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EV/lUATION OF ALTERNATIVE DESIGN FLOW CRITERIA  

FOR USE IN EFFLUENT DISCHARGE PERMITTING

A des ign  f lo w  Is  t h e  v a lu e  used t o  r e p r e s e n t  upstream or d i l u t i o n  

f lo w  In t h e  c a l c u l a t i o n  o f  e f f l u e n t  p e r m i t  I Im i t s  under th e  N a t io n a l  

P o l l u t a n t  D is c h a rg e  E l i m i n a t i o n  System (NPDES). T h e 7 Q 1 0  lo w -f lc w  

s t a t i s t i c ,  or th e  7 -d a y  moving a v e ra g e  low flow  t h a t  ocours  once e v ery  

te n  y e a r s  on t h e  a v e ra g e ,  has t r a d i t i o n a l  ly  been used f o r  design f lo w s .  

R e c e n t ly ,  a l t e r n a t i v e  approaches  t o  c o n v e n t io n a l  NPDES p e r m i t t in g  

te c h n iq u e s  have  been I n v e s t i g a t e d .  The o b j e c t i v e  of t h i s  study was t o  

re s e a rc h  a l t e r n a t i v e  des ign  f lo w s  t h a t  w ould  m a x im iz e  use of th e  

a s s i m i l a t i v e  c a p a o l ty  o f r e c e i v i n g  w a te r s  w h i l e  a ls o  m a in ta in in g  w a te r  

uses.

T h is  study addressed tw o  m a jo r  a s p e c ts  o f  design f lo w s .  The f i r s t  

was t h e  d e f i n i t i o n  o f  a s e t  o f recommended methods t o  use In  t h e  

c a l c u l a t i o n  o f  des ign  f lo w s .  These methods w e re  g a th e re d  from  th e  

I I t e r a t u r e  or deve loped  In  t h e  p rocess  o f  t h e  s tu d y .  The second a s p e c t  

was a com parison o f  a l t e r n a t i v e  des ign  f lo w s  and recommendation of  

g u ld e l  Ines  t o  use In  s e l e c t i n g  a p p r o p r i a t e  v a lu e s .  Data a t  e i g h t  s i t e s  

on s tream s a lo n g  t h e  F r o n t  Range o f C o lo rad o  w e re  a n a ly z e d .  T h re e  ty p e s  

o f  a n a ly s is  w e re  appi led  t o  d e f in e  design f lo w s  f o r  a c u te  and c h r o n ic  

c o n d i t io n s .  T r a d i t i o n a l  f r e q u e n c y /d u r a t lo n  s t a t l  s t io s  w e re  cal cul a te d
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on an a n n u a l ,  monthly and seasonal b a s is .  An e m p i r i c a l ,  di s t r  I bu t 1 or>- 

f r e e  approach developed by t h e  U .S . EPA, cal le d  t h e  b io lo g ic a l  ly -b a s e d  

method, was a ls o  appi led . A slmpl i f  led v e r s i o n  o f  t h i s  method, termed  

e x c u rs io n  a n a l y s i s ,  was deve lo ped  t o  aucpient t h e  In fo r m a t io n  suppl led by 

th e  b lo l  o g lc a l  ly -b a s e d  a p proach . Design f  I ows cal cul a te d  w I th  th ese  

methods w e re  r e l a t e d  t o  a c u te  or c h r o n ic  d u r a t i o n s  and al lo w a b le  

f re q u e n c y  c r i t e r i a  recommended by t h e  U .S .  EPA f o r  t h e  p r o t e c t io n  o f  

a q u a t ic  I I f e .

The r e s u l t s  o f  th e  re s e a rc h  h ig h i  Ig h te d  t h e  need t o  e s ta b l  Ish a 

s ta n d a rd  s e t  of methods t o  use In  t h e  c a l c u l a t i o n  o f  design f lo w s .  Sane 

methods w e re  recommended w h i l e  o th e r  a re a s  r e q u i r i n g  more re s e a rc h  w e re  

p o in te d  o u t .  The la c k  o f  long  f lo w  d a ta  r e c o rd s  above e f f l u e n t  

d is c h a rg e  p o in t s ,  where NPDES p e r m i t  I Im l t s  a r e  c a l c u l a t e d .  Is  a m a jo r  

problem. The r e s u l t s  o f  t h e  f lo w  a n a l y s i s  showed t h a t  d i s t r i b u t i o n -  

based fre q u e n c y  s t a t i s t i c  f l e w s  do n o t  r e l a t e  as d i r e c t l y  t o  a q u a t i c  

I I f e  c r i t e r i a  as bl ol ogl cal ly -b a s e d  d e s ig n  f lo w s .  The le v e l  of 

p r o t e c t io n  p ro v id e d  by fre q u e n c y  s t a t i s t i c  f lo w s  v a r i e s  w Id e ly  frem s i t e  

t o  s i t e ,  w h i l e  b lo l  ogl cal ly -b a s e d  f lo w s  p ro v id e  r e l a t i v e l y  c o n s is t e n t  

l e v e l s  o f  p r o t e c t io n .  Seasonal or m o n th ly  des ign  f lo w s  can be used t o  

In c re a s e  t h e  use o f stream a s s i m i l a t i v e  c a p a c i t y .  However, I t  was shown 

t h a t  t h e  nunber o f e x c u rs io n s ,  or f lo w s  below a g iv e n  design f lo w ,  was 

s u b s t a n t i a l l y  h ig h e r  f o r  m on th ly  fre q u e n c y  s t a t i s t i c  f l e w s  th a n  annual 

v a lu e s .  The ImpI I c a t l o n  o f  t h i s  r e s u l t  I s  t h a t  more s t r i n g e n t  design  

f lo w s  may be r e q u i r e d  on a m onth ly  b a s is ,  depend ing  on t h e  seasonal 

needs o f  a q u a t ic  I I f e  p o p u la t io n s ,  and o t h e r  w a te r  uses.

The c r i t i c a l  Im portance o f  des ign  f lo w  c r i t e r i a ,  based on a q u a t ic  

I I f e  p r o t e c t io n ,  was em phasized  In  t h i s  s tu d y .  Once c r i t e r i a  have been
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chosen, t h e  s e le c t i o n  o f an a p p r o p r ia t e  annual des ign  f lo w  Is  r e l a t i v e l y  

s t r a i g h t f o r w a r d .  The bl ol ogi cal 1 y -b a s e d  method, or a s i m i l a r  approach  

t h a t  r e l a t e s  d i r e c t l y  t o  use c r i t e r i a .  Is  recommended a s  a b e t t e r  

a l t e r n a t i v e  than  t h e T Q I O .  Seasonal o r  m onth ly  f lo w s  a r e  a ls o  

recommended, but w i l l  r e q u i r e  f u r t h e r  r e s e a r c h .

Cynth I a L. Paul son 
D e partm ent o f C i v i l  E n g in e e r in g  
C o lo ra d o  S t a t e  U n i v e r s i t y  
F o r t  Col I In s ,  CO 80523  
Simmer 1 987
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T h e  va l ue t r a d i t i o n a l l y  used f o r  t h e  des ign  f lo w  In N a t io n a l  

P o l l u t a n t  D is c h a rg e  El Im ln a t lo n  System (NPDES) p e r m i ts  has been t h e  

7Q 10. T h e 7 Q 1 0  Is  d e f in e d  a s  t h e  7 -d ay  moving a v e ra g e  low flow  t h a t  Is  

e q u a le d  o r  n o t  exceeded once In  e v e ry  te n  y e a r s  on t h e  a v e ra g e .  T h is  

s t a t i s t i c  was chosen r a t h e r  a r b i t r a r i l y  a t  t h e  In c e p t io n  o f  t h e  NPDES In  

t h e  e a r ly  1 9 7 0 's  and has no s t ro n g  w a te r  qua l I t y  b a s is  (U. S. EPA, 1 9 8 6 ) .  

The des ign f lo w  v a lu e  used In  NPDES p e r m i t t i n g  can  have a s i g n i f i c a n t  

e f f e c t  on t h e  qual I t y  of our n a t i o n ' s  w a t e r s  as  wel I as on t h e  c o s ts  o f  

w a s te w a te r  t r e a fm e n t  In  t h i s  c o u n t r y .  R e c e n t ly ,  th e  U. S. EPA and a 

number o f t h e  s t a t e s  have begun t o  e x p e r im e n t  w i t h  a l t e r n a t i v e s  t o  th e  

7Q 10. Two r e p o r t s  have been pubi Ished a s  p a r t  o f t h i s  re s e a rc h  e f f o r t  

In  C o lo rad o  -  th e  In te r im  R e p o r t  (Low Flow P r o j e c t  Team, 1 9 86 ) and t h e  

F in a l  R e p o r t  (P a u ls o n  and S a n d e rs , 1 9 87 ) E v a l u a t io n  o f  Design Flow 

O l t e r l a  f o r  E f f l u e n t  D is c h a rg e  P e r m its  In  C o lo ra d o .

The annual 7Q10 flow s t a t i s t i c  I s  a q u e s t i o n a b le  design f lo w  fo r  a 

nunber o f re a so n s .  T h e 7 Q 1 0  f low  o c c u rs  I n f r e q u e n t l y ,  on le s s  th a n  \% 

o f  a l l  days In  most s tream s, and I s  c o n s id e r e d  o v e r ly  r e s t r i c t i v e  by 

many (R e b e ls ,  1 9 8 2 ) .  One m a jo r  problem w i t h  an annual 7Q10 Is  t h a t  I t  

I s  based on e x tre m e  low f lo w s  w hich occur o n ly  d u r in g  c e r t a i n  t im e s  o f  

t h e  y e a r .  The a s s i m i l a t i v e  c a p a c i t i e s  o f  s tre a m s  a t  h ig h e r  f lo w s  which  

occur a t  o t h e r  t im e s  o f  t h e  y e a r  a r e  n o t  r e c o g n iz e d  by a p ro c e d u re  which  

uses o n ly  t h e  annual 7Q10 as t h e  design f l o w .  To ta k e  advantage  of 

th e s e  h ig h e r  a s s i m i l a t i v e  c a p a c i t i e s ,  m onth ly  o r  seasonal des ign  f lo w s

Chapter 1 -  Introduction



c o u ld  be appl le d . F r e q u e n c y /d u r a t i  ons f lo w  s t a t i s t i c s  have two m a jo r  

drawbacks t h a t  a p p ly  t o  both annual and seasonal f lo w s ,  however. The  

f i r s t  I s  t h a t  fre q u e n c y  s t a t i s t i c s  p ro v id e  I n c o n s is t e n t  l e v e l s  o f  

p r o t e c t i o n  frcm  one stream  t o  a n o th e r .  Frequency a n a ly s is  does n o t  

r e f l e c t  t h e  v a r i e t y  o f f le w  p a t t e r n s  t h a t  can occur In  n a tu ra l  and 

r e g u l a t e d  s tre a m s .  The nunber of days w i t h  f lo w s  low er th a n  t h e  7Q10  

annual d es ign  f lo w  may vary  s i g n i f i c a n t l y  frcm one r i v e r  t o  a n o th e r  

(U. S. EPA, 1 9 8 3 g ) .  A second drawback I s  t h a t  t h e  7Q10 frequency  

s t a t i s t i c  I s  n o t  d i r e c t l y  r e l a t e d  t o  In s tre a m  w a te r  qual I t y  c o n d i t io n s .  

Frequency a n a l y s i s ,  which Is  based on e x tre m e  v a lu e  f lo w s ,  does n o t  

r e f l e c t  l e s s  s e v e re  le w - f lo w  e v e n ts  and p o t e n t i a l  c u m u la t iv e  e f f e c t s  on 

w a te r  qua l I t y  and a q u a t i c  I I f e .  The problem s w i t h  th e  annual 7Q10 and 

o t h e r  f r e q u e n c y / d u r a t i  on f lo w  s t a t i s t i c s  w a r r a n t  re s e a rc h  I n t o  b e t t e r  

al t e r  n a t i v e s .

The o b j e c t i v e s  o f  t h i s  study w ere  fw o fo l  d. The f i r s t  o b j e c t i v e  was 

t o  d e v e lo p  a s e t  o f recommended m e th o d o lo g ie s  f o r  t h e  c a l c u l a t i o n  of  

design  f l o w s .  The second was t o  I n v e s t i g a t e  a l t e r n a t i v e  design f lo w s  

t h a t  w ou ld  reduoe  w a s te w a te r  t r e a fm e n t  o o s ts  by us ing  t h e  a s s i m i l a t i v e  

c a p a c i ty  o f  s tre a m s  more fu l  l y ,  whl 1 e mal n ta  I nl ng e x i  s t  I ng downstream  

w a te r  qual I t y .

The scope of t h i s  r e s e a rc h  In c lu d e d  an e v a l u a t i o n  o f  m e th o d o lo g ie s  

used t o  c a l c u l a t e  design f lo w s  and t h e  appl l o a t l o n  o f seme o f th es e  

p ro c e d u re s  t o  f lo w  d a ta  In  C o lo ra d o . The e v a l u a t i o n  o f  m e th o d o lo g ie s  

In o lu d e d  a sunmary o f t h e  te c h n iq u e s  c u r r e n t l y  appl led In  design f lo w  

a n a l y s i s ,  deve lopm ent o f a few new mefhods, and reoom m endatlons f o r  

f u t u r e  r e s e a r c h .  The s e t  o f  proposed g u ld e l  Ines  f o r  c a l c u l a t i n g  des ign  

f lo w s ,  g iv e n  In  c h a p te r  f o u r ,  r e p r e s e n t  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  and



In c lu d e  le s s o n s  le a r n e d  from t h i s  r e s e a r c h .  The g u ld e l  Ines  a r e  not  

meant as t h e  f i n a l  answer t o  t h e  problem of design f l e w s ,  bu t r a t h e r  as 

a base f o r  f u t u r e  re s e a rc h  and deve lopm ent o f Improved methods. Lew 

f lo w s  w e r e  a n a ly z e d  a t  e i g h t  s i t e s  on fo u r  r i v e r s  a lo n g  t h e  F r o n t  Range 

In  C o lo ra d o .  The scope of t h e  re s e a rc h  was 1 Im i te d  t o  t h e  a n a ly s is  o f  

low f lo w s  f o r  use In  d is c h a rg e  p e r m i t t in g  under t h e  NPDES. Although  

w a te r  qua I I t y  and e f f l u e n t  c h a r a c t e r i s t i c s  a r e  a ls o  v i t a l  a s p e c ts  o f  

NPDES p e r m i t t i n g ,  a n a ly s is  o f  th e s e  f a c t o r s  w e re  beyond t h e  scope of 

t h i s  p r o j e c t .  The a n a l y s i s  o f  a l t e r n a t i v e  design f lo w s  In c lu d e d  

seasonal and m onth ly  f r e q u e n c y /d u r a t lo n  s t a t i s t i c s  and v a lu e s  c a lc u l a t e d  

w ith  an e m p i r i c a l ,  dl s t r  I b u t l o n - f r e e  ap p ro a c h . C r i t e r i a  used t o  

e v a lu a t e  v a r io u s  a l t e r n a t i v e s  w e r e  based on t h e  p r o t e c t io n  o f  a q u a t ic  

I I f  e  as d e f in e d  by t h e  U. S. EPA (U. S. EPA, 1 9 8 5 ) .  Economic Impl I c a t l o n s  

o f v a r io u s  design f lo w s  w e re  n o t  c o n s id e r e d .

The study o r g a n i z a t i o n  In c lu d e d  f i v e  s ta g e s  t o  p ro v id e  a s c i e n t i f i c  

b a s is  f o r  t h e  a n a ly s is  o f  des ign  f lo w s  and th e n  t o  e v a lu a t e  a l t e r n a t v e s  

In  C o lo ra d o .  The s te p s  w e re  as  f o l l o w s ;

1) re v ie w  o f th e  1 I t e r a t u r e

a . fe d e r a l  and s t a t e  r e g u l a t o r y  r e q u i r e m e n ts  and p ro c e d u re s  used 

In  NPDES d is c h a rg e  p e r m i t t i n g ;

b. a l t e r n a t i v e  appro a c h e s  c u r r e n t l y  appl led  t o  d is c h a rg e  

p e r m i t t in g  th ro u g h o u t  t h e  n a t i o n ;

c .  m e th o d o lo g ie s  used t o  c a l c u l a t e  design f lo w s ;

2) e v a l u a t i o n  o f  a n a l y t i c a l  methods used t o  c a l c u l a t e  design f lo w s ;

3 ) a n a l y s i s  o f  t h e  f lo w  d a t a ;

4) com p a r is o n  o f  a l t e r n a t i v e  des ign  f lo w s ;



5) recommendation o f  g u id e l  Ines  f o r  th e  c a l c u l a t i o n  o f  a p p r o p r ia te  

design f l e w s .



A re v ie w  of th e  I i t e r a t u r e  was made in  t h r e e  m a jo r  a re a s  t o  p rov ide  

a base f o r  t h i s  s tu d y .  Federal and s t a t e  w a te r  qual I t y  l e g i s l a t i o n  and 

r e g u l a t i o n s  w e re  I n v e s t ig a t e d  t o  g iv e  a leg a l framework f o r  th e  re s e a rc h  

o f a l t e r n a t i v e s  under th e  e x i s t i n g  system . S p e c ia l  emphasis was p laced  

on e f f l u e n t  d is c h a rg e  p e r m its  Issu ed  under th e  C o lo rad o  v e r s io n  o f  th e  

N a t io n a l  P o l l u t a n t  D is c h a rg e  El Im ln a t io n  System (NPDES). A re v ie w  of  

c u r r e n t l y  appl led  a l t e r n a t i v e  approaches  t o  d is c h a rg e  p e r m i t t in g  was 

made t o  see w h a t  had a l r e a d y  been done In  t h i s  a r e a .  F i n a l l y ,  th e  

methods used In  t h e  a n a ly s is  o f  des ign  f lo w s  w e r e  re v ie w e d  t o  e n s u re  

t h a t  t h e  methods appl led In  t h i s  study would be a p p r o p r ia t e .

Chapter 2 -  L iterature  Review

LEGISLATIVE AND RB3ULAT0RY BACKGROUND

W ater  pol l u t l o n  c o n tro l  In t h e  U n i te d  S t a t e s  I s  based p r i m a r i l y  on 

t h e  F e d e ra l  W ater  P o l l u t i o n  C on tro l Act o f  1 972  as amended In  1977 by 

t h e  C le a n  W ater  Act and by subsequent amendments. The o b j e c t i v e  o f th e  

C le a n  W a te r  Act I s  t o  " r e s t o r e  and m a in t a in  t h e  c h e m ic a l ,  p h y s ic a l ,  and 

b i o l o g ic a l  I n t e g r i t y  of t h e  N a t l  o n 's  w a te r s "  ( 1 9 7 7 ) .  To ach le v e  th  Is  

o b j e c t i v e ,  t h e  Act r e q u i r e s  t h a t  w a te r  qual I t y  s ta n d a rd s  be e s ta b i  Ished  

f o r  t h e  N a t i o n ' s  w a te r s  and p r o v id e s  f o r  t h e  N a t io n a l  Pol l u t a n t  

D is c h a rg e  El Im ln a t io n  System (NPDES) t o  e n fo r c e  th e s e  s ta n d a rd s .  

Im p le m e n ta t io n  o f  t h e  C lean  W ater  Act o c c u rs  m a in ly  a t  t h e  s t a t e  le v e l  

w h e r e in  I l e  th e  " p r im a ry  r e s p o n s ib l l  I t l e s  and r i g h t s  t o  p r e v e n t ,  reduce .



and el Im in a te  pol l u t i o n ” (C le a n  W ater  A c t ,  1 9 7 7 ) .  The s t a t e s  r e c e i v e  

guid ance  and approva l f ro n  th e  U. S. Environm enta l P r o t e c t i o n  Agency, 

which h o ld s  f i n a l  a u t h o r i t y  fo r  th e  a d m i n i s t r a t i o n  o f  t h e  Act.

CQLor ado. W a te r  . Uses, and W ater  Qual i ty  Cr I t e r  1 a

In t h e  s t a t e  of C o lo rad o , w a te r  p o l l u t i o n  c o n tro l  Is  governed by 

t h e  C o lo rad o  W ater  Qual I t y  C o n tro l  Act o f 1 9 7 3 ,  as amended. A m a jo r  

pol Icy d e c l a r a t i o n  o f  th e  C o lo rad o  A ct I s  " t o  p re v e n t  In ju r y  t o  

b e n e f i c i a l  uses made of s t a t e  w a te r s ,  t o  m a x im ize  t h e  b e n e f ic ia l  uses o f  

w a t e r ,  and t o  d e v e lo p  w a te r s  . . .  t o  a c h ie v e  t h e  maximum p r a c t i c a l  

de g re e  o f w a te r  qual I t y "  ( 1 9 7 3 ) .  The C o lo rad o  W ater  Qual I t y  C on tro l  

Commission (WQCC) h o ld s  p r im a ry  a u t h o r i t y  t o  e n a c t  t h i s  pol Ic y ,  and has  

d e le g a te d  t h e  r e s p o n s ib l l  I t l e s  f o r  th e  a c tu a l  Im p le m e n ta t io n  o f  s t a t e  

w a te r  qual I t y  programs t o  t h e  W a te r  Qual I t y  C o n tro l  D i v i s io n  o f  t h e  

C o lo rad o  D e parfm ent o f PubI Ic  H e a l t h .

The s t a t e  s u r fa c e  w a te r  qual I t y  r e g u la t o r y  program In c lu d e s  t h r e e  

m a jo r  e le m e n ts :  use c l a s s i f i c a t i o n s ,  w a te r  q u a l i t y  c r i t e r i a ,  and 

e f f l u e n t  d is c h a rg e  p e r m i ts .  C o lo rad o  s t a t e  s u r fa c e  w a te r s  have been  

d iv id e d  I n t o  segments w hich have  been c l a s s i f i e d  a c c o rd in g  t o  " p r e s e n t  

and p o t e n t i a l  f u t u r e  b e n e f i c i a l  uses" a s  d e s c r ib e d  In  The B a s ic  

S ta n d a rd s  and M e th o d o lo g ie s  (Col or ado WQCC, 1 9 8 4 ) .  Use c l a s s i f i c a t i o n s  

must p r o t e c t  al I c u r r e n t  uses, must n o t  j e o p a r d i z e  any downstream uses, 

and s h o u ld  a im  f o r  t h e  h ig h e s t  w a te r  qual I t y  o b t a in a b le .  On t h i s  b a s is ,  

f i v e  m a jo r  use c l a s s i f i c a t i o n s  have  been e s ta b i  Ished f o r  C o lo rad o  w a te r s  

as  fo l  low s; 1) e x i  s t l  ng h Igh qual I t y ,  cl ass  I and I I ; 2) a q u a t i c  1 I f e ,  

c o ld  o r  warm w a te r  c la s s  I and I I ; 3) r e c r e a t i o n ,  c l a s s  1 and I I ; 4) 

w a te r  s u p p ly ;  and 5) a g r i c u l t u r e  (Col or ado WQCC, 1 9 7 9 ) .  Waste t r a n s p o r t  

and w a s te  a s s i m i l a t i o n  has been expl I c i t l y  d e n ie d  a s  an a c c e p ta b le



d e s ig n a te d  use In  fe d e r a l  w a te r  qual I t y  s ta n d a rd s  (U. S. EPA, 1 9 8 3 c ) .  

W aters  may be c l a s s i f i e d  f o r  more th a n  one use. W ater qual I ty  

r e g u l a t i o n  f o r  a g iv e n  w a te r  segment I s  genera l ly  c o n t ro l  le d  by th e  most 

s e n s i t i v e  use, which Is  o f t e n  t h e  a q u a t i c  I I f e  c l a s s i f i c a t i o n .

W ater qual I t y  c r i t e r i a  c o rre s p o n d in g  t o  each of th e  use 

c l a s s i f i c a t i o n s  have been d e ve lo ped  by t h e  C o lo ra d o  WQCC t o  d e f in e  th e  

maxlmun p e r m is s ib le  l e v e l s  o f  p o l l u t a n t s  n e c e ss a ry  t o  p r o t e c t  and 

m a in t a in  d e s ig n a te d  uses ( 1 9 8 4 a ) .  S ix  c a t e g o r i e s  o f  w a te r  qual I t y  

v a r i a b l e s  a r e  addressed  by t h e  c r i t e r i a ,  and In c l u d e ;  p h y s ic a l ,  

b i o l o g i c a l .  In o r g a n ic ,  o r g a n ic ,  m e ta l ,  and r a d i o a c t i v e  c o n s t i tu e n t s .  

T a b le s  o f  suggested  v a lu e s  f o r  w a te r  qual I t y  c r i t e r i a  a r e  g iv e n  In  t h e  

s t a t e  s ta n d a rd s  t o  s e rve  as g u id an c e  f o r  t h e  d e t e r m in a t io n  o f  a c tua l  

n im e r lc  I Im i t s  In  s p e c i f i c  s tream  segments th ro u g h o u t  t h e  s t a t e .  S i t e  

s p e c i f i c  c r i t e r i a  may fo l low th e s e  g u ld e l  In e s  o r  may vary  t o  r e f l e c t  

unique a m bien t c o n d i t io n s  f o r  a p a r t i c u l a r  w a t e r  t h a t  d i f f e r  

s i g n i f i c a n t l y  from la b o r a to r y  t e s t !  ng condì t l  ons.

Federa l w a te r  qual I t y  s ta n d a rd s  In c lu d e  an a n t i  d e g ra d a t i  on poi Icy 

t h a t  I s  superimposed o v e r  use c l a s s i f i c a t i o n s  and w a te r  qual I t y  c r i t e r i a  

t o  p re v id e  f u r t h e r  p r o t e c t io n  o f  t h e  N a t i o n ' s  w a t e r s .  The poi Icy 

In c lu d e s  a t h r e e  t i e r e d  approach t o  m a in t a in  and p r o t e c t  v a r io u s  l e v e l s  

o f  w a te r  qual I t y  and uses (U . S. EPA, 1 983 c and 1 9 8 3 d ) .  The f i r s t  t i e r  

r e q u i r e s  t h a t  t h e  le v e l  of w a te r  qual I t y  necessary  t o  p r o t e c t  e x i s t i n g  

uses be m a in ta in e d  and p r o t e c t e d .  Where a c tu a l  w a te r  qual I t y  exceeds  

t h e  l e v e l s  necessary  t o  p r o t e c t  e x i s t i n g  uses, a second t i e r  p ro v id e s  

p r o t e c t io n  o f  t h a t  h ig h e r  qual I t y .  The o n ly  e x c e p t io n  t o  t h i s  

re q u i  ra n e n t  I s al I owed I f  a s t a t e  f  Inds t h a t  a l 1 ow Ing 1 ower w a te r  

qual I t y  Is  "necessary  t o  accommodate Im p o r ta n t  economic o r  s o c ia l
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d e v e lo p m e n t” (U . S. EPA, 1983 c and 1 9 8 3 d ) .  A t h i r d  t i e r  p ro v id e s  spec ia l  

p r o t e c t io n  o f  w a te r s  t h a t  a r e  c l a s s i f i e d  as  o u ts ta n d in g  n a t io n a l  

re s o u rc e  w a te r s .  In c lu d in g  w a te r s  t h a t  a r e  Im p o r ta n t ,  un iq ue, or  

s e n s i t i v e  e c o l o g i c a l l y .

The Col oradO-MPDES

C o lo rad o  s u r fa c e  w a te r  use c l a s s i f i c a t i o n s  and c o rre s p o n d in g  w a te r  

qual I t y  c r i t e r i a  a r e  e n fo rc e d  th ro u g h  t h e  s t a t e  v e r s io n  o f  th e  N a t io n a l  

P o l l u t a n t  D is c h a rg e  E l i m i n a t i o n  System, c a l l e d  t h e  C o lo rado  D is c h a rg e  

P e r m it  System (C o lo ra d o  WQ(X, 1 9 8 4 b ) .  The C o lo rad o  NPDES r e q u i r e s  a l l  

" p o i n t  s o u rc e s ” d is c h a r g in g  " p o l l u t a n t s ” I n t o  s t a t e  w a te r s  t o  o b t a in  

e f f l u e n t  d is c h a rg e  p e rm its .  A p o in t  source has been d e f in e d  a s  "any 

d i s c e r n i b l e ,  c o n f in e d ,  and d i s c r e t e  conveyance . . . frcm which  

p o l l u t a n t s  a r e  or may be d is c h a r g e d ” (U. S. EPA, 1 9 8 3 a ) .  T h is  d e f i n i t i o n  

s p e c i f i c a l l y  e x c lu d e s  r e t u r n  f lo w s  frcm  I r r i g a t e d  a g r i c u l t u r e  and most 

o t h e r  fo rm s  o f  n o n -p o in t  source pol l u t l o n ,  b u t  I t  may be appi led  t o  

In c lu d e  s to rm w a te r  d r a in s .  P o l l u t a n t s  t o  be r e g u la t e d  by t h e  NPDES 

In c lu d e  I Iqu l d and sol Id w a s te s  o f  c h e m ic a l ,  b i o l o g ic a l  or p h y s ic a l  

n a tu r e  t h a t  a r e  d is c h a rg e d  I n t o  w a te r .

An e f f l u e n t  d is c h a rg e  p e r m i t  Issu ed  under t h e  Co lo rado  NPDES 

Inc I udes tw o  mal n el ements; s p e d  f  Ic  e f  f  I u e n t I Im I t s  f o r  each r e g u la te d  

p o l l u t a n t  b e in g  d is c h a rg e d ,  and e f f l u e n t  m o n i t o r in g  re q u i r e m e n ts .  The  

p e r m i ts  m ust be re v ie w e d  by t h e  s t a t e  and renewed e v e ry  f i v e  y e a r s .

E f f l u e n t  I Im l t s  in  NPDES p e r m i ts  r e f l e c t  tw o  l e v e l s  o f  t r e a fm e n t  

r e q u i r e m e n ts .  The f i r s t  le v e l  Is  based on te c h n o lo g ic a l  t r e a fm e n t  

c a p a b l l  I t l e s  and p r o v id e s  t h e  mlnlmun d e g re e  o f t r e a fm e n t  r e q u i r e d  

b e fo r e  d is c h a r g e .  For m u n ic ip a l  w a s te w a te r  t r e a f m e n t  p l a n t s ,  t h i s  le v e l  

Is  d e f in e d  a s  "secondary  t r e a f m e n t ” which c o n s is t s  o f  t h e  f o l l o w in g  f o r



C o lo ra d o :  1) f i v e - d a y  b iochem ica l oxygen demand -  3 0  mg/1 fo r  a 3 0 -d a y  

average  and 45 mg/1 fo r  a 7 -d a y  a v e ra g e ;  2) t o t a l  suspended sol ids -  3 0  

m g/l fo r  a 3 0 -d a y  average  and 45 mg/l fo r  a 7 -d ay  a v e ra g e ;  3) re s id u a l  

c h l o r i n e  -  le s s  th a n  0 . 5  m g / l :  4) pH -  6 . 0 - 9 . 0 ;  and 5) fe c a l  col I fo rm s  -  

v a r y in g  l e v e l s  depending on w a te r  use (C o lo ra d o  WQCC, 1 9 7 9 ) .  

T e c h n o lo g y -b a s e d  e f f l u e n t  I Im i t s  f o r  I n d u s t r i a l  p o in t  sources  a r e  

g e n e r a l ly  based on In d u s t r y  s p e c i f i c  f e d e r a l  g u ld e l  Ines . A second le v e l  

of t r e a t m e n t  re q u l  rem ents  may be Imposed on m u n ic ip a l  and i n d u s t r i a l  

d is c h a r g e r s  I f  te c h n o lo g y -b a s e d  I Im i ts  a r e  I n s u f f i c i e n t  t o  p r o t e c t  and  

m a in t a in  d e s ig n a te d  w a te r  uses. These w a te r  qual I ty -b a s e d  I Im i ts  a r e  

d e f in e d  by " t o t a l  maximum d a l l y  loads"  (T N D L 's ) ,  which a r e  th e  maximun 

q u a n t i t i e s  o f  pol l u t a n t s  t h a t  can be c a r r i e d  by a r e c e i v i n g  w a te r  

w i t h o u t  a d v e r s e ly  a f f e e t  I ng w a t e r  uses (F e d e ra l  W ater  P o l l u t i o n  C on tro l  

A c t,  1 9 7 2 ) .  The TMDL's a r e  p r o p o r t io n e d  among d is c h a r g e r s  on a g iv e n  

segnent th ro u g h  a w a s te  lo a d  a l l o c a t i o n  p ro c e d u re  (U .S .  EPA, 1983c and  

1 9 8 3 d ) .  W ater  qual I ty -b a s e d  I Im i t s  have been appi led w id e ly  th ro u g h o u t  

Col or ado.

The d e t e r m in a t io n  o f  w a te r  qual I t y -b a s e d  e f f l u e n t  I Im i ts  I s  based  

on a s teady  s t a t e  mass b a la n c e  e q u a t io n  o f  t h e  genera l form :

(Q ^ ) (C ^ )  -  (Q ^ ) (C ^ )

w here :

Qu
C = u

<?» =

upstream  low f low  o r  design f lo w  ( c f s )  

upstream  p o l l u t a n t  c o n c e n t r a t io n  (m g / I )  

e f  f  I u e n t f  I ow ( c f s )
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C = a l lo w a b le  e f f l u e n t  c o n c e n t r a t i o n  ( p e r m i t  I im i t ,  m g / l )

Q . = downstream f low  (Q + Q , c f s )  d u e
= a l lo w a b le  downstream c o n c e n t r a t i o n  (w a te r  qual I t y  c r i t e r i a ,  

m g / l )

The  g enera l form o f t h i s  e q u a t io n  may be m o d i f ie d  t o  r e f l e c t  a d d i t io n a l

f a c t o r s  r e q u i r e d  f o r  n o n -c o n s e r v a t iv e  v a r i a b l e s  such as d is s o lv e d  oxygen

and u n - Io n lz e d  ammonia. The mass b a la n c e  e q u a t io n  I s  s o lved

In d e p e n d e n t ly  fo r  each r e g u la t e d  w a te r  qua l I t y  v a r i a b l e  t o  d e te rm in e

a l l o w a b l e  e f f l u e n t  c o n c e n t r a t io n s  o r  p e r m i t  I Im i t s  (C ^ ) .

The In p u t  v a lu e s  t o  t h e  e q u a t io n  used t o  d e te rm in e  w a te r  qual I t y -

based e f f l u e n t  I Im l t s  a r e  f i x e d  t o  a l a r g e  e x t e n t  by si t e -s p e c i  f  Ic

c o n d i t io n s ,  bu t may vary  a c c o rd in g  t o  d a ta  a v a l l a b l l  I t y  and

I n t e r p r e t a t i o n .  The upstream p o l l u t a n t  c o n c e n t r a t io n  (C^) Is  g e n e r a l ly

ta k e n  frcm  h i s t o r i c a l  w a te r  qual I t y  d a ta ,  when a v a i l a b l e .  E i t h e r

average  or maxlmuti " w o rs t  c a s e ” v a lu e s  from  h i s t o r i c a l  d a ta  may be used.

Where d a ta  a r e  I n s u f f i c i e n t ,  as su m p tio n s  may be made about upstream

qual I t y  (C ^ ) based on t h e  I I t e r a t u r e  o r  o t h e r  souroes  o f  In fo r m a t io n .

The  v a lu e  ohosen f o r  e f f l u e n t  f lo w  (Q  ) has oommonly been t h e  maxlmun

design o a p a o l ty  o f  t h e  p l a n t ,  used t o  r e p r e s e n t  a w o r s t  oase s o e n a r lo .

More r e o e n t l y ,  a o tu a l e f f l u e n t  f lo w  v a lu e s ,  based on h l s t o r l o a l  reo o rd s

and p r o j e o t lo n s ,  have been used and u p d ated  w i t h  eaoh p e r m i t  re n e w a l .

