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SUBJECT: Inst i tuteReport5130,  2 6 -  " E f f e c t o f  Law-Flow 
Hydrologic Regimes on Water Qua1 i t y  Pknagernent " 

This s tudy con t r ibu tes  s i g n i f i c a n t l y  t o  t h e  knowledge of low stream 
flows and t h e i r  e f f e c t  on water  q u a l i t y  management i n  Uorth Carolina. 
Low-flow data  from 37 gauging s t a t i o n s  wi th  a t  l e a s t  25 years  of records  
were used i n  t h e  study, 

Stream and e f f l u e n t  s tandards a r e  usua l ly  geared t o  low flows. This  
s tudy focuses on t h e  behavior of both annual minimum flows of v a r i a b l e  
dura t ion  and t h e  c h a r a c t e r i s t i c s  of flows i n  f ixed  low-flow season, 

The i n v e s t i g a t o r  concludes t h a t  t h e  design and performance s tandards  
based on seven-day, ten-year  low flow a r e  equ i t ab le  f o r  most streams, 
but ignore t h e  mark v a r i a b i l i t y  between d i f f e r e n t  streams. Seven-day 
averaging was not found t o  provide a t r u e  i n d i c a t i o n  of many p o l l u t i o n  
e f f e c t s ,  Nu l t ip l e  s tandards  specizying t h e  requirements f o r  d i f f e r e n t  
dura t ions  may be necessary, 

The r e p o r t  r evea l s  the  need f o r  a  more soph i s t i ca t ed  approach t o  monitoring 
of water  q u a l i t y  c h a r a c t c r i o t i c s .  It concludes t h a t  a d e t a i l e d  knowledge 
of t h e  water  q u a l i t y  behavior of a  few streams may be more use fu l  than  
t h e  p a r t i a l  knowledse based on a few grab samples on many streams. A 
poss ib le  framewosk f o r  a conceptual model t o  p r e d i c t  water  q u a l i t y  i n  a  
stream i s  presented.  
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SUMMARY AND CONCLUSIONS 

Low-flow d a t a  from th i r ty-seven  gauging s t a t i o n s  loca t ed  i n  North 

Caro l ina  w i t h  a t  l e a s t  twenty-five y e a r s  of record  and wi th  no s i g n i f i -  

c a n t  r e g u l a t i o n  were s e l e c t e d  f o r  a n a l y s i s ,  This  r e p r e s e n t s  a  f a i r l y  

l a r g e  range i n  dra inage  a r e a s ,  streamflows, s t ream s lopes  and under ly ing  

rocks,  Severa l  smal l  s t reams were included i n  t h e  s tudy  because i t  i s  

he re  t h a t  the  cond i t i ons  a r e  q u i t e  c r i t i c a l  from t h e  p o i n t  of view s f  

water  q u a l i t y  and q u a n t i t y ,  Small s t reams s e r v e  a s  t h e  source  of water  

supply and a s  r ece iv ing  wa te r s  f o r  t h e  t r e a t e d  o r  un t r ea t ed  was tes ,  

Low-flow da ta  were analyzed i n  s e v e r a l  d i f f e r e n t  ways: (a) by 

s tudying  t h e  c h a r a c t e r i s t i c s  of empi r i ca l  cumulative d i s t r i b u t i o n s  o r  

d u r a t i o n  curves ,  (b) by p o s t u l a t i n g  s e v e r a l  under ly ing  t h e o r e t i c a l  d i s -  

t r i b u t i o n s ,  and (c) by t h e  techniques of t ime-ser ies  a n a l y s i s  assuming 

l i n e a r  a u t o r e g r e s s i v e  schemes of t h e  f i r s t  and second o r d e r ,  Water 

q u a l i t y  and p o l l u t i o n  parameters  p e r t i n e n t  to t h e  emerging needs s f  

water  q u a l i t y  management were examined and t h e i r  r e l a t i o n s h i p  t o  s t ream 

and flow f a c t o r s  explored,  The re levance  and s u i t a b i l i t y  of t h e  e x i s t i n g  

water  q u a l i t y  d a t a  were cons idered ,  A p o s s i b l e  framework f o r  a  conceptua l  

water  q u a l i t y  management model i s c o r p o r a ~ f n g  both  t h e  q u a n t i t y  and q u a l i t y  

a s p e c t s  was evolved, 

Some streams show an  excep t iona l ly  l a r g e  v a r i a t i o n  between t h e  

extremes of low f lows;  o t h e r s  exhibit a  moderate v a r i a b i l i t y  and have 

r e l a t i v e l y  high sus t a ined  f lows,  There i s  non-uniformity of  e f f e c t  on 

d i f f e r e n t  s t reams 0% a p a r t i c u l a r  drought year ,  The long-term average 

d ischarge  f o r  a s p e c i f i c  percentage  of t ime shows wide v a r i a t i o n  i n  

i n d i v i d u a l  yea r s  f o r  t h e  t h r e e  physiographic r eg ions  and f o r  s t reams w i t h i n  

a  given physiographic reg ion ,  On t h e  average,  t h e  d u r a t i o n  curves f o r  

t h e  Blue Ridge Province have l a r g e r  f lows and e x h i b i t  r e l a t i v e l y  s m a l l e s t  

v a r i a b i l i t y ,  The Piedmont Province shows t h e  g r e a t e s t  v a r i a b i l i t y  and 

in t e rmed ia t e  f lowso The Coas ta l  P l a i n  Province has ,  on t h e  average,  

lowest flows b u t  i n t e rmed ia t e  v a r i a b i l i t y ,  Streams having the  same 

type of  underaying rocks show d i v e r s e  behavior ,  The v a r i a b i l i t y  is,  

i n  p a r t ,  due to t h e  d i f f e r e n c e s  i n  s t o r a g e  c a p a c i t y  of rocks and because 

of d i f f e r e n t  p a t t e r n s  s f  summer thunderstorm a c t i v i t y ,  
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The degree t o  which t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of low f lows has t o  

b e  known depends on the  s p e c i f i c  requirements  of t he  problem being 

solved. Not a l l  problems i n  water  q u a l i t y  management r e q u i r e  complete 

s p e c i f i c a t i o n  of t h e  d i s t r i b u t i o n ,  Usual ly,  more than one t h e o r e t i c a l  

p r o b a b i l i t y  d i s t r i b u t i o n  e x h i b i t s  good agreement w i t h i n  the  range of 

observed da t a  a t  a  gauging s t a t i o n ,  There is  no s i n g l e  d i s t r i b u t i o n  

which i s  uniformly b e t t e r  i n  a l l  cases ,  The method of maximum l i k e l i -  

hood provides the b e s t  va lues  of the  parameters  and should be t h e  pre- 

f e r r e d  procedure,  The c r i t e r i o n  f o r  t he  goodness of f i t  should no t  be 

t h e  chi-square t e s t  which i s  n o t  d i sc r imina t ing  enough bu t  t he  Kolmogorov 

c r i t e r i o n  of maximum discrepancy between t h e  empi r i ca l  and t h e o r e t i c a l  

d i s t r i b u t i o n s  o r  on t h e  b a s i s  of skewness-kurtosis va lues ,  I t  appears  

t h a t  sampling e r r o r s  a r e  more c r i t i c a l  than t h e  choice  of d i s t r i b u t i o n ,  

I n  s e v e r a l  ca ses ,  a  three-parameter d i s t r i b u t i o n  provided a  b e t t e r  f i t  

than a  two-parameter d i s t r i b u t i o n ,  Streams wi th  extremely sma l l  o r  zero  

low f lows have t o  be  considered on an i n d i v i d u a l  b a s i s ,  

There a r e  s e v e r a l  t h e o r e t i c a l  a s  we l l  a s  p r a c t i c a l  reasons  f o r  

s e l e c t i n g  Weibull  d i s t r i b u t i o n  a s  the  d i s t r i b u t i o n  governing low f lows.  

The s tudy shows t h a t  t h e  Weibull  d i s t r i b u t i o n  can l ead  t o  reasonably 

a c c u r a t e  r e l a t i o n s h i p s  f o r  p r e d i c t i n g  the  c h a r a c t e r i s t i c s  of n a t u r a l  low 

flows a t  a  gauging s i t e ,  The method of maximum l i k e l i h o o d  g ives  b e t t e r  

e s t i m a t e s  of t h e  parameters  than the   umbel's modified method of moments 

which i s  i n e f f i c i e n t ,  North Caro l ina  s t reams show wide v a r i a t i o n  i n  t h e  

va lues  of t h e  parameters ,  Attempts t o  c o r r e l a t e  Weibull  parameters  

w i th  p h y s i c a l  c h a r a c t e r i s t i c s  have been r e l a t i v e l y  unsuccessfu l ,  

An adequate  d e s c r i p t i o n  of low flow, and i t s  consequences, r e q u i r e s  

s p e c i f i c a t i o n  of t h r e e  dimensions: magnitude, frequency o r  r e t u r n  per iod  

and du ra t ion ,  The v a r i a b i l i t y  of seven-day minimum annual  f lows f o r  

va r ious  r e t u r n  p e r i o d s  i n d i c a t e s  t h a t  t h e  s p e c i f i c a t i o n  of a  unique 

r e l a t i o n s h i p  between r e t u r n  per iod  and minimum flows i s  i n s u f f i c i e n t .  

The sampling e r r o r s  a r e  s i g n i f i c a n t  and should be  taken i n t o  account ,  

The v a r i a t i o n  of low-flow magnitude wi th  d u r a t i o n  can be  expressed a s  a  

func t ion  of d u r a t i o n  t~ an exponent. The exponent depends on t h e  s tandard  

geometr ic  d i s t r i b u t i o n  i f  t h e  f low i s  lognormally d i s t r i b u t e d ,  o r  on t h e  

shape parameter i n  t h e  case  of Weibull  d i s t r i b u t i o n ,  There a r e  s i g n i f i c a n t  



d i f f e rences  i n  t he  l o c a t i o n  and s c a l e  parameters  f o r  va r ious  du ra t ions ,  

a l though the  shape parameter of t h e  d i s t r i b u t i o n  remains r e l a t i v e l y  

cons t a n t  a 

The choice  of an appropr i a t e  t ime per iod  f o r  a n a l y s i s  and of t h e  

sampling i n t e r v a l  f o r  monitor ing i s  considered i n  terms of streamflow, 

water  q u a l i t y  and p o l l u t i o n  parameters ,  and p o l l u t i o n  e f f e c t s ,  The 

conclusion i s  t h a t  t h e r e  i s  no s i n g l e  t ime pe r iod  t h a t  s a t i s f i e s  a l l  t he  

requirements ,  A comprehensive s tudy  f o r  water  q u a l i t y  management w i l l  

r e q u i r e  simultaneous cons ide ra t ion  of s e v e r a l  t ime per iods  ranging  from 

a few hours  t o  a year ,  A seven-day per iod  i s  a good compromise f o r  many 

q u a l i t y  and flow parameters ,  Funct iona l  r e l a t i o n s h i p s  between t h e  extreme 

va lues  and t h e  weekly averages should be developed f o r  t h e  parameters  

r e q u i r i n g  s h o r t e r  averaging  i n t e r v a l s ,  Monthly and seasona l  averages  do 

n o t  g ive  s a t i s f a c t o r y  d e s c r i p t i o n  of v a r i a b i l i t y  f o r  water -qua l i ty  

management, 

The design and performance s t anda rds  based on seven-day, ten-year 

low flow a r e  e q u i t a b l e  i n  t he  sense  t h a t  fox  a v a s t  ma jo r i t y  of s t reams 

i n  North Caro l ina  t h i s  r e p r e s e n t s  t h e  flow a v a i l a b l e  99 pe rcen t  of t h e  

t ime, They, however, ignore  a very  important  dimension, The v a r i a b i l i t y  

of t h i s  p e r c e n t i l e  is  n o t  cons tan t  f o r  a l l  s t reams,  I n  i n d i v i d u a l  y e a r s  

t h e  frequency,  magnitude and du ra t ion  of depa r tu re s  from t h e  d e s i r e d  

s t a t e ,  o r  s t anda rd ,  a r r i v e d  a t  on t h i s  b a s i s  i s  markedly d i f f e r e n t  on 

d i f f e r e n t  s t reams,  A s t anda rd  which equa l i ze s  r i s k  of v i o l a t i o n  s h a l l  

have t o  t a k e  bo th  t h e  magnitude and va r i ance  of t h e  des ign  flow i n t o  

cons ide ra t ion ,  Furthermore, a s tudy  of t h e  t iming of occurrence of seven- 

day low f lows a long  wi th  t h e  v a r i a t i o n  i n  environmental f a c t o r s  ( e , g , ,  

temperature) and the  changes i n  q u a l i t y  and p o l l u t i o n  parameters  i n  a 

stream i n d i c a t e s  t h a t  t h e  most c r i t i c a l  cond i t i ons  a r e  n o t  n e c e s s a r i l y  

co inc ident  wi th  per iods  of minimum flow, Seven-day averaging does n o t  

g i v e  a t r u e  i n d i c a t i o n  of many p o l l u t i o n  e f f e c t s ,  Mul t ip l e  s t anda rds  

spec i fy ing  the  requirements  f o r  d i f f e r e n t  du ra t ions  may be  necessary ,  

Limited experimentat ion wi th  d i f f e r e n t  models on the  d a t a  included 

i n  t h i s  s tudy  l e a d s  t o  t h e  conelusion t h a t  l i n e a r  au to reg res s ive  schemes 

may be adopted a s  a reasonable r e p r e s e n t a t i o n  of  t h e  annual  minimum flows,  

