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P R E F A C E  

This report describes the resul ts  of work over a period of four 

years t o  develop and t e s t  a model t h a t  t r ea t s  floodplain management as a 

problem of allocating land uses t o  parcels b o t h  in the floodplain a n d  in 

the r e s t  of the watershed. The basic dynamic programming model i s  described 

in an e a r l i e r  research report (Hopkins e t  a l . ,  1976). Chapter 1 of t h i s  

report br ief ly  reviews the model a n d  describes i t s  t e s t  application to  

analyzing policies for  the Hickory Creek watershed in Will County I l l i no i s .  

Chapter 2 describes the procedures used for  developing land use value data 

a n d  the re la t ive  senstivi ty of the model to potential errors in th i s  data. 

Trend surface analysis i s  shown t o  be a potentially useful tool for  

generating such d a t a .  Chapter 3 describes the simple routing procedure 

used to  handle hydrologic relationships. The routing procedures are compared 

to other more complex routing procedures, a n d  the sens i t iv i ty  of resul ts  from 

the land use allocation model to  inaccuracy in the routing model i s  

analyzed. 

In the t e s t  application to  Hickory Creek, the model suggests 

policy choices for managing the watershed. These policy choices are  largely 

insensit ive to the expected error  in the land value d a t a  a n d  in the 

routing procedure. 
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CHAPTER 1 FLOODPLAIN MANAGEMENT POLICIES FOR URBANIZING WATERSHEDS 

1.1 Problem 

Urban development a f f e c t s  f l o o d  damages i n  two ways. F i r s t ,  new 

development changes t h e  p a t t e r n  of  stormwater r u n o f f  and t h e r e f o r e  t h e  t im ing ,  

i n t e n s i t y ,  and d u r a t i o n  o f  f l o o d i n g .  For example, t h e  i nc rease  i n  t h e  amount 

of imperv ious su r f ace  g e n e r a l l y  assoc ia ted  w i t h  urban development tends t o  

i nc rease  t h e  peak f low f rom a watershed. Second, new development, i n  areas 

s u b j e c t  t o  f l ood ing ,  changes t h e  s e t  o f  l a n d  uses sub jec ted  t o  damage. 

General l y ,  development i n  f lood-prone  areas r e s u l t s  i n  an inc rease  i n  t h e  

amount o f  damages t h a t  w i l l  r e s u l t  f rom storms i n  g i ven  i n t e n s i t i e s .  

1.1.1 Cur ren t  P o l i c i e s  

Cur ren t  p r a c t i c e s  i n  f l o o d  c o n t r o l  p o l i c y  a t tempt  t o  deal  w i t h  t h e  

two e f f e c t s  o f  urban development on f l o o d  damages. Ordinances and r e g u l a t i o n s  

t h a t  a t t emp t  t o  c o n t r o l  t h e  amount o f  stormwater r u n o f f  generated by new 

development may t a k e  t h e  form o f  zoning f o r  low d e n s i t i e s  o r  l i m i t i n g  t h e  

amount o f  a l l o w a b l e  r u n o f f .  Runof f  l i m i t a t i o n s ,  such as those adopted by t h e  

Metropol  i t a n  S a n i t a r y  D i s t r i c t  o f  Grea te r  Chicago (MSD) , a r e  exampl es of t h e  

l a t t e r .  The MSD r e g u l a t i o n  r e q u i r e s  developers t o  p rov ide  stormwater 

d e t e n t i o n  such t h a t  t h e  maximum d ischarge  r a t e  f rom t h e  100-year f requency 

s torm i s  no h i ghe r  than t h e  peak d ischarge  r a t e  f rom a th ree-year  s torm on t h e  
1 

undeveloped s i t e  (Metropol  i t a n  S a n i t a r y  D i s t r i c t ) .  

! Another  group of f l o o d  c o n t r o l  measures at tempts t o  r e s t r i c t  

I development i n  f l o o d  prone areas, f r e q u e n t l y  through zoning and o f t e n  i n  

.1 response t o  requi rements t h a t  make t h e  a v a i l a b i l i t y  o f  f e d e r a l l y  subs id ized  

\ f l o o d  insurance  c o n d i t i o n a l  upon t h e  adopt ion  o f  such measures. 
1 
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where fN(XN) i s  t h e  f u n c t i o n  y i e l d i n g  t h e  h i g h e s t  aggregate b i d  p r i c e  f o r  

each f i n a l  o u t f l o w  l e v e l .  Dn i s  t h e  s e t  o f  p o s s i b l e  uses f o r  reach n; 

X i s  t h e  s e t  o f  p o s s i b l e  i n p u t  wa te r  f l ows  f o r  reach  n. rn n  i s  t h e  r e t u r n  

f u n c t i o n  f o r  each reach, which i n  t h i s  case can be expressed as 

where 

v  = economic r e n t  p e r  ac re  o f  use j i n  reach  n  
j n  

an = number o f  acres i n  reach  n  

c k  = p resen t  wo r t h  o f  f l o o d  damage p e r  acres f o r  use j i n  reach  
j n  

n  a t  dep th  k  

k  dn = acres f l ooded  t o  average dep th  k  i n  reach  n.  

tn i s  t h e  t r a n s f o r m a t i o n  f u n c t i o n  t h a t  takes t h e  i n p u t  f l o w  and d e c i s i o n  f o r  

s tage  n  and generates t h e  o u t p u t  f l o w  f rom stage n, wh ich  i s  a l s o  t h e  i n p u t  

f l o w  t o  s tage  n+ l .  I n  t h i s  case, t h e  t r a n s f o r m a t i o n  f u n c t i o n  i s  a  ve r y  

s i r r ~p le  r o u t i n g  model, which i s  descr ibed  below. The problem can be so lved  

us i ng  t h e  usual  r e c u r s i o n  equa t ions  o f  dynamic programming, which s imp l y  

desc r i be  ma thema t i ca l l y  t h e  search process ou t1  i n e d  above. (See f o r  

exampl e, Nemhauser , 1  966. ) 

Th i s  b a s i c  f o r m u l a t i o n  was extended t o  handle  b ranch ing  s t ream 

networks and t o  make p o s s i b l e  t h e  assignment o f  a  l a n d  use t o  t h e  f l o o d p l a i n  

area t h a t  i s  d i f f e r e n t  f rom t h e  use ass igned t o  t h e  remainder o f  t h e  subbasin. 

These ex tens ions  a r e  desc r i bed  i n  Hopkins e t  a l .  (1978) .  I n  o r d e r  t o  r un  

t h e  dynamic programming model, i t  was d e s i r a b l e  t o  develop a  s imp le  and ve ry  

e f f i c i e n t  r o u t i n g  model t o  combine hydrographs w i t h i n  t h e  dynamic program. 

,6 



The " t r i a n g l e "  r o u t i n g  method was dev ised  t o  f i l l  t h i s  need (Hopkins e t  a l ,  

1978). Th i s  r o u t i n g  model i s  eva lua ted  and compared t o  o the rs  i n  Chapter 3. 

As w i t h  most o p t i m i z a t i o n  a lgor i thms,  t h e  r e s u l t s  o f  t h e  dynamic program 

should be viewed as approximate, and more complex s i m u l a t i o n  models should 

be used t o  check r e s u l t s  i f  t h e  l and  use p a t t e r n  chosen by t h e  dynamic program 

i s  t o  be implemented d i r e c t l y .  

The p r e v i o u s l y  r epo r ted  model was extended i n  two ways f o r  t h e  

p resen t  a p p l i c a t i o n .  F i r s t ,  t h e  t r i a n g l e  r o u t i n g  method was mod i f i ed  t o  

handle t h e  t r a p e z o i d a l  form o f  hydrographs r e s u l t i n g  f rom land  uses i n c o r -  

p o r a t i n g  d e t e n t i o n  s torage.  Second, t h e  method o f  computing damages was 

a l t e r e d  t o  t ake  i n t o  account t h e  expected damages ove r  a l l  storms r a t h e r  than 

s imp ly  d e a l i n g  w i t h  a  100-year design storm. 

1.2.2 Rout ing Deten t ion  Basin Hydrographs 

The p r e v i o u s l y  r epo r ted  model used a  t r i a n g u l a r  r o u t i n g  procedure 

t o  t r a n s l a t e  and combine i n d i v i d u a l  hydrographs f rom each o f  t h e  subbasins i n  

t h e  watershed. However, f o r  t h i s  s tudy,  a d d i t i o n a l  l a n d  uses, r ep resen t i ng  

development complying w i t h  t h e  MSD r u n o f f  requi rements,  have been added t o  t h e  

model. These new l and  uses a r e  r e s t r i c t e d  t o  a  r e l a t i v e l y  low peak r u n o f f  

b u t  must s t i l l  d i scharge  t h e  same volume o f  r u n o f f  as t h e  same l and  use 

developed w i t h o u t  t h e  r e s t r i c t i o n s .  Th is  change must be achieved through 

sonle form o f  d e t e n t i o n  which r e s u l t s  i n  a  r e d u c t i o n  i n  hydrograph peak f low 

and a  corresponding e longa t ion .  The r e s u l t i n g  hydrographs a r e  approx imate ly  

t r a p e z o i d a l ,  and t r i a n g u l a r  hydrographs would n o t  p rov ide  a  good approx imat ion 

o f  t h e  t ime  and d u r a t i o n  o f  t h e  peak f l o w .  

Therefore,  a  s l  i g h t l y  more con~pl ex r o u t i n g  method was developed 

t h a t  cou ld  accept  t r apezo ida l  hydrographs, and combine two t r apezo ids ,  two 

t r i a n g l e s ,  o r  one' o f  each. The new procedure preserves most o f  l o g i c  o f  t h e  

p rev ious  one, t h e  ma jo r  d i f f e r e n c e  be ing  t h e  method o f  r ep resen t i ng  t h e  

- 



t h e  10-year and t h e  100-year f l o o d s .  Because t h e  e l e v a t i o n  o f  t h e  10-year 

f l o o d  i s  n o t  generated by t h e  dynamic programming model, i t  was assumed t h a t  

t h e  d i f f e r e n c e s  between t he  100-year and 10-year f l ood  e l e v a t i o n s  remain 

cons tan t  f o r  each subbasin no m a t t e r  what t h e  a l l o c a t i o n  o f  l a n d  uses. The 

va lues f o r  these  d i f f e r e n c e s  i n  e l e v a t i o n  were determined by two runs  of 

t h e  HEC-2 Water Sur face P r o f i l e  program (U.S. Army, 1973b) u s i n g  d ischarge  

va lues generated by t h e  HEC-1 Flood-Hydrograph Package (U .S. Army, 1973a) 

f o r  r u n o f f  f rom t h e  100-year and 10-year storms g i ven  e x i s t i n g  l and  use 

p a t t e r n s .  For  those subbasins f o r  which t h e  l a c k  o f  survey da ta  prevented 

t h e  runn ing  o f  HEC-2, t h e  d i f f e r e n c e  between t h e  10- and 100-year f l ood  

e l e v a t i o n s  was assumed t o  be t h e  same as nearby subbasins o f  s i m i l a r  

c h a r a c t e r i s t i c s .  Thus, g i ven  an e l e v a t i o n  f o r  t h e  100-year f l o o d ,  such as 

t h a t  generated by t h e  dynamic programming model, i t  i s  p o s s i b l e  t o  es t imate  

t he  p resen t  wo r th  o f  expected damages f o r  a l l  storms us ing  t h e  f l o o d  

insurance r a t e  data.  

T h i s  procedure has severa l  l i m i t a t i o n s .  F i r s t ,  t h e  assumption t h a t  

t h e  d i f f e r e n c e s  between t h e  10-year and 100-year f l o o d  depths a r e  cons tan t  

i s  used because t h e r e  i s  no b a s i s  f o r  p r e d i c t i n g  even t h e  d i r e c t i o n  of  

change. A l though a t  l e a s t  two a t tempts  have been made t o  es t ima te  t h e  e f f e c t  

o f  u r b a n i z a t i o n  on t h e  d i f f e r e n c e  between sma l l  and l a r g e  storms, n e i t h e r  

i s  a p p l i c a b l e  t o  t h e  p resen t  case. The r e s u l t s  r e p o r t e d  by Barnard (1978) 

app l y  t o  a  much sma l l e r  watershed, and those o f  Doehring and Smith (1978) 

app l y  t o  an unusual New England dra inage p a t t e r n .  T h i s  assumption a l s o  leads  

t o  t h e  underes t imat ion  o f  damages when l a n d  uses w i t h  d e t e n t i o n  a r e  assigned 

t o  a  subbasin because then bo th  t h e  100-year, 10-year, and a l l  i n t e rmed ia te  

storms should be r e s t r i c t e d  t o  t h e  same amount o f  d ischarge.  Therefore,  t he  

d i f f e r e n c e  between e l e v a t i o r ~ s  o f  t he  two f l o o d s  should become zero,  r a t h e r  

than remain cons tan t .  The ex tens i ve  e m p i r i c a l  work t h a t  would be r e q u i r e d  



1 t o  i n c o r p o r a t e  v a r i a b l e  d i f f e r e n c e s  between t h e  10- and 100-year s to rm 

cannot be j u s t i f i e d  f o r  t h i s  model. L a s t l y ,  t h i s  procedure es t ima tes  o n l y  

i t h e  damages o c c u r r i n g  w i t h i n  t h e  100-year f l o o d p l a i n .  Other  damages acc ru i ng  

! t o  l a n d  uses o u t s i d e  t h i s  f l o o d p l a i n  d u r i n g  storms of l e s s e r  f requency a r e  

n o t  est imated.  

1.2.4 Data and Assumptions 

, The H i cko ry  Creek watershed i n  W i l l  County, I l l i n o i s ,  was chosen 
1 

f o r  t h e  demons t ra t ion  because o f  i t s  s i ze ,  t h e  e x p e c t a t i o n  t h a t  i t  would 

I, 
I undergo s u b s t a n t i a l  development i n  i t s  upper reaches i n  t h e  near  fu tu re ,  

I 
t h e  e x i s t i n g  and i n c r e a s i n g  f l o o d  damage problems a l r e a d y  o c c u r r i n g  i n  i t s  

l owe r  reaches, and t h e  a v a i l a b i l i t y  o f  l and  use and h y d r o l o g i c  data.  The 

I watershed encompasses an a rea  o f  109.8 square m i l e s .  I t  was d i v i d e d  i n t o  

67 subbasins and assoc ia ted  reaches, which a r e  t h e  s tages o f  t h e  dynamic 

i 
I programming model . (See F i g u r e  1  .2. ) 

S i x  genera l  l a n d  use ca tego r i es  p l u s  f o u r  a d d i t i o n a l  uses, which 
I 
) a r e  e q u i v a l e n t  t o  t h e  f i r s t  f o u r  except  t h a t  t hey  i n c o r p o r a t e  d e t e n t i o n  

s u f f i c i e n t  t o  meet t h e  requi rements  o f  t h e  MSD, were i d e n t i f i e d .  These 
I 

10 uses a r e  l i s t e d  i n  Table  1.1. Hydrographs f o r  each l a n d  use on each sub- 

1 b a s i n  were generated us i ng  t h e  C l a r k  method (C la r k ,  1945) as programrr~ed i n  

t h e  HEC-1 F lood  Hydrograph Package (U.S. Army, 1973a). The computat ion o f  
I 

\ dep th  f o r  g i ven  f l o w s  was based on t h e  assumptions o f  u n i f o r m  f l o w  w i t h i n  

/ t h e  channel .  The a rea  f l o o d e d  f o r  a  g i v e n  f l o w  was then  determined f rom 
; 

t h e  c ross  s e c t i o n s  and topograph ic  maps. 

I Greenberg e t  a1 . (1974) have d iscussed t h e  problems o f  o b t a i n i n g  

economic r e n t  da ta  by a l t e r n a t i v e  approaches, such as used by Day and Weisz 
I 
\ (1976) and A r v a n i t i d i s  e t  a l .  (1972) .  The economic r e n t  da ta ,  t h a t  i s  b i d  

I p r i c e s  f o r  each use i n  each subbasin,  were ob ta i ned  us i ng  t r e n d  sur face 





Tab1 e  1.1 Land Use Categor ies 

Catagory 
Number 

D e s c r i p t i o n  

1  Urban 1: 0.2 d w e l l i n g  u n i t s  per  a c r e  

2  Urban 2: 1.0 d w e l l i n g  u n i t s  p e r  ac re  

3 Urban 3: 2.75 d w e l l i n g  u n i t s  per  ac re  

4 Urban 4: g r e a t e r  than  6 d w e l l i n g  u n i t s  

per  ac re  & /o r  i n d u s t r i a l  use 

5 Urban 1  w i t h  d e t e n t i o n  

6 Urban 2 w i t h  d e t e n t i o n  

7  Urban 3 w i t h  d e t e n t i o n  

8  Urban 4 w i t h  d e t e n t i o n  

9  A g r i c u l t u r e  

10  Recreat ion 

a n a l y s i s  as descr ibed  i n  Chapter 2. Land use convers ion cos t s  were i n -  
1 

c luded by s u b t r a c t i n g  d e m o l i t i o n  cos t s  f o r  t h e  e x i s t i n g  use f r om t h e  b i d  

1 
1 

p r i c e  f o r  each o t h e r  use f o r  each pa rce l .  These cos t s  were est imated f rom 

b u i l d i n g  volume, area o f  pav ing,  and d o l l a r  cos t s  f rom a  c o n t r a c t o r s  
I 

e s t i m a t i n g  handbook (Godfrey, 1978). The a n a l y s i s  below, t h e r e f o r e ,  takes  

i i n t o  account t h e  c u r r e n t  l a n d  use pa t t e rn ;  i t  i s  n o t  s imp l y  an i d e a l  p a t t e r n  

I. f o r  undeveloped 1  and. 

1 
i The eas ies t ,  most e f f e c t i v e  way o f  adap t ing  t h e  dynamic programming 
i 

model t o  t h e  purposes o f  t h i s  s tudy  was t o  i n c l u d e  a  s e t  o f  land  uses r e -  

\ p resen t i ng  development complying w i t h  s p e c i f i c  r u n o f f  r e s t r i c t i o n s .  The 

I l and  uses were descr ibed  on t h e  assumption t h a t  i f  d e t e n t i o n  f a c i l i t i e s  

I were i nc l uded  i n  a  new development, t h e  d e t e n t i o n  would be cons t ruc ted  t o  



comply w i t h  t h e  s p e c i f i c a t i o n s  r e q u i r e d  by t h e  M e t r o p o l i t a n  S a n i t a r y  D i s t r i c t .  

Furthermore, da ta  were de r i ved  as i f  an e n t i r e  subbas in  would be developed 

by a s i n g l e  developer  so t h a t  t h e  r u n o f f  r e s t r i c t i o n s  would o n l y  have t o  be 

met a t  t h e  base of t h e  subbasin.  The e f f e c t s  of t h i s  assumption a r e  n o t  

e n t i r e l y  c l e a r ,  b u t  t h e  hydrograph peak produced i n  t h i s  manner i s  p robab ly  

always g r e a t e r  than  o r  equal t o  t h e  hydrograph peak t h a t  would r e s u l t  if 

each subbas in  c o u l d  be d i v i d e d  i n t o  a s e r i e s  of s m a l l e r  developments, each 

w i t h  development i n d i v i d u a l l y  r e q u i r e d  t o  comply w i t h  t h e  r u n o f f  r e s t r i c t i o n s .  

Thus, i n  one sense, t h e  hydrographs used i n  t h i s  s tudy  rep resen t  t h e  maximum 

p o s s i b l e  d ischarge  t h a t  cou ld  r e s u l t  f rom t h e  a p p l i c a t i o n  o f  these  r e q u i r e -  

ments t o  a g i v e n  subbasin.  

Assuming t h a t  l osses  o f  wa te r  th rough  seepage f o r  a l a n d  use 

developed w i t h  d e t e n t i o n  a r e  n o t  s i g n i f i c a n t l y  g r e a t e r  than  f o r  t h e  same 

1 and use w i t h o u t  de ten t i on ,  then  t h e  area under t h e  t r a p e z o i d a l  hydrograph 

must equal t h e  a rea  under t h e  e q u i v a l e n t  t r i a n g u l a r  hydrograph. The new 

t r a p e z o i d a l  hydrographs have t h e  same ascending s lopes as t h e  e q u i v a l e n t  

t r i a n g u l a r  hydrographs because developers  would  always r e l e a s e  t h e  maximum 

amount a l l o w a b l e  s i n c e  t h e  s to rage  o f  any a d d i t i o n a l  r u n o f f  would r ep resen t  

an unwanted and unnecessary c o s t  t o  t h e  developer .  The s l ope  o f  t h e  

descending p o r t i o n  o f  t h e  t r a p e z o i d a l  hydrograph was assumed t o  be equal 

t o  t h e  ascending s lope .  Given these  assumptions about  1 )  t h e  v a l u e  of t h e  

peak f l o w  f o r  a g i ven  sabbasin,  2 )  t h e  area under t h e  t r a p e z o i d a l  hydrograph, 

and 3 )  t h e  ascending and descending s lopes o f  t h e  t r a p e z o i d a l  hydrograph, 

i t  i s  p o s s i b l e  t o  dev i se  a hydrograph f o r  each o f  t h e  new l a n d  uses, i n  each 

o f  t h e  subbasins,  f rom t h e  t r i a n g u l a r  hydrograph f o r  each o f  thoses uses 

developed w i t h o u t  t h e  d e t e n t i o n  requi rements .  



The economic r e n t  va lues o f  t h e  l a n d  uses complying w i t h  t h e  run-  

o f f  requi rements a r e  equal t o  t h e  va lues o f  these  l a n d  uses developed i n  a  
I 
I conven t iona l  manner minus t h e  cos t s  o f  complying w i t h  t h e  r u n o f f  r e q u i r e -  

ments. The cos ts  of compliance a r e  p r i m a r i l y  t h e  cos ts  i n c u r r e d  by t h e  
I 

!, 
developer  t o  c o n s t r u c t  and opera te  t h e  d e t e n t i o n  f a c i l i t y .  There may a t  t h e  

I same t i m e  be c e r t a i n  b e n e f i t s ,  mos t l y  sav ings i n  t h e  cos ts  o f  o t h e r  f a c i l i t i e s ,  
I 

such as s torm sewers, due t o  t h i s  d e c i s i o n  t o  p rov ide  de ten t i on .  For  t h i s  

I 
I a n a l y s i s  o n l y  c o s t  est imates were made, assuming t h e  b e n e f i t s  t o  t h e  

developer  o f  compl iance t o  be min imal .  

The two p r imary  cos t s  o f  a  d e t e n t i o n  b a s i n  a r e  c o n s t r u c t i o n  and 

l a n d  cos t s .  Cons t ruc t i on  cos t s  a r e  bes t  determined by examining t h e  i o s t s  1 
o f  comparable p r o j e c t s .  Cost d a t a  f o r  seven d e t e n t i o n  bas in  p r o j e c t s  i n  

i 
I 
I suburban Cook County I 1  1  i n o i s  (Poer tner ,  1974) under c l  imate  and s i t e  

c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  s tudy  area were averaged t o  o b t a i n  a  1977 
I 

I 

p r i c e  of $6,100 per  a c r e - f o o t  o f  s t o rage  capac i t y .  Land cos f s  va ry  depending 

i on t h e  p a r t i c u l a r  l a n d  use w i t h  which t h e  d e t e n t i o n  f a c i l i t y  i s  l oca ted .  
i 

These cos t s  a r e  t h e  o p p o r t u n i t y  cos t s  o f  t h e  l and  occupied by t h e  d e t e n t i o n  
1 
i bas in ,  which t h e r e f o r e  cannot be developed i n t o  t h e  corresponding l a n d  use. 

The amount o f  l a n d  consumed by t h e  d e t e n t i o n  bas in  can be est imated by 
1 
I exarrlining t h e  same seven d e t e n t i o n  p r o j e c t s ,  which y i e l d s  an average o f  

t 14.1 acres o f  l a n d  per  100 a c r e - f t  o f  s to rage .  
1 

From t h e  s e t  o f  t r apezo ida l  hydrographs de r i ved  e a r l i e r ,  i t  was 

I p o s s i b l e  t o  determine t h e  volume o f  s to rage  r e q u i r e d  f o r  each o f  t h e  new 

land  uses i n  each o f  t h e  subbasins. Then, us i ng  t h e  f i g u r e s  shown above, 
I 

1 t h e  c o s t s  o f  complying w i t h  t h e  r u n o f f  requi rements were c a l c u l a t e d  and 

r sub t rac ted  f rom t h e  normal l a n d  va lue  t o  determine t h e  economic r e n t  i n  

each subbasin o f  each o f  t h e  l a n d  uses w i t h  de ten t i on .  



1.3 E v a l u a t i n g  P o l i c i e s  

I t  i s  now p o s s i b l e  t o  eva lua te  a l t e r n a t i v e  p o l i c i e s .  F i r s t ,  t h e  

dynamic programming model was used t o  f i n d  a  "good" t a r g e t  l and  use p a t t e r n .  

Then t h e  r e s u l t s  frorn a l t e r n a t i v e  p o l i c i e s  were p r e d i c t e d  and compared t o  

t h i s  p lan .  S i x  p o l i c i e s  were' eva lua ted  as summarized i n  Tab le  1.2. The 

p o l i c i e s  a r e  exp la i ned  i n  t h i s  s e c t i o n  and compared i n  s e c t i o n  4. 

Tab le  1.2 Comparison o f  P o l i c i e s *  

Dynamic Programming Model 

Pol  i c i  es 

T o t a l  
Economic Rent Discharge 

i n  106$ (1000 c f s )  

1. De ten t i on  w i t h o u t  P r e d i c t i o n  

2. De ten t i on  w i t h  P r e d i c t i o n  774 
( 568 

3. F l o o d p l a i n  Regu la t ion  

4. Both Regu la t ions  

5. No Regu la t ions  w i t h o u t  P r e d i c t i o n  720 
(576) 

6. No Regu la t ions  w i t h  P r e d i c t i o n  

*Numbers i n .  parentheses r e f e r  t o  an e a r l i e r  
exper iment  t h a t  i s  d iscussed i n  s e c t i o n  5. 



