo-colour ( dens i t y s l i c i n g ) . Pseudo-colour i s produced by feed ing 

the output of r e f r e s h memory 1 t o a l l t h ree LUTs. When the output of 
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each re f r esh channel i s fed t o i t s respec t i ve LUT, then f a l s e - c o l o u r 

images can be genera ted. Two DRVll b i d i r e c t i o n a l i n t e r f a c e s a re used; 

one f o r data t r a n s f e r (both d i r e c t i o n s ) and the other f o r the cursor 

and load ing of the d i s p l a y LUTs. The data t r a n s f e r ra te i s l i m i t e d by 

the DRVll t o 40,000 words per second, but i s u s u a l l y much slower than 

t h i s due t o so f tware de lays . Much f a s t e r t r a n s f e r ra tes could be 

achieved by using d i r e c t memory access (DMA) techn iques . The output of 

the imagestore i s d isp layed on a c o l o u r , d o u b l e - r e s o l u t i o n , shadow-mask 

moni tor which i s necessary t o achieve the f u l l hardware r e s o l u t i o n of 

768 by 512 p i x e l s (Watson et a l . 1983) . A l l the l o g i c and con t ro l 

c i r c u i t s assoc ia ted w i t h F i g . 3,3 are implemented i n low-power Schot tky 

TTL, 

The f i r s t at tempts at ana lys i s of remotely-sensed data used a e r i a l 

photography obta ined from a set o f f ou r 35fmi cameras a t tached t o a 

Cessna 150 l i g h t a i r c r a f t . The exposures were taken v e r t i c a l l y w i t h 

Cosina CS-2 cameras f i t t e d w i t h wide-ang le lenses and au tow inders . 

M u l t i s p e c t r a l images were obta ined by us ing d i f f e r e n t f i l t e r s and 

f i l m s . The r e s u l t i n g black and wh i te t ransparenc ies were i l l u m i n a t e d 

by a d i f f u s e l i g h t source and scanned by a broadcast q u a l i t y Bosch 

t e l e v i s i o n camera (7 MHz bandwid th ) , whose output was d i g i t i s e d by a 

TRW 8 - b i t a n a l o g u e - t o - d i g i t a l c o n v e r t e r . 

The camera employs a Chalnicon tube t o ensure a l i n e a r r e l a t i o n s h i p 

between image i n t e n s i t y and output v o l t a g e . Each of two or th ree 

spec t ra l Images may be r e g i s t e r e d and d i g i t i s e d and then placed i n the 

Imagestore ready f o r a n a l y s i s . The al ignment of spec t ra l images 

( r e g i s t r a t i o n ) was performed w i t h a v e r n i e r stage and a r o t a t a b l e 

mount. However, the q u a n t i t a t i v e ana lys i s of a e r i a l photographs was 
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found t o be s e r i o u s l y hampered by the f o l l o w i n g d i f f i c u l t i e s : 

i ) Despi te the f a c i l i t i e s f o r a c c u r a t e l y p o s i t i o n i n g the 

t r anspa renc ies , i t proved imposs ib le t o r e g i s t e r the images 

p r o p e r l y . This was thought t o be caused by the camera axes 

being s l i g h t l y skew; thus the v iewing angles were not 

i d e n t i c a l . 

i i ) Coverage i s l i m i t e d t o those areas i n which there i s some 

l a n d , or o ther f e a t u r e , i n view because r e g i s t r a t i o n may on l y 

be achieved by l i n i n g up d i s t i n c t ob jec t s or f e a t u r e s , 

i i i ) A c o n f l i c t a r i ses over the bandwidth of the f i l t e r s . On the 

one hand the de te rmina t ion of c h l o r o p h y l l requ i res narrow 

f i l t e r s , wh i l e exposure requirements d i c t a t e a much broader 

bandwidth f o r the l e v e l s of i l l u m i n a t i o n u s u a l l y encountered 

(Curran 1981) . 

i v ) The r e l a t i o n s h i p between image-tone or dens i ty of the 

t ransparency and the exposure i s sub jec t t o l a rge 

u n c e r t a i n t i e s in t roduced i n both the manufacture of the f i l m 

and i t s development (Swain and Davis 1978) . This makes i t 

d i f f i c u l t t o e s t a b l i s h abso lu te values of radiance needed f o r 

q u a n t i t a t i v e work. 

3 .2 .3 Addition of p ipel ine processor to imagestore 

The combinat ion of minicomputer and imagestore c o n s t i t u t e s a 

convent iona l image processor . The a d d i t i o n of processing power t o the 

imagestore conver ts i t i n t o a d i s p l a y processor ( Ince 1983) i n the 

sense t h a t some processing may take place independent ly of the m i n i ­

computer. Since many c h l o r o p h y l l r e t r i e v a l a lgo r i thms use the 

d i f f e r e n c e or r a t i o o f two spec t ra l channe ls , i t was f e l t t h a t spec ia l 
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hardware f o r the s u b t r a c t i o n or d i v i s i o n of two images would be a 

va luab le and novel f e a t u r e . By feed ing the outputs of two r e f r esh 

memories i n t o an a r i t h m e t i c and l o g i c u n i t (ALU), var ious f unc t i ons of 

the two inpu ts could be obta ined at v ideo r a t e , i . e . i n real t i m e . The 

range o f f unc t i ons a v a i l a b l e may be extended by adding look-up t a b l e s 

both before and a f t e r the ALU. The combinat ion of ALU and LUTs 

represents a programmable p i p e l i n e p rocessor . The p r i n c i p l e o f a 

p i p e l i n e processor i s c l o s e l y analagous t o a f a c t o r y product ion l i n e 

w i t h a conveyor b e l t c a r r y i n g i tems t o be sub jec ted t o var ious 

processes or opera t ions ( F i g . 3 . 4 ) . A l l i tems are t r e a t e d the same; 

i . e . they are a l l sub jec ted t o the same set of o p e r a t i o n s . The 

advantage i s t h a t a l l opera t ions occur c o n c u r r e n t l y , but on d i f f e r e n t 

i tems at d i f f e r e n t stages of assembly or comp le t i on . This speeds the 

whole procedure up; the improvement depending upon the number of 

s tages . By regard ing LUTs as u n i t s capable o f per forming e lementary 

f u n c t i o n s , the combinat ion of ALU and LUTs may be regarded as a s imple 

p i p e l i n e processor . Fur thermore, as the LUTs may be programmed t o 

perform l o g a r i t h m s , exponen t ia t i on and m u l t i p l i c a t i o n and d i v i s i o n by 

cons tan ts , then the p i p e l i n e processor becomes a programmable one, i . e . 

i t s p a r t i c u l a r f u n c t i o n i s amenable t o so f tware c o n t r o l . F igure 3.5 

shows the s t r u c t u r e of the programmable p i p e l i n e processor which has 

th ree s tages . The f i r s t p i p e l i n e stage has two LUTs on ly because the re 

are two inpu ts t o the p i p e l i n e . The p i p e l i n e processor was 

inco rpora ted in the o r i g i n a l imagestore by connect ing i t between the 

ou tpu ts o f r e f r e s h memories one and t w o , and the output m u l t i p l e x e r s . 

The arrangement of the combined imagestore and programmable p i p e l i n e 

processor i s i l l u s t r a t e d i n F i g . 3 . 6 . Aga in , each LUT was implemented 

w i t h two b i p o l a r 256 by 4 b i t RAMs ( type 93422) and two 74S181 Schot tky 

TTL devices were used f o r the ALU. The l a t t e r prov ides 16 l o g i c a l and 
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a r i t h m e t i c f u n c t i o n s , of which on ly four are used: l o g i c a l 'AND*, 

l o g i c a l 'OR' , a r i t h m e t i c a d d i t i o n and s u b t r a c t i o n . The ALU i s unable 

t o per form m u l t i p l i c a t i o n and d i v i s i o n d i r e c t l y , but these may be 

obta ined by the a d d i t i o n and s u b t r a c t i o n of l o g a r i t h m s . In t h i s case 

LUTl and LUT2 perform the log f u n c t i o n and LUT3 performs 

a n t i l o g a r i t h m s . The f a m i l i a r bases of e ( 2 . 7 1 8 2 . . . ) and 10 f o r logs 

and a n t i l o g s cannot be used here because the data are in tegers i n the 

range 0 t o 255 ( 2 ^ - 1 ) . This l i m i t a t i o n i s imposed by the 8 - b i t 

rep resen ta t i on of p i xe l va l ues . 

The optimum base b i s such t h a t the inpu t range (0 t o 255) i s mapped t o 

the range 0 t o 255 e x a c t l y . For the log f u n c t i o n the c o n d i t i o n i s : 

log [j (Maximum inpu t va lue) = Maximum output value 

log (J 255 = 255 

255 = b255 

b = 255 1/255 (3^1) 

S i m i l a r l y , f o r the a n t i l o g f u n c t i o n : 

b255= 255 

b = 255 1/255 (3^2) 

The optimum base i s t h e r e f o r e the same f o r both f unc t i ons and 

i s g iven by Eqs. 3 .1 and 3 . 2 : 

b = 255 1/255 = 1,0219682709 
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Logarithms of base b may be calculated from: 

log^x = (logiox)/logiob = 105,96 log^oX 

log^x = (In x) / ln b = 46.02 InX 

For use in the LUTs, a l l the values must be rounded o f f to the nearest 

integer. A control program for the pipeline processor was written in 

Fortran and MACRO-11 assembly language to set up the ALU and LUTs for a 

variety of functions. The program operates by presenting a menu and a 

number of sub-menus (Fig. 3.7). The user enters a string of characters 

to select a complex sequence of instructions from the main menu. There 

are sub-menus for choosing the ALU function and for setting the LUTs up 

for log, antilog and linear operation. Scaling factors may also be 

included. 

To i l lus t ra te how the pipeline processor may be used, the implement­

ation of a retrieval algorithm is considered. For chlorophyll a 

typical algorithm i s : 

C = ao^Y/ (3.3) 

where C 1s the chlorophyll concentration, x and y are water-leaving 

radiances in different spectral channels and and a, are constants. 

As X and y are usually less than 1 mW/(cm2. sr. fim), they must 

both be scaled up by a factor a for representation in the imagestore. 

A typical value for c^is 100. 
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Processor control program 

Function Code Function Code 

V/rite to F S l (from camera or CCT^ A Display FS3 i / p , o / p a l t e r n a t i v e l y I 
Write to FS2 ffrom camera or CCT) B Display F S l , 2 , 3 f or colour comp J 
Write to FS3 (from camera or CCT) C Display FS3 output K 
Set up LUl -4 D Software process FS3 L 
Write to FS2 from FS3 E Software process FS2 M 
Write to FS3 from FS1.FS2 v i a ALU F Software process F S l N 
Set up ALU G Write from cajnera 0 
Display F S l , 2 o/p v i a ALU H Write from GCT P 

Look-up tables 
LUl (associated with F S l ) 
LU2 (associated with FS2) 
LU3 (associated with ALU o/p) 
Enable LUTs on video o/p board 

code Code 

1 Log optimised A 
2 Ant i log . base B 
3 JAneax C 

ALU funct ion Code 

Modulus of ( A - B ) 1 
A plus B 2 
A ( i . e . FS2 o/p) 3 
A . B ( l o g i c a l A N D ) 4 
A + B ( l o g i c a l OR) 5 
A - B (-ve forced 0) 6 
A - B ( true r a t i o ) 7 

Figure 3-7 Menus for sett ing-up and 
contro l l ing the programmable 
pipel ine processor. 



Hence Eq. 3.3 becomes 

C = a. (3.4) 

where X and Y are the scaled values ocx and ay respectively. Note 

that the scaling factor a cancels out in this algorithm, and so does 

not affect the result . A second scaling factor j8 is also introduced to 

reduce the effects of quantisation, which produce large errors when 

dealing with small values. This scaling factor also ensures that the 

chlorophyll map w i l l be bright enough for display on a monitor. 

Absolute values of chlorophyll concentration w i l l not be obtained, but 

only relative values are required for display purposes. The modified 

form of Eq. 3.4 i s : 

(3.5) 

C' merely denotes the scaled up chlorophyll concentration. The 
r 

pipeline processor is programmed for this algorithm by setting up the 

following functions in the pipeline stages (refer to Fig. 3.5): 

LUTl and LUT2 

ALU 

LUT3 

f (x ) = log X 

f (x ,y ) = x-y 

f (x ) = b ^ i - x + ( i S ^ J 

(3.6) 

(3.7) 

(3.8) 

The terms x and y in Eqs. 3.6 to 3.8 are only used to specify the 

functions; they do not refer to radiance. Logarithms are to the base 

b, where b is the optimum base discussed above. 
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Referring to Fig. 3.5, the algorithm is evaluated in the following 

way: 

J = log X 

K = log Y 

L = J-K = log X - log Y 

^ = b^,.L + log()3ao) 

= ba,.(log X - logY) + log(j8ao) 

= t^ogipa^}^ blog{X/Y)^i 

I f the second scaling factor jS is not used, that is )3 = 1, errors of 

the order of 100% may occur. The error is reduced to less than 10% 

with /3 = 10, af ter descaling. Although C does not represent the 

absolute chlorophyll concentration, the pseudo-colour technique may be 

used to transform different grey-levels, and hence concentrations, to 

various colours and so provide a quantitative map of chlorophyll 

concentration. 

3.2 .4 Computer upgrade 

The memory available with the PDPll/23 was 224 kbytes and could only be 

expanded to a maximum of 256 kbytes because of the 18-bit address bus. 

When executing a program, the amount of free memory would be 

considerably less than t h i s . Certain forms of processing must be 

undertaken by the PDPll/23 rather than by the pipeline processor, but 

as each refresh channel has a capacity of 384 kbytes, processing was 

restricted to approximately one half of the total number of pixels in 

one image; a complete image could only be processed piecemeal. 
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Moreover, data may only be input via the camera, so that data supplied 

on computer compatible tapes (CCT) could not be used. Therefore i t was 

decided to upgrade the computer by purchasing a new central processing 

unit (CPU) capable of supporting more memory, and also by providing 

additional peripheral units, such as a tape drive. 

However before this upgrade took place, some time was spent analysing 

CZCS data on the Polytechnic's PRIME 750 mainframe computer. At the 

time, this machine was the only one at the Polytechnic with a standard 

9-track tape drive capable of reading CZCS tapes produced at Dundee 

University, The possibil i ty of connecting the PRIME 750 to our own PDP 

11/23 via a serial line was also considered as a means of transferring 

CZCS data into the PDP 11/23, However, the very slow data rate and the 

d i f f i c u l t i e s in reconciling the incompatible computer protocols ('hand­

shaking') militated against this option. A set of Fortran programs was 

written on the PRIME 750 for CZCS analysis including: data demulti­

plexing, calibration, radiometric conversion and simple atmospheric 

correction, which used a method outlined by Ball Aerospace Systems 

Division {1979b). This technique is now regarded as an over-simplified 

approach to the problem. The PRIME 750 had no image display 

f a c i l i t i e s , but i t was possible to produce very crude images on the 

lineprinter using a s l ight ly modified version of the overprint 

technique (Gonzalez and Wintz 1977). With this technique, each pixel 

is represented by one or more superimposed characters. For example, 

the lowest/darkest grey-level is printed using M, W, § and 0, while a 

blank space is used for the highest grey-level. These characters and 

others are used to generate 16 different grey-levels. An example of 

the overprint method is shown in Fig. 3.8 using uncorrected, CZCS, 

channel 3 data,for 22/6/1981. Results obtained on the PRIME 750 and 
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Figure 3.8 Overprint image of uncorrected CZGS scene 
(channel 3. 22/6/ l98l ) . 
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the simple atmospheric correction method are described by Wade et a l . 

(1984). This work provided a strong basis for producing a complete and 

proper CZCS analysis system on our own upgraded computer. 

The computer was upgraded in October 1983 with a new Motorola 68000 

based processor and one megabyte of memory, housed in a Q-BUS backplane 

with a second one for expansion. The equipment was supplied by Arrow 

Computer Systems L td . , of Epsom (UK). The 68000 is Motorola's f i r s t 

16-bit processor, although in many respects i t is a 32-bit device; for 

example i t has seventeen 32-bit registers (Kane 1981), The 68000 has 

an address space of 16 Mbytes, uses an 8 MHz clock and is considerably 

more powerful than the PDPll/23. The increased memory can easily 

accommodate one whole image. Two 20 Mbyte Winchester disc drives and a 

Thorn-EMI SE8900 1600 bpi tape transport were installed, the la t ter 

being used for reading CZCS tapes, archiving images and 'backing-up* or 

storing programs and system software. A 48 Mbyte Winchester disc drive 

was added at a later date. Winchester drives provide fast access to 

large amounts of data and can read or write a whole image in a few 

seconds. Fig. 3.9 is a block diagram of the new system. The 68000 

runs under the UNIX* operating system which is both multi-user and 

multi-tasking. Not only does i t support more than one user, i t also 

enables each user to run several processes concurrently. A DEC VTlOl 

terminal is provided for a second user and more users may be 

accommodated by adding extra terminals. UNIX also offers the ideal 

environment for developing and executing programs written in 'C*; in 

fact 90% of UNIX is written in this language. C is a block-structured 

language with the necessary constructs for structured programming, and 

* UNIX is a Registered Trade Mark of Bell Laboratories. 
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can perform bit-manipulation di rec t ly . UNIX and C are increasingly 

being used for image processing systems (Landy et a l . 1984, Waltuch et 

a l . 1985, Guberek 1985). For further details on UNIX consult Banahan 

and Rutter (1982) and Kernighan and Mashey (1979); for C refer to 

Kernighan and Ritchie (1978), 

3.3 IMAGE PROCESSING SOFTWARE 

Swain and Davis (1978) identif ied ten broad aspects of image processing 

and data analysis which occur in the following order: 

i ) Radiometric transformations 
i1) Geometric transformations 

i i i ) Data presentation 
iv) Data compression 

v) Image enhancement 
v1) Statistical analysis 

v i i ) CIustering 
v i i i ) Feature extraction 

ix) Supervised classification 
x) Results presentation 

In any one application some of these steps may be omitted. The above 

l i s t does not include atmospheric correction as I t is not usually 

required for terrestr ial remote sensing; i t is however essential for 

C2CS analysis and is described in Chapter 4. The f i r s t 5 items above 

are concerned with the production of images corrected for various 

defects and enhanced for cosmetic purposes to aid human Interpretation. 

These preprocessing functions are described in Section 3.3.1. The 

remaining processing stages deal with the extraction of quantitative or 

s ta t is t ical information from images and are covered in Section 3,3.2 

under the heading of analysis techniques. 
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Although the computer was upgraded at the end of October 1983, i t was 

not unti l January 1984 that the image processing system was f u l l y 

operational again. This long delay was introduced by a problem with 

the UNIX operating system, which treats everything as a f i l e , including 

physical devices. Communication with physical devices is thus 

elegantly achieved using simple read and write commands. However, i t 

is only through the use of a special 'driver ' program that a physical 

device may masquerade as an ordinary f i l e , A set of drivers was 

supplied for common peripheral devices such as terminals, printers and 

disc drives. However, for the custom-built imagestore two drivers had 

to be writ ten: one for data transfer between the computer and image-

store, the other for reading the cursor position and controlling the 

pipeline processor. New drivers are incorporated into the system by 

recompiling the operating system, i . e . UNIX i t s e l f . This work requires 

a detailed knowledge of the innermost workings of UNIX which is only 

b r i e f ly described in the documentation. 

3.3.1 Preprocessing techniques 

3.3.1.1 Generation and calibration of CZCS images 

The CZCS digi ta l data is supplied on a computer compatible tape without 

any processing, i . e . as received from the sa t e l l i t e . I t therefore 

comprises the data for a l l six channels and for the f u l l scan width. 

The CZCS data format is i l lustrated in Fig. 2,20a of Chapter Two, but 

is further structured by the arrangement of blocks and inter-block gaps 

on the tape (Fig, 3.10). One block of data is the smallest quantity 

of data that may be read from the tape. As the tape contains data for 

an area far greater than the 768 by 512 pixel capacity of the image-

store, the f i r s t step is to extract data for a particular region of 

interest. The number of scanlines which need to be skipped-over before 
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reading data may be estimated from careful examination of a quick-look 

print (Fig. 3.11). I t must be remembered that the start of the CCT 

does not necessarily correspond to the start of a scanline, and that 

the minor frames are not evenly distributed across the quick-look print 

because of the variation in viewing angle and Earth curvature. I t Is 

not surprising then that the location of the desired region from the 

CCT Is rather haphazard. Having located the desired starting position, 

512 f u l l scanlines are read from the CCT onto a Winchester disc drive. 

The next stage involves the extraction of calibration data, house­

keeping data and the data representing the radiance measured at the 

sa t e l l i t e . The last of these requires demultiplexing or unscrambling 

of the data (Ball Aerospace Systems Division 1979a, Singh et a l , 1983) 

so that f i l e s of raw digi ta l values (0-255) may be produced for each 

channel. At this stage the position of the left-hand edge of the region 

is selected by specifying a minor frame number from one to nine. An 

image may now be displayed, using a program to send the data to the 

imagestore, to check that the correct region has been extracted from 

the CCT. 

The calibration data may now be analysed to produce conversion factors 

for calculating radiances from raw digi ta l values. In order to 

optimise the signal-to-nolse ratios, the radiometric sensi t ivi t ies , and 

consequently the radiometric conversion factors, are a l l different for 

the six channels. The calibration procedure consists of voltage and 

active calibration (Singh et a l . 1983). Fig. 3,12a shows the CZCS 

system diagram for deriving the calibration expressions. Normally the 

sensor views the Earth's surface, but for active calibration purposes 

i t views a standard lamp. For voltage calibration the sensor is 

switched out of c i rcu i t and replaced by a reference voltage source. 
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Voltage calibration is concerned with the characterisation of the 

electronics which follow the sensor, such as sample and hold c i rcu i t s , 

analogue to digi ta l converters etc. Sixteen different stepped 

reference voltages are applied to the inputs of the electronics and the 

corresponding digi ta l outputs are recorded (Fig. 3.12b). 

A relationship of the following form is assumed: 

C = aV + b (3.9) 

where V is the input voltage (0.664N, N = 0, 15), C is the digi ta l 

count (0-255) and a and b are constants determined from simple least 

squares analysis between C and V. The ju s t i f i ca t i on for this simple 

linear relationship is the very high correlation coeff icient , of the 

order of 0.9999 or higher. 

Active calibration is concerned with the characterisation of the sensor 

i t s e l f , i . e . the silicon photodiode detectors and optics. The sensor 

is exposed to a standard lamp of known radiance LQ and the 

corresponding digi ta l counts are averaged over the whole scene, giving 

a mean digi ta l count of (Fig. 3.12c). The following relation­

ship is assumed: 

V = kL (3.10) 

Where L is the incident radiance, V is the detector output voltage and 

k is a constant. Hence: 

= a VQ + b = a kLo + b (3.11) 

99 



However, when the sensor is viewing a radiance L originating from Earth 

(normal operation) the expression for C i s : 

C = aV + b = akL + b ( 3 . 1 2 ) 

Rearranging Eqs. 3 . 1 1 and 3 . 1 2 gives respectively; 

akLo = CQ - b ( 3 . 1 3 ) 

akL = C - b ( 3 . 1 4 ) 

Dividing Eq. 3 . 1 4 by Eq. 3 . 1 3 gives: 

L _ C - b 

Lo Co - b 

L = LQC - bL^ 
Co - b Co - b 

L = Slope. C + Intercept ( 3 , 1 5 ) 

where the slope = LQ/(CQ-b) and intercept = -bLQ/(CQ-b). 

Note that neither a nor k appear in these expressions, which depend 

only upon L Q , CQ and b. b is usually very much smaller than 

Co-

This analysis assumes that the threshold is off and the voltage gain is 

one, which was the case for al l the CZCS scenes analysed in this work. 

Standard lamp number one is used and values for LQ are (Singh 

1 9 8 2 , personal communication): 
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Channel Radiance 

1 2.04 mW/{cm2sr. fim) 

2 1.55 

3 1.37 

4 1.11 

5 5.25 

Channel 6 is cal ibrated in an altogether d i f f e r e n t manner, which i s not 

discussed here since th i s work only makes use of measurements in the 

v i s i b l e range. 

This s traightforward method of ca l ib ra t ion has been undermined by the 

observation of Gordon et a l . (1983a) that the s e n s i t i v i t y of the CZCS 

has been decreasing with t ime. This conclusion was reached by 

comparing CZCS derived values of water-leaving radiance with 

independent estimates or d i rec t measurements. I t was found that the 

loss of s e n s i t i v i t y in channel 1 is quite dramatic, with only modest 

decreases in the s e n s i t i v i t y of channels 2 and 3. Sens i t i v i ty loss in 

channel 4 may be ignored. This loss of s e n s i t i v i t y is not revealed 

through the previously described ca l ib ra t ion procedure because an 

opt ical surface, which is not used during active c a l i b r a t i o n , is 

believed to have deteriorated (Austin 1982). Gordon et a l . (1983a) 

suggest a method f o r the ca lcula t ion of radiance which obviates the 

analysis of CZCS generated ca l ib ra t ion data. In the f i r s t instance 

L ' ^ is evaluated: 

L ' j = (A. ON + B ) . C (3.16) 
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where DN is the d i g i t a l number (0-255), and A and B are the p r e - f l i g h t 

slope and intercept values respect ively. C is another constant which 

improves the consistency between solar Irradiance and sensor 

ca l ib ra t ion (Gordon 1981b); I t does not account fo r s e n s i t i v i t y loss . 

Thus L ' j i s the radiance without correction fo r s e n s i t i v i t y loss . 

The corrected or t rue radiance L j is calculated from: 

L j = L ' T / f ( N ) (3.17) 

where f (N) accounts f o r s e n s i t i v i t y loss and is given by: 

f(N) = a + bN + cN^ (3.18) 

where a, b and c are constants (not to be confused with a and b above) 

and N Is the o rb i t number which Is e f f e c t i v e l y a measure of time 

elapsed since launch. Eq. 3,18 is an empirical relat ionship derived 

from measurements collected over a period of several years. This 

technique was used f o r CZCS c a l i b r a t i o n , except f o r some ea r l i e r work 

on the PRIME 750 which re l i ed upon the f i r s t method. 

3 .3 .1 .2 . Image enhancement 

Image enhancement seeks to Improve an Image, by whatever means, f o r 

visual in te rpre ta t ion and the techniques used depend very much upon the 

par t icu la r app l i ca t ion . Image enhancement must be distinguished from 

image restorat ion which attempts to recover the o r ig ina l image by using 

a mathematical model of the image deformation process. Image 

enhancement is therefore regarded as a cosmetic or heur is t ic process. 
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There are plenty of standard texts on d i g i t a l image processing with 

sections on image enhancement, e .g. Castleman (1979), Gonzalez and 

Wintz (1977), Hall (1979) and Rosenfeld and Kak (1982). Hord (1982) 

and Schowengerdt (1983) discuss image processing wi th in the context of 

remote sensing. 

The c l a s s i f i c a t i o n of image enhancement operations is shown in F i g . 

3.13 and reveals that there are two d i s t i n c t domains in which 

operations may be performed: the spatial domain and the spat ial 

frequency domain. The spatial domain is simply the domain represented 

by a two-dimensional array of p ixe l s , while the spatial frequency 

domain is reached by taking the Fourier transform of the image. Most 

of the techniques used in the spatial frequency domain re ly upon the 

modif icat ion of the in tens i ty of spatial frequencies, i . e . f i l t e r i n g . 

The spatial domain operations are fu r the r divided Into those performed 

upon single pixels (pointwise operations) and those upon neighbourhoods 

of p ixe l s . Pointwise operations may be regarded as grey-level 

mappings, whereas most neighbourhood operations are convolution 

processes. The terms convolution and cor re la t ion are sometimes used 

interchangeably when dealing with discrete variables; however 

corre la t ion is best reserved fo r template matching in which an Image Is 

searched f o r a feature with a par t i cu la r shape. The convolution of two 

functions f ( x , y ) and h ( x , y ) , where x and y are discrete variables , is 

given by: 

m n 
g(x .y) = 2 I f ( i . j ) h { x - i , y - j ) (3.19) 

i=1 j=1 



where g(x ,y) is the resul t ing funct ion and m and n represent the extent 

of the func t ions . For convenience, Eq. 3.19 is usually denoted by: 

g(x,y) = f { x , y ) ** h(x.y) (3.20) 

where the convolution operation is represented by two as ter isks . For 

the purpose of image enhancement, f ( x , y ) and g{x,y) may be interpreted 

as the or ig ina l and convolved images respectively, while h(x ,y) is a 

two-dimensional mask or weighting matrix which determines the nature of 

the operation. Convolution in the spatial domain is equivalent to 

m u l t i p l i c a t i o n in the spatial frequency domain. Thus by switching to 

the spatial frequency domain, g(x ,y) may a l t e rna t i ve ly be found from: 

g(x,y) = X V(u,v). H(u ,v)] (3.21) 

where F(u,v) and H(u,v) are the Fourier transforms of f { x , y ) and h(x ,y) 

respectively, u and v are spatial frequency variables and 

represents the inverse Fourier t ransform. Therefore the inverse 

Fourier transform of the product of two Fourier transforms is the 

convolution of the o r ig ina l func t ions . H(u,v) is known as the t ransfer 

f u n c t i o n . Consequently, many enhancement techniques may be realised in 

ei ther domain; th i s correspondence is indicated In F ig . 3.13 by dashed 

l i n e s . 

The remainder of th i s section is devoted to a b r i e f discussion of a few 

pointwise and convolution-type enhancement techniques implemented on 

the image processing system. The simplest point-wise technique is 

contrast s tretching which modifies the grey-level or in tens i ty of each 

pixel so as to increase the contrast by spreading a range of grey-
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levels out . In t h i s way, small differences in pixel in tens i ty are 

accentuated. The transformed grey-level f o r each pixel i s spec i f ied by 

a pos i t ion- invar ian t t ransfer f u n c t i o n , i . e . one which depends upon the 

p i x e l ' s grey-level alone and not upon I t s posi t ion in the image. 

Figure 3.14 depicts such a funct ion and indicates how grey-levels are 

spread out where the slope is greater than one, and compressed where 

the slope is less than one. The overall e f f e c t is to enhance the 

contrast of pixels in the middle range at the expense of pixels at the 

extremes of darkness and brightness. Contrast s t retching Is 

accomplished by loading the desired t ransfer funct ion in to the display 

look-up-tables and is therefore a simple and fas t technique. For most 

purposes the t ransfer funct ion is represented by a combination of 

l inear sections (piecewlse-linear) fo r s i m p l i c i t y ; hence the t ransfer 

funct ion in F i g . 3,14 is a three step piecewlse-linear one. 

Any a r b i t r a r y t ransfer funct ion may be used f o r contrast s t re tch ing; 

however f o r a par t icu la r image there exists one t ransfer funct ion which 

causes the transformed image to have an equal d i s t r i b u t i o n of pixels 

amongst the grey-levels , i , e , a f l a t histogram. This technique is 

termed histogram equalisation and enables the image to be eas i ly 

interpreted by visual means and removes the experimentation which is 

necessary fo r optimum results with contrast s t re tch ing . For a 

continuous grey-scale ( i n f i n i t e number of grey-levels) the t ransfer 

funct ion T is evaluated from (Gonzalez and Wintz 1977): 

s = T(r) p(w)dw (3.22) 

where r and s are the input and output grey-levels (range: 0 to 1 ) , p 
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Is the p robab i l i ty density funct ion of the input grey-levels and w is a 

durrmy variable of In teg ra t ion . The counterpart of Eq. 3.22 f o r 

discrete grey-levels is (Gonzalez and Wintz 1977): 

k 

or 

where r|̂  and S|^ are the k^^ input and output grey-levels , 

p ( r j ) i s the p robabi l i ty of the j ^ ^ g rey- leve l , n j is the 

number of pixels in the image with grey-level j and N is the t o t a l 

number of pixels in the image. Since s. l i e s in the range 0 to 

1, and the look-up-tables can only represent the integers 0 to 255, 

s is scaled up by 256 and rounded o f f to the nearest in teger . 
K 

Denoting t h i s by s' gives f i n a l l y : 
K 

k 
s' = 256 S l = 2 5 6 X n i (3,24) 
^ N j=1 

This is eas i ly calculated from the image's histogram. Eq. 3.22 always 

enables a pe r fec t ly f l a t histogram to be produced, whereas Eqs. 3.23 

and 3.24 only permit an approximately f l a t histogram to be obtained due 

to t he i r discrete nature, though the approximation improves with 

increasing number of grey- levels . F i g . 3,15 i l l u s t r a t e s the operation 

of discrete histogram equal isa t ion , in which grey-levels whose pixel 

population Is below par are combined, and over-populated grey-levels 

have vacant ones placed adjacently so that the local average is near 

par. Although the equalised histogram may s t i l l be uneven, histogram 

equalisation is nevertheless a powerful technique (Plate 3 . 1 ) . 
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Plate 3.1a CZCS channel 3 image for 22/6/l98l 

Plate 3.1b As above but with histogram 
equalisation 
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The human eye can only dis t inguish 20 or so monochrome grey-levels but 

can d i f f e r e n t i a t e between several thousand colours. This feature is 

exploited by pseudo-colour processing which transforms each grey-level 

in an image to a d i f f e r e n t colour. This technique is only applied to a 

single monochrome image and should not be confused with false-colour 

which requires three spectral images ( F i g , 3.16a). Pseudo-colour needs 

a separate look-up-table fo r each of the three guns (red, green and 

blue) of the colour monitor (F ig , 3.16b). By the judicious choice of 

three d i f f e r e n t t ransfer functions (Tp, Tq and Tg) any colour 

from a palette of over 16 m i l l i o n (256^) may, in p r i n c i p l e , be 

created. In many applications the f u l l grey-scale is separated in to 

several grey-level ranges, each of which is mapped to a d i f f e r e n t 

colour . This technique is a special case of pseudo-colour processing 

termed density s l i c i n g and was Implemented by using the three display 

look-up-tables (Figs , 3,3 and 3 . 6 ) . The three t ransfer functions are 

derived from the user's choice of grey-level range (defined by a lower 

and upper bound), and associated colour by consulting Table 3 . 1 . As 

th i s scheme provides 14 colours, the whole grey scale may be s p l i t in to 

14 ranges which is s u f f i c i e n t f o r most purposes. Saturated colours are 

produced from combinations of f u l l i n t ens i ty primary colours, while 

unsaturated ones correspond to colours which have been rendered impure 

by the addit ion of white l i g h t . I t has been found that density s l i c i n g 

preceded by histogram equalisation Is p a r t i c u l a r l y e f f e c t i v e in 

revealing de ta i l hidden in low-contrast areas. 

This section concludes with a descript ion of image enhancement 

techniques performed in the spatial domain, in which each output pixel 

depends upon a small neighbourhood of input pixels and a weighting 

matr ix . The l a t t e r Is also referred to as mask, window or template and 
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COLOUR SAI ̂ URATED UT4SATURATED COLOUR R G B R G B 
Black 0 0 0 - - -
Blue 0 0 255 127 127 255 

Green 0 255 0 127 255 127 

Cyan 0 255 255 127 255 255 

Red 255 0 0 255 127 127 

Magenta 255 0 255 255 127 255 

.Yellow 255 255 0 255 255 127 

White - - - 255 255 255 

The LUTs associated with the red, green and blue 
guns are denoted by R, C and B respectively. 

Table 3.1 Relationship between colours and 
display LUT contents. 

0 -a 0 

- a - oc 

0 - o: 0 

Figure 3-1? Image-sharpening mask 
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is very much smaller than the image; t y p i c a l l y three by three p ixe l s . 

The weighting matrix is convolved with the input image by moving I t 

across and down the image so that the whole image is traversed. At 

each posi t ion the new pixel value g i s found from: 

g = f j W j + f2W2 + . . . + fgWg + fgWg (3.25) 

where f^ fg and Wj wg are corresponding 

elements of the pixel neighbourhood and the weighting matrix 

respectively, assuming a three by three region. The current pixel 

posi t ion is at the centre of the neighbourhood. Eq. 3.25 is simply an 

expansion of Eq. 3.19 wi th h replaced by w, showing the convolut ion­

l i k e nature of th i s technique. Pixels ly ing at the edge of the image 

cannot be convolved because a f u l l neighbour-hood of pixels does not 

exis t around them. This technique enables images to be smoothed or 

sharpened and permits edges to be extracted. A l l of these may also be 

performed In the spatial frequency domain, but the associated Fourier 

and Inverse Fourier transforms are lengthy to compute. Many of the 

weighting matrices are empir ica l , having been developed I n t u i t i v e l y . 

Each of the three applications mentioned w i l l be discussed in t u r n . 

The simplest of these is smoothing or b lu r r i ng of an image to reduce 

noise and Is achieved by replacing the pixel value by the average of 

i t s immediate neighbours. The elements of the three by three mask are 

a l l one except fo r the central element which is zero, and the r e su l t ing 

sum is divided by e igh t . This has the e f f e c t of e l iminat ing those 

pixels whose grey-level is very d i f f e r e n t from the neighbouring ones. 
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Conversely, an Image may be sharpened or deblurred by using the mask 

shown In F ig . 3,17 to emphasize edges. An edge i s the boundary between 

two regions of d i f f e r e n t i n t e n s i t y . The mask i s a discrete 

implementation of the fo l lowing r e l a t ion (Rosenfeld and Kak 1982) which 

recreates the o r ig ina l Image f from the blurred one g: 

f = g -Q:Vg (3.26) 

2 
where a Is posi t ive and V 9 i s the Laplacian of g given by: 

The degree of sharpening Is dictated by a whose value should not exceed 

two, otherwise Image noise w i l l become apparent. 

Image sharpening highl ights edges whi l s t re ta ining the remainder of the 

image. However, the two pairs of masks In F ig . 3.18 detect edges 

alone; regions of constant In tens i ty or with l i t t l e high-frequency 

deta i l are reduced to black (Plate 3 . 2 ) . Areas of the image in which 

there are large gradients (high rate of change of grey-level) are 

assumed to contain edges. As the gradient G is a vector quant i ty . I t s 

magnitude i s : 

|G| = (GI + fl^ (3,28) 

where G and Gy are the gradients in the x ( v e r t i c a l ) and y 

(hor izontal ) d i r ec t ions . Eq. 3.28 is usually approximated by: 
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Figure 3.18 Mask pairs for detection of edges : 
(a) Roberts and (b) Sobel. 
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Figure 3,19 The two coordinate systems, 
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Plate 3.2 Fdge detection using the Sobel 
operator 

Plate 3-3 R e c t i f i c a t i o n shovdng the sampling 
positions between Plymouth 
and Roseoff 
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G | - | G ^ | + Gy (3.29) 

Eq. 3.29 explains why two masks are needed: one each for Gĵ  and 

Gy. The Sobel masks are anisotropic, i , e , certain edge 

orientations give a stronger response. This may be remedied by 

replacing the values of 2 by Jz* (Frei and Chen 1977), but the use of 

non-integer values slows down the computation. Edge detection may be 

made less vulnerable to noise and spurious edges by thresholding, i , e . 

an edge is said to exist only i f the gradient exceeds some arbitrary 

val ue, 

A more powerful and discriminating method, due to Frei and Chen (1977) 

uses a set of nine weighting matrices. Four each are sensitive to 

edges and lines and the ninth detects isolated points. By convolving a 

pixel and i t s neighbourhood with a l l nine masks and using special 

decision rules, the pixel may be classif ied as an isolated point, an 

edge pixel or a line p ixel . The lat ter is a narrow str ip whose 

Intensity Is different from the surrounding region. This method was 

not implemented due to i t s complexity. 

3.3.1.3 Rectification 

The comparison of CZCS-derlved estimates of chlorophyll concentration 

with direct In-situ measurements requires the location of those pixels 

in the sa te l l i t e image which correspond to positions at which ship 

samples were taken. Ship positions are usually specified in terms of 

latitude and longitude or are easily converted into this form. 

However, the position of a pixel In an image is specified by line and 

pixel numbers. Latitude and longitude values specify position on the 

surface of a sphere which is merely an approximation of the Earth's 
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shape, whereas line and pixel numbers specify position on a plane, upon 

v/hich the Earth's three dimensional curved surface has been projected. 

Thus the d i f f i c u l t y of establishing a relationship between these two 

independent coordinate systems arises (Fig. 3.19). The process of 

finding and then using this relationship Is called rect i f icat ion and is 

not to be confused with the term registration which applies to the 

alignment of Images (with similar geometry) to bring them into 

correspondence. The term rec t i f ica t ion is also used to describe the 

process of making an image's geometry planlmetrlc. 

In addition there are other spatial distortions which introduce further 

complications (Van Wie and Stein 1977): 

i ) Pixel overlap due to sensor oversampling. The CZCS 

instantaneous f i e l d of view is nominally equivalent to 825m on 

the ground, but the sampling rate is such that the distance 

between pixel centres Is less than t h i s . 

11) Anomalies In sa te l l i te orbit and attitude caused by 

fluctuations in a l t i tude, velocity, r o l l , pitch and yaw. 

111) Image skew caused by Earth rotation as the image is scanned, 

the magnitude of which varies with la t i tude. 

The desired relationship or transformations between coordinate systems 

can be found by two methods. The f i r s t relies upon an accurate model 

to simulate a l l the factors involved, from which the transformations 

may be derived. The second Is an empirical one which requires no 

expl ic i t knowledge of the distortion effects , but uses ground control 

points (GCP) to derive the transformations. GCPs are features visible 

In the sa te l l i te image for which the latitude and longitude values are 
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known. The additional spatial distortion effects l is ted above may also 

be incorporated and corrected by the rec t i f ica t ion procedure. As some 

of these are random and cannot be predicted, the second method of 

rec t i f ica t ion is used. Besides, a model for the sensor-view geometry 

and Earth projection would be needed. The empirical method assumes 

that the relationship between coordinate systems may be approximated by 

a polynomial; the higher the degree of this polynomial, the greater the 

accuracy of the transformation. The polynomial coefficients are 

calculated from a set of GCPs, for which the coordinates are known in 

both coordinate systems. Small islands or dist inctive features on the 

coastline, such as headlands, are used for GCPs. The following second 

degree non-linear polynomials are used: 

2 2 
Le = O Q + + QflN + Q̂ E + Q ÊN + Q̂ N ( 3 . 3 0 ) 

P = + bE + t̂ N + b3E^+ b̂EN + bN^ ( 3 . 3 1 ) 

where N and E are the Northing (latitude) and Easting (longitude) of 

the position respectively and and P̂  are estimates of the 

line and pixel number respectively for the corresponding p ixe l . Eqs. 

3.30 and 3.31 are of the same form and may be generalised: 

Z = C Q + c,E ^ c.N + ĉ Ê +ĉ EN + ĉ N̂  ( 3 . 3 2 ) 

120 



represents either or P^. The two transformations w i l l 

each have i t s own set of six coefficients C Q , . . . , C 5 , the 

determination of which requires just six GCPs. However by using more 

and employing least-squares analysis a measure of the quality of f i t 

may be found by calculating the correlation coeff ic ient . The 

ju s t i f i ca t i on for using second degree polynomials is provided by the 

very high correlation coefficients produced. 

Eq. 3.32 is a non-linear polynomial with two independent variables: N 

and E. However, the following substitutions: 

X Q = 1 

X 3 = E 2 

= EN 

X5 = N 

transform Eq. 3.32 into a linear polynomial with six variables: 

Note that X Q (equal to one) is only included for mathematical 

consistency. Each 6CP furnishes a pair of N and E values and a pair of 

L and P values. Two sets of coefficients must be determined: one for 

calculating from N and E, the other for calculating P̂  from 

N and E. In both cases, the coefficients are chosen so as to minimise 

the total error (between L and or P and P^) for a l l GCPs, 

This is achieved by applying the least-squares cr i te r ion; the objective 
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being to minimise the following error function: 

| (z , -ZE, - f (3.34) 

where n is the number of GCPs. Again is either or P^, 

depending upon which set of coefficients Is sought. Eq. 3.34 may be 

expanded by substituting for Z^̂  from Eq. 3.33 and by introducing 

^Oi "•••^51 

.2 

The solution of this cr i ter ion involves partial d i f ferent ia t ion and 

arrangement of the resulting equations in matrix form, which is then 

solved by Gaussian Elimination (Dorn and Greenberg 1967). The 

mathematical details are described in Appendix 4. The correlation 

coefficients (r) exceed 0.999 for the CZCS images analysed. The 

position defined by and (as found from Eq. 3.33) may not 

coincide with an exact pixel position as is not an integer 

value. The pixel value, corresponding to the ship sample, may then be 

derived through one of three possible resampling techniques: nearest 

neighbour, bilinear interpolation or cubic convolution (Lillesand and 

Kiefer 1979). The nearest neighbour method was used, being the 

simplest of the three; the lat ter two take into account the nearest 4 

and 16 pixels respectively. The rec t i f ica t ion program operates by 

f i r s t displaying the CZCS scene and accepting GCPs selected by the 

cursor, from which the line and pixel numbers are ascertained; each 

GCP's latitude and longitude must also be supplied. After calculating 

the coefficients for both polynomials, the latitude and longitude of 

each ship position is entered, each of which is converted into a pixel 
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position and displayed as a small cross on the image (Plate 3.3). 

3.3.2 Analysis techniques 

3.3.2.1 Determination of ship's latitude and longitude 

The rect i f icat ion process requires that the latitude and longitude are 

specified at each sample position. This is not always the case 

however, and these must then be found indirectly from the time elapsed 

since the ship's departure. In order to do th i s , the ship's course and 

average speed are also needed. The geometry of curved surfaces is non-

Euclidean and the calculation of angles and distances on the Earth's 

surface relies upon oblique spherical trigonometry (/\yres 1954), which 

approximates the Earth's shape by a sphere. I f the latitudes and 

longitudes of both the I n i t i a l and f ina l positions are known, then the 

ship's course and the total distance travelled may be calculated 

assuming that the ship's path is along a great c i r c l e . The course is 

the ship's direction as measured clockwise from North. The situation 

is represented by the spherical triangle In Fig. 3.20; note that a, b 

and c are arclengths expressed as angles subtended at the Earth's 

centre. The latitude and longitude of A and B are used to f ind a, b 

and 7 as follows: 

a = 90" - (Latitude of B) 

b = 90** - (Latitude of A) 

T = [(Longitude of A) - (Longitude of B) 

The following two Napier equations (Universal Encyclopedia of 

Mathematics 1964) are used to find (a + j3 )/2 and ( a - j 8 )/2: 
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f inal 
course 

A = I n i t i a l position 
B = Final position 
C = Pole (North or South) 

a = Colatitude of B 
b = Colatitude of A 
c = Distance expressed as 

an angle 

Ot = I n i t i a l course 
j3 = 180* - f ina l course 
7 = Difference in longitude 

between A and B 

Figure 3-20 Spherical triangle for calculating the 
latitude and longitude of B. 
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Figure 3-21 Block diagram of the K-means 
clustering algorithm. 

^2u 



\ 2 I \2i 

sin 
\ 2 , 

tan 

(3.36) 

(3.37) 

Hence 

— ( ^ ) + ( ^ ) 

, ^ ( ^ ) - ( ^ ) 

I f the f ina l position is East of the i n i t i a l one, the i n i t i a l course is a 

and the f ina l course is 180** - (3 . Otherwise, the i n i t i a l course is 

360** - a and the f inal course is SSO** - (180** - jS ) = 180** + j8 . 

The length of arc c (as an angle) is determined from: 

(3.38) 

The length of arc c is 60c nautical miles, since one nautical mile 

subtends one minute of arc (l/eo**) at the Earth's centre. One nautical 

mile is equivalent to 1.15078 statute miles or 1.852km. The ship's 

average speed may be found from the distance, provided that the total 

time is known. Spherical trigonometry provides a general solution; 

however there are two special cases which may be solved more easily. 

The f i r s t arises when the ship's path is along a meridian, i . e . the 

longitudes of A and 8 are equal. In this case the distance in nautical 

miles is simply: 

60 (latitude of A) - (latitude of B) 

1 2 5 



with the condition that the latitudes are expressed in degrees. The 

course is either due North or due South, depending upon the f ina l 

position. The second special case is parallel sai l ing, i . e . A and B 

have the same lat i tude. The distance in nautical miles i s : 

60 (longitude of A) - (longitude of B) .cos (latitude) 

The course is either due West or due East, depending upon the f ina l 

position. 

Knowing the ship's i n i t i a l position, course and average speed, the 

position of a sample point may now be found from the corresponding 

elapsed time. The distance from the departure position in nautical 

miles i s : 

Average speed (knots) x Elapsed time (minutes) 
60 

Thus the value of c in degrees i s : 

c = Average speed (knots) x Elapsed time (minutes) 
602 

As before, b is 90" - (latitude of A), and a is the i n i t i a l course. 

