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DESHW OF n O O D  GOMTROL IHWOBrlEmNTS 
BY SYSTEMS M L Y S I S :  A CSE s ~ F ~ " J ( ~ )  

bps 

( 4 )  Howard 0.  ease!" Arnold V. ~ o b b i n s  !3' John 8.  Jordan, 

and' Harold V, ~ o ~ a l ( ~ )  

A hydrologic-economic simuBae9~n m d e l  was developed tto evaluate alter- 

na t ive  protec t ion  schemes i n  the  design of an authorized fede ra l  f lood 

contro l  p ro jec t  f o r  125 m i l e s  of the  Tibbee River f lood p l a i n  i n  M s s i s s i p p i .  

The model requi res  input  cons is t ing  of u n i t  hydrographs, s t r e m f l o w  rout ing  

c o e f f i c i e n t s  and s to rage  functions,  a p a t t e r n  storm, r a i n f a l l  l o s s  r a t e  

functions,  and Plow-damge-frequency r e l a t i o n s .  A s i n g l e  syn the t i c  pa t t e rn  

storm was used i n  conjunction with flow-frequency curves a t  index loca t ions  

t o  generate a series of f loods f o r  comparing a l t e r n a t i v e  protec t ion  schemes 

with e x i s t i n g  condit ions.  The e f f e c t  of channel improvements on flood 

runoff c h a r a c t e r i s t i c s  was evaluated by using s torage  routing functions 

t h a t  account f o r  changes i n  storage-discharge r e l a t i o n s ,  Based on r e s u l t s  

obtained from using the  model, a channel. i q r o v e e w e  plan was t e n t a t i v e l y  

se lec ted  f o r  the  Tibbee River basin from the  al tematiave schems  evaluated.  

( I )  For presenta t ion  a t  the ASCE National Meeting on Environmental 
Engineering, October 1971. 

(2 )  Chief, Special  Assistance Branch, The Hydrologic Engineering Center,  
U. S. A m y  Corps of Engineers, Davis, Ca l i fo rn ia ,  

(3) Civi l  Engfneer, P ro jec t  Development Seceioa, Nobile D i s t r i c t ,  
U. S. Army Corps of Engineers, Mobile, Alabama. 

' 4 )  Chief, Hydrology Sect ion ,  Mobile D i s t r i c t ,  U. S. Amy Corps of 
Engi neers  , Mobile, ABabam, 

'5) C iv i l  Engineer Technician, Hydraulic Data Section,  Mobile D i s t r i c t ,  
U .  S. Army Corps of EngBneers, Mobile, ABabam. 



A federal project involving extensive stream clearing, 

straightening and enlargement was authorized by Congress in 1958. 

The purpose of the project is to achieve flood control and drainage 

on 466 miles of flood plain along 22 tributary streams of the upper 

Tombigbee River in Mississippi and Alabama. A current study conducted 

on a cooperative basis by the Mobile District and The Hydrologic 

Engineering Center, Corps of Engineers, is concerned with a portion 

of the overall project, namely 125 miles of f.l.ood control improvements 

authorized for a system of 1.0 streams in the Tlbbee River basin, 

Mississippi (figure 1). The objectives of the study are to determine 

the effect of alternative channel improvement schemes on flood runoff 

characteristics in the stream system, to determine the reductions in 

flood damage associated with the alternative plans, and to select 

from among the alternatives the plan that would most economically 

achieve the fl..ood control ob jecti.ves . 
The methodology adopted for the study required the development 

of a generalized hydrologic-economic ma$hematical model to simulate the 

flood runoff characteristics of the basin under existing conditions and 

for alternative improvement schemes, including detention structures 

that are planned by the U. S. Soil Conservation Service. This paper 

describes the simulation model and study procedures and presents some 

of the results of the study. 



The total ,  area of %he Tibbee River basin is 

1,121 square miles, of which about U O  s q w e  miles are  i n  the flood 

p la in  of %he 10 s taems authorized for improvement. The basin has 

a maximum width of 30 miles, an average width or" 2 l m i l e s ,  and a 

stream length of 74 miles (from the mouth of Tibbec River to  the head 

of Sakatonchee Creek, %ts longest t r i b u t a q ) .  '$ke t e r r a in  is f a i r l y  

rugged with rather high r e l i e f  varying from elevgution la Lo 400 f ee t ,  

rn.s.1. 