1.3.1 Dynamic Programming S o l u t i o n  

F i r s t ,  t h e  dyr~arr~ic programming model was used t o  f i n d  a  good t a r g e t  

l and  use pa t te rn .  The dynarnic program was run  w i t h  a  d i s c r e t e  i n t e r v a l  o f  

1,000 cubic  f e e t  per  second f o r  hydrograph peaks and one hour f o r  t imes o f  

peaks. Test  runs i n d i c a t e d  t h a t  s o l u t i o n s  remained s t a b l e  f o r  more nar rowly  

de f ined  i n t e r v a l s .  The r e s u l t i n g  t a r g e t  p a t t e r n  i s  shown i n  F igure  1.3 and 

t h e  aggregate economic r e n t  i s  g iven  i n  Table 1.2. Th is  p a t t e r n  i s  h e r e a f t e r  

r e f e r r e d  t o  as opt imal  f o r  s i m p l i c i t y ,  bu t  i s ,  o f  course, optirnal o n l y  i n  t he  

r e s t r i c t e d  sense o f  t h e  p a r t i c u l a r  mode. (See f o r  example, Hopkins, 1977. ) 

1.3.2 Detent ion Regulat ion 

The de ten t i on  requirements o f  t h e  Me t ropo l i t an  San i ta ry  D i s t r i c t  

o f  Greater  Chicago were analyzed i n  con junc t ion  w i t h  two poss ib le  assumptions 

about t h e  reac t i ons  o f  f l o o d p l a i n  landowners. The r e g u l a t i o n  requ i res  t h a t  

t h e  100-year peak f l o w  f o r  new development be l e s s  than o r  equal t o  the peak 

f o r  t h e  t h r e e  year  s torm g iven  e x i s t i n g  land  cond i t i ons .  The data descr ibed 

above were used t o  determine the  land  use w i t h  t h e  h ighes t  economic r e n t  f o r  

each subbasin g iven  t h e  requirements o f  t h e  de ten t i on  ordinance. I f  t h i s  

land  use was a  new use i n  a  subbasin i t  was assumed t o  be developed under t h e  

r e s t r i c t i o n s  o f  t h e  ordinance. The model was a l s o  r u n  under t h e  assumption 

t h a t  de ten t i on  would be requ i red  even f o r  e x i s t i n g  uses, b u t  t h i s  requirement 

increased t o t a l  r e n t  on l y  $10 m i l l  ion .  

There a r e  a t  l e a s t  two poss ib le  assumptions about f l o o d p l a i n  land  

development. F i r s t ,  one could assume t h a t  f l o o d p l a i n  owners would take  i n t o  

account o n l y  expected f l o o d i n g  from t h e  e x i s t i n g  land  use pa t te rn .  This  

assumption i s  n o t  equ iva len t  t o  assuming t h a t  f l o o d p l a i n  owners ma in ta in  t h e i r  

c u r r e n t  uses. I t  i s  poss ib le  t h a t  c u r r e n t  f l o o d p l a i n  l and  uses a r e  n o t  

app rop r i a te  even f o r  c u r r e n t  f l o o d  cond i t i ons ;  persons tend t o  underest imate 

17 
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p reven t  f l o o d  darnages would be a l lowed under such ordinances, t h e  po l  i c y  here 

assumes - no new development. Each f l o o d p l a i n  segment was assigned t o  t h e  

h i ghes t  b i dde r  f ror r~ arnorlg t h e  e x i s t i n g  use, r e c r e a t i o n ,  o r  a g r i c u l  t u r e .  The 

p r e d i c t e d  l a n d  use p a t t e r n  f o r  t h e  non - f l oodp la i n  areas cons i s ted  o f  t h e  

h i ghes t  b i d d i n g  uses f o r  each subbasin. The r e s u l t i n g  p a t t e r n  and aggregate 

economic r e n t  a r e  shown i n  F igu re  1.6 and Table 1.2, r e s p e c t i v e l y .  

The assumptions i n  t h i s  c a l c u l a t i o n  a r e  n o t  s t r i c t l y  equ i va len t  t o  

c u r r e n t  ord inances.  I n  t h e  model t h e  f l o o d p l a i n  r e g u l a t i o n s  app l y  t o  t h e  

100-year f l o o d p l a i n  r e s u l t i n g  f rom t h e  f u t u r e  l a n d  use p a t t e r n  r a t h e r  than  

t h e  f l o o d p l a i n  r e s u l t i n g  f rom t h e  e x i s t i n g  p a t t e r n  as i s  u s u a l l y  t h e  case 

i n  such ord inances.  The ma jo r  f a i l i n g  o f  t h e  f l o o d p l a i n  r e g u l a t i o n s ,  as 

d iscussed i n  s e c t i o n  4  below, i s  t h a t  t hey  do n o t  r e q u i r e  t h e  removal o f  

e x i s t i n g  urban uses f rom t h e  f l o o d p l a i n .  These e x i s t i n g  uses would occur  

th roughout  t h e  l a r g e r ,  f u t u r e  f l o o d p l a i n  because they  a r e  t h e  e x i s t i n g  uses. 

Th i s  impe r fec t  r e p r e s e n t a t i o n  does n o t  a f f e c t  t h e  i m p l i c a t i o n s  o f  t h e  

a n a l y s i s  because t h e  t o t a l  darnage t o  f l o o d p l a i n  uses computed by t h e  model 

w i l l  be t h e  same as would r e s u l t  f rom t y p i c a l  ord inances.  

1.3.4 Both Regu la t ions  

P o l i c y  4  comprises implementat ion o f  b o t h  d e t e n t i o n  r e g u l a t i o n  and 

f l o o d p l a i n  r e g u l a t i o n .  The p r e d i c t e d  n o n - f l o o d p l a i n  uses a r e  t h e  uses 

y i e l d i n g  t h e  h i ghes t  economic r e n t  f rom among t h e  uses complying w i t h  t h e  

d e t e n t i o n  ord inance.  The f l o o d p l a i n  uses a r e  t h e  h i ghes t  b i dde r  o f  t h e  e x i s t -  

i n g  use, r e c r e a t i o n ,  o r  a g r i c u l t u r e .  The r e s u l t s  a r e  shown i n  F igu re  1.7 

and Table 1.2. Again, t h e  100-year f l o o d p l a i n  i s  t h a t  o f  t h e  p r e d i c t e d  l a n d  

use p a t t e r n ,  n o t  t h e  c u r r e n t  p a t t e r n .  
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Fiqure  1 . 6  Land Use P a t t e r n  wi th  F loodpla in  Regulat ion 





Figure 1 .8  Land Use Pattern without Prediction: No Detention or Floodplain Reaulation 



Figure 1 . 9  Land Use Pa t t e rnwi th  Predic t ion:  No Detention o r  Floodplain Requlation 



d e s i r a b l e  i n  t h e  l a r g e r  con tex t  because i t  a f f e c t s  f l o o d i n g  i n  t h e  l a r g e r  

r i v e r b a s i n  o f  which t h e  H i cko ry  Creek Watershed i s  a  p a r t .  The p a t t e r n  o f  

l a n d  uses as shown i n  F i g u r e  1.3 i l l u s t r a t e s  t h e  complex i t y  o f  i n t e r -  

dependence i n  t h e  problem. Some, b u t  n o t  a l l ,  subbasins a r e  ass igned 

d e t e n t i o n  ( i  .e., uses 5 through 8 )  and some f l o o d p l a i n  segments a r e  ass igned 

r e c r e a t i o n  o r  a g r i c u l t u r e  r a t h e r  than a  h i ghe r  b i d d i n g  use t h a t  would s u s t a i n  

f l o o d  damage. From t h e  p o i n t  o f  v iew o f  t h e  model, a g r i c u l t u r e  ( 9 )  and 

r e c r e a t i o n  (10)  a r e  d i s t i n g u i s h a b l e  o n l y  by r u n o f f  r a t e s .  I n  t h e  model, 

f l o o d p l a i n  l a n d  uses do n o t  a f f e c t  r u n o f f .  Therefore,  r e c r e a t i o n  and a g r i -  

c u l t u r e  a r e  i n d i s t i n g u i s h a b l e  as f l o o d p l a i n  uses. Given t h e  o v e r a l l  i n t e n -  

s i t y  of  development, ass ignments,use 9  o r  10 t o  t h e  f l o o d p l a i n  a r e  presumed 

t o  be r e c r e a t i o n .  

The d e t e n t i o n  r e g u l a t i o n  p o l i c y  r e s u l t e d  i n  a  lower  aggregate 

economic r e n t  than t h e  dynamic programming a l l o c a t i o n .  Comparison o f  t h e  

l and  use p a t t e r n  (F igu re  1.4) w i t h  t h a t  f rom t h e  dynamic programming model 

shows t h a t  t h e r e  i s  unnecessary ( i  .e. cos t s  g r e a t e r  than b e n e f i t s )  i n v e s t -  

ment i n  d e t e n t i o n  i n  t h e  southeastern p a r t  o f  t h e  watershed ( 7  o r  8  i ns tead  - 

o f  3  o r  4)  and a long  t h e  mainstem ( 6  i n s t e a d  o f  2 ) .  There i s  a l s o  unneces- 

sa ry  r e s t r i c t i o n  o f  f l o o d p l a i n  development i n  and around J o l i e t .  The 

r e s u l t  f rom P o l i c y  1  was s l i g h t l y  improved by P o l i c y  2  i n  which f l o o d p l a i n  

landowners were,assumed t o  respond t o  t h e  p r e d i c t e d  expected damages. I t  was 

t h e r e f o r e  p o s s i b l e  t o  develop f l o o d p l a i n  l a n d  more i n t e n s e l y .  The p r e d i c t e d  

r u n o f f  would be l e s s  than t h a t  f rom e x i s t i n g  development because t h e  MSD 

r e g u l a t i o n s  s p e c i f y  d ischarge  l e v e l s  below those f o r  an undeveloped s i t e .  

Therefore,  t h e  f l o o d p l a i n  uses i n  t h e  upper reaches o f  t h e  watershed and 

i n  J o l i e t  s h i f t  f rom r e c r e a t i o n  i n  Urban 3. 



F l o o d p l a i n  development r e g u l a t i o n s  were t h e  l e a s t  e f f e c t i v e  p o l i c y  

as eva lua ted  i n  t h i s  exper iment.  A l though  t h i s  r e s u l t  c o u l d  occur  because 
i 
1 

j t h e  e l i m i n a t i o n  o f  a l l  f u t u r e  f l o o d p l a i n  development i s  o v e r l y  r e s t r i c t i v e ,  
\ 

I t h e  o p p o s i t e  i s  t r u e  f o r  t h e  p resen t  case. The f l o o d p l a i n  development 

r e s t r i c t i o n s  do n o t  r e q u i r e  removal o f  e x i s t i n g  f l o o d p l a i n  development. I n  

t h e  H i c k o r y  Creek watershed, w i t h  J o l i e t  a l r e a d y  i n  e x i s t e n c e  a t  t h e  base 

and new development o c c u r r i n g  upstream, t h e  model p r e d i c t s  tremendous damages 
I 
I t o  e x i s t i n g  uses, p a r t i c u l a r l y  a long  t h e  mainstem and i n  J o l i e t .  The v e r y  

, l a r g e  nega t i ve  aggregate economic r e n t  shown i n  Tab le  1.2 r e s u l t s  p r i m a r i l y  

f rom expected damages of 2  b i l l i o n  d o l l a r s  t o  t h e  c i t y  o f  J o l i e t .  The 

a s t e r i s k s  i n  F i g u r e  1 .6  i n d i c a t e  subbasins i n  which t h e  economic r e n t  i n  t h e  

f l o o d p l a i n  becomes nega t i ve .  A l though t h i s  damage es t ima te  may be excess ive,  

t h e  p o l i c y  i m p l i c a t i o n  ho lds  up t o  s e n s i t i v i t y  a n a l y s i s  as d iscussed i n  

s e c t i o n  5. 

The r e s u l t i n g  economic r e n t  f rom implement ing b o t h  t h e  d e t e n t i o n  

and f l o o d p l a i n  .- development r e g u l a t i o n s  showed P o l i c y  4 t o  be worse than  

implement ing o n l y  t h e  d e t e n t i o n  r e g u l a t i o n ,  b u t  b e t t e r  t han  t h e  f l o o d p l a i n  

r e g u l a t i o n .  The improvement r e s u l t s  f rom much reduced f l ows ,  b u t  t h e  

e x i s t i n g  uses a l lowed t o  remain i n  t h e  f l o o d p l a i n s  s t i l l  s u s t a i n  l a r g e  

damages. 

Pol  i c y  5, no r e g u l a t i o n s  w i t h o u t  p r e d i c t i o n ,  y i e l d s  a  b e t t e r  r e s u l t  

than  e i t h e r  f l o o d p l a i n  r e g u l a t i o n  o r  bo th  r e g u l a t i o n s .  The f l o o d p l a i n  uses 

I 
I w i t h  P o l i c y  5  a r e  those  t h a t  would have t h e  h i g h e s t  economic r e n t  n e t  o f  

i f l ood  damages g i ven  e x i s t i n g  uses, and these  a r e  l owe r  i n t e n s i t i e s  o f  develop- 
] 

ment t han  e x i s t  now i n  c e r t a i n  key subbasins,  p a r t i c u l a r l y  near  J o l i e t .  

i Pol i c y  6, no r e g u l a t i o n s  b u t  w i t h  p r e d i c t i o n  o f  t h e  inc reased  f l o w s  f rom new 
1 

development, y i e l d s  a  s l i g h t l y  b e t t e r  r e s u l t  by t h e  removal o f  urban l and  
I 
I 

2  9 



uses from a  few more f l o o d p l a i n  segments. A t  l e a s t  t h r e e  cases where Urban 3 

i n  t h e  f l o o d p l a i n  i s  rep laced  ( 9 )  can be found by comparing F igures  1.8 

and 1.9 f o r  subbasins w i t h  a s t e r i s k s  i n  F i g u r e  1.8. 

1.4,2 I m p l i c a t i o n s  

These r e s u l t s  show t h a t  f o r  t h e  H i cko ry  Creek watershed, as modeled 

i n  t h i s  p r o j e c t ,  f l o o d p l a i n  r e g u l a t i o n s  t h a t  do n o t  e l i m i n a t e  e x i s t i n g  urban 

uses from f l o o d p l a i n s  would be ve ry  i n e f f e c t i v e  as f l o o d p l a i n  management 

po l  i c i e s .  It i s  p o s s i b l e  t h a t  ex tens i ve  f l oodp roo f i ng  o r  channel improvements, 

r a t h e r  than  t h e  removal of e x i s t i n g  urban uses, would be e f f e c t i v e .  The choice 

amorlg d e n s i t y  r educ t i on ,  f loodproof i ng , and channel improvements , o r  combi n a t i  ons 

t he red f ,  cou ld  be cons idered us ing  t h e  same model. A d d i t i o n a l  da ta  would be 

r e q u i r e d  on t h e  cos ts ,  damage reduc t i on ,  and h y d r o l o g i c  e f f e c t s  o f  f l o o d -  

proof i n g  and channel improvement. 

The rnajor reason t h a t  f l o o d p l a i n  r e g u l a t i o n s  a r e  i n e f f e c t i v e ,  

e i t h e r  a lone  o r  i n  combinat ion w i t h  de ten t i on ,  i s  t h a t  t hey  do n o t  remove 

e x i s t i n g  uses. I f  a l l  urban uses were removed f rom t h e  f l o o d p l a i n ,  t h e  

aggregate b i d  p r i c e  f o r  t h e  watershed would be p r e d i c t e d  t o  be $740 m i l l i o n .  

T h i s  va lue  i s  c l o s e  t o  t h e  va lue  f o r  no r e g u l a t i o n s  w i t h  p r e d i c t i o n  because 

i n  t h a t  case most urban use was removed f rom t h e  f l o o d p l a i n  i n  expec ta t i on  

o f  f u t u r e  f l o o d  damages. 

The combinat ion o f  bo th  r e g u l a t i o n s ,  which i s  most c l o s e l y  ana- 

logous t o  p o l i c i e s  c u r r e n t l y  be ing  encouraged, i s  much b e t t e r  than f l o o d p l a i n  

r e g u l a t i o n s  a l one  b u t  s t i l l  worse than  a l l  o t h e r  p o l i c i e s .  A d d i t i o n a l  

improvement can o n l y  be gained by removing e x i s t i n g  uses f rom t h e  f l o o d p l a i n .  

Indeed, removal o f  a lmost  a l l  urban uses i s  s u f f i c i e n t  t o  render  d e t e n t i o n  

l a r g e l y  unnecessary. T h i s  r e s u l t  can be observed by comparing P o l i c y  1, 



in which almost no floodplain development occurs and there  i s  detention,  with 

Policy 6 ,  in which there  i s  a s imilar  amount of floodplain development b u t  

no detention.  As shown i n  Table 1.2, there  i s  l i t t l e  difference in to ta l  

value; indeed, with detention i s  s l i g h t l y  l e s s ,  indicating no addit ional  

benefi t  from detention.  However, the  "no regulations" of Policy 6 implies 

recreation or agr icul ture  in a l l  the  floodplain a reas ,  which might exceed 

the  reasonableness of the  assumption of horizontal demand. (See Hopkins, 

1938.) That i s ,  there  would be insuf f ic ien t  demand f o r  t h a t  quanti ty of 

recreational  open space t o  support the  assumed land purchase price.  

Similar ly ,  i t  i s  doubtful whether agr icul tura l  use can be sustained i n  the  

face  of cornpl e t e  e r~c i  rc l  ement by urban developrr~ent. 

Final l y ,  the  Pol icy 6 irnpl -ies extensive f l  oodproofing o r  channel 

improvement a t  l e a s t  and, by l i t e r a l  in terpreta t ion of the  model, removal 

of much of the  ea s t  s ide  of J o l i e t .  The anomaly here i s  t h a t  even though 

bid rents  f o r  individuals might be negative when expected flood damages a r e  

taken i n to  account, these expectations a re  p robabi l i s t i c  and generally not 

properly considered by individual landowners. Several s tudies  have shown 

t h a t  persons do not respond to  p robabi l i s t i c  hazards in accord with expected 

values. (See f o r  example White, 1961, 1964; James e t  a l . ,  1971 . )  I t  i s  

therefore  l i ke ly  t h a t  persons would remain in the floodplain even in the  

face  of these negative bid prices.  In t h i s  case t h i s  "no regulations" policy 

would require  forced or  compensated rerr~oval of urban uses from the  f loodplain.  

The most tenable pol icy' would most 1 ikely be Policy 2,  detention 

with prediction. This policy yie lds  the  highest aggregate economic ren t  

other than t h a t  from the  optimization model, has a low to ta l  discharge, and 

requires the  l e a s t  displacement of exis t ing uses from the  f loodplain.  I t  

does, however, require  reduction in  density (Jol  i e t )  o r  removal ( f o r  example, 



along the main stem) of some existing floodplain uses. It, therefore, cannot 

be considered equivalent to current floodplain policies that allow existing 

floodplain uses to remain. It is possible, as mentioned above, that flood- 

proofing or channel improvement could be undertaken rather than removal or 

density reductions. 

The model indicates a negative economic rent for Urban 3 in Joliet, 

even with detention. This choice means that shifting from the existing 

Urban 4 to Urban 3 is less costly than shifting to recreation or agriculture. 

Apparently the additional demolition costs as represented in the model are 

large enough to compensate for the higher expected damages. One might argue 

that if the economic rent is negative, then the land use would not locate 

there. This conclusion ignores the transition from existing uses. Given 

that the area is currently developed it is less bad to decrease the density 

than it is to maintain the present density or to remove the buildings. 

Additional structural measures might be worthwhile to reduce flood 

damages to existing property in Joliet. Large detention structures on the 

main stems of Hickory or Spring Creek have not been considered in this study, 

but have been el sewhere (Department of Transporation, 1972, 1973). These 

studies also propose channel improvements in Joliet to protect existing 

development from flooding expected given the current pattern of land use in 

the watershed. If the results from our model are correct, such structural 

measures may be justified even with stormwater detention. This question 

could be explored by incorporating the structural measures as alternative 

"land uses" in the model. 

The dynamic programming model yields the highest total economic 

rent, about 80 million dollars higher than Policy 2, detention with predic- 

tion. Extensive error analysis would be required to show conclusively that 

this difference is significant. Given that there is no established policy 



for achieving the "optimal" solution, i t  would also be necessary to explore 

the costs of carrying out policies tha t  might achieve i t .  The major con- 

ceptual d i f f icu l ty  with direct  implementation of the optimal pattern i s  that  

i t  could be argued to require unequal treatment of equals. That i s ,  some 

persons would be required to  leave the floodplain, b u t  not others in 

apparently similar circumstances, and some would be required to  provide 

detention, b u t  not others. This character is t ic  would make use of the police 

power extremely questionable. Greater financial resources would be required 

i f  compensation were necessary. This discussion assumes that persons would 

be unwilling to  leave the floodplain even though in expected value terms 

i t  i s  in t h e i r  own best in te res t .  

Given tha t  the optimal solution has an allocation of land use to  

subbasins that  i s  similar to the allocation from Policy 2 ,  detention with 

prediction, the optimal solution could be used as a guide in implementing 

Policy 2.  I n  general, the optimal solution requires detention in fewer sub- 

basins and the removal or res t r ic t ion  of floodplain development in fewer 

subbasins. Therefore, pr ior i t ies  for  floodplain purchase or floodproofing 

and for  detention could be determined. These p r io r i t i e s  would be of 

importance i f  f inanci a1 resources were 1 imi ted and compensation were 

requ i  red. 

The comparisons above fo r  the most part address only allocative 

or efficiency questions. There i s  also the dis t r ibut ive question--which 

individual or which group gains or loses. For example, the cost of providing 

detention would be borne largely by suburban newcomers in order to  protect 

the property of current urban residents. The east  side of J o l i e t  i s  the 

"wrong side of town" so that  in the present case, t h i s  question raises  a l l  

the familiar issues of income distribution and race. I t  should also be 
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because t h e  r e l a t i v e  economic r e n t s  y i e l d e d  much h i g h e r  l e v e l s  o f  expected 

urban development. The g r e a t e r  area o f  imperv ious su r f ace  y i e l d e d  l a r g e r  

ou t f l ows ,  e s p e c i a l l y  f o r  t h e  case w i t h o u t  de ten t i on .  As i n d i c a t e d  above, 

t h e  l a r g e r  n e g a t i v e  va l ue  f o r  t h e  f l o o d p l a i n  r e s t r i c t i o n s  p o l i c y  i n  t h e  l a t e r  

s e t  o f  runs r e s u l t s  p r i m a r i l y  f rom l osses  i n  J o l i e t .  The J o l i e t  subbasin 

i s  a l s o  p r e d i c t e d  t o  have nega t i ve  economic r e n t  i n  t h e  e a r l i e r  runs ,  b u t  

n o t  l a r g e  enough t o  make t h e  t o t a l  economic r e n t  f o r  t h e  watershed nega t i ve .  

Th i s  a n a l y s i s  suggests t h a t  t h e  cons tan t  r e l a t i v e  p re fe rence  among p o l i c i e s  

was due, a t  l e a s t  i n  p a r t ,  t o  t h e  same genera l  r e l a t i o n s h i p s .  T h i s  com- 

p a r i s o n  i s  c o n f i r m i n g  evidence t h a t  t h e  genera l  p re fe rence  among a l t e r -  

n a t i v e  p o l i c i e s  ho lds  up under a  wide range o f  p o t e n t i a l  d a t a  e r r o r .  

I t  i s  more d i f f i c u l t  t o  use t h i s  r e p l i c a t i o n  t o  determine t h e  sen- 

s i t i v i t y  o f  t h e  op t i r r ~a l  s o l u t i o n  f rom t h e  dynamic programming model i t s e l f .  

The economic r e n t  da ta  i n  t h e  e a r l y  runs i m p l i e d  a  much l owe r  l e v e l  o f  urban 

d e n s i t y  th roughou t  t he  watershed w i t h  a  g r e a t e r  d i f f e r e n c e  between t h e  

i n t e n s i t y  o f  J o l  i e t  and t he  i r ~ t e r ~ s i t i e s  elsewhere i n  t h e  watershed. One 

i n t e r p r e t a t i o n  would be t h a t  t h e  two runs r e f e r  t o  d i f f e r e n t  t imes i n  t h e  

f u t u r e .  Some s i m i l a r i t i e s  do a r i s e ,  however. Both runs  choose nonurban 

uses f o r  t h e  f l o o d p l a i n s  a long t h e  mainstem o f  H i cko ry  Creek and a long  most 

o f  Sp r i ng  Creek, except  i n  J o l i e t .  Bo th  runs  l o c a t e  d e t e n t i o n  on some b u t  

n o t  a l l  upstream subbasins and none a long  t h e  mainstem o f  H i cko ry  Creek. I n  

genera l ,  i t  would n o t  be p o s s i b l e  t o  use t h i s  comparison as s u f f i c i e n t  con- 

f i r m a t i o n  o f  t h e  d e t a i l s  o f  e i t h e r  dynamic programming s o l u t i o n  because t h e  

l a n d  va lue  da ta  i s  d i s s i m i l a r .  The e a r l y  r u n  l o c a t e s  a  g r e a t  deal  o f  nonurban 

use, where t h e  l a t e r  r u n  l o c a t e s  urban uses. Because t h e r e  i s  no d e t e n t i o n  

o p t i o n  f o r  t h e  nonurban uses, t he re  i s  no bas i s  f o r  comparing t h e  l o c a t i o n s  

f o r  which d e t e n t i o n  i s  chosen i n  t h e  two runs  where one r u n  chooses urban and 

t he  o t h e r  nonurban. 
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A second form of confirmation for  the general preference among 

policy al ternat ives  comes from the studies conducted by the Department of 

Transporation (1972, 1973) of the State of I l l i no i s .  These studies were con- 

cerned primarily with structural measures to  protect existing land use. 

