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ABSTRACT 

A method f o r  determining optimum sampling frequencies f o r  t h e  

determinat ion of l o n g  term t rends  i s  described. This  method uses t h e  

f o l l o w i n g  approach: us ing  data c o l l e c t e d  a t  regu la r  i n t e r v a l s  determine 

t h e  coherence o f  t h a t  ser ies ,  and t h e  redundancy o f  t h a t  ser ies .  An 

opt imized sampling frequency maximizes t h e  coherence o f  t he  s e r i e s  wh i l e  

min imiz ing t h e  amount o f  redundant data gathered. The t h e o r e t i c a l  bas i s  

fo r  t h e  approach and t h e  a p p l i c a t i o n  t o  data c o l l e c t e d  i n  t h e  Yukon R ive r  

Basin Study i s  described. 



RESUME 

Cet a r t i c l e  d e c r i t  une methode d 'op t im isa t i on  de l a  frequence 

d ' k h a n t i l l o n n a g e  en vue de l a  determinat ion de tendances B l ong  terme. 

Cet te  m6thode u t i l i s e  des donnees r e c u e i l l i e s  $ i n t e r v a l l e s  r e g u l i e r s  e t  

determine l a  cohkrence e t  l a  redondance de c e t t e  s& ie  de donnkes. Une 

frequence opt imale d 'echant i l lonnage amhe $ un maximum l a  coherence de 

l a  s k r i e ,  t o u t  en minimisant l a  c u e i l l e t t e  de donnees redondantes. Les 

bases theoriques de c e t t e  approche e t  son a p p l i c a t i o n  aux donnees 

r e c u e i l l i e s  l o r s  de l ' k t u d e  du bass in de l a  r i v i k r e  Yukon sont d iscutkes 

dans l l a r t i c l e .  
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I n t r o d u c t i o n  

One of t h e  p r o j e c t s  funded under t h e  Yukon R ive r  Basin study was a water 

q u a l i t y  moni tor ing network operated by the  Department o f  I n d i a n  and 

Northern A f f a i r s .  D e t a i l s  o f  t h i s  network a re  a v a i l a b l e  i n  Jack, e t  a l .  

(1983). Samples from some t e n  s i t e s  from t h i s  network were c o l l e c t e d  a t  

one and two week i n t e r v a l s .  These s t a t i o n s  prov ide  data which i s  

s u i t a b l e  f o r  eva lua t ion  o f  t h e  moni tor ing frequency w i t h  the  aim o f  

op t im iz ing  f u t u r e  mon i to r ing  e f f o r t s  i n  t h e  basin. 

One o f  t he  p r i n c i p a l  questions which agencies responsib le  f o r  mon i to r ing  

t h e  q u a l i t y  of water should address i s :  What is t h e  e f fec t i veness  o f  

t h e i r  data gather ing e f f o r t ?  The e f fec t i veness  o f  data ga ther ing  e f f o r t  

i s  maximized when t h e  data c o l l e c t i o n  prov ides adequate data t o  enable 

appropr ia te dec is ions t o  be made w i t h  some degree o f  confidence (based on 

t h a t  data) wh i l e  avo id ing  t h e  c o l l e c t i o n  of redundant in fo rmat ion .  I n  

o ther  words, an e f f e c t i v e  moni tor ing design achieves a balance between 

c o l l e c t i n g  enough data t o  account f o r  t h e  v a r i a t i o n s  which occur i n  a 

system, wh i l e  avoid ing t h e  c o l l e c t i o n  of data which does no t  improve t h e  

understanding o f  t h e  v a r i a t i o n .  

Th is  paper pu ts  as ide t h e  quest ion o f  synopsis and moni tor ing network 

design and concentrates on t h e  problem o f  t he  design o f  s i n g l e  mon i to r ing  

s i t e s .  Each s i t e  is a fundamental un i t  o f  a network o r  synopt ic  

analys is .  I f  the  data from the  i n d i v i d u a l  s i t e s  are inadequate then any 

overviews o r  synopsis w i l l  a l so  be inadequate. 
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The quest ion of e s t a b l i s h i n g  a frequency f o r  r o u t i n e  mon i to r ing  i s  one o f  

t h e  c e n t r a l  questions i n  t h e  design o f  a moni tor ing s i t e .  Other 

questions of importance inc lude  bo th  s i t e  l o c a t i o n  and v a r i a b l e  s e l e c t i o n  

and have been d e a l t  with by a v a r i e t y  o f  authors, most no tab ly  Sharp 

(1970, 19711, Sanders (19821, and Dandy and Moore (1979) .  These l a t t e r  

concerns tend t o  be more sub jec t i ve  than t h e  quest ion o f  frequency. 

A v a r i e t y  o f  approaches t o  es tab l i sh ing  mon i to r ing  frequencies can be 

used depending upon t h e  cons t ra in t s .  This eva lua t ion  considers on ly  one 

approach, t h e  de tec t i on  of t rends o r  changes over t h e  l ong  term. The 

d iscuss ion o f  moni tor ing design can then be l i m i t e d  t o  cons idera t ion  o f  

op t im iz ing  systematic sampling. 

A t  t h e  present t ime, and f o r  t h e  forseeable fu tu re ,  de tec t i on  o f  change 

w i l l  r e l y  heav i l y  on t ime se r ies  methods such as those proposed by Box 

and Jenkins (1976) .  These methods are  more r i go rous  than c l a s s i c a l  

methods when dea l ing  with data which form a t ime ser ies.  Several authors 

have demonstrated t h e  a p p l i c a t i o n  o f  t ime s e r i e s  method t o  hydrology 

( i .e .  H ipe l  e t  a l . ,  1977) and t o  water q u a l i t y  (McLeod e t  al. ,  1983; 

W h i t f i e l d  and Woods, i n  press). 

The approach used i n  t h i s  paper i s  described i n  d e t a i l  i n  t h e  f o l l o w i n g  

sect ions and i s  summarized as fo l lows.  F i r s t  determine t h e  coherence o f  

da ta  from systematic sampling. The coherence of a se r ies  i s  r e f l e c t e d  i n  

the  au toco r re la t i on  func t i on  o f  t h a t  ser ies.  This  p roper ty  i s  a measure 

o f  t h e  data be ing l o g i c a l l y  cons is ten t  ( i .e .  no t  random). Second, 

1 
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evaluate t h e  redundancy of t h e  ser ies.  Redundancy r e f l e c t s  t h e  

c o l l e c t i o n  o f  excess data, t h a t  be ing data which does no t  increase t h e  

coherence of t h e  data set .  

I n  op t im iz ing  data c o l l e c t i o n  t h e  coherence o f  a s e r i e s  i s  t o  be 

maximized wh i l e  the  redundancy i s  t o  be minimized. I n  p r a c t i c a l  

a p p l i c a t i o n  n e i t h e r  of these w i l l  reach t h e  l i m i t s  f o r  each o f f s e t s  each 

o ther  ( i .e .  t o  reach maximim coherence, redundancy w i l l  a l so  tend t o  a 

maximum). 