With these values for b, c and a, the following equations are solved 

for (/3 + T) /2 and ( / 3 - T ) / 2 : 
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ton I 2 ) 
C O S (H^)--(f) 

tan / / 3 - 7 \ 
\ 2 

sin ( ¥ ) 

*(¥)- '™(f) 

These two equations are identical in form to Eqs. 3.36 and 3.37 and 

d i f f e r only in the variables. Further forms may be produced by cyclic 

permutation of the variables. 7 is simply: 

' ~ V 2 j I 2 , 

The longitude of the sample position is 

(longitude of A) + 7 

The latitude of the sample position is found by solving the following 

equation for a/2: 

^ / b - c \ . f^+A 
t a n ( — ) . s . n ( — ) 

tan 4 

sin I 2 ; 

This equation has the same form as Eq. 3.38. The latitude of the 

sample position Is just 90** - a. The latitude and longitude of the 

sample position may now be submitted to the rect i f icat ion program to 

f ind the corresponding pixel in the CZCS image. 

127 



The method described In this section was verif ied by comparing i t s 

results with those produced by a special-purpose navigational 

calculator, namely the Tamaya Digital Navigation Computer NC77. 

3.3.2.2. Spectral clustering techniques 

Spectral clustering Is an alternative method to spectral ratios for 

mapping chlorophyll concentration in which each data sample or pixel is 

represented by a vector in multi-dimensional measurement space. I t 

operates by locating distinct clusters of pixels In multispectral 

space; a cluster being a collection of pixels sharing approximately the 

same spectral characteristics. Clustering thus detects the Inherent or 

natural structure of data and is well suited to the analysis of land 

cover, in which the different soi ls , vegetation etc. are assumed to 

have unique spectral signatures or positions in multispectral space. 

However, data collected by the CZCS over the sea does not f a l l into 

dist inct classes as chlorophyll concentration varies continuously 

throughout an Image. Fortunately, clustering may be pressed into 

service here by forcing i t to sp l i t the one chlorophyll class into an 

arbitrary number of sub-classes, each corresponding to a different 

range of chlorophyll concentrations. Therefore the clustering 

described here is not clustering in the usual sense of the term. 

Clustering is a useful technique because i t can function without any a 

pr ior i knowledge of the sea. The resulting sub-classes may be ordered 

to represent an Increasing chlorophyll scale, and so may be used to 

produce a map of relative concentration. There s t i l l remains the 

problem of assigning absolute concentrations to each sub-class, which 

cannot be achieved without recourse to seatruth. 
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Clustering is an example of s ta t is t ical pattern recognition; more 

specifically i t is unsupervised classif ication since the clusters or 

sub-classes generated are solely a function of the spectral images. In 

contrast, supervised classification requires ' training data' to 

characterise the expected classes before analysis commences. In fact , 

unsupervised classification does not operate in a to ta l ly independent 

manner as the user must specify certain parameters. An introduction to 

pattern recognition is provided by Swain and Davis (1978) while a more 

detailed text is available by Tou and Gonzalez (1974). 

One of the simplest clustering algorithms is the 'K-means' one (Tou and 

Gonzalez 1974), a block diagram of which is presented in Fig. 3.21. 

The algorithm operates i terat ively by minimising a performance index, 

which indicates the total error in the representation of the data as 

clusters. The performance index is defined as the sum of the squared 

distances between each vector in a cluster and the centre of the 

cluster. The vector represents the pixel 's response in several 

spectral channels. The specific steps involved are: 

i ) Choose K i n i t i a l cluster centres, each of which is defined by 

a vector. The selection is arbitrary and may simply be the 

f i r s t K samples or pixels from the image. The value of K is 

specified by the user. 

i i ) Using a distance metric to measure the distance between a 

pixel and a cluster centre, each pixel is assigned to the 

cluster whose centre is nearest the p ixe l . Several distance 

metrics are discussed la ter . 
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i i i ) New cluster centres are found by calculating the mean vector 

from those pixels currently belonging to each cluster. This 

has the effect of minimising the performance index mentioned 

above. 

iv) The algorithm terminates when the updated cluster centres are 

the same as those in the previous i te ra t ion . This condition 

may be relaxed by introducing a convergence threshold, so that 

convergence is achieved when the difference between successive 

cluster centres is below the threshold. 

Three distance or point-to-point metrics were used: Hamming (Devijver 

and Ki t t l e r 1982), Euclidean (Tou and Gonzalez 1974) and weighted 

distance (Michael and Lin 1973). These are defined respectively by: 

n 
2 
1=1 

n 
dE(X,M) = S K - f " / = (X-M)^X-M) 

1=1 * ^ 

<(X.M) = Z - H - (3.39) 
" 1=1 sdĵ  

where d is the distance between X and M, X is the vector representing 

the pixel 's radiance in n spectral channels, and M is the mean vector 

representing the centre of the cluster. Elements of vectors X and M 

are represented by x̂  and m̂  and superscript T denotes the vector 

transpose, sd̂  is the standard deviation of the samples 

belonging to the cluster in channel 1. 
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The a l g o r i t h m t e r m i n a t e s or converges when s u c c e s s i v e mean v e c t o r s 

( r e p r e s e n t i n g the c l u s t e r c e n t r e s ) d i f f e r by l e s s than a u s e r - s p e c i f i e d 

convergence t h r e s h o l d . T h i s t h r e s h o l d a f f e c t s both the a c c u r a c y of 

c l a s s i f i c a t i o n and the computer t ime ( F i g . 3 . 2 2 ) , and i t s v a l u e must be 

chosen c a r e f u l l y . As c l u s t e r i n g o f a l a r g e reg ion may take s e v e r a l 

h o u r s , a t r i a l - a n d - e r r o r approach i s i n c o n v e n i e n t fo r s e l e c t i n g the 

optimum v a l u e . T h i s d i f f i c u l t y i s addressed h e r e . Assume t h a t the 

d i f f e r e n c e between i t e r a t i o n s ( r ) and ( r+1) i s j u s t one sample 

for the j ^ ^ c l a s s : 

~ ~ (3 40) 
Xea)j(r+1) X€aJ.(r) 

where X i s a v e c t o r r e p r e s e n t i n g each sample and X c 

s i g n i f i e s t h a t the samples belong to c l a s s j fo r the r^^ 

i t e r a t i o n . E q . 3 .40 i s s imply a comparison of the membership of the 

j ^ ^ c l a s s before and a f t e r the ( r+1)^^ i t e r a t i o n . D i v i d i n g E q . 

3 .40 by the number of samples Cj in the j ^ ^ c l a s s g i v e s : 

- - J r S x = ^ ( 3 . 4 1 ) 
) XeWj(r*1) 1 X€CJj(r) Cj 

As suming t h a t C j » 1, E q . 3.41 becomes 

Mj(r*1) - Mj(r) = ( 3 . 4 2 ) 

where Mj r e p r e s e n t s the mean v e c t o r of c l a s s j . Thus the mean 

v e c t o r has changed by an amount equal t o the 'new member' X^ 

d i v i d e d by the t o t a l number of samples in the c l a s s . Hence, i f the 

d i f f e r e n c e between s u c c e s s i v e mean v e c t o r s exceeds ^ j ^ ^ J * 

one may conclude t h a t one or more samples have been r e a l l o c a t e d to 
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Computer 
time 

C l a s s i f i c a t i o n 
e r r o r 

Time 

10 
Convergence t h r e s h o l d 10 

F i g u r e 5 .22 Graph showing t y p i c a l v a r i a t i o n of 
c l a s s i f i c a t i o n e r r o r and computer 
time a g a i n s t the convergence 
t h r e s h o l d . 
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class j during the i t e r a t i o n . Eq. 3.42 may be extended to a l l 

classes by replacing X by the mean value of the j ^ ^ class M.; i t 

may also be generalised by replacing C. by C, the mean number of 
J 

samples per c lass: 

M j ( r ^ l ) . Mj( r ) « M j l r ^C (3.43) 

The convergence threshold is then estimated by the right-hand side of 

Eq. 3.43, but th i s quanti ty is a vector and only applies to the 

j c lass. This is remedied by subst i tu t ing the fol lowing scalar 

quanti ty for M j ( r ) which is va l id for any class and any channel 

because i t is an average over a l l classes and channels: 

where n is the number of spectral channels, K is the number of classes 

and mj^ is the radiance in channel 1 of a pixel belonging to 

class j . The convergence threshold CONV is therefore: 

or : 

n K 

C nK 1=15=1 ^ 

n K 

CONV = -T^rSS'^ii (3.44) 
M j=1 ^ 

where N = KC is the to ta l number of pixels or samples. Despite the 

fact that several gross assumptions were made in the der ivat ion of Eq. 

3.44, i t provides a very useful method for estimating the convergence 
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t h r e s h o l d . T h i s was i n c o r p o r a t e d i n t o the c l u s t e r i n g program so t h a t 

an a p p r o p r i a t e t h r e s h o l d was c a l c u l a t e d a u t o m a t i c a l l y fo r each 

i t e r a t i o n . 

U n f o r t u n a t e l y , the r e s u l t s produced by the K-means a l g o r i t h m a r e 

a f f e c t e d by the f o l l o w i n g f a c t o r s (Tou and Gonza lez 1974 ) : 

i ) The number of i n i t i a l c l u s t e r s s p e c i f i e d , 

i i ) The c h o i c e of i n i t i a l c l u s t e r c e n t r e s , 

i i i ) The order in which the samples are t a k e n , 

i v ) The geometr ica l p r o p e r t i e s of the d a t a . 

I f the data compr ises compact , d i s t i n c t c l a s s e s which are we l l 

s e p a r a t e d from each o t h e r , then t h e s e f a c t o r s have n e g l i g i b l e e f f e c t . 

However, t h i s i s not the c a s e fo r CZCS data and i t i s d i f f i c u l t to 

produce c o n s i s t e n t r e s u l t s w i th t h i s method. For t h i s r e a s o n , the K-

means method was abandoned, and i n s t e a d the ISOCLS techn ique was 

i n v e s t i g a t e d . 

The ISOCLS c l u s t e r i n g a l g o r i t h m ( E . S . L . 1976, Townshend and J u s t i c e 

1980) i s an i t e r a t i v e a l g o r i t h m i n c o r p o r a t i n g i n t u i t i v e mechanisms 

which permit c l u s t e r s to be s p l i t or combined and which prevent 

c l u s t e r s c o n t a i n i n g very few p i x e l s from being formed. I n i t i a l l y , a l l 

p i x e l s a re p laced in one l a r g e c l u s t e r or c l a s s which i s then 

p a r t i t i o n e d i n t o two c l u s t e r s , whose c e n t r e s a r e p l u s / m i n u s one 

s t a n d a r d d e v i a t i o n from the o r i g i n a l c l u s t e r c e n t r e . Each of t h e s e 

c l a s s e s i s then s p l i t in a s i m i l a r way, and the p r o c e s s i s con t inued 

u n t i l a l l c l a s s e s have a mean s tandard d e v i a t i o n l e s s than a t h r e s h o l d 

va lue or u n t i l the number of p i x e l s per c l a s s becomes too s m a l l . At 
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t h i s s tage lumping commences, such t h a t any p a i r of c l a s s e s whose 

i n t e r c l u s t e r d i s t a n c e i s l e s s than a lumping t h r e s h o l d a r e merged. 

T h i s p r o c e s s i s repeated u n t i l a l l i n t e r c l u s t e r d i s t a n c e s exceed the 

lumping t h r e s h o l d . The ISOCLS a l g o r i t h m i s o u t l i n e d in F i g . 3 .23 and 

in f u l l d e t a i l by the f o l l o w i n g sequence of s t e p s : 

1) S t o r e image or reg ion in an a r r a y , such tha t each p i x e l i s a 

m u l t i s p e c t r a l v e c t o r X. S p e c i f y the f o l l o w i n g p a r a m e t e r s : 

i ) r-lAXSO - Maximum va lue of the mean s tandard d e v i a t i o n f o r 

any c l a s s . I f a c l u s t e r ' s s tandard d e v i a t i o n exceeds 

t h i s t h r e s h o l d then i t w i l l be s p l i t i n t o two. 

i i ) MINP - Minimum number of p i x e l s per c l a s s . Used to 

prevent c l u s t e r s becoming s m a l l e r than t h i s s i z e . 

i i i ) LC - Lumping c o e f f i c i e n t . 

i v ) D i s t a n c e m e t r i c - Hamming, E u c l i d e a n or weighted 

d i s t a n c e . 

2) D i s t r i b u t e the samples between the c u r r e n t K c l u s t e r s u s i n g 

the f o l l o w i n g c r i t e r i o n : 

x e o ; < 
n 

1=1 

i = l , 2 , . . . , k ; j + i 

T h i s c r i t e r i o n uses the Hamming m e t r i c but e q u i v a l e n t c r i t e r i a 

app ly fo r the E u c l i d e a n and weighted minimum d i s t a n c e m e t r i c s . 

XecOj denotes tha t the sample or p i x e l X i s a s s i g n e d to c l a s s 
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1 S p e c i f y 
parameters 
——J 
2 D i s t r i b u t e p i x e l s 
amongst c l u s t e r s 

5 C a l c u l a t e new 
c l u s t e r c e n t r e s & 
v a r i o u s s t a t i s t i c s 

Number of 
p i x e l s per c l a s s 

>MINP 
9 

4 
Lumping 
s t a r t e d 

9 

Y 
6 

Mean 
standard d e v i a t i o n 

per c l a s s 
>MAXSD 

9 

7 S p l i t c l u s t e r 
i n t o two 

K unchanged 

VALUE 

10 Combine c l u s t e r 
c e n t r e s 

hanged 

12 C a l c u l a t e the 
c o v a r i a n c e matrix 
and order the 

c l u s t e r s 

1} P r i n t out 
and s t o r e 
the r e s u l t s 

12 C a l c u l a t e the 
c o v a r i a n c e matrix 
and order the 

c l u s t e r s 

1} P r i n t out 
and s t o r e 
the r e s u l t s 

F i g u r e 5 .23 Flowchart f o r the I S X L S c l u s t e r i n g algorithm, 
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j i f the c r i t e r i o n i s s a t i s f i e d , n i s the number of s p e c t r a l 

c h a n n e l s , x^ i s the 1̂ *̂  element or channel of the sample 

v e c t o r X and m.^ , m^̂  a r e the 1^^ e lements of the mean 

v e c t o r M f o r c l a s s e s i , j . The c r i t e r i o n s imp ly a s s e r t s t h a t 

the p i x e l i s a s s i g n e d to the c l u s t e r whose c e n t r e i s n e a r e s t . 

3) i ) C a l c u l a t e the mean v a l u e m^̂  of each c l a s s / c l u s t e r i 

f o r each channel or e l e m e n t . The new c l a s s c e n t r e s M̂  

a r e t h e n : 

M: = 

i i ) C a l c u l a t e the s tandard d e v i a t i o n v e c t o r fo r c l a s s i 

sd. 

sd i1 

in 

where s d ^ ^ sd^2 s tandard d e v i a t i o n s of 

the X j v a l u e s , X2 v a l u e s , e t c . w i t h : 

X = 

Of c o u r s e , o n l y those samples (X) in c l a s s i a r e 

c o n s i d e r e d . 
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i i i ) C a l c u l a t e the mean s tandard d e v i a t i o n per c l a s s , 

sdm^. T h i s i s a s c a l a r q u a n t i t y c a l c u l a t e d a s : 

T h i s i s s imply the mean of the e lements of the s t a n d a r d 

d e v i a t i o n v e c t o r sd^ 

i v ) C a l c u l a t e the d i s t a n c e between c l u s t e r s i and j , d^j 

(Townshend and J u s t i c e 1980) : 

1 = 1 

d . . i s known as the i n t e r c l u s t e r d i s t a n c e 

4 ) I f the lumping p r o c e s s has s t a r t e d , go to ( 9 ) , i . e . s k i p over 

the s p l i t t i n g s t a g e . O t h e r w i s e , proceed t o ( 5 ) . 

5) I f the number of p i x e l s per c l a s s i s l e s s than MINP, go to 

( 8 ) , i . e . avo id the s p l i t t i n g s t a g e . O t h e r w i s e , proceed to 

( 6 ) . 

6 ) I f the mean s tandard d e v i a t i o n per c l a s s i s l e s s than MAXSD, 

go to ( 8 ) , i . e . avo id s p l i t t i n g . O t h e r w i s e , proceed t o ( 7 ) . 

7 ) S p l i t c l u s t e r c e n t r e M. i n t o two new c l u s t e r s wi th c e n t r e s 

and M.", d i s p l a c e d from M̂ . by +1 s t a n d a r d 

d e v i a t i o n , i . e . (Townshend and J u s t i c e 1980) : 
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MT = M. . s d . 

These a r e both v e c t o r e q u a t i o n s . A l s o i n c r e a s e the number of 

c l u s t e r s K by one . Proceed t o ( 8 ) . 

8 ) I f K has i n c r e a s e d by one , or i s g r e a t e r than one , go to ( 2 ) , 

i . e . commence next i t e r a t i o n . O t h e r w i s e , proceed to ( 9 ) . 

9) I f the i n t e r c l u s t e r d i s t a n c e d ^j of any p a i r of c l u s t e r s 

( i and j ) i s l e s s than the f o l l o w i n g q u a n t i t y : 

C-.sdm. H- C.,sdm.' 
3 3 . LC 

then go to ( 1 0 ) , i . e . the merging or lumping s t a g e ; C . and 

C . a re the number: 
J 

O t h e r w i s e , go to (12 ) 

C . a re the numbers of p i x e l s in c l u s t e r s i and j 
J 

10) Combine c l u s t e r s i and j by c a l c u l a t i n g the new combined 

c l u s t e r c e n t r e M* from 

1 - j 

where M. and M. a re the o ld c l u s t e r c e n t r e s . A g a i n , t h i s 

i s a v e c t o r e q u a t i o n , and hence must be performed fo r each 

channel in t u r n , in order to produce a l l the e lements o f the 
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v e c t o r q u a n t i t i e s . The c l a s s number K i s reduced by o n e . 

Proceed to ( 1 1 ) . 

11) I f the c l a s s number K has d e c r e a s e d by one or exceeds 1, go to 

( 2 ) , i . e . commence next i t e r a t i o n . O t h e r w i s e , proceed to 

( 1 2 ) . 

12) C a l c u l a t e the c o v a r i a n c e m a t r i x . Order the c l a s s / c l u s t e r 

numbers such t h a t they r e p r e s e n t a s c a l e of i n c r e a s i n g 

c h l o r o p h y l l c o n c e n t r a t i o n , i . e . c l a s s 1 - lowest c o n c e n ­

t r a t i o n up to c l a s s K - h i g h e s t c o n c e n t r a t i o n . T h i s i s 

a c h i e v e d by r e f e r r i n g to the d i f f e r e n c e in r a d i a n c e between 

CZCS c h a n n e l s 1 and 2 , which a r e both dependent upon 

c h l o r o p h y l l c o n c e n t r a t i o n , but w i th d i f f e r e n t s e n s i t i v i t i e s . 

Proceed t o ( 1 3 ) . 

13) P r i n t out s t a t i s t i c s and s t o r e the c o v a r i a n c e matr ix and c l a s s 

mean v a l u e s ( c l u s t e r c e n t r e s ) M ^ i n a f i l e f o r l a t e r 

u s e . The c l a s s number fo r each p i x e l i s s t o r e d in another 

f i l e . 

The a l g o r i t h m e s s e n t i a l l y c o n s i s t s of two l o o p s : one for s p l i t t i n g 

c l u s t e r s ( s t a g e s 2 , 3 , 8 ) and the o ther fo r combining c l u s t e r s 

( s t a g e s 2 , 3 , 4 , 9 , 10 , 1 1 ) ; r e f e r to F i g . 3 . 2 3 . The number of c l a s s e s 

cannot be d i r e c t l y s p e c i f i e d and depends upon MAXSD, LC and the 

s t r u c t u r e of the data in an u n p r e d i c t a b l e manner. T h e r e f o r e , i f a 

p a r t i c u l a r number of c l a s s e s i s r e q u i r e d , the o n l y approach i s a t r i a l -

a n d - e r r o r one . The r e s u l t s w i th the ISOCLS a l g o r i t h m do not depend 

upon the c h o i c e of i n i t i a l c l u s t e r c e n t r e s or the order in which 
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samples are taken because the a l g o r i t h m s t a r t s wi th j u s t one c l u s t e r 

c o n t a i n i n g a l l s a m p l e s . 

The ISOCLS a l g o r i t h m may be a p p l i e d d i r e c t l y to an image or r e g i o n , but 

l i k e most c l u s t e r i n g a l g o r i t h m s i t has a c o l o s s a l a p p e t i t e fo r computer 

t i m e . For example, u n s u p e r v i s e d ISOCLS c l u s t e r i n g of a 73 by 185 p i x e l 

reg ion took s i x hours y e t t h i s reg ion r e p r e s e n t s o n l y 3.4X of a f u l l 

image (768 by 512 p i x e l s ) . At t h i s j u n c t u r e , the techn ique of 'mono-

c l u s t e r b l o c k s ' (F leming and H o f f e r 1977) was in t roduced t o 

d r a m a t i c a l l y reduce the computer t i m e . T h i s i s a two s tage h y b r i d 

t echn ique which overcomes the d i f f i c u l t y of c l u s t e r i n g a l l the i m a g e ' s 

p i x e l s by on ly c l u s t e r i n g a smal l number which are r e p r e s e n t a t i v e of 

the image as a w h o l e . The r e s u l t i n g c l a s s e s are c h a r a c t e r i s e d 

s t a t i s t i c a l l y i n o rder to c l a s s i f y the whole image by e x t r a p o l a t i o n . 

The f i r s t s tage i s the s e l e c t i o n of smal l heterogeneous b l o c k s (1000 -

2000 p i x e l s ) which between them must i n c l u d e p i x e l s from a l l c l a s s e s 

p r e s e n t i n the image. The ISOCLS c l u s t e r i n g a l g o r i t h m i s then a p p l i e d 

t o t h e s e b l o c k s en masse to produce a mean v e c t o r for each c l a s s and 

the c o v a r i a n c e mat r ix which c o l l e c t i v e l y c h a r a c t e r i s e the c l a s s e s or 

c l u s t e r s . The second s tage i s the use of t h e s e s t a t i s t i c s by one of 

two e x t r a p o l a t i o n methods ( d e s c r i b e d below) to c l a s s i f y the whole 

image. T h i s does not i n v o l v e any c l u s t e r i n g and i s a much f a s t e r 

p r o c e s s , e . g . the c l a s s i f i c a t i o n of one f u l l image (768 by 512 p i x e l s ) 

took j u s t 90 minutes u s i n g the q u i c k e r of the two e x t r a - p o l a t i o n 

methods. The m o n o - c l u s t e r b l o c k s techn ique i s o u t l i n e d in F i g . 3 . 2 4 a . 

The two e x t r a p o l a t i o n methods used were: maximum l i k e l i h o o d and 

weighted minimum d i s t a n c e . The former assumes t h a t each c l a s s or 

c l u s t e r i s a m u l t i v a r i a t e normal (or G a u s s i a n ) d i s t r i b u t i o n which may be 
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S e l e c t heterogeneous b l o c k s 
r e p r e s e n t a t i v e of a l l c l a s s e s 

Combine i n t o one group 

i 
C l u s t e r i n t o K c l a s s e s 

1 
Produce s t a t i s t i c s f o r each 

of the K c l a s s e s 

I 
C l a s s i f y whole image i n t o 

K c l a s s e s 

( a ) 

S e l e c t heterogeneous 
b l o c k s f o r c o a s t a l 
water a r e a s only 

Combine i n t o one group 

C l u s t e r i n t o one c l a s s 

Produce s t a t i s t i c s f o r 
one c l a s s 

S e l e c t heterogeneous 
b l o c k s f o r a r e a s of 
open ocean only 

Combine i n t o one group 

C l u s t e r i n t o K c l a s s e s 

Produce s t a t i s t i c s f o r 
K c l a s s e s 

Combine s t a t i s t i c s 
f o r (K+1) c l a s s e s 

E x t r a p o l a t e / c l a s s i f y 
whole image i n t o 
(K-t-1) c l a s s e s 

F i g u r e 5 .24 F l o w c h a r t s f o r ; ( a ) mono-cluster b l o c k s 
approach and ( b ) modified mono-cluster 
b l o c k s method which accounts f o r c o a s t a l 
w a ters. 
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c h a r a c t e r i s e d by i t s mean and s tandard d e v i a t i o n . However, s i n c e the 

d i s t r i b u t i o n i s m u l t i v a r i a t e , each s tandard d e v i a t i o n i s r e p l a c e d by 

the c o v a r i a n c e mat r ix whose elements denote v a r i a n c e s and c o v a r i a n c e s 

(Tou and Gonzalez 1 9 7 4 ) . These s t a t i s t i c s permit the c a l c u l a t i o n of 

the p r o b a b i l i t y o f a g iven p i x e l o r sample be long ing t o each of the 

c l a s s e s . N a t u r a l l y , the c l a s s f o r which the p r o b a b i l i t y i s a maximum 

i s the one to which the p i x e l i s a s s i g n e d . The p r o b a b i l i t y d e n s i t y 

f u n c t i o n fo r the normal m u l t i v a r i a t e d i s t r i b u t i o n i s (Swain and Dav is 

1978 ) : 

w i t h : „ J -1 
= ( X - M / 5 : , - ( X - M . ) ( 3 . 4 5 b ) 

where p(X \o)^ i s the c o n d i t i o n a l p r o b a b i l i t y d e n s i t y f u n c t i o n , i . e . the 

p r o b a b i l i t y d e n s i t y of X assuming t h a t X i s from c l a s s i , n i s the 

number of c h a n n e l s , X I s the sample v e c t o r and i s the mean 

v e c t o r fo r c l a s s i . 2 ^ does not r e p r e s e n t a summation but i s 

the c o v a r i a n c e mat r ix f o r c l a s s i and | S i | i s the determinant of ZT^ . 

The ' T ' and * - l ' s u p e r s c r i p t s denote the t r a n s p o s e and i n v e r s e 

r e s p e c t i v e l y . However, the maximum l i k e l i h o o d d e c i s i o n r u l e i s t h a t X 

be longs to c l a s s o)^ i f and on ly i f (Swain and Davis 1978 ) : 

p(X|6J^),p(Wi) > p(X|cOj).p(cOj) ( 3 , 4 6 ) 

j = l , 2 , . . . , K ; j ^ i 
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where p(co^) i s the p r o b a b i l i t y of o c c u r r e n c e of c l a s s o)^. T h i s 

d e c i s i o n r u l e i s an example of the Bayes c l a s s i f i c a t i o n s t r a t e g y w i th a 

ze ro -one l o s s f u n c t i o n . The e s s e n c e of Bayes c l a s s i f i e r s i s the 

m i n i m i s a t i o n of the average l o s s or m i s c l a s s i f i c a t i o n , which i s 

e q u i v a l e n t to the max imisa t ion of the l i k e l i h o o d or c o r r e c t 

c l a s s i f i c a t i o n . In most c i r c u m s t a n c e s though, the v a l u e s of pio)^) 

are not known and the usual p r a c t i c e i s to assume t h a t they a r e a l l 

e q u a l , in which c a s e the d e c i s i o n r u l e i s : 

P(x|a) . ) > p(X|ct|j) ( 3 . 4 7 ) 

j = l , 2 , . . . , K ; j ^ i 

T h i s s t r a t e g y d i s c r i m i n a t e s in favour of those c l a s s e s which o c c u r 

r a r e l y . For c l a s s i f i c a t i o n p u r p o s e s , the s p e c i f i c p r o b a b i l i t y 

d e n s i t i e s a re not r e q u i r e d ; on ly an i n d i c a t o r of the most l i k e l y c l a s s 

i s needed. E q . 3 .45 may t h e r e f o r e be conver ted i n t o a s i m p l e r form by 

t a k i n g n a t u r a l l o g s (Tou and Gonzalez 1974 ) : 

ln[p(x|aJ,.)] = -yln(27r) - j l n l S i l - 1̂ /2 ( 3 . 4 8 ) 

S i n c e the term i n c l u d i n g 27r i s the same fo r a l l c l a s s e s , the maximum 

l i k e l i h o o d c l a s s i f i e r o p e r a t e s by maximis ing the f o l l o w i n g d e c i s i o n 

f u n c t i o n : 

g.(X) = -iln|Zi| - ^ ( X - M ^ Zf(X-M.) ( 3 . 4 9 ) 



The c l a s s to which X i s a s s i g n e d i s t h e r e f o r e the one which maximises 

E q . 3 . 4 9 , s i n c e t h i s i s the c l a s s which maximises the l i k e l i h o o d of 

c o r r e c t c l a s s i f i c a t i o n . A l t e r n a t i v e l y , by t a k i n g the n e g a t i v e of E q . 

3 . 4 9 , the c l a s s i f i c a t i o n may be performed by m i n i m i s i n g g . ' ( X ) : 

g;(X) = - g / x ) 

= lln Z, -H - ^ ( X - M / ( X - M . ) ( 3 . 5 0 ) 

The second e x t r a p o l a t i o n method i s much s i m p l e r and uses the weighted 

minimum d i s t a n c e f u n c t i o n , as g iven by E q . 3 . 3 9 . T h i s may be regarded 

as an E u c l i d e a n d i s t a n c e measure i n v e r s e l y weighted by the s tandard 

d e v i a t i o n . In t h i s c a s e the p i x e l i s a s s i g n e d to the n e a r e s t c l u s t e r , 

i . e . the one wi th the s m a l l e s t weighted d i s t a n c e : 

x e if d^(x,M.) < d^(X,M.) 
j = l , 2 , . . . , K ; j H 

T h i s method tends to a s s i g n any p i x e l s , which do not l i e in c l o s e 

prox imi ty to a c l u s t e r c e n t r e , to a c l a s s wi th a l a r g e s t a n d a r d 

d e v i a t i o n . In t h i s way, ' s t r a y ' p i x e l s a r e p l a c e d in c l u s t e r s which 

are h i g h l y d i s p e r s e d . From l i m i t e d t e s t s the weighted minimum d i s t a n c e 

c l a s s i f i e r was found to be about t h r e e t imes as f a s t as the maximum 

l i k e l i h o o d one and the d i s c r e p a n c y in c l a s s i f i c a t i o n between t h e s e two 

methods amounted to no more than 5% of a l l p i x e l s . 
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The s t r a i g h t f o r w a r d m o n o - c l u s t e r b l o c k s t e c h n i q u e ( F i g . 3 . 2 4 a ) was 

extended to t a k e account of c o a s t a l w a t e r s , whose s p e c t r a l 

c h a r a c t e r i s t i c s a r e d i s t i n c t from t h o s e of open o c e a n s . The mod i f i ed 

method ( F i g . 3 .24b) t h e r e f o r e t r e a t s Case I and I I wa te rs s e p a r a t e l y i n 

the product ion of s t a t i s t i c s f o r e x t r a p o l a t i o n . 

F i n a l l y , the v a r i o u s c l u s t e r i n g parameters were a d j u s t e d on each 

o c c a s i o n to generate seven or e i g h t c h l o r o p h y l l s u b - c l a s s e s , each of 

which was d i s p l a y e d as a d i f f e r e n t c o l o u r u s i n g the p s e u d o - c o l o u r 

f a c i l i t y . 

146 



CHAPTER 4 

ATMOSPHERIC CORRECTION • THE REMOVAL OF UNMANTED ATMOSPHERIC SIGNALS 

The l i t e r a t u r e on .atmospheric correction is very dispersed and no 

single source provides a f u l l description and detai led solut ion of the 

problem. For th i s reason, the f i r s t seven sections of th i s chapter 

represent a unique c o l l a t i o n of material from a wide var ie ty of 

sources. The remaining sections (4.8 to 4.11) consider more detai led 

aspects which do not appear in the l i t e r a t u r e . 

4.1 INTRODUCTION 

Passive remote sensing of the sea Is achieved by measuring the solar 

energy which has interacted with the constituents wi th in the water 

body. In the v i s i b l e part of the electromagnetic spectrum, in which 

the CZCS operates, there are also interact ions both between sunlight 

and the water surface, and the atmosphere. This renders the extract ion 

of the water-leaving radiance from the t o t a l radiance measured by the 

s a t e l l i t e a less s traightforward task. This may only be accomplished 

by making an accurate estimate of the radiance generated by these 

unwanted in te rac t ions . At short v i s i b l e wavelengths the water-leaving 

radiance may comprise only 20% or less of the t o t a l s a t e l l i t e radiance 

{Hovis and Leung 1977); the remaining 80% or more conveys Information 

about the atmosphere and the sea-surface s ta te . The problem is less 

acute with t e r r e s t r i a l remote sensing due to the larger radiance 

ref lec ted from the land's surface. Although the term 'atmospheric 

cor rec t ion ' is used to describe the process of removing unwanted 

s ignals . I t takes Into account the r e f l e c t i o n of radiance at the sea 

surface in addit ion to the atmospherically generated radiance. 
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The pr inc ipa l interact ions which need to be considered when dealing 

with atmospheric correct ion in the v i s i b l e region are scattering or 

scat tering with a small amount of absorption. Atmospheric turbulence 

and r e f r ac t ion are negl ig ib le (Fleagle and Businger 1980). Of 

secondary importance i s the r e f l e c t i o n of sunlight at the water surface 

due to the change in r e f r a c t i v e index. 

In order to produce a pract ical so lu t ion , a model is required to 

account fo r the unwanted radiances. This model is developed a f t e r 

considering the appropriate background physics and character is t ics of 

the Sun and atmosphere. 

4.2 THE PHYSICS OF ENERGY-MATTER INTERACTIONS 

Electromagnetic energy interacts with matter in several complex ways; 

l a rge ly through the e l e c t r i c vector. In v i s i b l e remote sensing i t is 

the in terac t ion between l i g h t and atmospheric or hydrospheric mate r ia l , 

e i ther in the form of individual par t ic les or in bulk, with which we 

are concerned. 

4.2 .1 Scat ter ing 

Pure scat tering is the absorption and re- radia t ion of incident energy 

with no loss of energy (Sears 1949). Electromagnetic energy incident 

upon an atom causes i t s electrons to behave as dipoles which o s c i l l a t e 

in sympathy with the e l e c t r i c f i e l d , and in so doing emit radiat ion 

(Rossi 1967, Stone 1963). This mechanism i s the basis of the 

scat tering process and the theory was f i r s t developed by Lord Rayleigh 

(1871a,b,c) who at the time was invest igat ing the colour of the sky. 

He also showed that atmospheric gases (nitrogen and oxygen) are 

responsible and not dust as previously bel ieved. Rayleigh's theory. 
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however, only applies to par t ic les whose size is much smaller than the 

rad ia t ion ' s wavelength, such as molecules. The amount of scattered 

energy is inversely proportional to the four th power of wavelength and 

the var ia t ion with scattering angle i / / i s given by the Rayleigh phase 

funct ion Pp {\J/):-

See Figs. 4.1 and 4 .2 . This expression is only va l id fo r unpolarised 

l i g h t . Hence the amount of scattered energy in the forward and 

backward direct ions ( t/' = 0, TT ) 1s double that In the d i r ec t ion 

perpendicular to the incident beam (yJ/= 7r/2), 

An almost completely general theory of scat tering was developed by Mie 

(1908), which applies to spherical par t ic les and is va l id f o r any 

pa r t i c l e size and radiat ion wavelength, Mie's theory d i f f e r s from 

Raylelgh's in considering the pa r t i c l e as a co l l ec t ion of mul t ipoles , 

not simply a single d ipo le . The solut ion takes in to account phase 

differences due to contr ibutions from d i f f e r e n t sections of the 

pa r t i c l e and involves in tegrat ion of Maxwell's equations. This 

mathematically complex theory shows how the phenomena of sca t te r ing , 

r e f l e c t i o n , absorption, d i f f r a c t i o n and r e f r ac t i on a l l stem from the 

solut ion of the same set of equations (Fleagle and Businger 1980). The 

scat tering behaviour of a single spherical pa r t i c l e is f u l l y determined 

by j u s t two parameters in Mie's theory: the d i f ference in r e f r a c t i v e 

index between the pa r t i c l e and the surrounding medium and a size fac tor 

which is defined by 27rr/X, where r Is the p a r t i c l e ' s radius and X i s 

the wavelength of the incident energy (Meyer-Arendt 1972), The 

dependence of Mie scat tering upon wavelength varies from i , e . 
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P a r t i c l e c a u s i n g 
s c a t t e r i n g 

/ 
^ O b s e r v a t i o n 

^ > d i r e c t i o n 

D i r e c t i o n of, 
i n c i d e n t f l u x 

\j/— S c a t t e r i n g a n g l e 

F i g u r e 4-1 D e f i n i t i o n of s c a t t e r i n g ang le 

0-75 

( a ) P o l a r 

0 Wl 

(b) R e c t a n g u l a r 

F i g u r e 4 .2 R a y l e i g h phase f u n c t i o n 

j^Me ( t y p i c a l ) 
I s o t r o p i c 

R a y l e i g h 

D i r e c t i o n of 
i n c i d e n t energy 

F i g u r e 4 . 5 Comparison o f phase f u n c t i o n s . The i s o t r o p i c 
and R a y l e i g h ones have been s c a l e d up f o r 
comparison p u r p o s e s . 
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\-4 independent, to A ̂  (Slater 1983). The phase funct ion for par t ic les 
whose size is comparable wi th X is highly asymmetric with most of the 
scat tering occurring wi th in small forward angles ( F i g . 4 . 3 ) . 

The f u l l r igour of Mie theory is only necessary when the pa r t i c l e 

radius i s of the same order as the incident wavelength. Thus the whole 

range of scattering may be divided in to three categories:-

i ) Rayleigh, r « X . 

i1) Mie, X /10 < r < lOX . 

i i i ) Non-selective, r >>X. 

Non-selective scattering only arises when the pa r t i c l e size is much 

larger than the incident wavelength. Of course Mie's theory may be 

employed, but t h i s type of scat ter ing can be more eas i ly handled with 

the techniques of d i f f r a c t i o n and geometrical op t i c s . Non-selective 

scat ter ing is independent of wavelength, and causes the f l u x to be 

scattered mostly in the forward d i r e c t i o n . Scattering at small forward 

angles is largely due to d i f f r a c t i o n ; at larger forward angles the 

combined e f fec t s of r e f l e c t i o n , r e f r ac t i on and transmission are 

responsible. The l a t t e r three mechanisms are described by geometrical 

op t i c s . 

The angular d i s t r i b u t i o n of scattered f l u x , as given by the phase 

f u n c t i o n , is determined from the volume scat tering funct ion which 

depends only upon the polar angle and not the azimuth angle. The terms 

polar and azimuth angle are defined by t h e i r use in the spherical polar 

coordinate system (Arfken 1970). Therefore, the scat tering Is r a d i a l l y 
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symmetric about the axis of the incident beam. The scat ter ing 

c o e f f i c i e n t ( f o r a l l d i r e c t i o n s ) , the forward scat tering c o e f f i c i e n t 

and the backscattering c o e f f i c i e n t may a l l be derived from the volume 

scat tering funct ion (see Appendix 2 ) . 

4.2.2 Absorption 

Absorption describes the t ransfer of energy from an incident beam to 

material ly ing in i t s path. The material heats up, and since t h i s is a 

thermodynamically i r r eve r s ib l e process, i t represents a loss of energy. 

A molecule may possess energy by v i r tue of r o t a t i o n a l , v ibra t ional or 

e lectronic a c t i v i t y (Kirk 1983), The energy associated with a change 

in level in each of these cases is shown below:-

Absorption Mode 

Rotational 

Vibrat ional 

Electronic 

Energy 

Small 

Medium 

Large 

Corresponding wavelength 

> 20/xjn (Far IR & microwave) 

< 20/ixn ( In f ra - red ) 

Vis ib le range 

4.2.3 Ref lect ion 

Reflect ion at a smooth plane boundary between two transparent media of 

d i f f e r e n t r e f r ac t ive index is known as specular r e f l e c t i o n . The 

incident ray, re f lec ted ray and the normal to the boundary a l l l i e in 

the same plane, with the angles of incidence and r e f l e c t i o n being 

equal. The amount of energy r e f l ec t ed , as a f r a c t i o n of the incident 

unpolarised energy, is given by Fresnel's r e f l e c t i o n formula (Singh et 

a l . 1983):-

152 



p ( i ) = 
sin̂ ( 1 - r 1 _^ • tqn^i-r) 
sin^i + r) tanNi'+r) 

(4.2) 

where i and r are the angles of incidence and r e f r ac t ion measured from 

the normal to the boundary. These two angles are related by Snel l ' s 

law:-

n^ sin 1 = np sin r 

where n- and np are the r e f r ac t ive Indices in the incident and 

re f rac t ing media respect ively. For very small angles of 1 and r , the 

expression f o r p ( i ) s imp l i f i e s t o : 

np + ni 

The r e f r ac t i ve index may be a funct ion of temperature and wavelength. 

Figure 4,4 shows the typ ica l var ia t ion of p(1) with 1 . The reflectance 

remains small and almost constant fo r a considerable range and then 

increases dramatical ly . 

4.2.4 Overall attenuation 

Although Mie's theory is ostensibly a theory of sca t ter ing . I t also 

takes in to account absorption unlike Rayleigh's theory. This i s 

achieved by extending the r e f r ac t ive index to a complex number, whose 
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F i g u r e 4.4 V a r i a t i o n of r e f l e c t a n c e w i t h i n c i d e n t a n g l e . 
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F i g u r e 4 .5 I n c l i n a t i o n to the e c l i p t i c 
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22 

March 21 
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25 

December 
22 

E q u a t o r 

F i g u r e 4 .6 V a r i a t i o n of s o l a r d e c l i n a t i o n ang le 



imaginary part represents the absorption index. 

Rotational mechanisms or t rans la t lonal vibrat ions cause molecules to 

absorb energy strongly at certain charac ter i s t ic resonant frequencies. 

I f the incident frequency is close to one of these, then absorption 

wi 11 predominate over scat ter lng, otherwise scattering is dominant 

(Swain and Davis 1978). 

Overall reduction In the In tens i ty of an incident beam of energy is due 

to the combined e f f e c t of scattering and absorption, and Is referred to 

as at tenuat ion. The overall attenuation is expressed in terms of the 

transmittance which may be derived from the scattering and absorption 

coe f f i c i en t s or a l t e rna t i ve ly from the opt ical thicknesses f o r 

scattering and absorption processes (see Appendix 5 ) . I t should also 

be noted that there are in fac t two types of transmittance: d i rec t and 

d i f f u s e . This d i s t i n c t i o n is explained in Section 4 .6 .4 . 

The area of an incident beam which is scattered by a pa r t i c l e may be 

larger than the p a r t i c l e ' s geometric cross-section and is known as the 

scat tering cross-section. This leads to the idea of an e f f i c i e n c y 

fac tor f o r scattering which is defined as the r a t i o of the scat ter ing 

cross-section to the p a r t i c l e ' s geometric cross-section. In a s imi la r 

manner an e f f i c i e n c y factor fo r absorption may be def ined. Both 

e f f i c i e n c y factors may be found from Mie theory. 

4.3 PROPERTIES AND CHARACTERISTICS OF THE SUN AND ATMOSPHERE 

4.3 .1 The Sun and the e f f e c t s of the Ear th ' s orbi t 

The Sun subtends an angle of approximately O.B*" at the Earth and i t s 

surface temperature is in the region of 6000*'K. A black body at t h i s 
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temperature w i l l radiate energy over a wide range with a peak, in terms 

of energy per unit wavelength, at about 480nm, 

The Earth's equator does not l i e in the same plane as i t s o r b i t around 

the Sun (F ig . 4 , 5 ) . This t i l t is referred to as the ' I n c l i n a t i o n to 

the e c l i p t i c ' and Is equal to 23.44* (Singh 1982 private communication, 

Kraus 1966). Consequently, there is an annual var ia t ion in the solar 

decl inat ion angle 6 , which Is the angle through which the Northern 

hemisphere Is t i l t e d towards the Sun ( F i g . 4 , 6 ) , 6 ranges between 

+23.44° and some values are given below: 

Date 

March 21 0 

June 21 +23.44 

September 23 0 

December 22 -23.44 

The precise var ia t ion of 8 wi th daynumber D is given by: 

s i n 6 = sin 23/.4'. sin [27r (D-80,25)/365] (4,3) 

the daynumber D ranges from 1, fo r January 1, to 365 for December 31, 

The value 80,25 corresponds to the vernal equinox (March 21) when the 

Sun crosses the ce les t ia l equator from South to North, 

The in tens i ty of the solar irradlance also changes with daynumber since 

the Earth's o rb i t Is s l i g h t l y eccentr ic , and t h i s causes a small 

f l u c t u a t i o n in the Earth-Sun distance. The solar irradlance var ia t ion 

is given by: 
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Eo = Eo (1 + exos [27r{D-3)/365])2 (4.4) 

e i s the eccent r ic i ty of the Earth's o r b i t (0.0167). The D-3 term 

accounts f o r the occurrence of the Earth's perihel ion (minimum Earth-

Sun distance) on January 3. i s the mean solar i r radiance . 

In the case of a v e r t i c a l l y overhead Sun, the reduction of solar 

irradiance is 14% with a clean, dry atmosphere, increasing to 40% when 

the atmosphere is dusty and moist . Some of the d i rec t solar beam is 

scattered and th i s f l u x consti tutes skyl ight which t y p i c a l l y accounts 

fo r 15 to 25% of the t o t a l i r radiance, assuming cloudless condi t ions . 

As the solar zenith angle increases, the proportion of solar f l u x 

removed by the atmosphere increases due to the greater atmospheric 

pathlength. This pathlength is proportional to the reciprocal of the 

cosine of the zenith angle (See Appendix 5 ) , 

4.3.2 The atmosphere 

The composition, and therefore the properties of the atmosphere vary 

d i s t i n c t l y with a l t i t u d e . The a i r density also changes markedly, being 
12 3 

about 1 kg,m~3 at sea level but dropping to 10" kg.m" 

or less at 955 km, which is the a l t i t ude of the CZCS, Approximately a 

ha l f of the atmosphere is contained in the f i r s t 6 km, and 99% wi th in 

30 km. 

The atmosphere may be divided in to four layers f o r descript ive purposes 

( F i g . 4 . 7 ) . They are defined here by a l t i t u d e , but the f igures given 

are very approximate. The bottom layer , the troposphere, exists up to 

10 km or so and i s the layer In which the weather occurs. I t also 
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F i g u r e 4 . 7 Atmospheric s t r u c t u r e 
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F i g u r e 4 . 8 A b s o r p t i o n bands o f a t m o s p h e r i c gases 
( a f t e r Dave 1 9 7 8 ) . 
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contains 80% by mass of the atmosphere and 90% of water vapour and 

aerosols. The stratosphere, from 10 to 50 km, i s a stable layer which 

also contains the ozone layer ly ing between 20 and 50 km. Between 50 

and 400 km l i e s the ionosphere in which atoms and molecules exis t as 

e l e c t r i c a l l y charged ions. The f i n a l layer , beyond 400 km is the 

exosphere. 

The atmosphere i s composed of three d i f f e r e n t groups of mater ia ls . The 

f i r s t consists of n i t rogen, oxygen and argon which, in the absence of 

water vapour, are present in the fo l lowing proportions: 

N 2 78% 

O2 21% (By volume) 

Ar 1% 

These proportions are maintained up to an a l t i t u d e of approximately 90 

km and so these gases are regarded as permanent. Above 90 km the 

proportion of l i g h t e r gases increases. Secondly, there is a group of 

variable gases whose proportions l i e in the fo l lowing ranges: 

Water vapour 0 - 7 % by volume 

Carbon dioxide 0.01 - 0.1 of the a i r 

Ozone 0 - 0.01 

The f i n a l group of atmospheric constituents is aerosols which are 

dispersions of so l id and/or l i q u i d par t ic les suspended in a i r (Slater 

1980) and whose concentration varies considerably with time and space 

with a very pronounced decrease wi th increasing a l t i t ude (Sturm 1981). 

Typical atmospheric aerosols are par t icu la te matter (dust and smoke) 
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and water droplets (fog and haze). Junge (1972) distinguishes f i v e 

d i f f e r e n t aerosol components of the atmosphere in the marine 

environment. Combustion gases and volcanic emission are also sources 

of aerosols. The e f f e c t i v e radius f o r atmospheric aerosols ranges from 

0.005 to 20 /im (Junge 1955). Several investigators have established 

simple approximations f o r the aerosol size d i s t r i b u t i o n , Junge (1955) 

and Angstrom (1964) propose respectively: 

dN Constant (4 ,5) 
d ( log r ) - p3 

and dN = Constant, d ^ (4,6) 

where dN is the number of par t ic les with radius between r and r+dr , 

Junge (1955) adds that Eq, 4.5 is only v a l i d f o r r > 0.1 fim. These two 

relationships can be shown to be equivalent by employing the 

mathematical i d e n t i t y : 

± (log r ) = ^ 
dr r 

Eq. 4.5 may be interpreted physical ly to imply that the mass of aerosol 

par t ic les contained in equal in tervals of log r is a constant (Sturm 

1981). Aerosol size d i s t r ibu t ions are generally very s imilar with the 

exception of indus t r i a l areas. This s i m i l a r i t y is due to the 

mechanisms of coagulation, fo r small aerosol pa r t i c l e s , and 

prec ip i t a t ion fo r the very large ones. 
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Figure 4.8 shows the posi t ion and extent of the absorption bands f o r 

atmospheric gases. In the v i s i b l e region, 400 to 700nm, the atmosphere 

is almost transparent; only a small amount of attenuation is caused by 

ozone absorption. 