Almost a l l  the damage of concern was in J o l i e t ,  with minor amounts in 

New Lenox and Lincoln Estates. These are the same areas tha t  our model 

predicts as problem areas. The Department of Transporation studies of 

structural measures indicated that  there would s t i l l  be substantial damages 

in J o l i e t ,  even with large detention reservoirs on Hickory Creek and 

Spring Creek. Retaining walls and other channel improvements were recommended 

to protect existing development from flood flows expected given existing 

development in the r e s t  of the watershed. The present model also predicts 

substantial damages to  existing uses from expected flows given the existing 

development. The structural a l ternat ives  studies thus confirm the general 

conclusions of the present model that special protection i s  required for  

Jo l i e t  even with upstream detention. I n  comparison to the Department of 

Transportation studies,  the present model, however, i s  able to consider a 

wider range of detention and land use patterns as well as considering future 

growth. Structural measures could also be included in the model i f  they 

were defined as land use types, such as a floodplain land use with or with- 

out retaining walls. Such a use would simply have a different  construction 

cost and a different  damage function from the same use without retaining 

walls. 

The sens i t iv i ty  of the dynamic programming sol ution to potential 

error in the routing of hydrographs and to potential error in re la t ive  bid 

prices for  land are  reported in Chapters 2 and 3 .  These analyses apply only 

to the dynamic programming sol ution i tsel  f because the above comparisons 

suggest tha t  the choice among al ternat ive policies i s  robust with respect t o  



both data error  and model formulation. However, i f  the detailed implications 

of the dynamic programming solution, such as detention in a specific water- 

shed, were to  be implemented, then the sens i t iv i ty  of that particular decision 

would have to  be explored. The analyses, in the following chapters, indicate 

tha t  most, b u t  not a l l ,  of the preferences for  detention in particular 

subbasins or for  nonurban use in floodplains in particular subbasins are 

s table  with respect to  variations in economic rent data or error in the 

routing model. Where changes were observed, they could often be separated 

into tradeoffs between detention and floodplain use among adjacent subbasins 

on one major tr ibutary.  Other differences in land use patterns consisted 

primarily of changes from one density level t o  the next lower or higher level .  

Such s h i f t s  had l i t t l e  effect  on runoff and therefore were unimportant in 

determining floodplain uses tha t  would be compatible with use in the remainder 

of the watershed. In general, some of the subbasin level decisions were 

sensit ive to  1 ikely ranges of data error and should be examined in detai l  

using more elaborate routing models, such as the Muskingum method, and f i e ld  

confirmation of economic rent data. 

Finally, the sensi t ivi ty  to  error in the estimated flood damages 

or in the choice of discount r a t e  was considered. These two types of errors  

a re  equivalent because the only cost for  which the present worth must be 

calculated i s  flood damages. The transformation of annual damages aver 

a given time period ( in  th i s  case 100 years) into present value consists 

only of rr~ul t ip1 ication by a coefficient (see equation 1.4) .  Therefore, 

sens i t iv i ty  t e s t s  based on changing the discount ra te  ( i . e .  changing the 

coeff ic ient)  ca'n also be interpreted as changing the annual damages and 

keeping the discount r a t e  constant. Discount rates  of 10 percent and 3 percent 

were chosen to  compare to  the above runs, which used a 5 percent discount 



r a t e .  The 10 percen t  r a t e  can a l s o  be thought  of as approx imate ly  h a l v i n g  

t h e  annual damages ( .504 t o  be exac t )  and r e t a i n i n g  a  5  percen t  d i scoun t  r a t e .  

The 3  percen t  r a t e  i s  approx imate ly  e q u i v a l e n t  t o  i n c r e a s i n g  damages by 

50 percen t  (1.592 t o  be exac t )  

These two runs a re  compared t o  t h e  s tandard r u n  i n  Table 1.3.  

There i s  l i t t l e  change i n  t h e  t o t a l  economic r e n t  f o r  t he  watershed. The 

ou t f low f o r  t h e  3  percen t  r u n  i s  increased p r i m a r i l y  because damages a r e  

increased s u f f i c i e n t l y  t o  make urban uses u n p r o f i t a b l e  i n  t h e  f l o o d p l a i n  near 

J o l i e t .  Therefore, t h e  o u t f l o w  can be even h ighe r  because t h e r e  i s  no urban 

use t o  be damaged. The c l o s e  s i m i l a r i t y  o f  t o t a l  r e n t s  suggests t h a t  t h e  

r e l a t i v e  p re fe rence  among p o l i c i e s  would n o t  be a l t e r e d  by l i k e l y  ranges o f  

e r r o r  i n  t h e  damage data.  

These s e n s i t i v i t y  runs w i t h  respec t  t o  damage da ta  can a l s o  be 

compared w i t h  r espec t  t o  t he  r e s u l t i n g  l and  use p a t t e r n .  The non - f l oodp la i n  

l and  uses were t h e  same f o r  a l l  t h r e e  runs  i n  91 percen t  o f  t h e  subbasins; 

t h e  f l o o d p l a i n  uses were t h e  same i n  78 pe rcen t  o f  t h e  subbasins.  The changes 

t h a t  d i d  occur  were d i r e c t l y  p r e d i c t a b l e  i n  a l l  b u t  a  couple o f  cases. As 

damages increased,  t h e r e  were more subbasins w i t h  nonurban uses i n  f l o o d p l a i n s  

and more w i t h  de ten t i on .  These r e s u l t s  i n d i c a t e  t h a t  a  s u f f i c i e n t  p o r t i o n  

o f  t h e  dynamic programming s o l u t i o n  i s  s t a b l e  t o  be u s e f u l  f o r  choosing sub- 

bas ins o f  h i ghe r  p r i o r i t y  f o r  d e t e n t i o n  o r  f l o o d p l a i n  r e s t r i c t i o n  as i n  t h e  

implementat ion s t r a t e g y  suggested above. 

Tab le  1.3 S e n s i t i v i t y  w i t h  Respect t o  Damage Est imates 

To ta l  D ischarge 
Economic Rent i n  1000 c f s  
i n  $1,000,000 

3% d i scoun t  r a t e  852 26.06 
5% d i scoun t  r a t e  853 19.84 

10% d i scoun t  r a t e  863 19.84 



1  .6 Conclusions 

The modeling approach developed here provides use fu l  i n s i g h t s  by 

demonstrat ing t h e  interdependence a r i s i n g  among 1  and uses i n  f l o o d p l a i n  and 

non- f loodp la in  pa rce l s  i n  t h e  H ickory  Creek Watershed. Although t h e  r e s u l t s  

repor ted  here should n o t  be construed as being d i r e c t l y  app l i cab le  t o  the  

r e a l  s i t u a t i o n ,  they  do prov ide a  useful  bas is  f o r  f u r t h e r  cons idera t ion  o f  

a l t e r n a t i v e  p o l i c i e s .  Floodproof ing, channel improvement, o r  removal o f  urban 

uses frorn some f l oodp la in  areas w i l l  almost c e r t a i n l y  be requ i red  i n  an ef fec-  

t i v e  p o l i c y  if t h e  watershed becomes l a r g e l y  urbanized. The choice among these 

th ree  opt ions  cou ld  be incorporated i n t o  t h e  model w i t h i n  i t s  cu r ren t  s t r u c -  

t u re .  Evert w i t h  de ten t ion  i n  accordance w i t h  t h e  MSD ordinance, e x i s t i n g  

land uses i n  t h e  f l o o d p l a i n  should be modi f ied.  P o l i c i e s  t h a t  s imply r e s t r i c t  

f u r t h e r  f l o o d p l a i n  development w i l l  n o t  be o f  much use because t h e  f l o o d p l a i n  

i s  a1 ready devel oped beyond densi ti es app rop r ia te  f o r  expected r u n o f f .  

The t a r g e t  s o l u t i o n  found us ing t h e  dynamic programming model i s  a  

usefu l  re fe rence f o r  comparing t h e  success o f  a l t e r n a t i v e  p o l i c i e s .  More 

i n ~ p o r t a n t l y ,  t h e  model s o l u t i o n  should prove usefu l  i n  gu id ing  t h e  implemen- 

t a t i o n  o f  one o r  more o f  t h e  t r a d i t i o n a l  p o l i c i e s  by i n d i c a t i n g  p r i o r i t y  

areas f o r  de ten t i on  o r  f o r  m o d i f i c a t i o n  of f l o o d p l a i n  land uses. The op t im i -  

z a t i o n  rr~odel a l s o  shows t h a t ,  a t  l e a s t  i n  t h i s  case, t he re  i s  interdependence 

i n  l and  use a l l o c a t i o n  f o r  f l o o d p l a i n  managment. A good s o l u t i o n  inc ludes 

some reduc t i on  o f  c u r r e n t  l and  uses i n  t he  f l o o d p l a i n  and some p r o v i s i o n  o f  

de ten t ion .  Th is  means t h a t  de terminat ion  o f  good s o l u t i o n s  through l and  use 

a1 1  oca t i on  models t h a t  take  account o f  t h i s  interdependence may be worthwhi l e ,  

e s p e c i a l l y  i f  p o l i c y  instruments can be developed so t h a t  such t a r g e t s  can be 

achieved w i t h o u t  g rea t  investment o f  resources i n  t h e  process o f  implementation. 



CHAPTER 2 ESTIMATING BID PRICES FOR LAND USING TREND SURFACE ANALYSIS 

2.1 The B i d  P r i c e  O b j e c t i v e  f o r  Land Use A l l o c a t i o n  

One approach t o  choosing t a r g e t  l a n d  use p lans  i s  t o  maximize t h e  

aggregate b i d  p r i c e  f o r  land .  (E.g . , see Alonso, 1964; He rbe r t  and Stevens, 

1960; L ind ,  1973.) The b i d  p r i c e  ( o r  b i d  r e n t )  i s  t h e  amount an i n d i v i d u a l  

o r  f i r m  would be w i l l i n g  t o  pay f o r  a  p a r t i c u l a r  s i t e  t o  use i t  f o r  a  par -  

t i c u l a r  purpose. The r e s u l t i n g  a1 l o c a t i o n  wi 11 y i e l d  t he  maximum u t i  1  i t y  

( o r  p r o d u c t i v i t y )  a t t a i n a b l e  from t h e  l and  g i ven  c o n d i t i o n s  on t he  model . 
It i s ,  however, d i f f i c u l t  t o  o b t a i n  v a l i d  b i d  p r i c e  da ta  f o r  a  g i ven  l a n d  use 

problem. The p r imary  purpose o f  t h i s  chap te r  i s  t o  r e p o r t  an exper iment 

w i t h  t r e n d  sur face  a n a l y s i s  as an ope ra t i ona l  means f o r  o b t a i n i n g  b i d  p r i c e  

data f o r  use i n  a  l and  use a l l o c a t i o n  model. The b a s i c  i dea  i s  t o  d e r i v e  a  

b i d  p r i c e  su r f ace  f o r  each use, i .e., a  d e s c r i p t i o n  o f  t h e  s p a t i a l  v a r i a t i o n  

i n  b i d  p r i c e  as i f  i t  were t h e  topography o f  t h e  reg ion ,  presented, f o r  

example, as a  con tour  map. The model f o r  which t h i s  da ta  was developed 

must be descr ibed  b r i e f l y  f i r s t  t o  e s t a b l i s h  t h e  assumptions on which t h e  

da ta  should be developed. Then t h e  procedure and r e s u l t s  f o r  t r e n d  

su r f ace  a n a l y s i s  o f  assessed va lue  da ta  t o  generate b i d  p r i c e  sur faces  a r e  

presented. 

2.1.1 A Land Use A1 l o c a t i o n  Model f o r  F l o o d p l a i n  Management. 

The problem i s  t o  f i n d  e f f i c i e n t  a l l o c a t i o n s  o f  l a n d  uses t o  l a n d  

parce ls .  I t  i s  assumed t h a t  new development i n  t h e  watershed a f fec ts  t h e  

r a t e  o f  r u n o f f  and t h e r e f o r e  t h e  peak f l ows  o f  f l o o d s .  I t  i s  a l s o  assumed 

t h a t  t he  damage w i t h i n  t h e  f l o o d p l a i n  i s  a  f u n c t i o n  o f  t h e  l a n d  use l oca ted  

t h e r e  and t h e  l e v e l  o f  peak f l ows .  T h i s  r e l a t i o n s h i p  between l a n d  uses on 

t h e  f l o o d p l a i n  and l a n d  uses i n  t h e  r e s t  of  t h e  watershed i s  t he  f a m i l i a r  
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e x t e r n a l i t y  problem. Baumol ' s  (1972) r e s u l t  t h a t  an op t ima l  a l l o c a t i o n  

wi 11 n o t  r e s u l  t from inc rementa l  adjustments,  even wi t h  e x t e r n a l  i ty taxes, 

has been shown i n  a p rev ious  paper (Hopkins e t  a1 .,1976) t o  app l y  t o  t h i s  

case; a t a r g e t  a l l o c a t i o n  should be chosen. Therefore, a dynamic programming 

model was dev ised t o  a l l o c a t e  l a n d  uses so as t o  maximize aggregate b i d  

p r i c e  th roughout  t h e  watershed w i t h  b i d  p r i c e s  i n  t h e  f l o o d p l a i n  be ing  n e t  

of  expected damages caused by t h e  r u n o f f  r e s u l t i n g  f rom the  l and  uses l o c a t e d  

i n  t h e  remainder of t h e  watershed (Hopki ns e t  a1 . , 1978) . 
The model a l l o c a t e s  d i s c r e t e  l a n d  use d e n s i t y  c lasses,  which imp1 i e s  a 

f i x e d  r a t i o  o f  c a p i t a l  t o  l a n d  w i t h i n  a l and  use c l a s s  rega rd less  of  b i d  p r i c e  

f o r  land.  However, t h e  use o f  a range o f  l a n d  use d e n s i t y  c lasses  i s  equ i va len t  

t o  an a c t i v i t y  a n a l y s i s  approach i n  which cont inuous v a r i a t i o n  i n  t h e  r a t i o  of 

c a p i t a l  t o  l a n d  i s  approximated by d i s c r e t e  c lasses.  Each d e n s i t y  c l a s s  has a 

separate b i d  p r i c e  su r f ace  so t h e  d i s c r e t e  c lasses  approximate a cont inuous model. 

The model assumes a h o r i z o n t a l  demand curve  f o r  each l a n d  use c l a s s  

f o r  t h e  g i ven  p a t t e r n  o f  p r i c e s .  Therefore,  b i d  p r i c e  remains cons tan t  regard-  

l e s s  of t h e  amount of any l a n d  use c l ass  l oca ted .  T h i s  assumption i m p l i e s  

t h a t  t he  commodity, i n  t h i s  case land,  i s  be ing  s o l d  i n  a marke t  o f  which t h e  

s tudy  area i s  a s u f f i c i e n t l y  smal l  subarea t h a t  i t  does n o t  a f f e c t  p r i c e  o r  

supply .  (See, e.g., Greenberg e t  a1 ., 1974.) The l a n d  use a l l o c a t i o n  model 

has been developed f o r  t h e  100 square m i l e  H ickory  Creek watershed on t h e  f r i n g e  

of m e t r o p o l i t a n  Chicago. The s tudy  r e g i o n  i s  argued t o  be a s u f f i c i e n t l y  smal l  

p o r t i o n  o f  t h e  t o t a l  f r i n g e  area t h a t  t h e  h o r i z o n t a l  demand assumption c o n s t i -  

t u t e s  an ope ra t i ona l  l y  usefu l  approx imat i  on. Land uses coul  d f i nd a1 te rna-  

t i v e  l o c a t i o n s  o u t s i d e  t h e  s tudy  area. There would a l s o  be s u f f i c i e n t  t o t a l  

demand i n  t h e  metropol  i t a n  area t h a t  b i dde rs  f o r  any one l a n d  use c l ass  cou ld  

f i l l  t h e  e n t i r e  s tudy  r e g i o n  w i t h o u t  changing t h e i r  w i l l i n g n e s s  t o  pay. Th i s  

approach i s  analogous t o  Wheaton's (1974a) concept o f  an open c i  t y - - u t i l  i ty 

l e v e l s  g i ven  and popu la t i on  determined by t h e  model. Such an assumption m igh t  
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not be satisfactory for  certain land uses, such as recreation, b u t  value 

of recreation land was not estimated by th i s  technique. 

The horizontal demand assurr~ption I s  important because i t  makes the 

f loodpl ,~in,  external i ty probl err1 feasible to solve through dynamic programming. 

Without i t ,  additional s t a t e  variables would be required to represent aggregate 

quantities of each land use; such additional s t a t e  variables would render the 

problem too 1 arge to be solved practical ly . 

2 . 1 . 2  Current Land Values as Estimators of Bid Price 

The use of current land price data to estimate bid prices for  particular 

land uses requires assumptions about consumers ' surplus, population growth, 

external i t i e s ,  and capital ization of future expectations. If the imp1 ications 

of these assumptions are understood and kept in mind, bid price data estimated 

in th i s  way can be adequate for  policy analysis using land use allocation models. 

The model allocates uses to land so as t o  maximize the sum of the bid 

prices. This objective i s  a valid economic efficiency measure because the 

bid prices are  equivalent to  willingness to  pay. The bid prices used in the - 

model are thus not equivalent to resulting land prices unless the market structure 

i s  such that  there i s  no consumers' surplus. To use current land price data 

t o  estimate bid price requires ei ther  the addition of consumers' surplus, somehow 

rr~easured and obtained separately, or the assertion that consumers ' surplus i s  

everywhere zero in the existing land use pattern from which land price data 

are taken. 

For the present situation i t  i s  plausible to argue that  consumers' surplus 

in the existing land use patterns i s  l ikely to be very small. The theoretical 

requirement for  consumers' surplus to be zero i s  that for  every bidder who 

does win land there be a t  least  one potential land bidder who does not win land 

and who has a u t i l i t y  function identical to  that of the winner. In th i s  way 



t h e r e  would always be another  b i d d e r  w a i t i n g  i n  t he  wings t o  o u t b i d  any l and  

b i d d e r  who d i d  n o t  b i d  h i s  f u l l  w i l l i n g n e s s  t o  pay. Given t h a t  t h e  s tudy 

r e g i o n  i s  a  s e c t o r  o f  t h e  m e t r o p o l i t a n  f r i n g e  i n  Chicago, i t  i s  reasonable 

t o  argue t h a t  t h i s  requi rement  i s  approx imate ly  met. There are,  f o r  example, 

p l e n t y  of r e s i d e n t s  o f  any one t ype  buy ing  l and  i n  o t h e r  sec to r s  of  t h e  

m e t r o p o l i t a n  f r i n g e  who would s h i f t  t o  t h e  H i cko ry  Creek s e c t o r  if bidde rs  

f o r  s i m i l a r  types of r e s i d e n t i a l  developments t h e r e  d i d  n o t  b i d  t h e i r  f u l l  

w i l l i n g n e s s  t o  pay. Cur ren t  land  va luesa re ,  t h e r e f o r e ,  accepted as reasonable 

es t ima to rs  of w i l l i n g n e s s  t o  pay, a t  l e a s t  f o r  t h e  broad l and  use c lasses and 

l e v e l  of  s p a t i a l  p r e c i s i o n  of t h e  p resen t  s tudy .  

The assumption of  h o r i z o n t a l  demand curves and t h e  e s t i m a t i o n  o f  

r eg iona l  b i d  p r i c e  t rends  f o r  p a r t i c u l a r  l and  use c lasses f rom e x i s t i n g  l a n d  

p r i c e s  r e q u i r e  assumptions w i t h  r espec t  t o  p o p u l a t i o n  growth. I n  an urban 

f r i nge ,  t h e r e  a r e  many areas o f  noncont inuous growth. When a  t r e n d  sur face  

i s  est imated,  p a r c e l s  t h a t  have n o t  y e t  been developed w i l l  be es t imated  t o  

have b i d  p r i c e s  f o r  a  p a r t i c u l a r  d e n s i t y  s i m i l a r  t o  t he  b i d  p r i c e s  of  t h e  

a1 ready developed pa rce l s  o f  t h a t  dens i t y .  Th i s  i n t e r p o l a t i o n  e f f e c t  i s  

d e s i r a b l e  f o r  t h e  p resen t  purpose. The i m p l i e d  assumption o f  s u f f i c i e n t  

p o p u l a t i o n  growth t o  f i l l  i n  e x i s t i n g  areas t h a t  have development p o t e n t i a l ,  

b u t  a re  n o t  c u r r e n t l y  i n  t h a t  l a n d  use, i s  based on t h e  expec ta t i on  of major  

inc reases  i n  developed area over  t h e  nex t  f i f t y  years .  T h i s  p o p u l a t i o n  growth 

i s  a l s o  c o n s i s t e n t  w i t h  t h e  assumption o f  a  h o r i z o n t a l  demand curve f o r  each 

l a n d  use c l ass .  

The use o f  c u r r e n t  p r i c e s  i m p l i e s  t h a t  t he  forms and t he  r e l a t i v e  

l e v e l s  among b i d  p r i c e  sur faces a t  t h e  p resen t  w i l l  be preserved i n  t h e  fu tu re .  

If t h e r e  were a  1  i m i t e d  supp ly  of land ,  one would expect  t he  b i d  p r i c e  surface 



f o r  h i g h e r  d e n s i t y  uses t o  r i s e  r e l a t i v e  t o  l o w e r  d e n s i t y  uses as p o p u l a t i o n  

inc reased .  T h a t  i s ,  t h e  b i d  p r i c e  s u r f a c e  f o r  h i g h e r  d e n s i t y  use would  have 

t o  r i s e  so t h a t  t h e  i n c r e a s e d  p o p u l a t i o n  c o u l d  s u c c e s s f u l l y  compete f o r  s i t e s .  

S i m i l a r l y ,  if demand were n o t  h o r i z o n t a l  f o r  each l a n d  use c l a s s ,  t h e r e  would 

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

and demand f o r  d i f f e r e n t  l a n d  use c l a s s e s .  The h o r i z o n t a l  demand c u r v e  

assumpt ion t h u s  o b v i a t e s  t h e  need f o r  a  genera l  e q u i l i b r i u m  model t h a t  would  

o t h e r w i s e  be r e q u i r e d .  (See f o r  example Wheaton, 1974a.) The use o f  t r e n d  

su r face  a n a l y s i s  i n  t h e  p r e s e n t  c o n t e x t  w i l l  smooth c u r r e n t  l a n d  p r i c e s  and 

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

r e v e a l e d  a t  t h e  l o c a l i z e d  l e v e l .  T h i s  smooth ing i s  c o n s i s t e n t  w i t h  t h e  s h i f t  

d u r i n g  urban f r i n g e  deve l  oprnent f r o m  s c a t t e r e d  smal l towns t o  r e 1  a t i v e l y  

homogeneous surburban development.  There fo re ,  t h e  forms o f  t h e  b i d  p r i c e  

s u r f a c e s  d e r i v e d  t h r o u g h  t r e n d  s u r f a c e  a n a l y s i s  do n o t  t a k e  c u r r e n t  forms 

i n t o  t h e  f u t u r e  unchanged. A l though  t h e  smoothinq i s  n o t  measured, t h e  

change i s  a t  l e a s t  i n  t h e  r i g h t  d i r e c t i o n .  

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

e x t e r n a l  e f f e c t s ,  o t h e r  t h a n  t h e  f l o o d i n g  e f f e c t  t h a t  i s  i n c l u d e d  i n  t h e  model, 

remain  c o n s t a n t .  The b i d  p r i c e s  i n c o r p o r a t e  e x t e r n a l  e f f e c t s  f r o m  t h e  e x i s t i n g  

l a n d  use p a t t e r n ,  b u t  n o t  f r o m  t h e  f u t u r e  l a n d  use p a t t e r n .  T h i s  l i m i t a t i o n  i s  

a c c e p t a b l e  if t h e  b a s i c  s t r u c t u r e  o f  t h e  s t u d y  a rea  i s  a l r e a d y  e s t a b l i s h e d .  I n  

t h e  H i c k o r y  Creek watershed, t h e  m a j o r  nodes of  e x t e r n a l  e f f e c t - - f o r  example, 

i n d u s t r y  on t h e  s o u t h  and e a s t  s i d e s  o f  J o l i e t  and a l o n g  t h e  Des ~ i a i n e s  R i v e r ,  

i n t e r s t a t e  highway in te rchanges ,  and m a j o r  commercial nodes--are g e n e r a l l y  i n  

p l a c e .  If someth ing ana logous t o  H o y t ' s  (1939) s e c t o r a l  t h e o r y  o f  growth i s  

an a p p r o p r i a t e  concep tua l  model, t h e n  t h e  f u t u r e  b i d  p r i c e s  f o r  p a r t i c u l a r  

l a n d  use c l a s s e s  w i  11 e v o l v e  s p a t i  a1 l y  from c u r r e n t  p a t t e r n s .  W i t h  t h e s e  



assumptions, r e l a t i v e  reg iona l  b i d  p r i c e  t r ends  w i l l  tend  t o  be cons tan t  w i t h  

respec t  t o  e x t e r n a l  e f fec ts .  Fu tu re  development of a  ma jo r  new i n d u s t r i a l  o r  

commercial node, such as a  r e g i o n a l  a i r p o r t ,  would o f  course i n v a l i d a t e  t h i s  

assumption. 