The Tibbee River i s  fomed a t  the junction of Line and Sakatonchee 

Creeks and it flows easter ly about 24 mil-es to  join the Tonabjigbee River 

through the r ight  bank about 35 miles northwest of Colmbus, Mississippi. 

It has an average gradient of 1.5 f ee t  per mile. Its %ributaPies 

range i n  length from about 5 miles t o  50 miles with gradients generally 

steeper than tha t  of' the main stem. The fl,ood plain along the  Tibbee 

River and i ts tribuLaP.ies awrages about E mile In width and i s  subject 

t o  frequent flooding, 

The basin area i s  located within the Tombigbee H i U s  and Black 

Prair ie  d i s t r i c t s  of the Gulf Coastal Halain physiowaplaic province. 

The downstream 4 on. 5 miles of the Ti.bbee River traverses the  Tombigbee 

H i l l s  d i s t r i c t  with topography rangiwg from 9 . 0 ~ ~  smoothly rounded 

hi l . ls  t o  h i l l s  and ridges separated by nwrow valleys. The upstrem 

reach of the Tibbee River and i t s  t r ibu ta r i e s  i s  located i n  the Black 



Pra i r i e  d i s t r i c t  where the topography var ies  from nearly f l a t  

t o  smoothly rounded h i l l s  or  Low r e l i e f .  

Climatology. The Tibbee River basin has a temperature climate 

with warm sumners and m i l d  winters. The normal annual temperature 

is  64 degrees with monthly normals ranging from 47 degrees i n  

January t o  81 degrees i n  July. '1111e minimu? recorded temperature 

i s  -10 degrees and the maximum is 113 degrees. The frost- f ree  

period normally l a s t s  from April  t o  November. 

Precipi ta t ion during the year is abundant and f a i r l y  well 

d is t r lbuted.  The normal annual. r a i n f a l l  i s  almost 49 inches, of 

which 58 percent f a l l s  i n  the winter and spring, 24 percent in the  

summer, and 18 percent in the  f a l l .  The average annual snowfall is  

about 35 inches. 

Flood producing storms may occur a t  any time but a r e  more 

frequent during the  winter and spring. Such storms a r e  usualQ of t he  

f ron ta l  type covering large meas  and l a s t i ng  from 2 t o  4 days. S m e r  

storms a re  generally of the thunderstorm type with high in tens i ty  

over small. areas. Recorded rainfall .1~ i l l  the basin include maximums of 

3.20 inches i n  a 1-hour period, 6.53 inches i n  1.2 hours, and 7.43 

inches i n  24 hours. The 1- and 12-hour maximums occurred during a 

storm on June 1-2, 1947, and the 24-how maximum occurred i n  

January 1950. 

Land Use. About half  of the  t o t a l  basin area i s  i n  farms. Sixty 

percent of .the farmland acreage i s  about equblly divided between 



cropland and other uses such a s  house l o t s ,  roads, pastures andl 

wasteland. The remaining 40 percent is  woodland. More than 

80,000 acres  a r e  i n  t h e  flood pla in  along the  10 project  streams. 

It is  estimated t h a t  30 percent of %his  flood p la in  land is  i n  

cul t ivat ion,  15 percent i s  i n  pastme o r  id le ,  and 55 percent i s  wood- 

land. It i s  estimated t h a t  flood amages t o  flood p la in  development; 

average $1.,837,000 a yew,  consist ing mainw of agricul.tural. losses.  

The improvement of t he  project  streams would reduce these flood 

damages and permit more intensive agr icu l tu ra l  use of t h e  flood 

plains. 