The d e t a i l s  o f  t h e  c o l l e c t i o n  o f  t he  data, s i t e  l o c a t i o n s  and methods o f  

sample ana lys is  a re  g iven i n  Jack e t  a l .  (1983) and are  no t  repeated 

here. The s i t e s  were sampled e i t h e r  weekly o r  every o ther  week from 

August 1982 t o  September 1983, w i t h  t h e  except ion o f  t h e  Yukon R ive r  a t  

Carmacks and t h e  Yukon R iver  a t  Marsh Lake c o n t r o l  s t ruc tu re .  These 

l a t t e r  two s i t e s  have much longer  records and prov ide us with t h e  most 

d e t a i l e d  records a v a i l a b l e  from within t h e  basin. 
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Systematic Water Qua l i t y  Mon i to r ing  

Systematic sampling i s  q u i t e  d i f f e r e n t  from simple random sampling. 

Since systematic sampling i s  proposed f o r  water q u a l i t y  mon i to r ing  by 

many authors, i t  i s  worthwhile consider ing how i t  i s  d i f f e r e n t .  

B a s i c a l l y  t h e  N u n i t s  o f  a popu la t ion  are  numbered from 1 t o  N i n  same 

order. To s e l e c t  a sample o f  n u n i t s ,  a random sample i s  taken from t h e  

f i r s t  k u n i t s  and a t  every k u n i t s  fo l lowing.  For example i f  k i s  15 t h e  

f i r s t  sample might, based on random s e l e c t i o n  be 13. The subsequent 

u n i t s  would then be 28, 43, 58... 

The advantages o f  t h i s  method over simple random sampling are: 

1. I t  i s  eas ie r  t o  execute the  sampling. 

2. I n t u i t i v e l y ,  systematic sampling o f  a random process seems l i k e l y  t o  

be more prec ise  than random sampling. I n  e f f e c t  i t  s t r a t i f i e s  t h e  

sample popu la t ion  i n t o  s t r a t a  each o f  which cons is t s  o f  k u n i t s .  The 

systematic samples are  spread evenly over t h e  popu la t ion  which can 

increase prec is ion .  

S t a t i s t i c a l l y  i t  can be shown (Cochran 1946, 1963) t h a t  t h e  variance o f  a 

systematic sample o f  a random process i s :  

where 
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And t h e  mean o f  a systematic sample i s  more p rec i se  if 

T h i s  r e s u l t  s t a t e s  t h a t  systematic sampling i s  more p rec i se  than simple 

random sampling i f  t h e  variance within the  systematic sampling i s  l a r g e r  

than  t h e  popu la t ion  variance. 

Another form o f  t h e  variance i s  

where p w  i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  between p a i r s  o f  u n i t s  i n  t h e  

systemat ic  sample. This shows t h a t  p o s i t i v e  c o r r e l a t i o n  between un i ts  i n  

the  same sample i n f l a t e s  t h e  variance o f  t he  sample mean. These 

formulations show t h a t  systematic sampling o f  a popu la t ion  i s  more 

prec ise  than simple random sampling (Madow, 1946).  

Lettenmaier, (1978) ; Lettenmaier and Burges, (1977) ; and Lettenmaier 

e t  a l . ,  (1978) propose t h e  f o l l o w i n g  approach t o  es tab l i sh ing  mon i to r ing  

frequencies based on t h e  o b j e c t i v e  of assessing t rends on changes i n  

water q u a l i t y :  

Consider t h e  s e r i e s  o f  observations { X }  = X1, X2 ... Xi. 

Xn. One c h a r a c t e r i s t i c  o f  t rends i s  t ha t ,  i n  general, t h e  

observations Xi a re  t h e  f u n c t i o n  o f  i. The problem can be p u t  i n t o  

a s t a t i s t i c a l  framework by t e s t i n g  t h e  n u l l  hypothesis, Ho (no 

change over ser ies) ,  against  HI (change e x i s t s  i n  the  se r ies ) .  

S t a t i s t i c a l l y  t he  burden i s  on the  data, and t h e  t e s t  s t a t i s t i c  used; 
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t o  demonstrate t h e  occurrence of changes otherwise t h e  a l t e r n a t i v e  

hypothesis H1 i s  re jec ted .  

Two types o f  e r r o r s  a re  encountered i n  hypothesis t e s t i n g .  Type I 

e r r o r s  r e s u l t  when t h e  n u l l  hypothesis i n d i c a t i n g  no change i s  

r e j e c t e d  t h e  t e s t  used i n d i c a t e  a change has occurred when i n  f a c t  no 

change has occurred. Type I1 e r r o r s  r e s u l t  when t h e  t e s t  i n d i c a t e s  no 

change has occurred t h a t  i s  t h e  acceptance o f  t h e  n u l l  hypothesis, 

when a change has occurred. These two e r r o r s  a re  r e l a t e d  i n  t h a t  

inc reas ing  t h e  confidence l e v e l  (1-a) ( reducing type I e r r o r ) ,  

reduces t h e  power (1-13) ( inc reas ing  type I1 e r r o r ) .  Lettenrnaier p laces 

t h e  burdens o f  p roo f  on the  t e s t  s t a t i s t i c  T, keeping type I e r r o r  

r e l a t i v e l y  low ( i .e .  us ing  a 95% confidence i n t e r v a l ) .  On t h e  o the r  

hand the  power o f  t h e  t e s t ,  as a measure o f  t he  a b i l i t y  o f  t h e  t e s t  t o  

de tec t  trends, depends on t h e  process which generated t h e  t ime ser ies .  

The confidence l e v e l  (14) i s  normally s p e c i f i e d  a p r i o r i ;  t h e  

c r i t i c a l  value o f  t h e  t e s t  s t a t i s t i c  i s  a f u n c t i o n  o f  a and t h e  

sample s i z e  n. A t  a f i x e d  value o f  a, t h e  power o f  a t e s t  g ives  t h e  

p r o b a b i l i t y  o f  de tec t i ng  a t rend  when one e x i s t s .  

Two o f  t h e  more simple t rends  are  step and l i n e a r .  A s tep t r e n d  i s  an 

instantaneous jump i n  process mean l e v e l  a t  some p o i n t  i n  t h e  record,  

i .e.,  

X t  = + [1-’2 - p11T + E t  

Where pl and p2 are the  t r u e  means o f  t he  before and a f t e r  
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p o r t i o n s  o f  t h e  record, and E t  i s  a s tochas t ic  no ise term. A 

l i n e a r  t rend  i s  simply a un i form increase i n  process mean l e v e l :  

X t  = 1-1 + ( t / T )  A ~ J  + E t  

For l a r g e  sample s izes  o r  when the  variance o f  ct i s  known, t h e  

power o f  c l a s s i c a l  two t a i l e d  t - t e s t s  against  t he  t rends where ct 

i s  s t a t i s t i c a l l y  independent and normally d i s t r i b u t e d  w i t h  mean zero 

and variance 0: i s  

1-0 = F [E(T) - W1-cr/21 
9 

where T i s  t h e  normalized t e s t  s t a t i s t i c  g iven  by 

or 
A i 2 6  

T =  

(s tep  t rend)  

( l i n e a r  t rend)  

The 11--11 denotes a sample estimate, and E i s  t h e  s t a t i s t i c a l  expecta- 

t i o n  operator; Fg i s  t h e  cumulative d i s t r i b u t i o n  func t i on  of  a 

standard normal p r o b a b i l i t y  d i s t r i b u t i o n  and W1-a/2 i s  t h e  

standard normal q u a n t i l e  a t  p r o b a b i l i t y  l e v e l  1-W2. The 

expectat ion o f  t h e  normalized t e s t  s t a t i s t i c ,  E(T) i s  known as t h e  

noncen t ra l i t y  parameter N,. and i s  g iven  by 

T r  fi 

20 E 

NT = (s tep  t rend )  

( l i n e a r  t r e n d  ) 
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where Tr i s  t h e  t rend  magnitude ( t o t a l  change i n  mean over t h e  

record)  and i s  equal t o  1p1-p21 f o r  t h e  s tep  t rend  and lncll 

f o r  t h e  l i n e a r  trend. 