For a ma jo r i t y  of t h e  s t reams t h e  f i r s t  o rde r  process  i s  adequate  t o  

desc r ibe  the  da t a ;  f o r  a few s t reams,  a second o rde r  model i s  r equ i r ed ,  
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The h i s t o r i c a l  d a t a  was subdivided i n t o  e x p l i c i t  non-overlapping 

weekly pe r iods  f o r  t h e  t h r e e  gauging s t a t i o n s  on t h e  Neuse River and f o r  

t he  French Broad River a t  Ashevi l le ,  The power spectrum of weekly f lows 

f o r  t h e  Neuse River i n d i c a t e s  t h a t  w e l l  over 90 percent  of t h e  t o t a l  

va r i ance  i s  accounted f o r  by t h e  two harmonics corresponding t o  t h e  

y e a r l y  and ha l f -yea r ly  pe r iods ,  For t h e  French Broad River  a t  Ashev i l l e ,  

a  second o r d e r  au to reg res s ive  scheme was adequate  except  f o r  t h e  lower 

end of t h e  low f lows,  The d u r a t i o n  of low f lows of t h e  h i s t o r i c a l  record  

were no t  reproduced, There appears  t o  be no a l t e r n a t i v e  except  t o  use 

the  more s o p h i s t i c a t e d ,  s ta te -of - the-ar t  models f o r  t h e  genera t ion  of a  

sequence of low f lows which w i l l  p r e se rve  t h e  d u r a t i o n  d i s t r i b u t i o n  of 

t h e  h i s t o r i c a l  record ,  

There is  need t o  d e s c r i b e  and p r e d i c t  i n  a  sys temat ic  f a sh ion  t h e  

temporal v a r i a t i o n  of a q u a l i t y  c o n s t i t u e n t  a t  a  given p o i n t  on a  s t ream 

and i t s  s p a t i a l  d i s t r i b u t i o n  a long  t h e  a x i s  of flow, The cha in  t h a t  

j o i n s  t h e  low-flow magnitudes t o  water  q u a l i t y  parameters  i s  composed of 

many l i n k s ,  h igh ly  complex and v a r i e d ,  With ve ry  few except ions ,  s t ream 

and flow c h a r a c t e r i s t i c s  a r e  very  c l o s e l y  r e l a t e d  t o  t h e  behavior  of 

q u a l i t y  parameters ,  Dissolved s o l i d s ,  conduc t iv i ty ,  n u t r i e n t s  and reaera-  

t i o n  r a t e s  and t o  some e x t e n t  pH f l u c t u a t e  i n v e r s e l y  a s  t h e  r a t e  of flow, 

Suspended s o l i d s  and t u r b i d i t y  show a  d i r e c t  r e l a t i o n s h i p ,  There appears  

t o  be no r e g u l a r  v a r i a t i o n  of B , O , D ,  and co l i form s t a t i s t i c s  w i th  flow. 

Equal ly a s  important  a s  the  concen t r a t ions  of a  p o l l u t a n t  a r e  t h e  r a t e s  

of i t s  d ischarge  and t o t a l  load dur ing  a  s p e c i f i e d  pe r iod  of t ime,  These 

a r e  e v i d e n t l y  func t ions  of flow r a t e s ,  

The temporal d i s t r i b u t i o n  of many q u a l i t y  parameters  is  h igh ly  skewed, 

In  s e v e r a l  ca ses ,  t h e  s tandard  dev ia t ions  are equal  t o  g r e a t e r  than  t h e  

mean, A t t en t ion  should be  given both  t o  t h e  extreme and average va lues .  

The e x i s t i n g  d a t a  do no t  permit t h e  s p e c i f i c a t i o n  of d i u r n a l ,  seasonal  

and annual  f l u c t u a t i o n s  of water  q u a l i t y  parameters ,  The d i s t r i b u t i o n  of 

t h e  concen t r a t ion  of va r ious  q u a l i t y  parameters  needs t o  be s t u d i e d  and 

c o r r e l a t e d  wi th  t h e  d i s t r i b u t i o n  of f lows,  M u l t i v a r i a t e  a n a l y s i s  t o  dig- 

cover r e l a t i o n s h i p s  between q u a l i t y  parameters  and flow and among q u a l i t y  

parameters  themselves w i l l  be i nva luab le  i n  the  des ign  of water  q u a l i t y  

network and i n  making f u t u r e  q u a l i t y  p r e d i c t i o n s ,  
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The emphasis i n  water  q u a l i t y  management has  s h i f t e d  t o  n u t r i e n t s ,  

t r a c e  elements,  thermal  p o l l u t i o n  and e c o l o g i c a l  impact, The r e l a t i v e  

s i g n i f i c a n c e  of va r ious  c o n s t i t u e n t s  has  undergone a  change a s  w e l l ,  

The cu r ren t  p r a c t i c e  wi th  r e spec t  t o  sampling and measurement of  q u a l i t y  

parameters  does n o t  provide s u f f i c i e n t  d a t a  t o  d e s c r i b e  adequate ly  t h e  

phys i ca l  and b i o l o g i c a l  response of s t reams,  There i s  need f o r  a  wel l-  

planned, improved and more s o p h i s t i c a t e d  approach t o  monitor ing of q u a l i t y  

c h a r a c t e r i s t i c s ,  The d e t a i l e d  knowledge of t h e  water  q u a l i t y  behavior  

of a  few streams may be  more u s e f u l  than t h e  p a r t i a l  knowledge based 

on a  few grab samples on many streams,  The water  q u a l i t y  network should 

n o t  be regarded a s  a  f i x e d  e n t i t y  bu t  should be  modified wi th  t h e  s t a t e  

of knowledge, The complete record s t a t i o n s  need only  be maintained long 

enough t o  d e f i n e  the  d i s t r i b u t i o n  of q u a l i t y  parameters ,  

A p o s s i b l e  framework f o r  a conceptua l  model t o  p r e d i c t  water  q u a l i t y  

i n  a  s t ream i s  presented ,  A management model should be capable  of incor -  

p o r a t i n g  s imultaneously s e v e r a l  q u a l i t y  parameters ,  waste  c h a r a c t e r i s t i c s ,  

and environmental f a c t o r s ,  It should t ake  cognizance of the  i n t e r a c t i o n  

between phys i ca l ,  chemical and b i o l o g i c a l  processes  and between v a r i o u s  

management a l t e r n a t i v e s ,  To make t h e  problem t r a c t a b l e ,  t h e  g r e a t e s t  

promise l i e s  i n  decomposition, The sources  should be  d iv ided  i n t o  p o i n t  

and d i f f u s e d  c a t e g o r i e s ,  Biochemical degrada t ion  should cons ider  s e v e r a l  

t ime cons t an t s ,  The s t reams should be  sec t ioned  i n t o  s e v e r a l  segments 

depending on developed, undeveloped, rural-urban,  and in l and-es tua r ine  

i n t e r f a c e s ,  Simultaneous cons ide ra t ion  of minimum flows and temperatures  

r evea l s  t h a t  t he  c r i t i c a l  cond i t i ons  on many streams would be a t  d i f f e r e n t  - 
t imes of t he  year  than i f  each were considered i n d i v i d u a l l y ,  





Chapter  l 

INTRODUCTION 

In  North C a r o l i n a  today,  as e l sewhere  i n  t h e  Uni ted  S t a t e s ,  streams 

have become an  i m p o r t a n t  i n t e g r a l  component of t h e  t o t a l  w a t e r  s u p p l y ,  

wa te r  p u r i f i c a t i o n  and wastewater  t r e a t m e n t  sys tem,  The t y p e  and magni- 

t u d e  of b e n e f i t s  d e r i v e d  from a s t r e a m  depend on t h e  q u a n t i t y  and q u a l i t y  

of t h e  f l o w s ,  The e x t e n t  of damages i n c u r r e d  i s  r e l a t e d  t o  t h e  degrada-  

t i o n  i n  t h e  q u a l i t y  of i t s  w a t e r s ,  

I n  o r d e r  t o  d e v i s e  a program of w a t e r  q u a l i t y  management, i t  i s  

e s s e n t i a l  t o  de te rmine  t h e  n a t u r e  o f  w a t e r  r e s o u r c e s  of a d r a i n a g e  b a s i n  

as t o  t h e i r  magnitude and s u i t a b i l i t y  f o r  d i f f e r e n t  u s e s ,  The q u a n t i t y  

and q u a l i t y  of s t reamf low are l i a b l e  t o  f l u c t u a t e  from day t o  day, season  

t o  season  and y e a r  t o  y e a r ,  These f l u c t u a t i o n s  may be v e r y  c o n s i d e r a b l e ,  

A p u r e l y  d e t e r m i n i s t i c  approach based  on a v e r a g e s  is  i n a d e q u a t e  t o  d e a l  

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

c o m p l i c a t i o n s  have t o  b e  i n c o r p o r a t e d  i n t o  t h e  a n a l y s i s ,  

The d e s i g n  o f  a w a t e r - q u a l i t y  management sys tem h a s  t o  b e  b a s e d  on 

t h e  lower ranges  of n a t u r a l  f l u c t u a t i o n s  of r u n o f f ,  The w a t e r  q u a l i t y  i s  

g e n e r a l l y  poor  d u r i n g  p e r i o d s  of low f low,  The minimum f l o w  p e r i o d s  a r e  

u s u a l l y  t h e  most c r i t i c a l ,  R e s t r i c t i v e  measures  a r e  promulgated under  

extreme drought  c o n d i t i o n s ,  The a s s i m i l a t i v e  c a p a c i t y  of a s t r e a m  i s  

r e l a t e d  t o  i t s  low-flow regime, The s t r e a m  and e f f l u e n t  s t a n d a r d s  a r e  

u s u a l l y  geared  t o  low f l o w s ,  I n  t h i s  s t u d y  t h e  b e h a v i o r  o f  b o t h  t h e  

annua l  minimum f l o w s  of v a r i a b l e  d u r a t i o n  and t h e  c h a r a c t e r i s t i c s  of 

f lows  i n  f i x e d  low-flow season  a r e  examined, 

The p h y s i c a l  complexi ty  of a  d r a i n a g e  b a s i n  and t h e  l a c k  o f  under- 

s t a n d i n g  of n a t u r a l  p r o c e s s e s  p r e c l u d e  t h e  p o s s i b i l i t y  of s y n t h e s i z i n g  t h e  

d e t a i l e d  b e h a v i o r  o f  low f l o w s  by t h e  a p p l i c a t i o n  of b a s i c  p h y s i c a l  l aws ,  

One i s  f o r c e d  t o  l o o k  a t  t h e  problem from an o v e r a l l  p o i n t  o f  view, t r e a t  

t h e  n a t u r a l  p r o c e s s e s  as "b lack  boxes" w i t h o u t  a t t e m p t i n g  t o  e l a b o r a t e  t h e  

c a u s e - e f f e c t  mechanisms, and t o  a p p l y ,  f o r  t h e  most p a r t ,  s t a t i s t i c a l  

t e c h n i q u e s  t o  e x t r a c t  minimum amounts of i n f o r m a t i o n  f o r  p l a n n i n g  and 

o p e r a t i o n  from t h e  low-flow r e c o r d s ,  An approach based on s t o c h a s t i c  

p r o c e s s e s  i s  adopted i n  t h i s  s t u d y "  



One of t h e  main o b j e c t i v e s  of w a t e r - q u a l i t y  management i s  t o  p r e v e n t  

unwanted p o l l u t a n t  e f f e c t s ,  The c h a i n  t h a t  j o i n s  t h e  low f l o w s  t o  p o l l u -  

t a n t  e f f e c t s  i s  composed of many l i n k s ,  f o r  example, t h e  p h y s i c a l ,  chemical  

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

s t a t e  o f  t echnology  of w a t e r  and was tewate r  t r e a t m e n t .  An a t t e m p t  i s  made 

t o  a r r i v e  a t  t h e  framework of a  q u a n t i t y - q u a l i t y  model, Of n e c e s s i t y ,  t h e  

proposed model i s  ex t remely  rud imenta ry  and l a r g e l y  c o n c e p t u a l ,  Consider-  

a b l e  d a t a  and r e s e a r c h  w i l l  b e  r e q u i r e d  t o  make i t  o p e r a t i o n a l .  

The g o a l s  o f  w a t e r  q u a l i t y  management are u s u a l l y  e x p r e s s e d  i n  

ex t remely  vague terms, The " h i g h e s t  p r a c t i c a b l e  q u a l i t y  of wa te r"  and 
I 1  good environment1' need c o n s i d e r a b l e  i n t e r p r e t a t i o n  b e f o r e  t h e y  can be  

made o p e r a t i o n a l  and s e r v e  as g u i d e s  f o r  a d m i n i s t r a t i v e  a c t i o n  and a n a l y s i s .  