INVEST IGAT TON 

General. To accomplish the  study objectives,  it was concluded 

t h a t  a systems analysis  of various a l te rna t ive  schemes of basin develop- 

ment f o r  the  Tibbee River was required, and t h a t  a hydrologic-economic 

simulation model should be developed t o  f a c i l i t a t e  the  analysis .  It was 

recognized t h a t  extensive channel improvement works i n  a r i ve r  system 

could cause an adverse peaking e f f e c t  on runoff; i.e., peak r tnoff  r a t e s  

could l i ke ly  be la rger  because of t he  more rapid concen%ration of runoff 

resu l t ing  from more e f f i c i e n t  conveyance. Therefore, %he model was 

developed primari1.y for  the purpose of epretl.uating t he  e f fec t s  of 

a l t e rna t ive  channel improvement plans on the  flood runoff charac te r i s t i cs  

of timing and magnitude of peak runoff ra te .  Another major purpose o f  the 

model was t o  determine the reductions i n  flood damage fo r  the  a l te rna t ive  



plans.  A general.ized computer program (ra infa l l - runoff  model) 

developed by The Hydrologic Engineering Center was used f o r  

mode1:ing purposes. 

The appl ica t ion o f  the general ized simulat ion model required 

t h e  devel.opment of  c e r t a i n  hydrologleal and economic inputs, such as 

(1) u n i t  hydrograph and l o s s  rate c r i t e r i a ,  (2) channel rout ing c r i t e r i a ,  

(3) s y n t l ~ e t i c  pa t t e rn  storm, (4) d i  jcharge-frequency and stage-discharge 

r e l a t i o n s ,  and ( 5 )  stage-damage r e l a t i o n s .  

Economic Studies.  The procedure used f o r  determining reductions 

i n  f lood damage a t t r i b u t a b l e  Lo chanael improvement works was t o  

compute the  d i f ference  i n  average annual flood damages1 between 

e x i s t i n g  conditions and improved conditions. Average annual f lood 

damages f o r  e x i s t i n g  condit ions were computed from known o r  derived 

stage-discharge, discharge-frequency, and stage-damage re la t ionships .  

For 'mproved conditions, average annual f lood damages are usually computed 

from these  same rel.a-kionships with t h e  stage-discharge re la t ionsh ip  modified 

t o  r e f l e c t  t h e  changes i n  stage.  However, f o r  t h i s  study i t  was a l s o  

necessary t o  modify t h e  discharge-frequency re la t ionsh ip  t o  r e f l e c t  t h e  

magnitude of the  peaking e f f e c t  on runoff resul . t ing from upstream channel 

improvement works. The need f o r  modifying t h i s  r e la t ionsh ip  made the  

determination of flood damage reduction more d i f f i c u l t .  

I n  formulating the  optimal plan of channel. improvement works f o r  

t h e  Tibbee River basin,  es t imates  of  f lood damage reduction a t t r ibutable  

' ~ v e r a ~ e  annual f lood damage i s  defined as t h e  expected value of  annual flood 
damage computed by in tegra t ing  t h e  damage-exceedence frequency function. 

6 



Co each alternative plan evaluated were determined. For this 

determination, the flood plains of the Tibbee River and its 

tributaries were subdivided into 21 plannirng reaches vanyi.ng in length 

from 2 to 17 miles (figure 1). Based on detaiLed economic studies, 

flood damages were deteMned for each planni~lg reach and related 

to stage at the index station (representatiw reference point) 

selected for the reach. Using stage-discharge and discharge-frequency 

relationships, average annual. flood damages were computed at each 

index station for existing conditions and for each alternative plan 

as described later in the paper. 

Hydrologic and IQnirau3.i~ Studies. A discharge-frequency 

statistical analysis was made from stremflow data for gaging stations 

located on the Tibbee River and its tributaries and on adjacent streams 

of similar size and comparable hydrologic characteristics. A relationship 

of drainage area versus the annual mean was devel.oped, A skew coefficient 

of zero and a standard deviation of 0.24 were adopted and used with this 

relationship for determining the discharge-frequency relationship at 

each index station for existing conditions in the basin. 

Extensive backwater computations for existing conditions and for 

alternative plans of improvement were made to determine stage-discharge 

relations at each index station, pertinent water surface profiles, and 

storage-outflow relations for the selected channel routing reaches. Data 

on surveyed cross-sections and topographic maps were available. The 



roughness coeff ic ients  used i n  Manningqs f0muZ.a were based on 

known high water marks and r a t i ng  s ta t ions  i n  t he  basin. 