The a l l o w a b l e  downstream o o n o e n t r a t lo n  ( C . )  is  based on e s ta b l  Ished s i t ed
s p e o l f l o  w a te r  qual I t y  or I t e r  I a. I f  more th a n  one d is c h a rg e r  I s  p re s e n t  

on a g iv e n  segrtient, TMDL’ s p r o p o r t io n e d  th ro u g h  a w a s te  load  a l l o c a t i o n  

a r e  used t o  d e f in e  t h e  maxlmim al lo w a b le  downstream c o n c e n t r a t io n  t h a t  

may be c o n t r i b u t e d  by each d is c h a r g e r .
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P o s s ib ly  th e  most s i g n i f i c a n t  in p u t  t o  t h e  d e t e r m in a t io n  o f  w a te r  

qual I t y -b a s e d  e f f I  uen t 1 im i ts  i s  t h e  upstream des ign  f l e w .  T h i s v a l u e  

may be v a r i e d  t o  corresp ond  t o  g iv e n  l e v e l s  o f  w a te r  qual I t y  p r o t e c t io n  

d e s i r e d .  In g e n e r a l ,  w a te r  qual I t y  s ta n d a rd s  a r e  n o t  appi I c a b l e  under 

e x tre m e  le w - f lo w  c o n d i t io n s ,  d e f in e d  a s  f lo w s  below th e  d e s ig n a te d  

upstream  design  f l o w .  The p r o t e c t io n  o f  w a te r  uses, t h e r e f o r e .  Is  

p ro v id e d  o n ly  fo r  f le w  c o n d i t io n s  equal t o  or g r e a t e r  th an  t h e  design  

f lo w  v a lu e .  Design f lo w s  may be def Ined t o  prov Ide p r o t e c t io n  f o r  

a q u a t i c  I I f e  frem  s h o r t - t e r m ,  a c u te ,  or lo n g - t e r m ,  c h r o n ic ,  e xposures  t o  

pol I u t a n ts .

H i s t o r i c a l l y ,  t h e  s t a t i s t i c a l  v a lu e  f o r  t h e  upstream design f lo w  

"commonly a c c e p te d "  f o r  use by t h e  s t a t e  of C o lo ra d o  has been t h e  7Q10  

(C o lo ra d o  WQCC, 1 9 8 4 a ) .  The 7Q10 v a lu e  r e p r e s e n t s  t h e  7 -d a y  moving  

a v e ra g e  low flow  t h a t  i s  e q u a le d  o r  n o t  exceeded once In  e v ery  te n  y e a r s  

on t h e  a v e ra g e .  A lthough t h e  use o f t h e  7Q10 has been a c c e p te d  In  

C o lo rad o  and th ro u g h o u t  t h e  U n i t e d  S t a t e s ,  t h e  F e d e ra l  C lean  W a te r  Act 

makes no s p e c i f i c  p r o v is io n  r e q u i r i n g  t h e  use of t h e  7Q 10, b u t  r a t t i e r  

p r o v id e s  f l e x i b l l  i t y  fo r  th e  s t a t e s  t o  d e v e lo p  i n d i v i d u a l  Ized  w a te r  

qual i t y  management p ro g ran s .  A r e c e n t  U .S .  EPA r e p o r t  has s t a t e d  t h a t  

"a re v ie w  o f th e  I I t e r a t u r e  f a l l s  t o  r e v e a l  a s t r i c t  w a te r  qual i t y  b a s is  

f o r  e s ta b i  Is h in g  7Q1 0 as t h e  stream  des ign  f l o w "  (U .S .  EPA 1 9 8 3 b ) .  

A l t e r n a t i v e s  t o  t h e 7 Q 1 0  d e s ig n  f l e w ,  more f i r m l y  based on w a te r  qual I t y  

c o n s id e r a t io n s ,  c o u ld  be more c o s t  e f f e c t i v e  f o r  p o i n t  source  

d is c h a r g e r s  and s t i l l  p r o t e c t  and m a i n t a i n  d e s ig n a te d  w a te r  uses.

The im p le m e n ta t io n  o f  t h e  C o lo rad o  NPDES is  b u i l t  l a r g e l y  upon 

s e l f - e n f o r c e m e n t  p ro c e d u re s .  P o in t  source  d is c h a r g e r s  a r e  r e q u i r e d  t o  

m o n ito r  th e  qual I t y  and f lo w  r a t e  o f t h e i r  e f f l u e n t  r o u t i n e l y  and t o



su b m it  t h e  r e s u l t s  t o  th e  s t a t e  and t h e  U. S. EPA in  m onth ly  D is c h a rg e  

M o n i to r in g  R e p o r ts  (D M R 's ) .  The r e p o r t s  a r e  checked f o r  v i o i a t i o n s  of  

t h e  p e r m i t  I im i t s  and o t h e r  fo rm s  o f  noncompi ia n c e .  S i g n i f i c a n t  

noncompi iance may be s u b je c t  t o  e n fo rc e m e n t a c t i o n s  ra n g in g  from  w arn ing  

i e t t e r s  t o  r e s t r a i n i n g  o r d e r s  o r  in j u n c t i o n s  t o  shu t down p l a n t  

o p e r a t io n  (Coi orado WQCD, 1 9 8 4 ) .  C u r r e n t i y ,  t h e r e  a r e  a p p ro x im a te i  y one 

thousand  a c t i v e  NPDES p e r m its  in  Coi o rado , about one -ha l f  o f which a re  

m u n ic ip a l  w a s te w a te r  t r e a f m e n t  f á c i l  i t i e s .

Sunmary

To s u n m a r lze ,  t h e  le g a l  framework f o r  t h i s  study a l ic w s  f o r  

a i t e r n a t i v e s  t o  t h e T Q l O  fo r  use in  e f f i u e n t  d is c h a rg e  p e r m i t t in g  under  

t h e  NPDES. A i t e r n a t i v e s  must m eet th e  goai s o f  t h e  fe d e r a l  and s t a t e  

w a te r  qua l i t y  a c t s  t o  mai n ta i  n t h e  chem l e a l , p h y s ic a l ,  and bi ol ogi cal 

i n t e g r i t y  o f  th e  N a t i o n 's  w a te r s  and t o  p r o t e c t  benef i c i a i  uses o f  th es e  

w a te r s .  A change in  t h e  des ign  f io w  c r i t e r i a  frem  t h e  annuai 7Q10 must 

p r o t e c t  e x i s t i n g  w a te r  uses and h igh  quai i t y  w a te rs  as  d e f in e d  by th e  

U. S. EPA a n t i  d e g ra d a t i  on pol ic y .

12

ALTERNATiVE APPROACHES TO NPDES PERMITTiNG

Compì iance  w i t h  s u r fa c e  w a te r  qual i t y  r e g u l a t i o n s  and N a t io n a l  

Pol I u t  a n t  D is c h a rg e  El Imi n a t i  on System (NPDES) p e r m i t  r e q u i r a n e n t s  can 

be c o s t l y  f o r  p o i n t  source d is c h a r g e r s .  R e c e n t ly ,  th e  U. S. EPA O f f i c e  

o f Pol ic y .  P la n n in g  and E v a lu a t io n  and i n d i v i d u a l  s t a t e s  have sought  

i n n o v a t i v e  approaches  t o  w a te r  p o l l u t i o n  c o n t ro l  p e r m i t t in g  t h a t  w i l l  

m a in ta in  o r  im prove e x i s t i n g  w a te r  qual i t y  w h i l e  re d u c in g  t r e a f m e n t  

c o s ts .  Two m a jo r  ty p e s  o f  in n o v a t io n s  in  NPDES p e r m i t t in g  have  been  

t r i e d .  The f i r s t  ty p e  In v o lv e s  In c r e a s in g  t h e  use of stream
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a s s i m i l a t i v e  c a p a c i ty  fo r  w a s te s  and t h e  second In v o lv e s  r e d i s t r i b u t i n g  

a| 1 owabl e w a s te  loads  among d is c h a r g e r s ,  or d is c h a rg e  t r a d i n g ,  t o  

a c h ie v e  t h e  most econcmlcal al l o c a t i o n .

■■Increased Use. Qf . Ass lm ll a t l v e  Capacl t /

In c re a s e d  use of stream  a s s i m i l a t i v e  c a p a c i ty  can be a c h ie v e d  by 

re d u c in g  v a r io u s  f a c t o r s  o f  s a f e t y  t h a t  have h i s t o r i c a l l y  been In c lu d e d  

in  t h e  d e t e r m in a t io n  o f  NPDES p e r m i t  I Im i ts .  T h re e  m a jo r  In p u ts  t h a t  

may be v a r i e d  t o  reduce  f a c t o r s  o f  s a fe ty  In c lu d e  upstream design f lo w ,  

w a te r  qual I t y  s ta n d a rd s ,  and v a lu e s  used f o r  e f f l u e n t  f lo w  r a t e s .

The most s i g n i f i c a n t  In p u t  t h a t  can be v a r i e d  I s  t h e  upstream  

design  f l o w .  As m e ntion ed  I n  t h e  re v ie w  o f  NPDES r e g u l a t i o n s ,  th e  7Q10 

f le w  s t a t i s t i c  has  t r a d i t i o n a l l y  been used a s  t h e  upstream design f lo w  

In  d is c h a rg e  p e r m i ts .  In many s tream s t h e T Q I O  flow o c c u rs  l e s s  th a n  

o f  t h e  th e  t im e  and th u s  may be c o n s id e re d  a c o n s e r v a t iv e  measure  

(R e b e ls ,  e t  a l . ,  1 9 82 ; F e r r a r a  and Domino, 1 9 8 5 ) .  A l t e r n a t i v e  lo w -f lo w  

s t a t i s t i c s  o f  d i f f e r e n t  f re q u e n c y  a n d /o r  d u r a t io n  from th e 7 (? 1 0  (7 -d a y  

d u r a t io n ,  one In  t e n  y e a r  f r e q u e n c y )  have  been e v a lu a te d  In  a nunber of 

r e c e n t  r e p o r t s .  The U. S. EPA looked  a t  f i v e  r i v e r  re a ch e s  a c ro s s  t h e  

n a t io n .  In c lu d in g  t h e  Arkansas  R iv e r  a t  Canon C i t y ,  C o lo rad o , and 

compared t h e  3 0 Q 10 , 30Q5, and 7Q2 f lo w s  t o  t h e  7Q1 0 ( 1 9 8 3 g ) .  The annual 

s t a t i s t i c s  w e r e  based a Log P e ars o n  Type I I I  d i s t r i b u t i o n .  I t  was found  

t h a t  t h e  7Q2 low f lo w s  f o r  t h e  re a c h e s  In  t h e  study w ere genera l ly  1 . 5 -  

1 .7  t im e s  l a r g e r  th an  7Q10 f lo w s ,  and t h a t 3 0 Q 1 0  and 30Q5 f lo w s  w e re  

befween t h e  7Q10 and 7Q2 f lo w s .  In T e x a s  and a nunber of o th e r  d ry ,  

southw est s t a t e s  t h e  7Q2 has been appl le d .  In s te a d  o f  t h e  7Q 10, t o  

d e te rm in e  d is c h a rg e  p e r m i t  I I m l t s  (U . S. EPA, 1 9 8 3 e ) .  The use of design  

f le w  c r i t e r i a  l a r g e r  th a n  t h e  7Q1 0 w ll I o b v io u s ly  a l lo w  h ig h e r  e f f l u e n t
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p e r m it  I i m i t s  and low er t r e a tm e n t  c o s ts .  A t t h e  same t im e ,  however, 

l a r g e r  des ign  f lo w  c r i t e r i a  w i l l  a ls o  p ro v id e  le s s  p r o t e c t io n  o f  w a te r  

use s w I th  mor e day s occur r i n g  when f lo w s  f a l l  below t h e d e s i g n  f low  

v a lu e  and when w a te r  qual I t y  s ta n d a rd s  do n o t  a p p ly .

A m a jo r  drawback o f  annual f r e q u e n c y /d u r a t lo n  f lo w  s t a t i s t i c s  is  

t h a t  they  p ro v id e  unequal l e v e l s  o f  p r o t e c t i o n  from one stream t o  

a n o th e r .  A s i n g l e ,  a r b i t r a r y  f low  s t a t i s t i c  c a n n o t  a c c u r a t e ly  r e f l e c t  

t h e  e n t i r e  range  o f p o t e n t ia l  f low  p a t t e r n s  In  n a tu ra l  and r e g u la t e d  

s tre a m s. The nimber o f days on w hich  f lo w s  f a l l  below a g iv e n  annual 

s t a t i s t i c ,  l i k e  t h e V Q I O ,  may v a ry  s i g n i f i c a n t l y  from one r i v e r  t o  

a n o th e r .  As an exam ple , a com parison o f  t h e  number o f  f lo w s  f a l l i n g  

below t h e  annual 7Q10 on f i v e  r i v e r s  a c ro s s  t h e  U n i t e d  S t a t e s  showed a 

range  o f  0 . 1 2  days  per y e a r  f o r  t h e  Cheyenne R iv e r  t o  4 .3  p e r  y e a r  f o r  

t h e  H o u s a to n ic  R i v e r ,  a d i f f e r e n c e  on t h e  o r d e r  of 3500^ (U . S. ERA, 

1 9 8 3 g ) .

A second m a jo r  d is a d v a n ta g e  o f annual des ign  f lo w  s t a t i s t i c s  I s  

t h a t  th e  v a lu e s  a r e  based on e x tre m e  low f lo w s  w hich  occur o n ly  d u r in g  

c e r t a i n  t im e s  o f  t h e  y e a r .  The a s s i m i l a t i v e  c a p a c i t i e s  o f  h ig h e r  f lo w s  

which occur a t  o th e r  t im e s  o f  t h e  y e a r  a r e  ig n o re d  by annual design  

f lo w s .  To use t h i s  c a p a c i ty  more f u l l y ,  m onth ly  or seasonal design  

f lo w s  may be appi led . Seasonal w a te r  qual I t y  may a ls o  be f a c t o r e d  I n t o  

e f f l u e n t  p e r m i t  I im i ts  In  p la c e  o f annual v a lu e s .  A seasonal 7Q10 is  

d e f in e d  In  a s i m i l a r  manner as t h e  annual 7Q10 s t a t i s t i c  e x c e p t  t h a t  th e  

p e r io d  o f  a n a l y s i s  may be one t o  s e ve ra l  months r a t h e r  th an  a y e a r .  

D i f f e r e n t  7Q1 0 v a lu e s  a r e  d e f in e d  f o r  each month or season. A r e c e n t  

survey found t h a t  seasonal des ign  f lo w s  a r e  c u r r e n t l y  b e in g  appI led t o
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some e x t e n t  In  42 s ta te s  and m onth ly  f lo w s  a r e  be ing  appi led In  14  

s t a t e s  (Lamb, 1 9 8 5 ) .

S I g n I f l o a n t  In c re a s e s  In  w a s te  lo a d in g s  f o r  b iochem ica l oxygen  

demand (BOD) and ammonia w e re  r e p o r te d  In  a number of cases  w here  design  

f l e w s  w e re  based on two seasons, w in t e r  and summer ( F e r r a r a  and Domino, 

1 9 85 ; Schaughnessy, e t  a l . ,  1984 ; U. S. EPA, 1 9 83 ; Lamb, 1982a  and 1982b; 

R e b e ls ,  e t  a l . ,  1982; Boner and Furl and, 1982; Epp and Young, 1 9 81 ; and 

H a r g e t t  and S e ag rav e s ,  1 9 8 0 ) .  In one s tu d y ,  v a lu e s  f o r  simmer BOD 

e f f l u e n t  I Im i t s  w e re  a p p ro x im a te ly  doubled by t h e  use of a w i n t e r  design  

f lo w  ( H a r g e t t  and S eag raves , 1 9 8 0 ) .  The use of monthly 7Q10 f lo w s  

r a t h e r  th an  annual 7Q10 v a lu e s  In  one study r e s u l t e d  In  a l l o w a b l e  

d is c h a rg e  lo a d s  t h a t  w ere  more th an  t e n  t im e s  h ig h e r  In  t h e  w i n t e r  th an  

t h e  annual a l l o w a b l e  load  (Lamb 1 9 8 2 ) .  Use of monthly 7Q10 f lo w s  In  

B u f f a l o ,  Wyoming r e c e n t l y  a b a te d  t h e  need t o  c o n s t r u c t  advanced  

t r e a f m e n t  f a d  I I t l  es which woul d have c o s t  $ 2 -4  mil I Ion (W II I ey and 

B e n je s ,  1 9 8 5 ) .  The s t a t e  o f G e o rg ia  has a d opted  m onth ly  7Q10 d es ign  

f lo w s  and has  e s t im a te d  annual o p e r a t in g  c o s t  sav ings  o f  2 - 1 9 Í  and 

c a p i t a l  c o s t  sav ing s  o f  A-\6% (R e b e ls ,  e t  a l . ,  1 9 8 2 ) .

W ater qual I t y  c o n t ro l  r e g u a l t l o n s  In  t h e  s t a t e  of C o lo rad o  

c u r r e n t l y  p ro v id e  f o r  th e  use of seasonal 7Q10 des ign  f lo w s  (C o lo ra d o  

WQCC, 1 9 8 4 a ) .  The r e g u l a t i o n s  s t a t e  t h a t  each season w i l l  " n o rm a l ly  

c o n s i s t ” o f  a mlnlmim o f t h r e e  months. A lthough  o th e r  o p t io n s  a r e  

p e r m i t t e d ,  t h e  y e a r  Is  genera l ly  d iv id e d  I n t o  t h r e e  p e r io d s  -  a s i x  

month w i n t e r  lo w - f lo w  p e r io d  (N ovan ber-A pr  11 ) ,  and tw o s h o r te r  seasons  

(M a y -J u ly  and A u g u s t -O c to b e r ) .

The n e x t  s te p  beyond m on th ly  or seasonal des ign  f lo w s  I s  a d a l l y  

t im e  v a r y in g  p e r m i t  I Im i t  w hich Is  based on a c tu a l  re a l  t im e  r i v e r
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c o n d i t io n s  o f  f lo w  and w a te r  qual I t y .  With t h i s  method, f lew  and w a te r  

qual I t y  m o n ito r in g  d a ta  a r e  used t o  d e te rm in e  th e  a l lo w a b le  w a s te lo a d  a 

d is c h a r g e r  may r e le a s e  on a g iv e n  day (H erbay and Smeers, 1983 ; D av id  

and D a v id ,  1 9 8 3 ) .  Several s t a t e s ,  I nel udì ng W I sconsi n. North C a r o l in a ,  

Iowa, and C o lo ra d o  have Im plem ented d a l l y  t im e  v a r y in g  p e r m i ts  t o  some 

e x t e n t  (U. S. EPA, 1983 e, 1 9 8 3 f ,  and 1 9 8 4 c ) .

S e a s o n a l,  m onthly  or d a l l y  design f lo w s  have  a nunber of p o t e n t ia l  

drawbacks. The f i r s t  I s  t h a t  th e  le v e l  o f  p r o t e c t io n  p r o / Id e d  f o r  

d e s ig n a te d  w a te r  uses may be reduced  from  t h a t  a c h ie v e d  w i th  annual 

design f lo w s .  The o v e ra l  I ass i m II a t l  v e  capaci t l  es  o f  re c e l  v Ing w a te r s  

a r e  more fu l  ly  used w i t h  seasonal or t i m e - v a r y i n g  p e r m i ts  which may 

r e s u l t  In  1 ewer w a te r  qual I t y  e v e r  t h e  l o n g t e r m  (R e b e ls ,  e t  a l . ,  1 9 8 2 ) .  

Research done by t h e  U. S. EPA has shown t h a t  t h e  use of seasonal design  

f lo w s  In c r e a s e s  t h e  p ro b a b ll  I t y  of v i o l a t i o n  o f  w a te r  qual I t y  c r i t e r i a  

and c o u ld  r e s u l t  In  lo w e r  w a te r  qual I t y  u n le s s  s ta n d a rd s  a r e  made more  

s t r i n g e n t  (U. S. EPA, 1 9 8 3 g ) .  A second drawback I s  based on In c re a s e d  

d a ta  r e q u i r e d  t o  c a l c u l a t e  p e r m i t  I Im i t s  based on s e a s o n a l,  m onthly  or 

d a l l y  des ign  f lo w s .  In a d d i t i o n .  Im p le m e n ta t io n  o f  th es e  s h o r t - t e r m  

I Im i ts  I s  m ore complex and may be more e x p e n s iv e  f o r  r e g u la to r y  

a g e n c ie s .  The b e n e f i t s  o f  v a r y in g  p e r m i t  I Im i t s  may be r e s t r i c t e d  by 

th e  abl I I t y  o f  d is c h a r g e r s  t o  s t a r t  up and shu t down t r e a t m e n t  processes  

on s h o r t  n o t i c e .  F i n a l l y ,  v a r y in g  p e r m i t  I Im i ts  may n o t r e s u l t  In  

o v e r a l l  t r e a t m e n t  c o s ts  s a v in g s  because low er c o s ts  d u r in g  some p e r io d s  

may be o f f s e t  by h ig h e r  c o s ts  d u r in g  o t h e r  p e r io d s .  G iven a l l  of th ese  

p o t e n t i a l  draw backs. I t  s t i l l  a ppears  t h a t  c o s t  sav ings  In  c o n s t r u c t io n  

and o p e r a t i o n  o f  t r e a t m e n t  f a d  I I t i  es us ing  seasonal or m onthly  design  

f lo w s  may be s i g n i f i c a n t .  R e b e ls ,  e t  a l .  (1 9 8 2 )  r e p o r te d  a p o t e n t ia l
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s a v in g s  o f  e v er  $1 b i l l i o n  i f  m onthly  design f  I cw s were appi led  

n a t io n w id e .  However, c o r re s p o n d in g  e f f e c t s  on w a te r  qual i ty  must a ls o  

be c a r e f u l  ly  assessed.

An a l t e r n a t i v e  t o  f r e q u e n c y - d u r a t io n  f lo w  s t a t i s t i c s  has r e c e n t l y  

been deve loped  by t h e  O f f i c e  o f Research and Developm ent of t h e  U. S. ERA 

( 1 9 8 6 ) .  Th Is  al t e r n a t l v e ,  cal I ed t h e  " b lo l  o g lc a l  l y -b a s e d ” method. Is  an 

e m p ir ic a l  dl s t r  1 b u t i  o n - f r e e  approach t h a t  u t i l  Iz e s  h i s t o r i c a l  re c o rd s  o f  

d a l l y  f lo w s  t o  s e le c t  a p p r o p r ia t e  des ign  f lo w s .  The s e le c t i o n  c r i t e r i a  

In c lu d e  an a l l o w a b l e  f re q u e n c y  o f o c c u rre n c e  o f  f lo w s  below t h e  design  

v a lu e  and f le w  d u r a t io n s  t h a t  r e f l e c t  a c u te  and c h r o n ic  c o n d i t io n s .  

V a lu e s  recommended by t h e U . S .  ERA (1 9 8 5  and 1986) fo r  these  c r i t e r i a  

a r e  a f re q u e n c y  o f once In  t h r e e  y e a r s ,  and d u r a t io n s  of one day fo r  

a c u te  and fo u r  days o f  lo n g e r  f o r  c h r o n ic  f l e w s .  The b i o l o g ic a l l y - b a s e d  

design  f lo w  Is  d e te rm in e d  by o r d e r in g  t h e  lew f lo w s  o f  h i s t o r i c a l  re c o rd  

and choosi ng t h e  h Ig h e s t  f  I ow t h a t  al I ows no more th an  th e  al I owabi e 

nimber o f  e x c u rs io n s .

W ater uses and w a te r  qual I t y  c r i t e r i a  may a ls o  be v a r ie d  t o  r a i s e  

NRDES p e r m i t  I Im l t s  and In c r e a s e  th e  use of stream  a s s i m i l a t i v e  

c a p a c i t y .  A lthough  w a te r  qual I t y  s ta n d a rd s  a r e  g enera l ly c o n s ta n t  over  

t im e ,  th ey  may be a d ju s te d  t o  r e f l e c t  w a te r  uses t h a t  va ry  w ith  th e  

seasons. For exam ple , d is s o lv e d  oxygen c r i t e r i a  c o u ld  be v a r ie d  t o  

p ro v id e  b e t t e r  p r o t e c t io n  f o r  f i s h  d u r in g  spawning seasons and le s s  

pr o t e c t  I on w I th  r e la x e d  l i m i t s  d u r in g  n o n - c r i t i c a l  p e r io d s  (U .S .  ERA, 

1 9 8 3 g ) .  Seasonal c r i t e r i a  have a l r e a d y  been appI led t o  p r o t e c t  

r e c r e a t i o n  uses In  t h e  s t a t e  o f Nebraska w h e re  c h l o r i n a t i o n  t o  c o n tro l  

fe c a l  col i fo rm s  I s  r e q u i r e d  o n ly  d u r in g  t h e  summer season (Lamb, 1 9 8 0 ) .
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S i t e  s p e c i f i c  w a te r  qual I t y  c r i t e r i a  may r e p la c e  th e  recommended 

v a lu e s  w here  lo c a l  c o n d i t io n s  a r e  un iq ue. The s t a t e  o f C o lo rad o  has  

deve loped  s i t e  s p e c i f i c  c r i t e r i a  f o r  a number o f w a te r s  us ing  tw o  

te c h n iq u e s  ( F o s t e r ,  1 9 8 3 ) .  The f i r s t  approach is  based on t h e  use of 

b loassay  t e s t i n g  t o  d e f in e  a p p r o p r ia t e  In s tre a m  w a te r  qual i ty  

re q u ir e m e n ts  t o  p r o t e c t  in d ig e n o u s  p o p u la t io n s  g iv e n  a m bien t stream  

qual i t y .  The  second approach , which Is  much l e s s  e x p e n s iv e .  In v o lv e s  a 

s t a t i s t i c a l  a n a ly s is  o f  h i s t o r i c a l  w a te r  qual i t y  d a ta .  Water qual I ty  

c r i t e r i a  a r e  s e t  equal t o  t h e  v a lu e  of t h e  mean p lu s  t h e  s ta n d a rd  

d e v i a t i o n  o f  t h e  sample d a ta .

The v a lu e  used t o  r e p r e s e n t  t h e  q u a n t i t y  o f e f f l u e n t  f lo w  frcm a 

d is c h a r g e r  may a ls o  have a s i g n i f i c a n t  e f f e c t  on NPDES p e r m i t  I Im i ts .

In t h e  p a s t ,  p l a n t  design c a p a c i t i e s  have  been used t o  r e p r e s e n t  t h e  

maxlmijii p o s s ib le  e f f l u e n t  f lo w s .  However, t h e  use of a n t i c i p a t e d  f lo w s  

o v e r  th e  f i v e - y e a r  I I f e  of t h e  NPDES p e r m i t  i s  an aoce p ta b i e o p t io n .

Two s tu d ie s  r e p o r te d  a verage  annual e f f l u e n t  f l o w s  equal t o  a b o u t 50% 

f o r  th e  m a j o r i t y  of t r e a lm e n t  f a o l l  I t l e s  i n v e s t i g a t e d  ( F e r r a r a  and 

Domino, 1 9 85 ; Boner and Furl and, 1 9 8 3 ) .  The use of a c tu a l  e f f l u e n t  

f lo w s  r a t h e r  th an  r a t e d  va l ues coul d al low h ig h e r  p e r m i t  I im i ts  and 

p ro v id e  s i g n i f i c a n t  savings In  t r e a f m e n t  c o s ts  w h i l e  s t i l l  m a in ta in in g  

w a te r  uses. In one case, th e  use of a c tu a l  f low  v a lu e s  r e la x e d  ammonia 

I Im i t s  from  1 0 .9  mg/l a t  a f lo w  o f 10  M3D t o  1 6 .0  mg/l a t  a f lo w  o f 5 

M3D ( F e r r a r a  and Domino, 1 9 8 5 ) .  A r e d u c t io n  In  t h e  e f f l u e n t  f lo w  v a lu e  

c o u ld  a c t u a l l y  produce low er 1 Im i t s  f o r  ammonia In  some cases , however, 

depending on t h e  pH and te m p e r a tu r e  c o n d i t io n s  o f  t h e  d is c h a rg e  and t h e  

r e c e i v  ing w a t e r .
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P ru d e n t  t im in g  and l o c a t i o n  o f  pol i u t a n t  d is c h a rg e s  may be used t o  

h e lp  in c r e a s e  th e  use of stream  asssi m i I a t i  v e  c a p a c i t i e s .  E f f l u e n t  may 

be r e t a i n e d  t e m p o r a r i l y  in h o ld in g  ponds o r  la goons  d u r in g  c r i t i c a l  low 

flow  or w a te r  qual I t y  c o n d i t io n s  and r e le a s e d  l a t e r  under more f a v o r a b l e  

c o n d i t io n s  ( Z i t t a ,  1 9 7 9 ) .  The ' ' c o n t r o l l e d  r e l e a s e "  approach a l lo w s  a 

d is c h a r g e r  t o  ta k e  advantage of high f le w  e v e n ts  and p ro v id e  b e t t e r  

p r o t e c t io n  d u r in g  c r i t i c a l  t im e s .  One d is a d v a n ta g e  of t h i s  method i s  

t h e  c a p i t a l  c o s t  re q u l  red t o  c o n s t r u c t  hoi dl ng f a c l l  I t l  es, but t h i s  may 

s t i l l  be s i g n i f i c a n t l y  le s s  th a n  t h e  c o s t  o f b u i l d i n g  new t r e a lm e n t  

f a c l l  I t l e s .  The p o in t  of e f f l u e n t  d is c h a rg e  may a ls o  be v a r ie d  o v e r  

t im e  t o  p r o t e c t  w a te r  qual I t y  d u r in g  c r i t i c a l  c o n d i t io n s  I f  a l t e r n a t i v e  

I o c a t l  ons a r e  a v a l  1 abl e . The C i t y  of F o r t  Col I In s ,  C o lo rado  has  

deve lo ped  a system t o  bypass d is c h a rg e  t o  t h e  r e c e i v i n g  stream  and 

r e l e a s e  I n t o  an I r r i g a t i o n  d i t c h  when c o n d i t io n s  a r e  c r i t i c a l .  T h is  

prograti c o u ld  save  t h e  c i t y  $ 1 4 0 ,0  00 a y e a r  In  reduced  n i t r i f i c a t i o n  

r e q u i r e m e n ts  ( K u c h e n r I th e r ,  1 9 8 3 ) .

Dl scharge T ra d l  ng

The second m a jo r  group o f  a l t e r n a t i v e  NPDES p e r m i t t in g  te c h n iq u e s  

I s  based on a r e d i s t r i b u t i o n  o f  al Ic w a b le  w a s te  lo a d s .  On stream  

segpients w I th  more th an  one d is c h a r g e r ,  a w a s te  lo a d  a l l o c a t i o n  Is  

p erfo rm ed  t o  p r o p o r t io n  t h e  al lo w a b le  t o t a l  maximum d a l l y  load among t h e  

t h e  d is c h a r g e r s .  Waste lo a d  al l o c a t i o n  r i g h t s  may be exchanged among 

p o i n t  s o u rc e s  t o  a c h ie v e  a more economical d i s t r i b u t i o n  o f  t h e  w a s te  

I oad.

P o in t  source t r a d i n g  a l l o w s  dl s c h a rg e rs  w I t h  more e f f i c i e n t ,  le s s  

e x p e n s iv e  t r e a f m e n t  capabl I I t l e s  t o  t r e a t  t h e i r  w a s te  t o  a g r e a t e r  

d e g re e  th a n  r e q u i r e d  and a p p ly  t h e  sav ings  In  w a s te  lo a d  t o  a n o th e r
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d is c h a r g e r  on t h e  same segnent w hich may use more e x p e n s iv e  t re a m e n t  

pro c e s se s . Cost s av in g s  a r e  shared  among a l l  th e  d is c h a r g e r s  In v o lv e d  

In  t h e  t r a n s a c t i o n .  Secondary t r e a t n e n t  r e q u i r e m e n ts  must be m e t a t  al I 

t im e s ,  however, even I f  n o t  necessary  t o  m eet t h e  al I cwabl e  w a s te  lo a d .  

Cost s a v in g s  from  p o i n t  source  t r a d i n g  can be s i g n i f i c a n t ,  p a r t i c u l a r l y  

when t h e  c o n s t r u c t io n  o f  new t r e a f m e n t  f a c t l l  I t e s  I s  a v o id e d .  P o t e n t ia l  

c o s t  s a v in g s  f o r  a group o f  f w e lv e  p o i n t  source d is c h a r g e r s  on t h e  

D e la » a r e  E s tu a ry  w ere  e s t im a te d  t o  be In  e x c e s s  o f  $4  mil I Ion a y e a r  

(Schaughnessy , e t  a l . ,  1 9 8 3 ) .  T r a n s f e r a b l e  d is c h a rg e  p e r m i ts  have  been 

used t o  some e x t e n t  befween d o m es tic  w a s te w a te r  t r e a f m e n t  f a d  I I t l e s  

d is c h a r g in g  In  Dl 11 on R e s e rv o l  r  In  Summit C ounty , C o lo rad o  (NnfCOOG, 

1 9 8 4 ) .  One m a jo r  I I m i t a t i o n  o f  t h e  p o in t  source  t r a d i n g  o p t i o n  I s  t h a t  

I t  r e q u i r e s  e x t e n s iv e  p la n n in g  and c o o p e r a t io n  among com peting  

d i s c h a r g e r s ,  which may be d i f f i c u l t  t o  a c h ie v e .

W aste lo a d  t r a d e s  may be made among n o n - p o in t  as wel I as p o in t  

source d is c h a r g e r s .  G e n e r a l l y ,  p o l l u t a n t  d ls c h a r g e s  frc m  n o n -p o in t  

sources  have  n o t  been r e g u l a t e d  and a r e  c o n s id e re d  a s  p a r t  o f  t h e  

a m b ie n t s tream  c o n d i t io n s  In  d e te r m in in g  a l l o w a b l e  lo a d s .  However, I t  

may be t h a t  n o n -p o in t  so u rc e s  o f  pol I u t a n ts  can be t r e a t e d  more  

e f f e c t i v e l y  w i th  l e s s  c o s t  th a n  p o i n t  sources  r e q u i r i n g  e x p e n s iv e  

advanced t r e a f m e n t .  The advanced t r e a f m e n t  pol Icy of t h e  U. S. EPA 

r e q u i r e s  s t a t e s  t o  c o n s id e r  c o n t ro l  I Ing d is c h a r g e s  frcm  n o n -p o in t  

sources  b e f o r e  Im posing advanced t r e a f m e n t  r e q u i r e m e n ts  on pubi I c l y  

owned t r e a f m e n t  w o rk s .  P o l n t / n o n - p o l n t  source  t r a d i n g  has  been used 

v e ry  e f f e c t i v e l y  on D i l l o n  R e s e r v o i r  In  C o lo rad o  t o  c o n tro l  phosphorous  

r u n o f f  frcm  lo c a l  deve lo pm ents  and ease  t h e  phosphorous I Im i t s  on p o in t  

source d is c h a r g e r s  (NWCOOG, 1 9 8 4 ) .  The  use of pol n t / n o n - p o I n t  source



t r a d i n g  ma/ be I Im l te d  by t h e  f a c t  t h a t  most pol l u t a n t s  r e le a s e d  frcm  

n o n -p o in t  sou rc e s  a r e  n o t  d is c h a rg e d  by p o in t  sources , w i th  th e  

e x c e p t io n  o f  phosphorous. In a d d i t i o n ,  n o n -p o in t  sources  a r e  d i f f i c u l t  

t o  regu l a t e .

■Summary.

