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1 / RESERVOIR SYSTEM REGULATION FOR WATER QUALITY CONTROL- 

2/ R .  G.  Willep- 

In t roduc t ion  

By L e g i s l a t i v e  mandate and o f f i c i a l  Of f i ce  of t h e  Chief of Engineers  

po l i cy ,  t h e  Corps of Engineers  i s  r e spons ib l e  f o r  providing t h e  b e s t  water  

q u a l i t y  p o s s i b l e  from a l l  Corps r e s e r v o i r  p r o j e c t s .  Current  r e s e r v o i r  system 

modeling techniques  emphasize t h e  importance of a  systems approach t o  water  

q u a l i t y  c o n t r o l  r a t h e r  t han  a n  i n d i v i d u a l  p r o j e c t  approach. 

S ince  1979, one of t h e  Corps r e sea rch  t a s k s ,  "Reservoir  System 

Regula t ion  f o r  Water Qua l i t y  Cont ro l , "  ha s  had an  o b j e c t i v e  of developing a  

mathematical model f o r  t h e  o p e r a t i o n  and management of  a  system of r e s e r v o i r s  

t o  s a t i s f y  water  q u a l i t y  g o a l s  and o t h e r  water  r e sou rce  purposes.  This  model 

was developed t o  ana lyze  very  l a r g e  r e s e r v o i r  systems f o r  planning s t u d i e s .  

Although i t s  i n i t i a l  purpose was concerned wi th  planning s t u d i e s ,  i t  i s  very  

l i k e l y  t h a t  i n  t h e  f u t u r e  i t  w i l l  have s i g n i f i c a n t  p o t e n t i a l  f o r  use  i n  

r e g u l a t i o n  o r  ope ra t i on  s t u d i e s  a s  we l l .  In a d d i t i o n ,  i t  should be pointed 

ou t  t h a t  development of t h i s  model p rovides  t h e  comprehensive water  q u a n t i t y  

model HEC-5 w i t h  f a i r l y  s imple water  q u a l i t y  r o u t i n e s .  The combined model i s  

c a l l e d  HEC-5Q. 

The phased development of t h e  HEC-5Q model s t a r t e d  i n  1979, a s  shown i n  

F igure  1, a s  a  s imple r e s e r v o i r  water  temperature  a lgo r i t hm appended t o  t h e  

HEC-5 model. The second phase of development, i n  1980, expanded t h i s  v e r s i o n  

i n t o  a  two r e s e r v o i r ,  e i g h t  water  q u a l i t y  parameter model. I n  t h e  fol.lowing 

year ,  i t  was decided t o  de l ay  t h e  Phase 111 development and f i e l d - t e s t  t h e  

model on sample test  d a t a  and develop a  few minor mod i f i ca t i ons  t h a t  were 

i n i t i a l l y  in tended  but  never seemed t o  g e t  accomplished. I n  1982, Phase I11 

of t h e  model development involved expanding t h e  HEC-5Q t o  ana lyze  a  maximum 

L/ Presented a t  t h e  1982 Corps of Engineers  Environmental and Water Qual i ty  
Opera t iona l  S t u d i e s  p r o j e c t  review meeting and t h e  HEC Reservoi r  Systems 
Analysis  Tra in ing  Course, January 1983. 
- 2 /  Hydraulic Engineer,  Hydrologic Engineer ing Center ,  U. S. Army Corps of 
Engineers ,  Davis,  C a l i f o r n i a  95616. 





of t e n  r e s e r v o i r s  f o r  t h e  same e i g h t  water  q u a l i t y  parameters .  During t h e  

presen t  yea r ,  major e f f o r t  i s  involved wi th  f i e l d  t e s t i n g  t h e  model and a g a i n  

making some minor modi f ica t ions .  F i s c a l  y e a r  1983 t a s k s  w i l l  be d i scussed  i n  

d e t a i l  below. 

Model C a p a b i l i t i e s  

F igure  2 d e s c r i b e s  a  s e r i e s  of c a p a b i l i t i e s  of t h e  HEC-5Q model, some of 

which w i l l  be d i scussed  below. F igure  2 ,  i t em b, d e s c r i b e s  a  c h a r a c t e r i s t i c  

of t h e  HEC-5Q model t h a t  i s  probably unique among a l l  water q u a l i t y  models. 

