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R'IVER AND RESERVOIR SYSTEMS 
WATER QUALITY MODELING CAPABILTTYL/ 

R. G. WTLLEYY 
INTRODUCT TON 

Background ----- 

Durfng t h e  l a t e  1960's  and e a r l y  1970Ts ,  water  q u a l i t y  mathematical  
modeling consisted of r e s e r v o i r  temperature and s t ream tempera ture ,  d i s s o l v e d  
oxygen and biochemical  oxygen demand a n a l y s i s .  The U.S. Army Corps o f  
Engineers  w a s  extremely a c t i v e  i n  t h e  a r e a  of  r e s e r v o i r  tempera ture  a n a l y s i s  
dur ing  t h i s  per iod .  

Several.  r e s e r v o i r  temperature models were developed e i t h e r  by o r  f o r  t h e  
Corps 11, 2 ,  3 and 41. These same models a r e  not  on ly  s t i l l  ava i . lab le  today ,  
hut  a l s o  a r e  widely used f o r  water  temperature s t u d i e s  w i t h i n  t h e  Corps and 
by consu l t i ng  engineer ing  f i r m s  worldwide. 

rharg ing  Ob jec t ives  - -- -_ _.--.__-- - .  

By the  mid-1970Ts, t h e  Corps became involved i n  Urban S t u d i e s  (f0rmerl.y 
c a l l e d  gas t ewa te r  Management S tud ie s ) .  A need was apparent  f o r  a water  
q u a l i t y  model capable  of ana lyz ing  more water  q u a l i t y  parameters  both w i t h i n  
t h e  r e s e r v o i r  and i n  t h e  s t ream system. The s t ream a n a l y s i s  requi rements  
suggested a need f o r  nonsteady, nonuniform hydrau l i c s .  

These needs were met by c o n t r a c t i n g  w i t h  a c o n s u l t i n g  f i r m  t o  develop  a 
comprehensive package of computer programs c a l l e d  W a t e r  Q u a l i t y  f o r  
River--Keservoir Systems," (WQRRS) [5] .  The e v o l u t i o n  of t h e  WQRRS package of 
programs i s  d i scussed  elsewhere by t h e  a u t h o r  [ 6 ] .  

I n  gene ra l ,  t h e  WQRRS programs perform one dimensional. ana1ysi.s of 
r i v e r s  o r  r e s e r v o i r s  f o r  a v a r i e t y  of water q u a l i t y  parameters .  The 
hydraul . ics  and hydrodynamics of t h e  system a r e  f i r s t  calculatec! ar,d t hen  t h e  
water  q u a l i t y  parameters  a r e  modeled. The water  q u a l i t y  parameters  a r e  
i n t e r r e l a t e d  t o  approximately model a n  a q u a t i c  e c o l o g i c a l  system. 

A l e s s  complex r i v e r  water  q u a l i t y  model has  a l s o  been developed f o r  
s tudy ing  long  p e r i o d s  ( i . e . ,  many y e a r s )  of  wa te r  q u a l i t y  conditi .ons.  Th i s  
nodcl ,  c a l l e d  "Receiving Water Qual.i tyW (RWQM) [ 7 ]  h a s  been used very  l i t t l e  
and must be cons idered  a s  rel .atl .vely un te s t ed .  

--.----. -.----. 
1/ Presented  a t  t h e  U.S. Army Corps of Engineers ,  Committee on Water Qua l i t y  -. 
Seminar, "At t a in ing  Water Qua l i t y  Goals through Water Management Procedures ,"  
Da l l a s ,  Texas, February 1982. 
2/ Hydraul ic  Engineer ,  U.S. Amy Corps of Engineers ,  The Hydrologic - 
Engineertng Center ,  Davis,  C a l i f o r n i a .  