In n o v a t iv e  approaches  a r e  c u r r e n t l y  In c o r p o r a te d  I n t o  a p p r o x im a te ly  

o n e - fo u r t t i  o f  a l l  d is h a rg e  p e r m i ts  Is su ed  In  C o lo ra d o .  A l t e r n a t i v e  

p e r m i t t in g  te c h n iq u e s  have  been appi led  In  C o lo ra d o  In  fo u r  m a jo r  a re a s :  

seasonal des ign  f lo w s ,  s i t e  s p e c i f  Ic  w a te r  qua l I t y  s ta n d a rd s ,  p e r m i t  

t r a d i n g ,  and c o n t r o l l e d  r e l e a s e .  C o n s id e r a b le  p o t e n t i a l  e x i s t s  f o r  

f u t u r e  use o f  a l t e r n a t i v e  NPDES p e r m i t t in g  In  t h e  s t a t e  o f  C o lo ra d o ,  

p a r t i c u l a r l y  as appI led  t o  w a t e r s  o f  e n v iro n m e n ta l  and economic  

Im p o rta n c e ,
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l€1H0D0L0GIES USED TO CALCULATE DESIGN FLOWS 

Flew D u r a t io n s  and Moving A v e ra g e s

Low f le w s  may be c a l c u l a t e d  f o r  d u r a t io n s  o f  one day o r  lo n g e r ,  

depending on  t h e  d e g re e  o f  p r o t e c t i o n  r e q u i r e d  f o r  a g iv e n  use. The  

U .S ,  ERA has recommended t h a t  dual des ign  f l e w s  be used t o  p r o t e c t  

a q u a t i c  I I f e  from  both a c u te  and c h r o n ic  e f f e c t s .  The r a t i o n a l e  f o r  

a c u te  and c h r o n ic  des ign  f l o w s  I s  g iv e n  In  t h e  1985 U. S. ERA G u ld e l  Ines  

f o r  D e v e lo p in g  N a t io n a l  W a te r  Qual I t y  C r i t e r i a  (S te p h a n , 1 9 8 5 ) ,  A cute  

des ign  f lo w s  a r e  g e n e r a l ly  based on maximum c o n o e n t r a t lo n  l e v e l s ,  which  

a r e  In te n d e d  t o  p r o t e c t  a q u a t i c  I I f e  from  u n a c c e p ta b le  s h o r t - t e r m  

e f f e c t s .  The  a c u te  c o n c e n t r a t io n  used by t h e  U, S. ERA I s  t h e  O I  t e r  I on 

Maximun C o n c e n t r a t io n  (CMC), which I s  equal t o  o n e -h a l  f  o f  t h e  F in a l  

A cute  V a lu e  (F A V ) .  The FAV Is  a v a lu e  based on la b o r a t o r y  t o x i o l t y  t e s t
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r e s u l t s  ( I . e .  4 8 -  or 9 6 -h o u r  L C 5 0 ) . The CMC I s  In te n d e d  t o  p ro v id e  a 

" r e a s o n a b le  l e v e l "  o f  p r o t e c t io n  f o r  a q u a t ic  I I f e .  T h is  le v e l  has been

d e f in e d  by t h e  EPA as  p r o t e c t io n  o f  al I e x c e p t  a smal I f r a c t i o n  o f  th e

ta x a  p r e s e n t  (o r  50  p e r c e n t  o f t h e  p o p u la t io n  o f  t h e  most s e n s i t i v e  5 

p e r c e n t  o f  t h e  s p e c ie s  p r e s e n t )  (S te p h a n ,  1 9 8 5 ) .  The d u r a t io n  o f  

ex p o s u re  deemed by t h e  U .S .  EPA t o  be a p p r o p r ia t e  f o r  a c u te  l e v e l s  I s  

one h o u r ,  a s h o r t  enough p e r io d  t o  a v o id  la r g e  f l u c t u a t i o n s  In  p o l l u t a n t  

c o n c e n t r a t io n .  In p r a c t i c e ,  t h e  d u r a t io n  used I s  one day, because

d is c h a rg e  d a ta  a r e  n o t  o f t e n  r e a d i l y  a v a i l a b l e  on an h o u r ly  b a s is .

C h ro n ic  des ign  f lo w s  a r e  g e n e r a l ly  based on a c o n c e n t r a t io n  low er  

th a n  t h e  a c u te  l e v e l ,  and a r e  de s ig n e d  t o  p r o t e c t  ecosystem s frcm  

u n a c c e p ta b le  e f f e c t s  due t o  lo n g - te r m  e x p o s u re .  The c h r o n ic  

c o n c e n t r a t io n  used by t h e  U .S .  EPA I s  t h e  C r i t e r i o n  C on tinuo us  

C o n c e n t r a t io n  ( C ( X ) ,  which Is  equal t o  t h e  F in a l  A cute  V a lu e  d iv id e d  by 

f h e  F in a l  A c u t e - t o - C h r o n ic  R a t i o .  A c u t e - t o - C h r o n Ic  r a t i o s  have  been  

d e te rm in e d  In  t h e  l a b o r a t o r y  and ra n g e  frcm  one t o  more th a n  a th ousan d ,  

depending on  t h e  t o x i c i t y  c h a r a c t e r i s t i c s  o f  t h e  w a te r  qual I t y  v a r i a b l e .  

The d u r a t io n  o f  t h e  c h r o n ic  des ign  f lo w  Is  lo n g e r  th a n  one day, u s u a l ly  

ta k e n  as  a m oving a v e ra g e  o f  fo u r  t o  t h i r t y  days . Four days I s  t h e  

d u r a t io n  t h a t  has been recommended I n i t i a l l y  by t h e  U .S .  EPA, b u t  lo n g e r  

d u r a t io n s  (7 -d a y  o r  3 0 -d a y )  may be J u s t i f i e d  f o r  r e l a t i v e l y  s t a b l e  f lo w  

and downstream w a te r  qual I t y  c o n d i t io n s .  The c r i t e r i o n  used by t h e  U .S .  

EPA t o  J u s t i f y  t h e  use o f a 3 0 -d a y  a v era g e  f o r  c h r o n ic  des ign  f l e w s  I s  

t h a t  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  (mean d is c h a rg e  d iv id e d  by t h e  

s ta n d a rd  d e v i a t i o n )  based on t h e  c o m p le te  r e c o r d  o f  d a l l y  f l ow s  be 

a p p r o x im a te ly  one or l e s s .  O th e r  c r i t e r i a  t h a t  may be m ore a p p r o p r ia t e  

In c lu d e  th e  c o e f f i c i e n t  o f  v a r i a t i o n  based on f l e w s  below a g iv e n  l e v e l .
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instream  w a te r  qual I t y  v a r i a t i o n s  o r  e f f l u e n t  q u a n t i t y  and qual I t y  

v a r i a t i o n s ,  i t  shou ld  be noted  t h a t  t h e  d i f f e r e n c e  befween a 4 -d a y  

d u r a t io n  c h r o n ic  f lo w  and a 3 0 -d a y  d u r a t io n  f lo w  w i l l  be l e s s  In  a 

stream  w i t h  r e l a t i v e l y  s t a b l e  f lo w s  th a n  In  o t h e r  s tream s.

Low f lo w s  o f  d u r a t io n s  lo n g e r  th a n  one day a r e  g e n e r a l ly  c a lc u l a t e d  

as  moving a v e r a g e s  o f  a s e r i e s  o f  d a l l y  f lo w s .  The moving a v e ra g e  a c t s  

a s  a smoothing f u n c t i o n  f o r  a d a l l y  f low  re c o r d  t o  reduce  t h e  e f f e c t s  o f  

e x tre m e  v a r l a b l l  I t y ,  p a r t i c u l a r l y  o f  z e r o  o r  v e ry  low In s ta n ta n e o u s  

f lo w s .  An x -d a y  moving a v e ra g e  I s  c a l c u l a t e d  by a v e ra g in g  d a l l y  f low  

v a lu e s  f o r  days 1 t o  x ,  2 t o  ( x + 1 ) ,  3 t o  (x + 2 )  e t c .  For an annual 

p e r io d  o f  r e c o r d ,  3 6 5  d a l l y  v a lu e s  w o u ld  be smoothed t o  (3 6 5 -x )+ 1  ,  x -d a y  

moving a v e r a g e s .

P e r io d  o f  Record

The recommended p e r io d  o f  r e c o r d  f o r  lo w - f lo w  f r e q u e n c y /d u r a t lo n  

a n a l y s i s  I s  30  y e a r s  o r  more o f  d a l l y  f lo w s  (McMahon, 1 9 8 5 ) .  I f  3 0  

y e a rs  I s  n o t  a v a i l a b l e ,  a minimum of 10  y e a rs  o f  d a l l y  f low  d a ta  may be 

used t o  produce v a l  Id  r e s u l t s  (U .S .  In te ra g e n c y  A d v is o ry  Com m ittee,  

1 9 8 2 ) .  Frequency a n a l y s t s  o f  a p e r io d  o f  r e c o rd  s h o r t e r  th a n  30  y e a rs  

c o u ld  produce r e s u l t s  w i t h  l a r g e r  p r o b a b le  e r r o r s  and may In t ro d u o e  b ia s  

I f  t h e  s h o r t - t e r m  re c o r d  I n c lu d e s  a predom inance of w e t  o r  dry y e a r s  

(McMahon, 1 9 85 ;  S e a r c y ,  1 9 5 9 ) .  The p e r io d  o f  re c o r d  f o r  b i o l o g i c a l l y -  

based lo w - f lo w  a n a l y s i s  may be s h o r t e r  th a n  3 0  y e a rs  and s t i l l  produce  

r e s u l t s  w i t h  a good le v e l  o f  c o n f id e n c e  (U. S. EPA, 1 9 8 6 ) .  S ince  

bl ol ogt cal ly -b a s e d  anal y si s const d e rs  al I days w I t h i n  t h e  p e r io d  o f  

re c o r d  and n o t  j u s t  t h e  s i n g l e  e x tre m e  low f lo w  f o r  each y e a r ,  t h e  

sample s i z e  I s  much l a r g e r  th a n  t h a t  o f  f re q u e n c y  a n a l y s i s  and a s h o r te r  

r e c o r d  I s  s u f f i c i e n t .
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One Im p o r ta n t  c o n s i d e r a t i o n  In  t h e  d e te r m in a t io n  o f  an a p p r o p r ia t e  

le n g th  o f  re c o r d  t o  use I s  t h e  hom ogeneity o f f lo w  d a ta .  I f  d a ta  a r e  

non-honogeneous, th e n  t h e  a d van tag e  o f  a lo n g e r ,  more r e p r e s e n t a t i v e  

r e c o r d  I s  o f f s e t  by t h e  d is a d v a n ta g e  of In c o n s is t e n t  d a ta .  Both 

h o n o g e n e lty  and r e p r e s e n t a t i v e n e s s  shou ld  be w e ighed  In  t h e  

d e te r m in a t io n  o f  t h e  p e r io d  o f  re c o r d  f o r  a n a l y s i s .  These f a c t o r s  a r e  

d is c u s s e d  f u r t h e r  In  t h e  s e c t io n  on d a ta  a s s u n p t lo n s .  

■Fr.fici.us.ncy/D-uc.atI.QQ.AQaL.Y.sL.s

Frequency a n a l y s i s  I s  used In  h y d ro lo g y  t o  r e l a t e  t h e  m agn itu de  of 

f lo w s  t o  t h e i r  e x p e c te d  f r e q u e n c i e s  o f  o c c u r re n c e .  O f te n ,  t h e  a n a l y s i s  

I s  concerned  w i t h  f lo w  d u r a t i o n s  lo n g e r  th a n  a s i n g l e  day ( e . g .  4 - ,  7 -  

c r  3 0 - d a y ) .  The  f re q u e n c y  o f  o c c u rre n c e  f o r  annual e v e n ts  I s  d e f in e d  

s t a t i s t i c a l l y  by t h e  p ro b a b l l  I t y  o f  o c c u rre n c e  each y e a r  and I s  equal t o  

t h e  In v e r s e  o f  t h e  r e c u r r e n c e  I n t e r v a l .  The  r e c u r r e n c e  I n t e r v a l  Is  

d e f in e d  a s  t h e  p e r io d  o f  t im e  In  w hich  one o c c u rre n c e  I s  e x p e c te d .  To 

I l l u s t r a t e ,  a f lo w  w i t h  a 10 p e r c e n t  p ro b a b ll  I t y  o f o c c u rre n c e  has a 

f re q u e n c y  o f  0 . 1 0  p e r  y e a r  and a r e c u r r e n c e  I n t e r v a l  o f 10  y e a r s .  The  

al lo w a b le  fre q u e n c y  o f  a c u te  o r  c h r o n ic  f lo w  e v e n ts  recommended by t h e  

U .S . EPA I s  once e v e ry  t h r e e  y e a r s ,  a l th o u g h  t h i s  v a lu e  may vary  

depending on t h e  a q u a t i c  ecosystem  b e in g  c o n s id e r e d .  J u s t i f i c a t i o n  

g iv e n  by t h e  U .S .  EPA f o r  t h e  t h r e e  y e a r  p e r io d  I s  t h a t  I t  has been  

deemed s u f f i c i e n t  f o r  most a q u a t i c  ecosystem s t o  r e c o v e r  from  damage 

caused by a d v e rs e  w a t e r  qua l I t y  c o n d i t io n s  (S te p h a n ,  1 9 8 5 ) .  The t h r e e  

y e a r s  recommended by t h e  U .S .  EPA I s  a c tu a l  ly  meant t o  be lo n g e r  th a n  

t h e  a v era g e  re c o v e r y  p e r io d  so t h a t  ecosystem s a r e  n o t  In  a c o n s ta n t  

s t a t e  o f re c o v e ry  ( U .S .  EPA, 1 9 8 6 ) .  F re q u e n c ie s  more o f t e n  th a n  once
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every  t h r e e  y e a r s  may be j u s t i f i e d  on a si t e - s p e c i  f  Ic  b a s is  f o r  

p a r t i c u l a r  a q u a t ic  ecosystem s.

In t h e  case o f  a p ro lo n g e d  d ro u g h t  w i t h  many s i n g l e  lo w - f lo w  

e v e n ts ,  a fre q u e n c y  o f once e v e ry  t h r e e  y e a r s  o r  once e v e ry  fwo y e a r s  

may n o t  be a p p r o p r ia t e .  For In s ta n c e ,  I f  a s t r i n g  o f  10  lo w -f ic w  e v e n ts  

o c c u r re d  In  a s i n g l e  y e a r ,  th e n  t h e  f re q u e n c y  o f once In  t h r e e  y e a r s  

w ould  r e q u i r e  a re c o v e ry  p e r io d  o f  3 0  y e a rs  w i t h o u t  a n o th e r  s i n g l e  low -  

f low  e v e n t .  To a c c o u n t  f o r  e>ctreme lo w - f lo w  p e r io d s ,  t h e  U. S. ERA has  

recommended t h a t  a maxlmun t im e  o f  15 y e a r s  be p ro v id e d  a f t e r  a d ro u g h t  

p e r io d .  The j u s t i f i c a t i o n  f o r  15  y e a rs  I s  t h a t  an ecosystem  r e q u i r e s  

between f i v e  and t e n  y e a r s  t o  r e c o v e r  a f t e r  a s e v e re  s t r e s s  I Ike  a 

d ro u g h t ,  and an ecosystem  s h o u ld  n o t  be In  a c o n s ta n t  s t a t e  o f r e c o v e r y .  

Thus, 15  y e a rs  was deemed by t h e  U .S .  ERA a s  an " a p p r o p r i a t e  s t r e s s - f r e e  

p e r io d  o f  t im e "  a f t e r  a s e v e re  d ro u g h t  (U .S .  ERA, 1 9 0 6 ) .  In t h e  case of  

a d ro u g h t  th e n ,  no more th a n  15  y e a r s  can be r e q u i r e d  b e fo r e  t h e  nex t  

a| lo w a b le  Ic w - f ic w  e v e n ts  t h a t  o c c u r re d  d u r in g  t h e  d ro u g h t .  The maximum 

p e r io d  r e q u i r e d  f o r  r e c o v e ry  a f t e r  a d ro u g h t  can v a r y  and o t h e r  v a lu e s  

can be j u s t i f i e d  by s i t e - s p e c I f I c  a n a l y s i s .

Frequency s t a t i s t i c s  f o r  v a r io u s  d u r a t io n  f lo w s  a r e  o f t e n  denoted  

as  ( d u r a t i o n )  Q ( r e c u r r e n c e  I n t e r v a l ) .  Thus t h e T Q I O  Is  d e f in e d  a s  t h e  

lo w e s t  7 -d a y  moving a v e ra g e  f lo w  t h a t  o c c u rs  on t h e  a v era g e  once In  

e v e ry  te n  y e a r s .  L ow -flow  fre q u e n c y  a n a l y s i s  may be made on t h e  b a s is  

o f  e i t h e r  annual s e r i e s  o r  p a r t i a l - d u r a t i o n  s e r i e s .  Annual s e r ie s  

f re q u e n c y  a n a l y s i s  I s  based on t h e  mlnlmun f lo w  e v e n t  o f a g iv e n  

d u r a t io n  f o r  each y e a r  o f  r e c o r d .  Frequency a n a l y s i s  may a ls o  be based  

on minimum f le w  e v e n ts  f o r  s h o r t e r  p e r io d s  such as seasons o r  months.
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T h e re  a r e  s e ve ra l  methods used t o  c a l c u l a t e  annual lo w -f lo w  

frequency  v a lu e s .  Two methods a r e  g ra p h ic a l  and math ematl c a l . The  

g ra p h ic a l  p ro c e d u re  In c lu d e s  t h e  f o l l o w in g  s te p s ;

1 ,  Rank low f lo w s .  Moving a v e ra g e  f lo w s  a r e  c a lc u l a t e d  f o r  g iv e n

d u r a t io n s  o f  x -d a y s  ( e . g .  1 - ,  4 - ,  7 -  or 3 0 - d a y s ) .  The minimum x -  

day f lo w s  f o r  each y e a r ,  season o r  month o f  re c o rd  a r e  ra n k e d , w i th  

t h e  lo w e s t  f lo w  b e in g  ra n k e d  one.

2 .  Assign p l o t t i n g  p o s i t i o n s .  P l o t t i n g  p o s i t i o n s  a r e  a s s ig n e d  t o  eaoh 

f lo w  v a lu e  u s in g  one o f a n im ber o f a v a i l a b l e  p l o t t i n g  p o s i t i o n  

fo rm u la e .  The fo rm u la  most w id e ly  used and recommended I s  t h e  

common or  W e lb u l l  p l o t t i n g  p o s i t i o n  (R ig g s ,  197 4; McMahon, 1985)  

g iv e n  a s ;

pp = jn_
n + 1

w h e re  pp = t h e  p l o t t i n g  p o s i t i o n  and an e s t im a t e  o f t h e  p ro b a b ll  I t y ,  

P, o f  o c c u rre n c e  o f  an x -d a y  f low  t h a t  I s  l e s s  th a n  or  

equal t o  a g iv e n  ra n k ed  f lo w .

T = t h e  e s t im a t e  o f  t h e  re c u r r e n o e  I n t e r v a l  or t h e  a v era g e  

p e r io d  o f  t im e  between y e a r s  w i t h  an e v e n t  le s s  th a n  o r  

equal t o  t h e  g iv e n  x -d a y  f lo w ,  

m = t h e  ra n k  o f  a g iv e n  mlnlmim annual x -d a y  f lo w ,  

n = t h e  nunber o f y e a r s  o f  d a l l y  f low  d a ta .

3 .  P l o t  p o i n t s .  P l o t  o bserved  f l o w s  v e rs u s  p l o t t i n g  p o s i t i o n

(p r o b a b l l  I t y  o f  In v e rs e  o f t h e  r e o u r re n o e  I n t e r v a l )  t o  show th e  

m a gn itu de  and fre q u e n c y  o f  o c c u r re n c e .  D i f f e r e n t  ty p e s  o f  

p r o b a b i l i t y  paper may be used. In c lu d in g  lo g -norm a l or lo g -e x t r e m e  

val ue p a p e r .
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4 .  F î t  c u r v e ,  A smooth c u rv e  may be drawn th ro u g h  t h e  p o in ts  t o  f i t  

th e  d a ta  and e s t i m a t e  t h e  model e r r o r .

F ig u r e  2 .1  p r o v id e s  an exam ple  o f  g r a p h ic a l  a n a l y s i s  o f  f re q u e n c y  

s t a t l  s t l  c f  I OKS.

The m a th e m a tic a l  p ro c e d u re  f o r  d e te r m in in g  nonexceedence  

p ro b a b ll  I t l e s  c o n s is t s  o f  e s t i m a t i n g  t h e  p a ra m e te rs  f o r  a t h e o r e t i c a l  

d i s t r i b u t i o n  frcm  a s e t  o f  low f lo w s  and u s in g  t h e  e s t im a te d  

d i s t r i b u t i o n  t o  g e n e r a te  f lo w  m a g n itu des  f o r  g iv e n  r e c u r r e n c e  I n t e r v a l s .  

A nunber o f  d i f f e r e n t  d i s t r i b u t i o n s  have  been d is c u s s e d  f o r  use In  I ow- 

f lc w  a n a l y s i s .  In c lu d in g :  n o rm a l ,  lo g -n o r m a l .  Gamma, Pearson Type I I I ,  

lo g -P e a rs o n  Type I I I ,  K r I t s k y - M e n k e l ,  E xtrem e V a lu e  Type 1 (G u n b e l ) ,  or  

e x tre m e  V a lu e  Type I I I  ( W e i b u l l )  (McMahon, 1 9 8 5 ) .

To e v a l u a t e  t h e  le v e l  o f ag reem en t befween an o bserved  sample of 

low f le w s  and an assumed t h e o r e t i c a l  d i s t r i b u t i o n ,  a s t a t i s t i c a l  

goodness o f  f i t  t e s t  may be used (McMahon, 1 9 8 5 ) .  The C h i -S q u a r e  and 

S h a p I r o - W I lk  t e s t s  a r e  1vfO p ro c e d u re s  t h a t  may be used f o r  t h i s  purpose.  

One problem w i t h  t h e  use o f  any goodness o f  f i t  t e s t  I s  t h a t  t h e  

a n a l y s i s  fo c u s e s  on how w e l l  t h e  e n t i r e  d i s t r i b u t i o n  f i t s  a l l  o f t h e  

d a ta .  In c lu d in g  low and h ig h  f lo w s .  T h is  s o r t  o f t e s t  I s  n o t  h e a v i ly  

In f lu e n c e d  by t h e  t a i l s  o f  a d i s t r i b u t i o n  and th u s  may n o t  be a b l e  t o  

a c c u r a t e l y  d e f i n e  t h e  le v e l  o f  agreem ent s p e c i f i c a l l y  f o r  mlnlmun f le w s  

(McMahon, 1 9 8 5 ) .  Two o t h e r  a p proaches  have been used t o  e v a l u a t e  th e  

appi I c a b l l  I t y  o f  v a r io u s  p r o b a b l l  I t y  d i s t r i b u t i o n s  t o  f lo w  d a ta .  The  

f i r s t  I s  t o  compare observed  mlnlmun f lo w s  w i t h  t h e  lo w e r  I l m I t o f  th e  

t h e o r e t i c a l  d i s t r i b u t i o n ,  and t h e  second I s  t o  compare th e  r e l a t i o n  

between skewness and k u r to s l  s o f  t h e  o bserved  t o  t h e  t h e o r e t i c a l  

d i s t r i b u t i o n  (M ata i as, 1 9 6 3 ) .
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F ig u r e  2 . 1  The g r a p h i c a l  m ethod o f  d e t e r m in in g  lo w  f l o w  f r e q u e n c y  s t a t i s t i c s  a t  L i t t l e t o n  
( 1 9 5 6 - 1 9 8 5 ) .
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Of t h e  methods t o  c a l c u l a t e  le w - f lo w  fre q u e n c y  v a lu e s ,  th e  

g ra p h ic a l  method has been recommended In  a n im ber o f papers  (McMahon, 

1985; ASCE Task C o m m ittee , 1 9 80 ;  R ig g s ,  1 9 7 4 ) ) ,  The g ra p h ic a l  method Is  

p a r t i c u l a r l y  u s e fu l  f o r  d e te r m in in g  f lo w s  o f  r e c u r r e n c e  I n t e r v a l s  le s s  

th a n  n /3  y e a rs  (w h e re  n *  nunber o f  y e a r s  o f  d a t a ) .  Two re a s o n s  have  

been g iv e n  f o r  t h e  s u p e r i o r i t y  o f t h e  g r a p h ic a l  o v e r  t h e  m a th e m la t lc a l  

method: 1) t h e  g r a p h ic a l  method r e q u i r e s  no a s su m ption  a s  t o  t h e  ty p e  

or c h a r a c t e r i s t i c s  o f  a t h e o r e t i c a l  d i s t r i b u t i o n  and th u s  may b e t t e r  

deal w i th  a v a r i e t y  o f le w - f lo w  re g im e s , 2 )  In  seme c ases  a p u re ly  

s t a t i s t i c a l  a n a l y s i s  may be m is le a d in g  and p r o v id e  l e s s  I n f o r m a t io n  th a n  

a graph (McMahon, 1 9 8 5 ;  R ig g s ,  1 9 7 4 ) .  However, t h e  m a th e m a tic a l  method  

I s m o r e w t d e l y  used f o r  fre q u e n c y  a n a l y s i s ,  p ro b a b ly  because o f I t s  

r e l a t i v e  s i m p l i c i t y ,  c o m p a t i b i l i t y  w i th  com puter usage, and c o n s is te n c y  

of r e s u l t s  befween d i f f e r e n t  I n v e s t i g a t o r s .

A nnua l.  M o n th ly ,  and Seasonal Lew F low s

Annual le w - f lo w  fre q u e n c y  a n a l y s i s  I s  based on t h e  s i n g l e  lo w e s t  

moving a v e ra g e  f l e w  f o r  each y e a r  o f  r e c o r d .  U s u a l ly ,  th e  p e r io d  o f  

r e c o rd  I s  b ro k e n  up I n t o  d i s t i n c t  y e a r - l o n g  s e g n e n ts  r a f h e r  th a n  

a n a ly z in g  t h e  e n t i r e  c o n t in u o u s  p e r io d  o f  r e c o r d .  A f lo w  re c o r d  may be 

s e p a ra te d  I n t o  w a t e r  y e a r s  (O c to b e r  1 -S e p te m b e r  3 0 ) ,  cl Im a t lc  y e a r s  

( A p r i l  1-M a rch  3 1 )  o r  c a le n d a r  y e a r s  (J a n u a ry  1-D ecem ber 3 1 ) .  Both th e  

cl Im a t lc  y e a r  and t h e  w a te r  y e a r  a r e  I d e n t i f i e d  by t h e  y e a r  In  w hich  th e  

p e r io d  ends ( e .  g . ,  t h e  cl Im a t lc  y e a r  A p r i l  1 ,  1955 -M arch  3 1 ,  1956 Is  

denoted  a s  1 9 5 6 ) .  The p e r io d  o f  annual lo w - f lo w  a n a l y s i s  shou ld  be 

chosen so a s  t o  In c lu d e  t h e  le w - f lo w  p e r io d  e n t i r e l y  w i t h i n  a g iv e n  

y e a r .  G e n e r a l l y ,  f lo o d  f le w  a n a l y s i s  I s  made on t h e  b a s is  o f  t h e  w a te r  

y e a r .  The cl im a t lc  y e a r ,  however I s  more a p p r o p r ia t e  f o r  le w - f lo w
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a n a ly s is  s in c e  a lo w - f lo w  p e r io d  r a r e l y  o c c u rs  In  l a t e  M a r c h -e a r ly  A p r i l  

(ASCE Task C o m m itte e , 1 9 80 ; R ig g s ,  1 972; P e ts c h ,  1 9 7 9 ) .  In some cases ,  

o th e r  annual p e r io d s  may be more a p p r o p r ia t e  th a n  t h e  cl Im a t ic  y e a r ,  

depending on t h e  p a t t e r n  and t i m i n g  o f  low f le w s  a t  a p a r t i c u l a r  s i t e .

M onth ly  lo w -f lo w  fre q u e n c y  a n a l y s i s  I s  based on t h e  s i n g l e  lo w e s t  

moving a v e ra g e  f lo w  w i t h i n  each o f t h e  1 2  months o f  t h e  y e a r  f o r  each 

y e a r  o f r e c o r d .  Thus, t h e r e  w ou ld  be 12  d l f f e r e n t  m onth ly  lew f le w s  

( A p r I l - M a r c h )  a s  compared t o  one s i n g l e  annual low f l e w .  The lo w e s t  

m onth ly  low f low  f o r  each y e a r  s hou ld  be equal t o  t h e  annual low f low  

f o r  t h e  same y e a r s .  O th e r  m on th ly  low f lo w s  r e f l e c t  w e t t e r  p e r io d s  o f  

t h e  y e a r  and may be s u b s t a n t i a l l y  h ig h e r  th a n  t h e  annual low f lo w .

The p ro c e d u re  used t o  c a l c u l a t e  m o n th ly  low f lo w s  I s  s i m i l a r  t o  

t h a t  used f o r  annual f lo w s .  Each month o f  t h e  y e a r  I s  e v a lu a te d  

s e p a r a t e ly  f o r  minimum f lo w s .  The c a l c u l a t i o n  o f  m onthly  or seasonal x -  

day moving a v e ra g e  f lo w s  w i t h  t h e  c o n v e n t io n a l  annual approach p r e s e n ts  

c e r t a i n  prob lem s because t h e  p e r io d  o f  a n a l y s i s  ( e . g .  3 0  d a y s )  Is  s h o r t  

r e l a t i v e  t o  t h e  moving a v e ra g e  d u r a t i o n  ( e . g .  7 d a y s ) .  M onth ly  moving  

a v e ra g e s  o a l c u l a t e d  w i t h  s ta n d a rd  te c h n iq u e s  te n d  t o  be b ia s e d  to w ard  

f lo w  v a lu e s  o c c u r r in g  In  t h e  m id d le  o f  t h e  month, because v a lu e s  In  t h e  

m id d le  o f  t h e  month a r e  In c lu d e d  In  m ore  moving a v e ra g e s  th a n  v a lu e s  

o c c u r r in g  a t  t h e  b e g in n in g  and end o f  t h e  month. A no ther  In c o n s is te n c y  

assocl a te d  w I t h  t h e  c a l c u l a t i o n  o f  m onth ly  f lo w s  I s  t h a t  fe w e r  moving  

a v e ra g e s  a r e  c a l c u l a t e d  f o r  1 2  s e p a r a t e  months th a n  f o r  a s i n g l e  w h o le  

y e a r .  For exam ple , t h e  c a l c u l a t i o n  o f  m onth ly  7 -d a y  moving a v e ra g e s  

w ould  produce 293 v a lu e s  In  a m o n th ly  a n a l y s i s  a s  compared t o  3 5 9  7 -d a y  

moving a v e r a g e s  c a l c u l a t e d  on an annual b a s is .  These I n c o n s i t e n d e s  may
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cause sane in a c c u r a c ie s  in  t h e  c a l c u l a t i o n  o f  m onthly  frequency  

s t a t l s t i  cs .

For seasonal Ic w - f ic w  a n a l y s i s ,  months can be grouped t o g e t h e r  t o  

r e f l e c t  f lo w  and w a te r  qual i t y  v a r i a t i o n s  th ro u g h o u t  t h e  y e a r .  Two t o  

fo u r  g ro u p in g s  can be used t o  r e p r e s e n t  low, h igh and p o s s ib ly  

t r a n s i t i o n  m onths. C r i t e r i a  used t o  group months may in c lu d e  seasonal 

v a r i a t i o n s  in  f l o w ,  a m b ien t w a te r  qual i t y ,  and e f f l u e n t  qual i t y .  The  

way in w hich  months a r e  grouped i n t o  seasons can have  a s i g n i f i c a n t  

e f f e c t  on t h e  v a lu e s  o f  t h e  seasonal f lo w s  ( F e r r a r a  and Domino, 1 9 8 5 ) .

An 1 n o o r r e c t  g ro u p in g  o f  a t r a n s i t i o n  month w i t h  a h ig h - f lo w  season may 

reduce t h e  f lo w s  d r a s t i c a l l y ,  p a r t i c u l a r l y  i f  t h e  low f lo w s  occur w i t h i n  

t h e  h i g h - f lo w  season f o r  some y e a r s  and in  t h e  t r a n s i t i o n  month f o r  t h e  

o th e r  y e a r s .  The s e l e c t i o n  o f  seasons r e q u i r e s  s i t e - s p e c i f i c  a n a l y s i s  

because th e  p a t t e r n s  o f  lo w - f lo w  e v e n ts  may d i f f e r  s i g n i f i c a n t l y  from 

one s i t e  t o  a n o t h e r .  In a d d i t i o n ,  f low  p a t t e r n s  may even d i f f e r  from  

one d u r a t io n  f lo w  t o  a n o th e r  ( i . e .  t h e  id e a l  1 -day  lo w -f lo w  seasons may 

n o t  be t h e  same as  id e a l  7 -d a y  lo w -f lo w  s e a s o n s ) .  For p r a c t i c a l  

purposes , one s e t  o f  seasons sh o u ld  be chosen f o r  each s i t e  by b a la n c in g  

a l l  t h e  f a c t o r s  in v o lv e d .

EPA B i o l o g i c a l  ly -B a s e d  Design Flows

A bi ol ogi cal ly -b a s e d  method f o r  d e te r m in in g  des ign  f lo w s  was 

r e c e n t l y  d e v e lo p e d  by t h e  O f f i c e  o f Research and D evelopm ent o f t h e  U .S .  

EPA as  an a l t e r n a t i v e  t o  t r a d i t i o n a l  f r e q u e n c y /d u r a t io n  a n a l y s i s  ( 1 9 8 6 ) .  

The bi ol ogi cal ly -b a s e d  method 1 s an empi r i c a l ,  di s t r  i b u t i o n - f r e e  

approach t h a t  u t i l i z e s  h i s t o r i c a l  re c o rd s  o f  d a l l y  f lo w s .  The method i s  

e m p ir ic a l  because i t  i s  based on t h e  a c tu a l  f low  r e c o r d ,  r a t h e r  th an  on 

f lo w s  p r e d ic t e d  by a s t a t i s t i c a l  d i s t r i b u t i o n .  Design f lo w s  f o r  both
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a c u te  and c h r o n ic  l e v e l s  o f  a q u a t i c  1 I f e  p r o t e c t io n  can be c a lc u l a t e d  

w I t h  th  1 s method.

The des ign  f lo w  cal cui a te d  w 1th th e  bl ol ogl cal ly -b a s e d  method Is  

d e f in e d  a s  t h e  h ig h e s t  f lo w  of a g iv e n  d u r a t io n  t h a t  w i l l  n o t  cause a 

g iv e n  In s tre a m  c o n c e n t r a t io n  t o  be exceeded w i t h  g r e a t e r  fre q u e n c y  th an  

I s  a l l o w a b l e .  The b i o l o g ic a l  r a t i o n a l e  f o r  t h i s  new EPA method I s  found  

In  1985 EPA g u ld e l  In e s  f o r  d e r i v i n g  n a t io n a l  w a te r  qual I t y  c r i t e r i a  

(S te p h a n ,  1 9 8 5 ) .  The c u r r e n t  n a t io n a l  c r i t e r i a  a r e  e x p res s e d  a s  tw o  

l e v e l s ,  a c u te  and c h r o n ic  r a t h e r  th a n  t h e  t r a d i t i o n a l  one l e v e l ,  t o  

r e f l e c t  a c tu a l  t o x i c o l o g i c a l  c o n d ì t l o n s  more a c c u r a t e i y ,  as d e s c r ib e d  

e a r l  l e r .  T h r e e  m g jo r f a c t o r s  a r e  c o n s id e re d  In  des ign  f lo w  c r i t e r i a ;  

fre q u e n c y  ( I n v e r s e  o f th e  a v era g e  r e c u r r e n c e  I n t e r v a l ) ,  I n t e n s i t y  

( c o n c e n t r a t i o n ) ,  and d u r a t io n  ( l e n g t h  of a v e ra g in g  p e r i o d ) .  The  

a l l o w a b l e  fre q u e n c y  of lo w - f ic w  e v e n ts  recommended by t h e  U .S .  EPA I s  

once e v e ry  t h r e e  y e a r s  (U .S .  EPA, 1985 and 1 9 8 6 ) .  The c o n c e n t r a t io n s  

used a r e  t h e  C r i t e r i o n  Maximun C o n c e n t r a t io n  f o r  a c u te  f lo w s  and t h e  

C r i t e r i o n  C o n tinuo us  C o n c e n t r a t io n  f o r  c h r o n ic  f lo w s .  D u r a t io n s  a r e  1 -  

day f o r  a c u te  f lo w s  and 4 -day  o r  lo n g e r  f o r  o h r o n ic  f lo w s .  As m e ntion ed  

p r e v i o u s l y ,  lo n g e r  d u r a t io n s  may be J u s t i f i e d  f o r  r e l a t i v e l y  s t a b l e  f low  

and w a te r  qual I t y  c o n d i t io n s .

A d ju s tm e n t o f  D a ta  Records

D a l ly  f low  d a ta  re c o rd s  may be In c o m p le te  or I n s u f f i c i e n t  t o  e n a b le  

t h e  s t a t i s t i c a l  a n a l y s i s  r e q u i r e d  t o  compute a p p r o p r ia t e  des ign  f lo w s .  