Most water  q u a l i t y  models can  ope ra t e  a  m u l t i p l e  l e v e l  r e s e r v o i r  o u t l e t  

s t r u c t u r e  f o r  a  s p e c i f i e d  t o t a l  d i scharge  and a  t a r g e t  water  temperature  a t  a  

p o i n t  immediately downstream of t h e  dam. However, HEC-5Q has  t h e  c a p a b i l i t y  

of ope ra t i ng  t h e  s t r u c t u r e  t o  meet water  q u a l i t y  needs a t  a l l  downstream 

c o n t r o l  p o i n t s  t h a t  a r e  a f f e c t e d  by t h e  o p e r a t i o n  of  a  s p e c i f i c  p r o j e c t .  

Both streamf low rou t ing  e f f e c t s  and water  q u a l i t y  c o n s t i t u e n t  decay 

r e a c t i o n s  a r e  cons idered  a s  t h e  flow i s  t r anspo r t ed  from t h e  dam t o  t h e  

downstream c o n t r o l  p o i n t s .  A l l  t h e  t r i b u t a r y  in f lows  and t h e i r  a s s o c i a t e d  

water  q u a l i t y  c o n s t i t u e n t s ,  between t h e  dam and a l l  downstream c o n t r o l  

p o i n t s ,  a r e  inc luded  i n  t h e  a n a l y s i s .  

The f o r e c a s t i n g  c a p a b i l i t y  re fe renced  i n  F igure  2 ,  i t em e ,  a l l ows  t h e  

HEC-5Q model t o  l ook  ahead i n  t i m e ,  e v a l u a t e  t h e  magnitudes of t r i b u t a r y  

in f lows  below p r o j e c t s ,  and a t tempt  t o  account f o r  t h e  water  q u a l i t y  d i l u t i o n  

and decay r e l a t i o n s h i p s  t h a t  e x i s t .  The impact of t h e  t r i b u t a r y  in f lows  upon 

t h e  main channel  water  q u a l i t y  as i t  f lows downstream t o  t h e  c o n t r o l  p o i n t s  

w i l l  be p rope r ly  eva lua ted  i n  a t tempt ing  t o  meet downstream c o n t r o l  po in t  

t a r g e t  c o n s t i t u e n t  concen t r a t i ons  o r  temperatures .  

F igure  2 ,  i t em j, d e s c r i b e s  t h e  model 's  c a p a b i l i t y  of accep t ing  changing 

r e s e r v o i r  s t o r a g e  f o r  f l ood  c o n t r o l  o r  water  supply conse rva t ion  poo l s  on a  

s ea sona l  b a s i s ,  such a s  monthly t ime s t e p s .  System d i v e r s i o n s  can  a l s o  be 

modified on a  seasona l  t ime b a s i s .  Item k d e s c r i b e s  t h e  c a p a b i l i t y  t o  d i v e r t  

water  from a n  upstream a r e a ,  u s e  i t  f o r  i r r i g a t i o n ,  and r e t u r n  t h e  unused 

f low i n t o  a  downstream p o r t i o n  of t h e  system. 









F i g u r e  2 ,  i t e m  p,  r e f e r s  t o  t h e  method of c a l c u l a t i n g  t h e  b e s t  d i s c h a r g e  

q u a n t i t i e s  from any s i n g l e  r e s e r v o i r  i n  t h e  sys tem of r e s e r v o i r s .  I tem r ,  

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

methods of computing e i t h e r  a  b e s t  w a t e r  q u a n t i t y  s i m u l a t i o n  ( w i t h  i t s  

a s s o c i a t e d  w a t e r  q u a l i t y )  o r  a  b e s t  w a t e r  q u a 1 i . t ~  s i m u l a t i o n  f o r  a l l  c o n t r o l  

p o i n t s .  The d i f f e r e n c e  i n  t h e s e  two methods w i l l  be d e s c r i b e d  below. 

