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NOTE - 

The methodology, t h a t  has been proposed i n  t h i s  repo r t  i s  
new and unorthodox. It i s  presented as a way o f  a s s i s t i n g  

the  quest f o r  q u a n t i f y i n g  r e a l  wor ld  s i t u a t i o n s  us jng  

remotely sensed data. Controversy over t h e  method i s  

expected and welcomed. This work w i l l  have served i t s  

purpose i f  i t  can a i d  i n  t h e  successfu l  mon i to r ing  o f  our 

environment and i f  I t  has ra i sed  more quest ions than i t  has 

answered. 

"Therb$st*way t o  sumnarize a mass o f  m u l t i f a c t o r  

data i s  by a simple equat ion o r  se t  o f  

equations. The data, however. must be studied 

c r i t i c a l l y ,  and here the  standard t e x t s  g i v e  

l i t t l e  guidance beyond s te rn  warnings t o  be 

caut ious. Routine use o f  standard computer 

programs t o  f i t  equations t o  data does no t  

u s u a l l y  succeed. A l a rge  p ropo r t i on  o f  the  

f a i l u r e s  i s  due, n o t  t o  t h e  programs, computers 

or  data, bu t  t o  the  ana lys t ' s  approach". 

C. DANIEL and F.S. WOOD (1971) 

i n  F l t t l n s  Eauatlons t o  Data, 

W l l e y ~ I n t e r s c i e n c e .  
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The methodology that has been proposed in this report is 
new and unorthodox. It is presented as a way of assisting 
the quest for quantifying real world situations using 
remotely sensed data. Controversy over the method is 
expected and welcomed. This work will have served its 
purpose if it can aid in the successful monitoring of our 
environment and if it has raised more questions than it has 
answered. 
 
"The best way to summarize a mass of multifactor data is 
by a simple equation or set of equations. The data, 
however, must be studied critically, and here the standard 
texts give little guidance beyond stern warnings t o be 
cautious. Routine use of standard computer programs to fit 
equations to data does not usually succeed. A large 
proportion of the failures is due, not to the programs, 
computers or data, but to the analyst's approach". 
 
C. DANIEL and F.S. WOOD (1971) 
in Fitting Equations to Data, 
Wiley Interscience. 
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ABSTRACT 
 
The need for accurate, synoptic, up to date information, concerning the quality of 
South African impoundments, prompted an investigation into the potential and 
limitations of Landsat reflectance data for assessing chlorophyll a and turbidity in 
Roodeplaat Dam. 
 
Surface and integrated chlorophyll a as well as surface and integrated turbidity 
were collected simultaneously with the satellite's overpass from 32 sampling sites 
on the impoundment. Six days, between 1981.10.14 and 1982.11.16, were cloud 
free and the data were analysed in order to establish the relationship between 
the specific water quality conditions and the satellite reflectance data. 
 
Prior to the analysis certain factors required attention. Firstly, it was important to 
accurately align the sampling sites with their corresponding Landsat pixels. 
Secondly, the satellite reflectance data were corrected for Influences of haze and 
the angle of the sun. Thirdly, the requirements that the water quality surface 
reference data be representative of the range of conditions in the impoundment 
and that data be normally distributed, and that outliers excluded from the data 
set, were recognised. Lastly, the interrelationship between chlorophyll a and 
turbidly and the multicollinearity evident between the four reflectance bands, 
demanded that a multi-variate statistical technique be Implemented, in order to 
adequately analyse the available data. 
 
The Canonical Correlation multi-variate regression analysis was chosen to 
investigate the relationship between the surface reference data and the four 
Landsat wavebands. Canonical Correlations (r) ranged from 0.95 to 0.79 and the 
Canonical Coefficients enabled characteristics of the relationship between the 
variables to be established. As a general trend, surface chlorophyll a showed 
correlation with all of the wavebands, whereas integrated chlorophyll 
corresponded with bands 6 and 7. Surface turbidity mainly related to bands 4 and 
5, but also at times to bands 6 and 7, while integrated turbidity related to bands 4 
and 5. The trends varied between overpasses however indicating that the 
relationship was complex and unique to each specific overpass. 
 
In addition to the use of the Canonical Correlation Analysis, the unsupervised 
classification technique and colour coding assisted in the interpretation of the 
conditions within the impoundment. 
 
From the coefficients obtained in the Canonical Correlation Analysis, with the 
help of linear regression analysis, a set of simultaneous equations was 
established which described the relationship between the surface reference data 
and the satellite reflectance data. Explicit solution of these equations allowed the 
model CALMCAT* to be produced with which chlorophyll a and turbidity could be 
simulated from the satellite reflectance data. 
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For three of the days tested the accuracy of CALMCAT simulations ranged from 
0.4% to 26% relative error for chlorophyll a and 2% to 20% for turbidity. Of 
overriding importance to the application of the model is the representativeness of 
the surface reference data set.  
 
Incorporating the entire surface of the impoundment into the model provided 
synoptic and quantitative information of the distributions and concentrations of 
chlorophyll a and turbidity in the impoundment unlike any other presently 
available data source. 
 
 
_____________________________ 
 
* CALMCAT - Canonical Analysis Landsat Model of Chlorophyll a and turbidity 
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ABSTRACT 

The need for accurate, synoptic, up to date information, concernlng the 
quality of South African impoundments, prompted an investlgatlon into 
the potential and limitations of Landsat reflectance data for assessing 
chlorophyll g and turbidity in Roodeplaat Dam. 

Surface and lntegrated chlorophyll g as well as surface and integrated 
turbldlty were collected simultaneously wlth the satellite's overpass. 
from 32 sampling sltes on the lmpoundment. Six days. between 81.10.14 
and 82.11.16, were cloud free and the data were analysed in order to 
establish the relationship between the speciflc water quality 
conditlons and the satelllte reflectance data. 

Prior to the analysis certain factors required attention. Firstly. It 
uas important to accurately align the sampling sltes wlth their 
corresponding Landsat plxels. Secondly, the satellite reflectance data 
were corrected for Influences of haze and the angle of the sun. 
Thlrdly, the requirements that the water quality surface reference data 
be representative of the range of condttions in the impoundment and 
that data be. normally dlstrlbuted, and that outliers excluded from the 
data set, were recognised. Lastly, the interrelatlonshlp between 
chlorophyll g and turbidlty and the multicollinearlty evident between 
the four reflectance bands, demanded that a multi-variate statistical 
technique be Implemented, in order to adequately analyse the available 
data. 

The Canonlcal Correlation multi-varlate regression analysis was chosen 
to investigate the relationship between the surface reference data and 
the four Landsat wavebands. Canonlcal Correlations (r) ranged from 
0,95 to 0.79. and the Canonlcal Coefflclents enabled characteristtcs of 
the relatlonshlp between the variables to be established. As a general 
trend, surface chlorophyll g showed correlation wlth all of the 
wavebands, whereas lntegrated chlorophyll corresponded wlth bands 6 
and 7. Surface turbidity mainly related to bands 4 and 5, but also at 
times to bands 6 and 7, whlle lntegrated turbldity related to bands 4 
and 5. The trends varled between overpasses however. indicating that 
the relationship was complex and unique to each specific overpass. 

In additlon to the use of the Canonlcal Correlation Analysis, the 
unsupervlsed classiflcatlon technique and colour codlng assisted in the 
interpretation of the condltions wlthin the lmpoundment. 

/From the .... 

x i x  
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From the coefficients obtained in the Canonical Correlation Analysis, 
with the help of linear regression analysis, a set of simultaneous 
equattons was established which described the relationship between the 
surface reference data and the satellite reflectance data. Explicit 
solution of these equattons allowed the model CALMCAT* to be produced 
with which chlorophyll g and turbidity could be simulated from the 
satellite reflectance data. \ 

For three of the days tested the accuracy of CALHCAT slmulations ranged 
from 0.4% to 26% relative error for chlorophyll a and 2% to 20% for i 

turbidity. Of overriding importance to the application of the model is 
the representativeness of the surface reference data set. 

Incorporating the entire surface of the impoundment into the model 
provtded synoptic and quantitative information of the distributions and 
concentrations of chlorophyll a and turbidity in the impoundment unlike 
any other presently available data source. 

* CALMCAT - Canonical Analysis Landsat Wodel of 
Chlorophyll a and ~urbidlty - 
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Ole behoefte aan akkurate, slnoptlese en opdatum inllgting oor die 
kwalltelt van Suid-Afrlkaanse d a m e  het tot In ondersoek na die 
potensiaal en beperklngs van Landsat weerkaatsingsdata gelel as 'n 
metode om chlorofiel en turbldltelt in Roodeplaatdam te skat. 

Oppervlak en geYntegreede chloroflel a asook oppervlak en 
gei'ntegreede turbldl teit is gelyktydlg met 8le satel llet oorvlug, by 
32 monsterpunte op dle dam gemonster. Ses dae. tussen 81.10.14 en 
82.11.16, was wolk- en probleemvry en die data ls ontleed om dle 
verwantskap tussen speslfieke waterkwallteitstoestande en die 
satelllet weerkaatsingsdata vas te stel. 

Sekere faktore het aandag vereis alvorens die ontleding ultgevoer kon 
word. Eerstens, was dlt belangrik om dle monsterpunte met 
ooreenstemende Landsat 'pixels ' te rig. Tweedens was dle satel llet 
weerkaatslngsdata vlr die lnvloed van dynserlgheld en sonshoek 
gekorrlgeer. Derdens was die verelstes dat die waterkwalltelt- 
oppervlakverwyslngsdata verteenwoordlgend moet wees van die 
verskeldenheld van kondlsles in dle dam, dat dle data norrnaalversprel 
moet wees en dat ultskieters verwyder moet word uit datastel, erken. 
Tenslotte, het dle inter-verwantskap tussen chlorofiel a en 
turbldltelt en die multi-kolinearltelt wat tussen dle vler 
weerkaatslngs golflengte-gebiede bestaan, die lmpllmenterlng van 'n 
veel-veranderllke statlstlese tegniek genoodsaak, om sodoende dle 
besklkbare data doeltreffend te kan ontleed. 

Die Canonlese-korrelasle veelveranderllke regressle-anallse is gekles 
om die verwantskap tussen dle oppervlak verwysingsdata en die vler 
Landsat golflengte-bande te ondersoek. Canonlese-korrelasles (r) het 
gestrek vanaf 0.95 tot 0,79, en dle Canoniese-koeffislente het dlt 
moontllk gernaak om dle karakter van dle verwantskap tussen die 
veranderllkes vas te stel. As 'n algemene verskynsel, het chlorofiel 
a 'n korrelasle getoon met a1 die golflengtes, terwyl gei'ntegreerde - 
chloroflel a met golflengte-bande 6 en 7 ooreengestem het. 
Oppervlak turblditelt het hoofsakllk met bande 4 en 5 ooreengestem. 
maar ook met tye met bande 6 en 7 terwyl geintegreerde turbldltelt 'n 
verwantskap getoon het met bande 4 en 5. Die karakter van die 
verwantskap het egter verskll tussen oorvlugte, wat aangetoon het dat 
dle verwantskap kompleks en unlek Is vir elke speslfleke oorvlug. 

Bo en behalwe die gebrulk van Canonlese-korrelasle anallse, was dle 
nle-toeslghoudklassl f ikasle-tegniek en kleurkoderlng waardevol in die 
Interpretasle van toestande In dle dam. 

/Van die .... 

x x l  
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Van d i e  ko 'ef f is i 'ente verk ry  i n  d i e  Canoniese k o r r e l a s l e  ana l ise ,  met 
behulp van line~reregressieanalise. i s  ' n  s t e l  ge lyk tyd ige  
vergelyk ings opgestel u a t  d i e  verhouding tussen d i e  oppervlak 
verwyslngsdata i n  d i e  s a t e l l i e t  weerkaatsingsdata beskryf  het .  
E k s p l i s i e t e  oploss lng van d i e  vergelyk ings h e t  g e l e i  t o t  d i e  model 
CALMCAT* uaarmee c h l o r o f i e l  en t u r b i d i t e i t  gesimuleer kan word met 
behulp van s a t e l l l e t  ueerkaatsingsdata. 

V i r  d r l e  van d i e  dae getoets he t  d i e  akkuraatheid van d i e  slmulasies 
met behulp van CALMCAT gestrek vanaf 0,4% t o t  26% re la t i ewe- fou t  v i r  
ch lo ro f  i e l  g en vanaf 2% t o t  20% v i r  t u r b i d l t e l t .  I n  d i e  toepassing 
van d i e  model i s  d i e  v e r e i s t e  da t  d i e  oppervlakverwysingsdata 
verteenwoordigend moet wees, van pr imere belang. 

I n l yw ing  van d i e  ,hele oppervlak van d i e  dam i n  d i e  model he t  
s inop t i ese  en k w a l i t a t l e u e  i n l i g t i n g  van d i e  d i s t r l b u s i e  en 
konsentras ie van c h l o r o f i e l  a en t u r b i d l t e l t  i n  d i e  dam verskaf 
anders as  enige ,huld ig beskikbare data bron. 

* CALMCAT - Canonical. Analysts Landsat godel o f  
Ch lorophy l l  a and T u r b i d i t y  - 
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EXECUTIVE SUMMARY 

The objectives of the Landsat water quality surveillance project were 
as follows: 

(1) To show that remotely sensed data could be used in the 
evaluation of chlorophyll g and turbidity in impoundments. 
Algal blooms for example show up as red and turbidity as 
whitish blue on false colour composites. 

(2) To extract detail, not visible on the false colour composites. 
from the satellite digital information by colour coding of the 
digital data and thereby showing up differences in water 
quality. 

(3) To show that it is possible to calibrate a satellite image to 
obtain quantitative measurements (simulations) of surface 
chlorophyll g and turbidity and integrated chlorophyll g and 
turbidity (Integrated to secchi disc depth) for each 80 X 80 
metre plxel within the impoundment. From this data, the entire 
surface area of the impoundment can firstly, be classified into 
areas of various concentration classes and secondly, be 
graphically contoured with isolines of chlorophyll g and 
turbidity concentrations. This objective involved developing 
the CALMCAT* model to calibrate the digital satellite data in 
terms of chlorophyll g and turbidity concentrations. 

Fulfilling these objectives made it possible to obtain information on 
specific water quality conditions in impoundments unlike any 
information obtained to date. 

The use of remotely sensed data for chlorophyll a and turbidity 
estimation is limited by the following: 

(1) The problem of obtaining simultaneous surface reference 
dataconcurrent with the satellite's overflight. The 
simultaneous collection of surface reference data and satellite 
reflectance data is desirable in order to overcome the problem 
of variability in atmospheric transparency as well as in 
changes in conditions in the impoundment. Non-concurrent 
surface reference ciata may be used in the CALMCAT model for 

*CALMCAT - Canonical Analysis a n d s a t  nodel of Chlorophyll g 
and lurbidity. 
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s lmu la t l ng  'ch lorophyl l  a and t u r b i d i t y  f rom s a t e l l l t e  d i g l t a l  
data c o l l e c t e d  a t  other  per lods wl th,  however, a  decrease I n  
accuracy. 

(2) The need t o  have a  surface reference data s e t  which 
I s  representa t ive  o f  the  f u l l  range o f  ch lo rophy l l  a  
and t u r b i d i t y  values I n  the lmpoundment I s  essen t i a l  f o r  t h e  
accurate c a l i b r a t i o n  o f  the  CALMCAT model. Non- representa t lve  
data r e s u l t s  i n  c a l l b r a t l o n  parameters whlch have no r e a l i t y  t o  
t h e  under ly ing  c o n d i t i o n  I n  t h e  lmpoundment. 

(3)  Where on ly  one o f  the  fou r  parameters I s  o f  I n t e r e s t  t o  t h e  user 
I .e.  sur face ch lo rophy l l  3, i t  i s  s t i l l  necessary t o  measure a l l  
f o u r  var iab les  v&., surface and In teg ra ted  ch lo rophy l l  3 and 
surface and i n teg ra ted  t u r b l d i t y ,  I n  t h e  sur face reference data 
se t  I n  order t o  c a l i b r a t e  the  CALMCAT model. 

The CALMCAT model achleved the f o l l o w i n g  accuracy f o r  t h e  days on 
whlch surface reference data was co l l ec ted  'concurrent ly  w l t h  the  
s a t e l l i t e  re f l ec tance  data. The e r r o r  i n  t h e  simulated mean 
ch lo rophy l l  3 var ied  between 2  t o  9 pg/Q ch lo rophy l l  a, a 
percentage r e l a t i v e  e r r o r  o f  0.4% t o  26%. The e r r o r  I n  s imulated 
mean t u r b l d i t y  var led  between 0,2 and 1.0 NTU, a  percentage r e l a t i v e  
e r r o r  o f  2% t o  20%. For s a t e l l l t e  remotely sensed data c o l l e c t e d  
non-concurrent ly w i t h  t h e  sur face reference data, l . .  where a  
c a l i b r a t i o n  was ex t rapo la ted  t o  other  overpasses, the  e r r o r  i n  
simulated surface and l n teg ra ted  t u r b l d l t y  mean values va r ied  between 
0.2 and 1.0 NTU, a  percentage r e l a t l v e  e r r o r  o f  5% t o  20%. The e r r o r  
I n  mean simulated surface ch lo rophy l l  a was 14 pg/Q (51% r e l a t i v e  
e r r o r )  w h i l e  i n teg ra ted  ch lo rophy l l  g could no t  be quan t i f i ed .  

A th ree  t l e r e d  approach t o  the  eva lua t lon  o f  c h l o r o p h y l l  a and 
t u r b i d i t y  us ing remotely sensed data i s  examined. The f l rs t  t l e r  
being a  q u a n t l t a t l v e  eva lua t lon  o f  areas o f  ch lo rophy l l  & and 
t u r b i d i t y  f rom a  f a l s e  co lour  composite, the  second t l e r  belng a  
semi-quant l ta t lve eva lua t ion  us lng co lour  coding o f  the  d l g l t a l  data, 
and the  t h i r d  t i e r  belng quant l ta t l ve 'es t lmat lon  o f  c h l o r o p h y l l  a and 
t u r b l d l t y  us lng the model CALMCAT together  w l t h  the  sur face reference 
data c a l l b r a t l o n  set.  

The th ree  t l e r e d  approach t o  evaluate ch lo rophy l l  a and t u r b l d l t y  
us ing s a t e l l i t e  re f l ec tance  data has application t o  a  number o f  
p r a c t i c a l  l imno log i ca l  problems. 

(1) The s u i t a b i l i t y  o f  t h e  s i t i n g  o f  e x l s t t n g  sampllng pos i t l ons  can 
be evaluated. Planning the  d i s t r i b u t i o n  o f  sampllng s i t e s  I n  an 
Impoundment so as t o  be representa t lve  o f  p r e v a i l i n g  cond i t i ons  
can be assis ted.  

(2 )  The synopt ic  i n fo rma t ion  on ch lo rophy l l  a  and t u r b i d i t y  
d i s t r i b u t i o n s  may a s s l s t  i n  the  s i t i n g  o f  w l t h ~ r a w a l  po in t s  f o r  
water abs t rac t ion ,  as w e l l  as I n  the  s t t l n g  o f  rec rea t i ona l  
f a c l l l t l e s .  
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(3) The ability of satellite remote sensing to detect sources of 
nutrient pollution leading to localised algal blooms can assist 
in studying the extent to which such pollution is dispersed. 
together with circulation patterns, i n  the water body. This 
aspect is of relevance to the siting of sewage outfalls. 

(4) The synoptic.data provided by CALMCAT may assist llmnologlsts in 
studying the relationship between water quality conditions and 
nutrient inputs, in verifying and calibrating water quality 
models, and in evaluating the validity of assumptions. 

(5) By running CALMCAT on historical Landsat images, using current 
calibration data, historical estimates of chlorophyll g and 
turbidity in impoundments may be obtained. This may assist in 
the detection of trends in water quality conditions. 

Up to now llmnologists have relied upon point measurements of 
chlorophyll a and turbidity in order to obtain information on these 
variables in an impoundment. The use of the CALMCAT model together 
with remotely sensed data now makes it possible for llmnologists to 
obtain chlorophyll a and turbidity values for the entire surface of 
the impoundment. This should enable the behaviour of chlorophyll a 
and turbidity to be established with greater certainty than was 
previously possible . 

X X V  

Landsat water quality surveillance model CALMCAT TR 128 July 1986



CHAPTER 1 

BACKGROUND INFORMATION 

1 .l INTRODUCTION 
.* 

The space race and t h e  dec is ion  t o  get  a man on t h e  moon by t h e  end 
o f  the  1960's s ta r ted  a t rend i n  technology which has s ince proved t o  

., be an inva luab le  source o f  data o f  the Ear th ' s  resources. The space 
race st imulated the  science o f  remote sensing def ined as " the  
science and/or technique used i n  ga in ing  in fo rmat ion  about ma te r i a l  
ob jec ts  by means o f  measurements made over a d is tance w i thout  
phys ica l  contac t "  (Liebenberg, 1977). The f i r s t  space images showed 
how so la r  energy r e f l e c t e d  by ob jec ts  on the  e a r t h ' s  surface could be 
measured and reg i s te red  by remotely placed sensors, namely 
s a t e l l i t e s .  Together w i t h  t h e  revo lu t i ona ry  progress i n  the  f i e l d  o f  
spectroscopy and e lec t ron ics ,  the  sensors were n o t  conf ined t o  
captur ing  data i n  t h e  v i s i b l e  spectrum and extended f u r t h e r  i n t o  the  
i n f r a - r e d  range o f  t h e  electro-magnetic spectrum. The value o f  
s a t e l l i t e  imagery was recognised and rap id  growth took p lace i n  t h e  
f i e l d  o f  remote sensing. 

I n  1972, Landsat l .  the f i r s t  o f  the  more important  Ear th  resources 
s a t e l l i t e  ser ies,  was launched (Curran, 1984). Subsequently, 
Landsats 2, 3. 4 and 5 have been pu t  i n t o  opera t ion  p rov id ing  near 
wor ld  wide coverage o f  t h e  e a r t h  and i t s  resources. I nves t i ga t i ons  
have Ind i ca ted  a wide range o f  app l i ca t i ons  f o r  which Landsat imagery 
can be used (Ackermann. 1974; House o f  Lords Se lec t  Committee on 
Science and Technology, 1983). 

This  r e p o r t  deals s p e c i f i c a l l y  w i t h  Landsat's a p p l i c a t i o n  i n  the  
f i e l d  o f  water q u a l i t y ,  I n  p a r t i c u l a r ,  the  de tec t i on  and 
q u a n t i f i c a t i o n  of s p e c i f i c  water q u a l i t y  cond i t ions  i n  impoundments. 
The c r i t i c a l  nature o f  South A f r i c a ' s  water resources, Landsat's 
unique moni to r ing  a b i l i t y  and the  d i r e c t  recept ion  o f  Landsat data i n  
South Af r ica .  prov ided t h e  impetus f o r  the  study. 

1.2 SOUTH AFRICA'S WATER PROBLEM - A BRIEF REVIEW 

South A f r i can  water resource managers and planners face t h e  problem 
o f  a severe s h o r t f a l l  o f  water by the  year 2 000 ( D r a f t  Report on the  
Management o f  South A f r i can  Water Resources, 1985). The concern i s  
d l r e c t l y  r e l a t e d  t o  South A f r i c a ' s  p o s i t i o n  i n  the  drought b e l t   of 
the  globe and i t s  socio-economic standing as a f a s t  developing 
country. 

The h igh  popu la t ion  growth ra te ,  inc reas ing  urban iza t ion  and 
i n d u s t r i a l i z a t i o n ,  r i s i n g  expectat ions and standards o f  l i v i n g ,  
present a grave p i c t u r e  when combined w i t h  the  s c a r c i t y  and 
v a r i a b i l i t y  o f  the  r a i n f a l l ,  which i s  the  major source o f  water i n  
South A f r i c a  (Whitmore. 1978). 

It i s  t he re fo re  o f  major importance t h a t  t h e  water resources o f  South 
A f r i c a  be managed and developed w i t h  maximum e f f i c i e n c y  and speed. 
This e n t a i l s  ma in ta in ing  the  q u a l i t y  o f  es tab l ished and new water 
suppl ies, developing new sources o f  water, and being ab le  t o  quan t i f y  
t h e  water resources a v a i l a b l e  a t  any one time. I t  i s  a t  t h i s  p o l n t  
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that the lack of accurate, up to date data impedes efficient 
management. Researchers have suggested that the answer to the 
problem lles in the use of satellite imagery with Its regularly 
recorded,, accurate, synoptlc data, available at low cost and in 
quantifiable terms (Kendrick, 1976; Malan, 1976; Sklbltzke, 1976; 
Reed, 1978; Croteau. 1979). 

Research in Amerlca and Europe has indicated that Landsat has been 
successfully used in water quality surveillance, particularly in 
detecting chlorophyll a (algal pigment) and turbidity (suspended .- 

solids) in water bodies (Bukata and Bruton, 1974; Moore, 1980; 
Lindell, 1981). An image received of an impoundment in South Africa, 
Bloemhof Dam, showed evidence of the above-mentioned water quality 
conditions. Plate 1.1 shows firstly, an algal bloom in the southern 
arm of the impoundment indicated by red patches visible .on the 
surface of the water, and secondly, suspended solids are visible ln 
the northern arm of the impoundment. Identified by a bluish-whlte 
colour. The fact that the two conditions are visible on the image 
raises the questions; to what extent can quantitative information of 
water quality conditions be galned from satellite Imagery? In 
addition, if one can quantify the distribution of chlorophyll a and 
turbidity, how is this information to be used in the management of 
the impoundment? In an attempt to throw further light on the 
subject, it was decided to investigate Landsat's potential for 
monitoring the possible detertoration of a South African impoundment 
by pollution in the form of sediment and nutrient-contalnlng effluent 
from urban, industrial and farming sources. 

PLATE 1.1: FALSE COLOUR IMAGE OF BLOEMHOF DAM SHOWING AN ALGAL BLOOM 
IN THE LOWER (SOUTHERN) ARM AND SUSPENDED SOLIDS IN THE 
UPPER (NORTHERN) ARM OF THE IMPOUNDMENT. 
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In 1981, the South African tracking and receiving station, the 
Satellite Remote Sensing Centre (SRSC) began receiving data direct 
from Landsat. The water quality project on Roodeplaat Dam was 
initiated and this report presents the methodology and results 
obtained. . 

1.3 LANOSAT 

.- The Landsat series of satellites have a number of characteristics 
which has made them invaluable data captors (Lillesand and Kiefer, 
1979). Positioned in a sun synchronous. polar orbit. and flying at a 
fixed altitude, varying between 920 kilometres (km) and 700 km 
depending on the specific Landsat concerned, Landsat has been 
equipped with a Multi-Spectral Scanner (MSS) which records energy 
returns of radiance from the earth in four spectral bands. These 
bands correspond to wavelengths in the visible, green and red and two 
bands in the near infra-red spectral reglons : Band 4 = 0.5 to 0.6 
pm*; Band 5 = 0.6 to 0.7 pm; Band 6 = 0,7 to 0.8 pm and Band 
7 = 0.8 to 1.1 pm. The multiwaveband data are recorded in digital 
format of integer values, 0 to 255 inclusive. 

The satellites provide synoptic views of the earth's surface. Each 
image covers an area of 180 km by 180 km and the same area can be 
imaged every 1 8  days. Regular monitoring can be carried out and the 
resolution of each picture element (pixel) on the earth's surface is 
80 metres (m) by 80 metres. Thus for the first time rapid, regular, 
synoptic, quantifiable, low cost** data can be obtained of the 
everchanging features of the earth's surface. This means that 
objective, spatial comparisons can be made, inaccessible areas 
reached, and manpower, time and money saved. The major disadvantages 
are: 

(l) the 1 8  day delay period between coverage, 
(2) the fact that cloud cover obstructs Landsat images and 
( 3 )  that the imagery needs specific image processing 

equipment and expertise to take full advantage of the 
images' potential. 

In the field of water quality Landsat has been used in a number of 
different applications (Rodda, 1976; Munday al. 1980; Hi11 and 
Graham, 1980; Moore, 1980; Muralikrishna and Rao, 1982; 
Thlruvengadachari g& al. 1983). A sumnary of some of the major 
applications are presented in Table 1.1. 

* pm = micrometer. ** The cost of the computer compatible tapes (CCT) used in 
the study was ca., R365,OO. 
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TABLE 1.1: APPLICATIONS OF LANDSAT-DERIVED INFORMATION 
IN THE FIELD OF WATER QUALITY 

1. The measuring of and delineation in impoundments of: 
l l Particulate contaminants 
1.2 Chlorophyll concentration levels 
1.3 Turbidity concentration levels/suspended solids 
1.4 Circulation features 

2. Assessing discharge plumes and adequacy of sampling point 
siting 

3. Constructing and calibrating water quality models 
4. Seasonal monitoring of impoundments 
5. Regulatory permit monitoring 

SPECIFIC WATER QUALITY CONDITIONS: CHLOROPHYLL a AND TURBIDITY 

The two water quality conditions chosen for examination using Landsat 
data were chlorophyll g (algal pigment) and turbidity (suspended 
solids). 

1.4.1 Chlorophyll a 

Chlorophyll g is generally considered to be the most reliable measure 
of an impoundment's response to eutrophication (Lambou a, 1982; 
Sartory, 1982). Chlorophyll is the primary green photosynthetic 
pigment present in algae and in all oxygen-evolving photosynthetic 
organisms (Wetzel, 1983). It is the algal plant pigment, chlorophyll 
a that the satellite detects and not algal biomass per se. The - 
presence of chlorophyll elicits the red pseudo colouring seen on 
satellite images. 

For the purposes of this report the occurrence of chlorophyll g is 
considered to be synonymous wlth the presence of algae. 

Algae are microscopic aquatic organisms that grow extremely fast in 
the presence of plant nutrients such as phosphorus and nitrogen. 
Excessive algal growth is considered to be a major water quality 
problem (Toerien. 1975, 1977). The clogglng of filters, flow meters, 
valves and irrigation canals may occur. Tastes and odours can be 
unpleasant and foul smelling scums on water surfaces are not 
conducive to recreational activities. Certain algae, under specific 
conditions, release toxins that can poison livestock (Powling, 
1977). 'For water management purposes, it is of value to have some 
means of predicting the degree of nuisance conditions that might be 
expected" (Walmsley. 1984). 

It is therefore important to try and quantify chlorophyll g 
concentrations in an impoundment. Previously, estimations of 
chlorophyll g concentrations have been carried out using point source 
measurements and it has been recognised that satellite derived data, 
wlth synoptic and quantifiable advantages, can be of aid in 
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determining the  d i s t r i b u t i o n  o f  ch lo rophy l l  g concentrat ions w i t h  
g reater  e f f i c i e n c y  (Bukata and Bruton, 1974; Sydor a l .  1978; Welby 
e t  a l .  1980; Canfield, 1983). - - 

1.4.2 T u r b i d i t y  

T u r b i d i t y  i s  determined by the  concentrat ion, s ize,  shape and 
r e f r a c t i v e  index o f  suspended p a r t i c l e s  ( I nc lud ing  c h l o r o p h y l l  g) .. which increase the  amount o f  energy backscattered i n  water bodies 
(Moore. 1980). The presence o f  suspensoids i s  determined by the  
t u r b i d l t y  o f  the  water which i s  recognised as b lu ish-wh i te  on 
s a t e l l i t e  images. T u r b i d i t y  may be associated w i t h  a number o f  
e f f e c t s .  For instance, decreased l i g h t  penet ra t ion  can occur, 
t he re fo re  decreasing l i g h t  i n  the  phot lc  zone which may i n h i b i t  
rooted p l a n t  growth and a l g a l  p r o d u c t i v i t y .  On the o ther  hand 
n u t r i e n t s  a r e  associated w i t h  suspended sediments which, depending on 
the  a v a i l a b i l i t y ,  serve as a food source and a st imulus f o r  a l g a l  
p r o d u c t i v i t y .  

Sediment laden waters a l s o  a f f e c t  the t r e a t a b i l i t y  of water, 
sometimes b lock ing  f i l t e r s ,  p i p e l i n e s  and tunnels, w h i l e  attempts t o  
f l o c c u l a t e  c e r t a i n  types o f  sediment can be expensive and d i f f i c u l t .  

I nves t i ga t i ons  i n t o  sediment t ranspor t  a re  important  i n  understanding 
the  hydro-dynamics o f  a water body and f o r  the purposes o f  mode l l ing  
the  system. 

S a t e l l i t e  imagery's synopt ic  and q u a n t i f i a b l e  data could be 
advantageous i n  assessing the  t u r b i d l t y  i n  an impoundment. 

1.5 OBJECTIVE OF THE PROJECT 

The major ob jec t i ve  o f  the  p r o j e c t  was t o  determine the  p o t e n t i a l  and 
l i m i t a t i o n s  f o r  q u a n t i t a t i v e  measurement o f  the d i s t r i b u t i o n  o f  
t u r b i d l t y  (suspensoids) and ch lo rophy l l  3 (algae) i n  a spec i f l c  water 
body us ing  Landsat data. 

This meant t h a t  the r e l a t i o n s h i p  between the two water q u a l i t y  
cond i t ions  and the s a t e l l i t e s  re f l ec tance  data had t o  be 
establ ished.  The aim being t o  assess the  p o s s i b i l i t y  of ob ta in ing  
reasonable estimates o f  ch lo rophy l l  g and t u r b i d i t y ,  using s a t e l l i t e  
der ived data. The remote sensing technique prov ides a p o t e n t i a l  
method o f  ob ta in ing  synopt ic  data on ch lo rophy l l  and t u r b i d l t y  i n  
impoundments no t  r e a d i l y  obta inable by .o the r  methods. 

1.6 OVERVIEW OF THE REPORT 

An eva lua t ion  o f  in fo rmat ion  and l i t e r a t u r e  re levan t  t o  the t o p l c  i s  
presented i n  Chapter 2. Chapter 3 presents the methods o f  ana lys is  
used t o  ob ta in  accurate sur face reference and s a t e l l i t e  re f l ec tance  
data and the s t a t i s t i c a l  techniques used t o  analyse the data sets. 
The r e s u l t s  o f  i n i t i a l  s t a t i s t i c a l  analyses u t i l i z i n g  the Stepwise 
D iscr iminant  Analysis and Canonical Co r re la t i on  Analysis a re  
presented, and an i n t e r p r e t i o n  o f  r e s u l t s  i s  attempted i n  Chapter 4 .  
The problem of us ing s t a t i s t i c a l  in fo rmat ion  der ived from the  
Canonlcal Co r re la t i on  Analysis and Linear Regression ana lys is  f o r  
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s imu la t i ve  purposes i s  looked a t  i n  Chapter 5 and the  accuracy o f  t h e  
r e s u l t s  obtained from the  s imu la t i ve  equations are  examined. A 
model, deslgned t o  est imate t h e  d l s t r i b u t l o n  of water q u a l i t y  
cond i t ions  i n  an impoundment us lng s a t e l l i t e  re f l ec tance  data, and 
the  synopt lc  view o f  cond i t ions  which i s  then a v a i l a b l e  i s  presented 
i n  Chapter b. Chapter 7 examines quest ions concernlng t h e  number o f  
sampling s i t e s  requi red t o  be sampled I n  order t o  ob ta in  reasonable 
resu l t s ,  and the  possibility o f  ex t rapo la t i ng  In fo rmat ion  from one 
day t o  another. Chapter 8 concludes t h e  repor t ,  emphasising the  most 
Important aspects revealed i n  the  study. 

. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

'Monitor ing i s  a t  the hear t  o f  the  n a t i o n ' s  water q u a l i t y  management 
e f f o r t ;  w i thou t  i t ,  enforcement and c lean up programs can be o f  only  
l i m i t e d  e f fec t iveness"  (Sayers. 1971). 

I n v e s t i g a t i o n  i n t o  the  s p a t i a l  and temporal nature o f  s a t e l l l t e  data 
has shown t h a t  s a t e l l l t e  imagery i s  a  va luable moni tor ing t o o l  f o r  
assessing and eva lua t ing  water resources (McGinnls a l .  1980). 
Table 2.1 presents a few o f  t h e  f i e l d s  o f  study i n  which s a t e l l l t e  
imagery has been app l ied .  The potential app l i ca t i ons  would be 
g r e a t l y  increased i f  the  data detected by t h e  s a t e l l i t e  cou ld  be 
accura te ly  quan t i f i ed .  The methodologies f o r  q u a n t i f i c a t i o n  need t o  
be based on sound reasoning. w i t h  an acknowledgement o f  the p r a c t i c a l  
r e a l  l i f e  problems involved, a recogn i t i on  o f  the  l i m i t a t i o n s  o f  
s t a t i s t i c s  w h i l e  adhering as much as poss lb le  t o  s t a t i s t i c a l  
assumptions, and at tempt ing t o  ob ta in  r e l i a b l e ,  reproducible. 
p r e d i c t i v e  c r i t e r i a  t h a t  can s a t i s f y  the  c r i t i c a l  eyes o f  the  
scientific and l e g a l  comnunitles ( L a t i n  et al, 1976; L ins,  1979). 

This  rev lew presents some o f  the  f a c t o r s  t h a t  remote sensing 
researchers, working i n  the  f i e l d  o f  water q u a l i t y ,  have recognised 
as r e q u i r i n g  a t t e n t i o n  i f  the  q u a n t i f i c a t i o n  o f  water q u a l i t y  
cond i t ions  us ing s a t e l l i t e  imagery i s  t o  be success fu l l y  achieved. 

2.2 SURFACE REFERENCE DATA CONSIDERATIONS 

Landsat's a b i l i t y  t o  de tec t  water q u a l i t y  cond i t ions  i n  an 
impoundment can only  be accura te ly  assessed when used i n  conf inct ion 
and c a l i b r a t e d  w i t h  water q u a l i t y  data obtained simultaneously w i t h  
the  s a t e l l i t e ' s  overpass (Anderson, 1979; Schaeffer d, 1979; 
LeCroy, 1982; Whi t lock al. 1982; Khorram and Cheshire, 1983; 
Thiruvengadachari a. 1983). Without accurate sur face reference 
data, the  r e l a t i o n s h i p  between water q u a l i t y  cond i t ions  and s a t e l l l t e  
re f l ec tance  data cannot be adequately c a l i b r a t e d  and any inaccuracies 
i n  the  data c o l l e c t i o n  o r  ana lys is  w i l l  r e s u l t  i n  erroneous 
conclusions. 

2.2.1 Concurrent C o l l e c t i o n  o f  Surface and S a t e l l i t e  Data 

The collection o f  water q u a l i t y  data c a r r i e d  out  slmultaneously w i t h  
the  s a t e l l i t e  o v e r f l i g h t  i s  essen t i a l  t o  avoid d i s t o r t i o n s  due t o  
s i g n i f i c a n t  atmospheric, hydrau l ic  and s o l a r  in f luences (LeCroy. 
1982; Whit lock a l .  1982). Some researchers have found t h i s  
requirement t o  be p h y s i c a l l y  and economically unachlevable and ye t  
procedures t o  co r rec t  f o r  the t ime lapse between o v e r f l i g h t s  and 
sampling have n o t  been discussed i n  the  a v a i l a b l e  l i t e r a t u r e  (Kuo and 
B l a l r .  1976). As shor t  a t ime lapse as poss ib le  between the overpass 
and data sampling has been recomnended by many i nves t i ga to rs .  
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TABLE 2.1: YATER RESOURCES INVESTIGATIONS CARRIED OUT USING SATELLITE 
DERIVED DATA 

INVESTIGATIONS INTO WTER BODY DYNAMICS 
Reservolr  nmnl tor lng  
Seasonal changes 
C l r c u l a t l o n  pat terns  
Establish cu r ren t  cond l t lons  o f  lake 
Wonltor nature. ex tent  and source o f  poss lb le  changes 
Set UP. calibrate and u e r l f y  r e a l  t ime estuarine 

water q u a l l t y  models 
Mlx lng between f resh  and sea water 

HAVE BEEN RESEARCHED BY: 
GuPta and Dodechtel. (1982) 
Burgy. (1913) 
Shlh and Gervln. (1980) 
Bukata et al. (1915(b), 1978) 
H111 and Graham. (1980) 
Rango et al. (1983). 

INVESTIGATIONS INTO ENVIRONMENTAL PROBLEMS 
S l l t a t l on l sed lmen ta t l on  
O l s t r l b u t l o n  and t ranspor t  of sedlment 
Troohlc s ta tus /eut rooh lca t lon  
Blomass energy bd lan ie  - 
Re l l ab le  a larm f a c l l l t y  
Contamlnants due t o  eroslon, run-o f f  and 

l n d u s t r l a l  discharge 

HAVE BEEN RESEARCIIED BY: 
Boland. (1916) 
Wural lkr lshna and Rao. (1982) 
rcoore. (1980) 
Thlruvengadacharl al. (1980) 
Wunday et aJ. (1979) 
Gupta and Bodechtel. (1982) 
Uelby et d. (1980) 
Herschy. (1980) 
sydor et d. (1918) 
Y l t z l g  and Hhltehurst .  (1981) 
Verdln. (1985). 

IYVESIIGAIIONS INTO RESOURCE MANAGEMENT 
I o u r l s m l r e c r r a t l o n  
Comerc la l  
Agriculture 
l r r l g d t l o n  
Hater q u a l l t y  
Slnultaneous v l e u  o f  o the r  water bodles 
Conprehenslve data base 
Plannlng and eva lua t l ng  the r e s u l t s  

of water management a c t l v l t l e s  
Urban water resources plannlng. 

HAVE BEEN RESEARCHED BY: 
Scarpace g al. (1919) 
Khorram. (1981) 
Thlruvengadacharl al. (1980) 
Carpenter. (1982) 
Jackson and Ragan. (1977). 

OTHER INVESTIGATIONS 
Cheaper a l t e r n a t l v e s  f o r  l lmno log l ca l  surveys 
Flood c o n t r o l  
Ground water recharge 
Dralnage networks 
Es tab l l sh lng  and enforcement o f  r egu la t l ons  
Underrtandlng the system 
Envlronmental lmpact o f  land use p rac t i ces  

u l t h l n  surroundlng environment 
Relaylnq hydrological data. 

HAVE BEEN RESEARCHED BY: 
L l n d e l l .  (1901) 
Thlruvengadacharl et a l .  (1983) 
Jarman. (1913) 
Khorram. (1981) 
Paulson. (1974) 
Morgan et al. (1981). 
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2.2.2 Sampllnq Depth 

The problem of depth I s  consldered t o  be very Important where bottom 
depth I n  shal low waters can In f l uence  re la t l onsh lps  and re f l ec tance  
values (McCluney. 1974; Whl t lock et al. 1978; Khorram, 1981; 
L l l l e s a n d  g$ a l .  1983). A l t e r n a t i v e l y  sampling t o  secchi d l sc  depth 
(m) has been considered appropr la te  (Thlruvengadacharl et al. 1983). 
Secchi d i s c  measurements g i v e  an l n d i c a t l o n  o f  water c l a r l t y  bu t  a r e  
c r i t i c i s e d  because o f  t h e i r  c r u d i t y  and the  f a c t  the  measurement I s  
dependent on c loud cover and an f n d t v l d u a l ' s  a c u l t y  o f  v1s)on 
(Scarpace g a l .  1979; L l l l e s a n d  & a l ,  1983). 

2.2.3 I d e n t l f i c a t l o n  o f  Sampling S l t e s  

The i d e n t l f l c a t l o n  o f  sampling s i t e s  I s  a problem faced by many 
researchers, particularly when r e p e t i t i v e  coverage from t h e  same 
sampllng p o l n t  I s  requl red.  Vandalism o f t e n  prevents the  use o f  
marker buoys and determln lng sampllng p o s l t l o n s  from landmarks can be 
d i f f i c u l t ,  espec ia l l y  when sampling i s  c a r r i e d  ou t  on l a rge  water 
bodles. The Importance though, o f  accura te ly  l o c a t i n g  sampllng s l t e s  
i n  order  t o  r e l a t e  t o  s p e c i f i c  s a t e l l i t e  p l x e l s ,  cannot be 
over-emphasized and I s  discussed i n  Sect ion 2.4.4. 

2.2.4 Sampling Deslqn 

Daniel  and Wood (1971); H a r r i s  gJ (1976); Boland et a (1979); 
Carpenter (1982); Mace (1983) and Van B e l l e  and Hughes (1983) a l l  
p o i n t  ou t  t h a t  the  design o f  the  sampllng program I s  c r u c l a l .  A 
major source o f  e r r o r  can be Introduced I n t o  data i f  the  sur face 
reference data obtained i s  n o t  representa t lve  o f  the  whole range o f  
water q u a l l t y  cond l t lons  present I n  the  Impoundment a t  t h a t  t h e .  
P r i o r  knowledge o f  the  ld iosyncras les  o f  the  impoundment i s  h i g h l y  
advantageous. Mace (1983), suggested t h a t  sampllng po fn ts  should be 
located " t o  mlnlmlse t h e  number o f  po ln t s  necessary t o  charac ter ise  
lake  water q u a l i t y  and t o  ensure t h a t  t h e l r  d i s t r l b u t l o n  matches bo th  
the  v a r i a b i l i t y  inherent  I n  t h e  water and t h e  r e s o l u t l o n  o f  the  
remote sensing system". Thornton et (1982). p o l n t  ou t  t h a t  the  
"sample design should a l l o w  t h e  cha rac te r l za t l on  o f  t h e  system as 
w e l l  as permi t  comparative eva lua t ion  through t h e  and/or across 
systems". Whl t lock et &l (1982). a re  even more s p e c l f l ~  by 
es tab l i sh ing  t h a t  sampllng po ln t s  should be located I n  such a way 
t h a t  Daniel  and Woods' (1971) c r l t e r l o n  I s  s a t i s f i e d  f o r  a l l  bands I n  
the  regresslon equat ion. D e t a i l s  on t h i s  issue are discussed i n  
Sect lon 2.5.2. 

2.2.5 Preservat ion. Storaqe and Analysis o f  Surface Reference Data 

Thlruvengadachari gJ (1983) p o l n t  out  t h a t  a fundamental step I n  
the c o l l e c t l o n  o f  water q u a l l t y  samples I s  the  preservat lon,  storage 
and ana lys is  o f  the data. Analyses should be cons is ten t  and accurate 
and should be performed as soon as poss lb le  a f t e r  data c o l l e c t i o n  ( 
Whl t lock a l .  1978). T u r b l d l t y  and ch lo rophy l l  g samples, i n  
p a r t i c u l a r ,  change I r r e v e r s i b l y  due t o  Inadequate preserva t lon  and 
storage (Sar tory,  1982). 
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2.3 WATER QUALITY PARAMETERS 

I n  an attempt t o  determlne the  range o f  va r i ab les  t h a t  can be 
detected by remote senslng s a t e l l i t e s ,  a  number o f  water q u a l l t y  
parameters have been Inves t i ga ted  f o r  poss ib le  correlation w l t h  
re f l ec tance  data. Ch lorophy l l  g and t u r b l d l t y  a re  two water q u a l i t y  
cond l t lons  t h a t  can be d l r e c t l y  sensed by Landsat (Har r i s  g a l ,  
1976; Carpenter, 1982; U l b r l c h t ,  1983), r e f e r  t o  Sect lon 1.4. 
Parameters whlch d l r e c t l y  a f f e c t  re f l ec tance  values i n  one or  a l l  o f  
the  fou r  wavebands can be d l r e c t l y  measured when calibrated w i t h  
sur face reference data. For the  purpose o f  t h l s  r e p o r t  these 
parameters w l l l  be c a l l e d  ' d i r e c t '  parameters. The parameters whlch 
do n o t  themselves a f f e c t  re f l ec tance  values, bu t  lnstead do so v i a  
one o f  the  d l r e c t  parameters w l l l  be c a l l e d  ' I n d l r e c t '  parameters 
( Iwanskl et a l .  1980). Table 2.2 presents a  l i s t  o f  parameters t h a t  
have been lnves t lga ted .  

2.3.1 Water Qua l i t y  Conditions as Sensed v i a  I n d l r e c t  Parameters 

O f  a l l  o f  the parameters Inves t iga ted  most do not  r e f l e c t  l i g h t  I n  
t h e  range measured by the s a t e l l l t e .  I n d l r e c t  re la t l onsh lps  between 
some o f  the  var iables,  e.g. the  presence o f  ch lo rophy l l  a ( d l r e c t  
parameter) and the  presence o f  phosphorus and n i t r o g e n  ( I n d l r e c t  
parameters) can I n d i c a t e  c o r r e l a t l o n s  w l t h  the  re f l ec tance  bands, bu t  
c o r r e l a t l o n s  can a l s o  be spurious. For Instance, Khorram and 
Cheshlre (1983), i n  t h e l r  work on the  Neuse River  Estuary I n  North 
Carol lna. U.S.A. I n d i c a t e  t h a t  re f l ec tance  data was s i g n i f i c a n t l y  
co r re la ted  w l t h  s a l i n i t y .  I t  I s  u n l i k e l y ,  however, t h a t  s a l l n l t y  can 
be detected by the  s a t e l l l t e ,  Instead I t  may be a  v a r l a t l o n  o f  
ch lo rophy l l  g assoclated w i t h  v a r i a t i o n s  I n  s a l i n i t y  t h a t  the  
s a t e l l l t e  I s  measuring. I n  add l t l on ,  an i n d i r e c t  re la t i onsh ip .  such 
as t h l s  can r e a l l y  only  be app l ied  I n  a  steady s t a t e  condition where 
the s l t u a t l o n  I s  loca l ised.  