When observations are  dependent (which i s  almost always t h e  case i n  

observed t ime ser ies)  t he  t e s t  power w i l l  be a func t i on  o f  t h e  

c o r r e l a t i o n  s t r u c t u r e  o f  t h e  t ime ser ies.  The power of these t e s t s  

i s  shown t o  be approximately, 

i n  which Ft i s  t h e  standard Students t - d i s t r i b u t i o n  with v 

degrees o f  freedom (n-2); T, i s  t he  t rend  magnitude; nb i s  t h e  

e f f e c t i v e  independent sample s ize;  oE t h e  standard d e v i a t i o n  o f  

t h e  r e s i d u a l  no ise  ( t ime  se r ies  with t r e n d  removed) K =4 f o r  s tep  

becomes Z1 a,2 

and Ft may be rep laced by F t h e  standard normal cumulative 

d i s t r i b u t i o n  func t ion .  

-E 

2 

and 12 f o r  l i n e a r  trends. For  n)30,  t14,2,v - 

g ’  

N =  
A t  n )  30 t Ka E 

There i s  a maximum power (Pmax) which may be achieved; t h i s  maximum 

power may be viewed as t h e  power a v a i l a b l e  from a continuous 

monitor. The maximum power i s  a func t i on  o f  t rend  type and magnitude 

as w e l l  as t h e  v a r i a b i l i t y  and pers is tence s t r u c t u r e  of t h e  t ime  

ser ies.  The maximum power r e s u l t s  because the  independent sample 
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s i z e  has a f i n i t e  maximum f o r  many forms o f  t ime se r ies  pers is tence as 

Using a l a g  one Markov model appeared t o  g i v e  a reasonable f i t  i n  a l l  

cases. Using t h i s  model us ing  p (jt) = pt  with p0 t h e  

l a g  one c o r r e l a t i o n  c o e f f i c i e n t  a t  an a r b i t r a r i l y  chosen base 

0 

sampling p e r i o d  t = l .  

Inc reas ing  t h e  sample frequency increases t h e  e f f e c t i v e  independent 

sample s i z e  and hence t h e  power of t h e  t e s t .  For a l a g  one Markov 

model, a f i n i t e  upper l i m i t  on the  e f f e c t i v e  sample s i z e  ex i s t s .  

There then e x i s t s  a p o i n t  a t  which r e t u r n s  d imin ish  s ince increases 

i n  frequency r e s u l t  i n  on ly  smal l  increases i n  t h e  e f f e c t i v e  sample 

s ize .  Table 1 g ives  f o r  severa l  values o f  t h e  l a g  one c o r r e l a t i o n  

c o e f f i c i e n t  which must be taken t o  reach 50, 70 and 90 percent o f  t h e  

e f f e c t i v e  independent sample s ize.  

Determination of t h e  a c t u a l  sample frequency requ i res  cons idera t ion  

o f  t he  power o f  t rend  d e t e c t a b i l i t y  des i red  g iven by: 

Where Km i s  a f u n c t i o n  o f  t h e  polynominal o rder  m ( i . e .  f o r  m = 0, 

1, 2, 3 ,  4; K, = 4 ,  12, 180, 2 . 8 ~ 1 0  , 4 .41~10  1; Tr i s  t h e  

t r e n d  magnitude; Fg t h e  cumulative d i s t r i b u t i o n  func t i on  and 

i s  t he  standard normal q u a n t i l e  a t  a p r o b a b i l i t y  l e v e l  

3 4 

w1-c1/2 
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1-c1/2. The cumulative d i s t r i b u t i o n  f u n c t i o n  i s  a v a i l a b l e  from 

tab les .  The t r e n d  magnitude must be s p e c i f i c  a p r i o r i  as a th resho ld  

l e v e l  and t h e  standard dev ia t i on  and l a g  one c o r r e l a t i o n  c o e f f i c i e n t  

may be estimated from h i s t o r i c  data. Table 2 g ives  an example o f  t h e  

a n a l y t i c  r e s u l t  from Lettenmaier (1978) .  

Lettenmaier a l so  considers t h e  power o f  a un i fo rm sampling s t ra tegy  

against  a s t r a t i f i e d  sampling s t ra tegy.  S t r a t i f i e d  sampling i nvo l ves  

t a k i n g  m u l t i p l e  samples a t  fewer v i s i t s  which reduces t h e  cos t  o f  

sampling i n  terms of t ime and t r a v e l .  However, t he  equ iva len t  

independent sample s i z e  i s  reduced. I n  Let tenmaier 's  ana lys i s  i t  i s  

shown t h a t  t h e  power o f  t rend  de tec t i on  i s  reduced by s t r a t i f i c a t i o n  o f  n 

samples when compared t o  n uni form samples. 

Table 1 Number o f  Yearly Samples Required t o  Reach a Given Propor t ion  o f  

Yearly Maximum E f fec t i ve  Sample Size. (Lettenmaier , 1978) 

Percent o f  n max 

P ( 1 )  50 70 90 

0.65 41 
0.70 33 
0.75 28 
0.80 21 
0.85 16 
0.90 10 
0.95 5 

7 3  
52 
46 
37 
26 
17 

8 

124 
119 

91 
7 3  
52 
33 
17 
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Table 2 Required Sample I n t e r v a l  i n  Days f o r  Given Power Against a Step 

Trend a t  95% Confidence Level* 

Tr/u 

0.1 0.3 0.5 0.7 1.0 1.5 2.0 
PW p ( l  1 

.95 - - - - - 47 98 
0.99 .85 - - - - 24 50 99 

.75 - - - 11 25 56 99 

.95 - - - - 24 96 174 
0.90 .85 - - - 20 43 98 174 

.75 - - 10 21 43 98 174 

.95 - - - - 56 131 233 
0.80 .85 - - 9 28 58 131 233 

.75 - - 14 28 58 131 233 

.95 - - - 50 118 267 475 
0.50 .85 - - 29 58 119 267 475 

.75 - 9 30 58 119 267 475 

* A t  each t rend  t o  standard d e v i a t i o n  r a t i o  and power t h e  column e n t r i e s  
are f o r  record  lengths  o f  f i v e  years. The th ree  rows correspond t o  d a i l y  
l a g  one c o r r e l a t i o n  c o e f f i c i e n t s .  Blanks denote unobtainable power. 
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With t h e  r e a l i z a t i o n  t h a t  a t  h i g h  frequencies independence o f  observations 

cannot be assumed, W h i t f i e l d  (1983b) suggested a method f o r  es t imat ing  a 

s t a r t i n g  frequency. Th is  approach i s  somewhat more s i m p l i s t i c  than t h a t  

o f  Let tenmaier 's  approach b u t  a t t a i n s  a s i m i l a r  r e s u l t .  Th is  approach i s  

based on t h e  o b j e c t i v e  o f  ob ta in ing  data which can be used f o r  t ime 

se r ies  analys is .  The under ly ing  cond i t i on  o f  t h i s  approach i s  t h a t  t h e  

sampling w i l l  be systematic ( i .e .  a f i x e d  frequency). The major feature 

t o  weigh i s  t h e  des i re  t o  avoid c o l l e c t i n g  excessive redundant data. 