C e r t a i n  a d ju s tm e n ts  o f  f lo w  r e c o rd s  can be made t o  p ro v id e  more usefu l  

d a ta  s e ts .  F r e q u e n t ly ,  f low  r e c o rd s  a r e  m is s in g  d a ta  f o r  a m m ber o f  

days. E s t im a te s  o f  t h e  m is s in g  v a lu e s  can be made by I n t e r p o l a t i o n  

befween t h e  s u rro u n d in g  f lo w s  J u s t  p re c e d in g  and J u s t  f o l l o w in g  t h e
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m is s in g  d a t a .  I f  t h e  gap o f  m is s in g  d a ta  I s  lo n g e r  th an  severa l days, 

th e n  I n t e r p o l a t i o n  may n o t  be an a p p r o p r ia t e  method and a n o th e r  more  

advanced approach may be r e q u i r e d .

D ata  re c o rd s  w i t h  z e r o  f lo w  v a lu e s  a r e  d i f f i c u l t  t o  a n a ly z e  

s t a t i s t i c a l l y  because I o g -d l  s t r  I b u t i  ons do n o t  f i t  d a ta  s e ts  w i t h  z e r o s  

(J e n n in g s ,  1 9 6 9 ) .  Two appro a c h e s  may be used t o  t r a n s fo r m  z e r o  f lo w s  t o  

n o n -z e r o  v a l  ues. The f i r s t  I s  t o  add a small amount ( e . g .  0 .1  c f s )  t o  

each o f  t h e  d is c h a r g e s  In  a g iv e n  f le w  re c o r d  (T a s k e r ,  1 9 72 ;  J e n n in g s ,  

1 9 6 9 ) .  One d is a d v a n ta g e  o f t h i s  method I s  t h a t  t h e  a r b i t r a r y  a d d i t i o n  

o f  a c o n s ta n t  v a lu e  may change t h e  c h a r a c t e r i s t i c s  o f  t h e  f le w  

d i s t r i b u t i o n .  A p r e f e r r e d ,  though m ore com plex, approach Is  t o  use 

c o n d i t io n a l  p ro b a b l l  I t y  t o  d e te rm in e  a p p r o p r ia t e  v a lu e s  t o  r e p la c e  z e r o  

f lo w s .  T h is  method In v o lv e s  f i t t i n g  a d i s t r i b u t i o n  t o  e v e n ts  g r e a t e r  

th a n  a g iv e n  base f lo w  (Qj^)and p r e d i c t i n g  v a lu e s  based on t h e  r a t i o  of 

t h e  nunber o f  e v e n ts  g r e a t e r  th a n  t o  t h e  t o t a l  nunber o f  f l e w s  

(J e n n in g s ,  1 9 6 9 ) .

The e s t i m a t i o n  o f  lew f lo w s  a t  a s p e c i f i c  p o i n t  o f  I n t e r e s t  (an  

e f f l u e n t  d is c h a rg e  p o i n t )  f o r  use In  d is c h a rg e  p e r m i t t in g  I s  o f t e n  v e ry  

d i f f i c u l t  and may re q u i r e  mani pul a t l  on o f  d a ta  t o  produce a u s e fu l f low  

r e c o r d .  R a r e ly  Is  t h e r e  a s e t  o f  d is c h a rg e  d a ta  o f  s u f f i c i e n t  le n g th  

a v a l I abl e  In  t h e  v I d n l t y  o f t h e  o u t f  al I t h a t  can be u t l  1 Iz e d .  The  

problem Is  compounded I n  t h e  w e s te r n  U n i t e d  S t a t e s  w h e re  t h e  n e a r e s t  

ga g in g  s t a t i o n  may be many m i le s  away frem a d is c h a rg e  p o in t  and w h e re  

t h e r e  may be many unmeasured f a c t o r s .  In c lu d in g  t r i b u t a r i e s .  I r r i g a t i o n  

d iv e r s i o n s  and g ro u n d w a te r  f lo w s  t h a t  a f f e c t  t h e  f lo w .  A nunber of  

methods h ave  been used t o  e x te n d  s h o r t  p e r io d s  o f  r e c o rd  o r  t o  d e v e lo p  

f lo w s  a t  ungaged s i t e s  f o r  t h e  a n a l y s i s  o f  lo w - f lo w  c h a r a c t e r i s t i c s .
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Methods I n c lu d e ;  r e g r e s s io n  a n a l y s i s ,  w a te r  b a la n c e  p ro c e d u re s ,  and 

r e g io n a l  Ize d  anal y si s (McMahon, 1 9 85 ; S a la s ,  1 9 80 ;  R ig g s ,  1 972; S e a rc y ,

1 9 5 9 ) .

R e g re s s io n  a n a l y s i s  can be used t o  e x te n d  a s h o r t  p e r io d  o f  re c o rd  

a t  a s i t e  by d e v e lo p in g  a r e l a t i o n  befw een f lo w s  a t  t h e  p o in t  of  

I n t e r e s t  and f l e w s  a t  one o r  more nearby gage s i t e s  w i t h  lo n g e r  p e r io d s  

o f  r e c o r d .  The r e l a t i o n  can be used a lo n g  w i t h  t h e  r e c o rd s  a t  o t h e r  

s i t e s  t o  p r e d i c t  f l e w s  a t  t h e  p o i n t  o f  I n t e r e s t  f o r  ungaged p e r io d s .

A w a te r  b a la n c e  p ro c e d u re  can be used t o  r o u t e  f lo w s  f r o n  a gaged  

s i t e  t o  a s i t e  t h a t  I s  ungaged o r  has a s h o r t  p e r io d  o f  r e c o r d .  Al I 

s ources  and lo s s e s  between t h e  gaged s i t e  and t h e  p o in t  o f  I n t e r e s t  must 

be q u a n t i f i e d  and a c co u n te d  f o r  In  t h e  a n a l y s i s .  Sources  may In c lu d e  

t r i b u t a r y  f l e w s ,  e f f l u e n t  d is c h a r g e s ,  r e t u r n s  fre m  I r r i g a t i o n ,  or 

grou n d w a te r  r e c h a r g e .  S to rm w ater  r u n o f f  may a ls o  a c t  as  a so u rc e ,  b u t  

I s  g e n e r a l ly  I n s i g n i f i c a n t  In  lo w - f lo w  a n a l y s i s .  Losses may In c lu d e  

d iv e r s i o n s ,  or g ro u n d w a te r  o u t f lo w s .  D a l ly  f le w  d a ta  a r e  r a r e l y  

a v a i l a b l e  f o r  a l l  o f th e s e  f a c t o r s  and e s t im a t e s  must o f t e n  be made from  

m onth ly  o r  even l e s s  f r e q u e n t  d a ta .

A t h i r d  a p p ro a c h , r e g io n a l  Ize d  a n a l y s i s ,  has been used w i t h  I Im ite d  

success  t o  p r e d i c t  low f lo w s  a t  ungaged s i t e s .  The r e g io n a l  I z a t l o n  

method I s  based on t h e  prem ise  t h a t  lew f le w s  can be p r e d ic te d  th ro u g h  

an a n a l y s i s  o f  t h e  r e g io n a l  f a c t o r s  a f f e c t i n g  s t r e a m f lo w s  In c l u d i n g ;  

b a s in  d ra in a g e  a r e a ,  p r e c i p i t a t i o n ,  g e o lo g y ,  g ro u n d w a te r  f lo w s ,  r e l i e f ,  

and v e g e t a t i o n .  T h is  method I s  b e s t  appi led  t o  n a tu ra l  f lo w in g  s tre a m s .  

D a ta  Assum ptions and E r r o r s  I n  Lew -F low  A n a ly s is

(D er ta In  a s su m p tio n s  a b o u t  f lo w  d a ta  must bo a c h ie v e d  f o r  most 

s t a t i s t i c a l  a n a ly s e s  t o  bo va l Id .  M a jo r  a s s u n p t lo n s  a r e  as f o l l o w s ;  1)
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t h e  r e c o r d  I s  a r e p r e s e n t a t i v e  t im e  sample, 2 )  f lew  e v e n ts  a r e  random 

and In d e p e n d e n t ,  and 3) t h e  r e c o r d  I s  homogeneous (U. S. In te ra g e n c y  

A d v iso ry  C om m ittee , 1 9 8 2 ) .  The v i o l a t i o n  o f  th e s e  a s s u n p t Io n s  may 

produce s t a t i s t i c a l  r e s u l t s  t h a t  a r e  l e s s  r e l  I a b le  or even In v a l  Id ,  

depending on t h e  d e g re e  o f  v i o l a t i o n .  One of t h e  f i r s t  s te p s  I n I cw 

f low  a n a l y s i s  s h o u ld  be t o  check t h e  adequacy of t h e  f lo w  d a ta  and t h e  

a p p l i c a b i l i t y  o f  s p e d  f  Ic  s t a t l  s t i  cal a n a ly s e s .

S t a t i s t i c a l  a n a l y s i s  I s  u s u a l ly  based on a s u b s e t  o f  measurements  

o f  t h e  e n t i r e  p o p u la t io n ,  c a l l e d  a sam ple. A r e p r e s e n t a t i v e  t im e  sample  

r e q u i r e s  t h a t  t h e  f le w  r e c o r d  I s  c o m p le te  and I s  lo n g  enough t o  In c lu d e  

t h e  f u l l  range  o f  a c h a r a c t e r i s t i c  f le w  re g im e . An a d e q u a te  le n g th  of  

re c o r d  has  been recommended a s  30  y e a r s  o r  more (McMahon, 1 9 8 5 ) ,

For a sample o f  f l e w s  t o  be random, each member o f  t h e  p o p u la t io n  

(o r  each f le w  f o r  a g iv e n  day) must have  an equal and In d e p e n d e n t  chance  

o f b e in g  s e le c t e d .  In d ep en d en t e v e n ts  r e q u i r e  t h a t  t h e  o c c u rre n c e  or  

nonoccurrence  o f  one e v e n t  has no b e a r in g  on t h e  chance t h a t  th e  o th e r  

w i l l  o c c u r .  D a l l y  s tre a m f ic w  a r e  u s u a l ly  n o t  In d e p e n d e n t ,  bu t a r e  

u s u a l ly  p o s i t i v e l y  s e r i a l l y  c o r r e l a t e d ,  meaning t h a t  a lew f low  one day 

Is  f o l lo w e d  by a n o th e r  low f lo w  on t h e  n e x t  day. S e r ia l  c o r r e l a t i o n  

t e s t s  p r o v id e  an I n d i c a t i o n  o f  t h e  d e g re e  o f c o r r e l a t i o n ,  o r  non- 

Independence, o f f l e w s .  Annual mlnlmun lew f lo w s .  In c o n t r a s t  t o  d a l l y  

f lo w s ,  may be c o n s id e re d  t o  be a sample o f random and In d e p e n d e n t  e v e n ts  

(U .S .  In te ra g e n c y  A d v is o ry  Com m ittee , 1 9 8 2 ) .  Annual e v e n ts  a r e  

g e n e r a l ly  n o t  as h i g h ly  c o r r e l a t e d  a s  d a l l y  e v e n ts ,  a l th o u g h  lo n g - te r m  

p e r s is t e n c e  o f  d ro u g h t  may occur and u p s e t  t h i s  a s su m p tio n .  M onth ly  

minimum f lo w s  may e x h i b i t  a h ig h e r  d e g re e  o f  s e r i a l  c o r r e l a t i o n  th a n
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annual v a lu e s  and th u s  may n o t  s t r i c t l y  be c o n s id e re d  random and 

I nde pendent.

Hcmogenelty o f  a f lo w  re c o r d  ImpI le s  t h a t  d a ta  samples a r e  ta k e n  

f r o n  t h e  same p o p u la t io n ,  or t h a t  t h e  f lo w  re g im e  has rem ained  

r e l a t i v e l y  c o n s ta n t  e v e r  t h e  e n t i r e  p e r io d  o f  r e c o r d .  Non-hcm ogenelty  

may o f t e n  r e s u l t  fre m  man-made deve lo pm ents  o r  by t h e  mevement o f a 

ga g in g  s t a t i o n .  I t  I s  recommended t h a t  o n ly  re c o rd s  t h a t  r e p r e s e n t  

r e l a t i v e l y  c o n s ta n t  w a te rs h e d  c o n d i t io n s  be used f o r  fre q u e n c y  a n a ly s is  

(U .S .  in te ra g e n c y  A d v is o ry  Com m ittee , 1 9 8 2 ;  S e a r c y ,  1 9 5 9 ) .

A v a r i e t y  o f te c h n iq u e s  a r e  a v a i l a b l e  t o  t e s t  hcm ogenelty  o f  f le w  

r e c o r d s .  Doub le -m ass  a n a l y s i s  e v id e n c e s  non-homogene I t l  es as  changes o f  

s lo p e  In  t h e  p l o t  o f  massed f lo w  a t  t h e  p o i n t  o f  I n t e r e s t  a g a in s t  massed 

f lo w  a t  an u n a f f e c t e d  gage o r  gages I n  t h e  g e n e ra l  v i c i n i t y  o r  a g a in s t  

massed p r e c i p i t a t i o n  (P l fm a n ,  1 9 7 8 ) .  O th er  ways t o  d e t e c t  non- 

hcmogenel t l  es  In c lu d e  e x a m in a t io n  o f  p l o t s  o f  annual 7 -d a y  low f lo w s  

v e rs u s  t im e ,  or com parison  o f  annual 7 -d a y  low f lo w s  a t  t h e  p o in t  o f  

I n t e r e s t  t o  a r e f e r e n c e  f lo w  r e c o r d  (R ig g s ,  1 9 7 6 ) .  One problem w i th  

th e s e  te c h n iq u e s  I s  t h e  p o s s ib l l  I t y  t h a t  t h e  t i m i n g  o f  w e t  and dry  

p e r io d s  may In t r o d u c e  b ia s  (P i tm a n ,  1 9 7 8 ) .  For exam ple . I f  a f lo w  

re c o r d  b e g in s  w i t h  a dry p e r io d  ( lo w e r  th a n  a v e ra g e  f l o w s )  and ends w i th  

a w e t  p e r io d  ( h ig h e r  th a n  a v e ra g e  f l o w s ) ,  th e n  t h e r e  w i l l  be a bl as 

to w a rd  a t r e n d  o f  In c r e a s in g  f l o w s .  A no ther  approach t o  d e t e c t i n g  non- 

homogeneity o f  a f lo w  r e c o rd  I s  t o  spl I t  t h e  r e c o r d  I n t o  fw o  groups  

d e f in e d  by a s u spected  change In  t h e  f lo w  re g im e , and t o  t e s t  f o r  

d i f f e r e n c e s  befween t h e  v a r ia n c e s  and befween t h e  means o f  each group .

A v a r ia n c e  r a t i o  t e s t ,  or F t e s t ,  may be used t o  t e s t  d i f f e r e n c e s  In  

v a r ia n c e s ,  and a 1wo-sam ple  t - t e s t  may be used t o  d e t e c t  d i f f e r e n c e s  in



37

t h e  means o f  1>io sample groups ( Z a r ,  197 4 ) .  The groups shou ld  be chosen  

so as t o  r e f l e c t  a suspected  change In  t h e  f lo w  reg im e , such as t h a t  

r e s u l t i n g  frcrn t h e  c o n s t r u c t io n  o f  a dam upstream frcm t h e  gage. I f  

both groups h ave  t h e  same v a r ia n c e  and t h e  same mean, th e n  t h e r e  Is  

s u f f i c i e n t  J u s t i f i c a t i o n  t h a t  t h e  p e r io d  o f  r e c o r d  may be s a id  t o  be 

homogeneous.

E r r o r s  may be In t r o d u c e d  t o  lo w - f lo w  a n a l y s i s  from  a nunber of  

d i f f e r e n t  so u rc e s  t o  produce e s t im a t e s  w hich  may d i f f e r  frcm  t h e  t r u e  

v a lu e s .  The d e g re e  o f  re l  l a b l l  I t y  o f f lo w  e s t im a te s  depends on t h e  

qual i t y  o f  t h e  f  I cw re c o r d  and a l  so on t h e  appi Ic ab I  I I t y  o f v a r io u s  

s t a t i s t i c a l  a n a ly s e s  and va l I d i t y  o f a s s u n p t lo n s .  The qual I t y  o f a f lo w  

re c o rd  f o r  use In  lo w - f lo w  a n a l y s i s  may be a f f e c t e d  by fw o m a jo r  ty p e s  

o f  e r r o r s ,  measurement e r r o r s  and r a t i n g  c u r v e  e r r o r s  (McMahon, 1 9 8 5 ) .  

Measurement e r r o r s  may be e i t h e r  s y s t e m a t ic ,  due t o  In s t r u n e n t s  o f  

measurement m ethods, o r  a c c i d e n t a l ,  due t o  o b s e r v e r s .  R a t in g  c u r v e  

e r r o r s  may r e s u l t  from  In a c c u r a t e  r a t i n g  c u r v e s  based on I n s u f f i c i e n t  

low flow  d is c h a rg e  m e a s u ra n e n ts ,  o r  from  c h a ng ing  s ta g e -d is c h a r g e  

r e l a t i o n s  due t o  s h i f t i n g  c o n t r o l s .  E r r o r s  a r e  g e n e r a l ly  c o n s id e re d  a 

random p r o c e s s w i t h  a r e l a t i v e l y  small v a r ia n c e  (U .S .  In te ra g e n c y  

A d v is o ry  Com m ittee , 1 9 8 2 ) .  E r r o r s  in  s t a t i s t i c a l  a n a l y s i s  o f  low f lo w s  

can r e s u l t  from  a nunber o f  s o u rc e s .  Whenever necessary  s t a t i s t i c a l  

assumpti ons a r e  V lo l a te d ,  e r r o r  I s  in t r o d u c e d .  The  m a gn itu de  o f t h e  

e r r o r  w i l l  be r e l a t e d  t o  t h e  d e g re e  o f  v i o l a t i o n  o f  g iv e n  a s s u n p t lo n s .  

F i t t i n g  a g iv e n  f lo w  r e c o rd  t o  seme s o r t  o f u n d e r ly in g  p r o b a b l l  I t y  

d i s t r i b u t i o n  t o  p r e d i c t  f re q u e n c y  s t a t i s t i c  f lo w s  may a l s o  In t r o d u c e  

e r r o r s .  P a ra m e te r  e s t im a te s  may In c lu d e  e r r o r s ,  and a d i s t r i b u t i o n  may
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n o t  a lw a y s  p r o v id e  a good f i t  and may make In a c c u r a t e  p r e d i c t i o n s  o f  low 

f  I ows.



C h a p te r  3 -  Me-ttiods o f  Design Flow A n a ly s is  

Methods o f  des ign  f le w  a n a l y s i s  In c lu d e  p ro c e d u re s  f o r  th e  

s e l e c t i o n  o f  an a p p r o p r ia t e  d a ta  s e t  as wel I as te c h n iq u e s  f o r  t h e  

a n a l y s i s  o f  low f lo w s .  A d e s c r i p t i o n  o f  t h e  study s i t e s ,  d a ta  base, and 

h o n o g e n e lty  t e s t i n g  I s  f o l lo w e d  by d is c u s s io n  o f  each o f t h e  t h e  t h r e e  

ty p e s  o f  a n a l y s i s  appi led  t o  s e le c t  a p p r o p r ia t e  des ign  f l e w s .

DESCRIPTION OF THE DATA SET 

Study S i t e s  and Flow D a ta

Flow d a ta  w e r e  a n a ly z e d  a t  e i g h t  s i t e s  on fo u r  d i f f e r e n t  r i v e r s  In  

C o lo rad o  In c l u d i n g  t h e  South P l a t t e  R i v e r ,  B o u ld e r  C re e k ,  S t .  V r a in  

C reek , and t h e  Cache l a  P oudre  R i v e r .  Flow a n a l y s i s  o f  t h e  South P l a t t e  

R iv e r  was made a t  t h r e e  s i t e s  -  L i t t l e t o n  and Englewood In  segnent 1 4 ,  

and Henderson In  se g n e n t 1 5 .  B o u ld e r  C reek  a n a l y s i s  was made J u s t  above  

t h e  C i t y  o f  B o u ld e r  w a s te w a te r  t r e a l m e n t  f a d  I I t y  near 7 5 th  S t r e e t .

F lows o f  t h e  S a i n t  V r a i n  C reek  w e r e  a n a ly z e d  a t  Lyons, Longnont, and 

PI a t t e v  I I I e .  The Cache I a P oudre  R iv e r  was a n a ly z e d  a t  L i n e d  n S t r e e t  

In  F o r t  C o l l i n s .  A n a ly s is  o f  t h e o r e t i c a l  e f f l u e n t  l i m i t s  based on 

v a r io u s  des ign  f lo w s  was made f o r  fo u r  d l f f e r e n t  w a s te w a te r  t r e a fm e n t  

f a d  I I t l e s  adn In i  s te r e d  by t h e  C i t i e s  o f  L i t t l e t o n  and Englewood, t h e  

C i t y  o f  B o u ld e r ,  t h e  C i t y  o f Longmont, and t h e  C i t y  o f F o r t  Col I Ins .  

S p e c i f i c  d e s c r i p t i o n s  o f  each o f  t h e  s i t e s  h ave  been g iv e n  In  a p re v io u s  

r e p o r t  (P a u ls o n  and S a n d e rs , 1 9 8 7 ) .  S t r a l g h t - 1 Ine  d iagram s a r e  g iv e n  

f o r  each o f  th e  s i t e s  In  F ig u r e s  3 . 1 - 3 . 5 .
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NOTE= Not to scale,distances are approximate values 
given in miles.

F ig u r e  3 .1  S t r a i g h t - l i n e  d ia g ra m  f o r  t h e  S outh  P l a t t e  R i v e r  (segm ent 1 4 ) .



NOTE •  Not to scale (distances are approximate values 
given in miles.

Figure 3.2 Straight-line diagram for the South Platte River (segment 15).
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NOTE = Not to scale,distances ore approximate values 
given in miles.

Figure 3.3 Straight-line diagram for Boulder Creek,
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NOTE = Not to scale,distances ore approximate values 
given in miles.

Figure 3.4 Straight-line diagram for the Saint Vrain River.
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Figure 3.5 Straight-line diagram for the Cache La Poudre River.
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The d a ta  base used f o r  f le w  a n a l y s i s  In  t h i s  study c o n s is te d  o f  

USGS d a l l y  re c o rd s  f o r  f i v e  o f t h e  e i g h t  s i t e s  ( L i t t l e t o n ,  Henderson,  

Lyons, P l a t t e v i l l e ,  F o r t  C o l l i n s ) .  The p e r io d  o f  re c o rd  used f o r  

L i t t l e t o n ,  Henderson, Lyons, and PI a t t e v  il I e was 30  y e ars  lo n g , frem  

1 9 5 6 -1 9 8 5 .  The r e c o r d  f o r  F o r t  Col I In s  was n in e  y e a r s ,  frem 1 9 7 7 -1 9 8 5 .  

Two o f t h e  o th e r  s i t e s  (Englewood and Longmont) had v e ry  s h o r t  p e r io d s  

o f  r e c o r d ,  to o  s h o r t  t o  a n a ly z e .  A w a t e r  b a la n c e  p roc e d u re  was used t o  

produce a 3 0 - y e a r  d a i l y  r e c o n s t r u c te d  f lo w  re c o r d  a t  Englewood by 

r o u t in g  f lo w s  fo u r  m i le s  back upstream  frem t h e  U9SS gage a t  L i t t l e t o n .  

Flows a t  Longnont w e re  e s t im a te d  on t h e  b a s is  o f  m u l t i p l e  r e g r e s s io n  

anal y si s us ing  f  I ow d a ta  a t  Lyons and PI a t t e v  il I e t o  predi c t  f  I ows a t  

Longmont f o r  th e  p e r io d  1 9 5 6 -1 9 8 5 .  A t h i r d  s i t e  (B o u ld e r )  was ungaged.

A model o f d a i l y  f lo w s  and d i v e r s i o n s  f o r  B o u ld e r  O e e k  was run f o r  a 

1 2 - y e a r  p e r io d  (1 9 5 9 -1 9 7 0 )  t o  p r e d i c t  f lo w s  a t  t h a t  s i t e .  These  

te c h n iq u e s  have been d is c u s se d  In  d e t a i l  p r e v io u s ly  (P a u ls o n  and 

S anders , 1 9 8 7 ) .

Flow d a ta  c o l l e c t e d  a t  t h e  U9GS s t a t i o n s  used in  t h i s  study c o n s is t  

of mean d a i l y  f lo w s .  The a ccu racy  o f s tre a m flo w  d a ta  re c o rd s  has been 

r a t e d  by t h e  USGS a t  each of t h e  gages th e y  a d m in is t e r .  The r a t i n g s  

in c lu d e  fo u r  de g re e s  o f  a c c u ra c y .  "Excel l e n t ” means t h a t  about 95  

p e r c e n t  o f  t h e  d a i l y  d is c h a rg e s  a r e  w i t h i n  5 p e r c e n t  o f t h e  t r u e  v a lu e ;  

"good" means w i t h i n  10 p e r c e n t ,  " f a i r "  means w i t h i n  15 p e rc e n t ,  and 

" p o o r"  means g r e a t e r  th an  15 p e r c e n t  (Duncan, 1 9 8 4 ) .  D a i ly  mean 

d is c h a rg e  i s  g iv e n  t o  t h e  n e a r e s t  hun d re d th  o f a c f s  f o r  d is c h a rg e s  le s s  

th a n  1 .0  c f s ,  t o  t h e  n e a r e s t  t e n t h  f o r  d is c h a rg e s  o f  1 -1 0  c f s  and t o  th e  

n e a r e s t  w h o le  f o r  d is c h a rg e s  o f  1 0 -1 0 0 0  c f s .  A l l  o f  th e  gages used in  

t h i s  study w ere r a t e d  "good" by t h e  USGS, e x c e p t  f o r  th e  gage a t



L i t t l e t o n ,  which is  r a t e d  " f a i r ” d u r in g  t h e  w i n t e r  p e r io d ,  and t h e  gage 

a t  F o r t  Col I ins , which is  r a t e d  "p o o r"  f o r  c e r t a i n  p e r io d s  w i t h  no gage-  

h e ig h t  r e c o r d .  I t  should  be noted  t h a t  th e s e  gage r a t i n g s  a p p ly  t o  th e  

d a i l y  f low  re c o r d  a s  a w h o le .  T y p ic a l  l y ,  e x tre m e  low and h igh  f l e w s  a r e  

more d i f f i c u l t  t o  measure a c c u r a t e l y  th an  a v e ra g e  f lo w s .  As a r e s u l t ,  

lo w -f lo w  gage d a ta  p rob ab ly  a r e  l e s s  a c c u r a t e  th a n  gage r a t i n g s  w ould  

I ndi c a te .

Homogeneity o f t h e  Flew. Record

In t h i s  s tu d y ,  homogeneity of a l l  f low  re c o rd s  was a n a ly z e d  f i r s t  

by lo o k in g  a t  p l o t s  o f  annual low flow  s t a t i s t i c s  v e rs u s  t im e .  For 

re c o rd s  w h e re  a d i s t i n c t  change In  f lo w  re g im e  was sus p e cte d , F and t  

t e s t s  w e re  condu cted . Homogeneity t e s t i n g  u s in g  th e s e  t e s t s  was  

conducted  a t  t h e  L i t t l e t o n  and Englewood s i t e s .  The o p e r a t io n  o f  

C h a t f l e l d  r e s e r v o i r  on t h e  South P l a t t e  R iv e r  b e g in n in g  on May 2 9 ,  1975  

was suspected  t o  produce a d e t e c t a b l e  change In  t h e  f lo w  reg im es  a t  

th es e  s i t e s  w hich a r e  lo c a te d  j u s t  downstream. The lo g  t r a n s fo r m e d  

v a lu e s  o f  annual low f lo w s  a t  L i t t l e t o n  and Englewood f o r  t h e  p e r io d  

1 9 5 6 -1 9 7 5  w ere  t e s t e d  a g a in s t  th o s e  f o r  1 9 7 6 -1 9 8 5 .  The S t a t i s t i c a l  

Package f o r  th e  S o c ia l  S c ie n c e s  (SPSS, N Ie ,  e t  a l . ,  1975) was used on 

t h e  Cyber m a in f r a n e  computer a t  CSU t o  c o m p le te  t h i s  a n a l y s i s .  V a lu es  

f o r  th e  t w o - t a l l  p ro b a b ll  I t y  w ere  c a l c u l a t e d  and compared t o  a r e fe r e n c e  

le v e l  of 0 . 0 5 .  V a lu e s  g r e a t e r  th a n  0 . 0 5  w ere  c o n s id e re d  t o  show no 

s i g n i f i c a n t  d i f f e r e n c e  In  v a r ia n c e s  or means.
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FLOW ANALYSIS

Low f lo w s  w e re  a n a ly z e d  t o  l e a r n  m ore a b o u t t h e  p a t t e r n s  o f  d ro u g h t  

e v e n ts  and t o  h e lp  d e f in e  a p p r o p r ia t e  a l t e r n a t i v e s  t o  t h e  7Q10 des ign
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f lo w .  The two te c h n iq u e s  used t o  c a l c u l a t e  des ign  f lo w s  In  t h i s  study 

w e re ;  d i s t r i b u t i o n - b a s e d  f r e q u e n c y / d u r a t l o n  s t a t i s t i c s  and t h e  U. S. EPA 

b lo l  ogl cal ly -b a s e d  m ethod. Low -flow  p e r io d s  w e r e  a l s o  a n a ly z e d  f o r  run  

le n g th  below a range  o f  des ign  f lo w  v a lu e s .

F r e q u e n c y /D u r a t lo n  A n a ly s l s

F r e q u e n c y /d u r a t io n  a n a l y s i s  was used t o  d e te rm in e  t h e  m a g n itu d e s  o f  

f lo w s  t h a t  w ou ld  be e x p e c te d  t o  occur a t  a g iv e n  fre q u e n c y  fo r  a g iv e n  

le n g th  o f  t im e .  A m a th e m a tlc a l  p ro c e d u re  was used t o  g e n e r a te  t h e  

f re q u e n c y  d i s t r i b u t i o n  s t a t i s t i c s  In  t h i s  s tu d y .  As d e s c r ib e d  In  

c h a p te r  one, t h i s  p ro c e d u re  r e q u i r e s  t h a t  a t h e o r e t i c a l  s t a t i s t i c a l  

d i s t r i b u t i o n  be f i t t e d  t o  a sample o f  d a l l y  f low  d a ta  t o  d e te rm in e  f lo w  

m a g n itu des  c o rre s p o n d in g  t o  g iv e n  r e c u r r e n c e  I n t e r v a l s .  The g r a p h ic a l  

method was a l s o  t e s t e d  f o r  use, b u t  was dropped In  f a v o r  o f  t h e  

m a th e m a tic a l  approach because o f t h e  r e l a t i v e  c o n s is te n c y  and w id e  use 

of t h a t  a p p roach .

The s e l e c t i o n  o f  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 u n c t i o n  t o  d e s c r ib e  

t h e  p a t t e r n  o f  low f lo w s  I s  c r i t i c a l .  For t h e  purposes o f  t h i s  s u td y ,  

t h e  Io g -P e a r s o n  Type I I I  d l s t r I b u t l o n  was chosen, p r i m a r i l y  t o  m a in ta in  

c o n s is te n c y  w i th  c u r r e n t  p r e v a i l  Ing p r a c t i c e s .  The I o g -P ea rs o n  Type I I I  

d i s t r i b u t i o n  has been used e x t e n s i v e l y  f o r  f l o o d  f lo w  a n a l y s i s ,  and a l s o  

f o r  lo w - f lo w  a n a l y s i s  by v a r io u s  a g e n c ie s .  In c lu d in g  t h e  USGS and U. S. 

EPA (U .S .  EPA, 1 9 8 6 ;  P e ts c h ,  1 9 7 9 ) .  D i s t r i b u t i o n s  o t h e r  th a n  t h e  1 o g -  

Pearson Type I I I  may p ro v e  t o  be more a p p r o p r ia t e  f o r  lo w - f lo w  a n a l y s i s .  

Although  e x t e n s iv e  r e s e a rc h  In  t h i s  a r e a  was beyond t h e  scope o f t h i s  

p r o j e c t ,  fo u r  d i s t r i b u t i o n  f u n c t i o n s  w e r e  e v a lu a t e d .  They In c lu d e d  t h e  

norm al, lo g n o rm a l,  Pearson  Type I I I  and 1 o g -P e a rs o n  Type I I I .  F lows  

w e re  t r a n s fo r m e d  and w e re  e v a lu a te d  f o r  goodness o f  f i t  t o  each o f t h e



48

d i s t r i b u t i o n s  us ing  C h i - s q u a r e  and S h a p l r o - W i l k  t e s t s  a s  d e s c r ib e d  in  a 

p re v io u s  r e p o r t  (P a u ls o n  and S a n d e rs , 1 9 8 7 ) .

The lo g -P e a r s o n  Type I I I  d i s t r i b u t i o n  i s  based on t h r e e  s t a t i s t i c a l  

p a ra m e te rs  -  mean, s ta n d a rd  d e v i a t i o n ,  and skewness c o e f f i c i e n t .  The  

d i s t r i b u t i o n  has a l i m i t e d  ra n g e  in  t h e  l e f t  d i r e c t i o n  ( z e r o )  and 

uni Im i te d  In  t h e  r i g h t  d i r e c t i o n  and I s  f i t t e d  t o  th e  logs  o f  f low  

v a lu e s  t o  normal i z e  t h e  d a ta .  The most oommon way t o  f i t  t h i s  

d i s t r i b u t i o n  I s  t o  c a l c u l a t e  f re q u e n c y  f a c t o r s  f o r  g iv e n  r e c u r r e n c e  

i n t e r v a l s  and th e n  t o  use t h e  f o l l o w i n g  e q u a t io n .

^  log I og
w h e re  x  = f low  fo r  a g iv e n  r e c u r r e n c e  I n t e r v a l  T

X, = t h e  mean o f  t h e  lo g a r i th m s  o f  low f lo w sI og ^
S, = t h e  s ta n d a rd  d e v i a t i o n  o f  t h e  lo g a r i th m s  o f  lew f lo w s

K = a fre q u e n c y  f a c t o r ,  which Is  a f u n c t i o n  o f  t h e  c o e f f i c i e n t

o f  skewness o f  t h e  lo g a r i th m s  o f  lew f lo w s  and t h e  

p ro b a b ll  I t y  le v e l  and can commonly be found in  t a b l e s  (U.

S. I n t e r  age ncy Adv I sory (Domm I t t e e ,  1 9 8 2 ) .

One d i f f i c u l t y  w i th  lo w - f lo w  a n a l y s i s  by t h e  I o g -P ea rs o n  t y  pe I I I  

d i s t r i b u t i o n  or any o th e r  d i s t r i b u t i o n  w hich uses t h e  skewness a s  a 

para m e te r  I s  t h e  c h o ic e  o f a skew v a lu e  t o  use. G e n e r a l ly ,  in f l o o d  

f lo w  a n a l y s i s  t h e  skew used in  t h e  lo g -P e a r s o n  ty p e  I I I  d i s t r i b u t i o n  is  

a c o m b in a t io n  o f  t h e  re g io n a l  Ized  skew and t h e  s t a t i o n  skew.

Regional Ize d  skews have  n o t  y e t  been d e v e lo p e d  f o r  low f lo w s  in  t h e  

s t a t e  o f  O D iorado . C o n s e q u e n t ly ,  s t a t i o n  skews based on t h e  h i s t o r i c a l  

re c o r d  w e r e  used In  t h e  a n a l y s i s .  An a l t e r n a t i v e  approach t h a t  has been  

recommended i s  t o  use z e r o  f o r  a skew v a lu e .  The c h o ic e  o f a skew v a lu e
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c o u ld  h ave  a s i g n i f i c a n t  e f f e c t  on t h e  outcome o f a n a ly s is  and s hou ld  be 

c o n s id e re d  f u r t h e r .