S
U

R
FA

C
E

 
H

E
A

T
 E

X
C

H
A

N
G

E
 F

ig
u

re
 1

 

ST
W

AT
 

ED
 R

E
S

E
R

V
O

 



By t h e  l a t e  19701s ,  t h e  Corps i n t e r e s t  i n  modeling hydropower and 
r e a l - t i m e  o p e r a t i o n s  problems inf luenced  t h e  expanded development of a n  
e x i s t i n g  computer model which was capable  of  s imu la t ing  r e s e r v o i r  system 
o p e r a t i o n s  f o r  f l o o d  c o n t r o l  [ 8 ] .  The expanded v e r s i o n  was c a l l e d  
"Simulat ion of Flood Cont ro l  and Conservation Systems - HEC-5" [ 9 ] .  

I n  gene ra l ,  t h e  HEC-5 program i s  capable  of s i m u l a t i n g  mul.t ipurpose 
r e s e r v o i r  systems havi.ng up t o  3.5 impoundments. A system o p e r a t i o n  method i s  
used which ma in t a ins  a  ba lance  of s t o r a g e  I.n t h e  v a r i o u s  impoundments. The 
balance i s  achieved by u s e r  i n g u t  s p e c i f i c a t i o n  of  r e s e r v o i r  s t o r a g e  l e v e l s .  

I n  1979, c o n t r a c t i n g  was i n i t i a t e d  t o  develop and i n t e r f a c e  water 
q u a l i t y  r o u t i n e s  w i t h  t h e  HEC-5 program. The program v e r s i o n  which i n c l u d e s  
water  q u a l i t y  i s  c a l l e d  HEC-5Q [ l o ] .  It w a s  decided t o  have t h e  c a p a b i l i t y  
t o  ana lyze  up t o  e i g h t  wa te r  q u a l i t y  parameters  a t  t e n  r e s e r v o i r s  and t h i r t y  
c o n t r o l  po in t s .  The water  q u a l i t y  r o u t i n e s  begin  t h e  a n a l y s i s  w i t h  a "bes t "  
s e t  of simulated f lows  from HEC-5 f o r  t h e  r e s e r v o i r  system. Determina t ion  i s  
t h e n  made of t h e  b e s t  l e v e l  of o u t l e t s  t o  u s e  a t  each  r e s e r v o i r  t o  take 
advantage of water  q u a l i t y  s t r a t i f i c a t i o n  i n  t h e  r e s e r v o i r ,  i f  a m u l t i l e v e l  
o u t l e t  s t r u c t u r e  e x i s t s  f o r  provid ing  water  q u a l i t y  c o n t r o l .  If t h i s  set of 
f lows  can '  t meet t h e  user-specif  i e d  t a r g e t  water  q u a l i t y  c o n d i t i o n s  a t  each  
cor l t ro l  p o i n t ,  a modif ied p a t t e r n  of  impoundment r e l e a s e s  i s  determined.  
T h i s  c a l c u b a t i o n  u s e s  a  non l inea r  o p t i m i z a t i o n  which w i l l  r e l e a s e  d e s l r e d  
f lows  but  a i s o  meet ( i f  p r a c t i c a l )  t h e  d e s i r e d  water  q u a l i t y  cond i t i ons .  

RESERVOIR TEMPEPATURE ANALYSIS 

The s tate--of- the-ar t  i n  r e s e r v o i r  temperature models h a s  changed v e r y  
l i t t l e  s i n c e  t h e  mid-1970's. The models p rev ious ly  r e f e renced  a r e  a l l  
r e a d i l y  a v a i l a b l e  w i t h i n  t h e  Corps. These models have va ry ing  deg rees  of  
documentation a v a i l a b l e  and u s e r  support .  