The use of c u r r e n t  land  va lues t o  es t imate  b i d  p r i c e s  f o r  p a r t i c u l a r  

uses r e q u i r e s  t h a t  these l a n d  va lues rep resen t  t h e  p resen t  wor th  of  the  stream 

of f u t u r e  b e n e f i t s  f o r  t h e  c u r r e n t  use and n o t  f o r  some f u t u r e  use. For example, 

if one were t r y i n g  t o  es t imate  t h e  b i d  p r i c e  su r f ace  f o r  low d e n s i t y  r e s i d e n t i a l  

Parce ls  from l a n d  va lues f o r  e x i s t i n g  low d e n s i t y  pa rce l s ,  t h e  c u r r e n t  l and  va lues  

of these p a r c e l s  must n o t  represen t  va lue  f o r  p o t e n t i a l  redevelopment a t  h i g h e r  

d e n s i t i e s .  For  t h i s  reason, assessed l a n d  va lues have a  p o t e n t i a l  advantage 

over  da ta  from c u r r e n t  s a l  es t r a n s a c t i o n s .  Assessed 1  and va lue,  separated from 

assessed va lue  of improvements, tends t o  underest imate t h e  va lue  o f  a  parce l  of 

l a n d  t h a t  i s  c u r r e n t l y  developed b u t  t h a t  cou ld  be redeveloped a t  a  h i g h e r  

d e n s i t y  use. There i s  no easy way t o  con f i rm t h i s  asse r t i on ;  i t  was p o i n t e d  o u t  

by a  county  assessor and suppor ted by obse rva t i on  o f  t h e  da ta .  T h i s  assessment 

p a t t e r n  means t h a t  assessed l a n d  va lues f o r  improved p r o p e r t i e s  do n o t  r ep resen t  

va lue  f o r  a  f u t u r e  use, b u t  f o r  t h e  p resen t  use. There i s  one obvious excep t ion ,  

a g r i c u l t u r a l  l and .  One cou ld  surmise t h a t  because a g r i c u l t u r a l  l a n d  has no 

obso le te  improvements t o  hamper redevelopment and no improvements t o  which t o  

a s c r i b e  t h e  apparent  value, a g r i c u l t u r a l  l a n d  i s  more l i k e l y  t o  be assessed i n  

p a r t  on development p o t e n t i a l .  

Sales t r ansac t i ons  data,  on t h e  o t h e r  hand, a r e  more l i k e l y  t o  r e f l e c t  

expected changes i n  l a n d  use, b u t  these  expec ta t ions  a r e  one l i k e l y  cause of 

sa les .  Sales p r i c e s  a re  f r e q u e n t l y  argued t o  have advantages over  assessed 

va lues because t h e  former  r e s u l t  d i r e c t l y  f rom market  t r ansac t i ons .  Keeping i n  

mind t h a t  most sa les  r e l y  on an app ra i sa l  t o  determine an a p p r o p r i a t e  p r i c e  

and an a p p r a i s a l  f o r  approval  o f  f i n a n c i n g ,  i t  i s  n o t  c l e a r  t h a t  t h e r e  i s  a  

g r e a t  d i f f e r e n c e  between sa les  p r i c e s  and assessed va lues i n  t h e  aggregate.  
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f i n d i n g  data f o r  a  range of land use types i n  a  m ix tu re  o f  urban and nonurbar~ 

areas i s  l i k e l y  t o  be p r o h i b i t i v e .  There have been many regress ion  s tud ies  o f  

land o r  improvements value f o r  appra isa l  purposes, b u t  these are  general l y  f a r  

too  d e t a i l e d  i n  na ture  t o  make b i d  p r i c e  est imates f o r  f u t u r e  uses a t  the  

reg iona l  l e v e l  . 
C l  onts ( 1970) p red i c ted  va l  ues o f  subdiv ided improved, subdivided 

unimproved, and r u r a l  l o t s  w i t h  respect  t o  va lue o f  improvements, d is tance t o  

urban per iphery,  d is tance t o  highway, f r o n t  f e e t ,  and s i z e  o f  pa rce l .  Al though 

he obta ined very h igh  R2 values, most o f  t he  exp lanat ion  r e s u l t e d  from v a r i a t i o n  

i n  l o t  s ize .  That i s ,  the  p r i c e  o f  l o t s  was s t r o n g l y  determined by t h e i r  s i ze .  

C l o n t ' s  regressions f o r  va lue per - acre o f  a g r i c u l t u r a l  land y i e l d e d  an R2 of 

.543. Th i s  l a t t e r  f i g u r e  i s  t h e  more appropr ia te  benchmark w i t h  which t o  

compare t h e  t r e n d  sur face r e s u l t s  presented below. Hushak (1975) p red i c ted  the  

p r i c e  g rad ien t  f o r  urban-rura l  f r i n g e  land w i t h  f o u r  d i f f e r e n t  equat ions y i e l d i n g  

R2 values rang ing  from .477 t o  .710. Although Hushak's s tudy y i e l d e d  some use- 

f u l  r a t e s  o f  change t h a t  cou ld  be used i n  an es t ima t ion  o f  s i t e  c o s t  d i f f e r e n t i a l s ,  

i t  p red i c ted  the  e q u i l i b r i u m  p r i c e  g r a d i e n t  of t h e  uses t h a t  d i d  l o c a t e  i n  each 

parcel, n o t  t h e  b i d  p r i c e  curves f o r  each i n d i v i d u a l  1  and use i r~ each parcel  as 

requ i red  i n  land use a l l o c a t i o n  models. 

Trend Surface Analys is  o f  Assessed Value Data 

Given t h e  l a r g e  study area and t h e  r e l a t i v e l y  coarse system of subbasins 

(approximately two square m i les )  t o  which land uses were t o  be assigned by the 

rnodel , f i t t i n g  of t rends t o  assessed value data appeared t o  be a  poss ib le  a1 t e r -  

na t i ve .  Assessed value data i n  I l l i n o i s  i s  conven ien t ly  referenced t o  a  g r i d  

o f  qua r te r  sec t ions  (160 acres)  hy t h e  t a x  parce l  numbering system. Th is  re fe r -  

ence system makes i t  poss ib le  t o  determine e a s i l y  the  mean assessed value of land 

per acre  i n  any qua r te r  sec t ion .  By then determin ing the e x i s t i n g  land use type 
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o f  each qua r te r  sect ion,  t he  study area can be d i v ided  i n t o  se ts  o f  quar te r  

sect ions,  one s e t  f o r  each cu r ren t  l and  use type.  Trend sur faces can then be 

computed t o  i n t e r p o l a t e  t h e  values f o r  q u a r t e r  sec t ions  i n  which a  p a r t i c u l a r  

use does no t  c u r r e n t l y  occur.  The qua r te r  s e c t i o n  data can then be aggregated 

t o  the  subbasins f o r  use i n  the  l and  use a1 l o c a t i o n  model . 
The problem i s  t o  i n t e r p o l a t e  assessed l and  values as surrogates of 

b i d  p r i c e  f o r  a  p a r t i c u l a r  use over  q u a r t e r  sect ions i n  which t h a t  use does no t  

c u r r e n t l y  occur. Other i n t e r p o l a t i o n  a1 g o r i  thms, such as an i nve rse  weighted 

mean of a  s p e c i f i e d  number o f  nearest neighbor po in ts ,  might  be considered. 

For example, t h e  value f o r  low dens i t y  r e s i d e n t i a l  m ight  be computed as t h e  

mean of the  assessed land values i n  t he  nearest  n ine  qua r te r  sec t ions  t h a t  were 

c u r r e n t l y  low dens i t y  r e s i d e n t i a l ,  t he  va l  ue i n  each o f  t he  n ine  q u a r t e r  sect ions 

being weighted i n v e r s e l y  by i t s  d is tance from t h e  q u a r t e r  s e c t i o n  f o r  which the  

value was being i n te rpo la ted .  An a t t r a c t i o n  of t h i s  approach i s  t h a t  there  

are  no s t a t i s t i c a l  assumptions requi red.  

However, t he  d i  f f  i cul  t i e s  t h a t  one woul d  expect deduc t i ve l y  rendered 

t h e  i nve rse  weighted mean approach i napprop r ia te  as conf irmed by some i n -  

formal t r i a l  s. Consider t h e  ub iqu i tous  ( i n  theory, no t  r e a l i t y )  monocentric 

urban form. For a  g iven land use dens i ty  c lass  there  would be data po in t s ,  

t h a t  i s  observat ions f o r  a  cu r ren t  land use, i n  one r i n g .  The b i d  p r i c e  

a t  t h e  cen te r  as i n t e r p o l a t e d  f o r  t h i s  use would be the  i n v e r s e l y  weighted 

mean o f  t he  values i n  t h e  r i n g .  The i n t e r p o l a t e d  value a t  t h e  center  would, 

there fore ,  be e x a c t l y  t he  same as t h e  value i n  t h e  r i n g  because the  observa- 

t i o n s  a r e  a l l  e q u i d i s t a n t  from the  center .  However, theory  i n d i c a t e s  t h a t  

t h e  b i d  p r i c e  f o r  t h a t  use would increase toward the  center .  Therefore, the  

inverse  weighted mean approach was r e j e c t e d  as being conceptua l ly  inappropr ia te .  



Cont inuing t h e  monocentric example, i f  the  r i n g  o f  a p a r t i c u l a r  land use 

type i s  a f i n i t e  width, as i n  t he  case o f  d i s c r e t e  l and  use classes, t he re  would be 

a t rend  w i t h i n  t h a t  r i n g ,  which would be ex t rapo la ted .  Given an appropr ia te  func- 

t i o n ,  t h i s  e x t r a p o l a t i o n  would p r e d i c t  values a t  t he  center  t h a t  would be h igher  

than those 1~1 the  r i n g  i n  keeping w i t h  the  p r e d i c t i o n s  from l o c a t i o n  theory.  

The use of t rend  surface ana lys i s  i n  t h i s  case serves two purposes. It 

p r e d i c t s  valbes a t  po in t s  f o r  which there  a r e  no data, and i t  separates t h e  reg iona l  

t rend  from l o c a l  ef fects t h a t  would n o t  be preserved under r e l a t i v e l y  complete 

surburban development. This  a p p l i c a t i o n  i s  thus i n  t he  gray area between s imple 

d e s c r i p t i v e  general i z a t i o n  and formal hypothesis t e s t i n g .  There i s  no t h e o r e t i c a l  

bas is  f o r  a f i r m  hypothesis as t o  the  f u n c t i o n a l  form o f  the p r e d i c t i o n  equat ion. 

Nor i s  t he re  any i n t e r e s t  i n  p rov ing  t h a t  a p a r t i c u l a r  form i s  a good one. However, 

I n  o rder  t o  i n t e r p o l a t e  and t o  separate a reg iona l  trend, a f u n c t i o n a l  form must be 

chosen. D i f f e r e n t  funct ions w i l l  i n t e r p o l a t e  d i f f e r e n t  values and separate d i f f e r -  

en t  reg iona l  trends. I n  t h e  present  a p p l i c a t i o n ,  t h e  study area i s  a mu1 t i n u c l e a t e d  

urban f r i n g e  so t h a t  s imple funct ions based on a r a d i a l  d is tance from a center  would 

n o t  apply.  The po lar -coord ina te  Four ie r  s e r i e s  model proposed by ~ i c c i  e t  a1 . * 
(1979) would n o t  be appropr ia te  here because i t  assumes a s i n g l e  node w i t h  

respect  t o  which land values vary i n  a p red i c tab le  fashion. For want o f  an 

a l t e r n a t i v e  funct ion,  t he  t r a d i t i o n a l  polynomial sur faces used i n  most t rend 

s'urface analyses were used. 

There i s  some bas is  f o r  choosing among polynomials o f  d i f f e r e n t  

degrees I f  one accepts t h e  polynomial as an appropr ia te  func t i on .  A polynomial 

of degree n w i l l  generate a sur face w i t h  n-1 maxima o r  minima, One would 

expect a second degree polynomial w i t h  one maximum t o  g i v e  t h e  bes t  f i t  f o r  

data fo r  a monocentric c i t y .  I n  the  Hickory Creek watershed, t h e  expected 

p a t t e r n  o f  maxima i s  l e s s  obvious. (See F igure  2.1 . )  I n i t i a l  expectat ions 

were t h a t  values would tend t o  increase toward Chicago and toward Jo l  i e t  
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w i t h  up t o  t h r e e  a d d i t i o n a l  maxima depending on t h e  p a r t i c u l a r  l a n d  use 

d e n s i t y  c l a s s .  For h i ghe r  d e n s i t y  uses, one would expect a  s teeper  b i d  p r i c e  

g r a d i e n t  around in terchanges o r  towns. A peak i n  t h e  b i d  p r i c e  su r f ace  

migh t ,  t h e r e f o r e ,  show up f o r  h i q h e r  d e n s i t y  uses b u t  n o t  f o r  lower  d e n s i t y  

uses. 

Because t h e r e  was no bas i s  f o r  u s i n g  s t r i c t  hypo thes is  t e s t i n g ,  t h e  

choice of t h e  degree o f  polynomial  f o r  a  p a r t i c u l a r  use was based on f o u r  cons id -  

e r a t i o n s .  F i r s t ,  t h e r e  was an app ' ropr ia te  degree based on t h e  expected number o f  

p o t e n t i a l  minima a r ~ d  maxima. Second, F  t e s t s  o f  s i g n i f i c a n c e  of t h e  equat ion  f o r  

a  g i ven  degree and of t h e  improvement o f  t h e  degree over  t h e  n e x t  lower  degree 

were computed. Th i rd ,  t h e  r e s u l t i n g  s p a t i a l  p a t t e r n  was mapped and cons idered i n  

l i g h t  of  s e n s i b l e  b i d  p r i c e  p a t t e r n s  f o r  t h e  s tudy  area.  F i n a l l y ,  t h e  r e s i d u a l s  

f o r  t h e  chosen surfaces were p l o t t e d  t o  determine i n f o r m a l l y  whether t h e r e  was 

s p a t i a l  a u t o c o r r e l a t i o n  among r e s i d u a l s  t h a t  would i n v a l i d a t e  t h e  i n t e r p r e t a t i o n  

o f  t h e  b i d  p r i c e  sur faces .  

It i s  i n h e r e n t  i n  t h e  proposed approach t h a t  da ta  p o i n t s  w i l l  be 

f r equen t  i n  some areas, where t h e  l a n d  use c u r r e n t l y  e x i s t s ,  and sparse o r  non- 

e x i s t e n t  i n  o thers .  S t a t i s t i c a l  t heo ry  i n d i c a t e s  t h a t  t h e  da ta  p o i n t s  shou ld  be 

randomly chosen. However, i n  t h i s  case, as i n  many a p p l i c a t i o n s  o f  t r e n d  surface, 

random sampl ing i s  imposs ib le  because t h e  data s e t  i s  g i ven  ( t h e  s e t  of q u a r t e r  

sec t i ons  c u r r e n t l y  i n  a  g i ven  l a n d  use c l a s s )  and i s  so smal l  t h a t  sampl ing from 

i t  would e l i m i n a t e  t o o  much o f  t h e  i n f o r m a t i o n  con ten t .  

It has been argued t h a t  data p o i n t s  t h a t  a r e  c l u s t e r e d  r a t h e r  t han  

random o r  un i f o rm  may l e a d  t o  d i s t o r t i o n s  o f  t h e  su r f ace  as w e l l  as i n v a l i d i t y  

o f  t e s t s  o f  s i g n i f i c a n c e .  There i s  disagreement as t o  whether o u t l i e r s  a r e  g i ven  

undue.weight (Unwin, n.d.)  o r  c l u s t e r s  a r e  g i ven  undue we igh t  (Davis,  1973). I n  

e i t h e r  case, exper iments by Ooveton and Pa rs l ey  (1970) show t h a t  as long  as t h e r e  

a r e  some data p o i n t s  i n  a l l  p a r t s  o f  t h e  s tudy  reg ion ,  c l u s t e r e d  da ta  w i l l  n o t  
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grossly d is tor t  the surface. This resul t  i s  especially true for  lower order 
! 
1 , surfaces with relatively l i t t l e  noise in the data. Since the resul ts  reported 

below have relatively poor f i t s  and are of order three and above, an experiment 
I 

was conducted for  one of the land use classes to determine the effect  of a less  

I clustered pattern of data points. The de ta i l s  are reported below. In summary, 
I 

there was 1 i t t l e  effect  on the surface and there was 1 i t t l e  basis for  choosing 

! one modification of the data over another. For these reasons, the data were 

used in the i r  original form. 
L 
i Each data se t  includes a range of mean parcel sizes for  quarter sections 

I because the land use classes are discretely defined. Therefore, the polynomial - 

trend equation was augmented by the parcel s ize variable t o  control for  the 

1, 
i variation in parcel size within each land use class.  The bid price surfaces 

were then predicted using the mean parcel size of the land use class in the 

regression equation. 

2.4 Procedure 

The land use allocation model requires discrete land uses defined with 

respect to  bid price, impervious surface, and susceptibili ty to  flood damage 

(Hopki ns e t  a1 . 1978). The s ix basic 1 and use types, defined by the i r  mean 

density, are 1 i sted in Tab1 e 2 . 1 .  The model a1 locates only one 1 and use to  each 

subbasin, and the subbasins are approximately two square miles. Therefore, these 

descriptors should be considered labels for  general land use intensity classes 

rather than narrowly defined land use types. Schools and community shopping 

centers are  included within the residenti a1 categories, for  example. Urban 2, one 

dwelling unit ( d u )  per acre, might resul t  from a mix of higher and lower density 

in a subbasin. The problem of estimating recreation land value presents a special 

case that i s  not addressed here. Originally a fourth residential density class 

was considered, b u t  i t  seldom occurred in the study region, and most cases were 

very close to the-class  boundary with Urban 3. Therefore, i t  was subsumed within 

the Urban 3 and Urban 4 land use classes. 



Table 2.1 

Land Use Categor ies 

Category D e s c r i p t i o n  

Urban 1  .2 d w e l l i n g  u n i t s  p e r  ac re  

Urban 2 1  d w e l l i n g  u n i t  pe r  a c r e  

Urban 3 2.75 d w e l l i n g  u n i t s  pe r  a c r e  

Urban 4 Grea te r  than 6 d w e l l i n g  u n i t s  pe r  
a c r e  o r  i n d u s t r i a l  o r  commerical 

A g r i c u l t u r e  

Recrea t i on 

2.4.1 Data P repa ra t i on  

For  t h e  p o r t i o n  of t h e  watershed f a l l i n g  w i t h i n  W i l l  County, I l l i n o i s ,  
'i 

assessed va lues f o r  l a n d  were ob ta ined  from computer f i l e s  ar ranged by t a x  pa rce l  I 

numbers. The r~umbers a r e  s t r u c t u r e d  so t h a t  pa rce l s  can be r e a d i l y  c l a s s i f i e d  i 
i by q u a r t e r  sec t i on .  From t h i s  f i l e ,  t h e  mean parce l  s i z e  was computed f o r  each 

q u a r t e r  s e c t i o n  by d i v i d i n g  t he  t o t a l  area ( u s u a l l y  160 ac res )  by t h e  number of  i 
parce ls .  Adjustments, some ex tens i ve  and ted ious ,  were made t o  c o r r e c t  t h e  

4 

q u a r t e r  s e c t i o n  areas t o  account f o r  pa rce l s  t h a t  over lapped i n t o  ad jacen t  

q u a r t e r  sec t i ons  and o t h e r  such anomalies. These mean pa rce l  s i z e  f i g u r e s  were 

then  used t o  c l a s s i f y  t he  q u a r t e r  sec t i ons  i n t o  t h e  f i v e  l a n d  use c lasses  

(exc lud ing  r e c r e a t i o n )  by e s t a b l i s h i n g  c l a s s  boundaries f o r  each type.  Agai n, 

ex tens i ve  manual check ing was undertaken t o  c o r r e c t  f o r  anomalies. For  example, 

1  arge pa rce l  s  cou ld  be apartment complexes, farms, o r  i ndus tri a1 s i t e s  . U n i t e d  

S ta tes  Geo log ica l  Survey topographic  maps, va r i ous  l o c a l  area maps, and a i r  photos 

were used t o  r e c l a s s i f y  q u a r t e r  sec t i ons  t h a t  had been m i s c l a s s i f i e d .  The mean 

assessed va lue  o f  improvements was a l s o  computed f o r  each q u a r t e r  s e c t i o n  as an 

a i d  i n  check ing t h e  c l a s s i f i c a t i o n .  
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The b i d  p r i c e s  r e q u i r e d  f o r  t h e  model should be e x c l u s i v e  o f  f l o o d  

damage. That  i s ,  t h e  b i d  p r i c e  should n o t  be reduced by t h e  p resen t  va lue  of 

damages because t h i s  component o f  va lue  i s  handled sepa ra te l y  i n  t h e  model. No 

e x p l i c i t  m o d i f i c a t i o n  o f  t h e  assessed va lue  data was made t o  d e l e t e  t h i s  component 

because f l o o d p l a i r ~  areas were a  smal l  p o r t i o n  o f  any q u a r t e r  sec t i on ,  f l o o d p l a i n  

e f fec ts  would be l o c a l i z e d  and t h e r e f o r e  separated f rom t h e  r e g i o n a l  t r e n d  by t h e  

ana l ys i s ,  and exper ience e l  sewhere suggested t h a t  landowners d i d  n o t  cons ider  f l o o d  

damages s i g n i f i c a n t l y  i n  de te rmin ing  b i d  p r i c e s .  

Next, t h e  mean assessed va lue  o f  l a n d  p e r  ac re  was computed f o r  each 

q u a r t e r  sec t i on .  F i r s t ,  acres i n  nontaxable pa rce l s  were sub t rac ted  from t h e  

t o t a l  acres o f  t h e  r e s p e c t i v e  q u a r t e r  sec t i ons .  Then t h e  rrlean was computed by 

d i v i d i n g  t o t a l  va lue  of assessed l and  i n  t h e  q u a r t e r  s e c t i o n  by t o t a l  t axab le  

acres.  Again, manual work was r e q u i r e d  because t h e  parce l  s i zes  f o r  subd iv ided  

pa rce l s  were n o t  g i ven  i n  t h e  data f i l e .  There fo re ,  srnall nontaxable p a r c e l s  

were i d e n t i f i e d  on maps, t h e i r  areas est imated,  and c o r r e c t i o n s  made t o  t h e  

t o t a l  of  t a x a b l e  ac res .  The assessed va lue  da ta  were then  t ransformed t o  market , 

va lue  by u s i n g  t h e  s tandard m u l t i p l i e r  f o r  W i l l  County. 

The da ta  f o r  t h a t  p o r t i o n  o f  t h e  watershed f a l l i n g  w i t h i n  Cook County 

were c o l l e c t e d  manual ly  because corrlputer tapes were n o t  r e a d i l y  a v a i l a b l e  and 

t h e  number o f  q u a r t e r  sec t i ons  was r e l a t i v e l y  sma l l .  However, t h e  b a s i c  procedure 

was equ i va len t .  Transforrr lat ion f rom assessed t o  market va lue  took i n t o  account 

t h e  v a r i a t i o n  i n  assessment r a t i o s  i n  t h e  Cook County data f o r  d i f f e r e n t  l a n d  

use types.  

F i n a l l y ,  each q u a r t e r  s e c t i o n  was g i ven  m a t r i ~ ~ c o o r d i n a t e s  as a  l o c a t i o n  

re fe rence .  T h i s  s tep  was s imple i n  t h i s  s tudy  area where t h e  township range 

system f i t s  f a i r l y  c l o s e l y  t o  a  r e g u l a r  g r i d .  The m ino r  anomalies i n  survey ing  

and t h e  I n d i a n  boundary (one o f  two i n  I l l i n o i s ,  b u t  o f  course f a l l i n g  w i t h i n  

t h e  s i t e )  were i gno red  as hav ing i n s i g n i f i c a n t  e f f e c t  on s p a t i a l  r e fe renc ing  a t  

t h e  coarseness w i t h  which t h e  data were be ing  developed and used. 



2.4.2 S ta t i s t ica l  Analysis 

These steps resulted in f ive  data se t s ,  one for  each land use class .  

Each data s e t  consists of the matrix coordinates, the mean parcel s ize ,  and 

the mean value of land per acre for  each quarter section that'was in the par- 

t i cu la r  land use class in 1977 when the tax assessment data were created. 

For any given land use class ,  an equation of the following general form 

(following Davis, 1973) could then be estimated by standard regression 

techniques. 

yi = ' b i d  price per acre (land value) for  use i 

s i  = mean parcel s i ze  for  quarter section for  use i 

'} matrix coordinates of quarter section 
- 

X2 - 

i = residual; i .e .  local effects  

E = error  of measurement i 

Equations for  other degrees of polynomial include a l l  the analogous powered and 

cross product terms of the two coordinate reference variables, xl and x2.  

F i r s t ,  each data s e t  was f i t  to  successively higher degree polynomials 

u p  t o  a t  l eas t  one degree greater than the degree expected to  yield a sensible 

surface on the basis of general knowledge of land use patterns in the area. Three 

t e s t s  were conducted on the results fo r  each land use class .  (See Unwin.) A n  F 

t e s t  on the en t i re  trend equation, 



where dl i s  degrees of freedom of the surface (number of coefficients in equation 

minus one), and d 2  i s  degrees of freedom of the residual (sample s ize  = 1 -dl ) . 
F t e s t s  were also conducted to  determine the significance of the improvement in 

explanation of a n  n degree surface over an n-1 surface. These F balues were 

computed as: 

where d i s  degrees of freedom added from degree n-1 t o  degree n and d i s  
3 2 

degrees of freedom of the residual. The results are shown in Table 2.2, 

l ines  5 through 10. In general, the degree surface chosen for  further study 

was the highest degree having a .05 significance of the improvement over the 

next lower degree. Each surface was also mapped. As shown in Figures 2 . 2  

through 2.6. Each figure shows a contour map of bid price per acres for  the 

particular land use. Price increases from l ight  to  dark symbols with the 

contour interval indicated on each figure.  Blank areas have neqative bid 

prices except as noted on the figures.  For more detailed spatial  reference 

to  the watershed see Figure 2 . 1 .  

For Urban 3 (2.75 dwelling un i t s ) ,  the improvement was not s ignif-  

icant for  any degree surface, a1 though the overall F t e s t  indicated significance 

a t  the . O 1  level for  the third and fourth degree surfaces. The fourth degree 

surface was chosen for further study on the basis of the spatial  pattern as 

represented in map form. Theory would suggest local peaks in th i s  surface a t  

urban nodes, of which there were a t  l eas t  four. For agriculture,  degree 2 was 

chosen, even though the improvement for  degree three was significant a t  the 

.05 level.  The degree 3 surface resulted in a nonsensical spatial  pattern 

that could not be theoretically supported. The parcel s ize variable was not 

significant a t  .Q5 for  the agriculture equation and was dropped from that 

equation. 
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To exp lo re  t h e  e f f ec t  of t h e  c l u s t e r i n g ,  t h e  Urbar~ 2  ( 1  du/acre) da ta  

were modi f ied by t a k i n g  c l u s t e r s  of po in t s ,  g e n e r a l l y  two o r  more cont iguous sample 

po in t s ,  and t rans fo r r r~ ing  them i n t o  one sample p o i n t .  The l o c a t i o n  of t h e  new 

sample p o i n t  was t h e  approximate c e n t r o i d  o f  t h e  o r i g i n a l  p o i n t s  and t h e  va lue  

was t h e  mean of t h e  values of t h e  o r i g i n a l  p o i n t s .  P o i n t s  t h a t  represen ted  a  

p a r t i c u l a r  homogeneous r e s i d e n t i a l  area t h a t  happened t o  be l a r g e  enough t o  cover  

more than  one q u a r t e r  s e c t i o n  were i n  p a r t i c u l a r  t ransformed i n t o  a  s i n g l e  p o i n t .  