F i g u r e  3 d e p i c t s  t h e  v e r t i c a l  s t r u c t u r e  i n  a  m u l t i p l e  purpose  r e s e r v o i r  

used f o r  computa t iona l  purposes  i n  t h e  HEC-5 p o r t i o n  of t h e  model. The 

c o n s e r v a t i o n  p o o l ,  o r  more a p p r o p r i a t e l y  c a l l e d  t h e  w a t e r  supp ly  p o o l ,  c a n  

i n c l u d e  a  b u f f e r  zone. The wate r  from t h e  b u f f e r  zone w i l l  be r a t i o n e d  f o r  

downstream purposes  once t h e  p o o l  f a l l s  i n t o  t h e  b u f f e r  zone. An i n a c t i v e  o r  

dead s t o r a g e  zone may a l s o  be i n c l u d e d .  Above t h e  c o n s e r v a t i o n  poo l ,  t h e  

f l o o d  c o n t r o l  and s u r c h a r g e  p o o l s  c a n  be d e f i n e d .  

The balanced pool computat ions  a r e  handled d i f f e r e n t l y  f o r  s t o r a g e  

e l e v a t i o n s  i n  t h e  f l o o d  c o n t r o l  p o o l  t h a n  t h o s e  i n  t h e  c o n s e r v a t i o n  poo l .  

The model w i l l  m a i n t a i n  a s  h i g h  a  c o n s e r v a t i o n  p o o l  a s  p o s s i b l e .  On t h e  

o t h e r  hand, when t h e  a c t u a l  poo l  i s  i n  t h e  f l o o d  c o n t r o l  zone,  t h e  model w i l l  

minimize t h e  amount of w a t e r  s t o r e d .  These two s e t s  of computat ions  a r e  

a c t u a l l y  o p p o s i t e  i n  t h e i r  method of  o p e r a t i o n .  

The k i n d s  of sys tems t h a t  can  be ana lyzed  w i t h  HEC-5Q are a l s o  shown i n  

F i g u r e  3 .  T h i s  example sys tem h a s  a s e r i e s  o f  t h r e e  p a r a l l e l  r e s e r v o i r s  W ,  

X, and Y and two tandem r e s e r v o i r s ;  r e s e r v o i r  Z i s  i n  tandem w i t h  r e s e r v o i r  

Y ,  and r e s e r v o i r  V i s  i n  tandem w i t h  a l l  o f  t h e  ups t ream r e s e r v o i r s .  The 

c o n t r o l  p o i n t s  c a n  be numbered a s  shown. A c o n t r o l  p o i n t  must be l o c a t e d  a t  

each  r e s e r v o i r  p r o j e c t  and a t  each  c o n f l u e n c e  o f  two o r  more s t r e a m s ,  i f  

t h o s e  channe l s  a r e  being ana lyzed  as p a r t  of t h e  system. 

C o n t r o l  p o i n t s  c a n  a l s o  be i n c l u d e d  a t  l o c a t i o n s  where t h e r e  i s  i n t e r e s t  

i n  model o u t p u t  and c o n t r o l  f o r  w a t e r  q u a n t i t y  o r  w a t e r  q u a l i t y  such  as C i t y  

A and C i t y  B.  C o n t r o l  p o i n t s  3 and 6 a r e  b o t h  l o c a t e d  a s  shown s i n c e  t h e y  

a r e  c o n f l u e n c e  p o i n t s  f o r  t h e  s t ream network being a n a l y z e d ,  a s  w e l l  a s  t h e  

f a c t  t h a t  t h e r e  i s  a good d e a l  of i n t e r e s t  i n  c o n t r o l l i n g  f l o o d  f l o w s  and 

water  supp ly  f lows  f o r  bo th  C i t y  A and C i t y  B. 
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Figure 3 