Grimshaw g al (1980). r e p o r t  t h a t  va r l ab les  such as l o g  t o t a l  
orthosphosphate and l o g  t o t a l  alkalinity d l d  n o t  c o n t r i b u t e  t o  t h e  
m u l t l p l e  regression i n  a  h l g h l y  s i g n i f i c a n t  manner. S l m l l a r l y  
Shlmoda et a1 (1984), found t h a t  there  was no c o r r e l a t i o n  between the  
I n d l r e c t  var lab les  o f  oxygen saturat ion,  a c i d  so lub le  calc lum 
concentrat lons and ac ld  so lub le  magnesium concentrat lons and 
s a t e l l i t e  re f l ec tance  data. 

The presence o f  ch lo rophy l l  g and t u r b i d i t y  I n  Impoundments has long 
been recognised on s a t e l l l t e  imagery and attempts have been made t o  
q u a n t i f y  these cond l t ions  (Yarger al. 1973; Bukata and Bruton, 
1974; K r i t l k o s  al. 1974; Bukata et al. 1975(a); Rogers &l, 
1975; H a r r l s  al. 1976; McHenry al, 1976; R l t c h i e  g& al, 1976; 
S t o r t z  et a l .  1976; Chagarlamudi & a l ,  1979; Munday et al. 1979; 
Moore. 1980; Welby et a l .  1980; L l n d e l l ,  1981; Carpenter, 1982; 
U l b r l c h t ,  1983; H l l t o n ,  1984). The r e s u l t s  o f  Scarpace g& al. 1979; 
Schaeffer al. 1979; Sheng and L lck ,  1979; HI11 and Graham, 1980; 
Iwanskl al. 1980; have a l l  shown t h a t  Landsat does Indeed measure 
ch lo rophy l l  g and t u r b l d l t y .  
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TABLE 2.2: EXAMPLES OF WATER QUALITY PARAMETERS SO FAR 
INVESTIGATED 

(a) Parameters w i t h  d i r e c t  c o r r e l a t i o n  w i t h  re f l ec tance  
i n t e n s i t y .  

Ch lo rophy l l  &/algae 
Suspended sediments 
Temperature (sensor dependent) 
Secchl d i sc  depth 
L i g h t  t ransmiss ion 
Colour 
Sediment t r anspo r t  and c i r c u l a t i o n  pa t te rns  
P a r t i c u l a t e  organic carbon 
Phaeoplgments 
Ch lorophy l l  c and b 
I r o n  
Tannin and l i g n l n  

(b )  Parameters w i t h  i n d l r e c t  c o r r e l a t i o n  w i t h  re f l ec tance  
i n t e n s l t y  

Conduct iv i t y  
S a l i n i t y  
Dissolved oxygen 
A l k a l i n i t y  
Calcium 
N i t r i t e  
N i t r a t e  
Magnesl urn 
To ta l  organlc  carbon 
Dissolved organic carbon 
To ta l  phosphorus 
To ta l  n i t r o g e n  
Ammon i a 
K je ldah l  n i t r o g e n  
Dissolved and t o t a l  orthophosphate 
Wind speed 
F i l t e r e d  and u n f i l t e r e d  water 
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Bukata G (1974). determlned t h a t  band 4  c l e a r l y  de l inea ted  the  
bottom contours o f  t he  impoundment, i f  sur face t u r b i d i t y  was 
r e l a t i v e l y  low and the  maximum o p t i c a l  pene t ra t i on  was over 14 
metres. Band 5  was found t o  have a  l i n e a r  c o r r e l a t i o n  w l t h  t u r b i d i t y  
w h l l e  bands 6 and 7 measured sur face  c h l o r o p h y l l  p f o r  concentrat ions 
o f  4  mg/m3 o r  more. Mura l i sk r lshna and Rao (1982). i n d i c a t e d  t h a t  
bands 6  and 7  correspond t o  sur face fea tures  whereas bands 4  and 5  
o f f e r  i n fo rma t i on  on subsurface features.  Fur ther  research has 
conf irmed these c la ims ( H a r r l s  al, 1976; B a r t o l u c c i  al, 1977; 
Scarpace al. 1979; LeCroy, 1982). 

L l n d e l l  (1981). analysed the re f l ec tance  s lgna l s  w i t h  respect  t o  
d i f f e r e n t  a l g a l  species dominating d i f f e r e n t  p a r t s  o f  a  l a k e  and 
i n d i c a t e d  t h a t  t he  d i f f e r e n t  types o f  algae may emi t  d l f f e r e n t  
re f lec tances .  H i l t o n  (1984). r epo r t s  t h a t  l i m l t e d  work has been done 
on ob ta in ing  equ iva len t  m u l t i s p e c t r a l  scanner spec t ra l  i n t e n s l t i e s  o f  
t h e  major a l g a l  groups and the  research t h a t  has been c a r r i e d  ou t  i s  
u s u a l l y  under labora tory  conditions o r  f rom a i r c r a f t  remote senslng 
(Lekan and Coney. 1982). H i l t o n  (1984) suggests t h a t  " t he  use of 
sensors w i t h  more channels could a l l o w  s p e c t r a l  s ignatures of 
d i f f e r e n t  groups o f  algae t o  be typed and mapped. I t  i s  u n l i k e l y  
t h a t  remote senslng w l l l  ever ge t  down t o  genus l e v e l  l e t  a lone 
species l e v e l  bu t  i t  could be use fu l  i n  improving sampling s t ra tegy " .  

Yentsch and Phinney (1982) and Carpenter (1982). make the  p o l n t  t h a t  
t he  measurement o f  c h l o r o p h y l l  g i s  a  combinat ion o f  degradat ion 
products,  phaeopigments, d e t r i t a l  m a t e r i a l  and d lsso lved  f l uo rescen t  
ma te r i a l ,  and t h a t  t he  v a r i a b i l i t y  i n  accessory p igmentat ion can be a  
major source o f  e r r o r  i n  any ana lys is .  The v a r i a t i o n s  i n  c h l o r o p h y l l  
t h a t  occur from lake  t o  l ake  and w i t h i n  lakes may prov ide  a  key t o  
t he  assessment o f  satellite data  (Carpenter, 1982). On t h i s  i ssue  
l i t t l e  research has been c a r r i e d  ou t  ( W l t z i g  and Whltehurst,  1981; 
Carpenter, 1982; H i l t o n ,  1984). 

2.3.4 V e r t l c a l  M ig ra t i on  o f  Alqae 

Algae migra te  v e r t l c a l l y  i n  t he  water column i n  a  l i g h t  o r i e n t a t e d  
response (Wetzel. 1983). Th is  v e r t l c a l  m i g r a t i o n  con t r i bu tes  
s i g n i f i c a n t l y  t o  t he  changing cond i t ions  i n  t he  impoundment and can 
cause a  d l s t i n c t  e r r o r  i n  t h e  sur face reference data c o l l e c t e d  hours 
o r  days a f t e r  the s a t e l l i t e  overpass (Klemas, 1976). H a r r i s  
(1976), r e p o r t  t h a t  " i t  I s  poss ib le  t h a t  sur face values o f  
ch lo rophy l l  may be nowhere s i m i l a r  t o  the samples taken due t o  t he  
m l c r o s t r a t l f l c a t l o n  o f  phytoplankton".  U l b r i c h t  (1983), expresses 
the  view t h a t  a l g a e  can on l y  be detected by s a t e l l i t e s  due t o  t h e i r  
presence near o r  on the  sur face o f  t he  water by bands 6 and 7, and 
j u s t  under t he  sur face by bands 4  and 5. 

2.3.5 Hor izon ta l  Movement o f  Aluae 

Main ly  as a  r e s u l t  o f  wlnd and water movement, h o r i z o n t a l  v a r i a t i o n s  
i n  algae are f a l r l y  s i g n i f i c a n t ,  p a r t i c u l a r l y  i n  c lose  p r o x i m i t y  t o  
t he  l l t t o r l a l  zone (Wetzel, 1983). Wind has a  g rea t  impact on a l g a l  
movement and on the  resuspenslon of algae. For example, diatoms a r e  
particularly heavy and the re fo re  u s u a l l y  on l y  mix and move i n  
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response to wind or current actlon (Hrs. S. Young* - pers. comm.). 
Inaccuracies therefore In the detectlon and quantlflcatlon of 
chlorophyll 6 could result from horlzontal variations. 

2.3.6 Actlvlty Staqes of Algae 

Algae cells increase, slnk, rest, metabolize and decay and dependlng 
on the proportlon of cells In the various physlo- loglcal stages, the 
rate of growth and slze of the population will dlffer (Wetzel, 
1983). Scarpace et (1979). report that a eutrophlc lake could be 
classified as belng ollgotrophlc If It were sampled the day after a 
large algal bloom had died off. Phaeoplgments are the products of 
chlorophyll breakdown. in other words, of decaying algae. The 
relatlve proporttons of phaeoplgment to the total chlorophyll g 
pigment Is an lndlcatlon of the health of the algae in an 
Impoundment. The detectlon of phaeoplgments uslng satellite data Is 
something that has not been pursued In any great detall but it Is 
possible that dlfferences In reflectance between healthy and decaylng 
algae may exist. This matter Is briefly examined In Section 4.3. 

2.3.7 The Relatlonshlp between Algae and Turbldlty 

The remote sensing researcher should be aware of the fact that 
sunlight, as well as nutrients such as nltrogen and phosphorus. Is 
requlred for algae to grow. The presence therefore of suspended 
sedlments can have two confllctlng effects on algal growth. Flrstly, 
the prevention of llght penetration by sedlments In suspension 
lnhlblts algal productlvlty. Secondly, "phosphate adsorbed onto 
sediments can make up a large proportlon of the total phosphate 
available for algal growth in an Impoundment" (Grobler and Davles. 
1981). Harrls (1976). report that the presence of suspended 
solids undoubtedly Interferes wlth the reflectance values of low 
chlorophyll levels and may overwhelm small to moderate values of 
surface chlorophyll. These researchers Indicate that if there Is low 
radianceo, surface algae wlll show up in.bands 4 and 5 whereas If 
there Is high radlance It wlll show up In bands 6 and 7. 

* Hrs S. Young - Hydrologjcal Research Institute, Department of 
Water Affairs. 

O The terms radlance and reflectance are used Interchangeably In 
the llterature'although radlance does Imply a change In 
wavelength reflectance. 
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I n  a d d i t i o n  t u r b l d i t y  i s  a measure o f  l i g h t  penet ra t ion  
and absorbance and the re fo re  inorgan ic  as w e l l  as organic suspended 
s o l i d s  w i l l  be Inc luded i n  the  t u r b i d i t y  measured by nephelometry. A 
problem can a r i s e  the re fo re  i n  s i t u a t i o n s  when there  i s  a low 
t u r b i d i t y  and h igh  c h l o r o p h y l l  a (Holmquist, 1977; H i l t o n ,  1984; 
Verdin. 1985). 

I t  becomes apparent t h a t  the  relationship between t u r b i d i t y  and algae 
i s  complex and h l g h l y  i n t e r r e l a t e d .  Thls  problem has been recognised 
by s c i e n t i s t s  and the  consequences o f  t h i s  in te r re la tedness  w l l l  be 
discussed i n  Sectton 2.4.7. 

2.4 SATELLITE REFLECTANCE DATA CONSIDERATIONS 

Landsat's sensors ( r e f e r  t o  Sect ion 1.3) were s p e c i f i c a l l y  designed 
and opt imised f o r  observat ions of land cover and t e r r e s t r i a l  
resources ra the r  than f o r  water resources. Therefore the  data 
received from the s a t e l l l t e  have n o t  been considered t o  be w e l l  
su i t ed  t o  aquat ic  app l l ca t l ons  (Carpenter, 1982; H i l t o n .  1984). 
Nevertheless, the p o t e n t i a l  o f f e r e d  by such a data source could no t  
be overlooked and, desp i te  the  d i f f l c u l t l e s ,  a g reat  deal o f  research 
has been undertaken i n  the  water resources f i e l d  (Ackermann, 1974; 
Sk lb i tzke .  1976). 

The major f a c t o r s  t o  be consldered when using s a t e l l i t e  re f l ec tance  
data i n  the  f i e l d  o f  water q u a l i t y  determinat ion are  discussed below. 

2.4.1 Correct ions 

I n  the  process o f  captur ing  and t r a n s m i t t i n g  data from and t o  ear th,  
Landsat MSS data can be d i s to r ted ,  main ly  due t o  s a t e l l i t e  o r  
t e r r e s t r i a l  e f f e c t s  o r  l i m i t a t i o n s  i n  the sensor systems. 
"Radlometr lca l ly ,  t h e  d i g l t a l  numbers do no t  always accurate ly  r e l a t e  
t o  scene energy leve ls ;  geometr ica l ly ,  image pos i t i ons  o f  features do 
n o t  accura te ly  r e l a t e  t o  map pos i t i ons "  ( L i l l e s a n d  and K l e f e r ,  1979). 

2.4.2 Geometric Correct ions 

I n  order t o  ob ta in  q u a n t i t a t i v e  r e s u l t s  and t o  enable p rec l se  
r e g i s t r a t i o n  of an image w i t h  reference po in ts ,  the  c o r r e c t i o n  o f  
major d i s t o r t i o n s  inherent  i n  Landsat HSS data a r e  consldered t o  be 
necessary by most researchers (Schaeffer al, 1979). 

The d i s t o r t i o n s  are  main ly  a r e s u l t  o f ,  f i r s t l y ,  the  s a t e l l i t e s  
v a r i a t i o n  i n  a l t i t u d e ,  a t t i t u d e  and v e l o c i t y .  Secondly, o f  the  
sensors detectors,  o p t i c s  and scan mechanism and l a s t l y ,  v a r i a t i o n s  
i n  t e r r a i n ,  perspect ive and map p r o j e c t i o n  (Palmer, 1981). Standard 
geometric transformattons are  usua l l y  app l ied  t o  co r rec t  the  data. 

2.4.3 Radiometric Correct ions 

The radiance values obtained from MSS data are  no t  always equ iva len t  
t o  ground re f l ec tance  values due t o  atmospheric a t tenuat ion ,  haze and 
the  angle o f  the  sun. These t h r e e  f a c t o r s  a re  a major source o f  
e r r o r  and many a lgor i thms have been suggested i n  order t o  co r rec t  
images (Bukata al. 1974; Holmquist, 9 7 ;  Welby a, 1980; 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



Aranuvachapun and Le Blond, 1981; MacFarlane and Robinson, 1984). 
Atmospheric e f f e c t s  and haze have been estimated by researchers us ing 
r a d i a t i o n  values obtained from a i r p o r t s  and c l e a r  lakes i n  an attempt 
t o  standardise re f lec tances  (Holmquist, 1977; Scarpace al. 1979; 
L i l l e s a n d  al. 1983; Verdln, 1985). Problems occur though, where 
features o f  t h i s  nature, a re  no t  present o r  a re  too  small t o  
recognise. 

The p o s i t i o n  o f  the  sun a t  the  t ime o f  image capture has a  s t rong 
i n f l uence  on re f l ec tance  values ( R i t c h i e  et al. 1976). Carpenter 
(1982). proposes t h a t  the  sun's e leva t i on  i s  an important  p r e d i c t o r  
i n  models o f  t u r b i d i t y  and ch lo rophy l l  pigments. Oppositely Munday 
e t  (1979), repo r t  t h a t  the  so la r  angle has a  n e g l i g i b l e  e f f e c t  on - 
t h e i r  regression ana lys is  and instead use a  method o f  data reduct ion  
known as ch romat i c i t y  ana lys is ,  which permi ts  the  adjustment o f  
atmospheric v a r i a t i o n  between dates. The Munday e t  al no ise  
co r rec t i on  technique "suppresses no ise  when a l l  bands sui i fer radiance 
changes i n  the  same p ropo r t i on  wh i l e  l eav ing  spec t ra l  p rope r t i es  o f  
the  data unaf fected" .  These researchers c l a i m  t h a t  t h e i r  technique 
can be app l ied  t o  new data t h a t  l ack  sur face c a l i b r a t i o n  f o r  
s tandard iz ing  the  data. LeCroy (1982). recommends t h a t  " v a r i a t i o n s  
i n  so la r  zen i th  angle should be normalized o r  accounted f o r  i n  the  
data reduct ion  process as w e l l  as atmospheric e f f e c t s " .  

Verdln (1985) proposes t h a t  " F a i l u r e  t o  account f o r  atmospheric 
e f f e c t s  when working w i t h  m u l t i d a t e  imagery can p o t e n t i a l l y  lead t o  
erroneous assessments o f  r e s e r v o i r  t r o p h i c  s ta te " .  

Sometimes a  mal func t ion ing  de tec tor  may cause image l i n e s  t o  be 
de fec t i ve  thereby r e s u l t i n g  i n  a  s t r i p i n g  or  banding e f f e c t  on the  
image. S t r i p i n g  . in  the  re f l ec tance  data can have a  b i g  i n f l uence  on 
water q u a l i t y  mon i to r ing  due t o  the  low re f lec tances  o f  water 
(Shimoda a l .  1984). I n  order t o  e s t a b l i s h  a  greater  degree o f  
un i fo rm i t y ,  researchers have r e c a l i b r a t e d  the data t o  improve 
homogeneity as i n  the  case o f  Carpenter (1982). or have used 
s t a t i s t i c a l  techniques such as mean and standard dev ia t i on  matching, 
histogram equa l i za t i on  and random noise add i t i ons  as proposed by 
Shimoda et gJ (1984). 

2.4.4 Sampling S i te /P i xe l  Req is t ra t l on  

Substant ia l  e r r o r s  can be in t roduced i n t o  an ana lys is  o f  t h e  
r e l a t i o n s h i p  between water q u a l i t y  cond i t ions  and s a t e l l i t e  
re f l ec tance  data i f  sampling pos i t i ons  are inaccura te ly  located and 
reg i s te red  w i t h  the  s a t e l l i t e s  p i x e l s  values (Carpenter, 1982; 
L i l l e s a n d  aJ, 1983; Mace. 1983; Verdln, 1985). Attempts t o  
overcome t h f s  problem o f  m l s r e g i s t r a t i o n  have been tack led  i n  var ious 
ways. Uunday g (1979). and Grimshaw (1980), undertook 
surveys o f  a l l  t h e i r  sampling pos i t ions .  Khorram and Cheshire 
(1983). located s i t e s  on a  n a u t i c a l  cha r t .  Many other  researchers 
have used a  p i x e l  averaging system so t h a t  the  e f f e c t  o f  poss ib le  
inaccuracies o f  l o c a t i n g  a  sampling s i t e  would be minimised (Shlh and 
Gervln, 1980). P i x e l  averaging i s  a  widely  recognised technique used 
t o  smooth data. Averaging e f f e c t i v e l y  increases the  s i ze  o f  t h e  
r e s o l u t i o n  element ( thereby i n t roduc ing  new e r ro rs )  and supposedly 
removes random e r ro rs  and noise w i thout  substantially degrading the  
imagery (Whit lock g al. 1982; Mace, 1 9 8 3 ) .  Variations between 36 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



p l x e l  averages (8ukata et g, 1975(a)) and 3  X 3  p i x e l  wlndows have 
been used (LeCroy, 1982; L i l l e s a n d  g al,  1983; Shimoda g a l .  1984). 

I n  most cases research has shown t h a t  the  use o f  more than one p l x e l  
va lue i s  necessary and averaglng o f  the  values helps mlnlmlse the  
unce r ta in t y  and poss ib le  spurtous v a r t a t i o n s  due t o  t h e  Inexact  
l o c a t i o n  o f  s l t e s .  

2.4.5 Water/Land De l lneat lon  
. S  

Although water bodies are  usua l l y  e a s l l y  recognisable on a  Landsat 
lmage, d e l l n e a t l o n  o f  the  water/ land boundary i s  sometimes no t  
c l e a r .  Thls i n d l s t i n c t i o n  can be due t o  reed or  swamp beds growlng 
along t h e  edges of t h e  Impoundment, t h e  presence o f  algae o r  
t u r b l d l t y ,  o r  the  80 m r e s o l u t i o n  of t h e  s a t e l l i t e  which can p l c k  up 
mlxels.  Mlxels ,  i n  t h i s  instance, a re  a  mlx ture  o f  land and water 
p l x e l s .  

I n  order t o  de l l nea te  water surfaces, band 7, which shows up the  
greates t  d i f f e rence  between land and water, I s  o f t e n  used t o  d e l i m i t  
the  boundary. Schaeffer et al (1979), Thiruvengadachari e t  
(1980), L l n d e l l  (1981), H l l t o n  (1984). Khorram and Cheshire ( z 8 3 ) ,  
L l l l e s a n d  et (1983) and Mace (1983) a re  a  few o f  the  researchers 
who have used band 7  as a  means o f  separat ing water from land. 

Supervised c l a s s i f i c a t i o n  i s  a  technlque whereby a  researcher 
I d e n t l f l e s  sur face cover categories v i s i b l e  on the  lmage, e i t h e r  by 
the chromatic s lgnature  or  by sur face reference data, and uses a  
computer based r o u t l n e  t o  conver t  re f l ec tance  data I n t o  sets o f  
s p e c i f i c ,  d i s c r e t e  classes ( L l l l e s a n d  and K le fe r ,  1979). Supervised 
classification has a l s o  been used t o  determlne the  land/water 
boundary (8ukata et al, 1974; Mura l i sk r lshna and Rao, 1982; Graham 
and H i l l .  1983). 

2.4.6 Colour Codlng 

The I n t e r p r e t a t i o n  o f  r e l a t i v e  d i f f e rences  of water q u a l i t y  
cond i t ions  i n  an Impoundment can be improved by c e r t a i n  Image 
enhancement technlques. A technlque f requen t l y  used i s  co lour  coding 
which represents re f l ec tance  values as colours,  w i t h  a  colour  code 
represent ing a  concent ra t ion  scale. Therefore, d i f f e r e n t  co lours  
correspond t o  designated re f l ec tance  values and I n  t u r n  
i n t e r p r e t a t i o n s  can be made on the basls  o f  r e l a t i v e  amounts o f  each 
co lour  present ( Iwanskl al. 1980; Khorram, 1981; Shlmoda et al. 
1984). Experience 3s requ l red  t o  c l a s s l f y  sub t l e  d i f f e rences  i n  
co lour  (Holmqulst, 1977; L i n d e l l ,  1981). bu t  co lour  coding can o f t e n  
g i v e  an i m e d l a t e l y  d iscernable p i c t u r e  o f  d i f f e rences  I n  an 
impoundment. 

2.4.7 H u l t i c o l l l n e a r l t y  

A very Important f ea tu re  o f  Landsat's MSS, w l t h  respect  t o  examlning 
water q u a l i t y  condi t ions,  I s  the  m u l t i c o l l l n e a r l t y  o f  the  re f lec tance 
data  (Sh lh  and Gervln, 1980). Some researchers have establ ished t h a t  
Landsat r e f  lectances vary n o n l i n e a r l  y w i t h  suspended so l i ds  
concentrat ions (Hunday et a. 1979). and t h a t  the  cond l t lons  can be 
detected I n  a l l  4  wavebands (LeCroy, 1980). An Inspect ion  o f  co lour  
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coded Images lndlcates that water quallty condltlons are usually 
visible In at least three of the four bands dependlng on the 
concentrations. Bands 4, 5 and 6 are often correlated to turbldlty 
while band 7 usually correlates with hlgh concentrations of 
chlorophyll (Bukata & al. 1975(a); Harrls al. 1976; Holmqulst, 
1977; Boland C, 1979; Munday al. 1979; Muraliskrlshna and Rao. 
1982). 

It has been establlshed that Information from more than one band 
width Is required to predict water quallty condltlons wlth any 
reasonable degree of accuracy (Grlmshaw al, 1980). 

2.4.8 General 

Ftnally, on a general note, many researchers mentlon dlfflcultles 
assoclated wlth unpredictable circumstances such as satellite 
fatlure, uncoordlnated overfllght/sampllng operatlons and the 
Inability to read computer compatlble tapes. 

2.5 STATISTICAL CONSIDERATIONS 

2.5.1 Introduction 

The ultimate objectlve of researchers In the field of water quallty 
research uslng remote sensing, has been to determine the best 
technlques avallable for quantlfylng water quallty condltlons, wlth 
the ald of satelllte reflectance data. Statlstlcal analyses In the 
form of multi-variate statlstlcal technlques are necessary to deflne 
and calibrate data analysls algorithms (8oland et al. 1979; Scarpace 

al. 1979; Shlh and Gervln, 1980; Llndell, 1981; Whltlock a, 
1982; Khorram, 1981; Llllesand et al. 1983; Mace, 1983; Shlmoda 
al. 1984). - 
Certain statistical assumptions form the basls of the least squares 
procedure In multi-llnear regresslon analysls. Danlel and Wood 
(1971). dlscuss the necessary assumptions. Flrstly, the sultable 
form of the equatlon should be chosen, namely that the Independent 
varlables are in linear relatlonshlp wlth the reflectance bands 
(Grant. 1983). Secondly, the data should be representative of the 
whole range of combined environmental condltlons and varlables under 
lnvestlgatlon. Thirdly, the surface reference data should be 
uncorrelated and statl stlcal ly Independent. Fourthly, a1 l 
observations should have the same varlance. Fifthly, all the ;S 

condltlons should be deflned wlth as small an error as posslble, and 
lastly, If uncontrollable error occurs, then the dlstrlbutlon of such 
error should be a normal one (Uhftlock et a, 1982; Van Belle and 
Hughes. 1984). It becomes clear that there are some Important Issues 
assoclated wlth the statistical representation of the relationship 
between water quality varlables and satellite reflectance data. 

2.5.2 Representativeness 

The poor fit sometlmes achleved between water quallty varlables and 
reflectance data In regresslon equatlons has been of vltal concern to 
many researchers. Thls problem has been attributed to an Inadequate 
range of water quallty data used to obtaln the regresslon equations 
(Boland & al. 1979; Carpenter. 1982). A requirement of regresslon 
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analysls. If It is to provide useful simulatlve or predictive models, 
Is that the parameters should cover a representative range of values 
(Carpenter, 1982). Over a restricted range of values, a sta#.iLtlcal 
relationship can only be valid if condltlons are constant. The 
greater the range of data obtained covering the full complement of 
condltlons, the more successful the equation or model will be. In an 
effort to space data evenly along the full range of values, sampling 
sltes have been chosen specifically to include a representative range 
of problem areas (LeCroy, 1982). Lillesand et al (1983). have gone 
to the other extreme and avoid any apparent extraneous scene element 
such as algal bl'ooms that could cause anomalies In the relatlonshlp. 
Thls approach can be critlclsed in that deliberate exclusion of high 
concentratlons of algae wlll cause Inaccurate calibration of water 
quallty condltlons. In addltlon, a standard practice Is to transform 
to logarithm turbldlty and chlorophyll In an attempt to reduce the 
varlance caused by larger values. Log transformations have been used 
by numerous researchers (Munday g. 1979; Grlmshaw al. 1980; 
Aranuvachapun and Le Blond, 1981; Carpenter. 1982). 

It is, therefore, Imperative that information on the full range of 
values present In the water body at the tlme of sampling, be included 
jn the statlstlcal analysls in order to ensure statlstlcal 
representativeness of the relevant conditions (Boland al, 1979; 
LeCroy, 1982). 

In analysls, the data may form clusters and one cluster may often be 
equivalent to only one point In the determlnation of a regression 
slope (Daniel and Wood, 1971). A spurlously high value of r might 
result due merely to the heterogeneity of the data and the 
coefflclent of determination wlll mean nothing because the data are 
not uniformly dlstrlbuted (Kenney and Keeplng, 1954). Mace (1983). 
failed to produce significant results posslbly due to the fact that 
the sampling points were clustered in one area. 

Whltlock 9 al (1982). recommended a Rule of Thumb Crlterlon 
suggested by Danlel and Wood (1971), for use In regression analysis 
for remote senslng of sediments and pollutants. Daniel and Wood's 
Crlterlon Is based on varlances such that: 

"the varlance of radiance about the mean for the ground truth 
locations ( O ~ R A D I )  be at least 10 times the varlance of data 
nolse ( 6 2 ~ 1 ) ~ ~  (Whltlock al. 1982). 

Thls crlterlon lmplles that a great number of clustered data points 
can be excluded. Whlle this may be the approach to use where there 
Is uncontrolled noise, It can be crltlclsed because there Is always 
error In ground truth/surface reference data. 

Boland et al (1979), report that they made an effort to obtain a 
normal distribution of surface reference data but not the reflectance 
data. Exactly how this was attempted is not clear. LeCroy (1982). 
specifically chose sample sltes to include problem areas, In an 
effort to space the data evenly between extremes for more accurate 
statlstlcal representatlon. Statistical normalisation was used on 
the data to eliminate nolse due to atmospheric, solar and system 
var\abiltty. 
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2.5.3 Homogeneity 

A second factor very closely related to the statistical problem of 
representativeness is that of non-homogeneity. The inhomogeneous 
distribution of water quality conditions, inherent in all data 
collections, is a source of error in statistical analysis (Munday et 
aJ. 1979). Often more than one statistical population of a varlable 
is present in an impoundment. This can be due to many factors, for 
example; 

(1) a variety of algal species; 
(2) differing activity stages of algal species; 
(3) changes in temperature, currents and wind; 
( 4 )  the presence of suspended sediments; 
(5) complex mixing, scattering and absorption processes in the water 

column; 
(6) morphometric differences in the water body. 

2.5.4 Outliers 

The presence of outliers, often single data points, can seriously 
bias the estimated slope of the regression line. (Draper and Smith, 
1966; Daniel and Wood, 1971; Munday e, 1979; Whitlock et a, 
1982; Mace. 1983). Munday aJ (1979), recognised the possible 
skewness and possible non-linearity in their data. Therefore they 
removed data, one set at a time, where suspended sediment values were 
in excess of 1000 pgle. Munday d, report that even after 
removing data their r values were still high, which indicated that 
neither high suspended sediment values nor any single data point had 
an unduly large influence on the results. 

Thiruvengedachari et (1983), made sure that their sample size was 
large and a factor of redundancy was built in so that "unsuitable" 
sampling points could be edited out. Mace (1983). although 
acknowledging the problem that "regression equations are heavily 
dependent upon a single data point". included outllers and therefore 
the results are questionable. 

2.5.5 Interdependence 

The interdependence between the four reflectance bands and between 
the surface reference variables amounts to dealing with a high level 
of multicollinearity (Grimshaw aJ, 1980; Whitlock a. 1982; 
Khorram and Cheshire, 1983;). Some researchers have ignored thls 
factor and have excluded reflectance bands with the idea in mind that 
the band excluded contributes very little to the relationship or does 
not contain satisfactory information (Carpenter, 1982; Mace, 1983; 
Verdin, 1985). Carpenter decided that band 7 data contributed very 
little to the relationship and therefore excluded band 7 from his 
models. Boland et aJ (1979). determined that although band 7 had the 
"poorest discrimination and the lowest information content of any of 
the bands, it weighed heavily and consistently in all models. When 
thls band was excluded, the resulting models were statistically 
unsatisfactory". It was also recognised that by using ratios of 
bands in a model, the ratios "contributed nonlinear components into 
the regresstons" (Boland et fl, 1979). 
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Other researchers have employed linear regresslon techniques that 
regress one Y variable with multlple X variables (Holmqulst, 1977; 
Aranuvachapun et LeBlond, 1981; LeCroy, 1982). Shlh and Gervin 
(1980), used ridge regression analysis t o  eliminate multicolllnearity. 

Some researchers have recognlsed the Importance of the 
multicollinearlty evident between water quality variables and 
reflectance bands, and attempts have been made t o  examlne all of the 
statistical parameters Involved (Witzlg and Whitehurst, 1981; 
Whltlock g& al. 1982; Khorram and Cheshlre, 1983). Carpenter (1982), 
suggested that canonlcal varlate analysls could be undertaken to 
establish quantltatlve relatlonshlps. 

I 2.5.6 Statlstical Techniques 

A variety of statistical techniques have been used In attempts t o  
calibrate reflectance values with surface reference data. The 
variety and number of methods illustrates the dlfficultles 
experlenced In determining the relationship and emphaslses the point 
that more than one approach can be used t o  analyse the data. Often, 
the types of analyses used by researchers are not clearly 
recognisable and information has t o  be gleaned from abbreviated 
reports. Table 2.3 presents informatlon obtained from a few of the 
llterature reports in an attempt to give some Idea of the technlques 
used. The groupings are not mutually exclusive, the various analyses 
and list of researchers are by no means exhaustive and are glven by 
way of illustratlon. Classiflcatlon procedures, enhancement 
techniques and pattern recognition have been used by many other 
researchers in place of, or in conjunction with, statistical 
techniques (Jarman, 1973; Krltlkos al. 1974; Bartolucci a, 
1977; Holmquist, 1977; Ftsher et al. 1979; Gupta and Bodechtel, 1982; 
Lekan and Coney, 1982; Muralikrlshna and Rao, 1982; Ulbrlcht, 1983). 
The comments are made by the authors and may be of value to the 
experlenced lnvestlgator In this field of study. 

2.5.7 The Modelllnq of Water Quality Conditions uslng Satellite Reflectance 
Data - 
Multiple llnear regression models have been produced to assess the 
appllcablllty of the regresslon relatlonshlps that have been 
established between water quallty conditions and satellite 
reflectance values. 

Bol'and g& (1979), undertook an extenslve comprehensive study of 
selected Illinols water bodies. Multiple regresslon models were 
produced and the dtff\culties encountered were: 

( l )  the non-normality of the ground truth and HSS data and 
(2) the limited range of the dlgltal values in the MSS bands. 
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TABLE 2.3: STATISTICAL 7ECHNIQVES ILLUSTRATING THE APPROACHES USED BY OTHER RESEARCHERS 

l l u l t l v a r l a t e  S t a t l s t l c s  

M u l t l p l e  l l nea r  regresslon u l t h  r a t l o s  of 
varlous bands 

M u l t l p l e  l l n e a r  regresslon w l t h  bands. 
sauares o f  ref lectances and r a t l o s  

M u l t l p l e  l l n e a r  regresslon 111th r a t l o s  and 
squares o f  ref lectance 

M u l t l p l e  l l nea r  regresslon u l t h  m a n  
ref lectance band values 

M u l t l p l e  l l nea r  regresslon u l t h  r a t l o  and 
quadrat lcs 

M u l t l p l e  l l nea r  regresslon 

M u l t l p l e  l l nea r  regresslon 

Best subsets m u l t l p l e  l l nea r  regresslon 

M u l t l p l e  l l n e a r  regresslon 
c lus te r  ana ly f l s  
P r lnc lp le  ConDonents Analysls 

M u l t l p l e  l l nea r  regresslon 
Pr lnc lp le  Components Analysls 

REFERENCE 

Grlmshau 9 al. 
1980 

L l l lesand al. 
l983 

Khorram and Cheshlre. 
1983 

Khorram. 1981 

LeCroy. 1982 

shlnoda & d. 
1984 

Uhl t lock fi al. 
1982 

Mace. 1983 

Predomlnantly bands 4 and 5 
f o r  ch lo rophy l l  and bands 4.  
5 and 7 f o r  t u r b l d l t y .  

Used Trophlc State  Indlces 
transforms, conpl lcated r a t l o s  
and squares. 

Complicated slgnatures 
Chlorophyl l  assoclated 4 t h  band I. 

Suspended so l l ds  model 
excludes band I. Band 1 excluded 
l n  most Instances. 

Best r e s u l t s  obtalned uslng 
a l l  four  re f lec tance bands 

Image slgnatures and 
l n d l r e c t  parameters 

lncludes Inherent upwelled 
radlance. Conprehenslve u l t h  
conslderat lons w e l l  discussed. 

Mean radlance values excludlng 
band l .  

Schaeffer a. Spectral  ranklng o f  many 
1979 lakes. Spectral  signatures 

developed. 

Carpenter. 1982 Complex bu t  comprehenslve. 
Excluded band 7 bu t  Included 
sun angle and tlme of  data 
collection. 

Contlnued ....... 
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TECHNlQUE REFERENCE m 
Stepulse multtple itnear regresston Boland et a. 1979 Comprehenslve and detal led 
Prlnclple Components Analysls analysts. 
Cluster Analysls 
Ratlos 

Stepwlse Multlple llnedr regresslon Thlruvengadacharl al. Detalled dlscusslon of 
1983 conslderatlons. 

Stepulse Multlple llnear regression lwanskl g d. 1980 Included (ndlrect parameters. 

Rldge Regression Analysts Shlh and Gervln. lncludes all reflectance 
1980 bands. Comprehenslve analysls. 

Llnear Reqresslon 

Llnear regresslon 

Llnear regresslon 

Llnear regresslon 

Ltnear regrerslon 

Llnear regresslon 

Llnear regresslon 

Llnear regresslon 

Llnear regresslon and tlme 
serles dnalysls 

Ltnear regresslon and chranatlclty 
analysls 

Llnear regresslon and chranatlclty 
analysls 

Bukata al. 1914 

Harrlr & d. 1916 

Rltchle d. 1976 

Stortr g a. 1916 

Chagarlamdl al. 
1979 

Scarpdce g d. 1919 

Shlh and Gervtn. 1980 

Holmqulst. 1971 

Llndell. 1981 

llunday et d. 1919 

Llnear relatlonshlps 
deternlned. 

Atmospheric condltlons Included. 

Included runs angle and solar 
radlatlon. 

Band 5 related to turbldlty. 

lgnored band 7. Used quantattve 
brlghtness (QB). 
08 -@tandardlsed bands 1. 5. 6 
and secchl dlsc. 

Complicated by the tntroductlon 
of atmospheric correctlons. 

Comprehenslve comparlson. 

Atnmspherlc correctlons lncluded 

Pualltatlve 

Comprehensive analysls 
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The models t h a t  were developed provided r e l a t l v e  estimates o f  
c h l o r o p h y l l  and secchl d i s c  depth (as w e l l  as other  f ac to rs )  and were 
used t o  develop general l sed  ranklngs o f  t roph ic  l e v e l s  o f  lakes. 

Carpenter (1982). l nves t l ga ted  lakes i n  Aus t ra l f a  and attempted t o  
model one r e s e r v o i r  us ing s l x  days o f  data. I n  order t o  generate 
models t h a t  were n o t  date spec l f l c ,  two s l g n l f l c a n t  p red l c t l ons  were 
included; the  s lne  o f  t h e  sun's e leva t i on  angle. I n  an attempt t o  
account f o r  v a r l a t l o n  I n  scene br lghtness between d l f f e r e n t  dates; and 
t h e  t ime o f  sampling, as a p r e d t c t o r  f o r  plgment (Carpenter and 
Carpenter. 1983). 

Carpenter repor ted t h a t  the  models were successful, model l lng bo th  
t u r b l d l t y  and plgment very accurate ly .  When t e s t l n g  the  models on 
data from o ther  lakes I n  t h e  c lose v i c l n l t y ,  t u r b l d l t y  was 
success fu l l y  p red l c ted  bu t  n o t  plgment, thereby l n d l c a t l n g  t h a t  t h e  
t u r b l d l t y  model could be extended t o  other  lakes. Carpenter produced 
a map o f  p red l c ted  t u r b l d l t y  d l s t r l b u t l o n  f o r  the  whole lake  whlch he 
f e l t  was accurate b u t  added a note o f  caut lon  t h a t  "If the  p o i n t  o f  
I n t e r e s t  I s  representa t ive  o f  a new regime no t  encountered I n  t h e  
generat ion o f  the  model then the  p r e d l c t l o n  may no t  be a t  a l l  
accuraten (Carpenter. 1982). 

Khorram and Cheshire (1983). undertook a study o f  the  Neuse R lver  
Estuary. North Carol ina.  They lnves t lga ted  the  use o f  models 
p rev ious l y  developed I n  o ther  areas, t o  see i f  they appl led t o  t h e l r  
own geographlcal area, w l thou t  success. These researchers then 
attempted t o  determlne t h e  parameters f o r  the  models by ca r ry lng  ou t  
c o r r e l a t i o n  ana lys ls  between a l l  water q u a l i t y  parameters, the  fou r  
RSS bands and t h e l r  " t y p i c a l  band comblnatlons and r a t l o s " .  The 
regressions whlch best  represented the  r e l a t i o n s h l p  between water 
q u a l i t y  measurements and mean RSS data, were chosen t o  be v e r l f l e d  
w l t h  data no t  p rev lous l y  used I n  the  model development. Khorram and 
Cheshlre r e p o r t  t h a t  the  R? values f o r  ch lo rophy l l  g and t u r b l d l t y  
were low. 

I n  the  search f o r  reasonably accurate models t o  p r e d l c t  water q u a l l t y  
cond l t lons  us ing s a t e l l l t e  data I t  becomes apparent t h a t  the  f o l l o w l n g  
f a c t o r s  a r e  Important.  

(1 )  I t  i s  Important t o  choose models t h a t  make phys ica l  sense o r  e lse  
the  data are  fo rced t o  f l t  models where there  may be no phys lca l  
r e a l l t y .  

(2) A good s t a t l s t l c a l  f l t  does no t  guarantee a model whlch w l l l  g l ve  
a good p r e d l c t a b l l l t y  because the  f l t  considers only the  se t  o f  
data used t o  d e r l v e  the  r e l a t l o n s h l p  ( L i l l e s a n d  fl, 1983). 
Therefore ou ts ide  t h e  range o f  data f o r  whlch I t was developed 
the  model can be expected t o  have poor a p p l l c a b i l l t y .  

(3) M u l t i - v a r l a t e  m u l t i p l e  l l n e a r  regression statistical techniques 
are  requ i red  whlch Inc lude a l l  o f  the  re f l ec tance  bands and the  
water q u a l i t y  parameters. 

( 4 )  Correct lons f o r  sun's angle e f f e c t s  and haze a r e  advisable. 
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CHAPTER 3 

MTHOD OF ANALYSIS 

3.1 POINTS OF INTEREST 

Q u a n t i t a t i v e  ana lys is  o f  water q u a l i t y  cond i t ions  I n  an lmpoundment 
us lng  s a t e l l i t e  der ived data requ i res  t h a t  the  r e l a t l o n s h l p  between 
the  water q u a l l t y  va r l ab les  and s a t e l l i t e  re f l ec tance  values be 
ca l l b ra ted .  Factors t h a t  can a f f e c t  t h e  r e l a t l o n s h i p  need t o  be 
recognlsed and taken l n t o  conslderat lon.  Some o f  the  more p e r t i n e n t  
f a c t o r s  have been recognlsed and w i l l  be discussed I n  an attempt t o  
c l a r i f y  and j u s t i f y  t h e  method o f  ana lys is  t h a t  has been used I n  t h l s  
repo r t .  

3.1.1 An I d e a l  Experiment 

I n  order  t o  ob ta in  t h e  i d e a l  c a l l b r a t i o n  between sur face reference 
data  and s a t e l l i t e  re f l ec tance  data one requ i res  an I d e a l  
experiment. For example, t h i s  experiment would cons l s t  o f  a  number 
o f  experimental  tanks. 200 m X 200 m I n  slze, each o f  which should 
con ta in  a  s p e c l f l c  concentrat lon of c h l o r o p h y l l / t u r b l d l t y ,  f rom low 
t o  h i g h  concentrat ions cover lng t h e  f u l l  range o f  poss lb le  
concent ra t lon  values. Therefore a t  the  t imes o f  t h e  s a t e l l ' i t e  
o v e r f l i g h t s  t h e  complete range o f  c h l o r o p h y l l /  turbidity values could 
be l d e n t l f l e d  and the  re f l ec tance  values obtalned. 

The Idea?, however. I s  p r a c t l c a l l y  and economlcally no t  f eas ib le .  
Ins tead a  dynamic water body serves as t h e  ' t a n k 1  or  ra ther .  'range 
o f  tanks '  and t h e  problems associated w l t h  the  r e a l  wor ld s l t u a t l o n  
have t o  be faced. Some o f  these problems a r e  found I n  the  form o f  
assumptions. 

I t  I s  genera l l y  assumed t h a t  the  data c o l l e c t e d  I n  a  sampllng 
s i t u a t i o n  are  representa t ive  o f  t h e  conditions present a t  t h a t  t ime. 
Thls  I s  no t  necessar i l y  t r u e  and c e r t a l n  questions can be asked. 
F i r s t l y ,  can i t  be assumed t h a t  a  one l i t r e  sample o f  water taken 
f rom t h e  s lde  o f  a  boat I s  representa t lve  o f  the  6400 m2 area 
around i t  and t h e  poss ib le  v a r l a t l o n s  w l t h i n  t h a t  area? Secondly. 
can one p i x e l  be representa t lve  and r e l a t l v e l y  homogeneous o f  the  
cond i t i ons  surrounding i t ?  Th l rd l y ,  can t h e  presence o f  o u t l l e r s  and 
conversely. the  presence o f  many values c lus te red  l n t o  one s p e c l f l c  
value range, b las  the  ana lys ts?  Las t ly .  can I t be assumed t h a t  the  
impoundment w i l l  con ta in  the  f u l l  range o f  poss lb le  water q u a l l t y  
condl t lons,  a t  the  t ime o f  t h e  s a t e l l i t e  overpass? 

The problems a r i s e  f o r  two main reasons. F i r s t l y .  due t o  the  very 
na ture  o f  t h e  sampllng operat ion, the  sur face reference sampllng 
s i t e s  a r e  u s u a l l y  es tab l lshed on a  random basis  before the  s a t e l l l t e  
overpass and the re fo re  do no t  always necessar i l y  represent the  
d l s t r i b u t l o n  o f  cond i t ions  i n  t h e  impoundment. The d i s t r i b u t i o n  o f  
water q u a l l t y  cond i t ions  I s  n o t  s t a b l e  and o f t e n  r e s u l t s  i n  sca t te red  
and no lsy  p i x e l s .  For instance, the ch lo rophy l l  on the  surface o f  
the  lmpoundment can vary g r e a t l y  dependlng on wlnds, currents,  a l g a l  
specles, temperature e tc .  Secondly. there  may be marked gradtents i n  
t h e  d l s t r i b u t l o n  o f  the  water q u a l l t y  cond l t lons  due t o  an 
lmpoundment havlng d l f f e r e n t  n u t r i e n t  Inputs.  Consequently, t h i s  can 
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result in an area of the impoundment, with the higher nutrient input, 
having higher chlorophyll values than the rest of the impoundment. 
As a result of these two factors it is not possible to know the 
actual distribution of water quality conditions in an impoundment 
until after the satellite overpass and the sampling operation. In 
essence, therefore, the ,successful calibration of the relationship 
between specific water quality conditions and satellite reflectance 
data depends on: 

( l )  the representativeness of the data set. 
(2) the homogeneity of the data set and the exclusion of outllers. 
(3) the assumption of one statistical or biological population. 

These points are discussed more fully below. 

3.1.2 The Representativeness of the Data 

It is important to note that nrepresentatlvenessu of a range of 
chlorophyll/turbidity values and llrepresentativeness" of the surface 
area of the impoundment are two entirely different concepts. 
Representativeness of the chlorophyll/turbidity range means that the 
full range of water quality from low to hlgh concentration values 
need to be obtained and therefore their corresponding low to high 
satellite reflectance values. Representativeness of the surface area 
of the impoundment is a geometric concern where the impoundment is 
divided up into equal areas which may or may not give a 
representative sample of water quality conditions. The prime concern 
of this work is with the former in terms of chlorophyll a and 
turbidity. The crux of the matter revolves around ensuring that 
one's data adequately represents all ranges of conditions present in 
the impoundment in an unbiased way. 

For example, the situation may arise whereby. only one or two 
sampling points represent a large area of a particular chlorophyll a 
range,, and conversely a large number of points may represent a 
smaller area of another chlorophyll a range. Therefore when 
analysing the data, the larger number of points will weight the 
equation incorrectly, a spuriously hlgh value of r might result and 
while true for the sample set, there may be no physical reality or 
meaning for the parent population (Kenney and Keeping, 1954; Witzlg 
and Whttehurst. 1981; Whitlock 1982). An analogy may be seen 
in the situation when investigating land use types using Landsat 
data. It is considered necessary to sample a number of fields of 
each land use type in order to classify the image. 

Therefore it is conventional to plan the position and number of 
sampling points prior to sampling in order to obtain representative 
sampling. If one land use type is sampled intensively to the 
exclusion of the others, then an inaccurate classification of the 
image will result (Prof. C. Haan* - pers. comn.). 

*Prof. C. Haan - Agricultural Engineering Department, Oklahoma 
State Unlveristy. 
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3.1.3 Homoqenelty. the  Assumption o f  One S t a t i s t i c a l  o r  B i o l o q l c a l  
Populat ion and O u t l i e r s  

There are  i n d i c a t i o n s  t h a t  one cannot assume t h a t  waterbodies are  
homogeneous o r  cons i s t  o f  one populat ion,  s t a t i s t i c a l l y  o r  
biologically. Algae by t h e i r  very na ture  may migra te  i n  the  water 
column depending on temperature, cur ren ts  and wind. I n  add i t i on ,  
t he re  a r e  var ious types o f  algae (b lue-  greens, greens and diatoms) 
whlch have t h e i r  own co lora t ion ,  any o f  which may dominate i n  an 
impoundment a t  d i f f e r e n t  t imes. 

To confuse the  issue even fu r the r ,  suspended sediments a l s o  d i f f e r  i n  
composit ion dependlng on t h e i r  source. The morphometry, geology and 
microcl. imate o f  an impoundment a l s o  a f f e c t s  the  assumption o f  one 
populat ion.  