Low f lo w s  w e r e  a n a ly z e d  on an a n n u a l ,  m o n th ly ,  and seasonal b a s is  

t o  d e f in e  f r e q u e n c y / d u r a t l o n  s t a t l s t l o s .  Annual low f lo w s  w e re  a n a ly z e d  

by s e p a r a t in g  t h e  p e r io d  o f  re c o r d  I n t o  cl Im a t ic  y e a r s  ( A p r i l  1 -  March 

3 1 )  and e v a l u a t i n g  t h e  lo w e s t  f lo w s  f o r  each y e a r .  M onth ly  f lo w s  w e r e  

a n a ly z e d  I n  a s i m i l a r  way e x c e p t  t h a t  an o v e r la p p in g  p ro c e d u re  was 

d eve lo p ed  t o  re d u c e  t h e  b ia s  to w a rd  t h e  m id d le  o f  t h e  month. T h is  

p ro c e d u re  In v o lv e d  u s in g  f l o w s  from  t h e  end o f  t h e  p re v io u s  month and 

t h e  b e g in n in g  o f  t h e  f o l l o w i n g  one t o  c a l c u l a t e  moving a v e r a g e s  f o r  a 

g iv e n  m onth. For exam ple , t o  c a l c u l a t e  m onth ly  7 -d a y  moving a v e ra g e  

f lo w s  f o r  t h e  month o f S eptem ber, f lo w s  o c c u r r in g  on August 2 9 -3 1  and 

O c to b e r  1 -3  w ere  used t o  c a l c u l a t e  3 0  v a lu e s  f o r  t h e  month o f  Septem ber.  

To c a l c u l a t e  4 -d a y  moving a v e ra g e  f lo w s ,  fwo days f r o n  t h e  end and 

b e g in n in g  o f  o t h e r  months w e r e  used.

Months w e re  grouped I n t o  seasons u s in g  f lo w  as t h e  c r i t e r i o n .  

Although  seasonal w a te r  and e f f l u e n t  qua I I t y  may a ls o  be s i g n i f i c a n t  

c r i t e r i a ,  t h e  m a jo r  fo c u s  o f  t h i s  study was on f lo w s .  S t a t i s t i c s  (mean, 

m edian, s ta n d a rd  d e v i a t i o n )  f o r  m on th ly  7 -d a y  f lo w s  and m onth ly  7Q3 

s t a t i s t i c s  w e re  used t o  s e p a r a t e  t h e  months I n t o  h ig h ,  low, and 

t r a n s i t i o n  f lo w  seasons. The t r a n s i t i o n  d e s ig n a t io n  was g iv e n  t o  months  

t h a t  e x h i b i t e d  I n c o n s i s t e n t  f lo w s  from  y e a r  t o  y e a r  and c o u ld  n o t  be 

grouped c o n c l u s i v e l y .  The p ro c e s s  used t o  d e fn e  lo w - f lo w  seasons  

c o n s is te d  o f  1wo o r  t h r e e  s te p s .  F i r s t ,  t h e  months w e r e  g iv e n  I n i t i a l  

seasonal d e s ig n a t io n s  based on f lo w  s t a t i s t i c s .  Second, low f lo w s  w e re  

c a l c u l a t e d  f o r  each season and compared t o  v e r i f y  t h a t  t h e  seasons w e re
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a p p r o p r ia t e .  In some cases , a t h i r d  s te p  was r e q u i r e d  t o  a d j u s t  t h e  

seasons t o  e n s u re  t h a t  months w e re  grouped c o r r e c t l y .

B i o l o g i c a l  ly -B a s e d  A n a ly s is

The g e n e ra l  approach o f t h e  b i o l o g i c a l l y - b a s e d  te c h n iq u e  Is  t o  lo o k  

a t  t h e  number of lo w - f ic w  e x c u rs io n s  ( low  f lo w s  below a low er I I m i t  or  

design  f lo w )  t h a t  have  o c c u r re d  In  t h e  p a s t  t o  g a in  an u n d e rs ta n d in g  o f  

hew many e x c u r s io n s  a r e  I I k e ly  t o  occur In  t h e  f u t u r e .  A d a l l y  flow  

re c o rd  I s  spl I t  I n t o  lo w - f lo w  p e r io d s  and lo w - f lo w  e x c u rs io n s  a r e  

counted  f o r  v a r io u s  lo w - f lo w  l i m i t s .  The f lo w  t h a t  I s  chosen f o r  th e  

desi gn f  I ow Is  t h e  maximum f  I ow t h a t  r e s u l  t s  I n no more th a n  t h e  al I owed 

nim ber o f  e x c u r s io n s  f o r  t h e  e n t i r e  p e r io d  o f  r e c o r d ,  o r  no more th an  

one e x c u r s io n  e v e ry  t h r e e  y e a r s .

Low -flow  p e r io d s  used f o r  a n a l y s i s  by t h e  U. S. EPA b i o l o g i c a l l y -  

based method a r e  1 2 0 -d a y  p e r io d s ,  r a t h e r  th a n  t h e  more t r a d i t i o n a l  

annual p e r io d .  A c c o rd in g  t o  t h e  U. S. EPA, low f lo w s  a r e  e x p e c te d  t o  

occur In  a c e r t a i n  p a t t e r n  grouped w i t h i n  a 1 2 0 -d a y  lo w -f lo w  p e r io d  

fo l lo w e d  by a 1 2 0 -d a y  p e r io d  o f  fe w . I f  any, low f lo w s  (U .S .  EPA, 1 9 8 6 ) .  

Each lo w - f lo w  p e r io d  b e g in s  w i t h  a lo w - f lo w  e x c u rs io n  and l a s t s  e x a c t l y  

120 days . Depending on  t h e  p a t t e r n  o f  lo w - f lo w  e x c u rs io n s ,  t h e  number 

of days befw een lo w - f lo w  p e r io d s  may v a r y .

W i t h in  each 120 day lo w -f lo w  p e r io d ,  t h e r e  may be one or more low -  

f low  e x c u rs io n  e v e n ts .  An e x c u r s io n  e v e n t  I s  d e f in e d  a s  a sequence of  

c o n s e c u t iv e  days w h e re  each day be longs  t o  an x -d a y  a verage  f lo w  t h a t  I s  

below t h e  des ign  f lo w  ( U .S .  EPA, 1 9 8 6 ) .  For exam ple. I f  t h r e e  4 -d a y  

moving a v e ra g e s  o f  a c o n s e c u t iv e  s i x  day p e r io d  a r e  l e s s  th a n  t h e  design  

f l o w ,  th e n  th o s e  s i x  days  b e lo n g  t o  a lo w - f lo w  e x c u rs io n  e v e n t .  The  

number o f e x c u rs io n s  In  a lo w - f lo w  e v e n t  I s  c a l c u l a t e d  a s  t h e  t o t a l



m m ber o f days In  t h e  e v e n t  d iv id e d  by t h e  d u r a t io n  ( e . g .  one day fo r  

t h e  a c u te  and f o u r  days f o r  t h e  c h r o n ic  f l e w ) .  The maximum number of 

e x c u rs io n s  t o  be c o unted  f o r  any g iv e n  lo w - f ic w  p e r io d  I s  f i v e .  G iven  

an a l l o w a b l e  fre q u e n c y  o f one e x c u r s io n  e v e ry  t h r e e  y e a r s ,  t h i s  p r o v id e s  

f o r  no more th an  15 y e a r s ,  on t h e  a v e ra g e ,  f o r  ecosystem s t o  r e c o v e r  

from  s e v e re  s t r e s s  caused by a d ro u g h t .

The b lo l  ogl cal ly -b a s e d  des ign  f le w  c a l c u l a t i o n s  1 s an I t e r a t i v e  

convergence  p ro c e d u re  t h a t  c o n s i s t s  o f  f i v e  b a s ic  p a r t s  (U ,S ,  EPA,

1 9 8 6 ) .  The p a r t s  a r e ;
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1 .  D e te r m in a t io n  o f  t h e  a l lo w e d  n im ber o f  e x c u rs io n s ,  t h e  nim ber t h a t  

w i l l  produce an a v e ra g e  o f  no more th a n  one e x c u r s io n  e v e ry  t h r e e  

y e a r s ,  g iv e n  by t h e  e q u a t io n ;

( a l lo w e d  e x c u r s io n s )  = (n u n b e r  o f y e a r s  o f  r e c o r d ) / ( 3 )

2 .  C a l c u l a t i o n  o f  x -d a y  (1 -d a y  f o r  CMC, 4 -d a y  f o r  CCXJ) r u n n in g  a v e ra g e s  

frem  t h e  r e c o r d  o f  d a l l y  f le w s .

3 .  C a l c u l a t i o n  o f  t h e  t o t a l  n im ber o f  e x c u rs io n s  o f  a s p e c i f i e d  f le w  

f o r  a g iv e n  f lo w  r e c o r d .

4 .  D e t e r m in a t io n  o f  I n i t i a l  lo w e r  and upper I I m l t s  on t h e  des ign f lo w  

w ith  t h e  c o r re s p o n d in g  n im b e r  o f  e x c u rs io n s  from  P a r t  I I I ,  and an  

I n i t i a l  t r i a l  f lo w .

5 .  C a l c u l a t i o n  o f  t h e  des ign  f lo w  by s u c c e s s iv e  I t e r a t i o n s  u s in g  t h e  

method o f  f a l s e  p o s i t i o n .

In c e r t a i n  c a s e s ,  v a lu e s  o t h e r  th a n  t h e  s ta n d a rd  ones g iv e n  f o r  

d u r a t io n s  (1 -d a y  o r  4 -d a y )  o r  f re q u e n c y  (o n c e  In  t h r e e  y e a r s )  may be 

used t o  c a l c u l a t e  s p e c ia l  u s e r - d e f i n e d  f lo w s .  The  or I t e r  I a c u r r e n t l y  

used t o  j u s t i f y  a c h r o n ic  d u r a t io n  lo n g e r  th a n  f o u r  days I s  a r e l a t i v e l y
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s t a b l e  f le w  re g im e , r e p r e s e n te d  by a c o e f f i c i e n t  o f  v a r i a t i o n  of d a i l y  

f le w s  t h a t  i s  l e s s  th a n  o r  equal t o  one (U. S. EPA, 1 9 8 6 ) .

The above p ro c e d u re  I s  c a r r i e d  o u t  by com puter p rog ran  (U . S. EPA 

p ro g ran s  DFLCW or  DESCON) used In  c o n ju n c t io n  w i t h  d i r e c t  a c cess  t o  

STÖRET d a l l y  f le w  re c o r d  f i l e s .  For t h e  purposes o f  t h i s  s tu d y ,  th e  

U. S. EPA com puter p ro g ran  DFLCW (U . S. EPA, 1986) was used t o  c a l c u l a t e  

bl ol ogl c a l l y - b a s e d  des ign  f l e w s .  An IBM PC v e r s i o n  o f  t h e  pre>gram was 

c o n v e r te d  f o r  use on t h e  Cyber 2 0 5  and was used In  c o n ju n c t io n  w i t h  d a ta  

f i l e s  o f  u ses  d a l l y  f le w  r e c o r d s .

B io l ogl cal ly -b a s e d  f lo w s  w e re  c a l c u l a t e d  f o r  a c u te  (1 -d a y  d u r a t io n )  

and c h r o n ic  (4 -d a y  and 3 0 -d a y  d u r a t io n s )  c o n d i t io n s  a t  eaeti s i t e .  The  

c r  I t e r  Ion  used t o  cal cul a t e  t h e  f  I ews was an al I owabl e  f re q u e n c y  of  

o c c u rre n c e  o f  once In  e v e ry  t h r e e  y e a r s ,  as recommended by t h e  U. S. EPA. 

O th er  f r e q u e n c ie s  may a ls o  be used w i t h  t h e  program.

A n a ly s is  o f  Lcw-FIcw E ven ts

L c w -f lc w  e v e n ts  w e re  a l s o  a n a ly z e d  w i t h  a slmpl I f  led  v e r s i o n  o f  th e  

U .S .  EPA b i o l o g i c a l  ly -b a s e d  m ethod, r e f e r r e d  t o  h e r e  as e x c u rs io n  

a n a l y s i s .  The e x c u rs io n  a n a l y s i s  In v o lv e d  t h e  same b a s ic  p r i n c i p l e s  as  

t h e  bl ol ogl cal ly -b a s e d  approach -  a n a l y s i s  o f  t h e  p a t t e r n s  and d u r a t io n s  

o f  lo w - f lo w  e x o u r s lo n s  (low  f lo w s  below a lo w e r  l i m i t ) .  W ith  t h i s  

slmpl I f  led  a pproaoh , e x o u rs lo n s  w e re  a n a ly z e d  o v e r  th e  e n t i r e  d a ta  

re o o rd  a s  a w h o le  r a t h e r  th a n  o v e r  1 2 0 -d a y  lo w -f lo w  p e r io d s  a s  In  t h e  

U. S. EPA m ethod. The purpose o f  t h i s  slmpl I f  led  e x o u r s lo n  a n a l y s i s  was  

t o  q u a n t i  fy  t h e  nunber of days w I t h i n  each y e a r  w I t h  f lo w s  bei ow a g iv e n  

t h r e s h o ld  le v e l  and t o  h e lp  d e f i n e  t h e  t im in g  and le n g th s  o f  lo w -f lo w  

e v e n ts .
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Two k in d s  o f  In fo r m a t io n  w e re  d eve lo p ed  w i th  t h e  e x c u rs io n  

a n a l y s i s .  F i r s t ,  lo w -f lo w  e x c u rs io n s  below v a r io u s  fre q u e n c y  s t a t i s t i c  

design f lo w s  w e re  t a l  I led o v e r  t h e  p e r io d  o f  r e c o rd .  The nunber of 

e x c u rs io n s  was s e t  equal t o  t h e  nunber o f s i n g l e  days below t h e  c u t o f f  

le v e l  ( 1 -d a y  d u r a t io n  e x c u r s i o n s ) .  E x c u rs io n s  o f  4 -d a y  and 3 0 -day  

d u r a t io n s  w e re  a l s o  t a l  I led  f o r  com parison purposes. Second, run 

le n g th s  w e r e  c a l c u l a t e d  f o r  each of t h e  lo w - f ic w  e v e n ts .  A run  le n g th  

was d e f in e d  a s  t h e  nunber o f c o n s e c u t iv e  days w i t h  f le w s  bel cw a g iv e n  

l e v e l .  The nunber o f e x c u r s io n s  o c c u r r in g  w i t h i n  a g iv e n  lo w - f lo w  e v e n t  

was c a l c u l a t e d  a s  t h e  run le n g th  o f t h e  e v e n t  d iv id e d  by t h e  d u r a t io n  o f  

th e  e x c u r s io n .  For exam ple , t h e  nunber o f  3 0 -d a y  e x c u rs io n s  o c c u r r in g  

In  a run le n g th  o f 3 5  days  w o u ld  be 3 5 / 3 0  or 1 .17  e x c u rs io n s .



C h a p te r  4 -  R e s u l ts  and D is c u s s io n  

The d a l l y  f low  re c o rd s  f o r  each o f  th e  s i t e s  In  t h i s  study w ere  

a n a ly z e d  f o r  hom ogeneity and f o r  an a p p r o p r ia t e  d i s t r i b u t i o n  f u n c t i o n .  

Low -flow  a n a l y s i s  was made f o r  f lo w s  o f  l - , 4 - , 7 - ,  and 3 0 -d a y  d u r a t io n s  

t o  c o rresp ond  t o  tn s trea m  a q u a t ic  I I f e  c r i t e r i a  based on a c u te  and 

c h r o n ic  c o n c e n t r a t io n s .  Design f lo w s  w e re  c a l c u l a t e d  w i t h  fno d i f f e r e n t  

methods -  d i s t r i b u t i o n - b a s e d  f r e q u e n c y / d u r a t l o n  s t a t i s t i c s ,  and t h e  U .S .  

EPA bl ol ogl c a l l y - b a s e d  method. A nnua l,  s e a s o n a l ,  and m on th ly  design  

f lo w s  w e re  c a l c u l a t e d  and compared. Lew -f low  e v e n ts  w e re  a n a ly z e d  f o r  

1 -d a y  e x c u rs io n s  and f o r  run  le n g th s .  The r e s u l t s  o f  each ty p e  of 

a n a l y s i s  f o l l o w ,  w i th  s p e c i f i c  i l l u s t r a t i o n s  g iv e n  th ro u g h o u t  t h e  

c h a p te r  f o r  v a r io u s  s i t e s  ( p r i m a r i l y  E n g lew ood ).  Com plete  Ic w - f lc w  

a n a ly s is  r e s u l t s  f o r  each o f t h e  s i t e s  a r e  g iv e n  In  t h e  form  o f  t a b l e s  

and f i g u r e s  In  t h e  f i n a l  r e p o r t  -  E v a lu a t io n  o f  Design Flow C r i t e r i a  f o r  

E f f l u e n t  D is c h a rg e  P e r m i ts  In  C o lo rad o  (P a u ls o n  and S anders , 1 9 8 7 ) .

HOMOGENEITY

Many o f  t h e  s tream s a lo n g  t h e  F r o n t  Range have  been h e a v i ly  

In f lu e n c e d  by man’ s a c t i v i t i e s  and may e x h i b i t  changes In  t h e  lo w -f lo w  

reg im e  or n o n -h o m o g e n e lt le s ,  as a r e s u l t .  Two approaches  w e re  used In  

t h i s  study t o  I d e n t i f y  changes In  lo w - f lo w  c h a r a c t e r i s t i c s  -  p l o t s  o f  

annual 7 -d a y  low f lo w s  v e rs u s  t im e ,  (s e e  F ig u r e  4 .1  fo r  L i t t l e t o n )  and F 

and t - t e s t i  ng f o r  ohanges In  v a r la n o e  and mean. The p l o t s  show a 

v a r i e t y  o f  p a t t e r n s  In  annual low f lo w s .  Some s i t e s  seem t o  e x h i b i t  a
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t r e n d ,  w h i l e  o t h e r s  a p p e a r  t o  have  c y c le s  1 n I ow f lo w s .  The causes f o r  

th e s e  p a t t e r n s  a r e  unknown. T h e /  ma/ be due t o  n a tu ra l  h i s t o r i c a l  

w e a th e r  p a t t e r n s ,  or may I n d i c a t e  n o rr -h o n o g e n e lt le s  In  t h e  d a ta  r e c o r d ,  

a lth o u g h  t h i s  has n o t  been c o n f irm e d  s t a t i s t i c a l l y .

For most o f  t h e  s i t e s  t h e r e  seems t o  be a d i s t i n c t  p e r io d  o f  low er  

th a n  a v e ra g e  f lo w s  from  1 9 5 6 -1 9 6 5 .  A r a n k in g  o f  th e  annual 7 -d a y  low 

f lo w s  by y e a r  a t  al I of t h e  s i t e s  I n d i c a t e s  t h a t  5 0 -9 0  p e r c e n t  o f  t h e  10  

d r i e s t  y e a r s  a t  each s i t e  o c c u r re d  from  1 9 5 6 -1 9 6 5 .  T h is  c o u ld  w e l l  be 

I n d i c a t i v e  o f  a dry lo w -f lo w  p e r io d  th ro u g h o u t  t h e  s t a t e  o f  C o lo rad o  

d u r in g  t h a t  decade. The r e s u l t s  o f  t h e  lo w - f lo w  a n a l y s i s  show t h a t  t h e  

c l a s s i c  7Q10 was h a r d ly  e v e r  e x p e r ie n c e d  d u r in g  t h e  w e t  y e a r s  o f  t h e  

r e c o r d  I n d i c a t i n g  t h a t  t h i s  p a r t i c u l a r  s t a t i s t i c  may be to o  s t r i n g e n t  a t  

t im e s ,  w h i l e  d u r in g  t h e  dry p e r io d  I t  was e x p e r ie n c e d  q u i t e  a nunber of  

t im e s  I n d i c a t i n g  t h a t  t h i s  may n o t  be s t r i n g e n t  enough.

T e s ts  f o r  t h e  hom ogeneity  o f  f lo w  re c o rd s  a t  L i t t l e t o n  and 

Englewood showed no s i g n i f i c a n t  d i f f e r e n c e  In  v a r ia n c e s  o r  means o f  low 

f lo w s  a t  e i t h e r  s i t e  b e f o r e  and a f t e r  t h e  c o n s t r u c t io n  o f  C h a f f  le i  d Dam. 

C a u s a t iv e  a g e n ts  f o r  s te p  changes In  t h e  low flow  re g im e s  a t  t h e  o th e r  

s i t e s  In  t h i s  study w e re  l a c k i n g .  As a r e s u l t ,  t h e  d a ta  w e re  assuned t o  

be homogeneous a t  each o f  t h e  s i t e s  and a 3 0  y e a r  p e r io d  o f  re c o rd  was  

u t i l  Ize d  w h e re  a v a i l a b l e .  More w ork  c o u ld  be done t o  Im prove d e t e c t i o n  

o f  n o n -h c m o g e n e lt le s  and methods t o  deal w i th  non-homogeneous r e c o r d s .

The t r e a t m e n t  o f  c y c le s  and t r e n d s  I s  an Im p o r ta n t  Is s u e  In  t h e  

g e n e r a t io n  o f  lo w - f lo w  s t a t i s t i c s .  For a n a l y s i s  o f  d a ta  t h a t  e x h i b i t s  a 

t r e n d .  I t  I s  r e a s o n a b le  t o  s e l e c t  a s u b s e t  o f  t h e  t o t a l  d a ta  s e t  from  

t h e  most c u r r e n t  d a ta  f o r  a n a l y s i s .  T h is  s u b s e t  shou ld  be s u f f i c i e n t l y  

la r g e  t o  p ro v id e  a re a s o n a b le  b a s is  f o r  lo w - f lo w  s t a t i s t i c a l  a n a l y s i s



( i . e .  a t  l e a s t  10 y e a rs  l o n g ) .  For d a ta  t h a t  a ppears  t o  be cycl Ic ,  i t  

i s  more re a s o n a b le  t o  use a lo n g e r  d a ta  s e t  ( I . e .  3 0  y e a r s )  w ith  th e  

assu m ption  t h a t  t h e  lo n g e r  p e r io d  o f  re c o rd  i s  homogeneous and more  

a c c u r a t e l y  r e f l e c t s  t h e  f lo w  reg im e  o f t h e  s i t e .

A t  some s i t e s ,  i t  I s  d i f f i c u l t  t o  d e te rm in e  w h e th e r  an a p p a re n t  

change In  t h e  f lo w  reg im e  Is  I n d i c a t i v e  o f  a t r e n d  o r  c y c le .  T h is  

dilemma makes t h e  c h o ic e  of an a p p r o p r ia t e  p e r io d  o f  re c o rd  f o r  a n a ly s is  

v e ry  d i f f i c u l t .  As m e n tio n e d , a nunber o f t h e  s i t e s  in  t h i s  study seem 

t o  e x h i b i t  a ”d r y ” p e r io d  f o r  t h e  f i r s t  t e n  y e a r s  o f  a n a ly s is  ( 1 9 5 6 -  

1 9 6 5 ) .  On t h e  one hand. I t  w ould  be easy t o  el Im ln a te  th e  e a r l  l e r  d a ta ,  

s in c e  I t  a p p e a rs  t o  be d i s s i m i l a r  t o  t h e  more r e c e n t  d a ta  (n on -  

hcmogeneous), and d e te rm in e  t h e  low f low  s t a t i s t i c s  w i t h  th e  more r e c e n t  

" w e t” y e a r s .  On t h e  o th e r  hand, fo r  t h e  " d r y "  p e r io d  s in c e  t h e  lew flow  

p e r io d  c o u ld  oc c u r  a g a in ,  c a l c u l a t i n g  t h e  lew f low  s t a t i s t i c s  us ing  t h e  

dry y e a r  d a ta  w i l l  p ro v id e  a m a rg in  o f  s a f e t y  f o r  t h e  e n v iro n m e n t.
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DISTRIBUTION OF ANNUAL AND MONTHLY LOW FLOWS

The r e s u l t s  o f  d i s t r i b u t i o n  t e s t i n g  f o r  annual 7 -d a y  low f lo w s  a r e  

g iv e n  In  T a b le  4 . 1 .  th es e  r e s u l t s  I n d i c a t e  t h a t ,  w ith  t h e  e x c e p t io n  o f  

Henderson, annual 7 -d a y  low f lo w s  w e re  n o rm a l ly  d i s t r i b u t e d  a t  a l l  s i t e s  

u s in g  t h e  C h i - s q u a r e  and S h a p l r o - W i lk  t e s t .  Henderson f lo w s  f a i l e d  t h e  

S h a p l r o - w l l k  t e s t  a t  5 p e rc e n t  le v e l  o f  s i g n i f i c a n c e  when no d a ta  

t r a n s f o r m a t i o n s  w e re  u t i l  Iz e d .  Annual 7 -d a y  low f lo w s  a t  Henderson  

a ppeared  t o  have  had a lognormal d i s t r i b u t i o n .

R e s u l ts  o f  d i s t r i b u t i o n  t e s t i n g  on m on th ly  7 -d a y  low f le w s  a r e  

shown In  T a b l e  4 . 2 .  Low f  I ows a t  L I t t I  e to n ,  Englewood, Henderson, and 

F o r t  (}ol I in s  w e re  normal ized  w I t h  th e  Lo g -W il  son-H i I f e r t y
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T a b l e  4 . 1 ,  R a l a t l v a  s c o r e s  o f  n o r m a l i t y  t a s t i n g  u s i n g  t h e  C h i - s q u a r e  
G o o d n a s s - o f - F I t  a n d  t h e  S h a p i r o - W l l k  T e s t  o n  a n n u a l  7 - d a y  
10« f l o « s  f o r  t h e  p e r i o d  o f  r e c o r d  a t  e a c h  s i t e .

No  t r a n s - L o g a r - W I I  s o n -
L o g -  

W 11 s o n -
S i t e f o r m a t i o n 1 t h m  1 c H l l  f e r t y H l l f e r t y

A B A B A B A B

L I t t I  e t o n
P a s s e d 1 1 1 1 1 1 1 1
F a i  1 e d 0 0 0 0 0 0 0 0

E n g l  e « o o d
P a s s e d 1 1 1 1 1 1 1 1
F a  11 ad 0 0 0 0 0 0 0 0

H e n d e r s o n
P a s s e d 1 0 1 1 1 1 1 1
F a i l e d 0 1 0 0 0 0 0 0

B o u l d e r
P a s s e d 1 1 1 1 1 1 1 1
F a  1 1 e d 0 0 0 0 0 0 0 0

L y o n s
P a s s e d 1 1 1 t 1 1 1 1
F a i l e d 0 0 0 0 0 0 0 0

L o n g m o n t
P a s s e d 1 1 1 1 1 1 1 1
F a i l e d 0 0 0 0 0 0 0 0

P I a t t e v  I I 1e
P a s s e d 1 1 1 1 1 1 t 1
F a i l e d 0 0 0 0 0 0 0 0

F o r t  C o l  11 n s
P a s s e d 1 1 1 1 1 1 1 t
F a l l  a d 0 0 0 0 0 0 0 0

A •  C h i - s q u a r e  g o o d n e s s - o f - f I t  t e s t .  
B ■ S h a p i r o - W l l k  t e s t  f o r  n o r m a l I t y .  
P a s s e d  -  SS s i g n i f i c a n c e  l e v e l .
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T a b i *  4 . 2 .  R e l a t i v a  s c o r e s  o f  n o r m a l i t y  t e s t i n g  u s i n g  t h e  C h i - s q u a r e  
6 o o d n e s s - o f - F I t  a n d  t h e  S h a p i r o - M l l k  T e s t  o n  m o n t h l y  7 - d a y  
l o w  f l o e s  f o r  t h e  p e r i o d  o f  r e c o r d  a t  e a c h  s i t e .

No t r a n s - L o g e r - W 11 s o n -
L o g -  

W I I  s o n -
S i t e f o r m a t i o n I t h m l c H l l  f e r t y H l l f e r t y

A B A B A B A B

L I t t l e t o n
P a s s e d 4 0 1 2 11 9 8 1 2 1 2
F a i l e d 8 1 2 0 1 3 4 0 0

E n g l  e e o o d
P a s s e d 3 1 1 2 11 1 0 9 1 2 1 2
F a i l e d 9 1 1 0 1 2 3 0 0

H e n d e r s o n
P a s s e d 7 2 11 11 9 1 0 11 1 2
F a i l e d 5 1 0 1 1 3 2 1 0

B o u l d a r
P a s s e d 9 1 0 11 1 2 1 2 11 11 1 2
F a i  1 e d 3 2 1 0 0 1 1 0

L y o n s
P a s s e d to 7 1 2 1 0 1 2 1 2 1 2 1 2
F a i l e d 2 5 0 2 0 0 0 0

L o n g m o n t
P a s s e d 9 7 1 2 1 2 1 2 1 2 1 2 1 2
F a  1 1 e d 3 3 0 0 0 0 0 0

PI  a t t a v  H i e
P a s s e d 9 7 1 2 1 2 1 2 11 1 2 1 2
F a i  1 ed 3 3 0 0 0 1 0 0

F o r t  C o l  1 I n s
P a s s e d 0 0 1 2 1 0 2 4 1 2 1 2
F a  11 a d 12 1 2 0 2 1 0 8 0 0

A « C h i - s q u a r e  g o o d n e s s - o f - f I t  t e s t .  
B ■ S h a p I r o - W M k  t e s t  f o r  n o r m a l i t y .  
P a s s e d  "  3S s i g n i f i c a n c e  l e v e l .



t r a n s f o r m a t i o n ,  w hil e a W II  son~Hi 1 f o r t y  t r a n s f o r m a t io n  n o rm a l iz e d  low 

f le w s  a t  Lyons. Hence, m onth ly  low f lo w s  a t  t h e  fo rm e r  s i t e s  may 

a p p ro x im a te  a L o g -P e a rs o n  Type I I I  d i s t r i b u t i o n ,  w h i l e  a t  Lyons, low 

f lo w s  may a p p ro x im a te  a Pearson  Type I I I  d i s t r i b u t i o n .  M onth ly  low flow  

d a ta  a t  B o u ld e r ,  Longmont, and P l a t t e v l l l e  ap p e a r  t o  f i t  a lognormal  

dl s t r  I b u t i  on.

6 0

FRH?UENCY S T A T IS T IC  DESIGN FLOWS

The r e s u l t s  o f  t h e  annual lo w - f lo w  fre q u e n c y  a n a ly s e s  a r e  p re s e n te d  

I n  fw o  f o r m a t s  -  as t a b l e s  and fre q u e n c y  c u rv e s  f o r  eacJi s i t e  (s e e  T a b le  

4 .3  and F i g u r e  4 . 2  f o r  Englew ocxl).  Low -flow  fre q u e n c y  s t a t i s t i c s  a r e  

g iv e n  f o r  d u r a t io n s  o f  1 - ,  4 - ,  7 -  and 3 0 -d a y s  and r e c u r r e n c e  I n t e r v a l s  

o f  2 ,  3 ,  5 ,  7 ,  10  and 15 y e a r s .  As an exam p le , t h e  7 -d a y  moving a v e ra g e  

low f low  c x :c u rr ln g  one» e v e ry  10  y e a rs  on t h e  a v era g e  (7Q10) from T a b le  

3 . 5  f o r  Englewood I s 2 8  c f s .  Below t h e  annual fre q u e n c y  s t a t i s t i c  t a b l e  

I s  a t a b l e  o f  t h e  annual lew f lo w s  ( T a b le  4 . 4 ) .  An annual low f low  may 

be d e f in e d  a s  t h e  lo w e s t  moving a v e ra g e  o f  a g iv e n  d u r a t io n  f o r  any 

g iv e n  y e a r .  The va l ues 1 n TabI e  4 . 4  w ere  f  I t  t o  a I o g -P ea rs o n  Ty pe I I I  

d i s t r i b u t i o n  t o  produc» t h e  fre q u e n c y  s t a t i s t i c  f lo w s  g iv e n  In  T a b le  

4 . 3 .

Frequency c u rv e s ,  whlcti a r e  p l o t s  o f  f le w  m a g n itu des  v e rs u s  

r e c u r r e n c e  I n t e r v a l s  fesr 1 - ,  4 - ,  7 -  and 3 0 -d a y  d u r a t io n s ,  w ere  p re p a re d  

f o r  each s i t e  (s e e  F ig u r e  4 . 2  f o r  Englewocxl). As t h e  r e c u r r e n c e  

I n t e r v a l  In c r e a s e s ,  t h e  s lo p e s  o f  t h e  c u rv e s  f l a t t e n  o u t  In  e v e ry  case .  

T h is  I s  an I n d i c a t i o n  t h a t  t h e  d i f f e r e n c e  In  m a g n itu d e  between a 7Q2 and 

a 7Q3 f low  Is  much g r e a t e r  th a n  t h e  d i f f e r e n c e  befween a 7Q10 and 7Q1 5 .  

The fre q u e n c y  c u r v e  may be used w i t h  I n t e r p o l a t i o n  t o  a p p ro x im a te
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T a b i  e 4 . 3 . A n n u a l  low f l o w  f r e q u e n c y  s t a t i s t i c s  
a t  En g l  e w o o d .

R e c u r r e n c e L ow f  1 ow ( c f  s )
1 n t e r v a l D u r a t i  on

( y e a r s ) 1 - d a y 4 - d a y 7 - d a y 3 0 - d a y

2 43 4 8 5 2 61
3 3 5 4 0 43 53
5 3 0 33 3 5 4 4
7 27 3 0 3 2 41

1 0 2 4 2 6 2 8 3 6
15 2 2 2 5 26 3 4

T a b l e  4 . 4 . A n n u a l  low f  1 ows f o r e a c h  y e a r  o f
r e c o r d  a t  E n g l e w o o d .

Cl I f f l a t l c L ow f  1 ow ( c f  s )
y e a r Dur  a t l o n

( 4 / 1 - 3 / 3 1 ) 1 - d a y 4 - d a y 7 - d a y 3 0 - d a y

1 9 5 6 27 3 3 3 5 3 8
1 9 5 7 14 1 4 15 18
1 9 5 8 5 4 6 8 71 7 8
1 9 5 9 3 8 4 2 44 51
1 96 0 27 31 3 3 4 9
1 961 2 9 3 4 3 6 46
1 9 6 2 92 1 1 4 11 9 1 3 3
1 9 6 3 2 8 3 0 3 2 41
1 9 6 4 1 9 2 2 2 6 4 4
1 9 6 5 2 9 3 5 3 6 41
1 9 6 6 6 0 6 5 6 7 85
1 9 6 7 40 43 4 8 5 0
1 9 6 8 4 8 5 4 6 0 87
1 9 6 9 4 0 43 46 57
197  0 6 6 6 9 7 3 99
1 971 85 92 95 1 1 2
1 9 7 2 47 6 5 6 6 7 2
1 9 7 3 6 0 6 3 6 5 7 3
197  4 4 4 55 6 4 1 0 4
1 97 5 37 45 53 7 0
1 9 7 6 3 8 4 0 4 4 51
1 9 7 7 45 5 0 6 0 7 5
1 9 7 8 4 5 47 50 58
1 9 7 9 3 8 4 0 41 54
1 9 8 0 43 47 51 6 4
1 981 46 46 4 8 5 4
1 9 8 2 3 8 40 43 54
1 9 8 3 3 5 3 5 3 7 53
1 9 8 4 7 3 7 5 7 6 87
1 9 8 5 7 9 9 4 9 8 1 3 6
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R E C U R R E N C E  I N T E R V A L  ( Y E A R S )

F ig u r e  4 . 2 . Annual f r e q u e n c y  c u rv e s  f o r  1 ,  4 ,  7 and 3 0 -d a y  moving a v e ra g e  low f lo w s  a t  
Englewood.
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fre q u e n c y  s t a t i s t i c  f l e w s  o f  d i f f e r e n t  r e c u r r e n c e  I n t e r v a l s  th a n  th o s e  

p r e v io u s ly  c a l c u l a t e d .  For exam ple , a 30Q4 f o r  Englewood may be 

a p p ro x im a te d  a s  48  c f s  ( F ig u r e  4 . 2 ) .  In a d d i t i o n ,  fre q u e n c y  c u rv e s  may 

be used t o  d e f in e  com parab le  annual fre q u e n c y  s t a t i s t i c s ,  by d raw ing  a 

h o r i z o n t a l  I Ine th ro u g h  t h e  graph a t  a g iv e n  f lo w  v a lu e .  For exam ple , a 

I Ine  drawn th ro u g h  40 c f s  a t  Englewood shows t h a t  t h e  same f lo w  Is  

a p p ro x im a te d  by a 1 Q 2 .4 ,  a 4Q3, a 7 Q 3 .8 ,  and a 3 0 Q 6 .