FOP study purposes, the Tibbee River basin was subdivided in to  

216 subareas. Synthetic uni t  hydrographs were derived fo r  each 

subarea by the Clark un i t  hydrograph method using generalized 

coeff ic ients .  Unit hydrograph and r a i n f a l l  loss  r a t e  coefficients 

were derived for  22 stream gaging l x a t i o n s  i n  the  Tibbee River basin 

and other adjacent stream basins from an analysis of streanflow and 

r a i n f a l l  data f o r  a t o t a l  of 89 runoff events (2  t o  8 per location).  

The r e su l t s  of t h i s  analysis were used for  developing generalized 

coeff ic ients  for  application t o  ungaged locations. 

The methodology adopted fo r  evaluating the e f f ec t  of channel 

improvements on flood runoff character is t ics  required the development 

of a single representati.ve synthetjc pat tern storm for  the  Tibbee River 

basin. It a l so  provided for  computing a synthetic pattern flood for 

each submea from the pattern storm and, using mu.l.tiples of the  

pat tern flood, for  determining other floods of pertinent magnitudes or  

frequencies. 

A uniform a rea l  d i s t r ibu t ion  of rainfall .  was used f o r  computing 

the  pattern storm. In  t h i s  way, each portion of the basin had a 

representative e f f ec t  on flood dalerminations. Although a single pat tern 

storm may not be to ta l ly  representative fo r  the en t i r e  Tibbee River 

basin as  well a s  the headwater areas, it would have been extremely 

d i f f i c u l t  and laborious t o  attempt many representative storm centerings 



within  the  basin.  Also, it is doubtful  t h a t  r e s u l t s  would have 

been s u b s t a n t i a l l y  d i f f e r e n t  than those obtained from a s ing le  

uniform storm pa t t e rn .  While t h e  e f f e c t s  of t r i b u t a r y  runoff would 

actual.1.y va-y, depending on storm centering,  the  ne t  e f f e c t  of all 

centerings and a11 storm magnitudes would probably not be s u b s t a n t i a l l y  

d i f f e r e n t  from t h a t  computed using a uniform d i s t r i b u t i o n .  

The area-depth-duration r e l a t i o n  adopted fo r  t h e  pa t t e rn  storm 

was of  p a r t i c u l a r  importance because the  r e s u l t i n g  pa t t e rn  fl.oods 

were t o  be representa t ive  of h i s t o r i c a l  f loods.  1% was determined 

t h a t  i f  t h e  peak-to volume re la t ionsh ips  of  t h e  pa t t e rn  floods a r e  

representa t ive  of  h i s t o r i c a l  f loods throughout the  basin, then  o the r  

f loods  derived a s  mul.tiples o f  t h e  pa t t e rn  f loods would be equally 

r ep resen ta t ive  because peak-to-volume r a t i o s  of h i s t o r i c a l  f loods a r e  

r e l a t i v e l y  independent of  flood magnitude. The adopted c r i t e r i a  f o r  the  

storm were a r a i n f a l l  i n t e n s i t y  of  5-year recurrence in te rva l ,  8. r a i n -  

fa1.l dure t ion  o f  48 hours, and an a r e a  s i z e  of 200 square miles. Based 

on r a i n f a l l  da ta  i n  Weather Bwreau Technical Papers 40 and 49, it was 

determined t h a t  the  t o t a l  s t o m  r a i n f a l l  was 5.7 inches. 