I n v a r i a b l y ,  t h e r e  i s  more t h a n  one p o l i c y  which can a c h i e v e  t h e  r e q u i r e d  

improvement i n  t h e  q u a l i t y  of a stream, Two t y p e s  of approaches  have  been 

sugges ted  f o r  a r r i v i n g  a t  t h e  c o r r e c t  c o u r s e  of a c t i o n  t o  b e  adop ted :  

(a)  o p t i m i z a t i o n  models ,  and (b)  r e c o n c i l i a t i o n  of t h e  s p e c i a l  i n t e r e s t s  

of t h e  p a r t i e s  a f f e c t e d  by a d e c i s i o n ,  

The o p t i m i z a t i o n  models s e e k  t o  maximize o r  minimize a n  economic 

o b j e c t i v e  e x p l i c i t l y ,  Every c o u r s e  of a c t i o n  i m p l i e s  s o c i a l  c o s t s  and 

b e n e f i t s ,  The c o r r e c t  c h o i c e  based  on b a l a n c i n g  t h e  competing v a l u e s  of 

c o s t s  and b e n e f i t s  t o  s o c i e t y  are ex t remely  d i f f i c u l t  t o  a c h i e v e  because  

of incomple te  knowledge a t  p r e s e n t  t o  p e r m i t  a  q u a n t i t a t i v e  c a u s e - e f f e c t  

l i n k  between t h e  u l t i m a t e  o b j e c t i v e s  and t h e  l e v e l s  of d i f f e r e n t  p o l l u -  

t a n t s ,  T h i s  i s  p a r t i c u l a r l y  t r u e  of h e a l t h ,  a e s t h e t i c  and e c o l o g i c a l  

e f f e c t s - - t h r e e  main r e a s o n s  f o r  u n d e r t a k i n g  a program of w a t e r  q u a l i t y  

improvement, Th i s  k i n d  o f  a n a l y s i s  d i s r e g a r d s  s e c t i o n a l  and s p e c i a l  

i n t e r e s t s  of t h e  l o c a l  c o n s t i t u e n t s ,  

I n  t h e  absence  o f  performance measurements and c a u s a l i t y  r e l a t i o n -  

s h i p s  i n  some of t h e  v i t a l  a r e a s  of w a t e r  q u a l i t y  management, g o a l s  must 

b e  e x p r e s s e d  i n  t e rms  of t h e  v i c a r i o u s  p a r a m e t e r s  of w a t e r  q u a l i t y  which 

l e n d  themselves  t o  q u a n t i t a t i v e  s p e c i f i c a t i o n  and measurement, I n  

p r a c t i c e  t h i s  means t h a t  t h e  s t a t e  agency charged w i t h  t h e  management of 

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

( a )  which b e n e f i c i a l  u s e s  t o  p r o t e c t ,  and (b )  which u n d e s i r a b l e  a e s t h e t i c ,  

e c o l o g i c a l ,  h e a l t h  and economic e f f e c t s  of w a t e r  p o l l u t i o n  t o  p r e v e n t .  



Associated wi th  each s t ream use  and p o l l u t i o n  e f f e c t  a r e  water  q u a l i t y  

c h a r a c t e r i s t i c s  which have t o  be p re sc r ibed ,  This assumes t h a t  t h e  

e f f e c t s  of va r ious  p o l l u t a n t  concent ra t ions  and exposure du ra t ions  on 

humans, a q u a t i c  l i f e ,  and proper ty  and m a t e r i a l s  can be determined, 

There i s  a  h igh  degree of unce r t a in ty  i n  t h e  under ly ing  s c i e n t i f i c  pr in-  

c i p l e s  t h a t  a r e  involved i n  e s t a b l i s h i n g  these  s t anda rds ,  Needless t o  say ,  

t h e  t e c h n i c a l  and economic b a s i s  of many s t anda rds  can be quest ioned,  

Despi te  t h i s ,  t he  need remains t h a t  t h e  r egu la to ry  agencies  must be pro- 

vided wi th  q u a n t i t a t i v e  y a r d s t i c k s  w i th  which t o  measure performance and 

compliance, Conventional ly,  t h i s  i s  done by e i t h e r  (1) t h e  development 

of e f f l u e n t  s t anda rds  which e s t a b l i s h  t o l e r a b l e  l i m i t s  f o r  t h e  contami- 

nan t s ,  o r  ( 2 )  s t ream s t anda rds  which spec i fy  t h e  l e v e l s  of water  q u a l i t y  

parameters  f o r  d i f f e r e n t  s e c t i o n s  of a  stream, The imposi t ion of t hese  

po l i cy  c o n s t r a i n t s  by f i a t  p rec ludes  adherence t o  economic e f f i c i e n c y  a s  

an o b j e c t i v e ,  This must be e x p l i c i t l y  recognized i n  cons t ruc t ing  models 

of water  q u a l i t y  management, The development of s tandards  involves  i s s u e s  

of a  bewi lder ing  v a r i e t y  and complexity,  There i s  an i n t e r p l a y  of techni-  

c a l ,  economic, l e g a l ,  s o c i a l  and p o l i t i c a l  f a c t o r s ,  The process  of s e t -  

t i n g  s t anda rds  inc ludes  r econc i l i ng  a  g r e a t  many competing i n t e r e s t s  and 

va lues ,  Obviously, t h e  s e t  of po l i cy  c o n s t r a i n t s  cannot be a r r i v e d  a t  

through any r igo rous  process  of op t imiza t ion ,  

Two approaches a r e  u s u a l l y  adopted i n  water  q u a l i t y  management plan- 

n ing  f o r  a region:  ( a )  s o p h i s t i c a t e d  opt imiza t ion  techniques and (b) t h e  

"bes t  p r a c t i c a b l e  means" of c o n t r o l ,  The f i r s t  i s  a  counsel  of p e r f e c t i o n ,  

and the  second can s e r v e  only a s  an expedient ,  The use of op t imiza t ion  

techniques i s  based on t h e  premise t h a t  t h e r e  i s  wide v a r i a t i o n  i n  n a t u r a l  

r i v e r  cond i t i ons ,  demographic p a t t e r n s  and economic p o t e n t i a l s  of d i f f e r e n t  

a r eas ;  and no uniform, r i g i d  s t anda rds  can be s e t  which a r e  v a l i d  f o r  a  

group of s t reams,  Every s t ream should be considered i n d i v i d u a l l y  and i t s  

q u a l i t y  resource  ( f o r  example, d i sso lved  oxygen) a l l o c a t e d  opt imal ly  among 

t h e  competing demands, Given t h e  e x p e r t i s e  of t h e  r egu la to ry  agencies  and 

the  n a t u r e  of t h e  p o l i t i c a l  p rocess ,  t h i s  i s  i m p r a c t i c a l  i n  most s i t u a t i o n s ,  

This approach should,  however, be  examined f o r  t h e  important  dra inage  

bas ins  of a s t a t e  t o  provide a  y a r d s t i c k  a g a i n s t  which t h e  a l t e r n a t i v e  

adopted can be compared, 



I n  t h e  second approach s t a n d a r d  s e t t i n g  i s  c o n s i d e r e d  a s  an  e x e r c i s e  

i n  t h e  a r t  of t h e  p o s s i b l e ,  Most p o l l u t i o n  c o n t r o l  s t a n d a r d s  adopted i n  

r e c e n t  y e a r s  have been based on t h e  a p p l i c a t i o n  of maximum technology  o f  

was te  t r e a t m e n t  r a t h e r  t h a n  on t h e  c h a r a c t e r i s t i c s  of t h e  s t r e a m  ( f o r  

example, i t s  a s s i m i l a t i v e  c a p a c i t y ) ,  Across  t h e  board requ i rement  of 

secondary t r e a t m e n t  r e g a r d l e s s  of t h e  i n c r e m e n t a l  improvement caused 

t h e r e b y  i s  a n  example, The requ i rement  of t h e  a p p l i c a t i o n  o f  t h e  " b e s t  

p r a c t i c a b l e  means" f o r  c o n t r o l  l e a v e s  t h e  d e f i n i t i o n  o f  " p r a c t i c a b l e "  

f l e x i b l e  and judgmental ,  It h a s  c o s t  i m p l i c a t i o n s  t h a t  de fy  p r e c i s e  

d e f i n i t i o n ,  I n  i n d u s t r i a l  w a s t e s  we have t h e  added problem of s e l e c t i n g  

a " t y p i c a l  w a s t e ' b n d  a " t y p i c a l  p rocess"  t h a t  w i l l  be  c o n s i d e r e d  t h e  

b e s t  p r a c t i c a b l e ,  Although t h i s  approach a b s o l v e s  t h e  r e g u l a t o r y  agency 

of having t o  p r e d i c t  f u t u r e  demands on streams, t h e r e  are many problems 

invo lved ,  Waste- t reatment  p r o c e s s e s  do n o t  o p e r a t e  w i t h  un i fo rm e f f i -  

c i e n c y  even under  c o n s t a n t  l o a d i n g  c o n d i t i o n s ,  There  i s  a performance 

v a r i a b i l i t y  between p r o c e s s e s ,  Phys ica l -chemica l  p r o c e s s e s  can b e  

expec ted  t o  pe r fo rm w i t h  lower v a r i a b i l i t y  t h a n  t h e  b i o l o g i c a l  p r o c e s s e s .  

With t h e  v a r i a t i o n  i n  l o a d i n g ,  t h e  range  of p o l l u t a n t  c o n c e n t r a t i o n  i n  

t h e  e f f l u e n t  could  be  s u b s t a n t i a l ,  For example, i f  t h e  range  of w a s t e  

g e n e r a t i o n  from a n  u n c o n t r o l l e d  s o u r c e  v a r i e d  from 1000 t o  4000 u n i t s  

and t h e  range  of p r a c t i c a b l e  t r e a t m e n t  from 75 t o  95 p e r c e n t ,  t h e  range  

i n  e f f l u e n t  c o n c e n t r a t i o n  cou ld  b e  between 50 and 1000 u n i t s ,  We do n o t  

c o n s i d e r  t h i s  approach any f u r t h e r  because  i t  i g n o r e s  i n d i v i d u a l  stream 

c h a r a c t e r i s t i c s  and r e g i o n a l  d i f f e r e n c e s ,  

1,l Ob-Jectives of t h e  S t u d y  

I f  t h e  demand of  S o c i e t y  and t h e  l a c k  of a p p r o p r i a t e  b e n e f i t  and 

l o s s  f u n c t i o n s  p r e c l u d e  economic e f f i c i e n c y  as a v i a b l e  concep t ,  i t  i s  

n e c e s s a r y  t o  u s e  a r b i t r a r y  p h y s i c a l  o b j e c t i v e s  and c o n s t r a i n t s ,  T h i s  i s  

what s t a n d a r d s  are d e s i g n e d  t o  do,  A r e g u l a t o r y  s o l u t i o n  i s  e s s e n t i a l l y  

i n f l e x i b l e ,  To p l a y  an e f f e c t i v e  r o l e  i n  decision-making,  t h e  s t a n d a r d s  

shou ld  be  a p p l i c a b l e  i n  a wide v a r i e t y  of s i t u a t i o n s  e x t e n d i n g  o v e r  s p a c e  

and t ime,  The o b j e c t i v e  i s  t o  s t u d y  t h e  s e n s i t i v i t y  and r e l i a b i l i t y  of 

c o n v e n t i o n a l  r e g u l a t o r y  measures  i n  a wide v a r i e t y  o f  s t a t i s t i c a l  popula- 

t i o n s  o f  streams, 



Stream s t a n d a r d s  assume some l i k e l i h o o d  of  b e i n g  v i o l a t e d ,  I n  set- 

t i n g  s t a n d a r d s  we cannot  p r o v i d e  a g a i n s t  e v e n t u a l i t i e s - - t h e  most c r i t i c a l  

f l o w  c o n d i t i o n s ,  t h e  maximum was te  l o a d s ,  and t h e  most u n f a v o r a b l e  v a l u e s  

of t h e  env i ronmenta l  f a c t o r s ,  I n  t h e s e  c i r c u m s t a n c e s  e i t h e r  t h e  s c a l e  o f  

development w i l l  be  t o o  s m a l l  o r  t h e  sys tem w i l l  be t o o  expens ive ,  There- 

f o r e ,  t h e  f l o w  c o n d i t i o n s  s e l e c t e d  do n o t  r e p r e s e n t  t h e  a b s o l u t e  minimum 

t h a t  can occur  on a s t ream,  One of t h e  aims of t h i s  s t u d y  is  t o  show 

t h a t  i n  e v a l u a t i n g  t h e  performance of a w a t e r - q u a l i t y  management program 

i t  i s  n o t  s u f f i c i e n t  t o  s p e c i f y  o n l y  t h e  mean o r  median of f low o r  o f  a  

w a t e r - q u a l i t y  pa ramete r ,  An e q u a l l y  i m p o r t a n t  i s s u e  r e l a t e d  t o  t h e  l e v e l  

o f  a  w a t e r  q u a l i t y  pa ramete r  i s  how o f t e n  can one a f f o r d  t o  f a l l  s h o r t  o f  

t h e  d e s i r e d  s t a n d a r d ,  The same system can a t t a i n  a h i g h e r  g o a l  l e s s  of 

t h e  t ime o r  a lower  g o a l  more of t h e  t ime ,  I n  Nor th  C a r o l i n a ,  t h e  

s t a n d a r d s  must be m e t  under  average  minimum c o n s e c u t i v e  seven-day f low 

t o  be expec ted  once i n  t e n  y e a r s ,  T h i s  r e p r e s e n t s  an a v e r a g e  d u r a t i o n  

d e f i c i e n c y  o f  t h r e e  t o  f o u r  days  p e r  y e a r  on an a v e r a g e  North C a r o l i n a  

s t r e a m ,  

The s t o c h a s t i c  n a t u r e  of t h e  f low,  t h e  w e a t h e r  c o n d i t i o n s ,  and env i ron-  

m e n t a l  f a c t o r s  ( t e m p e r a t u r e ,  pH, s u n l i g h t )  and t h e  v a r i a b i l i t y  of chemical  

and b i o l o g i c a l  p r o c e s s e s  g i v e  r i s e  t o  v a r i a t i o n  i n  s p a c e  and t i m e ,  There  