The r e s u l t i n g  p a t t e r n  of sarnple p o i n t s  i s  shown i n  F i g u r e  2.12. The polynomia l  

2  r eg ress ion  was r e r u n  and t h e  r e s u l t s  compared. A l though t h e  R inc reased  f o r  t h e  

m o d i f i e d  data se t ,  t h i s  r e s u l t  i s  due i n  p a r t  t o  t h e  decrease i n  v a r i a t i o n  r e -  

s u l t i n g  from t h e  r e d u c t i o n  f rom 127 t o  67 sample p o i n t s  frorn t a k i n g  t h e  means 

o f  c l u s t e r e d  p o i n t s .  The f u n c t i o n a l  fo rm and p a t t e r n  was l i t t l e  changed as evidenc- 

ed by comparison o f  t h e  maps i n  F igu res  2.3 and 2.13. There was no c l e a r  b i a s  

toward c l u s t e r e d  o r  ou t1  i e r  sample p o i n t s  i n  t he  ' o r i g i n a l  data.  The r e s i d u a l s  

f o r  p o i n t s  i n  c l u s t e r s  bo th  inc reased  and decreased as d i d  t h e  r e s i d u a l s  f o r  

o u t l i e r s .  A l though t h e r e  a re  m ino r  d i f f e r e n c e s  between t h e  two sur faces,  t h e r e  

i s  l i t t l e  b a s i s  f o r  accep t ing  one over  t h e  over .  S ince t h e r e  cou ld  be many 

m o d i f i c a t i o n s  t o  lessen  t h e  c l u s t e r i n g  e f f e c t  w i t h  l i t t l e  bas i s  f o r  choosing 

one over  t h e  o t h e r  and because t h e  genera l  form o f  t h e  su r f ace  changed very  

l i t t l e ,  t h e  o r i g i n a l  da ta  were used. 

2.4.4 S p a t i a l  P a t t e r n  o f  B i d  P r i ces  

Next, maps o f  t h e  chosen s u r f a c e  were compared t o  maps o f  t h e  n-1 and 

n+l  degree sur faces  t o  determine whether a  change would y i e l d  a  more t h e o r e t i c a l l y  

j u s t i f i a b l e  s p a t i a l  p a t t e r n .  Urban 1  ( .2 du/acre) was inc reased  t o  degree 3  from 

degree 2  and Urban 3  (2.75 du/acre) was inc reased  f rom degree 4 t o  degree 5. For  

Urban 1  t h e  change f rom second t o  t h i r d  degree was s i g n i f i c a n t  a t  t h e  .055 l e v e l ,  
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which had j u s t  missed t h e  e a r l i e r  c u t o f f ,  and t h e  r e s u l t i n g  s p a t i a l  p a t t e r n  was 

p r e f e r r e d  because of t h e  f i n g e r  o f  h i g h e r  va lue  toward t h e  h i g h  amenity area and 

t h e  f a l l - o f f  i n  b i d  p r i c e s  toward t h e  southwest and southeast .  (Compare F igures 

2.2 and 2.14).  The f i f t h  degree s p a t i a l  p a t t e r n  made more sense f o r  Urban 3  because 

t h e  h i g h  va lue  peak i n  t h e  southeast  s h i f t s  northwest,  c l o s e r  t o  t h e  g o l f  course 

and h i g h  environmental  amenity area.  Also, a  r i d g e  of h i g h e r  va lue  runs  across 

t o  J o l  i e t  a l ong  U.S. 30. (Compare F igures  2.4 and 2.15.) Recal l  t h a t  t h e r e  was 

no s t a t i s t i c a l  evidence f o r  t h e  i n i t i a l  cho ice  o f  t h e  f o u r t h  degree except t h a t  

i t  was among those  s i g n i f i c a n t  a t  t h e  .O1 l e v e l .  The change from f o u r t h  t o  f i f t h  

degree i s  a l s o  n o t  s i g n i f i c a n t  a t  t h e  .05 l e v e l ,  b u t  t h e  f i f t h  degree equat ion  i s  

s i g n i f i c a n t  a t  t h e  .O1 l e v e l .  

2.4.5 S p a t i a l  P a t t e r n  o f  Residuals  

The r e s i d u a l s  o f  p r e d i c t e d  b i d  p r i c e  versus observed b i d  p r i c e  f o r  each 

chosen s u r f a c e  a r e  p l o t t e d  i n  F igures  2.7 th rough 2.11. I n  most cases, t h e r e  a r e  

no obv ious s p a t i a l  a u t o c o r r e l a t i o n s  o f  r e s i d u a l s .  Three o r  f o u r  cont iguous 

r e s i d u a l s  w i t h  t h e  same s i g n  were n o t  cons idered a  problem because they  t y p i c a l l y  

r ep resen t  one homogeneous r e s i d e n t i a l  area t h a t  happens t o  be l a r g e r  than 160 acres.  

These groups o f  r e s i d u a l s  imp l y  t h a t  l and  va lue  i s  d i f f e r e n t  f rom t h e  r e g i o n a l  

t r e n d  and a s c r i b a b l e  t o  l o c a l  e f f e c t s .  For  example, i n  Urban 1, t h e r e  i s  a  

1 
I 

t r i p l e t  o f  h i g h  p o s i t i v e  r e s i d u a l s  between 1  and 2  s tandard d e v i a t i o n s  from t h e  

p r e d i c t e d  va lues j u s t  r i g h t  o f  cen te r  o f  t h e  map. (See F i g u r e  2.7.) Th is  c l u s t e r  
: 

i s  a  h i g h  c o s t  housing s u b d i v i s i o n  l o c a t e d  around a  g o l f  course. More p rob lemat ic  

i s  t h e  p a t t e r n  o f  r e s i d u a l s  j u s t  nor thwes t  o f  t h i s  t r i p l e t .  There i s  f i r s t  a  
4 
1 

c l u s t e r  o f  nega t i ve  r e s i d u a l s  and then  a  c l u s t e r  o f  p o s i t i v e  r e s i d u a l s  i n d i c a t i n g  
I 

1 
I 

t h a t  t h e  t r e n d  su r f ace  i s  n o t  p i c k i n g  up t h e  p a t t e r n  o f  s p a t i a l  v a r i a t i o n .  The 
f 

nex t  h i ghe r  degree su r f ace  was p l o t t e d  b u t  r e j e c t e d  because i t  d i d  n o t  r e s o l v e  
s 
i 
I t h i s  anomaly and i n d i c a t e d  an i l l o g i c a l  i nc rease  i n  l and  va lues t o  t h e  southwest. 
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i s  t h a t  the trends in the areas where a particular landuseexists can be used t o  

extrapolate bid prices in the intervening areas where other uses currently out- 

bid the particular land use under consideration. The broad 1 and use classes, 

implying large enough areas of a given use t o  indicate trends, are necessary to 

make this  approach plausible. T h a t  there i s  a smoothing effect from this inter- 

polation cannot be denied, b u t  i t  has already been argued t h a t  some smoothing is 

acceptable as representing the value as infi l l ing occurs among scattered uses 

on the urban fringe. There i s  no s ta t is t ica l  means for determining whether the 

results, given these gaps, are acceptable. 

One way t o  evaluate the results i s  to consider the pattern of land 

uses t h a t  i s  imp1 ied by assigning each quarter section to the highest bidding 

use. This pattern i s  shown in Figure 2.16. If one assumes t h a t  the.varying 

densities of development are responding t o  the same nodes of higher value, for 

exarnple, t r i p  destinations, one would expect the highest valued and  most dense 

uses to locate in the t o p  portion of their range of bid prices in the study 

area and lower density uses t o  appear in successively lower parts of the range 

of their  bid prices. T h a t  i s ,  in compliance with the traditional land use 

theory, the highest density uses with the steepest bid price curves must locate 

closest to the nodal points or not a t  a l l .  

This result i s  observable in Figure 2.16. Note t h a t  Urban 2 occurs in 

the center of the region. Comparison with Figure 2.3 shows t h a t  this area i s  in 

the lower portion of the range of bid prices for Urban 2.  Urban 3 occurs in the 

areas t h a t  are in mid-range of i t s  bid prices. The high value nodes are the 

interstates on the eastern side of the region, Jol ie t  at the western side, and 

toward Chicago on the Northeast. 

There are several anomalies in the pattern, a t  least some of which can 

be explained by $considering the current pattern of transportation and land 





use as shown i n  F igu re  2.1. The f i n g e r  of Urban 4 corning f rom the  eas t  fo l lows 

I n t e r s t a t e  80. The abrup t  s h i f t  t o  Urban 2  co inc ides  w i t h  t h e  l a s t  in terchange 

u n t i l  southwest of New Providence, where the  dens i t y  increases again. The 

d i r e c t  jump from Urban 4 t o  Urban 2 cou ld  be i n t e r p r e t e d  t o  mean t h a t  Urban 3 

responds more t o  e x i s t i n g  surburban centers  than t o  t h e  i n t e r s t a t e ,  so t h a t  

Urban 2 takes over  once t h e  i n t e r s t a t e  i n f l u e n c e  i s  e l im ina ted .  Such i n t e r p r e -  

t a t i o n s  cou ld  o n l y  be v a l i d a t e d  by ex tens ive  i n v e s t i g a t i o n .  The pocket of 

Urban 2  i n  t h e  southeast corner  a l s o  co inc ides  w i t h  a  gap i n  i n t e r s t a t e  e x i t s  

and a  s h i f t  of I n t e r s t a t e  57 t o  t h e  west. 

There a r e  a l s o  some l e s s  s a t i s f a c t o r y  outcomes. The low d e n s i t y  j u s t  

south o f  J o l i e t  i s  probably  an underestimate, a t  l e a s t  compared t o  est imates 

f o r  o t h e r  areas. Even though t h e  south s i d e  o f  J o l i e t  i s  no t  a  des i rab le  

r e s i d e n t i a l  area, t h e  dens i t y  i m p l i e d  i s  t o o  low. The Urban 4 a t  t he  west 

edge o f  t h e  s tudy r e g i o n  should probably  more n e a r l y  co inc ide  w i t h  t he  indus-  

t r i a l  areas a long t h e  Des Pla ines R iver .  Both these s i t u a t i o n s  are  o f  l e s s e r  

concern because they  a re  f o r  t he  most p a r t  ou ts ide  t h e  H ickory  Creek Watershed, 

being p a r t  o f  t he  b u f f e r  area added t o  avo id  edge cond i t i ons .  The r e l a t i v e l y  

h igh  d e n s i t y  i n  t h e  southeast p a r t  o f  t h e  watershed i s  probably  an overest imate, 

due i n  p a r t  t o  t he  extremely h igh  r e s i d e n t i a l  values around a  g o l f  course. The 

area j u s t  eas t  o f  J o l i e t  i s  probably o f  t o o  low a  dens i t y  as migh t  be expected 

from the  above d iscuss ion  of  r e s i d u a l s  f o r  Urban 3. 

I t  i s  c l e a r l y  d i f f i c u l t  t o  argue conv inc ing ly ,  and impossib le t o  argue 

s t a t i s t i c a l l y ,  t h a t  t h e  l a r g e  gaps i nhe ren t  i n  t h i s  approach do n o t  l ead  t o  

spur ious r e s u l t s .  However, t h e  b i d  p r i c e  t rends  f o r  i n d i v i d u a l  land  uses make 

sense, and the  imp1 i e d  a l l o c a t i o n  makes sense a t  t h e  reg iona l  l e v e l  a t  which 

the  data i s  t o  be used. The i m p l i e d  a l l o c a t i o n  i s ,  i n  general ,  consonant w i t h  

t h e  Nor theastern I 1  1  i nois  Planning Comnission (1978) reg iona l  l and  use po l  i c y  

rrlap, which i s  based l a r g e l y  on a v a i l a b i  1-1 t y  o f  rnunici pa l  serv ices .  



The i m p l i e d  land  use p a t t e r n  i s  a  massive inc rease i n  dens i t y  f o r  t h e  

watershed i n d i c a t i n g  t h a t  t he  smoothing e f f e c t  o f  t h e  t rend  sur face  i s  sub- 

s t a n t i a l .  Whether t h e  i m p l i e d  increase i n  popu la t i on  would occur w i t h i n  an 

app rop r i a te  t ime t o  be v a l i d  f o r  t he  model i s  debatable. Cur ren t  growth i n  the  

r e g i o n  i s  s u b s t a n t i a l .  The general  p a t t e r n  i s  sensib le,  and two k inds o f  

s e n s i t i v i t y  checks could be used t o  determine how management conclus ions would 

be a f f ec ted .  The s lopes o f  t h e  b i d  p r i c e s  o f  h ighe r  dens i t y  uses cou ld  be 

made steeper,  o r  t h e  absolute l e v e l s  of t h e  b i d  p r i c e  sur faces o f  t he  h igh  

d e r ~ s i  t y  uses cou ld  be lowered r e l a t i v e  t o  those o f  lower  dens i t y  uses. 

2.5 Comparison w i t h  Other Approaches and S e n s i t i v i t y  Ana lys is  

The r e s u l t s  repo r ted  a re  n o t  supported s u f f i c i e n t l y  by t r a d i t i o n a l  

s t a t i s t i c a l  c r i t e r i a .  There may be problems w i t h  the  d i s t r i b u t i o n  o f  sample 

po in ts ;  t h e  coe f f i c i en ts  o f  de termina t ion  a re  l e s s  than -6; t he re  i s  fuzz iness  

i n  t h e  choice o f  t h e  degree o f  polynomial  f o r  some uses. However, t h e r e  a r e  

r e a l l y  two app rop r i a te  quest ions:  I s  t h i s  approach s u f f i c i e n t  f o r  d i s t i n g u i s h i n g  

among d i f f e r e n t  l and  use a l l o c a t i o n s  f o r  reg iona l  watershed management purposes? 

I s  i t  b e t t e r  than a l t e r n a t i v e  approaches? 

2.5.1 Comparison w i t h  Other  Approaches 

Consider t he  second ques t ion  f i r s t .  The a l t e r n a t i v e  o f  es t ima t i ng  

differential cos ts  has t h e  disadvantage o f  r e q u i r i n g  simp1 i f y i n g  assumptions 

about t r ipmak ing  behavior,  which a r e  d i f f i c u l t  t o  j u s t i f y  i n  a  mu1 t i n u c l e a t e d  

region.  I t  i s  a l s o  d i f f i c u l t  t o  es t imate  s o c i a l  and environmental  amenity 

costs  w i t h o u t  recourse t o  some form o f  b i d  p r i c e  data.  The es t ima t i on  o f  d i f f e r -  

e n t i a l  cos ts  i s  t h e r e f o r e  inadequate by i t s e l f .  The t r e n d  sur face  technique and 

the  d i f f e r e n t i a l  c o s t  technique cou ld  be considered complementary i n  p r o v i d i n g  

checks f o r  each o the r .  Va r i a t i ons  represented i n  t h e  t r e n d  sur face  should be 

exp la inab le  a f t e r  t h e  f a c t  by some k i n d  o f  c o s t  d i f f e r e n t i a l .  S i m i l a r l y ,  the  

80 " 
9 .  



t r e n d  sur face re.sul t s  cou ld  be used t o  i d e n t i f y  elements t h a t  might  be l e f t  o u t  

o f  an at tempt a t  d i r e c t  es t ima t ion  of cos t  d i f f e r e n t i a l s .  

The approach pre fer red  by Greenberg e t  a1 ( 1  974), regress ion  of values 

aga ins t  p roper ty  c h a r a c t e r i s t i c s ,  has no t  y e t  been shown opera t iona l  f o r  gener- 

a t i n g  reg iona l  b i d  p r i c e  surfaces. E a r l y  i n  t he  development o f  b i d  p r i c e  data 

f o r  t h e  l and  use a l l o c a t i o n  model, regress ion  on parcel  c h a r a c t e r i s t i c s  was 

attempted. Th i s  e f f o r t  was unsuccessful because, when ex t rapo la ted  t o  the  e n t i r e  

watershed, t h e  equat ions pred ic ted  t h a t  commercial a c t i v i t y  would everywhere 

o u t b i d  h igh  dens i t y  r e s i d e n t i a l  and h igh  dens i t y  r e s i d e n t i a l  would everywhere 

o u t b i d  low dens i ty .  These a re  nonsensical r e s u l t s  and i n d i c a t e  t h a t  t h e  t r a -  

d i t i o n a l  regress ion  approach s u f f e r s  when chal lenged w i t h  generat ion of b i d  

p r i c e  sur faces a t -  t h e  reg iona l  l e v e l .  Among the  apparent problems were too  

few sample po in ts ,  which i n  t h i s  case were based on sales t ransac t ions ,  and 

the  d i f f i c u l t y  of o b t a i n i n g  data f o r  independent va r i ab les  r e l e v a n t  a t  t he  

reg iona l  1  eve1 . 
Few of the  regressions repor ted  i n  t h e  l i t e r a t u r e  were aimed s p e c i f i -  

c a l l y  a t  generat ing reg iona l  b i d  p r i c e  surfaces. Whether they  cou ld  generate 

b i d  p r i c e  surfaces t h a t  i n te rsec ted  t o  y i e l  d  sens ib le  land use a1 l oca t i ons  i s  

s t i l l  open t o  quest ion. Most such s tud ies  generate de ta i l ed ,  l o c a l i z e d  appra isa ls  

2 o r  e q u i l i b r i u m  urban p r i c e  grad ien ts .  The R values from the  t rend surface 

r e s u l t s  a r e  s i m i l a r  t o  those from regress ion  s tud ies  t h a t  p red i c ted  va1u.e per 

acre f o r  urban f r i n g e  lands as discussed above. Only s tud ies  t h a t  p red i c ted  

2  p r i n l a r i l y  w i t h  income, race, o r  l o t  s'ize y i e l d e d  h igher  R values. 

For t h e  t rend  sur face ana lys is ,  t h e  mean e r r o r  o f  t he  res idua ls ,  

expressed as a  percent,  ranged from 30 t o  40 percent f o r  Urban 1, 2, and 3, which 

i s  s i m i l a r  t o  t h e  r e s u l t s  obtained by Weisz and Day (1974). For Urban 4  ( i n d u s t r i a l /  

mixed use) t h e  percent e r r o r  was 148 percent because some very low valued parce ls  



had very l a r g e  absolute res idua ls .  As po in ted  out  above t h i s  land use c lass  

su f fe red  from an ambiguous d e f i n i t i o n ,  which may exp la in  t h e  poor r e s u l t .  The 

means of t he  res idua ls  were approximately 1,000, 2,500, 5,500, and 7,600 d o l l a r s  per  

acres r e s p e c t i v e l y  f o r  t h e  four  urban uses. These values must be i n t e r p r e t e d  care- 

f u l l y  because the re  a re  two components t o  t h e  res idua l  : l o c a l  e f f e c t s  n o t  p a r t  o f  t h e  

reg iona l  t r e n d  and e r r o r  of measurement. However, i f  some p o r t i o n  i s  a t t r i b u t e d  

t o  l o c a l  effects, these a r e  n o t  very l a r g e  abso lu te  er rors .  I n  summary, t he  

t rend sur face ana lys i s  y i e l d s  r e s u l t s ,  a t  l e a s t  as good as any ex tan t  opera t iona l  

s tud ies  us ing  regress ion  on parcel  c h a r a c t e r i s t i c s .  

2.5.2 Adequacy o f  Resul ts  f o r  Modeling Purposes 

The second quest ion  i s  whether t he  t r e n d  sur face approach y i e l d s  data 

t h a t  a re  adequate f o r  t h e  in tended model ing task.  The bes t  way t o  determine 

t h i s  i s  t o  conduct s e n s i t i v i t y  analyses w i t h  the  land use a l l o c a t i o n  model f o r  

which t h e  data were generated. Theore t ica l  ly ,  conf idence sur faces cou ld  be 

generated f o r  each o f  t h e  t rend  surfaces (Krumbein, 1963) and used t o  determine 

e r r o r  ana lys i s  parameters. Given t h a t  t h e  present  a p p l i c a t i o n  i s  no t  a  s t r i c t  

s t a t i s t i  ca l  appl i c a t i  on, 1  ess formal approaches a r e  equal l y  appropr ia te .  Two . 

types o f  s e n s i t i v i t y  analyses o f  t h e  b i d  p r i c e  data were conducted. These 

analyses focused on Urban 3 because t h e  bas i s  f o r  choice o f  t h e  degree polynomial 

f o r  Urban 3 was weak. It was a l s o  one o f  t h e  most f r e q u e n t l y  l oca ted  uses 

both on and o f f  t h e  f l o o d p l a i n  i n  a p p l i c a t i o n s  o f  t he  model. (See Chapter 1  .) 

The data f o r  Urban 1, f o r  which t h e  choice o f  t h e  degree o f  polynomial was a l so  

r e l a t i v e l y  uncer ta in ,  was mod i f i ed  i n  con junc t ion  w i t h  Urban 3  data i n  one t e s t .  

Th is  change had no e f f e c t  on s o l u t i o n s  p r i m a r i l y  because Urban 1  was chosen 

very i n f requen t l y  i n  t h e  a l l o c a t i o r ~  rnodel as t h e  p r e f e r r e d  l a n d  use f o r  a  subbasin. 

Systematic e r r o r s  a re  considered r a t h e r  than random e r r o r s  because systematic 

di f ferences i.n b i d  p r i c e  pa t te rns  were deerned more l i k e l y  t o  a f f e c t  t h e  o v e r a l l  

land use pa t te rn .  



F i r s t ,  because the  b i d  p r i c e  data i m p l i e d  t h a t  Urban 3 would be the  

h ighes t  b idd ing  use i n  J o l i e t ,  b u t  t h e  e x i s t i n g  land  use i n  J o l i e t  was considered 

t o  be Urban 4, the  va lue f o r  Urban 4  i n  J o l i e t  was r a i s e d  t o  45,000 d o l l a r s  per 

acre. Th is  va lue approximates t h e  mean of raw data values o f  two q u a r t e r  sect ions 

c l o s e s t  t o  J o l i e t .  When the  land  use a l l o c a t i o n  model i s  r u n  w i t h  t h i s  modif ied 

data, t h e  o n l y  e f fec t  i s  t o  s h i f t  t he  l and  use i n  t h e  J o l i e t  subbasin from Urban 

3 t o  Urban 4. The aggregate va lue o f  t h e  watershed increased s l i g h t l y  because 

o f  t h i s  new b i d  p r i c e  value. Other than t h e  p rec i se  d e n s i t y  i n  J o l  i e t ,  t he  

p a t t e r n  of l and  uses i n c l u d i n g  p r o v i s i o n  o f  de ten t i on  i s  unchanged. The 

p o t e n t i a l  inaccuracy from the  f a i l l r r e  o f  t h e  t rend  sur face  a r ~ a l y s i s  t o  i d e n t i f y  

a  p o s s i b l e  sharp peak i n  b i d  p r i c e s  near downtown J o l i e t  does not,  therefore,  

a l t e r  t he  po l  i c y  imp1 i c a t i o n s  o f  t he  dynamic programming model f o r  l a n d  use 

a l l o c a t i o n .  (See Chapter 1  .) 

The second t ype  of ana l ys i s  was t o  use t h e  b i d  p r i c e  data fo r  Urban 

3 from t h e  t h i r d  and f o u r t h  degree po l ynon~ ia l s  because these were r e j e c t e d  i n  

f a v o r  o f  t h e  f i f t h  degree on r e l a t i v e l y  u n c e r t a i n  grounds. The f o u r t h  degree 

sur face  was d i f f e r e n t  w i t h i n  t h e  watershed boundaries p r i m a r i l y  i n  t h a t  t h e  

l o c a t i o n s  of maxima s h i f t e d .  (Compare Figures 2.4 and 2.15.) The t h i r d  degree 

surface was d i f f e r e n t  i n  t h a t  values rose  t o  the  west and nor theas t  w i t h  no 

l o c a l  maxima. (compare Figures 2.4, 2.15, and 2.17.) These pa t te rns  there fo re  

represented sys tema t i ca l l y  d i f f e r e n t  b i d  p r i c e  pa t te rns .  The b i d  p r i c e  f o r  

J o l i e t  was s e t  a t  $45,000 p e r  acre  f o r  bo th  these runs.  I h  t h e  fou r th  degree 

sur face  run, t h e  degree sur face  f o r  Urban 1  was a l s o  changed from degree th ree  

t o  degree two, b u t  t h i s  change had no d iscernab le  e f f e c t  on t h e  s o l u t i o n .  

Among t h e  t h r e e  runs, 81 percent  o f  t h e  f l o o d p l a i n  land  uses were 

i d e n t i c a l  , i n c l u d i n g  bo th  urban and nonurban uses. That i s ,  if t h e  model were 

used t o  determine p r i o r i t i e s  i n  implementat ion o f  a  p l a n  as discussed i n  
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Chapter 1, most of  t h e  c r u c i a l  f l o o d p l a i n  dec i s i ons  were s t a b l e  w i t h  r espec t  

t o  these  b i d  p r i c e  changes. Only 41 pe rcen t  o f  t h e  non - f l oodp la i n  uses were 

t h e  same f o r  a l l  t h r e e  runs.  However, t h i s  s e t  d i d  i n c l u d e  b o t h  d e t e n t i o n  and 

nondeten t ion  uses so t h a t  some implementat ion dec i s i ons  cou ld  s t i l l  be based 

on these  model r e s u l t s  as d iscussed below. Almost a l l  t h e  remain ing non - f l oodp la i n  

l and  uses were d i f f e r e n t  by j u s t  one d e n s i t y  c l ass .  Such marg ina l  d i f f e r -  

ences i n  l a n d  d e n s i t y  have l i t t l e  e f f e c t  on r u n o f f  as evidenced by t h e  h i g h  

congruence o f  f l o o d p l a i n  l and  uses. Therefore,  c o n t r o l l i n g  these subbasins 

o n l y  t o  t h e  l e v e l  o f  u n c e r t a i n t y  i m p l i e d  by  t h i s  v a r i a t i o n  i n  l a n d  use d e n s i t y  

would be s u f f i c i e n t  t o  determine an a p p r o p r i a t e  s e t  o f  f l o o d p l a i n  uses. The 

data i s  adequate f o r  t h i s  task .  

