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THE NEW HEC-1 FLOOD HYDROGRAPH PACKAGE 

Arlen D. Feldman, Chief Research Branch 
Paul 6. Ely, Hydraulic Engineer 

David M. Goldman, Hydraul i c  Engineer 

Hydrol ogi c Engi neer i  ng Center  
U. S. Amy Corps of  Engineers 

HEC-1 i s  a mathematical watershed model con ta in ing  seve ra l  methods 
t ~ i  t h  which t o  s imu la t e  s u r f a c e  runoff  and r i v e r / r e s e r v o i r  f low i n  r i v e r  
bas ins .  The hydrologic  model t o g e t h e r  w i t h  f l o o d  damage computations 
( a l s o  inc luded  i n  the mode?) provide a b a s i s  f o r  e v a l u a t i o n  o f  f l ood  
con t ro l  p ro j ec t s .  HEC-1 was developed by the Hydrologic Engineering 
Center ( H E C ) ,  U.S. Army Corps of  Engineers,  i n  t h e  l a t e  1960 ' s ;  a new 
vers ion  o f  the model, w i t h  g r e a t l y  expanded capabi l  i t i e s ,  was r e l e a s e d  
i n  1980 and i s desc r ibed  i n  this paper. The capabi l  i t i es  o f  the new 
HEC-1 Fl sod Hydrograph Package i nclude: s imula t ion  of r a i n f a l l  and/or  
snormel t  runof f  from subbas ins  and f low through a s t ream network, 
s imu la t i on  o f  f l o ~ ~ s  i n  urban a r e a s ,  hydrologic  c a l c u l a t i o n s  f o r  dam 
s a f e t y  and dam f a i l u r e  s t u d i e s ,  and economic c a l c u l a t i o n s  f o r  planni  ng 
f l ood  con t ro l  systems. 

HEC-1 s imu la t e s  a s t ream network us ing  f o u r  components: 1 )  runof f  
from a subbasin,  2) hydrograph rou t ing ,  3) combining o f  hydrographs, 
and 4) f l o \ l  d ivers ion .  Most complex, branching s t ream networks can be 
s imula ted  n i  t h  the model. The va r ious  op t ions  f o r  watershed runof f  
c a l c u l a t i o n  a r e  desc r ibed  inc luding:  p r e c i p i t a t i o n ,  i n t e r c e p t i o n /  
i n f i l  t r a t i o n ,  p r e c i p i t a t i o n  excess- to-runoff  t r a n s f o r n a t i o n ,  r i v e r  
r o u t i n g ,  and f low through r e s e r v o i r s .  D i  v e r s ions  and mu1 t i  s t a g e  punp- 
i n g  p l a n t s  c a p a b i l i t i e s  a r e  a l s o  descr ibed.  Flow i n  urban a r e a s  can be 
s imula ted  us ing  kinematic  wave rou t ing  o f  r a i n f a l l  exces s  a long a pa th  
which inc ludes  over land  f low elements ,  c o l l e c t o r  channel s, and a main 
channel t o  a subbasin o u t l e t .  A s p e c i a l  r ou t ing  r o u t i n e  i s  desc r ibed  
f o r  s imu la t i ng  f low through a dam and spillbray, ove r  t h e  t o p  o f  dam, o r  
through a dam breach. This  can be used i n  conjunc t ion  with o t h e r  
s t ream network model i ng c a p a b i l i t i e s  t o  determine p o t e n t i a l  hazards  
from dam overtopping o r  f a i l u r e .  This  c a p a b i l i t y  has  been f r e q u e n t l y  
used i n  t h e  U.S. National Non-Federal Dam Sa fe ty  Inspec t ion  Program. 

In a d d i t i o n  t o  i t s  hydrologic  capabi 1 i t ies,  HEC-1 ' s  appl i c a t i o n  t o  
economic e v a l u a t i o n  o f  f l ood  hazards  and f l ood  c o n t r o l  systems i s  
presented.  Expected annual f l o o d  damage i s  computed using the water-  
shed model r e s u l t s  t o g e t h e r  w i  t h  f l  ood-frequency and f l  ood-damage 
da ta .  Flood damage may be c a l c u l a t e d  f o r  any 1 o c a t i o n s  i n  t h e  r i v e r  
ba s in  and f o r  e x i s t i n g  and a l t e r n a t i v e  f l ood  c o n t r o l  p r o j e c t s .  When 
damage e s t i m a t e s  a r e  combined wi th  c o s t  d a t a  f o r  t h e  p r o j e c t s  and a 
sys t ema t i c  s ea rch  procedure,  the model can provide an e s t i m a t e  o f  t h e  
optimal s i z e  o f  the f l o o d  c o n t r o l  p r o j e c t s  based on maximum net bene- 
f i ts .  This enab le s  a p lanner  t o  s e l e c t  the most d e s i r a b l e  f l ood  
con t ro l  scenar io .  