The "Thermal S imula t ion  of Lakes" program (THERM) [ 4 ]  i s  probably t h e  
most popular ,  and has  good documentation and use r - a s s i s t ance  a v a i l a b i l i t y .  
Thi s program can  s a t i s f a c t o r i l y  be used f o r  most des ign-or ien ted  eng inee r ing  
s t u d i e s  without  program modif ica t ion .  THERM e v a l u a t e s  t h e  thermal  v e r t i c a l  
s t r a t i f i c a t i o n  of  t h e  impoundmene inc lud ing  t h e  e f f e c t s  of  t h e  in f low and 
d i scha rge  a s  shown i n  F igure  1. The h e a t  exchange a t  t h e  s u r f a c e  l a y e r  due 
t o  atmospheric  c o n d i t i o n s  i s  eva lua ted  and a  r e s u l t a n t  wa te r  tempera ture  
p r o f t l e  i s  determined. The THERM program i s  r e a d i l y  a v a i l a b l e  f o r  
d i s t r i b u t i o n  w i t h  documentation o r  i s  a v a i l a b l e  a t  t h e  Corps' Boeing Computer 
System (BCS) l i b r a r y  which i s  a c c e s s i b l e  by v i r t u a l l y  a l l  Corps o f f i c e s .  
T h i s  program h a s  been s u c c e s s f u l l y  a p p l i e d  t o  numerous p r o j e c t s  f o r  many 
yea r s .  

RIVER--.RESERVOIR ECOLOGICAL ANALYSIS 

The development of t h e  WQRRS package [5] h a s  evolved ove r  a  t e n  y e a r  
pe r iod  i n t o  a  s e t  of complex, comprehensive water  q u a l i t y  models. The WQRRS 
u s e r s  manual documents t h r e e  s e p a r a t e  but  i n t e g r a b l e  computer programs as 
shown i n  F igure  2 :  r e s e r v o i r  .water q u a l i t y ,  s t ream h y d r a u l i c s  and s t ream 
water  q u a l i t y .  

The s t ream h y d r a u l i c s  progzam has  two s t eady  f low computat ion methods 
and f o u r  hydro logic  and hydrau l i c  rou t ing  techniques  f o r  t h e  u s e r s  s e l e c t i o n .  





The water  q u a l i t y  programs a r e  one dimensional  a q u a t i c  eco log ic  type  
models. The u s e r  s e l e c t s  the  model s t r u c t u r e  f o r  any of t h e  more than  23 
warer q u a l i t y  parameters  depending on t h e  choice  of r i v e r  o r  r e s e r v o i r  
programs. River and r e s e r v o i r  systems l i k e  those  shown i n  Figure 3 can  be 
e a s i l y  eva lua ted  w i t h  WQRRS. The r e s e r v o i r  mode1 e v a l u a t e s  i s o q u a l i t y  
h o r i z o n t a l  l a y e r s  and t h e  r i v e r  model u ses  i s o q u a l i t y  l o n g i t u d i n a l  e lements  
as shown is Figurzs  4 and 5 r e spe r t ive iy .  

The model s t r u c t u r e  can  be anything from a  water  temperature oxlly 
c a l c u l a t i o n  t o  a  chemical-bi.ologica1 model. The b i o l o g i c  a n a l y s i s  i s  a n  
engineer ing  approximation approach t o  a l l ow s a t i s f a c t o r y  i n t e r f a c e  wi th  t h e  
comprehensive chemical i n t e r a c t i o n s  i n  t h e  model. 

Addi t iona l  programs [ I11  f o r  summarizing t h e  s t ream water  q u a l i t y  
program ou tpu t s  i nc lude  a  s t a t i s t i c s  program and a  g r a p h i c s  program f o r  t ime 
s e r i e s  a n a l y s i s  and a  second g raph ic s  program f o r  s t ream p r o f i l e  p l o t s  a s  
shown i n  F igures  7 and 8 r e spec t ive ly .  The t ime s e r i e s  s t a t i s t i c s  program 
shows minimum and maximum simulated r e s u l t s ,  e r r o r s  of reproducing observed 
d a t a  and pe rcen t  of t ime the  s imulated d a t a  exceeded t h e  minimum and maximum 
stream standards.  

These programs a r e  r e a d i l y  a v a i l a b l e  f o r  i n d i v i d u a l  d i s t r i b u t i o n  w i t h  
documentation o r  a r e  a v a i l a b l e  a t  t h e  Corps' BCS l i b r a r y .  These programs 
have been s u c c e s s f u l l y  appl ied  on s e v e r a l  p r o j e c t s .  