i s  an unevenness of t h e  f requency  d e f i c i t s  from p o i n t  t o  p o i n t  on a 

s t ream,  b o t h  w i t h  r e s p e c t  t o  t h e  q u a n t i t y  of f low and t h e  v a r i o u s  q u a l i t y  

pa ramete rs ,  As t h e  d e f i c i e n c i e s  i n  q u a n t i t y  and q u a l i t y  o f  f low are n o t  

o f  t h e  same d e g r e e  of importance,  d i f f e r e n t  f requency  d e f i c i t  c r i t e r i a  

s h o u l d  be  p r e s c r i b e d  f o r  q u a n t i t y  and q u a l i t y  of f low.  S i m i l a r l y ,  t h e  

v i o l a t i o n s  of v a r i o u s  q u a l i t y  pa ramete rs  a r e  n o t  o f  t h e  same d e g r e e  of 

s e r i o u s n e s s ,  I d e a l l y ,  one shou ld  p r e s c r i b e  d i f f e r e n t  f r e q u e n c y  o f  d e f i c i t  

f o r  each  q u a l i t y  pa ramete r ,  

The magni tude and d u r a t i o n  o f  v i o l a t i o n s  a s s o c i a t e d  w i t h  seven-day, 

ten-year  f l o w  e x h i b i t  s i g n i f i c a n t  v a r i a b i l i t y  on d i f f e r e n t  North  C a r o l i n a  

streams, T h i s  means t h a t  t h e  extreme v a l u e s  of f low and q u a l i t y  pa ramete r  

d i s t r i b u t i o n s  may b e  as r e l e v a n t  as t h e  mean, I n  t h i s  s t u d y  we c o n s i d e r  

t h e  e n t i r e  d i s t r i b u t i o n  o f  low f lows  w i t h  s p e c i a l  emphasis on extreme 

v a l u e s ,  



The complete d e s c r i p t i o n  of low f lows involves  s p e c i f i c a t i o n s  of 

t h r e e  parameters:  magnitude, du ra t ion ,  and frequency ( r e t u r n  pe r iod ) .  

The a c t u a l  and p o t e n t i a l  damages of sho r t ages  i n  flow a r e  connected n o t  

only wi th  t h e i r  s e v e r i t y  b u t  a l s o  wi th  t h e i r  du ra t ion  and frequency. One 

of t he  o b j e c t i v e s  of t h i s  s tudy is  t o  examine t h e  paramet r ic  r e l a t i o n s h i p s  

between these  q u a n t i t i e s ,  

The sources  of unce r t a in ty  i n  water  q u a l i t y  management a r e  many. 

Among o the r s  one has t o  cons ider  u n c e r t a i n t y  i n  n a t u r e ,  economics and i n  

the  p o l i t i c a l  p rocess ,  D i f f e r e n t  types of unce r t a in ty  r e q u i r e  d i f f e r e n t  

methods of a n a l y s i s ,  In  t h i s  r e p o r t  we d e a l  exc lus ive ly  wi th  t h e  uncer- 

t a i n t y  i n  n a t u r e ,  This  type  of unce r t a in ty  a r i s e s  from t h e  presence  of 

s t o c h a s t i c  processes  i n  n a t u r e ,  The hydro logic  unce r t a in ty  i s  d e a l t  w i th  

i n  some d e t a i l .  The v a r i a b i l i t y  i n  t he  phys i ca l ,  chemical and b i o l o g i c a l  

processes  i s  considered only i n  rudimentary form, mainly because of l a c k  

of p e r t i n e n t  d a t a ,  The p r i n c i p a l  o b j e c t i v e  i s  t o  e l u c i d a t e  the  components 

and i n t e r r e l a t i o n s h i p s  of a  d e s c r i p t i v e  water  q u a l i t y  model through which 

t h e  concen t r a t ion  of contaminants could be approximated i n  va r ious  p a r t s  

of t he  s t a t e ,  

With r e s p e c t  t o  t he  l e v e l  of a n a l y s i s ,  e f f o r t  w a s  made t o  fo l low a  

course t h a t  i s  n e i t h e r  t r i v i a l  n o r  e s o t e r i c ,  We a r e  concerned p r imar i ly  

w i t h  t h e  v a r i a b i l i t y  of i n t e r r e l a t i o n s h i p s  between parameters of low 

flows - magnitude, du ra t ion  and frequency - as between s treams,  between 

r i v e r  b a s i n s  and between reg ions ,  The a c t u a l  va lues  of flow i n  the  

s t reams s tud ied ,  a l though important  i n  themselves,  were i n c i d e n t a l  t o  our  

purpose, Ind iv idua l  s t reams i n  t h e i r  r e s p e c t i v e  l o c a l i t i e s  served a s  

i n d i c a t o r s  of d i f f e r e n t  types  of low-flow hydrologies ;  only t h e i r  s i m i l a r i -  

t i e s  and d i f f e r e n c e s  were irnportnat,  The coverage i s  n o t  comprehensive. 

Severa l  l a r g e  r i v e r  b a s i n s  a r e  n o t  represented .  Only s t reams on which 

t h e r e  is l i t t l e  o r  no r e g u l a t i o n  of n a t u r a l  f lows were included i n  t h i s  

s tudy,  This w a s  important  f o r  our  purpose, These provide b a s e l i n e s  o r  

c o n t r o l s  a g a i n s t  which t h e  impact of demographic, land-use, and i n d u s t r i a l  

changes on water  r e sou rces  i n  o t h e r  l o c a t i o n s  i n  t h e  s t a t e  can be 

eva lua ted ,  



Chapter 2  

APPROACH TO STUDY 

2 , 1  Se lec t ion  of S i t e s  

Of t h e  t o t a l  number of gauging s t a t i o n s  on s t reams loca t ed  i n  North 

Caro l ina ,  th i r ty-seven  s treams were s e l e c t e d  f o r  a n a l y s i s  on t h e  b a s i s  of 

t h e  fo l lowing  c r i t e r i a :  (1) flow reco rds  e x i s t  f o r  a t  l e a s t  twenty-five 

yea r s ,  and (2) t h e r e  a r e  no s i g n i f i c a n t  d i v e r s i o n s  o r  r e g u l a t i o n s  such 

a s  t o  i n t e r f e r e  wi th  t h e  normal low-flow p a t t e r n ,  The l i s t  of gauging 

s t a t i o n s  wi th  t h e i r  d ra inage  a r e a s  and l e n g t h  of record  a r e  given i n  

Table 2-1, arranged according t o  t h e  r i v e r  b a s i n s ,  The dra inage  a r e a  

ranges from 4 ,7  square mi l e s  t o  8410 square  mi les .  The l eng th  of record 

v a r i e s  from twenty-four yea r s  t o  s ixty-one yea r s ,  

2,2 Computation of Extreme Values 

A pre l iminary  a n a l y s i s  based on t h e  average percentages of annual  

f lows i n  i nd iv idua l  months f o r  t h e  per iod  of record  showed t h a t  i n  North 

Caro l ina  t h e  low-flow per iod  was from May t o  December, A s  an i l l u s t r a -  

t i o n ,  t h e  mean monthly f lows f o r  t h e  French Broad River  a t  Ashev i l l e  a r e  

p l o t t e d  i n  F igure  2-1, The year f o r  low-flow a n a l y s i s  was taken t o  run  

from A p r i l  1 t o  March 3 1  t o  minimize t h e  danger of a  drought s t a r t i n g  

i n  one year  and ending i n  t h e  nex t ,  The l eng ths  of averaging i n t e r v a l  

s t u d i e s  were one, t h r e e ,  seven, f i f t e e n ,  and t h i r t y  consecut ive  days. 

Moving averages were c a l c u l a t e d  f o r  t h e  a p p r o p r i a t e  i n t e r v a l  from A p r i l  

t o  March, and t h e  lowest  va lue  f o r  each year  of  t he  record was s e l e c t e d ,  

Thus, t he  extreme va lue  f o r  t h e  seven-day per iod  was t h e  minimum average 

flow f o r  seven consecut ive  days i n  a  year ,  i , e , ,  

- 
= min(Y.1 = min (117) [? xi] j=l, 2,. 0 Q 9 n-6 

'min 
j 

J 
j i= j  

where X i=l, 2, ,.,, n denotes  t h e  d i scha rge  on the  i t h  day of t h e  y e a r ,  
i ' 

and and Fmin denote t h e  average flow r a t e  f o r  t h e  j t h  seven-day i n t e r v a l  

and the  minimum flow r a t e  f o r  t h e  year ,  r e s p e c t i v e l y ,  



Table  2-1, L i s t  o f  Gauging S t a t i o n s  

River  
Basin  

Cape Fear  

Neuse 

Pamlico 

Roanoke 

S a n t e e  

Waccamaw 

Kanawha 

French Broad 

Hiwas see 

- - 

Name 

Haw River  n e a r  Benaja  
N o r t h e a s t  Cape F e a r  R i v e r  n e a r  

Chinquapin 

Contentnea Creek a t  Hookerton 
D i a l  Creek n e a r  Bahama 
F l a t  R i v e r  a t  Bahana 
L i t t l e  R i v e r  n e a r  P r i n c e t o n  
Middle Creek n e a r  Clay ton  
Neuse River  n e a r  Clay ton  
Neuse R i v e r  n e a r  Goldsboro 
Neuse R i v e r  a t  Kins ton  

F i s h i n g  Creek n e a r  E n f i e l d  
Tar  River a t  Tarboro 

Brown Creek n e a r  P o l k t o n  
Drowning Creek n e a r  Hoffman 
F i s h e r  River  n e a r  Copeland 
Lumber River a t  Boardman 
Reddies R i v e r  a t  North Wilkesboro 
Rocky River  n e a r  Norwood 
South  Yadkin River  n e a r  Mocksv i l l e  
Yadkin River  a t  P a t t e r s o n  
Yadkin River  a t  Wilkesboro 

Mayo River  n e a r  P r i c e  
Roanoke R i v e r  a t  Roanoke Rapids 

L i n v i l l e  R i v e r  a t  Branch 

Waccamaw River  a t  F r e e l a n d  

South Fork New River  n e a r  J e f f e r s o n  

B e e t r e e  Creek n e a r  Swannanoa 
Bfg  L a u r e l  Creek n e a r  S tackhouse  
Cane R i v e r  n e a r  S ioux  
Davidson R i v e r  n e a r  Brevard 
French Broad R i v e r  a t  A s h e v i l l e  
French Broad River  a t  Bent Creek 
French Broad River  a t  Rosman 
Ivy River n e a r  M a r s h a l l  
Jona than  Creek n e a r  Cove Creek 
Noland Creek n e a r  Bryson C i t y  

Drainage 
Area 

Sq, M i .  

16 8 

600 

729 
4 , 7 1  

150 
229 

8 0 e 7  
1,140 
2,390 
2,690 

521  
1,140 

110  
1 7  8 
1 2 1  

1,220 
93.9 

1,370 
313 

2 9 
493 

2 60 
8,410 

67.2 

706 

207 

5 ,46  
126  
1 5  7 

40 ,4  
945 
676 

67.9 
158 

6 5 , 3  
1 3 , 8  

104 

Years  
of 

Record 

3 5 

24 
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2 , 3  

dual  

Representa t iveness  of t h e  Per iod  of Record 

There may be a  ques t ion  a s  t o  whether t h e  per iod  of record  of i n d i v i -  

s t reams was a  r e p r e s e n t a t i v e  sample i n  rime. Goddard ( 1 )  shows t h a t  

the  average and minimum discharges  f o r  t h e  per iod  A p r i l  1897 t o  March 1955 

were notab ly  lower i n  t he  second h a l f  of t h i s  pe r iod  than  i n  t h e  f i r s t  

h a l f ,  The va lues  f o r  annual  seven-day minimum discharges  a r e  reproduced 

i n  t h e  fo l lowing  t a b l e :  

Goddard remarks t h a t  t h e  downward t r e n d  i n  s u r f a c e  flow a t  t h e  f o u r  long- 

term s t a t i o n s  s t u d i e d  l e a d s  t o  t h e  conclusion t h a t  streamflow throughout  

t h e  Piedmont and Blue Ridge provinces was n e a r l y  20 percent  lower dur ing  

t h e  last  h a l f  of t h e  pe r iod ,  This conclusion does n o t  hold f o r  t h e  Coas ta l  

P l a i n  because t o t a l  p r e c i p i t a t i o n  a t  Tarboro and Goldsboro w a s  s l i g h t l y  

h ighe r  dur ing  1925-54 than dur ing  1897-1925. He adds the  cau t ion ,  however, 

t h a t  i t  i s  n o t  i n d i c a t i v e  of a  cont inuing  t r end  o r  even of a  permanent 

change, S t a t i s t i c a l  t e s t s  on an annual  minimum flows show t h a t  t he  t rend  

i s  n o t  s i g n i f i c a n t ,  

2 ,4  Time of Occurrence of Low Flows 

I n  s tudy ing  water  q u a l i t y  of a  s t rema,  t h e  t i m e  of occurrence of low 

flows is q u i t e  s i g n i f i c a n t  f o r  s e v e r a l  reasons:  