The redundancy i n  a p a r t i c u l a r  record  can be estimated i n  t h e  f o l l o w i n g  

manner: 

'n Consider t h e  s e r i e s  o f  observations Y1, Y2, Y3 ... Yt ... 
For i n t e r v a l  k l e t  Rk be the  redundancy, where f o r  a redundant 

s e r i e s  Rn = 0. Estimate Rk  by 

When p l o t t e d  as i n  F igure  1 t h e  l i n e a r  p o r t i o n  a t  l ags  grea ter  than 20 

can be ex t rapo la ted  back t o  Rkzo. 

The au toco r re la t i on  f u n c t i o n  o f  a se r ies  i s  est imated by: 

k=O, 1, 2 ... 
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Figure  1. Estimates of redundancy (Rk) a t  var ious sampling i n t e r v a l s  

from W h i t f i e l d  (1983b). 
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P l o t s  o f  t h i s  type (as i n  F igure  2) must be weighed against  p l o t s  o f  t h e  

t ype  shown i n  F igu re  1. The des i red  balance i s  between c o l l e c t i n g  

samples f requent ly  enough so t h a t  no t  much change occurs between samples 

and c o l l e c t i n g  them t o o  f requent ly  and ob ta in ing  redundant data. I n i t i a l  

sampling frequencies f o r  moni tor ing may be es tab l i shed i n  t h i s  manner and 

re-evaluated us ing  methods such as those proposed hy Lettenmaier (1978). 

App l i ca t i on  

The Yukon R ive r  Basin Study Water Q u a l i t y  Mon i to r ing  p r o j e c t  c o l l e c t e d  

th ree  classes o f  data from two types o f  s ta t i ons .  The th ree  types o f  

da ta  c o l l e c t e d  were; reconnaissance data, mon i to r ing  data and q u a l i t y  

c o n t r o l  data. The two types o f  s t a t i o n s  were; f i x e d  frequency t ime 

s e r i e s  s t a t i o n s  and i r r e g u l a r  frequency s ta t i ons .  The i n i t i a l  s tep i n  

prepar ing t h e  data fo r  t h e  ana lys is  described here was t o  e l im ina te  a l l  

data no t  c o l l e c t e d  a t  a f i x e d  frequency. Th is  s tep  r e s u l t s  i n  da ta  se ts  

from seven s t a t i o n s  which had designs o f  one sample each week and th ree  

with designs o f  one sample every second week. 

I t  i s  c r i t i c a l  i n  t h i s  ana lys is  t h a t  t h e  data se r ies  a re  o f  f i x e d  

frequency. I t  was necessary then t o  check each o f  t h e  s t a t i o n s  t o  

determine t h e  achieved frequency. The achieved frequency f o r  each 

s t a t i o n  was es tab l i shed by determining t h e  i n t e r v a l  ( i n  days) between 

samples i n  the  ser ies ,  over the  e n t i r e  ser ies.  The program which was 

used i n  t h i s  ana lys i s  and sample output  i s  g iven i n  Appendix 1. Th is  
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F igure  2. The au toco r re la t i on  f u n c t i o n  f o r  t h e  same se r ies  as F igure  1, 

a lso  from W h i t f i e l d  (1983b).  The v e r t i c a l  l i n e s  i n d i c a t e  t h e  

au toco r re la t i on  funct ion,  t h e  continuous func t i on  i s  t h e  

standard e r r o r .  
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program f l a g s  a l l  samples taken a t  g rea ter  than 10 day i n t e r v a l s ,  

p rov ides  a summary of achieved frequencies and r e p o r t s  extreme cases. 

Extreme cases being m u l t i p l e  samples taken on one day and sampling 

i n t e r v a l s  o f  g rea ter  than 59 days. Resul ts  from t h i s  procedure were used 

t o  i s o l a t e  miss ing samples and e f f o r t s  were made t o  l o c a t e  records t h a t  

were missing. 

Table 3 l i s t s  t h e  t ime s e r i e s  s ta t i ons ,  t h e  design sample i n t e r v a l s  and 

the  achieved sample i n t e r v a l s .  The mon i to r ing  network was genera l l y  ab le  

t o  meet t h e  design frequencies, based on t h e  r e s u l t s  a t  hand. 

When a record  approximately met the  design frequency f u r t h e r  ana lys i s  

cou ld  take place. Each v a r i a b l e  from each s t a t i o n  was t r e a t e d  on an 

i n d i v i d u a l  bas i s  o r  case. Each case was analysed f o r :  

a. Count of zero values. Only th ree  va r iab les  have l e g i t i m a t e  zero 

values; a i r  temperature, water temperature and phenolphthale in  

a l k a l i n i t y .  Th is  t e s t  i d e n t i f i e s  miss ing values w i t h i n  a ser ies .  

I f  values were found t o  be missing e f f o r t s  were made t o  i s o l a t e  

t h e  source o f  t h e  problem and decide whether or n o t  t o  proceed 

wi th  t h e  v a r i a b l e  i n  the  analys is .  

b.  Standard izat ion of Data. Each va r iab le  has a unique mean and 

variance. I f  t h e  ana lys is  was performed on t h e  i n p u t  se r ies  t h e  

v a r i a t i o n  i n  magnitude of t h e  means would b i a s  t h e  r e s u l t s .  To 

avoid t h i s  problem a l l  i n p u t  se r ies  were transformed t o  z-scores 
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t o  make t h e  se r ies  d i r e c t l y  comparable. This  t rans format ion  i s  

done by subs t rac t i ng  the  mean o f  t h e  s e r i e s  from each observed 

value and d i v i d i n g  by t h e  standard dev ia t ion .  The r e s u l t i n g  

s e r i e s  has a mean of zero and a standard d e v i a t i o n  o f  one. 

Est imat ion o f  Redundancy. The redundancy o f  each transformed 

se r ies  was estimated f o r  t h e  f i r s t  12 l a g  periods. That i s  f o r  

sampling i n t e r v a l s  from one week t o  twelve weeks f o r  weekly s i t e s  

and fo r  two weeks t o  twenty-four weeks f o r  bi-weekly s i t e s .  The 

es t imat ion  procedure used was taken from W h i t f i e l d  (1983b). 

Autocor re la t ion  Estimation. The au toco r re la t i on  func t i on  o f  each 

transformed se r ies  was estimated f o r  t h e  f i r s t  twelve l a g  per iods  

as f o r  redundancy. The es t imat ion  procedure used was taken from 

Box and Jenkins (1976) .  

Maximum Coherence. Determine t h e  l a g  pe r iod  a t  which t h e  

au toco r re la t i on  f u n c t i o n  i s  maximum, and i t s  s ign i f i cance .  I f  t h e  

coherence was s i g n i f i c a n t  ( i .e .  p r o b a b i l i t y  { 0.05) determine a l l  

l ags  a t  which coherence was s i g n i f i c a n t .  Th is  o r  these w i l l  be 

a l t e r n a t i v e  sampling periods. I f  t h e  coherence i s  no t  s i g n i f i c a n t  

t he  i n p u t  record  i s  approximately random and sampling frequency 

can be determined i n  a d i f f e r e n t  manner. 