The problem o f  o u t l i e r s  i s  bes t  expla ined by way o f  an example. For 
instance, i f  p o l l u t e d  areas are  conf ined t o  smal l  areas and are  
sampled by few po in ts ,  these po in t s  a re  o f t e n  constdered t o  be 
o u t l i e r s  as they represent a d i f f e r e n t  popu la t ion  t o  the  r e s t  o f  the  
impoundment. I t  i s  important  t o  recognise t h i s  f a c t  because i f  a 
l i n e a r  regresston ana lys ls  i s  c a r r i e d  out  us ing a l l  o f  t h e  data 
co l lec ted ,  the  l e a s t  squares method would minimize the  sum o f  the  
squares o f  the  d is tance f rom the  regression l i n e  f o r  t h e  po in ts ,  and 
the  few p o i n t s  o f  h igh  concentrat ion ( o u t l i e r s )  w i l l  p u l l  the  
regression towards themselves. The many po in t s  o f  low concent ra t ion  
w i l l  b i a s  t h e  lower end o f  the  regression equat ion i n  t h e i r  favour.  
Again t h e  r e s u l t  w i l l  be t h a t  a mean slope i s  determined - a 
compromise regression equat ion which may have no p r e d i c t i v e  
c a p a b i l i t i e s  e i t h e r  f o r  t h e  low o r  the  h igh  ranges o f  concentrat ion.  

SURFACE REFERENCE DATA 

I n  order  t o  achieve the  o b j e c t i v e  o f  t h e  p ro jec t ,  accurate 
in fo rmat ion  o f  the  cond i t ions  i n  the  water body were requi red.  The 
c o l l e c t t o n  o f  s u r f  ace re ference data was the re fo re  o f  prime 
importance. 

I t  i s  necessary t o  p o l n t  out  d l f f e rences  i n  terminology here. Many 
studies have been undertaken i n  which the  term "ground t r u t h  data"  
appears. Th is  term was unsu i tab le  f o r  our purposes considering, 
f i r s t l y ,  t h a t  we were dea l i ng  w i t h  a water sur face and no t  w i t h  the  
ground. Secondly, one cannot expect a s i n g l e  measurement t o  
represent the  ' t r u t h '  o f  a  whole 80 m X 80 m p i x e l .  The term 
'sur face reference data '  was p re fe r red  because I t  acknowledges the  
l i m i t a t i o n s  o f  a s i n g l e  reference p o i n t  i n  t ime and space. 

3.2.1 The Sampling Network 

I n  order t o  assess Landsat as an a i d  t o  water q u a l i t y  surve i l lance,  
Roodeplaat Dam, s i t u a t e d  30 km n o r t h  east  o f  P r e t o r i a  and cover ing an 
area o f  398 hectares, was chosen as t h e  s i t e  f o r  an extensive 
sampling program (F igure  3.1). Tables 3.1 and 3.2 present the  
c h a r a c t e r l s t l c s  o f  Roodeplaat Dam and i t s  catchment. 

Roodeplaat Dam has two arms, the  western arm 1s long and f a i r l y  
narrow w h i l e  the  eastern arm i s  f a i r l y  broad and open. The major 
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TABLE 3.1: CHARACTERISTICS OF ROODEPLAAT DAM AND ITS 
CATCHMENT+ 

Geographical l o c a t i o n  
Mag is te r i a l  d i s t r i c t  
Catchment type 
Usage o f  dam 
Catchment area 
I n f l o w i n g  r i v e r s  

Dam w a l l  completed 
*F.S.L. volume, 
F.S.L. area : 

F.S.L. maximum depth 
F.S.L mean depth 

25' 37'5; 28' 22'E 
P r e t o r i a  
Urban/ Indus t r ia l ,  farmland, mInes 
Recreation, po tab le  water 
668 km2 
Pienaars River,  Har tbeessprui t  
Edendalespruit .  
1959 
41,907 X 106 m3 
3.96 km2 
43 m 
10,6 m 

I 
*f .S.C = f u l l  supply l e v e l .  

TABLE 3.2: AVERAGE TERM ANNUAL HYDROLOGICAL CHARACTERISTICS 
OF ROODEPLAAT DAM + 

*Average *C.V. X 
mean 

Volume X 106 m3 41,425 3.3 
Area km2 3,898 2.6 
Mean depth 10.57 0.7 
Annual i n f l o w  X 106 m3 59,01 (a) 
Annual ou t f l ow  X 106 m3 55,68 (b) 
Retent ion t ime a 0,70 

L I 
*Average mean i s  based on monthly values and an annual cyc le ;  

Period: January t o  December (1970-1978); 
C.V. = c o e f f i c i e n t  o f  v a r i a t i o n .  

t From: P ie terse  and Bruwer, 1980. 

Note: 
According t o  t h e  rese rvo i r  records o f  the  Department of Water 
A f f a i r s ,  the  annual i n f l o w  (a) i s  49,2 X 106m3 and the  
annual ou t f l ow  (b) I s  43.5 X 106m3 (Mr. J. SchutteO pers. 
corn.). 

O Hr. J. Schutte - D i rec to ra te  o f  Hydrology. Department o f  
Water A f f a I r s .  
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rivers flowlng into the impoundment are the Hartbeesspruit and the 
Pienaars River, which enter the impoundment at the southern end of 
the western arm and the Edendalespruit which enters at the eastern 
side of the impoundment. Most pollution enters the impoundment from 
the Hartbeesspruit and Plenaars RIver which flow through Pretoria's 
eastern suburbs. Therefore It is in the western arm of the 
impoundment where concentrations of suspended sediment and 
chlorophyll g are highest. The water in the eastern main body of the 
impoundment generally has lower chlorophyll and turbldity values. 

Roodeplaat Dam had a previously existing network of seven sampling 
sites and it was decided in September 1981 to increase the number of 
sites to 32, including the existing sampling sites. The sampling 
network was established on a randomly distributed basis giving good 
coverage to all areas within the impoundment (Figure 3.2). Where 
available, existing stabilised platforms or buoys were used to mark 
the sampling positions. 

For the first four months of this project, two separate sets of 
samples were taken, 50 metres apart, at each of the 32 sampling 
sites, in order to examine the representativeness of the sampled 
data. It was then decided to increase the number of sampling sites, 
to include a transect along the western a r m o f  the impoundment where 
the most significant differences in water quality had been noticed. 
The number of sampling sites was increased to 55 and due to the 
logistics of the sampling operation only one set of samples were 
collected at each site (Figure 3.3). 

In the following analysis data collected from the 32 sampling points 
were examined. The additional 23 sampling sites were used for 
testing the accuracy of the calibrated regression equatjons.. (Refer 
to Section 5.4). 

3.2.2 Samplinq undertaken concurrentlv with the Satellites Overf light 

LANDSAT passes over the Johannesburg/Pretoria area at approximately 
09h25 and records the whole scene in approximately 27 seconds. 
Weather conditions in the area fluctuate, with cloudy conditions 
around noon being apparent in summer, and hazy conditions due to dust 
etc.. being manifest in-winter. It was therefore fortunate that the 
satellite overflights occurred early in the day. It was imperative 
that the surface reference data were obtained ass-near as possible to 
the time of overflight and a routine became established in which, one 
hour before each overflight, two HRI boats and well instructed 
personnel would be on the water collecting their first water 
samples. Generally all of the samples were collected within two 
hours. It also became apparent that the sampling team had to be 
prepared to sample at every opportunity as the chances of completely 
cloud free skies were low. 
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FBjML&ii : ROOOEPLAAT DAM. SHOWING SAMPLING SITES: 32 POINTS 
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FIGURE 3.3: ROODEPLAAT DAM SHOWING SAMPLING SITES: 55 POINTS 
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3.2.3 Water Oua l i t y  Varlables 

The water q u a l l t y  data c o l l e c t e d  f o r  ana lys is  du r ing  each o v e r f l l g h t  
were as fo l lows:  

(1 )  Surface ch lo rophy l l  g (pg/%) 
(2 )  In tegra ted  ch lo rophy l l  g (pg / t )  
(3 )  Secchi d l sc  depth (m) 
(4 )  Surface t u r b l d l t y  (NTU) 
(5 )  I n teg ra ted  t u r b i d i t y  (NTU) 
( 6 )  Surface water temperature and sunshtne 

cond i t ions .  

C l ima t i c  and chemical data f o r  other  determlnands were a l s o  obtalned 
b u t  a re  n o t  d i r e c t l y  r e l e v a n t  t o  t h i s  repo r t .  The data a r e  repor ted 
by Howman and Kempster (1983(a)). 

3.2.4 Samplins Techniaues and Equipment 

Hydro log ica l  Research I n s t i t u t e  (HRI) personnel used standard 
sampling technlques t o  c o l l e c t  the  water q u a l l t y  samples. Surface 
samples o f  ch lo rophy l l  and t u r b i d i t y  were taken d i r e c t l y  from t h e  
sur face o f  the  water us lng  buckets and t r a n s f e r r e d  t o  1 l l t r e  p l a s t l c  
b o t t l e s .  

I n teg ra ted  samples were obtalned us lng hoseplpe sampling. A 1.9 cm 
dlameter hoseplpe w i t h  a wetghted end was lowered i n t o  the  water as 
f a r  as the  secchl d i sc  v l s i b l l l t y  depth. The weighted end was then 
ra l sed  t o  the  surface captur ing  the  water column I n  t h e  p ipe.  

Secchl d l s c  depths were determined by us ing standard b lack and whlte, 
30 cm diameter, seccht d iscs  suspended from the  shaded s ide  o f  the  
boat. The secchl depth was used t o  I n d i c a t e  t h e  depth t o  which water 
had t o  be sampled, when tak lng  the  In teg ra ted  samples, as secchl 
depth q u l c k l y  and e a s i l y  determlned the  approximate depth o f  l l g h t  
penet ra t lon  i n  the  v l s i b l e  range (Boland a. 1979). 

Mercury thermometers were used t o  take  the  sur face water 
temperatures. The people c o l l e c t i n g  the samples est imated sunshine 
cond i t ions  as c lea r ,  medium o r  overcast on a subjective basis .  

3.2.5 Analys is  o f  Water Samples 

The water q u a l l t y  samples were analysed by t h e  s t a f f  of t h e  Chemical 
and Biological Ana ly t i ca l  Serv ice (HRI) on the  same day, l m e d l a t e l y  
a f t e r  the  sampling operat ion. The ch lo rophy l l  g samples were 
analysed by the  method described i n  Appendix A (Tru ter ,  1981; 
Sar tory,  1982). T u r b t d l t y  analyses were c a r r l e d  out  us ing a Hach 
Turbidimeter and measured I n  nephelometrlc turbidity u n i t s  (NTU). 

3.2.6 Storaqe o f  data 

The data were then recorded on data coding forms, punched onto 
computer cards and s tored on data f l l e s  I n  t h e  format g iven i n  
Appendlx B. The surface reference data f o r  each o f  t h e  s t x  days 
under ana lys is  I n  t h i s  r e p o r t  a re  presented I n  Appendix C. 
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3.3 SATELLITE REFLECTANCE DATA 

3.3.1 I n t r o d u c t i o n  

The 14 th  October 1981 saw the  f i r s t  simultaneous Landsat 
ove r f l i gh t /wa te r  q u a l i t y  sampling operat ion take p lace on Roodeplaat 
Dam. It was the  f i r s t  o f  many attempts t o  ob ta in  data b u t  the  
e f f o r t s  o f  the  research team were c o n t i n u a l l y  thwarted by c loud and 
r a i n  and by the  breakdown o f  Landsat 2 i n  February 1982. Eventual ly  
a t o t a l  o f  s i x  attempts proved t o  be successful  throughout t h e  pe r iod  
October 1981 t o  November 1982 and these w i l l  be discussed i n  d e t a i l .  

3.3.2 The Computer Compatible Tapes 

The Computer Compatible Tapes (CCT's), were obtained from t h e  
S a t e l l i t e  Remote Sensing Centre (SRSC) a t  Hartbeesthoek ( H o m n ,  
1984). A l l  o f  the  tapes had been corrected f o r  sun's angle and were 
dehazed i n  a standard manner a t  Hartbeesthoek i n  order  t o  main ta in  
un i fo rm i t y .  There was one problem. Landsat 2 broke down i n  February 
1982, Landsat 3 q u l c k l y  took over bu t  t he re  were d i f f i c u l t i e s  i n  data 
capture and eventual ly ,  by t h e  end o f  the  p r o j e c t ,  Landsat 4 was i n  
operat ion. This  meant t h a t  data were c o l l e c t e d  by th ree  d l f f e r e n t  
s a t e l l i t e s  and the re fo re  were subject  t o  d i f f e r e n t  data processing. 
Without adequate image processing f a c i l i t i e s  o r  exper t i se ,  i t  was 
considered t o  be impossible f o r  the  researcher t o  take i n t o  
cons idera t ion  these d i f fe rences,  be they l a r g e  or small, and 
the re fo re  t h i s  problem was ignored. 

The CCT's obtained f o r  t h e  Landsat Water Q u a l i t y  P ro jec t  

f o r  Roodeplaat Dam are  g iven i n  Table 3.3: 

TABLE 3.3: INFORMATION ON THE COMPUTER COMPATIBLE TAPES 
USED I N  THE LANDSAT WATER QUALITY PROJECT 

SUN'S 
WRS* DATE ANGLE IDENTITY NO.+ 

182/78 81.10.14 48' 36' 22457-07143 
182/78 81 .11.01 51" 80' 22475-071 50 
182/78 81.12.07 52' 71' 22511-07162 
170/78 82.09.13 42" 34' 40058-07293 
182/78 82.09.30 46' 48' 31 670-07231 
170/78 82.11.16 50' 40' 401 22-07302 

* World Reference System 
+ The I n d i v i d u a l  Landsats are  i d e n t i f l e d  by the  f i r s t  

d i g i t  o f  the  i d e n t i t y  number 

The d i g i t a l  data from t h e  tapes were s to red on the  Departmental 
mainframe computer system and any f u r t h e r  manipulat ions and 
s t a t i s t i c a l  ana lys is  were c a r r i e d  ou t  us ing the  d l g l t a l  data. 
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The data were accessed by an tmage processing system originally 
called CATNIPS (Cape Town Image Processing Suite) and modified for 
use on the Departmental mainframe system (Maaren, 1981). 

3.3.3 Colour Codinq of the Reflectance Data 

The initial analysis of the satellite reflectance data was carried 
out on the image processing system at the SRSC. Roodeplaat Dam was 
located and the surrounding land areas were masked out using band 7 
values as the land/water delliniter (refer to Section 2.4.5). The 
reflectance values within the impoundment in each reflectance band 
were then colour coded (refer to Section 2.4.6) using a predetermined 
coded pseudo colour bar (Plate 3.1). 

PSEUDO COLOUR B R R  F O R  W.Q.P. 

PLATE 3.1: COLOUR CODED BAR SHOWING THE FULL RANGE OF 0 - 
255 REFLECTANCE VALUES DIVIDE0 INTO 25 COLOUR 
CLASSES 

The satellite reflectance values are indicated on the horizontal axis 
of the bar. The full range of 0-255 reflectance values were djvided 
into 25 classes. Each colour on the bar represented an actual 
reflectance interval of 4 X n reflectance units where n = 1 to 5. 
For example, from left to right, the darkest blue colour labelled 0 
represented reflectance values of 0 to 3, therefore the lowest values 
recorded by the satellite. The light blue colour labelled 2 
represented reflectance values of 8 to l1 and the yellow (4) 
represented 16 to 19 digital reflectance values. The green shade, 
labelled 6 and 7 (with n = 2) represented digital reflectance values 
24 to 31. 

The colour coded images ?n each spectral band for three of the days 
analysed, presented on Plates 4.1 to 4.12, provided a visual 
impression of reflectance conditions in the impoundment at a glance 
(refer to Section 4.4). 
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3.3.4 Unsupervlsed Classification of the Reflectance Data 

The visual data, although helpful, were considered to provide 
insufficient quantifiable information and the image processlng system 
CATNIPS was used to undertake any further classification and analysis. 

Unsupervlsed classification, or "numerical taxonomy", splits plxels 
into groups or clusters in feature space "such that the distances 
between points within a cluster are a miniumum while the distances 
between clusters are a maximum" (Piper. 1981). An Image processing 
computer program interprets digital data Into categories. 
Unsupervised classiflcatlon using all four reflectance bands was 
undertaken and the results are discussed in Section 4.5. 

3.3.5 The Aliqnment of Reflectance Data with Surface Reference Data 

A problem arose with the digital data when trying to accurately align 
pixel values with their corresponding surface reference sampling 
points. This matter of cartographic registration could greatly 
affect results and therefore a mathematical method for estimating 
pixel position was investigated (refer to Section 2.4.4). 

The most accurate means of achievlng this alignment obviously would 
be by obtaining the geometric latitude and longitude of both sampling 
position and pixel position. Unfortunately geometric positioning was 
not included wlth the satellite data and manually assessing latitudes 
and longitudes for both the satellite data and the sampling sites was 
time consuming. Therefore alternative methods had to be investigated 
which are discussed in Appendlx D. The decision was taken to use a 
weighted 3 X 3 pixel window, at each sampling site, in order to 
determine the most accurate pixel value to be used in the analysis. 
The program which undertakes thls task is given in Appendlx E. An 
example of the results of this subroutlne are given In Appendix F. 

3.4 STATISTICAL ANALYSIS 

3.4.1 Introduction 

Calibratlng the relationshlp between chlorophyll/turbidity and 
reflectance values and not simply describing one's sample set 
was the crux of the investigation. 

At the outset It must be stressed that, judging by the literature and 
the visual satellite imagery, It was assumed that a relationship 
between specific water quality parameters and satellite reflectance 
data does exist. 

3.4.2 To Establish the Representativeness and Accuracy of the Surface 
Reference Data 

In the initial stages of the project at each sampling site, two sets 
of surface reference data were collected, 50 metres apart from each 
other. The reason for thls was to glve an indication of the 
representativeness and accuracy of the bucket samples collected 
within a 6400m2 area. Simple linear correlation analysis was 
carrjed out on all of the 32 duplicate data sets. The statistics for 
the individual data sets for one day's data (81.12;07) are given in 
Table 3.4. 
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TABLE 3.4: SUMMARY OF STATISTICS FOR SURFACE REFERENCE DATA SETS, ROODEPLAAT DAM 81.12.07 

Var iab le  Mean Standard C o e f f i -  Smal les t  Larges t  Smal les t  Larges t  Skewness K u r t o s i s  
(1) d e v i a t l o n  c i e n t  o f  va lue va lue s tandard s tandard 

v a r i a t t o n  score score 

SUCOB 20,7 14.3 0.69 4.60 44,20 -1 . l 3  l ,64 0.29 -1.68 

SUCOA 21 ,O 15.1 0.72 2.00 45,80 -1.26 1.64 0.32 -1.67 

INCOB 16.6 13.7 0.82 4.30 42,70 -0.90 1.90 0.85 -1.05 

INCOA 21.4 16.6 0 8  2.30 43.30 -1 . l 5  1,35 0,04 -2,OO 

SUTURA 5.6 4,3 0,77 1 , l 0  13,OO -1 -04 1.73 0.45 -1.47 

SUTURE 5.7 4.5 0.78 1 ,OO 14,OO -1,06 1,85 0.47 -1.32 

INTURA 598 4.6 0.79 0.90 14,OO -1.07 1,80 0.47 -1.36 

INTURB 5,3 3.9 0.74 1.30 13,OO -1,02 1.95 0,68 -1 , l 3  

-l 

(1) Code: SU = Surface; I N  = In tegra ted ;  CO = Ch lo rophy l l ;  TUR = T u r b i d i t y ;  A . 1 s t  da ta  se t ;  

B = Dup l i ca te  da ta  s e t  (2nd) 
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TABLE 3.5: LINEAR CORRELATION COEFFICIENTS ( r )  OF TWO SETS OF SURFACE REFERENCE DATA FOR 81.12.07 

SUCOB SUCOA INCOB INCOA SUTURB INTURA INTURB SUTURA 

- 

SUCOB 1 ,oo 
SUCOA 0.94 1 ,00 

INCOB 0.83 0.76 1 ,OO 

INCOA 0.83 0.90 0.78 1 ,OO 

SUTURB 0.95 0.96 0.83 0,85 1 ,00 

INTURA 0.94 0.96 0.83 0,83 0.99 1 ,00 

INTURB 0.94 0.94 0.91 0,88 0,97 0,97 1 ,00 

SUTURA 0.95 0,98 0.83 0,89 0.99 0.99 0.97 1 .OO 

Code: SU = Surface; IN  = Integrated;  CO = Chlorophyl l ;  TUR = T u r b i d i t y ;  A = 1 s t  da ta  s e t ;  

B = Dupl icate data se t  (2nd) 

r = Cor re la t i on  c o e f f i c i e n t  where r = 1 i nd i ca tes  a p e r f e c t  c o r r e l a t l o n  and r = 0 i n d i c a t e s  

no c o r r e l a t l o n  a t  a l l .  
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Table 3.5 shows the r e s u l t s  o f  the  l i n e a r  c o r r e l a t i o n  ana lys is  
between the  d u p l l c a t e  samples a t  each p o i n t  f o r  sur face ch lo rophy l l  p 
( r  = 0.94). surface t u r b i d i t y  (r = 0,99), I n teg ra ted  ch lo rophy l l  p ( r  
= 0.78) and ln tegra ted  t u r b l d l t y  ( r  = 0.97). The r e s u l t s  provlded 
evidence t h a t  the  sur face reference data were representa t lve  o f  the  
p i  we1 

TABLE 3.6: LINEAR CORRELATION COEFFICIENTS OF COG 
TRANSFORMED DATA (81.12.07) 

SUCOL INCOL INTUL SUTUL 

SUCOL 1 ,oo 
INCOC 0.73 1,OO 

INTUL 0.77 0,83 1  ,OO 

SUTUL 0.82 0,88 0,94 1  ,OO 

and o f  the  s i t u a t i o n  w i t h l n  t h e i r  respect lve  6400m2 p l x e l  area and 
were the re fo re  adequate f o r  ana lys ls .  I n  add i t ion ,  the  e f f i c l e n c y  o f  
the  a n a l y t i c a l  methods, used I n  the  water q u a l l t y  ana lys ls ,  was 
i l l u s t r a t e d  by the agreement achleved between the  d u p l l c a t e  sampling 
po in t s .  

To deal w i t h  any poss ib le  lack  o f  l l n e a r l t y ,  l o g  transformation o f  
the  sur face reference data was used. As seen i n  Table 3.4 the  data 
i n  t h l s  instance proved t o  be p o s i t i v e l y  skewed w l t h  a  negat ive 
ku r tos l s ,  thereby r e q u l r l n g  a  transform. 

The means o f  the dup l l ca te  samples were then established and a  l i n e a r  
c o r r e l a t i o n  ana lys ls  o f  the logs o f  the fou r  prime Independent 
va r l ab les  showed some Important re la t l onsh lps .  Table 3.6 glves the 
statistical c h a r a c t e r l s t l c s  o f  the l og  transformed data se ts .  Table 
3.6 shows t h a t  the  var iab les  were co r re la ted  w l t h  one another. The 
c o r r e l a t i o n  r = 0.82 between surface ch lo rophy l l  p and surface 
t u r b l d l t y  and r = 0.83 between in teg ra ted  ch lo rophy l l  & and 
jn tegra ted  t u r b l d l t y ,  indicates t h a t  ch lo rophy l l  p and turbidity are  
v i r t u a l l y  l nd l s t l ngu i shab le  from one another. 

3.4.3 To Determtne the Homogeneltv o f  the Data and the  Exlstence o f  more 
than One S t a t l s t l c a l  Populat ion 

The Stepwlse D jscr jmlnant  Analysls procedure I s  a  s t a t l s t l c a l  t e s t  
t h a t  best  character izes d i f f e rences  between groups and glves 'a good 
v i sua l  representat ion o f  how d i s t l n c t  the  groups are  ( f o r  two groups, 
the  po in t s  (cases) a re  pro jec ted  onto a  l i n e  where the  groups are  
f u r t h e r  apart) . . ." ,  (Dlxon and Brown, 1979). The Stepwlse 
D lscr lmlnant  Analysls demands t h a t  p o t e n t i a l l y  separable groups be 
de l ineated by the researcher and the  ana lys is  i l l u s t r a t e s  agreement 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



or dfsagreement of the groupings (Dlxon and Brown, 1979). The 
categorlsatlon of sampllng polnts for the Stepwlse Discriminant 
Analysis on Roodeplaat Dam is illustrated on Flgure 3.4. 

Four main groups were speclfled. P depicts the pofnts situated near 
the Plenaars and Hartbeessprult Rtvers entrance Into the 
lmpoundment. The hlghest concentrations of chlorophyll and turbidity 
are found in this area. C represents sampling polnts along.the canoe 
lanes on the western arm of the lmpoundment. B represents those 
points In the northern part of the impoundment along the connecting 
limb between the two arms. D group represents the large body of the 
lmpoundment - the eastern arm. 

The analysls was used to determine the existence of one or more 
populations In the impoundment. 

The results of the analysls Indicated clearly, In all cases examined, 
that at least two dlstlnctly dlfferent populatlons were present In 
the lmpoundment (refer to Sectlon 4.2 and Appendix K ) .  As can be 
seen from Figure 3.5, the D population Is substantlally dtfferent to 
the C and P populations and the outlier may blas the analysls. Care, 
therefore, was required In order to obtaln the necessary 
representatlve ranges of concentratton values. 

3.4.4 Determination of the Existence of Outliers and the Problem of 
Non-Normalltv 

The Stepwlse Dlscrlmlnant Analysis showed that an outller was present 
in the data (see Flgure 3.5) and Its presence could blas the 
regression equation. Furthermore the predlctlve ablllty of the 
regression equation would be highly suspect. The method of analysls 
was chosen so that If two separate populatlons were indlcated, 
Filllbens Probability Plot Correlatlon Coefficient test for normality 
and Grubbs t test for detecting outliers would be used (Wainwrlght 
and Gllbert, 1981). 

Any problem concerning the subjective excluslon of outliers was 
overcome by using Grubbs' t test for rejecting both very low and very 
high values together wlth Fllltbens R test for normality. 

Fllllben Introduced a test whlch depended on "the llnearlty of normal 
order probability plots wlth normally dlstributed data" (Walnwrlght 
and Gllbert, 1981). Consldered to be equally as powerful as Shaplro 
Wllk's statistic W, this test Is seen to have the added advantage of 
being more simple due to Its emphasis on llnearlty and Its 
lncorporatlon of the product moment correlatlon coefficient 
(Filllben, 1975). It Is a test that Is readlly extendable to testing 
non-normal dlstrlbutlons, Is easily Implemented on a computer 
(Dhanoa, 1982). Is less llmlted by the sample slze and has been 
tested favourably wlth other normal test statistics (Fllliben, 1975; 
Walnwrlght and Gllbert. 1981). 

Values of Fllliben's R at the 0.05 probablllty level are tabulated 
against sample slze (Appendlx G) and for data to be normally 
distributed "the computer value of R must equal or exceed the 
tabulated value". 
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Uslng Appendix G, the computed value of Grubb's t had to equal or 
exceed the tabulated value for a value t o  be considered t o  be an 
outller at the 0.05 level of probability (Grubbs and Beck, 1972; 
Wainwright and Gllbert, 1981). 

Both the Grubbs t test for outllers and Fllllben's Probablllty Plot 
Correlation Coefficient test for normality were acquired In BASIC and 
were translated lnto Fortran IV. The program is given In Appendix 
H. An example of the results obtained from Program 'Filll' Is given 
in Appendix I. 

If the Filllben's R and Grubbs t tests lndlcated that the data were 
normal and wlthout outliers the data were considered t o  have 
fulfilled the necessary requirements for normallty and therefore 
representatlveness, and were used in further tests. If the tests 
Indicated the presence of one or more outllers, then outliers were 
removed one at a time and If the data were then normal, further 
statistlcal analysis would be performed. 

If Fllliben's Probablllty Plot Correlation Coefficient test 
(Uainwright and Gilbert, 7981) Indicated that the data set was not 
normally distrlbuted even after outllers were removed, a procedure 
had t o  be found to ensure the normality of the data. Looking for a 
computerlsed functlon t o  d o  just this proved t o  be painstakingly 
difficult and, after receiving different opinions from statlstlcians 
in South Africa and overseas, the matter still has not been resolved 
satisfactorily. 

Data whlch are not normally distrlbuted may be an Indication that 
some of the data could be clustered around a point. In order t o  
remove the unbalanced cluster and obtain a representatlve range of 
data, a f e w  optlons were suggested. 

Flrstly. In areas where clustering was not evldent, It was thought 
that perhaps dupllcatlng data polnts and lncludlng them lnto the data 
set would increase the weight of the data polnts In the range by a 
factor greater than one and that thls would establish an adequate 
range of values. This optlon, however, did not work as the Canonical 
Correlation Analysls rejected the data and the matter was not pursued 
further. 

Statlst+clans then suggested that the log transformed data should be 
logged a second time. This log log transformation is considered to 
be a standard practice (Hrs. J .  Heyer* - pers. corn.). 

Log log data should be normal but in this instance the logs were 
negatlve and as thls Is mathematically not acceptable thls option was 
abandoned. Another option - root squaring of resldual values was 
suggested but thls was considered to be beyond the scope of this work 
and can only be suggested as a future possibility t o  be tackled by 
Interested statistlcians. 

* Hrs. J .  Meyer - Department of Statistics, UnlLersity 
of Witwatersrand. 
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No other recomnendatlons were forthcoming, people held their hands up 
in horror and despair, others said "Ignore the problem". No one has 
so far been able to help with the problem of how to deliberately 
exclude data points from a non-normal distribution using a blind 
standard procedure, i.e.. an explicit model, and using as much of the 
available data as possible. This is a problem whlch often confronts 
a researcher in the field of water quality because of the 
difficulties of obtaining a representative sample (see Section 3.1.2). 

S o  in this dilemma, with many criticisms but no help forthcoming, it 
was decided t o  make the best of a bad situation and choose a model, 
however imperfect, that would help normalise the data and thereby 
obtain a representative subset for analysis. It was decided that a 
simple procedure would be attempted t o  exclude a few data points. 
where excessive clustering occurred. 

3.4.5 Normalising the Data 

The approach for the selection of data points was based on the shape 
of the normal distribution using the area under segments of the 
normal curve. This procedure is presented in Appendix J. 

Effectively the test for normality lifted any possible bias from the 
data and the exclusion of outliers removed the problem of having two 
possibly separate populatlons. In addition, the test proved t o  be 
easily duplicated and was as objective a s  possible, under the 
circumstances. 

3.4.6 The Canonical Correlatlon Analysis 

The interdependency between both the water quality conditions 
(chlorophyll 3 and turbidity) and the four reflectance bands, meant 
that a statistical test was required that would take into account the 
interrelatedness. 
A multi-variate multiple regression analysis technlque was required 
and the use of Canonical Correlation Analysis was recomended. 

Howard Hotelling, the originator of the Canonical Correlatlon 
analysis in 1936, described the concept behind his work as follows: 

"Marksmen side by side firing simultaneous shots at targets so that 
the deviations are in part due to independent individual errors and 
in part to c o m o n  causes such as wind, provide a familiar 
introduction to the theory of correlation; but only the correlation 
of the horizontal components is ordinarily discussed, whereas the 
complex consisting of horizontal and vertical deviations may be even 
more interesting. The wind at two places may be compared, using both 
components of the velocity in each place. A fluctuating vector is 
thus matched at each moment with another fluctuating vector." 
(Hotelllng. 1936). 

A concept of the Canonical Correlation Analysis as envisaged by the 
authors is shown on Figure 3.6. 

Hotelllng developed the technlque to extract sultable descriptive 
functions from a multlpliclty of correlations in psychological 
testing. Since then the Canonical Correlation Analysis has been used 
to study the correlation structure between two sets of variables 
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(Haan, 1977) and "can be viewed as extension o f  m u l t i p l e  regression 
ana lys i sn  (Dixon and Brown, 1979). There' a re  u s u a l l y  sets o f  
dependent Y var iab les  ( i n  t h i s  instance re f l ec tance  bands 4, 5, 6 and 
7) as w e l l  as sets o f  independent X var iab les  (sur face ch lo rophy l l  q 
and t u r b l d l t y ,  i n teg ra ted  ch lo rophy l l  q and t u r b i d i t y ) .  "The problem 
i s  t o  f i n d  a  l i n e a r  combination o f  t h e  X var lab les  t h a t  has maximum 
correlation w I t h  a  l i n e a r  combination o f  the  Y var iab les"  (Dlxon and 
Brown, 1979). 

The computerised Canonical Cor re la t i on  Analys is  used i s  p a r t  o f  t h e  
BHDP Biomedical Computer Program P-series (Dixon and Brown. 1979). 

Canonical Co r re la t i on  ana lys is  was c a r r i e d  out  between the  f o l l o w i n g  
sets o f  data: 

( l )  Log sur face ch lo rophy l l  a (SUCOL) and l o g  sur face t u r b i d i t y  
(SUTUL) w i t h  re f l ec tance  bands 4. 5, 6 and 7. 

(2 )  Log i n teg ra ted  c h l o r o p h y l l  a ( I N C D L )  and l o g  i n teg ra ted  
t u r b i d i t y  (INTUL) w i t h  re f l ec tance  bands 4. 5, b and 7. 

I n  the  s t a t i s t i c a l  analys is ,  the  Independent data sets were s p l i t  up 
owing t o  the  f a c t  t h a t  the  presence o f  too  many mutual c o r r e l a t i o n s  
w i t h i n  t h e  independent data se t  resu l ted  i n  s i n g u l a r i t y  ( G i t t l n s ,  
1979). The s p l i t t i n g  up o f  the  data se t  a l s o  s l m p l l f l e d  the  
i n t e r p r e t a t i o n  o f  r e s u l t s .  

The Canonical Co r re la t i on  produced two co r re la t i ons :  the  maximum and 
the  second h ighest  c o r r e l a t i o n  poss ib le  between t h e  va r ia tes .  
Analysis i nd i ca ted  t h a t  t h e  second c o e f f i c i e n t  was o f  l i t t l e  value 
f o r  the  requirements o f  t h i s  research and the re fo re  t h e  ana lys is  was 
conf ined t o  the  f i r s t  and h ighest  c o r r e l a t i o n  c o e f f i c i e n t .  

The Canonical C o e f f i c i e n t s  can be presented i n  an untransformed o r  a  
standardised manner. I t  was decided t o  use the  untransformed form, 
t o  f a c i l i t a t e  use o f  the  c o e f f i c i e n t s  i n  a  model t o  c a l c u l a t e  
absolute values o f  the  var iables,  as the  standardised form, invo lves  
standard dev la t l on  un i t s ,  which could vary between overpasses. 

Concerning the  Canonical Coe f f i c i en ts  t h e  f o l l o w i n g  i s  important:  I f  
t h e  logs o f  t h e  surface reference data values are  s i m i l a r  and i n  the  
same order o f  magnitude, then a  comparison o f  c o e f f i c i e n t s  provides a  
d i r e c t  I n d i c a t i o n  o f  the  r e l a t i v e  c o n t r i b u t i o n  o f  each va r iab le  t o  
t h e  Y var ia tes .  I f  the  numerical values are n o t  the  same order o f  
magnitude then the  c o e f f i c i e n t s  cannot be d i r e c t l y  compared. The 
comparison, i n  the  l a t t e r  case, was done between t h e  absolute value 
o f  the product o f  a  Canonical C o e f f i c i e n t  and the  mean value o f  the  
v a r i a b l e  concerned. I n  t h i s  case the  data were w i t h i n  the  same order 
o f  magnitude and the re fo re  the  c o e f f i c i e n t s  d i d  i n d i c a t e  r e l a t i v e  
magnitudes o f  importance. I t  was the re fo re  poss ib le  t o  asce r ta in  t h e  
r e l a t i o n s h i p s  between the  i n d i v i d u a l  water q u a l i t y  var iab les  and the  
separate re f l ec tance  bands. 
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Canonical Corre lat ions and Coe f f i c i en ts  f o r  the var iab les,  were 
obtained f o r  each day's data. Each va r i ab le ' s  percentage 
c o n t r i b u t i o n  t o  the r e l a t i o n s h i p  was obtained using the Canonical 
Coe f f i c i en t  and the mean o f  the data set.  The negat ive s ign  of the 
c o e f f i c i e n t  was no t  i n c l u d e d . i n  t h i s  ca l cu la t i on .  The fo l l ow ing  
formula was used: 

To determine the percentage contribution of surface chlorophyll a: 

(SUCOL (Coeff) x SUCDL (Mean)) 
X 100 . X  

(SUCOl(Coeff)xSUCOL(Hean))t(SUTUL(Coeff)x(SUTUL(Mean)) 

To deterrnlne the percentage contributlon of BAND 4:  

(BAND 4 (Coeff) X BAND 4'(Mean)) 
X 100 = X  

(B4(Coeff)xB4(Mean))+~B5~Coeff)xBS(Mean))+~B6(Coeff)xB6(~ean))+(Bl(Coeff)xB7(Mean)) 

......... Eauation 1 

F i n a l l y  an under ly ing assumption o f  the Canonical Co r re la t i on  
Analysls was t h a t  the data should be normal ly d i s t r i b u t e d  i n  order t o  
be ab le  t o  prov ide a  r e l i a b l e  i n t e r p r e t a t i o n  o f  the analys is  
( G l t t l n s .  1979). 6 1 t t l n s  f u r t h e r  elaborates "Nonl lnear l  t y .  
heterogeneity and the presence o f  dev iant  observations ( o u t l f e r s )  can 
l a rge l y  n u l l i f y  a  canonical analys is .  Thus v a l i d a t i o n  i s  d i rec ted  
l a r g e l y  t o  the de tec t ion  o f  these features." This was one o f  the 
reasons f o r  undertaking the t e s t  f o r  normality and normal is lng the 
data where i t  d i d  no t  s a t l s f y  t h i s  c r i t e r i o n .  

3.4.7 Discussion o f  t he  Statistical Analysts 

Many problems and suggested so lu t ions  t o  t he  problems have been 
presented. A s t a t i s t i c a l  analys is  capable of undertaklng the 
ana lys is  was establ ished and according t o  Murphy's law another 
problem emerged. The p o i n t  o f  view o f  whether o r  no t  i t  was 
necessary t o  exclude o u t l i e r s  and normalise the data set  was the next 
problem t o  be encountered. 

l 
Three major and d i f f e r i n g  po in t s  of view came t o  t he  fo re .  F l r s t l y ,  
one opin ion sa id  t h a t  under no circumstances should one e l im ina te  any 
data because each sample i s  a  v a l l d  con t r i bu to r  t o  the data set.  
This opfn ion w i l l  henceforth be termed ' I nc lud ing  A l l  Data ' .  
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A second v iewpoint  recognised the  problem po in ted  ou t  i n  Section. 
3.1.3 t h a t  few po in t s  o f  h igh  concent ra t ion  could b ias  t he  regression' \  
equat ion thereby i n v a l i d a t i n g  the  equations s imu la t i ve  o r  p r e d i c t i v e  
c a p a b i l i t i e s .  This  s tandpoint  demanded t h a t  o u t l i e r s  should be 
excluded f rom the data se t  and analysed separate ly ,  hencefor th termed 
'Exc luding O u t l i e r s ' .  

T h i r d l y ,  i n  t he  face o f  the problems discussed i n  Sec t i on  3.1.1, 
3.4.4 and 3.4.6 i t  was recognised t h a t  one should at tempt  t o  f u l f i l  
the i m p l i c i t  assumptions o f  t he  regress ion ana l ys i s  technlque 
employed, as w e l l  as overcoming the  problem o f  non-representativeness 
and non-uni formi ty  o f  t he  data. This p o i n t  o f  view, t h a t  o u t l l e r s  
should be removed and analysed separate ly ,  and t h a t  t he  data se t  
should be o f  a  normal d i s t r i b u t i o n ,  w i l l  hencefor th be termed 
"Normalised Data". 

The controversy between these viewpoints and the  d e s i r e  o f  t he  
authors t o  o b t a i n  as accurate answers as poss ib le  t o  f u l f i l  t he  
o r i g i n a l  ob jec t i ve ,  l e d  t o  an i n  depth ana l ys i s  being c a r r i e d  ou t .  
Each p o i n t  o f  view ~ a s ~ e x a m i n e d  according t o  i t s  own p recond i t i on  and 
the  r e s u l t s  i l l u s t r a t i n g  t h e  d i f fe rences ,  i f  any, a re  presented. 
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CHAPTER 4 

RESULTS AND DISCUSSION OF INITIAL ANALYSIS 

4.1 INTRODUCTION 

S t a t l s t l c a l  ana lys ls  r e l a t l n g  the  sur face reference data and 
s a t e l l i t e  re f l ec tance  data f o r  s i x  days o f  data was c a r r l e d  out. A 
b r i e f  revlew o f  the  methods o f  ana lys ls  fo l lows.  Except I n  severe 
cases, t h e  l o g  t rans format lon  app l ied  t o  the  surface reference data*, 
smoothed the data s u f f i c i e n t l y  t o  comply w l t h  t h e  requlrement o f  
normal i ty .  The Stepwlse D lscr iminant  Analysis t e s t ,  was used t o  
asce r ta in  the  ex is tence or  not ,  o f  more than one populat lon.  I n  
add i t ion .  F l l l i b e n ' s  P r o b a b i l i t y  P l o t  Co r re la t l on  C o e f f i c i e n t  (R) 
t e s t  f o r  normal i ty ,  l nco rpo ra t l ng  Grubbs t t e s t  f o r  de tec t i ng  
o u t l l e r s  was used t o  e s t a b l i s h  the  representativeness o f  the  data 
set .  The Canonical Co r re la t l on  m u l t l v a r l a t e  regression ana lys ls  was 
then app l ied  t o  the  data I n  order t o  determlne the  c o r r e l a t i o n  
between the  sur face reference data and s a t e l l i t e  re f l ec tance  data 
( r e f e r  t o  Sect ion 3.4.6). 

Unsupervised c l a s s l f l c a t l o n  o f  the  s a t e l l i t e  re f l ec tance  data was 
computed ( r e f e r  t o  Sect lon 3.3.4) and the  colour  coded Imagery was 
discussed ( r e f e r  t o  Sect lon 3.3.3). 

Three separate s t a t l s t l c a l  avenues were used throughout the  
l nves t l ga t i on .  F i r s t l y ,  e n t i t l e d  ' I nc lud ing  A l l  Data', ana lys ls  o f  
a l l  data, l r r e s p e c t l v e  o f  the  presence o f  more than one popu la t ion  or  
any o u t l l e r s ,  was undertaken. Secondly, us lng F l l l l b e n ' s  R and 
Grubb's t t e s t  as a  basis ,  only  o u t l l e r s  were excluded from the  data 
se t  and analyses were c a r r l e d  out  e n t i t l e d  'Excluding O u t l l e r s ' .  
Th i rd l y ,  bo th  F i l l l b e n ' s  R and Grubb's t t e s t ,  together  w l t h  the  
normal ls lng  procedure descrlbed I n  Appendix J, were used t o  normal ise 
the  data where l o g  t ransformat lon had no t  adequately smoothed the  
data. Analyses c a r r l e d  out  by t h i s  method were c a l l e d  'Normalised 
Data' .  

Resul ts  o f  these analyses i n  t h e  t r l p l e  avenue approach are  presented. 

4.2 STEPWISE DISCRIMINANT,ANALYSIS 

The Stepwise D iscr iminant  Analys is  was c a r r l e d  out  on each o f  the  
days da ta  and the r e s u l t s  are presented i n  Appendlx K. The r e s u l t s  
I nd i ca ted  t h a t  f o r  each o f  the  days there  were two, I f  no t  more, 
d i s t i n c t  populat ions present i n  the impoundment. 

* I t  i s  Important t o  note t h a t  I n  some s i t u a t i o n s  i t  
may be necessary t o  l o g  bo th  surface reference data 
and t h e  s a t e l l i t e  re f l ec tance  data. 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



4.3 CANONICAL CORRELATION ANALYSIS 

A Canonical Co r re la t i on  Analysis from the  BMDP - 79 Biomedical 
Computer Programs. P-series, (Olxon and Brown, 1979) was chosen t o  
examine the  problems o f  c o r r e l a t i n g  s a t e l l i t e  re f l ec tance  data w i t h  
monitored water q u a l i t y  data. Analysis was c a r r i e d  out  between the  
f o l l o w i n g  data: 

(1) Log sur face ch lo rophy l l  g (SUCOL) and l o g  surface t u r b i d i t y  
(SUTUL) w i t h  re f l ec tance  bands 4, 5, 6  and 7 ,  (BAND 4, BANO 5, 
BAND 6, BAND 7). 

(2) Log i n teg ra ted  ch lo rophy l l  (INCOL) and l og  i n teg ra ted  
t u r b i d i t y  (INTUL) w i t h  re f l ec tance  bands 4, 5, 6, and 7, (BAND 
4, BANO 5, BANO 6. BAND 7).  

The Canonical Cor re la t ions  f o r  a l l  6  days as shown i n  Table 4.1. 
i n d i c a t e  t h a t  the  r values a r e  r e l a t i v e l y  h i g h  i n  each instance. The 
data f o r  bo th  81.11.01 and 81.12.07 were normal ly  d i s t r i b u t e d  w i thou t  
any o u t l i e r s  and the  day 82.11.16 was normal a f t e r  o u t l i e r s  were 
excluded, hence the  bracketed d u p l i c a t i o n  of r e s u l t s  i n  Table 4.1 
i nd i ca tes  t h a t  i t  was no t  necessary t o  ca r r y  t h e  normal isa t ion  
process any f u r t h e r .  

Dif ferences i n  r values f o r  t h e  3  opt ions can be observed bu t  t he re  
i s  n o t  a  consistent trend. The Canonlcal Co r re la t i on  I s ,  by 
d e f i n l t l o n ,  the  best  poss ib le  l i n e a r  polynomial c o r r e l a t i o n  between 
var iab les .  The r c o r r e l a t i o n s  are, however, a  f u n c t i o n  o f  the  data 
se t  which may or  may n o t  be representa t ive  o f  the  r e a l  under ly ing  
c o r r e l a t i o n  f o r  the  parent  populat ion.  Therefore t h e  h igh  r values 
a r e  n o t  s u f f i c i e n t  evidence of s tab le  c o r r e l a t i o n .  Examination o f  
the  Canonical Coe f f i c i en ts  and t h e  percentage c o n t r i b u t i o n  o f  each 
v a r i a b l e  t o  the  r e l a t i o n s h i p  ( r e f e r  t o  Sect ion 3.4.6), brought t o  
l i g h t  more in fo rmat ion  (Tables 4.2 t o  4.13; Howman and Kempster 
1983(b)). 

The standard l i n e a r  regression equat ion Y = MX t K can a i d  i n  
understanding the  r e s u l t s  o f  the  Canonlcal Co r re la t i on  Analysis:  

If Y represents t h e  dependent var iables.  i n  t h i s  instance 
re f l ec tance  bands 4. 5. 6  and 1. and 
X represents the  independent var iab les ,  sur face and i n teg ra ted  
ch lo rophy l l  g and surface and In teg ra ted  t u r b i d i t y ,  
M i s  the  slope o f  the  regression l i n e  and 
K i s  the  i n t e r c e p t  on t h e  Y ax is .  
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TABLE 4.1: CANONICAL CORRELATIONS ( r )  

- 

DATE INCLUDING ALL DATA EXCLUDING OUTLIERS NORMALISED 

DATA 

SUCOL/ INCOL/ SUCOL/ INCOL/ SUCOL/ INCOL/ 

SUTUL INTUL SUTUL INTUL SUTUL INTUL 

81.10.14 0,88 0.89 0,85 0,87 0.87 0.87 

81 . l1 .O1 0.79 0,93 (0,79)* (0,931 (0,791 (0.93) 

81.12.07 0.94 0,95 (0,94) (0.95) (0.94) (0,gS) 

82.09.13 0.87 0,86 0.78 0,76 0.79 0.80 

82.09.30 0,90 0,92 0.89 0,92 0.83 0,92 

82.11 . l 6  0.95 0,95 0.91 0,90 (0,91) (0.90) 

*( ) The b racke ts  imp ly  t h a t  t he  d i s t r i b u t i o n  passes t h e  t e s t  f o r  
n o r m a l i t y  a t  t h e  p rev ious  unbracketed stage, and t h a t  t h e  
no rma l i s i ng  procedure t h e r e f o r e  ceased a t  t h a t  stage. 
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TABLE 4.2: RESULTS Of THE CANIINICAL CORRELATION ANALYSIS FOR SURFACE CHLOROPHYLL */SURFACE TURBlOlTY AND SATELLITE 
REFLECTANCE BANOS 

IELUOING ALL DATA EXCLUOING OUTLIERS NORMI.ISED D A ~ A  

7 

l DAlE: 81.10.11 n CC Mean X 
32 

n CC HEAN % n CC WEAN 
31 26 

SUCOL 0.91 1.16 23 -0.98 1.44 22 -0.03 1.45 1 

VARIABLES SUTUL 6.13 0.1 11 1.39 0.69 18  7.14 0.69 99 

DEPENDENT BAN0 1 0.39 5.59 6 1  
Y BAN0 5 0.08 6 - 4 1  15 

VARIABLES BAN0 6 0.03 8.81 8 
BAND 1 0.06 1.25 13 

CINONICAL 
CORKELATION r 0.88 0.85 0.86 

CC CANONICAL COEFFICIENT 
MEAN MEAN OF DATA SET 

SUCOL = SURFACE CHLOROPHYLL a 

n = NUMBER OF SAMPLING POINTS 
% PERCENTAGE CONTRIBUTION 

SUTUL = SURFACE TURBIDITY 
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As an example the  polynomlal f unc t i on  obtained f o r  t h e  81.10.14 
overpass f o r  sur face ch lo rophy l l  3 and t u r b i d i t y ,  shown i n  Table 4.2 
under the  ' I nc lud ing  A l l  Data' Optlon may be w r i t t e n  as fo l lows:  

BAND 4  (0.39) + BAND 5 (0.08) + BAND 6  (0,03) + BAND 7  (0,Ob) = M 
SUCDL (0,9l)  + SUTUL (6,43) + K. 

Wajor po in t s  I n  t h e  I n t e r p r e t a t i o n  o f  t h i s  equat lon are: 

(1) Surface ch lo rophy l l  g w f t h  a  c o e f f i c i e n t  o f  0,91 con t r i bu tes  23% T 

o f  the  r e l a t l o n s h l p  t o  t h e  Independent va r l ab le .  