The annual f re q u e n c y  s t a t i s t i c  f l o w s  f o r  1 - ,  4 - ,  7 -  and 3 0 -day  

d u r a t io n s  and 2 ,  3 ,  5 and 10 y e a r  r e c u r r e n c e  I n t e r v a l s  w e r e  ra n k ed  f r o n  

lew t o  h igh  f o r  each s i t e  ( T a b le  4 . 5 ) .  The 1Q10 f le w  s t a t i s t i c  I s  

c o n s i s t e n t l y  t h e  lo w e s t ,  fo l lo w e d  by t h e  4Q10 o r  1Q5. The 30Q2 and 30Q3 

f low  s t a t i s t i c s  a r e  c o n s i s t e n t l y  t h e  h ig h e s t  and second h ig h e s t  f lo w s .

In g e n e r a l ,  t h e  o r d e r  o f  t h e  ra n k e d  f lo w s  v a r i e s  w i t h  t h e  p a t t e r n  o f  

lo w - f ic w  e v e n ts .  A t  seme s i t e s ,  d u r a t i o n  I s  a more c r i t i c a l  f a c t o r  In  

d e te r m in in g  f lo w  m agnitude  and a t  o t h e r  s i t e s  t h e  r e c u r r e n c e  I n t e r v a l  Is  

t h e  c r i t i c a l  f a c t o r .

A second com parison  o f  annual f re q u e n c y  s t a t i s t i c  low f lo w s  I s  

g iv e n  In  T a b l e  4 . 6 .  P e r c e n t  In c r e a s e s  In  f lo w  m a g n itu des  v a r i e d  from  

s i t e  t o  s i t e .  For a c u te  1Q10 and 1Q3 f lo w s  t h e  a v era g e  In o re a s e  ov e r  

al I t h e  s i t e s  was 81 p e r o e n t  and ra n g e d  from  3 6  p e r c e n t  t o  175 p e r c e n t .  

The In c r e a s e  In  m a g n itu d e  from  c h r o n ic  7Q10 t o 3 0 Q 1 0  f lo w s  a v e ra g e  5 9  

p e r c e n t  and ra n g e d  from  0 p e r c e n t  t o  177 p e r c e n t .  In c re a s e s  from  

c h r o n ic  7Q10 t o  30(33 f lo w s  a v e ra g e d  160 p e r c e n t  and ran g e d  from  8 9  

p e r c e n t  t o  3 6 2  p e r c e n t .

The p e r io d  o f  re c o r d  chosen f o r  lo w - f lo w  a n a l y s i s  had a s i g n i f i c a n t  

e f f e c t  on t h e  annual f re q u e n c y  s t a t i s t i c  f lo w s ,  Th Is  was wel l - e v  Idenced  

a t  Englewood and L on gnont.  A t  th e s e  s i t e s ,  a n a l y s i s  was conducted  f o r



T a b le  4.9> R a n k in g  o f  annual lo«  f i o «  f re q u a n c y  s t a t i s t i c s .

ik L1ttlaton EngI a«ood Handarson Boul dar Lyons Longaont* ** Longmontes PI attav I l la Fort Col 1 Ins
cw ) cf s stat cf s stat cf s stat cf s stat cf s stat cf s stat cf s stat cf s S t a t cf s s t a t

1 10 1Q10 24 101 0 17 1010 5.1 1010 0.8 1010 10 101 0 12 101 0 27 101 0 0.9 1010
2 12 1Q5 26 401 0 22 4010 6.9 4010 1.2 401 0 12 4010 13 401 0 29 401 0 1 .2 1053 12 4Q1 0 28 7010 26 701 0 7.2 105 1 .3 701 0 12 701 0 1 4 701 0 31 7010 1 .3 401 0
4 12 7Q10 30 105 27 105 8.4 701 0 1 .4 105 1 2 105 1 4 105 39 105 1 .4 7 01 0
5 13 405 33 405 36 405 9.0 405 2.1 405 15 103 17 103 38 4 05 1 .4 3001 06 14 103 35 103 40 103 9.6 103 2.2 103 15 405 17 405 40 705 1 .5 1037 15 705 35 705 41 705 10.4 705 2.4 705 16 705 18 705 42 103 1 .5 405
8 16 3001 0 36 30010 46 3001 0 11.5 403 3.3 403 18 3001 0 19 3001 0 43 3001 0 1 .6 7039 17 102 40 403 51 403 11.7 102 3.6 102 19 102 20 403 47 403 1 .8 403

10 18 403 43 102 60 102 12.7 703 3.6 30010 19 403 21 703 50 703 1 .9 102
11 19 703 43 703 61 703 14.3 3001 0 3.8 703 20 703 21 102 93 102 2.0 70312 22 402 44 3005 67 3005 14.7 402 4.7 3005 22 3005 22 3 005 55 3 005 2.0 3005
13 22 3005 48 402 76 402 16.1 702 5.2 402 23 402 24 402 59 402 2.2 402
14 25 702 52 702 89 702 17.1 3005 5.9 7 02 25 702 26 3003 64 702 2.4 7 02
15 27 3003 53 3003 89 3003 20.1 3003 6.0 3003 26 3003 26 702 67 3003 2.9 3 00316 34 3002 61 3002 126 3002 24.1 3002 7.8 3 002 30 3002 31 3002 83 3002 4.8 3 002

* valúas basad on ragrasslon of dally flo«s.
**  valúas basad on ragrasslon of I og-transf ornad dally flo«s.

Oí-p>
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T a b l e  4 . 6 .  C o m p a r i s o n  o f  a n n u a l  f r e q u e n c y  s t a t i s t i c  low f l o w s .

S i t e

P e r c e n t  I n c r e a s e  I n  f l o w  m a g n i t u d e *
1 Q1 0  7Q1 0 3 0 Q 1 0  7 Q 1 0  7Q3 7Q1 0

t o  1Q3 t o  7Q3 t o  3 0 Q 3  t o  3 0Q 10  t o  3 0Q 3  t o  3 0Q3

L I t t I  e t o n 5 0 5 8 5 9 4 2 4 2 1 2 5

E n g l e w  ood 46 5 4 47 2 8 23 89

H e n d e r s o n 1 3 5 1 3 5 93 77 46 2 4 2

B o u l d e r 8 8 51 40 7 0 5 8 1 3 9

L y o n s 1 7 5 1 9 2 67 177 5 8 3 6 2

L o n g m o n t 5 0 6 7 44 50 3 0 117

PI  a t t e v  H i e 3 6 61 56 26 3 4 1 16

F o r t  Col  1 I n s 67 43 1 07 0 45 107

•  P e r c e n t  I n c r e a s e  ■ (1 a r g e r  f 1ow -  smal 1 e r f l o w ) /  smal  1 e r  f  1 ow



66

1>iO d i f f e r e n t  p e r io d s  o f  re c o r d  -  a 3 0 - y e a r  p e r io d  from  1 9 5 6 -1 9 8 5  and a 

1 0 - y e a r  p e r io d  f r o n  1 9 7 6 -1 9 8 5 .  The r e s u l t s  o f  t h e  a n a l y s i s  a r e  compared  

In  T a b le  4 . 7 .  The f lo w s  c a l c u l a t e d  w i t h  th e  s h o r t e r ,  more r e c e n t  p e r io d  

o f  re c o rd  a r e  c o n s i s t e n t l y  h ig h e r  th a n  t h e  f lo w s  c a l c u l a t e d  w i t h  t h e  

lo n g e r  r e c o r d .  T h is  d i f f e r e n c e  a v e ra g e s  a b o u t 3 0  p e r c e n t  and g e n e r a l ly  

In c re a s e s  w I t h  In c r e a s in g  r e c u r r e n c e  I n t e r v a l .  The  cause f o r  t h i s  

s i g n i f i c a n t  d i f f e r e n c e  In  f le w  r e c o rd s  can be r e l a t e d  t o  e i t h e r  n a tu ra l  

dry and w e t  c y c le s  (d ry  y e a r s  o c c u r r in g  In  t h e  f i r s t  10 y e a rs  o f  

r e c o r d ) ,  o r  t o  a t r e n d  In  t h e  f lo w  d a ta .  C a re fu l  a n a l y s i s  o f  th e s e  

f a c t o r s  shou ld  be In c o r p o r a te d  I n t o  t h e  c h o ic e  o f a le n g th  o f re c o r d  f o r  

lo w - f ic w  a n a l y s i s ,  as was d is c u s s e d  In  t h e  s e c t io n  on h o n o g e n e lty  o f th e  

f lo w  r e c o r d .

M onth ly  f re q u e n c y  s t a t i s t i c  low f lo w s  a r e  s im m arlzed  In  T a b le  4 .8  

f o r  Englewood. The t a b l e  In o lu d e s  des ign  f lo w s  f o r  eaoh month o f  th e  

y e a r  f o r  1 - ,  4 - ,  and 7 -d a y  d u r a t io n s  a t  2 ,  3 ,  5 and 10 y e a r  r e c u r r e n c e  

I n t e r v a l s .  As an exam p le , t h e  m o n th ly  7Q5 f o r  August a t  Englewood I s  

equal t o  79  c f s .  On t h e  a v e ra g e ,  p e r c e n t  In c r e a s e s  frem  one m onth ly  

design  f lo w  t o  a n o th e r  ( I . e .  from 1Q10 t o  1Q3) a r e  oom parab le  t o  p e rc e n t  

In c r e a s e s  f o r  annual f lo w s  g iv e n  In  T a b le  4 . 6 .  However, p e r c e n t  

In c r e a s e s  a r e  g r e a t e r  f o r  h igh  f lo w  months ( e . g .  June) th a n  f o r  annual 

f lo w s  and l e s s  f o r  low f low  months ( e . g .  J a n u a r y ) .

M onth ly  7 -d a y  low f lo w s  f o r  eaoh w a te r  y e a r  o f re c o r d  a t  Englewood  

a r e  p re s e n te d  I n TabI e  4 . 9 .  The  va l ues 1 n th  Is  t a b i  e a r e  t h e  I cw f lo w s  

t h a t  w e re  f i t  t o  a lo g -P e a r s o n  Type I I I  d i s t r i b u t i o n  t o  d e f in e  th e  

f re q u e n c y  s t a t i s t i c s  g iv e n  In  T a b le  4 . 8 .  E x a m in a t io n  o f  T a b le  4 . 9  and 

s i m i l a r  t a b l e s  In  t h e  p re v io u s  r e p o r t  f o r  o t h e r  s i t e s  (P a u ls o n  and  

S anders , 1 9 87 ) shows how f lo w s  may v a ry  f r o n  one month t o  a n o th e r  on a
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T a b i c  4 . 7 .  C o a p a r l a o n  o f  a n n u a l  l o «  f l o w  f r a q u a n c y  a t a t l s t l c a  u s i n g  t u o  
d l f f a r a n t  p e r i o d s  o f  r e c o r d  a t  E n g l a a o o d  a n d  L o n g a o n t .

a .  E n g l a a o o d

R a c u r r a n c a  
1 n t a r v a l  

( y e a r s )
1

A
- d a y

B
4

A
- d a y

B
7

A
- d a y

B A
3 0 - d a y

B

2 4 3 4 4 4 0 4 6 9 2 4 9 61 6 0
3 3 9 4 0 4 0 41 4 3 4 9 9 3 9 4
9 3 0 3 6 3 3 3 8 3 9 41 4 4 91

1 0 2 4 3 4 2 6 3 6 2 8 3 8 3 6 4 9

b .  L o n g a o n t ( b a s e d o n  a 1r e g r e s s i o n O f  d a l l y f  1 o a s )

R a c u r r a n c a -

1 n t a r v a l 1 - d a y 4 - d a y 7 - d a y 3 0 - d a y
( y e a r s ) A B A B A B A B

2 21 2 6 2 4 2 0 2 6 3 0 31 3 4
9 17 2 2 2 0 2 6 21 27 26 3 0
9 1 4 2 0 17 23 1 0 2 4 2 2 27

1 0 1 2 10 13 21 1 4 2 2 1 9 2 3

A p e r i o d  o f  r e c o r d  1 9 9 6 * * 1 9 8 S  
B p e r i o d  o f  r e c o r d  1 9 7 6 * 1 9 0 9



Tabi* 4.8. Monthly loa flow f raq uancy stati sties at Engl a«ood.

Month
7-day lo« fio« (e ta ) 

Racurranca Interval (yaars)
2 3 9 10

4-day lo« 
Racurranca 1 

2 3
fio« (cfs) 

ntarval (yaars)
9 10 2

1-day lo« fio« (cfs) 
Racurranca 1 ntarval (yaars) 

3 9
1
1 0

Jan 67 96 48 41 69 99 47 40 62 93 46 39
Fab 69 98 90 42 66 96 48 41 63 93 46 40
Mar 74 61 92 44 71 98 90 42 67 99 47 40
Apr 107 78 98 43 101 74 96 41 93 67 90 37
Hay 246 199 110 77 230 148 102 70 204 130 89 60
Jun 234 144 94 60 212 130 89 92 188 113 73 49
Jul 186 137 99 63 162 1 20 84 99 133 98 69 47
Aug 199 112 79 94 190 101 71 47 130 89 63 43
Sap 76 96 43 32 69 92 40 30 64 48 37 28
Oct 67 90 40 32 63 48 38 31 62 47 37 28
Nov 73 62 92 46 70 60 91 49 66 99 48 43
Dac 70 62 92 46 69 99 91 49 66 96 49 43

cr>
00



T a bi  e 4 .9 . Month 1 y 7 - d a y 1 OW 'M OW s f o r aach y a a r  o f r a c o r d a t  Engl  awood.

M a t a r  y a a r Oct Nov Oac J an Fab Mar Apr May Jun J ul Aug Sap

1 955 24 45 38 37 38 34 3 4 110 6 2 40 261 130
1956 38 59 50 37 37 43 42 21 5 153 65 3 9 15
1957 18 41 37 33 37 41 6 2 27 0 1190 7 53 53 5 73
1958 86 158 95 74 78 71 217 585 307 123 53 44
1 95 9 5 8 53 51 46 6 0 61 121 263 2 32 131 82 33
1 96 0 82 75 6 5 61 71 94 4 83 485 245 2 22 43 36
1961 50 75 83 77 7 4 102 1 3 2 3 2 4 1 30 196 43 2 27 4
196  2 2 7 8 3 3 8 150 119 180 155 286 2 2 9 2 82 195 7 2 35
1 963 32 44 6 0 52 55 50 3 5 3 9 3 4 26 34 107
1 964 46 61 6 8 50 50 58 1 05 196 118 145 7 2 40
196 5 36 6 0 51 43 44 6 0 87 284 4 0 2 520 6 7 0 3 35
1966 1 90 117 80 76 85 66 99 1 09 85 7 2 84 49
1967 56 81 6 8 75 53 47 50 86 135 125 206 96
1 968 7 2 96 86 81 83 83 97 198 154 165 213 108
1 96 9 105 7 9 7 0 46 50 6 8 7 3 158 7 2 2 4 8 8 341 103
197 0 137 3 0 8 2 1 9 169 1 1 9 126 3 1 4 2 1 2 9 1 461 597 220 143
1971 142 129 1 09 95 120 113 1 14 427 3 6 8 3 0 9 2 3 0 78
197 2 66 75 78 84 82 7 0 6 8 117 23 9 153 139 6 5
1 97 3 6 5 78 75 79 93 111 1 64 1143 981 461 268 6 4
1 97 4 1 20 117 97 109 123 2 2 2 3 2 2 280 153 165 80 53
197 5 88 75 7 5 76 78 79 82 186 352 531 236 119
1 976 44 48 6 4 78 74 74 78 121 100 247 220 113
1977 89 87 88 78 6 0 6 4 1 0 2 153 6 0 72 1 22 58
1 9 7 8 50 55 58 58 6 0 56 47 78 53 121 104 48
197 9 55 49 41 46 61 6 3 1 51 253 493 226 105 51
1980 54 67 84 85 1 12 100 1 7 5 21 55 1203 407 166 53
1981 48 71 6 4 54 6 2 64 5 9 11 5 48 69 74 89
1982 77 54 57 56 46 43 37 79 94 138 3 0 5 2 4 8
1983 141 59 59 53 48 136 4 05 1 887 2 2 5 9 845 556 92
1 984 76 93 115 107 140 154 2 9 2 1393 7 5 8 3 1 2 6 6 4 26 5
1 985 5 2 9 281 2 08 112 98 110 182 1 2 1 4 5 7 2 393 277 64

CD



70

f a i r l y  c o n s i s t e n t  b a s is .  For exam ple, a t  Englewood, t h e  average  of  

m onthly  7 -d a y  low f le w s  f o r  January  Is  72 c f s  and f o r  June I s  398  c f s .  

Although f l e w s  v a r y  from month t o  month t h e r e  may be even  more  

s i g n i f i c a n t  d i f f e r e n c e s  f r a n  y e a r  t o  y e a r .  The month o f June a t  

Englewood i s  a good exam ple , w i th  7 -d a y  low f le w s  ra n g in g  frem  3 4  t o  

2 2 5 9  c f s .  F ig u r e  4 . 3  p r o v id e s  a g r a p h ic a l  I l l u s t r a t i o n  o f  th e  

d i f f e r e n c e s  In  f re q u e n c y  s t a t i s t i c  f l o w s  f r o n  one month t o  a n o th e r  a t  

Englewood. The f i g u r e  In c lu d e s  fo u r  b a rs  f o r  each month of t h e  y e a r  

which g i v e  m o n th ly  7 -d a y  low f le w s  a t  2 ,  3 ,  5 and 10 y e a r  r e c u r r e n c e  

I n te r v  al s.

M onth ly  lew f lo w s  f o r  t h i s  study w ere  c a lc u l a t e d  u s in g  an  

o v e r la p p in g  p ro c e d u re  as d e s c r ib e d  In  t h e  methods c h a p te r  T h is  

p ro c e d u re  produced v a lu e s  t h a t  d i f f e r  frem  v a lu e s  c a lc u l a t e d  w i t h o u t  

o v e r la p p in g .  The d i f f e r e n c e s  In  m o n th ly  7 -d a y  low flow frequency  

s t a t i s t i c s  a t  L i t t l e t o n  w i t h  and w i t h o u t  o v e r la p p in g  a r e  I l l u s t r a t e d  In  

T a b le  4 . 1 0 .  In g e n e r a l ,  w i th  t h e  o v e r la p p in g  p ro c e d u re ,  m onthly low 

f lo w s  f o r  each y e a r  had lo w e r  means, s m a l le r  s ta n d a rd  d e v i a t i o n s  and 

v a r y in g  skews when compared t o  low f lo w s  cal cul a te d  w I t h o u t  o v e r la p p in g .  

The f re q u e n c y  s t a t i s t i c  f lo w s  In  T a b le  4 . 1 0  a r e  s i m i l a r ,  w i th  v a lu e s  

o c c a s io n a l ly  h ig h e r  w i t h  o v e r la p p in g  b u t  more o f t e n  lo w e r ,  p a r t i c u l a r l y  

f o r  h igh f lo w  months.

In most case s ,  m onthly  frequency  s t a t i s t i c  f lo w s  a r e  h ig h e r  th an  

annual fre q u e n c y  s t a t i s t i c  f lo w s .  P e r c e n t  In c r e a s e s  o f  m onthly  7Q10 

f lo w s  o v e r  annual 7Q10 f le w s  a r e  g iv e n  f o r  each month a t  f i v e  s i t e s  In  

T a b le  4 . 1 1 .  The In c r e a s e s  range  frem  0 p e r c e n t  f o r  s e ve ra l  months a t  

F o r t  Col I In s  t o  191 4 p e r c e n t  f o r  t h e  month o f June a t  F o r t  Col I Ins .
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F ig u r e  4 . 3 .  Graph o f  m o n th ly  7 -d a y  moving a v e ra g e  low f lo w s  f o r  2 ,  3 ,  5 and 10 y e a r  r e c u r r e n c e  
i n t e r v a l s  a t  Englewood.



T a b I  e  4 . 1 0 C o m p a r i s o n  o f  m o n t h l y  7 - d a y  low f l o w  f r e q u e n c y  s t a t i s t i c s  
( w i t h  and  w i t h o u t  o v e r l a p p i n g )  a t  L i t t l e t o n .

A c a l c u l a t e d  w i t h  o v e r l a p p i n g .
B c a l c u l a t e d  w i t h o u t  o v e r l a p p i n g .

M o n t h
A

2
B

7 - d a y  low f l o w  ( c f s )  
R e c u r r e n c e  I n t e r v a l  ( y e a r s )  

3 5 
A B A B A

1 0
B

J a n 3 2 3 2 25 2 5 2 0 20 1 5 16

F e b 34 3 6 27 2 9 21 23 16 1 8

Ma r 3 9 43 3 0 3 4 2 4 2 5 1 8 1 9

Apr 6 5 7 6 44 51 31 3 5 21 24

May 1 6 2 1 9 8 97 1 1 4 6 2 7 0 3 9 4 2

J un 1 54 1 6 8 94 1 0 2 6 2 66 40 42

J u 1 1 57 1 6 4 1 07 1 1 2 7 5 7 9 5 0 53

Aug 1 3 0 1 45 87 1 03 61 7 0 40 47

Sep 5 2 5 4 3 8 40 2 8 2 9 2 0 21

O c t 40 3 9 2 8 27 21 20 1 5 1 5

Nov 3 8 3 8 31 3 0 2 4 2 5 21 21

D e c 3 4 3 5 26 27 21 21 17 17

f \D
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T a b l e  4 . 1 1 .  C o m p a r i s o n  o f  m o n t h l y  t o  a n n u a l  7 Q 1 0  f l o w s .

Mo n t h ^ I n c r e a s e  o f  m o n t h l y  o v e r  a n n u a l  7 Q 1 0 ' s *
E n g l  ewood B o u l  d e r L o n g m o n t F o r t  Col

J an 4 6 * " 4 2 " F

F e b 50 90 58 0

Ma r 57 1 1 4 42 21

Apr 5 4 1 26 42 0

May 1 7 5 2 3 3 67 2 9

J un 1 1 4 5 9 0 3 5 8 1 91 4

J u l 1 2 5 6 6 2 3 5 8 1 507

Aug 93 3 2 8 2 7 5 4 2 9

Sep 14 221 1 7 5 50

O c t 14 6 7 67 7

Nov 6 4 55 7 5 0

D e c 6 4 1 26 7 5 0

♦ P e r c e n t  I n c r e a s e  « ( ( m o n t h l y )  -  ( a n n u a l ) )  X 1 0 0  /  ( a n n u a l )
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Months w e re  grouped I n t o  seasons t o  c a l c u l a t e  seasonal des ign  f lo w s  

a t  fo u r  s i t e s  -  Englewood, B o u ld e r ,  Longnont and F o r t  C o l l  Ins . The y e a r  

was s e p a ra te d  I n t o  fw o t o  fo u r  seasons o f  low, t r a n s i t i o n  o r  h igh f lo w  

months, depending on t h e  s p e c i f i c  f lo w  c h a r a c t e r i s t i c s  o f  each s i t e .

The s t a t i s t i c a l  c r i t e r i a  used t o  group t h e  months I n t o  seasons a t  

Englewood a r e  summarized In  T a b le  4 . 1 2 .  The s e l e c t i o n  o f  f lo w  seasons  

u s in g  th e s e  c r i t e r i a  I s  a r e l a t i v e l y  s u b j e c t i v e  t r i a l  and e r r o r  p rocess.  

Once an I n i t i a l  s e l e c t i o n  was made, seasonal f le w s  w e re  c a lc u l a t e d  and  

compared t o  check t h e  a p p r o p r ia te n e s s  o f  t h e  seasons. Where n e c e s s a ry ,  

months w e r e  re g ro u p ed  I n t o  more a p p r o p r ia t e  seasons.

For t h e  s i t e s  a n a ly z e d ,  t h e  g ro u p in g  o f  months I n t o  seasons v a r i e d .  

Low season months c o n s i s t e n t l y  In c lu d e d  December, J a n u a ry ,  F e b ru a ry ,  and 

March. A t  some s i t e s ,  Septem ber, O c to b e r ,  November, A p r i l  a n d /o r  May 

w ere  a l s o  grouped w i t h  t h e  lew season. High season months In c lu d e d  May, 

June, J u ly  and A u g u s t,  The o n ly  month t h a t  was c o n s i s t e n t l y  high a t  

each of t h e  fo u r  s i t e s  was June . T r a n s i t i o n  months In c lu d e d  March,  

A p r i l ,  May, August, Septem ber, O c to b er  and November. The d e f i n i t i o n  o f  

I c w - f lc w  seasons i s  a s i t e - s p e c i f i c  p ro c e s s  and s hou ld  be based on 

c h a r a c t e r i s t i c s  a t  a g iv e n  s i t e .  In t h i s  s tu d y ,  t h e  g ro u p in g  o f  months 

was based on f lo w  a lo n e .  O th e r  f a c t o r s  t h a t  shou ld  be c o n s id e re d  In  t h e  

d e f i n i t i o n  o f  seasons f o r  d is c h a rg e  p e r m i t t in g  In c lu d e  v a r i a t i o n  frem  

month t o  month In  e f f l u e n t  q u a n t i t y  and qual I t y  and In s tre a m  w a te r  

qual I t y .

Seasonal 7 -d a y  lo w -f lo w  fre q u e n c y  s t a t i s t i c s  a t  2 ,  3 ,  5 and 10 y e a r  

r e c u r r e n c e  I n t e r v a l s  a t  Englewood a r e  g iv e n  In  T a b le  4 .1 3  w i th  seasonal 

low f lo w s  f o r  eaoh y e a r  g iv e n  below In  T a b le  4 . 1 4 ,  The o r l t l o a l  

Im portance  o f  how months a r e  grouped I s  I l l u s t r a t e d  In  T a b le s  4 .1 3  and
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T a b l e  4 . 1 2 .  M o n t h l y  7 - d a y  low f l o w  s t a t i s t i c s  u s e d  t o  g r o u p  
m o n t h s  I n t o  s e a s o n s  a t  E n g l e w o o d .

Mont h S e a s o n Mean
F 1 ow ( c f  s ) 

Med I an SD»
M o n t h  1y 

7 0 3
S e a s o n a l

7 0 3

J a n Low 7 2 7 5 2 9 56 45

F e b Low 7 6 71 3 4 5 8 45

Ma r Low 8 4 7 0 41 61 45

A p r T r a n s i t l o n 146 1 02 1 1 6 7 8 7 8

May H i g h 4 93 2 2 9 6 1 9 1 59 80

J un H i g h 4 3 4 23  9 51 1 1 4 4 80

J ui H i g h 2 6 8 1 95 2 1 3 137 80

Aug H i g h 2 2 3 2 0 6 181 1 1 2 80

Sep Low 9 9 7 3 7 8 56 45

O c t Low 95 66 97 50 45

Nov Low 9 8 7 5 7 5 6 2 45

D e c Low 8 2 7 0 42 6 2 45

*  S t a n d a r d  d e v i a t i o n
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T a b I *  4 . 1 3 .  S e a s o n a l  7 - d a y  low f l o w  f r e q u e n c y  s t a t i s t i c s  
a t  E ngl  e w o o d .

R e c u r r e n c e Low f l o w  ( c f s )
1 n t e r v a l Low T r a n s i t i o n  H i g h H i g h *
( y e a r s ) ( S a p - M a r ) ( A p r ) ( M a y - A u g ) ( A p r - A u g )

2 5 4 1 07 111 7 8
3 45 7 8 80 6 0
5 37 5 8 6 0 4 9

1 0 3 0 43 4 4 40

♦Based on two seasons o n l y ,  low and h i gh .

T a b l e  4 . 1 4 • S e a s o n a l 7 - d a y  1ow f  1 ows f o r e a c h  y e a r
o f  r e c o r d 1 a t  Engl  e w o o d .

Low f l o w  ( c f s )
Y e a r Low T r a n s i t i o n  H i g h H i g h *

( e n d l n g ) ( S e p - M a r ) ( A p r ) ( M a y - A u g ) ( A p r - A u g )

1 9 56 37 4 2 3 9 3 9
1 9 57 1 5 6 2 27 0 6 2
1 9 5 8 71 2 1 7 53 53
1 9 5 9 4 4 1 21 82 82
1 9 6 0 3 3 4 8 3 43 43
1961 3 6 1 3 2 1 3 0 1 3 0
1 9 6 2 1 1 9 2 8 6 7 2 7 2
1 9 6 3 3 2 3 5 26 26
196  4 46 1 05 7 2 7 2
1 9 6 5 3 6 87 2 8 4 87
1 9 6 6 6 6 9 9 7 2 7 2
1 9 6 7 47 50 86 50
1 9 6 8 7 2 97 1 54 97
196  9 46 7 3 1 58 7 3
197  0 1 03 3 1 4 2 2 0 2 2 0
1 971 95 1 1 4 2 3 0 1 1 4
1 9 7 2 6 6 6 8 1 17 6 8
1 9 7 3 6 5 1 6 4 2 6 8 1 6 4
1 9 7 4 6 4 321 80 80
1 97 5 53 82 186 82
1 9 7 6 4 4 7 8 1 0 0 7 8
1 9 7 7 6 0 1 02 6 0 6 0
1 9 7 8 5 0 47 53 47
1 9 7 9 41 1 51 1 05 1 05
1 9 80 51 1 7 5 1 66 166
1981 4 8 5 9 4 8 4 8
1 9 82 43 37 7 9 3 7
1 9 8 3 4 8 4 0 5 5 5 6 4 0 5
1 9 8 4 7 6 2 9 2 3 1 2 2 9 2
1 9 85 9 8 1 82 2 7 7 1 82

♦Based on two seasons o n l y ,  low and h ig h .



4 , 1 4 .  Seasonal f le w s  f o r  fwo d i f f e r e n t  s e ts  o f  seasons w e re  c a lc u l a t e d  

w i t h  th e  f i r s t  s e t  In c lu d in g  lew ( S e p te m b e r-M arc h ) and h igh  ( A p r i l -  

August) seasons and t h e  second s e t  ad d in g  a t r a n s i t i o n  season ( A p r i l ) .  

When A p r i l  Is  grouped In  t h e  h igh  f le w  season, t h e  h igh season f lo w s  a r e  

much low er th a n  when A p r i l  I s  n o t  In c lu d e d  In  t h a t  season ( e . g .  7Q2 of  

7 8  c f s  compared t o  111 c f s ) .  The re a so n  f o r  t h i s  s i g n i f i c a n t  d i f f e r e n c e  

I s 111 u s t r a t e d  I n TabI e  4 .1  4 ,  The I ow est f  I ows f o r  t h e  h igh  f  I cw 

seasons ( A p r i l - A u g u s t )  may occur In  e i t h e r  A p r i l  o r  May-August,  

depending on t h e  y e a r .  When A p r i l  Is  grouped w i t h  M ay-August, t h e  

lo w e s t  f lo w  In e i t h e r  season I s  chosen. Comparison o f  t h e  l a s t  t h r e e  

col unns o f  T a b le  4 . 1 4  I l l u s t r a t e s  t h i s  p o i n t .

A com parison o f  m o n th ly ,  s e a s o n a l ,  and annual frequency  s t a t i s t i c  

low f lo w s  shows t h a t  annual f lo w s  a r e  c o n s i s t e n t l y  le s s  th a n  o r  equal t o  

seasonal f lo w s  whioh a r e  c o n s i s t e n t l y  le s s  th a n  o r  equal t o  m onth ly  

f lo w s  ( F i g u r e  4 , 4 ) .  T h is  p a t t e r n  I s  due t o  t h e  v a r i a t i o n  o f  f lo w s  from  

one month t o  a n o th e r  and t o  t h e  o c c u rre n c e  o f mlnlmun f lo w s  In  d i f f e r e n t  

months, f o r  v a r io u s  y e a r s .  The re a s o n in g  f o r  t h i s  I s  s i m i l a r  t o  t h a t  

g iv e n  above f o r  seasonal f lo w s .  The lo w e s t  v a lu e s  o c c u r r in g  In  a y e a r -

long p e r io d  a r e  used t o  c a l c u l a t e  annual s t a t i s t i c s  and w i l l  a lm ost  

a lw a y s  be lo w e r  th a n  any si ngl e monthi y lo w -f lo w  s t a t l  s t l c  whioh Is  

based on t h e  lo w e s t  f lo w s  o c c u r r in g  w i t h i n  a much s h o r t e r  p e r io d .
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BIOLOGICALLY-BASED DESIGN FLOWS

Design f  I ows w e re  cal cul a te d  w I t h  t h e U .  S. bl ol ogl cal ly -b a s e d  

method f o r  a c u te  (1 -d a y  d u r a t i o n )  and c h r o n ic  ( 4 -  and 3 0 -d a y  d u r a t io n s )  

c o n c e n t r a t io n s  a t  a l l  th e  s i t e s .  The v a lu e s  a r e  g iv e n  In  T a b le s  4 . 1 5 -  

4 .1 7  a lo n g  w i t h  c o m parab le  f re q u e n c y  s t a t i s t i c  f lo w s  and p e r c e n t
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F ig u r e  4 . 4 .  Com parison o f  m o n th ly ,  s e a s o n a l ,  and annua l 7Q10 f lo w s  f o r  Englewood.
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T a b l a  4 . I S .  B l  o l  o g i  c a l  I y - b a s a d  a c u t a  d a s i g n  f l o w s  a n d  c o a p a r l s o n  t o  
1Q10 f l o w s .

S I  t a
( a c c a p t a b i a  
n o  o f  a x e s )

1Q1 0 
f  1 ow 
( C f  s )

N u a b a r  o f  
1 - d a y

e x c u r s i o n s

B l o - b a s a d  
1 - d a y  

3 - y r  f l o w  
( c f s )

N u a b a r  o f  i 
1 - d a y

a x e u r  s i o n s

0 1 f f o r a n e a  
I n  f  1 ow s *

L 1t t l a t o n  
( 1 0 . 1 7 )

10 9 1 0 . 0 9 0 . 0

E n g l  a w o o d  
( 1 0 . 1 7 )

2 4 1 0 2 6 . 0 10 7 . 7

H a n d a r s o n
0 0 . 1 7 )

17 16 1 2 . 0 9 - 4 1 . 7

B o u l d a r  
( 3 . 4 9 )

5 1 6 . 0 3 1 6 . 7

L y o n s
( 1 0 . 1 7 )

0 . 8 19 0 . 9 5 - 6 0 . 0

L o n g a o n t
( 1 0 . 1 7 )

10 1 9 9 10 - 1 1 . 1

PI  a t t a v  I I  1 a 
( 1 0 . 1 7 )

27 11 2 6 . 0 8 - 3 . 8

F o r t  Co l  1 I n s  
( 3 . 1 7 )

0 . 9 3 1 . 3 3 3 0 . 8

■ % O I f f a r a n c a -  ( d - d a y 3 - y r  f l o w ) -  ( 1 Q 1 0 ) )  • 1 00  /  ( 1 - d a y 3 - y r  f l o w )

T a b l a  4 .1 6  . B i o l o g I c a l  1y - b a s a d  c h r o n i c  d a s i g n  
7 Q I 0  f l o w s .

f l o w s  a n d  c o a p a r l s o n  t o

S I  t a
( a c c a p t a b i a  
n o  o f  a x e s )

7 Q1 0 
f l  ow 
( C f  s )

B l o - b a s a d  
N u a b a r  o f  4 - d a y  

4 - d a y  3 - y r  f l o w  
a x e u r s i o n s  ( c f s )

N u a b a r  o f  
4 - d a y

a x e u r s i o n s

i O I f f a r a n c a  
I n  f  1 ow s *

L l t t l a t o n  
( 1 0 . 1 7 )

12 1 6 . 2 5 1 0 . 7 8 . 5 0 - 1 2 . 1

E n g l  a w o o d  
( 1 0 . 1 7 )

28 1 0 . 0 0 2 9 . 9 1 0 . 0 0 6 . 4

H a n d a r s o n
( 1 0 . 1 7 )

26 1 7 . 2 5 1 5 . 9 1 0 . 0 0 - 6 3 . 5

B o u l d a r  
( 3 . 4 9 )

8 5 . 0 0 6 . 9 2 . 7 5 - 1  5 . 9

L y o n s
( 1 0 . 1 7 )

1 . 3 21 . 0 0 0 . 8 9 . 5 0 - 6 2 . 9

L o n g a o n t
( 1 0 . 1 7 )

12 2 0 . 0 0 1 0 . 8 1 0 . 0 0 - 1 1 . 1

PI  a t t a v  I I 1 a 
( 1 0 . 1 7 )

31 1 5 . 9 0 2 7 . 9 9 . 9 0 - 1 1 . 1

F o r t  Co l  1 I n s  
( 3 . 1 7 )

1 . 4 1 . 9 0 1 . 5 3 . 0 0 6 . 7

•  ÿ  O I f f a r a n c a  ■ ( ( 4 - d a y  3 - y r  f l o w )  -  ( 7 Q 1 0 ) )  •  1 00  /  ( 4 - d a y  3 - y r  f l o w )



80

T a b l e  4.17 . B I o l o g I c a I  I y - b a s e d  c h r o n i c  d e s i g n  f l o e s  b a s e d  o n  a 3 0 - d a y  
m o v i n g  a v e r a g e  a n d  c o m p a r i s o n  t o  3 0 Q 1 0  f l o e s .