INTRODUCTION 
History of HEC-1 

The HEC-1, Flood Hydrograph package, computer program was origi-  
nally developed i n  1967 by Leo R. Beard and other members of the Hydro- 
1 ogic Engi neeri ng Center s t a f f  t o  simulate flood hydrol ogy i n  complex 
river basins. The f i r s t  package version represented a combination of 
several small e r  programs which had previously been operated i ndepen- 
dently t o  simulate various aspects of the rai  nfall  /snowme1 t process. 
In 1973, the program underwent a major revision. The computational 
methods used by the program remained basically unchanged; however, the 
input end output formats were almost completely restructured. These 
changes were made i n  order t o  simp1 i f y  input requirements and t o  make 
the program output more meaningful and readable. 

The present program (HEC,  1981 a )  again represents a major revision 
of the 1973 version of the program. The program i n p u t  and output 
formats have been completely revised and the computational capabil i t ies  
of the dam-break (HEC-IDB), project optimization (HEC-1 GS) and kine- 
matic wave (HEC-1KN) programs have been combined in the one program. 
The new program gives the powerful analysis features available i n  a1 1 
the previous programs, together wi t h  some additional capabil i t ies ,  i n  a 
single easy-to-use package. 

Purpose of HEC-1 

The HEC-1 model i s  designed t o  simulate the surface runoff 
res onse of a r iver  basin t o  precipitation by representing the basin E wit interconnected hydrol ogic and hydraul i c  components. I t  i s  p r i  - 
marily applicable to  flood simulation. E n g l i s h  or metric units may be 
used. Each component models an aspect of the precipi tation-runoff 
process w i t h i n  a portion of the basin, commonly referred t o  as  a sub-  
basin. A component may represent a surface runoff en t i ty ,  a stream 
channel, or  a reservoir. Representation of a component requires a s e t  
of parameters which specify the part icular  character is t ics  of the 
component and mathematical relations which describe the physical pro- 
cesses. The resul t  of the modeling process i s  the computation of 
streamfl ow hydrographs a t  desired 1 ocations i n  the r iver  basin. 

The flood hydrograph i nfomation provided by HEC-1 has been exten- 
sively used i n  flood plain infomation studies and flood control pro- 
j e c t  evaluations. The interconnection of HEC-1 ' s  hydrologic outputs 
w i t h  water surface profile and reservoir operation models and flood 
damage analyses was described by Feldman (1981 1. The other water 
resources system simul ation model s of the t.lydrologic Engineeri ng Center 
are also described i n  t ha t  publication. 

COMPONENTS OF THE MODEL 

The stream network model i s  the basic foundation capabili ty of the 
HEC-1 program. A1 1 other program computation options build on t h i s  
option's capabi 1 i ty t o  calculate flood hydrographs a t  desired 1 ocations 
i n  a r iver  basin. This section discusses: the conceptual aspects of 
using the HEC-1 program t o  formulate a stream network node1 from basic 
r iver  basin data; model formulation as  a step-by-step process; and the 



functions of each component i n  representing individual character is t ics  
of the r iver  basin. 

Stream Network Model Development 

A r iver  basin i s  subdivided into an interconnected system of 
stream nettrork components using topographic maps and other geographic 
information. A basin schematic diagram (e.g., Fig. 1 ) of these 
components i s  devel~ped by the following steps: 

(1 ) The study area watershed boundary i s  delineated f i r s t .  In a 
natural or  open area this can be done from a topographic map. However, 
supplementary information, such as  municipal drainage maps, may be 
necessary t o  obtain an accurate depiction of an urban basin's extent. 

(2) Segmentation of the basin into a number of subbasins deter- 
mines the number and types of stream network components t o  be used i n  
the model. Two factors  impact on the basin segmentation: the study 
purpose and the hydrometeorol ogical variabi l i ty  throughout the basi n. 
F i r s t ,  the study purpose defines the areas of in t e res t  i n  the basin, 
and hence, the points where subbasin boundaries should occur. Second, 
the vari abi 1 i ty of the hydrometeorol ogical processes and basin charac- 
t e r i s t i c s  impact greatly on the number and location of subbasins. Each 
swbbasin i s  intended t o  represent an area of the watershed which, on 
the average, has the same hydraul ic/hydrologic properties. Further, 
the assumption of uniform precipitation and in f i l t r a t ion  over a sub- 
basin becomes l e s s  accurate as  the subbasin becomes larger. Conse- 
quently, i f  the subbasins are chosen appropriately, the average para- 
meters used i n  the components will more accurately model the subbasins. 
The number of subbasins used also has a d i r ec t  e f fec t  on the cos t  of 
the nodel. Consequently, i t  pays t o  be as  economical as  possible w i t h  
the number of subbasins. 

( 3 )  Each subbasin i s  t o  be represented by a combination of model 
components. Subbasi n runoff, r iver  rsut i  ng, reservoir and diversion 
and pump components are available t o  the user. 

( 4 )  The subbasins and the i r  components are  linked together t o  
represent the connectivity of the r iver  basin. HEC-1 has available a 
number of methods for  combining or  linking together outflow from 
different  components. T h i s  step f ina l izes  the basin schematic. 