( 2 )  Surface t u r b i d l t y  i s  the  major independent v a r l a b l e  represent lng  
77% o f  the  r e l a t i o n s h i p .  

(3) Band 4  w i t h  a  c o e f f i c i e n t  o f  0.39 i s  seen t o  be t h e  most 
Important  dependent v a r i a b l e  (64%). 

(4 )  Bands 6  + 7 j o i n t l y  represent 21% o f  the  r e l a t l o n s h i p  
cont r ibu ted  by t h e  dependent var lab les .  

( 5 )  The h ighest  independent c o e f f l c l e n t  may be d i r e c t l y  r e l a t e d  t o  
t h e  h lghes t  dependent c o e f f i c i e n t ,  thereby connect ing sur face 
t u r b l d i t y  w i t h  band 4. The C a n o n i c a l  Co r re la t i on  mainly 
represents a  r e l a t i o n s h i p  between sur face t u r b l d i t y  and band 4  
s ince the  c o n t r i b u t i o n  o f  sur face ch lo rophy l l  g t o  the  
r e l a t l o n s h l p  i s  only  23%. 

The 'Excluding O u t l l e r s '  and 'Normallsed Data' approaches can be 
i n t e r p r e t e d  i n  a  s i m j l a r  manner. 

The polynomial f u n c t i o n  f o r  the  l n teg ra ted  ch lo rophy l l  g and 
t u r b i d i t y  data f o r  the  op t i on  'Including A l l  Data' (Table 4.3.) I s :  

BAND 4 (0,32) t BAND 5 (0.18) + BAND 6  (0.02) + BAND 7  (-0,011 = n 
INCOL (-0.99) + INTUL (7,15) + K 

Thls equat ion suggests the  fo l l ow lng :  

( l )  In tegra ted  t u r b i d i t y  i s  the  prime independent v a r i a b l e  
c o n t r i b u t i n g  79% of  the  r e l a t i o n s h i p .  

( 2 )  Band 4  I s  t h e  pr ime dependent v a r l a b l e  (56%). 

(3 )  Band 4  I s  l i n k e d  t o  l n teg ra ted  t u r b i d l t y .  

(4) Bands 6  and 7  have l ess  s l g n l f l c a n c e  (8%). 

The r e s u l t s  of the  ' I nc lud ing  A l l  Data' op t i on  f o r  81.10.14 I n d i c a t e  
t h a t  Landsat detects suspended s o l i d s  ( t u r b l d l t y )  i n  Roodeplaat Dam. 
Both sur face and i n teg ra ted  t u r b i d i t y  r e s u l t s  a re  h i g h l y  co r re la ted  
w i t h  band 4 and t o  a  lesser  ex ten t  w i t h  band 5: t h i s  supports the  
es tab l ished theory t h a t  bands 4  and 5 show up suspended s o l i d s  
(Bukata and Bruton. 1974; Moore. 1980; L l n d e l l .  1981). A low band 
7 c o n t r i b u t i o n  suggests t h a t  there  a r e  no h igh  concentrat ions o f  
algae. . 
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TABLE 4 . 3 :  RESULTS OF THt CANONICAL CORRELATION ANALYSIS FOR INTEGHATLO CHLOROPHYLL a/lNTEGRATEO TURBIDITY AND SATELLITE 
REFLECTANCE BANDS 

INCLUDING ALL DATA EXCLUDING OUTLIERS NORMALISE0 OATA 

7 

l DATE: 81.10.14 n CC Mean X 
32 

n CC MEAN X n CC MEAN 
31 26 l 

INCOL -0.99 1.46 21 -2.53 1.45 41 -2.67 1.45 4 4  
INOEPENOLNT - - 

X 
VARIABLES INTUL 1.15 0.14 1 9  1.18 0.13 59 6.18 0.12 56 

OEPENOENT BAND 4 0.32 5.59 56 
Y BAN0 5 0.18 6.41' 36 

VARIABLES BAND b 0.02 8.81 6 
BAN0 7 -0.01 7.25 2 

CANONICAL 
CORRELATION r 0.89 0.81 0.81 

CC = CANONICAL COftFICIENT n = NUMBER OF SAMPLING POINTS 
MEAN = MEAN Of DATA SLT % = PERCENTAGE CONTRlBUTION 
INCOL = INlEGHAlLO CHLOROPHYLL a INTUL = INTEGRATED TURBlOlTY 
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lA0LL 4.4: RLSULlS Of IHL CANONICAL CORRLLATION ANALYSIS FOR SURFACE CHLOROPHYLL &/SURFACE TURBlDlTY AND SATLLLITE 
RCFLECIANCL BANDS 

81.11.01. 

INCLUDING ALL DATA EXCLUDING OUTLIERS NORMALISED DATA 

n CC MEAN X n CC WEAN X 
32 32 

SUCOL -4.23 1.51 50 

( YAKIABLLS SUIUL 7 0.8 50 

OEYENDtNT BAND 4 0.2 6.19 23 
BAND 5 0.00 7.25 11 

VARIABLES BAND 6 I 0.28 8.56 44 

C C  - CANONICAL COLtI I C I L h l  n NUHBtR Of SAMPLING POINIS 
M l l h  - MCRN 01 ORlA S11 X = PIRCCNIAGI CONlRlBUllON 
\LCUI - SURIICC CHLOKOVI~YLL p SUlUL = SURIACt lURBlOl lV 
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TABLE 4.5: RLSULTS OF THE CANONICAL CORRELATION A N A L Y S I S  FOR INTEGRATED CHLOROPHYLL g l l W T E G R A T E D  T U R B I D I T Y  AND S A T E L L I T E  
REFLECIANCE BANDS 

81.11.01. 

INCLUDING A L L  DATA LXCLUOIUG OUTLIERS NORUALlSEO DATA 

7 I 
I DATE: 0 1 . 1 1 . 0 1  n CC M e a n  X 

3 2  
n CC MEAN Y n CC MEAN 
3 2  3 2  l 

DEPENDENT BAND 4 0 . 1 5  6.19 2 1  
Y BAND 5 0 . 2 1  1 . 2 5  1 3  

VARIABLES BAND b 0 . 0 7  8.56 1 3  
BAND 7 -0 .11 b.0 2 3  

CC = CANONICAL C O E t f L C I E N T  n = NUHBER Of SAMPLING P O I N T S  
MEAN MEAN Of O L I A  SET Y = PERCENTAGE C O N l R l 8 U l l O N  
INCOL = I N l E G R A l L L I  CHLOROPHYLL a I N T U L  = INTEGRATED T U R B l O l T Y  

Landsat water quality surveillance model CALMCAT TR 128 July 1986



TABLE 4.6: RESULIS OF THE CANONICAL CORRELATION ANALYSIS FOR SURFACE CHLOROPHYLL a_/SURFACE TURBIDITY AN0 SLTCLLITE 
REfLECTANCE BANDS 

81.12.01. 

PCLUDING ALL DATA EXCLUDING OUTLIERS NORMALISED OATA 1 

OATC: 81.12.01 n CC Uean X n CC MEAN X n CC MEAN X 
28 28 28 

SUCOL 0.02 1.14 2 
INDEPtNOENT - 

X 
VARIABLES SUTUL 2.62 0.54 98 

DEPENDENT BAND 4 0.05 11.93 21 
Y BAND 5 0.06 10.93 23 

VARIABLES BAN0 6 0.1 8.46 30 
BAN0 l -0.12 6.25 26 

CC = CANONICAL COLFFICIENT 
HEAN = MEAN OF DATA SEl  
SUCOL S SURFACE CHlORnPHYLL 

n = NUMBEP 01 SAWPLIWG POlNlS 
X PEHCENIAGL CONTRIBUTION 

SUIUL = SURIICL I U R B l D l l l  
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TABLE 4.1: RESULTS OF THE CANONICAL CORRELATION lNALYS1S FOR INTEGRATE0 CHLOROPHYLL ~/INTEGRATED TURBIDITY AND SATELLITE 
REfLECTANCf BANDS 

81 .12.01. 

P ~ G  ALL DATA EXCLUDING OUTLIERS NORUIILISEO DATA 

l 1 
OATE: 81.12.07 n CC Mean % n CC MEAN Z n CC REAN Y 

28 28 2 8  

INCOL 0.63 1.13 35 

VARIABLES INTUL 2.38 0.56 65 

OEYENOENT BAN0 4 0.0b 11.93 11 
Y BAN0 5 0.05 10.93 31 

VARIABLES BLNO 6 0.05 0.4b 24 
BlNO 7 -0.01 6.25 4 

CANONICAL 
CORRELAllON r 0.95 I 

CC CANIINICAL COLfl ICILNI n = NUMBLR 01 SAHPLING POINTS 
M A N  MLAhOl O A l A S I l  % = PtRCtNlAGt CONlYlBUllON 
lNl01. . INlLCRAllD C~LOROPHILL 6 INIUL . INI lGRAlfO IUHBlO l l  
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TABLE 4.8: RESULlS Of 1HL CANONICAL CORRELAllON ANALYSIS FOR SURIACE CHLOROPHYLL */SURFACE TURBIDITY AND SATELLITE 
RLFLECTANCE BANDS 

~NCLIJOING ALL DATA EXCLUDING OUTLIERS NORMALISLD DATA 

I DATE: 82.09.13 n CC Mean % 
31 

n CC MEAN % n CC MEAN % 
30 25 

- 
0.13 1.25 11 0.57 1.23 10  0.79 1.24 1 4  

INDEPLNDENl 

VARIABLES SUTUL 6,73 0.70 89 9.34 0.68 90 8.56 0.69 86 

DEPENDER1 BAND 4 0.05 14.52 1 3  
Y BAND 5 0.36 9.16 59 

VARIABLES BAND 6 0.10 7.81 14 
UANO 7 -0.10 7.77 14 

CC = CANONICAL COEFfIClLNl 
MEAN = WEAN OF DAlA SE1 
SUCOL = SURFACE CHLOROPHYLL a 

n = NUMBER OF SAMPLING 'POINTS 
% = PERCENTAGE CONTRlBUTlON 

SUTUL = SURFACE TURBIDITY 
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TABLE 4.9: RESULTS OF THE CANONICAL CORHELATION ANALYSIS FOR INTEGRATE0 CHLOROPHYLL ~ l l N T E G R A l E 0  TURBIDITY AND SATELLITE 
REFLECTANCE BANDS 

82.09.13. 

INCLUDING ALL DATA EXCLUDING OUTLIERS NORMALISED DATA 

DATE: 82.09.13 n CC Mean X n CC MEAN % n CC MEAN % 
31 3 0  25  

INCOL -0.64 1.23 1 3  -1 - 2 3  1 .22  11 -1.52 1.21 2 0  
INOEPENOENT 

t V A K ~ A B L E S  INTIJL 1 .23  l 8 1  10.54 0 .12  8 3  10.01 0.13 8 0  

OLPENOENT BAND 4 0.03 14.52 8 
Y BAN0 5 0.34 9.2 5 8  

VARIABLES BAND 6 0.14 1.81 2 0  
BAND l 0.10 1 1  1 4  

CC ; CANUNlCAl COL IF IC ILN I  n = l U l l s l R  01 SAMPl ING POINTS 
h ; M L ~  o f  O A I A  5 ~ 1  % = PERCENlACt CONlRlBUTlON 
INCOL . I N l l G R A I t O  C h l U R O Y l l l l l  a l U l U 1  - I N I t G R A l l D  7 U K B l D l l Y  
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TABLE 4.10: RESULTS OF THE CANONICAL CORRELAl10N ANALYSIS FOR SURFACE CHLOROPHYLL g/SURFACE TURBIDITY AND SATELLITE 
REfLECTANCt BANDS 

82.09.30. 

(NG ALL DATA EXCLUDING DUTLIERS NORMALISED DATA l 

I DATE: 82.09.30 n CC Hean % 
32 

n CC HCAN X 
30 

SUCOL 3.62 1.3 97 2.45 1.28 65 3.35 1.29 78 
INOEPENDEHT - 

0,24 0.11 3 2.6 0.66 35 1.83 0.66 22 

DLPENDENI BAND 4 0.31 21.3 19 
Y BAND 5 0.06 11.13 1 0  

VARIABLES BAND 6 0.05 12.18 8 
BAND 7 -0.02 10.?8 3 

CANONICAL 
CORRELATION 0.90 0.89 0.83 

PROBAB1I.IlY 0,0000 0,0000 0.0300 
- 

CC = CANONICAL COEFFICIENT n = NUMBER OF SAMPLING POINTS 
WEAN HLAN Of DATA SET % = PERCENTAGE CONTRIBUTION 
SUCOL S SURFACE CHLOROPHYLL a SUTUL = SURFACE TURBIDITY 
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TABLE 4.11: RESULTS OF IHE CANONICAL CORRLLAlION ANALYSIS FOR lN l tGRAl tD  CHLOROPHYLL &/INTEGRATED TURBIDITY AND SA7EI.LITE 
REfLECTANCE BANUS 

82.09.30. 

INCLUDING ALL DATA EXCLUOING OUTLIERS NORMALISED OATA 

OATt: 82.09.30 n CC Mean X n CC MEAN X n CC MEAN 
32 30 17 / 

INCOL -0.66 1.35 17 -0.2 1.33 5 -7.12 1.34 43 
INOEPENOENI 

X 
VARIABLES INTUL 6,Zb l B3 6.15 0,69 95 18.15 0.69 5 1  

DEPENDENT BAN0 4 0.14 21.31 41 
Y BAN0 5 0.11 14.13 22 

VARIABLES BAN0 b 0.14 12.78 25 
BAN0 7 0 . 0 8  10,7B 12  

CC - CANONICAL COEf r IC I iN l  n = NUMBER Of SAMPLING POINTS 
MEAN = MEAN Of DATA SE7 X = PERCENTAGE CONTRIBUT10N 
INCOL = INTtGRATtO CHLOROPHYLL a INTUL = INTEGRATED TURBIOITY 
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TABLf 4.12: RESULTS Of THE CkNONICAL CORRELATION ANALYSIS FOR SURFACE CHLOROPHYLL alSURFACE TURBIOITY AND SATELLITE 
REFLECTANCE BANDS 

02.11.16. 

~ ~ ~ E K D I N G  ALL DATA EXCLUDING OUTLIERS NDRMALISED DATA 
- - 

82.11.16 n CC Mean X n CC MEAN X n CC MEAN 
20 24 I 

SUCOL 2.67 1.4 89 4.28 1.34 BB 
INDEPENDENT 

X 

DtPfNDtNT BAND 4 0.3 21.5 42 0.38 21.38 30 
V BAND 5 0 . 0 5  22.39 B -0.04 22.17 3 

VARIABLES BAND 6 0.24 20.79 32 0.52 19.46 38 
BAND l -0.13 21.79 l 8  -0.38 20.63 29 

I CANONICAL 
CORHELATION r 0.95 

CC = CANONICAL CDfFflClENl 
MEAN = MEAN OF DATA SET 
SUCOL = SURFACE CHLOROPHYLL p 

n S NUUBLR OF SAMPLING POINTS 
X PERCENTAGE CONTRIBUTION 

SUTUL SURFACE TURBIOITY 
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TABLE 1.13: RESULTS Of THE CANONlCAL CORRELATION ANALYSIS FOR INTEGRAIEO CHLOROPHYLL ~/lNTEGRATEO l U R 8 I O l l Y  AND SATELLITE 
REFLEClANCE BANDS 

82.11.16. 

(ING ALL DATA EXCLUDING OUTLIERS NORMALISED DATA I 

I OATE: 82.11.1b n CC Mean X 
28 

INCOL 2.65 1.39 8 1  1,25 1.33 8 1  
INOEPENOENl 

K 
VARIABLES INTUL 0.b8 0.82 13 1.10 0.79 13  

ULPENOtNl BAND 4 0.29 21. 5 11 0.35 21.38 28 
Y BAND 5 -0.05 22.39 l -0.02 22.11 2 

VARIABI.CS BAN0 b 0.21 20.19 32 0.53 19.16 10  
BAN0 7 -0.14 21.19 20 -0.38 20.63 30 

. . . - - .. . . -- - -- 
CANONICAL 
COPRELATION r 0.95 0.90 

TAIL 
PROUABlLllV 0,0000 0,0001 

CC = CANUNICAL COEFFlCIEN1 n = NUMBER OF SAMPLING POINTS 
MEAN = MEAN OF OATA SET X = PERCENTAGE CONTRIBUTION 
INCOL = I f i l f ~ ~ ~ l t ~  CHLOROPHYLL 4 INTUL = INTfGRATEO TURBlDlTY 
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When extending the I n t e r p r e t a t i o n  o f  r e s u l t s  t o  the other  two opt ions 
'Excluding O u t l l e r s '  and 'Normalised Data' I t  becomes apparent t h a t  
the  t rend  o f  both sur face and i n teg ra ted  t u r b i d i t y  r e l a t l n g  t o  bands 
4  and 5 I s  repeated. Both the  Independent and dependent var iab les  
appear t o  become more po la r i sed  w i t h  the  normalisation procedure. 
Only f o r  one other  day's data, 82.09.13 (Tables 4.8 and 4.9), does 
the abovementioned t rend  f o l l o w  i n  a  s i m i l a r  vein. On two occasions, 
81.12.07 (Table 4.7) and 82.09.30 (Table 4.11), l n teg ra ted  t u r b i d i t y  
i s  r e l a t e d  t o  band 4. Conversely though, on 81.12.07 (Table 4.6) 
sur face t u r b i d i t y  appears t o  be r e l a t e d  t o  band 6. On 82.09.30 
(Table 4.10) surface ch lo rophy l l  g I s  connected w i t h  band 4. Fur ther  
dlscrepancles are found on 82.11.16 (Tables 4.12 and 4.13) where both 
sur face and l n teg ra ted  ch lo rophy l l  appear t o  be r e l a t e d  t o  band 4. 
The ex is tence o f  t h e  abovementioned dlscrepancles i s  no t  unexpected 
and emphasises the  need t o  examlne a l l  o f  the  d i f f e r e n t  approaches. 
There are  many fac to rs  t h a t  a f f e c t  the  r e l a t i o n s h i p  between water 
q u a l i t y  cond i t ions  and s a t e l l i t e  re f l ec tance  values and e i t h e r  o f  the 
approaches may be applicable depending on t h e  s i t u a t i o n .  

A major reason f o r  the  lnconsis tencles could be the presence o f  
d l f f e r e n t  a l g a l  specles i n  the  Impoundment a t  the  t ime o f  the 
o v e r f l i g h t s  ( r e f e r  t o  Sect ion 2.3.3). F igure  4.1 g$ves an Idea o f  
the  d l s t r l b u t i o n  o f  the main a l g a l  genera present a t  s p e c i f i c  po in t s  
i n  the  impoundment ( r e f e r  t o  F igure 3.2). I t  I s  apparent t h a t  the 
p ropo r t i on  o f  the  genera i s  f a i r l y  constant a t  each s i t e .  Equal ly  
re levan t  i s  the  f a c t  t h a t  t h e  genera change from month t o  month. The 
green algae (o i i cvs t is  sp, Crvntomonas sp and Pediastrum sp) are 
l a r g e l y  ev ident  i n  October 1981 and September 1982. The blue-greens 
( U i c r o c y s t i s  sp, Anabeana sp and chrooccus sp) appear I n  
December 1981 and November 1982. The diatoms ( ~ e l o s i r a  sp) appear 
i n  November and December 1981. 

Overal l  the green a l g a l  specles appear t o  be t h e  most p reva len t .  The 
p o s s i b l l t y  t h a t  blue-green algae r e f l e c t  l i g h t  d i f f e r e n t l y  f rom green 
algae i s  a  quest lon beyond the  scope o f  t h l s  study. 

F lgure 4.2 I l l u s t r a t e s  the  seasonal cyc le  o f  major a l g a l  species i n  
Roodeplaat Dam over the per iod  o f  the  Landsat Water Q u a l i t y  P ro jec t  
(Young and Sl lberbauer, 1984). Unfor tunate ly  sur face reference data 
and s a t e l l i t e  re f l ec tance  data were n o t  obtalned when h igh  
concentrat ions o f  algae were present.  

The r e l a t i v e  stages o f  a l g a l  growth a l s o  mlght be important  I n  
understanding the lncons ls tenc les  I n  the r e s u l t s .  

The presence o f  phaeopigments was examlned t o  determlne a  poss ib le  
Inf luence,  I f  any, on the  data ( r e f e r  t o  Sect lon 2.3.6). 

Canonlcal Co r re la t l on  Analysls us ing phaeoplgment data was attempted 
b u t  the  complexity o f  t h e  r e s u l t s  and the obvlous l n t e r c o r r e l a t l o n s  
made i t  d l f f l c u l t  t o  come t o  a  d e f i n i t e  conclusion. I n  an attempt t o  
assess the In f luence o f  phaeoplgment on the Canonical Co r re la t i on  
Analysis of ch lo rophy l l  g, a  slmple l i n e a r  regression ana lys is  was 
c a r r l e d  out.  A l l  s i x  day's data were analysed us lng the  ' I n c l u d i n g  
A l l  Data' c o e f f i c i e n t s  f o r  the l n d l v i d u a l  re f l ec tance  bands. Table 
4.14 l i s t s  the  r e s u l t s .  
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FIWRF 4.1: MAJOR ALGAL GENERA PRESENT AT FOUR SAMPLING 
SITES ON ROODEPLAAT DAM AT THE TIME OF THE 
SATELLITE OVERFLIGHTS 
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ALGAE AT A2R09001 1982 

K=: GREENS r: .,:!.L. :.:+ BUJEGREENS fwl DIATOMS 

I SATELITE OVERPASS 

F I G U R E :  SEASONALITY IN ROOOEPLAAT DAM 
(YOUNG AND SILBERBAUER, 19841 
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TABLE 4.14: LINEAR REGRESSION ANALYSIS OF PHAEOPIGMENT WITH THE 
CANONICAL COEFFICIENTS OF THE REFLECTANCE BANDS 

RATIO OF 
PHAEOPIGMENT/ 

DATE TOTAL CANONICAL COEFFICIENTS 
PIGMENT BAND 7 BAND 6 BAND 5 BAND 4 

81.10.14 0,129 0,06 0,025 0,084 0,387 
81 .l1 -01 0,219 -0,198 0.28 0,082 0.195 
81.12.07 0,264 -0,121 0,096 0,055 0,048 
82.09.13 0,164 -0,l 0.102 0.364 0,052 
82.09.30 0,164 -0,024 0,05 0,062 0,313 
82.11.16 0.11.0 -0,131 0.238 -0,053 0,301 

r -0,47 0,082 0.089 -0,70 
Y Intercept 0,045 0,106 0,614 0,52 
Slope -0,007 0,001 0,002 -0,017 

The results of thls brlef analysis lndlcated very low correlatlon 
coefficients between phaeopigment/total pigment ratio and the 
Canonical Correlations of the reflectance bands 5 and 6 (r = 0,089 
and r = 0,082 respectively), but a negative correlatlon between the 
Canonlcal Coefflclents for band 7 (r = -0,47) and band 4 (r = 
-0.70). This shows that the state of health of the algae, as 
reflected in the amount of phaeoplgment present, has a notlceable 
effect, particularly for the Canonlcal Coefficient of band 4. The 
influence of phaeopigments on the calibration of surface reference 
data relative to satelllte reflectance data, Is something that would 
be worth pursuing but is beyond the scope of thls study. 

4.4 AN INTERPRETATION OF THE COLOUR CODING 
1 

r~ The dlgltal reflectance data In colour coded format provlded visual 
impressions of conditions I n  the Impoundment at dlfferent tlmes 
(refer to Sectlon 3.3.3). 

Data for the 82.09.30, Illustrated on Plates 4.1 to 4.4 Indicate 
relatlvely high reflectance values all over the lmpoundment In bands 
4 and 5 .  Band 6 shows a heterogeneous range of values whlle band 7 
has fairly low reflectances. This could Indicate the presence of 
more turbid than chlorophyll laden water due to the hlgh values 
recognisable In bands 4 and 5. 

Tables 4.10 and 4.11, which present the Canonlcal Coefflclents and 
the percentage contrlbutlon of each variable to the relattonshlp on 
the 82.09.30 indlcate that surface chlorophyll g and Integrated 
turbidity are both related to band 4, a contradlctory picture. 

Plates 4.5 to 4.8 of the day 82.11.16, Illustrate an error that can 
occur with satelllte data. A radiometric error has caused some data 
to be lost. Plates 4.5 and 4.6 show bands 4 and 5 to have hlgh 
reflectance values all over the impoundment. Bands 6 and 7 also have 
relatlvely hlgh values lndlcatlng the posslble presence of 
chlorophyll. Tables 4.12 and 4.13 support thls observation with 
surface and Integrated chlorophyll 3 relatlng to band 4 on 82.11.16. 
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m 
PLATE 4.1: COLOUR CODED REFLECTANCE 

BAN0 4 - 82.09.30 

PLATE 4.3:  COLOUR CODEO REFLECTANCE 
BAND 6 - 82.09.30 

PLATE 4.2: COLOUR COOED REFLECTANCE 
BAND 5 - 82.09.30 

PLATE 4.4: COLOUR CODEO REFLECTANCE 
BAND 7 - 82.09.30 
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Colour coding the re fo re  enables q u a l i t a t i v e  and comparative 
observat ions t o  be made. The degree o f  heterogenei ty  can be 
assessed, b u t  t h e  d i s t i n c t i o n  between ch lo rophy l l  a and t u r b i d i t y  
d i s t r i b u t i o n s  i s  no t  always obvious, p a r t i c u l a r l y  when low 
concentrat ions o f  bo th  ch lo rophy l l  and t u r b i d i t y  a r e  present .  
F ina l l y ' ,  a problem associated w i t h  colour  coding i s  the  photographic 
process involved, which can cause v a r i a t i o n  between t h e  co lour  
d i s t r i b u t i o n s .  

4.5 UNSUPERVISEO CLASSIFICATION 

Using a modi f ied image processing program (Modi f ied CATNIPS) an 
unsupervlsed c l a s s i f i c a t i o n  o f  4 wave bands f o r  each day 's  data 
produced c l a s s i f i e d  d i g i t a l  images o f  Roodeplaat Dam. The d i f f e r e n t  
s ignatures on the  c l a s s i f i e d  image were represented by symbols t o  
enhance the  v i sua l  e f f e c t .  One image f o r  81.12.07 showed outstanding 
d i f f e rences  i n  the  c l a s s i f i c a t i o n  (F igure 4.3). The s t a t i s t i c s  
performed on the  data (Table 4.15) i n d i c a t e  t h a t  bands 4 and 5 main ly  
account f o r  3 o f  the 4 re f l ec tance  classes. The two more s i g n i f i c a n t  
classes ($,M) ev ident  along the  western arm o f  t h e  impoundment 
i n d i c a t e  d i f f e r e n t  water q u a l i t y  condi t ions.  The r e l a t i o n s h i p  t o  
bands 4 and 5 suggests the presence o f  suspended sediments (mean 
re f l ec tance  u n i t s  o f  15,621 and 20.979 f o r  band 4 and 12,807 and 
22.643 f o r  band 5. 

The 4 th  c lass  ( -  r e g i s t e r i n g  a r e l a t i v e l y  h igh  value i n  band 7 
(16.669) and found only  along t h e  shore l ine  can be considered t o  be 
mixels  (mixed p i x e l s  of water and vegetat ion) .  

P l a t e  4.13 represents t h e  unsupervised c l a s s i f i c a t i o n  f o r  81.12.07 
obtained from the SRSC. The image shows fou r  d i s t i n c t  c l a s s i f i e d  
regions, the areas which they cover and the  t u r b t d i t y  concentrat ions 
t h a t  have been a t t r i b u t e d  t o  each c lass .  

TABLE 4.15: STATISTICS OF THE UNSUPERVISED 
CLASSIFICATION FOR 81.12.07 

CLUSTER NUHEER R MEAN R SlGMA 
OF 
PIXELS 

MEANS 4 by 20 
BANDS M f - 

4 15,621 20,979 6,845 8,414 
5 12,807 22,643 4,607 8,902 
6 8,221 17,086 3,968 16,218 
7 4,871 9,693 3,928 16,669 
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OVERVIEW OF ONE DAY'S DATA 81.12.07 

It i s  necessary t o  c o l l a t e  In fo rmat ion  f o r  one day's data I n  order  t o  
ob ta in  a  perspect ive o f  the  issues invo lved.  The data f o r  81.12.07 
was chosen f o r  examination because the data contained t h e  widest  
range o f  d i s t r i b u t e d  water q u a l i t y  cond l t lons  as judged from the  
colour  coded Images. 

To reconst ruc t  a  p i c t u r e  o f  the data a l ready presented: 

Plates 4.9 t o  4.12 i l l u s t r a t e  the co lour  coded re f l ec tance  data f o r  
81.12.07. 
F igu re  K.2 i n  Appendix K presents the Stepwise D lscr lmlnant  Analysis 
f o r  81.12.07. 
Tables 4.6 and 4.7 d i sc lose  the  Canonical Cor re la t ion ,  Canonical 
C o e f f l c l e n t s  and each var lab les  percentage contribution t o  the 
r e l a t i o n s h i p  f o r  81.12.07. 
F igure  4.3, Table 4.15 and P la te  4.13 represent In fo rmat ion  
concernlng the unsupervised c l a s s l f l c a t l o n  o f  the  day's data. 

Plates 4.9 and 4.10, the  colour  coded images f o r  bands 4  and 5 
c l e a r l y  i n d i c a t e  the  presence o f  water q u a l l t y  cond i t ions  a long the  
southern p a r t  o f  t h e  l e f t  arm o f  Roodeplaat Dam. Bands 6  and 7  
(P la tes  4.11 and 4.12) a l so  i n d i c a t e  d i f f e r i n g  cond i t ions  bu t  t o  a  
lesser  extent .  The remainder o f  the impoundment appears t o  be 
r e l a t i v e l y  homogeneous. 

FIgure K.2 i l l u s t r a t e s  t h a t  p o t e n t i a l l y  3  d l f f e r e n t  populat ions are  
present  I n  the  impoundment: P, represent ing the southern most 
p o l l u t e d  arm o f  the  impoundment; C, t h e  canoe lanes along the  western 
arm and B  and D, the low ref lectances,  d e p i c t i n g  c l e a r  water o f  t h e  
main body o f  the  Impoundment. The one Canonical v a r i a b l e  t h a t  
dominates the  ana lys is  I s  sur face t u r b i d i t y .  

Table 4.6 reveals t h a t  f o r  t h i s  overpass sur face t u r b i d i t y  I s  by f a r  
the dominant v a r i a b l e  (98%) and t h a t  a l l  o f  the bands con t r i bu te  
f a i r l y  equa l ly  t o  the relationship. Band 6 shows a  s l i g h t  head 
(30%). The Canonlcal Co r re la t i on  o f  0.94 i s  h igh.  I t  I s  noteworthy 
t h a t  t he re  are no o u t l i e r s  i n .  t h e  data f o r  t h i s  Image and there  was 
no necess i ty  t o  normal ise the  data. 

Table 4.7 a f f i r m s  the  presence o f  t u r b l d  water w i t h  a  f a l r l y  h igh  
contribution (65%) o f  In tegra ted  t u r b i d i t y .  Band 4 (41%) i n  
p a r t i c u l a r  appears t o  be re la ted  t o  the  l n teg ra ted  t u r b i d i t y .  The 
h i g h  Canonical Co r re la t l on  o f  0.95 suggests a  good r e l a t i o n s h l p .  

Landsat water quality surveillance model CALMCAT TR 128 July 1986



PLATE 4.9: COLOUR CODED REFLECTANCE 
BANO 4 - 81.12.07 

PLATE 4.10: COLOUR CODED REFLECTANCE 
BAND 5 - 81.12.07 

PLATE 4.11: COLOUR COOED REFLECTANCE 
BANO 6 - 81.12.07 

PLATE 4.12: COLOUR CODED REFLECTANCE 
BANO 7 - 81.12.07 
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PLATE 4.13: UNSUPERVISED CLASSIFICATION OF ROODEPLAAT 

DAM - 81.12.07 

The unsupervised c l a s s l f l c a t i o n  and colour  coded lmages were f u r t h e r  
re in fo rced  by a  c l a s s i f l c a t l o n  o f  the  81.12.07 Image belng produced 
by an lmage processing system a t  Hartbeesthoek, P la te  4.13. The 
c l a s s l f ~ c a t l o n  l d e n t l f l e d  8  classes, 4 which could be considered t o  
be border classes i n d l c a t l n g  mlxed areas o f  vegeta t ion  and water. 
The remaining 4  classes d i s t l ngu l shed  d l f f e r e n t  water q u a l l t y  
condi t ions.  

From the  abovementioned r e s u l t s ,  due t o  t h e  obvious weight I n  favour 
of t u r b i d i t y ,  the lmage classes were compared w i t h  the  sur face 
reference data f o r  surface and In teg ra ted  t u r b i d i t y  (F lgure  4.4). 
F l ve  t u r b l d l t y  categories became apparent (F igure  4.5). 
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54 SURFACE TURBIDITY (NTUI 
44 INTEGRATED TURBIDITY INTU) 
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RF 4 .  SURFACE AND IHTBGRATED TURBIDITY SURFACE REFERENCE DATA FOR 81.12.07 
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SCALE 
2 

FIGURE 4.5 : TURBIOITY CLASSES FOR ROODEPLAAT DAM 
- 81.12.07 

, 

SCALE 

2 

J 

FIGURE 4.7 : CHLOROPHYLL CLASSES FCR RYODEPLAAT DAM 
- 81.12.07 ,, 
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FIGURE 4 .6  : SURFACE AND INTEGRATED CHLOROPHYLL SURFACE RERRENCE WTA FOR 
81.12.07 

33 1 SURFACE CHLOROPHYLL (p /I) *- 
29 5 INTEGRATED CHLOROPHYLL &g /l l 

SCALE 

0 1 2 

km 

i 
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A query arose as t o  the Importance o f  bands 6 and 7  whlch had f a i r l y  
h l g h  percentage contributions i n  the  r e l a t i o n s h i p  (30 and 26% 
respec t l ve l y ) .  P la te  4.13 classes were compared w i t h  surface and 
i n teg ra ted  ch lo rophy l l  g data (F igure  4.6). The r e s u l t s  g iven i n  
F igure  4.7 I l l u s t r a t e  the  h igh  c o n t r l b u t l o n  ch lo rophy l l  g malnta lns 
i n  the o v e r a l l  context .  

This  ln fo rmat lon  Immediately I d e n t l f i e s  a  major problem associated 
w i t h  distinguishing the d i f f e rence  between ch lo rophy l l  a and 
t u r b l d l t y .  T u r b l d i t y  was prev lous ly  i d e n t i f i e d  i n t o  classes o f  0-3, 
3-5, 5-14 and 14-22 NTU ( r e f e r  t o  P la te  4.13). I n  s i m i l a r  areas, 
ch lo rophy l l  was a l s o  present a t  concentrat ions o f  approximately 
0-10 pg/e, 10-20 pg/L, 20-30 pg/L and 30 t pg/L 
respec t i ve l y .  

A l l '  o f  the problems discussed i n  Sections 2 and 3  suddenly become 
h i g h l y  re levant .  The necessi ty  f o r  apply ing m u l t i - v a r i a t e  ana lys is  
t o  the  data, the I n s t a b i l i t y  o f  the  Canonlcal Co r re la t i on  Analysls 
and the  m u l t i - c o l l i n e a r i t y  o f  the sur face reference data and 
s a t e l l i t e  re f l ec tance  data were a l l  made very apparent. 

SUMMARY 

The i n i t i a l  r e s u l t s  o f  t h e  l n v e s t l g a t l o n  have h l g h l l g h t e d  some 
Important  po in ts .  F i r s t l y ,  there  i s  a  d l s t l n c t  c o r r e l a t i o n  between 
s p e c l f i c  water q u a l i t y  cond i t lons  and s a t e l l i t e  re f l ec tance  data. 
Secondly, the  r e l a t i o n s h i p  between the  dependent and Independent da ta  
sets I s  a  complex one and I t  i s  d l f f i c u l t  t o  i s o l a t e  l n d l v i d u a l  
re la t l onsh lps .  Th l rd l y ,  the  quest ion o f  whlch s t a t i s t i c a l  approach 
should be fo l lowed I n  order t o  ob ta in  the most accurate r e s u l t s  i s  
very d i f f i c u l t  t o  ascer ta in .  Four th ly ,  ch lo rophy l l  g and t u r b l d l t y ,  
p a r t i c u l a r l y  a t  low concentrat ions, a re  i n t e r r e l a t e d .  

I n  order t o  ga in  q u a n t i t a t i v e  r e s u l t s  i t  I s  t he re fo re  essen t i a l  t o  
b u l l d  on the basis o f  m u l t i - v a r l a t e  ana lys ls ,  incorporat3ng the 
problem o f  m u l t l c o l l i n e a r i t y  o f  the  data set,  and attempt t o  
e s t a b l i s h  a  model with which t o  s imulate water q u a l i t y  cond i t lons  
from s a t e l l i t e - d e r i v e d  Informat ion.  A model has been attempted and 
w i l l  be discussed I n  the  f o l l o w i n g  chapters. 
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CHAPTER 5 

USE OF THE CANONICAL COEFFICIENTS FOR SIMULATIVE PURPOSES 

5.1 INTRODUCTION 

Canonlcal Correlatlon Analysls, provides a set of multl-varlate 
coefflclents and correlation coefflclents, whlch represent, In thls 
Instance, the relatlonshlp between surface reference data and 
satellite reflectance data. 

A problem Inherent In Canonlcal Correlatlon Analysis Is that the 
equatlons produced are In their lmpllclt form (refer t o  Sectlon 4.3) 
whlch means that the equatlons requlre solution before they can be 
understood and used for slmulatlve purposes. 

Therefore a method was establlshed whlch could Incorporate the 
Canonlcal Coefficients and the multi-linear relatlonshlp, In such a 
way that quantlflable and Interpretable results could be acquired for 
slmulatlve purposes and the most appropriate of the three dlfferent 
approaches 'Including All Data', 'Excluding Outllersl and 'Normalised 
Data' could be assessed. 

5.2 OBTAINING THE LINEAR REGRESSION EQUATION 

The Canonlcal Correlatlon Analysis Is an extenslon of llnear 
regresslon analysls and a llnear regresslon equation in the form of Y 
= MX + K can be obtalned, for uhlch Y and X are llnear polynomlal 
varlables. The coefflclents for each variable In the polynomlals are 
determlned In the canonical analysls, the slope (M) of the regression 
llne and the Y Intercept (K) need to be establlshed, however. Thls 
uas carrled out by lnsertlng the Canonlcal Coefficients, together 
with the respective surface reference and satellite reflectance data, 
Into a llnear regresslon program. The llnear regresslon program 
'LINREG' is presented In Appendlx L. In this way the slope (M) of 
the regression llne and the Y Intercept (K) were obtalned and the 
llnear regression llne for each set of data for each day was 
acquired. An example of results obtalned from program 'LINREG1 Is 
given In Appendlx M. Values obtained for H and K for each day and 
for each of. the three approaches are presented In Appendix N. The M 
and K values dlffered for each day and wlth each dlfferent approach. 
Thls Information suggested that the relatlonshlp, between the surface 
reference data and the satelllte reflectance data, was unlque t o  each 
speclflc overpass. 

It must be pointed out that values for the comblnatlon of varlables. 
surface chlorophyll a/lntegrated chlorophyll 3 and surface 
turbldlty/lntegrated turildlty are Included In Appendlx N. As there 
are four surface reference data unknowns It is essential t o  have four 
simultaneous equations In order to solve expllcltly for the surface 
reference varlables. The statistical assumptlon requlrlng 
Interdependency between varlables was ignored. 

The four equations to be solved are In the form 

Y = MX + K as discussed In Sectlon 4.3 
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The solutlon of the four simultaneous equatlons wlth 4 known and 4 
unknown varlables made It possible for the model CALMCAT* t o  be set 
up which could simulate water quallty conditions (refer to Section 
6.1). 

SOLVING THE SIMULTANEOUS EQUATIONS 

The solutlon of the four simultaneous equatlons (Appendlx 0) enabled 
a model to be produced. By substltutlng the respective Canonlcal 
Coefficients and M and K values into the model the calibration 
equatlons for each day and for each of the three approaches were 
obtained. Values could be calculated for the four water quality 
varlables for each plxel of the impoundment, by entering the 
corresponding reflectance values of the four wavebands. Thls made 
possible the determination of chlorophyll a and turbldlty 
concentrations at specific sites in the impoundment. 

Appendix P presents the subroutlne used to determine concentratlons 
at specific sites. Appendix Q Is an example of the calibration data 
set required t o  run Subroutine "Convrt". 

TESTING THE ACCURACY OF THE CALIBRATION EOUATIONS 

T o  determine the accuracy of CALMCAT and the calibration equations 
obtained from the Canonical Correlation Analysis, the linear 
regression program and the solvlng of the 4 simultaneous equations, 
it was necessary to test the equations. For three of the sampling 
days (82.09.13, 82.09.30 and 82.11.16). 55 sampling points had been 
sampled, but only 32, or fewer dependlng on the alternative applied, 
had been used in the calibratlon of the models for each specific day 
i.e., the establishment of the Canonlcal Coefficients and Canonical 
relationship. Therefore data from 23 sampling polnts on 2 of the 
days and 2 2  sampling points on one day were available t o  test the 
accuracy of the modelst (refer to Sectlons 3.2.1 and 6.1). These 
sampling polnts, which had not been used In the Canonlcal Analysis 
were termed the verificatlon data set. The concentratlons of each 
water quality variable at the veriflcatlon data sites were slmulated 
using the model CALHCAT and the slmulated values were compared wlth 
the observed values. 

Two Indicators were used t o  assess the performance of the models and 
the calibratlon equatlons. Firstly a coefflclent of efflclency of 
model performance was used to examlne the accuracy of the calibration 
equatlons on both the original calibrated data set, as well as the 
verification data set that had not prevlously been used in the model 
development or calibratlon thereof. Secondly the Student's t test 
and the percentage relative error, between the slmulated and the 
observed mean values of the veriflcatlon data were determined. 

CALMCAT - Canonical Analysis Landsat Model of Chlorophyll and 
lurbldl ty 

+ CALMCAT has three variants I.e. Including All Data, Excluding 
Outliers. Normalised Data 
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In this instance. 'sImulateda values are concentrations calculated 
for pixels from the reflectance values by the CALMCAT model, and 
therefore they represent the simulated ambient water quality 
conditions present in the impoundment. 

5.4.1 The Coefficient of Efficiency of Model Performance 

The coefficient of efficiency of model performance (Nash and 
Sutcliffe, 1970) is "an index of one to one correspondence that is 

: 'sensitive to systematic errors in the model output" (Roberts, 1978). 
The statistic has the form 

Coefficient of 1 0 ~  - o i 2  - 1(01- s ~ ) ~  \ 

where 0 and S represent observed and simulated data respectively and 
H represents the mean. 

The coefficient of efficiency essentially determines the closeness of 
the observed versus simulated data to the 45' line* on a graph. The 
closer the regression line lies to 
the 45" line the higher the coefficient of efficiency. Used in 
conjunction with the coefficient of determination ( R ~ )  "the value 
of the coefflcient of efficiency will be lower than the coefficient 
ofdetermination if the results from the model are highly correlated 
but biased" (Aitken, 1973). Ideally, the coefficient of efficiency 
values should approximate to 1.0, with intercept values of 0 and 
slope of 1.0. 

5.4.2 The Student's t Test 

The Student's t test from the SPSS Statistical Package for the Social 
Sciences (SPSS). (Nie al. 1975), was used to test the similarity 
between the observed and the simulated data set means. The equation 
for the t test is; 

- 
(X,- T 2 )  with ( n l +  n2 

td = ( ) -2) degrees of freedom, 

- 
where (xl - x2) is the difference between the two means and 
where 

Is the pooled variance and nl and n2 are the respective sample 
sizes of the two groups. 

* Equal value line 
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The t t e s t  glves an I n d i c a t i o n  o f  the  s l g n i f l c a n c e  o f  t h e  d l f f e rence  
between t h e  means. The c lose r  the t value t o  zero, t h e  b e t t e r  the 
f i t ,  whereas t h e  l a r g e r  the value, ( s i g n  ignored) the  poorer the  
s imu la t ion .  

I f  t h e  absolute value o f  t ( t h e  s ign  Ignored) I s  g rea ter  than t h e  
c r l t l c a l  value o f  t obtained from a  t a b l e  o f  the  t d l s t r l b u t i o n  then 
there  I s  a  s l g n i f i c a n t  d i f f e r e n c e  between the  two means. The 
c r i t i c a l  value f o r  44 degrees o f  freedom a t  the  5% two t a i l e d  l e v e l  
o f  s l g n l f l c a n c e  i s  2.02. i 

The data were an t l logged before the t t e s t  ana lys ls .  

The percentage r e l a t l v e  e r r o r  between the slmulated and the  observed 
mean values were ca lcu la ted  us ing the f o l l o w i n g  equation: 

Mean - Observed Mean X = Percentage r e l a t i v e  e r r o r  
Observed Mean 

5.5 RESULTS AND DISCUSSION OF RESULTS 

The r e s u l t s  o f  the  c o e f f i c i e n t  o f  e f f l c l e n c y  ana lys is  f o r  the  
c a l i b r a t i o n  data set ,  t h e  r e s u l t s  of the  t t e s t  ana lys ls ,  the  
percentage r e l a t l v e  e r r o r  and the c o e f f i c i e n t  o f  e f f l c l e n c y  ana lys ls  
f o r  the  v e r l f l c a t l o n  data set ,  f o r  each op t i on  and f o r  each day are  
presented and a r e  discussed. 

5.5.1 Overpass o f  82.09.30 

The c o e f f i c i e n t  o f  e f f l c i e n c y  ana lys ls  of the  C a l i b r a t i o n  Data se t  
f o r  the ' I nc lud ing  A l l  Data' Optlon, 82.09.30, i s  shown i n  Table 
5.1. The mean and standard d e v i a t i o n  values between the  observed and 
simulated- data are comparable. The c o e f f l c l e n t s  o f  e f f l c l e n c y  and 
determinat ion are  a l l  greater  than 0,73 w l t h  the  except ion o f  sur face 
t u r b i d i t y .  The reason f o r  sur face t u r b i d i t y  having such low 
c o e f f l c l e n t s ,  wh l l e  I n teg ra ted  t u r b i d i t y  i nd l ca tes  good 
correspondence l eve l s  between observed and slmulated values, may l i e  
i n  the  noise o f  the  observed data. O f  t h e  f o u r  var iab les ;  sur face 
t u r b l d l t y  I s  the on ly  v a r i a b l e  showing a  standard dev ia t i on  f o r  the  
observed data greater  than t h e  observed mean. The r e s u l t s  i n d i c a t e  
t h a t  the c a l l b r a t i o n  equations prov ide an acceptable f l t  w l t h  the  
poss ib le  except ion o f  surface t u r b i d i t y .  

Table 5.2 l i s t i n g  the  r e s u l t s  o f  the v e r i f i c a t i o n  data ' I nc lud ing  A l l  
Data' op t l on  f o r  day 82.09.30. shows t h a t  t h e  mean values o f  the 
observed and the  slmulated data, f o r  each water q u a l l t y  var iab le ,  a re  
very s i m i l a r .  The t value f o r  surface ch lo rophy l l  a, of -0.06, 
suggested a  good s lmu la t lon  f o r  mean values, whereas i n teg ra ted  -- 
ch lo rophy l l  a had a  h igh  t value, o f  3,38, i n d l c a t l n g  a  poorer 
s lmulat lon.  The t values f o r  the t u r b i d i t y  va r l ab les  are below the  
c r l t 1 , ca l  l i m i t  o f  2.02 and are  the re fo re  acceptable. The percentage 
r e l a t i v e  e r r o r  f o r  a l l  o f  the  var lab les  are  below 9% w i t h  a  low e r r o r  
accred l ted  t o  the  s imu la t ion  o f  surface ch lo rophy l l  g. 
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TABLE 5.1: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'INCLUDING ALL DATA' OPTION FOR 82.09.30 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 32 32 32 32 

Mean o f  observed data 24.27 27, l l  6.46 5.65 

Mean o f  s imulated da ta  , 25.72 27.65 5,47 5,73 

Std. dev. o f  observed data 17,06 20.15 7,02 3,36 

Std. dev. o f  s imulated data 21.45 21,04 2.56 3.36 

Regression i n t e r c e p t  5,4 3.65 1,lO 0,36 

Regresslon s lope 0.73 0.85 0,98 0,92 

Coeff. o f  de termlna t lon  RZ 0,85 0,79 0.13 0.86 

Coeff. o f  e f f i c i e n c y  0,73 0.79 0,11 0,85 

I n  con t ras t  t o  t he  c a l l b r a t l o n  data se t  which gene ra l l y  showed h l g h  
c o e f f i c i e n t s  of e f f l c l e n c y  (Table l the  c o e f f l c l e n t s  o f  
e f f l c l e n c y  f o r  t he  v e r i f i c a t i o n  data se t  were poor. The reason f o r  
t h l s  discrepancy probably l i e s  i n  t he  Inheren t  no ise  I n  t he  sur face 
reference data whlch places a fundamental l l r n i t a t l o n  on the  p r e c l s l o n  
whlch may be achieved. 