(1) Many of t h e  phys i ca l ,  chemical and b i o l o g i c a l  processes  

a f f e c t i n g  water  q u a l i t y  a r e  temperature dependent, Because 

of t h e  temperature d i f f e r e n c e s ,  a low flow i n  t h e  month of 

January i s  n o t  of same c r i t i c a l  importance a s  t h e  same mag- 

n i t u d e  i n  J u l y  o r  August, 

(2) I n  many a c t i v i t i e s ,  t h e  t i m e  d i s t r i b u t i o n  of concen t r a t ion  

and volumes of waste  f lows e x h i b i t  marked v a r i a t i o n s ,  



(3) The ' f i r s t  f l u s h '  e f f e c t s  from a g r i c u l t u r a l  and urban 

runoff a f t e r  a  heavy ra ins torm may g ive  r i s e  t o  g r e a t e r  

concent ra t ion  of p o l l u t a n t s  than i n  t h e  pe r iods  of sus- 

ta ined  low f lows,  Simultaneous e f f e c t  of streamflow, 

waste loading and temperatures  has  t o  b e  considered t o  

a r r i v e  a t  t h e  most c r i t i c a l  condi t ions  from t h e  s tandpoin t  

of water  q u a l i t y ,  On many streams these  c r i t i c a l  per iods  

a r e  no t  co inc iden t  wi th  per iods  of minimum flow, Another 

argument i s  s t a t i s t i c a l ,  The r e l a t i v e  mix of c a u s a t i v e  

f a c t o r s  of a  low flow i n  J u l y  and a  low flow i n  January 

i s  n o t  t h e  same, To maintain t h e  s t a t i s t i c a l  homogeneity 

of t h e  d a t a ,  one has  t o  conf ine  h i s  s e l e c t i o n  of low flow 

t o  a s p e c i f i c  -time per iod ,  

I n  North Caro l ina  adequate  d a t a  a r e  n o t  a v a i l a b l e  t o  show t h e  va r i a -  

t i o n  of was te  l oads  wi th  t ime,  Almost no th ing  i s  known about  t h e  v a r i a t i o n  

i n  water  q u a l i t y  a f t e r  summer thunderstorms, However, continuous tempera- 

t u r e  records  a r e  a v a i l a b l e  a t  some l o c a t i o n s .  For t h e  s t ream f o r  which 

temperature records  a r e  a v a i l a b l e ,  the  p r o b a b i l i t y  of occurrence of seven- 

day low flow i n  i n d i v i d u a l  months has been c a l c u l a t e d  and i s  given i n  

Table 2-2, Some of t h e  s t reams show a bimodal d i s t r i b u t i o n ;  f o r  example, 

Waecamaw River a t  Freeland,  Nor theas t  Cape Fear ,  Neuse River  a t  Goldsboro, 

and Tar  River a t  Tarboro, 

2 ,5  Averaging I n t e r v a l s  

I n  hydro logic  s t u d i e s  i t  i s  no t  p r a c t i c a l  t o  d e a l  wi th  t h e  continuous 

time s e r i e s  of flow and q u a l i t y  parameters ,  One almost always uses  a  

d i s c r e t e  analog; f o e , ,  the  continuous v a r i a b l e  i s  rep laced  by an average 

va lue  over some predetermined i n t e r v a l  of t ime. Some of t h e  q u a l i t y  

parameters a r e  observed only a t  s p e c i f i e d  sampling i n t e r v a l s ,  The in tended  

use  of the  d a t a  determines t h e  a p p r o p r i a t e  l eng th  of t h e  averaging o r  

sampling i n t e r v a l s ,  I f  we adopt t oo  long  an i n t e r v a l ,  t h e  t ime va r i a -  

b i l i t y  of t h e  parameter  may be  suppressed,  and t h e  r e s u l t i n g  t ime average 

may n o t  adequately r ep re sen t  t he  system dynamics, We may a l s o  g e t  an 

undes i r ab le  i n t e r a c t i o n  between the  a ~ e r a ~ i * ~  i n t e r v a l  and t h e  cha rac t e r -  

i s t i c  time of t h e  process  under i n v e s t i g a t i o n .  On t h e  o t h e r  hand, i f  t he  



Table 2-2. P r o b a b i l i t y  of Occurrence of Minimum 7-day Flow i n  I n d i v i d u a l  Months 

I 
Gauging S t a t i o n  

Valley River  a t  Tomo t l a  I 

June I J u l y  ( Aug, 
I 

>nth  
Oct , - 
1 g 0 4  



t ime i n t e r v a l  i s  t o o  s h o r t ,  i t  w i l l  unnecessa r i l y  i n c r e a s e  d a t a  requi re -  

ments and t h e  c o s t  of computation, This  a l s o  in t roduces  unwanted v a r i a -  

t i o n s  w i th  a  s h o r t e r  c h a r a c t e r i s t i c  time which a r e  no t  averaged out .  

I n  a  s tudy of water  q u a l i t y  management, t h e  s e l e c t i o n  of an appro- 

p r i a t e  averaging i n t e r v a l  must cons ider  t h e  i n t e r r e l a t i o n s h i p  of t h e  

c h a r a c t e r i s t i c  t ime per iods  of (a )  r i v e r  d i scharges ,  (b) p o l l u t i o n  

parameters and wasteloads,  ( c )  p o l l u t i o n  e f f e c t s ,  and (d)  t h e  response 

time of t h e  management system, 

2 , 5 , 1  River Discharge, A low flow record a t  a  gauging s t a t i o n  on a  

p a r t i c u l a r  s t ream is produced by hydro logica l  processes  working on s e v e r a l  

d i f f e r e n t  t ime s c a l e s ,  Although they a r e  a  p a r t  of t h e  o v e r a l l  hydro logic  

cyc l e ,  t he  mechanisms producing them and t h e i r  c h a r a c t e r i s t i c s  a r e  very 

d i f f e r e n t ,  A low flow time s e r i e s  extending over  a  l w g  per iod  of t ime 

con ta ins  information on a t  l e a s t  f i v e  t ime s c a l e s .  These a re :  ( a )  v a r i a -  

t i o n s  i n  evapo t r ansp i r a t ion  which i s  semi-diurnal ;  (b) thunderstorms i n  

summer low-flow per iods  which may g ive  r i s e  t o  d a i l y  v a r i a t i o n ;  (c )  i n t e r -  

change wi th  ground-water s t o r a g e  which e x h i b i t s  s easona l  v a r i a t i o n ;  

(d) an tecedent  condi t ions  i n  t he  previous wet season which shows annual  

v a r i a t i o n ;  and (e )  t h e  i n t e g r a t e d  e f f e c t  of changes i n  bas in  charac te r -  

i s t i c s  which i s  long term, The annual  and d i u r n a l  v a r i a t i o n s  a r e  asso- 

c i a t e d  wi th  t h e  dynamics of t h e  meteoro logica l  processes  which may be 

expected t o  cont inue wi th  the  same per iod  and phase, Others  may show a 

change i n  phase and per iod  i n  d i f f e r e n t  s e c t i o n s  of a  long time s e r i e s ,  

The manner of  ope ra t ion  of stream-gauging s t a t i o n s  and t h e  r e l i a b i l i t y  

of low-flow measurements impose r e s t r i c t i o n s  of t h e i r  own, The p a t t e r n  

of low f lows i n  many streams,  a t  l e a s t  a t  t he  l e v e l  of d a i l y  d i scha rge ,  is 

a f f e c t e d  cons iderably  by minor r e g u l a t i o n  of d i scha rge  a t  some upstream 

p o i n t  i n  t he  watershed,  In  a d d i t i o n ,  t he re  a r e  withdrawals  f o r  water  

supply and o t h e r  purposes on s e v e r a l  North Caro l ina  s t reams which appear  

only i n  per iods  of very  low flow, These f a c t o r s  f r equen t ly  g ive  r i s e  t o  

wide f l u c t u a t i o n s  of t h e  d a i l y  flow which i s  n o t  t r u l y  r e p r e s e n t a t i v e  of 

t h e  n a t u r a l  s t ream hydrology. I n  such c a s e s ,  t h e  minimum d a i l y  flow i s  too  

r e s t r i c t i v e  a  measure of t h e  flow c h a r a c t e r i s t i c s  f o r  water  q u a l i t y  manage- 

ment, Where t h e  r e g u l a t i o n  i s  minor and has a uniform weekly p a t t e r n ,  t h e  



average  seven-day f l o w  i s  a more r e p r e s e n t a t i v e  measure o f  f low c h a r a c t e r -  

i s t i c s  of a  s t ream,  

S t u d i e s  o f  peak f l o w s  concern themselves  w i t h  momentary f l o w s  o r  

f lows  w i t h  v e r y  s h o r t  d u r a t i o n ,  On t h e  o t h e r  hand, i f  t h e  sys tem h a s  t h e  

c a p a c i t y  t o  smooth o u t  s h o r t - t e r m  v a r i a t i o n s  such  as r e s e r v o i r s ,  t i m e  

p e r i o d s  of a month o r  s e v e r a l  months may b e  adequa te ,  I n  low-flow s t u d i e s  

i n t e r e s t  i s  f o c u s e d  on f l o w  a v e r a g e s  o v e r  some l e n g t h  of t ime  t h a t  i s  

i n t e r m e d i a t e  between t h e  two, A g r e a t e r  p a r t  o f  t h e  d i s t r i b u t i o n  of low 

f lows ,  f o r  example, t h e  means and t h e  q u a r t i l e s ,  a r e  r e l a t i v e l y  i n s e n s i -  

t i v e  t o  a v e r a g i n g  t imes  between a  day and a  month, Extreme v a l u e s  are, 

however, s e n s i t i v e  t o  a v e r a g i n g  i n t e r v a l s ,  Three  time p e r i o d s  were  

s e l e c t e d  f o r  t h i s  s t u d y :  week, month, and y e a r ,  

CQuality The a v e r a g i n g  and sampl ing  

i n t e r v a l s  depend on t h e  q u a l i t y  p a r a m e t e r  b e i n g  s t u d i e d ,  B a c t e r i o l o g i c a l  

measurements a r e  h i g h l y  v a r i a b l e ,  With background n a t u r a l  p o l l u t i o n  and 

d i f f u s e d  s o u r c e s ,  weekly  o r  even monthly v a l u e s  may b e  a d e q u a t e  f o r  

e s t a b l i s h i n g  a n n u a l  a v e r a g e s  and f o r  d e t e r m i n i n g  longer- term t r e n d s ,  I n  

t h e  v i c i n i t y  of dominant s o u r c e s  of p o l l u t i o n ,  s h o r t e r  a v e r a g i n g  i n t e r -  

v a l s  are r e q u i r e d ,  I n  t h e  neighborhood of l a r g e  p o p u l a t i o n  c e n t e r s ,  a 

b i m ~ d a l  d i s t r i b u t i o n  may b e  observed ,  t h e  lower  c o l i f o r m  levels b e i n g  due 

t o  r u n o f f  and h i g h e r  l e v e l s  from m u n i c i p a l  and i n d u s t r i a l  d i s c h a r g e s ,  

Disso lved  oxygen c o n c e n t r a t i o n s  are a f f e c t e d  by t empera tu re  and 

p h o t o s y n t h e s i s ,  I n  n o n r i d a l  s t r e a m s ,  a  d i s t i n c t  semi -d iu rna l  v a r i a b i l i t y  

i s  p r e s e n t  r e f l e c t i n g  t h e  e f f e c t s  of p h o t o s y n t h e s i s ,  I n  g e n e r a l ,  low 

v a r i a n c e  i s  a s s o c i a t e d  w i t h  h i g h  mean c o n c e n t r a t i o n  and h i g h  v a r i a n c e  w i t h  

low c o n c e n t r a t i o n s ,  These f a c t s  have s i g n i f i c a n t  i m p l i c a t i o n  f o r  w a t e r  

q u a l i t y  c o n t r o l ,  S h o r t e r  t ime  i n t e r v a l s  w i l l  be  r e q u i r e d  t o  p i c k  up 

v a r i a b i l i t y  a t  t h i s  level ,  Gunnerson ( 2 )  f i n d s  t h a t  two-hour i n t e r v a l s  

g i v e  t h e  optimum i n f o r m a t i o n ,  For  t h e  y e a r l y  r e c o r d s ,  t h e r e  i s  g e n e r a l  

predominance of low-frequency phenomena, p e r i o d s  of abou t  s i x t y  days  o r  

l o n g e r ,  For  an  a n a l y s i s  o f  t h e s e ,  weekly a v e r a g e s  w i l l  be  s u f f i c i e n t ,  

Water t e m p e r a t u r e s  can  be  c h a r a c t e r i z e d  by a  s i n g l e  s i n u s o i d a l  

f u n c t i o n  w i t h  a  p e r i o d  o f  one y e a r ;  a l a r g e  p a r t  o f  t h e  v a r i a n c e  is  

accounted  f o r  by t h e  a n n u a l  harmonic,  Monthly a v e r a g e s  w i l l  b e  s u i t a b l e  

f o r  t h i s  a n a l y s i s ,  



Thomann ( 3 )  h a s  shown t h a t  t h e  a v e r a g e  d a i l y  v a r i a b i l i t y  of t h e  

e f f l u e n t  BOD l o a d  from a l a r g e  m e t r o p o l i t a n  was te - t rea tment  p l a n t  is  com- 

posed a lmos t  e n t i r e l y  of random v a r i a t i o n .  It i s ,  however, d o u b t f u l  t h a t  

t h i s  o b s e r v a t i o n  can  b e  g e n e r a l i z e d ,  

2 , 5 , 3  Summary, It i s  clear t h a t  t h e r e  i s  no s i n g l e  p e r i o d  which can  b e  

chosen a s  a u n i t  of t ime  t h a t  w i l l  s a t i s f y  a l l  t h e  r e q u i r e m e n t s ,  A com- 

p r e h e n s i v e  s t u d y  f o r  water q u a l i t y  management w i l l  r e q u i r e  c o n s i d e r a t i o n  

of a t ime p e r i o d  f o r  low-flow a n a l y s i s  r a n g i n g  from a few h o u r s  t o  a y e a r ,  