Land Surface Runoff Component 

The subbasin land surface runoff component, such as  subbasins 10, 
20, 30, etc .  i n  Fig. 1,  i s  used t o  represent the movement of water over 
the land surface and in stream channels. Inputs t o  this component can 
be a precipitation hyetograph and a soi 1 i nf i l  t ra t ion ra te  
function. Note tha t  the ra infa l l  and i n f i l t r a t i o n  are assumed t o  be 
uniform over the subbasi n. The i nfil  t ra t ion losses are  subtracted from 
the rainfal l  and the resulting rainfal l  excesses are then routed by the 
u n i t  hydrograph or  kinematic wave techniques t o  the out le t  of the sub-  
basf n produei ng a r uno f f  hydrograph. The unf  t hydrograph technique 
produces a runoff hydrograph a t  a discrete point, usually the most 
downstream point in the subbasin. If t h i s  location f ~ r  the runoff 



computation i s  not appropriate, i t  may be necessary t o  fu r ther  sub- 
divide the  subbasin o r  use the  kinematic wave method t o  d i s t r i bu t e  the 
local  inflow. f i e  kinematic wave r a i  nfa l l  excess-to-runoff t ransfoma-  
t ion  allows f o r  the  uniform d is t r ibu t ion  of the  land surface runoff 
along the  length of the  main channel. This uniform d is t r ibu t ion  of 
local  inflow (subbasin runoff)  i s  pa r t i cu la r ly  important i n  a reas  where 
many l a t e r a l  channel s contribute flow along the length of the main 
channel. 

RIVER BASIN 

RESERVOIR 
COMPONENT 

SUBBASIN 
RUNOFF COMPONENT 

CHANNEL ROUTING 

ANALYSIS POINT t 
HYDROGRAPH COMBINATION 1 6070 

BASIN SCHEMATIC 

F i g u r e  1 N E C - 1  D E P I C T I O N  O F  A  R I V E R  B A S I N  



River Routing Component 

A r i v e r  r ou t i ng  component, element 1020, Fig. 1, i s  used t o  
simulate the f low o f  water i n  a  r i v e r  channel. The i npu t  t o  the compo- 
nent i s  an upstream hydrograph r e s u l t i n g  from subbasin runof f ,  r i v e r  
rout ings o r  combinations o f  both. I f  the kinematic wave method i s  
used, the l o c a l  suhbasin d i s t r i  huted runo f f  i s  a1 so i n p u t  t o  the main 
channel and combined w i t h  the upstream hydrograph as i t  i s  routed t o  
the end of the reach. The hydrograph i s  routed t o  a  downstream p o i n t  
based on the charac te r i s t i cs  o f  the channel. 

Combined Use o f  River Routing and Subbasin Runoff Components 

Consider the use o f  subbasin r uno f f  components 10 and 20 and r i v e r  
rou t ing  reach 1  020 i n  Fig. 1. The runo f f  from component 10 i s  ca l -  
cu la ted and routed t o  con t ro l  p o i n t  20 v i a  r ou t i ng  reach 1020. Runoff 
from subbasin 20 i s  then ca lcu la ted and combined w i t h  the out f low 
hydrograph from reach 1020 a t  con t ro l  p o i n t  20. Note t h a t  t h i s  method 
of adding f lows approximates the add i t i on  o f  1  a te ra l  i n f l o w  t o  reach 
1020. The runo f f  from subbasin 20 cou ld  be ca lcu la ted d i r e c t l y  a t  
con t ro l  p o i n t  20 i n  a  u n i t  hydrograph subbasin r uno f f  ca lcu la t ion,  o r  
i t  could have been uni formly d i s t r i bu ted  along reach 1020 i n  a  k ine- 
matic wave subbasin r uno f f  calculat ion.  A su i tab le  combination o f  the 
subbasin r uno f f  component and r i v e r  r ou t i ng  coniponents can be used t o  
represent the i n t r i c a c i e s  o f  any r a i n f a l l - r u n o f f  and stream rou t ing  
problem. The connect iv i ty  o f  the stream network components i s  imp1 i e d  
by the order i n  which the data components are arranged. Simulat ion 
must always begin a t  the uppermost subbasin i n  a  branch o f  the stream 
network. The s imulat ion (succeeding data components) proceeds donn- 
stream u n t i l  a  confluence i s  reached. Before s imulat ing below the 
confluence, a1 1  f lows above t h a t  confluence must be computed and routed 
t o  t h a t  confluence. The f lows are combined a t  the confluence and the 
combined f lows are routed downstream. I n  Fig. 1, a1 1  f lows t r i b u t a r y  
t o  con t ro l  p o i n t  20 must be combined before rou t i ng  through reach 2050. 

Reservoir Component 

The reservo i r  component can be used t o  represent the storage- 
ou t f low charac te r i s t i cs  o f  a  reservoir ,  1  ake, detent ion pond, h i  ghnay 
cu lve r t ,  etc. The reservo i r  component app l i ca t ion  i s  s i m i l a r  t o  t h a t  
o f  the r i v e r  r ou t i ng  component. Upstream in f lows  are routed through a  
reservo i r  based on the spec i f i ed  storage ou t f low charac te r i s t i cs  as i s  
the case i n  some r i v e r  r ou t i ng  options. Consequently, the same f l ood  
rou t ing  methods can be appl ied f o r  e i t h e r  component. 