While an o v e r a l l  t r end  I s  observable f o r  p l o t s  o f  s imulated versus 
observed data (F lgure  5.1 t o  5.4) t he  r e l a t l o n s h l p  shows a h i g h  
degree o f  s c a t t e r  p a r t i c u l a r l y  over smal l  ranges o f  t he  data (see 
F igure  5.1). I t  I s  t he  l a t t e r  phenomenon whlch i s  responsib le f o r  
t he  poor c o e f f i c i e n t s  o f  e f f l c l e n c y  f o r  t he  v e r l f l c a t i o n  data s e t  as 
t h l s  data se t  on ly  represents a smal l  reg ion  o f  t h e  t o t a l  range I n  
con t ras t  t o  the c a l l b r a t l o n  data set.  F lgure  5.3 l nd l ca tes  the  
reason f o r  t he  low c o e f f i c i e n t s  o f  e f f l c l e n c y  obtained f o r  t he  
sur face t u r b i d i t y  c a l l b r a t l o n  data se t  (Table 5.1). as an extreme 
o u t l l e r  w i t h  an observed s u r f a c e ' t u r b l d i t y  o f  41 NTU, no t  l y l n g  on 
the  equal value l l n e ,  i s  present.  

The r e s u l t s  o f  t he  'Exc luding O u t l i e r s '  Opt ion on the  Ca l ib ra ted  Data 
se t  o f  82.09.30, Table 5.3, presented s i m i l a r  mean and standard 
d e v i a t i o n  values. The c o e f f i c i e n t  o f  de termina t ion  f o r  a l l  o f  t he  
va r i ab les  I n c l u d i n g  sur face t u r b l d l t y  were acceptable bu t  t he  
c o e f f i c i e n t s  o f  e f f l c l e n c y  were less  than 0.5, except f o r  i n teg ra ted  
t u r b i d l t y  where a value o f  0,78 was found. 
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TABLE 5.2: ANALYSIS OF ACCURACY O f  THE VERIFICATION OATA SET FOR 82.09.30, 

'INCLUDING ALL OATA' OPTION 

82.09.30 r INCLUOING ALL OATA 

Water Q u a l i t y  
V a r i a b l e s  
23 Cases 

S td .  Oi f f .  t X R e l a t l v e  Regress ion  Regress lon  ~2  Coef f . of  
Mean Oev. Mean Test  E r r o r  I n t e r c e p t  S lope  E f f i c i e n c y  

( I n t e g r a t e d  Observed ( 30,61 8.43 

Sur face  Observed 

C h l o r o p h y l l  
S imula ted 

r 9 / *  - 

----+-- 0.87 3,38 3 I C h l o r o p h y l l  a  

27.17 10.59 
-0.11 -0,06 0.4 11 0.59 0.62 0.33 

27.28 14.12 

l 
. -  - 

Simula ted 129.75 14,68 

I n t e g r a t e d  Observed 1 ;:E1 ;:IS 
-0.29 -1.01 5 2,48 0,55 0.75 0.22 

T u r b l d l t y  
S imula ted 

Sur face  Observed 
-- 

T u r b i d i t y  
Slmulated 

NTU - 

5.67 1.69 
-0.52 -1 .g6 9  1.9 0.61 0,72 0.32 

6.19 2.36 
-- 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



820930 SUCOL 
A L L  . D A T A  O P T I O N  

+ CALIBRATION DATA 
A VERIFICATION DATA 

OBSERVED SUCOL ( ~ g / l )  

FIGURE 5.1 OBSERVED VERSUS SIMULATED 'SURFACE CHLOROPHYLL FOR 82.09.30 
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+ CALIBRATION DATA 
A MMFICATION DATA 

FIGURE 5 .2  OBSERVED VERSUS SIMULATED INTEGRATED CHLOROPHYLL FOR 82 .09 .30  
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8 2 0 9 3 0  SUTUL 
A L L  D A T A  O P T 1  0 N 

+ CALIBRATION DATA 
A VERIFICATION DATA 

OBSERVED SUTUL (NTU) 

FIGURE 5.3 OBSERVED VERSUS SIMULATED SURFACE TURBIDITY FOR 82.09.30 
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8 2 0 9 3 0  I N T U L  
ALL D A T A  O P T  I 0 N 

+ CALIBRATION DATA 
A VERIFICATION DATA 

OBSERVED INTUL (NTU) 

FIGURE S.  4 OBSERVED VERSUS SIMULATED INTEGRATED TURBIDITY FOR 8209.30 
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TABLE 5.3: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'EXCLUDING OUTLIERS1 OPTION FOR 82.09.30 

SUCOL INCOL SUTUL ' INTUL 
7 

Number o f  samples 30 30 30 30 

Mean o f  observed data 22.57 24,54 $,g2 5.22 

Mean o f  simulated data 24,40 26,lO 5.09 5.30 

Std. dev. o f  observed data 13,84 13,47 2.12 2.16 

Std. dev. o f  simulated data 19,73 17.68 2.46 2.39 

Regression i n t e r c e p t  8.21 7.83 1.52 0,88 

Regression slope 0.59 0,64 0.67 0.82 

Coeff. o f  determinat ion RZ  0.10 0.71 O,b 0.82 

Coeff. o f  e f f i c i e n c y  0.34 0.47 0,44 0,78 

The v e r i f i c a t i o n  data se t  (Table 5.4) showed poor ch lo rophy l l  
c o e f f i c i e n t s  o f  determinat ion and e f f i c i e n c y  and 8% t o  12% r e l a t i v e  
e r r o r  i n  t h e i r  estimates. The t t e s t  r e s u l t s  ind fca ted  acceptable 
values a t  the  5% two t a i l e d  l e v e l  o f  p r o b a b i l i t y  and good p red i c t i ons  
f o r  i n teg ra ted  t u r b i d i t y .  Overal l  the  'Excluding O u t l i e r s '  Opt ion 
produced acceptable r e s u l t s  f o r  i n teg ra ted  t u r b i d i t y .  

Table 5.5 showing the  r e s u l t s  o f  t h e  'Normalised Data' Option 
Ind i ca ted  good mean and standard dev ia t i on  values between observed 
and simulated data, reasonable c o e f f i c i e n t s  o f  determinat ion a l l  
above 0,72 and an acceptable c o e f f i c i e n t  o f  e f f l c l e n c y  f o r  I n teg ra ted  
t u r b i d i t y  o f  0,78. The c o e f f i c i e n t s  o f  e f f l c i e n c y  f o r  the  remaining 
var iab les  were between 0.59 and 0.61. The v e r i f l c a t l o n  data, Table 
5.6, showed small t values and low percent r e l a t l v e  e r r o r s  f o r  a l l  o f  
the  var iab les ,  low c o e f f i c i e n t s  o f  determinat ion and e f f i c i e n c y  f o r  
ch lo rophy l l  g and acceptable c o e f f i c i e n t s  f o r  i n teg ra ted  t u r b i d i t y .  
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TABLE 5.4: ANALYSIS OF ACCURACY OF THE VERIFICATION SET FOR 82.09.30, 

'EXCLUDING OUTLIERS' OPTION 

82.09.30 EXCLUDING OUTLIERS 

Water Quality Std. D i f f .  t X R e l a t i v e  Regression Regression ~2 Coef f .  o f  
Var iables Mean Dev. Mean Test E r r o r  I n t e r c e p t  Slope E f f i c i e n c y  
23 Cases 

Surf ace Observed 

Chlorophyl l  
Simulated 

v9/Q 

In tegra ted  Observed 
- 

Ch lorophy l l  g 
Simulated 

Surface Observed 

T u r b i d i t y  
Simulated 

NTU 

In tegra ted  Observed 

T u r b i d i t y  
Simulated 

27.17 10.59 
-3.18 -1.48 12 11,48 0.52 0.4 -0,04 

30.35 12.96 

30.61 8.43 
2.32 1.08 8 18.94 0.41 0,4J -0.56 

28.30 14.04 

5.67 1.69 
0.38 1.72 7 2.01 0.69 0.77 0.56 

5,29 2.15 

5.86 1,59 
-0.12 -1.55 2 1 .g1 0.66 0,78 0.57 

5.98 2.13 
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TABLE 5.5: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET. 

'NORMALISED DATA' OPTION FOR 82.09.30 

- 
SUCOL INCOL SUTUL INTUL 

Number of samples 17 17 17 17 

Mean of observed data 22,55 24.49 4.75 5.06 

Mean of simulated data 23,93 25,63 4.84 5.14 

Std.dev.of observeddata 12,79 12,15 1.58 1,60 

Std. dev. of simulated data 16,65 15,15 1.86 1.91 

Regression Intercept 6.34 6.56 1.24 1.07 

Regression slope 0.68 0.70 0.72 0.78 

Coeff. of determlnatlon R2 0.78 0.76 0,72 0,86 

Coeff. of efficiency 0,59 0,61 0.61 0.78 

In sumnary. the three optlons for the day 82.09.30 Indicated that the 
'Includlng All Data' Optlon obtalned both the best ('0.85 for 
integrated turbldlty) and the worst (0,ll for surface turbldlty) 
coefflclents of efficiency. The best overall coefficients of 
efflclency were provlded by the 'Normallsed Data' Optlon where the 
coefficients lay between 0,59 and 0.78. 

The best overall coefflclents of determinatlon were obtalned by the 
'Normallsed Data' Option, 0.72 to 0,86 for the four variables. 

The t test showed relatlve errors lay in the range 0,4% to 9% for the 
'Including All Data' Optlon; between 2% to 12% for the 'Excludlng 
Outllers' Option; and between 2% to 5% for the 'Normallsed Data' 
Optlon. 

Considered synoptically, the 'Normallsed Data' Optlon provided the 
best callbratlon for the overpass of 82.09.30. The callbratlon 
equations of the 'Normalised Data' model are used In the model to be 
discussed In Chapter 6. 

While there was good simulation between the means of the observed 
versus shnulated data sets, there was not always such a good fit for 
Individual pixels. Tables 5.7 to 5.9 Indicate that In some 
lndivldual cases the values varled fairly slgnlflcantly. This can be 
expected due to the fact that the surface reference data for each 
plxel represents a sample of l 000 m1 taken wlthln a pixel and 
cannot be expected to be exactly equal to the average water quallty 
conditions as seen by the satelllte over an 80 m by 80 m area I.e. 
noisy data. 
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TABLE 5.6: ANALYSIS OF ACCURACY OF THE VERIFICATION DATA SET FOR 82.09.30, 

'NORMALISED DATA' OPTION 

NORMALISED DATA 

Water Q u a l i t y  Std. D i f f .  t X R e l a t i v e  Regression Regression ~2 Coeff.  o f  
Var iables Mean Dev. Mean Test  E r r o r  I n t e r c e p t  Slope E f f i c i e n c y  
23 Cases 

Surface 
-1.43 -0.63 5 13.44 0,48 0.33 -0.08 

Chlorophyl l  a 

I n teg ra ted  Observed 130.61 8,43 
-1.21 -0.56 4 18.42 0,38 0.33 -0.55 

Ch lorophy l l  a 
S\mu\ated 31.82 12 ,l1 

In teg ra ted  obserwed 1 j:Ol ;:5; 
-0.14 -0.81 2 0.50 0.89 0.73 0.71 

T u r b l d i t y  
Simulated 

Surface Observed 
- 

T u r b i d i t y  
Simulated 

NTU 

5.67 1.69 
l 0.71 3 0,56 0,93 l 0.60 

5.51 1.42 
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TABLE 5.7:  OBSERVED VERSUS SIMULATED WATER QUALITY DATA FOR INDIVIDUAL SAMPLING 
POINTS 82.09.30. 'INCLUOING ALL DATA' OPTION 

SAHPLING SURFACE INTEGRATED SURFACE INTEGRATE0 
POINT CHLOROPHYLL a CHLOROPHYLL 5 TURBIDITY TURBIDITY 

r 9 / L  NTU NTU 

NO. 08s. SIM. 08s. SIM. OBS. SIM. 08s .  SM. 

TABLE 5.8: OBSERVED VERSUS SIMULATED WATER QUALITY DATA FOR INDIVIDUAL SAMPLING 
POINTS 82.09.30. 'EXCLUDING OUTLIERS' OPTION 

SAMPLING SURFACE INTEGRATED SURFACE INTEGRA~EO 
POINT CHLOROPHYLL g CHLOROPHYLL a TURBIDITY TURBIDITY 

r 9 / 1  u 9 / L  NTU NTU 

NO. 08s. SIW. 08s. SIW. 08s. SIM. 08s. sra. 
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SAUPLING 
POINT 

NO. 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 

OBSERVED VERSUS 
POINTS 82.09.30. 

SURFACE 
CnLoRoPnYLL a 
!J9/l 

OBS. sm. 

57.00 38.46 
36.50 59.16 
34.00 32.36 
26.30 43.85 
35,40 55.72 
35.90 35.48 
42.60 32.81 
33.00 32.81 
33.00 40.03 
30.60 25.18 
33.00 7.48 
27.30 30,83 
21.50 22.86 
20.60 17.62 
21.50 21.09 
18.70 16.37 
16.30 20.94 
19.10 25.00 
15.69 15.85 
13.90 19.36 
16.70 20.94 
16.10 13.34 
1Y.60 29.38 

SIMULATE0 WATER QUALITY DATA FOR INDIVIDUAL SAMPLING 
'NORMALISE0 OATA' OPTION 

INTEGRATED 
CHLOROPHYLL a 
vgll 

DBS. 5111. 

40.50 38.82 
35,80 57.41 
41 .PO 35.65 
34.50 46.13 
39,20 63.39 
39.20 39.17 
44.50 34.99 
37.80 34.99 
36.40 40.09 
33.00 28.05 
33.50 10.00 
32.10 37.07 
33.00 29.79 
28.70 19,23 
27.30 25.64 
27-30 22.34 
23.00 25.41 
18.70 27.99 
20.10 16.60 
20.60 22.70 
18.70 25.41 
17.20 15.74 
21.10 35.32 

SURfACE INTEGRATED 
TURBIDITY TURBIDITY 
NTU NTU 
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5.5.2 Overpass o f  82.09.13 

The r e s u l t s  o f  the  overpass f o r  82.09.13 are  presented I n  Tables 5.10 
t o ,  5.15. A l l  three opt ions, ' I nc lud ing  A l l  Data'; 'Excluding 
O u t l i e r s '  and 'Normalised Data' gave negat lve c o e f f i c i e n t s  o f  
e f f l c l e n c y  f o r  i n teg ra ted  ch lo rophy l l  p. The c o e f f l c l e n t  o f  
determinat ion f o r  i n teg ra ted  ch lo rophy l l  g,. was poor f o r  the  
l I nc lud lng  A l l  Datat Optlon; whereas t h e  c o e f f l c l e n t s  o f  
determinat lon f o r  surface and In teg ra ted  ch lo rophy l l  p were poor f o r  
the  'Excluding O u t l l e r s '  and 'Normalised Data' Options. 

Desplte the  I n a b i l i t y  t o  s imulate individual data po in t s  as shown by 
t h e  unacceptable c o e f f i c i e n t s  o f  e f f l c l e n c y  and determlnat lon, t h e  t 
t e s t s  on the v e r i f i c a t i o n  data sets showed t h a t  the  mean values were 
acceptably simulated w i t h  r e l a t l v e  e r ro rs  o f  l ess  than 10%, except 
f o r  i n teg ra ted  ch lo rophy l l  p where r e l a t i v e  e r ro rs  o f  between 14% and 
16% f o r  the  th ree  opt lons were found. 

TABLE 5.10: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'INCLUDING ALL DATA' OPTION FOR 82.09.13 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 31 31 31 31 

Mean o f  observed data 20,65 20.05 5.33 5,85 

Mean o f  slmulated data 21.23 24,BO 5,38 6,08 

Std. dev. o f  observed data 9.10 9,43 2.48 3,08 

Std. dev. o f  s imulated data 19,Ol 39.38 2.54, 3,88 

Regresslon I n t e r c e p t  12.19 16,04 0,38 1.25 

Regresslon s lope 0.40 0,16 0,92 0.76 

Coeff. o f  determlnat lon R~ 0.69 0.46 0.89 0.91 

Coeff. o f  e f f l c l e n c y  -0,89 -12.07 0.88 0,81 
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TABLE 5.11: ANALYSIS OF ACCURACY OF THE VERIFICATION OATA SET FOR 82.09.13, 

'INCLUDING ALL OATA' OPTION 

82.09.13 INCLUDING ALL DATA 

Water Q u a l l t y  S td .  O l f f .  t %Relative Regress ton  Regress ion  ~2 Coef f . o f  
V a r i a b l e s  Mean Dev. Mean T e s t  E r r o r  I n t e r c e p t  S lope  E f f t c l e n c y  
22 Cases 

Sur face  Observed 

C h l o r o p h y l l  a 
Slrnulated 

&Q 

I n t e g r a t e d  Observed 

C h l o r o p h y l l  
Slrnulated 

Sur face  Observed 

T u r b l d l t y  
S imu la ted  

NTU 

I n t e g r a t e d  Observed 

T u r b \ d l t y  
S imula ted 

20.80 4,58 
1 .l 2.00 5 13.69 0.38 0.26 -0.67 

19.69 4.09 

21.15 3.94 
3.43 3.11 1 6  14.31 0.38 0.45 -1.52 

17.72 6.92 

5.10 2.06 
-0.09 -0.24 2 l ,24 0.14 0.19 0,16 

5.19 1.21 

5.44 1.38 
-0.16 -0.57 3 2.44 0.53 0,32 0.06 

5.59 1.45 
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TABLE 5.12: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'EXCLUDING OUTLIERS' OPTION FOR 82.09.13 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 30 30 30 30 

Mean o f  observed da ta  19.49 19.04 4.94 5,35 

Mean o f  s imulated da ta  19.81 24,22 5,Ol 5,52 

Std. dev. o f  observed da ta  6.56 7.69 1.24 1.28 

Std.  dev. o f  s imulated da ta  7,37 19.87 1,49 1.90 

Regression i n t e r c e p t  7,54 12,39 1,59 2,45 

Regression s lope 0.60 0.27 0.67 0.53 

Coef f .  o f  de te rm lna t l on  RL 0.46 0,50 0.64 0,61 

Coef f . o f  e f f i c i e n c y  0.26 -3.48 0.48 0.1 

* 
TABLE 5.14: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 

CALIBRATION DATA SET. 

'NORMALISED DATA' OPTION FOR 82.09.13 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 25 2 5 25 25 

Mean o f  observed da ta  20.00 19,41 5,08 5.48 

Mean o f  s imulated da ta  19.84 24.63 5.13 5.62 

Std.  dev. o f  observed da ta  6,96 8.27 1,31 1,36 

Std. dev. o f  s imulated da ta  6,37 20,43 1.47 1.88 

Regression i n t e r c e p t  5.50 11.99 1.40 2.23 

Regression s lope 0.73 0.30 0,72 0,58 . 
Coef f .  o f  de te rm ina t i on  RL 0.45 0.55 0,64 0.63 

Coef f .  o f  e f f i c i e n c y  0.39 -2.84 0,54 0.29 

* Table 5.13 I s  on t h e  nex t  page 
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TABLE 5.13: ANALYSIS OF ACCURACY OF THE VERIFICATION DATA SET FOR 82.09.13, 

'EXCLUDING OUTLIERS' OPTION 

EXCLUOING OUTLIERS 82.09.13 

Water p u a l l  t y  S td .  O l f f .  t % R e l a t i v e  Regression Regress lon  R* C o e f f .  o f  
V a r i a b l e s  Mean Dev. Mean T e s t  E r r o r  I n t e r c e p t  S lope  E f f i c i e n c y  
22 Cases 

Surface Observed 

C h l o r o p h y l l  a 
Slmu la ted  

v9/P 

I n t e g r a t e d  Observed 

C h l o r o p h y l l  a 
Simu la ted  

. 

Surface Observed 

Turbidity 
S lmu la ted  

NTU 

I n t e g r a t e d  Observed 

T u r b i d i t y  
S imu la ted  

20.80 4.58 
l 0.15 0.8 11.91 0.43 0.35 - 0,21 

20.63 6.33 

21 , l 5  3.94 
-3,17 -0,06 15 17.78 0.14 0.31 -12.45 

24.32 3,94 

5.10 2,06 
-0.19 -0,4? 4 1 .l6 0,15 0,24 0.20 

5.28 1.35 

5.44 1.38 
-0.32 -0.12 6 2,39 0,53 0.40 0.03 

5.75 l ,65 
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TABLE 5.15: ANALYSIS OF ACCURACY OF THE VERIFICATION DATA SET FOR 82.09.13, 

'NORMALISED DATA' OPTION 

82.09.13 NORHALISED DATA 

Water Oua l l t y  Std. D i f  f .  t X R e l a t l v e  Regression Regresslon ~2 Coef f . of  
Var iables Mean Dev. Mean Test  E r r o r  I n t e r c e p t  Slope E f f i c i e n c y  
22 Cases 

- 

Surface Observed 

Ch lorophy l l  g 
Slmulated 

v9/L 

I n teg ra ted  Observed 

Ch lorophy l l  g 
Simulated 

Surface Observed 

Turbid1 t y  
S!mulated 

NTU 

In tegra ted  Observed 
-. 

l u r b t d l  t y  
Slmulated 

L 

20,80 4.58 
0.87 0.87 4 11.18 0.48 0.34 - 0.09 

19.93 5.52 

21 , l 5  3.94 
-2.99 -0.84 1 4  18,35 0.12 0.30 -17.38 

24.14 18.40 

5,10 2.06 
-0.10 -0.27 2 1 . l 2  0,76 0.24 0.22 

5.20 1.33 
- 

5,44 1,38 
-0.23 -0,7B 4 2.57 0.51 0.39 - 0.01 

5 1.70 
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5.5.3 Overpass o f  82.11.16 

The r e s u l t s  f o r  the 82.11.16 overpass a r e  presented i n  Tables 5.16 t o  
5.21. For a l l  th ree  op t ions  o f  t he  c a l i b r a t i o n  data, t he  
c o e f f i c i e n t s  o f  de termina t ion  and e f f i c i e n c y  were h i g h  f o r  sur face 
and i n t e g r a t e d  c h l o r o p h y l l  a, between 0,79 and 0,96. This  was no t  
t he  case, however, f o r  t u r b l d i t y  and negat ive  o r  zero c o e f f i c i e n t s  o f  
e f f i c i e n c y  were obta ined f o r  i n t e g r a t e d  t u r b i d i t y  i n  a l l  t h ree  
opt ions,  i n d i c a t i n g  a problem i n  t he  calibration o f  t u r b i d t t y  f o r  
t h l s  overpass. 

The t t e s t  on the v e r i f i c a t i o n  data se t  showed poor accuracy f o r  t h e  
mode l l ing  o f  a l l  va r i ab les  except sur face and i n t e g r a t e d  t u r b i d i t y  
us ing  the  ' I n c l u d i n g  A l l  Data' Option. The e r r o r  o f  as much as 26% 
f o r  t he  'Exc ludlng O u t l i e r '  approach f o r  ch lo rophy l l  occurred 
desp i te  the h igh  c o e f f i c i e n t s  of e f f i c i e n c y  found f o r  t he  c a l i b r a t i o n  
data s e t  as discussed above. 

TABLE 5.16: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'INCLUDING ALL DATA' OPTION FOR 82.11.16 

r 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 28 28 28 28 

Mean o f  observed data 39,47 37.20 7,23 7,83 

Mean o f  s imulated da ta  41,60 37.15 7.25 9.08 

Std. dev. o f  observed da ta  68.25 6 0 ,  5.40 5.98 

Std. dev. o f  s imulated data 73,98 57.90 5,87 11,58 

Regression I n t e r c e p t  1.90 - 0.37 1.64 3,82 

Regression slope 0.90 1,Ol 0.77 0.44 

Coef f .  o f  de termina t ion  R' 0.96 0.95 0.71 0,73 

Coeff .  o f  e f f t c i e n c y  0.95 0.95 0,64 -0.49 
J 
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TABLE 5.17: ANALYSIS OF ACCURACY OF THE VERIFICATION OATA SET FOR 82.11.16, 

'INCLUDING ALL OATA' OPTION 

82.11 . l 6  INCLUDING ALL DATA 1 
Water Q u a l l t y  
V a r l a b l e s  
23 Cases 

S td .  D l f f .  t X R e l a t l v e  Regress lon  Regress ion  R~ C o e f f .  of  
Mean Dev. Mean T e s t  E r r o r  I n t e r c e p t  S lope  E f f l c l e n c y  

I n t e g r a t e d  
8.35 2.71 24 l ,69 1.26 0.57 0.39 

C h l o r o p h y l l  a 

Sur face  Observed 

C h l o r o p h y l l  a 
Slrnulated 

v g / t  

Sur face Observed 1 6.58 2.75 
0.30 0.72 5 0.60 0.95 0.48 0.46 

T a r h i d l t y  
S l lnu la ted 6.28 2.00 

34.95 24,56 
8.02 2.28 23 3.02 1.19 0.54 0.42 

26.93 15.24 

I n t e g r a t e d  Observed ) 1.01 3.05 
0.16 0,32 2 

Turbidity 

l Simu la ted  1 6 - 9 1  3,12 
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TABLE 5.18: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 
CALIBRATION DATA SET, 

'EXCLUDING OUTLIERS' OPTION FOR 82.11.16 

SUCOL INCOL SUTUL INTUL 

Number o f  samples 24 24 2 4 24 

Mean o f  observed da ta  24,35 23,88 6.28 6,76 

Mean o f  s imulated da ta  24,94 23,82 5.98 7.11 

Std. dev. o f  observed da ta  12.24 11.89 3,26 3.57 

Std. dev. o f  stmulated da ta  12,75 10.87 1.79 3.96 

Regression i n t e r c e p t  2.75 0,76 0.91 3,40 

Regression s lope 0.87 0,97 0.90 0,47 

Coef f .  o f  de te rm ina t i on  RZ 0,81 0.79 0,24 0.27 

Coeff .  o f  e f f i c i e n c y  0.79 0.79 0,23 -0.08 

* 
TABLE 5.20: COEFFICIENT OF EFFICIENCY ANALYSIS FOR THE 

CALIBRATION DATA SET, 

'NORMALISED DATA' OPTION FOR 82.11.16 

- 
SUCOL INCOL SUTUL INTUL 

Number o f  samples 24 24 24 24 

Hean o f  observed da ta  24.35 23,88 6.28 6.76 

Mean o f  s imulated da ta  24.77 23.81 5,92 6.96 

Std.  dev. o f  observed da ta  12.24 11.89 3,26 3,57 

Std.  dev. o f  s imulated da ta  12.70 l 1 ,74  3,J3 

Regression i n t e r c e p t  2.71 0.92 0,82 3.27 

Regression s lope  0.87 0,96 0,92 0.50 

Coef f .  o f  de te rm ina t i on  R~ 0.82 0.80 0,24 0.27 

Coeff .  o f  e f f i c i e n c y  0.80 0.80 0.23 0.00 

Table 5.19 i s  on t he  nex t  page 
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TABLE 5.19: ANALYSIS OF ACCURACY OF THE VERIFICATION DATA SET FOR 82.11.16. 

'EXCLUDING DUTLIERS' OPTION 

l 82.11.16 EXCLUDING OUTLIERS 

Water Quality 
Variables 
23 Cases 

Std. Dlff. t X Relatlve Regresslon Regresslon R? Coef f . of 
Rean Oev. Mean Test Error Intercept Slope Efflclency 

lntegrated 
8.94 2.75 26 

Chlorophyll g 

Surface Observed 

Chlorophyll a 
Slmulated 

vg/P 

34.95 24.56 
7.75 2,31 22 -0.33 1.30 Op6 0.46 

27.20 14.66 

Surface Observed 

Turbldlty 
Simulated 

NTU 

Integrated Observed 

Turbldlty 
Slmulated 

6,58 2.75 
0.31 0.87 5 0.36 0.99 0.61 0.60 

6.27 2.17 

7.07 3.05 
-1.35 -1.42 19 3.83 0.36 0.78 -1.42 

8.42 1.00 
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TABLE 5.21: ANALYSIS OF ACCURACY OF THE VERIFICATION DATA SET FOR 82.11.16, 

'NORMALISEO DATA' OPTION 

I 82.11.16 NORMALISE0 DATA 

Water Q u a l l t y  
Varlables 
23 Cases 

~ t d .  o l f f .  t X R e l a t l v e  Regression Regression ~2 Coef f .  o f  
Mean Dev. Mean Test E r r o r  I n t e r c e p t  s lope E f f l c l e n c y  

In tegra ted  
8.78 2,79 26 -3.38 l .48 0.59 0,36 

Chlorophyl l  p 

Surface Observed 

Chlorophyl l  a_ 
Slrnuldted 

v9 IQ 

Surface Observed 1 ::S; o,39 
1.08 6 0.28 1,02 0.61 0,58 

T u r b l d l t y  
Simulated 

NTU 

34.95 24.56, 
7.84 2.38 22 0.69 l ,26 0.61 0.48 

27 , l l  15.19 

In tegra ted  Observed 1 
-1.17 -1.37 17 3.75 0,41 0.78 -0.93 

T u r b l d l t y  
Slrnulated 
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5.6 SUMMARY 

The simulations of point source concentrations of chlorophyll a and 
turbidity were made possible by a model, CALUCAT, obtained using 
Canonical Correlation Coefficients and Linear Regression Analysis. 
Point source data not previously incorporated in the establlshment of 
the model CALUCAT were used to test the accuracy of the simulated 
results. Calibration equations provided relatively accurate 
simulations wlth percent relative errors ranging from 0,4% to 26% for 
three of the days tested. Good simulations were found between the 
mean values of observed versus simulated data sets, however, the 
simulation for individual pixels demonstrated considerable noise in 
the system. 

The overpass of the 82.11 .l6 did not provide an acceptable 
calibration for all four variables. This may be due to a number of 
factors: 

(l) The difficulty of obtaining a representative data set 
considering the noise level in the data. 

(2) The assumption of a linear relationship between the four water 
quality variables and the four reflectance bands. 

If the latter assumption is not satisfied then the Canonical 
Correlation Analysis would be unable to provide an adequate 
calibration relationship even wlth a fully representative data set. 
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CHAPTER 6 

THE MODEL CALMCAT* 

l 6.1 INTRODUCTION 

The model CALMCAT for the simulation of chlorophyll and turbidity .. 
from Landsat reflectance data is essentially the procedure consisting 
of firstly, the selection of a representative, surface reference data 
set, secondly, the establishment of simulative equations through the 
use of the Canonical Correlation Analysis and Linear Regression 
techniques and thirdly, the calculation of surface and integrated 
chlorophyll and turbidity values for each pixel with the subroutine 
DAMLOD. The menu for the model CALMCAT is summarized in Appendix S. 

The model CALMCAT has three variants. The first is the model which 
includes all data in the calibration procedure. The second variant 
is the model which excludes outliers in the calibration set. The 
third variant termed the 'Normalised Data' model is where the 
calibration data set has been normalised prior to the application of 
the Canonical procedure. The concentration and the overall 
percentage distribution of surface and integrated chlorophyll a and 
surface and integrated turbidity was determined for each of the three 
options. Walmsley and Butty (1979) separated chlorophyll p data into 
specific ranges and ascribed nuisance values t o  each range 
(rg/Q), namely 

' 0 - 1 0  No problem encountered 
1 0  - 20 Algal scums evident 
20 - 3 0  Nuisance conditions encountered 

>30 Severe nuisance conditions encountered" 

(Walmsley, 1984). 

These same value ranges were used for fine class interval 
classifications, in the following analysis. 

The model for simulating water quality conditions over the entire 
impoundment using satellite reflectance data is given in Appendix R. 

The results of the model for each option for the overflight pass on 
82.09.30 are presented on Tables 6.1 to 6.3. 

6.2 RESULTS 

Table 6.1 presents mean, maximum and minimum values and 
distributional estimates of concentrations, as simulated by CALMCAT 
for the 'Normalised Data' calibration equation. 

CALMCAT - Canonical Analysis Landsat node1 of 
Chlorophyll and Iurbldlty. - 
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TABLE 6.1: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF THE 
WATER QUALITY VARIABLES I N  ROODEPLAAT DAM USING 
SATELLITE REFLECTANCE DATA, 

NORMALISED DATA MODEL f o r  82.09.30 

Water /Land l i m i t  = 25 

Numbers o f  p j x e l s  i n  impoundment = 849 

SURFACE CHLOROPHYLL RESULTS SURFACE TURBIDITY RESULTS 
us/% NTU 

MEAN = 27.47 
MAX = 430,09 
MIN = 0.81 

MEAN = 4,87 
MAX = 22.52 
MIN = 1.02 

CLASS RANGE PERCENTAGE AREA CLASS RANGE PERCENTAGE AREA 

INTEGRATED CHLOROPHYLL RESULTS INTEGRATED TURBIDITY RESULTS 
us/% NTU 

MEAN = 28.41 
MAX = 344,05 
MIN = 1.42 

CLASS RANGE PERCENTAGE AREA 

17.67 
31 ,57 
22,50 
10.84 

4,95 
2.83 
1 .88 
1.53 
1,77 
1.53 
0.47 
2.49 

MEAN= 5,14 
MAX = 21.06 
MIN = 1.84 

CLASS RANGE PERCENTAGE AREA 
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Surface chlorophyll a in the range between 1 and 29.99 pg/e was 
found to cover 77% of the impoundment. An area of 20% was shown as 
having between 3 0  t o  99.99 vg/% and 3% of the area had over 1 0 0  
pgle. T h e  maximum slmulated value of surface chlorophyll was 430 
rg/Q but it Is hlghly likely that the high values over l00 
pg/Q are due to mlxels, mlxed land and water pixels. An area of 
72% of the lmpoundment was simulated as contalnlng between 1 t o  30 
pg/P In the water column (lntegrated chlorophyll a). 

Turbidity values between 1 t o  7.99 NTU were found t o  cover 88% of the 
lmpoundment whereas lntegrated turbidity for the same value range was 
found t o  cover 89% of the area. 

Tables 6.2 and 6.3 are similar to Table 6.1. The maximum values 
slmulated by each optlon differ, but the dlstributlon trend remalns 
falrly constant a s  shown in Table 6.4. For example, when comparing 
the three options, lntegrated chlorophyll p between the range of 0-30 
pg/Q varies In percentage area covered between 77% and 72% - a 
dlfference of 5%. The higher range of concentrations between 3 0  and 
100 rg/t varied by 5%. These results Illustrate that, despite 
dlfferences, the three optlons, nevertheless Indicate the same 
dlstrlbution pattern. Thls is best Illustrated by comparing the 
simulated dlstrlbutions for surface turbidity uslng the 'Normallsed' 
model and the 'Includlng All Data' model. Thls comparlson Is shown 
In Table 6.5. In Chapter 5 where the adequacy of the calibration was 
discussed, the 'Includlng All Data' model for 82.09.30 gave low 
coefficients of efficiency. and determinatlon, O,11 and 0.13 
respectlvely (refer to Table l whereas the 'Normalised Data' 
model gave coefficients of efficiency and determlnation of 0.61 and 
0,72 respectlvely (refer to Table 5.5). An inspection of Table 6.5 
shows that the distribution pattern for surface turbidity obtalned by 
the 'Including All Data' model provldes much the same pattern as that 
obtalned for the 'Normallsed' model. The percentage area covered by 
surface turbldlty In the 0 to 1.99 NTU range, for the 'Normalised 
Data' model Is hlgher (6.60%) than the 'Including All Data' model for 
the same range; whereas the 'Including All Data' model lndlcates 
slightly higher percentage areas covered in the 2 to 7,99 NTU range 
and In the 2 6  to 27.99 NTU range. 

Thus it appears that the 'Including All Data' model, desplte belng 
considered to be largely unacceptable In Chapter 5, nevertheless 
provides an adequate synoptic quantiflcatlon of surface turbidity as 
indicated by the comparlson in Table 6.5, where the researcher Is 
Interested In a class Interval classlflcatlon of chlorophyll and 
turbidity rather than In quantitative exact accuracy. 
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TABLE 6.2: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF THE 
WATER QUALITY VARIABLES I N  ROODEPLAAT DAM USING 
SATELLITE REFLECTANCE DATA, 

EXCLUDING OUTLIERS MODEL f o r  82.09.30 

Water/Land l i m i t  = 25 

Number o f  p i x e l s  i n  impoundment = 849 

SURFACE CHLOROPHYLL RESULTS 
vg/Q 

MEAN = 25.20 
MAX = 273,15 
MIN = 1.83 

CLASS RANGE PERCENTAGE AREA 

INTEGRATED CHLOROPHYLL RESULTS 
N / Q  

MEAN = 31.23 
MAX = 504.87 
MIN = 1.39 

CLASS RANGE PERCENTAGE AREA 

SURFACE TURBIDITY RESULTS 
NTU 

MEAN = 5,Bl 
MAX = 51.08 
MIN = 0,78 

CLASS RANGE PERCENTAGE AREA 

INTEGRATED TURBIDITY RESULTS 
NTU 

MEAN = 5,47 
MAX = 34,22 
MIN = 1.63 

CLASS RANGE PERCENTAGE AREA 
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TABLE 6.3: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF THE 
WATER QUALITY VARlABLES I N  ROODEPLAAT DAM USING 
SATELLITE REFLECTANCE DATA, 

INCLUDING ALL DATA MODEL f o r  82.09.30 

Water/Land l l m l t  = 25 

Number of  p i x e l s  i n  impoundment = 849 

SURFACE CHLOROPHYLL RESULTS SURFACE TURBIOITY RESULTS 
uq/Q NTU 

MEAN = 26.98 
MAX = 384.01 
R l N  = 1,94 

CLASS RANGE PERCENTAGE AREA 

MEAN = 5,39 
HAX = 27,35 
MIN = 2,053 

CLASS RANGE PERCENTAGE AREA 

INTEGRATED CHLOROPHYLL RESULTS INTEGRATED TURBIDITY RESULTS 
UU/Q NTU 

MEAN = 27.94 
MAX = 313.94 
MlN = 3.91 

MEAN = 5.56 
MAX = 34.66 
MIN = 2.01 

CLASS RANGE PERCENTAGE AREA CLASS RANGE PERCENTAGE AREA 
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TABLE 6.4: DISTRIBUTIONAL TREND OF PERCENTAGE AREA COVERED FOR EACH OF 
THE THREE OPTIONS FOR 82.09.30 

TABLE 6.5: SIMULATED CONCENTRATIONS AN0 DISTRIBUTION OF SURFACE 
TURBIDITY FOR THE 'NORMALISED OATA' AN0 'INCLUOING ALL 
DATA' OPTIONS FOR THE OVERPASS OF 82.09.30 

VARIABLES SUCOL INCOL SUTUL INTUL 
P ~ / P  vg/Q NTU NTU 

RANGEO-30 30-100 0-30 30-100 0-8 8-20 0-8 8-20 

OPTION 

NORMALISED 77% 2 0% 7 2% 25% 88% 12% 89% 11% 
OATA 

EXCLUDING 
OUTLIERS 7 7% 20% 7 4% 21% 83% 13% 86% 13% 

INCLUOING 
ALL 79% 17% 7 7% 20% 87% 12% 85% 14% 
OATA 

CLASS RANGE PERCENTAGE AREA PERCENTAGE DIFFERENCE 
NTU FOR THE AREA FOR THE 

'NORMALISED 'INCLUDING ALL DATA' 
DATA' OPTION OPTION 

0.00 - 1.99 6.60 0,OO 6,60 
2.00 - 2.99 38.28 39.22 -0.94 
4,OO - 5.99 35,lO 37,57 -2,47 
6.00 - 7.99 7,89 10.25 -2,36 
8.00 - 9,99 6.83 4.71 2.12 

10.00 - 11.99 3,06 4,24 -1 . l 8  
12.00 - 13.99 1'41 1.41 0.00 
14,OO - 15.99 0,35 1.30 -0.95 
16.00 - 17,99 0.00 0.47 -0,47 
18.00 - 19,99 0,OO 0,12 -0.12 
20.00 - 21,99 0.24 0.24 0.00 
22,OO - 23.99 0.24 0.00 0.24 
24.00 - 27.99 0.00 0.48 -0,48 

MEAN 4.87 5.39 
MINIMUM 1,02 2.05 
MAXIMUM 22.52 27,35 
COEFF. OF EFFICIENCY 0.61 0.11 
COEFF. OF DETERMINATION 0.72 0,13 

. 
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6.3 A SYNOPTIC V I E W  

The value o f  s a t e l l i t e  re f l ec tance  da ta  l i e s  main ly  i n  i t s  synopt ic  
view. Concentrat ions and a rea l  est imates can be enhanced by the  
s p a t i a l  c h a r a c t e r i s t i c s  o f  satellite data  t o  p rov ide  researchers w l t h  
data concerning the  loca t ion ,  concent ra t ion  .and a rea l  coverage o f  a  
s p e c i f i c  water q u a l i t y  cond i t ion .  Mapping the d i s t r i b u t i o n  o f  water 
q u a l i t y  cond i t ions  us ing values determined by CALMCAT was a  necessary 
step. 

Maps o f  s imulated water q u a l i t y  cond i t ions  were produced us ing  the  
simulated data and P.I.P.S. a  po r tab le  image processing s u i t e  f o r  
remote sensing and geographic i n fo rma t i on  systems, obta ined f rom the  
Department o f  Surveying and Mapping, U n i v e r s i t y  o f  Nata l ,  (OIDonoghue 
e t  a l .  1983). P lates 6.1 t o  6.4 i l l u s t r a t e  t he  r e s u l t s  showing - 
concent ra t ion  contours o f  c h l o r o p h y l l  5 and t u r b i d i t y  as determined 
by the  Canonical Cor re la t ions  Analys is  and the  s a t e l l i t e  r e f l e c t a n c e  
da ta  f o r  the 'Normalised Data' c a l i b r a t i o n  op t ion .  Surface 
c h l o r o p h y l l  5 r e s u l t s  shown on P l a t e  6.1 i n d i c a t e  t h a t  c h l o r o p h y l l  g 
concentrat ions a re  h ighes t  a long the western arm where the Pienaars 
River  and Har tbeesspru i t  en ter  the impoundment. I t  i s  a l s o  ev ident  
t h a t  concentrat ions o f  c h l o r o p h y l l  p are  found a long the  edge o f  t he  
impoundment, where the  g rea tes t  p r o d u c t i v i t y  can be expected, and 
a long the  nor thern  sho re l i ne  perhaps due t o  wind ac t i on .  The 
d i s t r i b u t i o n  o f  t u r b i d i t y  (P la tes  6.3 and 6.4) appears t o  be s i m i l a r  
t o  t h a t  o f  the c h l o r o p h y l l  a  d i s t r i b u t i o n  i l l u s t r a t i n g  the  
i n t e r r e l a t i o n s h i p  between ch lo rophy l l  a  and t u r b i d i t y .  With g rea te r  
knowledge o f  p r e v a i l i n g  cond i t ions  t may be poss ib le  t o  i n f e r  
c u r r e n t  c i r c u l a t i o n  and wind movement. 

1 6.4 SUMMARY 

I t  i s  ev ident  t h a t  s a t e l l i t e  re f l ec tance  da ta  prov ides s p a t i a l  and 
q u a n t i f i a b l e  i n fo rma t i on  u n l i k e  any o ther  data source y e t  a v a i l a b l e  
i n  t he  f i e l d  o f  water resources. The e x t r a p o l a t i o n  o f  p o i n t  source 
data t o  t h a t  o f  synopt ic  data i s  a  step forward f o r  l imno log i ca l  and 
hyd ro log i ca l  research. Q u a n t i t a t i v e ,  reasonably accurate i n fo rma t i on  
showing the  p o s i t i o n  and concentrat ion o f  s p e c i f i c  water q u a l i t y  
cond i t i ons  may, f o r  example, a s s i s t  w l t h  a  number o f  p r a c t i c a l  
l imno log i ca l  problems. F i r s t l y ,  t he  s u i t a b i l i t y  o f  t h e  positioning 

o f  e x i s t i n g  sampling s i t e s  can be evaluated, and p lann ing  the  
d i s t r i b u t i o n  o f  sampling s i t e s  i n  an impoundment so as t o  be 
representa t i ve  o f  p r e v a i l i n g  cond i t ions  can be ass is ted .  Secondly, 
t he  synopt ic  i n fo rma t i on  on ch lo rophy l l  5 and t u r b i d i t y  may be used 
t o  a s s i s t  i n  the s i t i n g  o f  withdrawal po in t s  f o r  water abs t rac t i on ,  
as w e l l  as i n  the s i t i n g  o f  rec rea t i ona l  f a c i l i t i e s .  T h i r d l y ,  t he  
a b i l i t y  o f  s a t e l l i t e  remote sensing t o  de tec t  sources o f  n u t r i e n t  
p o l l u t i o n  lead ing  t o  l o c a l i s e d  a l g a l  blooms can a s s i s t  i n  s tudying 
the ex ten t  t o  which such p o l l u t i o n  i s  d ispersed together  w i t h  
c i r c u l a t i o n  pa t te rns  i n  t he  water body. This  aspect i s  o f  relevance 
t o  the s i t i n g  o f  sewage o u t f a l l s .  Four th ly ,  t he  synopt ic  c h l o r o p h y l l  
a  and t u r b i d i t y  data prov ided by CALMCAT may a s s i s t  l imno log i s t s  i n  - 
studying the  r e l a t i o n s h i p  between water q u a l i t y  cond i t ions  and 
n u t r i e n t  inputs,  i n  v e r i f y i n g  and c a l i b r a t i n g  water q u a l i t y  models, 
and i n  eva lua t ing  the v a l i d i t y  o f  assumptions. 
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PLATE 6.1: SIMULATED SURFACE CHLOROPHYLL FOR 8 2 . 0 9 . 3 0  
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PLATE 6.2: SIMULATED INTEGRATED CHLOROPHYLL FOR 82.09.30 
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PLATE 6.3: SIMULATED SURFACE TURBIDITY FOR 82.09 .30  
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PLATE 6.4: SIMULATED INTEGRATED TURBIDITY FOR 82.09.30 
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The method of analysis and the resulting model discussed in this 
report can be applied to any impoundment visible to the satellite, 
providing that adequate care is taken to ensure representative 
surface reference data and providing that the basic and the surface 
reference data in the impoundment can be approximated by a linear 
mode l. 

Only when limnologists and hydrologists realise the potential of 
'satellite imagery for aiding water resources management and serious 
attempts are made to utilize this vast source of informatlon, will 
the value of satellite reflectance data really be determined. 
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CHAPTER 7 

QUESTIONS YHICH ARISE I N  THE PRACTICAL APPLICATION OF CALMCAT 

7.1 INTRODUCTION 

The value o f  Landsat re f l ec tance  data i n  de tec t l ng  s p e c l f l c  water 
q u a l l t y  cond l t lons  has been repor ted and yet,  before Landsat data can 
be u t i l i z e d  on an opera t lona l  basis f o r  water q u a l l t y  purposes, some 
outstanding quest lons need t o  be answered. Some o f  the  more 
p e r t i n e n t  quest lons t h a t  have been posed are  as fo l l ows :  

l How many sampllng po ln t s  on a  water body are  requ l red  t o  
adequately calibrate the  s a t e l l i t e  re f l ec tance  data w l t h  the  
sur face reference data? 

( 2 )  Can c a l l b r a t l o n  equatlons obtalned from seven sampllng po in t s  on 
one day be ex t rapo la ted  t o  another day? 

(3) Can a  s l n g l e  s e t  o f  c a l l b r a t i o n  equations be generated from 
comblnlng a l l  o f  the  days seven h l s t o r i c a l  sampllng po ln t s  
together? 

(4 )  Can a  s i n g l e  se t  o f  c a l l b r a t l o n  equations be generated from 
measurements obtalned on several d l f f e r e n t  occasions? 

Where poss lb le  these quest ions were examined I n  order t o  ob ta ln  some 
idea o f  the l l m l t a t l o n s .  The model discussed i n  t h i s  r e p o r t  was 
app l led  t o  s p e c l f l c  s l t u a t l o n s .  

7.2 How many s a m ~ l i n q  ~ o i n t s  on a  water bodv are  requ i red  t o  adequate l r  
c a l i b r a t e  the  s a t e l l l t e  re f lec tance data w l t h  the sur face reference 
data? 

The alm o f  the  ana lys is  was t o  see how effective a c a l i b r a t i o n  would 
be us ing a  relatively f e u  number o f  po ln t s .  Taking i n t o  
consideration the four  re f lec tance bands and the  two water q u a l l t y  
var iab les  used i n  the Canonical Co r re la t l on  Analysts, a  mlnlmum 
number o f  7 sampling po in t s  we're examlned. 

Seven h i s t o r i c a l  sampllng po in t s  on Roodeplaat Dam, o f f l c l a l l y  
demarcated by the  Hydrological  Research I n s t i t u t e  o f  the  Department 
o f  Water A f f a i r s  f o r  determinlng water q u a l l t y  cond i t ions  on the  
Impoundment, were examined. The seven h l s t o r l c a l  sampllng po ln t s  are 
the  po ln t s  numbered 4, 15, 16, 24, 29, 30 and 31 shown on FIgure 
3.2. Sampling po in t s  were pos l t loned near the  two major inputs,  the 
main ou tput  and a t  s i t e s  where v a r l a t l o n  could be expected. The 
'educated guess' uh l ch  helped determine where the  sampling s l t e s  
should be placed was aimed a t  establishing representat ' tve sampllng 
s i t e s  o f  the  water q u a l l t y  cond l t lons  present i n  t h e  impoundment. 

The CALMCAT model was undertaken us lng the  82.09.30 data f o r  t h e  
seven po ln ts .  The model was run  us lng the  c o e f f i c i e n t s  determlned 
from the sur face reference data and the s a t e l l i t e  re f l ec tance  data o f  
the  7 h l s t o r i c a l  sampling po ln t s  and the  simulated values were 
compared w i t h  the observed v e r i f i c a t i o n  data ( 2 3  data p a i r s )  
p rev ious ly  used t o  t e s t  the accuracy o f  the  model. The observed 
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TABLE 7.1: OBSERVED VERSUS SIMULATED WATER QUALITY DATA USING DATA FROM SEVEN 
HISTORICAL SAMPLING POINTS 

ROOOEPLAAT DAM DATE: 82.09.30 

Sarnpllng Surface In teg ra ted  Surface I n t e g r a t e d  
Po in t  Ch lo rophy l l  a Chlorophy l l  a T u r b l d l t y  T u r b l d l t y  

v9/O r 9 / 1  NTU NTU 

No. 