I1 FLOW SlMULATlON MODULE 

I I 



The HEC-5 model o p e r a t e s  t h e  r e s e r v o i r s  X,  Y ,  Z, and V i n  a n  a t tempt  t o  

balance t h e  pools ,  e i t h e r  i n  t he  conse rva t ion  o r  f l ood  c o n t r o l  pools .  I f  

they a r e  ope ra t i ng  i n  a  f l ood  c o n t r o l  manner, t h e  d i s cha rges  a r e  cons t r a ined  

t o  t h e  maximum channel  c a p a c i t i e s  allowed a t  c o n t r o l  p o i n t s  1 through 8. The 

model w i l l  dec ide  how much of t h e  channel c a p a c i t y  a t  c o n t r o l  po in t  7 ,  f o r  

example, should be used f o r  making d i scha rges  from r e s e r v o i r  W i n  c o n t r a s t  t o  

t h e  d i scharge  from any o t h e r  r e s e r v o i r  by main ta in ing  a n  equa l  percentage of 

t h e  p o s s i b l e  f lood  c o n t r o l  pools .  I f  t h e  r e s e r v o i r s  a r e  opera t ing  i n  t h e  

conserva t ion  pool ,  t h e  minimum channel f low requirements  w i l l  be used. Once 

t h e  water  q u a n t i t y  a n a l y s i s  i s  completed, t h e  d i s cha rges  a r e  f i x e d  f o r  a l l  

t h e  r e s e r v o i r s .  

The water  q u a l i t y  a n a l y s i s  begins  by eva lua t ing  t h e  mu l t i - l eve l  

d i s cha rge  c a p a b i l i t y  a t  each of t h e  r e s e r v o i r s .  The model w i l l  determine t h e  

v e r t i c a l  l o c a t i o n  t o  withdraw water from each r e s e r v o i r  i n  o rde r  t o  meet t h e  

t a r g e t  water  q u a l i t y  cond i t i ons  a t  c o n t r o l  p o i n t s  1 through 8. This  type  of 

a n a l y s i s  i s  r e f e r r e d  t o  a s  t h e  water  q u a l i t y  a n a l y s i s  without  f low 

a l t e r a t i o n .  This  i s  t h e  b e s t  o p e r a t i o n  f o r  water  q u a l i t y  t h a t  can be 

expected a t  a l l  t h e  c o n t r o l  p o i n t s  us ing  t h e  balanced pool concept f o r  

r e s e r v o i r  r egu la t i on .  

The second kind of a n a l y s i s  t h a t  can  be performed i s  a  u se r  op t ion  f o r  

flow a l t e r a t i o n .  With t h e  f low a l t e r a t i o n  op t ion ,  t h e  balanced pool 

c o n s t r a i n t  i s  r e l axed ,  and t h e  model i s  allowed t o  d e v i a t e  from t h e  d i s cha rge  

va lues  prev ious ly  c a l c u l a t e d  f o r  each of t h e  r e s e r v o i r s .  The a l t e r e d  

d i scharge  va lues  w i l l  be c a l c u l a t e d  wi th  a  l i n e a r  programming r o u t i n e  t o  

ope ra t e  t h e  system of r e s e r v o i r s  t o  b e s t  meet a l l  downstream water  q u a l i t y  

t a r g e t s  a t  c o n t r o l  p o i n t s  1 through 8. 

I f  t h e  u s e r  chooses t h e  f low a l t e r a t i o n  method, t h e  ou tput  from t h e  

model f o r  both methods i s  provided, and t h e  u s e r  i s  f r e e  t o  dec ide  on a n  

adopted opera t ion .  The use r  should look  a t  t h e  d i f f e r e n c e  of t h e  amount of 

f low f o r  each  of t h e  r e s e r v o i r s ,  what t h e  c a l c u l a t e d  d i scharges  do t o  t h e  

pool l e v e l ,  and t h e  r e s u l t i n g  water  q u a l i t i e s  a t  a l l  t h e  t a r g e t  c o n t r o l  

po in t s .  The u s e r  can  then  dec ide  whether t o  ope ra t e  wi th  t h e  balanced pool 

concept o r  t h e  f low a l t e r a t i o n  method. 



Figure 4 describes the vertical layered system that is used for 

computation in most water quality models including HEC-5Q. The model is 

capable of analyzing 50 horizontal, completely mixed layers within the 

reservoir and a maximum of 10 parallel and tandem reservoirs. 

Figure 5 shows the structural computation elements for the river water 

quality module. A maximum of 300 elements can be located along the stream 

channel. Each element has a node point at each end. Water quality 

computations are performed at each node point. The control points are also 

shown at the end of each reach. Streamflow routing is initially performed 

between control points and later interpolated to each node point. The model 

can have a maximum of 30 control points. 