For t h i s  study, the pa t t e rn  f lood a t  any loca t ion  i n  t h e  bas in  i s  

defined a s  the  runoff from t h e  pa t t e rn  storm. Tke pa t t e rn  flood 

hydrograph f o r  each subarea was computed by applying t h e  pa t t e rn  storm 

r a i n f a l l  excess t o  t h e  syn the t i c  u n i t  hydrograph. The pa t t e rn  flood 

hydrographs f o r  the  o ther  locat ions  i n  the  bas in  were determined by 

rout ing  and combining these  subarea pa t t e rn  flood hydrographs. The 



Muskingum rou t ing  method was used f o r  t h e  smaller streams i n  the  head- 

water a reas  and the  nonlinear  s torage  rout ing  method (modified ~ u l s )  

was used f o r  the  o t h e r  stream reaches. The l a t t e r  method required t h e  

development of  storage-outflow r e l a t i o n s  Tor each sel.ected channel 

rou t ing  reach f o r  e x i s t i n g  and improved condit ions.  I n  t h i s  r e l a t i o n ,  

t h e  s torage  value is t h e  volume of water i n  t h e  channel and overbank 

wi th in  the  rout ing  reach corresponding t o  a given steady s t a t e  water 

surface  p r o f i l e .  The storage-.outflow r e l a t i o n  f o r  e x i s t i n g  condit ions 

was adjusted t o  r e f l e c t  the  changes i n  s torage  f o r  each plan of 

channel improvement considered. Therefore, although t h e  same pa t t e rn  

storm was used, t h e  r e s u l t i n g  pa t t e rn  f loods a t  a given loca t ion  were 

d i f f e r e n t  f o r  each a l t e r n r t i v e  plan as i l l u s t r a t e d  i n  f i g u r e  2 fo r  

one of  t h e  index s t a t i o n s  on Catalpa Creek. 

A s e r i e s  o r  s e t  o f  nine syn the t i c  flood hydrographs a t  a l l  

l oca t ions  i n  t h e  bas in  was developed f o r  e x i s t i n g  condit ions and f o r  

each considered plan o f  improvement. The s e t  of f lood hydrographs was 

synthesized by mult iplying al.1 of t h e  subarea p a t t e r n  f lood hydrograph 

ordinates  by nine predetermined r a t i o s  and by rou t ing  and combining 

the  s u b ~ r e a  pa t t e rn  f loods computed f o r  each mult iple.  Tlie same 

mult iples used f o r  e x i s t i n g  condit ions were used f o r  each plan of 

improvement. Multiples were se lec ted  t o  produce f lood magnitudes 

corresponding t o  a frequency range from four t o  twelve times per year  

(zero  flood damage s t age )  t o  approximately once i n  200 years.  



Using discharge-frequency curves, an exceedence p robab i l i ty  was 

assigned t o  each mult iple flood a t  each index s t a t i o n  locat ion  f o r  

e x i s t i n g  conditions. For each plan of improvement, the  exceedenee 

probabi l i ty  f o r  each mul.tiple flood was assumed t o  be the  same a s  t h a t  

es tabl i shed f o r  e x i s t i n g  conditfons, The p r o b a b i l i t i e s  associa ted  

with each mul.tip1.e were used, i n  conjui~cQion with flow-damage c w v e s ,  

t o  compute average annual flood damages a t  each index s t a t i o n  f o r  

e x i s t i n g  condit ions and f o r  each plan of improvement. The assigned 

range of  p robab i l i ty  of each mult iple f lood is mul t ip l ied  by the  

damage caused by t h a t  f lood,  and the  sum of these  cross  products f o r  

a l l  of the  nine mul t ip le  f loods is  the  average annual damage f o r  the  

given condit ion.  

RESULTS 

Some of t h e  r e s u l t s  of  t h e  inves t iga t ion  a r e  i l . l u s t r a t ed  on 

f igures  2 through 6 f o r  two of the planning reaches analyzed. The 

resul - t s  f o r  these  two loca t ions  a r e  representa t ive  of t h e  o the r  

Locations i n  the  basin.  