The subbasins w i t h  d e t e n t i o n  versus no d e t e n t i o n  o r  urban versus non- 

urban f l o o d p l a i n  uses a r e  t h e  most impo r tan t  d i f f e r e n c e s  among t h e  t h r e e  runs. 

These cases a r e  shown i n  F igu re  2.18 by i n d i c a t i n g  subbasins t h a t  r e q u i r e d  

d e t e n t i o n  o r  nonurban f l o o d p l a i n  uses i n  a t  l e a s t  one b u t  n o t  a l l  t h r e e  runs. 

The r u n  based on t h e  f i f t h  degree su r f ace  r e q u i r e s  d e t e n t i o n  i n  f o u r  subbasins 

a long  Sp r i ng  Creek, a l l o w i n g  urban uses i n  t h e  f l o o d p l a i n s  i n  t h e  l owes t  two 

subbasins on Sp r i ng  Creek and t h e  l owes t  subbasin o f  H ickory  Creek. I n  con- 

t r a s t ,  t h e  o t h e r  two runs do n o t  choose d e t e n t i o n  f o r  t h e  fo rmer  subbasins and 

r e s t r i c t  t h e  f l o o d p l a i n s  o f  t h e  l a t t e r  t h r e e  downstream subbasins t o  nonurban 

use. I n s p e c t i o n  o f  t h e  data suggests t h a t  t h i s  s h i f t  occurs because t h e  va lue  

o f  Urban 3 upstream i s  h i g h e r  and t h e  va lue  o f  Urban 3 downstream i s  lower  i n  

t h e  l a t t e r  runs.  There a r e  very  s i m i l a r  s h i f t s  among nonurban uses on t h e  

f l o o d p l a i n s  and upstream d e t e n t i o n  among ad jacen t  subbasins i n  t h e  headwaters 

o f  Mar ley Creek, Union D i t ch ,  and H i cko ry  Creek. A l though these  s h i f t s  

represen t  a  smal l  p o r t i o n  o f  t h e  t o t a l  number o f  l a n d  use dec is ions ,  t hey  do 

i n d i c a t e  t h a t  t h e  model i m p l i c a t i o n s  a re  s e n s i t i v e  t o  t h e  p o s t u l a t e d  range of 

e r r o r  i n  t h e  bi.d p r i c e  data.  





Based on these s e n s i t i v i t y  analyses, t h e  b i d  p r i c e  da ta  generated through 

t r e n d  su r f ace  techniques a re  adequate t o  determine choices among general  p o l i c y  

approaches. The data a r e  a l s o  adequate t o  determine some, b u t  n o t  a l l ,  l a n d  

use choices a t  t h e  subbasi n  1  eve1 . There fo re ,  i n  any 'appl  i ca t i on ,  s e n s i t i v i t y  

a n a l y s i s  should be conducted t o  determine f o r  which subbasins t h e  l e v e l  of 

c e r t a i n t y  i n  t h e  da ta  i s  inadequate t o  determine a  p a r t i c u l a r  landuse dec i s i on .  

The requi rements o f  d e t e n t i o n  o r  o f  non-urban use i n  t h e  f l o o d p l a i n  a r e  t h e  

most impo r tan t  d i s t i n c t i o n s  t h a t  must be made; such s e n s i t i v i t y  analyses 

should t he re fo re  focus on these choices.  

2.6 Concl us i ons  

The t r e n d  su r f ace  approach m e r i t s  f u r t h e r  t e s t i n g .  The r e s u l t s  ob ta ined  

i n  t h i s  exper iment were a t  l e a s t  as good as r e s u l t s  ob ta ined  by o t h e r  approaches. 

They were adequate f o r  t h e  choice o f  genera l  p o l i c i e s ,  such as whether o r  n o t  t o  

r e q u i r e  s torm wate r  de ten t i on  o r  t o  r e s t r i c t  f l o o d p l a i n  development. The data 

were n o t  adequate t o  determine w i t h  c e r t a i n t y  p r e f e r r e d  l a n d  uses f o r  a l l  sub- 

bas ins.  However, i n  t h e  most impo r tan t  cases, subproblems were d i s t i n g u i s h a b l e  

t h a t  i n v o l v e d  o n l y  a  few subbasins. These subproblems cou ld  be analyzed more 

t ho rough l y  w i t h  r espec t  t o  t h e  e f f e c t s  o f  p o s s i b l e  e r r o r  i n  t h e  b i d  p r i c e  data.  

Fu tu re  exper iments w i t h  t h i s  approach m i g h t  use da ta  f o r  i n d i v i d u a l  

pa rce l s  r a t h e r  than  q u a r t e r  sec t i ons  i n  o r d e r  t o  i nc rease  t h e  number of p o i n t s  

o f  da ta  c o n t r o l  f o r  each l a n d  use c l a s s .  T h i s  end m igh t  be accomplished w i t h  

j u s t i f i a b l e  e f f o r t  by s t i l l  r e f e r e n c i n g  t h e  l o c a t i o n s  o f  these da ta  p o i n t s  o n l y  

t o  t h e  nea res t  q u a r t e r  s e c t i o n .  One cou ld  t hen  have severa l  sample va lues f o r  

a  p a r t i c u l a r  q u a r t e r  s e c t i o n  even f o r  t h e  same use as w e l l  as sample va lues f o r  

more than  one use f rom t h e  same q u a r t e r  s e c t i o n  where mixed uses occur .  T h i s  

approach might ,  however, exacerbate t h e  problem o f  smoothing between sample 

p o i n t s  by p i c k i n g  very  high-va1 ued, smal l  pa rce l s  and e x t r a p o l  a t i  ng these  va lues 

as r e g i o n a l  t rends .  It would a l s o  be d e s i r a b l e  t o  exper iment  w i t h  o t h e r  

f u n c t i o n a l  forms f o r  t h e  t r e n d  su r f ace  equat ions.  
- - 
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TROUT was eva lua ted  i n  t h r e e  d i f f e r e n t  ways. It was used t o  

p r e d i c t  gauged f lows from g i ven  p r e c i p i t a t i o n  data f o r  r e a l  events .  TROUT 
I 

/ was a l s o  compared w i t h  t h e  Muskingurn r o u t i n g  rr~ethod t o  see how c l o s e l y  i t s  

I 
p r e d i c t i o n s  matched those o f  a  more complex r o u t i n g  mode. F i n a l  l y ,  es t imates  

I 

o f  t h e  d i s t r i b u t i o n  of e r r o r  i n  TROUT r e s u l t s  compared t o  ~ u s k i n i u m  r e s u l t s  

I were used t o  determine t h e  s e n s i t i v i t y  o f  t h e  s o l u t i o n s  o f  t h e  l and  use a l l o -  
1 I 

c a t i o n  model t o  such e r r o r  i n  t h e  r o u t i n g  procedure. The n e x t  s e c t i o n  
I 
1 descr ibes  TROUT, and t h e  succeeding sec t i ons  desc r i be  each o f  t h e  t h r e e  

I t ypes o f  comparisons. 

3.2 T r i a n g u l a r  Hydrographs and Rout ing 
I 

! A t r i a n g u l a r  hydrograph was chosen f o r  t he  r o u t i n g  procedure 

I because i t  can be descr ibed  by a  minimum number o f  da ta  elements w h i l e  a t  

t h e  same t i m e  r e t a i n i n g  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  c u r v i  1  i n e a r  hydro- 
1 

I 
1 

graphs: t h e  peak and i t s  assoc ia ted  t ime,  and t h e  t o t a l  volume o f  f l o w  

be fo re  and a f t e r  t h e  peak t ime.  

1 The f i r s t  s tep  i n  us ing  t h e  TROUT r o u t i n g  model i s  t h e  genera t ion  

I o f  l o c a l  i n f l o w  hydrographs f o r  each o f  t h e  subbasins. The C la r k  (1945) 
J 

method as programmed i n  t h e  HEC-1 package (U.S. Army, 1973) was used f o r  . t h i s  purpose. Each o f  these c u r v i l i n e a r  hydrographs i s  then  approximated by 

an e q u i v a l e n t  t r i a n g u l a r  hydrograph. The peak f l o w  and t h e  t ime  of i t s  

occurrence i s  ma in ta ined  f o r  t h e  t r i a n g u l a r  hydrograph. The r i s i n g  l i m b  o f .  

t h e  t r i a n g u l a r  hydrograph i s  determined by ensur ing  t h a t  t h e  t o t a l  volume of 

f l ow o c c u r r i n g  be fo re  t h e  peak f l o w  f o r  t h e  c u r v i l i n e a r  hydrograph i s  main- 

t a i n e d  f o r  t h e  t r i a n g u l a r  approx imat ion.  The recess ion  l i m b  o f  t h e  tri- 

angu la r  hydrograph i s  determined by ensur ing  t h a t  t h e  t o t a l  volume of f low 

o c c u r r i n g  a f t e r  t h e  peak f l o w  f o r  t h e  c u r v i l  i n e a r  hydrograph i s  ma in ta ined  



t 
(a )  Local i n f l o w  hydrograph f o r  Reach 1 (channel hydrograph f o r  Reach 2 )  

( b )  Reach 1 hydrograph rou ted  t o  downstream end o f  h each 2 

combined hydrograph 

Reach 1 hydrograph rou ted  
1 ocal  i n f l o w  hydrograph f o r  Reach - 2  

t 

( c )  Format ion o f  combined hydrograph f o r  Reach 2 

t 

( d )  Combined t r i a n g u l a r  o u t f l o w  hydrograph from Reach 2 

F igu re  3.1 Rout ing Procedure 
- - 



f o r  t h e  t r i a n g u l a r  hydrograph. I n  t h i s  fash ion ,  t h e  t o t a l  volume o f  f l o w  

assoc ia ted  w i t h  t h e  c u r v i l i n e a r  hydrograph i s  ma in ta ined  i n  t he  t r i a n g u l a r  

approx imat ion.  

The r o u t i n g  procedure begins a t  an extreme upstream subbasin where 

t h e  l o c a l  i n f l o w  hydrograph i s  taken as t h e  channel hydrograph a t  t h e  sub- 

bas in  o u t l e t .  Th i s  channel hydrograph i s  then  rou ted  us ing  a s imp le  l a g g i n g  

procedure through t h e  subbasin immediately downstream. The l a g  t ime, A t  as 

shown i n  F igu re  3.1-by i s  equal t o  t h e  t i l i le  o f  t r a v e l  AMSKKy used i n  t h e  

Pluskinguln Rout ing scheme employed i n  HEC-1. 

The rou ted  channel hydrograph i s  then  added t o  t h e  l o c a l  tri- 

angu la r  i n f l o w  hydrograph f o r  t h i s  subbasin a t  t h e  downstream end o f  reach 2, 

m a i n t a i n i n g  a common t ime  sca le.  The sum o f  these two t r i a n g u l a r  hydro- 

graphs i s  a hydrograph c o n s i s t i n g  o f  a t  most f i v e  l i n e a r  segments as shown 

i n  F i g u r e  3.1-c. I t  can be shown t h a t  t h e  peak o f  t h i s  segrnented hydrograph 

must occur  a t  one o f  t h e  two peak t imes, tpl and tp2, o f  t h e  t r i a n g u l a r  

hydrographs. 

The segmented hydrograph i s  then  i n  t u r n  approximated by a tri- 

angu la r  hydrograph whose peak and peak t ime  a r e  equal t o  t h e  peak and peak 

t ime  r e s p e c t i v e l y  o f  t h e  segrrlented hydrograph as shown i n  F i g u r e  3.1 -c.  

The s l ope  o f  t h e  r i s i n g  l i rnb o f  t h e  new combined t r i a n g u l a r  hydrograph i s  

determined so t h a t  t h e  volume o f  f l o w  b e f o r e  t h e  new peak t ime  ma in ta i ns  t h e  

sum o f  i n f l o w  volumes a f t e r  t h e  new peak t ime.  The new combined t r i a n g u l a r  

hydrograph i s  then taken as t h e  channel.hydrograph a t  t h e  upstream end o f  

t h e  n e x t  channel reach, and t h e  process i s  repeated. 



3.3 Corr~pari son w i t h  Real Events 

3.3.1 Tes t  Watershed and Storms 

The watershed chosen t o  eva lua te  TROUT as a u s e f u l  r o u t i n g  rnodel 

was t h e  Hickory  Creek watershed i n  no r t heas te rn  I l l i n o i s .  The H ickory  Creek 

watershed encorrlpasses an area o f  109.8 square m i l es .  For  t h e  purposes o f  

t h e  study, t h e  watershed was broken down i n t o  67 subbasins w i t h  s i zes  

rang ing  f rom 241 acres t o  2025 acres.  S i x  storms between 1947 and 1976 were 

chosen f o r  comparing t h e  Muskingum method and TROUT. The s i x  storms were 

chosen t o  g e t  a wide range o f  f i n a l  ou t f l ows ,  t o  have i s o l a t e  hydrographs, 

t o  i n c l u d e  a s to rm f rom nonwin te r  months, and meet ing each o f  these 

c r i t e r i a ,  t o  be t h e  most r e c e n t  s torm o f  t h a t  magnitude. These bases f o r  

cho ice  at tempted t o  cover  t h e  range o f  p o s s i b l e  f l ows  cons idered i n  t h e  

model, t o  ease t h e  i d e n t i f i c a t i o n  o f  t r i a n g u l a r  hydrographs, t o  e l i m i n a t e  

c o n s i d e r a t i o n  o f  f r o z e n  ground, and t o  render  t h e  use o f  c u r r e n t  l a n d  use 

v a l i d  i n  de te rmin ing  r u n o f f .  The J u l y  13, 1957 s torm runs  were c a r r i e d  o u t  

on a d i f f e r e n t  s e t  o f  42 subbasins used i n  an e a r l i e r  s tudy .  Th i s  s e t  o f  

subbasins was used b o t h  f o r  t h e  Muskingum method and TROUT, so t h e  w i t h i n  

s torm comparison i s  v a l i d ,  b u t  t h i s  s torm was n o t  used as p a r t  o f  t he  da ta  

f o r  t h e  e r r o r  a n a l y s i s  descr ibed  below because o f  t h i s  d i f f e r e n c e  i n  sub- 

bas ins.  

The HEC-1 Flood Hydrograph package (U.S. Army, 1973) was used t o  

generate t h e  r u n o f f  hydrographs assoc ia ted  w i t h  each l a n d  use on each o f  t h e  

subbasins o f  t h e  watershed. The p r e c i p i t a t i o n  da ta  used as i n p u t  t o  HEC-1 

was taken f rom t h e  p r e c i p i t a t i o n  records  o f  t h e  r a i n  gauges surrounding t h e  

watershed (see Tab1 e 3.1 ) . The c u r v i  1 i n e a r  l o c a l  l y  generated r u n o f f  hydro- 

graphs generated by HEC-1 were then reduced t o  t h e  t r i a n g u l a r  form as 

descr ibed  i n  s e c t i o n  2.1. The t r i a n g u l a r  hydrographs were then  used as 



Table 3.1 Storm Data 

Storm Date 

Total Depth (in.) 2.24 4.55 5.15 2.03 8.46 

Duration (hrs) 

Hour 
1 .03 
2 .08 
3 .09 
4 .03 
5 .09 
6 .03 
7 0 
8 .32 
9 .18 

1 0  .14 
11 .12 
12 .03 
13 . O 1  
14 . 0 1  
15 0 
1 6  .03 
1 7  0 
1 8  0 
19 .02 
20 .02 
2 1  0 
2 2 0 
23 0 
24 0 
25 0 
2 6 0 
2 7 .36 
2 8 .06 
2 9 .10 
30 .30 
3 1 .04 

, 32 .04 
33 .02 
34 .02 
3 5 .02 
3 6 . 0 1  
3 7 
38 
3 9 
40 
4 1 
4 2 
4 3 
4 4 

Incremental Depth (in. ) 
.02 .06 .02 .04 
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i r l ~ u t  t o  TROUT, which performs t h e  r o u t i n g  computat ions th rough t he  system. 

For comparison, t h e  c u r v i l i n e a r  hydrographs generated by HEC-1 were rou ted  

through t h e  r i v e r  system us ing  t h e  Muskingum method as programmed i n  t h e  

HEC-1 package. The de te rm ina t i on  of f low depth f o r  a g i ven  f low was based 

on t h e  assumption of un i form f low w i t h i n  t h e  channel.  The d e t a i l s  o f  t h e  

r u n o f f  hydrograph gene ra t i on  by HEC-1 and t h e  development of t h e  r o u t i n g  

c o e f f i c i e n t s  a r e  d iscussed i n  Appendix A. 

The gauging s t a t i o n  on H i cko ry  Creek, j u s t  downstream o f  t h e  con- 

f luence  o f  Spr ing  Creek and H ickory  Creek (see F i g u r e  P . 2 ) ,  was used f o r  

comparisons o f  t h e  r e a l  events and t h e  p r e d i c t i o n s  f rom TROUT and HEC-1. 

Because o n l y  one gauging s t a t i o n  i s  a v a i l a b l e  on H i cko ry  Creek, t h e  com- 

pa r i son  o f  t h e  r o u t i n g  models w i t h  t h e  r e a l  events can o n l y  be performed a t  

t h e  downstream end o f  H i cko ry  Creek. Upstream comparisons can o n l y  be made 

between t h e  two r o u t i n g  models. 
, 

3.3.2 Comparison 

Tab le  3.2 shows t h e  peak f l o w s  and t imes  o f  peak f l o w s  f o r  each o f  

t h e  s i x  storms as recorded  a t  t h e  gauging s t a t i o n  and as p r e d i c t e d  by TROUT 

and HEC-1. F igures 3.2 t o  3.6 compare t h e  o u t f l o w  hydrographs a t  t h e  gauging 

s t a t i o n  f o r  recorded  hydrographs and t h e  hydrographs p r e d i c t e d  by TROUT and 

f o r  HEC-1 f o r  t h e  f i v e  storms r u n  w i t h  67 subbasins. The d i f f e r e n c e s  be- 

tween t h e  peak f l o w s  recorded a t  t h e  gauge and t h e  peak f l o w  generated by 

TROUT a r e  w i t h i n  20% o f  each o t h e r  f o r  f o u r  o f  t h e  s i x  storms. However, 

t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  recorded and p r e d i c t e d  peak 

f lows f o r  t h e  1976 and 1973 storm. 

3.3.3 Cliscussion 

Assuming t h a t  t h e  l o c a l l y  generated hydrographs produced by HEC-1 

a r e  reasonable rep resen ta t i ons  o f  t h e  ac tua l  r u n o f f  hydrographs f rom each 
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subbasin, t h e  use of TROUT g i ves  a  reasonable  r e p r e s e n t a t i o n  o f  t h e  o u t f l o w  

hydrograph a t  t h e  downstream end o f  H i c k o r y  Creek. Because t h e  purpose o f  

t h e  comparison i s  t o  determine whether TROUT i s  s u f f i c i e n t l y  s e n s i t i v e  t o  be 

used i n  an o p t i m i z a t i o n  model, and because damages a r e  a  f u n c t i o n  o f  peak 

f low a lone,  i t  i s  n o t  necessary t o  i n v e s t i g a t e  t h e  d i f f e r e n c e s  i n  t h e  t imes  

of  peak f lows as c l o s e l y  as t h e  peak f l ows  themselves. The t imes  o f  peak 

f l ows  a r e  o f  i n t e r e s t  o n l y  i n  how they  a f f e c t  t h e  peak f l ows  i n  o t h e r  sub- 

bas ins  when two hydrographs a r e  combined. 

The s u b s t a n t i a l  d i f f e r e n c e s  i n  peak f l o w s  and t imes  t o  peak 

between t h e  recorded  hydrographs f o r  t h e  1973 and 1976 storms and t h e  hydro-  

graphs p r e d i c t e d  by bo th  TROUT and HEC-1 suggest  t h a t  t h e  l o c a l l y  generated 

hydrographs used as i n p u t  t o  TROUT and t h e  Muskingum r o u t i n g  o f  HEC-1 a r e  

i n c o r r e c t .  One p o s s i b l e  reason f o r  t h e  d i f f e r e n c e  between p r e d i c t e d  and 

a c t u a l  f l o w s  f o r  these  two storms i s  t h a t  t h e  p r e c i p i t a t i o n  da ta  came frorr~ 

a  s i n g l e  s t a t i o n  n o t  i n  t h e  r i v e r  bas in .  Furthermore, i t  was n o t  t h e  same 

s t a t i o n  f o r  each storm. The f a c t  t h a t  p r e c i p i t a t i o n  da ta  came f rom s i n g l e  

s t a t i o n s  and were a p p l i e d  u n i f o r m l y  over  t h e  watershed cou ld  produce s i g -  

n i  f i c a n t  e r r o r s  i n  r u n n o f f  hydrograph computat ion,  p a r t i c u l a r l y  if t h e  storrn 

was o f  t h e  connec t i ve  o r  thunders torm t ype .  When t h e  o v e r a l l  shape and t o t a l  

volume o f  t h e  observed o u t f l o w  hydrographs a r e  compared t o  those  p r e d i c t e d  

by e i t h e r  o f  t h e  two r o u t i n g  models, none o f  t h e  storms matches ve ry  w e l l .  

T h i s  obse rva t i on  would tend  t o  r e i n f o r c e  t h e  conc lus i on  t h a t  r a i n f a l l  i n p u t  

v a r i a t i o n  may be t h e  cause. 

Due t o  t h e  apparent  v a r i a t i o n  i n  r a i n f a l l  across t h e  watershed and 

t h e  l a c k  o f  d e t a i l e d  data,  i t  was concluded t h a t  i t  was imposs ib l e  t o  compare 

e i t h e r  r o u t i n g  model t o  r e a l i t y .  The problem t h e r e f o r e  becomes one of 

comparing TROUT t o  a w i d e l y  accepted r o u t i n g  model , t h e  Muskingum method as 

programmed i n  HEC-1. The HEC-1 program was chosen as a  r e f e r e n c e  of com- 

p a r i s o n  because i t s  v a l i d i t y  i s  r e l a t i v e l y  w e l l  es tab l i shed .  
v n l  



3.4 Comparison w i t h  Muskingum Method 

3.4.1 Comparison 

Tab1 e 3.2 shows t h e  d i f f e rences  between t h e  hydrographs p red i c ted  

by TROUT and HEC-1 a t  t h e  downstream end o f  H ickory  Creek. The f l o w  values 

p red i c ted  by TROUT and HEC-1 a re  n o t  very  d i f f e r e n t  f rom each o t h e r  a t  t h e  

downstream end o f  Hickory.  The v a r i a t i o n  between t h e  HEC-1 and TROUT pre-  

d i c t i o n s  i s  f a r  l e s s  than t h e  v a r i a t i o n  between e i t h e r  t h e  HEC-1 o r  TROUT 

p r e d i c t i o n s  and t h e  recorded hydrographs. This  r e s u l t  i s  n o t  s u r p r i s i n g  

because t h e  i n p u t  hydrographs t o  TROUT a r e  merely  t h e  i n p u t  hydrographs f o r  

HEC-1 converted t o  t r i a n g l e s .  The peak f low,  t ime  o f  peak f l ow ,  and t o t a l  

volurr~e o f  f l o w  a re  maintained. 

3.4.2 Discussion 

For a l l  storms t h e  peak f l o w  a t  t h e  o u t l e t  o f  H ickory  Creek from 

TROUT was c o n s i s t e n t l y  l e s s  than t h a t  f rom HEC-1. However, t h e  g rea tes t  

d i f f e r e n c e  i s  no more than 30 percent.  Except f o r  t h e  doubly peaked storms, 

t h e  d i f f e rences  a re  l e s s  than 13 percent .  As mentioned p rev ious l y ,  t h i s  

closeness i n  values i s  t o  be expected as bo th  models a re  e s s e n t i a l l y  t h e  

same 1 oca l  l y  generated hydrographs. However, i n v e s t i g a t i o n  of subbasins 

(see Figures 3.7-3.11 ) o f  t h e  watershed i n d i c a t e s  t h a t  TROUT peak f low 

values a r e  n o t  c o n s i s t e n t l y  below those produced by HEC-1. 

F igures 3.7 through 3.11 show t h e  comparison between HEC-1 and 

TROUT on upstream reaches o f  H ickory  Creek and a long i t s  t r i b u t a r i e s  f o r  t h e  

f i v e  storms run  w i t h  67 subbasins. Th is  l a c k  o f  consis tency between t h e  

TROUT and HEC-1 values i n d i c a t e s  t h a t  t h e  r e s u l t s  observed a t  t h e  o u t l e t  t o  

t h e  bas in  a re  more a f u n c t i o n  of t h e  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  water- 

shed than o f  t h e  c h a r a c t e r i s t i c s  of t h e  two models. Consequently, i t  i s  n o t  

reasonable t o  expect s i m i l a r  r e s u l t s  f o r  o the r  watersheds. 
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F u r t h e r  i n v e s t i g a t i o n  of F igures  3.7 through 3.11 i n d i c a t e s  t h a t  

TROUT va lues  a r e  n e i t h e r  c o n s i s t e n t l y  h i g h e r  n o r  l owe r  than t he  HEC-1 va lues,  

e i t h e r  f o r  a  s i n g l e  s torm o r  a t  s i n g l e  p o i n t  i n  t h e  watershed. However, t h e  

ma jo r  r e l a t i v e  d i f f e r e n c e s  i n  f l o w  va lues occur  where t h e  ma jo r  t r i b u t a r i e s  

meet t h e  main channel o f  H i cko ry  Creek. The hydrographs b e f o r e  and a f t e r  

these  j u n c t i o n s  were i n v e s t i g a t e d .  However, once aga in  no r e a l  p a t t e r n  was 

found e i t h e r  i n  peak f l o w  o r  t i m e  o f  peak d i f f e r e n c e s .  The d i f f e r e n c e s  

appear t o  be caused by e f f e c t s  o f  t h e  t i m i n g  o f  t h e  peak f l o w s  and t h e  

f l a t t e n i n g  o f  t h e  f a l l i n g  1  imbs o f  t h e  HEC-1 hydrographs. A1 though i t  was 

found t h a t  a  c o e f f i c i e n t  on l a g  t ime  i n  TROUT would reduce t h e  mean squared 

e r r o r  compared t o  HEC-1, t h e  r e d u c t i o n  was i n s u f f i c i e n t  t o  j u s t i f y  t h e  

added comp lex i t y  and cou ld  n o t  be achieved w i t h  t h e  same c o e f f i c i e n t  f o r  

a l l  storms. 