Even a very clear atmosphere Is not a Rayleigh one, in the sense that 

scat tering i s not governed by a X"^ r e la t ionsh ip . The exponent 

is usually 2 or less and is determined by atmospheric composition. 

4.4 DEVELOPMENT OF ATMOSPHERIC CORRECTION MODEL 

For the purpose of developing a model f o r atmospheric cor rec t ion , the 

atmosphere may conveniently be regarded as several d i s t i n c t layers 

(Singh 1982), each of which is composed of one or more gases or 

materials (F ig . 4 . 9 ) . The only atmospheric constituents included in 

th i s model are those that cause s i g n i f i c a n t scat ter ing or absorption in 

the v i s i b l e region; t h i s only occurs below 50 km. Ozone is the sole 

cause of s i g n i f i c a n t absorption in the v i s i b l e region and may be 

treated separately from scat tering because ozone is only present at 

high a l t i tudes ( V l o l l i e r et a l . 1980). Below 20 km the atmosphere is 

considered to comprise of permanent gases and aerosols only; the l a t t e r 

are assumed to be present only in the bottom few kilometres of the 

atmosphere. Morel (1980) suggests that the e f f ec t s of aerosols may be 

Ignored above 3.6 km wi th in the marine environment. The presence of 

water vapour Is disregarded. 

A feasible algorithm f o r atmospheric correct ion may only be realised by 

s imp l i fy ing cer tain aspects of the problem and the f i r s t comprehensive 

approach fo r the CZCS was devised by Gordon (1978b). He employed f i v e 

s imp l i fy ing assumptions (Gordon & Clark 1980a);-
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1) The radiance c o n t r i b u t i o n s caused by Rayle igh and aerosol 

s c a t t e r i n g (path rad iance) can be t r e a t e d s e p a r a t e l y . 

2) The phase f u n c t i o n f o r aerosol s c a t t e r i n g i s almost independent o f 

wave length , 

3) The Ray le igh component can be a c c u r a t e l y computed w i t hou t 

knowledge of the sea sur face roughness (caused by waves) . 

4) The aerosol component i s v i r t u a l l y a l i n e a r f u n c t i o n of the 

o p t i c a l th ickness f o r aerosol s c a t t e r i n g . 

5) The upwe l l i ng radiance j u s t beneath the sea sur face i s zero a t 

670nm (CZCS channel 4 ) . 

Assumption (1) imp l i es t h a t no m u l t i p l e s c a t t e r i n g occurs in the 

atmosphere, i . e . the presence of aeroso ls does not i n t e r f e r e w i t h 

Ray le igh s c a t t e r i n g and v i c e ve rsa . This i s known as the s i n g l e 

s c a t t e r i n g assumption and i s v a l i d prov ided t h a t the s c a t t e r i n g o p t i c a l 

th icknesses are not too l a r g e , which i s normal ly the case. 

In a d d i t i o n t o Rayle igh s c a t t e r i n g of s u n l i g h t i n t o the sensor ( F i g . 

4.10a) the Rayle igh component of the path radiance a lso inc ludes two 

terms which correspond t o cases where specu lar r e f l e c t i o n a t the sea 

sur face i s invo lved ( F i g s . 4.10c and 4 . 1 0 d ) . Hence, i t would appear 

t h a t the Rayle igh component i s a f u n c t i o n of sea sur face roughness. 

However, the Fresnel r e f l e c t a n c e at the sea sur face i s t y p i c a l l y o n l y 

2% and so the e f f e c t of a per turbed sea sur face upon the Rayle igh 

component i s minimal and may be Ignored w i t h the prov iso t h a t the 

specu lar image o f the Sun i s we l l away from the p i x e l under v iew. In 

t h i s way assumption (3) i s j u s t i f i e d . 
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An a l t e r n a t i v e and less r i go rous form o f assumption (5) i s t h a t the 

w a t e r - l e a v i n g radiance ( j u s t above the sea sur face) i s equ iva len t t o no 

more than one or two d i g i t a l counts at the sensor a f t e r d i f f u s e 

t ransmiss ion through the atmosphere (Gordon et a l . 1982, Gordon and 

Clark 1981) , This assumption i s v a l i d except i n reg ions o f ex t remely 

h igh pigment and/or sediment c o n c e n t r a t i o n . I . e . h igh t u r b i d i t y waters 

(Gordon and Clark 1980a). 

4 .5 INTERACTIONS BETUEEN LIGHT AND ATMOSPHERE/HYDROSPHERE 

Figure 4.10 i l l u s t r a t e s the d i f f e r e n t sequences of i n t e r a c t i o n s 

occu r r i ng In the atmosphere and hydrosphere which c o n t r i b u t e t o the 

t o t a l radiance measured by the s a t e l l i t e sensor . Sequences i n v o l v i n g 

more than one s c a t t e r i n g process are not cons ide red . 

S c a t t e r i n g by var ious p a r t i c l e s In the atmosphere ( F i g . 4.10a) causes 

some of the I nc i den t l i g h t t o be r e d i r e c t e d I n t o the sensor ' s f i e l d of 

view (FOV). Specular r e f l e c t i o n at the water sur face ( F i g . 4 . 1 0 b ) , 

which I s assumed t o be smooth, would norma l l y In t roduce some ex t ra 

rad iance ; in t h i s case however i t may be ignored as the CZCS has a t i l t 

mechanism which prevents the sensor from v iewing the specular image of 

the Sun. However, t h i s f ea tu re does not prevent the sensor from 

r e c e i v i n g the rad iance caused by r e f l e c t i o n a t the water su r face w i t h 

subsequent s c a t t e r i n g , even though the sensor I s not v iewing the 

specular image of the Sun ( F i g . 4 . 1 0 c ) . D i r e c t s u n l i g h t which Is 

a tmospher i ca l l y sca t t e red c o n s t i t u t e s sky radiance or s k y l i g h t and t h i s 

may be specu la r l y r e f l e c t e d at the water sur face I n t o the sensor ' s 

f i e l d of view ( F i g . 4 . 1 0 d ) . The w a t e r - l e a v i n g radiance j u s t above the 

water s u r f a c e , which i s d i r e c t l y r e l a t e d t o the sub-sur face upwe l l i ng 

rad iance , propagates through the atmosphere t o the sensor and 
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represents the component which has i n t e r a c t e d w i t h the w a t e r ' s 

c o n s t i t u e n t s ( F i g , 4 , 1 0 e ) . Water - leav ing radiance may a lso be de tec ted 

by the sensor , even though i t o r i g i n a t e s from ou ts ide the sensor ' s FOV, 

through s c a t t e r i n g ( F i g . 4 . 1 0 f ) . 

Of a l l the processes, on ly t h a t i n F i g . 4.10e c a r r i e s the des i red 

i n f o r m a t i o n , t h a t in F i g . 4.10b may be ignored and the other fou r must 

be a c c u r a t e l y est imated i n order t o r e t r i e v e the w a t e r - l e a v i n g 

rad iance . 

4 .6 PRACTICAL SOLUTION FOR ATMOSPHERIC CORRECTION 

The approach taken here t o CZCS atmospheric c o r r e c t i o n i s based upon 

the p ioneer ing work o f Gordon. Refer t o Gordon (1978b, 1981a), Gordon 

and Clark (1980a) , Gordon et a l . (1982) , Gordon et a l . (1980b) and 

Gordon et a l . (1980a) . The most recent and comprehensive account i s 

given in Gordon et a l . (1983b) . 

4 .6 .1 Total radiance at the s a t e l l i t e 

The t o t a l radiance measured by the s a t e l l i t e sensor at wavelength X 

i s r e l a t e d t o the w a t e r - l e a v i n g radiance and the radiance 

sca t te red by the atmosphere (path rad iance) through (Sorensen 

1981): 

The X s u p e r s c r i p t i s on ly used t o i n d i c a t e wavelength dependent t e rms ; 

i t i s not a power i ndex . t ^ i s the d i f f u s e t r a n s m i t t a n c e , which 

accounts f o r the a t t e n u a t i o n of r e s u l t i n g from t ransmiss ion through 

the atmosphere. The path radiance a lso s u f f e r s a t t e n u a t i o n due t o 
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ozone a b s o r p t i o n ; t h i s i s considered l a t e r . The path radiance may be 

expressed s imply as the sum of Rayle igh and aerosol radiance 

(assumption 1 ) , prov ided t h a t the Rayle igh o p t i c a l th ickness i s less 

than 0.25 and the aerosol o p t i c a l th i ckness i s less than 0.6 (Gordon 

and Morel 1983) . This i s j u s t i f i e d by the a s s e r t i o n of V i o l l i e r e t a l . 

(1980) t h a t the i n t e r a c t i o n between Rayle igh and aerosol s c a t t e r i n g 

c o n t r i b u t e s less than 3% t o the path r ad i ance . Under t h i s assumption 

Eq. 4.7 becomes: 

LT = ^ D - L ^ ^ L̂R ^ ^ ( 4 . 8 ) 

However Eq. 4 .8 does not account f o r the c o n t r i b u t i o n s represented by 

F i g s . 4,10c and 4 .10d , i . e . r e f l e c t e d s u n l i g h t sca t t e red I n t o the 

d i r e c t i o n of the sensor and r e f l e c t e d s k y l i g h t r e s p e c t i v e l y . Since 

these two c o n t r i b u t i o n s are r e l a t i v e l y s m a l l , they may be Mumped i n ' 

w i t h the atmospheric c o n t r i b u t i o n ( F i g . 4 . 1 0 a ) . 

This s e c t i o n has so f a r considered a l l the processes o u t l i n e d i n F i g . 

4.10 except d i r e c t r e f l e c t i o n of s u n l i g h t i n t o the sensor ( F i g . 4 . 1 0 b ) , 

which i s e l im ina ted by the CZCS t i l t mechanism, and the process 

represented by F i g . 4 . 1 0 f . The l a t t e r corresponds t o w a t e r - l e a v i n g 

rad iance , o r i g i n a t i n g from p i x e l s ou ts ide the sensor 's f i e l d of v iew, 

being sca t t e red i n t o the sensor d i r e c t i o n . This a d d i t i o n a l component 

i s inc luded by using the d i f f u s e t r ansm i t t ance ra the r than the d i r e c t 

t r a n s m i t t a n c e , which would o therwise be a p p r o p r i a t e . 

Eq. 4 .8 is the basis o f the atmospheric c o r r e c t i o n a l g o r i t h m , s ince i t 

may be used t o e x t r a c t from once , and t ^ have been 

found . 
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4 . 6 . 2 Rayleigh radiance 

Assumption 3 (see Sect ion 4 . 4 ) permi ts the radiance due t o Ray le igh 

s c a t t e r i n g t o be c a l c u l a t e d a c c u r a t e l y from the f o l l o w i n g 

e q u a t i o n , which i s a re fo rmu la ted ve rs ion of t ha t given by Gordon et 

a l . {1983b) : 

( 4 . 9 ) 

Aga in , X i s on ly used t o denote wavelength dependence; i t i s not a 

power i ndex . The terms in t h i s equat ion represent the f o l l o w i n g 

q u a n t i t i e s : 

ojp S ing le s c a t t e r i n g a lbedo . Def ined by the r a t i o of 

s c a t t e r i n g c r o s s - s e c t i o n t o a t t e n u a t i o n c r o s s - s e c t i o n and 

may be regarded as the p r o b a b i l i t y t h a t an i n t e r a c t i o n 

w i l l r e s u l t i n s c a t t e r i n g , a)p = 1 , 

Opt ica l th i ckness due t o Rayle igh m a t e r i a l s , i . e . the 

permanent atmospheric gases. 

/A cos 8, where 8 i s the z e n i t h angle of the d i r e c t i o n 

between the p i x e l - u n d e r - v i e w and the sensor . 

PLQ cos OQ, where 8^ I s the s o l a r z e n i t h a n g l e . 

PD(^-) Phase f u n c t i o n f o r Rayle igh s c a t t e r i n g i n the backwards 

d i r e c t i o n . See Eq. 4 . 1 , 

i/'- Backsca t te r ing a n g l e . Def ined I n Sect ion 4 . 7 . 

EQ Seasonal ly ad jus ted so la r i r r a d i a n c e . See Eq. 4 . 4 . 

TQ^IM) D i rec t t r ansmi t t ance f o r an atmospheric path w i t h z e n i t h 

angle 6; 6 = cos / i , Represents the a t t e n u a t i o n of 

Lp , due t o ozone, on i t s upward path to the sensor 
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To3tM) = exp [ -r^J ^ ] , where r^^ i s the o p t i c a l 

th i ckness due t o ozone a b s o r p t i o n , 

^^ ( /^o) t - T j j ^ / M o represents the a t t e n u a t i o n o f the s o l a r 

f l u x on i t s passage through the ozone l a y e r . 

The two a d d i t i o n a l c o n t r i b u t i o n s , mentioned e a r l i e r , may be ' lumped-

i n ' w i t h the dominant atmospheric one by extending Eq. 4 .9 t h u s : 

= ^ S F ^ ^ R ( ^ - ^ ^ [ p { e ) + p ( a o ) ] p R ( ^ . ) E ^ o > ) T o > ^ 
(4 .10 ) 

where i s the phase, f u n c t i o n f o r Rayle igh fo rward 

s c a t t e r i n g and 1/^+ i s the forward s c a t t e r i n g angle de f ined i n Sec t ion 

4 . 7 . p ( 0 ) and p(Q Q) are the Fresnel r e f l ec tances f o r i n c i d e n t 

angles of 6 and 6 ^ , and are ca l cu l a t ed from Eq. 4 . 2 , w i t h t y p i c a l 

values of 2% or so . The p (e Q) term represents r e f l e c t e d s o l a r 

f l u x which i s subsequent ly sca t te red i n t o the sensor ( F i g . 4 . 1 0 c ) , 

w h i l e the p ( 0 ) term corresponds t o the case where s k y l i g h t i s r e f l e c t e d 

i n t o the sensor ( F i g . 4 . 1 0 d ) . In p r i n c i p l e (Sturm 1982, p r i v a t e 

communication) t he re i s a t ransmi t tance f a c t o r assoc ia ted w i t h these 

two components, but as P p ( i / ' - ) and Pp( i / '+) are of the same order 

and p ( e ) and pi^^) are on ly a few percent and the t r ansm i t t ance 

f a c t o r i s c lose t o u n i t y , i t i s not inc luded and hence in t roduces 

n e g l i g i b l e e r r o r . 

The Ray le igh radiance may be accu ra te l y c a l c u l a t e d from Eq. 4.10 q u i t e 

independent ly o f any CZCS measurements. Values f o r 7 ^ are a v a i l a b l e 

i n t a b u l a r form (Trees 1982) . 
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4 . 6 . 3 Aerosol radiance 

The eva lua t i on of may be approached by us ing an equat ion analogous 

t o the one f o r Rayle igh radiance L^ : 

X X 

(4 .11 ) 

This r e l a t i o n r e l i e s on assumption 4 , which Gordon et a l . (1980b) have 

shown i s o n l y v a l i d f o r s i n g l e s c a t t e r i n g ( 7 ^ < 0 . 1 ) ; 

s i g n i f i c a n t l y l a r g e r values of T^^ des t roy the l i n e a r dependence of 

upon by making m u l t i p l e s c a t t e r i n g s i g n i f i c a n t . However, i t 

may s t i l l be employed u s e f u l l y f o r CZCS atmospheric c o r r e c t i o n , 

i n t r o d u c i n g e r r o r s of 5% or less (Gordon et a l . 1980b) prov ided t h a t 

the sensor views ocean areas t h a t are we l l away from the cen t re o f the 

sun g l i t t e r pa t t e rn (Gordon et a l . 1983b) . The r e l a t i o n a l so 

i nco rpo ra tes two ex t ra terms t o account f o r aerosol s c a t t e r i n g i n F i g s . 

4.10c and 4 .10d . 

Un fo r t una te l y Eq. 4 .11 may not be used d i r e c t l y because the re I s no 

simple a n a l y t i c express ion f o r the aerosol phase f unc t i on and i s 

Indeterminate because atmospheric aeroso ls are h i g h l y v a r i a b l e . I . e . 

the aerosol concen t ra t i on and composi t ion both vary w i t h p o s i t i o n and 

t i m e . To c i rcumvent t h i s d i f f i c u l t y , the r a t i o o f a t two 

d i f f e r e n t wavelengths, X and XQ, i s taken us ing Eq. 4 . 1 1 . By Invok ing 

assumption 2 , which s ta tes t h a t the aerosol phase f u n c t i o n i s on ly a 

weak f u n c t i o n of wavelength in the v i s i b l e reg ion desp i te the f a c t t h a t 

the o p t i c a l th i ckness may depend s t r o n g l y on wavelength (Gordon 1978b) , 
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the r e s u l t i n g express ion i s cons iderab ly s i m p l i f i e d : 

•A . _ (4 .12 ) 

Since co^ i s u s u a l l y a weak f u n c t i o n o f wavelength (Gordon et al 

1983b) Eq. 4.12 becomes 

A _ = e 
K 

(4 .13 ) 

w i t h 

The wavelength dependence of the aerosol s c a t t e r i n g c o e f f i c i e n t , and 

hence , i s X 3 - 7 (Angstrom 1964) where 7 i s the index which 

X cha rac te r i ses the aerosol s i ze d i s t r i b u t i o n . Hence e can be recast 

as : 

X 3 - 7 

3 - 7 
X 

3 - 7 

or e" = (4 .14 ) 

where m = 7 - 3 and i s known as the Angstrom exponent . 7 I s t y p i c a l l y 

around 4 (Eq. 4 . 6 ) , which imp l i es t h a t m i s approx imate ly one. 

V i o l l i e r et a l . (1980) measured m over ocean areas as 0.93 w i t h a 

var iance of 0 . 3 , Provided t h a t the Angstrom exponent can be e s t i m a t e d , 

Eqs. 4.13 and 4.14 enable the aerosol radiance at one wavelength X t o 

be de r i ved from the aerosol radiance at a d i f f e r e n t wavelength X ^ , 

Assumption 5 permi ts CZCS channel 4 t o be used f o r e s t i m a t i n g the 

aerosol radiance at XQ (670nm), because Eq. 4 ,8 may be rearranged a s : 
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since L^̂  a t 670nm i s z e r o . The f i n a l express ion f o r the aerosol 

radiance Is produced by s u b s t i t u t i n g Eqs. 4.14 and 4.15 i n t o Eq, 4 . 1 3 : 

(4 .16 ) 

) 

Even w i t h a h o r i z o n t a l l y inhomogeneous atmosphere, may be 

determined throughout a whole CZCS scene us ing the same value f o r the 
O M 

Angstrom exponent m. The on ly c o n d i t i o n , which i s reasonably we l l 

s a t i s f i e d (Gordon and Morel 1983) , i s t h a t the aerosol type (such as 

c o n t i n e n t a l or marine) should be constant over the image. This i s 

tantamount t o the aerosol r e f r a c t i v e index and s ize d i s t r i b u t i o n 

(normal ised t o the t o t a l concen t ra t i on ) be ing independent o f p o s i t i o n , 

4.6 .4 Transmittance factors 

Transmit tance f a c t o r s (see Appendix 5) account f o r the loss i n radiance 

which occurs when l i g h t t r a v e l s downwards or upwards through the 

atmosphere. Two cases need t o be cons idered : 

1 ) The loss assoc ia ted w i t h the Ray le igh and aerosol radiance due 

t o the ozone l a y e r . 

1 1 ) The a t t e n u a t i o n o f wa te r - l eav i ng rad iance caused by the ozone 

laye r and the combined laye r of aeroso ls and permanent gases. 

As the former on ly i nvo lves absorp t ion by ozone, the d i r e c t or beam 

t ransm i t t ance T Q ^ i s r e q u i r e d . In f a c t i t i s requ i red t w i c e : f o r the 

a t t e n u a t i o n of E^ on i t s downward path before s c a t t e r i n g occurs and 

a lso f o r the a t t e n u a t i o n of and on t h e i r paths to the sensor 
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a f t e r s c a t t e r i n g has taken p l a c e . Expressions f o r T^^ are g iven i n 

Sect ion 4 . 6 . 2 . 

The second case i s more complex as both absorp t ion and s c a t t e r i n g are 

I n v o l v e d . The d i r e c t t ransmi t tance term I s g iven by: 

T = e - ^ ' A + ^ . + ^ o , ) / / ^ ( 4 . 1 7 ) 

This i s on ly v a l i d i f the radiance i s i n the form of an i n f i n i t e s i m a l l y 

narrow beam, however s c a t t e r i n g i s present i n t h i s case and the CZCS 

has a f i n i t e f i e l d of v iew, so radiance from adjacent p i x e l s 

( F i g . 4 . 1 0 f ) w i l l a lso be detected and the d i r e c t t r ansmi t t ance w i l l 

overes t imate the l o s s , Eq. 4.17 may be mod i f i ed t o y i e l d the d i f f u s e 

t ransmi t t ance t p by rep lac i ng the s c a t t e r i n g o p t i c a l th icknesses w i t h 

the backsca t te r i ng o p t i c a l t h i cknesses . This f o rmu la t i on i m p l i c i t l y 

assumes t h a t the w a t e r - l e a v i n g radiance on ly s u f f e r s a t t e n u a t i o n when 

backscat te red downwards and away from the sensor ; any fo rward 

s c a t t e r i n g i s taken t o correspond t o radiance from adjacent p i x e l s . 

The Ray le igh s c a t t e r i n g phase f u n c t i o n I s symmetric i n the forwards and 

backwards d i r e c t i o n and so the Rayle igh backsca t te r i ng o p t i c a l 

th i ckness i s s imply '7j^/2. 

The aerosol backsca t te r i ng o p t i c a l t h i ckness i s ( 1 - co^F), 

where co^ i s the aerosol s i n g l e s c a t t e r i n g albedo and F I s the 

p r o b a b i l i t y t h a t a photon Is sca t t e red through an angle of less 

than 7r/2, i . e . f o rwards . The d i f f u s e t r ansm i t t ance t ^ i s then g iven 

by (Gordon and Morel 1983): 
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[ V 2 ^ ^Os • ^0 - '^>^f=)^A] / /^ ( 4 . 1 8 ) 

Absorp t ion due t o aeroso ls I s assumed t o be n e g l i g i b l e as o)^ i s c lose 

t o u n i t y . The term ( 1 - co^F) i s u s u a l l y smal le r than 1/6 (Gordon and 

Clark 1981) so t h a t the aerosol term may be neg lec ted , g i v i n g : 

This express ion i s s i m p l i f i e d even f u r t h e r by S0rensen (1981) and i s 

the form used i n t h i s work: 

t , « e- 'RA^/^) ( 4 .20 ) 

Note t h a t 0 T < t p « 1 . Values f o r and TQ^ may be found in 

(Trees 1982) . 

4 . 6 . 5 F ina l algorithm 

Rearranging Eq. 4 .8 and s u b s t i t u t i n g Eq. 4.16 f o r gives the f i n a l 

c o r r e c t i o n a l g o r i t h m f o r r e t r i e v i n g L^: 

(4 .21 ) 

L̂P i s given by Eq. 4 . 1 0 . I s 670nm and X Is 443, 520 or 550nm 

f o r . CZCS channels 1 , 2 or 3 r e s p e c t i v e l y . L j and are measured 

by the sensor and a l l the o ther terms are known or may be c a l c u l a t e d 

w i t h the except ion of the Angstrom exponent m. In s i t u measurements of 

the sub-sur face upwe l l i ng rad iance , s imultaneous w i t h the s a t e ! 1 i t e 

pass, at one or more po in t s i n the image permi t values of t o be 
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der ived and hence an es t imate f o r m may be o b t a i n e d . F a i l i n g t h i s , m 

must be es t imated i n some o the r way, such as the examinat ion o f the 

t o t a l number of negat ive radiance p i x e l s i n the image which increases 

d r a m a t i c a l l y when the image has been o v e r c o r r e c t e d , i . e . m i s too 

l a r g e , A f u r t h e r c lue f o r a s u i t a b l e m value may be gleaned from a 

study of the e f f e c t of m upon c o r r e l a t i o n c o e f f i c i e n t s when comparing 

CZCS d e r i ved pi gment concen t ra t i ons wi t h shi p measurements. 

A l t e r n a t i v e l y , the concept of c l e a r water radiance (Gordon and Clark 

1981) may be used t o overcome t h i s d i f f i c u l t y w i t h the Angstrom 

exponent; t h i s technique prov ides inheren t radiance va lues , which 

depend upon the so la r z e n i t h angle o n l y , f o r regions o f c l e a r w a t e r , 

i . e . phytoplankton pigment concen t ra t ions less than 0 .25 mg.m"-^. 

This procedure requ i res the l o c a t i o n o f c l e a r water areas w i t h i n the 

image and has not been implemented i n t h i s work. 

Eq. 4 . 2 1 r e l i e s s t r o n g l y upon the LJJ = 0 assumpt ion, which i s not a 

p a r t i c u l a r l y s t r i n g e n t c o n d i t i o n as Gordon and Clark (1981 ) have shown 

t h a t corresponds t o less than th ree d i g i t a l counts even when the 

pigment concen t ra t i on i s as h igh as 1 mg.m"^. In general though 

t h i s c o n d i t i o n i s not s a t i s f i e d in coasta l r e g i o n s . Smith and Wilson 

(1980) have developed an i t e r a t i v e technique which obv ia tes the = 

0 requirement a l t o g e t h e r ; r e p l a c i n g (L j* - L̂ **) i n Eq. 4 . 2 1 by ( L ^ 

- - L^T. For the f i r s t i t e r a t i o n , L̂ ** i s taken as zero when 

c a l c u l a t i n g f o r channels 1 t o 3 , which are then used i n an 

emp i r i ca l r e l a t i o n s h i p t o generate a new non-zero v a l u e . This i s 

used i n the second i t e r a t i o n t o produce a new set. o f va lues , from 

which ye t another L^* value i s o b t a i n e d . The whole process i s 

repeated u n t i l both and converge. 

175 



Before a t tempt ing atmospheric c o r r e c t i o n , however. I t i s necessary t o 

eva lua te the forward and backward s c a t t e r i n g angles ^+ and ^ - and a l so 

6 and 8 ^ , the po la r angle (equ i va len t t o sensor zen i th angle) and 

so la r zen i t h angle r e s p e c t i v e l y . These are a l l t r e a t e d i n the next 

sec t i on on S u n - s a t e l l i t e geometry. 

4.7 SUN-SATELLITE GEOMETRY 

The d i r e c t i o n s de f ined by the Sun t o p i x e l - i n - v i e w vec to r and p i x e l - i n -

view t o sensor vec tor determine the forward and backward s c a t t e r i n g 

angles i/'* and r e s p e c t i v e l y . These d i r e c t i o n s are s p e c i f i e d i n terms 

o f zen i t h and azimuth ang les , a l though the former i s a l t e r n a t i v e l y 

known as the po la r angle (Singh 1982) . The Sun d i r e c t i o n ( 8 ^ , 0̂ ) 

depends upon the so la r d e c l i n a t i o n , the l oca l t ime and the l a t i t u d e f o r 

the p i x e l - i n - v i e w , wh i l e the sensor d i r e c t i o n ( 6 , fy) Is governed by the 

pixelnumber I . e . p o s i t i o n a long the s c a n l i n e , the scan -m i r ro r t i l t 

angle and the l a t i t u d e f o r the p i x e l - i n - v i e w . 

The procedure f o r de te rmin ing the s c a t t e r i n g angles requ i res the 

eva lua t i on of 8 , 8 ^ , (|) and and i s presented here i n a s tep by 

step manner: 

1) The daynumber D i s c a l c u l a t e d by r e f e r r i n g t o a t a b l e of the 

number of days i n each month. Leap years must a l so be taken 

i n t o account and occur when the year i s e x a c t l y d i v i s i b l e by 

f o u r , w i t h the except ion of cen tu ry years unless they are 

e x a c t l y d i v i s i b l e by 400. 

11) The so la r d e c l i n a t i o n angle 8 i s found from Eq. 4 .3 us ing the 

daynumber c a l c u l a t e d above. 
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l i i ) The so la r z e n i t h angle e ^ l s computed from (Singh 1982, p r i v a t e 

communicat ion): 

cos OQ = s in 6^ s i n 6 + cos 6^ cos 5 coscot (4 .22 ) 

where 0^ i s the l a t i t u d e of the p i x e l - i n - v i e w , t i s the 

l oca l t ime f o r the p i x e l , and o) i s 2 7 r / 2 4 . For the sake of 

c l a r i t y he re , both 8^ and t are assumed t o be known, a l though 

the c a l c u l a t i o n of t h e i r values represents a f u r t h e r problem 

which I s covered In Sect ion 4 . 8 . 

i v ) The so la r azimuth angle (Jl^, from the North d i r e c t i o n 

Eastwards, I s determined from (Singh 1982, p r i v a t e 

communicat ion) : 

sing - sine^cosep 
cos©-, = — r ( 4 .23 ) 

sineQCOse^ 

I f the l oca l t ime t i s p o s i t i v e , i . e . a f t e r loca l noon, then 

the c o r r e c t value of I s given by 27r - (j)^^. 

v) The v iew-angle 8^ i s the angle between the sensor t o p i x e l -

i n - v i ew d i r e c t i o n and the sensor t o nad i r p i x e l d i r e c t i o n t h a t 

would be measured when the re I s zero t i l t , and i s g iven by: 

6^ = IFOV (Pixel -number — nad i r p i xe l number) (4 .24 ) 

where IFOV i s the Instantaneous f i e l d o f view (0.698 xlO~^ 

r a d i a n s ) , the p i x e l number ranges from 114 (West end o f scan-

l i n e ) t o 2081 (East end of s c a n - l i n e ) and the nad i r p i xe l 
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number i s 1090 (Ba l l Aerospace Systems D i v i s i o n 1979a) . The 

mean value of the extreme p i xe l numbers i s not the same as the 

nad i r p i xe l number as the re i s a s l i g h t skew i n the CZCS scan . 

v i ) The p i x e l - i n - v i e w t o sensor po la r (o r zen i t h ) angle 0 i s 

c a l c u l a t e d f rom: 

cos e = cos Oy - cos (4 .25) 

where 8^ i s the scan-mi r ro r t i l t angle found from the 

housekeeping d a t a . Eq. 4.25 i s de r i ved i n Appendix ( 6 ) . 

v i i ) The azimuth angle (j) of the p i x e l - i n - v i e w t o sensor d i r e c t i o n 

i s equal t o the sum of angles A and ijl" as shown i n F i g . 

4 . 1 1 , A may be found from the o r b i t a l i n c l i n a t i o n a , which i s 

a f u n c t i o n of l a t i t u d e 6^ , and i s computed from (Wilson et 

a l . 1981): 

s i n a = s i n 9 .28" ( 4 .26 ) 

cos 6^ 

where the angle 9.28** i s the i n c l i n a t i o n (West of Nor th) of 

the CZCS o r b i t a l t r a c k l i n e a t t he equa to r . Since A equals 7r/2 

- o: t h e n : 

. . i f sin 9-28 
7r/2 - s i n ^ « — 

cos(7i 

1 sin 9-2B* 
_ cos 6^ . 

OP A = cos-l M ^ ^ ^ ( 4 .27 ) 
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S a t e l l i t e 
track 

North 

Pixel 
view 

North 

Scanline 

(t>= A+ <t> 

0 >0; Forvrard t i l t 

Nadir pixel 

Su b - s a t e l l i t e point 

0 < 0- P i x e l i n view i s west of nadir p i x e l 

Figure ^.11 Azimuth angle of pixel-in-view 
to sensor direction. 

•K-(j)' IT/2 

TT 0 0 

7r+0' 37r/2 

Table 4,1 Calculation of 0"from 0' . 
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v i i i ) The determination of f ' requires a value for (jl' which is given 

by: 

0 = tan 
fan 6. (4.28) 

This expression is derived in Appendix (7) . (jl" is then found 

from Table 4.1 (Singh 1982). Note that the situation depicted 

in Fig. 4.11 corresponds to just one of the nine possible ones 

covered by Table 4 . 1 . 

Final ly: 

(j) = A (4.29) 

ix) Since a l l four angles 6, 6^, (|) and are now known, then 

the scattering angles i/v may be computed from: 

QOs^|/± = ±cos e . cos - sin 0 . sin O^.cos ((jl - (4.30) 

which is derived in Appendix (8) . Both the azimuth angles ^ 

and are with respect to the same azimuth reference 

direct ion, namely North. In this way ((() - gives the 

correct value for the difference in azimuth angle. 

4.8 PRACTICAL CONSIDERATIONS OF IMPLEMENTATION 

This section addresses the problems of solving the atmospheric 

correction equations for a very large number of pixels and also the 

evaluation of the latitude 6̂  and local time t of the pixel-in-view, 

both of which have been taken as known quantities in previous sections. 

180 



4.8.1 Computational overheads associated with Sun-satellite geometry 

The Sun-satellite geometry varies with each pixel in the scene, so In 

principle nearly a l l the equations in Section 4.7 must be evaluated for 

each pixel in the image. Only then may the f inal correction equation 

(Eq. 4.21) be evaluated, which also requires the evaluation of 

associated expressions- Considering that one spectral image comprises 

nearly 400,000 pixels and that two or three atmospherically corrected 

spectral Images are required for ratioing or clustering respectively, 

the total number of pixels involved is of the order of 10^. This 

number of calculations cannot be performed In a reasonable time without 

f loating-point hardware or access to a mainframe computer. Some form 

of compromise Is therefore necessary; the most obvious one being to 

perform al l the geometric calculations just once for the centre of the 

image and use these values for a l l pixels. However, an image of 768 x 

512 pixels subtends angles of approximately 30" by 20** at the 

sa te l l i t e , and this approach would Introduce unacceptable errors. The 

technique adopted here is based upon the part i t ioning of the image into 

24 square cel ls (Fig. 4.12), within which the Sun-satellite geometry 

may be regarded as constant. All parameters which are a function of 

geometry are calculated once for the centre of each c e l l ; the f inal 

correction is then performed for each p ixe l . In this way, only Eq. 

4.21 needs to be evaluated for each p ixe l , while a l l the geometric ones 

are evaluated 24 times (once for each cell centre). Each cell 

comprises 128 by 128 pixels and subtends angles of approximately 5** by 

5** at the sensor. 
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Figure ^.12 Pa r t i t i o n of image into 24 square c e l l s 
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4.8.2 Determination of latitude and longitude 

As a consequence of the image par t i t ion , values of latitude 0 ^ are 

needed for each cell centre. In addit ion, the longitude 6 2 

required for the calculation of the local time t . 0 ^ and for 

each cell centre, have to be extrapolated from the latitude 0 ^ and 

longitude © 2 centre of the Image, assuming that 0 ^ and 

0 2 may be estimated in some way. This may be achieved by inverting 

the image rect i f icat ion transformations (generated from ground control 

points) or by careful inspection of detailed maps, provided that some 

land is present in the image. From now on, the symbols 0 ^ and © 2 

are reserved for cell centres and 6^ and © 2 are reserved for the 

image centre. An image of 768 by 512 pixels subtends angles of less 

than 4** by 6° at the Earth's centre, which permits the effects of Earth 

curvature to be neglected. Thus the Image may be regarded as lying in 

a plane and simple linear extrapolation may be used to find Oj and 

0 2 - The displacements of cell centres from the image centre in the 

scanline direction are 64, 192 and 320 pixels, and in the direction of 

the orbital track they are 64 and 192 pixels (Fig. 4.12). All these 

are multiples of 64 and so i t is natural to base the Increments in the 

extrapolation process upon this number of pixels. Two increments are 

necessary: one each for latitude and longitude, denoted by a and b 

respectively. Increment a Is 64 x 0.782 km or 64 x 0.782/1.852 

nautical miles, where 0.782 km is the mean ground resolution for 

channels 1 to 5 in the direction of the sate l l i te track (Ball Aerospace 

Systems Division 1979a). One nautical mile is one-sixtieth of a degree 

of latitude and the expression for a in degrees of lat i tude Is 

therefore: 
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a = 64 X 0.782 = 0.4504* (4.31) 
1.852 X 60 

The mean ground resolution for channels 1 to 5 in the scanline 

direction is 0.765 km (Ball Aerospace Systems Division 1979a) and one 

degree of longitude is equivalent to 60cosine(latitude) nautical miles 

(Ayres 1954), hence increment b is given by: 

b = 64 X 0.765 = 0.4406 (4.32) 
1.852 X 60 X cos©! cosQ^ 

These increments are such that 2a and 2b represent degrees of lat i tude 

and longitude subtended by each c e l l . The latitude e^( j ,k ) and 

longitude O^^J*'̂ ) ^^^^ (j»k) are found from: 

e i ( j , k ) = 0 j + a.(3-2j) (4.33) 

O^U^) = ©2 ^ b.(2k-5) (4,34) 

where j is 0,1,2 or 3 and k is 0,1,2,3,4 or 5. By convention, 

longitudes West of Greenwich are represented by negative values and 

those East of Greenwich are posit ive. The CZCS scene is assumed to be 

in the Northern hemisphere and al l latitudes are represented by 

positive quantit ies. 

4.8.3 Non-alignment of coordinate systems 

Eqs. 4.33 and 4.34 were derived assuming that the sate l l i te coordinate 

system is aligned with the terrestr ia l one. However, i t is apparent 

from Eq. 4,26 that the orbital incl ination a is 9.28*' at the equator 

and increases with increasing lat i tude, so the two different coordinate 
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systems are never in alignment. This may be remedied by incorporating 

a clockwise rotation of a into the extrapolation equations. Clockwise 

rotation of a point (x,y) in a two dimensional rectangular coordinate 

system through an angle a about the origin maps the point to (Arfken 

1970): 

(x cosof - y s ina , y cosa + x s ina ) 

The modified expressions for extrapolating 6 ^ and 6 2 from 9^ and 

0 2 are therefore: 

e i ( j , k ) =9^ + a [(3-2j).cosQ: + (2k-5)-sina ] (4.35) 

e2(J»M =®2 ^ ^ [(2k-5).cosa - (3-2 j ) . sina ] (4.36) 

The orbital incl ination a exhibits a small variation over.the scene, 

but is assumed to be constant for s impl ic i ty. The lack of alignment 

also implies that the expressions for increments a and b should include 

a cosa term as the ground resolutions are specified in the sate l l i te 

coordinate system. However, for latitudes of 60** or less, cosa is 

between 0.95 and 0.99. Therefore, the cosa term can be taken as one, 

bearing in mind that ground resolutions vary from channel to channel 

and with position along the scanline. The value of a for use in Eqs. 

4.35 and 4.36 is given by; 

s ina = sin 9.28'' (4.37) 

cos 9. 

and corresponds to the orbital incl ination for the centre of the scene 
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4.8.4 Calculation of local time 

The zenith angle of the Sun to plxel-in-vlew direction, 9^ depends 

upon the local time t at the pixel-in-view, and the azimuth angle ij)̂  

of this direction depends upon 6^, Thus the Sun to pixel-in-vlew 

direction is influenced by the local time, which is the time at which 

the pixel was viewed by the sensor, relative to local noon. This local 

time is not direct ly available and must be derived from the picture 

time noted at the receiving stat ion. The picture time represents the 

time of closest approach of the CZCS to the receiving station and 

Indicates the approximate time at which the CZCS has the same lati tude 

as the receiving stat ion. Picture time is given In Greenwich Mean Time 

(GMT), i . e . local to the Greenwich meridian and is converted to local 

time for the pixel-in-view by making two corrections. The f i r s t C^, 

converts the picture time at the receiving station to the time at which 

the pixel was viewed. The lat ter is corrected to local time by C^. 

Both of these corrections are applied at each cell centre. Fig. 4.13 

depicts a typical situation In which the receiving station is North of 

the pixel and the scan mirror is t i l t e d forwards, i .e . 0^ > 0, The 

pixel-in-view Is shown at the centre of the scanline whose duration is 

only 0,12375 seconds, during which time the Sun position is essentially 

s ta t i c . This implies that a l l pixels on the same scanline are viewed 

at the same time as far as the calculation of local time is concerned. 

The correction to local time however, w i l l vary as there is a 

significant variation in longitude along the scanline. 

Ĉ  represents the time taken for the CZCS sub-satel l i te point to cover 

the distance d^ plus d^. d^ is the distance In km between the 

pixel-in-view and receiving station as measured along a meridian and is 

found from the difference In lat i tudes: 
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Figure 4 .13 Calculation of l o c a l time 
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di ( j ,k ) = [e^( j ,k) - 56.4667]x 60 x 1.852 (4,38) 

8 j ( j , k ) is the lati tude in degrees for the appropriate cell centre 

and 56.4667" is the latitude of Dundee. The distance d2 is a 

function of the orbital incl ination and the displacement s of the sub-

sate l l i te point from the pixel-in-view caused by t i l t of the scan 

mirror as follows: 

d2(j,k) = s. cos [ a ( j , k ) ] (4.39) 

where a ( j , k ) is the orbital incl ination for cell ( j , k ) and is 

calculated from Eq. 4.26. s, in km, is determined from the following 

equation (Appendix 3): 

R'-
(l + h/R)sin0j. - (4.40) 

s is positive/negative when 6^ is positive/negative and is zero when 

equals zero. R is the mean Earth radius (6371 km) and h is the 

CZCS alt i tude (955 km). This equation is only valid i f the right-hand 

side is expressed in radians. Ĉ  is simply: 

SO , k ) = hours (4.41) 
1 Vg X 60 

where is the sub-satell i te velocity at the ground and is equal to 

the mean ground resolution in the direction of the sate l l i te track 

(0.782 km) divided by the duration of the scanline (0.12375 seconds) 

which is 6.319 km.s-1. I t may also be determined from the CZCS 

orbital characteristics (Slater 1980). 
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C2 converts from the GMT at which the pixel was viewed to local 

time (Singh 1982, private communication) and is derived from the 

longitude of the cell centre In degrees ©2(3»k), and exploits the 

fact that 360" of longitude or one Earth rotation takes 24 hours, thus: 

C2 ( j . k ) = 02 ( j . k ) x 24 
360 

= ©2(0,k) hours (4.42) 
15 

Adding the two corrections to the picture time and adjusting to local 

noon gives the local time t for cell ( j , k ) as: 

t ( j , k ) = Picture-time + ( j , k ) + C2(j,k) - 12 hours (4.43) 

Both and C2 may be positive or negative, depending upon the 

latitude and longitude of the pixel in relation to those of the 

receiving station and Greenwich. 

4.8.5 Evaluation of pixel-number 

Since the view-angle 0^ is a function of pixel-number (Eq. 4.24), the 

pixel-number for each cell centre across the image Is required In order 

to find the six view-angles. The pixel-number ranges from 114 to 2081 

for a fu l l CZCS scanline of 1968 pixels, whereas the Image width is 

restricted to 768 pixels. The left-hand edge of the Image corresponds 

to the start of one of the f i r s t nine minor-frames of the CZCS data 

format. The pixel-number for column k is established from: 
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Pixel-number (k) = 114 + 136 [ ( i n i t i a l minor-frame number) - 1] 

+ 63 + 128k (4.44) 

where the i n i t i a l minor-frame number (1-9) is the one associated with 

the left-hand edge of the image, and 136 is the number of pixels in 

each minor-frame. The value of 63 accounts for the fact that the 

pixel-number is required at the centre of each cell and not at the 

ce l l ' s boundary. The column number k (0-5) specifies the cell centre. 

Atmospheric correction of a whole image requires al l six pixel-numbers. 

4.8.6 Selection of Rayleigh and ozone optical thicknesses 

The Rayleigh and ozone optical thicknesses, and T Q ^ , for each 

CZCS wavelength are selected from Table 4.2 (Trees 1982) as a function 

of zone, which depends upon the latitude of the scene centre 0 ^ and 

the season. The term season is used here in an unorthodox way to 

distinguish between the two seasons of Summer and Winter, rather than 

the usual four. The conventional four seasons are defined in the 

following way: 

Season Commences on Date Daynumber 

Spring Vernal equinox March 21 80 

Summer Summer solstice June 21 172 

Autumn Autumnal equinox September 23 266 

Winter Winter solstice December 22 356 

The two seasons of Sunnier and Winter used in selecting the zone are 

taken as starting at mid-Spring and mid-Autumn respectively (Fig. 4,14) 

and therefore their daynumbers are given by: 
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Rayleigh optical thickness T̂^ 

1 2 3 4 5 

0.2329 0.2311 0.2316 0.2300 0.2303 

520 0.1231 0.1222 0 . 1224 0 . 1214 0.1218 

550 0.0969 0.0962 0.0964 0.0956 0.0959 

670 O . O W f 0 . 0442 0.0438 0 .0439 

Ozone optical thickness TQ 

1 2 3 4 5 

443 0.0066 0.0067 0.0069 0.0068 0.0071 

520 0.0166 0.0200 0.0237 0.0213 0.0275 

550 0.0261 0.0323 0.0390 0.0461 

670 0.0158 0 .0191 0.0226 0.0202 0.0264 

Zone 
1 
2 
3 
4 
5 

Latitude 
0- - 25-
25* - 55' 
25' - 55' 

> 5 5 -
> 5 5 ' 

Region 
Tropical 
Mid-latitude 
Mid-latitude 
Sub-polar 
Sub-polar 

Season 

Summer 
Winter 
Summer 
Winter 

Table 4 . 2 Rayleigh and ozone opt i c a l thicknesses 
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• W I N T E S " 

W I N T E R 

Mid-
Autumn 

SUMMER' 

Figure 4 . 1 ^ Selection of season for deterniination 
of optical thicknesses. 
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mid-Spring daynumber = (80 + 172)/2 = 126 

mid-Autumn daynumber = (266+ 356)/2 = 311 

4.8.7 Kean solar irradiance values 
_ x 

The mean solar irradiance values E^, used by Eq. 4.4 in the 

evaluation of the seasonally-adjusted solar irradlances E^, are taken 

from Austin (1982) with the following values: 

_ x 
CZCS Wavelength Ê  

2 
Channel nm mW/(an./xm) 

1 443 186.42 

2 520 185.34 

3 550 184.76 

4 670 151.52 

The radiation sources and detectors used as calibration standards for 

Irradiance suffer from poor s tab i l i ty and consequently there Is 

considerable uncertainty In the measurement of irradiance (Slater 

1980). For this reason Ê  values are subject to revision. Gordon 

(1981b) discusses the Implications of this uncertainty In the 

estimation of water-leaving radiance. 

4.9 SOFTWARE DESCRIPTION 

The atmospheric correction program developed for this work may be used 

In two different ways: to correct a fu l l image of 768 by 512 pixels 

for display purposes or for the correction of a set of pixels 

corresponding to those locations in the image for which ship samples 

have been taken. In the former case, the water-leaving radiance values 
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are scaled up to appropriate integer values for the imagestore, but in 

the lat ter case a stable of absolute radiance values is generated for 

comparison with ship measurements. Plates 4.1a and b show CZCS channel 

2, for the 29/7/1981, before and after atmospheric correction. The 

lat ter displays sub-surface features which are not evident in the 

uncorrected image. Similarly, Plates 4.1c and d show CZCS channel 2 

for the 22/6/1981. Execution time for the correction of one fu l l image 

is approximately 15 minutes when running under multi-user UNIX. 

4.9.1 User-supplied parameters 

The following parameters are supplied by the user for each image or set 

of pixels that is to be corrected: 

CZCS channel number ( 1 , 2 or 3) 

Date of the CZCS pass 

Picture time 

Latitude for the centre of the image 

Longitude for the centre of the image 

Scan-mirror t i l t angle 

In i t i a l minor-frame number 

Channel 1/2/3 slope ) 

Channel 1/2/3 intercept ) For radiometric 

Channel 4 slope ) conversion 

Channel 4 intercept ) 

Angstrom exponent 

Scale factor for display purposes (when applicable) 

The default value for the refractive index of seawater is 1.341 (Sturm 

1982, private communication) in the visible region. 
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Plate ^ . 1 

(a) CZCS channel 2 image for 29/7/l98l 
before atinospheric correction. 

(b) As ( a ) , but after atmospheric correction 

(c) CZCS channel 2 image for 22/6/l98l 
before atmospheric correction. 

(d) As ( c ) , but a f t e r atmospheric c o r r e c t i on 

1 9 5 
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4 . 9 . 2 Useful constants 

The c o r r e c t i o n program makes use o f the f o l l o w i n g cons tan t s : 

Name 

ALTITUDE 

Value 

955km 

CONVERSION 1.852 km.mi le 

EARTHRADIUS 6371 km 

ECCENTRIC 0.0167 

FIRSTPIXEL 114 

FRAMESIZE 136 

-1 

GRESX 

GRESY 

IFOV 

0.782 km 

0.765 km 

0.000698 

INCLINATION 23.44 

LATRXSTAT 56.4667 

MIDAUTUMN 311 

IDSPRING 126 

NADIRPIX 1090 

D e s c r i p t i o n 

CZCS a l t i t u d e 

Number o f km i n one n a u t i c a l 

m i le 

Mean Ear th rad ius 

E c c e n t r i c i t y o f the E a r t h ' s 

o r b i t . 