Maximum Change i n  Redundancy. Determine t h e  two lags  between 

which t h e  maximum increase i n  redundancy occurs. Th is  pe r iod  



- 19 - 

r e f l e c t s  t h e  break i n  t h e  s lope of t h e  curve o f  redundancy p l o t t e d  

against  lags.  A t  h igher  frequencies t h e  se r ies  becomes 

inc reas ing l y  redundant. Th is  r e f l e c t s  l e s s  ga in  i n  i n fo rma t ion  on 

a per  sample bas i s  than a t  lower sampling i n t e r v a l s .  

g. A l l  of  t h i s  in fo rmat ion  i s  used t o  determine a optimum sampling 

frequency. The has i s  o f  t h e  proposed frequencies was a 

min imiza t ion  of t h e  redundancy wh i l e  maximizing t h e  coherence. 

Table 4 conta ins t h e  proposed minimum frequencies f o r  sampling f o r  

t h e  n ine  s t a t i o n s  which had adequate data f o r  t h i s  ana lys is .  

Longer records were a v a i l a b l e  f o r  t h e  Yukon R iver  a t  Carmacks and 

t h e  Yukon R ive r  a t  Marsh Lake c o n t r o l  s t ruc tu re .  These records 

begin i n  1980 and cont inue through t h e  bas in  study mon i to r ing  

data. These records were each s p l i t  i n t o  th ree  year l ong  

periods. This s p l i t t i n g  a l lows comparison o f  s t r a t e g i e s  between 

years a t  each of these s i t e s  and g ives  some fee l i ng  f o r  how 

repeatable t h e  r e s u l t s  can be expected t o  be. 

The design frequencies g iven i n  Table 4 were determined from t h e  

r e s u l t s  us ing  t h e  f o l l o w i n g  c r i t e r i a :  

1. I f  t h e  number of observed zeros i n  a s e r i e s  was grea ter  than 

lo%, except where zero was an observable value ( i . e .  

temperature), t h e  record  was designated as inadequate (- i n  

Table 4 ) .  
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2. I f  t h e  p r o b a b i l i t y  o f  t h e  maximum coherence was n o t  l e s s  than 

0.05 t h e  record  i s  noncoherent a t  a l l  sampled lags. These 

va r iab les  do no t  behave i n  an autoregressive manner as 

sampled. E i t h e r  a h igher  frequency of sampling i s  requ i red  o r  

a random sampling may be used. Which o f  these i s  app l i cab le  

cannot be determined from t h e  present  data sets. These cases 

are  designated as noncoherent (* i n  Table 4) .  

3. Where t h e  l a g  o f  maximum coherence was s i g n i f i c a n t  and 

co inc ided with the  l i m i t s  o f  t h e  maximum change i n  t h e  

redundancy, t h a t  l a g  was chosen as t h e  optimum sampling 

frequency. 

4. Where l a g s  of s i g n i f i c a n t  coherence d i d  n o t  co inc ide  with t h e  

l i m i t s  o f  maximum change i n  redundancy, t h e  l a r g e s t  l a g  which 

had s i g n i f i c a n t  coherence which was l e s s  than t h e  l i m i t s  o f  t h e  

redundancy was chosen. 

The r e s u l t s  contained i n  Table 4 suggest t h a t  each va r iab le  a t  

each s i t e  requ i res  i t s  own frequency o f  sampling. Biweekly 

sampling a t  s i t e s  AH0012, ACOOD1, and AB0008 was l e s s  adequate 

than the  weekly sampling a t  t h e  o ther  weekly s i t e s  as r e f l e c t e d  by 

t h e  number o f  va r iab les  having inadequate coherence. Occurrances 

o f  inadequate coherences f o r  many va r iab les  r e q u i r e  f u r t h e r  study 

b u t  as suggested prev ious ly  many of t h e  cases would r e q u i r e  more 

frequent sampling wh i le  f o r  o thers a l e s s  frequent random sampling 
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might be adequate. 

was t h e  minimum acceptable frequency. 

I n  about one h a l f  o f  t h e  cases weekly sampling 

With t h e  except ion o f  mercury (Hg) none o f  t h e  va r iab les  appear t o  

be random over a l l  t h e  s i t e s .  Many o f  t h e  va r iab les  which were 

designated as noncoherent would be classed as coherent a t  a lower 

s ign i f i cance  l e v e l  (i.e.<O.lO). Based on these r e s u l t s  i t  i s  

suggested t h a t  weekly moni tor ing cont inue as t h e  bas i s  f o r  

sampling i n t e r v a l  f o r  most var iab les.  Some va r iab les  can, a t  some 

s i t e s ,  be sampled l e s s  f requent ly .  Caution should be used before 

any reduc t ions  a re  implemented, s ince t h e  mu l t i yea r  data se ts  show 

a c e r t a i n  amount o f  disagreement. Using t h e  Yukon R iver  a t  

Carmacks data, t h e  minimum frequency based on 1980-81 data f o r  

sodium (Na) i s  f o u r  weeks, f o r  1981-82 data i s  one week and f o r  

1982-83 data t h e  record  was noncoherent. 

I t  should be emphasized then t h a t  these are  on ly  s t a r t i n g  po in ts .  

Mon i to r ing  programs based on t h e  optimum frequencies should be 

evaluated on a regu la r  bas i s  t o  ensure t h e  adequacy o f  t h e  da ta  

f o r  i t s  in tended use. 
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Appendix 1 L i s t i n g  of  For t ran  77 program used t o  determine achieved 

sampling frequency for h igh  frequency mon i to r ing  sites.  



SAMPLE DATES AFTER MORE THAN 10 DAYS 

00YT09DD0001 TOTAL SAMPLES 55 

NUMBER OF SAMPLES AT 5 DAY INTERVAL 
NUMBER OF SAMFLZS AT 6 DAY INTERVAL 
NUMBER OF SAMPLSS AT 7 DAY INTERVAL 
NUMBER OF SAMF'LES AT 8 DAY INTERVAL 

AVERAGE SAN?LING INTERVAL= 7.00 

NUMBER OF SIMULATED RECORDS= 1 

1 
2 

48 
4 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

00YT09BC0008 TOTAL SAMPLES 55 

NUMBER OF SAMFLES AT 5 DAY INTERVAL 1 
NUMBER OF SAEI?LES AT 6 DAY INTERVAL 3 
NUMBER OF ShYTLES AT 7 DAY INTERVAL 47 
NUMBER OF SAMFLES AT 8 DAY INTERVAL 3 
N5M3ER OF S k F L Z S  AT 9 DAY INTERVAL 1 

AVERAGE SAMTLING INTERVAL= 7.00 

NUMBER OF SIM-.LATED RECORDS= 2 



1 

3 
) 

L 

4 
C 

b 
7 
? 
9 

111 
? l  
12 
1 3  
14 
15 
1 6  
17 
i 8  
19  
23 
21 
22 
2 3  
24 
25 
2 6  
27 

29 
39 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
.43 
9 Ir 
!,5 
46 
4 7  
L18 
1; 9 
59 
51 
52 
53 
54 
55 

57 
58 

2a 

- _  
3 3  

C 
C D'21 I ; O F ' ; _ Z D  I N T 3  A S C E E F I I i l G  O R D E R  3Y S T I T I O N  IS P S A D  Oil  O H I T  3 

C ALL ! I A i ' A  T Y P E S  ( 5 )  A N D  ( 3 )  C 3 3 5  A N D  0 3 3 3  32CON A N D  Q Y B L I T Y  CO!;TFC/L 
C H A * i I > i G  F2:X R!?:lOVZDD. 
C e------------------------------------------------------------------- 
c 
c J.3- 7 7 c-------------------'-"-----"------------------------------------------- 