The need f o r  d e v i s i n g  a n  op t imal  sampl ing program t o  moni to r  t h e  w a t e r  

q u a l i t y  of North C a r o l i n a  s t r e a m s  c o u l d  n o t  b e  g r e a t e r ,  U n f o r t u n a t e l y ,  i t  

i s  a d i f f i c u l t  area t o  which enough a t t e n t i o n  has  n o t  been g i v e n  i n  t h e  

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

a v a i l a b l e ,  A h a r d  l o o k  a t  t h e  e x i s t i n g  p r a c t i c e s  a p p e a r s  t o  be  i n  o r d e r  

t o  make i t  more r e l e v a n t  and r e s p o n s i v e  t o  t h e  emerging needs ,  

The v a r i o u s  s h o r t ,  medium, and long-term e f f e c t s  r e q u i r e  t h a t  s t and-  

a r d s  p r e s c r i b i n g  m u l t i p l e  magni tudes  and d u r a t i o n s  of con taminan ts  b e  

adop ted ,  

2 , 6  

Low-flow d a t a  can b e  ana lyzed  i n  s e v e r a l  d i f f e r e n t  ways: (1)  The 

e m p i r i c a l  cumula t ive  f requency  d i s t r i b u t i o n s ,  c a l l e d  d u r a t i o n  c u r v e s ,  

can  be  used t o  a s s o c i a t e  t h e  p e r c e n t  of t i m e  w i t h  p r o b a b l e  f lows  t h a t  are 

l e s s  than  c e r t a i n  s p e c i f i e d  v a l u e s ,  ( 2 )  The magnitude and d u r a t i o n  o f  

low-flow e v e n t s  w i t h  t h e i r  a s s o c i a t e d  p r o b a b i l i t i e s  can  b e  ana lyzed  by 

p o s t u l a t i n g  t h e o r e t i c a l  p r o b a b i l i t y  d i s t r i b u t i o n s  govern ing  t h e  phenomena. 

(3)  Techniques of t i m e - s e r i e s  a n a l y s i s  can be  employed p o s t u l a t i n g  p u r e l y  

random o r  l i n e a r  s t o c h a s t i c  p r o c e s s e s ,  and ( 4 )  r e g i o n a l  a n a l y s i s  t e c h n i q u e s  

can be used  by e s t i m a t i n g  paramete rs  t h a t  a r e  i n h e r e n t  i n  t h e  v a r i o u s  

h i s t o r i c a l  sequences  of low f lows  a t  a  number o f  s i t e s  i n  a r e g i o n  and 

r e l a t i n g  them t o  c e r t a i n  p h y s i o g r a p h i c  c h a r a c t e r i s t i c s  of t h e  r e g i o n ,  





Chapter 3 

DURATION CURVES 

3 , l  General 

Low-flow d a t a  can be analyzed by flow-duration curves which a r e  cumu- 

l a t i v e  frequency diagrams made from a continuous t ime s e r i e s  of d i scharges ,  

Conventionally p l o t t e d ,  t h e  a b s c i s s a  a t  any p o i n t  on the  curve i s  t h e  per- 

centage of time wi th  which a s p e c i f i e d  d a i l y  d ischarge  is  equaled o r  

exceeded dur ing  the  period of record ,  I n  t h i s  s tudy dea l ing  w i t h  low 

f lows,  i t  i s  more convenient t o  p l o t  percent  of t ime f o r  which a s p e c i f i c  

flow i s  equal  o r  l e s s ,  A s  we a r e  concerned w i t h  f lows l e s s  than t h e  mean, 

t h e  o r d i n a t e  i s  on a r i t h m e t i c  s c a l e  r a t h e r  than the  usua l  l oga r i t hmic  

s c a l e ,  S t r i c t l y  speaking, a du ra t ion  curve a p p l i e s  only t o  t h e  per iod  

covered by the  record ,  I n  genera l ,  i t  does no t  show t h e  kind of d i s t r i b u -  

t i o n  we should expect  i n  an average yea r ,  I f ,  however, t h e  assumption i s  

made t h a t  t he  f u t u r e  f lows w i l l  fo l low t h e  p a t t e r n  represented  by the  p a s t  

observa t ions ,  t h e  flow-duration curve may be used t o  e s t ima te  t h e  probable 

occurrence of s p e c i f i c  d i scharges ,  It i s  obvious t h a t  t h e  lowest  recorded 

va lues  w i l l  tend t o  decrease  a s  t h e  l e n g t h  of record  i n c r e a s e s ,  Duration 

curve is ,  the re fo re ,  a ques t ionable  t o o l  when used i n  determining the  

probable minimum annual  va lues  of flow, Furthermore, i t  g ives  a wrong 

no t ion  of du ra t ion ,  Actua l ly ,  no time sequence i s  involved,  I n  t h e  

diagram, the  low d ischarges  i n  s e v e r a l  yea r s  a r e  grouped toge the r ;  i n  

n a t u r e  t h e  low d i scha rges  a r e  nor s o  grouped, Even i n  a s i n g l e  y e a r  all 

the low f lows a r e  n o t  confined t o  a s i n g l e  continuous per iod;  a per iod  of 

r e l a t i v e l y  l a r g e r  f lows  almost always in t e rvenes ,  The flow-duration 

curve shows the  probable  average number of days t h a t  t h e  flow is  l e s s  

than  the  s p e c i f i e d  va lue ,  It does n o t  e x h i b i t  t he  d u r a t i o n  o r  frequency 

of sho r t ages ,  I n  t h e  du ra t ion  curve t h e  d i scha rges  are arranged i n  o r d e r  

of magnitude, and i t  does no t  take  i n t o  account t h e  d i f f e r e n t  p a t t e r n s  of 

seasonal  v a r i a t i o n  on d i f f e r e n t  s t reams,  However, t h e  du ra t ion  curve 

a n a l y s i s  can be very  u s e f u l  i f  i t s  l i m i t a t i o n s  a r e  recognized,  

When the  du ra t ion  curves a r e  s t u d i e d  wi th  a purpose t o  compare t h e  

low-flow c h a r a c t e r i s t i c s  of s e v e r a l  d ra inage  bas ins ,  a s  i s  the  case  here ,  



i t  i s  e s s e n t i a l  t o  express  the  r a t e  of flow a s  t h e  r a t i o  of t h e  mean r a t e  

of flow, A look a t  t h e  du ra t ion  curves r e v e a l s  t he  wel l -es tab l i shed  f a c t  

t h a t  t h e r e  i s  a higher  number of occurrences of t h e  lower flows and 

r e l a t i v e l y  sma l l e r  number of flows g r e a t e r  than  t h e  mean, The flow i n  

many r i v e r s  included i n  t he  s tudy  is  equa l  t o  o r  l e s s  than t h e  long-term 

average 70 pe rcen t  of t h e  t ime (Table 3 - l ) ,  It  i s  worth no t ing  t h a t  

d e s p i t e  d i f f e r e n c e s  i n  physiographic and c l i m a t i c  c h a r a c t e r i s t i c s ,  a l l  

du ra t ion  curves pas s  through o r  near  a s i n g l e  p o i n t ,  Table 3-1 p r e s e n t s  

the  r a t i o s  of d i scharge  t o  t h e  mean at ten  percentage p o i n t s ,  v i z ,  0 , 1 ,  

0 ,5 ,  1, 2, 5, 10, 20, 30, 50 and 70 pe rcen t ,  f o r  t he  records  ad jus t ed  t o  

per iod 1896-1955, 

The g r e a t e s t  u t i l i t y  of du ra t ion  curve i n  low-flow a n a l y s i s  stems 

from t h e  f a c t  t h a t  equivalences can be e s t a b l i s h e d  between du ra t ion  per- 

centages and low f lows of s p e c i f i c  du ra t ion  and frequency, Goddard (I) 

s t a t e s  t h a t  a s tudy  of s e l e c t e d  r e p r e s e n t a t i v e  s t a t i o n s  throughout North 

Caro l ina  i n d i c a t e s  t h a t  seven-day, ten-year d ischarges  have du ra t ion  per- 

centages ranging from 98,2 t o  99,6 and averaging very c l o s e  t o  99,1,  For 

t he  s t reams inc luded  i n  t h i s  s tudy  t h e  percentage  ranges from 98,6 t o  

99.4 (Table 3-2) ,  It is  remarkable t h a t  i n  s p i t e  of l a r g e  d i f f e r e n c e s  i n  

catchment c h a r a c t e r i s t i c s ,  t h e i r  i n f luence  on flow c h a r a c t e r i s t i c s  i s  n o t  

a s  g r e a t  as one might presume, 

3 , 2  Index of Low-Flow V a r i a b i l i t y  

Based on t h e  s l o p e  of d u r a t i o n  curve, a  number of indexes of stream- 

flow v a r i a b i l i t y  have been suggested.  Standard dev ia t ion  i s  a  measure 

of v a r i a b i l i t y ,  The indexes u t i l i z e  t he  f a c t  t h a t  f o r  s t reams wi th  t h e  

same skewness, t h e  d i s t a n c e  from t h e  mean t o  any p o i n t  on the  d u r a t i o n  

curve i s  d i r e c t l y  p r o p o r t i o n a l  t o  t he  c o e f f i c i e n t  of v a r i a t i o n ,  Lane and 

Lei  (9 in t roduced  a  v a r i a b i l i t y  index which was defined a s  t h e  s t anda rd  

dev ia t ion  of t h e  logar i thms of stream discharges ,  This i s  equ iva l en t  t o  

t h e  r a t i o  of d i scha rge  exceeded 15 ,9  pe rcen t  of t i m e  t o  d i scha rge  exceeded 

50 percent  of t ime, This  index i s  q u i t e  a c c u r a t e  i n  the  midrange of 

du ra t ion  curve ( i , e , ,  5  pe rcen t  t o  95 pe rcen t )  but  can be s e r i o u s l y  i n  

e r r o r  a t  the  extreme low end of t h e  curve ( f o r  example, below 2 p e r c e n t ) ,  

The U,S, Geological  Survey proposes the  s l o p e  of t h e  du ra t ion  curve a s  



St ream 
NO o - 
0 1 
02 
03 
0 4 
0 5 

06 
0 7 
0 8 
09 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
2 0 

2 1 
2 2 
2 3 
2 4 
2 5 

26 
2 7 
28 
29 
30 

3 1 
3 2 
33 
3 4 
35 

3 6 
37 

Table 3-1, Duration Curves 

of tim 
70 - 
,991 
,936 
6 957 
.870 
,861 

902 
,835 
,877 
,873 
,866 

0 975 
,936 
e 701 
,987 
1,006 

1,122 
,970 
,736 
,966 
,950 

0 994 
1,014 
a944 
,948 
1,091 

,941 
,964 
0 957 
0 939 
,991 

1,045 
1,023 
,984 
,917 
1,014 

1,070 
lo 041 

- 
flow - 
50 - 
,617 
,461 
0 557 
,484 
,458 

,514 
,484 
,562 
0 553 
.573 

,596 
,552 
,257 
, 721 
0 747 

0 739 
, 752 
.358 
,698 
,702 

,750 
, 743 
,644 
.640 
,500 

, 712 
,604 
,644 
,648 
.734 

0777 
,772 
0 749 
6 593 
,700 

,685 
,652 - 

- 
mean - 
10 - 
.204 
,081 
,135 
.068 
8 065 

,113 
,099 
.I56 
.I56 
,177 

,161 
,143 
,008 
8354 
,352 

,293 
,394 
,073 
8 336 
,330 

,389 
,357 
,248 
,235 
,042 

,353 
.I67 
,253 
.267 
,346 

,385 
,380 
,369 
.219 
, 316 

,240 
,224 
- 



Table  3-2. Dura t ion  P e r c e n t a g e s  f o r  S p e c i f i c  Flows 

Stream 
No, - Average 

Flow 
7-day 

10-year Flow 
P e r c e n t  
Time > - 

30-day 
10-year Flow 

P e r c e n t  o f  
Time > - 



d e f i n e d  by t h e  r a t i o  of f l o w  a v a i l a b l e  50 p e r c e n t  of t h e  t ime t o  t h a t  

a v a i l a b l e  90 p e r c e n t  o f  t ime  as t h e  q u a n t i t a t i v e  measure o f  v a r i a b i l i t y  ( 5  ) ,  

Hely and Olmstead ( 6  ) conc lude  t h a t  t h i s  might b e  t h e  b e s t  i n d e x  i n  

many s i t u a t i o n s  b e c a u s e  i t  v a r i e s  i n v e r s e l y  w i t h  t h e  numer ica l  v a l u e  o f  

t h e  s l o p e  of a  d e f i n i t e  segment of t h e  d u r a t i o n  curve ,  Th is  i n d e x  i s  

n o t  a s e n s i t i v e  measure of t h e  v a r i a b i l i t y  o f  low f l o w s  and i n  s e v e r a l  

c a s e s  g i v e s  a wrong r a n k i n g  of low-flow v a r i a b i l i t y ,  At t h e  low extreme 

end, t h e  c u r v e  i s  g e n e r a l l y  a f f e c t e d  by t h e  skewness of t h e  d i s t r i b u t i o n  

of d i s c h a r g e s ,  As p o i n t e d  o u t  e a r l i e r ,  t h e  mean f l o w  i n  North C a r o l i n a  

s t r e a m s  i s  exceeded f o r  abou t  30 p e r c e n t  o f  t h e  t ime ,  and t h e  seven-day, 

ten-year  f low c o r r e s p o n d s  t o  99 p e r c e n t  o f  t ime ,  An i n d e x  u s i n g  t h e  r a t i o  