Figure 6 describes the water quality constituents that can be analyzed 

in the model and the hierarchy of the computations. Temperature must always 

be analyzed by the model. The user cannot analyze other water quality 

constituents without also evaluating temperature. The model can analyze a 

maximum of 3 conservative parameters. These are constituents that are only 

affected by dilution and not by decay. Examples of conservative parameters 

are total dissolved solids, clorides, and alkalinity. 

The model can also analyze a maximum of 3 non-conservative parameters. 

One of these can be a non-oxygen demanding constituent like fecal or total 

coliform. The other two non-conservative parameters are reserved for oxygen 

demanding parameters one and two. Examples of their use are carbonaceous 

biochemical oxygen demand and nitrogenous biochemical oxygen demand or 

ammonia. If either of these two oxygen demanding parameters is used, 

dissolved oxygen can also be simulated. 

Temperature impacts on all reaction rates and the reaeration rate for 

dissolved oxygen. 









F u t u r e  Development 

F u r t h e r  model development t o  be accomplished d u r i n g  1983 i s  shown i n  

F i g u r e  7. The f i r s t  5 t a s k s  i n v o l v e  c o n t r a c t  m o d i f i c a t i o n s  t o  t h e  HEC-5Q 

model, and t h e y  i n c l u d e  adding phy top lank ton  a n a l y s i s  and b e n t h a l  m a t e r i a l  

s o u r c e  and s i n k  terms.  These two m o d i f i c a t i o n s  a r e  impor tan t  i n  a n  a t t e m p t  

t o  perform a b e t t e r  a n a l y s i s  of d i s s o l v e d  oxygen i n  t h e  r e s e r v o i r s .  These 

a d d i t i o n s  w i l l  o n l y  be made t o  t h e  r e s e r v o i r  p o r t i o n  o f  t h e  model. 

The t h i r d  t a s k  i s  t o  modify t h e  HEC-5Q model t o  a n a l y z e  long-term 

record .  Th is  m o d i f i c a t i o n  w i l l  a l l o w  t h e  r e s e r v o i r  p o r t i o n  t o  a c c e p t  i n p u t  

d a t a  f o r  i n t e r v a l s  l o n g e r  t h a n  d a i l y .  The s t ream p o r t i o n s  w i l l  be modi f i ed  

t o  perform s t e a d y  s t a t e  a n a l y s i s  f o r  p e r i o d s  such  as  one week t o  one month 

r a t h e r  t h a n  a  dynamic d a i l y  a n a l y s i s .  

The f o u r t h  t a s k  adds  g r a p h i c  c a p a b i l i t y  t o  t h e  w a t e r  q u a l i t y  p o r t i o n s  o f  

t h e  model. The w a t e r  q u a n t i t y  p o r t i o n s  a l r e a d y  have e x i s t i n g  g r a p h i c s  

c a p a b i l i t y .  

The f i f t h  t a s k  i n v o l v e s  t h e  improvement i n  t h e  e x i s t i n g  v e r t i c a l  

geomet r ic  i n t e r p o l a t i o n  a l g o r i t h m  i n  a n  a t t e m p t  t o  c a u s e  l e s s  problems f o r  

t h e  u s e r  and p rov ide  more a c c u r a t e  i n t e r p o l . a t i o n s .  

The s i x t h  t a s k  i s  comple t ion  of t h e  test  d a t a  deck.  The t e s t  d a t a  deck 

was developed dur ing  1982 w i t h o u t  concern  f o r  c a l i b r a t i o n .  During 1983, t h e  

d a t a  deck w i l l  be c a l i b r a t e d ,  i n c l u d i n g  t h e  u s e  of t h e  new c a p a b i l i t i e s  t h a t  

a r e  being added d u r i n g  t h e  f i s c a l  y e a r .  The HEC-5Q Users  Manual i s  a v a i l a b l e  

f o r  d i s t r i b u t i o n  i n  d r a f t  form. By t h e  end o f  t h e  f i s c a l ,  g e a r ,  i t  w i l l  be 

modif ied t o  i n c l u d e  t h e  r e s u l t s  of t h e  1983 t a s k s .  
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