33 
34 
35 
36 
37 
38 
39 
40 
41 
4 2 
4 3 
4 4 
4 5 
46 
47 
48 
4 9 
50 
51 
52 
53 
54 
5 5 

SIM. 
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versus simulated values f o r  i n d l v l d u a l  sampling s i t e s  are  g iven I n  
Table 7.1. The t t e s t  determlned whether the  d l f f e r e n c e  between the 
means o f  the  simulated and the  observed sur face reference data was 
significant or  no t  (Table 7.2). 

Individual sampling po in t s  show discrepancies between observed and 
simulated data (Table 7.1). a f a c t  n o t  s u r p r i s l n g  i n  vlew o f  the  
no ise  l n  the  surface reference data. The r e s u l t s  o f  the  t t e s t  
i nd i ca ted  t h a t  the  means o f  sur face and in tegra ted  ch lo rophy l l  a 
concentrat ions were acceptably simulated w i t h  t values below the  
c r t t j c a l  2.02 value and w l t h  percent r e l a t l v e  e r ro rs  ranglng from 8% 
t o  13% ( r e f e r  t o  Table 7.2). Surface and i n teg ra ted  t u r b i d i t y ,  
however, had t values o f  4.44 and 3.38 respect ive ly ,  l n d l c a t i n g  t h a t  
t he re  were s l g n l f i c a n t  d l f f e rences  between observed and simulated 
t u r b i d i t y  mean values a t  the  5% two t a i l e d  l e v e l  o f  s l gn l f i cance .  
The percentage r e l a t i v e  e r r o r  ranged from 21.5% t o  13,5X respect ive ly .  

TABLE 7.2: t TEST ANALYSIS BETWEEN OBSERVED AN0 SIMULATED WATER 
QUALITY MEASUREMENTS OBTAINED FROM THE CALIBRATION OF 
SEVEN HISTORICAL SAMPLING POINTS 

r ~ a t e r  Qua l l t y  
Variables Mean Std. Olff t % Re la t i ve  
23 Cases Dev. Mean Test  Error 

SURFACE Observed 27.17 10.59 
2.13 ,1.35 8 

CHLOROPHYLL g 
Simulated 25.04 11.28 

~ 9 / 0  

INTEGRATED Observed 30,61 8.43 
3,99 1.79 13 

CHLOROPHYLL & Simulated 26,62 13.88 

SURFACE Observed 5.67 1.69 
1,22 4.44 21,5 

TURBIDITY 
Simulated 4.45 1.36 

NTU 

INTEGRATED Observed 5.86 1.59 
0,79 3.38 13.5 

TURBIDITY Simulated 5.07 1 ,76 
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A comparison was made between the seven point calibration simulated 
concentration and distribution values for the whole impoundment, and 
the simulated values obtained using the 'Normalised Oata' calibration 
discussed in Section 5.5.1 and Section 6.1 (Table 6.2). The 
'Normalised Data' calibration for 82.09.30 was considered to be 
accurate and therefore is used as a basis for comparison. Both a 
fine and a coarse class interval division was used for thls 
comparison. The results of the comparison are given in Tables 7.3 to 
7.6. 

For the fine class interval classification of the simulated data 
values, it was evident from Table 7.3 that surface chlorophyll g 
values obtained using the seven point calibration model were 
comparable with the values obtained using the 'Normalised Data' 
calibration model. Only in the l0 to 19,99 pg/k flne class range 
was there a 9% difference between the two simulations. Using the 
coarse class intervals, the two calibrations presented similar 
distributions. 

Table 7.4 of integrated chlorophyll g indicated a difference between 
the distribution of the two models. There was a 13% integrated 
chlorophyll g distribution difference in the flne class range of l0 
to 79.99 pg/Q and a 7% to B% area1 difference in the coarse class 
range between the seven point calibration and the 'Normalised Data' 
calibration. 

Surface and integrated turbidity values (Tables 7.5 and 7.6) 
indicated discrepancies in the OX to 1.99% and the 4% to 5.99% fine 
class intervals, and yet the coarse class intervals of the 0 to 7.99 
NTU range indicated acceptably similar values. 

These results illustrate the point that the accuracy depends on the 
class intervals chosen as well as the number of data points and the 
representative properties of the sample set. Ballpark estimates were 
obtained by the seven point calibration which, in some circumstances, 
may prove to be acceptable, if viewed in terms of time and money 
spent on obtaining a higher degree of accuracy. The authors caution, 
however, that non-representative samples may result in completely 
inaccurate estimates. The greater the number of samples taken, 
though, the greater the chance of obtaining accurate and trusted 
results. 

A factor that should not be forgotten is that of the overall size and 
morphometry of the impoundment. The larger the impoundment the 
larger the sample set should be. Unfortunately thls factor could not 
be investigated. Particular care should be taken when dealing with 
large impoundments. It may be necessary to divide the impoundment 
lnto more than one sample set. For example,  as shown in Plate 1.1 of 
Bloemhof Dam, two entirely different water conditions are evident. 
The calibration of this impoundment may involve dividing the 
impoundment into two separate sample sets and undertaking two 
separate Canonical procedures. 

In sumnary, the sampling of a water body is expensive and manpower 
intensive and therefore, it is important to obtain the necessary 
accuracy with as few sampling points as possible. The number of 
sampling points required to obtain reasonably accurate calibration 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



TABLE 7.3: SIMULATED CONCENTRATIONS AN0 DISTRIBUTIONS OF SURFACE 
CHLOROPHYLL a FOR 82.09.30 COMPARING THE 'NORMALISE0 OATA' 
AND 'SEVEN POINT CALIBRATION' WOOELS SHOWING COMPARABILITY 

'NORMALISED OATA' WOOEL 'SEVEN POINT CALIBRATION' MODEL 
FOR 82.09.30 FOR 82.09.30 

FINE CUSS INTERVPIL PERCENTRGE RRER PERCENTAGE AREA 
v g l l  

COARSE CLASS INTERVAL 
v g l l  

MEAN - 27.47 
MAX = 430.09 
MlN = 0.81 

'NORMALISED DATA' MODEL 'SEVEN POINT CALIBRATION' MOOEL 
FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL PERCENTAGE AREA 
)14/L 

COARSE CLASS INTERVAL 
~ 9 l L  

MEAN = 28.41 
WAX = 344.05 
MIN = 1.42 

PERCENTAGE AREA 
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TABLE 7.5:  SIMULATED CONCENTRATIONS AN0 OISTRIBUTIONS OF SURFACE 
TURBIOITY FOR 82.09.30 COMPARING THE 'NORMALISEO DATA' AND 
'SEVEN POINT CALIBRATION' MODELS SHOWING COMPARABILITY I N  
THE COARSE CLASS INTERVAL RANGE 

'SEVEN POINT CALIBRATION' MODEL 
FOR 82.09.30 FOR 82.09.30 

F INE  CLASS INTERVAL PERCENTAGE AREA 
NTU 

COARSE CLASS INTERVAL 
NTU 

MEAN - 
MAX = 
M l N  . 

PERCENTAGE AREA 

TABLE 7.6: SIMULATE0 CONCENTRATIONS AND OISTRIBUTIONS OF INTEGRATE0 
TURBlOlTY f 0 R  82.09.30 COIIPARIN6 THE 'NORUALISEO OATA' 
MODEL AN0 'SEVEN POINT CALIBRATION' MODELS SHGUING 
COMPARABILITY I N  THE COARSE CLASS INTERVAL RANGE 

'NORMALISEO DATA' MODEL 'SEVEN POINT CALIBRATION' MODEL 
FOR 82.09.30 FOR 82.09.30 

F INE  CLASS INTERVAL 
NTU 

COARSE CLASS INTERVAL 
NTU 

MEAN = 
HAX = 
MIN - 

PERCENTAGE AREA PERCENTAGE AREA 
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r e l a t l o n s h i p s  between sur face reference data and s a t e l l i t e  
re f l ec tance  data should no t  be fewer than the  number o f  va r i ab les  
used I n  the  m u l t i p l e  regression ana lys is ,  b u t  more Impor tan t ly  
t h e  sampling s i t e s  should, as much as possib le,  be representa t ive  o f  
conditions i n  the  impoundment. The seven p o l n t  c a l i b r a t l o n  model d i d  
p rov ide  comparable s imulat ions o f  concentrat lons,  p a r t i c u l a r l y  when 
coarse c lass  i n t e r v a l  ranges were used. I t  I s  Important  t o  note t h a t  
the  c a l i b r a t l o n  was s p e c l f i c  t o  t h a t  day o f  sampling. 

Can c a l i b r a t i o n  eauatlons. obtalned from uslnq seven sampllnq po in t s  
on one day. be extrapolated t o  another day? 

I n  order t o  i nves t i ga te  t h l s  quest lon, data and t h e  resulting 
c a l i b r a t i o n  equations from the  seven h i s t o r i c a l  sampling po in t s  on 
Roodeplaat (as discussed i n  Sect ion 7.2) f o r  the  81.12.07 overpass 
were used t o  slmulate values f o r  the  overpass o f  the  82.09.30. 

Simulated concentrat ions and d l s t r l b u t i o n s  o f  the  fou r  water q u a l l t y  
var iab les  f o r  both the  f i n e  and coarse c lass  i n t e r v a l s  were 
determlned and are  presented i n  Tables 7.7 t o  7.10. I t  i s  ev ident  
from Tables 7.7 and 1.8 t h a t  t he re  are  l a r g e  dlscrepancles between 
the  'Normalised Data' .Model values f o r  82.09.30 and the  'Seven Po in t  
December C a l l b r a t i o n '  Model values f o r  sur face and i n teg ra ted  
ch lo rophy l l  a. 

Each water q u a l l t y  v a r i a b l e  showed l a r g e  d i f f e rences  between the  
simulated values I n  the  f i n e  c lass  i n t e r v a l  ranges. 

Tables 7.9 and 7.10 present the  surface and i n teg ra ted  t u r b i d i t y  
r e s u l t s  wh\ch show t h a t  t h e  coarse c lass  I n t e r v a l  values between t h e  
two models a re  comparable. I t  can be pos tu la ted  t h a t  the  reason why 
the  t u r b i d l t y  r e s u l t s  show higher accuracy can be r e l a t e d  t o  r e s u l t s  
described I n  Sect ion 4.6 .  The overpass o f  81.12.07 shows sur face 
t u r b l d i t y  t o  be the dominant va r l ab le  I n  the  Canonical Analys is  and 
the re fo re  i t  I s  l i k e l y  t h a t  c a l l b r a t l o n  equations obtalned f rom the  
81.12.07 data w i l l  s imulate t u r b i d i t i e s  more accura te ly  than 
c h l o r o p h y l l  a. 

The r e s u l t s  o f  t h i s  ana lys is  i n d i c a t e  t h a t  the extrapolation o f  a  
seven sampllng p o l n t  c a l l b r a t i o n  from one day t o  another d l d  no t  
produce accurate r e s u l t s  w i t h  the except ion o f  t u r b l d i t y  I n  the  
coarse c lass  range. 
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TABLE 7.7: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF SURFACE 
CHLOROPHYLL g FOR 82.09.30 COMPARING THE 'NORMALISED 
DATA' MOOEL FOR THIS OATE AN0 THE 'SEVEN POINT OECEUBER 
CALIBRATION' HOOEL SHOWING LARGE DISCREPANCIES 

'SEVEN POINT DECEMBER 
CILODEL'LALIATION' MOOEL 

FOR 82.09.30 FOR 82.09.30 

FlNE CLASS INTERVAL 
rq/i 

PERCENTAGE AREA 

COARSE CLASS INTERVAL 
P ~ / L  

0.00 - 29.99 76.56 
30.00 - 99.99 19.67 

100.00 + 3.78 

HEAN - 27.47 
MAX S 430.09 
MlN S 0.81 

PERCENTAGE AREA 

TABLE 7.8: SIMULATED CONCENTRATIONS AN0 DISTRIBUTIONS OF INTEGRATED 
CHLOROPHYLL g FOR 82.09.30 COMPARING THE 'NORMALISED DATA' 
MOOEL FOR THIS OATE AND THE 'SEVEN POINT DECEMBER 
CALIBRATION' MODEL SHMIING LARGE OISCREPANCIES 

'SEVEN POINT DECEMBER 
'NORMALISED' DATA MOOEL CALIBRATION' MOOEL 

FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREI 
r g l l  

COARSE CLASS INTERVAL 
l l g f l  

0.00 - 29.99 71,74 
30.00 - 99.99 25.33 

100.00 + 2.96 

MEAN = 28.41 
MA)! = 344.05 
MlN = 1.42 
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TABLE 7.9: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF SURFACE 
TURBIDITY FOR 82.09.30 COMPARING THE 'NORUALISED DATA' 
MOOEL FOR TH IS  DATE AND THE 'SEVEN POINT DECEUBER 
CALIBRATION' UOOEL SHOWING COWPARABILITY I N  THE COARSE 
CLASS INTERVAL RANGE 

'SEVEN POINT DECEMBER 
'NORUALISED DATA' UOOEL CALIBRATION' MODEL 

FOR 82.09.30 FOR 82.09.30 

F I N E  CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 
NTU 

COARSE CLASS INTERVAL 
NTU 

UEAN - 4.87 
MAX 22,52 
MIN 1 .02  

~p 

TABLE 7.10: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF INTEGRATED 
TURBIDITY FOR 82.09.30 COUPARING THE 'NORMALISED DATA' 
MOOEL FOR THIS DATE AND THE 'SEVEN POINT DECEM8ER 
CALIBRATION' MODEL SHOWING COUPARA8ILITY I N  THE COARSE 
CLASS INTERVALS RANGE 

'SEYEN POINT DECEMBER 
'NORMALISED OATA' MOOEL CALIBRATION' MOOEL 

FOR 82.09.30 FOR 82.09.30 

F INE  CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 
NTU 

COARSE CLASS INTERVAL 
NTU 

WEAN - 5.14 
UAX = 21 .Ob 
MIN = 1 ,84 
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7.4 Can a s i n g l e  se t  o f  c a l i b r a t i o n  equations be qenerated from combininq 
a l l  o f  the  days seven h i s t o r i c a l  sampling ~ o i n t s  together? 

,- 

Using the  seven h i s t o r i c a l  sampling po in t s  from each o f  the  'bdys a 
s i n g l e  se t  o f  c a l i b r a t i o n  equations was determined termed the  ' A l l  
Seven Po in t  C a l i b r a t i o n ' .  Once again the  values obtained from the  
'Normalised Data' Model f o r  -82 .09.30 were used as a bas is  f o r  
accuracy and comparisons were made w i t h  the  ' A l l  Seven Po in t  
C a l i b r a t i o n '  s imulat ion.  The r e s u l t s  a re  shown i n  Tables 7.11 t o  
7.14. 

For each water q u a l i t y  var iab le ,  the  f i n e  c lass  i n t e r v a l  s imulated 
concentrat ions and d i s t r i b u t i o n s  were no t  comparable. Only the  
coarse c lass i n t e r v a l  range f o r  sur face ch lo rophy l l  a (Table 7.11) 
showed a reasonable s i m i l a r i t y .  These r e s u l t s  i n d i c a t e  t h a t  a 
general c a l l b r a t i o n  o f  a l l  o f  the  seven h i s t o r i c a l  po in t s  produced 
comparable accuracies o f  concentrat ions and d i s t r i b u t i o n s  o f  surface 
ch lo rophy l l  a using a coarse c lass  i n t e r v a l  range f o r  the  day tested.  
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TABLE 7.11: SIMULATED CONCENTRATIONS AND OISTRIBUTIONS OF SURFACE 
CHLOROPHYLL a FOR 82.09.30 COMPARING THE 'NORWALISEO 
DATA' UODEL FOR THIS DATE AND 'ALL SEVEN POINT 
CALIBRATION' MODEL SHWING SIUILARITY IN THE COARSE CLASS 
INTERVALS RANGE 

'ALL SEVEN POINT 
'NORMALISED DATA' UOOEL CALIBRATION'' UOOEL 

FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL P'ERCENTAGE AREA PERCENTAGE AREA 

COARSE CLASS INTERVAL 
u4/1 

MEAN - 27.47 
WAX 430.09 
U I N  = 0.81 

TABLE 1.12: SlIIULATED CONCENTRRlIONS AND DlSTRIBUTIONS OF INTEGRATED 
CHLOROPHYLL 1 FOR 82.09.30 COUPARING THE 'NORUALISEO DATA' 
MODEL FOR THIS DATE AN0 'ALL SEVEN POINT CALIBRATION' MODEL 
SHOWIN6 LARGE DISCREPANCIES 

'ALL SEVEN POINT 
'NORUALISEO DATA1 UODEL CALIBRATION1 UOOEL 

FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 

COARSE CLASS INTERVAL 
ug/ l  

MEAN - 28.41 
UAX = 344.05 
U l N  = 1.42 
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TABLE 1.13: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF SURFAC: 
TURBIOITY FOR 82.09.30 COMPARlNG THE 'NORMALISED DATA 
MODEL FOR THIS DATE AND 'ALL SEVEN POINT CALIBRATION' 
MOOEL SHOWING LARGE OISCREPANCIES 

'ALL SEVEN POINT 
'NORMALISED OATA' MOOEL 

FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 
NTU 

COARSE CLASS INTERVAL 
NTU 

MEAN 4.87 
MAX - 22.52 
UIN - 1.02 

TABLE 7.14: SIMULATED CONCENTRATIONS AND DISTRIBUTIO~S OF INTEGRATED 
TURBIDITY FOR 82.09.30 COMPARING THE NORMALlSEO DATA' 
MODEL FOR THIS DATE AND THE 'ALL SEVEN POINT CALIBRATION' 
MOOEL SHOUING DISCREPANCIES 

'ALL SEVEN POINT 
'NORMALISED DATA' MODEL CALIBRATION' MODEL 

FOR 82.09.30 FOR 82.09.30 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 
NTU 

COARSE CLASS INTERVAL 
NTU 

MEAN - 5.14 
HAX - 21.06 
MlN = 1,84 
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Can a single set of calibration eauations be qenerated from 
measurements obtained on several dif f erent occasions? 

In order t o  investigate this question the surface reference data 
obtained from 5 days of sampling I.e. 81.10.14, 81.11.01, 81.12.07, 
82.09.13 and 82.11.16 were combined. Data for the day 82.09.30 was 
left out in order not t o  bias the analysis. The data obtained for 
82.09.30 uslng the 'Normalised Data' model. as discussed in Section 
6.2 were considered t o  be accurate and therefore could be used t o  
test the accuracy of the 'Five Day Calibration' Models. The CALMCAT 
model was carried out using two of the options discussed in Section 
3.4.7. The first option tested included all of the five days data, 
Including outliers and ignoring the assumption of normality - hence 
named the 'Five Day Calibration Including All Data' Model. The 
second option followed the assumption of normality, excluding 
outliers and removing clustering, therefore the normalised data sets 
for each of the days were combined - hence named the 'Five Day 
Callbration Normalised Data' Model (see Appendix T). The two options 
were tested in order to obtain some idea of how outliers and 
non-normal data would affect a generalised calibration. 

Tables 7.15 t o  7.18 present a comparison of the distribution trend 
between the 'Normalised Data' calibration results and those for the 
'Five Day Calibration' Models. Table 7.15 indicates that the 'Five 
Day Calibration Including All Data' nodel has 36% of the impoundment 
area containing between 0 to 9,99 pg/Q of surface chlorophyll a 
In comparison with 21% using the 'Normalised Data' Model and 22% 
using the 'Flve Day Calibration 'Normalised Data' Model. All of the 
remaining interval ranges both coarse and fine have comparable 
distributions for surface chlorophyll a. The 'Flve Day Calibration 
'Normalised Data' Model has slightly closer values to the 'Normalised 
Data' than the 'Five Day Calibration Including All Data' Model. 

Table 7.16 presents the integrated chlorophyll g results and shows 
distribution djfferences in the fine class interval ranges of 10,OD 
to 29.99 pg/Q and over 110 pg/Q. Although the results show 
inaccuracies the 'Five Day Calibration Including All Data' Option 
gives slightly better results than the 'Five Day Calibration 
Normalised Data' Model. Both surface and integrated turbidity 
distributions (Tables 7.17 and 7.18) for the 'Five Day Calibrations' 
show large discrepancies in comparison to the 'Normalised Data' Model 
distributions in both the fine and coarse Interval ranges. 
Surprisingly both of the 'Flve Day Calibration' Models show very 
similar results. 

The results from this analysis indicate that surface chlorophyll p is 
the one water quality variable that has been reasonably accurately 
simulated uslng a generalised 'Flve Day Calibration' Model. The data 
so far collected in this project cannot be considered t o  be 
sufficient to generate a single set of calibration equations that can 
accurately simulate integrated chlorophyll g and surface and 
integrated turbidity. Neither concentrations nor distributions for 
these conditions were adequately simulated using the calibration 
models establlshed from a combination of different days data. 
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TABLE 1.15: SIMULATED CONCENTRATIONS AND DISTRIBUTIONS OF SURFACE CHLOROPHYLL FOR 82.09.30 
COMPARING THE 'NORMALISED DATA' MOOEL FOR THIS OATE AN0 THE TWO 'FIVE DAY 
CALIBRATION1 MODELS SHOWING REASONABLE COMPARABILITY 

'NORMALISED DATA' UOOEL 'FIVE DAY CALIBRATION 'FIVE DAY CALIBRATION 
FOR 82.09.30 INCLUOING ALL OATA' MOOEL IORMALISEO DATA' MOOEL 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA 
~ 9 1 %  

0.00 - 9.99 21.44 35.77 
10.00 - 19.99 36.16 30.81 
20.00 - 29.99 18.96 13.93 
30 00 - 39.99 1.66 6.49 
40.00 - 49.99 2.83 4.25 
50.00 - 59.99 2.59 1.30 
60.00 - 69.99 1 .B8 2.01 
70.00 - 79.99 1,53 0.47 
B0,OO - 89.99 2.12 1.71 
90.00 - 99.99 1,06 0.59 

100.00 - 109.99 1.41 0.35 
110.00 - 439.99 2.31 2.24 

COARSE CLASS INTERVAL 
r4/% 

0.00 - 29.99 . 76.56 
30.00 - 99.99 19.67 

100.00 3.18 

MEAN = 27.41 
MAX - 430.09 
MIN - 0.81 

PERCENTAGE AREA 

TABLE 1.16: SIMULATED CONCENTRATIONS AN0 OISTRI8UTIONS OF INTEGRATED CHLOROPHYLL 5 FOR 
82.09.30 COMPARING THE 'NORMALISED OATA' MOOEL FOR THIS OATE AN0 THE TWO 'FIVE 
DAY CALIBRATION' MODELS SHOWING POOR COMPARABILITY 

'NORMALISED DATA' MODEL 'FIVE DAY CALIBRATION 'FIVE OAY CALIBRATION 
FOR 82.09.30 INCLUDING ALL DATA' MODEL NORMALISED DATA' MODEL 

FINE CLASS INTERVAL PERCENTAGE AREA PERCENTAGE AREA PERCENTAGE AREA 
vg / r  

COARSE CLASS INTERVAL 
v g / t  

MEAN - 
MAX = 
MIN = 
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TABLE 7.17: S IHULATEO CONCENTRATIONS AND D l S T R l B U T I O N S  OF SURFACE T U R B I D I T Y  FOR 8 2 . 0 9 . 3 0  
COMPARING THE 'NORMALISED DATA' n o o E L  FOR THIS DATE AND THE TWO 'FIVE OAY 
C A L I B R A T I O N '  MOOELS S H I N I N G  POOR COMPARABILITY 

'NORMALISED DATA'  MODEL ' f l V f  OAV C A L I B R A T I O N  ' F I V E  OAV C A L l 8 R A T l O h  
FOR 8 2 . 0 9 . 3 0  INCLUOING ALL DATA'  MODEL MORMALISEO D A T A '  MOOLL 

PERCENTAGE AREA 

COARSE CLASS INTERVAL 
NTU 

MEAN 4.87 
MX S 22.52 
M l N  m 1 . 0 2  

PLRCENTAGE AREA PERCENTAGE AREA 

TABLE 7 .18 :  SIMULATED CONCENTRATIONS AND D I S T R I B U T I O N S  OF INTEGRATED T U R B I O I T Y  FOR 82 .09 .30  
COMPARING THE 'NORMALISE0 OATA'. MOOEL FOR T H I S  DATE AND THE W O  ' F I V E  OAY 
C A L I B R A T I O N '  MOOELS SHOWING POOR COMPARABILITY 

'NORMALISED DATA'  MODEL ' F I V E  DAY C A L I B R A T I O N  ' F I V E  DAY C A L I B R A T I O N  
FOR 8 2 . 0 9 . 3 0  1NCLUOING A L L  DATA'  MODEL NORMALISE0 DATA '  MOOEL 

F I N E  CLASS INTERVAL PERCENTAGE AREA 
NTU 

COARSE CLASS lNTERVAL 
NTU 

MEAN 
MAX = 
M l N  . 

PERCENTAGE AREA PERCENTAGE AREA 
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More data needs t o  be col lected t o  establ ish f l r s t l y .  the reasons f o r  
, the dif ferences between overpasses and secondly, t o  establ lsh i f  
'there are seasonal patterns i n  the ca l l b ra t i on  data. This i s  a f i e l d  
o f  enqulry tha t  requires at tent ion.  

7.6 OUTLIERS 

A question which arlses from the analysis discussed i n  t h l s  report  
Is:  I f  ou t l l e r s  are present i n  the data, t h e l r  presence could be 
lnd lca t l ve  of a po l l u t i on  source, f o r  example, tha t  needs t o  be 
detected and quant i f led.  I f  so, how can ou t l l e r s  be analysed? 

 he treatment of these ou t l l e r s  i s  an unresolved and controversial  
ques t ion"  (Haan. 1977). Often ou t l i e r s  represent condltlons tha t  are 
physical ly out of the ordinary. I t  can be postulated tha t  i n  the 
data relevant t o  t h l s  report, some ou t l i e r s  determined by F l l l l b e n ' s  
R and Grubbs. t t e s t  could be mlxels (mixed land and water p ixe ls)  If 
they l l e  near the edge of the impoundment. 

Out l lers  have the po ten t la l  t o  inva l ida te  resu l ts  as dlscussed i n  
Section 2.5.4, but t h i s  i s  not  always the case. The ou t l l e r s  may be 
pa r t  of the l lnear  function, but are excluded because not a l l  of the 
ranges of data between the hlgh and the low values have been 
adequately represented, and they are seen as belng out of bounds. 

Equally, ou t l l e r s  are known t o  s t a b i l l s e  regressions where the bulk 
o f  the data contains noise and has poor correlations. It i s  a 
d l f f l c u l t  s i tua t ion  t o  assess. 

I n  order t o  analyse o u t l l e r s  a number of o u t l i e r  points are 
requlred. The declslon was made t o  combine a l l  the ou t l le rs ,  f o r  the 
6 days, i n t o  one set of data, I n  order t o  determine whether or not 
they represented one population. 

A Stepwlse Dlscrlmlnant Analysls was carr ied out and the resul ts,  
given on Figure 7.1 showed tha t  the ou t l l e r s  were o f  d l f f e r e n t  
populations and therefore could not be analysed together. The fac t  
tha t  the ou t l i e r s  were d i f f e r e n t  may ind icate t ha t  they were most 
l i k e l y  caused by d i f f e ren t  influences. 

MAJOR CANMJICAL VARIABLE 
INTECAITEO TURBIDITY 

STEFWISE DISCRIMINANT ANALYSIS 
HISTOGRAM FOR THE OUTLIERS 
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7.7 SUMMARY 

I t  1s p r a c t i c a l l y  des i rab le ,  I n  terms of sampling costs, t h a t  the  
number o f  sampllng po in t s  needed t o  c a l i b r a t e  a  s a t e l l i t e  Image of a  
water body be kept  t o  a  minimum. I t  I s  essen t i a l  t o  ensure, however, 
t h a t  the  sampling po ln t s  be representative o f  conditions I n  the  
impoundment and t h a t  there  are  more sampling po in t s  than t h e  number 
o f  va r i ab les  used i n  the s t a t l s t i c a l  ana lys is .  For one o f  the  days 
examined seven representa t ive  sampling s l t e s  on the  impoundment 
provided acceptable s imulat lons.  The e r r o r  i n  the  mean simulated 
ch lo rophy l l  a  < 5pg/t and the  e r r o r  i n  t h e  mean simulated 
t u r b l d i t y  < ~ - N T U  (Table 7.2) .  

Researchers may a l so  attempt t o  use c a l i b r a t i o n  equat ions obtalned 
f o r  one day t o  ex t rapo la te  information t o  another day. Such 
ex t rapo la t ions ,  wh i l e  p rov id ing  poor r e s u l t s  i n  terms o f  d e t a i l  are, 
however, o f ten  acceptable f o r  t u r b l d l t y  where the  researcher i s  on ly  
I n te res ted  i n  a  coarse c lass  I n t e r v a l -  c l a s s i f i c a t i o n  i .e . ,  a  l i m l t e d  
ex t rapo la t l on  i s  possib le.  The e r r o r  i n  a rea l  est imates o f  
t u r b t d i t y ,  i n  the  coarse c lass  range were < 3% (Tables 7.9 and 
7.10). Ex t rapo la t ion  o f  ch lo rophy l l  however was no t  so successful  as 
a rea l  estimates o f  sur face ch lo rophy l l  a were out by 20% (Table 7.7) 
and > 50% I n  the case o f  I n teg ra ted  ch lo rophy l l  (Table 7.8). 

Generalised c a l l b r a t t o n  equatlons obtained from combining al..l o f  the  
d l f f e r e n t  days data d i d  no t  produce accurate r e s u l t s  w i t h  one 
except ion v&., sur face ch lo rophy l l  a, where a  coarse c lass i n t e r v a l  
a rea l  est imate was < 4% (Tables 7.11 and 7.15). 

I n  conclusion, the ex t rapo la t l on  of c a l i b r a t i o n  equations i s  
problemat ica l  and the  accuracy depends on the  representativeness and 
the v a r i a t l o n  o f  cond i t ions  i n  impoundments from day t o  day. 
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CHAPTER 8 

CONCLUSION, PRECONDITIONS AND RECOMMENDATIONS 

The major o b j e c t i v e  o f  the  Landsat Water Q u a l i t y  Surve i l lance Pro jec t  
o f  Roodeplaat Dam was t o  determine the p o t e n t i a l  and l i m i t a t i o n  f o r  
q u a n t i t a t i v e  measurement o f  the  d i s t r i b u t i o n  o f  ch lo rophy l l  and 
t u r b i d i t y  us ing Landsat data. This o b j e c t i v e  has been achieved. 
Landsat data, when c a l i b r a t e d  aga ins t  sur face reference data, can 
prov ide  acceptably accurate s imulat ions o f  water q u a l i t y  condi t ions 
i n  an impoundment p rov id ing  t h a t  an attempt i s  made t o  adhere t o  
c e r t a i n  p recond i t ions .  

PRECONDITIONS 

The precond i t ions  f o r  accurate ana lys is  t o  be accomplished are  as 
fo l l ows :  

(1 )  The sampling o f  a  water body should be undertaken concurrent ly  
w i t h  the  s a t e l l i t e  o v e r f l i g h t .  

(2)  The sampling network should be set  up t o  ensure t h a t  t h e  e n t i r e  
range o f  d i f f e r e n t  water q u a l i t y  conditions w i t h i n  the  water 
body are  monitored. 

(3)  The alignment o f  the sampling p o s i t i o n  w i t h  i t s  r e levan t  p i x e l  
on a  Landsat scene should be as accurate as poss ib le .  

( 4 )  The water q u a l i t y  cond i t ions  t h a t  a re  being i nves t i ga ted  should 
be v i s i b l e  t o  the s a t e l l i t e .  This imp l ies  t h a t  water q u a l i t y  
cond i t ions  w i thout  ' co lou r '  i n  the spec t ra l  reg ion  0.5 urn t o  
1 , l  pm cannot be d i r e c t l y  monitored. 

(5) The ana lys is  o f  the water q u a l i t y  samples should be undertaken 
as soon as poss ib le  a f t e r  the sampling operat ion.  

( 6 )  The m u l t i c o l l i n e a r i t y  and in te r re la tedness  o f  both the 
re f l ec tance  bands and the water q u a l i t y  cond i t ions  should be 
recognised, and i n  order t o  take t h i s  f a c t o r  i n t o  account, some 
type o f  m u l t i v a r i a t e  s t a t i s t i c a l  ana lys is  should be used. 

( 7 )  The s t a t i s t i c a l  assumptions o f  the m u l t i v a r i a t e  ana lys is  should 
be adhered t o  as f a r  as poss ib le .  

( 8 )  Cognisance should be taken o f  the f a c t  t h a t  water bodies are 
non-homogeneous and there fore  more than one s t a t i s t i c a l  
popu la t ion  may be present i n  the water q u a l i t y  data, w i t h  
consequent imp l i ca t i ons  t o  the s t a t i s t i c a l  ana lys is  and 
i n t e r p r e t a t i o n .  

( 9 )  The presence o f  o u t l i e r s  i n  the surface reference data should be 
determined, i f  i n d i c a t i v e  o f  another popu la t ion  as described by 
the  Stepwise D iscr iminant  Analysis,  and may need t o  be excluded 
p r i o r  t o  ana lys is .  

(10) The water q u a l i t y  data sampled may no t  necessar i l y  represent 
cond i t ions  i n  the  impoundment and the re fo re  attempts should be 
made t o  ob ta in  a  representa t ive  subset o f  the cond i t ions  present.  
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(11) The simulative equations tha t  resu l t  from a mu l t i va r la te  
analysls should be tested w l th  data not  previously used i n  the 
development of the model. 

(12) Where only one of the four parameters i s  o f  in te res t  t o  the 
user. e.g. surface chlorophyl l  a, i t  i s  s t i l l  necessary t o  
measure a l l  four variables a., surface and Integrated 
chlorophyl l  and surface and integrated t u r b i d i t y  i n  order t o  
ca l ib ra te  the CALMCAT model. 

8.2 THE RECOMNENDED METHOD 

I n  t h i s  study, an attempt t o  observe the abovementioned condltions 
has been made, and the re la t ionship between chlorophyl l  g, t u rb id i t y .  
and the four NSS reflectance bands using 6 d i f f e r e n t  days of data has 
been determined. 

(1) The fa l se  colour and colour coded images of Roodeplaat Dam 
indicated tha t  dl f fe iences i n  chlorophyl l  a and t u r b i d i t y  were 
recognlsable. 

(6 The Stepwlse Discriminant Analysls was used t o  ind icate the 
existence or not  or more than one population i n  the impoundment. 

( 3 )  Grubbs t t e s t  was used f o r  detecting ou t l ie rs .  

(4) F i l l i bens  R Probabi l i ty  P lo t  Correlat lon Coefficient t e s t  was 
used t o  determine the normali ty o f  the data set. A 
normallsation procedure, using areas under the normal curve, was 
used t o  detect clustering and obtaln a representative subset of 
data when the logged data was not normal. 

(5 )  A mul t ivar ia te  s t a t i s t i c a l  analysls I.e.. the Canonlcal 
Correlat ion Analysis. was used t o  corre la te  water qua l i t y  
conditions w l th  the 4 ref lectance bands. 

(6) The Canontcal Correlat ion Analysis was l im i t ed  t o  selected pa i rs  
o f  water qua l l t y  variables t o  avoid s ingu la r i t y  due t o  the high 
ln tercorre la t ions between the surface reference data variables. 

(7)  A l l near  regression analysls, and the Canonical Correlat ion 
Coeff ic ients were used t o  obtaln ca l tb ra t ion  equattons of the 
re la t ionship between surface reference data and s a t e l l i t e  
ref lectance data. The model CALMCAT was established from the 
comblned analysls. 

(8) I n  order t o  t e s t  the accuracy o f  the model. the simulations of 
the ca l ib ra t ion  equations were tested against data not 
previously used i n  the analysis, by means of the coe f f i c ien t  of 
e f f ic iency and the Student's t test .  

( 9 )  The cal ibrated model was used t o  calculate the chlorophyl l  a and 
t u r b i d i t y  values f o r  each p i xe l  over the en t i r e  area o f  the 
impoundment thus enabllng a synoptic view of these parameters t o  
be obtalned. 

The menu for  the analysls of surface reference data and s a t e l l i t e  
reflectance data i s  given i n  Appendlx S. 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



8.3 THE RESULTS 

When the abovementioned preconditions and methods were observed, the 
mean water qua l i t y  conditions w l th in  Roodeplaat Dam were calculated 
w i th  an accuracy of S 9 pg/L f o r  chlorophyl l  and r 1 NTU f o r  
t u rb id i t y .  

Simulated versus observed chlorophyl l  a values a t  ind iv idual  sampling 
s i t es  varied t o  a much greater extent due t o  nolse and the non 
homogeneity "of  the chlorophyl l  a. Turb id i ty  values a t  ind iv idual  
sampling s i tes  were f a i r l y  accurately simulated. 

The u t l l i z a t l o n  o f  the model CALMCAT t o  calculate chlorophyl l  a and 
t u r b i d i t y  values f o r  the en t i r e  water body. provided synoptic, 
accurate informatlon of the distribution and concentration o f  these 
variables. 

For Roodeplaat Dam i t  was found tha t  each ca l i b ra t i on  equation was 
unique f o r  tha t  day and tha t  each ca l ib ra t ion  d i f f e red  from one 
overpass t o  the next. 

Attempts t o  determine the least  nufnbers o f  sampllng points required 
t o  obtain accurate ca l ib ra t ion  of s a t e l l i t e  ref lectance data w i t h  
surface reference data. indicated tha t  i t  i s  not  the number o f  
sampling points t h a t  i s  important, but tha t  the sampling points be as 
representative as possible of the f u l l  range of water qua l i t y  
conditions present i n  the impoundment. 

The re la t ionship between spec l f lc  water qua l i t y  conditions f o r  
chlorophyl l  g and t u r b i d l t y  and Landsat MSS bands was determined 
through the careful  select ion of a representative subset o f  water 
qua l i t y  data and the use o f  the Canonical Correlat lon Analysis. 
Development of the model CALMCAT made use of the established 
re la t ionship i n  a s imulat ive fashion. Accurate estimates o f  
d is t r ibu t ions  and concentrations o f  chlorophyl l  and t u r b i d i t y  i n  an 
impoundment were gained. Information of t h l s  nature may po ten t i a l l y  
complement and enhance po in t  source , information presently applied t o  
water resources investigations. Withdrawal po in ts ,  f o r  water 
pur i f i ca t ion ,  the s i t i n g  of recreational f a c i l i t i e s ,  matters re la t i ng  
t o  sewage disposal and the re la t ionship between water qua l i t y  
conditions and nu t r ien t  inputs are a few o f  the f l e l d s  of study tha t  
rnay benef i t  from the comprehensive Information tha t  can be obtained 
from s a t e l l i t e  derived information. Landsat data can be e f f ec t i ve l y  
used t o  produce pract ica l ,  quant l ta t ive information of the water 
qua l i t y  conditions i n  impoundments. 
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APPENDIX A: ANALYSIS OF CHLOROPHYLL a I N  FRESHWATER PHYTOPLANKTON* 
.................................................................. .................................................................. 

Apparatus 

(a )  F i l t e r  Apparatus e.g. M i l l i p o r e  vacuum/pressure pump 115 v 50 
Hz (xx60 110 50) w i t h  a 6 p lace f i l t e r  holder  mani fo ld (xx25 
047 00) 

(b) Spectrophotometer: e.g. Varian Techtron UV-Vis Model 635. 

(c )  Water ba th  w i t h  contac t  thermometer. 

(d )  Centr i fuge.  

(e) Test tubes w l t h  screw caps. 

( f )  Centr i fuge tubes w l t h  caps. 

(g) G lass- f ib re  f i l t e r  membranes: e.g. Sa r to r l us  SM 134000 or  
Whatman GF/C. 

( l )  F i l t e r  a known volume o f  sample through a g l a s s - f i b r e  f i l t e r ,  
a l l ow  t o  suck dry.  

( i t )  R o l l  up f i l t e r  w i t h  the  entrapped algae and p lace i n  a screw 
capped t e s t  tube. 

( i i i )  Add 9.8 m0 91.8% ethanol.  As the  g l a s s - f i b r e  f i l t e r s  r e t a i n  
on average 0.2 mP o f  water, t h i s  g ives a f i n a l  concentrat ion 
o f  10 mP 90% ethanol.  Mark the  f i n a l  volume l e v e l .  

( i v )  Place i n  water bath a t  78'C and a l l o w  t o  b o i l  f o r  5 min. Make 
sure t h a t  the screw caps are  no t  too  loose as the  ethanol w i l l  
evaporate o f f .  I f  any loss  i s  noted a f t e r  b o i l i n g ,  make up t o  
volume mark w i t h  90% ethanol.  

( v )  Al low t o  stand i n  the dark a t  room temperature f o r  1 h t o  24 
hours. I f  room temperature i s  h igh  (> 30°C) p lace I n  a 
r e f r i g e r a t o r .  

( v i )  A f t e r  e x t r a c t i o n  decant e x t r a c t  I n t o  a cen t r i f uge  tube and 
m. The tube must be capped as ethanol w l l l  evaporate from 
an open tube dur ing  c e n t r i f u g a t i o n .  

( v i i )  Centr i fuge a t  4 000 rpm f o r  5 min. 

( v i i i ) D e c a n t  4 m0 o f  the  sample i n t o  a l cm path length 
spectrophotometer cuvet te.  

( i x )  Read the  absorbance a t  665 nm and 750 nm, us ing 90% ethanol as 
the  reference blank. 

* Tru ter ,  1981. 
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(X) Add 100 mn of a 0.3 moles/Q HCL solution. shake well and 
allow to stand for 2 min. 

(xi) Reread the "665 nmw absorbance, scanning for the Absorbance 
peak between 665 nm and 666.5 ~ n m .    ere ad' the absorbance at 
750 nm. 

Calculation 

(1) Values from step 9 are D665b and d71job 

Values from step 11 are D665a and D750a 

(i t )  Subtract the 750 nm readings from the 665 nm readings. 

e.g. D665b - D750b = E665b 

D665a - D750a = E665a. 

(111) Insert values into the formula: 

(E665b - E665a)~(R/R-l )xK 
chlorophyll a (mg/L extract) = 

L 

where (R/R-l) = 2.39 (R = the 'acid factorn 1.72) 

K = 11.99 (specific absorption coefficient of 
chlorophyll a In 90% ethanol = 83.4) 

= Pathlength of cuvette in centimeters 
( l cm). 

The Equatlon is thus: 

Chlorophyll g (mg/l extract) = (E665b - E665a)x28.66 
If 1 0  cm3 extract is used, then for the final answer multiply 
the mg/L by the following amounts depending on the orlglnal 
volume flltered. The final answer is in pg/P. 

Formula: Ca X v 

v1 

where 

ca = Concentration of chlorophyll a in mg/P i n  the 
extract. 

V = Volume of extract in m!&. 

v1 = Volume of sample filtered In litres. 
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APPENDIX B: LANDSAT/WATER QUALITY SURFACE REFERENCE DATA SAMPLING FORM 
........................................................................ 

S I T E  1 1 0  . . . . . . . . . . . . . . . . . . 
DATE 1 1  16 . . . . . . . . . .  

T I M E  1 8  . . . .  22 . . . . 
SAMPLE POINT 

SURFACE CHLOROPHYLL 
rs/Q 

INTEGRATED CHLOROPHYLL 
rg/Q 

SECCHI D ISC 
m 

SURFACE TURBIDITY 
NTU 

INTEGRATED TURBIDITY 
NTU 

WIND SPEED 
m/sec 

A I R  TEMPERATURE 
'C - 

SUNSHINE CONDITIONS 
-# 7 

CLEAR 
MEDIUM 
OVERCAST 

SAMPLE A 

WIND DIRECTION 
47 . . .  5 0  

. . .  
CARD NUMBER 

5 3  5 b . . . . . .  
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APPENDIX C: SURFACE REFERENCE DATA COLLECTED FOR ROOOEPLAAT DAM, 
CONCURRENTLY WITH THE SATELLITE OVERFLIGHTS 

SARPLING 
POINT 
NO. 

SURFACE REFERENCE DATA. MEAN OF DUPLICATES 8 1 . 1 0 . 1 4  

SURFACE INTEGRATED SURFACE INTEGRATED 
CHLOROPHYLL 5 CHLOROPHYLL 5 TURBIDITY TURBIDITY 
r g / P  r g / P  NTU NTU 
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SANPLING 
POINT 
NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
12  
13  
14  
15 
1 6  
17 
1 8  
19  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

SURFACE REFERENCE DATA. MEAN OF DUPLICATES 81 .11.01 

SURFACE INTEGRATED SURFACE INTEGRATED 
CHLOROPHYLL g CHLOROPHYLL g TURBIDITY TURBIDITY 
)rg/p ~ g / a  NTU NTU 

16.8 32.7 3.3 4,2 
39.4 35,5 495 4.5 
29,7 32,O 4.0 4.2 
33.8 32.0 4,O 4,4 
34.7 30,6 4.9 594 
21.9 35.3 4,O 4.9 
84,2 26,9 17.2 4, l  
18.7 25.7 4,O 4.8 
18.3 18.9 3'8 4.3 
22,8 23.8 4.1 4.7 
26,l 25.4 4, l  4.2 
24.4 28,9 493 4.2 
62.2 40.7 10,4 6.1 
37.7 41 ,O 6.3 7.7 
36.3 40,4 7,4 7,O 
37.5 35.0 6.7 7.8 
45,7 42,2 7.9 7,5 
29.8 39.6 6.3 6.8 
47.4 37.1 8,2 7.1 
44.5 4 5 , 9  7.8 8.3 
52,5 41 ,0 10,2 7.5 
29.1 40,O 7.7 10,O 
32.8 46.7 7.8 8'8 
27.9 29,9 794 11.2 
22.8 38.1 6,8 9.1 
29.3 42,4 899 10.4 
33.6 35.5 8.5 9.7 
31,4 40,8 9,8 12.5 
33.5 31 .B 10.5 12.5 

107.8 46.7 18,O 6.7 
18.2' 27.7 3.1 3.5 
20.1 26,7 3,6 3.9 
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SAMPLING 
POINT 
NO. 

SURFACE REFERENCE DATA, MEAN OF DUPLICATES 81.12.07 

SURFACE INTEGRATED SURFACE INTEGRATED 
CHLOROPHYLL CHLOROPHYLL a TURBIDITY TURBIDITY 
r g / i  rg/P NTU NTU 
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SAMPLING 
POINT 
NO. 

SURFACE REFERENCE DATA 82.09.13 

SURFACE INTEGRATED SURFACE 
CHLOROPHYLL a CHLOROPHYLL g TURBIDITY 
rg/e rg/e NTU 

15,2 17.5 4.3 
18.1 17,9 4,2 
15,O 16.1 4,O 
21.8 22.6 4.4 
25,4 29.7 5.4 
16,5 13,6 493 
14,O 12.9 3.7 
13.9 10,7 4,3 
12.3 12.7 3.6 
11,9 12.7 3 ~ 7  
11.5 10,7 3,6 
13.1 14.3 3.9 
16.4 14,3 4'1 
22.9 18.8 4,9 
20.9 24.2 5.0 
21,3 18,8 484 
18.8 17.2 4,5 
16.8 22.5 5.3 

INTEGRATEO 
TURBIOITY 
NTU 
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SURFACE REFERENCE DATA 82.09.30 

SAMPLING 
POINT 
NO. 

SURFACE INTEGRATED SURFACE INTEGRATED 
CHLOROPHYLL 3 CHLOROPHYLL 3 TURBIDITY TURBIDITY 
rg/Q rg/Q NTU NTU 
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SURFACE REFERENCE DATA 8 2 . 1 1 . 1 6  

SAMPLING 
POINT 
NO. 

SURFACE INTEGRATED SURFACE 
CHLOROPHYLL a CHLOROPHYLL a TURBlDITY 

INTEGRATEO 
TURBIDITY 
NTU 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



APPENDIX D: THE ALIGNMENT OF REFLECTANCE DATA WITH SURFACE REFERENCE 
DATA 

Sampling s i t e s  were I d e n t i f i e d  on the  impoundment us lng s u i t a b l e  
landmarks, whlch I n  tu rn ,  could be recognised on the  s a t e l l i t e  
Image. I n  order t o  i d e n t i f y  the  p l x e l  corresponding t o  t h e  sampling 
p o s i t i o n  th ree  methods were used. The f i r s t  method named 'Chance a 
P l x e l '  s imply meant p i n p o i n t i n g  the  sampling p o l n t  on a map o f  the  
Impoundment (F igure  D.1). This technique requ l red  a good knowledge 
o f  the  research area. Although f a l r l y  accurate i t  was decided t o  
Improve on the  r e l i a b l l l t y  by us lng Method 2. 

Method 2, o r  'Average P l x e l ' ,  invo lved us lng  t h e  p lnpo ln ted  p l x e l  of 
Method 1 and averaging i t s  value together  w l t h  those o f  the  
surroundlng p i x e l s  (F lgure  0.1). Method 3 or 'Weighted P i x e l '  used 
t h e  'Chance a P i x e l '  (Method 1) and weighted I t  and t h e  surrounding 
e i g h t  values i n  the  f o l l o w i n g  manner. The 'Chance a P i x e l '  was g lven 
a weight ing o f  4, a l l  crosswise p l x e l s  were welghted by 2 and 
dlagonal p i x e l s  by 1. The sum o f  the p i x e l  values was d i v lded  by the  
sum o f  a l l  the weights o f  the  p l x e l  values used \ n  t h e  sumat ion .  
The program whlch c a r r i e s  out  t h i s  task I s  g iven I n  Appendix E and an 
example o f  the  r e s u l t s  i s  g iven I n  Appendix F.  