70 p e r c e n t  Low f l o w  
1 p e r c e n t  low f low 

w i l l  cover  t h e  v a r i a b i l i t y  of t h e  whole r a n g e  of low f l o w s ,  The v a l u e s  

of t h i s  index  a l o n g  w i t h  some o t h e r  r a t i o s  are g i v e n  i n  Tab le  3-3, Typi- 

c a l  r a t i o s  a r e  

Yadkin River  a t  Wilkesboro .,, ,. 4.15 
French Broad a t  A s h e v i l l e  ,.,,., 4 , 8 8  
Drowning Creek n e a r  Hoffman ,,., 5,53 
Neuse River  a t  Clayton ,,..,,,., 1 4 , 2  
Waccamaw R i v e r  a t  F r e e l a n d  ,,,, , 878,O 

The s t a b i l i t y  o f  t h e  low f l o w s  i n  t h e  l a s t  1 0  p e r c e n t  can b e  o b t a i n e d  

from t h e  r a t i o  of LO p e r c e n t  and one p e r c e n t  low f l o w s ,  These are a l s o  

g i v e n  i n  Table  3-4, There  a p p e a r s  t o  b e  no c o r r e l a t i o n  between t h e  i n d e x  

o f  v a r i a b i l i t y  and t h e  mean a n n u a l  f l o w  p e r  s q u a r e  m i l e ,  

3 , 3  Temporal V a r i a b i l i t y  

Water q u a l i t y  management i s  u s u a l l y  based on t h e  f low exceeded w i t h  

a  g iven  p e r c e n t a g e  f requency  r a t h e r  t h a n  on t h e  a v e r a g e  f low,  T h e r e f o r e ,  

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

d e r i v e d  from a complete  r e c o r d ,  I n  low-flow a n a l y s i s  we a r e  i n t e r e s t e d  

b o t h  i n  t h e  v a r i a b l e  i n c i d e n c e  of magnitude d e f i c i t s  and o f  d e f i c i e n c y  

d u r a t i o n s  as a means of a s s e s s i n g  t h e  u n c e r t a i n t i e s  of d u r a t i o n  c u r v e s ,  

Long-term b e h a v i o r  of low f l o w  does  n o t  g i v e  a d e q u a t e  i n f o r m a t i o n  f o r  

water q u a l i t y  management, The p r o b a b i l i t y  d i s t r i b u t i o n s  of magni tudes  



Stream No. 

Tab le  3-3, Indexes of Low-Flow V a r i a b i l i t y  

70% low f low 
1% low f l o w  

50% low f l o w  
1% low f low 

10% low f low 
1% low f low 

50% low f low 
10% low f low 

3 , 0 2  
5.69 
4 ,13  
7 ,12  
7.05 



and d u r a t i o n s  can  b e  d e r i v e d  by p r e p a r i n g  d u r a t i o n  c u r v e s  f o r  each y e a r  

o f  r e c o r d  a t  a  gauging s t a t i o n ,  I n  g e n e r a l ,  t h e  d r y  y e a r  w i t h  below 

a v e r a g e  r u n o f f  w i l l  have a h i g h e r  number of o c c u r r e n c e s  of s m a l l e r  

magni tude t h a n  a n  a v e r a g e  y e a r ,  and t h e  wet y e a r  a s m a l l e r  number, A 

q u a l i t a t i v e  i n d i c a t i o n  f o r  t h e  r a n g e  of v a r i a b i l i t y  can b e  o b t a i n e d  by 

c o n s i d e r i n g  t h e  d r i e s t  and t h e  w e t t e s t  y e a r  of r e c o r d ,  A more s a t i s -  

f a c t o r y  approach was adopted by C o l l i n g e  ( 7 )  i n  which h e  e x p r e s s e d  t h e  

v a r i a b i l i t y  a s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  of d i s c h a r g e  e x p r e s s e d  as a  

r a t i o  of long-term a v e r a g e  f o r  a  s p e c i f i c  p e r c e n t  of t ime  f o r  each y e a r  

of r e c o r d ,  H i s  t e n t a t i v e  c o n c l u s i o n  was t h a t  a t  t h e  low f low end o f  t h e  

d u r a t i o n  c u r v e ,  t h e  s m a l l e r  t h e  catchment  a r e a  t h e  g r e a t e r  t h e  v a l u e  o f  

c o e f f i c i e n t  of v a r i a t i o n ,  A l t e r n a t i v e l y ,  t h e  v a r i a b i l i t y  o f  t h e  f r e -  

quency f o r  a s p e c i f i c  d i s c h a r g e  f o r  each y e a r  o f  r e c o r d  can b e  e x p r e s s e d  

as a  c o e f f i c i e n t  of v a r i a t i o n ,  The Be ta  d i s t r i b u t i o n  may p r o v i d e  a s u i t -  

a b l e  model f o r  s t u d y i n g  t h e  random b e h a v i o r  of p e r c e n t a g e s ,  

Table  3-4 compiled from o l d  d a t a  shows c l e a r l y  t h e  v a r i a b i l i t y  of 

d u r a t i o n  c e r t a i n t y  based on f a i l u r e  i n t e r v a l s ,  The t a b l e  shows a  g r e a t e r  

v a r i a t i o n  f o r  s m a l l e r  ca tchments ,  I t  a l s o  p o i n t s  o u t  t h e  non-uniformity  

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

A d e t a i l e d  s t u d y  of quan t i ty -based  and t ime-based v a r i a b i l i t y  of 

d u r a t i o n  c u r v e s  was n o t  under taken  f o r  t h i s  s t u d y ,  It, however, shows 

c o n s i d e r a b l e  promise  o f  enhancing our  u n d e r s t a n d i n g  o f  low f l o w s ,  

3 , 4  S p a t i a l  V a r i a b i l i t y  

I n  North C a r o l i n a ,  t h e  d i s c h a r g e  expressed  a s  t h e  ratio of  long- 

term average  f o r  a s p e c i f i c  p e r c e n t  o f  t i m e  e x h i b i t s  wide v a r i a t i o n s  

between t h r e e  p h y s i o g r a p h i c  r e g i o n s  and f o r  streams w i t h i n  a  p h y s i o g r a p h i c  

r e g i o n ,  F i g u r e s  3-1, 3-2 and 3-3 show d u r a t i o n  c u r v e s  f o r  a number o f  

s t r e a m s  i n  t h e  Blue  Ridge,  Piedmont and C o a s t a l  r e g i o n s ,  Some o f  t h e  

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

do n o t  have a l l  of  t h e i r  d r a i n a g e  a r e a  i n  t h a t  r e g i o n ,  T h e i r  f low 

r e c o r d s  e x h i b i t  a n  i n t e g r a t e d  r e s p o n s e  which is n o t  c h a r a c t e r i s t i c  of * 

any one r e g i o n  a l o n e ,  The d i f f e r e n c e s  between t h e  b e h a v i o r  o f  t h e  t h r e e  

p h y s i o g r a p h i c  p r o v i n c e s  a r e  t h u s  n o t  as g r e a t  as t h e y  would b e  i f  t h e  

d r a i n a g e  a r e a s  were whol ly  i n  i n d i v i d u a l  r e g i o n s ,  On t h e  a v e r a g e ,  t h e  



Table 3-4. Variability of Deficiency Duration 

(Source: Data Compiled from Discharge Records of North Carolina Streams 1889-1936) 



MEAN FLOW 
/' x 

Percentage of time flow is equal to no less than 



99.9 99.5 99 95 90 80 50 30 

Percentage of ti me flow is equal to no less than 



LOW FLOW DURATION CURVES 

COASTAL PLAIN PROVINCE I 

99.9 99.5 99 95 90 80 50 30 

Percentage of t i  me flow is equal to no less than 



dura t ion  curves f o r  t h e  Blue Ridge province l i e  above those  i n  t h e  Pied- 

mont o r  Coas ta l  a r e a s  and e x h i b i t  r e l a t i v e l y  sma l l e r  s p a t i a l  v a r i a b i l i t y ,  

The Piedmont province  shows the  g r e a t e s t  v a r i a b i l i t y ,  a l though the  f lows 

expressed a s  r a t i o s  of long-term average a r e  i n t e rmed ia t e  between those  

of t h e  o t h e r  two reg ions ,  I n  t h i s  province,  Mayo River  nea r  P r i c e ,  Yad- 

k in  River a t  Pa t t e r son ,  F i she r  River nea r  Copeland and South Yadkfn River 

a t  Mocksville e x h i b i t  i d e n t i c a l  dura t ion  curves,  

The Coas ta l  P l a i n  province has ,  on the  average,  lowest  flows bu t  

i n t e rmed ia t e  v a r i a b i l i t y ,  The i n e v i t a b l e  conclusion i s  t h a t  genera l ized  

flow dura t ion  curves w i l l  be a p p l i c a b l e  only t o  extremely r e s t r i c t e d  

a r e a s ,  

3 , 5  Averaging Time Unit 

Durat ion curves can be p l o t t e d  wi th  the  flow averages over any 

per iod  of t ime, The du ra t ion  curve drawn from d a i l y  d a t a  i s  more extreme 

than  seven-day curve which i n  t u r n  i s  more extreme than t h e  monthly 

curve,  A s  t h e  t ime u n i t  i s  increased  i n  l eng th ,  t h e  lower end of t h e  

du ra t ion  curve r i s e s  and the  upper end i s  lowered. Re la t ive ly  speaking,  

t he  upper end of t h e  curve ( i , e , ,  high f lows)  i s  more s e n s i t i v e  t o  t h e  

v a r i a t i o n  of t he  t ime u n i t  than  t h e  lower end ( i , e , ,  low f lows) .  

Furthermore, t h e  e f f e c t  i s  no t  t he  same on a l l  s t reams,  For example, 

t h e  du ra t ion  curves  of western North Caro l ina  s t reams have a  g r e a t e r  

downward s l o p e  i n  t h e  lowest  t h r e e  pe rcen t  of t h e  t imes a s  compared wi th  

t h e  New England s t reams ( 8 ) .  Prel iminary c a l c u l a t i o n s  i n d i c a t e  t h a t  

t h e r e  was very  l i t t l e  d i f f e r e n c e  (a  maximum of one-half pe rcen t  of t ime 

f o r  seven-day, ten-year flow) on t h e  lower end of t h e  du ra t ion  curves 

f o r  one, t h r e e  and seven days provided t h e r e  was no s i g n i f i c a n t  regula-  

t i o n ,  For water  q u a l i t y  management, flow dura t ion  curves based on 

monthly flows a r e  n o t  s a t i s f a c t o r y  f o r  showing t h e  v a r i a t i o n s  i n  flow. 



Chapter  4 

PROBABILITY DISTRIBUTION OF LOW FLOWS 

4 , 1  General  

I n  wa te r  q u a l i t y  management one i s  f a c e d  w i t h  t h e  p r a c t i c a l  problem 

of  e s t i m a t i n g  t h e  magnitude and d u r a t i o n  o f  d i f f e r e n t  low-flow e v e n t s  

w i t h  t h e i r  a s s o c i a t e d  p r o b a b i l i t i e s ,  The u s e  of s t a t i s t i c a l  methods i s  

p r e d i c a t e d  on t h e  assumption t h a t  (1 )  t h e r e  i s  a t h e o r e t i c a l  p r o b a b i l i t y  

d i s t r i b u t i o n  by which t h e  low f lows  conform, and ( 2 )  t h e  f u t u r e  p a t t e r n s  

of f l o w s  w i l l  b e  i d e n t i c a l  w i t h  t h e  p a t t e r n s  observed i n  t h e  p a s t ;  i . e . ,  

t h e  f i n i t e  sample a v a i l a b l e  i s  t r u l y  r e p r e s e n t a t i v e  of t h e  i n f i n i t e  

p o p u l a t i o n .  On d e d u c t i v e  arguments a l o n e  t h e r e  i s  no r e a s o n  t o  b e l i e v e  

t h a t  low f l o w s  shou ld  f o l l o w  any  known t h e o r e t i c a l  d i s t r i b u t i o n ,  A 

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

f rom a  r e l a t i v e l y  s h o r t  r e c o r d ,  i s  n o t  a v a i l a b l e ,  The u n c e r t a i n t y  con- 

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

hydrology,  S i n c e  t h e  t r u e  p r o b a b i l i t y  d i s t r i b u t i o n  i s  unknown, more than  

one f u n c t i o n a l  r e l a t i o n s h i p  shou ld  be  used t o  d e t e r m i n e  i f  t h e  w a t e r  

q u a l i t y  management d e c i s i o n s  are s e n s i t i v e  t o  t h e  c h o i c e  o f  d i s t r i b u t i o n .  

More r e s e a r c h  i s  needed t o  e s t a b l i s h  from b o t h  d e d u c t i v e  and i n d u c t i v e  

r e a s o n i n g ,  t h e  t r u e  form of  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  low f lows .  

I f  a u n i v e r s a l l y  a p p l i c a b l e  d i s t r i b u t i o n  cou ld  be  found,  t h e  low-flow 

b e h a v i o r  o f  d i f f e r e n t  s t r e a m s  c o u l d  b e  compared by u s i n g  t h e  s t a t i s t i c a l  

pa ramete rs  o f  d i s t r i b u t i o n ,  Fur thermore,  i t  can  be  shown t h a t  i f  t h e  

d i s t r i b u t i o n  govern ing  a  phenomenon i s  known, q u i t e  t o l e r a b l e  e s t i m a t e s  

o f  even r a r e  e v e n t s  can  b e  o b t a i n e d  from even q u i t e  s h o r t  r e c o r d s  ( 3 ) .  