P - 

C 3 A R A C Y Z 2 * 1 2  STAT, STATN 

i X T Z G 2 3 * Q  KOUNT (60 )  /60*9/  

:::A3 [ 3 , 1 1 2 )  STAT, TD, IH, IY, T H ,  Ir'lfN, LAREL,  ( A ( T ) , I = I , S ( I )  

_qE!XL*:LI I ( 5 i j )  

C I N 2 U T  T33 VESY FIEST BECORD 

C C O S 8 3 R T  ili';? T O  I N T 3 G E R  NUlhl3ER 

C PRIYT OUT A TITLE:  

C S 3 T  UP A C O U S T 2 3  ?OK NV"1BER OF SAHPLES AT A S I T E  

C SET UP A C0UEITE:R F O P  SI i4ULATED RSCOQDS 

C R E A D  S3CO'!!l AN3 SUl3'52Q!JErjT P E C G 3 3 S  

I X D Z X  = J U L J A Y  (IH, ID, IY) 

W R I T 3  (6,530) 

I C O t J 3 2  = I) 

JCOUXT = 3 

1 0  R E A D  (3,110,END=50) STATN, I D ,  Iil, IY, IH, T H I N ,  LABEL, 
1 ( A  (I) ,I=l, 50) 

C GET I N T Z G E R  INDEX OF THE NEW D A T 2  
JNDEY = JULDAY ( I Y , I D , I Y )  

C I F  THZ S T A T I O N  I S  THE SAME UPDATE FZEQUENCY COUNTZR 
C TI? YORE: THAN 1 3  D A Y S  HAVE ELAPSED PRINT C U R S Z H T  DATE 

C IF E L A S P L 3  TIX3 IS Gi3EBTEZ THAN 59 D A Y S  HANDLE THAT 
c IF ZL;\?SED r I a E  IS o H A N D L E  T H A T  

I F  (STAT .ZQ. STATN) THEN 
ICOVNr  = ICOUNT + 1 
I F  (LSBEL .ZQ, 8)  JCOUBT = JCOUNT t 1 
I D A Y  = JPIDEX - INDEX 
I F  [IDAY .GE, 10)  U R I T E  (6,123) ID, 13, IY 
I F  ( I D A Y  ,GE. 59)  I D A Y  = 59 
I F  ( IDAY ,LT, 0) I D A Y  = 59 
IF ( I D A Y  ,BQ1 0) I D A Y  = 60 
T Y 3 Y X  = JYJDZX 
liGil!lT (13 1 Y )  = KOTJN'T ( i . D . l V )  + 1 

ELSE 
c W H E X  A NEW IS E N C O U N T E R E D  P R I N T  O U T  T H E  PEGISTERED 
c S A E P L I N G  F R E ~ U E I J C I E S .  NotrItx PARTICULARLY T H E  E X T R E M E  PZPIODS. 

V R I T E  ( 6 , 1 0 9 )  S T A T ,  ICOTJNT 
I ?  (KOO!JT[60)  .HE, 3 )  THEJ 

IX = 0 
WEITZ (6 ,130)  I l l ,  ROTJNT (60) 

E N D  IF 
C 

DO ? O  1: = 1, 55 
2 0  IF ( K O Y H T ( 1 )  .NE. 0)  & S I T :  ( 6 , 1 3 3 )  1, KO(J!IT [I) 

C 
T P  ( K O U N T ( 5 9 )  .NE. 0) W R I T E  (6,140) KOrJNT(59) 



, t i t :  1 

59 
h J 
61 
62 
6 3  
64 
65 
66 
67 
69 
59 
7d 
71 
72 
73 
7 4  
75 
76 
77 
78 
79 
30 
81 
82 

84 
85 
86 
87 
S 8  
89 
90 
91 
92 
33 
94 
95 
96 
97 
98 
99 

100 
101 
102  
1113 
104 
105 
106 

a3 

of SBilPLE.F9Eo at 03: 11:29 on I IOV 2 3 ,  1 9 d 3  for C C i l = S l z i 3 C  

LCOUNT = 0 

DO.30 I = 1, 58 
C 

3 0  L C O U N l  = LCOUKT + K O U H T ( 1 )  * I 
COUNT = F L O A T ( L C 0 U N T )  / TCOU!IT 
RBXTT ( 6  ,80) CGtJliT, JCOUMT 
ICOUHT = 0 
J C 3 U N T  = 0 
STAT = STATX 
? P I T S  ( 6  ,901 

30 4 0  I = 1, 60 

0 

C 2 2 3 2  ?YZ CO!JYTl:BS A33 S 2 r  SLAG3 PO3 C U P R Z N T  S T A i ' I O N  TO :cl,k' S T A ' i ' i O k  

Y O  K O U Y T ( 1 )  = 0 
C 

I N D E X  = J'JLBAP ( I n , I D , I Y )  
END I F  
70 T3 7 )  

C THE P3LLCWIUS C O D E S  REPEATS S 0 3 d  OF TifE Ai3OVB. 
c IT HISDLES r x  CUR,SEIT C A S E  P H E N  E N D  OF FILE O N  U N I T  3 

50 WRIT3 (6,100) STAT, ICOUEIT 
I F  (KOUzJT ( i o )  .NE. d )  THZN 

IN = 0 
W E I T E  (6,130) rN, K O U N T ( ~ O )  

52iD IF 

DO 60 I = 1, 58 
C 

60 IF (KOUNT(1) . WE. 0) WRITE (6,130) I, K O U N T ( 1 )  
C 

IF ( K O U H r  ( 5 9 )  .YE. 0) WT.7TZ (6,140) KOUNT(59)  
LCOUNT = 0 

DO 70 I = 1, 58 
C 

70 LCOUNT = LCOUNT + K O U N T ( 1 )  * I 
COUNT = P L O A T ( L C 0 U N T )  / ICOUNT 
W2ITE (6,80) COUNT, JCOUNT 
WRITE (6 ,90)  
STOP 

C 

80 FORMAT ('O', ' AVERAGE SAMPLING Ih lTESVAL= 1, F7.2, /// 

90 FORMAT ('l'/, 'SAMPLE D A T E S  AFTER PlORE T H A H  10 DAYS'//) 
1 1 NUflBEA OF SIMULATED RECORDS= ' , 13) 

100 FOBHAT (101, A12,  5x8 'TOTAL S A R P L E S ' ,  15, //) 
110 FORRAT (A12, 612, lOGl6.7/10G1~.7/10~1~.7/1~~~~.7/10~1~.7) 
1 2 9  I " O R 3 X T  ( I  3i3) 
130 F O R i l B T  ( 9  I ,  'NUi lBER O F  S A d P L E 5  AT ', 13, ' n A Y  I N T Z B V A L  1 ,  18)  
140 FORMAT ( t o ' ,  '*****SBHPLES AT EXTREME FRZ?UEMCY*+* ', 18) 

END 
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Appendix 2 D e t a i l e d  ou tpu t  from program l i s t e d  i n  Appendix 1 us ing  t h e  

data  from t h e  t e n  h i g h  frequency mon i to r i ng  s i t e s  and t h e  

necessary s imulated observations. 