Divers ion Component 

The d ivers ion component i s  used t o  represent channel diversions, 
stream b i fu rca t ions ,  o r  any t rans fe r  o f  f l ow from one p o i n t  o f  a  r i v e r  
basin t o  another p o i n t  i n  o r  ou t  o f  the basin. The d ivers ion component 
receives an upstream i n f l o w  and d iv ides the f low according t o  a  user- 
prescr ibed r a t i n g  curve. 



PRECIPITATION-RUNOFF SIMULATION 

The HEC-1 model components a r e  used t o  s imu la t e  t h e  p r e c i p i t a t i o n -  
runof f  p rocess  a s  i t  occurs  i n  an a c t u a l  r i v e r  bas in .  The model compo- 
nents  func t ion  based on s imple mathematical r e l a t i o n s h i p s  which a r e  
in tended  t o  r e p r e s e n t  i nd iv idua l  meteor01 og ic ,  hydrologic  and hydraul i c  
processes  which compri se t h e  p rec i  p i  t a t i  on-runof f  process .  These 
processes  a r e  s epa ra t ed  i n t o  p r e c i p i t a t i o n ,  i n t e r c e p t i o n / i  n f i  1  t r a t i o n ,  
t ransformat ion  o f  p r e c i p i t a t i o n  exces s  t o  subbasin outf low,  a d d i t i o n  o f  
basef l  ow and f l ood  hydrograph rou t ing .  

P r e c i p i t a t i o n  

A p r e c i p i t a t i o n  hyetograph i s  used a s  the i n p u t  t o  a l l  runof f  
c a l c u l a t i o n s .  The s p e c i f i e d  p r e c i p i t a t i o n  i s  assumed t o  be a  subbasin 
average (i.e., uniformly d i s t r i b u t e d  over  the subbas in ) .  Any o f  t h e  
model o p t i o n s  used t o  s p e c i f y  p r e c i p i t a t i o n  will e v e n t u a l l y  r e s u l t  i n  a  
hyetograph. The hyetograph r e p r e s e n t s  subbasi  n average  p r e c i p i t a t i o n  
dep ths  ove r  a  computation i n t e r v a l .  P r e c i p i t a t i o n  d a t a  f o r  an observed 
s t o m  e v e n t  can be supp l i ed  t o  the program by e i t h e r  o f  two methods: 
subbasi  n-average, o r  gages and wei g h t i  ngs. 

There a r e  t h r e e  methods f o r  gene ra t i ng  s y n t h e t i c  storm d i  stri bu- 
t i o n s :  s t anda rd  p r o j e c t ,  probable  maximum, and s p e c i f i c  frequency 
storms. The Standard P r o j e c t  S t o m  (Corps o f  Engineers,  1952) has  a  
d u r a t i o n  o f  96 hours.  The percentages  o f  t h e  index p r e c i p i t a t i o n  
f a l l i n g  dur ing  each 24-hour pe r iod  o f  the storm a r e  au toma t i ca l l y  
c a l c u l  a t e d  by HEC-1 accord i  ng t o  the Corps c r i t e r i a .  Probable Maximum 
P r e c i p i t a t i o n  (Nat ional  Weather Se rv i ce ,  1956) may be s imula ted  f o r  a  
minimum o f  24 hours and up t o  96 hours. The day w i t h  the l a r g e s t  
amount of p r e c i p i t a t i o n  i s  preceded by t h e  second l a r g e s t  and fol lowed 
by t h e  t h i r d  l a r g e s t .  The f o u r t h  l a r g e s t  p r e c i p i t a t i o n  day precedes 
the second 1 a r g e s t .  The d i s t r i b u t i o n  o f  6-hour p r e c i p i t a t i o n  dur ing  
each day i s  accord ing  t o  s t anda rd  c r i t e r i a  o f  t h e  Meather Se rv i ce  o r  
t h e  Corps. 

A s y n t h e t i c  storm o f  any du ra t i on  from 5 minutes  t o  10  days can be 
genera ted  based on given depth-durat ion d a t a  ( National Weather Se rv i ce ,  
1961 1. Depth f o r  10-minute and 38-minute d u r a t i o n s  a r e  i n t e r p o l a t e d  
from 5-, 15- and 68-minute depths  u s ing  equa t ions  from HYDRO-35 
(National Weather Se rv i ce ,  1977) .  Cumulative p r e c i p i t a t i o n  f o r  each 
time i n t e r v a l  i s  computed by log-log i n t e r p o l a t i o n  o f  depths  from t h e  
depth-dura t i  on da ta .  Incremental p r e c i p i t a t i o n  i s then  computed and 
rear ranged  s o  t h e  second l a r g e s t  va lue  precedes t h e  l a r g e s t  va lue ,  t h e  
t h i r d  l a r g e s t  va lue  fo l l ows  the l a r g e s t  va lue ,  the f o u r t h  l a r g e s t  
precedes the second l a r g e s t ,  e t c .  