I n  summary, a1 though t h e  TROUT model y i e l d s  f i n a l  o u t f l o w s  q u i t e  

c l o s e  t o  those f rom HEC-1, when a l l  reaches a r e  cons idered t h e  two procedures 

y i e l d  s u f f i c i e n t l y  d i f f e r e n t  r e s u l t s  t o  r e q u i r e  more d e t a i l e d  comparison o f  

TROUT t o  HEC-1. It i s  d e s i r a b l e  t o  es t ima te  whether t h e  p o t e n t i a l  e r r o r  

i n t r oduced  by us ing  TROUT a f f e c t s  t h e  p o l i c y  i m p l i c a t i o n s  ob ta ined  f rom t h e  

l and  use a l l o c a t i o n  model (see Chaper 1  ) . 

3.5 S e n s i t i v i t y  Ana l ys i s  o f  Land Use A l l o c a t i o n  Model 

If t h e  range o f  p o t e n t i a l  e r r o r  i n t r oduced  by t h e  s i m p l i f i e d  

r o u t i n g  model does n o t  a l t e r  t h e  s o l u t i o n s  o r  t h e  conc lus ions  drawn f rom t h e  

l a n d  use a l l o c a t i o n  mode, then t h e  s i m p l i f i e d  r o u t i n g  procedure i s  adequate 

f o r  i t s  in tended task .  The usual approach f o r  t e s t i n g  whether s o l u t i o n s  a r e  

s e n s i t i v e  t o  data e r r o r  i s  t o  i n t r oduce  u n c e r t a i n t y  about t h e  da ta  va lues.  

A  p r o b a b i l i t y  d i s t r i b u t i o n  can be used t o  r ep resen t  t h e  l i k e l i h o o d  t h a t  a  

p a r t i c u l a r  i t e m  o f  da ta  w i l l  t ake  on a  p a r t i c u l a r  va lue  (Zieman e t  a l . ,  1971; 
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r 
I Mercer and Morgan, 1976). The problem can then  be so lved  repea ted ly ,  drawing 

random numbers t o  determine which da ta  va lue  f r om t h e  d i s t r i b u t i o n  t o  use i n  
; 

each run.  Th i s  process r e s u l t s  i n  a  d i s t r i b u t i o n  o f  s o l u t i o n s  t h a t  can then 

I be analyzed t o  determine t h e  u n c e r t a i n t y  assoc ia ted  w i t h  t h e  s o l u t i o n  as a  
I 

r e s u l t  of u n c e r t a i n t y  i n  t h e  data.  I n  s imp le  a p p l i c a t i o n s ,  such as c o s t  

I b e n e f i t  ana l ys i s ,  t h e  r e s u l t  i s  a  d i s t r i b u t i o n  of  a  s i n g l e  v a r i a b l e ,  such as 

n e t  b e n e f i t s ,  t h a t  measures t h e  va lue  o f  a  s o l u t i o n .  The s e n s i t i v i t y  
1 

I a n a l y s i s  here concerns t h e  u n c e r t a i n t y  r e s u l t i n g  f rom s i m p l i f i c a t i o n  o f  t h e  

r o u t i n g  procedure used i n  t h e  model. The i d e n t i f i c a t i o n  o f  a  s u i t a b l e  e r r o r  
I 

d i s t r i b u t i o n  i s  t h e r e f o r e  more d i f f i c u l t  than i n  t h e  case o f  u n c e r t a i n t y  i n  

data.  One cannot e s t a b l i s h ,  f o r  example s u b j e c t i v e l y ,  a  range o f  e r r o r  

about  a  g i ven  da ta  value. Rather,  a  method must be p resc r i bed  f o r  computing 

t h e  e r r o r  d i s t r i b u t i o n  about any va lue  t h a t  t h e  v a r i a b l e  m i g h t  t ake  on 

d u r i n g  t h e  o p e r a t i o n  o f  t h e  model. T h i s  approach r a i s e s  d i f f i c u l t i e s  i n  

express ing e r r o r ,  which a re  discussed below. 

For  t h e  l and  use a l l o c a t i o n  model, t h e  p resen ta t i on  o f  r e s u l t s  i s  

a l s o  more d i f f i c u l t .  One cou ld  compare t h e  aggregate l a n d  va lue  f rom t h e  

model w i t h  aggregate 1  and va lues r e s u l t i n g  f rom o t h e r  po l  i c i e s  (Hopkins 

e t  a1 . , 1978) t o  determine t h e  u n c e r t a i n t y  o f  cho i ce  among po l  i c i e s .  However, 

t h i s  cho i ce  among p o l i c i e s  i s  l e s s  s e n s i t i v e  t o  u n c e r t a i n t y  i n  t h e  model 

than i s  t h e  l a n d  use p a t t e r n  r e s u l t i n g  f rom t h e  a l l o c a t i o n  model, as 

evidenced by o t h e r  e r r o r  analyses. (See Hopki ns, 1978). Therefore,  t h e  

p resen t  t e s t s  focus on t h e  s e n s i t i v i t y  o f  s o l u t i o n s ,  i n  t h e  sense o f  l a n d  

use pa t t e rns ,  t o  e r r o r  i n  t h e  r o u t i n g  procedure. I n  c o n t r a s t  t o  e r r o r  

d i s t r i b u t i o n s  f o r  s imp le  measures, such as n e t  b e n e f i t s ,  t h e r e  a r e  no 

g e n e r a l l y  s a t i s f a c t o r y  ways t o  express d i f f e r e n c e s  among d i s c r e t e  s p a t i a l  



pat te rns .  (See Hopkins, 1973, 1975; Chang e t  a1 . , 1979). Therefore, t h e  

d e s c r i p t i o n  o f  u n c e r t a i n t y  i n  land  use pa t te rns  i s  based on severa l  k inds  o f  

comparisons as discussed be1 ow. 

3.5.1 Desc r i p t i on  o f  E r r o r  D i s t r i b u t i o n s  

The f i r s t  t ask  i s  t o  descr ibe  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  

expected e r r o r .  For t h e  present,  t h e  concern i s  s o l e l y  w i t h  inaccuracy i n  

t h e  r o u t i n g  model. Therefore, a  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  o u t f l o w  i n  

cub ic  f e e t  per  second a t  t h e  base o f  each reach o f  t h e  stream must be estab- 

l i shed .  The a v a i l a b l e  data, as ide  from d i r e c t  s u b j e c t i v e  judgment, a re  t h e  

d i f f e r e n c e s  i n  ou t f l ows  from the  HEC-1 model versus t h e  TROUT model f o r  t h e  

f i v e  storms run  w i t h  67 subbasins as descr ibed i n  s e c t i o n  4. Assuming t h a t  

t h e  HEC-1 r o u t i n g  i s  an app rop r i a te  standard o f  re ference,  then t h e  devia-  

t i o n  o f  t h e  TROUT r e s u l t s  from t h i s  re fe rence i s  an es t imate  o f  t h e  e r r o r  

in t roduced by t h e  s i m p l i f i e d  r o u t i n g  model. 

There a r e  a t  l e a s t  t h ree  ways o f  desc r i b ing  t h i s  e r r o r .  It could 

be expressed as a  percent  o f  t h e  HEC-1 value, as an abso lu te  d i f f e r e n c e  

measured i n  cub ic  f e e t  per  second, o r  as some f u n c t i o n  o f  f l o w  measured i n  

cub ic  f e e t  per  second. The f i r s t  approach considered was t o  express t h e  

e r r o r  o f  TROUT w i t h  respec t  t o  HEC-1 as a  percent .  The percent  e r r o r s  were 

then c l a s s i f i e d  i n  d i s c r e t e  p o s i t i v e  and negat ive  i n t e r v a l s ,  and a  frequency 

d i s t r i b u t i o n  was es tab l i shed  by count ing t h e  number o f  t imes t h a t  t h e  e r r o r s  

observed f o r  each reach from t h e  f i v e  storms f e l l  i n t o  each c lass .  A l l  reaches 

o f  t h e  stream were considered together  so t h a t  one e r r o r  d i s t r i b u t i o n  was 

de r i ved  t h a t  would app ly  t o  a l l  reaches. During t h e  r u n  o f  t h e  dynamic 

programming a l g o r i t h m  t h a t  so lves t h e  land  use a l l o c a t i o n  problem (see 

Hopkins e t  a l . ,  1978), t h e  ou t f lows a t  each reach were mod i f i ed  by adding 

o r  s u b t r a c t i n g  t h e  percent  e r r o r  i n d i c a t e d  by a  randomly drawn c lass  



i 
I i n t e r v a l  i n  t h e  frequency d i s t r i b u t i o n .  Th is  procedure i s  equ i va len t  t o  

Monte Ca r l o  s imu la t i on ,  b u t  i n  t h i s  case w i t h  r espec t  t o  u n c e r t a i n t y  i n  

1 model s t r u c t u r e  r a t h e r  than t o  p r o b a b i l i s t i c  e x t e r n a l  events .  

I T h i s  procedure was i n f e a s i b l e  because t h e  percen t  e r r o r s  cumulated 
I 

t o  y i e l d  unreasonably h i g h  f l ows .  I f  t h e  random draw happened t o  i n d i c a t e  

severa l  a d d i t i o n s  t o  t h e  i n i t i a l  ou t f low es t imate ,  t h i s  inc rease  c o u l d  

become success ive ly  l a r g e r  as t h e  percen t  e r r o r s  were a p p l i e d  t o  success- 

i v e l y  l a r g e r  o u t f l o w  est i rnates. A c o n s t r a i n t  was added t o  c u t  o f f  unrea- 

sonable f l o w s  and thereby make runn ing  o f  t h e  model f e a s i b l e ,  b u t  t h i s  

ope ra t i ona l  d i f f i c u l t y  was i n d i c a t i v e  o f  conceptual  d i f f i c u l t i e s .  

The use o f  percen t  as an e r r o r  d e s c r i p t i o n  i m p l i e s  t h a t  t h e  e r r o r  

remains p r o p o r t i o n a l  as t h e  es t imated  o u t f l o w  v a r i e s .  For  example, i f  t h e  

f l o w  changed f rom say 2000 cub i c  f e e t  per  second ( c f s )  t o  6000 c f s ,  then t h e  

e r r o r  f o r  a  g i ven  p r o b a b i l i t y  would change f rom say 400 c f s  t o  1200 c f s .  

I h s p e c t i o n  o f  t h e  da ta  i n d i c a t e d  t h a t  t h e  l a r g e  percen t  e r r o r s  were asso- 

c i a t e d  w i t h  smal l  abso lu te  f l o w  va lues,  a  h i n t  t h a t  e r r o r  was n o t  p r o p o r t i o n a l .  

Therefore,  t h e  d e s c r i p t i o n  o f  e r r o r  i n  percen t  terms would be i n a p p r o p r i a t e .  

To t e s t  t h i s  hypothes is ,  a  l i n e a r  r eg ress ion  was r u n  o f  percen t  e r r o r  versus 

f low. The c o e f f i c i e n t  o f  de te rmina t ion ,  ~ 2 ,  was .05, and t h e  c o e f f i c i e n t  was 

negat ive,  i n d i c a t i n g  t h a t  percen t  e r r o r  was a  poor d e s c r i p t o r  and t h a t  t h e  

p r o p o r t i o n a l  e r r o r  p robab ly  decreased w i t h  increases i n  o u t f l o w .  

The a l t e r n a t i v e  o f  us ing  abso lu te  e r r o r  was then cons idered.  A 

2  r eg ress ion  o f  abso lu te  e r r o r  versus f l o w  had an R o f  .24 and a  p o s i t i v e  co- 

e f f i c i e n t  o f  .04 t h a t  was s i g n i f i c a n t  a t  t h e  .O1 l e v e l .  Th i s  r e l a t i o n s h i p  

i m p l i e d  t h a t  a  change o f  1000 c f s  i n  f l o w  l e d  t o  a  change i n  t h e  e r r o r  of 

1 

, I 40 c f s .  For t he  range o f  f l o w s  cons idered i n  t h e  model, 0  c f s  t o  40,000 cfs, 
f 

t h e  range o f  v a r i a t i o n  i n  t h e  expected e r r o r  would be 1,600 c f s .  The 

11 1  



largest absolute error  from HEC-1 flow predictions, ranging u p  t o  19,000 cfs 

or  half the range considered in the model, was approximately 1400 cfs .  One 

could, therefore, asser t  that errors greater than 2800 were highly u n l  i kely. 

cions With percent errors  ranging as high as  70 percent, the percent descrip+' 

of error could clearly lead t o  spuriously high estimates of error .  The 

inappropriateness of percent error was again confirmed. 

Although i t  would be desirable t o  incorporate the relationship 

between flow and absolute error  obtained s t a t i s t i c a l l y ,  there i s  no easy way 

to do so. I t  would be necessary to  establish some reference frequency dis- 

tribution tha t  would then be adjusted by the functional relationshop between 

error and flow. However, derivation of an error  distribution for  a particular 

reference flow would be d i f f i cu l t  from the very limited available data. Also, 

the expression of the absolute error relationship must approach zero as a 

l imit ,  which requires a complicated function beyond tha t  from the simple 

l inear regression. Such elaborate derlvatjon of an error distribution from 

so l i t t l e - d a t a  i s  not jus t i f iab le  from conducting a simple sensi t ivi ty 

analysis. 

Recalling that the differences observed between HEC-1 and TROUT 

appeared to  be dependent on the characteristics of the particular watershed, 

the frequency distribution of absolute errors for  each reach across the f ive 

storms was used. This approach avoided the d i f f i cu l t i e s  with percent e r ror ,  

b u t  related the absolute error roughly to flow, because flow i s  correlated 

w i t h  reaches. The use of reach specific distributions also takes direct  

cognizance of the idiosyncrasies of the observed errors.  For example, i f  

TROUT consistently underestimated a t  a particular reach b u t  overestimated 

a t  another, t h i s  difference in error would be incorporated. 
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hundred c f s  than  t o  overes t imate  h i g h  f l o w s  by t e n  o r  f i f t e e n  thousand c f s  

as occurs when percen t  e r r o r s  a r e  used. I n  t h e  runs  r e p o r t e d  i n  t h e  n e x t  

sec t ion ,  f l o w s  were s e t  t o  one i n  o n l y  a  few cases. 

3.5.2 Resu l ts  o f  S e n s i t i v i t y  Runs 

Ten runs  of t h e  a l l o c a t i o n  model were made us ing  t h e  e r r o r  a n a l y s i s  

approach descr ibed  above. The abso lu te  e r r o r  i n t e r v a l s  a r e  shown i n  Tab le  3.3 

w i t h  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  e r r o r  f o r  each reach. The a l l o c a t i o n  

model was a l s o  r u n  w i t h o u t  t h e  e r r o r  ana l ys i s  t o  p rov ide  a  re fe rence  w i t h  

which t o  compare t h e  e r r o r  a n a l y s i s  r uns .  The e r r o r  a n a l y s i s  and re fe rence  

runs  a r e  compared i n  Tables 3.4 and 3.5 

There i s  l i t t l e  v a r i a t i o n  across t h e  e leven r u n s  i n  t h e  t o t a l  

economic r e n t  f o r  t h e  watershed. The t o t a l  v a r i a t i o n  between t h e  1  a rges t  

and t h e  s m a l l e s t  va lues i s  1.6% of t h e  va lhe  f o r  t h e  re fe rence  runs.  I n  

abso lu te  terms, t h e r e  i s  one r u n  w i t h  a  va lue  $10 m i l l  i o n  h i ghe r  than t h e  

re fe rence  run;  a1 1  o t h e r  runs  a r e  w i t h i n  $5 m i l  1  i o n  o f  t h e  re fe rence  run .  

When t h e  a l l o c a t i o n  model was used t o  compare p o l i c i e s ,  t h e  op t ima l  s o l u t i o n  

from dynamic programming was p r e f e r r e d  t o  t h e  n e x t  bes t  p o l i c y  by $80 m i l l i o n .  

(See Chapter 1 ) .  The cho ice  o f  p o l i c i e s  based on t o t a l  economic r e n t  would, 

t h e r e f o r e ,  n o t  be a f f e c t e d  by t h e  es t imated  e r r o r  i n  t h e  r o u t i n g  model. T h i s  

r e s u l t  i n d i c a t e s  t h a t  t h e  TROUT r o u t i n g  procedure i s  adequate t o  t h e  t a s k  o f  

d i s t i n g u i s h i n g  among p o l i c i e s  f o r  t h e  case i n v e s t i g a t e d  here. 

The range o f  d i f f e r e n c e s  i n  f i n a l  o u t f l o w  f rom t h e  e r r o r  a n a l y s i s  

runs  r e q u i r e s  more s u b t l e  ana l ys i s .  Tab le  3.5 g i ves  a  reach-by-reach a n a l y s i s  

o f  t h e  s e n s i t i v i t y  runs.  Eachcolumn r e f e r s  t o  a run .  Each t r i p l e t  o f  rows 

g i ves  t h e  subbasin use, t h e  f l o o d p l a i n  use, and t h e  o u t f l o w  f rom t h e  subbasin 

i n d i c a t e d .  Subbasins a r e  indexed i n  F igu re  3.1. Four o f  t h e  t e n  e r r o r  



Table 3.5 (continued) 

Reference Error Analvsis Runs " 
Stage # Run 1 2 3 4 5 6 7 8 9 10 

I I 

17. Subbasin 
~1 oodpl ain 

8 8 8 8 8 8 8 8 8 8 
3 8 I  3 3 3 3 3 3 3 3 3 3 

Fl ow 329 1 329 329 329 329 329 329 329 329 329 329 

Flow 
19. Subbasin 

Fl oodpl ai n 
Flow 

20. Subbasin 
Fl oodpl ai n 

18. Subbasin 

623 
8 

Flow 

8 1 8 8 8 8 8 8 8 8 8 8 

423 723 523 723 42 3 623 723 623 623 723 -- 
8 3 8 8 3 8 3 8 8 8 

3 
71 0 
8 
3 

543 1 543 543 543 543 543 543 543 543 543 543 

Floodplain 
2 

Flow - - - 23. Subbasin 

3 3 3 3 3 3 3 3 3 3 
51 0 961 31 0 81 0 82 6 61 0 961 61 0 61 0 71 0 
8 8 8 8 8 8 8 8 8 8 
3 3 3 3 3 3 3 3 3 3 

* m Floodplain 
Flow 

24. Subbasin 
Fl oodpl ain 

21. Subbasin 
3 

745 
4 

Flow 
26. Subbasin 

Fl oodpl ai n 
Fl ow 

27. Subbasin 
Fl oodpl a i n 
Flow 

29. Subbasin 
Floodplain 
Flow 

31. Subbasin 
Floodplain 

8 1 8 8 8 8 8 8 8 8 8 8 
3 3 3 3 3 3 3 3 3 3 

445 745 445 745 745 745 745 345 745 745 
4 4 4 4 4 4 8 4 4 4 

3 
1904 

7 
3 

Fl ow 

3 3 3 3 3 3 3 3 3 3 
702 1955 1222 1804 1985 405 1826 422 1904 1404 
7 7 7 7 7 7 7 7 7 7 
3 3 3 3 3 3 3 3 3 3 

309 
4 
9 

3574 
8 
3 

239 
4 
9 

4745 
3 
9 

12942 1 9285 10588 16484 11366 14484 11458 11339 15097 14192 11379 

F1 oodplain 
Flow 

309.. 309 309 309 309 309 309.. 309 309 309 
4 4 4 4 4 4 4 4 4 4 
3 9 9 9 9 9 3 3 3 9 

1780 3784 3465 3470 3821 3157 2996 1777 2950 3320 
8 8 8 8 8 8 8 8 8 8 
3 3 3 3 3 3 3 3 3 3 

2 39 2 39 239 2 39 239 239 239 239 239 2 39 
8 4 4 4 4 4 4 4 4 4 
3 9 9 9 9 9 9 3 3 9 

1605, 3655 4236 3341 3892 3027 4166 1762 2321 4091 
3 3 3 3 3 3 3 3 3 3 
3 9 9 9 9 9 9 9 9 9 

32. Subbasin 
9 

1085 

4 1 4 4 4 4 4 4 4 4 4 4 
9 9 9 9 9 9 9 9 9 9 

1085 1085 1085 1085 1085 1085 1085 1085 1085 1085 



Table 3.5 (continued) 

Reference Error Analysis Runs 
Stage # Run 1 2 3 4 5 6 7 8 9 10 

Flow 

3 3 3 3 3 3 3 3 3 3 
9 9 9 9 9 9 9 9 9 9 

9385 10288 15984 10866 12784 10158 10539 14697 11992 11379 
3 3 3 3 3 3 3 3 3 3 
9 9 9 9 9 9 9 9 9 9 

31 71 31 71 31 71 31 71 31 71 31 71 31 71 31 71 31 71 31 71 
3 3 3 3 3 3 3 3 3 3 
9 9 9 9 9 9 9 9 9 9 

8585 10288 14584 9666 11584 8853 8439 13097 9792 10979 
3 3 3 7 3 7 7 3 7 3 
9 9 9 3 9 3 3 9 3 9 

34. Subbasin 
Floodplain 
Flow 

35. Subbasin 
Floodplain 
Flow 

37. Subbasin 
Fl oodpl ai n 
Flow 

38. Subbasin 
Floodplain 

1629 1 1629 1629 1629 252 1629 252 252 1629 252 1629 

Floodplain 
d Flow 
-1 41. Subbasin 

3 
9 

12942 
3 
9 

31 71 
3 
9 

12942 
3 
9 

39. Subbasin 
9 

2317 
3 

9 9 9 9 9 9 9 9 9 9 
7385 9488 13784 9962 10384 7954 7599 12697 10247 9779 

2 2 2 2 2 2 2 2 2 2 
9 9 9 9 9 9 9 9 9 9 

9 
Floodplain 9 
Flow 1 12942 

Flow 
43. Subbasin 

9 9 9 9 9 9 9 9 9 9 
2117 2117 2317 1870 2417 1870 1770 2117 1770 241 7 

3 3 3 3 3 3 2 3 3 3 

42. Subbasin 
Fl oodpl ai n 

Fl oodpl ai n 
Flow 

44. Subbasin 

3 

2 
9 

12942 
2 

Fl oodpl ai n 
Fl ow 

45. Subbasin 
Fl ood~l ai n 

3 3 3 3 3 3 3 3 3 3 

7385 9488 13784 9962 9184 7954 7599 12697 9847 9779 
2 2 2 2 2 2 2 2 2 2 

9 
12942 

7 

Flow 
47. Subbasin 

9 9 9 9 9 9 9 9 9 9 
6585 8188 13784 9862 7884 7154 7199 12697 9747 8979 

7 7 7 7 7 7 7 7 7 7 
3 

41 7 
3 
3 

Flow 
48. Subbasin 

3 3 3 3 3 3 3 3 3 3 
41 7 41 7 41 7 41 7 41 7 41 7 41 7 41 7 41 7 41 7 
3 7 3 3 3 7 3 7 3 3 
3 3 3 3 3 3 3 3 3 3 

1542 
7 

Floodplain 
Flow 

1542 190 1542 1542 1542 190 1542 190 1542 1542 
7 7 7 3 7 7 7 7 3 7 

2281 
7 

1481 329 1681 3352 2181 329 1481 829 3252 2181 
7 7 3 7 7 7 7 7 7 7 

3 
31 9 

3 3 9 3 3 3 3 3 3 3 
31 9 319 2193 319 31 9 319, 31 9 31 9 31 9 31 9 



Table 3.5 (continued) 

Reference Error Analysis Runs 
Staae # Run 1 2 3 4 5 6 7 8 9 10 

Floodplain I 9 1  9 9 9 9 9 9 9 9 9 9 

81 . Subbasi n 
Fl oodpl a i n 
Flow 

82. Subbasin 
Fl oodplain 
Flow 1492 1 220 1492 1492 220 1492 220 1492 1492 1492 1492 

6 
9 

2513 
2 
9 

Flow 

6 6 2 6 2 6 2 2 2 2 
9 9 9 2 9 2 9 9 9 9 

2413 2513 5530 1713 5667 1913 5567 7246 5962 6062 
6 2 2 6 2 6 2 2 2 2 
9 9 9 9 9 9 9 9 9 9 

84. Subbasin 

2725 12333 2225 6230 1812 5894 2333 6094 7346 6089 6689 

Fl oodpl ai n 
F1 ow 

86. Subbasin 
Floodplain 

- Floodplain ( 3 1  3 3 9 3 9 3 9 9 9 9 

Flow 

2 

85. Subbasin 
3 

2725 
3 
1 

843 843 843 . 843 84 3 158 843 843 843 843 

2 2 2 6 2 2 2 2 2 2 

3 1 7 7 3 7 3 7 3 3 3 3 
3 3 9 3 9 3 9 9 9 9 

2621 2913 6730 2500 5894 2021 6294 6846 6589 6689 
7 3 3 3 3 7 3 3 3 3 
1 1 1 1 1 1 1 1 1 1 

* I 
1 158 * 88. Subbasin * * * * 8 * * * * 

-- 
N 
N Flow 2882 12792 2813 7330 2913 6493 1892 6494 7846 7387 6489 

Fl ow 

3 3 3 3 3 3 3 3 3 3 90. Subbasin 

19839 116985 17441 25807 25720 17578 14006 17888 26849 23986 20526 

3 

*Subbasin is 100% 'flooded. 



a n a l y s i s  runs  y i e l d  ou t f l ows  a t  t h e  base o f  t h e  watershed t h a t  a r e  2,000 t o  

3,000 l e s s  than  t h q t  f o r  t h e  re fe rence  run .  Reach-by-reach a n a l y s i s  o f  t h e  

r e s u l t s  i n d i c a t e s  t h a t  t h i s  d i f f e r e n c e  occurs,  a t  l e a s t  i n  p a r t ,  because t h e  

f l o w  a long  t h e  mainstem between t h e  e n t r i e s  o f  Union D i t c h  and Mar ley Creek 

(see map i n  F i g u r e  1.2) i s  success ive ly  reduced i n  t h e  e r r o r  a n a l y s i s .  TROUT 

overest imated f l ows  i n  t h i s  s e t  o f  reaches compared t o  t h e  Muskingum method, 

so t h e  c o r r e c t i o n  i s  appropr ia te .  Examine, f o r  example, runs  4  and 6  i n  

Tab le  3.5. A t  t h e  e n t r y  o f  Union D i t c h  ( s tage  31) ,  t h e  f l o w  i n  r u n  6  

(11,458) i s  s i m i l a r  t o  t h a t  i n  r u n  4  (11,366). J u s t  be fo re  t h e  e n t r y  o f  

Mar ley Creek (s tage  43) t h e  f l o w  f o r  r u n  6  has become 2,000 c f s  l e s s  than 

f o r  r u n  4  d e s p i t e  t h e  f a c t  t h a t  t h e  l a n d  uses ass igned i n  each case a r e  t h e  

same. The d i f f e r e n c e  i s ,  t h e r e f o r e ,  due s o l e l y  t o  t h e  random draw y i e l d i n g  

a  succession o f  r educ t i ons  i n  t h e  f l o w  va lue  f o r  r u n  6. As mentioned above, 

t h i s  d i f f e r e n c e  p robab ly  overest imates t h e  e r r o r  because t h e  d i f f e r e n c e  

between t h e  f l ows  f rom TROUT and f rom t h e  Muskingum method remains about t h e  

same between t h e  two t r i b u t a r i e s .  The e r r o r  ana l ys i s ,  however, a l l o w s  t h e  

p o s s i b i l i t y  o f  cumula t ing  t h i s  e r r o r  because i t  i s  p o s s i b l e  t o  a d j u s t  f o r  t h e  

e r r o r  a t  each reach  i n  t h e  model and t h e r e  a r e  5  reaches a long t h e  mainstem 

between these  two t r i b u t a r i e s .  