S i t e
( a c c e p t a b i e  
n o  o f  e x e s )

C o e f  f 1 c l e n t  
o f

v a r 1 a t l o n

30 QI  0 
f  1 oe 
( c f  s )

N u mb e r  o f  
3 0 - d a y  

e x c u r  s i o n s

B 1o - b a s e d  
3 0 - d a y  

3 - y r  f l o e  
( c f  s )

N u m b e r  o f  i 
3 0 - d a y  

e x c u r  s i o n s

0 1 f  f e r e n c e  
I n  f  1 oe s *

L 1t t l e t o n  
( 1 0 . 1 7 )

1 . 8 4 17 11 . 0 7 1 6 . 5 1 0 . 1 7 - 3 . 1

E n g l  e e o o d  
( 1 0 . 1 7 )

1 . 7 7 36 4 . 1 7 3 8 . 3 1 0 . 1 7 6 . 0

H e n d e r s o n
( 1 0 . 1 7 )

1 . 5 2 46 1 3 . 0 3 4 3 . 0 8 . 6 7 - 7 . 0

B o u l d e r  
( 3 . 4 9 )

1 . 3 8 1 4 3 . 3 0 1 4 . 8 3 . 4 7 5 . 7

L y o n s
( 1 0 . 1 7 )

1 . 6 1 3 . 6 1 5 . 8 3 2 . 5 9 . 8 0 - 4 4 . 0

L o n g m o n t
1 0 . 1 7

1 . 5 1 18 1 7 . 9 3 1 5 . 7 9 . 6 3 - 8 6 . 2

PI  a t t e v  I I  1 e 
( 1 0 . 1 7 )

1 . 5 1 43 8 . 5 7 4 4 . 5 1 0 . 1 7 3 . 4

P o r t  Co l  1 I n s  
( 3 . 1 7 )

2 . 8 2 1 . 4 0 . 0 0 1 . 9 3 . 1 7 - 2 7 . 3

■ % D i f f e r e n c e  "  ( ( 3 0 - d a y 3 -  y r  f  1 oe ) -  ( 3 0 0 1 0 ) ) •  1 00  /  ( 3 0 - ■day 3 - y r  f l o e )
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d i f f e r e n c e s .  The f lo w  s t a t i s t i c  used t o  compare t o  t h e  a c u te  1 -d a y ,  3 -  

y e a r  f lo w  was t h e  1Q 10. The c h r o n ic  4 -d a y ,  3 - y e a r  and 3 0 -d a y ,  3 - y e a r  

f lo w s  w e re  compared t o  t h e  7Q10 and 30Q1 0 ,  r e s p e c t i v e l y .  The number of 

a c c e p ta b le  and a c tu a l  e x c u rs io n s  a r e  a ls o  I I s te d  f o r  each f l e w .  

E x c u rs io n s  a r e  d e f in e d  d i f f e r e n t l y  f o r  each ty p e  o f c a l c u l a t i o n  ( a c u te  

and c h r o n ic )  a s  d e s c r ib e d  In  t h e  methods s e c t io n .

A cute  1 -d a y  3 - y e a r  des ign  f lo w s  w e re  s i m i l a r  In  m a gn itu de  t o  t h e  

1Q10 or 1Q15 fre q u e n c y  s t a t i s t i c  f l o w s .  C h ro n ic  3 0 -d a y  3 - y e a r  f lo w s  

w e re  a p p ro x im a te d  by 30Q10 or 30Q15 f lo w s .  These f i n d i n g s  c o rresp ond  

c l o s e l y  t o  t h e  r e s u l t s  o f  an EPA s tudy  which a n a ly z e d  60  s tream s a c ro s s  

t h e  n a t io n .  In c lu d in g  a m inber In  t h i s  r e g io n  (U .S .  EPA, 1 9 8 6 ) .  In fo u r  

o u t  o f e i g h t  c a se s ,  or 50 p e r c e n t ,  t h e  1Q10 flow  was h ig h e r  th a n  t h e  1 -  

d a y ,  3 - y e a r  f l o w .  T h is  compares t o  65 p e r c e n t  o f  6 0  s tream s t e s t e d  In  a 

r e c e n t  EPA study ( U .S .  EPA, 1 9 8 6 ) .  T h e 7 Q 1 0  f le w  was h ig h e r  th a n  t h e  4 -  

d a y ,  3 - y e a r  f lo w  a t  s i x  o u t  o f  e i g h t  s i t e s  o r  7 5  p e r c e n t ,  as compared t o  

77 p e r c e n t  In  t h e  EPA s tu d y .  T h e 3 0 Q 1 0  f low  was h ig h e r  th a n  t h e  3 0 -d a y ,  

3 - y e a r  f lo w  In  f i v e  o u t  o f  e i g h t  cases  o r  6 2  p e r c e n t ,  as compared t o  0 

p e r c e n t  In  t h e  EPA s tu d y .

C o e f f i c i e n t s  o f  v a r i a t i o n  based on t h e  c o m p le te  d a l l y  flow  re c o rd  

w e re  c a l c u l a t e d  a t  each s i t e  and a r e  I I s te d  I n  t h e  f i r s t  column o f  T a b le  

4 . 1 7 .  The va l ues ra n g e  from  1 .51 t o  2 . 8 2  and a r e  w I t h i n  t h e  range  of  

v a lu e s  f o r  t h e  6 0  r i v e r s  In  t h e  EPA study ( U .S .  EPA, 1 9 8 6 ) .

C o e f f i c i e n t s  o f  v a r i a t i o n  as  m e n tio n e d  p r e v io u s ly  have been used as  

c r i t e r i a  f o r  d e te r m in in g  w h e th e r  o r  n o t  3 0 -d a y  f lo w s  may be used In  

p la c e  o f s h o r te r  d u r a t io n  f lo w s  f o r  c h r o n ic  f lo w  c a l c u l a t i o n s .  A low 

o o e f f i c l e n t  o f  v a r i a t i o n  I s  c o n s id e re d  I n d i c a t i v e  o f  a r e l a t i v e l y  s t a b l e  

f le w  re g im e . In t h e  EPA r e p o r t ,  a c o e f f i c i e n t  o f  v a r i a t i o n  o f



a p p ro x im a te ly  1 .0  or below was used t o  d e f in e  s e ts  o f  f lo w  d a ta  

a p p r o p r ia t e  f o r  a 3 0 -d a y  a v e ra g in g  p e r io d  In s te a d  o f  t h e  fo u r  day 

a v e ra g in g  p e r io d ,  A coord ing  t o  t h i s  or I t e r  Io n ,  none o f t h e  s i t e s  In  

t h i s  study had a f lo w  re g im e  a p p r o p r ia t e  f o r  a 3 0 -d a y  a v e ra g in g  p e r io d .
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The a n a l y s i s  o f  lo w - f lo w  e v e n ts  based on 1 -d a y  f lo w s  below a g iv e n  

annual or m o n th ly  f low  (1 -d a y  e x c u r s io n s )  was used t o  h e lp  d e f in e  th e  

p a t t e r n s  and d u r a t io n s  o f  such e v e n ts  f o r  v a r io u s  lo w - f lo w  s t a t i s t i c s .  

F o u r -  and t h i r t y - d a y  e x c u rs io n s  w e re  a l s o  c a l c u l a t e d  f o r  com parison a t  

one s i t e .  The a n a l y s i s  o f  one-day e x c u rs io n s  may be used t o  h e lp  s e l e c t  

an a p p r p r i a t e  a c u te  des ign  f lo w  (1 -d a y  d u r a t i o n ) .  The one-day  

e x c u rs io n s  a r e  n o t  as u s e fu l  fo r  s e l e c t i n g  a c h r o n ic  des ign  f l o w ,  which  

I s  o f  a lo n g e r  d u r a t i o n  ( e . g .  4 - ,  7 - ,  or 3 0 - d a y s ) .  F o u r -  or t h i r t y - d a y  

e x c u rs io n s  may be used t o  h e lp  s e l e c t  an a p p r o p r ia t e  c h r o n ic  des ign  

f l o w ,  b u t  ru n  le n g t h s ,  which a r e  d is c u s s e d  In  t h e  nex t s e c t io n ,  p ro v id e  

more In f o r m a t io n  and a r e  th u s  more u s e fu l  f o r  t h a t  purpose.

The r e s u l t s  o f  t h e  1 -d a y  lo w -f lo w  e x c u rs io n  a n a l y s i s  a r e  sunm arlzed  

f o r  Englewood In  T a b l e  4 . 1 8 .  The ncinber o f e x c u rs io n s  f o r  each y e a r  o f  

re c o r d  I s  g iv e n  f o r  s i x  d i f f e r e n t  annual f lo w s ,  fw o a c u te  and fo u r  

c h r o n ic .  T o ta l  numbers o f  y e a r s  and days w i t h  e x c u rs io n s  a r e  I I s te d  a t  

t h e  bottom o f  t h e  t a b l e .  W ith  r e f e r e n c e  t o  T a b le  4 . 1 8 ,  I t  can be seen  

t h a t  t h e  f lo w  o f  t h e  South P l a t t e  a t  Englewood d id  n o t  go low er  th a n  any 

of t h e  v a r io u s  des ign  annual f lo w s  I n  t h e  y e a r s  1984 and 1 9 85 .  However, 

In  1 9 64  t h e r e  w e re  seven e x c u r s io n s  below t h e  1 Q1 0 of 2 4  c f s ,  and 100 

e x c u rs io n s  t h e  30Q3 o f  53 c f s ,  a lm o s t one In  e v e ry  t h r e e  days.
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T a b l e  4 . 1 8 .  O n e - d a y  l o w - f l o w  e x c u r s i o n s  a t  E n g l e w o o d .

Number o f  e x c u r s i o n s  f o r  a g i v e n a n n u a l f  1 ow *
Cl I m a t l  c A c u t e f  1 ow s Ch r o n i c f  1 ow s

Y e a r 1Q1 0 1Q3 7Q1 0 30Q1 0 7 03 3 0 0 3
( 4 / 1 - 3 / 3 1 ) ( 2 4  c f s ) ( 3 5  c f s ) ( 2 8  c f s ) ( 3 6 c f  s ) ( 4 3  c f s ) ( 5 3  c f s )

1 9 56 0 1 2 2 16 7 4 1 45
1 9 57 41 6 3 47 6 9 1 6 9 2 3 2
1 9 5 8 0 0 0 0 0 0
1 9 5 9 0 0 0 0 4 40
1 96 0 0 9 1 9 1 5 2 2
1 961 0 5 0 6 1 9 33
1 9 6 2 0 0 0 0 0 0
1 9 6 3 0 18 0 18 3 6 7 9
1 96 4 7 26 17 2 8 41 1 00
1 9 6 5 0 4 0 8 46 96
1 9 66 0 0 0 0 0 0
1 9 67 0 0 0 0 3 3 8
1 9 6 8 0 0 0 0 0 2
1 96 9 0 0 0 0 2 1 1
1 97 0 0 0 0 0 0 0
1 971 0 0 0 0 0 0
1 97 2 0 0 0 0 0 1
1 97 3 0 0 0 0 0 0
1 97 4 0 0 0 0 0 2
1 97 5 0 0 0 0 4 9
1 9 7 6 0 0 0 0 5 2 9
1 9 77 0 0 0 0 0 3
1 9 7 8 0 0 0 0 0 1 1
1 97 9 0 0 0 0 9 7 6
1 9 80 0 0 0 0 0 1 1
1 981 0 0 0 0 0 2 4
1 9 82 0 0 0 0 8 4 8
1 9 8 3 0 1 0 4 6 2 4
1 9 84 0 0 0 0 0 0
1 985 0 0 0 0 0 0

Y e a r s  w 1t h  
e x c u r  s l o n s  
( 3 0  t o t a l )

2 8 4 8 1 5 22

Day s w 1 t h  
e x c u r s l o n s 4 8 1 3 8 67 1 5 8 441 1 036

(1 0 9 5 8  
t o t a l )

^ E x c u r s i o n  > s i n g l e  1 - d a y  f l o w  b e l o w  a g i v e n  l e v e l
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Summaries f o r  one-day e x c u rs io n s  f o r  a l l  t h e  s i t e s  a r e  g iv e n  In  

T a b le s  4 . 1 9  and 4 .2 0  as p e r c e n t  o f t o t a l  y e a r s  and t o t a l  days w i t h  

e x c u rs io n s ,  r e s p e c t i v e l y .  The nunber o f y e a r s  w i t h  e x c u rs io n s  ra n g e s  

from  3 t o  82 p e r c e n t .  The a v e ra g e  nunber of y e a r s  w i t h  e x c u rs io n s  o v e r  

a l l  t h e  s i t e s  a r e ;  a c u te  f lo w s  -  1Q10 a verage  11 p e r c e n t ,  1Q3 average  

31 p e r c e n t ;  c h r o n i c  f l o w s  -  7Q10 a v era g e  2 0  p e r c e n t ,  30Q10 average  47 

p e r c e n t ,  7Q3 a v era g e  4 9  p e r c e n t ,  and 30Q3 average  7 4  p e r c e n t .  The  

number o f  days w i t h  e x c u rs io n s  v a r i e s  from  0 .1  t o  1 3 .4  p e r c e n t  w i t h  th e  

f o l l o w i n g  a v e r a g e s :  a c u te  f l e w s -  1Q10 a verage  0 . 2 5  p e r c e n t ,  IQS average  

1.1 p e r c e n t ;  c h r o n ic  f lo w s  -  0 . 5  p e r c e n t ,  30Q10 a v era g e  1 . 9  p e r c e n t ,  7Q3 

a verage  3 . 2  p e r c e n t ,  and 30Q3 a v era g e  9 . 0  p e r c e n t .

An a n a l y s i s  o f  e x c u rs io n s  below m onth ly  frequency  s t a t i s t i c  f l e w s  

f o r  each month of t h e  y e a r  showed many more e x c u rs io n s  below m onthly  

f lo w s  th a n  below annual f lo w s  (T a b le s  4 .2 1  and 4 . 2 2 ) .  The In c r e a s e  In  

t h e  nunber o f  e x c u rs io n s  ra n g e d  fre m  5 0 0  p e r c e n t  t o  850  p e r c e n t .  The  

re a so n  f o r  t h e  In c r e a s e  I s  t h a t  t h e  c u m u la t iv e  p ro b a b ll  I t l e s  o f  low 

f lo w s  o c c u r r in g  w i t h i n  each o f  1 2  months a r e  much g r e a t e r  th a n  t h e  

s i n g l e  p ro b a b l l  I t y  o f  a low f low  o c c u r r in g  w i t h i n  a g iv e n  y e a r .  The  

Impi I c a t l o n  o f  t h i s  a n a l y s i s  I s  t h a t  a more r e s t r i c t i v e  m onth ly  flow  

s t a t i s t i c  I s  r e q u i r e d  t o  p r o v id e  a com p a ra b le  le v e l  o f p r o t e c t io n  t o  

t h a t  p ro v id e d  by a g iv e n  annual s t a t i s t i c .  A c o m parab le  le v e l  o f r i s k  

f o r  e x c u rs io n s  below an annual 7Q10 fre q u e n c y  s t a t l s t i c  woul d be 

p ro v id e d  by a m on th ly  7Q115 s t a t i s t i c .  A m o n th ly  7Q115 f low  may be 

h ig h e r  o r  lo w e r  th a n  an annual 7Q 1 0 , depend ing  on t h e  month.

The use of a m on th ly  f low  s t a t i s t i c  f o r  d i l u t i o n  purposes may be 

q u i t e  e f f e c t i v e  In  u s in g  t h e  n a tu ra l  a s s i m i l a t i v e  c a p a c i ty  o f  a r i v e r  

d u r in g  h ig h e r  f lo w s .  D u r in g  h ig h  f l e w s  l e s s  t r e a f m e n t  w ou ld  be r e q u i r e d
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T a b l e  4 . 1 9 .  P e r c e n t  o f  y e a r s  w i t h  o n e - d a y  low f l o w  
e x c u r s i o n s  f o r  t h e  p e r i o d  o f  r e c o r d .

S i t e
P e r c e  n t  

A c u t e  
101 0

o f  y e a r s  w i t h  o n e - d a y  
f  1 ow s Ch r o n  1 c  

1 0 3  7 0 1  0 3 0 0 1  0

e x c u r s i o n s *  
f  1 ow s

7 03  3 0 0 3

L 1t t l e t o n 3 3 3 17 7 3 57 7 3

E n g l  e w o o d 7 27 13 7 3 50 7 3

H e n d e r  s o n 1 0 3 0 27 3 0 5 0 7 0

B o u l  d e r 1 8 2 7 27 5 4 3 6 8 2

L y o n s 17 27 2 0 43 4 3 7 0

L o n g m o n t 13 27 2 0 47 50 7 7

P I  a t t e v  f i l e 1 0 3 0 13 3 3 47 6 7

F o r t  C o l 1 I n s 11 4 4 2 2 2 2 56 7 8

» E x c u r s i  on  » s i  n g l  e  1 - d a y  f 1 ow be  1 ow a g i v e n  1 ev e 1 •

T a b I  e  4 . 2 0  . P e r c e n t  o f  d a y s  
e x c u r s i o n s  f o r

w 1t h  o n e - d a y  
t h e  p e r  I o d  o f

1 ow f  1 ow 
r e c o r d .

S i t e
P e r c e n t  

A c u t e  
1Q1 0

o f  d a y s  
f  1 ow s 

1 0 3

w I t h  o n e - d a y  
Ch r o n i c  

7 0 1  0 3 0 0 1  0

e x c u r  s i o n s *  
f  1 ow s

7 0 3  3 0 0 3

L I t t l  e t o n 0 . 3 1 . 7 0 . 6 2 . 5 3 . 5 8 . 8

E n g l  e w o o d 0 . 4 1 . 2 0 . 6 1 . 4 4 . 0 9 . 4

H e n d e r s o n 0 . 3 1 . 1 0 . 6 1 . 6 4 . 2 1 2 . 9

B o u l d e r 0 . 1 0 . 6 0 . 3 2 . 9 1 . 6 6 . 3

L y o n s 0 . 3 0 . 9 0 . 7 1 . 7 1 . 8 5 . 0

L o n g m o n t 0 . 2 1 . 5 0 . 5 2 . 9 4 . 0 8 . 5

PI a t t e v  H i e 0 . 3 1 . 7 0 . 5 1 . 8 3 . 4 8 . 0

F o r t  C o l 1 I n s 0 . 1 0 . 3 0 . 2 0 . 2 3 . 5 1 3 . 4

♦ E x c u r s i  on  * s i  n g l  e  1 - d a y  f l o w  b e l o w a g i v e n  1 e v e l •
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T a b l e  4.21 . One-da y  low f lo w  e x c u r s i o n s  below m o n t h ly  7 Q I 0  f l o w s .

T o t a l  number of  e x c u r s i o n s *  
S i t e

Month Engl ewood 
( 3 0  Y e a r s )

B o u l d e r  
( I I  Y e a r s )

Longmont  
( 3 0  Y e a r s )

P I a t t e v  111e 
( 3 0  Y e a r s )

F o r t
( 9

Col
Yea

Jan 46 1 1 54 53 0

Fab 31 14 39 35 0

Mar 27 28 54 60 0

Apr 30 13 41 22 0

May 2 9 4 23 31 0

Jun 30 17 47 20 9

Jul 47 8 26 35 22

Aug 26 2 3 2 36 14

Sep 41 16 43 66 1 0

Oct 30 12 50 38 7

Nov 1 5 1 0 25 37 0

Dec 47 13 36 48 1

* E x c u r  si  on *  si  n g l e  1- d a y  f lo w bel  ow a g i v e n  1 ev e l  .

T a b l e  4 . 2 2 .  C o m p a r is o n  o f  o n e - d a y  low f l o w  e x c u r s i o n s  
below m o n t h l y  and a nnu a l  7Q10  f l o w s .

S i t e

FI ow 
r e c o r d  
( y e a r s )

T o t a l  number  
of  e x c u r s i o n s *  

M o n t h l y  Annual  
7 ( J 1 0 's  7Q10

P e r c e n t  
Month 1y 
7 Q 1 0» s

of  days  
Annua 1 

7Q1 0

Engl ewood 30 397 67 3 . 6 0 . 6

Boul de r 11 148 25 3 . 7 0 . 3

Longmont 30 47 0 52 4 . 3 0 . 5

P I a t t e v  I I  1 a 30 481 58 4 . 4 0 . 5

F o r t  Col 1 I n s 9 63 6 1 . 9 0 . 2

* E x c u r s l o n  ■ s i  ngl 6 1 - d a y  f lo w b e l ow a g i v e n  1 ev e l •
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a t  th e  p o in t  o f d is c h a rg e  w h i le  s t i l l  m a ln ta in ln g  m a ln s tre a m  uses. 

How ever, In  o rd e r  f o r  th e  use o f a m on th ly  des ign  f lo w  t o  be a c c e p ta b le  

I t  m ust a llo w  p r o t e c t io n  o f  th e  a q u a t ic  system  and s tream  uses a t  a 

le v e l o f ,  a t  le a s t ,  th e  c o n v e n tio n a l 7Q10 u s in g  annual v a lu e s .

U sing  t h e  c o n c e p t o f equal I t y  o f r i s k ,  th e  re c u rre n c e  In te r v a l  fo r  

th e  m o n th ly  flo w  can be d e te rm in e d . The a s s u n p tlo n s  made a r e ;

1) 10 y e a rs  o f  d a l ly  f lo w ;

2 ) M o n th ly  d a ta  a r e  In d e p e n d e n t; and

3 ) Equal I t y  o f th e  r i s k  o f  one o r m ore e x c u rs io n s  In  a 10 y e a r  

p e r io d .

The r i s k  f o r  one o r m ore e x c u rs io n s  o f  th e  7Q10 Is  fo u n d  u s in g  th e  

e q u a tio n  g iv e n  b e lo w :

R = 1 -  (1  -
' r

N

w h e re ; R = r i s k  o f  one o r m ore e x c u rs io n s  In  N outcom es

N -  nunber o f outcom es, 1 0  when a n a ly z in g  annual d a ta  and 

120 when a n a ly z in g  m o n th ly  d a ta  

Tp = re c u rre n c e  In te r v a l  o f th e  f lo w .

For th e  r i s k  o f  one o r m ore e x c u rs io n s  o f  th e  7Q 10;

R = 1 -  (1  -  = 0 . 6 5 .

T h is  means t h e r e  Is  a 6 5  p e rc e n t chance In  th e  n e x t te n  y e a rs  t h a t  

t h e r e  w i l l  be one o r m ore f  I ows I ess  th a n  t h e  7Q1 0 .  E q u a tl ng t h e  I evel 

o f r i s k  t o  m o n th ly  f lo w s  and s o lv in g  f o r  th e  m on th ly  re c u rre n c e  In te r v a l

0 .6 5  = 1 -  (1  -
' r

Tp = 11 4 .81 y e a rs

As a r e s u l t  o f t h i s  a n a ly s is ,  th e 7 Q 1 1 5  flo w  s h o u ld  be c a lc u la te d  f o r  

each month t o  m a in ta in  equal r i s k  o f  e x c u rs io n s . T h is  w o u ld  th e n  be
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used as  t h e  design  f le w  a v a i la b le  f o r  d i l u t io n .  I t  shou ld  be noted  t h a t  

e s t im a t io n  o f  an 11 5 y e a r  re c u rre n c e  In te r v a l  fle w  frem  o n ly  3 0  y e a rs  o f  

d a ta  o r le s s  w i l l  r e q u i r e  e x t r a p o la t io n  o f th e  d a ta  In c re a s in g  m ore  

u n c e r ta in ty  In  th e  r e s u l t s  a s  compared t o  e s t im a t in g  a 10 y e a r  

re c u rre n c e  In te r v a l  flo w  w hich r e q u ir e s  In t e r p o la t io n  o f th e  d a ta  and 

le s s  u n c e r ta in ty  In  t h e  r e s u l t s .

The m o n th ly  re c u rre n c e  In te r v a l  c o u ld  a ls o  be d e te rm in e d  by 

assum ing equa l r i s k  w ith  th e  annual flo w  t h a t  one o r le s s  e x c u rs io n s  

o c c u r In  a te n  y e a r  p e r io d . T h is  r i s k  I s  equal t o  th e  p ro b a b ll I t y  o f no 

e x c u rs io n  o f th e  10 y e a r  flo w  In  10 y e a rs  ( 0 .3 5 )  p lu s  t h e  p ro b a b ll I t y  o f 

o n ly  one e x c u rs io n  In  10 y e a rs  ( 0 . 3 9 ) .  The m o n th ly  re c u rre n c e  In te r v a l  

w hich w i l l  t h e o r e t ic a l l y  have th e  Id e n t ic a l  r i s k  I s  a p p ro x im a te !y  120  

y e a rs . I t  w o u ld  a p p e a r t h a t  th e  d i f f e r e n c e  o f th e  re c u rre n c e  I n t e r v a ls  

a r e  s u f f i c i e n t l y  anal I when c o n s id e r in g  t h e  problem  o f u n c e r ta in ty  In  

th e  d a ta  a n a ly s is  t h a t  th e  115  y e a r  re c u r re n c e  In te r v a l  shou ld  s u f f i c e .

Run le n g th s  o f  lo w -f lo w  e v e n ts , o r  th e  n im ber o f c o n s e c u tiv e  days  

w ith  f lo w s  below a g iv e n  l e v e l ,  w ere  c a lc u la te d  a t  each o f th e  s i t e s  fo r  

fw o a c u te  f lo w s  (1Q 10 and 1Q3) and fo u r  o h ro n ic  f lo w s  (7(?10, 7Q 3 , 30 Q 10 , 

and 3 0 0 3 ) .  The r e s u l t s  f o r  P l a t t e v l l l e  a r e  g iv e n  In  T a b le  4 . 2 3 .  For 

oom parison p u rp o ses , run le n g th s  below th e  annual 30Q3 flo w  fo r  a l l  th e  

s i t e s  a r e  g iv e n  In  T a b le  4 . 2 4 .  M edian run  le n g th s  below th e  30Q3 In  

T a b le  4 .2 4  range from  1wo t o  fo u r  days a t  each o f th e  s i t e s  as  fo l  low s; 

tw o  days -  B o u ld e r and L y o n s ; t h r e e  days -  L i t t l e t o n ,  Englewood, 

Henderson and F o r t  Col I In s ;  fo u r  days -  Longmont and P l a t t e v l l  le .

The ru n  le n g th  a n a ly s is  may be used t o  e v a lu a te  th e  a p p ro p r ia te n e s s  

o f v a r io u s  c h ro n ic  o r  a c u te  des ign  f lo w s  f o r  use In  d ls o h a rg e  

p e r m it t in g .  G iven  s p e c i f i c  c r i t e r i a  f o r  th e  a l lo w a b le  d u ra t io n  o f th e
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Table 4.23 . Run 1 eng 
(1956-19

ths
8 5 )

of low-flow events for the per Iod of record at P la ttev llle

101 0
(27 cfs) 103(42 cfs)

7010 
(32 cfs)

703
(SO cfs)

3001 0 
(43 cfs)

3003
(67 cfs)

Run Nuaber Run 
length ot runs length 
(days) (days)

Nuaber 
of runs

Run 
1ength 
(days)

Nuaber 
of runs

Run
1ength 
( days)

Nuaber 
of runs

Run 
1ength 
(days)

Nuaber 
of runs

Run
1ength 
(days)

Nuaber 
of runs

1 2 1 5 1 2 1 9 1 7 1 23
2 2 2 7 3 1 2 t o 2 4 2 1 4
5 1 3 3 4 1 3 4 3 4 3 7

17 1 4 8 5 2 4 4 4 6 4 6
19 1 5 3 7 1 5 4 5 3 5 5

6 1 13 1 6 1 6 2 6 4
7 1 19 1 7 3 7 1 7 4
a I 8 1 8 2 8 1
9 1 9 2 9 2 9 3

13 1 t o 2 13 1 t o 2
1 3 1 t 1 1 1 9 1 1 1 3
25 1 12 2 29 1 12 3
26 1 13 2 26 1 13 2

17 I 15 1
1 8 1 16 1
20 1 17 1
27 1 23 1
29 1 26 1
47 1 30 1

31
33
34 
40 
42 
50
52
53 
8t



T ab i«  4 .74 .  Run l a n g t b a  of Io«  f i o «  « v a n t a  f o r  f 1 o« s b« lo«  t h «  annua l  30Q3 fo r  Th« p a r l o d  of r a co ro .

L I t t i  « ton  
(1 9 3 6 *1 9 6 3 )

Eng l ««cod 
( 1 9 3 6 *1 9 6 3 )

M an d a r son  
( 1 9 3 6 * 1 9 6 3 )

Bou l dar 
( 1 9 6 1 * 1 9 7 0 )

Lyon «
(1 9 3 6 - 1 9 6 3 )

L on gao n t  
( 1 9 3 6 * 1 9 6 3 )

PI a t ta v  I l i a  
(1 9 3 6 -1 9 6 3 )

Run Nuabar Bun Nuabar Bun N uabar  Bun N uabar  Bun Nuabar  Bun Nuabar  Bun Nuabar 
l a n g t h  of r u n s  l a n g t h  of r u n s  l a n g t h  of r u n s  l a n g t h  of r u n s  l a n g t h  of r u n s  l a n g t h  of r u n s  l a n g th  of r u n s
( d a y s )  ( d a y s )  ( d a y s )  ( d a y s )  ( d a y s )  ( d a y s )  ( d a y s )

F o r t  Col I I n s  
( 1 9 7 7 - 1 9 6 3 )

Bun Nuabar  
l a n g t h  of r u n s  
(day s )

43 1 41 1 26 1 16 1 31 1 30 1 23 1 17

2 21 2 16 2 16 2 7 2 23 2 11 2 14 2 6

3 17 3 13 3 12 3 3 3 14 3 7 3 7 3 3

4 6 4 7 4 7 4 2 4 0 4 11 4 6 4 4

3 6 3 12 3 3 5 3 3 2 3 3 3 5 5 2

6 7 6 6 6 3 6 2 6 4 6 3 6 4 6 2

7 6 7 3 7 2 0 1 7 2 7 3 7 4 7 2

6 3 6 2 6 4 9 1 6 1 6 3 6 1 6 2

9 3 9 4 9 4 10 1 9 2 9 3 9 3 10 2

10 3 10 1 10 2 11 3 10 3 10 3 10 2 12 5

1 1 1 4 11 3 13 I 11 2 11 1 11 3 13 1

13 2 12 3 12 1 17 1 12 1 12 3 12 3 17 1

14 1 13 6 13 2 43 1 13 1 13 1 13 2 23 1

I S 1 14 3 14 2 16 2 16 1 I S 1 24 1

16 3 I S 2 13 3 16 1 16 2 16 1 40 1

17 3 16 1 16 4 21 2 21 1 17 1 70 1

16 1 17 1 20 1 23 1 22 1 23 1 93 1

19 1 16 I 21 1 24 1 27 1 26 1

20 1 19 2 23 1 29 1 30 1 30 1

22 1 22 1 29 1 30 1 32 2 31 1

26 1 34 1 33 1 36 1 33 I

33 1 35 1 37 1 43 1 34 1

46 1 71 1 76 1 43 1 40 1

30 1 137 1 07 1 111 1 42 1

31 1 31 1 1 06 1 1 16 1 30 1

129 1 129 1 136 1 52 1

203 1 53 1

61 1

«X)O
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d e s ig n  flo w  and fre q u e n c y  o f e x c u rs io n s  below th e  design  f lo w , one can  

s e le c t  a flo w  t h a t  w i l l  m eet th e s e  re q u ire m e n ts . For exam ple, a t  

P l a t t e v l l l e ,  th e  number o f 3 0 -d a y  e x c u rs io n s  below th e  30Q3 Is  equal to  

1 4 .8 7  (8 1 /3 0  + 5 3 /3 0  + 5 2 /3 0  + 5 0 /3 0  t  4 2 /3 0  t  4 0 /3 0  + 3 4 /3 0  + 3 3 /3 0  + 

3 1 /3 0  + 3 0 / 3 0 ) .  I f  th e  c r i t e r i a  w e re  f o r  a c h ro n ic  d es ig n  flo w  d u ra t io n  

o f  3 0  d ays  and a fre q u e n c y  o f o c c u rre n c e  o f once e v e ry  t h r e e  y e a rs , th en  

f o r  a 3 0 - y e a r  p e r io d , 3 0 /3  o r 10 e x c u rs l ons woul d be a l lo w e d . In t h i s  

c a s e , th e  30Q3 flo w  w ould  n o t  be a c c e p ta b le .  I f  th e  c r i t e r i a  w e re  once 

e v e ry  1vfO y e a r s ,  how ever, 15 e x c u rs l ons woul d be a llo w e d  o v e r  a 3 0 - y e a r  

and th e  30Q3 would be s u f f i c i e n t .  T h is  k in d  o f  a n a ly s is  can be appi led  

t o  o th e r  s i t e s  w ith  v a r io u s  d u r a t io n  and fre q u e n c y  c r i t e r i a  t o  d e f in e  

a p p r o p r ia te  c h ro n ic  d es ig n  f lo w s .



C h a p te r  5 -  Proposed G u ld e l In e s  f o r  Com puting D esign  Flow s  

The c a lc u la t io n  o f des ign  f lo w s  sh o u ld  fo l lo w  a s ta n d a rd  s e t  o f 

p ro c e d u re s  t o  e n s u re  c o n s is te n c y  and f a i r n e s s  In  th e  deve lo pm ent o f  

NPDES p e rm its .  T h is  c h a p te r  In c lu d e s  an e v a lu a t io n  o f e x is t in g  

a n a ly t ic a l  methods and s e le c t io n  p ro c e d u re s  f o r  des ign  f lo w s , fo llo w e d  

by a s e t  o f recommended g u ld e l In e s .

DISCUSSION OF AN/\LYTICAL NE1H0DS

The m ethods used t o  c a lc u la t e  des ign  f lo w s  a r e  s t i l l  In  th e  p rocess  

o f d eve lo p m e n t. F lo o d  flo w  a n a ly t ic a l  methods h ave  been appi led  t o  lo w - 

flo w  a n a ly s is  w ith  o n ly  l im i t e d  s u c c es s . The deve lo pm ent o f a n a ly t ic a l  

methods s p e c i f i c a l l y  s u ite d  t o  low f lo w s  and th e  d e te rm in a t io n  o f des ign  

f lo w s  I s  an a re a  w h e re  f u r t h e r  re s e a rc h  Is  r e q u ir e d .  The a n a ly s is  o f  

low f lo w s  In  t h i s  s tudy re v ie w s  some o f th e  e x is t in g  lo w -f lo w  m ethods, 

d e f in e s  a few new appro ach es  and p o in ts  o u t  a nunber o f prob lem s and  

a re a s  r e q u i r in g  f u r t h e r  re s e a rc h .