Snowfall and Snovmel t 

Where snowfall and snowmelt are considered, there i s  provision for  
separate computation in up  to ten elevation zones within a subbasin. 
These zones may be of any equal increments of elevation w i t h  a corres- 
ponding a i r  temperature lapse rate per zone. The input temperature 
da ta  are those corresponding to  the bottom of the lowest elevation 
zone. Temperatures are reduced by the 1 apse rate in degrees per incre- 
ment of elevation zone. The base temperature a t  which me1 t will occur, 
must be specified because variations from O°C (32O~) m i g h t  be 
warranted considering both spatial and temporal f 1 uctuations of temper- 
ature w i t h i n  the zone. Precipitation i s  assumed to fa l l  as snow i f  the 
zone temperature i s  less than the base temperature plus 2 degrees. 
Melt occurs when the zone temperature i s  equal to  or greater than the 
base temperature. Snomel t i s  subtracted from and snowfall i s  added t o  
the snowpack i n  each zone. Snomel t may be computed by the degree-day 
or energy-budget methods. The basic equations for snobme1 t 
computations are from EM 11 10-1 -1406 (Corps, 194Qb). The energy-budget 
equations have been simplified for use in th is  program. 

Interception/Infil tration 

Land surface interception, depression storage and i nf i 1 tration are 
referred to  i n  the HEC-1 model as precipitation loss rate computa- 
tions. Interception and depression storage are intended to represent 
the surface storage of water by trees or grass, local depressions i n  
the ground surface, in cracks and crevices in parking lots  or roofs, or 
i n  a surface area where water i s  not free to move as overland flow. 
Infiltration represents the movement of water to areas beneath the land 
surface. 

Two important factors should be noted about the precipitation loss 
computation i n  the model. First,  precipitation whi  ch does n o t  contri - 
bute to the runoff process i s  considered to be l o s t  from the system. 
Second, the equations used to  compute the losses do not provide for 
soil moisture or surface storage recovery (the Hol tan loss rate option 
i s  an exception i n  that soil moisture recovery occurs by percolation 
out of the soil moisture storage). This fact  dictates that  the HEC-1 
program i s  a sing1 e-event-oriented model. 

The precipitation loss i s  considered to be a subbasin average 
(uniformly distributed over an entire subbasin). For the kinematic 
wave runoff transformation separate precfpftation losses can be speci- 
fied for two types of overland flow planes. The losses are assumed to  
be uniformly distributed over each overland flow plane. In some 
instances, there are negligible precipitation losses occurring for a 
portion of a subbasin. This would be true for an area containing a 
lake, reservoir or impervious area. In th is  case, precipitation losses 
will n o t  be computed for a specified percentage of the area labeled as 
impervious. 



There are  four methods tha t  can be used to  calculate the precipi- 
tation loss. Using any one of the methods, an average precipitation 
loss  i s  determined for  a computation interval and subtracted from the 
rainfal l/sno\rmel t hyetograph. The resulting precipitation excess i s  
used t o  compute an outflow hydrograph for  a subbasin. 

An i n i t i a l  loss  (uni ts  of depth) and a constant loss  ra te  
(depth/hour) i s  the f i r s t  option. All rainfal l  i s  l o s t  until  the 
volume of i n i t i a l  loss  i s  sat isf ied.  After the i n i t i a l  loss  i s  
sa t i s f ied ,  ra infa l l  i s  l o s t  a t  the constant rate .  The second method i s  
the HEC Exponential Loss Rate Method. This i s  an empirical method 
which re la tes  loss  rate  t o  rainfal l  intensi ty and accumulated losses. 
Accumulated losses are representative of the soi l  moisture storage. 
Estimates of the parameters of the exponential loss  function can be 
obtain- ed by employing the HEC-1 parameter optimization option 
described i n  a l a t e r  section. A similar loss  ra te  function i s  used for  
snokmel t. 

The Soi 1 Conservation Service (SCS 1, U. S. Department of Agricul- 
ture,  has ins t i tu ted  a loss  ra te  technique which relates  the drainage 
character is t ics  of so i l  groups t o  a curve number, CM (SCS, 1965 and 
1975). The SCS provides information on relating soi l  group type t o  the 
curve number a s  a function ~f soi l  cover, land use type and antecedent 
moisture conditions. Precipitation 1 oss i s  calculated based on sup- 
pl ied values of CM and an i n i t i a l  surface moisture storage capacity i n  
units of depth. Since the SCS method gives to ta l  excess fo r  a storm, 
the incremental excess (the difference between rainfal l  and loss)  fo r  a 
time period i s  computed as the difference between the accumulated 
excess a t  the end of the current period and the accumulated excess a t  
the end of the previous period. 