RESERVOIR SYSTEM WATER QUALITY ANALYSIS 

The development of t h e  HEC-5Q program has evolved over  a  t h r e e  y e a r  
pe r iod  wi th  ' a n  u l t i m a t e  o b j e c t i v e  of e v a l u a t i n g  up t o  t e n  r e s e r v o i r s ,  30 
c  ont ro  1 p o i n t s  and e i g h t  water  q u a l i t y  parameters.  The e i g h t  parameters  
i nc lude  water  tempera ture ,  t h r e e  corlservat ive and t h r e e  nonconservat i v e  (two 
of which can  be oxygen demanding c o n s t i t u e n t s )  parameters ,  and d i s so lved  
oxygen. The mode 1 i s  capable  of s imula t ing  a  comprehensive mul t ipurpose  
r e s e r v o i r  system f o r  e v a l u a t i o n  of a  "best  opera t ion"  f o r  each i n d i v i d u a l  
r e s e r v o i r  d i scha rge  t o  meet d e s i r e d  water  q u a n t i t y  and q u a l i t y  t a r g e t  
o b j e c t i v e s  a t  u s e r  s p e c i f i e d  con t ro  1 p o i n t s  throughout t h e  dra inage  
b a s i n  [12].  

The c u r r e n t l y  a v a i l a b l e  model w i l l  p e r f o m  a s  descr ibed  above f o r  two 
r e s e r v o i r s  only.  The complete c a p a b i l i t y  d iscussed  above w i l l  be a v a i l a b l e '  
i n  1983. The HEC-5Q model i s  p r e s e n t l y  a  r e s e a r c h  t o o l  undergoing ex tens ive  
t e s t i n g  and t h e  u s e r  should c a r e f u l l y  e v a l u a t e  t h e  model ou tput .  

APPLICATIONS 

The Hydrologic Engineering Center and o t h e r s  have used t h e  models 
desc r ibed  above on numerous app l i ca t ions .  These models have been used f o r  
r i v e r  and/or  r e s e r v o i r  water  q u a l i t y  a n a l y s i s  a t  t h e  v a r i o u s  l o c a t i o n s  and 
types  of jobs  descr ibed  i n  Table 1. 

SUMMARY 

A l l  of the  models descr ibed  above a r e  a v a i l a b l e  from t h e  HEC. These 
models a r e  maintai.ned a t  s ta te -of - the-ar t  s t a t u s .  Users should be i n  c o n t a c t  
wi th  HEC a t  t h e  i n i t i a t i o n  of any new p r o j e c t  and r o u t i n e l y  dur ing  the  







Figure 5 

DISCWETiZED STREAM SYSTEM 
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A = observed temperature 

.- = simulated temperature 
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p r o j e c t  t o  i d e n t i f y  t h e  l a t e s t  v e r s i o n  of t h e  model and t o  be aware of any 
r ecen t  updates  planned o r  i n  progress .  The models l i m i t a t i o n s  a r e  documented 
i n  t h e  u s e r s  manuals and should be f u l l y  understood a s  t o  t h e i r  e f f e c t  on the  
s p e c i f i c  p r o j e c t .  I he  HEC i s  always w i l l i n g  t o  provide  t e c h n i c a l  a s s i s t a n c e  
i n  t he  use  of any of t h e s e  models. 

The node l s  discussed abcve provide  aii s x c e l l e n t  package of programs t o  
meet many of t h e  normal needs f o r  one dimensional  modeling c a p a b i l i t y .  
Models of more dimensions a r e  a v a i l a b l e  and a r e  d i scussed  by o t h e r  
p a r t i c i p a n t s  i n  t h i s  seminar bu t  t h e  u s e r  must remember t h a t  they  r e q u i r e  a  
more ex tens ive  d a t a  base and involve more complexity. When two-dimensional 
models a r e  a b s o l u t e l y  necessary ,  u s e  t h e  more complex model bu t  always t r y  t o  
u se  the  s imp les t  model a v a i l a b l e  t o  meet your ob jec t ives .  
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