S e le c t io n  o f  an a d e q u a te  d a ta  s e t  I s  an Im p o r ta n t  p r e r e q u is i t e  t o  

v a l Id  a n a ly s is .  The p e r io d  o f  re c o rd  recommended f o r  lo w -f lo w  fre q u e n c y  

a n a ly s is  In  th e  I I t e r a t u r e  Is  30  y e a rs  o f  d a l ly  f lo w s . P e r io d s  o f  

re c o rd  s h o r te r  th a n  3 0  y e a rs  may be s u f f i c i e n t  f o r  bl ol ogl cal ly -b a s e d  

a n a ly s is .  The h o m o g e n e ity , o r c o n s is te n c y , o f th e  d a ta  s e t  o v e r t im e  Is  

an Im p o r ta n t c o n s id e r a t io n .  Non-homogeneous d a ta  s e ts  can produce  

r e s u l t s  t h a t  a r e  n o t r e p r e s e n t a t iv e  o f e x is t in g  f lo w  c o n d it io n s .
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U n fo r tu n a te ly ,  I t  Is  o f te n  d i f f i c u l t  t o  s e p a ra te  tre n d s  due to  man- 

induced changes In  t h e  e n v iro n m e n t from  n a tu ra l c y c le s  t h a t  a r e  In h e r e n t  

In  t h e  flo w  re g im e . F u r th e r  re s e a rc h  Is  needed t o  d e f in e  s p e c i f ic  t e s t s  

and c r i t e r i a  t o  i d e n t i f y  n o n -h c m o g e n e ltle s  m ore c o n c lu s iv e ly .  Where 

d a ta  a r e  norr-homogeneous o r  w h ere  lo n g  p e r io d s  o f  re c o rd  a r e  n o t 

a v a i la b le ,  te n  y e a r s  o f  d a ta  may be used t o  produce v a l id  r e s u l t s .

A m a jo r  problem  in  s e c u r in g  an  a d e q u a te  d a ta  s e t  f o r  th e  a n a ly s is  

o f  des ign  f lo w s  I s  t h a t  f lo w  gages a r e  n o t o f te n  lo c a te d  j u s t  upstream  

o f th e  p o in t  o f d is c h a rg e  w h e re  th e  c a lc u la t io n s  m ust be made. The  

a d ju s tm e n t o f d a ta  re c o rd s  by re g re s s io n  a n a ly s is  o r  w a te r  b a la n c e  

p ro c e d u re s  t o  t r a n s f e r  In fo rm a t io n  t o  a p o in t  o f In t e r e s t  Is  an 

u n c e r ta in  s c ie n c e  a t  b e s t . A d d it io n a l re s e a rc h  Is  r e q u ir e d  t o  d e v e lo p  

m odels  c a p a b le  o f t r a n s f e r in g  d a ta  t o  lo c a t io n s  t h a t  a r e  ungaged o r  have  

s h o r t  p e r io d s  o f  re c o rd . The w ork  in  t h i s  s tud y a t  th e  t h r e e  s i t e s  w ith  

i n s u f f i c i e n t  d a ta  re c o rd s  has shown t h e  c r i t i c a l  im p o rtan ce  o f s e le c t in g  

an a p p r o p r ia te  model t o  t r a n s f e r  d a ta  a c c u r a t e ly .  D a ta  from  th e  n e a re s t  

gage may n o t r e p r e s e n t  f lo w  c o n d it io n s  a t  th e  p o in t  o f In t e r e s t  and th e  

r e s u l t in g  e r r o r s  In  t h e  a n a ly s is  s h o u ld  be c o n s id e re d . In  some c a se s .

I t  has been shown t h a t  th e  ra n g e  o f v a lu e s  f o r  th e  design  f lo w s  a n a ly z e d  

was w i t h in  th e  ra n g e  o f  d i f f e r e n c e s  befw een t h e  d a ta  s e ts  a lo n e . I t  is  

h ig h ly  recommended t h a t  d is c h a rg e rs  b e g in  t o  c o l l e c t  f le w  d a ta  upstream  

frem  th e  p o in t  o f d is c h a rg e  w h e re  g a g in g  s t a t io n s  a r e  m is s in g . T h is  

In fo rm a t io n  w ll  I e n a b le  m ore a c c u ra te  e s t im a te s  o f  a c tu a l f lo w s  and may 

reduce th e  m a rg in s  o f  s a fe ty  t h a t  a r e  fa c to r e d  i n t o  a re g re s s io n  o r  

w a te r  b a la n c e  a n a ly s is .

E r r o r s  In  t h e  d a ta  re c o rd  due t o  m easurem ent and r a t i n g  c u rv e  

In a c c u ra c ie s  a t  g a g in g  s t a t io n s  sh o u ld  be re c o g n iz e d  In  th e  a n a ly s is .
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A t v e ry  lew f lo w s , w here  des ign  f lo w s  a r e  oal cul a te d , e r r o r s  may be 

s i g n i f i c a n t .  To a c c o u n t f o r  th e s e  e r r o r s ,  d es ig n  f lo w s  sh o u ld  be g iv e n  

a s  e s t im a te s  o n ly  as a c c u ra te  as  a| lowed by th e  e r r o r s .  W ith  more  

re s e a rc h . I t  may be p o s s ib le  t o  a t ta c h  e r r o r  bounds t o  e s t im a te s  o f  

des ign  f lo w s . P e rm it  I Im its  c o u ld  be made m ore f l e x i b l e  t o  r e f l e c t  

th e s e  p o te n t ia l  ra n g e s  o f  e r r o r  as wel I .

Once an a d e q u a te  d a ta  s e t  has been s e c u re d , th e r e  a r e  a v a r ie t y  o f 

methods t h a t  can be used t o  a n a ly z e  th e  d a ta .  In  t h i s  s tu d y , th r e e  

ty p e s  o f  a n a ly s is  w e re  appi le d ; f r e q u e n c y /d u r a t lo n ,  b lo lo g lc a l  Iy -b a s e d ,  

and e x c u rs io n  a n a ly s is .

T h e re  a r e  a number o f draw backs t o  th e  use o f m ath e m a tic a l ly  

d e fin e d  f r e q u e n c y /d u r a t io n  s t a t i s t i c s  t o  c a lc u la t e  des ign  f lo w s . F i r s t ,  

th e  e s t im a te  o f a d i s t r i b u t i o n  fu n c t io n  t h a t  f i t s  lo w -f lo w  d a ta  Is  

d i f f i c u l t .  The lo g -P e a rs o n  Type I I I  d i s t r i b u t i o n  has been appI led  

w id e ly  In  both f lo o d  and lo w -f lo w  fre q u e n c y  a n a ly s is .  How ever, th e  

r e s u l t s  o f  t h i s  s tudy have shown t h a t  th e  lo g -P e a rs o n  Type I I I  

d i s t r i b u t i o n  d id  n o t  f i t  annual lo w -f lo w  d a ta  a t  any o f th e  s i t e s  te s te d  

and f i t  m o n th ly  d a ta  a t  o n ly  a few o f th e  s i t e s .  Normal o r lo g -n o rm a l 

d is t r ib u t io n s  w e re  m ore a p p r o p r ia te  In  a nunber o f c a se s . No one 

d i s t r i b u t i o n  was a d e q u a te  t o  c o v e r a l l  th e  s i t e s  f o r  both  annual and 

m o n th ly  f lo w s . The use o f an In c o r r e c t  d i s t r i b u t i o n  fu n c t io n  t o  a n a ly z e  

th e  f lo w  d a ta  can In tro d u c e  s i g n i f i c a n t  e r r o r s ,  b u t I t  may r e q u ir e  

e x te n s iv e  s t a t i s t i c a l  a n a ly s is  t o  a v o id  such prob lem s.

A n o th er source  o f e r r o r  In  fre q u e n c y  a n a ly s is  I s  t h e  v i o l a t i o n  o f 

n ecessary  s t a t i s t i c a l  a s s u n p tlo n s  o f  randomness and Independence of 

e v e n ts . These assu m p tio n s  a r e  o f te n  v io la t e d  by s e r i a l l y  c o r r e la t e d  

annual o r m o n th ly  low f lo w s . E r ro rs  In  p a ra m e te r e s t im a te s  may a ls o
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a f f e c t  th e  a n a ly s is .  As an e x am p le , th e  fre q u e n c y  fa c to r  used In  th e  

lo g -P e a rs o n  Type I I I  e q u a tio n  shou ld  be based on a c o m b in a tio n  o f th e  

re g io n a l Ize d  and s t a t io n s  skews o f  lo w -f ic w  d a ta . However, re g io n a l Ize d  

skews have n o t been d e f in e d  f o r  low f lo w s  In  th e  s ta t e  o f C o lo ra d o .

T h is  p o te n t ia l  source  o f e r r o r  has n o t been a d d ressed  p r e v io u s ly ,  b u t  

c o u ld  h ave  a s i g n i f i c a n t  e f f e c t  on th e  outcom e o f lo w -f lo w  a n a ly s is .  

E s tim a te s  o f sam ple means and v a r ia n c e s  may a ls o  In tro d u c e  a d d it io n a l  

e r r o r s  due t o  Ia c k  o f  d a ta .

The g ra p h ic a l method o f  fre q u e n c y  a n a ly s is  may be a v ia b le  

a l t e r n a t i v e  t o  th e  m a th e m a tic a l method because I t  e l Im ln a te s  some o f th e  

prob lem s J u s t  d e s c r ib e d . No as su m p tio n  as  t o  a th e o r e t ic a l  d i s t r i b u t i o n  

fu n c t io n  and no p a ra m e te r e s t im a te s  a r e  r e q u ir e d  f o r  th e  g ra p h ic a l  

m ethod. How ever, t h e r e  re m a in  tw o  m a jo r  drew backs t o  fre q u e n c y  

s t a t i s t i c  des ig n  f lo w s .  The f i r s t  I s  t h a t  f r e q u e n c y /d u r a t io n  f lo w s  do 

n o t p ro v id e  equal l e v e ls  o f  p r o t e c t io n  from  one s i t e  t o  a n o th e r . As 

I l l u s t r a t e d  In  t h i s  and o th e r  s tu d ie s ,  th e  n im ber o f e x c u rs io n s  bel ow a 

g iv e n  flo w  s t a t i s t i c ,  l i k e  th e  7 Q 1 0 , may vary  by a f a c t o r  o f fwo t o  

t h r e e  from  s tream  t o  s tre a m , even  a lo n g  t h e  F ro n t Range In  C o lo ra d o . In  

a d d i t io n ,  fre q u e n c y  s t a t i s t i c s  do n o t r e l a t e  d i r e c t l y  t o  a q u a t ic  I I f e  

c r i t e r i a  because th e y  a r e  based on th e  e x tre m e  low flo w  e v e n t f o r  eaoh 

y e a r  and do n o t a c o o u n t f o r  any o th e r  low f lo w s  o c c u r r in g  d u r in g  t h a t  

same y e a r .

The o th e r  1wo ty p e s  o f  a n a ly s is ,  b lo lo g lc a l  ly -b a s e d  and e x c u rs io n ,  

a r e  m ore a p p r o p r ia te  f o r  th e  e v a lu a t io n  o f  des ig n  f lo w s  th a n  

f r e q u e n c y /d u r a t io n  s t a t i s t i c s  because th e y  In c lu d e  th e  c o n s id e r a t io n  o f  

a l l  f lo w s  t h a t  f a l l  below a g iv e n  th re s h o ld  v a lu e  d e f in e d  by th e  design  

f lo w .  A m ore c o m p le te  e v a lu a t io n  o f  th e  p o te n t ia l  e f f e c t s  on a q u a t ic
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l i f e  uses Is  p ro v id e d  by e i t h e r  o f th e s e  m ethods th a n  by freq u en cy  

a n a ly s is .  The a d v a n ta g e s  o f th e  b io lo g ic a l  ly -b a s e d  m ethod o v e r  

e x c u rs io n  a n a ly s is  a r e  t h a t  I t  a c c o u n ts  f o r  lo w -f lo w  p a t te r n s  and 

e x te n d e d  d ro u g h t p e r io d s , and I s  r e l a t i v e l y  easy t o  Impl ement w I th  

e x is t in g  p ro g ra n s  d eve lo p ed  by th e  U .S . EPA and STÖRET d a ta  f i l e s .  One 

draw back o f  th e  b lo l ogl ca l ly -b a s e d  m ethod I s  t h a t  I t  p ro v id e s  le s s  

In fo r m a t io n  th a n  e x c u rs io n  a n a ly s is ,  which can be used t o  e v a lu a te  th e  

le n g th s  and p a t t e r n s  o f  le w -f lo w  e v e n ts  a t  a s p e c i f ic  s i t e .

M o nth ly  o r seasonal d es ig n  f lo w s  h ave  been appi le d  In  a nunber o f 

s ta te s  t o  m ore fu l  ly  u t i l  Iz e  s tream  a s s im i la t iv e  c a p a c i t ie s .  A m a jo r  

Is s u e  t h a t  has r e c e iv e d  I I t t l e  a t t e n t io n  th u s  f a r  Is  t h e  s i g n i f i c a n t  

In c re a s e  In  th e  nunber o f e x c u rs io n s  t h a t  o ccu r below m on th ly  or 

seasonal fre q u e n c y  s t a t l  s t I c  f lo w s  th a n  below annual f lo w s . T h is  

In c re a s e  was w e ll  e v id e n c e d  by th e  r e s u l t s  o f  t h i s  s tu d y . The  

Impl Ic a t lo n  o f  t h i s  a n a ly s is  I s  t h a t  a m ore r e s t r i c t i v e  m on th ly  flow  

s t a t i s t i c  I s  r e q u ir e d  t o  p ro v id e  a co m p a ra b le  le v e l o f p r o te c t io n  t o  

t h a t  p ro v id e d  by a g iv e n  annual s t a t i s t i c .  As an exam p le . I t  was shown 

t h a t  a co m p a ra b le  le v e l  o f r i s k  f o r  an annual 7Q10 Is  d e f in e d  

s t a t i s t i c a l l y  by a m o n th ly  7 Q 1 1 5 , How ever, a c o m p arab le  le v e l o f r i s k  

may n o t be a p p r o p r ia te .  I t  makes m ore sense t o  d e f in e  an al low a b le  

fre q u e n c y  o f e x c u rs io n s  o c c u r r in g  In  each month o r season and choose  

m o n th ly  o r seasonal f Ic w s  t o  a c h le v e  th o s e  c r i t e r i a .  The a l lo w a b le  

nunber o f e x c u rs io n s  c o u ld  v a ry  e v e r  th e  y e a r  t o  p ro v id e  a h igh  le v e l of 

p r o te c t io n  d u r in g  c r i t i c a l  seasons f o r  a q u a t ic  I I f e  In  th e  same way t h a t  

seasonal s ta n d a rd s  h ave  been a p p l ie d .  G re a te r  use o f a s s im i la t i v e  

c a p a c ity  and m ore e x c u rs io n s  c o u ld  be a llo w e d  d u r in g  n o n - c r l t l c a l  

p e r io d s . N e ith e r  th e  bl ol ogt cal ly -b a s e d  m efhod nor e x c u rs io n  a n a ly s is



have been appi led  on a m on th ly  o r seasonal b a s is  In  t h i s  s tu d y . 

N o n e th e le s s , e i t h e r  one c o u ld  be m o d if ie d  t o  d e f in e  m on th ly  o r seasonal 

design  f lo w s . More re s e a rc h , how ever, may be re q u ire d  t o  d e f in e  

a p p r o p r ia te  c r i t e r i a .

A new te c h n iq u e  was d eve lo p e d  In  t h i s  s tudy t o  deal w ith  th e  

c a lc u la t io n  o f  m oving a v e ra g e s  f o r  m on th ly  des ig n  f lo w s . The te c h n iq u e ,  

term ed  an o v e r la p p in g  p ro c e d u re . Is  used t o  e l Im ln a te  b ia s  o f  th e  

a n a ly s is  to w a rd  t h e  m id d le  v a lu e s  o f  th e  m onth. In  t h i s  study  

o v e r la p p in g  was used o n ly  t o  o a lo u la te  m o n th ly  freq u en o y  s t a t i s t i c  

f lo w s , b u t ooul d a l so be appi le d  t o  b lo l ogl oal ly -b a s e d  o r  e x o u rs lo n  

a n a ly s is .  Use o f th e  o v e r la p p in g  p ro c e d u re  compì lo a te s  th e  a n a ly s is ,  

b u t I t  sh o u ld  be re c o g n iz e d  t h a t  w ith o u t  o v e r la p p in g  a b ia s  Is  

In tro d u c e d . T h is  b ia s  becomes m ore Im p o r ta n t a s  th e  d u r a t io n  o f th e  

m oving a v e ra g e s  In c re a s e s . The r e s u l t s  o f  t h i s  study showed t h a t  th e  

b ia s  te n d e d  t o  produce h ig h e r  m o n th ly  fre q u e n c y  s t a t i s t i c  f lo w s  w ith o u t  

th e  o v e r la p p in g  p ro c e d u re .
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SELECTION OF APPROPRIATE DESIGN FLOWS

The c r i t e r i a  f o r  th e  s e le c t io n  o f  a p p r o p r ia te  des ign  f lo w s  In  th e  

s t a t e  o f C o lo ra d o  a r e  based on th e  re q u ire m e n ts  o f  th e  most s e n s i t iv e  

w a te r  use, w hich Is  a q u a t ic  I I f e  In  m ost c a s e s . Economic ImpI Ic a t lo n s  

o f v a r io u s  des ign  f lo w s  may tem p er th e  s e le c t io n ,  b u t c u r r e n t  w a te r  

qual I t y  r e g u la t io n s  r e q u i r e  t h a t  p r i o r i t y  be g iv e n  t o  th e  m a in te n a n c e  o f 

e x is t in g  In s tre a m  uses. To p r o te c t  a q u a t ic  I I f e ,  th e  U .S . EPA has  

recommended t h a t  dual des ign  f lo w s  be used t o  r e f l e c t  a c u te  and c h ro n ic  

c o n d it io n s ,  and has recommended 1-day fo r  a c u te  and 4 -d ay  o r  3 0 -d a y  fo r  

c h ro n ic .  The recommended a l lo w a b le  fre q u e n c y  o f o c c u rre n c e  Is  once In
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ev ery  th r e e  y e a r s .  A l t e r n a t iv e  d u r a t io n  and fre q u e n c y  c r i t e r i a  may be 

J u s t i f i e d  a s  lo n g  a s  In s tre a m  uses a r e  p ro te c te d .

G iven  a s e t  o f d u ra t io n  and fre q u e n c y  c r i t e r i a ,  th e  s e le c t io n  o f  

annual des ign  f lo w s  Is  a r e l a t i v e l y  s t r a ig h t f o r w a r d  p ro c e s s . H is t o r ic a l  

lo w -f lo w  d a ta  can be e v a lu a te d  by e i t h e r  th e  bl ol o g lc a l ly -b a s e d  m ethod  

o r  by e x c u rs io n  a n a ly s is  t o  d e f in e  f lo w s  t h a t  m eet th e  c r i t e r i a .  

F re q u e n c y /d u ra t io n  s t a t i s t i c s  can be used t o  a p p ro x im a te  th e  flo w  v a lu e s  

d e fin e d  by t h i s  a n a ly s is  a t  a g iv e n  s i t e ,  b u t do n o t p ro v id e  c o n s is te n t  

l e v e ls  o f  p r o t e c t io n  from  one s tream  t o  a n o th e r .

In  t h i s  s tu d y . I t  was fo u n d  t h a t  th e  des ign  f lo w s  m e e tin g  t h e  

c r i t e r i a  recommended by th e  U .S . EPA w e re  th e  1Q10 fo r  a c u te  f le w s  and  

7Q10 o r 7Q 15 fo r  c h ro n ic  f lo w s .  These des ign  f lo w s  a r e  v e ry  r e s t r i c t i v e  

and p ro v id e  no r e l  le f  f o r  d is c h a rg e rs  from  c u r r e n t  I Im its .  However, 

based on th e  c r i t e r i a ,  th e s e  f lo w s  m a in ta in  t h e  r e q u ir e d  le v e ls  o f  

p r o te c t io n  f o r  a q u a t ic  I I f e .  I f  th e  econom ic ImpI Ic a t lo n s  o f  such

s t r in g e n t  des ig n  f lo w s  w a r r a n t  a change, th e n  t h e  f i r s t  f a c t o r  t o  a d ju s t

m ust be th e  c r i t e r i a .  I f  th e  a l lo w a b le  fre q u e n c y  w ere  s w itc h e d  t o  once  

e v e ry  1wo y e a rs  o r  I f  th e  c h ro n ic  d u r a t io n  w e re  s w itc h e d  from  4 -d a y  t o  

3 0 -d a y  ,  th e  e f f e c t  on th e  des ign  f lo w  c o u ld  be s i g n i f i c a n t .

M o nth ly  and seasonal d es ig n  f lo w s  can be used e f f e c t i v e l y  t o  

In c re a s e  th e  use o f a s s im i la t i v e  c a p a c ity  and s t i l l  m a in ta in  e x is t in g  

In s tre a m  uses . The appi Ic a t lo n  o f  m on th ly  o r  seasonal d es ig n  f lo w s  w i l l  

r e q u i r e  f u r t h e r  re s e a rc h  In  a nunber o f a re a s . In c lu d in g  t h e  a d a p ta t io n  

o f b lo l ogl cal ly -b a s e d  a n a ly s is  and t h e  d e f i n i t i o n  o f a l lo w a b le  

e x c u rs io n s  on a m o n th ly  o r seasonal b a s is .  I t  I s  recommended t h a t  

seasonal v a r ia t io n s  In  w a te r  qu a l I t y  and e f f l u e n t  qual I t y  al so be

r e f l e c t e d  In  th e  c a lc u la t io n  o f  seasonal e f f l u e n t  I Im its .  The c h o ic e  o f



w h eth er t o  use m o n th ly  o r seasonal d es ig n  f lo w s  may be a comprom ise  

befw een In c re a s e d  c o m p le x ity  and g r e a te r  u t i l i z a t i o n  o f  a s s im i la t iv e  

c a p a c ity .  The r e s u l t s  o f  t h i s  s tudy have shown t h a t  th e  d i f f e r e n c e s  

befw een annual and m o n th ly  des ign  f lo w s  a r e  much g r e a te r  th a n  befw een  

annual and seasonal d es ig n  f lo w s .  The use o f m onth ly  des ign  f lo w s  c o u ld  

r e s u l t  In  s u b s t a n t ia l ly  h ig h e r  p e rm it  l i m i t s  th a n  seasonal f lo w s ,  

depend ing  on th e  number o f f lo w  e x c u rs io n s  a l lo w e d . The a b i l i t y  o f 

d is c h a rg e rs  t o  a d ju s t  t h e i r  t r e a fm e n t  p ro c e s se s  on a m o n th ly  b a s is  and 

t h e  In c re a s e d  c o m p le x ity  o f Im p le m e n ta tio n , how ever, may r e s t r i c t  th e  

use o f m onth ly  l i m i t s .

RECOMFCNDED GUIDELINES TO COMPUTE DESIGN FLOWS

1) Sel e c t  d a ta  s e t .

Use 10 y e a rs  o f  th e  m ost r e c e n t  d a l ly  flo w  d a ta  a v a i la b le ,  and 

u p d ate  des ig n  f lo w  v a lu e s  e v e ry  f i v e  y e a rs  w ith  th e  p e rm it  re n e w a l.

T h is  approach sh o u ld  re d u c e  prob lem s w ith  non -hcm ogene lty  and s h o r t  d a ta  

re c o rd s . I f  d a ta  a r e  n o t a v a i l a b l e  upstream  o f th e  p o in t  o f d is c h a rg e ,  

use re g re s s io n  a n a ly s is  o r  a w a te r  b a la n c e  a n a ly s is  t o  t r a n s f e r  f lo w s  t o  

t h e  c o r r e c t  lo c a t io n .
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2 )  D e f in e  s e le c t io n  c r i t e r i a .

F i r s t ,  d e te rm in e  w h e th e r th e  des ign  f le w s  a r e  t o  be c a lc u la te d  on 

an a n n u a l, m o n th ly , o r seasonal b a s is .  Then d e f in e  d u ra t io n  and 

fre q u e n c y  c r i t e r i a  t o  p r o te c t  th e  m ost s e n s i t iv e  s tream  use, which Is  

usual ly  a q u a t ic  I I f e .



a . d u r a t l  on

Use Iw o  d u r a t io n s ,  1 -d a y  fo r  a c u te  c o n d it io n s  and 4-day  fo r  c h ro n ic  

c o n d it io n s  a s  recommended by th e  U .S . EPA. A lo n g e r  c h ro n ic  d u r a t io n  

may be J u s t i f i e d  I f  th e  f lo w  and w a te r  qual i t y  c o n d it io n s  a r e  r e l a t i v e l y  

s ta b le .  Check c o e f f i c i e n t s  o f  v a r ia t i o n  f o r  lew f lo w s  ( f lo w s  le s s  th a n  

th e  mean annual f lo w ) and f o r  m a jo r w a te r  qual I t y  v a r ia b le s  t o  see i f  a 

lo n g e r  d u r a t io n  Is  w a r ra n te d . R e la t iv e ly  low v a lu e s , from  0 .8  t o  1 .0  

can bo used t o  J u s t i f y  lo n g e r d u r a t io n s .

b. .i;r.fiq.ue.ncy

S e le c t  an a l lo w a b le  fre q u e n c y  o f e x c u rs io n s  t h a t  w i l l  p r o te c t  

in d ig e n o u s  a q u a t ic  p o p u la t io n s  on a s i t e - s p e c i f i c  b a s is .  The U .S . EPA 

has recommended once In  t h r e e  y e a r s  t o  a l low p o p u la t io n s  t o  re c o v e r  

f u l l y  a f t e r  p e r io d s  o f  s t r e s s .  How ever, once in  fw o  y e a r s  may be 

s u f f i c i e n t ,  depend ing  o n t  t h e  c h a r a c t e r is t i c s  o f  th e  s p e c ie s  p re s e n t.  

S c i e n t i f i c  r a t i o n a l e  f o r  fh e  s e le c t io n  o f  a fre q u e n c y  o th e r  th a n  once In  

t h r e e  y e a rs  sh o u ld  be p ro v id e d , i f  m on th ly  o r  seasonal f lo w s  a r e  t o  be 

used, choose s e a s o n a lly  v a ry in g  f re q u e n c ie s  t h a t  r e f l e c t  c r i t i c a l  o r 

n o n - c r i t i c a l  c o n d it io n s  f o r  a q u a t ic  l i f e .  D u rin g  c r i t i c a l  p e r io d s , use 

once In  t h r e e  y e a r s  o r  a m ore r e s t r i c t i v e  fre q u e n c y , and d u r in g  non- 

c r l t l c a l  p e r io d s  use le s s  r e s t r i c t i v e  f re q u e n c ie s .  A ccount fo r  

c u m u la t iv e  e f f e c t s  o f  e x c u rs io n s  d u r in g  t h e  c o u rs e  o f s e v e ra l seasons  

w i t h in  a y e a r .  The use o f seasonal fre q u e n c ie s  w I I I  r e q u i r e  f u r t h e r  

re s e a rc h  in t o  a c c e p ta b le  l e v e ls  o f  p r o t e c t io n  f o r  p a r t i c u l a r  uses.
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3 )  C a lc u la t e  d es ig n  f le w s  w ith  th e  b io l ogl ca l I y -b a s e d  m ethod.

Use th e  program  d e v e lo p e d  by th e  U .S . EPA f o r  p ersona l co m puters , 

o r a s im i la r  v e r s io n ,  a lo n g  w ith  STÖRET d a ta  f i l e s  t o  c a lc u la t e
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b lo l o g ic a l ly -b a s e d  des ign  f lo w s . C a lc u la te  f lo w s  on an a n n u a l, m o n th ly , 

and seasonal b a s is  I n i t i a l l y  t o  see w hich Is  t h e  most e f f e c t i v e .

M onth ly  f lo w s  w i l l  p ro v id e  f o r  th e  g r e a te s t  use o f a s s im i la t iv e  

c a p a c ity ,  b u t may be d i f f i c u l t  t o  Im plem ent on such a s h o r t - te r m  b a s is .  

Seasonal f lo w s  a r e  recommended a s  a p r a c t ic a l  comprom ise betw een annual 

and m o n th ly  v a lu e s . Seasonal v a r ia t io n s  In  w a te r  qual I t y  and a q u a t ic  

I I f e  r e q u ir a n e n ts  sh o u ld  a ls o  be In c o rp o ra te d  I n t o  th e  a n a ly s is .

a . annual f lo w s

Use e x is t in g  program s and annual fre q u e n c y  c r i t e r i a .

b. m onth ly  f la w s

A dapt program s t o  a m o n th ly  b a s is  and use m o n th ly  fre q u e n c y  

c r i t e r i a .  I f  a m oving a v e ra g e  Is  used In  t h e  a n a ly s is ,  use th e  

o v e r la p p in g  p ro c e d u re  t o  c a lc u la t e  a v e ra g e s  f o r  lo n g e r  d u r a t io n  f lo w s  

( I . e .  7 -d a y  o r  lo n g e r ) .  O v e r la p p in g  I s  n o t  r e q u ir e d  f o r  1 -d a y  o r  4 -d a y  

d u r a t l  ons.

c. ,saasanal-fl.at.s

Group m onths In t o  low , h ig h , and t r a n s i t i o n  d is c h a rg e  seasons based  

on f lo w ,  w a te r  q u a l I t y  and e f f l u e n t  qu a l I t y .  F i r s t ,  make th e  I n i t i a l  

s e le c t io n  o f  seasons based on f lo w s .  Use b a s ic  s t a t i s t i c s  (mean, 

m edian , and s ta n d a rd  d e v ia t io n )  on m cving  a v e ra g e s  o f  a c u te  o r c h ro n ic  

d u ra t io n s  f o r  each month t o  s e p a ra te  th e  seasons. N e x t, lo o k  a t  

seasonal v a r ia t io n s  In  th e  c o n t r o l l in g  w a te r  qual I t y  v a r ia b le s  ( e .g .  pH 

and te m p e ra tu re  f o r  u n - Io n iz e d  ammonia l e v e l s ) .  Group c r i t i c a l  w a te r  

q u a l i t y  months w i th  th e  low d is c h a rg e  season. I f  th ey  have n o t a lre a d y  

been grouped t h e r e  by th e  flo w  a n a ly s is .  A t t h i s  s ta g e , a ls o  

In c o r p o r a te  o o n s id e r a t io n  f o  c r i t i c a l  seasons ( e . g .  spawning p e r io d s )  

fo r  a q u a t ic  l i f e .  F i n a l l y ,  check f o r  la rg e  v a r ia t i o n s  In  e f f l u e n t



q u a l i t y  o r q u a n t i ty  and a d ju s t  th e  s e le c t io n  o f seasons I f  n e c e s s a ry . 

These l a s t  tw o  s te p s  may h e lp  t o  group t r a n s i t i o n  flo w  months w ith  h igh  

or low d is c h a rg e  seasons, o r may a c t u a l ly  change th e  d e s ig n a tio n s  o f  

high o r low g iv e n  In  th e  f i r s t  s ta g e  o f flo w  a n a ly s is .  I f  w a te r  and 

e f f l u e n t  qu a l I t y  d a ta  a r e  1 Im ite d , base th e  s e le c t io n  o f seasons on 

f le w s  a lo n e .  C a lc u la te  seasonal des ign  f lo w s  w ith  program s a d a p te d  t o  a 

seasonal b a s is  and w ith  seasonal fre q u e n c y  c r i t e r i a .  Apply o v e r la p p in g  

t o  lo n g e r  d u r a t io n  f lo w s , e s p e c ia l ly  w i th in  s h o r t ,  one o r fw o month 

I ong, seasons.
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4) E v a lu a te  p o te n t ia l  so u rc e s  o f e r r o r .

C o n s id e r p o te n t ia l  e r r o r s  based on th e  qual I ty  o f th e  d a ta  s e t  and 

th e  a n a ly s is .  F a c to rs  t o  c o n s id e r  In  th e  qual I t y  o f d a ta  In c lu d e :  

ac cu ra c y  and c o m p le te n e s s  o f  th e  f le w  re c o rd , s p e c i f i c a l l y  d u r in g  lo w - 

flo w  p e r io d s ;  t h e  p ro x im ity  o f th e  gage t o  th e  p o in t  o f In t e r e s t ;  and  

th e  hom ogeneity  o f th e  d a ta .  F u r th e r  re s e a rc h  may be r e q u ir e d  t o  

e v a lu a te  d a ta  e r r o r s  q u a n t i t a t i v e l y ,  b u t e r r o r s  shou ld  be acco unted  f o r  

qual I t a t l v e l y  a t  th e  l e a s t .  E r ro rs  stemming from  th e  a n a ly s is  sh o u ld  be 

le s s  when a p p ly in g  t h e  b lo l o g lc a l ly -b a s e d  approach v e rs u s  th e  

f r e q u e n c y /d u r a t io n  m eth o d o lo g y .



C h a p te r  6 -  Sim m ary, C o n c lu s io n s , and Recom m endations

T h is  study add ressed  tw o  meijor a s p e c ts  o f des ign  f lo w s :  m ethods  

used t o  com pute des ig n  f lo w s ,  and a l t e r n a t i v e  des ign  f lo w s  f o r  use In  

NPDES p e r m it t in g .  T r a d i t io n a l  f r e q u e n c y /d u r a t lo n  s t a t l s t i c s  w e re  

o a lc u la te d  on an a n n u a l, m o n th ly , and seasonal b a s is  and w e re  compared  

t o  des ign  f lo w s  cal cul a te d  w I t h  th e  U .S . EPA bl ol ogl cal I y -b a s e d  m ethod. 

The a p p ro p r ia te n e s s  o f  v a r io u s  des ign  f lo w s  computed w ith  th e s e  m ethods  

was m easured by d u r a t io n  and fre q u e n c y  c r i t e r i a  recommended by th e  U .S .  

EPA f o r  th e  p r o t e c t io n  o f  a q u a t ic  I I f e .

The r e s u l t s  o f  t h i s  s tudy have shown t h a t  f r e q u e n c y /d u r a t lo n  

a n a ly s is  I s  n o t an a p p r o p r ia te  m ethod t o  c a lc u la t e  des ign  f lo w s  f o r  

NPDES p e rm its .  An e m p ir lo a l ,  d I s t r  I b u t I o n - f r e e  approach l i k e  th e  

b io lo g ic a l  ly -b a s e d  m ethod , which r e l a t e s  d i r e c t l y  t o  fre q u e n c y  and 

d u r a t io n  c r i t e r i a .  Is  a b e t t e r  a l t e r n a t i v e .  A s ta n d a rd  s e t  o f 

a n a ly t ic a l  methods s h o u ld  be used f o r  des ign  flo w  c a lc u la t io n s  t o  

m a in ta in  c o n s is te n c y  In  NPDES p e r m it t in g .  Recommended g u ld e l In e s  have  

been proposed based on t h e  r e s u l t s  o f  t h i s  s tu d y . F u r th e r  re s e a rc h  Is  

r e q u ir e d  t o  b e t t e r  d e f in e  th e s e  m ethods, p a r t i c u l a r l y  w ith  re s p e c t  t o  

seasonal d es ig n  f lo w s .

■Recgmmendat l  ons
1) Fo l I ow th e  proposed gu l del In e s  g iv e n  h e re  f o r  th e  cal cul a t lo n  

o f des ign  f lo w s .
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2 ) C onduct f u r t h e r  re s e a rc h  on seasonal w a te r  qua! I t y  and a q u a t ic  

l i f e  re q u ire m e n ts  t o  d e f in e  s e a s o n a lly  v a ry in g  fre q u e n c y  c r i t e r i a .

3 )  Im prove te c h n iq u e s  t o  q u a n t i f y  p o te n t ia l  s o u rces  o f  e r r o r  and 

d e f in e  e r r o r  bounds f o r  des ig n  f le w s .

4 ) C o l le c t  f lo w  d a ta  a t  lo c a t io n s  J u s t  upstream  o f d is c h a rg e rs  t o  

e n a b le  b e t t e r  e s t im a te s  o f  a p p r o p r ia te  des ign  f le w s .

5 ) F o r s i t e s  w h e re  d a ta  a r e  n o t a v a i la b le .  Im prove te c h n iq u e s  t o  

t r a n s f e r  f lo w  d a ta  frem  d i s t a n t  gages t o  th e  p o in t  o f d is c h a rg e .

6 )  D e v e lo p  a d a ta  base o f In s tre a m  and e f f l u e n t  w a te r  qual I t y  t o  

v e r i f y  t h a t  In s tre a m  uses a r e  p r o te c te d .
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