The fourth loss  r a t e  option i s  a method developed by Holtan e t  a l .  
(1375). I t  computes loss  r a t e  based on the in f i l t r a t ion  capacity given 
by the formula: 

where f i s  the in f i l t r a t ion  capacity in inches per hour, 6 i s  a growth 
index representing the relat ive maturity of the ground cover, a i s  the 
i nfil  t ra t ion capacity i n  inches per hour per (inch of available storagelb, 
s i s  the equivalent depth i n  inches of pore space in the surface layer 
of the so i l  which i s  available fo r  storage of in f i l t r a t ed  water, fc  
i s  the constant r a t e  of percolation of water through the soi l  prof1 l e  
below the surface layer, and b i s  an empirical exponent, typically 
taken equal t o  1.4. 



Precipitation Excess-to-Runoff Transfomati on 

HEC-1 provides two methods for  transforming rai nfall /snowme1 t 
excesses in to  runoff: u n i t  hydrograph and kinematic wave. The u n i t  
hydrograph technique has been discussed extensively in the l i t e ra tu re  
(Linsley e t  a l . ,  1975, and Viessman e t  a l . ,  1977). This technique i s  
used i n  the subbasin runoff  component t o  t rans form r a i n f a 1  3/sno~me'It. 
excess t o  subbasin outflow. A u n i t  hydrograph can be direct ly i n p u t  Lo 
the program or a synthetic u n i t  hydrograph can be computed from user 
supplied parameters. The parameters fo r  the synthetic u n i t  hydrograph 
can be detemined from gage data by employing the parameter optimita- 
t ion option described in a l a t e r  section. Othervrise, these parameters 
can be determined from regional studies or  from guidelines given i n  
references for  each synthetic technique. There are three synthetic 
uni t  hydrograph methods available i n  the model. The synthetic tech- 
niques compute the u n i t  graph f a r  whatever computational time interval 
i s  being used i n  the simulation. 

The Clark method (1945) requires three parameters t o  calculate a 
u n i t  hydrograph: the time of concentration for  the basin, a storage 
coefficient,  and a time-area curve. The time-area curve defines the 
cumulative area of the watershed contributing runoff t o  the subbasin 
ou t l e t  as  a proportion of the time of concentration. In the case tha t  
a t  time-area curve i s  not supplied, the program u t i l i zes  a synthetic 
e l l ip t i ca l  time-area curve. The Snyder method (1938) determines the 
u n i t  graph peak discharge, time to  peak, and widths of the u n i t  graph 
a t  50 and 75% of the peak discharge. The method does not produce the 
complete u n i t  graph required by HEC-1. Thus, HEC-1 uses the Clark 
method t o  produce a Snyder u n i t  graph. The Soil Conservation Service 
dimensionless u n i t  hydrograph method (1965) uses a single parameter, 
which i s  equal t o  the lag (hours) between the center of mass of 
rainfal l  excess and the peak of the u n i t  hydragraph. Peak flow i s  
computed using subbasin area and time t o  peak. The uni t  hydrograph 
ordinates a re  computed from a dimensionless graph using the peak flow 
and time t o  peak. 

The kinematic wave subbasin runoff method i n  HEC-1 (HEC,  1979b) i s  
composed of three elements: over1 and f1 ow planes, collector channel s, 
and a main channel, Fig. 2. Through these elements, the kinematic wave 
technique transforms rai  nfall excess in to  subbasin outflow. This simu- 
lat ion may be done on a detailed street-by-street basis in an urban area 
or s e t  up  t o  simulate representative drainage systems w i t h i n  a subbasi n. 
If a representative system i s  used, the program automatically computes 
the to ta l  subbasin runoff as  a function of the area of the representa- 
t ive system and the to ta l  area of the subbasin. 

In the kinematic wave interpretation of the equations of f lu id  
motion the momentum equation i s reduced t o  a stage-di scharge re1 a t i  on. 
The wave character is t ics  of a flood are then described solely by the 
continuity equation. HEC-1 solves the kinematic wave equations using a 
f i n i t e  difference a1 gori thm based on the same method developed fo r  the 
MITCAT simulation model (Harley, 1975). Detailed development of the 
specf f i c  f i n i t e  difference equations, the coding procedures and boun- 
dary requirements can be found in the following references: Harley, 
1975; and Hydro1 ogi c Engi neeri ng Center, 1979b. 



CATCH BASIN 

COLLECTOR CHANNEL ----- 

OUTFLOW 

F i g u r e  2 D E P I C T I O N  O F  K f N E M A T i C  W A V E  R U N O F F  

( f i g u r e  1 . 5  : H E C ,  1 9 7 9 b )  

Base Flow 

T'JO distinguishable contributions to  a flood hydrograph are direct  
runoff (described earl i e r )  and base f'l ow which resul t s  from releases of 
water from surface and subsurface s t o r a ~ e .  The HEC-1 model provides 
means to include the effects of base flow on the streamflow hydrograph 
as a function of three i n p u t  parameters: starting flow, a recession 
threshold, and a recession rate as shown i n  Fig. 3. Both the in i t i a l  
and base flow recession occur a t  an exponential decay rate, which i s  
assumed t o  be a characteristic of the basin. The rising 1 irnb of the 
streamflow hydrograph i s  adjusted for base flow by adding the recessed 
starting flow and computed direct runoff flows. The falling limb i s  
determined in the same manner until the computed flow i s  determined to 
be less than the threshold. From this  time on, the streamflow hydro- 
graph i s  computed using the recession equation unless the computed flow 
rises above the base flow recession. This i s  the case of a double- 
peaked streamfiow hydrograph where the rising limb of the second hyaro- 
graph i s  computed as before, using the recessed starting flow and the 
computed direct runoff. 
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F t g u r e  3 H E C - 1  S U B B A S I N  R U N O F F  S l M U L A T l O N  