The d i s t r i b u t i o n s  commonly used i n  t h e  low-flow work e x t r a p o l a t e  d i f -  

f e r e n t l y ;  t h e  e s t i m a t e  o f  t h e  magni tude of r a r e  e v e n t s  a r e  dependent  on 

t h e  assumed d i s t r i b u t i o n ,  

I n  t h e  absence  of u n i v e r s a l l y  a p p l i c a b l e  t h e o r e t i c a l  d i s t r i b u t i o n ,  

an  e m p i r i c a l  c u r v e - f i t t i n g  approach i s  adopted t o  s e l e c t  t h e  most appro-  

p r i a t e  d i s t r i b u t i o n ,  S e v e r a l  d i s t r i b u t i o n s  have  been proposed f o r  a n n u a l  

minimum f l o w s .  The paramete rs  of a c a n d i d a t e  d i s t r i b u t i o n  a r e  e s t i m a t e d  

from t h e  observed  d a f a ,  There  a r e  many methods of e s t i m a t i n g  t h e  



parameters ,  The d i s t r i b u t i o n  which f i t s  t h e  d a t a  most c l o s e l y ,  accord ing  

t o  some o b j e c t i v e  c r i t e r i o n ,  i s  s e l e c t e d  a s  t he  most app ropr i a t e  i n  a  

given s i t u a t i o n ,  

The low f lows,  i n  common wi th  o t h e r  hydrologic  v a r i a b l e s ,  a r e  posi-  

t i v e l y  skewed, I n  most a r r a y s  of low f lows,  t h e r e  a r e  more occurrences 

below t h e  mean than  t h e r e  a r e  above i t ,  For t he  s t reams s tud ied  i n  

t h i s  r e p o r t  i n  a l l  c a ses  bu t  one t h e r e  were g r e a t e r  number of yea r s  when 

the  minimum s u r f a c e  flow was below t h e  mean than  above it,  For example, 

t h e  French Broad River a t  Ashev i l l e  had th i r ty-seven  yea r s  of seven-day 

annual  low f lows below t h e  mean and only twenty-four above i t ,  I n  water  

q u a l i t y  management, t h e  lower l i m i t  of d i s t r i b u t i o n  i s  more c r i t i c a l ,  

This  l i m i t  i s  g e n e r a l l y  g r e a t e r  than zero b u t  smal le r  than t h e  recorded 

minimum, The upper l i m i t  of t he  d i s t r i b u t i o n  of low flows i s  more f l e x i b l e ,  

and is a l s o  l e s s  important  from the  p o i n t  of view of water  q u a l i t y  rnanage- 

ment, An a p p r o p r i a t e  d i s t r i b u t i o n  f o r  low f lows should, t h e r e f o r e ,  be 

p o s i t i v e l y  skewed and have a  lower l i m i t  between zero  and t h e  lowest  

observed va lue ,  The c h a r a c t e r i s t i c s  of seven-day annual  minimum flows are 

given i n  Table 4-1, 

4,2  Two Parameter D i s t r i b u t i o n s  

The usua l  l eng th  of a  hydrologic  record i s  no t  adequate  t o  permit 

r e l i a b l e  e s t i m a t e s  of t h e  popula t ion  va lues  from t h e  t h i r d  and f o u r t h  

sample moments, It is ,  t h e r e f o r e ,  argued t h a t  a  two-parameter d i s t r i b u -  

t i o n  s e l e c t e d  t o  r ep re sen t  low f lows should con ta in  only two parameters .  

The p a r t i c u l a r s  of two-parameter d i s t r i b u t i o n s  a p p l i c a b l e  t o  low f lows 

a r e  given i n  Table 4-2, 

A two-parameter u n i v a r i a t e  d i s t r i b u t i o n  may have a  cons t an t  o r  a 

vary ing  shape, A fixed-shape d i s t r i b u t i o n  has a  l o c a t i o n  and a  s c a l e  
I 

parameter,  The model of t h e  d i s t r i b u t i o n  i s  f i t t e d  t o  d i f f e r e n t  s t reams 

by t h e  s e l e c t i o n  of a p p r o p r i a t e  va lues  of t h e s e  parameters ,  The l o c a t i o n  

and s c a l e  parameters  of a normal d i s t r i b u t i o n  a r e  i t s  mean, p, and i t s  

s tandard  d e v i a t i o n  5, r e s p e c t i v e l y ,  A l l  normal d i s t r i b u t i o n s  have t h e  

same shape; i . e , ,  t h e  d i s t r i b u t i o n  has no shape parameter ,  I r r e s p e c t i v e  

of t he  va lues  of p and o, t h e  skewness measure, B1, of a  n ~ r m a l  d i s t r i b u -  

t i o n  i s  zero,  and i t  has  a  r e l a t i v e  k u r t o s i s ,  B2 of 3 ,  The d i s t r i b u t i o n  

i s  n o t  l i m i t e d  t o  non-negative v a r i a t e s ,  
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Table 4-1, C h a r a c t e r i s t i c s  of 7-day Annual Minimum Flows 

Stream No, 
S td ,  Dev, 

S 

Coeff,  of 
Va r i a t i on  
C = s/z 
v 

0.54 
0 -82  
0,68 
1 , 2 1  
0,79 

0.57 
0,66 
0.52 
O,5l 
O,46 

0,53 
O,52 
2,17 
0.35 
0,39 

O,38 
oe33 
0,35 
0.38 
0,44 

O,36 
O,36 
0 ,41  
0,44 
1 ,17  

0.34 
0.58 
0.32 
0.36 
0.36 

0.35 
0.36 
0.35 
O,4l 
0.28 

0.38 
O,42 

Minimum 

X1 

Standard ized  
Range 

T = (X-xl) /S 





Type I asymptot ic  d i s t r i b u t i o n  of minimum va lues  (Gumbel's extreme 

va lue  d i s t r i b u t i o n )  i s  the  l i m i t i n g  model f o r  t h e  d i s t r i b u t i o n  of t h e  mini- 

mum of n  independent va lues  a s  n  approaches i n f i n i t y  from an i n i t i a l  

d i s t r i b u t i o n  whose l e f t  t a i l  i s  unbounded, The d i s t r i b u t i o n  i s  skewed t o  

t h e  l e f t ,  t he  parameters  u  and b  a r e  l o c a t i o n  and s c a l e  parameters ,  

r e s p e c t i v e l y ,  The parameter u  i s  t h e  mode of t h e  d i s t r i b u t i o n ,  The d i s -  

t r i b u t i o n  has  a  cons tan t  shape and does no t  lend i t s e l f  t o  t h e  d i v e r s e  

p a t t e r n s  exh ib i t ed  by low f lows,  The d i s t r i b u t i o n  i s  no t  l i m i t e d  t o  non- 

nega t ive  va lues  of t h e  v a r i a t e ,  

The u n i v a r i a t e  d i s t r i b u t i o n s  of vary ing  shape possess  one o r  more 

shape parameters and can be f i t t e d  t o  a  wide v a r i e t y  of d i s t r i b u t i o n  

func t ions  by t h e  proper  s e l e c t i o n  of t h e  shape parameter ,  The l o g  normal,  

Weibull ,  and gamma (Pearson Type 111) d i s t r i b u t i o n s  considered i n  t h i s  

s tudy  a r e  mult ishaped,  p o s i t i v e l y  skewed and have zero a s  the  lower l i m i t  
I 

of t h e  v a r i a t e ,  The log-normal d i s t r i b u t i o n  i s  t h e  model of a  random 

v a r i a b l e  whose logar i thm fo l lows  the  normal d i s t r i b u t i o n  wi th  parameters  

and S = a Rn x, 

The r e s u l t i n g  p r o b a b i l i t y  dens i ty  func t ion  f o r  x  i s  given i n  Table 4-2, 

The d i s t r i b u t i o n  i s  skewed t o  t h e  r i g h t ,  t he  degree of skewness i n c r e a s i n g  

wi th  i n c r e a s i n g  va lues  of S, It may be  observed t h a t  u,  a  l o c a t i o n  param- 

e t e r  f o r  t he  normal v a r i a b l e  Rn x,  behaves a s  i f  i t  were a  s c a l e  parameter 

f o r  t h e  v a r i a b l e  x; and S ,  a  s c a l e  parameter f o r  Rn x ,  behaves a s  a  shape 

parameter f o r  x ,  

The Weibull  d i s t r i b u t i o n ,  a  modified form of t h e  Fisher-Tippet  

Type I11 asymptot ic  d i s t r i b u t i o n ,  i s  the  l i m i t i n g  model f o r  t he  d i s t r i b u t i o n  

of t h e  minimum of n  v a l u e s  a s  n  goes t o  i n f i n i t y  from an i n i t i a l  d i s t r i b u -  

t i o n  bounded on t h e  l e f t ,  Weibull  d i s t r i b u t i o n  may be  considered a s  t h e  

logar i thmic  Gumbel d i s t r i b u t i o n ,  I f  Rn x  has  a Gumbel d i s t r i b u t i o n  f o r  

minimum va lues ,  w i th  l o c a t i o n  parameter equa l  t o  u  and s c a l e  parameter 

equal  t o  b ,  then t h e  d i s t r i b u t i o n  of x  i s  Weibull  w i th  s c a l e  parameter 
a  

8 = u and shape parameter k  = l / b ,  The s c a l e  parameter ,  8, i s  c a l l e d  t h e  

c h a r a c t e r i s t i c  drought and has  a  cons tan t  p r o b a b i l i t y  of l / e .  The Weibull  

p r o b a b i l i t y  d e n s i t y  func t ion  i s  unimodal f o r  shape parameter k  > 1, is 



equiva len t  t o  t h e  exponent ia l  d i s t r i b u t i o n  f o r  k = 1, and i s  r eve r se  

J-shaped f o r  k  < 1, The d i s t r i b u t i o n  i s  skewed t o  t h e  r i g h t ,  This d i s -  

t r i b u t i o n  i s  considered i n  g r e a t e r  d e t a i l  i n  Chapter 5 ,  

The gamma (Pearson Type 111) d i s t r i b u t i o n  l i e s  a t  t h e  t r a n s i t i o n  

between b e t a  d i s t r i b u t i o n s  of t he  f i r s t  kind and second kind ( l o ) ,  

A random v a r i a b l e  i s  s a i d  t o  have a  gamma d i s t r i b u t i o n  wi th  s c a l e  parameter 

a  and shape parameter b  ( a  > 0, b > 0) i f  i t s  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  

i s  p o s i t i v e l y  skewed; t h e  degree of skewness depends on t h e  shape parameter .  

By varying t h e  two parameters  t h e  d i s t r i b u t i o n  can b e  f i t t e d  t o  a  wide 

d i v e r s i t y  of d i s t r i b u t i o n a l  shapes,  

4.3 Three-Parameter D i s t r i b u t i o n  

The two-parameter form of log-normal, gamma and Weibull d i s t r i b u t i o n s  

i s  based on t h e  premise t h a t  e i t h e r  t h e  l o c a t i o n  parameter i s  known a  - 
p r i o r i  o r  i s  zero ,  On some streams,  t h e r e  may be a  reason t o  b e l i e v e  t h a t  

t h e  f low has  a  t h re sho ld  va lue  (al though unknown) below which i t  w i l l  n o t  

f a l l ,  To accommodate t h i s  s i t u a t i o n ,  i t  i s  p o s s i b l e  t o  g e n e r a l i z e  t h e s e  

d i s t r i b u t i o n s  t o  cover an i n t e r v a l  o t h e r  than  (0, a) by the  i n t r o d u c t i o n  

of a  l o c a t i o n  parameter ,  The minimum p o s s i b l e  va lue  of flow a t  a 

gauging s t a t i o n  i s  assumed t o  b e  a  cons t an t  such t h a t  

Prob (x < E )  = 0 - 
The p r o b a b i l i t y  d e n s i t y  func t ions  of t h e  three-parameter d i s t r i b u t i o n s  

a long  w i t h  t h e  range  of parameters  a r e  g iven  i n  Table 4-3,  

For t h e  usua l  l e n g t h  of t h e  hydrologic  record ,  t he  e s t ima te  of t h e  

t h i r d  c e n t r a l  moment has  l a r g e  sampling e r r o r s .  For t h i s  reason,  t h e  

e s t ima te s  of t h e  t h r e e  parameters  a r e  r a t h e r  crude; t h e  e s t ima te  of E may 

g ive  a  va lue  g r e a t e r  than zero ,  wh i l e  i n  r e a l i t y  i t  i s  equal  t o  zero ,  A s  

a  r u l e  of thumb, E should be  assumed equal  t o  ze ro ,  i f  t h e  parameter e s t i -  

mate i n d i c a t e s  t h a t  

4 , 4  P r o b a b i l i t y  P l o t t i n g  of t h e  Empir ical  Data 

The i tems  i n  t h e  t ime s e r i e s  of annual  minimum flows a r e  ordered  

e i t h e r  i n  dec reas ing  o r d e r  of magnitude from t h e  h ighes t  t o  t h e  lowest  

flow ( i , e , ,  accord ing  t o  the  inc reas ing  s e v e r i t y  of t h e  drought ) ,  o r  i n  


































































































































































































































































