Pixel-number f o r the l e f t - h a n d 

end o f the scan l ine 

Number o f p i x e l s i n a minor -

frame 

Ground r e s o l u t i o n i n ' X ' 

d i r e c t i o n (a long t r a c k ) 

Ground r e s o l u t i o n i n 'Y ' 

d i r e c t i o n (a long s c a n l i n e ) 

Instantaneous f i e l d o f view 

( rad ians ) 

I n c l i n a t i o n o f equator t o the 

e e l i p t i c 

L a t i t u d e o f r e c e i v i n g s t a t i o n 

(Dundee) 

Daynumber f o r the middle o f 

Autumn 

Daynumber f o r the middle o f 

Spr ing 

Nadir p i x e l number 
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SCANTIME 0.12375s 

SOLIRRl 186.42 

S0LIRR2 

S0LIRR3 

S0LIRR4 

VELOCITY 

185.34 

184.76 

151.52 

TRACKING 9.28** 

6.319 km.s 

VERNALDAY 80.25 

Dura t ion o f one CZCS scan l i ne 

Mean so la r i r r a d l a n c e f o r 

channel 1 

Mean s o l a r i r r a d i a n c e f o r 

channel 2 

Mean s o l a r i r r a d i a n c e f o r 

channel 3 

Mean s o l a r i r r a d i a n c e f o r 

channel 4 

T r a c k l i n e i n c l i n a t i o n a t the 

equator 

Ground v e l o c i t y o f the sub-

s a t e l l i t e p o i n t 

Daynumber f o r the vernal 

equinox (March 21) 

The u n i t s f o r the mean s o l a r i r r a d i a n c e s are mW.cm "^./xm"^. 

4 . 9 . 3 Program st ructure 

The o v e r a l l s t r u c t u r e o f the program i s i l l u s t r a t e d i n F i g . 4.15 and i n 

g rea te r d e t a i l i n F i g . 4 . 1 6 . The g loba l values are independent o f Sun-

s a t e l l i t e geometry and t h e r e f o r e apply t o the whole image. In 

c o n t r a s t , l oca l values are a f u n c t i o n o f S u n - s a t e l l i t e geometry and are 

eva lua ted f o r each c e l l . Radiometr ic convers ion i s c a r r i e d ou t by the 

program p r i o r t o atmospheric c o r r e c t i o n . The program i s w r i t t e n i n ' C 

(approx imate ly 1100 l i n e s ) and comprises one main program and 21 

f u n c t i o n s ; a f u n c t i o n being the e q u i v a l e n t o f a subrout ine i n F o r t r a n . 

A complete program l i s t i n g i s g iven i n Appendix 9. A summary o f these 

f u n c t i o n s i s given below: 
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Constants 

Parameters 

Global 
Values 

Local 
Values 

Perform 
Correction 

Valid for a l l images 

Image dependent 

Valid for a l l 
768 X 512 pixels 

Only v a l i d for a c e l l 
of 128 X 128 pixels 

For the whole image or 
for p i x e l s associated with 
sample points of a sea-
trawl 

Figure 4,13 Overall structure of the atmospheric 
correction program. 
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Constants 

Read i n parameters 
Confirm parameters 

Find the daynumber 
Calculate the solar declination angle 

Calculate the adjusted s o l a r irradiances 
Select Rayleigh and ozone op t i c a l thicknesses 

Global 
r values 

Calculate the l a t i t u d e and 
longitude for each c e l l centre 

Calculate the l o c a l 
time for each c e l l centre 

Calculate the solar zenith 
angle for each c e l l centre 

Calculate the solar azimuth 
angle for each c e l l centre 

Calculate the s i x polar angles 
Calculate the diffuse aJid 

beam(direct) transmittances 
Calculate the sensor azimuth 
angle for each c e l l centre 

Calculate Rayleigh phase 
functions for each c e l l centre 

Calculate the Rayleigh 
radiance for each c e l l centre 

Read i n p i x e l values 
Convert to radiance 
Perform correction 

Local 
lvalues 

Perform 
r correction 

Figure 4.l6 Detailed structure of the atmospheric 
correction program. 
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Funct ion name 

at r ros i Evaluates f i n a l c o r r e c t i o n a l g o r i t h m f o r the 

whole image 

atmos2 Evaluates f i n a l c o r r e c t i o n a l g o r i t h m f o r sample 

po in t s 

c e l l c e n t Ca lcu la tes l a t i t u d e and l ong i t ude f o r c e l l 

cen t res 

con f i rm Conf i rms choice o f parameters 

day -o f -year Ca lcu la tes the daynumber from the date 

dec l i ne Ca lcu la tes the so la r d e c l i n a t i o n angle 

f r e s n e l l Ca lcu la tes r e f l e c t i o n c o e f f i c i e n t f o r a i r to 

water 

f r e s n e l 2 Ca lcu la tes r e f l e c t i o n c o e f f i c i e n t f o r water to 

a i r 

g l oba l va l Determines g loba l values 

l o c a l v a l Determines l o c a l values 

optdepth Se lec ts Rayle igh and ozone o p t i c a l th icknesses 

params Reads i n use r -de f i ned parameters 

phasefuncs Ca lcu la tes forward & backward Rayle igh phase 

f u n c t i o n s 

polarang Ca lcu la tes the s i x po la r angles 

r a y l e i g h Ca lcu la tes the Rayle igh rad iance f o r each c e l l 

cen t re 

scannerazim Ca lcu la tes the scanner azimuth angle f o r each 

c e l l cen t re 

so laraz im Ca lcu la tes the so la r azimuth angle f o r each c e l l 

cen t re 

s o l a r i r r a d Ca lcu la tes the ad jus ted s o l a r i r r a d i a n c e s 
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solarzen Ca lcu la tes the s o l a r zen i t h angle f o r each c e l l 

cen t re 

t imes Ca lcu la tes the l o c a l t ime f o r each c e l l cen t re 

t r a n s m i t Ca lcu la tes d i f f u s e and d i r e c t (beam) t r a n s -

mi t tances 

4 . 1 0 CONSIDERATIONS FOR ATMOSPHERIC CORRECTION WITH D IFFERENT SENSORS 

The technique presented here f o r atmospheric c o r r e c t i o n may be 

mod i f i ed f o r use w i t h o ther sensors prov ided t h a t a s u i t a b l e channel 

e x i s t s f o r the es t ima t i on o f aerosol rad iance (one i n which the wa te r -

l eav ing rad iance i s zero) and the on ly s i g n i f i c a n t atmospheric 

c o n s t i t u e n t s are ae roso l s , ozone and permanent gases. N a t u r a l l y , the 

sensor must possess s u f f i c i e n t r ad iome t r i c s e n s i t i v i t y and r e s o l u t i o n 

t o es t imate the w a t e r - l e a v i n g radiance a c c u r a t e l y . Other ins t ruments 

m c ^ not have the CZCS t i l t f a c i l i t y , i n which case the z e n i t h angle o f 

the p i x e l - t o - s e n s o r d i r e c t i o n s imply equals the view ang le . 

Two o r b i t a l parameters war ran t c o n s i d e r a t i o n : the a l t i t u d e and the 

t r a c k l i n e i n c l i n a t i o n a t the equa to r . The former determines the ground 

v e l o c i t y o f the s u b - s a t e l l i t e p o i n t . 

Ce r ta in sensor c h a r a c t e r i s t i c s a lso r e q u i r e examina t ion , namely the 

Instantaneous f i e l d - o f - v i e w , which determines the ground r e s o l u t i o n and 

the spec t ra l c h a r a c t e r i s t i c s as s p e c i f i e d by the bandwidth and c e n t r a l 

wavelength o f each channe l . In a d d i t i o n , the values of mean s o l a r 

i r r a d i a n c e and Rayle igh and ozone o p t i c a l t h i ckness must be app rop r i a t e 

t o the spec t ra l c h a r a c t e r i s t i c s o f each channe l . Th is i s achieved by 

we igh t i ng the values by the channe l ' s spec t ra l response. 
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4 . 1 1 L I S T OF SYMBOLS 

a L a t i t u d e subtended by 64 p i x e l s ( h a l f c e l l ) 

a O r b i t a l I n c l i n a t i o n ; f u n c t i o n o f l a t i t u d e 

b Longi tude subtended by 64 p i x e l s ( h a l f c e l l ) 

Cj D i f f e rence between p i c t u r e - t i m e and t ime a t which 

image i s viewed 

C2 D i f f e r e n c e between GMT and l o c a l t ime 

d j Distance between r e c e i v i n g s t a t i o n and p i xe l (a long a 

mer id ian) 

d^ Distance between p i x e l and s u b - s a t e l l i t e p o i n t (a long 

a mer id ian) 

D Day-number (1-365) 

8 So lar d e c l i n a t i o n angle 

A Azimuth angle between scan l ine and North 

e E c c e n t r i c i t y o f the E a r t h ' s o r b i t ; 0.0167 

EQ Seasonal ly ad jus ted s o l a r I r r a d i a n c e 

EQ Mean so la r i r r a d i a n c e 

F P r o b a b i l i t y t h a t a photon i s sca t t e red forwards 

FOV F i e l d o f view 

7 Index which cha rac te r i ses the aerosol s i ze 

d i s t r i b u t i o n 

h CZCS a l t i t u d e ; 955km 

1 Angle o f inc idence 

IFOV Instantaneous f i e l d o f view o f the sensor; 6.98 x 

1 0 ' ^ radians 

j , k Row and column r e s p e c t i v e l y ; se lec ts one of the 24 

c e l l s 
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^ Radiance due t o aerosol s c a t t e r i n g 

p Path radiance 

P Radiance due t o Rayle igh s c a t t e r i n g 

J Tota l radiance a t the sensor 

^ Water - leav ing radiance 

X Wavelength 

X Q . 670 nm, CZCS channel 4 

m Angstrom exponent 

M cos 6 

Mo cos 

n R e f r a c t i v e index o f sea-water ; 1.341 

N Number (o f p a r t i c l e s ) 

0) ZTT /24 

a3 ; \ ^R S ing le s c a t t e r i n g albedo f o r aerosol and Rayle igh 

s c a t t e r i n g r e s p e c t i v e l y . Equals the p r o b a b i l i t y o f a 

photon being s c a t t e r e d . cOĵ  = 1 , 

P;^(i/'+) Phase f u n c t i o n f o r aerosol fo rward s c a t t e r i n g 

Ppfjp-) Phase f u n c t i o n f o r aerosol backward s c a t t e r i n g 

PR(\A+) Phase f u n c t i o n f o r Rayle igh fo rward s c a t t e r i n g 

PR(I/'_) Phase f u n c t i o n f o r Ray le igh backward s c a t t e r i n g 

<l> Azimuth angle o f p i x e l - t o - s e n s o r d i r e c t i o n 

</)Q Azimuth angle o f S u n - t o - p i x e l d i r e c t i o n 

(f)\(f)" Used i n the de te rm ina t ion o f <̂  

i/'t Forward s c a t t e r i n g angle 

Backward s c a t t e r i n g angle 

r Angle o f r e f r a c t i o n . Also used f o r p a r t i c l e rad ius 

R Mean Ear th r a d i u s , 6371 km 

p Fresnel r e f l e c t a n c e 

s Ground d is tance between s u b - s a t e l l i t e p o i n t and 
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c u r r e n t s c a n - l i n e 

Local t ime 

tQ D i f f u s e t ransmi t tance 

T D i r e c t o r beam t ransmi t t ance 

T Q D i r e c t o r beam t ransm i t t ance due t o ozone 

Op t i ca l th ickness due to aeroso ls 

T Q ^ Op t i ca l th i ckness due t o ozone 

Opt i ca l th i ckness due t o Rayle igh ma te r i a l s 

6 Zen i th angle of the p i x e l - t o - s e n s o r d i r e c t i o n . Also 

known as po la r angle 

6̂^ Zen i th angle o f the Sun - t o -p i xe l d i r e c t i o n 

% L a t i t u d e o f the cen t re o f a 128 by 128 p i x e l c e l l 

02 Longi tude o f the cen t re of a 128 by 128 p i x e l c e l l 

6j. Scan m i r r o r t i l t angle 

6^ View ang le ; f u n c t i o n o f p i x e l number on ly 

@l L a t i t u d e f o r the cen t re o f a 768 by 512 p i xe l image 

02 Longi tude f o r the cen t re o f a 768 by 512 p i x e l image 

Vg S u b - s a t e l l i t e v e l o c i t y a t the ground; 6.319 km.s"^ 
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CHAPTER 5 

RESULTS AND CONCLUSIONS 

5 . 1 PREAMBLE 

The purpose of t h i s chapter i s t o present data and compare wate r -

leav ing radiances der i ved from CZCS data ( s u i t a b l y processed f o r 

rad iome t r i c convers ion and atmospheric c o r r e c t i o n ) w i t h datasets 

der ived from i n - s i t u sh ip measurements in order t o e s t a b l i s h and t e s t 

c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s . The CZCS data i s used in the form o f 

w a t e r - l e a v i n g radiance r a t i o s (channel 3 to channel 1 or channel 3 t o 

channel 2 ) , The sur face data are e i t h e r CPR measurements or 

f l u o r o m e t r i c de te rmina t ions o f c h l o r o p h y l l (p lus phaeophyt in) 

c o n c e n t r a t i o n . CPR data on ly prov ides a r e l a t i v e measure of 

phytop lankton l e v e l s u n l i k e f l u o r o m e t r i c data which gives abso lu te 

values of c h l o r o p h y l l c o n c e n t r a t i o n . Morel and Gordon (1980) 

i d e n t i f i e d th ree types of a l g o r i t h m f o r r e l a t i n g spec t ra l values of 

w a t e r - l e a v i n g radiance t o pigment c o n c e n t r a t i o n : e m p i r i c a l , semi-

a n a l y t i c a l and a n a l y t i c a l . The emp i r i ca l method i s used here as the 

o the r two requ i re knowledge of the s p e c i f i c o p t i c a l p r o p e r t i e s (a * and 

b*|̂  ) f o r each c o n s t i t u e n t . Not on ly i s t h i s data u n a v a i l a b l e , 

but i t i s commonly acknowledged t h a t the re i s great d i f f i c u l t y i n 

e s t a b l i s h i n g o p t i c a l c o e f f i c i e n t s which are t r u l y r ep resen ta t i ve of 

each c o n s t i t u e n t (Morel 1980) . Fur thermore, i n the case of a lga l 

c e l l s , the s p e c i f i c absorp t ion c o e f f i c i e n t i s a f u n c t i o n of c e l l s i ze 

and i n t r a c e l l u l a r pigment concen t ra t i on (Morel and Br icaud 1981) ; t h i s 

imp l i es t h a t the c o e f f i c i e n t w i l l depend upon which phytop lankton 

species are present and t h e i r r e l a t i v e p o p u l a t i o n s . 
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Also presented i s an a l t e r n a t i v e and unusual a p p l i c a t i o n of ISOCLS 

c l u s t e r i n g (unsuperv ised c l a s s i f i c a t i o n ) , r e f e r t o sec t ion 3 . 3 . 2 . 2 . 

This method does not c o n s t i t u t e a s t a t i s t i c a l comparison between 

sur face and remote d a t a , as w i t h orthodox r a t i o s or d i f f e r e n c e s o f 

wa te r - l eav i ng rad iance . I n s t e a d , a p a r t i t i o n i n g of p i x e l s i n 

m u l t i s p e c t r a l space i s performed such t h a t each p i xe l may be assigned 

t o one of ten or so sub-c lasses . Each sub-c lass corresponds t o an 

a r b i t r a r y range o f c h l o r o p h y l l concen t ra t i on and these sub-c lasses are 

ordered t o produce a r e l a t i v e and d i s c r e t e index of c h l o r o p h y l l 

c o n c e n t r a t i o n . The e f f e c t s of v a r i a t i o n s i n Angstrom exponent are a l so 

examined. 

Raw CZCS d a t a , f o r a l l s i x channels , cover ing North-West Europe, was 

obta ined f o r four da tes : 2 2 / 6 / 1 9 8 1 , 2 9 / 7 / 1 9 8 1 , 17/6/1984 and 3 /7 /1984 . 

Sea t r u t h was a v a i l a b l e i n the form o f CPR data c o l l e c t e d from a s h i p -

o f - o p p o r t u n i t y on one occas ion : 23/6/1981 (P lymou th -Rosco f f ) . In 

a d d i t i o n , f l u o r o m e t r i c data were obta ined f o r 3 0 / 6 / 1 9 8 1 , 21/7/1981 and 

19/6/1984 ( a l l UOR) and f o r the per iod from 22/7/1981 t o 2/8/1981 

( H o l l i g a n et a l . 1983) . 

5.1.1 Overall methodology 

The o v e r a l l methodology f o r ana l ys i s and comparison of CZCS data w i t h 

sea t r u t h ( c h l o r o p h y l l concen t ra t i on ) i s o u t l i n e d i n F i g . 5 . 1 . Names 

surrounded by quo ta t i on marks denote programs t h a t have been developed 

s p e c i a l l y f o r the purpose. The sampling p o s i t i o n s of data c o l l e c t e d 

from s h i p s - o f - o p p o r t u n i t y (on routes such as Plymouth t o Roscof f ) are 

not u s u a l l y s p e c i f i e d by l a t i t u d e and l o n g i t u d e , but ins tead by t imes 

elapsed from the s h i p ' s d e p a r t u r e . These t imes are converted t o 

l a t i t u d e and l ong i t ude by the ' l o c a t e ' program (see sec t ion 3 . 3 . 2 . 1 ) 
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StarHng posiHon This step is not necessary if the 
Finishing position M latitudes and longituHes are 
Speed in knots a l ready known. 
Sampling times 

a l ready 

locate 

Latitudes and 
longitudes for 
each sample 

Channel 1 
water- leaving 
radiances 

' rectczcs 
Line and 
pixel numbers 
(binary form) 

ctmos 

convert 

atmos 

Channel 2 
water- leaving 
radiances 

'calc' and some editing 

Table of 
radiances and 
ra t ios 

Line and 
pixel numbers 
(ASCII form) 

atmos 

Channel 3 
water- leaving 
rad iances 

editing 

Table of chlorophyll 
concentrat ions and 
CH3/CH1 r a t i o s 

' f i t . l in ' 
f i t . pow' 
f i t . poly' 

'xy.swap' 

Regression resul ts 

editing 

Table of chlorophyll 
concentrat ions and 
CH3/CH2 rat ios 

f i t . l in ' 
'fit. pow" 
'f it.poly' 
'xy_swap' 

Regression results 

Figure 5.1 Overall methodology, 
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and then i n t o l i n e - p i x e l coord ina tes by ' r e c t c z c s ' (see s e c t i o n 

3 . 3 . 1 . 3 ) , see Table 5 . 1 . Each f i l e o f CZCS data f o r a s i n g l e spec t ra l 

channel con ta ins 768 x 512 bytes (be ing the s i z e o f the imagestore) and 

the l i n e - p i x e l coord ina tes s e l e c t a s i n g l e byte in the f i l e 

corresponding to the sample. Once these coord ina tes have been found 

they may be s to red i n American Standard Code f o r I n f o rma t i on 

In terchange (ASCII ) form f o r l a t e r use, thus e l i m i n a t i n g unnecessary 

r e p e t i t i o n o f the ' l o c a t e ' and ' r e c t c z c s ' s tages . With these 

coord ina tes and th ree app rop r i a te CZCS f i l e s o f raw data (one per 

spec t ra l channel ) as i n p u t s , 'atmos* per forms rad iomet r i c convers ion 

and atmospheric c o r r e c t i o n (see Chapter 4 ) , produc ing a t a b l e o f wa te r -

l eav ing rad iances . Tables 5.2 - 5.4 show some t y p i c a l r e s u l t s produced 

by the atmospheric c o r r e c t i o n program. The f i r s t two columns are the 

l i n e and p i x e l numbers and the next two columns show the raw d i g i t a l 

numbers f o r the channel t o be c o r r e c t e d ( 1 - 3 ) and channel 4 . The f i n a l 

two columns are the t o t a l uncor rec ted radiance (L^) and the 

w a t e r - l e a v i n g radiance ( L ^ ) . Negat ive radiance p i x e l s are f o r ced 

t o z e r o . I t can be seen t h a t the uncor rec ted radiances l i e between 

about 4 and 8 mW/(cm^.jim.sr) whereas the w a t e r - l e a v i n g radiances 

are a l l less than 0.5 mW/(cm ^ j j m . s r ) , i . e . the l a t t e r are 

t y p i c a l l y 10% or less o f the t o t a l rad iance a t the sensor . 

I n f a c t atmospheric c o r r e c t i o n a l so r equ i r es the s p e c i f i c a t i o n o f 

c e r t a i n parameters, which are d i f f e r e n t f o r each image and channe l ; 

these are a lso s to red i n f i l e s i n ASCII form f o r convenience. The 

parameters used f o r atmospheric c o r r e c t i o n are l i s t e d i n Table 5.5 and 

those f o r r a d i o m e t r i c convers ion ( s e c t i o n 3 . 3 . 1 . 1 ) are g iven i n Table 

5 .6 . The w a t e r - l e a v i n g radiances f o r channels 1 to 3 are combined to 

produce a t a b l e (Table 5 .7 ) o f a tmosphe r i ca l l y co r rec ted w a t e r - l e a v i n g 
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TAfiLB 5.1 LIST OF LATITUDES &SD LOIGITUDES FOR UOB SAHPLES TAKES OH 
21/7/81 AHD COHSESPOIDIIG LIHE-PIKEL COOSDIIATBS FOR CZCS 
IHAGBRY OF 29/7/81. 

TIHE LIHE PIXEL 
LAIUQM LOffGITUDB HQBBER 

0 50.25 -4.13 210 347 
11 50.21 -4.13 214 346 
20 50.18 -4.13 219 345 
30 50.15 -4.12 223 343 
39 50.12 -4.12 227 343 
48 50.09 -4.12 231 341 
57 50.06 -4.11 235 340 
66 50.03 -4.11 238 339 
75 50.00 -4.11 242 339 
84 49.97 -4.10 247 337 
93 49.94 -4.10 251 336 
102 49.91 -4.10 254 335 
111 49.88 -4.09 258 333 
120 49.85 -4.09 263 333 
129 49.82 -4.09 266 332 
138 49.79 -4.08 270 330 
147 49.76 -4.08 274 329 
156 49.73 -4.08 277 329 
165 49.70 -4.07 282 328 
174 49.67 -4.07 286 326 
183 49.64 -4.07 289 325 
192 49.61 -4.06 292 325 
202 49.57 -4.06 297 323 
211 49.54 -4.06 301 322 
220 49.51 -4.05 305 320 
229 49.48 -4.05 309 320 
238 49.45 -4.05 313 319 
247 49 ."42 -4.04 316 318 
256 49.39 -4.04 321 316 
264 49.36 -4.04 324 315 
273 49.33 -4.04 327 315 
283 49.30 -4.03 332 313 

The column headed 'TIRE' I I G I S the time In minutes since the ship's 
departure. 

All latitudes are Borth of the Equator and the negative longitude values 
denote longitudes Vest of Greenwich. 
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TABLE 5.2 TOTAL <Lt) AHD VATEfi-LEAVIIG <U) RADIAFCES FOB CHAHHEL 1. 
CZCS DATA: 29/7/1981. COHPAfiABLB DOB SEA TRUTH: 21/7/1981. 
AIGSTRoH EIPOIEFr = 0.5 . 

LIHE PIXEL 
MSSSR DII(443> Dff<670) L. (443) Lw(443) 
210 347 137 196 7.802 0.074 
214 346 136 189 7.745 0.151 
219 345 135 188 7.689 0.106 
223 343 134 184 7.632 0.123 
227 343 133 180 7.576 0.139 
231 341 134 178 7.632 0.244 
235 340 133 176 7.576 0.220 
238 339 133 176 7.576 0.220 
242 339 134 180 7.632 0.204 
247 337 134 181 7.632 0.184 
251 336 131 179 7.462 0.030 
254 335 131 178 7.462 0.050 
258 333 131 178 7.462 0.030 
263 333 132 180 7.519 0.054 
266 332 132 182 7.519 0.014 
270 330 132 184 7.519 -0.027 
274 329 134 182 7.632 0.143 
277 329 135 183 7.689 0.188 
282 328 137 191 7.802 0.155 
286 326 135 187 7.689 0.107 
289 325 134 184 7.632 0.103 
292 325 134 186 7.632 0.062 
297 323 135 181 7.689 0.228 
301 322 138 187 7.858 0.301 
305 320 138 190 7.858 0.240 
309 320 143 198 8. 141 0.402 
313 319 152 235 8.651 0.235 
316 318 149 227 8.481 0.203 
321 316 139 187 7.915 0.366 
324 315 137 182 7.802 0.338 
327 315 138 186 7.858 0.321 
332 313 138 184 7.858 0.362 

DI Is the raw d i g i t a l number. 
The unite of radiance are mV/(cnP. ;JJD. s r ) . 
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TABLE 5.3 T0T4L (Lt,) AHD VATEK-LEAVIIG (U) RADIAICES FOH CHAITHEL 2. 
C2CS DATA: 29/7/1981. COMPARABLE DOR SEA TRUTH: 21/7/1981. 
ABGSTR6JC EIPOBBIT = 0.5 . 

DH i s the raw d i g i t a l number. 
The units of radiance are mV/(cm*./ijn. sr). 

LIETB PIXEL 
JJUJWER DH<670> L. (520) L-<520) 

210 347 153 196 5.073 0.325 
214 346 151 189 5.008 0.373 
219 345 149 188 4.942 0.320 
223 343 147 184 4.877 0.317 
227 343 146 180 4.844 0.350 
231 341 146 178 4.844 0.383 
235 340 145 176 4.811 0.382 
238 339 144 176 4.779 0.347 
242 339 146 180 4.844 0.350 
247 337 145 181 4.811 0.298 
251 336 144 179 4.779 0.296 
254 335 143 178 4.729 0.278 
258 333 143 178 4.729 0.270 
263 333 144 180 4.779 0.271 
266 332 144 182 4.779 0.238 
270 330 144 184 4.779 0.204 
274 329 146 182 4.844 0.308 
277 329 146 183 4.844 0.291 
282 328 150 191 4.975 0.296 
286 326 148 187 4.910 0.294 
289 325 145 184 4.811 0.239 
292 325 146 186 4.844 0.240 
297 323 147 181 4.877 0.360 
301 322 150 187 4.975 0.364 
305 320 151 190 5.008 0.348 
309 320 159 198 5.270 0.494 
313 319 173 235 5.728 0.361 
316 318 169 227 5.597 0.356 
321 316 150 187 4.975 0.364 
324 315 149 182 4.942 0.413 
327 315 148 186 4.910 0.311 
332 313 147 184 4.877 0.309 
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TABLE 5.4 TOTAL (L«.) AHD VATEH-LEA7IIG (U.) RADIAJTCES FOB CHAITHEL 3. 
CZCS DATA: 29/7/1981. COMPASABLH UOR SEA TKUTH: 21/7/1981. 
AHGSTH6H EIPOHEST = 0.5 . 

LIHB PIXEL 
fiSSBER Dff(550) M(670? L» <550) Lw(550) 
210 347 170 196 4.217 0.247 
214 346 164 189 4.071 0.202 
219 345 161 188 3.998 0.141 
223 343 161 184 3.998 0.203 
227 343 159 180 3.949 0.215 
231 341 158 178 3.925 0.220 
235 340 157 176 3.900 0.226 
238 339 156 176 3.876 0.200 
242 339 158 180 3.925 0.189 
247 337 158 181 3.925 0.173 
251 336 159 179 3.949 0.230 
254 335 158 178 3.925 0.220 
258 333 156 178 3.876 0.163 
263 333 160 180 3.973 0.235 
266 332 160 182 3.973 0.203 
270 330 161 184 3.998 0.198 
274 329 161 182 3.998 0.229 
277 329 163 183 4.046 0.265 
282 328 168 191 4.168 0.268 
286 326 165 187 4.095 0.254 
289 325 162 184 4.022 0.224 
292 325 163 186 4.046 0.218 
297 323 163 181 4.046 0.296 
301 322 166 187 4.119 0.280 
305 320 167 190 4.144 0.258 
309 320 172 198 4.265 0.262 
313 319 193 235 4.776 0.223 
316 318 188 227 4.655 0.219 
321 316 166 187 4.119 0.280 
324 315 164 182 4.071 0.307 
327 315 165 186 4.095 0.270 
332 313 163 184 4.046 0.249 

D5 i s the raw d i g i t a l number. 
The units of radiance are mV/(cm̂ . fim. s r ) . 
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TABLE 5.5 ATHDSPHEBIC CORRECTIOH PABAHETEKS 

Date 22/6/1981 29/7/1981 17/6/1984 3/7/1984 

Picture time (GHT) 11.20 10.50 10.41 12.06 

Latitude for 50* 20' 50* 0' 50* 25* 49' 33' 
centre of image 
Longitude for 5' 30' V 3" 20' V 0* 2' V 8' 19' V 
centre of inage 
T i l t angle +20* +18" +20' +20' 

I n i t i a l minor- 5 1 2 9 
frame number 

Angstrom exponent 0.5 0.5t 0.5 0.5 

Refractive Index 1.341 1.341 1.341 1.341 

t Values of 0.3, 0.7 and 1.0 also used. 
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TABLE 5.6 RADIOJtBTRIC FACTOKS AMD OHBIT fUHBEKS 

1) 22/6/1981 
Channel 
Slope 
Intercept 

Orbit Funber = 13437 (156/07) 

0.05658 
0.05036 

2 
0.03272 
0.06707 

3 
0.02434 
0.07885 

2) 29/7/1981. Orbit Humber = 13948 <S60/06) 
Sane radloinetric factors as i n <1) above. 

3) 17/6/1984 Orbit Humber = 28517 (H129/03) 
Channel 
Slope 
Iatercept 

0.05985 
0.05327 

2 
0.03600 
0.07381 

3 
0.02541 
0.08232 

4) 3/7/1984 Orbit Humber 28739 (1129/04) 
Channel 
Slope 
Intercept 

0.05978 
0.05321 

2 
0.03606 
0.07392 

3 
0.02542 
0.08237 

In a l l cases the slope and intercept values are both 0.01136 for Channel 4. 
The slopes decrease with increasing channel number since L«. i s smaller at 
the red end of the spectrum (I.e. L t decreases with increasing X). 
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TABLE 5 .7 VATER-LEAVIIG RADIAICES (CHAHVELS 1-3) A RATIOS FOR 2 9 / 7 / 1 9 8 1 ; 
UOB CHLOROPHYLL COHCEHTRATIOHS FOB 2 1 / 7 / 1 9 8 1 . 
AECSTRoH EXPOBEJT = 0 .5 . 

CHANEL 
1 

CHAHIEL 
2 

CHAinrEL 
3 

RATIO 
3 / 1 

RATIO 
3/2 

CHLOROPHYLL 
CnwCRirTRATIOS 

0.074 0.325 0.247 3.355 0.760 16.4 
0 .151 0.373 0.202 1.341 0.542 2 2 . 6 
0.106 0.320 0.141 1.323 0.440 35 .3 
0.123 0.317 0.203 1.658 0.641 58 .5 
0.139 0.350 0.215 1.543 0.614 
0.244 0.383 0.220 0 .901 0.574 42 .2 
0.220 0.382 0.226 1.026 0.591 5 2 . 9 
0.220 0.347 0.200 0.909 0.577 6 5 . 1 
0.204 0.350 0.189 0.926 0.540 91 .4 
0.184 0.298 0.173 0.944 0.582 8 6 . 7 
0.030 0.296 0.230 7 .731 0.777 86 .7 
0.050 0.278 0.220 4.397 0.792 9 6 . 0 
0.030 0.270 0.163 5.404 0.604 47 .6 
0.054 0 .271 0.235 4 .318 0.865 63 .7 
0.014 0.238 0.203 14.640 0.856 80 .3 

- 0 . 0 2 7 0.204 0.198 - 7 . 4 4 4 0.971 47 .8 
0.143 0.308 0.229 1.599 0.744 121.9 
0.188 0 .291 0.265 1.411 0.911 •' 

0.155 0.296 0.268 1.729 0.906 128.0 
0.107 0.294 0.254 2 .377 0.864 
0.103 0.239 0.224 2 .174 0.936 6 4 . 2 
0.062 0.240 0.218 3 .501 0.907 96 .8 
0.228 0.360 0.296 1.297 0.823 81 .9 
0 .301 0.364 0.280 0.929 0.768 
0.240 0.348 0.258 1.075 0.741 62 .4 
0.402 0.494 0.262 0 .651 0.529 80 .8 
0.235 0 .361 0.223 0.948 0.617 5 1 . 2 
0.203 0.356 0.219 1.082 0.617 6 1 . 9 
0.366 0.364 0.280 0.764 0.768 79 .8 
0.338 0.413 0.307 0.908 0.741 83 .3 
0.321 0 .311 0.270 0.838 0.868 69 .8 
0.362 0.309 0.249 0.689 0.807 

denotes bad data. 
The units of water-leaving radiance are mV/(en?, fin. sr). 
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radiances and r a t i o s (channel 3 to channel 1 and channel 3 to channel 

2 ) . Some workers have used radiance d i f f e r e n c e s ( e . g . Tassan 1981, 

V i o l l i e r e t a l . 1978), bu t there are sound t h e o r e t i c a l grounds (see 

sec t ion 2 . 1 . 4 ) f o r p r e f e r r i n g the radiance r a t i o and t h i s i s now the 

form most o f t e n used. The r a t i o s are combined w i t h the corresponding 

sur face measurements o f c h l o r o p h y l l c o n c e n t r a t i o n . These combinat ion 

opera t ions are e a s i l y accomplished under the UNIX ope ra t ing system 

which provides u s e f u l u t i l i t i e s known as ' c a t ' and ' p a s t e ' . The t ab le s 

o f c h l o r o p h y l l concen t ra t ions and radiance r a t i o s are submit ted t o 

' f i t - l i n ' , ' f i t - p o w ' and ' f i t - p o l y ' f o r l i n e a r , power and polynomial 

( t h i r d degree) regress ion r e s p e c t i v e l y (Tables 5.8 and 5 . 9 ) . The 

Independent and dependent v a r i a b l e s may be swapped by using 'xy-swap' 

to reverse the r e g r e s s i o n . 

5 .1 .2 S t a t i s t i c a l a n a l y s i s 

Three e m p i r i c a l regress ion f u n c t i o n s were used to e s t a b l i s h the 

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

phaeopigments, and the r a t i o o f w a t e r - l e a v i n g radiances a t 550 nm to 

443 nm or 550 nm to 520 nm. The th ree regress ion f u n c t i o n s are l i n e a r , 

power and polynomial ( t h i r d degree) : 

Y = AX + B 

Y = AX^ 

Y = A + BX + CX 2 + DX^ 

Linear regress ion i s performed through the method o f simple l e a s t 

squares (Alder & Roessler 1977, Daniel & Wood 1971) and regress ion w i t h 
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TABLE 5.8 REGRESSIOH HESULTS FOB UOB (21/7/1981) 
OSIIG RATIO OF CHAIBEL 3 TO CHAMBL 1. 
ABGSTR6H BIPOHEST = 0.5 . 

Affl) CZCS (29/7/1981) 

CHLOROPHYLL RATIO CHLOROPHYLL RATIO 
CnffCEFTRATIOH 3/1 CnHCKlTRATIOl 3/1 

16.4 3.355 80.3 14.640 
22.6 1.341 121.9 1.599 
35.3 1.323 128.0 1.729 
58.5 1.658 64.2 2.174 
42.2 0.901 96.8 3.501 
52.9 1.026 81.9 1.297 
65.1 0.909 62.4 1.075 
91.4 0.926 80.8 0.651 
86.7 0.944 51.2 0.948 
86.7 7.731 61.9 1.082 
96.0 4.397 79.8 0.764 
47.6 5.404 83.3 0.908 
63.7 4.318 69.8 0.838 

UOR integrated chlorophyll concentration (in i?g/mr^) i s the independent 
variable; CZCS Channel 3 to (Hiannel 1 i s the dependent variable. 
26 data pairs. 

1) LIHBAR: Y = AX + B 
Slope A = 0.0101 
Intercept B = 1.8059 
Correlation coefficient (r) = 0.089 

B 
2) POWER: Y = AI 

Hultlpller A = 1.5163 
Power B = 0.0273 
Correlation coefficient <r) = 0.016 

2 3 
3) POLYFOHIAL: Y = A + BX + CX + DX 

Coefficient A = 5.9325 
Coefficient B = -0.2565 
Coefficient C = 0.0045 
Coefficient D = -0.000021 
Correlation coefficient (r) = 0.243 
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TABLE 5.9 RECRESSIOH RESULTS FOH OOR (21/7/1981) AJTO CZCS (29/7/1981), 
DSIIC RATIO OF CHAISEL 3 TO CHAJTHBL 2. 
ABGSTR6H BXPOHEFT = 0.5 . 

CHLOROPHYLL RATIO CHLOROPHYLL RATIO 
mWCKHTRATTOH 3/2 mffCEFTRATIOH 3/2 

16.4 0.760 80.3 0.856 
22.6 0.542 47.8 0.971 
35.3 0.440 121.9 0.744 
58.5 0.641 128.0 0.906 
42.2 0.574 64.2 0.936 
52.9 0.591 96.8 0.907 
65.1 0.577 81.9 0.823 
91.4 0.540 62.4 0.741 
86.7 0.582 80.8 0.529 
86.7 0.777 51.2 0.617 
96.0 0.792 61.9 0.617 
47.6 0.604 79.8 0.768 
63.7 0.865 83.3 0.741 

69.8 0.868 
OOR Integrated chlorophyll concentration (in og/m̂ ) i s the independent 
variable; CZCS Channel 3 to Channel 2 i s the dependent variable. 
27 data pairs. 

1) LIHBAR: Y = AI + B 
Slope A = 0.0020 
Intercept B = 0.5768 
Correlation coefficient ( r ) = 0.359 

B 
2) POVER: Y = AI 

Rultlplier A = 0.3683 
Power B = 0.1546 
Correlation coefficient (r) = 0.339 

2 3 
3) POLYIOHIAL: Y = A + BX + CX + DX 

Coefficient A = 0.6023 
Coefficient B = 0.00066 
Coefficient C = 0.000019 
Coefficient D = 0.0000 
Correlation coefficient (r) = 0.359 
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the power f u n c t i o n operates by f i r s t t a k i n g loga r i t hms o f the 

inclependent (X) and dependent (Y) v a r i a b l e s and then using the l e a s t 

squares method. Polynomial regress ion uses an extended form o f the 

l e a s t squares method i n v o l v i n g Gaussian E l i m i n a t i o n (see sec t ion 

3 .3 .1 .3 and Appendix 4 ) . Regression ana ly s i s produces values f o r A, B, 

C and D and the c o r r e l a t i o n c o e f f i c i e n t r i s a lso c a l c u l a t e d . F i n a l l y , 

the s i g n i f i c a n c e l e v e l o f the c o r r e l a t i o n c o e f f i c i e n t was evaluated 

using the S tuden t ' s t d i s t r i b u t i o n (Edwards 1976, Kennedy and N e v i l l e 

1986) . 

5 .1 .3 Ca lcu la t ion of chlorophyll ' a ' and phaeophyti'n concentrations 

from fluorescence measurements 

Since the CZCS cannot d i s t i n g u i s h between c h l o r o p h y l l and 

phaeoplgments, j o i n t c h l o r o p h y l l plus phaeopigment data must be 

inc luded i n the sea t r u t h measurements. The e s t ab l i shed f l u o r o m e t r i c 

technique f o r c h l o r o p h y l l de te rmina t ion responds to both o f these 

pigments, but q u a n t i t a t i v e i n t e r p r e t a t i o n o f the f luorescence data i s 

not v a l i d when both pigments are present because the c h l o r o p h y l l to 

phaeopigment r a t i o i s unknown. However, t rea tment o f samples w i t h weak 

or d i l u t e ac id conver ts c h l o r o p h y l l ' a ' t o phaeophytin (Lorenzen 1967) 

and by r eco rd ing f luorescence readings both before and a f t e r 

a c i d i f i c a t i o n , i t becomes poss ib le t o make independent de te rmina t ions 

o f c h l o r o p h y l l ' a ' and phaeophyt in , and hence the combined pigment 

c o n c e n t r a t i o n . 

The f o l l o w i n g r e l a t i o n s f o r c h l o r o p h y l l ' a ' and phaeophytin 

concen t ra t ions were provided by H o l l i g a n (personal communicat ion) , but 

are based on the work o f Lorenzen (1966, 1967): 
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c h l o r o p h y l l ' a ' (mg.m"^) = {F^ - F3) .Vg.K ( 5 . 1 ) 

phaeophytin (mg.m"^) = {2F^ - F ^ j . V g . K x 0.975 ( 5 . 2 ) 

where F̂ ^ and F^ are the f luorescences before and a f t e r 

a c i d i f i c a t i o n r e s p e c t i v e l y , and and V r̂ are the volumes 

e x t r a c t e d and f i l t e r e d r e s p e c t i v e l y . K I s the c a l i b r a t i o n cons t an t , 

which was 0.112 f o r H o l l i g a n ' s data c o l l e c t e d i n Ju ly /Augus t 1981. The 

0.975 f a c t o r accounts f o r the d i f f e r e n t molecular weights o f 

c h l o r o p h y l l ' a ' and phaeophyt in . 

The r a t i o o f to F^ i n d i c a t e s the p r o p o r t i o n o f phaeophytin 

i n the sample, being 2.0 f o r pure c h l o r o p h y l l ' a ' and decreasing as the 

p r o p o r t i o n o f phaeophytin increases . From now o n , the term c h l o r o p h y l l 

i s taken t o inc lude phaeophyt in . 

5.1.4 Integration of chlorophyll concentration over one opt ica l 

depth 

For comparison w i t h CZCS da ta , I n - s i t u measurements o f c h l o r o p h y l l need 

to be i n t e g r a t e d over one o p t i c a l depth or pene t r a t i on depth z QQ, 

which i s s imply l/K ^ where K^j I s the a t t e n u a t i o n c o e f f i c i e n t 

f o r downwell ing i r r a d i a n c e ( s e c t i o n 2 . 1 . 4 ) . K I s found f rom 

( A i k e n , personal communication): 

Kjj = 0.12 + 0.015 C ( 5 . 3 ) 

where C i s the mean concen t r a t i on o f c h l o r o p h y l l ' a ' and phaeophytin i n 
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mg-m'^l The 0.12 term accounts f o r a t t e n u a t i o n by pure water w h i l e 

the 0.015 term i s the a t t e n u a t i o n corresponding t o u n i t concen t r a t i on 

o f c h l o r o p h y l l 'a* and phaeophyt in . This emp i r i ca l r e l a t i o n f o r 

i s very much a compromise as K^j va r i e s s i g n i f i c a n t l y w i t h 

wavelength and r e t r i e v a l a l go r i t hms use radiances a t 550 and e i t h e r 520 

or 443 nm. The pene t r a t i on depth z g g i s t h e r e f o r e : 

90 1/(0.12 + 0.015 C) ( 5 . 4 ) 

As expected, Zgo decreases w i t h i nc r ea s ing C. The i n t e g r a t e d 

value o f c h l o r o p h y l l concen t r a t i on ( i n c l u d i n g phaeophytin) f r om z=0 to 

z=2go i s s imp ly : 

ZgQ.C 

= C/ (0 .12 + 0.015 C) 

= 1/(0,015 + 0.12/C) ( 5 . 5 ) 

The value o f C I s obta ined by t a k i n g the mean o f a l l measurements which 

apply down to depths o f 10 metres . The i n t e g r a t e d cho rophy l l 

c o n c e n t r a t i o n i s i n mg.m"^, i . e . per u n i t area r a the r than u n i t 

volume. The maximum value o f i n t e g r a t e d c h l o r o p h y l l , as given by Eq. 

5 .5 , i s 1/0.015 or 67 mg.m i r r e s p e c t i v e o f C's v a l u e . The 

i n t e g r a t i o n o f c h l o r o p h y l l concen t r a t i on over one o p t i c a l clepth 

represents an unusual approach which ensures t h a t the i n - s i t u 

measurement o f c h l o r o p h y l l i s a p p r o p r i a t e f o r comparison w i t h r e m o t e l y -

assessed va lues . 
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5.2 REGRESSION ANALYSIS 

5.2.1 CPR - CZCS (June 1981) 

CPR data f o r 23/6/1981 was c o l l e c t e d f rom a s h i p - o f - o p p o r t u n i t y 

c ros s ing the Eng l i sh Channel f rom Plymouth to Roscoff ( l O l P R ) , 

p r o v i d i n g counts o f diatoms (= phytoplankton) and zooplankton f o r e i g h t 

s t a t i o n s (evenly spaced, 11 or 12 nau t i ca l mi les a p a r t ) . The diatom 

count o n l y provides a r e l a t i v e measure o f c h l o r o p h y l l c o n c e n t r a t i o n , 

but i t was be l i eved t h a t the reg ion conta ined low concen t ra t ions a t 

t h i s t i m e . The neares t , c l e a r CZCS pass was a t 11.20 GMT on 22 /6 /1981 , 

o r b i t number 13437 (N56/07) . The CZCS imagery was co r r ec t ed assuming 

an Angstrom exponent o f 0 .5 . F igure 5.2 shows the v a r i a t i o n i n su r face 

and remote measurements across the channe l . Al though the CZCS has 8-

b i t r e s o l u t i o n , the r a t i o o f CZCS w a t e r - l e a v i n g radiances appears noisy 

because the e f f e c t i v e r e s o l u t i o n a f t e r removal o f the dominant 

atmospheric components i s too coarse (Gordon e t a l . 1980a). The diatom 

peak appears j u s t beyond mid-channel (nearer the French coas t ) and t h i s 

i s conf i rmed by the p o s i t i o n o f the phytoplankton bloom i n the CZCS 

imagery (P la te 5 . 1 ) . A d i s t i n c t peak appears i n the r a t i o o f wa te r -

l e a v i n g radiances a t 550 nm (channel 3) and 443 nm (channel 1 ) , 

a l though i t i s d i sp laced f rom the diatom peak. C o r r e l a t i o n r e s u l t s f o r 

the three types o f regress ion are presented i n Table 5.10, bu t should 

be regarded w i t h some cau t ion as there are on ly f i v e non-zero diatom 

va lues . However, i n each case the c o r r e l a t i o n c o e f f i c i e n t f o r channel 

3 : channel 1 i s h igher than f o r channel 3 : channel 2, which i s 

c o n s i s t e n t w i t h the premise o f a low c h l o r o p h y l l concen t r a t i on r e g i o n . 

Only one o f the c o r r e l a t i o n c o e f f i c i e n t s i s s i g n i f i c a n t a t the b% 

l e v e l . The l i n e a r r e l a t i o n s h i p between CPR count and CZCS r a t i o i s : 
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Figure 5.2 Variation of CPR count and CZCS r a t i o across the 
English Channel for June 1981. 



Plate 5>1 Pseudo-colour image for 22/6/1981 
using the channel 3 to channel 1 
r a t i o , High concentrations of 
chlorophyll are denoted by red 
and low concentrations by magenta 

Plate 3-2 Pseudo-colour image for 29/7/l98l 
using the channel 3 to channel 2 
r a t i o . The chlorophyll concentration 
ranges are as follows: 

Black 0-10 mg.m̂  
Magenta 10-15 
Blue 15-20 
Cyan 20-25 
Green 25-3O 
Yellow 30-̂ 40 
Red 
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TABLE 5.10 COHKELATIOH COEFFICIEBTS FOB CPR (23/6/81) AITO CZCS (22/6/81) 

Dlatoa 
count 

Diatom 
count 

CZCS 
Ch3/Chl 

CZCS 
Ch3/Ch2 

lASEAR rOVER FQLYBQHIAL 

0.78 0.71 0.89t 

0.43 0.41 0.61 

» S i g n i f i c a n t at the 5X l e v e l . lumber of saBq)les = 5. 
Imagery corrected assuming an Angstrom exponent of 0.5 . 

TABLE 5.11 CORRBLATIOI COEFFICIEITS FOR aOR (30/6/1981) ASD 
CZCS (22/6/1981) 

Integrated 
chlorophyll 

Integrated 
chlorophyll 

CZCS 
Ch3/Chl 

CZCS 
Ch3/Ch2 

LTireAR £Q£E£ PQLYIOMAL 
0.33 0.28 0.43 

0.34 0.34 0.37 

Humber of samples = 37. Chlorophyll (+ phaeophytin) integrated over 10 
metres. Imagery corrected assuming an Angstrom exponent of 0.5 . 

TABLE 5.12 CORRELATIOH COEFFICIEBTS FOR UOR (21/7/1981) ASD 
CZCS (29/7/1981) 

HUHBER OF 
I Y LlfiEAR EQSER POLYgQHIAL SAHELffi 

Integrated 
chlorophyll 

Integrated 
chlorophyll 

CZCS 
Ch3/Chl 

CZCS 
Ch3/Ch2 

0.09 

0.36 

0.02 

0.34 

0.24 

0.36 

26 

27 

Chlorophyll <+ phaeophytin) integrated over 10 metres. Imagery corrected 
assuming an Angstrom exponent of 0.5 . 
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CPR c o u n t = 0 .00413 
L „ { 5 5 0 ) 

Lw(443 ) 
- 0 .00109 ( 5 . 6 ) 

I t i s d i f f i c u l t t o e s t a b l i s h a m e a n i n g f u l r e l a t i o n s h i p between CZCS and 

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

a t one d e p t h and n o t t h e c h l o r o p h y l l c o n c e n t r a t i o n . However d e s p i t e 

t h i s and t h e s m a l l d a t a s e t i n t h i s c a s e , t h e s e i n i t i a l r e s u l t s s t i l l 

i n d i c a t e t h a t t h e CZCS i s c a p a b l e o f a s s e s s i n g p l a n k t o n p a t c h i n e s s 

b e a r i n g i n mind t h a t t h e r e i s a one day d i s c r e p a n c y between t h e CZCS 

pass and t h e sea t r u t h . 