Fl ood Routi ng 

Flood r o u t i n g  i s  used t o  s imu la t e  the o u t f l o t ~ s  from r i v e r  reaches  
and r e s e r v o i r s .  Most o f  the f l o o d  r o u t i n g  methods a v a i l a b l e  i n  MEC-1 
a r e  based on the c o n t i n u i t y  equa t ion  and some r e l a t i o n s h i p  between f low 
and s t o r a g e  o r  s t age .  These methods a r e  Muskingum, kinematic  wave, 
modified Puls ,  working R and B, and level-pool  r e s e r v o i r  rou t ing .  In 
a1 1 o f  these methods, r o u t i n g  proceeds on an independent  reach  b a s i s  
from upstream t o  downstream; backwater e f f e c t s  a r e  n o t  considered.  
These methods cannot  simul a t e  d i s c o n t i n u i t i e s  i n  the water  s u r f a c e  such 
a s  jumps o r  bores.  These methods should,  however, g ive  good r e s u l t s  
f o r  r o u t i n g  f l o o d s  through channels  on moderate t o  steep s l o p e s  and 
t k r ~ u g h  r e s e r v o i r s .  There a r e  a l s o  two rou t ing  methods i n  HEC-1 (Tatum 
and S t raddl  e-Stagger)  whi ch a r e  based on l agg i  ng averaged hydrograph 
o r d i n a t e s .  These methods a r e  n o t  p h y s i c a l l y  based, b u t  have been used 
on s e v e r a l  r i v e r s  w i t h  good r e s u l t s .  Channel i n f i l  t r a t i o n  l o s s e s  may 
be s imul ted .  Hydrtgraphs are adjus ted  for losses a f t e r  r o u t i n g  f o r  a l l  
methods excep t  modif ied Puls ;  f o r  modified Pul s, l o s s e s  a r e  computed 
before  rou t ing .  



The Muski ngum method (Chow, 1964) computes ou t f low from a reach a s  
a func t ion  o f  the c u r r e n t  per iod  inf lows  and the prev ious  pe r iod  in f low 
and outflow. 1he rou t ing  procedure may be repea ted  f o r  s eve ra l  sub- 
reaches.  The t o t a l  t r a v e l  time through the reach and the magnitude o f  
the wedge s t o r a g e  c o e f f i c i e n t  a r e  checked by t h e  program f o r  physical  
and computational c o n s t r a i n t s .  

S torage  rou t ing  methods i n  HEC-1 a r e  t hose  methods which r e q u i r e  
d a t a  abou t  the s t o r a g e  c h a r a c t e r i s t i c s  o f  a r o u t i n g  reach o r  
r e s e r v o i r .  These methods a r e :  modified Puls ,  working R and D, and 
l e v e l  -pool r e s e r v o i r  rou t ing .  These methods a1 s o  r e q u i r e  o u t f ?  ow d a t a  
which i s  r e l a t e d  t o  s torage .  There a r e  three methods f o r  determining 
r o u t i n g  reach  s t o r a g e  i n  HEC-1: (1 ) d i r e c t  i n p u t ,  ( 2 )  s u r f a c e  a r e a  and 
e l e v a t i o n  f o r  r e s e r v o i r s  ( con ic  method), and ( 3 )  channel c ros s - sec t ion  
and reach l e n g t h  (noma1 -depth channel f low).  Outflow c h a r a c t e r i s t i c s  
can be computed from: d i r e c t  i n p u t ,  normal-depth channel floc!, weir 
equa t ion  ( s p i l l w a y ) ,  c r i t i c a l  depth ( t r apezo ida l  sp i l lway)  , o r  ogee 
sp i l lway  da ta .  Whenever s t o r a g e  and out f low d a t a  a r e  computed from 
methods o t h e r  than d i r e c t  i n p u t ,  e l e v a t i o n  ( s t a g e )  d a t a  must be 
supp l i ed  s o  t h e  r e l a t i o n  between s t o r a g e  and out f low can be 
determined. I f  t h e  s t o r a g e  r o u t i n g  procedure used i s  the modif ied Pu1 s 
(given s t o r a g e  versus  o u t f l o \ ~  o r  computed by normal-depth channel 
f l ow) ,  t h e  working R&D, o r  the t r apezo ida l  sp i l lway  c r i t i c a l  depth 
method, a s t o r a g e  ve r sus  o u t f l o ~ d  re1  a t i o n s h i p  i s f i r s t  computed from 
the i n p u t  d a t a  and then used i n  a l l  t ime- in te rva l  computations.  I f  the 
1 evel-pool r e s e r v o i r  rou t ing  w i t h  1 ow-1 eve1 o r i  f i c e  and weir sp i l lway  
out f lows  i s  used, s t o r a g e  and out f low a r e  computed from t h e  c u r r e n t  
r e s e r v o i r  water  s u r f a c e  e l e v a t i o n  i n  each time i n t e r v a l  . 