I t  I s  Important  t o  no te  here t h a t  due t o  the  f a c t  t h a t  p l x e l  
re f l ec tance  values vary w l t h  l n d l v l d u a l  wave bands and because o f  the  
p o s s i b i l i t y  t h a t  some sampling po in t s  may be pos i t ioned near land 
areas, band 7 values were used t o  determine the  water/ land value 
l i m i t .  The computer program was w r i t t e n  I n  such a way t h a t  the  
water/ land boundary as determlned by band 7 would se t  the l i m i t s  f o r  
the  remaining 3 bands. Any values f a l l i n g  ou ts ide  the  l i m l t  would 
no t  be inc luded i n  the  es t imat ion  and the  welght ings would be 
a f f e c t e d  accordingly .  

I n  order t o  determine which o f  the  th ree  methods was best.  'Chance a 
P l x e l ' .  'Average P l x e l '  and 'Weighted P l x e l '  values f o r  two d i f f e r e n t  
data sets (81.10.14 and 81.12.07) were examined us lng t h e  Canonical 
Co r re la t i on  Analysis (see Sect lon 3.4.6). The r e s u l t s  a r e  shown i n  
Table D.1. 

Table D.1. i nd i ca ted  t h a t  the  'Weighted P i x e l '  method produced the 
best  o v e r a l l  r e s u l t s  and the  dec ls ion  was made t o  use the  'Welghted 
P i x e l '  method only  f o r  subsequent ana lys is .  
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Method l 

P i r r l  ' 9 6 10 10 9 

Method 2 

Method 3 

Ihightings 

' Weighted 

Pixel ' 

FIGURE 0.1: THREE DIFFERENT METHOOS USED TO 
DETERMINE PIXEL REFLECTANCE VALUES 
FOR THE SAMPLING SITES 

TABLE 0.1: CANONICAL CORRELATIONS ( r )  OBTAINED FOR ROOOEPLAAT 
DAM, USING THREE DIFFERENT PIXEL ALIGNMENT METHOOS. 

Var iab les 'Chance a 'Average 'Weighted Date 
P i  xe l  ' P i x e l  ' P i x e l  ' 

Surface ch lo rophy l l  g 0,76 0.82 0,84 81.10.14 
and 

Surface t u r b i d i t y  0,95 0.93 0.93 81.12.07 

In teg ra ted  c h l o r o p h y l l  0.77 0,83 0.86 81.10.14 
and 

In teg ra ted  turbidity 0.95 0.95 0.95 81.12.07 
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APPENDIX E: SUBROUTINE "WEIGHT" WHICH CALCULATES WEIGHTED MEAN 
P IXEL VALUES AT SPECIFIC SAMPLING S I T E S  

=l===========.=.=E====C===IP===========z=s======================a= 

SUBROUTINE WEIGHT 
c 
C T H I S  SUBROUTINE CALCULATES WEIGHTED MEAN REFLECTANCE5 
C AROUND A GIVEt i  P I X E L  OF A AFFINED 1M.AGE 
C 
C THE F IRST IHAGE READ 
C MUST BE BAND 7 DATA.. .......... " 

I H P L I C I T  INTEGERIA-Z l  
DIPlENSION INPUT11C001,1D1100~9~41,NPL11001,NPS11001r 

* t l D I V W ( 1 @ 0 l , I P I  l@O~41,NPI!~~t1@3l~M~I1OOl,lOUTilOOl~TYPEl4l 
REAL XX.YY,X# 

EX=1 
C 

DATA NDIV#/100*16/  
C 
C INPUT DATA CARDS TAKE ONE POINT PER RECORD; 
C FORMAT I S : 2 9  X.214 FOR L INE AtID PIXEL.  
C 

READl5.70501 HEAC, lTYPElJ l , J=1 ,41  
7 0 5 0  FCPMATl20X.15,/.20X,4A61 

WRITE[6,70651 HEADSTYPE 
7 0 6 5  F04nATl20X, 'DATE OF AtIALYSIS : ROCDEPLAAT - ',16,/,  

*20X,'TYPE OF ASALYSIS - ',4A6,/, / , /1 
REA315,70401 NLO.NS0,LIM 

7 0 4 0  FORMATt3I41 
U R I T E ~ 6 ~ 7 0 0 0 1  HLO,NSO, L I M  

7 0 0 0  F09!lAT15Xs"PIXEL OFFSET L I M I T  = ",14,/. 
*SX,"SAHPLE OFFSET L I M I T  = ",I4,/ ,  
*5X,"LAND-CIATER L I M I T  :: " , I4 , /1  
K:O 

C 
C CHECK THE DISK F I L E  TO BE OKE 
C 

CALL DISKSZ 
Nos-  LSOF-SSDFi I  
I F I N O S  .GT.lOOO)CALL PRINT1 1 ,6 ,24 ,  ' DISPLY BUFFER TOO SPALL' l 
I F I I I S  .GT. 1 0 0 0 I C A L L  P R I t I T l l , 6 , 2 6 ,  '*** INPUT BUFFER TOO SMALL' I 
NIP=NEXTtNINT 

C 
C START READING THE APPROPRIATE REFLECTAilCE VALUES 
" 
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CALL ORIGINlNUMFI~INl.IREC~ISKIP~3~INP'JTlISTIl 

I F I I S K I P  .ER. 0 1  GO TO 8 0 0 0  
DO 7 3 6  J R = I S T , I S T t P  

c 
C WRITE OUT THE HEAPING OF THE OUTPUT PAGE 
c 

WRITE16,702Cl 
7 0 2 Q  FC&!bl.~T(/.?X,'FOItlT NO. L I l l E  SA7JLE P'LTIIAL UE1GI:TED' 

+ , / , 3 0 X S 7  MEAN MEAN './,ZSV.,'BAHUS 7 b 5 4 ' , B Y , '  
117 6 5 6 ' )  
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APPENDIX F: EXAMPLE OF RESULTS OBTAINED FROM SUBROUTINE "WEIGHT" 
====Z==E===P=1=1CI=D=3=P=1============~=======z=============s======== 

DATE OF APIALYSIS = RIC3EPUAT - 820913 
TYPE OF AllAL1515 - HEIGHTS 

PIYEL OFFSET L m z T  = o 
3kPPLL OFFSET L I M I T  = D 
UND-YATER L I I I I T  = 3 1  

l i t ,  M ~ a f t ' ~  <EXP,=SO. I n L C 1 ~ - ~ 0 1 7 9 7 S ? 5 3 5 8 ~ . C L I  101=-4P1?975963580.0. IlAG2'-38315698656:O. 
THE *P-El CCNSICLREO 1N NEIGH1 13: 3L= 380 SS' 1350  NL' 105 NS= 1CS 10; 4 0  58-  07293 

%AV0 = 7 
K i 2 ,  Murnflr, <EXP,=LP, IlllG1:-40179759C3580.0, 101;-4017975963580.01 IIIAG2'-3881569365bZP. 
THE APE* CC::SICEREC I N  YEIEnT IS:  4Lz 390 55' 1350  i I L s  1 0 5  NSi 105 ID: 4 0  56- 07291  

BAN0 = 6 
X i > .  nuzti:, <EXP,=IB. I n *C l i - L? l79759b3580 .0 ,  I01'-4017975?63580.01 InAG2;-3881559365620. 
TME ADEA CO>ISIOEREO I N  UEIGKT 19: SL. 350 SS= 1350  NLS 1 0 5  ID= l 0 5  ID=  4 0  58-  07213 

BA10 = 5 
K=+, Nu-fi:. <EXP,=67, I n A G l ~ - C 0 1 7 ~ 7 5 9 6 1 5 1 1 . 0 1  101;-Q017975953580.). IIII\G2'-398lSh9(lbS620. 
THE A9EA CO!ISIOEREC I N  WEIGH1 19: SL= 390 55' 1350 IIL. 105 K5= 105 13: 4 t  56- 07693 

LIA!iD i 4 

POINT 110. L l l l E  SMPLE ACTULL UEIGHTEO 
flEAtl MEAN 

BAN05 7 6 5 O 7 6 5 4  

LP $69 1313 0 0 0 0  16 17 is 16 

32 ' to* 1112 1 5 11 14 7 8 1 0  l+ 

3 1  4C3 1917 7 1 9 1 $  P 8 9 1 4  

3 2  IO* l r1s  7 5 7 1 1  6 5 6 1 2  
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APPENDIX G: CRITICAL VALUES OF FILLIBEN'S R AN0 GRUBB'S 
t TEST AT THE 0.05 LEVEL OF PROBABILITY * 
(WHNI/O/AH/NOROUT) 

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

Sample slze: 
n t R n t R 
3 0.879 1,153 54 0,977 2,956 
4 0,868 1.463 55 0,978 2,992 
5 0,879 1,672 56 0,978 2,992 
6 0,890 1,822 57 0,978 2,992 
7 0.899 1,938 58 0,978 2,992 
8 0,905 2.032 59 0.978 2.992 
9 0,912 2,110 60 0,980 3,025 
10 0,917 2,176 61 0,980 3,025 
11 0.922 2,234 62 0,980 3,025 
12 0,926 2.285 63 0,980 3,025 
13 0,931 2.331 64 0,980 3,025 
14 0.934 2,371 65 0,981 3,055 
15 0,937 2,409 66 0,981 3,055 
16 0,940 2,443 67 0.981 3.055 
17 0,942 2,475 68 0,981 3,055 
18 0,945 2,504 69 0.981 3,055 
19 0,947 2,532 70 0,982 3,082 
20 0,950 2,557 71 0.982 3,082 
21 0,952 2,580 72 0,982 3,082 
22 0,954 2,603 73 0.982 3,082 
23 0.955 2,624 74 0,982 3,082 
24 0.957 2.644 75 0.983 3.107 

*From Wainwright and Gllbert, 1981 
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APPENDIX H: PROGRAM " F I L L I "  F I L L I B E N ' S  R AND GRUBB'S t TEST FOR 
NORMALITY AND OUTLIERS. FORTRAN I V  

= 5 = = = = = = 1 1 = = - 1 1 = = = = 5 I l = = = = = I Z = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ~ = = : = = =  

1 SRESET FREE 
8 0  F I L E  5 ( K I t l D  = READER1 
9 0  F I L E  6 ( K I N D  = PRINTER1 
9 5  F I L E  7 ( K I t D  = D I S K 1  

1 0 0  F I L E  lO(KI t1D DISK, TITLE~"WNI/D/AH/NOROUT ON 1136", FILETYPEZ71 
2 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3 0 0  C 
4 0 0  C PRRGRAM "FILLI" 

- - ~ ~  ~ 

1 4 0 0  C F I L L I B E N ' S  TEST FOR NORMALITY AND GRUBB'S TEST FOR W T L I E R S  
L 5 0 0  C ( P  = 0.051" 
l 6 0 0  C 

1 7 1 0  C 
1 7 2 0  C ADAPTED FROM :- 
1 7 3 0  C HAIHWRIGHT~ S.J. AND GILBERT, R.I. i 
1 7 3 5  C LABORATORY. PRACTISE, VOL.30. N0.5, M Y  1981,  P467; 
1 7 4 0  C ( MODIFIED BY I. SCHOONRAAD A.HOWMN FEB.1983 l 
1 7 5 0  C 
1 7 6 0  C::==r::=r=======-==:==~z===========:z==================~=========~===~= 
2 2 0 0  C 
2 6 0 0  C 
2 7 0 0  C IMPORTANT VARIABLES ( OPTIONS 1 ARE: - 
2 8 0 0  C SUCOL = SURFACE CHLOROPHYLL VALUES - LOGS 
2 9 0 0  C INCOL = INTEGRATED CHLOROPHYLL VALUES - LOGS 
3 0 0 0  C SECDL = SECCHI D ISC VALUES - LOGS 
3 1 0 0  C SUTUL = SURFACE TURBIDITY VALUES - LOGS 
3 2 0 0  C I N T U L  INTEGRATED TURBIDITY VALUES - LOGS 
3 3 0 0  C 
3 7 0 0  C 
3 8 0 0  C I N  ORDER TO RUN T H I S  PROGRASI TIiE FOLLOWING JOB DECK 
3 9 0 0  C INFORnATION I S  REQUIRED: - 
4 0 0 0  C 
4 0 1 0  C F I L E  1 0  = UHNI/O/AH/NORWT 
4 0 2 0  C ( C R I T I C A L  VALUES OF F I L L I B E N S  R AND GRUBBS T AT THE 0.05 
4 0 3 0  C PROBABILITY LEVEL. l 
4 1 0 0  C F I L E  7 = WATER QUALITY AND R E F L E C T W E  DATA F I L E  
4 1 2 0  C ( *  ~~ISSIHG DATA SHOULD BE INDICATED BY THE VALUE " 99.9 .l 
4 2 0 0  C NUMBER OF SETS OF DATA TO BE ANALYSED I N  COLUrnS 1, 2 
4 4 0 0  C VARIABLE OPTIONS REQUIRED - I N  (A6, 1 x 1  FOMAT. 
4 5 0 0  C 
4 8 0 0  C 
5 0 0 0  C=:Z:=E=r==:r===:=============================================:==z====== 
5 1 0 0  C 
5 2 0 0  C - - - ~  - 

5300  OOURLF PRECTSION NAMF .... . . . - . . . - - - - -. . . . .. . .- 
5 4 0 0  REAL OPTION(51 S W I N T (  1 0 0 1  S I O P T ( 5 1  
5 5 0 0  INTEGER NTOTAL, ICOUNT, DATE, OSPNT(1001 
5 6 0 0  REAL SUCOL( 1 0 0 1  INCOL( 1001,  SECDLL 1 0 0 1  SUTULI 1001. INTULC 1001 .  
5 7 0 0  * TL lOOI ,  GRVBTS. E l ,  E2. GRUBTL 
5 8 0 0  DATA 0PTIOTV"SUCOL". "INCOL", "SECOL", "SUTUL", " I N N L a ' /  
5 9 0 0  READ (5 ,  1 4 0 1  NTOTAL 
6 0 0 0  1 4 0  FORMAT(I31 
6 1 0 0  READ ( 7 8  1 1 0 1  N M E ,  OATE, OSPNT(11. S U C O L ( l l r  I t I C O L ( l 1 ,  SECOL(11. 
6 2 0 0  * S U N L ( 1 1 ,  I N T U L ( l 1  
6 3 0 0  l 1 0  FORMT(A10,  A6. 1 2 ,  W. 5F7.41 
6 3 1 0  WRITE ( 6 ,  1 4 1 1  NAME DATE 
6 3 2 0  1 4 1  FORMAT ( l 0  I lX, A 6 1 1  
6 4 0 0  DO l 0 0 0  I E 2 .  NTOTAL 
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7900 
8000 
8100 
8200 
8300 
8400 
8500 
8550 
8560 
8600 
8700 
8800 
8900 
9000 
9100 
9200 
9300 
9350 
WOO 
9500 
9600 
9700 
9800 
9900 

l 0 0 0 0  
l 0 1 0 0  
l 0 1 5 0  
10200 
10300 
10400 
10500 
10600 
10700 
lDB00 
10900 
10950 
11000 

READ 17. 120)0SPNTII), SUCOL(I), INCOL(I),  SECDLCI). 
.It SUWLC I) r INTUL( I) 

120 F O R M T I ~ ~ X B  12, U(, 5F7.4) 
l 0 0 0  CONTINUE 

READ (5, 130)(10PT(I), 1 = 1, 5 )  
130 FORMT (5(A6, 1x1)  

DO 1300 K = l r  5 
DO 1100 J = 1, 5 
IF(IOPT(K).EQ.OPTION(J)) G0 TO (1200, 1210, 1220, 1230, 1240). J 
60 TO 1100 . - . . - - . . 

1200 WRITE (6 ,  100) 
100 F O ~ T ( " 1 " ~ 2 4 X , " F I L L I B E N 1 S  TEST FOR NORMLITY AND SRUBB'S TEST FOR 

* WTL1ERSu',/, 23X,64("*") , / l  
980 FORMT(7X. 14,11X, F8.4) 

YRITEl6, 150) NAME, DATE. IOPTIK) 
150 FORMT 1 1 0 ~ ~ ~ 1 0 ~ 5 ~ ~ ~ 6 ~ / r 8 ~ ~ 1 4 1 " * " 1 , ~ ( ~ 1 0 ( " * " ) ~ / ~ 1 0 ~ ~ " ~ ~ ~ ~  

* OPTION TESTED I S  " 8  A6, / r  8X, 42("*"), / )  

DO 1010 IRE = 1. 100 
1010 SPOINTIIRE) = OSPNT(1RE) 

ICOUNT = NTOTAL 
CALL F I L L  (SUCOL. SWINTI ICOWT) 
WRITE1 6,777) 

777 FORMT (lX,"SAnPLE POINT NO. VALUE (LOG)"r/) 
WRITE(6r 9 8 0 ) ( ( S W I M ( J ) .  SUCOL(J1). J 1 s  ICOUNT) 
6 0  TO 1300 - - . . - - . - 

l 2 1 0  YRITE ( 6 %  100) 
WRITE(6. 150) NAME. DATE. IOPTIK) 
D0 l 0 2 0  IRE = 1,  100 

1020 SWINT(IRE1 ' OSPNT(1RE) 
ICOUKT = NTOTAL 
CALL F I L L  (INCOL. SWIKTI ICOM(T) 
YRITEf 6.7771 
YRITE(6. 980)( (SWINT(J) .  INCOL(J))I J 1. ICWNT) 
GO TO 1300 

1220 WRITE ( 6 %  100) 
WRITE(6. 150) NANE. DATE. IOPT(K1 
DO 1030 IRE = l, l 0 0  

1030 SWINT(1RE) = OSPNTIIRE) 
ICDVNT = NTOTAL 
CALL F I L L  ISECDL, SWINT. 
WRITE1 6.777) 
WRITE(6, 9 8 0 ) ( ( 5 W 1 N T ( J l ~  
GO TO 1x00 - - . - - - - - 
WRITE ( 6 ,  100) 
WRITE(6r 150) M M E I  OATE. 
D0 1040 IRE = l. 100 
SPOINTt IRE = OSPNT( IRE l 
ICOUNT = NTOTAL 
CALL F I L L  (SUTUL, SWINT. ICWNT) 
WRITE(6.777) 
WRITEI6, 9 8 0 1 ( 1 S P O I M ( J 1 ~  SUNLCJ) J = l r  ICOVNTI 
GO TO 1300 

1240 YRITE 16, 100) 
WRITE(6. l 5 0 )  NAHEI DATE, IOPT(K1 
D0 1050 IRE = 1, 100 

1050 SWINTt IRE) = OSPNT(1RE) 
ICOVNT = NTOTAL 
CALL F I L L  lIt lTULI SFOINT. ICOUNTI 
WRITE( 6,777) 
WRITEl6. 980) l (SWINTtJ ) .  INTULIJ)),  J = 1, ICWNT) 

1100 CONTINUE 

12000 1300 CONTINUE 
12100 END 
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1 2 2 0 0  3 
1 2 3 0 0  c=:=~=~=;==:===n==::i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:i:=========----------------------- ....................... 
1 2 4 0 0  C 
1 2 5 0 0  SUBROUTINE F I L L  IVALI  S W I N T ,  ICOVKTI  
L 2 6 0 0  C -~ - 
1 2 7 0 0  C=======---------------------------------------------------------------- ------------------------------------.--------------------------- 

1 2 8 0 0  C 
1 2 9 0 0  INTEGER ICW14T9 S F Q I N T l 1 0 0 )  
1 3 0 0 0  REAL V A L l l O O l s  DEVI 1001, MEAN13 MEAN, SUM, SQDEV, COtISTl1001, 
1 3 1 0 0  * TSTATI lOOI ,  X l l G O ) ,  T l l O O l  
1 3 2 0 0  1 0 1 0  Z 1  = 0.0 
1 3 3 0 0  22 ' 0.0 
1 3 4 0 0  23 = 0.0 
1 3 5 0 0  2 4  = 0.0 
1 3 6 0 0  SQOEV = 0.0 
1 3 7 0 0  SUM = 0.0 
1 3 8 0 0  SUnDEV = 0.0 
1 3 9 0 0  H E A N l  '- 0.0 
1 4 0 0 0  C . 
1 4 1 0 0  C ' EXCLUDE MISSING DATA 
1 4 2 0 0  C 
1 4 3 0 0  I E  X l 
1 4 4 0 0  1 0 2 0  I F  1VAL l IE l .EQ.  99.91 GO TO 1 0 3 0  

I E  = I E  + 1 
IFl IE.GT.ICOUNT1 GO TO l 0 6 0  
I F I I E . E I . I C O U N T 1  I F L P G  = - 1 
G0 TO 1 0 2 0  

1 0 3 0  WRITE1 6, 1 0 0 ) S W I N T I I E l  
l 0 0  FORHATI3OX, "HISSING DATA FOUND AT SAMPLING POINT NO. ", 1 3 ,  /l 

ICOUNT = ICOUNT - l 
1Fl IFLAG.EQ. - 1 1  G0 TO l 0 6 0  
DO 1 0 4 0  J E  = I E ,  I C W N T  
V A L I J E I  = VALIJE t 1 1  
S P O I N T I J E I  = SPOINTIJE t 1 1  

1 0 4 0  CONTINUE 
- - . - - - - - 

1 0 6 0  D 0  l 0 0 0  J = l, ICOUNT 
1 0 0 0  MEAN1 = MEAN1 + VALlJI / ICOUNT 

DO 1 0 5 3  J = 1, ICOUNT 
sun = sun + VALIJI 
DEV(J I  = VAL(J1  - MEAN1 

1 6 3 0 0  SQOEV ' SQOEV + l I V A L l J l  - MEAN11 * l V A L l J 1  - MEPf( l11 
1 6 4 0 0  1 0 5 0  CONTINUE 
1 6 5 0 0  C 
l 6 6 0 0  C CALCULATE MEAN 
1 6 7 0 0  C 
1 6 8 0 0  MEAN ' SUWICOUNT 
1 6 9 0 0  Y = FLOAT1 I C O W T  I 
1 7 0 0 0  COtISTlICOUNT) = 0.5 * l l . o / r l  
1 7 1 0 0  CONST( l 1  : 1.0 - CONSTIICOUNTI 
1 7 2 0 0  0 0  l 1 0 0  I : 2, ICOUNT - 1 

1 7 4 0 0  Y e  : FLOATI IcouNT + 0.3651 
1 7 5 0 0  C M ! S T I I l  = IYL 'Y21  
1 7 6 0 0  1 1 0 0  CONTINUE 
1 7 7 0 0  COil5T1 = 2 .515517  
1 7 8 0 0  CONSTP = 0.802853 
1 7 9 0 0  CONST3 = 0.010328 
1 8 0 0 0  DOlIST1 = 1 .432788  
1 8 1 0 0  D0115T2 " 0.189269 
1 8 2 0 0  00NST3 = 0.001308 
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1 8 3 0 0  D 0  l 2 0 0  I = 1, ICOUNl  
1 8 4 0 0  C 
1 8 5 0 0  C SUM OF DEVIATIONS 
1 8 6 0 0  C 
1 8 7 0 0  S W E V  = S U M E V  + ( V A L ( I 1  - U E W I  * ( V A L I I )  - UEAN) 
1 8 8 0 0  IF(CONST(I l .GT.0.51 GO TO l 5 0 0  --  ~ 

1 8 9 0 0  1 4 8 0  PROB = C O N S T I I I  
~ o n n n  ~n ~n i s s o  

1 9 3 0 0  1 2 0 0  CONTINUE 
1 9 4 0 0  C 
1 9 5 0 0  C STANLJARO DEVIATION 
1 9 6 0 0  C . 
1 9 7 0 0  STDEV = SQRT(SUIWEV/(ICOUNT - 1 1 1  
1 9 8 0 0  DO 1 7 5 0  1 = l, I C W N T  
1 9 9 0 0  X ( 1 )  = TSTAT( I ) - ( C O N S T 1  + CONST2 TSTAT( I) + CONST3 TSTATL I) * 
20000 *TSTATLI )  l / (  l tDONSTl*TSTAT( I ~tDONST2*TSTATlI~*TSTATiI)tDONST3* 
.~ ~ 

2 0 2 0 0  1 7 5 0  CONTINUE -.-.. 
2 0 3 0 0  DO 1 9 0 0  I = l, ICOUNT 
2 0 4 0 0  I F l C @ N S T ~ I l . L T . O . 5 )  X ( 1 )  = - X ( I 1  
20500  1 9 0 0  CONTINUE 
2 0 6 0 0  DO 2 3 0 0  I : 1, I C W N T  - 1 
20700 DD 2 2 5 0  J = I t l, ICOUNT -~ - 

20800  IF(DEV(J).GE.DEV(I)) GO TO 2 2 5 0  
2 0 9 0 0  D E V l  = D E V ( I 1  
21000  D E V l I l  = D E V ( J I  
2 1 1 0 0  DEV(J1  = D E V l  
21200  2 2 5 0  CONTIEIUE 
21300  2 3 0 0  CDNTIttUE 
21GOO 00 2 6 0 0  I Z 1, ICOUNT 
21500  21 = 21 + D E V I I )  * X ( 1 )  
2 1 6 0 0  2 2  = 2 2  + D E V ( 1 )  * D E V L I I  
21700  2 3  = 2 3  + X ( I 1  
2 1 8 0 0  2 4  = 2 4  + X C I )  * X ( I )  
21900  2 6 0 0  CONTINUE 
22000  WRITEL6, 3 0 1  
2 2 1 0 0  3 0  FOF?tiATI25X, " F I L L I B E N ' S  TEST FOR NORMALITY", /, 24X. 31L"-"1, / )  

22200  R 1  = Z l /SQRT(Z2  * ( 2 4  - 2 3  * Z3/1COUNTI) 
2 2 3 0 0  WRITE (6 .  6 0 0 )  R l r  HEAN* STOEV 
22400  6 0 0  FORnATl3OX,"FILLIBEN'S R = ".F5.2./,3OX,"MEPN = " ,F10.2, / r30X~ 
22500  * "STANDARD DEVIATION = "F lO.21  
2 2 6 0 0  C 
22700  CALL NORMLR1. T, ICOUNT, D 9 )  
2 2 8 0 0  C 
2 2 9 0 0  WRITE ( 6 .  7 0 0 1  
23000  7 0 0  FORHAT (=X. "GRVBB'S TEST FOR OUTLIERS " r  /, 24X, 27("-"1. / )  

2 3 1 0 0  DO 3 2 5 0  I = 1, ICOUNT - l 
DO 3 2 0 0  J = I + 1. ICDUNT 
I F l V A L L J ) . G T . V A L ( I l l  GO TO 3 2 0 0  
V A L l  V A L ( I 1  
ITEI IP  = SPOINTI I) 
V A L I I I  = V A L t J I  
SPOINT(1)  = SPOINTL J )  
V A L L J I  = V A L l  
SPOItlT( J l  = I T E n P  
CONTINUE 
COIiTINUE 
U = SQh'TISQDEV/(ICOVNT - 1 1 1  
WRITEl6.  8 0 0 1 V A L l I )  
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2 4 4 0 0  8 0 0  FORIlAT(30X. " M E  SMALLEST VALUE I S  "B F7.2) 
2 4 5 0 0  GRUBTS = ( H E W 1  - V A L ( 1 I I N  
2 4 6 0 0  WRITE( 6. 900lGRVBTS 
2 4 7 0 0  9 0 0  FOIV!AT(~OXI "GRUBB'S ' T B  VALUE FOR T H I S  VALUE I S  = ", F7.2) 
2 4 8 0 0  C 
2 4 9 0 0  CALL S W T t V A L .  GRUBTS, T B  E l ,  E.?, I C W N T .  SPOINTI 
2 5 0 0 0  C 
2 5 1 0 0  W!?ITE(6, 9 5 5 l V A L ( I C ( N N T l  
2 5 2 0 0  9 5 5  FORllAT(3OX, "THE LARGEST VALUE I S  = " S  F7.21 
2 5 3 0 0  GRUBTL = (VAL(ICOVNT1 - t l E A N l I / U  
2 5 4 0 0  WRITE( 6, 9 5 8 )  GRUBTL 
2 5 5 0 0  9 5 8  FORMT(30X,  "GRUBB'S '1' FOR T H I S  VALUE I S  = " S  F6.21 
2 5 6 0 0  C 
2 5 7 0 0  CALL LOUT(VAL, GRUBTL, ICOUNT, E8. E9, T. SPOINTI  
2 5 8 0 0  C 
2 5 9 0 0  IFtD9.EP.2.ANU.EZ.EQ. - l.bSM.E8.EP. - 1) G 0  TO 3 6 5 0  
2 6 0 0 0  IF(09.EP.l.ANU.E2.EQ. - 1.AND.EB.EQ. - 1 1  GO TO 4 0 0 0  
2 6 1 0 0  GO TO 4 0 8 0  
2 6 2 0 0  4 0 0 0  WRITE(6, 9 6 0 1  
2 6 3 0 0  9 6 0  FORflAT(30X. "DATA NOT NORMALLY DISTRIBUTEOr BUT NO OUTLIERS") 
2 6 4 0 0  G 0  TO 3 6 5 0  
2 6 5 0 0  4 0 8 0  F = - 1 
2 6 6 0 0  IF(EZ.EQ.1)  F = 1 
2 6 7 0 0  IF(EB.EP.11 F = 1 
2 6 8 0 0  I F ( F . E P . l l  CALL EXCVT(VAL. E l ,  E9, I C W N T ,  t lEW1.  SPOINTI  
2 6 9 0 0  1FtF.EQ. - 1) GO TO 4 2 0 0  
2 7 0 0 0  GO TO 1 0 1 0  
2 7 1 0 0  4 2 0 0  WRLTE(6, 9 7 5 1  
2 7 2 0 0  9 7 5  FORHAT(5X. "LOGIC ERROR - PROGRAU SHOULD NOT ARRIVE AT T H I S  
2 7 3 0 0  * STATEMENT8'I 
2 7 4 0 0  3 6 5 0  RETURN 
2 7 5 0 0  END 

2 7 6 0 0  C 
2 7 7 0 0  C==zs==nrZ=n=;=:=rr=====:=================~=========:=~======~=====~==== 
27.300 C 
2 7 9 0 0  SUBROUTINE LOUT(VAL. GRUBTL. ICOVNT, E8. E9. T. SPOINTI  
2 8 0 0 0  C 
2 8 1 0 0  C T H I S  SUBROUTINE TESTS FOR THE LARGEST OUTLIER VALUE. 
2 8 2 0 0  Cs:~s=:=zrr=;=r=s=~=:===========~==ii i i i===:==~=============:=~========~ 

2 8 3 0 0  C 
2 8 4 0 0  INTEGER SPOINTt 1 0 0 )  
28500  REAL GRVBTL, VAL(lOO1, E&, £9, T ( 1 0 0 1  
2 8 6 0 0  IF(GRC'BTL.GE.T~ICWNTT) G0 TO 9 0 0  
2 8 7 0 0  WRITE( 6, 1 0 0 1  
2 8 8 0 0  1 0 0  FCR?l4T(30X, "THE LARGEST VALUE I S  NUT AN OUTLIER")  
2 8 9 0 0  E 8 '  - 1  
2 9 0 0 0  E9  - 9 9 9  
2 9 1 0 0  GO TO 9 3 0  
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3 0 0 0 0  C 
3 0 1 0 0  C==m==n:=====:z===:=iiiiiiiiiiiiiiiiiiiiiiiiiiiiii===========:==:===============:= 

3 0 2 0 0  C 
3 0 3 0 0  SUBROUTINE S W T  (VAL, GRUBTS. T 2  E l *  E2, I C M M T .  SPOINT) 

- 

3 0 5 0 0  C T H I S  SUBRWTINE TESTS FOR THE S M L L E S T  W T L I E R  VALUE. 
3 0 6 0 0  C 
3 0 7 0 0  C;==E"s"i=="="==:=========iiiii===================================== 

3 0 8 0 0  C 
3 0 9 0 0  INTEGER S W I N T (  1 0 0 )  
3 1 0 0 0  REAL VAL(100) .  GRVBTS* T ( 1 0 0 ) .  E l *  E 2  
3 1 1 0 0  IF(GI?VBTS.GE.T(ICOWCT)) G 0  TO 7 0 0  
3 1 2 0 0  YRITE (6, 1 0 0 )  
3 1 3 0 0  1 0 0  FORnAT (30X,  "THE SMALLEST VALUE I S  NOT AN W T L I E R " )  
3 1 4 0 0  E 2 =  - 1  
3 1 5 0 0  E l  = - 999 
3 1 6 0 0  GO TO 7 3 0  
3 1 7 0 0  7 0 0  WRITE ( 6 .  1 1 0 )  VAL(1) .  SPOINT(11  
3 1 8 0 0  1 1 0  FORMAT ( 3 0 x 1  "THE VALUE", F7.2, " I S  AN OUTLIER", /, 
3 1 9 0 0  * 30X. "THE SAMPLING POINT NV11BER OF THE W T L I E R  I S  ", 13, / )  
32000  C ALL WTLIERS I V A L ( ~ ) )  ~ U S T  BE EXCLUDED FRM( RECALCULATION. 
3 2 1 0 0  C 
3 2 2 0 0  E l  = V A L ( 1 1  
3 2 3 0 0  E t  = l 
3 2 4 0 0  7 3 0  RETURN 
3 2 5 0 0  END 

3 2 6 0 0  C 
3 2 7 0 0  ~=======:=2z===i====1=111====Ziii i i i i i i i===~z======:=========z========:= 

3 2 8 0 0  C 
3 2 9 0 0  SUBROUTINE N O W  ( R I .  T. I C W N T .  09) 
3 3 0 0 0  C 
3 3 1 0 0  C T H I S  SUBROUTINE TESTS FOR NORMLITY.  
3 3 2 0 0  C 
3 3 3 0 0  C=r:=::===:rs=I;==:=I=III=======z=====~======z==~======================Z 

3 3 4 0 0  C - 

3 3 5 0 0  REAL R ( 1 0 0 ) ~  T I l O O ) .  R 1  
3 3 6 0 0  DO l 0 0 0  K : 3, 1 0 0  
3 3 7 0 0  1 = K - 2  
3 3 8 0 0  1 0 0 0  R E P S ( I 0  = K. 100, EM) = 1 1 0 0 1  R1111 T ( 1 )  
3 3 9 0 0  l 0 0  FOPXAT ( 9 x 1  F6.3, SX, F 6 . 3 )  
3 4 0 0 0  1 1 0 0  I F  (R l .GE.R( ICWNTI )  G0 TO 5 4 5 0  
3 4 1 0 0  URITE (6. 1 1 0 )  - -~ .~ ~ 

3 4 2 0 0  1 1 0  F O R M T  I3OX. "THE DATA I S  NUT NORIIALLY D15TRIBUTED. P = 0.05". / )  

3 4 3 0 0  09 = 1 
3 4 9 0 0  GO TO 5 6 0 0  
3 4 5 0 0  5 4 5 0  WRITE ( 6 ,  1 2 0 1  
3 4 6 0 0  1 2 0  F C R M T  (30X.  "THE DATA I S  N O W L L Y  DISTRIBUTEDI P = 0.05". / l  
3 4 7 0 0  C 9  2 2 
3 4 8 1 0  5 6 0 0  R E N R N  
3 4 9 0 0  EtlD 
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3 5 0 0 0  C 
3 5 1 0 0  c===============z====:==z:z=z========:==:=============================== 

3 5 2 0 0  C 
3 5 3 0 0  SUBROUTINE EXOVTLVAL, E l ,  E99 ICOUNT, HEANls SPOINT) 
3 5 4 0 0  C 
3 5 5 0 0  C T H I S  SUBROUTINE EXCLUDES W T L I E R S  BEFORE RECALCULATION. 
3 5 6 0 0  C 
3 5 7 0 0  C"===="=r="==;r~r----------------------------------------------------- ................................................... 
3 5 8 0 0  C 
3 5 9 0 0  INTEGER SPOINTL IOOI ,  NSPTC 1 0 0 )  
3 6 0 0 0  REAL VALLlOO),  H( 1 0 0 )  
3 6 1 0 0  'DO 1 0 3 5  I 1. I C W N T  

J = 0 
DO 1 0 6 0  I s l. ICOUNT 

SPOINT( L )  NSPTI L) 
1 1 4 0  V A L ( L 1  H ( L )  

I C W N T  = NO 
IF(ICOUNT.GE.3) G0 TO 1 1 5 0  
WRITE(6, 1 0 0 )  

1 0 0  FORMAT(30X, "LESS THAN THREE VALUES LEFT AFTER W T L I E R S  EXCLMEO") 
GO TO 1 1 9 0  

l E 0  HEANl  = 0 
DO 1 1 8 0  I = 1. ICOUNT 

- . .. 
1 1 0  F O R M T I  25X, "RECALCULATION OF 

2 4 X , 4 8 l S ' - " ) , / 2 5 X I U A F T E R  TI(E 
?'+X, 42t" -"3 ,  / )  

1 1 9 0  RETURN 

F I L L I E E N ' S  TEST FOR N9Pt lAL lT l " ,  / P  

EXCI 2 5 1 0 N  OF THE ABOVE WTLIERS" , / ,  

END 
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APPENDIX I: EXAMPLE OF RESULTS OBTAINED FROM PROGRAM " F I L L I U  
I=.11S1Slp=.=li=lS..===IIIII=I-C-C-C.-C-C-C-C-C======~======~==~===== 

FILLISEN'S TEST FOR M)R*UN UD SRLSB'S TEfT FOR OVTLIER¶ 

RDDOEPUAT 820913 -- 
OAT& OPTIOH TESIEO I S  SVCDL 

I I L U B E N ' S  TEST FOR HDRULITY 

F l L U B W ' f  R = 0.98 
HEW S 1.28 
STUDAI1D DEVIATION ' 0.16 
THE DATA I S  M I s l l L L Y  OIfTRIBUIED. P 0.05 

6 R E 8 ' f  TEST FOR WTLIERJ ........................... 
m E  Y U L L E f T  VALUE 1 3  = 1 - 0 6  
SRLBB'S ' 7 '  VALUE FOn M I S  VALUE l 3  = 
THE SMALLEST VALUE I f  NOT W W L I E R  
THE LARGEST VALUE I S  1.7* 
6RDB.S .T' FOR THIS VALUE I f  : 2.81 
m e  ~ f f i ~ s ~  VALUE 1.7. IS AM a n u r n  
m~ SNPLI~ mxtn WER W mr WLIER 

REULCUUTION OF FILLIBEN'O TEfT FOR M I G l U L I T I  

F1LUBLH.f  TEST FOR M I G l U L I N  
--m----*----------------------- 

FILLIBEN'S R : 0.99 
llELN= 1.27 
ST*llDARI DEVIATION = 0.19 
mc DATA 1s m p n r u r  o r S r r r a w E o ,  P = 0.0, 

6RLBB'f TEST FOX DVTLIER¶ 
---------------------S----- 

M E  5WLLE5T VALYE I S  ' 1.06 
5SMB.S .T' VALUE F011 THIS VALYE I S  ' 1.45 
THE YULLEST VALUE I S  NOT W WTLIER 
THE Uf f iLST VALUE IS i 1.55 
6RI3 .5  'T '  F O e  THlS VALUE IS = 1.01 
M E  U f f iEST VALUE I S  NOT *N WTLIER 

9mPLE PDINT MI. VSLUE CL061 
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FXLLIBLN'S TEST FOR M!+ULI lY W GRUBB.3 TEST FOR CUTLIER¶ 
-".p 

m E P U A T  820913 
p- 

DATA OFfXW TESTED 1 3  1 X O L  

I ILL IBEN 'S  TEST FOR NIIEi!ALITI ............................... 
F I L L I a I N ' S  P ' 0.90 
t!W ' 1.26 
IITUOAS3 IEYIATIOI I  : 0.16 
M E  DAT* 1 5  M m L L I  DISTRIBUTED. P = 0.05 

G m B ' S  TEST FOR CUTLIER5 ........................... 
M E  Vl lLLEJT VALUE I 5  ' 0.99 
6 R B B ' S  '1' VALL'E FOR M I S  VALUE 13 = 
?HE SNILLEST VALUE I S  M T  W WTLIER 
M E  U f f i L 3 T  VALUE 1.1 ' 1.70 
G%-'% '7' FOR VhW- IS = 2.47 
M E  URGES1 VAWE I S  M T  W CUTLIEU 

SUIPLE POINT M. VALUE (LOG) 
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m E P W T  020913 
...UIUy.uI. 

DATA OPTION TESTED I S  NTUL 

MEW ' 0.70 
S T I W ~ ~  OEVIATIOH ' O.l* 
m E  DATA IS NOT NQ~LLI OISTRI~UTED, P = 0.05 

6 m . s  TEST FOR M L I E R S  ........................... 
M E  SWLLEST VALUE I S  3 0.56 
Gm.'. .l. "*L". roe M I S  V IU IE  I S  = 1.01 
M E  SWLLFST VALUE I S  NOT rVI OUTLIER 
M E  LARGEST VALUE I S  ' 1.23 
6 m a S s  FOR mxs VALUE IS = 3.77 
m E  URGE% VALUE 1.23 I S  AN DUTLIER 
m E  SUIPLIK.  POINT -ER OF M C  WTLIER I S  29 

REC&LCOUTIOH Of FILLIBEN'S TEST FOR N O W L I N  ................................................ 
AFTER M E  EXCLUSION OF M E  ABOVE M L I C m  .......................................... 
F ILL IBUI 'S  TEST FOR HOKiULITI  ............................... 

FILL1BEN.S R S 0.96 
MEAN ' 0.M 
STIWARU OEVIATIOH = 0.10 
M E  DATA I S  NOT N O m L L I  OISTRIBUTEO. P ' 0.05 

G M B ' S  TEST FOR OUTLIERJ ........................... 
THE SWLLEST VALUE 1 5  = 0.56 
GRVBB'S ,l' VALUE FOR M I S  VALUE I S  i 1.22 
M E  SIULLEST VALUE I S  NOT W OUTUER 
M E  U m E S T  VALUE I S  = 0.89 
GRUQB.5 FOR M l S  VALUE I S  ' 2.01 
M E  LAREST VALUE IS HOT M W L I E R  
OATA HOT NOSWALL7 DISTRTBVTEO. BLII NO M L l E R 1  

SMPLE POINT NO. VALUE (Ulbl 
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FILLIBEN'S TEST FOR MWUN IM O W ' f  TEST fQR W L I E R 3  

m f P U A T  0209l3 -- 
DATA O ~ T I ~ .  ~ E V E ~  IS I ~ L  

F ILUBEN'S  TEST FOR MOK3ULITT 
---------?--------------F------ 

FILUBEN.5 R % 0.90 
MEN i 0.74 
STUOABI OEVIATIDN = 0 . B  
THE DATA I S  MIT W W L L I  OISTRIBVILO, P = D.05 

GRJBB'S TEST FOR WLIE~S 

S M L E  POINT W. 

RECALNUTION OF FILLIBEN'S TEST f 0 R  MWUn 

AFTER 7llE UCLL'SIDN OF M E  A W E  OUTLIEUS 

VALUE 
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APPENDIX J: A PROCEDURE TO NORMALISE THE DATA 
--------------------------------------F--------- ................................................ 

The approach f o r  the  se lec t i on  o f  data po in t s  was based on the shape 
o f  the  normal d i s t r i b u t i o n  us ing the  area under segments of the  
normal curve. This i s  g iven i n  F igure J.1. where the  normal 
d i s t r i b u t i o n  has been d i v ided  i n t o  7 c lass i n t e r v a l s .  The c lass  
i n t e r v a l s  a re  i nd i ca ted  i n  standard dev ia t i on  u n i t s  on the  abscissa, 
w i t h  the  f r a c t i o n  o f  the t o t a l  number o f  data po in t s  l y i n g  i n  each 
c lass  i n t e r v a l  being g iven as a percent value. 

The data were ranked from l a r g e s t  t o  smal lest  and the  ac tua l  f r a c t i o n  
o f  data po in t s  i n  each c lass  i n t e r v a l  ca lcu la ted  (Table J.1). Where 
a g iven c lass  i n t e r v a l  contained f a r  more data po in t s  than the  
expected f r a c t i o n  f o r  t h e  normal d i s t r i b u t i o n  (Table 5.2)  then 
dup l ica ted  values were excluded from the c lass  i n t e r v a l  one a t  a 
time. A f t e r  each exclus ion,  F i l l l b e n ' s  R and t t e s t  were re run and 
so the  procedure cont inued u n t i l  the  subset s a t i s f i e d  the  t e s t  f o r  
normal i ty .  

An example o f  t h e  weight ing procedure i s  i l l u s t r a t e d  below: 

STEP 1: Determine the  boundary values f o r  t h e  data se t  us ing  the  
values f o r  areas under the  normal curve (F igure  J . l ) .  The 
f o l l o w i n g  equat ion was used: 

MEAN CLASS INTERVAL X STANDARD 
o f  BOUNDARY VALUE DEVIATION 
data s e t  FOR THE NORMAL = BOUNDARY 

CURVE DATA VALUE 
UNITS SET 

e.g.: 
Surface T u r b i d i t y  
Mean = 0,6813 
Standard Dev ia t ion  = 0,1023 

Table 3.1 i l l u s t r a t e s  the  r e s u l t s .  

STEP 2: Rank the  data s e t  and determine the  number o f  sampling 
po ln t s  f a l l i n g  w i t h i n  the  spec i f i ed  boundary l i m i t s .  Table 
J .2 1 l l u s t r a t e s  the  procedure. 

STEP 3: Run F i l l i b e n ' s  R and Grubb's t t e s t  

STEP 4: Remove o u t l i e r s .  

STEP 5: Rerun ' F i l l i '  i f  data are  no t  normal ly d i s t r i b u t e d  and show 
areas o f  c l u s t e r i n g .  

STEP 6: Remove dup l i ca te  data values one by one, as i l l u s t r a t e d  i n  
Table 5.2. 
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STEP 7: Run ' F l l l l '  t he  t e s t  f o r  n o r m a l l t y  on t h e  remain ing data.  

STEP 8: I f  t he  da ta  was s t i l l  n o t  normal s t a r t  a t  Step 5 aga in  and 
repea t .  

TABLE J . l :  DETERMINING BOUNDARY VALUES USING AREAS UNDER 
THE NORMAL CURVE 

CLASS BOUNDARY % AREA DETERMINED 
OF NORMAL CURVE UNDER BOUNDARY FOR 

(a) CURVE SURFACE TURBIDITY 

5% 
-1.645 0.5131 

12,5% 
-0,935 0,5857 

2 0% 
-0.326 0,6480 

2 5% 
0,326 0,7147 

20% 
0,935 0,7769 

12.5% 
1.645 1.8495 

5% 

UNITS 

FIGURE J. l :  - NORMAL DISTRIBUTION CURVE SHOWING CLASS 
INTERVALS AND AREAS UNDER THE CURVE USED 
FOR DETERMINING CLUSTERING 
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TABLE 5.2: WEIGHTING PROCEDURE FOR ROODEPLAAT DAM 82.09.13 

SURFACE TURBIDITY 

L im l  t. A f t e r  
Ranked % under o u t l l e r s  

O r l g i n a l  a f t e r  CURVE. Oupl icates and 
Log da ta  o u t l l e r s  No. o f  removed duplicates 

excluded p o l n t s .  excluded 

0-0.5131 
5% n = O  
n = O  

01 0,6335 9 0.5563 0,5131-0.5857 9 0,5563 
02 0.6232 11 0,5563 12,5% 11 0,5563 
03 0,6021 32 0.5563 n = 5 32 0,5563 n = 5 
04 0,6435 7 0,5682 7 0,5582 
05 0,7324 10 0,5682 10 0.5682 
06 0,6335 
07 0.5682 12 0,5911 
08 0.6335 31 0.5911 (12)  0,5911 31 0,5911 
09 0,5563 3 0,6021 0,5857-0.6480 ( 2) 0.6232 3 0,6021 
10 0,5682 13 0,6128 20% ( 1) 0,6335 13 0,6128 n = 6 

( 6)  0,6335 30 0,6232 11 0,5563 2 0,6232 n = l 1  
1 2  0,5911 30 0,6232 ( 4) 0,6435 8 0,6335 
13 0,6128 1 0 . 6 3 3 5  17 0,6435 
15 0,6902 6 0,6335 
1 6  0,6990 8 0.6335 
17 0,6435 4 0,6435 
18 0,6532 17 0,6435 
19 0,7243 
20 0,7404 18 0,6532 0.6480-0.7147 18 0,6532 
21 0,6990 15 0,6902 25% 15 0,6902 n = 4  
22 0.7853 16 0,6990 n = 4  16 0.6990 
23 0,8261 21 0,6990 21 0,6990 
24 0.8261 
25 0,8325 19 0.7243 0,7147-0,7769 19 0,7243 
26 0,8573 5 0.7324 20% 5 0.7324 n = 3 
27 0.8513 20 0.7404 n = 3  20 0,7404 
28 0.8865 
29 1,2304 22 0.7853 0,1769-0,8495 22 0,7853 
30 0,6232 23 0.8261 12,5% 23 0,8261 n = 4  
31 0,5911 24 0.8261 n = 4  24 0,8261 
32 0,5563 25 0,8325 25 0.8325 

27 0,8513 0,8495 + 27 0,8513 
26 0,8573 5% 26 0,8573 n = 3 
28 0.8865 n = 3 28 0,8865 
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Any contlnuous and symetrlcal distribution would serve as an 
adequate ald to selecting a sub-set from the sample set to achieve a 
reasonably uniform distribution of chlorophyll/turbldlty and thus 
attempt an approach to the ideal experiment. 