5 . 2 . 2 UOR - CZCS (June 1981) 

UOR measurements o f c h l o r o p h y l l c o n c e n t r a t i o n f o r t h e 3 0 / 6 / 1 9 8 1 were 

t a k e n a c r o s s t h e E n g l i s h Channel be tween 50"* 1 0 . 5 ' N, 4 M 6 ' W and 48** 

4 8 . 4 ' N, 3 ° 5 9 . 5 ' W; t h i s r e p r e s e n t s a d i s t a n c e o f 83 n a u t i c a l m i l e s . 

The c h l o r o p h y l l c o n c e n t r a t i o n s were i n t e g r a t e d o v e r 10 m e t r e s and 

ranged f r o m 14 t o 66 m g . m " ^ , so t h i s i s a h i g h c h l o r o p h y l l 

r e g i o n . T h i s sea t r u t h was compared w i t h CZCS d a t a g a t h e r e d on 

2 2 / 6 / 1 9 8 1 a t 11 .20 GMT ( o r b i t number 13437 , N 5 6 / 0 7 ) . The t i m e l a p s e 

between t h e s e two d a t a s e t s i s e i g h t days and an Angs t rom e x p o n e n t o f 

0 . 5 was used i n t h e a t m o s p h e r i c c o r r e c t i o n . The v a r i a t i o n i n 

c h l o r o p h y l l c o n c e n t r a t i o n and two CZCS s p e c t r a l r a t i o s a c r o s s t h e 

Channel i s shown i n F i g . 5 . 3 . The two s p e c t r a l r a t i o s d i s p l a y a 

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

p a r t i c u l a r l y t h e l a t t e r p a r t o f t h e r o u t e , i . e . f o r ' t i m e s i n c e 

d e p a r t u r e ' o f 200 t o 320 m i n u t e s , assuming t h a t some d i s p l a c e m e n t has 

o c c u r r e d . T a b l e 5 . 1 1 shows t h e s t a t i s t i c a l r e s u l t s , w i t h o n l y one case 

f a i l i n g t o meet t h e S% l e v e l o f s i g n i f i c a n c e . Even s o , t h i s i s n o t a 
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Figure 5.3 Vciriation of chlorophyll concentration (U O R ) and CZCS 
r a t i o f o r June 1981. 
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r e l i a b l e b a s i s f o r d e v e l o p i n g e m p i r i c a l r e l a t i o n s h i p s between CZCS and 

s u r f a c e measurements as t h e t i m e d i f f e r e n c e i s t o o l a r g e . 

5 . 2 . 3 UOR - CZCS ( J u l y 1981) 

UOR d a t a , c o v e r i n g t h e E n g l i s h Channel on 2 1 / 7 / 1 9 8 1 , p r o v i d e d 

i n t e g r a t e d (0 - 10 m e t r e s ) c h l o r o p h y l l c o n c e n t r a t i o n ( m g . m ' ^ ) 

a l o n g a 56 n a u t i c a l m i l e t r a c k . Mos t o f t h e samples had c o n c e n t r a t i o n s 

g r e a t e r t h a n 40 m g . m ' ^ w h i c h s i g n i f i e s a h i g h - c h l o r o p h y l l 

c o n c e n t r a t i o n r e g i o n . T h i s sea t r u t h was compared w i t h CZCS d a t a f o r 

2 9 / 7 / 1 9 8 1 , 1 0 . 5 0 GMT ( o r b i t number 13948 , N 6 0 / 0 6 ) , w h i c h was 

a t m o s p h e r i c a l l y c o r r e c t e d t a k i n g t h e A n g s t r o m e x p o n e n t as 0 . 5 . The re 

i s an e i g h t day d i s c r e p a n c y between t h e s e two d a t a s e t s and i n s p e c t i o n 

o f F i g - 5 . 4 does n o t i n d i c a t e any o b v i o u s a s s o c i a t i o n between t h e 

s u r f a c e and remote measuremen ts . I n t h e case o f t h e channe l 3 t o 

channe l 1 r a t i o , one o f t h e v a l u e s i s n e g a t i v e due t o a s m a l l n e g a t i v e 

w a t e r - l e a v i n g r a d i a n c e i n channe l 1 . T h i s v a l u e has n o t been i n c l u d e d 

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

c o r r e c t i o n p rog ram i s s l i g h t l y o v e r - c o m p e n s a t i n g f o r a t m o s p h e r i c 

e f f e c t s . The r e g r e s s i o n r e s u l t s a r e shown i n T a b l e 5 . 1 2 , none o f w h i c h 

a r e s i g n i f i c a n t a t t h e 5 * l e v e l . 

5 . 2 . 4 H o l l i g a n ' s d a t a - CZCS ( J u l y / A u g u s t 1981) 

The d a t a s e t s p r e s e n t e d so f a r a r e i n a d e q u a t e f o r t h e deve lopmen t o f 

c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s because t h e CPR does n o t measure 

c h l o r o p h y l l c o n c e n t r a t i o n and t h e two o t h e r cases b o t h e n t a i l l a r g e 

t i m e d i s c r e p a n c i e s . However , t h e d a t a p r e s e n t e d i n t h i s s e c t i o n does 

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

e x a m i n i n g t h e i n f l u e n c e o f v a r i o u s p a r a m e t e r s , such as t h e A n g s t r o m 

e x p o n e n t , under d i f f e r e n t c i r c u m s t a n c e s . F u r t h e r m o r e , sea t r u t h was 
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a v a i l a b l e on t h e v e r y day o f t h e CZCS pass as w e l l as a number o f days 

b e f o r e and a f t e r . The I n - s i t u d a t a was c o l l e c t e ( J i n t h e E n g l i s h 

Channel o v e r a 12 day p e r i o d f r o m 2 2 / 7 / 1 9 8 1 t o 2 / 8 / 1 9 8 1 f rom Research 

Vesse l ' F r e ( i e r i c k R u s s e l l ' ( H o l l i g a n e t a l . 1 9 8 3 ) . C h l o r o p h y l l 

c o n c e n t r a t i o n was measured f l u o r o m e t r i c a l l y a t v a r i o u s d e p t h s , w i t h 

most o f t h e 51 s a m p l i n g p o s i t i o n s l o c a t e d i n t h r e e d i s t i n c t r e g i o n s -

m i x e d , f r o n t a l and s t r a t i f i e d w a t e r s ; r e f e r t o F i g . 5 . 5 and H o l l i g a n e t 

a l , ( 1 9 8 3 ) . The f r o n t a l r e g i o n was d o m i n a t e d by one s p e c i e s o f 

d i n o f l a g e l l a t e { G y r o d i n i u m a u r e o l u m ) w i t h c h l o r o p h y l l c o n c e n t r a t i o n s 

between 40 and 60 m g . m " ^ . I n t h e m ixed a r e a , t h e c o n c e n t r a t i o n 

was between 10 and 15 mg.m"^ w i t h d i a t o m s as t h e dominan t 

s p e c i e s . The s t r a t i f i e d a rea was v a r i a b l e ( 1 t o 30 m g . m " ^ ) , b u t 

g e n e r a l l y l e s s t h a n 10 mg .m"^ " . A m i x t u r e o f f l a g e l l a t e s was 

p r e s e n t i n t h i s a r e a . A l l t h e s e c o n c e n t r a t i o n s a r e i n t e g r a t e d o v e r one 

o p t i c a l d e p t h . The f r o n t a l and m i x e d a r e a s a r e e s s e n t i a l l y e x t e n d e d 

homogeneous r e g i o n s d i s p l a y i n g l i t t l e v a r i a t i o n i n c h l o r o p h y l l 

c o n c e n t r a t i o n , whereas t h e s t r a t i f i e d a rea c o n t a i n s sha rp h o r i z o n t a l 

c o n c e n t r a t i o n g r a d i e n t s and i s h i g h l y v a r i a b l e . The CZCS d a t a chosen 

f o r c o m p a r i s o n ( w i t h sea t r u t h ) was c o l l e c t e d on 2 9 / 7 / 1 9 8 1 a t 10 .50 

GMT, o r b i t number 13948 ( N 6 0 / 0 6 ) . Angs t rom e x p o n e n t s o f 0 . 3 , 0 . 5 , 0 .7 

and 1,0 were used i n t h e a t m o s p h e r i c c o r r e c t i o n i n o r d e r t o assess t h e 

i n f l u e n c e o f t h i s p a r a m e t e r on t h e c o r r e l a t i o n . P l a t e 5 . 2 shows a v e r y 

l a r g e p h y t o p l a n k t o n b loom ( 3 x 1 0 ^ km^) i n t h e CZCS imagery f o r 

2 9 / 7 / 1 9 8 1 . 

F i g u r e 5 .6 i s a p l o t o f i n t e g r a t e d c h l o r o p h y l l a g a i n s t t h e 

( a t m o s p h e r i c a l l y c o r r e c t e d ) r a t i o o f w a t e r - l e a v i n g r a d i a n c e s i n 

c h a n n e l s 3 and 2 , assuming an Angs t rom exponen t o f 0 . 5 . T h i s p l o t 

appears s c a t t e r e d bu t t h e f r o n t a l and m ixed samples f o r m two s e p a r a t e 
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c l u s t e r s - t h i s i s a l s o a p p a r e n t f r o m F i g . 5 . 7 w h i c h i l l u s t r a t e s t h e 

d i s t r i b u t i o n o f samples i n channe l 3 : channe l 2 s p e c t r a l s p a c e . The 

S t r a t i f i e d p o i n t s l i e between t h e d i s t i n c t m ixed and f r o n t a l g r o u p s . 

The f r o n t a l samples have a l o w e r r esponse i n b o t h c h a n n e l s t h a n t h e 

m ixed ones because t h e c h l o r o p h y l l c o n c e n t r a t i o n i s h i g h e r i n t h e 

f r o n t a l r e g i o n . The v a r i a t i o n i n r esponse i s g r e a t e r i n channe l 2 t h a n 

i n channe l 3 as e x p e c t e d . 

Of i m p o r t a n c e i s t h e i n f l u e n c e o f t h e Angs t rom exponent ' m ' upon 

a t m o s p h e r i c c o r r e c t i o n and i n d i r e c t l y upon t h e c o r r e l a t i o n between 

remote and i n - s i t u e s t i m a t e s o f c h l o r o p h y l l c o n c e n t r a t i o n . The p r o p e r 

e s t i m a t i o n o f 'm* r e q u i r e s o p t i c a l measurements o f t h e a tmosphere t a k e n 

a t t h e sea s u r f a c e , c o n c u r r e n t w i t h t h e CZCS p a s s . W i t h o u t t h e s e 

measuremen ts , as i n t h i s w o r k , ' m ' i s chosen as t h a t v a l u e w h i c h 

o p t i m i s e s c o r r e l a t i o n c o e f f i c i e n t s . T a b l e 5 . 1 3 p r e s e n t s t h e 

c o r r e l a t i o n c o e f f i c i e n t s f o r f o u r v a l u e s o f m ( 0 . 3 , 0 . 5 , 0 . 7 and 1 , 0 ) 

and f o r t h e t h r e e f o r m s o f r e g r e s s i o n . For m = 1 . 0 , t h e number o f 

samples has f a l l e n t o 41 because 10 o f t h e w a t e r - l e a v i n g r a d i a n c e s 

became n e g a t i v e due t o o v e r - c o r r e c t i o n . The v a r i a t i o n o f r w i t h m i s 

p l o t t e d i n F i g . 5 . 8 u s i n g t h e channe l 3 t o channe l 2 r a t i o as i t 

o u t p e r f o r m s t h e channe l 3 t o channe l 1 r a t i o i n a l l c a s e s . W i t h l i n e a r 

and power r e g r e s s i o n r i n c r e a s e s s l o w l y and t h e n f a l l s s h a r p l y w i t h t h e 

o n s e t o f o v e r - c o r r e c t i o n . P o l y n o m i a l r e g r e s s i o n i s ambiguous as i t 

p roduces two p l o t s d e p e n d i n g upon w h i c h v a r i a b l e i s used f o r t h e 

i n d e p e n d e n t one i n t h e r e g r e s s i o n . However , p o l y n o m i a l A ( i n t e g r a t e d 

c h l o r o p h y l l as i n d e p e n d e n t v a r i a b l e ) p roduces t h e b e s t c o r r e l a t i o n and 

e x h i b i t s t h e same b e h a v i o u r as t h e l i n e a r and power r e g r e s s i o n s . A 

s u i t a b l e v a l u e f o r m i s between 0 . 5 and 0 . 7 and even 0 . 7 i s s l i g h t l y 

h i g h as i t p roduced a c o u p l e o f n e g a t i v e r a d i a n c e s i n channe l 1 . A 
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TABLE 5.13 CORBBLATIOI COHFFICIBITS ( r ) FOH VAKIOUS VALUES CiP 
AIGSTBoK EIPOIEIT (m). 

A) LISEAB 

n = 0.3 m = 0.5 n = 0.7 D = 1.0 

Ch3/Chl 0.07 0.18 

Ch3/Ch2 0.54 0.57 0.60 0.28 

Hunber of 
Gaiq>les 

51 51 51 41 

B) POVEK 

a = 0.3 a = 0.5 a = 0.7 m = 1.0 

Ch3/Chl -0.09 0.01 

Ch3/Ch2 0.28 0.30 0.35 0.14 

luaber of 
s a l l i e s 

51 51 51 41 

C) POLYIOHIAL 

n = 0.3 a = 0.5 a = 0.7 a = 1.0 

Ch3/Chl 0.35 
(0.18) 

0.35 
(0.28) 

Ch3/Ch2 0.74 
(0.60) 

0.74 
(0.62) 

0.74 
(0.64) 

0.47 
(0.71) 

Sunber of 
samples 

51 51 51 41 

For l i n e a r and power regression the saae c o r r e l a t i o n c o e f f i c i e n t i s 
produced with integrated chlorophyll or the CZCS r a t i o as Independent 
v a r i a b l e . However, with polynoalal regression t h i s i s not the case and the 
f i r s t value a p p l i e s when integrated chlorophyll i s the Independent v a r i a b l e 
while the second ( i n parentheses) a p p l i e s when the CZCS r a t i o i s the 
independent v a r i a b l e . Based upon CZCS (29/7/1981) and Holligan's data. 
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s a f e v a l u e t h e n i s 0 . 5 o r 0 . 6 f o r 2 9 / 7 / 1 9 8 1 . F i g u r e 5 . 8 r e v e a l s t h a t 

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

r e g r e s s i o n i s c l e a r l y t h e p o o r e s t f o r m o f r e g r e s s i o n . The s i g n i f i c a n c e 

l e v e l s f o r p o l y n o m i a l , l i n e a r and power r e g r e s s i o n a re <0 .00002%, 

0.002% and 5% r e s p e c t i v e l y f o r m = 0 . 5 . 

5 . 2 . 5 Reduced d a t a s e t s ( J u l y / A u g u s t 1981) 

A d i f f e r e n c e o f a few days between i n - s i t u and remote measurements may 

r e n d e r t h e two s e t s o f d a t a i n c o m p a r a b l e because a p h y t o p l a n k t o n p a t c h 

may show some movement a n d / o r g r o w t h ( o r decay ) i n t h i s t i m e . I t was 

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

w i t h t h e sample p e r i o d , w h i c h v a r i e d f r o m +1 day o f t h e CZCS pass 

( 2 9 / 7 / 1 9 8 1 ) t o +4 d a y s ; t h e f u l l s e t o f 51 samples was sp read o v e r an 

i n t e r v a l o f -7 t o +4 days c e n t r e d on t h e 2 9 / 7 / 1 9 8 1 . These r e s u l t s a r e 

p r e s e n t e d i n T a b l e 5 . 1 4 . The l i n e a r c o r r e l a t i o n c o e f f i c i e n t shows a 

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

one e x c e p t f o r a sma l l d r o p a t + 3 d a y s . However , power r e g r e s s i o n peaks 

a t ±3 days and does n o t p roduce c o n v i n c i n g v a l u e s o f c o r r e l a t i o n 

c o e f f i c i e n t . O v e r a l l , t h e s e f i n d i n g s a r e c o n t r a r y t o what wou ld be 

e x p e c t e d o f a p h y t o p l a n k t o n p a t c h i n a s t a t e o f r a p i d f l u x and i n s t e a d 

t h e y s u p p o r t t h e n o t i o n o f a c o m p a r a t i v e l y s t a b l e d i s t r i b u t i o n . A 

p o s s i b l e e x p l a n a t i o n f o r t h i s improvement i n c o r r e l a t i o n c o e f f i c i e n t 

w i t h sample p e r i o d ( f o r l i n e a r and p o l y n o m i a l r e g r e s s i o n ) i s t h a t 

r e g r e s s i o n p e r f o r m e d w i t h a l l 51 samples i n c o r p o r a t e s a w ide range o f 

c h l o r o p h y l l c o n c e n t r a t i o n s and r e s u l t s i n a m e a n i n g f u l r e g r e s s i o n 

e q u a t i o n . I n c o n t r a s t , when a s m a l l e r d a t a s e t i s c o n s i d e r e d , t h e r e may 

n o t be a s u f f i c i e n t range o f c o n c e n t r a t i o n s . 
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TABLE 5.14 VASIATIOI OF COREELATIOH COEFFICIEVT ( r ) VITH SAKPLB 
PEKIOD. SEA TRUTH: JOLY/AUGUST 1981, CZCS: 29/7/1981, 

fUKBEB CORHELATIO¥ COEFFICIKHTS 
SAIFLB OF 
EB£im L1££A£ POLTTOMTM. 

±1 14 0.45 0.27 0.55 
±2 28 0.52 0.39 0.61 
±3 35 0.54 0.42 0.59 
±4 43 0.55 0.35 0.68 
A l l 51 0.57 0.30 0.74 

The c o r r e l a t i o n c o e f f i c i e n t s are between integrated chlorophyll (measured 
f l u o r o s e t r i c a l l y ) and the r a t i o of CZCS channel 3 to channel 2. An Angstrom 
exponent of 0.5 was used. 

TABLE 5.15 CORRELATIOI COEFFICIEVTS FOR REDUCED DATASET: ALL STRATIFIED 
SAJEPLES EICLUDSD. SEA TRUTH: FLUOROKBTBR (HQLLIGAI) JULT TO 
AUGUST 1981; CZCS: 29/7/1981. 

Integrated 
chlorophyll 

CZCS 
Ch3/Chl 

Integrated 
chlorophyll 

CZCS 
Ch3/Ch2 

CZCS 
Ch3/Chl 

Integrated 
chlorophyll 

CZCS 
Ch3/Ch2 

Integrated 
chlorophyll 

LI££AR PQLYBDKIAL 
0.48 0.45 0.49 

0.48 

0.88 

0.88 

0.45 

0.86 

0.86 

0.49 

0.89 

0.91 

Humber of s a u r i e s = 33. 
Chlorophyll (+ phaeophytin) integrated over 1 o p t i c a l depth. 
Imagery corrected assuming an Angstrom exponent of 0.5 . 
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An e x a m i n a t i o n o f F i g . 5 .6 i n d i c a t e s t h a t most o f t h e s t r a t i f i e d 

samples l i e w e l l away f r o m t h e main sequence o f m ixed and f r o n t a l o n e s . 

I t i s b e l i e v e d t h a t t h e s e s t r a t i f i e d samples a r e drawn f rom an a rea 

c o n t a i n i n g l a r g e h o r i z o n t a l g r a d i e n t s i n c h l o r o p h y l l c o n c e n t r a t i o n ; 

o b s e r v e t h e s h a r p edge on t h e West s i d e o f t h e p h y t o p l a n k t o n b loom i n 

P l a t e 5 . 2 . These- s h a r p g r a d i e n t s l e a v e no room f o r s p a t i a l e r r o r 

between t h e two d a t a s e t s (Gordon e t a l . 1 9 8 3 b ) , whereas t h e m ixed and 

f r o n t a l r e g i o n s can accommodate such e r r o r s as t h e y ' a r e e x t e n d e d 

r e g i o n s w i t h a l m o s t homogeneous p r o p e r t i e s . 

F i g u r e 5 . 9 i s t h e same as F i g . 5 . 6 , b u t w i t h t h e s t r a t i f i e d samples 

e x c l u d e d ; t h e t h r e e r e g r e s s i o n s a r e supe r imposed upon t h e d a t a . The 

c o r r e s p o n d i n g c o r r e l a t i o n c o e f f i c i e n t s ( T a b l e 5 . 1 5 ) a r e much imp roved 

and t h o s e f o r t h e CZCS channe l 3 t o channe l 2 r a t i o a r e a l l s i g n i f i c a n t 

a t a l e v e l o f l e s s t h a n 0 ,00002%. The d i f f e r e n c e i n p e r f o r m a n c e 

between t h e t h r e e f o r m s o f r e g r e s s i o n i s now much s m a l l e r , b u t power 

r e g r e s s i o n s t i l l comes i n l a s t . A l t h o u g h t h e p o l y n o m i a l r e g r e s s i o n 

p roduces t h e b e s t c o r r e l a t i o n , i t does l o o k as i f i t i s a t t e m p t i n g t o 

a c c o u n t f o r t h e s p r e a d o f samples i n t h e f r o n t a l r e g i o n and i n t h i s 

sense i t i s t o o ' c l e v e r ' f o r i t s own g o o d . 

P u r s u i n g t h e i dea o f reduced d a t a s e t s one s t e p f u r t h e r , an a n a l y s i s o f 

j u s t t h e m ixed and f r o n t a l samples was u n d e r t a k e n . The c o r r e l a t i o n 

c o e f f i c i e n t s ( T a b l e 5 . 1 6 ) show some i m p r o v e m e n t , w i t h t h e power 

r e g r e s s i o n f i n a l l y o v e r t a k i n g t h e l i n e a r o n e . 
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TABLE 5.16 COHBELATIOI COBFFICIBHTS FOR EEDOCED DATASBT: WXED ATO 
FHOITAL SAJCPLES OILY. SEA TROTH: FLUOROHBTER (HOLLIGAI) 
J0LY TO AUGUST 1981; CZCS: 29/7/1961. 

Integrated 
chlorophyll 

CZCS 
Ch3/Ch2 

CZCS 
Ch3/Ch2 

Integrated 
chlorophyll 

USEAR 

0.90 

0.90 

E O m PQLYITQUIAL 

0.92 0.91 

0.92 0.95 

Husiber of s a u r i e s = 26. 
Chlorophyll (+ phaeophytln) Integrated over 1 o p t i c a l depth. 
Intagery corrected aeeuning an Angstron exponent of 0.5 . 

TABLE 5.17 CORHBLATIOI COEFFICIEFTS FOR UOR <19/6/84) AHD CZCS <17/6/84) 

Averaged 
chlorophyll 

CZCS 
Ch3/Chl 

Averaged 
chlorophyll 

CZCS 
Ch3/Ch2 

CZCS 
Ch3/Chl 

Averaged 
chlorophyll 

CZCS 
Ch3/Ch2 

Averaged 
chlorophyll 

LIflSAR £QS££ POLYSQMAL 

0.54 0.48 0.58 

0.54 

0.38 

0.38 

0.48 

0.37 

0.37 

0.54 

0.39 

0.39 

Runber of saiiq>les = 52. 
Chlorophyll (+ phaeophytln) averaged over 10 metres, 
loagery corrected assuming an Angstrom exponent of 0.5 
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5.2.6 UOR - CZCS (June 1984) 

Chlo rophy l l concen t ra t i on was measured by the UOR i n the Eng l i sh 

Channel on 19/6/1984, The tow covered a d is tance of 44 nau t i ca l m i les 

from 49° 35 ' N. 4"* 8 ' W t o 50** 1 7 . 2 ' N. 4*» 1 3 . 2 ' W; t h i s i s a South t o 

North r o u t e . Over t h i s d is tance the undu la to r made 52 complete 

undu la t ions and the c h l o r o p h y l l concen t ra t i on was averaged over 10 

metres f o r each u n d u l a t i o n , r e s u l t i n g i n 52 values of c h l o r o p h y l l 

c o n c e n t r a t i o n . These concen t ra t ions ranged from 0.2 t o 4.14 mg.m""^ 

w i t h over a h a l f being less than 1 mg.m'"^; t h i s i s r ep resen ta t i ve 

o f a low c h l o r o p h y l l r e g i o n . F igure 5.10 shows the d i s t r i b u t i o n . This 

sea t r u t h was compared w i t h CZCS data c o l l e c t e d on 17/6/1984 at 10.41 

GMT ( o r b i t number 28517, N129/03) . The t ime d i f f e r e n c e between 

datasets was two days. An Angstrom exponent of 0,5 was used i n the 

atmospheric c o r r e c t i o n . Table 5.17 shows the s t a t i s t i c a l r e s u l t s w i t h 

the channel 3 t o channel 1 r a t i o c o n s i s t e n t l y producing a h igher 

c o r r e l a t i o n than the channel 3 t o channel 2 r a t i o . This i s t o be 

expected in t h i s l o w - c h l o r o p h y l l case as channel 1 i s more s e n s i t i v e 

than channel 2 . The channel 3 t o channel 1 r a t i o i s s i g n i f i c a n t at 

l e v e l s between 0.05% and 0.001%, whereas the channel 3 to channel 2 

r a t i o i s on ly s i g n i f i c a n t at l e v e l s of 0.5% and 1%. These r e s u l t s 

j u s t i f y the atmospheric c o r r e c t i o n scheme because t h i s i s a low-

c h l o r o p h y l l scene w i t h a h igh o r b i t number, cond i t i ons under which the 

a l g o r i t h m i s most l i k e l y t o breakdown. 
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Figure 5.10 Variation of chlorophyll concentration (UOR) across the English 
Channel f o r 19/6/l98^. This i s a low chlorophyll scene. 



5.3 CHLOROPHYLL RETRIEVAL ALGORITHMS 

Before suggest ing some c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s , a comparison 

of my regress ions w i t h those of Ho l l i gan e t a l . (1983) I s presented f o r 

CZCS imagery o f 29 /7 /1981 . Al though the data and my regress ion curves 

appear i n F i g . 5 . 9 , F i g . 5.11 i s s imply a l o g - l o g p l o t o f the same data 

(but exc lud ing s t r a t i f i e d samples) w i t h an i n v e r s i o n o f the CZCS r a t i o 

t o enable a comparison of r eg ress ions . This I nve rs ion a r i ses from a 

d i f f e r e n c e i n f o rmu la t i on of regress ion equa t i ons . For the power 

r e l a t i o n I use: 

^ ( 5 5 0 ) 

Lw(520) 
( 5 . 7 ) 

whereas the f o rmu la t i on of Ho l l i gan et a l . (1983) i s : 

log C = a + b log 
R(520) 

R(550) 
( 5 . 8 ) 

These two r e l a t i o n s are i n f a c t d i r e c t l y comparable provided t h a t B = 

-b and a = log A, i . e . A = 10 ^ A more fundamental d i f f e r e n c e i s 

the use of i n - s i t u sub-sur face r e f l e c t a n c e R ra the r than remote ly -

sensed wa te r - l eav i ng rad iance , i . e . Eq. 5.8 I s Independent of CZCS 

measurements. The fo rmer , o f course , i s not sub jec t t o the vagar ies o f 

atmospheric I n t e r f e r e n c e . F o r t u n a t e l y , L „ and R are d i r e c t l y 

r e l a t e d (see Eq. 2 .13) but the e f f e c t i v e convers ion f a c t o r va r i es w i t h 

wave length ; t h i s v a r i a t i o n toge ther w i t h the e f f e c t s of atmospheric 

c o r r e c t i o n must be borne In mind t h e r e f o r e when comparing the two forms 

of r e g r e s s i o n . 
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Superimposed on F i g . 5.11 are two regress ion l i n e s taken from Ho l l i gan 

et a l , (1983) ; one i s based upon o p t i c a l measurements made on 16/7/1981 

and the o ther upon a l l re levan t data c o l l e c t e d between June and 

September 1981. I t must be s t ressed again t h a t these regress ions are 

der ived from i n - s i t u measurements o f both c h l o r o p h y l l concen t ra t i on and 

sub-sur face r e f l e c t a n c e . 

Whi l s t the slopes are comparable, the i n t e r c e p t s are markedly d i f f e r e n t 

from those i n t h i s work. This i s a d i r e c t consequence of i n t e g r a t i n g 

c h l o r o p h y l l over one o p t i c a l dep th , which produces higher but more 

r e a l i s t i c values than mean ones. Al though a proper scheme f o r 

we igh t ing the c o n t r i b u t i o n s t o w a t e r - l e a v i n g radiance from d i f f e r e n t 

depths has been devised ( sec t i on 2 . 1 . 4 ) , i t may on ly be used when 

concurrent values of the d i f f u s e a t t e n u a t i o n c o e f f i c i e n t K(2) are 

a v a i l a b l e . I t i s not s u r p r i s i n g then t h a t many r e t r i e v a l a l go r i t hms 

(Gordon and Clark 1980a, Smith and Wilson 1981) are based upon sur face 

c h l o r o p h y l l a t one depth or mean values over a depth range. 

The slopes of my regress ion (2.66 and 2 .56) are a l i t t l e less than 

those (3.48 and 3.73) obta ined by H o l l i g a n et a l . (1983) , and again 

t h i s i s due t o using i n t e g r a t e d values of c h l o r o p h y l l c o n c e n t r a t i o n . 

The slope i s reduced because the i n t e g r a t i o n procedure (see sec t i on 

5 . 1 . 4 ) has the e f f e c t of i nc reas ing low values o f c h l o r o p h y l l 

concen t ra t i on much more than h igh va l ues . This may be understood by 

r e c a l l i n g t h a t the i n t e g r a t e d concen t ra t i on i s the product of mean 

concen t ra t i on C and o p t i c a l depth z gg and t h a t zgQ depends 

i n v e r s e l y upon C (Eq, 5 . 4 ) . P h y s i c a l l y t h i s means t h a t at low 

c h l o r o p h y l l concen t ra t ions the water i s c l e a r e r i . e . the o p t i c a l depth 

i s g r e a t e r . Accord ing ly the concen t ra t i on i s i n t e g r a t e d over a g rea te r 

dep th . 
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Tables 5.18 and 5.19 present the c o e f f i c i e n t s f o r l i n e a r and power 

regress ion r e s p e c t i v e l y assuming a h igh c h l o r o p h y l l concen t ra t ion and 

using the CZCS r a t i o (channel 3 ) / (channe l 2 ) . Al though the re i s a 

l a rge spread in c o e f f i c i e n t s , when those cases corresponding t o su r face 

va lues , o v e r - c o r r e c t i o n and low c h l o r o p h y l l concen t ra t i on are 

e l i m i n a t e d the spread Is reduced. I gno r ing these cases, the s lope f o r 

l i n e a r regress ion ranges from 62.32 t o 90 .86 ; the i n t e r c e p t s however 

d i s p l a y a l a r g e r spread: -39.36 to +23.23. The case of 'mixed and 

f r o n t a l samples o n l y ' produces the h ighes t c o r r e l a t i o n c o e f f i c i e n t and 

so the suggested l i n e a r a l g o r i t h m f o r c h l o r o p h y l l r e t r i e v a l In regions 

o f h igh concen t ra t i on ( > 5 mg.m"^) i s : 

I n teg ra ted c h l o r o p h y l l (mg.m"2) = 89.18 
L „ (550) 

Lw(520) 
- 36.53 ( 5 . 9 ) 

Aga in , i g n o r i n g those cases s ta ted above, the m u l t i p l i e r f o r power 

regress ion (Table 5.19) l i e s between 21.17 and 82.88 w i t h the exponents 

va ry ing between 0.74 and 2 .66 . A suggested power a l g o r i t h m f o r the 

r e t r i e v a l of high l e v e l s of c h l o r o p h y l l concen t ra t i on ( > 5 mg.m ) , 

based upon mixed and f r o n t a l samples. I s : 

I n teg ra ted c h l o r o p h y l l (mg.m"2) = 54.55 
Lw{550) 

Lw(520) 

2.56 
(5 .10 ) 

A lgo r i t hms f o r the r e t r i e v a l of low l e v e l s of c h l o r o p h y l l concen t ra t i on 

( < 5 mg.m "2 ) were der ived from a comparison of CZCS r a t i o 

(channel 3 ) / ( channe l 1) f o r 17/6/1984 and sea t r u t h c o l l e c t e d by the 



TABLE 5.18 CHLOHOPEYLL RETHIEVAL ALGORITHHS BASED UPOI 
A LIKEAfi RELATIOHSHIP 

Chlorophyll concentration 
Lw<550) 

A + B 
U( 5 2 0 ) 

CZCS 
A B n r DATE COMHEITS 

62.32 -1.48 37 0.34 22/6/81 Compared with aOB <30/6/81> 
[ch l o r o p h y l l : 0 to lOn] 

64.61 23.23 27 0.36 29/7/81 Con^red with UOS (21/7/81) 
[ch l o r o p h y l l : 0 to lOm] 

54.58 -33.07 51 0.61 29/7/81 Surface values only (0 to 2m> 

68.79 -31.64 51 0.57 29/7/81 Integrated chlorophyll 

1.20 13.68 41 0.28 29/7/81 Over-corrected * 

90.86 -39.36 33 0.88 29/7/81 A l l samples except s t r a t i f i e d ones 

89.18 -36.53 26 0.90 29/7/81 Hized and f r o n t a l saaples only 

11.86 -4.39 52 0.38 17/6/84 Low chlorophyll concentration 

Range of A (slope) values i s from 1.20 to 90.86; mean I s 55.43 

Range of B (Intercept) values I s from -39.36 to 23.23; mean I s -13.70 

n i s the number of samples and r I s the c o r r e l a t i o n c o e f f i c i e n t 

• Angstrom exponent = 1.0; a l l other cases use 0.5 . 
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TABLE 5.19 CHLOHOPHYLL RETRIEVAL ALGOBITHHS BASED OPOI 
A POVES RELATIOISHIP 

Chlorophyll concentratloQ 
L-<550) 

U ( 5 2 0 ) 

A B 

37 

r 
CZCS 
DATE 

59.52 1.14 37 0.34 22/6/81 Coii5)ared with 0OH (30/6/81) 
[chlorophyll: 0 to lOn] 

82.88 0.74 27 0.34 29/7/81 Compared with UOH (21/7/81) 
[chlorophyll: 0 to lOra] 

6.05 3.33 51 0.38 29/7/81 Surface values only (0 to 2m) 

21.17 1.57 51 0.30 29/7/81 I n t e ^ a t e d chlorophyll 

10.56 0.13 41 0.14 29/7/81 Over-corrected * 

52.28 2.66 33 0.86 29/7/81 A l l samples except s t r a t i f i e d ones 

54.55 2.56 26 0.92 29/7/81 Hized and f r o n t a l samples only 

26.71 4.50 52 0.37 17/6/84 Low chlorophyll concentration 

Range of A ( n u l t i p l l e r ) values i s from 6.05 to 82.88; mean I s 39.22 

Range of B (exponent) values i s from 0.13 to 4.50; mean I s 2.08 

n I s the number of samples and r i s the c o r r e l a t i o n c o e f f i c i e n t 

* Angstrom exponent = 1.0; a l l other cases use 0.5 . 
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UOR on 19/6/1984; the l a t t e r was In the form of c h l o r o p h y l l 

concen t ra t i on averaged over the top 10 met res . An ana lys i s was a lso 

undertaken o f CZCS imagery f o r 3/7/1984 but the concen t ra t ions were too 

low t o generate a v a l i d a l g o r i t h m . Based upon 17/6/1984 imagery, low-

concen t ra t i on expressions f o r l i n e a r and power regress ion are 

r e s p e c t i v e l y : 

Averaged c h l o r o p h y l l (mg.m^3) = 1.744 
L„ (550) 

Lw{443) 
0.836 (5 .11 ) 

Averaged c h l o r o p h y l l (mg.m"3) = 0.723 
Lw(550) 

Lw(443) 

1.646 
(5 .12 ) 

Many a lgo r i t hms have been developed; see f o r example the a l g o r i t h m 

tab les in Gordon and Morel (1983) and Sathyendranath and Morel (1983) , 

nea r l y a l l o f which employ the power r e l a t i o n based upon the r a t i o of 

two CZCS channe ls . The two most o f t en used r a t i o s are (channel 1 or 

channel 2) w i t h channel 3 , abbrev ia ted by R 3̂ and R23 

r e s p e c t i v e l y . In a d d i t i o n the r a t i o s R^2 (Gordon & Clark 1980a, 

Smith & Wilson 1981) and R24 (C lark 1981) have been used. The 

c o e f f i c i e n t s of these pub l ished a lgo r i t hms vary cons ide rab l y , even f o r 

a r a t i o based upon the same two CZCS channe ls . The a l g o r i t h m 

represented by Eq. 5.10 has a r e a l i s t i c exponent ( 2 . 56 ) , but i t s 

m u l t i p l i e r (54.55) exceeds pub l ished ones due t o the I n t e g r a t i o n 

procedure discussed above. 
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The a l g o r i t h m f o r low c h l o r o p h y l l concen t ra t i on (Eq. 5.12) Is d i r e c t l y 

comparable w i t h pub l ished ones as i t s d e r i v a t i o n I s based upon average 

concen t ra t ions (0 t o 10m). The m u l t i p l i e r (0 .723) and power (1 .646) 

compare very favourab ly w i t h pub l ished c o e f f i c i e n t s , such as 

r e s p e c t i v e l y : 0 .50 , 1.27 (Gordon & Clark 1980a), 0 .78 , 1.33 (C lark 

1981) and 0 .78 , 2.12 (Smith and Wilson 1981) . 
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5.4 CLUSTER ANALYSIS 

Spect ra l c l u s t e r i n g (ISOCLS, sec t ion 3 . 3 . 2 . 2 ) was f i r s t app l ied t o CZCS 

data (22/6 /1981) f o r a narrow s t r i p o f water between Plymouth and 

Roscoff having a low-to-moderate phytop lankton coun t . The wate r -

leav ing radiances in channels 1 , 2 and 3 were used and each p i x e l was 

assigned t o one of four sub -c lasses ; the number of which depends upon 

var ious c l u s t e r i n g parameters, e s p e c i a l l y the maximum permi t ted 

standard d e v i a t i o n per c l a s s . By r e f e r r i n g t o the w a t e r - l e a v i n g 

radiance in channel 1 , the sub-c lass numbers were a l l o c a t e d i n such a 

way t h a t they increase monoton ica l l y w i t h i nc reas ing c h l o r o p h y l l 

c o n c e n t r a t i o n . In order t o reduce the e f f e c t s of erroneous p i x e l 

c l a s s i f i c a t i o n , mean sub-c lass numbers were c a l c u l a t e d from c e l l s o f 5 

by 5 p i x e l s . The mean sub-c lass number i s compared w i t h CPR data 

(23/6/1981) i n F i g . 5 .12 , and does not appear t o f o l l o w the diatom 

coun t , a l though i t does t r a c k the CZCS spec t ra l r a t i o i n F i g . 5.2 (not 

shown). However, c l u s t e r i n g of a s t r i p f i v e n a u t i c a l mi les East o f the 

Plymouth-Roscoff route produced a good match w i t h the diatom coun t ; no 

doubt t h i s improvement i s a t t r i b u t a b l e t o the one day d i f f e r e n c e 

between d a t a s e t s . 

The a p p l i c a t i o n of c l u s t e r i n g t o a whole image invo lves a much l a r g e r 

number of p i x e l s than the case above and the use of the hyb r i d 

(monocluster b locks) approach becomes i m p e r a t i v e . Several small b locks 

(o f perhaps 25 by 25 p i x e l s ) were se lec ted from the CZCS image so as t o 

cover the f u l l range of c h l o r o p h y l l concen t ra t i on between them. These 

blocks were c l u s t e r e d t o produce t r a i n i n g s t a t i s t i c s i n the form of 

mean vec tors and covar iance mat r ices f o r each s u b - c l a s s . These 

s t a t i s t i c s were then used by a maximum l i k e l i h o o d c l a s s i f i e r t o 

c l a s s i f y each p i xe l i n the image. Use of the more e f f i c i e n t and f a s t e r 
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Figure 5.12 Plots of diatom count and cluster patterns f o r June 198l. 



weighted-minimum-distance c l a s s i f i e r produced very s i m i l a r r e s u l t s 

shown i n P la tes 5.3 and 5.4 f o r 22/6/1981 and 29/7/1981 r e s p e c t i v e l y . 

Each sub-c lass i s d isp layed w i t h a d i f f e r e n t c o l o u r . 

Hybr id c l u s t e r i n g of the 29/7/1981 image generated e i gh t sub-c lasses 

( K = l , 8 ) whose approximate l o c a t i o n s In m u l t l s p e c t r a l space ( t h ree 

channels) are shown In F i g . 5 .13a. The var iance of each sub-c lass i s 

i n d i c a t e d rough ly by each c i r c l e ' s d iamete r . Also shown i s a do t ted 

s u b - c l a s s , produced by c l u s t e r i n g p i x e l s from coasta l wa te rs , which 

does not f o l l o w the t rend of the o ther sub -c lasses . This sub-c lass 

represents areas contaminated by suspended sediments ( C o l l i n s and 

P a t t i a r a t c h i 1984) , land r u n - o f f e t c . , i n which the w a t e r - l e a v i n g 

radiance In channel 4 (670 nm) may be non-zero , thus i n v a l i d a t i n g the 

atmospheric c o r r e c t i o n a l g o r i t h m . Consequent ly, an accurate p o s i t i o n 

f o r t h i s coas ta l -wa te r sub-c lass cannot be given in terms of abso lu te 

radiance va l ues , a l though an equ iva len t sub-c lass f o r 22/6/1981 

occupied v i r t u a l l y the same p o s i t i o n . 

The approximate c h l o r o p h y l l concen t ra t i on corresponding t o each of 

these sub-c lasses i s shown i n F i g . 5.13b and the do t ted l i n e i n d i c a t e s 

t h a t the r e l a t i o n s h i p i s n o n - l i n e a r . 

C l u s t e r i n g i s p o t e n t i a l l y a more powerful technique than convent iona l 

r e t r i e v a l a l go r i t hms as i t uses th ree channels (or more) r a the r than 

the usual two of the l a t t e r . C lus te r ana lys i s of low c h l o r o p h y l l 

scenes (17/6/1984 and 3/7/1984) c l e a r l y I nd i ca ted a d i s t i n c t 

phytop lankton patch in the middle of the Engl ish Channel, desp i te 

c h l o r o p h y l l concen t ra t ions of less than 1 mg.m"^ w i t h l i t t l e 

v a r i a b i l i t y . Convent ional spec t ra l r a t i o s . In c o n t r a s t , were ba re l y 
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Plate 5-3 Colour cluster map f o r 22/6/l98l. 
Red and blue represent high and 
low chlorophyll concentrations 
respectively. The large red patch 
i n mid-Channel however, i s due to 
a large sediment load which upsets 
the atmospheric correction algorithm, 

Plate 5.^ Colour cluster map f o r 29/7/l98l. 
Red and blue represent high and 
low chlorophyll concentrations 
respectively. 
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Figure 5 .13 (a) Position of sub-classes i n 
multispectral space, 

(b) Relation between sub-classes and 
chlorophyll concentration. 
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a b l e t o d i s c e r n t h e s e p a t c h e s a t a l l . 

The d e t e r m i n a t i o n o f c h l o r o p h y l l c o n c e n t r a t i o n by c l u s t e r i n g assumes 

t h a t b o t h r e l a t i o n s h i p s i n F i g . 5 .13 a r e s t a b l e and v a l i d under a 

v a r i e t y o f c o n d i t i o n s . However , as t h e p a r t i t i o n i n g o f t h e one 

c h l o r o p h y l l c l a s s i n t o s e v e r a l s u b - c l a s s e s i s an i n h e r e n t l y 

u n p r e d i c t a b l e p r o c e s s ( F i g . 5 . 1 4 ) t h e n c l u s t e r i n g canno t d e t e r m i n e 

a b s o l u t e l e v e l s o f c h l o r o p h y l l c o n c e n t r a t i o n w i t h o u t sea t r u t h . I f , i n 

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

m u l t i s p e c t r a l space i s e s t a b l i s h e d t h e n i t may become p o s s i b l e t o 

r e l a t e c h l o r o p h y l l s u b - c l a s s e s t o a range o f c h l o r o p h y l l 

c o n c e n t r a t i o n s . T h i s wou ld be f a c i l i t a t e d by c o n s t r a i n e d c l u s t e r i n g 

w h i c h wou ld e n s u r e t h e p r o d u c t i o n o f t h e same s e t o f s u b - c l a s s e s , i . e . 

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

s u p p o r t i n g sea t r u t h . 
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Figure 5 . 1 ^ Partitioning of o v e r a l l ctilorophyll 
c l a s s into sub-classes as produced 
by c l u s t e r i n g . 
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5 . 5 CONCLUSIONS 

5 . 5 . 1 O b j e c t i v e s 

A l l t h e o b j e c t i v e s o f t h i s p r o j e c t have been s u c c e s s f u l l y r e a l i s e d , 

t h a t i s t h e deve lopmen t o f a l o w - c o s t i m a g e - p r o c e s s i n g s y s t e m and 

s o f t w a r e f o r t h e e x t r a c t i o n and a n a l y s i s o f CZCS images . The image 

p r o c e s s o r i n c o r p o r a t e s a 768x512x8 b i t i m a g e s t o r e c o n t r o l l e d by a s u i t e 

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

t h e r a d i o m e t r i c c a l i b r a t i o n , r e c t i f i c a t i o n and a t m o s p h e r i c c o r r e c t i o n 

o f CZCS d a t a . The l a s t o f t h e s e r e p r e s e n t e d a p a r t i c u l a r l y f o r m i d a b l e 

p r o b l e m . 

5 . 5 . 2 Atnx)spheric c o r r e c t i o n 

The deve lopmen t o f an a c c u r a t e and r e l i a b l e a t m o s p h e r i c c o r r e c t i o n 

p rog ram was c r u c i a l i n t h i s work as t h e w a t e r - l e a v i n g r a d i a n c e w a s , a t 

t i m e s , l e s s t h a n 5% o f t h e t o t a l r a d i a n c e . I n q u a l i t a t i v e t e r m s , t h e 

a t m o s p h e r i c c o r r e c t i o n p rogram i s v e r y e f f e c t i v e as i t r e v e a l s s u b ­

s u r f a c e f e a t u r e s w h i c h a r e n o t e v i d e n t i n t h e raw CZCS i m a g e r y . 

M o r e o v e r , t h e v a l u e s o f w a t e r - l e a v i n g r a d i a n c e p roduced a r e r e a s o n a b l e 

and r e a l i s t i c , b e i n g l e s s t h a n 0 . 5 m W / ( c m ^ . p m , s r ) . A f u r t h e r 

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

c h l o r o p h y l l d i s t r i b u t i o n s f o r 2 2 / 6 / 1 9 8 1 and 2 9 / 7 / 1 9 8 1 ( P l a t e s 5 . 1 and 

5 . 2 r e s p e c t i v e l y ) when compared w i t h t h o s e p r o d u c e d by H o l l i g a n e t a l . 

( 1 9 8 3 ) - see F i g s . I c and I d r e s p e c t i v e l y . T h i s s i m i l a r i t y i s 

p a r t i c u l a r l y c o n v i n c i n g as t h e l a t t e r ' s a l g o r i t h m i s based upon t h e 

a l t e r n a t i v e app roach o f V i o l l i e r e t a l . ( 1 9 8 0 ) w h i c h o p e r a t e s w i t h 

r e f l e c t a n c e s r a t h e r t h a n w a t e r - l e a v i n g r a d i a n c e s . 
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Tt ie re I s s t i l l , h o w e v e r , scope f o r i m p r o v e m e n t . The most p r e s s i n g 

m o d i f i c a t i o n c o n c e r n s t h e c a l c u l a t i o n o f S u n - s a t e l l i t e geomet ry because 

t h e p r e s e n t p a r t i t i o n o f images i n t o 24 ( 6 x 4 ) c e l l s i s t o o c o a r s e 

r e s u l t i n g i n v e r t i c a l s t r i p i n g unde r some c i r c u m s t a n c e s - S i m p l y 

i n c r e a s i n g t h e number o f c e l l s w o u l d reduce t h e c e l l s i z e and 

c o n s e q u e n t l y t h e e r r o r i n S u n - s a t e l l i t e geomet ry w i t h o u t i n c u r r i n g a 

g r e a t i n c r e a s e i n compu te r t i m e . I recommend t h a t t h e S u n - s a t e l l i t e 

geomet r y s h o u l d be c a l c u l a t e d i n t h i s way as image p a r t i t i o n e n a b l e s a 

good compromise t o be made between a c c u r a c y and CPU t i m e . As t h e 

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

d o m i n a t e d by s e d i m e n t s ; f o r e x t e n s i o n t o t h e s e w a t e r s t h e i t e r a t i v e 

t e c h n i q u e o f S m i t h and W i l s o n ( 1 9 8 1 ) c o u l d be i m p l e m e n t e d , a l t h o u g h 

t h i s w o u l d i n c r e a s e t h e CPU t i m e . 