I 

I 

I 
8 
I 
c 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

a 12 8 0  
29 12 80  
26 1 81  

1 6 8 1  
28  7 81 

00YT09AH0001 TOTAL SAMPLES 155 

NUMBER OF 
NUMBER OF 
NUMBER OF 
NUMBER OF 
NUMBER OF 
NUMBER OF 
NWBER OF 
NUMBER OF 
NUMBZR OF 

SAXTLES 
SAMPLZS 
SAMPLES 
SAMPLES 
S AMP's E S 
SAMPLSS 
s .4YF 32 s 
SAMPLES 
SAMPLES 

AT 3 DAY 
AT 4 DAY 
AT 5 DAY 
AT 6 DAY 
AT 7 DAY 

AT 9 DAY 
AT 10 DAY 
AT 11 DAY 

AT a DAY 

INTERVAL 

INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 

INTERVAL 

AVERAGE SAMPLING INTERVAL= 6.99 

NUMBER OF SIMULATED RECORDS= 1 

2 
3 
4 

23 
91 
23 

4 
4 
1 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

13 
21 
12 
1 1  
22  
2 5  
1 4  
10 
20  
2 7  
2 4  

9 
10 
1 1  

1 
2 
3 
5 
6 
6 
7 
9 

82  
8 2  
8 2  
83  
83  
83  

0 3  
83  
3 3  
83 

a 3  

OOAKo9EDooo1 TOTAL SAMPLES 3 3  

NUMBER OF SAMPLSS AT 3 DAY 
NUMBER OF SAM2LES AT 5 DAY 
NUMBER OF SAMPLES AT 6 DAY 
NUMBER OF SAMPLES AT 7 DAY 
NUMBER OF SAMPLES AT 8 DAY 
NUMBER OF SAMPLES AT 9 DAY 
NUMBER OF SAMPLES AT 10 DAY 
NUMBER OF SAMPLES AT 12 DAY 
NUMBER OF SAMPLES AT 14 DAY 
NUMBER OF SAMPLES AT 15 DAY 
NUMBER OF SAMPLES AT 18 DAY 
NUMBER OF SAMPLES AT 31 DAY 
NUMBER OF SAMPLES AT 33 DAY 
NUMBER OF SAMPLES AT 37 DAY 
NUMBER OF SAMPLES AT 45  DAY 

INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
INTERVAL 
I NTERVAL 

*****SAMPLES AT EXTREME FREQUENCY*** 

AVERAGE SAMPLING INTERVAL= 11.36 

NUMBER OF SIMULATED RECORDS= 0 

1 
2 
6 

10 
1 
2 
1 
1 
1 
2 
1 
1 
1 
1 
1 

1 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

00YT09AB0006 TOTAL SAMPLES 168 

NUMBER OF SAFPLES AT 3 DAY INTERVAL 1 
NUMBER OF SAF1LES AT 4 DAY INTERVAL 2 
NUMBER OF SAHXES AT 6 DAY INTERVAL 10 
NTJMSER OF SAHTLE',S AT 7 DAY INTERVAL 143 
NUMBER OF SAPLES AT 8 DAY INTERVAL 1 1  
NUMBER OF SAMPLZS AT 9 DAY INTERVAL 1 

AVERAGE SAMPLING INTERVAL= 6.96 

NUMBER OF SIMULATE9 P,ECOEIDS= 2 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

00YT09EA0001 TOTAL SAMPLES 55 

NUMBER OF SAXTLES AT 5 DAY INTERVAL 
NUMBER OF SAMF’LES AT 6 DAY INTERVAL 
NUMBER OF S A W L Z S  AT 7 DAY INTERVAL 
NUMBER OF SAMPLES AT 8 DAY INTERVAL 
NUMBER OF SAM?LZS AT 9 DAY INTERVAL 

AVERAGE SAMPLING INTERVAL= 7.04 

NUMBER OF SINLATED RXORDS= 2 

1 
2 

48 
2 
2 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

5 2 8 3  

00YT09BC0002 TOTAL SAMPLES 55 

NUMBER OF SAM?LES AT 4 DAY INTERVAL 
NUMBER OF S A Y 3 5 3 S  AT 5 DAY INTERVAL 
NUMBER OF SkX?LES AT 6 DAY INTERVAL 
NUMBER OF SAMPLES AT 7 DAY INTERVAL 
NUN322 O? SA!QL23 AT 8 S A Y  INTERVAL 
NUMBER OF SP.M?LES AT 9 DAY INTERVAL 
NUMBER OF SE.WLES AT re DAY INTERVAL 

AVERAGE SAMPLING INTERVAL= 7.00 

h’UMBE2 OF SIHULATZD RSCORDS= 2 

1 
6 
1 

39 
1 
6 
1 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

16 
30  
14  
29  
10 
25  
10 
23 

5 
21 

3 
18 

3 
17  
31 
1 4  
28  
12 
27 
9 

23 
7 

23 
4 

18 
1 

16 

9 
9 

10 
10 
1 1  
1 1  
12 
12 

1 
1 
2 
2 
3 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
8 
9 
9 

00YT09AH0012 

8 2  
8 2  
82  
8 2  
82  
8 2  
82  
8 2  
83  
83 
83 
83  
83  
83  
a3 
a3  
83  
83  
83  
83  
83  
83  
83  

83  
83  
83  

a3 

TOTAL SAMPLES 27 

NUMBER OF SAMPLES AT 12 DAY INTERVAL 2 
NUMBER OF SAMPLES AT 13 DAY INTERVAL 6 
NUMBER OF SAMPLES AT 14 DAY INTERVAL 1 1  
NUMBER OF SAMPLES AT 15 DAY INTERVAL 6 
NUMBER OF SAMPLES AT 16 DAY INTERVAL 2 

AVERAGE SAMPLING INTERVAL= 14.00 

NUMBER OF SIMULATED RECORDS= 0 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

23 
7 

21 
5 

18 
2 

16  
30  
1 3  
27  
10 
24  
10 
2 4  

7 
21 

5 
19 

2 
16 
30 
1 4  
28 
1 1  
2 5  

8 
22  

9 
10 
10  
1 1  
1 1  
12 
12 
12 

1 

2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
6 
7 
7 
8 
8 
9 
9 

. 
1 

00YT09AC0001 

8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
8 2  
3 3  
83 
8 3  
83  
8 3  

83  
83  
83  
a 3  
83  
83  
0 3  
8 3  
8 3  
8 3  
83  
83  
8 3  

a3 

TOTAL SAMPLES 27 

NUMBER OF SAMPLES AT 13 DAY INTERVAL 1 
NUMBER OF SAMPLES AT 14 DAY INTERVAL 25 
NUMBER OF SAMPLES AT 15 DAY INTERVAL 1 

AVERAGE SAMPLING INTERVAL= 14.00 

NUMBER OF SIMULATED RECORDS= 0 



SAMPLE DATES AFTER MORE THAN 10 DAYS 

2 3  
7 

21  
4 

18 
2 
16 
3 0  
13 
27 
10 
2 4  
10 
2 4  

7 
21  

5 
19 

2 
16 
30 
14 
29 
1 1  
2 5  

€3 
2 2  

9 
10 
10 
1 1  
1 1  
1 2  
1 2  
12  

1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
6 
7 
7 
8 
8 
9 
9 

00YT09AB0008 

8 2  
8 2  
8 2  
82 
82 
8 2  
8 2  
8 2  
8 3  
8 3  
83 
83 
83 
83 
8 3  
8 3  
83 
83 
83 
83 
83 
83 
83 
83 
83 
83 
83 

TOTAL SAMPLES 27 

NUMBER OF SAMPLES AT 13 DAY INTERVAL 1 
NUMBER OF SAMPLES AT 1 4  DAY INTERVAL 2 5  
NUMBER OF SAMPLES AT 15 DAY INTERVAL 1 

AVERAGE SAMPLING INTERVAL= 14.00 

NUMBER OF SIMULATED RECORDS= 0 



- 29 - 

Appendix 3 L i s t i n g  o f  F o r t r a n  77 program used t o  d e t e r m i n e  t h e  optimum 

sampl ing  f r equency  f o r  f u t u r e  m o n i t o r i n g  and  t h e  n e c e s s a r y  

s u b r o u t i n e s .  