Effectively the test for normality lifted any possible btas from the 
data and the exclusion of outliers removed the problem of having two 
possibly separate populatlons. In addition the test proved to be 
easily duplicated and was as objective as posslble, under the .- 
circumstances. 
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APPENDIX K: STEPWISE DISCRIMINANT ANALYSIS 
- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The r e s u l t s  o f  the Stepwise Discr iminant  Analys is  t e s t  are presented 
i n  Flgures K . l  t o  K.5 ( r e f e r  t o  Sect ion 3 . 4 . 3 ) .  The D category, i n  
a l l  instances, i s  shown t o  be present a t  the  lower end o f  the value 
range, fo l lowed i n  succession by categor ies B and C, w i t h  t h e  P 
category s i t ua ted  a t  the  opposite end o f  the  value range. The 
sampling po in t s  i n  classes D and B could be considered t o  be one 
class, as o f t e n  the  c e n t r a l  p o l n t  l o c a t i o n  o f  t h e i r  i n d i v i d u a l  groups 
l i e  very c lose  together  (Figures K.2 and K.3). I t  i s  apparent t h a t  
there  are  m i s c l a s s i f i c a t i o n s  o f  sampling po in t s  i n  the  boundary 
classes chosen. I n  some instances category C po in t s  could have been 
c l a s s i f i e d  as P po in t s  (Figures K . l  and K.5) .  Nonetheless t h e  
analys is ,  f o r  each o f  the 6  days's data showed t h a t  two, i f  no t  more. 
d i s t i n c t  populat ions were present i n  the  impoundment (Figures 3.6;  
K.1 t o  K.5) .  I n  some instances histograms and n o t  f u l l  scattergrams 
o f  the  analyses were produced by the  Stepwise Discr iminant  Analys is  
Program. The reason f o r  t h i s  i s  t h a t  " t he  group means and a l l  cases 
a r e  p l o t t e d  I n  a s c a t t e r p l o t .  The axes are  t h e  f i r s t  two canonical 
var iables.  I f  there  i s  on ly  one canonical v a r i a b l e  a histogram i s  
p l o t t e d "  (Dixon and Brown. 1979) .  I n  e f f e c t  t h i s  means t h a t  one o f  
the  var iab les  may be outs tand lng ly  domlnant i n  t h e  r e l a t i o n s h i p  under 
examination. The dominant Canonical v a r i a b l e  i n  t h e  r e l a t i o n s h i p  i s  
i nd i ca ted  on the  Figures. 

MAJOR CANONICAL VARIABLE 
INTEGRATED TURBIDITY 

B C 
D 0 m D D D  6 0 0  D P 

B B C B C C B C  C C C  P C P  C P 
-2.6 &-20 -1.2 -10 10 2.8 3.6 4.4 

0  0  
2.0 

1.6 - 3  2  -2 L -1.6 - W  8 0  2.L 3.2 4 .0  

m STEPWISE OlYRlMlNANT ANALYSIS HISTOGRAM FOR 81.11.01 

MA104 CANONICAL VARIABLE 
SURFACE TURBIDITY 

D 

D B B  : O D E  D B & C C C C C  C 
C 
C C P P P  P 

3.0 -1.0 0.0 1.8 2.0 30 40 '  5.0 6.0 
-35 -2.5 - 1 . 5 .  -.50 5 0  2 .S 3.5 L.5 5.5 

STEPWISE DISCRIMINANT ANALYSIS HISTOGRAM FOR 81.12.07 
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MAJOR CANONICAL VARIABLE 
SURHCE TURBlOlTY 

aGURE STEPWISE OlSCRlMlNANT ANALYSIS HISTOCRAM FOR 82.09.13 

MAJOR CANONICAL VARIABLE 
INlEGRATED CHLOROFMYLL 

D 
D D B C 

DBDBBO B O B C C B C C  CCC P C  C P 
3 2 

P 
l 

P 
-1.5 -.so 

-2.0 -1.0 
.50 1.5 2.5 3.5 

0.0 1 0  
L 5  

2.0 3.0 
5.5 6.5 7 5 

4.0 5.0 6.0 1.0 

m SEPWSE DISCRIMINANT ANALYSIS HISTOGRAM FOR 82.11.16 
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FIGURE K.s STEPWISE DISCRIMINANT ANALYSIS SCATTERPLOT FOR 82.09.30 
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APPENDIX L: PROGRAM "LINREG" A L INEAR REGRESSION PROGRAM TO 
OBTAIN THE SLOPE AND INTERCEPT TERMS USING THE 
CANONICAL COEFFICIENTS OBTAINED FROM THE CANONICAL 
CORRELATION ANALYSIS. FORTRAN I V  

=IDL===D=S=CI=PI=5=SPCIL===s===================s=========~=~======= 

1 0 0  $RESET FREE 
2 0 0  5 SET SE0 
3 0 0  S SET LINEINFO 
4 0 0  RESET L I S T  

-.-. . 
l 2 0 0  C "LINREG" DETERtlINES :- 
1 3 0 0  C THE SLOPE "Ma' OF THE REGRESSION L INE AND 
1 4 0 0  C THE ORDINATE INTERCEPT "K". FOR THE F ITTED LINEAR 
1 5 0 0  C FUNCTION Y = + K. 
1 6 0 0  C I N  ORDER TO OBTAIN THE LINEAR REGRESSION EQUATION FOR A SET 
1 7 0 0  C OF DATA USING THE CANONICAL COEFFICIENTS AS THE CORRESPONDING 
l 8 0 0  C "X" AN0 "I" LINEAR FULYNOMIAL FUNCTIONS. 
1 9 0 0  C 
2 0 0 0  C ~ ~ r ~ : s ~ = ~ z = = = = = s ~ s ~ ~ 5 ~ = = = 5 = 5 = ~ = = 5 5 5 5 5 5 5 = ~ ~ ~ ~ = ~ = ~ = = = = ~ = = ~ = ~ = = = = = : = = = = =  

2 1 0 0  C 
2 2 0 0  C InPORTANT INDEPENDENT VARIABLE PAIRS ARE:- -- . - 

2 3 0 0  C SUCOL / SUTUL ISURFACE CHIOROPNYI L AND TLIRRIDITYI 

2 8 0 0  C 
2 9 0 0  C I N  ORDER TO RUN T H I S  PROGRAM THE FOLLOWING JOB DECK 
3 0 0 0  C INFORHATlON I S  REQUIRED: - 
3 1 0 0  C 

F I L E  7 ' HATER QUALITY AN0 REFLECTANCE DATA F I L E .  
THE DATE OF ANALYSIS ... ( 1 6 1 .  
T I T L E  OF THE ANALYSIS. .. 
THE INDEPENDENT VARIPBLES W E S  ... I Z A 5 ) .  
THE COPRESPONOING FORMAT L 1 3 1  ACCORDING TO THE 

FOLLOWING . . . . 
SUCOL / SUTUL = 1 
IHCOL / I N T U L  = 2 
SVCOL / INCOL = 3 
SUTUL / INTUL = 4 

4 2 0 0  C THE CORRESPOtBING C ~ N I C A L  COEFFICIENTS.. .( 2F7.31. 
4 3 0 0  C THE NUMBER OF PAIRS OF OATA.. . I 1 2 1 .  
G400 C THE DEPENDENT VARIABLES NPflES ... l 4 A S l .  
4 5 0 0  C THE CORRESPONDING CANONICAL COEFFICIENTS ... l4F7.31.  
4 6 0 0  C THE NUNBER OF SETS OF DATA ... 1121.  
4 7 0 0  C 
4 8 0 0  C 
4 8 1 0  ~=====Z=Z======ZZ:========Z==============:=~=:=================:==== 
4 8 2 0  C 
4 8 3 0  C THE PROGRAU UAS WRITTEN 8 Y  1.SCHWNRAAD AN0 A.HOHMN 
4 8 4 0  C OF THE HYDROLOGICAL RESEARCH INSTITUTE. FEB.1983. 
4 8 5 0  C 
4 9 0 0  c=====;=========---------------------------------------------------- -------------------------.-------------------------- 
5 0 0 0  C 
5 1 0 0  C HOW1 
5 2 0 0  C T H I S  PROGRAM CALCULATES THE LINEAR COVBINATION OF THE 
5 3 0 0  C CANQNICAL INDEPENDENT V A R I m L E  PAIRS. 
5 4 0 0  C 
5 5 0 0  c=====------------- -------------===___------------------------------------------- 
5 6 0 0  $SET AUTOBIND 
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5 7 0 0  $BIND = FROM (LSTATSlP/ IP(SW = ON STATS 
5 8 0 0  DIMENSION A ~ 2 0 0 1 ~ B ~ 2 0 0 l r S ~ 2 0 0 1  
5 9 0 0  DIPIENSION IMAG4~5l51l~RANGEl4I~ITITLEl 144l , ICHAR( 1 0 1  
6 0 0 0  DO 5 1 = 1 .200  
6 1 0 0  A t 1 1  = 0 
6 2 0 0  B ( I 1  = 0 
6 3 0 0  S I T 1  = 0 
6 4 0 0  5 CONTINUE 
6 5 0 0  n =  o 
6 6 0 0  E = O  
h 7 0 0  R r n  -. - -  .. - 
6 8 0 0  WRITE [ 6 , 7 1  
6 9 0 0  7 FORMAT (ZX," LINEAR REGRESSION ANALYSIS USING CANONICAL COEFFICIEN 
7 0 0 0  XTS "l/,ZY,571"*"1,/l 

READ (5 ,151  DATE 
FORMAT ( A 6 1  
URITE 16 .23  l DATE 
FORMAT I" DATE ANALYSED - RWDEPUIAT =".A61 
REPS ( 5 , 1 7 1  STAT 
FORMAT ( A 1 0 1  
WRITE ( 6 , 1 9 1  STAT 
FORMAT ( "  STATISTICAL ANALYSIS = " ,AlO, / I  
URITE ( 6 , 1 0 1  
FORMAT l" EtlTER INDEPENDANT VARIABLE N M E S  AS 5 CHARS") 
READ ( 5 . 2 0 1  V1,V2 
FORMAT (2A.51 
REAO(5.251 I F D R n  
FORMAT( I 3  I 
URITE 16.301 V l , V 2  
FORMAT ( 3X. " VARl=".A5.2%." VAR2=".A51 
URITE (6 ,401  
FORMAT ( " ENTER COEFFICIENTS FOR V A R l  &W VAR2 AS C l p c 2  "I 
READ ( 5 1 5 0 1  C1,CZ 
FORRAT (2F7 .3 )  
URITE 1 6 p 6 0 1 C l ~ C Z  
FORMAT (3X.  " Cl=",F7.3rW~"C2:"rF7.3,121 
READ ( 5 , 8 0 1  N 
FOPMAT ( I 3 1  
WRITE 16.70)  N 
FORMAT ( " ENTER NUVIER OF PAIRS OF DATA ' " , I 3 1  
U 0  1 1 0  1 = 1 .N. l  
~ . 
READL7,lOOl A I I I ,  B ( I 1  
FORMAT (19X.F7.4.14X,F7.41 
f"T" h - 
REA0<7,1011 A I I I ,  B 1 1 1  
FORMAT 126X,F7.4,14X,F7.41 

1 0 7 0 0  GOT0 6 
1 0 8 0 0  4 READ(7.1031 A I I I ,  B ( I 1  
1 0 9 0 0  1 0 3  FORMAT(4OX.2F7.41 
l l 0 0 0  GOT0 6 
l 1 1 0 0  6 CONTINUE 
l i e 0 0  110 CONTINUE 
1 1 3 0 0  S 1  = 0 
l 1 4 0 0  1 8 5  D 0  1 9 0  1 = l,N,1 
1 l 5 0 0  S ( 1 1  = ( C 1  A I 1 1 1  + ( C 2  B ( 1 l l  
1 1 6 0 0  S 1  = S 1  r S ( 1 1  
1 1 7 0 0  190 CONTINUE 
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l 1 8 0 0  S 2  = S 1  / N 
1 1 9 0 0  WRITE ( 6 , 2 0 0 )  S 2  
1 2 0 0 0  ZOO FORMAT ( " PIEAN=",F7.31 
l e 1 0 0  WRITE 16 ,2301  ~ 1 . ~ 2  
1 2 2 0 0  2 3 0  F O R M T  I/, 3 X . U .  10X.A5, 11Xr"SUfi",5X,"SEQUENCE NUPIBER"I 
1 2 3 0 0  * / ~ 3 X ~ 5 ( " - " 1 ~ 1 0 % ~ 5 1 " - " ) ~ 1 1 X ~ 3 ( " - " 1 ~ 5 X ~  L 5 ( " - " l  l 
l 2 4 0 0  DO 2 5 0  I = 1 , N s l  
1 2 5 0 0  WRITE ( b , 2 4 0 1  A ( I I ~ B ~ I l ~ S L I 1 , I  
1 2 6 0 0  2 4 0  FORMAT 1 L X , F ~ . ~ , ~ X I F ~ . ~ . ~ X . F ~ . ~ , ~ X ~ I ~ I  
1 2 7 0 0  2 5 0  CDNTINUE 
1 2 8 0 0  C 
1 2 9 0 0  C 
1 3 0 0 0  c~sr===rn==s==;==rn=========~===~=====:===~=====~==~=~~==========~===== 
1 3 1 0 0  C -..-. - 
1 3 2 0 0  C H W 2  
1 3 3 0 0  C T H I S  PART OF THE PROGRAM CALCULATES THE L I N  COM6. OF CANONICAL 
1 3 4 0 0  C DEP VARIABLE PAIRS 
1 3 5 0 0  C 
1 3 6 0 0  c=------------------------------------------------------------------- ................................................................... 
1 3 7 0 0  INTEGER C6 
1 3 8 0 0  OlMEtISION C(200) .0 (2001 ,T~  2 0 0 )  
1 3 9 0 0  00 3 0 5  I = 1,200 
1 4 0 0 0  A ( 1 1  = 0 
1 4 1 0 0  B(1l S 0 
l i . 200  CC11 I 0 
1 4 3 0 0  D ( 1 1  = 0 
1 4 9 0 0  T C T l  = 0 

- . - - - - - - - - . . . - . . - - 
1 4 6 0 0  W4ITE 16.3101 
1 4 7 0 0  3 1 0  F O R M T  C / % "  ENTER DEPEWANT VARIABLE N M E S  AS 5 CHARS") 
1 4 8 0 0  READ (5 ,3201  V l s v 2 ~ V 3 ~ V 4  
14FCO 3 2 0  FORMT ( 4 6 1  
1 5 0 0 0  WRITE ( 6 r 3 3 0 1  Vl.V2,V3,V4 
l 5 1 0 0  3 3 0  F O R M T  13X, " VAR1=".U,2Y,"VAR2="rb5r W,"VAR3=" . f i ,WI ,"VAR4=" ,6 )  
l 5 2 0 0  WRITE (6 ,340)  

F O R M 1  ( " ENTER COEFFICIENTS FOR V A R l  TO VAR4 AS 
READ (5 ,3501  Cl,CZ.C3.C4 
F O R M T  (4F7.31 
WRITE ( 6 . 3 6 0 )  Cl.C2,C3,C4 
FORMT (3X,  " C l = "  ,F7.3,4X,"C2=",F7.3.4X."C3=",F7. 
READ ( 5 , 3 8 0 1  N 
F O R M T  ( 1 3 )  
WRITE (6.370)  N 
F O R M T  ( " ENTER NUtlBER OF SETS OF DATA = " ~ 1 3 1  

. . 
READ 17 .4001  A ( I l ~ B ( I l ~ C ~ I l ~ D l I l  
FORnAT ( 5 4 X , 1 3 r 3 1 4  l 
CONTINUE 
T1 = 0 
0 0  5 0 0  I = 1 , N 3 1  
T(I) = IC~~A(I I I  + (C~+B(III t (C~*C(III + (C~*D(III 
T 1 =  11 * T L I I  
CONTINUE 
12 = T V N  
WRITE ( 6 . 5 1 0 )  T 2  
FORMT l " MEAN=".W,F7.3./) 
WRITE ( 6 , 5 2 0 )  V l .V2rV3rV4 
FORVAT l W I A ~ , ~ X , U ~ ~ X , * ~ , ~ X , * ~ . ~ O X , " S ~ "  .5X,  

*"SEWENCE WtBER"./, W ~ 5 ( " - " 1 ~ 8 X ~ 5 1 " - " 1 , 8 X , 5 ( " - " 1 , 8 X ~ 5 ~ " - ' ~ 1 ,  
*3(" - "1,5X1l5(" - "11 
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l 8 0 0 0  WRITE (6 ,530)  ALI),BLI),CLI),DLI)~TLI).I 
1 8 1 0 0  5 3 0  F O R M T  L LY,F5.1.8X,F5.1~8X3F5.1~8X~F5.1~8X,F7.3~8X~13) 
1 8 2 0 0  5 4 0  COtlTINUE 
1 8 3 0 0  L011 = 1 
1 8 4 0 0  HIGH = N 
1 8 5 0 0  CALL LINREG LSIT~LO!~,HIGH,H,E.R) 
l 8 6 0 0  NOFY 1 

1 8 8 0 0  I T I T L E f 1 )  0 
1 8 9 0 0  I N C  = 1 
1 9 0 0 0  RANGEL 1 )  = 0 
1 9 1 0 0  RANGEt2) = 0 
1 9 2 0 0  RANGEL3) = 0 
1 9 3 0 0  RANGEL4 1 = 0 
1 9 4 0 0  ICHAR(1)  = "*" 
1 9 5 0 0  IOPT : 0 
1 9 6 0 0  STOP 
1 9 7 0 0  END 
1 9 8 0 0  C 
1 9 9 0 0  C=======:=z==a===r==================z==z=======----------------------- 
2 0 0 0 0  C 
2 0 1 0 0  SUBGWTINE LINREG LX,Y.Nl,NN.fl,E,R) 
2 0 2 0 0  C 
2 0 3 0 0  C N 1  I S  THE LOWEST VALUE OF THE X,Y ARRAYS TO BE USED AM) IdN I S  
2 0 4 0 0  C TItE HIGHEST 
20500  C 
2 0 6 0 0  C~===ns:s;=rr=?=:=============z===~=z==~~==~===~===================== 
2 0 7 0 0  C 

REAL X(N l :NNInYLNl :M l ,n ,E ,R 
INTEGER I 

I N I T I A L I Z E  SUr19 TO ZERO 

N ' N N - N l t  l 
00 5 6 0  I = N l , N N , l  
XY = X L 1 1  Y L I )  
X 5 9  = X l I l  X L 1 1  
YSQ = Y I I )  * Y ( 1 l  
SUHX = sunx + xc11 
SUMY = SunY + Y t I )  
S u m Y  = SUnXY X I  
SLMXSQ = SUnXSQ t XSQ 
s u n y s q  = SUUYSQ + YSQ 
CONTItIUE 
S Q S W  = sum * sunx 
SQSUMY = SUnY * SunY 
DENOU = S Q S W  - LN*SUHX591 
fl LSLMX * SliMY - N S W Y )  / DENOU 
E = ( s u m  * sunxr - sunxss s u n y )  / DENW 
ROENMI = SRRT((N * SUflXEQ - SQSLRL,) * I N  * SMYSQ - SQSMY)) 
R = IN * S U ~ X Y  - sum sunr) / RDENOU 
WRITE (6 .5701  U r E  
FORMT L/,6X, " Y = HX + K : ",F7.2." X + ".F7.2,/,6X,35("*"),/) 
WRITE (6 ,580)  R 
FORMAT L 6Xs " CORRELATION COEFFICIENT = ",F7.2./,6Xs35L"*") ) 

RETURN 
END 

Landsat water quality surveillance model CALMCAT TR 128 July 1986



APPENDIX M: EXAMPLE OF RESULTS OBTAINED FROM PROGRAM "LINREG" 

LINEAR REGRESSION ANALYSIS USING CANONICAL COEFFICIENTS 
X * X * ~ R U X X I I I I * ( l t ~ t I X * * X I I C * U X I t X X U X U I * I * X H Z N ~ * U ~ * U U X ~ * *  

DATE ANALYSED - RDODEPLUT 3 8 2 0 9 1 3  
STATISTICAL ANALYSIS = DATA 

ENTER INDEPENDANT VARIABLE NAMES AS 5 CHARS 
VAR1-SUTUL VARZZINTUL 

ENTER COEFFICIENTS FOR VARl  AND VAR2 AS C1,C2 
Cl= 5 . 3 6 9  C 2 1  1 .688  

ENTER NUHBER OF PAIRS OF DATA = 3 1  

S U W L  I N T U L  ----- ----- SUM SEQUENCE NUMBER --- --------------- 
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ENTER OEPENDANT VARIABLE NAMES AS 5 CHARS 
VAR1-BAN04 VAR2=BAND5 VAR3=8AND6 VAR4aBAND7 

ENTER COEFFICIENTS FOR VARl  TO VAR4 AS Cl ,C2,C3.C4 
C l =  0 . 0 4 2  C2= 0 . 3 6 4  C3- 0.117 C + = - 0 .  

ENTER NUNBER OF 5ETS OF DATA = 3 1  
MEAN= 3.987 

SEPUENCE NVPIBER 

CORRELATION COEFFICIENT = 0.87  
~ X X I X H ~ I X X H X X X I M I ~ I X X X H * X I  
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APPENDIX N: VALUES FOR THE SLOPE ( M )  OF THE REGRESSION L I N E  AND 
THE INTERCEPT (K )  ON THE Y A X I S  

=========i===C===si=====-iS=i=CIDDC==================================== 

VALUES FOR THE SLOPE (M) Of THE REGRESSION LINE AND THE 1NTERCEPT (K)  OH THE Y 
AXIS AS OBTAINED FROM THE CANONICAL COEFFICIENTS AN0 THE LINEAR REGRESSION 
PROGRAM 'INCLUOING ALL DATA' OPTION. 

'INCLUDING SUCOL/SUTUL INCOLllNTUL SUCOL/INCOL SUTUL/INTUL 
ALL 
DATA ' 

' DATE M K R K M K n K 

l 81.10.14 
0.88 -1.78 0.89 -0.30 0.80 08.31 0.90 -1.10 

81.11.01 0.79 3.08 0.93 -3,44 0.73 -8,73 0.93 -2.03 

' 81.12.07 0.94 -0.11 0.95 -0.41 0.87 -1.80 0.96 -0.12 

82.09.13 0.87 0.72 0.86 -0.54 0.76 -2.23 0.81 -0.36 

82.09.30 0.90 3.54 0.92 2.24 0.90 3 4  0.92 2.21 

82.11.16 0.95 '3.39 0.95 3.31 0.95 3.50 0.83 4,30 

VALUES FOR THE SLOPE (M) OF THE REGRESSION LINE AND THE INTERCEPT (K)  ON THE Y 
AXIS AS OBTAINED FROM THE CANONICAL COEFFICIENTS AND THE LINEAR REGRESSION 
PROGRAM 'EXCLUDING OUTLIERS' OPTION. 

l 'EXCLUDING SUCOLlSUTUL INCOLlINTUL SUCOLIlNCOL SUTULIINTUL 
OUTLlERS 

DATE n K n K n K n K 

VALUES FOR THE SLOPE (H) OF THE REGRESSION LINE AND THE INTERCEPT (K)  ON THE Y 
AXIS AS OBTAINED FROM THE CANONICAL COEFFICIENTS AN0 THE LINEAR REGRESSION 
PROGRAM 'NORMALISED DATA' OPTION. 

*'NORMALISED' SUCOLISUTUL INCOLIINTUL SUCOLIlNCOL SUTULllNTUL 

DATE n K R K n K n K 

81 .10.14 0.87 -1.43 0.87 1.57 0.73 -14.91 0.88 -1.96 

81.11.01 0.79 3.08 0.93 -3.44 0.73 -8.73 0.93 -2,03 

81.12.07 0.94 - 0 , l l  0.95 - 0 1  0.87 -1.80 0,96 -0.12 

' 8 2 . 0 9 . 1 3 '  0.81 3.11 0.78 1.39 0 0.38 0.79 1.19 

82.09.30 0.83 5.03 0,91 0.93 0.86 2.57 0.90 1.72 

82.11.16 0.91 3.85 0.90 3.61 0.90 3.8A 0.69 8.63 

v .  n a + K  

II slope of t he  l i n e  

K . Intercept on Y - a x i s  
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APPENDIX 0: SOLVING THE SIMULTANEOUS EQUATIONS 
sI==l====I==P==l===IS==I=P=PS==IE=======ii==i=i=i========= 

Terms used: 

Surface Reference Data Variables - 
Surface Chlorophyll = SC 
Integrated Chlorophyll = I C 
Surface Turbidity - - ST 
Integrated Turbidity = IT 

Satellite Reflectance Data Variables - 
Band 4 - - B4 
Band 5 - - B5 
Band 6 - - B6 
Band 7 - - B7 

Values for D, E, F and G are corresponding Canonical 
Coefficients expressed as 01, 02, 03, 04, El, E2 etc. for each 
of the respective equations. 

The following simultaneous equations are obtained from the Canonical 
Correlation Analysis. 

Y1 = M1 .XtK1 ............................................ (1) 
where Y1 = D1 (84) tD2(B5)+D3(86)+D4(B7) 
and X = Nl(SC)tNZ(ST) ; 

............................................ Y2 = M2.XtK2 (2) 
where Y2 = El(B4)tE2(B5)+E3(B6)+E4(87) 
and X = 01(IC)t02(IT) ; 

Y3 = M3.XtK3 ........................................ (3) 
where Y3 = F1 (04) +F2(B5)+F3(86)+F4(67) 
and X = Pl(SC)tPZ(IC) ; 

Y4 = M4.XtK4 ........................................ (4) 
where Y4 = G1 (84) tGZ(B5) tG3(B6) tG4(B7) 
and X = Ql(ST)tQZ(IT) ; 

From Equation (1): 

Substitute for ST from Equation (5) into Equation (4): 
i.e. Y4 = M4.91.ST + M4.QZ.ITtK4 
i.e. Y 4 =  M4.Ql. Yl-Kl-Ml.Nl.SC t M4.QZ.ITtK4 { Ml.N2 ? 
Multiply by (M1 .N2): 

Solve for IT: 
IT = Ml.N2.Y4-M4.Ql.Y1+M4.Ql.KltM4.Q1.M1.N1.SC-K4.Ml.N2 1 M4.92.m .NZ 
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There a re  two equations i n  t h e  e x p l l c l t  form f o r  ST and I T  prov ided 
SC I s  known ( I .e .  Equations (5 )  and (6 )  above.) 

For ease o f  operat ion, d e f l n e  new va r i ab les  t o  s i m p l i f y  
Equations (5)  and (6) as f o l l ows :  
Le t  U = (Y1-K1) 

Equatlon (5)  then becomes: 
........................................ ( 7 )  

Likewise l e t  V = M1 .N2.Y4-M4.Ql .YltM4.Q1 .K1-K4.Ml .NZ 
and l e t  W = (M4.QZ.Ml.NZ) 

Equation (6 )  then becomes: 
VtM4.Ql.Ml.Nl.SC ................................. (8)  

W 

Now s u b s t t t u t e  f o r  I T  f rom Equat lon (8 )  l n t o  Equatlon (Z) ,  
whlch then becomes: 
Y2 = M2.01. ICtM2.02. VtM4.Ql .M1 .NI .SC 

W 

Solve f o r  I C :  
................ W .Y2-W. KZ-M2 .OZ. (VtM4. Q1 .M1 .NI .SC) (9 )  

W.M2.01 

Expand Equation (9) :  
W.YZ-W.K2-M2.02.V-MZ.02.M4.Ql.M1.N1.SC 

w.nz.01 

Def ine new var iab les  f o r  ease o f  opera t lon  as fo l lows:  
Le t  H1 = (W.Y2-W.K2-M2.OZ.V) 
Le t  H2 = (MZ.OZ.M4.Ql.Ml.N1) 
Le t  H3 = (W.MZ.01) 

The expanded form o f  Equat lon (9 )  then becomes: 
.......................................... (10) I 

S u b s t t t u t e  f o r  I C  f rom Equat ion (10) l n t o  Equation (3 ) :  
Y3 = M3.PI.SC t M3.P2. { HI-HiiSC} tK3 

and so lve  f o r  SC: 
............................ SC = (H3.Y3-M3.PZ.Hl-K3.H3) (12) 

{(I3.M3.Pl-M3.PZ.H2) 

Equat ion (12) i s  an e x p l i c i t  s o l u t i o n  f o r  SC. 
To o b t a i n  I C  I n s e r t  value f o r  SC i n t o  Equatlon (10) 
To o b t a l n  I T  i n s e r t  value f o r  SC i n t o  Equatlon (8)  
To o b t a i n  S1 I n s e r t  value f o r  SC i n t o  Equation ( 7 )  
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APPENDIX P: SUBROUTINE "CONVERT" THE MODEL FOR SIMULATING 
CONCENTRATIONS OF WATER QUALITY CONDITIONS AT 
SPECIF IC  S ITES.  FORTRAN I V  .......................................................... .......................................................... 

SUBRWTINE CONVRT (IP,NPNINPNN,NDA111LIM3LW~OP) 

THIS SMROUTINE CONVERTS A F W R  BAND INWT TO A FOUR 
OItIENSIONSAL OUTPUT. EACH DIMENSION REPRESENTING SUCOL 

REAL IC.IT,NlrN2rnl,M2.M3,n4,Kl~K2~K3~K4 
OBTAIN THE KNOUN DATA FROM WHNI/O/AH/LOPD/DATA 

THE SUCOL SUTUL DATA 
IF (W.GT.01 G0 TO 1 
WRITE 16~225) 

225 FORMAT l/~lOX.'CALIBRATION DATA - THE CANONICAL COEFFICIENTS', 
1900 */,9X,47( ' - '  l/) 
2000 NRITE (61 2223 
2100 222 FORnATI/,2OXI1THE SUCOL SUTUL DATA') 
2200 READ (5,1001 0 1 ~ 0 2 ~ 0 3 ~ 0 4 ~ N 1 ~ N 2 ~ ~ 1 ~ K l  
2300 WRITE(6.1001 D1.02.D3,04,Nl,N2.MlrK1 
2400 100 F O R ~ ~ A T ( ~ ( ~ X , F ~ . ~ ) . / , ~ I ~ X X F ~ . ~ ) ~ / ~ ( ~ X I F ~ . ~ I ~ / , ( ~ X ~ F ~ . ~ I )  
2500 C TIIE INCOL ZNTUL DATA 
2600 WRITE (6.3331 
2700 333 FORMAT(/,20Xs'THE INCOL INTUL DATA') 
2800 READ (5.1001 El,E2.E3.E4rOl.OE~n2rKZ 
2900 WRITE16,lOO) El,EZ,E3,E4,01,02,Me,Ke 
3000 C THE SUCOL INCOL DATA 
3100 WRITE l6,ltOJ 
3200 120 FORMAT(/,ZOX.'THE SUCOL INCOL DATA') 
3300 READ (5,100) F ~ , F ~ S F ~ , F ~ . P ~ . P ~ . M ~ . K ~  
3400 WRITEl6~1001 Fl.F2sF3.F4.PlrP2.n31KJ . 
3500 C THE SUTUL INTUL DATA 
'%h00 WRITE (6.4641 - - - -  ~- . -. . . . . 
3700 444 FORP(AT(/,Z9X,'THE SUTUL INTUL OATA') 
3800 READ 15.100) Gl,G2.63,G4,91~92.n4,K4 
3900 WRITE(6,lOOI G1,G2rG3,G4,918Q2,M4rK4 
4000 C 
4100 C WRITE THE HEPDING. 
4200 IF(LN.LT.0) WRITE (6,20011 
4300 2001 FORilAT I/,SX,"POINT N0."r6X9W~"SUCOL"r5X, 
4400 *"INCOLu .5X,"SUTULL',5X,"INTUL") 
4500 C INITIAL STEPS TO SOLVING THE EQUATIONS 
4600 1 NDAM = 0 
4700 DO 150 K=l.NPN 
4800 B4=FLOAT(IP(K,4)1 
4900 BS=FLOAT(IP(K,311 
5000 B6=FLOATIIP(K.211 
5100 B7=FLOAT(IP(K11) 1 
5200 IF (B7.GE.LIMl G0 TO 151 
5300 NOAM=NOAHtl 
5400 Yl=((Dl*B4)+lD2*B51tID3XB6)t~D4*B7)) 
5500 Y2=11E1*B41+~E~+B51+~E3XB0~+1E4*071 J 
5600 Y3:I lFl*B4~+(F2185l+(F3*B61+~F4*07) 
5700 Y4=((Gl*B4)t(Gz*B5ltlG3xB6)t(G4*B7)) 
5800 C 
5900 U=(Yl-K11 
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6200 C 
6300 W=IH't*9Z+nl*N21 
6400 C 
6500 H1~1lWY2l-~W*K2l-lM2*02*Vll 
6600 H2=lH2*02xn4*9l*Hl*Nl l 
6700 H3=(W*MZ*Oll 
6800 C TO SOLVE FOR SUCOL 
6900 SC~lIH3*Y3)-(H3*P2*HI)-IK3~3)l/llH3*M3*P1l-lM3*P2*H2ll 
7000 OPlK,lI=SC 
7100 C 
7200 C TO SOLVE FOR INCOL 
7300 IC=(Hl-(H2*SCII/lH31 
7400 OP(K,Z)=IC 
7500 C 
7600 C $0 SOLVE FOR SUTUL 
7700 ST=(U-(Ill*Nl*SC) )/lHlxNEl 
7800 OPlK,3)=ST 
7900 C 
8000 C TO SOLVE FOR INTUL 
8100 IT:(V+(I14*Ql*Hl*N1*SCl l/ Y 
8200 OPIK.4l=IT 
8300 C WRITE THE RESULTS. 
8400 IF(LN.LT.01 WRITE(6,20001 NPNN(K),SC,IC.ST,IT 
8500 2000 FORMAT (/,8X113.6X,4F10.31 
8600 G0 TO 150 
8700 251 OP(K,lI=-99. 
8800 150 CONTINUE 
8900 RETURN 
9000 END 
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APPENDIX Q: CALIBRATION DATA FOR 82.09.30,  INCLUDING ALL 
DATA OPTION - AN EXAMPLE 

3i=II====-===Pl==ll=li===========s==============a============ 

SURFACE CHLOROPHYLL a/SURFACE TURBIDITY CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENDENT DATA (BANDS) 
D1= 0.313 D2= 0 .062 D3= 0 .050  D4= -0.024 

COEFFICIENTS FOR THE INDEPENDENT DATA (WATER QUALITY) 
N1= 3,622 N2= 0 ,237 

SLOPE OF THE LINEAR REGRESSION EQUATION 
M l =  0,900 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K l =  3 ,537 

INTEGRATED CHLOROPHYLL a/INTEGRATED TURBIDITY CALIBRATION OATA: 

COEFFICIENTS FOR THE DEPENDENT DATA (BANDS) 
E l =  0.142 E25  0,114 E3= 0,136 E4= -0,083 

COEFFICIENTS FOR THE INDEPENDENT DATA (WATER QUALITY) 
01= -0 ,664 0 2 =  6,262 

SLOPE OF THE LINEAR REGRESSION EQUATION 
M2= 0.919 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
KZ= 2,242 

SURFACE AN0 INTEGRATED CHLOROPHYLL a CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENDENT DATA (BANDS) 
F.l= 0,315 F2= 0 ,060  F3=  0,051 F4= -0,023 

COEFFICIENTS FOR THE INDEPENDENT DATA (WATER QUALITY) 
P I =  3,241 P2= 0 ,575 

SLOPE OF THE LINEAR REGRESSION EQUATION 
M3= 0,902 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K3= 3,461 

SURFACE AND INTEGRATED TURBIDITY CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENDENT DATA (BANDS) 
61- 0 ,158  G2= 0.114 G3= 0 ,125 G4= -0,078 

COEFFICIENTS FOR THE INDEPENDENT DATA (WATER QUALITY) 
Q l =  0 ,193  QZ= 5,227 

SLOPE OF THE LINEAR REGRESSION EQUATION 
M4= 0,921 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K4=  2,211 
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APPENDIX R: SUBROUTINE "DAMLOD" THE MODEL FOR SIMULATING 
CONCENTRATIONS OF WATER QUALITY CONDITIONS OVER THE 
ENTIRE IMPOUNDMENT. FORTRAN I V  - ..................................................................... - - - - - - 

9 5 0 0  SUBROUTINE DAMLW 
9 6 0 0  C T H I S  SUBOUTINE CONVERTS A DAM UATER SURFACE TO PREDICTED VALUES OF 
9 7 0 0  C SUCOL,INCOL,SUTUL AND INTUL. OUTPUT I S  A FREQUENCY DISTRIBUTION '1 
9 8 0 0  C OF ALL P IXELS CONSIDERED TO BE UATER AND PRDVISIDI l  HAS BEEN W E  
9 9 0 0  C FOR 5 0  CUSSES. 

l 0 0 0 0  C INPUT FROM 4 BANDS,BAND7,6,5 M 4 L F I L E l r 2 , 3  AND 4 RESPECTIVELYI 
1 0 1 0 0  C 
l 0 2 0 0  
1 0 3 0 0  INTEGER SL, SS, SSOF,SLOF~EX~SAFE~BAND,NIl4l,NIUAX ( 4 1  
1 0 4 0 0  DIMENSION INPUT 1 4 0 0 0 1 ~ 0 U T P 1 4 0 0 0 1 ~ F R E Q ~ 4 ~ 5 0 0 0 1 ~ V A R ( 4 ) 1  
1 0 5 0 0  * V M I N l 4 l r  VMAX141 ,NPNNI 1 0 0 1  
1 0 6 0 0  REAL IC,IT,LOWLItl  
1 0 7 0 0  COMON/PICl/tlL,NS,BANO~fLDF~SSDF, LLDF, LSOF 
1 0 8 0 0  COHllON/PICil/SL~SS,NLL~NSS~ID1,102 
1 0 9 0 0  COll~ON/FILES/M~FI~lOl~NUMFO(10l~NEXT~NO,NINT 
l 1 0 0 0  COHMON/EXEC/EX,PROCES 
1 1 1 0 0  EX=1 
1 1 2 0 0  C 
1 1 3 0 0  C READ THE LOCAL PARAMETERS 
1 1 4 0 0  C OELTA = CLASS INTERVAL FOR CHLOROPHYL 
1 1 5 0 0  C D I F T  = CLASS INTERVAL FOR TURBIDITY 
1 1 6 0 0  WRITE 16.7771 - - . ~ . .  .. 
1 1 7 0 0  7 7 7  FORMAT (5X,'LOAD DATA FOR RWOEPLAAT DAn',/,3X.32('*'1,/1 
l l S 0 0  C ---. . . 
1 1 9 0 0  READ(S9B88I  DATE,TYPE 
1 2 0 0 0  8 8 8  FORMAT1 lOX,16, W.A51 
1 2 1 0 0  URITE16.9991 DATE,TYPE 
1 2 2 0 0  9 9 9  FORHATI 7X,"OATE=" 16,5X,"TYPE="A5,/1 
l 2 3 0 0  READ ( 5 , 1 1 1 1 1  LIH,DELTA.DIFT 
l 2 4 0 0  1111 FORHAT1 lOX,31131 l 
1 2 5 0 0  URITE (6 ,20001L IMIOELTA~DIFT 
1 2 6 0 0  2 0 0 0  FORtlATISX,"LAND-UATER L I f l I T l B A N O  71="13./. 
1 2 7 0 0  *SX,"CHLOROPHYLL STEP="I3./.5X."TURBIDITY STEP="13,/l 
l2ROO r ----- - 
1 2 9 0 0  C CHECK THE DISK F I L E S  FOR S I Z E  
2 3 0 0 0  C 
1 3 1 0 0  CALL OISKSZ 
1 3 2 0 0  NOS = LSDF-SSOFt l  

I F  I t105  .ST. 1 0 0 0 I C A L L  P R I M  11.6r24,'XXX INPUT BUFFER TOO SMALL')  
I F  I N S  .GT. 1 0 0 0 I C A L L  PRINT (1,6,26. 'XXX INPUT BUFFER TOO SI1ALL ' l  
N I P 3  NEXTt I I INT 
NTOT'O 
NOUT'O 

START PROCESSING THE DATA L I N E  BY L I N E  

D 0  5 0  KR-1.4 
VMAX(KR1-0 
VARIKRI=O. 
VMIN(KRI=100 
DO 5 0  J:1,500 

5 0  FREQIKR,JI:O 
ISKIP-SS-SSDF 
00 1 0 0 0  L I N  = SL,NLL 
I R E C  = L I N - S L D F t 2  
DO l 0 1 0  I N = l . N I P  
I S T  = I I N - 1 )  + N S t l  
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15200 CALL ORIGIN ~NUHFI(INl~IREC~ISKIP,NS~INWT(IST1l 
15300 l010 CONTIHUE 
15400 C 
15500 C N W  CONVERT THE LINE JUST READ 
15600 C 
15700 LINN = LIN-SL 
15800 CALL CONVRT lINPUTINSINPNNINDAMrLIH,LINN~OUTP1 
15900 C - 
16000 C TABULATE THE VALUES AN0 CONVERT TO AKII-L0GS;OISCARO AREA 
16100 C OF W O  
16200 C 
16300 DO 120 JRZ1,NS 
16400 IF(OUTP(JRI.EQ.-99lGO TO 120 

17200 l FORWT(3IY) 
17300 110 CONTINUE 
17400 DO 130 K=lr4 
17500 ODEDELTA 
17600 IFlK.GT.21 0O:DIFT 
17700 IIST=lK-ll*ttS 
17800 OP = lO*WTPIIIST+JRI 
17900 VAR (K)= VAR(KJ+ OP 
l8000 IF IOP .GT. VHAX(K1l VHAXIKI =OP 

IF 1OP.LT. VM1NIK)I VHINtKl 'OP 18100 
18200 NIIKI=OP/DD tl 
18300 WTP(IIST+JR1=0. 
18400 IF INIlK) .GT.NIHAXIK)l NIHAX(K1 2 NICK1 
18500 FREQ lK,NI(KJJ = FREP LK,NIlKll *l 
l8600 130 CONTINUE 
18700 GO TO 120 
18800 100 NWT=NOUTtl 
18900 C IF (K.Eq.11 YRITE (6.20201 
19000 C IF (K.EP.21 WRITE 16r20251 
19100 C IF (K.EQ.3) WRITE 16r203OJ 
19200 C IF lK.EQ.41 WRITE 16.20351 
19300 C WRITE 16.20601 LINIJRIOP 
19400 C2060 FCA(IATl/.lOX.'AT LINE',IS.'SIVIPLE ' II~.'EXCESSIVE OUTWT~'F12.11 
19500 C WRITE (br2065) INPUTIJR),INPUTlJRtNSl~INPUTlJRt2.*NSl~ 
19600 C *INPUT13.+NStJRl 
19700 C2065 FORMT (lOX,'INPUT BAND 7.6r5r4 ',4(X~1411 
19800 
19900 l20 CONTIFIUE 
--  - 
20100 1000 CONTINUE 
20200 NrOT=NTOT-NMIT 
20300 WRITEl6,2040J NTOT,NWT 
20400 C 
20500 C NOW THE ENTIRE DAM SURFACE IS PROCESSED 
20600 C 
20700 C CONVERT FREQUENCIES TO PERCENTAGE OF DAM SURFACE 
20800 DO 1 Z  J=1,4 
20900 DO 125 KR=l.NIWAXlJ) 
21000 125 FREQ IJ,KRI=FREQ(J,KRI/FLOAT INTOTI +l00 
21100 DO 150 Kzl,4 
21200 = NIMXlKl 
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VMEPN ZVARIK) /FLOAT<NTOT) 
vnx = v n n x r ~ )  
VNN : VUINLK) 
DD = DELTA 
IFIK.EQ.1) WRITE (6,20201 
IF(K.EQ.2) WRITE (6,20251 
IF(K.EQ.31 WRITE (6,2030) 
IF(K.EQ.4) WRITE 16,20351 
IF (K.GT.2) DD= DIFT 
WRITE (6,2010) W E A N ,  W, VIM 

2010 FDRMATl5X.'nEAN=',F10.2,/,5X,'HAX=X~F1O.2,/,5X,~MIN=',FlO.2,/~ 
*/.7X,'CLb.SS RUlGE ',4X,'PEFXENTAGE AREA',/) 
DO l60 J=l,NC 
IF (FREQ(K,J).EQ.O. 1 G0 TO 160 
VLOWL = IJ-11 * DD 
UPLIn -VLOWL t DD 
WRITE 16r2050) VLOWL,UPLIM, FREQ(K,J) 

160 CONTINUE - - 

2050 FDRnAT (5X,3(W3F8.21) 
150 CONTINUE 

DFTI IPN .... 
2020 FOmATl/,lOX,'SURFACE CHLOROPHYLL RESULTS - ~g/l'~/,9X,361'-'),/1 
2025 FORnAT(/.lOX.'INTEGRATED CHLOROPHYLL RESULTS - ua/1'./.9X3391'-'l - .~ ~ 

*. / l  
2031 FORMAT(/rlOX,'SURFACE TURBIDITY RESULTS - NTU',/,9X333('-'),/1 
2035 FD~ATI/.lOX~'INTEGRATED TURBIDITY RESULTS - NTU'9/,9X.36('-'1./) 
2040 FORHATl/,lOX,lNUMQER OF PIXELS IH DAM : 'r110./,9Xt38('-'1. 

*/,lOX,'NUMBER OF PIXELS NITH EXCESSIVE VALUES = '.110./1 
END 
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APPENDIX S: CALMCAT MENU FOR THE ANALYSIS OF SURFACE REFERENCE DATA AN0 
SATELL ITE  REFLECTANCE DATA I N  ORDER TO OBTAIN WATER QUALITY 

INFORMATION 
=3==II=======S=iE=S=z=*================*==============~======2----------- --- 

OBTAIN 
SURFACE REFERENCE 

OBTAIN 
SATELL ITE  REFLECTANCE 

USING 

- I 

CANONICAL CORRELATION ANALYSIS 
BETWEEN 

SURFACE CHLOROPHYLL a h TURBIDITY WITH THE FOUR REFLECTANCE BANDS. 
INTEGRATED CHLOROPHYLL 4 & TURBIDITY WITH THE FOUR REFLECTANCE BANDS. 
SURFACE h INTEGRATED CHLOROPHYLL a WITH THE FOUR REFLECTANCE BANDS. 
SURFACE & INTEGRATED TURBIDITY WITH THE FOUR REFLECTANCE BANDS. 

I T l  
"LINREG" 

I 
TEST THE ACCURACY OF THE CALIBRATION USING SAMPLED DATA POINTS 

INPUT CANONICAL COEFFICIENTS AND "M '  AND " K "  
INTO 

I 
~ - 

SUBROUTINE "CONVRT' 1 
I 
l 

ANTILOG DATA AND TEST FOR ACCURACY USING t -TEST  + COEFFICIENT 
OF EFFICIENCY 

I 
l 

TO OBTAIN SIMULATED CONCENTRATIONS FOR THE IMPOUNDMENT 
INPUT CANONICAL COEFFICIENTS AND "M '  AND " K "  

INTO 
SUBROUTINE "OAMLOD" 1 

l 
I 

DISPLAY SIMULATED DATA USING MAPPING ROUTINE 
P . I .P .S .  SUBROUTINE "SACLANT" 

t 
SYNOPTIC INFORMATION OF CONCENTRATIONS OF 

SURFACE CHLOROPHYLL a, INTEGRATED CHLOROPHYLL g 
SURFACE TURBIDITY AND INTEGRATED TURBIDITY 

ARE NOW AVAILABLE 
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APPENDIX T: GENERAL CALIBRATION DATA FOR ROOOEPLAAT DAM - USING F I V E  
DAYS OF OATA - 'NORMALISED DATA'OPTION 

= = D 1 i = = = = 5 = 1 s = = 1 = 1 = = i : i : = I = I I I I I I I I I I = I = I = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  

SURFACE CHLOROPHYLL a/SURFACE TURBIDITY CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENOENT OATA (BANDS) 
D1= 0 ,060  D2= 0,005 D35 0,328 04= -0,262 

COEFFICIENTS FOR THE INDEPENOENT DATA (WATER QUALITY)  
N1= -1.433 NZ= 5.145 

SLOPE OF THE L ~ N E A R  REGRESSION EQUATION 
M l =  0,690 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 

INTEGRATED CHLOROPHYLL a/INTEGRATED TURBIDITY CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENDENT OATA (BANDS) 
E l =  0,026 E2= 0 ,023  €3. 0 ,334 E4= -0,254 

COEFFICIENTS FOR THE INDEPENDENT DATA (WATER QUALITY) 
011 -0,117 021 4,487 

SLOPE OF THE LINEAR REGRESSION EQUATION 
NZ= 0.680 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K2= -0 ,410 

SURFACE AN0 INTEGRATED CHLOROPHYLL a CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENDENT OATA (BANDS) 
F1= -0,103 F2= 0,037 F3= 0,389 F4=  -0,260 

COEFFICIENTS FOR THE INDEPENDENT OATA (WATER QUALITY) 
P1= 1,664 P2= 2 ,576 

SLOPE OF THE LINEAR REGRESSION EQUATION 
M3= 0,610 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K3= -2.630 

SURFACE AND INTEGRATED TURBIDITY CALIBRATION DATA: 

COEFFICIENTS FOR THE DEPENOENT DATA (BANDS) 
G1= 0,027 G2= 0,012 G3= 0 ,353 G4= -0.267 

COEFFICIENTS FOR THE INDEPENOENT OATA (WATER QUALITY)  
Q l =  2 ,382 Q2= 1 ,952  

SLOPE OF THE LINEAR REGRESSION EQUATION 
M4= 0,700 

INTERCEPT OF THE LINEAR REGRESSION EQUATION 
K4= -0 ,500 
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