Examples of computed flow-probability-damage re l .a t ions  and average 

annual flood damages f o r  e x i s t i n g  conditons and various a l t e r n a t i v e  

plans of basi n development a r e  shown on f igures  3 and 5. The flood 

damage reduction a t t r i b u t a b l e  t o  the  a.l . le~'native plans is a l s o  shown 

on these f igures .  For the  a l t e r n a t i v e  plan providing f o r  channel 

improvements on a l l  10 streams i n  the  Tibbee River bas in ,  t h e  increase 

i n  the  peak flow r a t e  of the  pa t t e rn  f lood (f lood 6 on f igure  5) 



a t  r i v e r  mi1.e 17.7 on t h e  Tibbee River would be 35 percent.  However, 

because of changes i n  the  stage-d ischarge r e l a t i o n ,  f lood damage 

reduction i n  t h e  planning reach would decrease 62 percent.  Shown on 

f igure  6 i s  a comparison o f  stage-frequency r e l a t i o n s  a t  t h i s  

loca t ion  f o r  e x i s t i n g  conditions, channel improvements on a l l  10 

streams, and channel. improvements on Tibbee River only. The d i f ference  

between the  two r e l a t i o n s  f o r  improved condit ions i s  due t o  the  peaking 

e f f e c t  catused by upstream channel improvements. 

The e f f e c t s  of vari.ous upstream a l t e r n a t i v e  plans of  bas in  develop- 

ment on the  runoff c h a r a c t e r i s t i c s  of  t iming and magnitude o f  peak flow 

r a t e  a r e  i l l u s t r a t e d  by t h e  p a t t e r n  f lood hydrographs shown on f i g u r e s  

2 and 4 and the  f low-probabil i ty da ta  tabula ted  on f i g u r e s  3 and 5. 

The r e s u l t s  of t h e  inves t iga t ion  a t  a l l  index s t a t i o n  locat ions  show t h e  

following general  t r ends  on increases  i n  peak flow rates from upstream 

channel improvements: 

(1) Peak fl.ow r a t e s  increase  a s  t h e  percentage of  stream length  

improved inc reases ,  a s  would be expected. 

(2) For given length  of  stream t o  be improved, peak flow rates 

increase  a s  t h e  degree o f  p ro tec t ion  (deslgn capaci ty  of improved 

channel) increases .  This  e f f e c t  is  I l l u s t r a t e d  by t h e  pa t t e rn  f lood 

hydrographs shown on f i g u r e  2 f o r  e x i s t i n g  condit ions and four a l t e r n a t i v e  

plans . 

(3) For given improved condit ions,  t h e  increase  i n  peak flow rates 

decreases percentagewise with increases i n  f lood magnitude. 
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CONCLUSTORS 

The most important concept of  t h e  inves t iga t ion  m s  t h e  

determination o f  the  runoff peaking e f f e c t  of channel improvement 

works based on changes i n  the  storage-outflow r e l a t i o n  of  t h e  f lood 

p l a i n  and streams. Another important rand unique concept was t h e  

computation of  syn the t i c  f lood hydrographs at nmerous l .ocations a s  

multip1.e~ of  p a t t e r n  f loods derived from one s i n g l e  representative 

syn the t i c  pa t t e rn  s t o m  f o r  a stream system. 

Upstream channel improvement works fo r  f lood control  would tend t o  

increase t h e  magnitude of peak flow r a t e s  now experienced on t h e  Tibbee 

River main stem. !hey would a l s o  tend t o  increase t h e  average annual 

flood damages on the main stem unless it was enlarged t o  accommodate t h e  

increased discharges.  The magnitude of these  e f f e c t s  was assessed with a 

reasonable mount  of computation using a s implif ied hydrologic-economic 

simulat ion model of t h e  basin,  along with c e r t a i n  necessary assumptions 

and genera l iza t ions .  

The procedure described here in  f o r  the evaluat ion  ?f flood con5rol 

channels i n  r u r a l  a reas  could a l s o  be appl ied  t o  the  study of urban flood 

problems. The genera l iza t ions  would, of course, he t a i l o r e d  t o  the 

s p e c i f i c  a rea  of  s tudy,  but the methodology and eomputalional procedure 

would be the  sme. Future s t u d i e s  should inves t iga te  the  p o s s i b i l i t y  of  

adding t o  the  model an optimizat ion rout ine  t o  provide f o r  t h e  s e l e c t i o n  

of p ro jec t s  involving a combination of  two o r  more s t r u c t u r a l  measures 

(denteartion s t r u c t u r e s  together  with levees or  cha.lnels, e t c . )  which a r e  

t o  achieve a given objec t ive  (protec t ion  aga ins t  a spec i f i ed  f lood) .  
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