.$ t i n c j  

1 

3 
4 
5 
f-> 

7 
9 
3 

10 
i f  
12 
13 
1 4  
IS 
15 
17 
18 
19  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34  
35 
36 
37 
38 
39 
40 
4 1  
Q2 
43 
14 
q 5 
46 
117 
U 3  
5 9  
53 
51 
52 
5 3  
54 
5 5 
5 5 
57 
58 

3 



. 
. I .. - 1 .  , 

z, ! 

3 'J 

6 1 
C %  
6. 3 
G L  
6 5  
6 t 3  

Ea 7 
62  
6 ,> 
7i; 
71 
72 
73  
74 
75 
li; 
77 
7 8  
79 
80 
81 
82 
8 3  
64 
85  
85 
87 

89 
90 
'31 
91.' 
9 3  
9i l  
95 
96 
97 
98 
99 

100 
1 0 1  
1 !> 2 
1 I) 3 
1 9 4  
105  
106  
1 0 7  
'1 ot! 
109 
1.1 9 
111 
1 1 2  
1 1 :3 
114 
1 1 5  
116 

. .  

- 

8a 

r 

5.3 
C 

c 

C 

6 G  
C 

C 

7 0  
L' 

R O  

! ; C O ? ; T  = i:: (1) - 2 

C A L L  D I P , C Z ? ( Y ,  12, 1, Y, I T O ? ,  5 0 )  

A i l A Y ?  = A 8 : I A X  (Y, 1 1 )  
AY A i 2  = A i i  A A X  ( Z ,  1 2 )  

ZY1 = :? + 1 
APFGB = C O R S I G  ( A Y A Y Z ,  HCOUNT) 
I F  ( A P S O 9  .LZ, 0 . 0 5 )  TtIE3 

D3 7 0  K = 1 ,  1 2  

7:P ( A P 9  .L3. 0.05) !??IT2 (6,169) Z ( i ( ) ,  A ? R ,  t( 
APE = C O R S I G  ( 2  (E) ,NCO[JNT) 

I 
I 
r 
.I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
1 
I 
I 



1 1 7  
1 ! >  
119 
1 2 0  
1 2 1  
7 22 
1 2 3  
1 2 4  
125 
1 2 6  
117 
1 2 3  
1 2 9  
131) 
7 3 1  
1.32 
1 3 3  
i 31. 
135 
1 3 6  
137 
13a  
1 3 9  
1 4 0  
l q l  
142 
143  
1 Q 4  
1 4 5  
1 4 6  
1117 
1 4 8  
199 
150 
1 5 1  
152 
153 
154  
155  
156 
157 
1 5 8  
159 
! A{)  

1 '- 1 
1 5 2  
163 
1 6 4  
1 r,5 
1 iib 
167 
1 6, 9 

c 
c. - 

121: 
C 

C 

C 

1 3 0 
C 

C 

1 4 3  
C 

sc0ir:i: = iN( 1) - 2 

D G  1 4 0  IC = 1, 12 
APR = C O R S I G  (7- (K) ,!4CC;UbT) 

IF ( ? ? :  *LE. 0.35)  Z G I T Z  (6 ,150)  T ( i ( ) ,  J ? ? ,  r 



 stir,^ of L I S  a t  11:51:46 on NOV 2 3 ,  1983 f o r  CCid=WQEC 

1 
2 
3 
4 
5 
6 
7 

3 
li) 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
21.5 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
3 2  
33 
34  
35 
36 
37 

39 
40 
4 5  
47 
Q 2  
b9 
so 
51 
52 
53 
5L; 
55 
5 6  
57 
58 
5 9 
61) 
61 
62 

a 

38 



I 

B 
I 
I 
I 

1 
I 
8 
1 
I 

i. 

i 

i 
i 
I 
I 
I 
I 
i 

s t i p ~ j  of  L T B  a t  11:01:46 on N O V  23, 1 9 5 3  f o r  C C i d = Y Q X  

63  
2 4 

6 5  
66 
57 
6 8  
69 
7i) 
7 1  
72 
73 
7 4  
75 
76 
7 7  
78  
79 
33  
81 
8 2  
83 
34 

86 
87 
88 
89 
90 
91 

.i 92  
9 3  
94 
95 
96 
37 
98 
99 

1 0 0  
1 9 1  
1 0 2  
103  
1 0 4  
105  
i 35  
1 3 7  
108 
109 
110  
1 1 1  
i i 2  
1 1 3  
1 1 4  
1 1 5  
116  
1 1 7  
7 1d 
119 
123 

a5 



-.: t i cg 

121 
1 2 2  
1 2 3  
124 
1 2 5  
126 
127 

129 
130 
1 3 1  
132 
1 3 3  
1 3 4  
135 
136 
137 
1 3 8  
139 
1 4 3  
141 
142 
1 0 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
148 
149 
1 so 
151 
152 
153 
154 
1 5 5  
156 
1 5 7  
158 
1 5 9  
160 
161 
162 
163  
164 
'I 55  
15; 
167 
1 6 8  
1 6 9  
173 
171 
172 
173 
174 
1 7 5  
1 7 6  
'1 7 7  
1 7 8  

1 2 8  

of L I B  a t  11:01:46 o n  NOV 23, 1 9 3 3  f o r  C C i d = b i Q B C  

D1:fEMSIOEJ X (N) , Y (H) , INDEX(N) 
DO 20  J = 1, 12 

xsuil = 0.0 
I N  = 0 

30 10 I = 13, N 
X S U M  = XSUH + (x(I) - X(I - J)) +* z 
rri = IN + 1 

1 0  CONTINUE 

Y [J) = SQRT(XSU!l/IN) 
WRITE (19,30)  J, Y (5) 

20  I N D E X ( J )  = IN 

RETURN 

EN D 
SUBRQUTrNE ZSCORE (ARRIN,  N) 

30 FORdAT ( *  * ,  15, P13-5) 



: t i l :  j 

179  
1 qn 
1 d 1  
182 
183 
1 8 4  
185 
186 
187  
188 
189 
130 
191 
192 
193 
1 9 4  
195 
196 
197 
1 9 5  
199 
2 00 
201 
202 
203 
204 
205 
206 
207 
2 08 
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of  L I E  a t  11:Cilr46 on N O V  23, 1983 f o r  C C i d = W Q i l C  

3 1 3 Z ~ l S I O X  A I C Y ( M )  
SRIYIN = A I N ( 1 )  

DO 10 I = 2, N 
C 

10  iP ( A I : I ( I )  ,GT, hR?¶IEI) A R M I N  = A I ? l [ I )  
C 

R ET U E tJ 
END 
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Appendix h Detailed o u t p u t  f rom the program l i s ted  i n  Appendix 3 u s i n g  

the da ta  from t h e  t h i r t e e n  d a t a  se ts  described i n  t h e  t ex t .  
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