A f u r t h e r r e f i n e m e n t w o u l d be t o use t h e ' c l e a r w a t e r r a d i a n c e ' c o n c e p t 

(Gordon and C l a r k 1981) as t h i s removes t h e u n c e r t a i n t y i n d e t e r m i n i n g 

t h e A n g s t r o m e x p o n e n t , w i t h o u t r e q u i r i n g any s i m u l t a n e o u s i n - s i t u 

o p t i c a l measuremen ts . 

T h i s s t u d y c l e a r l y shows t h e d i r e c t i n f l u e n c e o f t h e Angs t rom e x p o n e n t 

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

t h e o n s e t o f o v e r - c o r r e c t i o n . T h i s i s c o n f i r m e d by t h e a s s e r t i o n o f 

Gordon and C l a r k ( 1980a ) t h a t an u n d e r e s t i m a t e o f t h e Angs t rom e x p o n e n t 

i s p r e f e r a b l e t o an o v e r e s t i m a t e as t h e l a t t e r causes l a r g e r e r r o r s . 

5 . 5 . 3 R e g r e s s i o n 

C o n t r a r y t o e x p e c t a t i o n s , t h e w e l l - e s t a b l i s h e d power l aw f o r 

c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s was o u t p e r f o r m e d by t h e l i n e a r o n e . 

P o l y n o m i a l r e g r e s s i o n p roduced t h e b e s t c o r r e l a t i o n b u t o n l y as a 
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consequence o f t r a c k i n g v a r i a t i o n s i n homogeneous r e g i o n s . T h i s can 

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

t h e p o l y n o m i a l f o r m i s n o t recommended. C o n s e q u e n t l y , t h e l i n e a r f o r m 

i s recommended f o r c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s ; t h e f o l l o w i n g two 

a r e s u g g e s t e d f o r l ow (< 5 m g . m " ^ ) and h i g h (> 5 mg .m"^ ) 

c o n c e n t r a t i o n s r e s p e c t i v e l y : 

Average c h l o r o p h y l l c o n c e n t r a t i o n (mg.m~*^) 

1.744 
Lw{443) 

0 .836 

I n t e g r a t e d c h l o r o p h y l l c o n c e n t r a t i o n { m g . m " ^ ) 

8 9 . 1 8 
Lw(520) 

- 36 .53 

The c o e f f i c i e n t s o f t h e e x p r e s s i o n above f o r i n t e g r a t e d c h l o r o p h y l l 

d i f f e r f r o m p u b l i s h e d ones because o f t h e method used f o r d e t e r m i n i n g 

t h e i n - s i t u c h l o r o p h y l l c o n c e n t r a t i o n o f t h e w a t e r - c o l u m n . Most 

s t u d i e s s i m p l y use mean o r s u r f a c e v a l u e s w h i c h a r e u n l i k e l y t o 

c o r r e s p o n d t o t h e w a t e r - c o l u m n d e p t h sensed by t h e CZCS. The method 

used i n t h i s work r e p r e s e n t s a d i s t i n c t improvement as i t i n v o l v e s an 

assessment o f t h e o p t i c a l o r p e n e t r a t i o n d e p t h t o w h i c h t h e CZCS can 

' s e e * . S t r i c t l y s p e a k i n g , t h e s e r e t r i e v a l a l g o r i t h m s o n l y a p p l y t o 

t h o s e w a t e r s i n t h e E n g l i s h Channel i n w h i c h s e d i m e n t s e x e r t l i t t l e 

i n f l u e n c e . However , t h e y may a l s o be v a l i d i n o t h e r U n i t e d Kingdom 

w a t e r s p r o v i d e d t h a t t h e y s a t i s f y t h e c o n d i t i o n s f o r Case 1 w a t e r s . 
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A p a r t f r o m t h e i n h e r e n t u n c e r t a i n t i e s i n d e r i v i n g c h l o r o p h y l l r e t r i e v a l 

a l g o r i t h m s , t h e s i t u a t i o n i s f u r t h e r compounded by t h e p e r e n n i a l l a c k 

o f a p p r o p r i a t e s e a - t r u t h ; t h e most s e r i o u s s h o r t c o m i n g b e i n g t h e l a r g e 

t i m e d i f f e r e n c e s between s a t e l l i t e pass and s h i p measu remen ts . 

5 . 5 . 4 C l u s t e r i n g 

Both t h e K-means and ISOCLS c l u s t e r i n g t e c h n i q u e s were a p p l i e d t o CZCS 

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

d i f f e r e n t c o n c e n t r a t i o n s o f c h l o r o p h y l l . The K-means a l g o r i t h m o n l y 

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

n o t t h e case w i t h m a r i n e remote s e n s i n g . The h y b r i d o r m o n o c l u s t e r 

b l o c k s method ( F l e m i n g and H o f f e r 1977) was i n t r o d u c e d when c l u s t e r i n g 

who le images i n o r d e r t o reduce t h e c o m p u t a t i o n t i m e t o an a c c e p t a b l e 

l e v e l . The s t a t i s t i c s d e r i v e d f r o m t h e c l u s t e r e d b l o c k s were used t o 

c l a s s i f y t h e r e m a i n i n g p i x e l s , by means o f two c l a s s i f i e r s name l y : 

maximum l i k e l i h o o d and w e i g h t e d minimum d i s t a n c e . The l a t t e r was f o u n d 

t o be t h r e e t i m e s f a s t e r t h a n t h e f o r m e r and f o r o n l y 5% o r l e s s o f 

p i x e l s was t h e r e any d i s c r e p a n c y between t h e two c l a s s i f i e r s . 

The p a t t e r n s o f p h y t o p l a n k t o n d i s t r i b u t i o n g e n e r a t e d by c l u s t e r i n g and 

by c o n v e n t i o n a l r e t r i e v a l a l g o r i t h m s a r e v e r y s i m i l a r - compare P l a t e s 

5 . 1 and 5 .3 and P l a t e s 5 . 2 and 5 . 4 . 

C l u s t e r i n g i s u s e f u l f o r p r o d u c i n g r e l a t i v e maps o f p h y t o p l a n k t o n 

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

h a v i n g l o w c h l o r o p h y l l c o n c e n t r a t i o n . C l u s t e r i n g i s s u i t a b l e f o r many 

b i o l o g i c a l pu rposes w h i c h do n o t r e q u i r e a b s o l u t e v a l u e s . However , i f 

t h e s t a b i l i t y o f t h e o v e r a l l c h l o r o p h y l l c l a s s i n m u l t i s p e c t r a l space 

i s e v e r e s t a b l i s h e d t h e n a b s o l u t e v a l u e s c o u l d be p r o v i d e d . 
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5 . 5 . 5 The f u t u r e 

The Nimbus-7 has now been i n o r b i t f o r o v e r seven y e a r s and a l t h o u g h 

t h e CZCS has n o t s u f f e r e d any m e c h a n i c a l o r e l e c t r i c a l b r e a k d o w n s , t h e 

amount o f d a t a c o l l e c t e d has d ropped s h a r p l y d u r i n g l a t e 1985 and e a r l y 

1986 due t o d i m i n i s h i n g power f r o m t h e s o l a r p a n e l s . 

An improved CZCS senso r was sugges ted ( H o v i s 1981) as a c a n d i d a t e 

i n s t r u m e n t f o r t h e Amer i can NOSS ( N a t i o n a l Ocean ic S a t e l l i t e System) 

b u t t h e who le p rogram was sc rapped due t o budge t c u t s . I t was p roposed 

t o e q u i p t h e ERS-1 w i t h an OCM (Ocean C o l o u r M o n i t o r ) , however t h e 

f i n a l d e s i g n i s based e x c l u s i v e l y upon a m ic rowave p a y l o a d . The o n l y 

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

ocean c o l o u r s t u d i e s i s t h e MESSR on J a p a n ' s MOS-1 wh i ch i s due f o r 

l a u n c h l a t e 1986 or e a r l y 1987 . 

I n t h e f u t u r e we can l o o k f o r w a r d t o s e n s o r s w i t h much imp roved 

s p e c t r a l r e s o l u t i o n s as new t e c h n o l o g i e s emerge , such as ' I m a g i n g 

s p e c t r o m e t r y ' (Goe tz e t a l . 1 9 8 5 ) . T h i s t e c h n i q u e i s a l r e a d y 

t e c h n i c a l l y f e a s i b l e and wou ld p r o v i d e 100 or more c o n t i g u o u s s p e c t r a l 

c h a n n e l s I n t h e v i s i b l e and I n f r a - r e d . The l a r g e number o f c h a n n e l s 

(each 10 nm w i d e ) c r e a t e s a l a b o r a t o r y - l i k e s p e c t r a w h i c h wou ld e n a b l e 

ocean c o l o u r t o be e x t e n s i v e l y s t u d i e d , r e s u l t i n g i n more r e l i a b l e 

c h l o r o p h y l l r e t r i e v a l a l g o r i t h m s . Advances o f t h i s t y p e wou ld a l s o a c t 

as a s t i m u l u s f o r o b t a i n i n g more d e t a i l e d knowledge o f t h e o p t i c a l 

p r o p e r t i e s o f t h e sea and i t s many c o n s t i t u e n t s . T h i s d a t a wou ld 

f u r t h e r a s s i s t i n t h e deve lopmen t o f r e t r i e v a l a l g o r i t h m s . 
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APPEMDIX 1 

IRRADIAKCE AND RADIANCE 

1) The term i r radiance i s used when radiat ion i s incident upon a 

surface and i s defined as the total radiant f lux (from a l l 

d i rec t ions) per unit a rea . Denoting i r radiance by E: 

E = d j 
SK IMA) 

where dA i s the area of a small region of the sur face , upon which 

the f lux (energy per unit time) i s d^. Typical uni ts are 

mW.cm'^. Spectral i r radiance E ^ i s the i r radiance per unit 

wavelength: 

E = dE = d2$ (A1.2) 

Typical uni ts are mW.cm "^.pm"^. 

2) The temi radiance describes the d is t r ibu t ion of f lux leaving a 

surface as a function of angle and i s defined as the radiant f lux 

emitted per unit area per unit s o l i d angle. The radiance L i s 

given by: -

Al 



IRRADIANCE AND RADIANCE (Continued) 

"̂̂ ^^^^ L = d^iS (A l , 3 ) 
/ dA cos e.dw 

This i s the radiance in the 

d i rect ion defined by 0. do) i s the 

s o l i d angle of a small cone centred 

on the spec i f ied d i r e c t i o n . The 

term dA-cos 6 represents the area of 

the surface element when viewed from the spec i f ied d i r e c t i o n . The 

spectral radiance L^ i s the radiance per uni t wavelength: 

L. = dL = d^S (A1.4) 
dA cos 6. dco .dX 

T y p i c a l u n i t s for L and L;̂  are mW.cm'^.sr"^ and 

mW.cm'^.sr^.Mni'^ respec t ive ly . 

The presence of a cos 0 term ( in the form of p) in the denominator of 

the expressions for Rayleigh and aerosol radiance accounts for the 

var ia t ion of L with 6. 

As the CZCS operates in narrow bands within the v i s i b l e spectrum, the 

measured quantity i s spectral radiance. However the term ' s p e c t r a l ' 

has been dropped in the t e x t , and both radiance and i r radiance should 

be regarded as spectral quant i t ies throughout. 
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APPENDIX 2 

VOLUME SCATTERING FUNCTION AND SCATTERING COEFFICIENTS 

The angular d is t r ibut ion of l i g h t 

scattered from a scat ter ing element i s 

general ly anisotropic and the var ia t ion 

with angle 6 i s spec i f ied by means of the 

volume scat ter ing function p ( e ) . The 

in tensi ty (power per unit s o l i d angle) 

dl(e) in the d i rect ion defined by 6 i s 

a lso d i r e c t l y proportional to the i r radiance E and volume dV of the 

scat ter ing region, that i s : 

dl (e)oc E dV (A2.1) 

Introducing p(6) as the constant of proport ional i ty compels i t to 

account for the angular var ia t ion and provides a def in i t ion for the 

volume scat ter ing function (Jer lov 1968): 

p ( e ) = due) 
IdV— 

(A2,2) 

The uni ts of p ( e ) are m'^ .sr"^ . The total scat ter ing 

c o e f f i c i e n t b may be found by integrat ing p ( e ) over a l l d i r e c t i o n s : 

i8(0)da; (A2.3) 
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VOLU>E SCATTERING FUNCTION AND SCATTERING COEFFICIENTS (Continued) 

where d w i s the element of so l id angle. A l te rna t i ve ly , the integrat ion 
mêy be performed over 6, noting that an angular interval from 6 to 6+d8 
represents a s o l i d angle of 27rsined6. Therefore: 

b = 27r i8(0)sin0d0 (A2.4) 

The forward and backward scat ter ing c o e f f i c i e n t s , b̂  and b̂ j 

respec t ive ly , may a lso be determined from p(e): 

7r/2 

b̂  = 27r 

b, = 27r 
b 

j r 

|S(0)sin0d0 

(A2.5) 

(A2.6) 

Inspection of these two equations indicates that b = ' 

uni ts of b, b̂  and b̂^ are a l l m 

F i n a l l y , the scat ter ing phase function P(e ) i s a lso defined in terms of 

p(e) (Gordon 1976a): 

P(e) H M (A2.7) 

P ( e ) has units of s r ' \ 
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APPENDIX 3 

DISPLACEKEMT OF SUB-SATELLITE POINT FRW SCANLINE 

Sensor 

Centre of 
scanline 

Scanline 

Earths 
surface 

Sub-safellite 
point 

Earths 
centre 

h i s the sensor a l t i tude (955 

km). 

R i s the mean Earth radius 

(6371 km). 

8 ^ i s the s c a n - m i r r o r 

t i l tangle . 

J l i s the angle subtended by S 

at the E a r t h ' s cent re . 

S i s the distance between the 

s u b - s a t e l l i t e point and the 

centre of the s c a n l i n e . S i s 

required in the ca lcu la t ion of 

local t ime. 

|8 = TT - {Si ^d^) 

R/sin^j. = (R + H)/sin/3 

sm/3 = ( l + h/R)sin0|. 

sin TT - ( A + = (l + h/R) sin^^. 

(Using the sine rule for t r i a n g l e s ) 

(Subst i tut ing for (3) 

sin (Si-^d^) ^ ( l + h/R)s[n0,. 

SI = sin (l+h/R)sin0. 

(s in [TT -X] = s in X) 
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DISPLACEMENT OF SUB-SATELLITE POINT FROM SCANLINE (Continued) 

I f the angle ta i s expressed in radians then 

S = cftR 

R jsin^ {1+h/R)sin^ - 0^ 

NOTE: 

This expression may a lso be used to find the ground resolut ion as a 

function of scan-angle and to ca lcu la te the swath width by subst i tu t ing 

the scan angle for 0 ^. 
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APPENDIX 4 

RECTIFICATION 

R e c t i f i c a t i o n , that i s the iden t i f i ca t ion of p ixe ls corresponding to 

ship samples, requires the s a t i s f a c t i o n of a least -squares c r i t e r i o n . 

S p e c i f i c a l l y , i t requires that the following expression should be 

minimised (Eq. 3.35 of Section 3 . 3 . 1 . 3 ) : 

n 2 
X ( Z r V o i - V l i - ^2^2i - ^3^3i-Vci-^5^5i) (A4.1) 
i=1 

This i s achieved by p a r t i a l l y d i f f e ren t ia t ing Eq. A4.1 with respect to 

each coe f f i c ien t and set t ing the resu l t equal to zero in each case 

(Daniel and Wood 1971, Freund 1972): 

d ^ 2 

3 ^ E ( Z r V o r V l i - % - ^ 3 ^ 3 i - V v , -^^s'^Si) = ° (A4.2) 

where c |̂  i s the K^^ polynomial coe f f i c ien t and K = 0 , , . . , 5 . 

Eq. A4,2 therefore represents a set of s ix equations. Subst i tut ing 

ĝ  for the expression within parentheses in Eq . A4.2: 

i=i ^̂ ^̂  
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RECTIFICATION (Continued) 

da 

-5?- i s found by p a r t i a l l y d i f f e ren t ia t ing the expression within 

parentheses in Eq. A4.2: 

391 d I \ 

k K 

Eq. A4.3 now becomes 

n 
2' 

S g j . x . . = 0 ( A 4 . 4 ) 
i=1 ^ 

Replacing g ^ w i t h the expression within parentheses in Eq. A4.2, 

Eq. A4.4 becomes: 

| 5 ( V V o i - S ' < l , - Y 2 i - V 3 | - V 4 i - V 5 i ) - \ i = ° 

Rearranging: 

Eq. A4.5 may be expressed more concise ly by dropping the ' i ' subscr ipts 

and using S alone to represent the summation over i : 

= C^SVK * S^^'^k * ' 2 ^ V k * S ^ ' 3 \ * ' 4 ^ V k * ' s^^Vk (A4.6) 
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RECTIFICATION (Continued) 

Eq. A4.6 may be expanded to produce a set of s ix equations which are as 
follows (for K = 0 , . . . , 5 r e s p e c t i v e l y ) : 

c^lxl + c , Zx,x^+ c^lK^x^+ C 3 i : x 3 X ^ + c^Ex^x^+ CjZx^x^ = 

c^Zx^x, + c . Z x * + c^Zx^x, + c^Zx^x, + c^Zx^x, + c^Zx^x, = 

C„ZX^X2+ C , Z X , X ^ + C^ZX^ + C3ZX3X^+ C^ZX^X^+ C j Z X j X j = 

^ 0 ^ x ^ X 3 + c , Zx, X3+ c ^ Z x ^ X 3 + C 3 Z X 3 + c^Zx^X3+ C jZx^X j = 

C o ^ X o X < , + c , Zx, x^+ c^^Zx^x^t C 3 E X 3 X ^ + c^ZxJ + CjZx^x^ = 

c „ E x ^ X j + c , Zx, X 5 + c ^ Z x ^ X 5 + C 3 Z x 3 X ^ + c^Zx^x^+ c^Zx"^ 

ZZx« 

ZZx, 

ZZX j 

ZZX3 

ZZx^ 

ZZX5 

These s ix equations may be converted into matrix form with 

X Q , . . . 5X5 transformed back to the i r or ig inal forms of 1, E , N, 

E ^ , EN and respect ive ly : 

- a. z 

zf Z E ZN E E E E N ZN c . ZZ 

Z E Z E * Z E N E B ^ E E * H Z E N * c , Z Z E 

ZN Z E F 
a 

ZN E ^ N Z E N * ZN^ 
X 

ZZN 
X a 

Z E Z ^ EE^'N E E " E E ^ N Z E ^ N " 
X 

Z Z E * 

ZEN Z E * H E E N * E E ^ N Z E * N ^ ZEN^ E Z E N 

Z K " Z E N * EN^ E B ^ N " ZEN^ ZN'^ E Z N * 
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RECTIFICATION (Continued) 

This set of l inear simultaneous equations i s solved using the Gaussian 
El iminat ion technique (Dorn and Greenberg 1967) which converts the s ix 
by s ix matrix above into a t r iangular one, that i s , one whose elements 
below the leading diagonal are a l l zero . The leading diagonal i s the 
diagonal of matrix elements from the top l e f t to the bottom r ight of 
the matr ix. The technique i s best explained by using a simple example 
of three simultaneous equations in matrix form: 

°00 °01 %2 

1̂0 •̂ 11 °12 

°20 °21 

— 
1̂ 

> ; 2 \ 

For t h i s three by three matrix to be t r i a n g u l a r , elements a^Q, 

a 20 3nd must be zero , i . e . e l iminated. This i s achieved by 

deriving a new row from two ex is t ing ones. For example, c o e f f i c i e n t 

a20 i s made zero in the following manner: 

i ) Calculate a mul t ip l i e r m = a-io/̂ OO* 

i i ) Replace °10 by ""•00 
i i i ) Replace \ by ''ll '- °i i - """or 

i v ) Replace °12 by ''12 • 
v) Replace 1̂ by h -- 1̂ -

In a s imi la r way, 020 i s eliminated by applying the same method 

to the th i rd row with a mul t ip l ie r m of ^120/^00* matrix 

equation then becomes: 

AlO 



RECTIFICATION (Cont inued) 

\%0 % •^02 n r 
J 

''l '2 
X "i h 

: 
° 2 1 ° 2 2 " 2 

Al l tha t remains i s for to be e l i m i n a t e d . The same a l g o r i t h m 

i s a p p l i e d once more w i th m = a 2 1 ^ 1 1 : 

i ) Replace Q^^ by a^^ = Q^^ 

i i ) Rep lace a'^^ by Q^'^ = 

i i i Rep lace by = 

- ma 0 , as d e s i r e d 

- ma ̂ 2 

my -̂

T h i s r e s u l t s in the t r i a n g u l a r form 

"^01 ' '021 [ ^ o l 

0 
° ' l 2 X " 1 = 

0 0 
° 2 2 / 2 

II 

The t h i r d row enab les x 2 to be found. With t h i s v a l u e , 

may be d e r i v e d from the second row. F i n a l l y , knowing X 2 and 

X j , the f i r s t row i s used to f i n d x Q. E x a c t l y the same 

a l g o r i t h m , but extended to a s i x by s i x m a t r i x , i s used to s o l v e the 

r e c t i f i c a t i o n problem g i v i n g v a l u e s fo r c T h i s 

a l g o r i t h m i s e a s i l y implemented in a program, needing j u s t e i g h t l i n e s 

The c o r r e l a t i o n c o e f f i c i e n t r i s g iven by ( A l d e r and R o e s s l e r 1977) 

SSR 
SS 

Z ( Z - 2f 
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RECTIFICATION (Cont inued) 

where 1 i s the mean va lue of Z . SS I s the d i s p e r s i o n or spread of Z 

v a l u e s about the mean and r e p r e s e n t s the t o t a l v a r i a t i o n in Z . SSR 

(sum of squares fo r r e g r e s s i o n ) i s the d i s p e r s i o n of es t ima ted Z v a l u e s 

(Z^) about the mean, and i s a measure of the v a r i a t i o n accounted 

fo r by the polynomial r e g r e s s i o n . 
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APPENDIX 5 

RELATIONSHIPS BETMEEN ATTENUATION C O E F F I C I E N T . OPTICAL DEPTH AND 

TRANSHITTANCE 
Incident 
ray 

Normal 

Transmitted 
ray 

I Q ttirough: 

$ = f 
c z / c o s e 

The i n t e n s i t y of l i g h t i s reduced 

f rom $ n t o ^ on p a s s i n g 

through an a t t e n u a t i n g medium. 

Assuming t h a t the medium i s 

homogeneous wi th an a t t e n u a t i on 

c o e f f i c i e n t c , then ^ i s r e l a t e d to 

( A 5 . 1 ) 

where z i s the t h i c k n e s s of the medium and 0 i s the ang le of I n c i d e n c e 

measured from the normal ; t h i s i s the same as the z e n i t h a n g l e . The 

d i s t a n c e t r a v e r s e d by the ray i s known as the pa th length and e q u a l s 

z / c o s e . As a t t e n u a t i o n may be due to a b s o r p t i o n and s c a t t e r i n g then c 

= a + b where a and b a r e the a b s o r p t i o n and s c a t t e r i n g c o e f f i c i e n t s 

r e s p e c t i v e l y . 

Atmospher ic composi t ion and d e n s i t y v a r y w i t h a l t i t u d e and c o n s e q u e n t l y 

a , b and hence c a r e a l l f u n c t i o n s of a l t i t u d e . In t h i s c a s e the cz 

term i n the e x p r e s s i o n above i s r e p l a c e d by c { z ) d z wi th a p p r o p r i a t e 

l i m i t s . 

The o v e r a l l a t t e n u a t i o n o f the whole atmosphere may be c h a r a c t e r i s e d by 

a s i n g l e pa ramete r , the o p t i c a l depth or t h i c k n e s s T , in the f o l l o w i n g 

way: 
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RELATIONSHIPS BETWEEN ATTENUATION C O E F F I C I E N T . OPTICAL DEPTH AND 

TRANSMITTANCE (Cont inued) 

$ = ^ ^ e - ^ / c o s e ( A 5 . 2 ) 

where T = c { z ) d z . 

The d i r e c t or beam t r a n s m l t t a n c e T I s d e f i n e d by: 

J ^ T r a n s m i t t e d f l u x i n t e n s i t y ^ ^ 

I n c i d e n t f l u x i n t e n s i t y $ ( A 5 . 3 ) 

= e x p ( - T / c o s e ) ( A 5 . 4 ) 

= e x p - c ( 2 ) d z / c o s 8 ( A 5 . 5 ) 
. J ' 

P 
= Gxp - ( Q ( 2 ) + b(z))/cosO ( A 5 . 6 ) 

The u n i t s of a t t e n u a t i o n , a b s o r p t i o n and s c a t t e r i n g c o e f f i c i e n t s a r e 

m"^; o p t i c a l depth and t r a n s m i t t a n c e a r e d i m e n s l o n l e s s q u a n t i t i e s . 
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APPENDIX 6 

RELATIONSHIP BETWEEN 6 , 6^ and 6^ 

Zenith 

Orbit 

Pixel 
in view 

Scanline 

Sensor 

Centre of 
scanline 

Sub-
sQtellite 
point 

i s the t i l t a n g l e ; 

p o s i t i v e in t h i s c a s e . 

i s the v i e w -

a n g l e ; n e g a t i v e in 

t h i s c a s e . 

e i s the z e n i t h ang le 

of the p i x e l - l n - v i e w 

to s e n s o r d i r e c t i o n . 

A l s o known as p o l a r 

a n g l e . 

Sensor a l t i t u d e i s x . 

1) C o n s i d e r t r i a n g l e ACD: z cos 0 = x , z = x / c o s 0 , 

2) C o n s i d e r t r i a n g l e ABD: y cos 0^ = x , y = x / c o s O ^ 

3) C o n s i d e r t r i a n g l e ABC: z cos 0^ = y, 
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RELATIONSHIP BETWEEN 0 , 8^ and 6^ (Cont inued) 

S u b s t i t u t i n g fo r z and y i n the t h i r d e x p r e s s i o n above 

( X \ c o s e , = ( X \ 

\ c o s 8 / \ c o s 9 j . / 

cose = cos 6 . cos e„ 

e = cos^ cose^.cosev 
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APPENDIX 7 

RELATIONSHIP BETWEEN ( ^ ' , 0 ^ and 6̂  

Zenith 

Orbit 

Pixel 
in view 

Scanline 

Sensor 

Centre of 
scanline 

Sub-
satellite 
point 

6^ i s the t i l t a n g l e ; 

shown as p o s i t i v e . 

0^ i s the v i e w -

a n g l e ; s h o w n a s 

n e g a t i v e . 

i s r e q u i r e d in the 

c a l c u l a t i o n of 

X tan 8 

(x tanQy) tan(/) = xsinO. 

t a n 0 

4> = 

sin 6j. 

tone, 

tan 
y tanOy/ 
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APPENDIX 8 

DETERMINATION OF SCATTERING ANGLES 

A Zenith 

HEMISPHERE WITH 

RADIUS OF 1. 

BC = DE 

ORIGIN AT 0 . 

Reference ' 
azimuth ^ 

Plan view 

The s c a t t e r i n g ang le \p i s the ang le 

between the d i r e c t i o n s de f ined by OA and 

OB. The p o s i t i o n of A , wi th r e s p e c t to 

the o r i g i n 0 , i s s p e c i f i e d by i t s z e n i t h 

angle 6^ and azimuth ang le 

l i k e w i s e f o r B. Only the d i r e c t i o n s of A 

and B a r e i m p o r t a n t , so the l e n g t h s o f OA 

and OB a r e s e t to one f o r s i m p l i c i t y . 

The s o l u t i o n of xj/ compr ises t h r e e s t a g e s 
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APPENDIX 8 

DETERMINATION OF SCATTERING ANGLES (Cont inued) 

1 ) F ind X from the t r i a n g l e O C D , u s i n g the c o s i n e r u l e 

2 ) F i n d 1 from the t r i a n g l e A B E , u s i n g P y t h a g o r a s ' s theorem 

3 ) F i n d \J/ from the t r i a n g l e A B O , u s i n g the c o s i n e r u l e 

1 ) The length of DC i s l . c o s (7r/2 - d ^ ) which e q u a l s s i n 0 g 

S i m i l a r l y , the l e n g t h of CD i s s1n0y^ . T h e r e f o r e : 

D 

X = Sin + sin Og - 2sine^sinegCos^ 

2 ) The length of BC and DE i s l . s i n {7r /2 - 8^) which e q u a l s cos 

S i m i l a r l y , the l ength of AD i s cos 8 ^ . The length of AE i s AD 

DE which e q u a l s cos 8^ - cos 8g . Hence: 

= + (cose^ - cosSg)^ 

S u b s t i t u t i n g fo r x O g i v e s 

,2 . 2 , 

cos ft 

I = sine^+ s i n S g - 2sin8^-sinegC0S^ + cos 8^ + ^ ° ^ ® B ' 2cose^cos8g 

2 - 2^cose^cos8g + sine^sinSgCos^) 

3 ) The c o s i n e r u l e g i v e s the f o l l o w i n g f o r t r i a n g l e ABO 
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APPENDIX 8 

DETERMINATION OF SCATTERING ANGLES (Cont inued) 

I B 

1 = 1 + 1 - 2.1.1 cosi / ' 

1 = 2 - 2COST/' 

2 
S u b s t i t u t i n g f o r 1 g ives 

2 - 2 C O S T / ' = 2 - 2 (cose^cos9g+ sinOy^sinOgCos^) 

COST/' = cos6^cos8g + stn8y^sin8gCos^ 

where ^ i s the d i f f e r e n c e between l})̂  and ijig. S i n c e c o s i n e i s an even 

f u n c t i o n then e i t h e r ((j)^ - I()Q) or ((jig - may be u s e d . I t i s 

p o s s i b l e f o r $ to exceed T T , i n which c a s e $ should be r e p l a c e d by 2 7 r -

| , however t h i s i s u n n e c e s s a r y because cos ( 2 7 r - | ) = cos | . 

T / ' , as g iven by the e x p r e s s i o n above , i s s imp ly the angle between two 

d i r e c t i o n s , measured in the p lane in which the d i r e c t i o n s l i e . The 

S u n - s a t e l l i t e geometry of the CZCS i s not as s t r a i g h t f o r w a r d and 

\l/ r e p r e s e n t s n e i t h e r the forward nor the backward s c a t t e r i n g a n g l e , 

but they both may be d e r i v e d from i t . 

The forward s c a t t e r i n g ang le i s a s s o c i a t e d w i th r e f l e c t a n c e te rms p ( 8 ) 

and P ( 0 Q ) and i s the angle between the d i r e c t i o n of the s o l a r 

beam a f t e r r e f l e c t i o n a t the p i x e l - i n - v i e w and the p i x e l - i n - v i e w to 

s e n s o r d i r e c t i o n : 
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APPENDIX 8 

DETERMINATION OF SCATTERING ANGLES (Cont inued) 

Zenith 

S u n Reflected 
^ solar beam 

Pixel-ln-view 

The ang le \p i s g iven by the f o l l o w i n g e x p r e s s i o n ( a f t e r changing 

® A ' ®B' ^A "t̂ B those a p p r o p r i a t e f o r the C Z C S ) : 

cosy]/ = COS8COS8Q + s i n O s i n S Q C O s ^ 

where | i s (l]) - (j)^). The z e n i t h ang le of the s o l a r beam and 

r e f l e c t e d s o l a r beam a r e both 6^ , but the azimuth ang les d i f f e r by T T . 

By making an adjustment of TT r a d i a n s to | , xf/^ may be determined t h u s : 

cosi/; = cosOcoseQ + s i n e s i n d Q C O s ( ^ + 7r) 

cosl/ ; = cosecosOQ - sin6 sin O Q C O S ^ 

s i n c e cos (^ +7r) = - c o s 

The b a c k s c a t t e r i n g ang le i s not a s s o c i a t e d w i th r e f l e c t i o n of the s o l a r 

beam and i s the angle between the d i r e c t i o n of the t r a n s m i t t e d s o l a r 

beam (when no s c a t t e r i n g o c c u r s ) and the p i x e l - i n - v i e w to s e n s o r 

d i r e c t i o n : 
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APPENDIX 8 

DETERMINATION OF SCATTERING ANGLES (Cont inued) 

Zenith 
/Sensor 

Sun-*^.^. 

— ^ — ^ 
Pixel-in-view 

^ Transmitted 
*^ solar beam 

= TT - }f/ where ^ I s found from: 

cosl/' = COS8COS8Q + s i n 8 S IHSQCOS^ 

A more e legan t form can be produced by not ing t h a t : 

cosi/i. = c o s ( 7 r - i / ' ) = - cosi/' 

T h e r e f o r e : 

cosi/i = - (COSOCOSSQ + s inSs ineQCos^) 

cost/'- = - COSBCOSSQ - s i n 8 s i n 8 Q C O s ^ 

The e x p r e s s i o n s fo r and may be combined i n t o one 

cosl/ ; = ± c o s 8 c o s 8 o - s i n 8 s i n e i o c o s ( 0 - 0 o ) 

The s i g n of the c o s S . c o s e ^ term s e l e c t s the forward or backward 

s c a t t e r i n g a n g l e . | has been r e p l a c e d by ([l - ij)^. 
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APPENDIX 9 

LIgriNG OF THE ATMOSPHERIC CORRECTION PROGRAM 
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^* 1 2 3 4 5 6 7 B 
123456789012345678301Z34567B3012345B78901Z345B783012345B7830123456783012345S7890 

atmos.c PerFonns atmospheric correct ion oF CZCS ioiases. See atnos.doc 
For Further d e t a i l s -

Data For nean s o l a r i r rad iances and Ravle ish and ozone opt ica l th icknesses 
obtained From 'Eurasep S e c r e t a r i a t Neus le t ter ' f February 1982f pases 18 and 37, 
See a lso 'Recoaunendations oF the 2nd Internat ional UorKshop on Ataospheric 
Correct ion oF S a t e l l i t e Observation oF Sea Uater C o l o u r ' . 

D.H.Lawrence B/B/84 Version 1 

Department oF Communication Enaineer insr P i/mouth P o l / t e c h n i C F Drake CircuSf 
Plymouth. PL4 BAA. 

Var iables 

alpha 
anasexp 
anasFact 
bscatans 
c e l l a t 
ce l lona 
channel 
column 
coordbuF 
c o r r e c t l 
correct2 
cosalpha 
coscenlat 
day 
daynumber 
day.tab 
de l ta 
deltacap 
d i r e c t 
d i s t i 
d is t2 
Factor 
F i l d e s l - 3 
F i l d e s 4 
Filenamel 
FilenameZ 
FilenaMe3 
Fscatans 
hour 
i 
inoid 
initmnFr 
intrayx 
intray4 
intrcptx 
Lntrcpt4 
l a t c e l l 
latdeas 
latmins 
leap 
l ine 
l i n e s 
l o n s c e l l 
lonsdess 
lonsnins 
minute 
nonth 
nescount 
oFFset 
oaiesa 
outrayx 
P h i l 
phiZ 
pictime 
pixelnuffl 
P i x e l 
phaseFnl 

Br ieF descr ipt ion 

Orb i ta l i n c l i n a t i o n as a Function oF l a t i tude 
Anastroffl exponent 
uaverat io ra ised to the power anasexp 
Array oF bacK-scat ter ina ans les 
Array oF la t i tude values For centre oF each c e l l ( rad ians) 
Array oF lonsitude values For centre oF each c e l l ( rad ians) 
Channel number ( l -3> 
Column number 
Input buFFer For sample coordinates 
Corrects picture- t ime to time at which p ixe l was viewed 
Corrects time at which p ixe l was viewed to loca l time 
Cosine oF alpha 
Cosine oF scenelat or cosine oF c e l l a t 
1 - 31 (For the date) 
1 - 3B5 
Table oF number oF days in each month 
So lar dec l inat ion anale 
Capi ta l del tar scanl ine azimuth ansle ( rad ians) 
F l a s For Uest or Eas t oF Greenwich 
Distance between p ixe l & r e c e i v i n a s ta t ion (alona a meridian) 
Distance between p ixe l & s u b - s a t e l l i t e point (alona a meridian) 
Distance Factor used to adjust s o l a r i r rad iances 
F i l e descr ip tors For F i lenamel -3 
F i l e descr ip tor For /dave/atmoscorr /coords (sample coords. ) 
Contains name oF F i l e to be corrected 
Contains name oF correspondina channel 4 F i l e 
Contains name oF corrected output F i l e 
Array oF Forward s c a t t e r i n a anales 
1 - Z4 (For the picture time) 
Count used in ' F o r ' loops etc 
Anale oF incidence (above or below water) radians 
I n i t i a l minor Frame number (1-9) For leFt-hand edae oF imaae 
Input l ine buFFer (768 bytes) For channel I rZ or 3 
Input l ine buFFer (768 bytes) For channel 4 
Channel l / Z / 3 intercept For radiometr ic conversion 
Channel 4 intercept For radiometr ic conversion 
Radians oF la t i tude subtended bx 64 p i x e l s (halF c e l l ) 
Dearees oF la t i tude For centre oF imaae 
Minutes oF la t i tude For centre oF imaae 
Ind icates leap year 
L ine number (0 - 511)r used as ar ray subscr ip t 
L ine number derived From l i n e ! used by atmosZ Function 
Radians oF lonsitude subtended by 64 p i x e l s (halF c e l l ) 
Dearees oF lonaitude For centre oF imaae 
Kinutes oF lonaitude For centre oF imaae 
0 - 5 9 (For the p icture time) 
1 - IZ (For the date) 
Number oF occurences oF neaative radiance in a l ine (768 p i x e l s ) 
OFFset For I s e e k ; used by atmosZ Function 
Anale subtended at e a r t h ' s centre by s h i F t 
Output l ine buFFer (788 bytes) For corrected channel l i Z or 3 
Used in determination oF scanner azimuth 
Used in determination oF scanner azimuth 
P ic ture time in hours G . H . T 
P i x e l number (114 - Z081)r used to Find viewanale 
P ixe l number (0 - 767)r used as ar ray subscr ip t 
Array oF Fwd. phase Function values For Rayleiah s c a t t e r i n a 
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phaseFnZ Array oF bacK phase Function values For Ravleiah s c a t t e r i n s 
polans Array oF 6 ' p o l a r ' ansles (Function oF t i l t & view anales) 
p r in t ins Indicates whether p r in t lna oF intermediate values is re<iuired 
radx Aperture radiance For channel 1/2 or 3 For a s i n a l e p ixe l 
rad4 Aperture radiance For channel 4 For a s i n a l e pixel 
rayradx Array oF Rayleiah radiances For each c e l l centre For c h l / Z / 3 
rayrad4 Array oF Rayleiah radiances For each c e l l For channel 4 
reFindex ReFract iue index oF seawater 
reFract Anale oF reFract ion (above or below water) radians 
row Row number 
sca le Radiance to pixel (b / te ) s c a l i n a Factor 
scanazin Array oF scanner azinuth ansles For c e l l centres ( radians) 
scenelat Lat i tude For centre oF imaae 
scenelona Lonaitude For centre oF imaae 
season SuwMer or winter; aFFects se lec t ion oF opt ica l th icknesses 
s h i F t Distance between s u b - s a t e l l i t e point 4 current scanl ine 
s inalpha Sine oF alpha 
s i n d e l t a Sine oF del ta 
s i n e t e r a Used in the determination oF Fresne l reFlectance 
slopex Channel 1/2/3 slope For radiometric conversion 
slope4 Channel 4 slope For radiometric conversion 
s o l a r . i r r a d Array containina the seasonal ly adjusted s o l a r i r rad iances 
s o l a z i a Array oF so la r azimuth anales For c e l l centres ( radians) 
solzen Array oF s o l a r zeni th anales For c e l l centres ( radians) 
status Value returned by Functions (0 or 1) 
summer Used to denote summer season 
tanterm Used in the determination oF Fresne l reFlectance 
tauoz-tab Table oF ozone opt ica l thicKnesses 
tauozx Channel 1/2/3 ozone opt ica l thicKness 
tauoz4 Channel 4 ozone opt ica l thicKness 
taur . tab Table oF Rayleiah opt ica l th icknesses 
taurx Channel 1/2/3 Rayle ish opt ica l th ickness 
taur4 Channel 4 Rayleiah opt ica l th ickness 
t i l t Scanner t i l t anale in dearees ( in teaer Form) 
t i l l a n a l e Scanner t i l t anale in radians (F loa t ina point Form) 
time-tab Table oF loca l times For each c e l l centre 
totalnea Total nuMber oF neaative radiance P ixe ls in a 768 by 512 iraaae 
transbfflx Channel 1/2/3 array oF beam ( d i r e c t ) transmittances 
transbm4 Channel 4 ar ray oF beam ( d i r e c t ) transmittances 
transdFx Array oF 6 diFFuse transmittances For channel I r 2 or 3 
viewansle Array oF 6 view ana les ! Function oF pixel numbers only 
wavelena Array oF channel wavelenath values 
waveratio [lambdaO/lambda] 
winter Used to denote winter season 
X F y , z Used For intermediate F loat values 
xcompl +xcompl«sin(alpha) i s 1 component oF c e l l la t i tude 
KComp2 '^xcomp2«cos(alpha) i s 1 component oF c e l l lonaitude 
year Year number (For the date) 
•/esorno Decision F l a a 
ycompl +ycompl«cos(alpha) i s 1 component oF c e l l la t i tude 
ycomp2 -ycomp2*sin(alPha) i s 1 component oF c e l l lonsitude 
zone Function oF lat i tuder used to s e l e c t opt ica l thicKnesses 

Functions B r i e F descr ip t ion 

atraosl Evaluates F i n a l correct ion a laor i thn For whole imaae 
atfflos2 Evaluates F i n a l correct ion alaorithm For sample points 
c e l l c e n t Ca lcu la tes la t i tude & lonaitude For c e l l centres 
conFirm Confirms choice oF parameters 
day_oF_year Ca lcu la tes days between Jan 1 & date 
decl ine Ca lcu la tes so la r dec l inat ion ansle 
F r e s n e l l Ca lcu la tes reF lec t ion coeFF. For a i r —> water 
Fre5nel2 Ca lcu la tes reF lec t ion coeFF, For water —> a i r 
s l o b a l v a l Determines a lobal values 
loca lva l Determines loca l values 
optdepth S e l e c t s appropriate Rayleiah & ozone opt ica l thicKnesses 
params C o l l e c t s parameters from console 
phaseFuncs Ca lcu la tes Forward & backward Rayleiah phase functions 
polarana Ca lcu la tes the 6 ' p o l a r ' or scanner zenith anales ( in rad ians) 
ray le iah Ca lcu la tes the Rayleiah radiance For each c e l l centre 
scannerazim Ca lcu la tes scanner azimuth anale For each c e l l centre 
solaraziffl Ca lcu la tes so la r azimuth anale For each c e l l centre 
s o l a r i r r a d Ca lcu la tes adjusted so lar i r rad iances 
solarzen C a l c u l a t e s s o l a r zenith anale fo r each c e l l centre 
times Ca lcu la tes loca l time for centre oF each c e l l 
transmit Ca lcu la tes diFFuse and beam ( d i r e c t ) transmittances 
ft/ 
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#include <fiiath.h> 

#deFine ALTITUDE 855.0 /« 
ffdeFine CONUERSIGN 1.852 /» 
ffdeFine EARTHRADIUS 6371.0 /* ffdeFine ECCENTRIC 0.0167 /* ^define EOF 0 /« 
ffdePine FIRSTPIXEL 114 /« 
#deFine FRAftESIZE 136 /* 
#deFine GRESX 0.782 /« 
#deFine GRESY 0.765 /» 
tfdeFine IFOM 0.000838 /* ffdeFine INCLINATION 23.44 /* 
#deFine LATRXSTAT 56.4687 /« 
ffdeFine LINES 512 /* tfdePine niD^UTUHN 311 /« 
ffdeFine niD.SPRING 126 /# 
ffdeFine NADIRPIX 1090 /« 
tfdeFine NOFILE -1 /» 
AdeFine PI 3.1415926538 /» 
#deFine PIXELS 768 /« 
ffdePine SCANTIHE 0.12375 /» 
ffdeFine SOLIRRl 186.42 /ft 
fdeFine SOLIRRZ 185.34 /ft 
ffdeFine S0LIRR3 184.76 /ft 
AdeFine S0LIRR4 151.52 /ft 
#deFine TRACKING 9.28 /ft 
tdeFine VELOCITY 6.416 /ft 
ffdeFine VERNALDAY 80.25 /» 

Ka ft/ 

in imase ft/ 

Inverse tansent oF 1 radian ft/ 

2 ft/ 
3 ft/ 
4 ft/ 

char directrFiIenattelC403>Filenaffle2C403fFilenafne3[40]>intrayxCPIXELS3; 
char intray4CPIXELS].outrayxCPIXELS3FPrint in9ryesorno; 

in t channe l rda / rdaynumberrF i ldes l r f i ldes2 iF i ldes3rhourr in i tanFr f la tdeas? 
int latminsr lonsdeasr lonstainsrt t inutef f f lonthrscalert i l t r /ear; 
in t wavelen3C53 = < 0 r 4 4 3 r 5 2 0 r 5 5 0 r 6 7 0 > ; 

Floa t anasexPran3sFactrcel latC43C83fCeI lon3[43C63f intrcptxr intrcpt4; 
F loat phaseFnlC43C63rPhaseFn2C43C63,pictirnerPolan9C63rra/radxC43C63; 
F loat r a y r a d 4 C 4 3 C 6 3 r r e F i n d e x * s c a n a z i ( i ] [ 4 3 C 8 3 r S c e n e l a t r S c e n e l o n 3 r S l a p e x > 5 l o p e 4 
F loa t solar . i r radC53rSolazin[43t63rSolzen[43[63rtauozxrtauoz4»taurMrtaur4; 
F loat t i l tan3left i f i ie . tabC43C63rtransbmxC43C63,transb(a4C43C63rtransdFxC63; 
F loat uieuan3leC63; 

tnainO 

in t i ; 

For (x«0; 1<30; i++) < 
F i l enane lC i3 = ' \ 0 ' ; 
Fi lenane2Ci3 = ' \ 0 ' ; 
Fi lenane3Ci3 = ' \ 0 ' ; 

> 

p r i n t F ( " \ n \ t \ t \ t 
s y s t e M C d a t e " ) ; 
p r i n t F C N n " ) ; 

uhile<parafi is()); 

conFirm()7 

s l o b a l u a i o ; 

l o c a l u a i o ; 
printFCNnDo you wish to correct the whole iffla3e? ( y / n ) : 
scanF<"Xftc Xc-rftyesorno); 
iF (yesorno == ' Y ' M yesorno == ' y ' ) 

a t u o s l O ; 

pr intF(" \nDo you wish to correct point samples only? ( y / n ) : 
scanFCXftc Xc^rftyesorno); 
iF (yesorno == ' Y ' II yesorno == ' y ' ) 

atfiios2(); 

/ft Pr int out the date ft/ 
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c l 0 5 e ( f i l d e 5 l ) ; 
c l o s e f F i l d e s Z ) ; 
c l o s e ( P i l d e s 3 ) ; 

> 

a t m o s l O / « Evaluates f i n a l c o r r e c t i o n a l g o r i t h m For uhole imaae « / 
< 

ex te rn char i n t r a r x C l i i n t r a y 4 C ] r O u t r a / x C ] ; / « See a tuos .doc *f 
ex te rn i n t c h a n n e l r f i l d e s l r F i l d e s 2 r F i l d e s 3 r S c a l e ; 
e x t e r n F l o a t a n s s F a c t r i n t r c P t X f i n t r c p t 4 F s l o p e K r 9 l o p e 4 r S o l a r - i r r a d C ] ; 
ex t e rn F l o a t t r ansdFxCi ; 

i n t c o l u u n r i r l i n e r n e s c o u n t f P i x e l r r o u ; 
F l o a t r a d X f r a d 4 r X rXrz! 
lona i n t l 5 e e k ( ) i t o t a l n e s ? 