Th i s  d i f f e r e n c e  i n  f l ows  i s  f u r t h e r  exacerbated w i t h  t h e  e n t r y  of 

Mar ley Creek. Because i n  these f o u r  runs  t h e  f l o w s  b e f o r e  t h e  j u n c t i o n  w i t h  

Mar ley Creek a r e  lower ,  i t  appa ren t l y  becomes wor thwh i le  t o  keep them even 

lower  i n  o r d e r  t o  a l l o w  urban development i n  t h e  f l o o d p l a i n  below J o l i e t  

( s t age  90).  There fo re ,  a d d i t i o n a l  d e t e n t i o n  i s  p rov ided  i n  stages 57 and 58 

on a  Mar ley Creek t r i b u t a r y  t o  c u t  down t h e  f l o w  and t h e r e f o r e  t h e  combined 

hydrograph a f t e r  Mar ley Creek. Th i s  i s  an example o f  t h e  complex i t y  o f  

r e l a t i o n s h i p s  i n v o l v e d  i n  t h e  l a n d  use a l l o c a t i o n  model. 



The re la t ive  s ize  of final outflow i s  f a i r ly  well determined before 

the inflow of Marley Creek. This i s  not  surprising because most peak flows 

from subbasins and from tr ibutar ies  below the entry of Union Ditch occur 

ea r l i e r  in time t h a n  the peak on the mainstream and therefore do n o t  change 

significantly the relat ive peak flows. The absolute sizes of the peak flows 

continue t o  increase, however, from the addition of flows from the t a i l s  of 

the hydrographs downstream. 

Four other runs have outflows 4,000 t o  6,000 cfs  higher than for  

the reference r u n .  These flows are also largely determined a t  the entry of 

Union Ditch. Allocations in these cases cannot take advantage of reduced 

flows a t  Marley Creek suff icient ly t o  permit urban uses below Jo l i e t .  

Therefore, detention i s  not assigned in b o t h  stages 57 and 58, which further 

increases these flows. In addition these four runs tend t o  increase more in 

stages 70, 73, and 74 due t o  cumulated error adjustments than do the other 

runs. 

Run 6 has a very low outflow of 14,000 cfs .  This apparently 

resul t s ,  f i r s t ,  from the same phenomena described for  the other low outflows 

and, second, from two other conditions. T h r o u g h  stages 70 t o  74, the flows 

on th i s  r u n  actually decrease s l ight ly,  while those for  a l l  other runs in- 

crease. The increase i s  the much more l ikely resul t  given the error pro- 

babi l i t ies .  Further, t h i s  very low flow just before the entry of Spring Creek 

i s  apparently suff icient  t o  just i fy additional detention on Spring Creek in 

order t o  permit higher density u r b a n  in J o l i e t  (stage 88).  This i s  the only 

r u n  in which stage 88 i s  not  completely flooded by the 100 year storm. This 

reduction in flow further decreases the combined final outflow yielding the 

significantly low flow of 14,000 cfs .  



The tenth r u n  yields approximately the same flow as the reference 

r u n ,  although not from an identical land use pattern. 

These resul ts  emphasize that  the observed range of outflows i s  not 

due solely to error  in the routing procedure, although i t  resu l t s  from such 

error  indirectly.  If the error in routing i s  suff ic ient  that  a different  

a1 location of land uses i s  optimal , perhaps through complex relationships,  

then the difference in final outflow will be due in part to the different  

land use allocation from which i t  resul ts .  That i s ,  the error  will be 

amplified by the resulting land use pattern. Because of the cumulative 

effect  of the error  analysis, the range of outflows i s  probably overstated. 

However, i t  i s  c lear  tha t  simulations using more complex routing models 

should be undertaken before land use decisions for  specif ic  subbasins are  

imp1 emented. 

The usefulness of the allocation model i s  dependent on being able 

to  determine choices for  land uses in particular subbasins. Therefore, i t  i s  

important to consider the sens i t iv i ty  of land use decisions fo r  individual 

subbasins to  the estimated error  in the routing model. The non-floodplain 

land uses are  the same across a l l  eleven runs in 57% of the subbasins and 

the floodplain uses are the same in 69% of the subbasins. In other words, 

63% of a l l  land use deicisions do not vary. This re la t ive  s t a b i l i t y  of 

land use decisions suggests tha t  a t  l eas t  a majority of individual subbasin 

decisions can be determined by the model within the estimated error  in the 

simp1 i f ied  routing model . Further, the .error analysis approach used here i s  

a successful means for  identifying the subbasins tha t  are  unchanged, and for  

which decisions indicated by the model a re  therefore re l iab le .  

Additional careful analysis of the error resu l t s  permits even 

more land use decisions to  be determined a t  the subbasin level.  Most of the 



subbasins f o r  which l a n d  use dec i s i ons  a r e  uns tab le  across t h e  runs  a re  i n  t h e  

upper reaches o f  H i cko ry  Creek be fo re  i n t e r s e c t i n g  t h e  f i r s t  ma jo r  t r i b u t a r y  

o r  i n  t h e  t r i b u t a r i e s .  I n  a t  l e a s t  some o f  these  cases t h e  t r i b u t a r i e s  can 

be separated i n t o  l a r g e l y  independent subproblems t o  f u r t h e r  cons ide r  t h e  

subbasin l e v e l  dec i s i ons .  For  example, t h e r e  a r e  v a r i a t i o n s  i n  l a n d  use 

d e i c i s i o n s  f o r  t e n  o f  t h e  twe l ve  subbasins a l ong  Sp r i ng  Creek. However, 

t h e r e  a r e  r e a l l y  j u s t  two cases. I n  one case d e t e n t i o n  i s  r e q u i r e d  i n  most 

reaches, t h e r e f o r e ,  p e r m i t t i n g  urban use a t  t h e  base o f  t h e  t r i b u t a r y  i n  

J o l i e t  ( s t age  88) .  1h t h e  second case, ve r y  l i t t l e  d e t e n t i o n  i s  assigned, 

and nonurban use i s  r e q u i r e d  i n  t h e  J o l i e t  subbasin. I n  genera l  these 

d i f f e r e n c e s  do n o t  a f f e c t  l a n d  use dec i s i ons  elsewhere i n  t h e  watershed. 

Therefore,  t h e  d e c i s i o n s  f o r  t h i s  t r i b u t a r y  cou ld  be analyzed more c a r e f u l l y  

w i t h  a  s i m u l a t i o n  model as an independent subproblem t o  c o n f i r m  t h e  b e s t  

l and  use dec i s i ons ,  g i ven  t h e  es t imated  e r r o r  i n  t h e  r o u t i n g  model. 

Even t h e  subbasins t h a t  f i t  none ' o f  t h e  above cases a r e  n o t  h i g h l y  

v a r i a b l e  w i t h  r e s p e c t  t o  t h e  r o u t i n g  model e r r o r  when t h e  s i g n i f i c a n c e  o f  

v a r i a t i o n  i n  d e c i s i o n s  i s  cons idered.  I n  a l l  subbasins t h e  v a r i a t i o n  con- 

s i s t s  o f  d e t e n t i o n  o r  nonde ten t ion  f o r  t h e  same l a n d  use, t h e  same urban use 

o r  a  nonurban use i n  t h e  f l o o d p l a i n ,  o r  i n  a  few cases, a  s h i f t  o f  one 

d e n s i t y  l e v e l  i n  t h e  l a n d  use. The o n l y  excep t i on  t o  t hese  types  o f  s h i f t s  

i s  t h e  appearance o f  l a n d  use 8  i n  J o l i e t  ( s t a g e  88) w i t h  t h e  ex t reme ly  low 

f l o w  t h a t  l eaves  t h e  subbasin o n l y  p a r t i a l l y  f l ooded  f o r  t h e  100 y e a r  f l ood .  

The s h i f t s  f r o m d e t e n t i o n  t o  nonde ten t ion  o r  f rom urban t o  nonurban uses 

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

o f  a  p a r t i c u l a r  t y p e  renders  s i m u l a t i o n  a  reasonab le  means f o r  conduc t ing  

f u r t h e r  a n a l y s i s .  Only  t h e  t r a d e o f f s  between d e t e n t i o n  o r  nonde ten t ion  f o r  

a  p a r t i c u l a r  use, versus nonurban f l o o d p l a i n  o r  a  p a r t i c u l a r  use, need be 

cons idered.  The number o f  a l t e r n a t i v e  l a n d  use p a t t e r n s  i s  t h e r e f o r e  g r e a t l y  



I 

reduced so t h a t  complex s imu la t i ons  can be used t o  analyze each a l t e r n a t i v e .  

I Fu r ther ,  i n  many cases, t h e  p a r t i c u l a r  subbasins i n v o l v e d  i n  the  t r a d e o f f s  

car1 be i d e n t i f i e d  so t h a t  t h e  cases t o  be i n v e s t i g a t e d  a r e  ever1 s imp le r .  

1 
i It i s  a l s o  p e r t i n e n t  t h a t  t h e  r e s u l t s  of s e n s i t i v i t y  a n a l y s i s  on 

l a n d  va lue  data a1 so y i e l d  s i rn i l  a r  p a t t e r n s  w i t h  most of  t h e  undecidable l a n d  
I 
I uses o c c u r r i n g  i n  t r i b u t a r i e s  and i n v o l v i n g  l o c a l i z e d  t r a d e o f f s  between 

i d e t e n t i o n  and f l o o d p l a i n  l and  uses. (See Chapter 2 ) .  Th i s  correspondence 
I 

i m p l i e s  t h a t  s imu la t i ons  t o  deal w i t h  d i f f i c u l t  subproblems can cons ider  t h e  

1 p o t e n t i a l  e r r o r  i n  severa l  p a r t s  of t h e  a l l o c a t i o n  niodel and da ta  a t  t h e  
1 

same t ime.  
I 

I 

3.6 Conclusions 

I The p r ima ry  ques t ion  o f  t h i s  ana l ys f s  i s  whether TROUT, t h e  simp1 i- 

f i e d  r o u t i n g  model t h a t  i s  r e q u i r e d  t o  make t h e  dynamic programming s o l u t i o n  

i a l g o r i t h m  poss ib l e ,  i s  s u f f i c i e n t l y  accura te  t o  y i e l d  re1 i a b l  e  s o l u t i o n s  t o  

I 
t h e  l a n d  use a1 l o c a t i o n  problem. When t h e  comparison t o  observed f l ows  i s  r e j e c t e d  

as i n v a l i d  because o f  inadequate p r e c i p i t a t i o n  data,  any conc lus ion  must be 

I 
i based on a  comparison w i t h  a  w i d e l y  accepted r o u t i n g  procedure such as t h e  

Muskingum method. The two methods do n o t  y i e l d  s u f f i c i e n t l y  s i m i l a r  r e s u l t s  
i 
I upon d i r e c t  comparison t o  a s s e r t  t h a t  t he  TROUT procedure r e p l i c a t e s  t h e  

i Muskingum r e s u l t s .  Therefore,  t h e  adequacy o f  t h e  TROUT procedure must be 
,i ' 

eva lua ted  by de te rmin ing  whether t h e  es t imated  e r r o r  i s  s u f f i c i e n t  t o  render  

I 
1 t h e  a l l o c a t i o n  model r e s u l t s  u n r e l i a b l e .  

t h e  e r r o r  a n a l y s i s  descr ibed  above i n d i c a t e s  t h a t  t he  t o t a l  
i 
J. economic r e n t  o f  t h e  watershed i s  i n s e n s i t i v e  t o  t h e  es t imated  e r r o r  i n  t h e  

r o u t i n g  model. Th i s  r e s u l  t imp1 i e s  t h a t  po l  i c y  comparisons based on t o t a l  

economic r e n t  f o r  l and  a r e  r e l i a b l e  f o r  t h e  watershed s tud ied  here. Fu r the r ,  

1 63% o f  t h e  l a n d  use dec i s i ons  a t  t he  i n d i v i d u a l  subbasin l e v e l ,  cons ide r i ng  



both f l o o d p l a i n  and non- f loodp la in  decis ions,  a r e  i n s e n s i t i v e  t o  the  

est imated e r r o r  f o r  t he  watershed under study. Such subbasins can be success- 

f u l l y  i d e n t i f i e d  by an e r r o r  ana lys i s  o f  t he  k ind  used here. Many of the  

remaining subbasins can be analyzed e f f e c t i v e l y  by s imu la t i on  us ing  a  more 

accurate, bu t  concomitant ly  more complex r o u t i n g  model. This  approach i s  

f e a s i b l e  because t h e  subbasins w i t h  undecided land uses can u s u a l l y  be 

separated i n t o  subproblems and because t h e  quest ion i s  u s u a l l y  one of l o c a l  - 
i zed  t r a d e o f f s  between detent ion  and nonurban use i n  t h e  f l o o d p l a i n .  I n  

summary then t h e  TROUT r o u t i n g  model i s  adequate f o r  use i n  a  f l o o d p l a i n  

management model used f o r  screening good land use pa t te rns  from the  many 

poss ib le  l and  use pat te rns .  The d i f f e r e n c e s  among these se lec ted  pat te rns  

are  a l s o  s u f f i c i e n t l y  s t ruc tu red  t h a t  they can be f u r t h e r  analyzed e f f e c t -  

i v e l y  w i t h  s imu la t i on  models. 



APPENDIX A 

HYDROLOGY COMPUTATIONS 

Most o f  t h e  hydro logy  computat ions were c a r r i e d  o u t  us i ng  programs 

i n c l  uded i n  HEC-1: F lood Hydrograph Package developed by t h e  Hydro1 o g i c  Eng- 

i n e e r i n g  Center  o f  t h e  U.S. Army Corps o f  Engineers .  Sec t i on  A. l  desc r ibes  

t h e  computat ion o f  t h e  hydrographs f o r  each use on each subbasin.  Sec t i on  A.2 

descr ibes  t h e  computat ions f o r  t h e  Muskingum r o u t i n g  method, wh ich  was used 

as a s tandard  o f  comparison f o r  t h e  t r i a n g u l a r  r o u t i n g  method and t o  o b t a i n  

more accu ra te  h y d r o l o g i c  response da ta  f o r  l a n d  use p a t t e r n s  found by t h e  

dynamic programming model . 

A . l  C a l c u l a t i o n  o f  u n i t  Hydrographs 

The u n i t  hydrographs were computed us i ng  t h e  C la r k  method (C la r k ,  

1945) as programmed i n  t h e  HEC-1 package. The HEC-1 programs per fo rm "lumped 

parameter model ing o f  t h e  p r e c i p i t a t i o n  r u n o f f  process,"  wh ich  means t h a t  

s p a t i a l  and tempora l  average va lues  o f  t h e  i n p u t  parameters a r e  used. The 

s y n e t h e t i c  d imension less t ime-area cu rve  p rov i ded  i n  t h e  HEC-1 package was 

used. As desc r i bed  i n  t h e  HEC-1 U s e r ' s  Manual, t h i s  i s  

A1 = T' . 5/0. 707 f o r  O<T<O. 5 (A1 ) 

1 5  1 - A1 = (1-T) ' /0.707 f o r  0.5<T<1 (A2) 

where 

A1 = a rea  as a r a t i o  o f  t o t a l  b a s i n  area 

T = t i m e  as r a t i o  o f  t i m e  f rom beg inn ing  o f  r u n o f f  t o  t i m e  o f  

c o n c e n t r a t i o n  



This  dimensionless curve i s  f i r s t  t ransformed i n t o  a dimensional curve us ing  

t h e  basin area and t ime  o f  concent ra t ion .  I t  i s  then converted t o  a t ime-area 

runo f f  curve, I, w i t h  a t o t a l  o f  one i nch  o f  p r e c i p i t a t i o n  excess. The u n i t  

hydrograph i s  t h i s  runof f  curve rou ted  through storage a t  t h e  o u t l e t  o f  t he  

subbasin us ing  t h e  Muskingum r o u t i n g  procedure w i t h  t h e  Muskingum X c o e f f i c i e n t  

s e t  equal t o  zero and t h e  s to rage c o e f f i c i e n t ,  R, s e t  a t  t h e  app rop r i a te  r a t e  

f o r  t h e  subbasin. Th is  i s  descr ibed i n  t he  HEC-1 User 's  Manual as 

Q2 = (CA I )  + (CB . Q,) .  

QUNGR = 0. 5(Q1 + Q2) 

CA = TRHR/(R + 0.5 TRHR) 

where 

Q2 = instantaneous f l o w  a t  end o f  p e r i o d  

Q = instantaneous f l o w  a t  s t a r t  o f  p e r i o d  1 

I = incremental  area du r i ng  p e r i o d  (conver ted t o  c f s  per  i n c h  

o f  r a i n f a l l )  

QUNGR = u n i t  hydrograph o r d i n a t e  

TRHR = t a b u l a t i o n  i n t e r v a l  i n  hours 

R = bas in  s to rage c o e f f i c i e n t  i n  hours 

The HEC-1 program te rmina tes  i t s  computation o f  u n i t  hydrograph ord ina tes  when 

t h e  hydrograph volume exceeds .995 inches o r  when 100 o rd ina tes  have been 

computed. An exponent ia l  recess ion  o f  t he  f l o w  from preceding r u n o f f  i s  

used t o  descr ibe  base f l o w .  

, 130 
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For  r u r a l  l a n d  uses, t h e  t ime  o f  concen t ra t i on  f o r  each of t h e  sub- 

bas ins  was determined by measuring t h e  l onges t  f l ow  pa th  t o  t h e  downstream 

boundary o f  t h e  subbasin and i t s  average s lope .  These were taken from 

Un i ted  S ta tes  Geolog ica l  Survey topograph ic  maps. Time o f  concen t ra t i on  was 

then  computed us ing  t h e  K i r p i c h  forrnul a. 

where 

L = l e n g t h  o f  channel i n  f e e t  

s  = channel s lope  

ti = t i m e  o f  concen t ra t i on  i n  hours 

For  urban l a n d  uses a d ra inage  system was assumed t o  have been i n -  

s t a l l e d .  A g r i d  w i t h  b l ock  w i d t h  o f  500 f e e t  was superimposed on each sub- 

bas in  and t h e  l onges t  f l o w  p a t h  f o r  t h a t  system determined. A t y p i c a l  f l o w  

v e l o c i t y  o f  5  f e e t  pe r  second i n  g u t t e r s  and sewers was a p p l i e d  t o  t h i s  f low 

l e n g t h  and t h e  e f f e c t i v e  t ime  o f  concen t ra t i on  computed as 

where 

L = l o n g e s t  f l o w  l e n g t h  i n  f e e t  

v  = f l o w  v e l o c i t y  i n  feet /second 

tc = t i m e  o f  concen t ra t i on  i n  seconds 

The s to rage  c o e f f i c i e n t  i n  hours f o r  t h e  C la r k  u n i t  hydrograph 

method c o u l d  n o t  be ob ta ined  d i r e c t l y .  However, i n v e s t i g a t i o n  of t h e  



I 

s e n s i t i v i t y  o f  t h e  peak t o  v a r i a t i o n s  i n  t h i s  parameter showed t h a t  t h e  peak 

f l o w  was n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  these changes. A va lue  o f  .3, which 

i s  t y p i c a l  f o r  areas o f  t h e  s i z e  of t h e  subbasins i n  t h i s  p r o j e c t ,  was 

assumed f o r  a l l  42 subbasins. The r a t i o  o f  t h e  recess ion  f l o w  t o  t h a t  t e n  

i n t e r v a l s  l a t e r ,  a r e q u i r e d  i n p u t  parameter, was taken  f rom t h e  hydrograph 

generated a t  t h e  gauging s t a t i o n  i n  J o l i e t .  

The p r o p o r t i o n  o f  t h e  subbasin t h a t  would be imperv ious f o r  t h e  

va r i ous  l a n d  uses was taken f rom t a b l e s  i n  SCS Na t i ona l  Engineer ing Handbook 

( S o i l  Conservat ion Serv ice,  1969), Urban Storm Drainage C r i t e r i a  Manual 

(Wright-McLaughl i n  Engineers, 1969), and The Costs o f  Sprawl (Real Es ta te  

Research Corpora t ion ,  1974). The i n i t i a l  r a i n f a l l  l o s s  and cons tan t  l o s s  

r a t e  a f t e r  t h i s  i n i t i a l  r a i n f a l l  l o s s  had been f u l f i l l e d  were taken f rom t h e  

f i r s t  two re fe rences .  

These da ta  were then  used i n  t he  C la r k  method hydrograph genera t ion  

program o f  t h e  HEC-1 package t o  generate and p l o t  hydrographs f o r  each l a n d  

use on each subbasin.  The t r i a n g u l a r  hydrographs f o r  use i n  t h e  dynamic 

programming model were f i t t e d  t o  t h e  p l o t t e d  hydrographs by eye. The peak 

o f  t h e  o r i g i n a l  hydrograph was taken as t h e  peak of t h e  t r i a n g l e .  The 

r i s i n g  l imb ,  which was very  c l o s e  t o  a s t r a i g h t  l i n e  i n  most cases, was 

approximated by a s t r a i g h t  l i n e  f rom t h e  p o i n t  o f  i n i t i a l  r i s e  t o  t h e  peak. 

The recess ion  l i m b  was approximated by a s t r a i g h t  l i n e  such t h a t  t h e  t o t a l  

area under t h e  l i n e  was equal t o  t h e  t o t a l  area under t h e  recess ion  l i m b  

of t h e  o r i g i n a l  hydrograph. 

A.2 C a l c u l a t i o n s  f o r  Muskingum Rout ing Method 

The Muskingum r o u t i n g  method (Chow, 1964; Rockwood, 1964) as 

programmed i n  t h e  HEC-1 package was used t o  p rov ide  more accu ra te  hyd ro log i c  
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Figure A.1 Cross Section 

Given the cross section fo r  each reach and an average slope fo r  

each reach, computed from a topographic map, a flood flow f o r  each reach was 

calculated.  I t  was assumed tha t  the  peak flow a t  the  gauge a t  J o l i e t  could 

be used as  a base and tha t  the magnitude of flows a t  each upstream reach was 

d i r ec t l y  proportional t o  the  to ta l  area upstream of the  reach; the  flow a t  

ease reach is the  same portion of the  flow a t  J o l i e t  a s  the area of above 

the reach i s  of the  to ta l  area above J o l i e t .  

The time of travel  fo r  each reach was calculated under the 

assumptions of uniform flow in the  cross section of t ha t  reach. Manning's 

formula was used t o  compute velocity i n  the cross section.  

where 

R = hydraulic radius = wetted perimeter/flow area 

n = Manning's n 

S = channel slope in fee t / foo t  

V = velocity in feet/second 



Th is  v e l o c i t y  was assumed t o  be t h e  average v e l o c i t y  i n  t h a t  reach, which 

y i e l d s  t h e  t r a v e l  t i m e  i n  t h e  reach as 

L AMSKK = - v 

where 

L = l e n g t h  o f  reach channel i n  f e e t  

The assumption o f  u n i f o r m  f l o w  ignores  backwater e f fec ts  and nonsteady and 

nonuniform f low; these assumptions a re  c o n s i s t e n t  w i t h  t h e  assumptions o f  

t h e  dynamic programming f o rmu la t i on .  

The Muskingum X c o e f f i c i e n t  was s e t  a t  a t y p i c a l  va lue  of  . 3  f o r  

a l l  reaches because i t  was n o t  p o s s i b l e  t o  es t ima te  va lues f rom t h e  a v a i l a b l e  

data.  
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