I s e e K C f i l d e s l » O L . O ) ; / # Place p o i n t e r s a t s t a r t o f F i l e s « / 
l s eeK(F i ldes2 rOLrO) ; 
l s e e K ( f i l d e s 3 * 0 L * 0 ) ; 

p r i n t f ( " \ n \ n \ n L i n e nega t ive radiancesXbVbXbVbXbNbXbVbXbXbXbVbNb"); 
p r i n t f ( " \ b \ b \ 6 \ b \ b \ b \ b \ 6 \ 6 \ b \ b \ b \ b \ b \ b " ) ; 

t o t a l n e s = O L ; 

f o r ( l i n e = 0 ; l ine<LINES; line-t-i-) < 
row = 3 - l i n e / l Z S ; / * Se l ec t rowr n o t i n a t h a t f i l e i s reversed « / 

r e a d ( f i l d e s l f i n t r a y x r P I X E L S ) ; / « Read one l i n e of channel 1/2/3 « / 
r e a d ( f i l d e s 2 r i n t r a y 4 r P I X E L S ) ; / « Read one l i n e of channel 4 « / 

nescount ° O; / « Reset nega t ive radiance counter ft/ 

f o r ( p i x e l = 0 ; P ixeKPIXELS; p i x e l + + ) < 
column = p i x e l / 1 2 8 ; / » Se lec t co lunn « / 

X = ( f l o a t ) i n t r a y x t p i x e l i ; 
y = ( f l o a t ) i n t r a y 4 C p i x e l 3 ; 

i f ( x<0 .0 ) 
X += 256 .0 ; / « I n t e r p r e t s i s n b i t as +128 « / 

i f ( K O . O ) 
y += 25S,0 ; / f l I n t e r p r e t s i an b i t as +128 * / 

radx = slopex^x + i n t r c p t x ? / f t Channel I r 2 or 3 r ad iance « / 
rad4 = s l o p e 4 » y + i n t r c p t 4 ; / » Channel 4 radiance * / 

2 = - ( ( r a d 4 - r ay rad4CrowKco lumnJ )*an3s fac t ) ; 
z ( s o l a r . i r r a d C c h a n n e n ) « ( t r a n s b n x C r o u ] C c o l u u n 3 ) ; 
2 / = ( so la r . i r r adC43)*( t r ansbM4Crow]CcQluf f ln ] ) ; 
2 +a ( radx - r ayradxCrou lCco lunnJ ) ; 

z t~ t r ansd fxCco lu f f lnK / « Convert to water l e av ina rad iance « / 

i f ( z<0 .0 ) < 
i = O; / « Force neaa t ive radiances t o zero « / 
neacount++J / * Count number of neaa t ive p i x e l s » / 

> 
else i f (2==0,0) 

i = o; 
else i f (2>0.0) 

i c; ( i n t ) scalettz + 0 . 5 ; / « Scale & - > nearest i n t e a e r « / 

i f ( i>255) 

i = 255; / * Force values>255 to 255 » / 

outrayxCpixel3 = (char ) i ; / * Place r e s u l t i n char o/p b u f f e r « / 

> 

u r i t e ( fildes3F0utrayxFPIXELS); / « U r i t e 1 l i n e of co r r ec t ed data « / 

p r i n t f(-X3d : X 3 d \ b \ b \ b \ b \ b \ b \ b \ b \ b ' ' r l i n e + l » n e g c o u n t ) ; 

t o t a l n e a += d o n a i n t ) neacount; 
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p r i n t f < " \ n \ n T o i a l number oF nega t ive radiance p i n e l s = X l d K n ^ i t o t a l n e s ) ; 
> 

a tnosZO / « Evaluates F i n a l c o r r e c t i o n a l s o r i t h n For sanple p o i n t s 
{ 

ex te rn char i n t r a r x C 3 i i n t r a y 4 C ] ; / * See atmos.doc « / 
ex t e rn i n t c h a n n e l r F i l d e s l r F i l d e s Z ? 
e x t e r n F l o a t a n 3 s F a c t * i n t r c p t X / i n t r c p t 4 f 5 l o p e x » s l o p e 4 « s o l a r . i r r a d [ ] ; 
e x t e r n F l o a t t ransdFxCK 

i n t c o l u m n r C o o r d b u F C 2 ] r F i l d e 5 4 r l i n e * l i n e s f P i x e l f r o w ? 
lona i n t l seeK<)roFFset ; 
F l o a t r a d x i r a d 4 r X r y r z ; 

p r i n t F ( " \ n \ n \ n - ) ; 

F i l d e s 4 = open(* ' /p ro3 l /dave /a tmoscor r /coords ' ' rO) ; 

p r i n t F ( " \ n \ t L P R C OFFSET CHXd CH4 RADIANCE\n\ t— - - . c h a n n e l ) ? 
p r i n t F ( " — - — — \ n " ) ; 

u h i l e ( ( r e a d ( F i l d e s 4 > c o o r d b u F » 4 ) ) I - EOF) < / * Read coords u n t i l EOF 
l i n e = coordbuFCO]; 
P i x e l = coordbuFCl i ; 

row = l i n e / 1 2 8 ; / « Se lec t row « / 
column = p i x e l / i Z S ; / « Se lec t co luun 

l i n e s = LINES - l i n e ; / » Deal w i t h l i n e r e v e r s a l « / 
oFFset = <lon3) PI){ELS«<lines - 1) + p i x e l ? 

l s eeK(F i ldes l roFFse t*0 )? / « P o s i t i o n p o i n t e r s 
] s e e k ( F i l d e s 2 r o F F s e t , 0 ) ; 

r e a d ( F i l d e 5 l f i n t r a y x r l ) ; / » Read I p i x e l From channel 1/2/3 * / 
r e a d ( F i l d e s 2 » i n t r a y 4 » n ; / * Read 1 p i x e l From channel 4 « / 

X = ( F l o a t ) i n t r a y x C O i ; 
y = <F loa t ) in t r ay4C03; 

i F (x<0 .0 ) 
X += 256 .0 ; / * I n t e r p r e t s i an b i t as +128 « / 

i F (y<0 .0 ) 
y += ZSB-O; / * I n t e r p r e t s i an b i t as +128 * / 

radx = s lopex^x + i n t r c p t x ; / « Channel !> 2 or 3 radiance « / 
rad4 = slope4*y + i n t r c p t 4 ; / » Channel 4 rad iance * / 

2 = - ( ( r a d 4 - rayrad4Crow3Ccolumn])*an3sFact); 
z ( s o l a r - i r r a d [ c h a n n e l ] ) « ( t r a n s b r a x C r o w K c o l u n n 3 > ; 
z / ° < 3 o l a r . i r r a d C 4 3 ) f f ( t r a n s b m 4 C r o w K c o l u f f l n ] ) ; 
z += (radx - rayradxCrowlCcolumn]) ; 
2 / = t ransdFxCcolumni; / f t Convert t o u a t e r - l e a v i n s rad iance ft/ 

p r i n t F C V t X S d '/3d Xd Xd X S l d M i n e . p i x e l r rowrcolumnroFFse t ) ; 
p r i n t F C X3.0F %3.0F X 7 . 4 F \ n"rXry» 2 ) ; 

> 

c l o s e ( F i l d e s 4 ) ; 

c e l l c e n t O / f t Ca lcu la t e s l a t i t u d e & l o n g i t u d e For c e l l cen t res ft/ 
< 

e x t e r n char p r i n t i n g ; 
ex t e rn F l o a t scene la t i scene lons? 

i n t columnrrow; 
F l o a t a lphafcosalpharcoscenla t f la tcel l r lon3cel l rs inalpharXcomplrXcomp2; 
F l o a t ycociPlrycofflp2; 
coscen la t = c o s ( s c e n e l a t f t P I / 1 8 0 , 0 ) ; / f t cosine oF scene la t ft/ 
a lpha = a 5 i n ( ( s i n ( T R A C K I N C « P I / 1 8 0 . 0 ) ) / c o s c e n l a t ) ; / f t a lpha i s not r e a l l y ft/ 
s i na lpha = s l n ( a l p h 3 ) ; / f t a cons tan t s ince i t i s a ft/ 
cosalpha = c o s ( a l p h a ) ; / f t Func t ion oF scene l a t i t u d e ft/ 
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l a t c e l l = 64.0«GRESX/(CONFERSIONflGO.O); / « See a tuos .doc « / 
l a t c e l l «= P I /180 .O; / « Convert t o r ad i ans « / 
l o n a c e l l = 64.0«GRESY/(CONUERSIQN«coscenlat»60.0) ; / « See attaos.doc « / 
l o n s c e l l *= PI /180 .O; / * Conuert t o r ad ians « / 

/ * Under r o t a t i o n oF alpha* a p o i n t Zntvl i s (napped to 
CMCos(alpha) - Ks in (a lpha ) r ycos(a lpha) + Ks in (a lpha)3 » / 

For (row=0; rou<4; roi*++) < 
ycottPl = l a t c e l l * ( ( F l o a t ) 3 - 2 « r o M ) ; 
yconp2 = l o n s c e l U ( ( F l o a t ) 3 - 2 « r o u ) ; 
For (colunneO! coluiiin<6r coluesn-f+) { 

ce l la tCrowJCcoluwn] = 5cene la t*PI /180 .0 + ycompUcosalpha! 
cellongCrowJCcolumnJ = scenelon9*PI/180.0 - ycofflpZtfsinalPha; 

> 

For (coluffln=0J coIuifln<B; coluffln++) < 
xcoBPl = l a t c e l U K ( F l o a t ) 2*coluffln - 5 ) ; 
XC0C1P2 = l o n s c e I U ( ( F l o a t ) 2«coluffln - S ) ; 
For (row=0; rou<4; row++) i 

c e l l a t t r o u l C c o l u e i n ] -•-= xcompUsina lpha ; 
cellonsCrowJEcolu&in] xconip24cosalpha; 

} 
> 

iF ( p r i n t i n g == ' Y ' M p r i n t i n g == 'Y') i 
p r i n t F C X t A l P h a =X8.4F de3rees\n' ' r a l p h a « 1 8 0 . 0 / P I ) ; 

p r i n t F ( " \ n \ t C e l l cen t re l a t i t u d e s : \ n \ n " ) ; 
For (row=0; row<4; row++) i 

p r i n t F C X t " ) ; 
For (colu(nn=0? colufi)n<6; column++) 

p r i n t F ( " X 1 0 . 5 F " f c e l l a t C r o u ] £ c o l u M n 3 « 1 8 0 . 0 / P I ) ; 
p r i n t F ( " \ n " ) ; 

> 

p r i n t F ( " \ n \ t C e l l cen t re l o n 3 i t u d e s : \ n \ n ° ) ; 
For (raw=0; roM<4; row++) < 

p r i n t F ( " \ t ° ) ; 
For (coluMn=0? coluMn<6; coluran++) 

p r l n t F ( ° X 1 0 . 5 F ° r e e l l o n s C r o w ] [ c o l u m n ] « 1 8 0 . 0 / P I ) ; 
p r i n t F C V n " ) ; 

> 

conFirroO /# ConFirois choice oF parameters * / 

ex te rn char d i r ec t>F i l ena f f l e ICJ fF i l enaMe2C] rF i l enane3Cj ; 
ex t e rn i n t channel rday*hourr i n i t a n F r r l a tdeas r la tco ins f lonsdess r lonso i ins7 
ex te rn i n t m l n u t e r m o n t h r s c a l e f t i l t r y e a r ; 
ex t e rn F l o a t anssexPr in t rcp tXf in t rcp t4r reFindexrs lDPex»s lope47 

p r i n t F ( " \ n \ n \ t \ t PARflHETER SUM«ARY\n"); 
p r i n t F ( " \ t \ t \ n " ) ; 
p r in tF ( "Channe l n u f n b e r : \ t \ t \ t \ t \ t %d\n" rchanne l ) ; 
p r i n t F < » r n p u t F i l e naoe. 'VtVtVtVt X s \ n " , F i l e n a f t i e l ) ; 
p r i n t F ( " C o r r e s p o n d i n g channel 4 F i l e n a « e : \ t \ t Xs \n* ' fF i lenaf i ie2) ; 
p r i n t F ( " O u t P u t F i l e n a M e : \ t \ t \ t \ t X s \ n " , F i l e n a M e 3 ) ; 
p r i n t F ( " D a t e : \ t \ t \ t \ t \ t \ t Xd Xd X d \ n S d a y , « o n t h r y e a r ) ; 
p r i n t F C P i c t u r e t i n e <hrs> tains G M T ) : \ t \ t \ t Xd X d \ n " , h o u r > a i n u t e ) ; 
p r i n t F C L a t i t u d e oF inage cen t re ( d e s S f M i n s ) : \ t \ t " ) ; 
p r i n t F ( " X d X d X n ^ l a t d e g s r l a t w i n s ) ; 
p r i n t F ( " L o n g i t u d e oF image cen t re (degSrMinSfM/E) : \ t " ) ; 
p r i n t F ( " X d Xd XoXn^r longdegSf lonamins^d i r ec t ) ; 
p r i n t F C T i l t angle ( d e g r e e s ) : \ t \ t \ t \ t X d \ n " r t i l t ) ; 
p r i n t F ( " I n i t i a l minor Frame number ( l - 9 ) : \ t \ t X d \ n ' ' r i n i t f f l n F r ) ; 
p r i n tF ( "Channe l Xd s l o p e : \ t \ t \ t \ t X T . S F X n ^ c h a n n e l r s l o p e x ) ; 
p r in tF ( "Channe l Xd i n t e r c e p t : \ t \ t \ t \ t X T - S F S n ^ r c h a n n e l r i n t r c p t x ) ; 
p r in tF ( "Channe l 4 s l o p e : \ t \ t \ t \ t X7 .5F \n%s lope4) ; 
p r in tF ( "Channe l 4 i n t e r c e p t : \ t \ t \ t \ t X 7 . 5 F \ n " r i n t r c P t 4 ) ; 
p r i n t F ( " A n g s t r o m e x p o n e n t : \ t \ t \ t \ t X 6 . 3 F \ n ' ' » a n g s e x p ) ; 
p r i n t F C ' O i s p l a y sca le F a c t o r ; \ t \ t \ t \ t X d \ n " . s c a l e ) ; 
p r i n t F ( " R e F r a c t i u e index oF s e a w a t e r : \ t \ t \ t X 6 . 3 F \ n " r r e F i n d e x ) ; 
p r i n t F ( " \ n \ t I I \ n " ) ; 
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day.oF-year(dayrmonthFyear) Ca lcu l a t e s dars between Jan 1 & date 
i n t da r rmonth fyea r ; 
{ 

xnt i r l e a p ; 
s t a t i c i n t day.tabC2]C133 = < 

< 0 , 3 1 r 2 8 . 3 1 r 3 0 > 3 1 r 3 0 r 3 1 , 3 1 r 3 0 . 3 1 . 3 0 r 3 1 > . 
< 0 , 3 1 , 2 9 f 3 1 r 3 0 r 3 1 r 3 0 » 3 1 . 3 1 r 3 0 , 3 1 r 3 0 , 3 1 > 

>; 
leap = yearX4 == 0 ft& yearXlOO ?= 0 11 yearZ400 == O; 
For ( i = i ; i<ff lonth; i + + ) 

day d a y . t a b C l e a p ] t i 3 ; 
r e t u r n ( d a y ) 7 

F l o a t decl ine(daynufi iber) Ca l cu l a t e s s o l a r d e c l i n a t i o n anale « / 
i n t daynufflber; 
< 

F l o a t d e l t a * s i n d e l t a ; 

s i nde l t a=s in ( INCLINATI0hJ»PI /180 .0 )»s in (2 .0 tPHKdaynuf l )be r -UEf?NALDAy) /3S5 .0 ) ; 
d e l t a = a s i n ( s i n d e l t a ) ; / * Inverse s i n e : no s ian a a b i a u i t y * / 
r e t u r n ( d e l t a ) ; 

> 

F l o a t F r e s n e l l ( l n c i d ) / « Ca lcu l a t e s r e F l e c t i o n coeFF, For a i r — > water * / 
F l o a t i n c i d ; 
< 

ex te rn F l o a t r eF index! 
F l o a t r eF rac t r s ine t e r f f l r t an t e re i rX? 

iF ( i n c i d < 0 . 5 « P I / 1 8 0 . 0 ) < 
X = pow<(reFindeK - 1 .0 ) / ( r eF index + 1 . 0 ) r 2 . 0 ) ; 
r e t u r n ( x ) ! 

> 

else { 
r eF rac t = a 5 i n ( ( s i n ( i n c i d ) ) / r e F i n d e x ) ; 
s i ne t e r f f l = ( s i n ( i n c i d - r e F r a c t ) ) / ( s i n ( i n c i d + r e P r a c t ) ) ; 
s ine te rw = s ine te r f t i*s ine te r f f l ; 
t an te r f f l = ( t a n ( i n c i d - r e F r a c t ) ) / ( t a n < i n c i d + r e P r a c t ) ) ? 
t a n t e r a = t a n t e r f i i « t a n t e r f i i ; 
r e tu rn<0 ,5#<s ine t e r f f l + t a n t e r m ) ) ; 

> 

F l o a t F r e s n e l 2 ( i n c i d ) / « Ca lcu la t e s r e F l e c t i o n coeFF. For water —> a i r 
F l o a t i n o i d ; 
{ 

e x t e r n F l o a t r eF index ; 
F l o a t r e F r a c t r s i n e t e r o f t a n t e r f f l r x ; 

iF ( i n c i d > a s i n d . O / r e F i n d e x ) ) 
r e t u r n ( O . O ) ; 

e l se IF ( i n c i d < O . S « P I / 1 8 0 . 0 ) < 
M = pow((reFindex - 1 .0 ) / ( r eF index + 1 . 0 ) , 2 . 0 ) ; 
r e t u r n ( x ) 'r 

> 

else i 
r eF rac t ^ a s i n ( r e F i n d e x f l s i n ( i n c i d ) ) ; 
s i ne t e rm = ( s i n ( i n c i d - r e F r a c t ) ) / ( s i n ( i n c i d + r e F r a c t ) ) ; 
s ine te rm = s i n e t e r n f f s i n e t e r m ; 
t a n t e r a = ( t a n d n c i d - r e F r a c t ) ) / ( t a n ( i n c i d > r e F r a c t ) ) ; 
tan ter f f l = t an le rmf t t an te rm; 
r e t u r n ( 0 . 5 * ( s i n e t e r D i * t a n t e r m ) ) ; 

} 
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J<»0BJ5SUB 'oU\J9-8X = aO»3Bi UI0JlSBUy»\„)J1UTJd 
M I d / 0 ' 0 B I » 3 1 6 U B » i n ' » u \ 5 a a J B a p JZ'BX = a i B U E U U l \ « ) i l u i J d 

:(5UDiaud3S'oU\sd3JB3p J9*0TX = apn t iEuo i a u d 3 S ) \ o ) J ) u i j d 
• ( tEi3UdDS'„u\5a3JBap jg 'OIX = a p n t p B i 3U33s»\„)j»uiJd 

j ( a w n 3 i d ' „ u \ s a n o q jg 'OIX = awi% 3 j n a 3 i d l \ o ) j a u ? a d 
j ( B » i a p ' „ u \ S 3 a j B a p jg'Zix = aiBUB u o i i e u n o a p J E t o s t \ „ > i » u i a d 

:(adqnnuxEp'oU\px = a a q n n u x E a ) \ „ ) j a u i a d 
; ( o U \ u \ S3niEft iBqoiB pantaap B U H B i n 3 i B 3 u \ u \ u \ u \ o ) j ^ u i a d 

> == B u i » u i a d I I ,A, == B u n u l J d ) 4\ 

, ' (9Bi3ua3&'adqnnuxBp' |auuBM9)mddp)d0 
^(dXa56U6'0TaBa3ABH)n0d = )3BJSBUE 

MCtauuBqo]BU3ianEn ( i B o i j ) ) / ( c ^ ] B u a i d n B n ( ) E O | J ) ) = oiaBaaf^en 
: o ' 0 8 i / i d # < i i n ( i B o i i ) ) = aiBUB^in 

i(aaqnnuAEp)pBaaiaEiDS 
<EUDiaU33S - = BU0I3U335 

== i 3 3 a i p M == aoaaip) j i 
^O'Og/suxnEuoi -f ssapBuoi O ^ o i J ) = Buotauaos 

; 0 ' 0 3 / s u T o t B i + ssap^Bi ( a B o i j ) = aBiauaos 
:0 '03/a tnu?w + Jnoq ( l E o i j ) = 3 w i i 3 i d 

nd / 0 ' 08 I f t ( (^aqnTiuxEp}3u tpap) = B i i d p 
i (aB3X'qauoD«>(Bp)aB3i- jo-XEp s a3qnnUi(Bp 

«0) tBa3nE« ' ( )3UT10ap'B»I3p \20\^ 

j3iBUB^nt - f ranBt 'xanEi ' t2onBa 'xzonEa I E O I J uaatxa 
;BU0IdUa35'%B13U33S'X3pUTj3a'dnil31d'13BJSBUE'dXaSBUB a E o t i Ua3)Xd 

iaB3X'n5U3idnEn'a iTa'M )uon l u i ua3tx3 
15ui(0Euoi'SBdpEuoi'sutR))BX'SE3p)Bt'anDq'aaqnnu/Bp'XBp'iauuBq3 MIX uaaixa 

lEut )UTadM33a ip aEifO ua3)Xd 
> 

/ f t sanfEn lEqoiE sauioaatsa « / OlB/^IEqotE 



ex te rn f l o a t t auozx r t auoz4 r t au rXFtau r4 ; 

s t a t i c f l o a t tauoz.tabCSJCSl = < 
<0 .0f 0 . 0 . O.OF 0 . 0 , O.Or 0 .0>F 
{ 0 - O F O.OOBBr 0.0067F O.OOSSr 0.00B8» 0.0071>F 
<0.0F O.OlSSr 0-0200F 0.0237F 0.0213, 0 . 0 2 7 5 } , 
{ 0 . 0 , 0 . 0 2 6 1 , 0.0323, 0 .0330, 0.0346, 0 . 0 4 6 1 ) , 
< 0 . 0 , 0 .0158, 0 . 0 1 3 1 , 0.0226, 0 .0202, 0.0264> 

s t a t i c f l o a t t a u r - t a b C 5 ] £ 6 ] = i 
{ 0 . 0 , 
{ 0 . 0 , 
{ 0 . 0 , 
{ 0 . 0 , 
{ 0 . 0 , 

0 . 0 , 
0 .2323, 
0 . 1 2 3 1 , 
0 .0963, 
0 .0444, 

0 . 0 , 
0 . 2 3 1 1 , 
0 .1222, 
0 .0962, 
0 .0440, 

0 .0 . 0 . 0 , 
0.2316F 0 .2300, 
0 .1224, 0.1214, 
0.0964, 
0 .0442, 

0 .0956, 
0 .0438, 

0> , 
2303) , 
1218) , 
0959>, 
0439> 

i f (daynumber >= niD.SPRING && daynumber < MID.AUTUnN) 
season = summer; 

e l se i f (daynumber < «ID_SPRING I I daynumber >= MID_AUTUMN) 
season = w i n t e r ; 

i f ( scene la t < 25 .0 ) 
zone = 1? 

i f ( scene la t > 25 .0 && scenela t < 55 .0 ) { 
i f (season == summer) 

2one = 2f 
e l se i f (season == w i n t e r ) 

zone = 3 ; 
> 

else i f ( scene la t > 55 .0 ) { 
i f (season == summer) 

zone = 4; 
else i f (season == w i n t e r ) 

zone = 5; 
> 

tauozx => tauoz . tabCchannenCzone] ; 
tauoz4 = tauoz-tabC4Hzone3; 
t a u r x = taur . tabCchannelJCzone] ; 
t a u r 4 = t au r_tabC4K2one3; 

params() 
{ 

/# C o l l e c t s parameters f r o m console * / 

ex t e rn char d i r e c t , f i l e n a r a e l C 3 F f i l e n a m e 2 C ] , f i l e n a f f l e 3 C ] , p r i n t i n g , y e s o r n o ; 
e x t e r n i n t c h a n n e l , d a y , f i l d e s l , f i I d e s 2 r f i l d e s 3 , h o u r , i n i t m n f r , l a t d e g 8 ; 
ex t e rn i n t l a t a i n s , l o n g d e a s , l o n g m i n s , f f l i n u t e , m o n t h , s c a l e , t i l t , y e a r , 
ex t e rn f l o a t a n a s e x p , i n t r c p t x , i n t r c p t 4 , r e f i n d e x , s l o p e x F s l o p e 4 , 

p r i n t f l " - - \ n " ) ; 
p r i n t f ( " I \ t \ t \ t \ t \ t \ t \ t \ t \ l f \ n " ) ; 
p r i n t f C I Proaram atmos.c . Performs atmospheric c o r r e c t i o n of CZCS **) 
p r i n t f C i m a a e s . See l \ n l atmos.doc f o r f u r t h e r d e t a i l s . Please " 
p r i n t f ( " s u p p l y the F o l l o w i n a parameters: l \ n " ) ; 
p r i n t F ( ° l \ t \ t \ t \ t \ t \ t \ t \ t \ t r ) ; _ ^ ^ 

p r i n t F ( " XnVnNn"); 

) ; 

- " ) ; 

p r i n t F ( " \ n I ) Do you r e q u i r e i n t e rmed ia t e values to be d isp layed? ( y / n ) : " ) ; 
scanF("Xc' ' , A p r i n t i n a ) ; 

p r i n t F ( " \ n 2) Channel number (1 
scanFCXd", ftchannel); 

3) For the F i l e to be c o r r e c t e d : " > ; 

pr in tF(**\n 3) F u l l name 
s c a n F ( » X s ° , F i l e n a m e l ) ; 
F i l d e s l = o p e n ( F i l e n a f f l e l , 0 ) ; 

oF F i l e to be c o r r e c t e d : " ) ; 
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iF ( F i l d e s l 1= NOFILE) { 
p r x n t F C X n 4) F u l l name oF corresponding channel 4 image F i l e : ° ) ; 
scanFCXs" , F i lenaf f le2) ; 
F i l d e s 2 « open(Fi lename2fO); 
iF ( F i l d e s 2 != NOFILE) i 

p r i n t F ( " \ n 5) F u l l name For the c o r r e c t e d ou tpu t F i l e ! " ) ; 
s c a n F ( « X s % F i l e n a f f l e 3 ) ; 
F i l d e s 3 = open(Fi lename3Fl) ; 
iF ( F i l d e s 3 != NOFILE) < 

p r i n t F C X n 6) Date ( eg . 22 6 1S81): " ) ; 
scanFCXd Xd X d " . ftdayrftmonthrftyear); 

p r i n t F ( ° \ n 7) P i c t u r e t ime i n hours ft minutes GflT* eg . 11 ° ) ; 
p r i n t F ( * ' 2 0 : ")? 
scanFCXd X d " . &haur r&minute ) ; 

p r i n t F ( " \ n 8) L a t i t u d e For cen t re oF image (assumed to be i n " ) ; 
p r i n t F ( ° t h e Nor thern heff l i sphere) \n i n degrees & minutes 
p r i n t F C (maximum value i s 80 4 3 ) , eg. 50 231 *•); 
scanFCXd X d " . & l a t d e g s , & l a t m i n s ) ; 

p r i n t F ( " \ n 8) Longi tude For cen t re oF image i n degrees & " ) ; 
p r i n t F C ' m i n u t e s Mest or East oF\n Greenwichr eg. 4 10 Ht " ) ; 
scanFCXd Xd Xc"* &lon3de3Sraion3minSf&direct); 

p r i n t F C ' X n l O ) T i l t angle i n degrees (even i n t ege r i n the " ) ; 
p r i n t F C r a n g e -20 to + 2 0 ) : " ) ; 
scanFC^Xd", & t i l t ) ; 

p r i n t F C \ n l l ) I n i t i a l minor Frame number ( 1 - 9 ) For l e F t - " ) ; 
p r i n t F C h a n d edge oF image: " ) ; 
scanF("Xd"r A i n i t m n F r ) ; 

p r i n t F C \ n l 2 ) Channel Xd s lope (For r a d i o m e t r i c c o n v e ' r c h a n n e l ) ; 
p r i n t F ( " r s i o n ) : - ) ; 
scanF(*'XF*', & s l o p e x ) ; 

p r i n t F C \ n l 3 ) Channel Xd i n t e r c e p t (For r a d i o m e t r i c c ' ' r c h a n n e l ) ; 
p r i n t F C o n w e r s i o n ) : 
scanF("XF' f A i n t r c p t x ) ; 

p r i n t F ( * ' \ n l 4 ) Channel 4 s lope (For r a d i o m e t r i c c o n v e r s i o n ) : " ) ; 
scanFCXF-r 4 s l o p e 4 ) ; 

p r i n t F C \ n l 5 ) Channel 4 i n t e r c e p t (For r a d i o m e t r i c c o n v e r s i o n " ) ; 
P r i n t F ( " ) : " ) ; 
scanF("XF"r & i n t r c p t 4 ) ; 

p r i n t F C \ n l 6 ) Value For the Angstrom exponent (range - 2 t o **>; 
p r i n t F C + 2 ) : " ) ; 
scanFCXF^r &an3sexp); 

p r i n t F ( " \ n l 7 ) Scale Factor ( i n t e g e r ) For d i s p l a y i n g image: **); 
s canFCXd%&sca l e ) ; 

p r i n t F ( " \ n l 8 ) Do you wish t o use the deFaul t value (1 .341) " ) ; 
p r i n t F C F o r the r e F r a c t i u e index oF\n seawater? ( y / n ) : " ) ; 
scanFCXftc Xc"f &yesorno) ; / f t The Xftc absorbs a CR ft/ 

iF (yesorno == ' N ' I I yesorno == ' n ' ) < 
p r i n t F C \ n l 9 ) Enter des i r ed r e F r a c t i v e index: " ) ; 
scanF("XF*'r i r e F i n d e x ) ; 

> 
else reFindex = 1.341; 
s t a tu s = o; / f t S igna l s O.K. ft/ 

> 

else < 
p r in tFC\n \ tERROR - Output F i l e does not e x i s t or cannot be " ) ; 
p r i n t F ( " o p e n e d . \ n * ' ) ; 
s t a t u s i ; / f t S igna ls an e r r o r ft/ 

> 
> 

else { 
p r in tFC\n \ tERROR - Channel 4 F i l e does not e x i s t or cannot be " ) ; 
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> 
> 

p r i n t F ( " o p e n e d . \ n " ) J 
s t a tus = i ; / * S igna l s an e r r o r * / 

e lse < 
pr in iF(" \n \ tERROR - Input F i l e does not e x i s t or cannot be opened.\n")? 
s t a tu s = i ; / * S igna l s an e r r o r « / 

> 
r e t u r n ( s t a t u s ) ? 

> 

phaseFuncsO / « Ca lcu la t e s Forward & bachward Rayle igh phase Funct ions ft/ 
< 

ex te rn char p r i n t i n g ? 
ex te rn F l o a t PolangCJ? 

i n t co lumnrrou; 
F l o a t b s c a t a n g £ 4 ] C 6 ] F F s c a t a n 3 [ 4 } C 6 3>Xry; 
For (row=0; row<4; row++) < 

For (column=0? coluan<6r column-*-**) < 
X = c o s ( p o l a n g C c o l u m n ] ) « c o s ( s o l z e n C r o u 3 C c o l u m n 3 ) ; 
y = s i n ( p o l a n g £ c o l u m n ] ) * s i n ( s o l z e n C r Q w ] C c o l u m n 3 ) ; 
y «= cos(scanazim[rou]Ccolumn] - solazimCroulCcolumn])? 
FscatangCrou]Ccolumn3 = acos(x - y>t 
bscatangCrow3Ccolumn3 = acos( -x - y ) ; 
phaseFnlCrow3Ccoluffln3 = 0 . 7 5 « ( 1 . 0 + (x - y ) « ( x - y ) ) ! 
phaseFn2Crow3Ccolumn3 = 0 . 7 5 » ( 1 . 0 + ( -x - y ) « ( - x - y ) ) ; 

> 
> 

iF ( p r i n t i n g == ' Y ' I I p r i n t i n g == ' y ' ) i 
p r i n t F ( " \ n \ t C e l l cen t re Fud. s c a t t . an3les : \n \n ' ' ) ; 
For (row=0; row<4; row++) < 

p r i n t F ( " \ t " ) ; 
For (column=0! column<6f coluttn+>) 

p r i n t F ( " X 1 0 , 5 F " r F s c a t a n g E r o w 3 C c o l u f f l n 3 « 1 8 0 . 0 / P I ) ; 
p r i n t F ( " \ n « ) ; 

> 

p r i n t F ( " \ n \ t C e l l cen t re bach, s c a t t . a n g l e s : \ n \ n " ) ; 
For (row=0; row<4; row++) < 

p r i n t F ( " \ t " ) ; 
For (column=0; column<6; column'('+) 

p r i n t F ( " X 1 0 . 5 F " » b s c a t a n g C r o u 3 C c o l u m n ] t l 8 0 . 0 / P I ) ; 
p r i n t F ( " \ n " ) ; 

> 

p r i n t F C V n X t C e l l cen t re Fud. s c a t t . phase F u n c t i o n s : \ n \ n ° ) ; 
For (row=o; row<4; row++) { 

p r i n t F ( " \ t " ) ; 
For (coluffln=o; column<6; coluMn++) 

pr ln tF("X10.5F"rPhaseFnlCrow]Cooluf f ln}) ; 
p r i n t F ( » \ n " ) ; 

> 

p r i n t F ( " \ n \ t C e l l cen t re back s c a t t . phase Funct ionsTSnXn"); 
For (row=0; row<4; roM++) < 

p r i n t F ( " \ t " ) ; 
For (column=o; column<6» column-*-*-) 

printF("X10.5F"rPhaseFn2Crau3Ccolumn3); 
p r i n t F ( " \ n " ) ; 

po l a rangO / * Ca lcu l a t e s the B ' p o l a r ' angles i n r ad ians « / 
/ « Po la r angle i s e « i u i u a l e n t t o the « / 

{ / * scanner z e n i t h angle « / 
e x t e r n char p r i n t i n g ? 
e x t e r n i n t in i tmnFr? 

ex te rn F l o a t p o l a n g C 3 f t i l t a n g l e r v i e u a n g l e C 3 ; 

i n t columnrPixelnum? 
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} <-i>-«.unni03 29>unni03 io=unntoo) a o j 
} (++MOJ jfr>MOj ;o=MOJ) a o j 
fX ' 2 i M d ' | t q d'dP0B» i a p i B O i j 

^ n o j ' u n n i o o ) u t 

^n^IBuenatA'aiEUEatit t e o i j uaatxa 
^EUi tu idd jeqo uaatxa 

> 
/ « a j i u a o 11^3 qoea a o j aiEue g t n u i z e J B U U E O S sa te fnoiEQ Onize j auueos 

{ 
: (»u\o ) j tu?J«* 

i(CUUini03K«o-i3frPBJt^BJ ' dif i 'OTXp) 
(++unni03 ;9>uiun{03 ^o=unnio9) ao^ 

: ( u l \ „ ) i l u T » i d 
> ( 4 + M O J ; f r>«o j ;o=noj) ao^̂  

M o U \ u \ : ^ lauuEqo J O J sdoueippa q B i d i x e ^ aaiuao n d 3 ) \ u \ n ) J l u i J d 
{ 

i(DW \ « ) J t u i a d 
;(CUwniooKMoa3>«PB»i^B'* ' o J f i ' O I % B ) i t u i a d 

(•f+unnioo 29>unnxo3 io=uwnio3) j o j 
> (++«oa ifr>noa jo="OJi) J*>j 

;(13UUEM3'oU\u\:px lauuBqo a o j S33UBipBa qs i a txea aatuao lI^D^Vn)J^UT^d 

} ( , / , == BunuiJd I I ,A, == s u n u N d ) JT 

iCunnt03]cnod]^aqsuEja cuionio3]tnoj]^pEdXBa 
J [frjpBaJi-aExoSflfrjnEa*^ = [uwni03]ci ioa3frpBJXBa 
;Cunni033£fiDJ]xraq5UBJt [uwnioo jcno j jxpBJXEa 

iCiauuBq3]pBaJT-aBi05«xdnBt{(/ = [uunioojcnoajxpeaxed 
2 ( C u n n x o 3 ] 6 U B i o d ) S 0 3 « i d « 0 ' ^ <=/ 

i tuainxo3]cnoa3Xujd&Eqd«x + [u iun io3]cnoj ]ZujdSBqd s x 
/ « 3op-son)B aas 

i(Cuwnxo3]CMOJ]uazios)Xtau5aj^ + (CUKmioajeuBjod) xxflus^'^i = x 
> (-f^-unnxoo <9>unnxo3 ^o=unnT03) ao^ 

} (++noa ;fr>Mad ;o=«o»i) »AOJ 

M ' X ' O I I ^ u s a j i ^ B o i j 
^noj'utonxo3 t u t 

;franB%'xjnEt'c]pBJJX-JBXos«[3BUEXod tBOXi uaatxa 
nauuEqo t u i u j a t x a 

^GUi tu iud JEqs u j a t x a 
> 

/ « dJiuao xia3 HOEa d o j aouBfpEJ qstaxxE^ a m satExnoxBO « / OMBiaxxBU 

; ( a U \ „ ) i t U X J d 
i ( I d / 0 ' 0 8 U C U w n x o 3 ] B U E X O d ' „ j s ' 0 T X n ) J » u F J d 

<4-funnxo3 :g>unT)xo3 :o=unnxD3) u o j 
:(at \ u \ u \ ; ( s a x E U B q t i u a z aauuBos o t *ninba) saiEUB JBXOdt \u \ a ) J tu tJd 

:(DU \ » ) J tUTad 
; ( I d / 0 " 0 8 I * C u w n x o 3 ] a x E U E n a t r t ' „ j f i - o x X u ) J t u T a d 

(•f+unmjoo 2g>unnxo3 fo=uti''^lo3) 
M n l \ u \ u \ : s a x B U B rtairtt\u\„)jtuiJd 

> (,X, == BUftUTJd ( I ,A, == BUltUlJd) J l 
{ 

i(X )503E = cunnxo3]EU6XOd 
2((dXBU6)XTt)S03)«((CUDnX03]dXEUBn3tn)S03) = X 

MXIdaiaWN - wnuxaxTd ( t e o x j ) ) « A O d I = [unnxoojaiBUEMaiA 
i821#uwni03 + ( x - f r s ) + T3XIdXSi*IJ • 3ZIS3Htfad*(I - J j u w i i u i ) = wnu iex id 

> (-f^unnxoo 29>URmxo3 ^Osun^^P^) 
; H t e o x j 



X = ( s i n ( T R A C K I N C « P I / 1 8 0 . 0 ) ) / ( c o s ( c e l l a t C r o w ] C c o l u f i i n ] ) ) ; 
de l t acap = a c o s ( x ) ; 

iF (viewanaleCcoluffln] = - 0 .0 ) < 
IF ( t i l t a n a l e > 0 . 0 ) 

P h i 2 = PI/2.0; 
e l s e i F ( t i l t a n a l e < 0 . 0 ) 

p h i 2 = 3 . 0 * P I/2 . 0 ; 
e l se iF ( t i l t a n a l e 0 .0 ) 

p h i 2 = 0.0; 
> 

else < 
X = ( s i n ( t i l t a n a l e ) ) / ( t a n ( u i e w a n a l e C c o l u n n J ) ) ; 
P h i l = Fab$(a tan(K)) ; 

iF (viewanaleCcoluanJ > 0 .0 ) < 
i F ( t i l t a n a l e > 0 . 0 ) 

p h l 2 = PI - p h i i ; 
e l se iF ( t i l t a n a l e < 0 . 0 ) 

p h i 2 = PI + p h i i ; 
e lse iF ( t i l t a n a l e 0 . 0 ) 

p h i 2 = P i ; 
> 

else IF (uiewanaleCcoluunJ < 0 . 0 ) { 
iF ( t i l t a n a l e > 0 .0 ) 

ph i2 = P h i i ; 
e lse iF ( t i l t a n a l e < 0 . 0 ) 

p h i 2 = 2 . 0 * P I - P h i l ; 
e l se iF ( t i l t a n a l e =° 0 . 0 ) 

p h i 2 = 0.0; 
> 

> 
scanazifiiCrowJCcolunn] - (de l t acap + p h i 2 ) ; 

iF ( p r i n t i n g ' Y ' I I p r i n t i n a == ' y ' ) < 
p r i n t F ( " \ n \ t C e l l cen t re scanner azimuth ana les IVnNn") ; 
For (row=0; row<4; row++) i 

p r i n t F ( " \ t ° ) ; 
For (coluffln=0; coluMn<6; coluMn++) 

p r in tFCX10.5F%scanaz i f f lCrow]Ccolur tn3*180 .0 /PI ) ; 
P r i n t F ( " \ n » ) ; 

> 

s o l a r a z i m O / « Ca lcu la t e s s o l a r azimuth anale For each c e l l c en t r e 

e x t e r n char p r i n t i n a ; 
ex t e rn i n t daynumber; 
ex te rn F l o a t d e c l i n e o ; 

i n t co lumnrrou; 
F l o a t d e l t a r x ; 

d e l t a = decl ine(daynuraber) ; 

For (row=0; row<4; row++) < 
For (coluMn=0; coluffln<B; coluffln++) < 

K = - ( s t n ( c e l l a t C r o w J C c o l u m n J ) ) « ( c o s ( s o l z e n C r G w ] £ c o l u m n } ) ) ; 
x s i n ( d e l t a ) ; 
X / = {cos (ce l l a tCrow3Ccoluf f ln ] ) )* ( s in ( so lzenCrow3Ccolumn3) ) ; 
solazinCrowlCcolumnJ ° a c o s ( x ) ; 
i F ( t i f f l e . t a b C r o u K c o l u m n } > 0 . 0 ) 

so laz imCrowKcolumn] » 2 . 0 « P I - solazimCrowlCcolumn]; 
} 

> 

i F ( p r x n t i n a == ' Y ' I t p r i n t i n a == ' y ' ) < 
p r i n t F ( * ' \ n \ t C e l l cen t re s o l a r azimuth analesIXnXn**); 
For (roM=0; roM<4; row++) < 

p r i n t F ( * ' \ t ' ' ) ; 
For (coluffln=0; column<6; column++) 
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p r i n t F ( " X 1 0 . 5 F ' ' . s o l a z i m E r o w ] C c o l u m n ] » 1 8 0 . 0 / P I ) ; 
p r i n t F ( " \ n " ) ; 

> 

s o l a r i r r a d ( d a y ) / * Ca lcu la tes a d j u s t e d s o l a r i r r a d i a n c e s ft/ 
I n t day; 
< 

ex te rn F l o a t s o l a r _ i r r a d C 3 ; 
F l o a t Fac to r ; 

Fac tor = 1.0 + ECCENTRICft(cos((day - 3 ) # 2 . 0 f t P I / 3 B 5 . 0 ) ) ; 
Factor = Fac to r f tFac to r ; 

s o l a r - i r r a d C n = FactorftSOLIRRl; 
s o l a r _ i r r a d C 2 ] = FactorftS0LIRR2; 
s o l a r - i r r a d [ 3 ] = FactorftSOLIRRS; 
s o l a r - i r r a d C 4 ] = FactorftS0LIRR4; 

s o l a r z e n O / f t Ca lcu la t e s s o l a r z e n i t h an3le For each c e l l cen t re ft/ 

e x t e r n char p r i n t i n g ; 
ex t e rn i n t daynumber; 
ex t e rn F l o a t d e c l x n e O ; 

i n t columnrrow; 
F l o a t d e l t a r x ; 

d e l t a = dec l ine(daynumber) ; 

For (row=0; row<4; row++) { 
For (column=0; column<6; coluMn++) -C 

X = ( c o s ( c e l l a t C r o w ] C c o l u m n ] ) ) f t c o s ( d e l t a ) ; 
X ft= c o s ( ( t i m e . t a b [ r o u 3 C c o l u m n ] ) f t P I / 1 2 . 0 ) ; 
X += ( s i n ( c e l l a t I r o w } C c o 2 u m n 3 } ) f t 5 i n ( d e l t a ) ; 
solzenCrowKcolumnJ = a c o s ( x ) ; 

iF ( p r i n t i n g == ' Y ' I I p r i n t i n g ' y ' ) { 
p r i n t F C \ n \ t C e l l cen t re s o l a r z e n i t h a n 3 l e s : \ n \ n ' ' ) ; 
For (row=o; row<4; row++) { 

p r i n t F C X t " ) ; 
For (column^O; column<6; co]uffln++) 

p r in tF (**X10 .SF° rSo lzen£raw]Cco lu f f ln ] f t l80 .0 /P I ) ; 
p r i n t F C ^ N n " ) ; 

} 

t i m e s O / f t Ca l cu l a t e s l o c a l t ime For cent re oF each c e l l ft/ 
{ 

e x t e r n char p r i n t i n g ; 
ex t e rn F l o a t p i c t i m o f t i l t a n g l e ; 

i n t columnrrow; 
F l o a t a l p h a F C o r r e c t l i C o r r e c t 2 f d i s t l r d l s t 2 r o m e g a f s h i F t ; 

omega = a s i n ( s i n ( t i l t a n g l e ) f t ( 1 . 0 + ALTITUDE/EARTHRADIUS)); 
omega - = t i l t a n g l e ; 
ShiFt = omegaftEARTHRADIUS; 

For (row=0; row<4; row++) i 
For (column=0; coluffln<6; coluffln++) < 

alpha = a s i n ( ( s i n ( T R A C K I N C f t P I / 1 8 0 . 0 ) ) / ( c o s ( c e l l a t C r o w H c o l u m n 3 ) ) ) ; 

d i s t l = ( c e l l a t C r o w 3 C c o l u m n ] » 1 8 0 . 0 / P I - LATRXSTAT)ftB0.OftC0NVERSION; 
d i s t 2 = - s h i F t f t c o s ( a l p h a ) ; 

c o r r e c t l = ( d i s t l + d i s t2 ) / (VEL0CITYf t80 .0 f tB0 .0 ) ; 
c o r r e c t 2 = ( c e l l o n g C r o w } C c o l u r a n ] ) f t l 2 . 0 / P i ; 
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Low-cost remote sensing 
experiments within an 

educational environment 
J G Wa(de, D H Lawrence and M Rendle 

The results of a tteo-year preliminary investigation into 
the remote sensing field are described. Ways of investigat­
ing some of the major disciplines involved at low cost are 
shown. In particular a means of combining disciplines (o 
yield topical experiments at graduate level is shown. Some 
of the many research possibilities within the field are also 
indicated. Based on experiments with data from a 
Nimbus-7 coastal zone colour scanner, multiband aerial 
photographs and an experimental low-cost image pro­
cessor, an introduction is given to such aspects as 
atmospheric correction, data sources, typs of classifica­
tion, fundamental hardware requirements and related 
image enhancement software. 

Keywords: remote 
Nimbus-7 CZCS 

sensing, multiband photography, 

Remoie sensing is a muliidisciplinary technology em­
bracing, for example, geography, geology, marine 
science, atmospheric physics, pattern recognition, 
computer science, electronic engineering and satellite 
technology. Tlie broad objective is to classify land and 
ocean areas into categories of interest using satellite and 
aerial platforms. This is often done using a remote, 
specialized commercial image processor. Since remote 
sensing is such a diverse field often involving high 
computing costs it can be difficult for an educational 
department to break into the field. TTie lack of low-cost 
local facilities for image input, output and processing is a 
particularly common problem'"^. Until low-cost remote 
sensing machines become readily available one solution 
is to add a tape drive and simple hardware to a readily 
available minicomputer. This was the approach adopted 
by the authors of this paper (Figure 1). The use of this 
system to gain experience in remote sensing is described 
with particular emphasis on a topical marine application 
and the use of data from a Nimbus-7 coastal zone colour 
scanner ( C Z C S ) . The overall objective of the paper is to 
provide an overview of the problems encountered by the 
authors, and to provide a practical guide for those with 
little or no experience of the subject. 

Department of Communicaiion Engineering, PKmouih Polyiechnic, 
PI>mouth, Devon, UK 

F U N D A M E N T A L C O N S I D E R A T I O N S 

Data sources and atmospheric correction 

Images are usually divided into classes such as urban, 
cropland, forest, bare soil and water using the fact that 
each class has a characteristic spectral signature. The 
data source therefore has to provide multispectral data. 
A well tried solution is to mount four carefully aligned 
35 mm or 70 mm cameras with their associated blue, 
green, red and infrared filters in a light aircraft. This 
approach can give very high ground resolution, 
particularly from negative transparencies, and atmos­
pheric effects (scattering and absorption) can be small at 
low altitudes^ say below a few kilometres. 

A disadvantage is that the images have to be input 
manually via a slide scanner. A vernier slide adjustment 
is required to minimize registration errors between 
bands. Moreover, since photographic film is used the 
multispeciral analysis cannot go above the infrared 
wavelength and the optical filters have to be quite broad 
band relative to the bandwidths used in satellite 
muliispectral scanners. 

Most multispectral work is done using satellite data in 
computer-compatible tape ( C C T ) form, usually nine-
track 63 bit/mm (1600 bit/in) phase encoded. The 
handling of such data is worth considering. We do this 
with reference to the Nimbus-7 C Z C S which was 
designed primarily for ocean colour monitoring but also 
monitors suspended sediment, surface vegetation and 
sea surface temperature. With prior knowledge of the 
data format (not always a foregone conclusion) and with 
some software data demultiplexing, the raw digital count 
n of a C Z C S image can be read using the tape drives of a 
conventional mainframe computer or, more con­
veniently, using a tape transport directly connected to 
the local image processor, as in Figure 1. Using 
radiometer calibration data on the tape the radiance at 
the sensor input can be expressed as 

0<n<255 ( I ) 

where thecoefficientsas, a c and6c can be found from a 
least-squares analysis. Assume that the sensor is viewing 
an ocean surface free of'sun glitter'. Then Ls can be 
modelled as*^ 
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Figure J. A low-cost image processor for remote sensing applications 

L S ( X ) = L R ( X ) + L A ( X ) + L W ( X ) (2) 

where L R (X) is ihe radiance at the sensor due to Rayleigh 
scattering) Lj^{k) is the radiance at the sensor due to 
aerosol scattering, and is the radiance at the 
sensor due to difiiise water leaving radiance back-
scattered from suspended manner. Only / -w (X) is of 
interest since this represents subsurface information. 
Unfortunately L w(A) may be as little as 20% of t s (X) , 
and some atmospheric correction algorithm to remove 
other radiances is mandatory. These algorithms can be 
complex and are themselves subjects of much research 
activity. 

Despite these drawbacks (here are many advantages 
in using satellite data in C C T form. There are no image 
registration problems since digital data can be read 
precisely into framcstorcs or computer memory. More 
importantly satellite radiometers are continuously being 
refined by provision of more spectral bands located at 
more suitable wavelengths (compare Landsat 1-3 with 
Landsai 4̂  and there is a vast database from which to 
choose. 

approach is used where training vectors corresponding to 
known ground classes are used to estimate a conditional 
probability disii-ibulion function for class a;^ Tliis yields 
a conditional probability p(X for vector X and the 
maximum-likelihood decision rule for m classes is 
invoked,^ ie 

XGw, if p{X\u>i)>p{X\v>j) y = l , 2 , . . . , m 

Such classi6cation can be lengthy even on commercial 
image processing machines. In contrast, images can be 
^classified* into a few classes by extracting usefijl features 
or retrieval algorithms from the datasei. Usually these 
algorithms are based on a priori knowledge of the 
spectral signature. An obvious class to detect on this 
basis is green vegetation, since it has a rapid increase in 
the refiectance (IR) in the inft-ared region compared with 
the low reflectance (R) in the red region due to a 
chlorophyll absorption maximum. Therefore the 
reflectance ratios 

IR IR - R 
— or 
R IR + R 

Classif ication 

If it is assumed that classification is to be based solely on 
multispcctral data and if additional information such as 
image texture is neglected, the overall objective is to 
select a class for a pixel data vector X ; eg for the blue, 
green, red and infrared bands 

X = 

where :r is the pixel grey-level value, usually in the range 
0-255. Frequently the so-called supervised parametric 

will classify green vegetation areas (see for example 
Curran's article'. The difference IR — R is seldom used 
because of its high sensitivity to variations in scene 
illumination. With care, these simple ratios can be used 
to detect not only green vegetation but water, bareland 
and snow (or clouds) as demonstrated in the space 
shuttle F I L E experiment"*. 

Retrieval algorithms are used extensively with C Z C S 
data to give ocean chlorophyll concentration and total 
suspended sediment maps. In this case spectral 
separability is possible because a chlorophyll absorption 
maximum (low reflectance) occurs in the blue region at 
480 nm and an absorption minimum or 'hinge point' 
occurs in the green region at approximately 550 nm. A 
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chlorophyll concentration map (in milligrams per litre) 
can then be derived as a raiio of pixel radiances"' 

Z.W(AG) 
(3) 

where QQ and GI are constants found from regression 
analysis based on seatruth (physical measurements of 
chlorophyll) and L^{\) is the water-leaving radiance 
(strictly this is not the same as L^{\) at the satellite 
although ratioing partially cancels any atmospheric 
transmiliance factors). A similar but less spectrally 
justifiable approach is to use linear combinations of 
images such as 

C - a o + I f l i A w ( X / ) (4) 

Expressions similar to equations (3) and (4) have been 
used for mapping total suspended sediment. 

Unfortunately it appears that there is no universally 
applicable chlorophyll algorithm for all ocean areas" so 
the coefficients will var>' and in general claims of high 
accuracy are questionable. On the other hand, such 
features can easily be evaluated at video rates using RAM 
look-up tables for log-aniilog functions and an 
arithmetic logic unit (ALU) , and this makes the 
processor interactive. A system implementing this 
approach is described below. 

S I M P L E P R O C E S S O R 

The processor has to store at least two images, apply 
some type of feature or retrieval algorithm, enhance the 
result and display it, preferably on a colour display. If 
photographic transparencies are to be used these have to 
be digitized, preferably at video rate ('frame grabbing'), 
and each narrow-band image has to be stored in a trame-
store. If satellite images are to be used a subimage has to 
be selected off disc since only a fraction of the original 
image can be displayed at any one time; eg only some 26% 
of the horizontal scan of a C Z C S image can be accom­
modated on a conventional 512 x 512 pixel display and 
considerably more pixel data is available from newer 
satellites. As previously noted, the evaluation of retrieval 
algorithms can be hardware based at little extra cost and 
complexity, but the processor can also be used as a 
development system for more sophisticated classifica­
tion, provided that relatively long software execution 
times are accepted. Simple image enhancement software 
is also useful. 

Hardware 

Figure 2 shows the video routing a for a processor built 
largely within the normal budget of an engineering 
department and using mostly readily available equip­
ment. It provides interactive realtime feature evaluation 
plus image enhancement and has the following specifica­
tions 

• realtime frame capture of Sysiem-I video signals 
(digitization and storage in 40 ms) 

• up to three framestores, each 768 x 512 x 8 bits 
• simple video-rate pipelined processor for ratios and 

linear combinations of images 

• colour composite (false colour) facility 
• display look-up tables for contrast stretching and 

pseudocolour (density slicing) 
• two bidirectional 16-bit ports controlled under pro­

grammed I /O 
• wide-band (7 MHz) R G B video outputs to a double-

resolution colour monitor 
• supervisor)' software and various image enhancement 

routines. 

The engineering of this type of system is changing 
rapidly both at the chip level and at the system level, and 
design concepts rather than details are ofbcnefil here. At 
the chip level the introduction of high-density dynamic 
and static RAMs has simplified framestore design to the 
point where input data demultiplexing is almost un­
necessary. For example, in the s>*stcm shown in Figure 2 the 
sampling frequency is 1024 times the line frequency or 
16.0 MHz, giving a 62.5 ns clock period — a value 
significantly less than the cycle times of the 16 k dynamic 
RAMs used. This led to a complex 24-way multiplex 
scheme for data input and output to and from the RAMs. 
However, the use of 64 k RAMs would considerably ease 
the problem. The use of byte-wide pseudostatic 64 k 
RAMs is particularly attractive since this reduces 
multiplexing and power dissipation and simplifies 
addressing and refresh. An even more attractive scheme 
is to use 64 k byte-wide static RAMs in the configuration 
indicated in Figure 3. This requires only two-way I /O 
data multiplexing, and because there are no refresh 
requirements the address and data buses and all control 
lines can simply be switched to computer control for data 
transfer. There is also ver>' little peripheral logic. At the 
system level the concept of standalone framestores is also 
changing. It is advantageous to include the framesiore as 
part of the computer memory map if possible. Thus, 
rather than writing special handshaking routines to 
transfer image data between the C P U and framestore via 
programmed I /O there is a move to memory bus 
techniques where the C P U regards part of the framestore 
as part of its memor>- address space. 

The 62.5 ns clock period means that the hardware 
processor for pointwise combination of images has to be 
pipelined by including latches at various points as 
indicated in Figure 2. This hardware facility is a 
standard feature on commercial image processors. For 
two images Ii and I : the A L U and associated logic 
provide the following operations at video rate 

It plus li 
arithmetic (I i minus I2 (negative forced to zero) 

Ii minus I2I 

logical j l l l2 
\h + h 

The look-up RAMs L U 1 - L U 3 would be linearly mapped 
by the computer for such poiniwise equations, but they 
are mapped to log-anlilog functions for ratios. 

When ratioing it is necessary to use scaling factors to 
avoid severe quantizing and display problems since only 
8-bii arithmetic is used. Consider how the hardware 
evaluates equation (3). After atmospheric correction, 
water-leaving radiances L\x' are generally lower than 
1 mW/cm^sr fon with L \I<XG) ^ ^ \»{XB) for significant 
chlorophyll concentration. These values must be scaled 
(say by a factor of 100) for representation in the 
framesiores. Let the scaled values be and XQ 
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Figure 3. Memory organization for a 522 X 512 x 8-bit framestore (M2-MI6 areS kx8 CMOS static RAMs) 

respectively. Scaling is also required to reduce quantiz­
ing effects associated wi th LU3 (aniilogarithm) so 
scaling o f equation (3) gives 

= QOQ 

= 5 l -Ol | log - log XB + logfo-*" ' ) ] + log flol (5) 

where a is a scaling factor to reduce quantizing effects 
and b is the logarithm base. An optimum base is such that 
for an input of255 to L U 1 - L U 3 the output is also 255, ie 
b = 1,021968271. From equation (5) we sec that C can 
be found by first computing log XQ - log XB using L U l , 
LU2 and the A L U . Then, with log X G — log XB as input, 
LU3 can be programmed to provide exponentiation tak­
ing into accoimt the fixed quantities OQ, ai and a. Changes 
in ao and a j can be accommodated simply by remapping 
LU3. Wi th regard to scaUng errors, i f o = 1 the error in 
the hardware-computed concentration can be o f the 
order o f 100% with respect to the value computed by 
floating point arithmetic. I f a = 10, the error aiier des­
caling can reduce to a few per cent and also the result is 
better suited for display. 

To evaluate rapidly features involving^ linear 
combinations o f many images, as in equation (4), a recur­
sive loop was designed such that LU3 output can be 
fed back to fi-amestore FS2 via the third framestore FS3. 
Data is read from FSl and FS2, processed and then 
stored in FS3, all within the same 40 ms frame period. To 
do this the addressing and write j)ulses to FS3 must be 
delayed with respect to those tor FSl and FS2 and the 

extra logic complexity was not thought necKsary at this 
suge. 

Finally, Figure 2 shows the programmable display 
look-up tables found in most image processors. Tliese 
fast bipolar RAMs can be programmed to a nonlinear 
transfer function for display enhancement and images 
can be pseudocoloured, eg by providing three different 
transfer functions for the red, green and blue outputs. 
Despite the fairly high clock rates, all the logic implied by 
Figure 2 was constructed using conventional wirewrap 
techniques and low-power Schottky T T L . The system 
was tested without the need for a logic analyser. 

S o f t w a r e 

Processor software has been written over a two-year 
period and divides into two main areas. Supervisory 
software is necessary to set the hardware up for various 
processing operations. I n the simple system described 
this is done in the form o f macros. For example a REG 
macro repeatedly writes to a framestore and alternately 
displays two framestore outputs to allow two 
photographic transparencies to be registered to wi th in a 
pixel using vernier adjustments. A R A T I O macro sets 
the hardware for wri t ing data into two framestores, 
followed by video-rate log-antilog operations and linear 
display look-up tables. Different coefficients and scaling 
factors can be input into the macro. A SOFT macro sets 
the hardware for wri t ing to a framestore, and for image 
data transfer to and f rom the framcstore for software 
enhancement (software is then called using the system 
monitor). Ideally such macros and all software 
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cnhanccmcni should be incorporalcd into a highcr-Icvel 
command language capable of defining multiple 
processing operations by a one-line command siring. 
Batchelor et a/.'* have described such a language for 
general image processing. 

Image enhancement software has been written to 
outline coastal contours and pseudocolour images, for 
example. However, i i should be noted thai such 
algorithms also fmd application in advanced image 
classification schemes. F O R T R A N enhancement 
programs for remote sensing applications are readily 
available" but since it is often necessary to tailor the 
program for the particular processor used it may well be 
better to write the software f rom first principles'^-

To detect edges and to sharpen or smooth images we 
need a neighbourhood operator which generates a pixel 
value based on its nearest neighbours. Such an operator 
centred on a point ( t / , V) in an image / ( x , y) is 
conveniently defined by a weighting function W{x — U, 
jytx K) which is zero valued outside a small region. The 
inner product o f the operator wi th the image is then 

C(U, y) = •LZ^^{x- U, y - V)f{x, y) 

and for an n x n operator 

I - I y = 1 

Tliis can be regarded as crosscorrelation. Where CiU, 
is large it is assumed that the required function (eg an 
edge) is located. 

The laplacian operator can be represented in 
generalized form by 

W 

0 - y 0 

- y 1 + 4Y - y 

0 - y 0 

where y is a gain constant. I f y is too large random noise 
becomes objectionable but useful sharpening occurs for 
y < 2. I f used directly this means that point (jc,_y) in the 
original i m a g e f { x , y ) is output in the sharpened image 
as 

C ( x , > ) = ( l + 4 y ) / ( x , > - ) 
- y [ f { x + U y ) + f { x ~ h y ) 
+ / ( x , j y + ! ) + / ( x , > - l ) ] 

= Rx,y) + 5 y \ f { x , y ) - J J X y ) \ 
Often two or more operators arc combined, as in edge 
detection. A point (x , y) in an edge-detected image 
g{xy y) is generated by using an approximation to the 
image gradient at {x, y), ie 

8{x,y) ^ + 

= l(/> ^.)\ + U ^y)\ 

where for the Sobel operator 

IT, 

1 2 I 1 0 - I 

0 0 0 2 0 - 2 

- 1 - 2 - 1 1 0 - 1 

processing routine, and M A C R O - 1 1 assembly language is 
used to handle the programmed I/O. Since the approp­
riate operator has to be moved throughout the whole 
image the processing time can be lengthy but tolerable 
for a low-cost machine. Typically a 768 x 512 image 
takes several minutes even with a floating point C P U 
option although subimages can be selected under cursor 
control and processing time is reduced accordingly. 

Pointwise software operations (where a pixel is 
modified independently of its neighbours) are usually 
faster. Here use is made of the display look-up RAMs in 
Figure 2. Besides pseudocolour and simple contrast 
stretching routines we have found that a 'histogram 
equalization' routine'** is particularly useful. This 
computes the image grey-level histogram and 
redistributes the grey levels via the look-up RAMs to give 
an approximately flat histogram for the enhanced image. 
Redistribution is achieved by mapping each display look­
up to the cumulative density function 

k 

where 5* is the kih output grey level, nj is the number o f 
pixels at grey level j, and N is the total number of pixels in 
the image or subimage. A combination of histogram 
equalization and pseudocolour density slicing gives very 
effective enhancement of low-contrast ocean areas, for 
example. 

P r o c e s s i n g E x a m p l e s 

Figure 4a shows the result o f applying the Roberts edge 
detection operator to a raw Nimbus-7 CZCS image of the 
English Channel (orbit 13437 22/06/81). In this figure an 
option has been used in which the variablegradieni^(x, 
y) is replaced by a constant level (black) provided that it 
exceeds a user-defined threshold; otherwise ^ ( x , y ) = 
f i x , y ) . The effect is to outline the coast but retain some 
background information. Figure 4b shows how small 
subsurface effects in midchannel and high turbidity 
indications near peninsulas can be significantly enhan­
ced using histogram equalization. 

For remote sensing applications this particular orbit 
is useful since it represents a cloud-free pass at a time 
when sea truth (related to chlorophyll concentration) 
was measured across the channel between Plymouth, 
U K and Roscoff, France. It follows that i f the raw image is 
atmospherically corrected it may be possible to obtain 
some correlation between these measurements and 
chlorophyll retrieval algorithms. A simple atmospheric 
correction algorithm relies on the assumption 

These and similar algorithms have been implemented in 
F O R T R A N using a general 3 x 3 neighbourhood 

Z.A(AR) L , U A R ) 

where Z-sunC^R) is the solar radiance at the red 
wavelength X R . For images of ocean areas the aerosol 
radiance/, A( A R) is then found by assuming thai virtually 
all the sensor radiance at X R is due to aerosol and 
Rayleigh scattering, ie 

giving, from equation (2), the result 
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Figure 4. Sofiuarc enhancement of a Ntmhus-7 CZCS 
image of the English Channel, showing u - generation of 
a coastal outline while retaining tonal features and (h) 
histogram equalization used to enhance midchannel 
effects 

All paramclcrs on the nghl-hand side of this equation are 
available from the satellite CC 1, or can be calculated or 
arc available trom published data\ The algorithm was 
then applied to a narrow strip of water between 
Plymouth and RoscofT (north-south route) and 
estimates ot L U ' .VH) and Ly\(\f,) for the corresponding 
20 nm CZCS channels along this strip were found. 
I'lnally, since coeflicienls u,, and a^ were unknown for 
this water area onlv the simple ratio L^(\(,) / - ^ ( X K ) 
was computed. 1 his ratio is shown graphically in I*igure 
5a. The peak on the left-hand side of this graph 
corresponds to land near Plymouth whereas the small 
response in midchannel appears to correspond to the 
subsurface elTect shown in Pigurc 4. 1 here is a 
significant correlation coefficient (0.^6; between the 
ratio and the diatom concentration measured by ship 
trawl although much more data is needed before an 
algoriihm lor this \^ater area can be developed. However, 
the results do suggest a significant improvement in 

signal-to-noisc ratio compared with the ratio derived 
from raw sensor radiance {Figure 5b). 

Video-rate spectral raiioing has also been applied to 
mulliband aenal photographs. Figure 6 shows how the 
IR R reflectance ratio can be used lo detect vcgetaiion. 
Figure 6a shows a monochromatic print of a false colour 
image, formed by displaying the infrared image on the 
green channel and the red image on the red channel. It 
shows boats, paths and buildings fabove the river; but 
these disappear on ratioing (see Figure 6b) since they 
have no significant I R R response. 1 o enhance the 
difference between vegetation iv-pes. selected grey levels 
were coloured {density slicing). This enhanced the 
visibilitv of trees. 

M o r e a d v a n c e d process ing 

As previously intimated the processor can be used to 
examine more advanced pattern recognition concepts 
using software-based algorithms. For example, the use of 
spatial information, be it in the form of image structure, 
texture or context, is attractive because when it is 
combined with multispectral informaiion_ the 
classification accuracy is significantly improved . It is 
also possible to use texture alone (one spectral band) lo 
classify images, and so a texture analysis program has 
been written based on the favoured technique of grcy-
lone spatial dependent matrices'^ Suppose a 
subimage comprises vertical stripes of grey level and 

columns (even) 

subimage g\g2g\g2 
glglglg2 

g\g2glg2 

g\ R2 
^' ^- N, rows 

^1^2 

An nth order probability distribution based on n pixels 
can be computed for this subimage and second-order 
statistics are often used. In this case we compute the ioint 
probability density of pairs of grey levels that occur at 
two points separated by 6. This gives a grey-ione co­
occurrence matrix P. The program considers only 

Ratio • Diotom count 

1 . 

20 40 60 80 100 120 140 160 180 
Distance SOutr: frorr Plymouth (mpiKCls) 

20 40 60 80 100 120 140 l60 ISO 

Figure 5. Spectral ratios of Nimbus-7 CZCS data for 
Plymouth to Roscoff: a, atmospherically corrected data; 
by raw sensor data 
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Figure 6. Spectral ratio from multiband aerial 
photographs: a, monochromatic prim of a false colour 
image; b, IR R reflectance ratio showing only vegetation 
classes 

adjacent pixels (S = 1) and four directions, 0 . 45 , 90° 
and 135 . Considering horizontal spatial dependence 
(0 ), for example, there are ( N , - )) occurrences o f a 
g\g2{org2X]) transition and 2(N, - i j A\ possible pairs. 
TTierefore the normalized horizontal matrix is 

J-" 
0 1 2 

g2 

where 

P ( l , 2 ) 

/>(2, 1) 

0.5 

For homogeneous subimages the matrix reduces to a 
single entry and for fine texture all ihc p{i,J) could be 
similar. Haralick ei a/."* have proposed a number o f 
features based on such matrices and the following have 
been tried on this processor 

ASM = 
E N T = - I / > ( i , ; ) I o g I p ( i , ; ) ] 
C O N = L{i-jYp{t.j) 

(The C O N feature requires the subimagc to be 

histogram equalized to minimize the effect of tonal 
variation between otherwise identical textures.) 

By judicious choice of features and subimage size it is 
possible 10 discriminate certain ground classes. The 
results o f preliminary experiments on aerial photographs 
taken at 0.5 km altitude arc shown in Figure 7 {the 800 m 
resolution of the CZCS data precludes the use of texture 
measures over land areas but the 30 m resolution of 
Landsat-4, for example, should allow interesting texture 
measures to be carried out). Figure 7b indicates that 
simply taking the ratio of CON^g^ to CON^jn for Po. /'45» 
7*90 and Pn« allows a homogeneous area hkc a grass field 
to be distinguished from a semifilled car park. Figure 7a 
shows that measurements of mean(ENT) and 
mean{CON) allow grass fields lo be distinguished from 
tree areas. This is a more useful result since tree areas 
and grass areas have similar spectral signatures. Similar 
clustering of data points occurs for E N T versus ASM 
although in both cases it was found necessary to select 
the subimagc size carefully (a 40 • 40 subimage gave 
good clustering whereas a 20 • 20 subimagc did not). 
Even so, since the subimages are still relatively small the 
run time of this program is less than 1 mm and simple 
interactive experiments arc quite feasible. A really useful 
application o f such matrices seems to be where 
mullispectral information is weak. A good example o f 
this has been described by Shanmugan ei air*' for the 
classification o f geological rock formations. 

The clustering concept also occurs in so-called 
unsupervised classification of multispectral data. Hybr id 
classifiers'* involving a mixture of unsupervised and 
supervised classification seem set to become prominent 
in the future. A clustering algorithm in this context 
clusters datapoints in muliispeciral space into spectral 
classes. It is a good starting point in a hybrid classifier 
since it shows natural patterns in the data and can be 
used to provide training statistics for the supervised 
process, should these be unavailable. A A'-means 
clustering a lgor i thm" for up to four spectral channels is 
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Figure 7. Results of simple classification experiments 
based on statistical measures of image texture ( ©, trees; 

grass; car park) 
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currently under investigation on this processor and the 
main procedures can be summarized as follows. 

• Select a subimage and store in an array in memory. 
This array represents each pixel as a multispectral 
vector X . 

• Decide on the number K o f spectral classes and 
define initial cluster centres (arbitrarily). 

• Use a distance measure to assign each pixel to the 
nearest cluster centre. 

• Recalculate cluster centres (the mean vectors) and 
test for convergence (no move in the mean vector). I f 
there is no convergence, go to the previous step again. 

• Compute mean and standard deviation vectors for 
each class and also-the intercluster distances. Print 
the results. 

The limitations o f a minicomputer for this type o f 
analysis soon become apparent since effectively many 
iterations for each pixel are involved and CPU time can 
be high. Moreover, the 224k memory on this machine, 
including 160k of extended or virtual memory, is st i l l a 
real limitation since even then the subimage array is 
limited to approximately 150 x 150 pixels. Much work is 
currently being carried out on specialized architectures 
for parallel image processing^** ^* and no doubt 
interactive classifiers using special architectures wi l l 
eventually be incorporated into low-cost remote sensing 
machines. 

C O N C L U S I O N S 

Remote sensing is a multidisciplinary field with high-cost 
implications. It can therefore be diff icul t to develop such 
work within the limited resources o f an educational 
environment. A particular problem is often the lack o f a 
local low-cost digital image processor with appropriate 
data I /O facilities. However, effective low-cost solutions 
can be designed within an engineering department using 
mostly readily available equipment and local 
engineering expertise. A system comprising three high-
resolution framestores (possibly wi th image feedback 
between framcsiores), a pipelined hardware processor 
for fast pointwise combinations o f images and fast 
display look-up RAMs allows simple classification 
(selected features) to be examined interactively and at 
low cost. The engineering o f such a system is changing 
rapidly but the use o f byte-wide high-density static 
RAMs for the framestores is particularly attractive. In 
addition to video-rate feature evaluation, software image 
enhancement, simple atmospheric correction and 
texture analysis can also be examined and here the 
execution limes are still low enough for demonstrations. 
More advanced remote sensing concepts can be studied, 
such as the clustering of multispectral data, although 
problems arise as expected due to the lack o f parallel 
processing and the speed and memory limitations o f the 
minicomputer. 
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Abstract. The implementation of a non-iterative atmospheric correction al­
gorithm is described in detail and the performance of the algorithm is illustrated for 
several CZCS images. Chlorophyll retrieval is attempted using linear, power and 
polynomial regression for ratios of corrected images and the best correlation 
coefficients are in the region of 0-9. The same images are analysed in three spectral 
bands using the ISOCLS clustering algorithm and ocean areas are stratified into 
subclass patterns which correlate well with ratios and sea-truth. The monocluster 
blocks approach is used to extract training statistics for maximum likelihood 
classification of ocean areas and the results compare favourably with correspond­
ing ratio images. 

1. Inn'oduction 
This paper describes the analysis of multispectral data gathered from NIMBUS-7 

C Z C S passes over the U . K . South-western Approaches. The objective was to compare 
the synoptic mapping of subsurface chlorophyll using simple and more complex 
classification procedures based upon water leaving radiance Lw measured in C Z C S 
channels 1-3. The simple ratio Lw/Z-w for example (or the subsurface equivalent) is a 
useful chlorophyll retrieval feature because it exploits the chlorophyll absorption 
minimum near 550 nm (channel 3) and the absorption maximimi near 443 nm (channel 
I). On the other hand, the use of information in all three channels in a clustering 
algoiithm for example may provide enhanced classification. 

Prior to classification Lw has to be separated from the total radiance measured 
by the satellite sensor and the major processes contributing to are modelled in figure 
1. Processes 1-3 arising from Rayleigh and Mie scattering usually generate a dominant 
noise component, which could amount to more than 80 per cent of and only 
processes 4 and 5 provide useful subsurface information, and so contribute to Lw-
Since the extraction of L^, is a significant computational problem the atmospheric 
correction procedure used is described in some detail. 

2. Atmospheric correction 
2.1. Correction algorithm 

This section describes the basic algorithm which has been implemented and 
ancillary equations and a list of symbols are given in Appendices A and B. The 
atmospheric model in figure I assumes a flat sea surface so that any ghtter contribution 
to L 4 is assumed zero. Processes 4 and 5 model radiation which penetrates the surface 
only to be partially backscattered, and then emerge as water leaving radiance L i , . The 
contribution to L^r from process 4 suffers attenuation due to scattering and ozone 
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Figure 1. Contributions to sensor radiance. 

absorption on its way to the sensor and this could be modelled with a direct 
transmittance T'̂ . However, contributions to Li, from adjacent pixels can occur due to 
forward scattering into the sensor F O V (process 5) so it is usual to associate a diffuse 
iransmiltance with where < < 1. 

To a good approximation Rayleigh and aerosol scattering can be treated separately 
so can be expressed as (Sorensen 1981, Gordon et al. 1980) 

[4 = tiLi, + l4-hLi ( I ) 

where and correspond to Rayleigh and aerosol radiances, respectively. Since the 
Rayleigh optical thickness TR is small (typically ^0* 1 in the visible band) then a single 
scattering approximation can be used for (Viollier et ai. 1980, Sorensen 1981) and 
this reduces to 

L^i = (xi/Anti) [ P R ( ^ - ) + (piO) + p(Oo))PM + mn.iftn'oM) (2) 
The Rayleigh phase function for backscattering into the sensor. pR(iA-) is the 
dominant term and corresponds to the Rayleigh component of process 1. The term 
[p(0) + P{OO)']PR{^ + ) represents a relatively small contribution due to specular 
reflection at the sea surface and corresponds to processes 2 and 3. Typically we have 
found p{6) and P{6Q) to be of the order of 0 02 and, since the phase functions are 
comparable to each other, we have neglected the transmittance loss associated with this 
reflectance term (B. Sturm, 1982, personal communication). 

The aerosol optical thickness r i is only small (T^<g 1) under very low aerosol 
conditions (see, for example, Viollier et al. 1980) but, under this assumption, L i can be 
expressed as a single scattering expression in the form of equation (2). In other words 
Li is assumed to be a linear function of the optical thickness and the aerosol phase 
function is assumed to be independent of wavelength, an assumption found in more 
general, multiple scattering models (B. Sturm, 1982, personal communication, Gordon 
and Clark 1980). Taking the ratio of aerosol radiance for wavelengths A and AQ {XQ 
= 670nm, channel 4) gives 

L i 

L ^ E^T^.WT^.i^o) 

B. Sturm (1982, personal communication) extends equation (3) to account for multiple 
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aerosol scattering but it has been shown that equation (3) is still approximately valid 
under multiple scattering conditions (Sorensen 1981). To enable L i to be estimated it is 
usual to assume 

where M is the Angstrom exponent. The fundamental idea of the algorithm is now 
invoked (Gordon 1978) whereby it is assumed that = 0. Hence, from equations (1), 
(3) and (4) it follows that 

t , l ^ - L r {L, j E^T^^U^)T^^i^,) ^ 

Should be positive then the term L^-Lj^ could be replaced by L^-L}^~Li^ and 
the iterative technique of Smith and Wilson (1981) is then used to estimate l ^ . 
However, for the images analysed we found ( L ^ ° — L R " ) to be typically an order of 
magnitude greater than a first estimate of and the non-iterative algorithm was 
considered adequate. 

2.2. Implementation 
The atmospheric correction of three C Z C S channels for a typical high-resolution 

display requires some 10̂  evaluations of equation (5). This can require considerable 
C P U time since L j , and Tj,(/ i)Tj,(/ io) are all functions of the Sun-satellite 
geometry which varies with pixel number. This means that, in addition to the 
evaluation of (5), all the geometric relations in Appendix A (except equation (A 15)) 
have to be evaluated for each pixel unless some compromise is made to reduce 
computation time. A single geometric calculation at the scene centre was considered 
too coarse (a 768 pixel x 512 pixel scene subtends angles of approximately 30" x 20° at 
the satellite) and the results seem to support this conclusion. 

The compromise adopted was to partition the scene into 24 square cells, each cell 
being 128 pixels x 128 pixels and subtending angles of approximately 5 ° x 5 ° at the 
satellite (figure 2 (a)). A single geometric calculation was then performed for the centre 
of each cell, yielding 24 values of L j , L ^ , T^^rJ^C/^o) and T^W'^oMo)^ and six 
values of t^. These parameters were regarded as constant over the cell so that only 
equation (5) need be evaluated for each pixel. 

Evaluation of the Sun-satellite geometric relations in Appendix A is straightfor­
ward except for parameters and /. Considering the computation of cell centre 
latitude, , it is first necessary to align the satellite co-ordinate system (pixel and scan-
line numbers) with terrestrial latitude and longitude by rotating the satellite scene 
through the orbital inclination angle a (figure lib)). This angle is given by 

sin (track-line inclination) 
sina = — 1 (6) 

COS0, ' ' 

The track-line inclination is the angle between due north and the satellite track at the 
equator. Strictly a increases with increasing latitude but since the variation is small 
over the scene a is taken as constant, hence equation (6). 

Rotation of a point (.T, y) in the rectangular satellite co-ordinate system through an 
angle a about the origin maps the point to the co-ordinate (,vcosa—>'sina, vcosot 
- I - . t sin a ) . This mapping leads to the following extrapolations for cell (j\k) assuming 
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( B ) 

that the scene lies in a plane, i.e. neglecting Earth curvature 

^ 1 ^ ) = © 1 + 4(3 - 2/-) cos OE-I-(2^ - 5) sin ot] 

02(/» ^) = © 2 + 6[ - (3 - 27) sin a + (2^ - 5) cos a] 

(7) 

(8) 

where7 = 0 , . . . , 3 and /: = 0 , . . . , 5. Constants 2a and 2b define the angles subtended at 
Earth centre by ihe cells in the north-south and east-west directions, respectively, 
where 

64 (ground resolution in X direction (km)) 
a= aegrees 

60x1852 ^ 
64 (ground resolution in Y direction (km)) 

60 X I-852 cos 0 , ^ ^ ^ ^ 

(9 ) 

(10) 

(1-852 is the conversion factor between nautical miles and kilometres.) 
The local time / is required to compute the solar angles OQ and <l>o. It is the time 

relative to noon at the subsatellite point and is derived from the known picture time 
(the time of closest approach to the receiving station) by making the corrections 
indicated in figure 2 {b). Corrections C i and C2 account for deviations in latitude and 
longitude from specified Earth points (figure 2) and C 3 corrects for scanner lilt which 
causes the subsatellite point to be displaced from the current scan line. The correction 
is 

/ = picture time (G.M.T.) + C , -I- + C3 - 12 hours 

where 

C , = ( ^ i - L A T ) 
( 6 0 x 

1 -852 X scan-line duration (s) 

ground resolution in X direction (km), 

€2 = 62^5 (02 in degrees) 

(11) 

(12) 

(13) 
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^ _ 5 sin at 5 cos a X scan-line duration (s) 
^~60x 15x I 852cos^1 " 3600 x ground resolution in X direction (km) 

J , r / . satcHitc altitude \ . ^1 ^ 

R ^ ' ^ R j ' " " ^ ' ^^^^ 

The sign of s follows the sign of ,̂ (radians) and L A T (degrees) is the latitude of the 
receiving station. Note that C j , C j and C j are cell dependent so that there are 24 values 
for /. 

The algorithm was written in C on a 68000 processor with a 1 Mbyte memory and 
operating under U N I X . The processor is backed up by a 40 Mbyte Winchester drive, 
40 Mbyte 1600bpi tape drive and floppy drives, and the display comprises several 
768 pixel x 512 pixel image stores with look-up tables and a high-resolution monitor. 
The atmospheric correction of a single C Z C S channel comprising 768 pixels 
X 512 pixels of raw digital data takes approximately 15min without a floating point 

accelerator. 

3. Processed images 
3.1. Atmospherically corrected images 

Low-cloud C Z C S passes were selected for which some type of sea-truth was 
available, although even then sea-iruth measurements rarely corresponded to the same 
day as the pass. Figures 3 and 4 illustrate the performance of the correction algonthm 
and it is apparent that correction removes haze and emphasizes subsurface effects such 
as high turbidity around headlands and mid-channel chlorophyll structures. It is also 
apparent that channel I correction is non-ideal. Correction is inherently more difficult 
at this wavelength due to greater uncertainty in the compensation for radiometer loss 
(Gordon et al. 1983, Austin 1982) and due to greater sensitivity to errors in the 
Angstrom exponent. Even so, finer longitudinal partitioning of the scene seems 
advantageous and examination of L i indicates that a partitioning of 30 x 4 would more 
nearly match steps in L i in the horizontal and vertical directions. 

The sensitivity of the correction to the Angstrom exponent M was studied by 
examining the results of regression analysis for chlorophyll retrieval (§3.2). The 
correlation coefficients improved slightly as M increased from 0-3 but for M = I 0 there 
was a significant decrease and a significant increase in the proportion of negative 
radiances (suggesting overcorrection). All subsequent analysis was carried out for 
.V/ = 05. 

3.2. Spectral ratios 
Spectral ratios of atmospherically corrected images have been computed for C Z C S 

passes on 22 June 1981, 29 July 1981 and 17 June 1984 and attempts have been made to 
correlate these ratios with available sea-truth. In each case image rectification was 
performed using the second-degree transformations 

L^ao + OiE + OiN -^a^E^-^-a^EN-^aiN^ 

P = bo-^b^E'\-b2N-^byE^-^b^EN-^biN^ 

These equations enable pixel and line numbers P. L in the C Z C S scan to be derived 
from the easting (longitude) and northing (latitude) co-ordinates £, N corresponding 
to sea-truth. The coefl^cients are denved by multiple linear regression and by using 
Gaussian ehmination for the solution of six simultaneous equations derived from 
ground control points. 
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(a) 

(b) 

Figure 3. CZCS pass on 22 June 1981. channel 3: (a) raw digital count and {b) atmosphencally 
corrected. 

Figure 5 compares a plankton trawl between Plymouth and Roscoff on 23 June 
1981 with the ratio L^^"^ L^^^ for 22 June 1981. A linear regression of this ratio with 
diatom count gave a correlation coefficient r of 0-78 although, clearly, there is a lack of 
data points and also a time discrepancy. More substantial sea-truth was available for 
thepenod 22 July 1981 to 2 August 1981 and various regressions have been tried for the 
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Figure 4. CZCS pass on 29 July 1981: {a) raw digital count, channel 3, (/>) atmospherically 
corrected, channel 3, (c) atmospherically corrected, channel I , showing cell striping and 
(t/) ratio L i ^ / L i " . 
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Figure 5. Comparison o f ratio and cluster paiiems with a plankton trawl: A , diatom count; 
B, zooplankton count; C, ratio o f atmospherically corrected channels; D , cluster pattern, 
E, cluster pattern for 5 nautical mile shift. 

29 July 1981 pass. The regressions were o f the f o r m 

C = aR + b 

C^aR" 
C = a-{-bR-{-cR^ + dR^ 

where C is the c h l o r o p h y l l concentra t ion ( in m g m " ^) ob ta ined by in tegra t ion over one 
opt ical depth , and which.includes phaeopigments, and R is the spectral ra t io . Figure 6 
shows that the c h l o r o p h y l l concentrat ions were generally high so i t was necessary to 
use the ra t io L w °/ i -w (see figure 4 ((/)). The regression results are summarized in the 
table and they were computed f r o m all data points gathered over the above dates, 
except f o r one data subset wh ich appeared to be o n a steep c h l o r o p h y l l gradient and 
therefore was discarded. Integrated c h l o r o p h y l l data was also available f o r the C Z C S 
pass o n 17 June 1984 a l though regression results were d i sappoin t ing . The best 
corre la t ion coefficient was 0-58 f o r a p o l y n o m i n a l fit using the ra t io L^^m^^. The 
p o o r cor re la t ion is p r o b a b l y a result o f l o w c h l o r o p h y l l levels ( typ ica l ly < I m g m ' ^ ) a 
2 day measurement/pass discrepancy and uncertainties i n the atmospheric correc t ion . 
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specifically uncertainty in M and in the correction for radiometer sensitivity loss at 
such high orbit numbers. 

Regression results 

Linear Power Polynomial 

90 863 -39-358 0-88 52-278 2-664 0-86 176-6 -840-9 1295-5 -578-3 0-91 

3.3. Spectral clustering 
Cluster analysis and hybrid classification (Bauer and Davis 1976, 

Townshend and Justice 1980) have been applied to a number of C Z C S passes. A form 
of the I S O C L S algorithm ( E S L 1976, Justice and Townshend 1982) was implemented 
for clustering and a summary of results is given here. An exploratory cluster analysis of 
four separate C Z C S atmospherically corrected passes for the South-western Appro­
aches revealed a number of distinct classes in spectral space with typical mean vectors 

X (thin cloud) = 

:c (thick cloud) = 

X (coastal waters) = 

ri-6 
1-1 

LO-6 

[2-4 
1-7 

Ll-3 

0-5 
0-6 

LO-5 

r/ 
'-w 

0-3' 
X (ocean waters) = r 520 

^ W = 0-7 
; 550 .0-4. 

Similar distinctions in two-dimensional space have been found for L A N D S A T 
images by Justice and Townshend (1982). Clearly, absolute radiance values (in 
mW/(cm^ fivn sr)) are only meaningful for ocean waters (since the correction algorithm 
computes Lw and assumes Lw = 0) although the identification of the above or similar 
regions in spectral space could aid classification. 

The 22 June 1981 pass has been examined by straight clustering (unsupervised 
approach) of a narrow sea strip between Plymouth and Roscoff (figure 5). The ocean 
class was stratified into K subclasses where K depends upon the ISOCLS input 
parameters (particularly upon the maximum permitted standard deviation per class) 
and K = 4 for figure 5. The sea strip was then split into 5 pixel x 5 pixel cells and the 
mean class computed for each cell. Finally, class numbering was arranged to be 
proportional to sea-truth concentration using the reasonable assumption that the 
lowest radiance in channel 1 (or sometimes channel 2) corresponds to the highest 
chlorophyll concentration. The cluster pattern (D) correlates well with the spectral 
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R A T I O 
CH2 

Figure 6. Linear regression for CZCS pass on 29 July 1981 

ratio (C). Also, when the sea strip is shifted 5 nautical miles east of the 
Plymouth-RoscofT route then the cluster pattern (E) correlates well with the diatom 
concentration, indicating that tidal flow has shifted the sea-truth. 

Hybrid classification was used for the 29 July 1981 pass because a much larger data 
set (of the order of 10* pixels) had to be classified. Using the monocluster blocks 
approach (Fleming and HofTer 1977), small heterogeneous blocks o f data (typically 
25 pixels X 25 pixels) were selected f rom cloud-free ocean areas and these data were 
collectively clustered to develop training statistics. The blocks were selected to give a 
data set representing virtually all significant cluster subclasses. The clustering 
programme developed a mean vector and a covariance matrix for each o f the K classes 
and these statistics were used by a maximum likelihood classifier to extrapolate the 
classification over the whole image. This classifier used a multivariate normal 
distribution to estimate conditional probabilities on the reasonable assumption that 
each subclass is unimodal. Finally, the classifier ordered the class numbers as described 
above. It is worth noting that when a weighted minimum distance classifier (Michael 
and Lin 1973) was used for extrapolation it gave less than 5 percent difference in pixel 
classification and took a third o f the CPU time to classify the whole image. For the 
29 July 1981 pass eight chlorophyll subclasses were generated leading to a 'pipelike* 
structure in spectral space (figure 7), and using integrated chlorophyll data it was 
possible to relate subclass K to chlorophyll concentration. The circles are an indication 
o f class variance. Pixels f rom various coastal waters were also clustered to give a single 
class and figure 7 shows this to be located in a distinctly different region o f spectral 
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20 UQ 60 
CHLOROPHYLL MG M"^ 

Figure 7. Chlorophyll signature in spectral space. 

space. The class is shown dotted since the assumption of zero water leaving radiance at 
670 nm is no longer valid, and therefore absolute radiance values wil l be in error. 
Figure 8 shows the maximum likelihood classification for 29 July 1981 and, as 
expected, the subsurface feature is similar to that in figure 4 (d). Clustering data for 
22 June 1981 gives a similar but less elongated subclass structure (ellipsoidal) centred 
near subclasses 3 and 4 in figure 7; there is still significant channel 3 variation and the 
coastal class is in virtually the same position as that for 29 July 1981. 

The advantages ( i f any) of clustering over the conventional and well-founded ratio 
methods for chlorophyll retrieval must stem from the simultaneous use of all the 
available information. For example, spectral ratios for the low chlorophyll images of 
\7 June 1984 and 3 July 1984, where the concentration was typically < I m g m " ^ . 
resulted in weak, noisy features on a display whereas clustering and maximum 
likelihood extrapolation resulted in much stronger features. Also, it is widely 
recognized that the reflectivity in channel 3 does not vary strongly with changes in 
phytoplankton pigment concentration, although figure 7 suggests that channel 3 still 
contains some useful information since there is a significant radiance variation with 
concentration. 

Conclusion 
The atmospheric correction algorithm appears to perform reasonably well for 

ocean waters but in its non-iterative form it is not applicable to turbid coastal waters 
since then Lw ° is often non-zero. The major uncertainties in its application lie in the 
selection of the Angstrom exponent and in the correction for radiometer losses, and the 
problem is worst for channel I and high orbit numbers. The cell striping effect on 
channel 1 images in particular can be reduced by a finer longitudinal partitioning of the 
scene for geometric calculations and a partitioning as high as 30 x 4 seems appropriate 
for the images analysed. This also supports the view that a single geometric calculation 
at scene centre is probably insufiicient. 
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Figure 8. Maximum likelihood classificalion for CZCS pass on 29 July 1981 

Reasonable correlation has been found for linear, power and polynomial re­
gression between spectral ratio and integrated chlorophyll concentration although sea-
truth measurements are spread over a few days relative to the satellite pass. This may 
be due in part to the fact that most measurements were taken f rom several large fairly 
homogeneous areas of relatively high chlorophyll concentration thereby minimizing 
the effects of subsurface movement. 

Cluster analysis of ocean areas is meaningful i f the clustering procedure stratifies 
the ocean class into phytoplankton subclasses. Cluster patterns derived from clustering 
three-dimensional data show good agreement with ratio patterns and under certam 
assumptions it was possible to relate subclasses to chlorophyll concentration. Future 
satellites with more spectral bands in the visible region {e.g. one near 620nm) may 
provide sufficient incentive to examine methods of chlorophyll retrieval using 
clustering. For certain water areas it may be possible to establish nominal mean vectors 
in spectral space each corresponding to a nominal chlorophyll density and classifi­
cation could then be done by a smgle pass through a cluster algonthm. 

Clearly it would be necessary to account for variations in solar illumination with 
zenith angle, e.g. by normalizing the axes in spectral space and the atmospheric 
correction algorithm must be reliable. Unfortunately, perhaps the major obstacle to 
formulating any type of classification procedure for the U . K . South-western Appro­
aches is the lack of cloud-free CZCS passes with high chlorophyll and for which 
simultaneous sea-truth is available. 
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Appendix A 
Sun-satellite geometry 

The fundamental correction equation for requires the following relations 

/ i = exp(-Tii/2/i) ( A l ) 

Li = slope^ X D N ^ + intercept^ (A 2) 

£ J = £ J ( I + £ cos [2n{D - 3)/365])2 (A 3) 

Ti30i)ri3(/'o) = e x p [ - T S 3 ( l / / i + l / / io)] (A 4) 

/ i = cos0 (A 5) 

' /io = cos0o (A 6) 

where equations ( A 2 ) - ( A 4 ) also apply for XQ. Relatively small attenuations f rom 
ozone, water vapour and aerosols have been ignored in the expression for diffuse 
transmiiiance / • (Serensen 1981, Gordon and Clark 1980) and the slope and intercept 
follow from the satellite's voltage and active calibration data. Gordon's correction 
(Gordon et al. 1983) is used to correct for radiometer losses although this correction is 
suspect for high orbit numbers. To compute Z-i requires the Fresnel reflectance 

irsin^f/"—r) tan^(/ —r)~| . 

A^sinr = sin/ (A 8) 

and the Rayleigh phase function 

PM±) = U\+cos'iP±) (A 9) 

It is necessary to consider the Sun-saielliie geometry to compute the scattering angles 
i/r± and the final equations are 

costlf± = ±cos0cos^o-sin0sin0oCos(( />-<^o) (A 10) 

COS0 = COS0,COS0v (A 11) 

0, = lFOV(pixel number-nadir pixel) (A 12) 

cos0o = sin0i sin5 + cos0, cos5cos (otX(o = 27i/24) (A 13) 

cos<^o = ( s i n 5 - s i n 5 , cos6o)lcosdi sindo ( i f f > 0 , <pQ—^2n-<j>Q) (A 14) 

sin ,5 = sin 23-44° sin [2n{D - 80-25)/365] (A 15) 

The nadir pixel is 1090 and pixel numbers range from 114 to 2081. Derivation of cell 
latitude, 0 i , and local time, /, is described in the text. Finally, the scanner azimuth angle 
0 is computed as follows, (following Singh 1982 and private communication), 

0 = A + 0" (A 16) 

sin (track-line inclination) , K 
cosA = (A 17) 

cos 0 1 
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where <f>" is derived f rom the following table 

0, = 0 0,<0 

0,>O 
0, = O 
e,<o 

Tl — (f>' 
71 

n + <i>' 

71/2 <P' 
0 0 

3jr/2 2n~4>' 

and 0' is computed from 

0' = | tan" '{sin djiand,)\ (A 18) 

Appendix B 
List of symbols used 
la Latitude subtended by 128 pixel x 128 pixel cell. 
OL Orbital inclination (function o f latitude). 
lb Longitude subtended by 128 pixel x 128 pixel cell. 
C, Correction to local time due to difference in latitude. 
Ci Correction to local time due to difference in longitude. 
Cy Correction to local time due to non-zero t i l t . 
D Day number f rom I January (1-365). 
D N Raw digital count f rom satellite data. 
6 Solar declination angle. • 
A Scan-line azimuth angle. 
£ Eccentricity of Earth's orbit. 
£o Seasonally adjusted solar irradiance. 
£o Mean solar irradiance. 
/ Angle o f incidence. 
IFOV Instantaneous field of view of the sensor (0 04°). 
L A Radiance due to aerosol scattering. 

Radiance due to Rayleigh scattering. 
L T Total radiance at satellite. 

Water leaving radiance. 
k Wavelength. 
XQ 670 nm, channel 4. 
M Angstrom exponent, 
/ i QosQ. 
Ho cos 0 0 . 

N Refractive index of sea-water. 
PA Phase function for aerosol scattering. 
' R ( ' / ' + ) Phase function for Rayleigh scattering (forward). 
P R { ^ ~ ) Phase function for Rayleigh scattering (backward). 
(t> Scanner azimuth angle. 
(j>Q Solar azimuth angle. 
0 + Forward scattering angle. 

- Backward scattering angle. 
r Angle o f refraction. 
R Earth radius. 
p Fresnel reflectance. 
s Normal distance between subsatellite point and current scan line. 
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/ Local time. 
I D Diffuse transmiiiance. 
7 ,̂ Beam or direct transmittance due to ozone. 

Optical thickness due to aerosols. 
T03 Optical thickness due to ozone. 
TR Optical thickness due to Rayleigh materials. 
d Polar angle (scanner zenith angle). 
^ 0 Solar zenith angle. 
^ 1 Latitude of centre of a 128 pixel x 128 pixel cell. 
02 Longitude of centre of a 128 pixel x 128 pixel cell. 
0, Sensor tilt angle. 

View angle (function of pixel number only). 
0 1 Latitude for centre of 768 pixel x 512 pixel scene. 
02 . Longitude for centre of 768 pixel x 512 pixel scene. 
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