Storage  and out f low d a t a  f o r  use i n  s t o r a g e  r o u t i n g  may be comput- 
ed from channel c h a r a c t e r i s t i c s .  The program uses  an 8 -po in t  c r o s s  
s e c t i o n  which i s  r e p r e s e n t a t i v e  o f  the r o u t i n g  reach. Outflows a r e  
computed f o r  nornal depth using Flanning's equat ion.  S torage  i s  c r o s s -  
s e c t i o n a l  a r e a  times reach length .  S torage  and out f low va lues  a r e  
computed f o r  20 evenly-spaced s t a g e s  beginning a t  the lowes t  p o i n t  on 
t h e  c r o s s  s e c t i o n  t o  a s p e c i f i e d  maximum s t age .  The c r o s s  s e c t i o n  i s  
extended v e r t i c a l l y  a t  each end t o  the maximum s t age .  

The modif ied Puls  r o u t i n g  method (Chow, 1964) i s  a v a r i a t i o n  o f  
the s t o r a g e  rou t ing  method desc r ibed  by Henderson (1 966) .  A s t o r a g e  
i n d i c a t i o n  func t ion  i s  computed from given s t o r a g e  and outf low da t a .  
The outf low a t  t h e  end o f  the time i n t e r v a l  i s  i n t e r p o l a t e d  from a 
t a b l e  o f  s t o r a g e  i n d i c a t i o n  versus  outflow. S to rage  i s  then computed 
from a c o n t i n u i t y  r e l a t i o n s h i p .  When s t a g e  d a t a  a r e  given,  s t a g e s  a r e  
i n t e r p o l a t e d  f o r  computed s to rages .  I n i t i a l  c o n d i t i o n s  can be spec i  - 
f i e d  i n  terms o f  s t o r a g e ,  outf low,  o r  s t age .  The corresponding va lue  
of s t o r a g e  o r  ou t f low a r e  computed from the given i n i t i a l  value.  The 
working R and D method (Corps o f  Engineers,  196Oa) i s  a v a r i a t i o n  o f  
modif ied Pul s method which accounts  f o r  wedge s t o r a g e  a s  i n  the Nuski n- 
gum method. 



Level -pool reservoir routi ng assumes a level water surface in a 
reservoir. I t  i s  used in conjunction with the pump option described 
subsequently and wi t h  the dam-break calculation described i n  a 1 a t e r  
section. Using the principle of conservation of mass, the change i n  
reservoir storage for  a given time period i s  equal t o  average inflow 
m i n u s  average outflow. An i terat,ive procedure i s  used t o  determine 
end-of-period storage and outflow. Pumps may be included a s  a part  of 
1 evel-pool reservoir routing. The program checks the reservoir stage 
a t  the beginning of each time period. If the stage exceeds the "pump- 
on" elevation the pump i s  turned on and the pump output i s  included as  
an additional outflow term i n  the routing equation. When the reservoir 
stage drops below a "pump-off" elevation, the pump i s  turned off.  
Several pumps with different  on and off elevations may be used. Each 
pump discharges a t  a constant rate.  Pumped flow i s  l o s t  from the 
system and i s  not available fo r  any further  calculations. 

Reservoir outflow for  storage routing may be computed from a 
description of the out le t  works (low-level ou t l e t  and spillway). There 
are two subroutines i n  HEC-1 which compute outflow rating curves. The 
f i r s t  uses simple or i f ice  and weir-flow equations while the second 
computes outflow from specific energy or  design graphs and corrects fo r  
tailwater submergence. An outflo~,r rat ing curve i s  computed fo r  20 
elevations which span the range of elevations given for  storage data. 
Storages are  computed fo r  these outflows and t h i s  storage versus out- 
flow relation i s  used for  modified Puls or  working R and D routing. 
For 1 eve1 -pool reservoir routing outflows are computed for  the o r i f i ce  
and weir equations for  each routing interval. Trapezoidal and ogee 
spillways (Corps of Engineers, 1963) may also be simulated using appro- 
pri a te  pier and abutment losses. 

K i  nematic wave channel routing can be u t i  1 ized independently of 
the other elements of the subbasin runoff. In t h i s  case, upstream 
inflow i s  routed through a reach (independent of la te ra l  inflows) using 
the previously described kinematic wave methods. 

PARAMETER OPTIMIZATION 

Cal i bration and verification are essential  parts of the model i ng 
process. Rough estimates for  the parameters i n  the HEC-1 model can be 
obtained from the l i t e ra tu re ,  however, the model should be calibrated 
t o  observed flood data whenever possible. HEC-1 provides a powerful 
optimization technique for  the estimation of some of the parameters 
when gaged precipitation and runoff data are available. By using this 
technique and regionalizing the resul t s ,  ra i  nfall -runoff parameters for  
ungaged areas can also be estimated (HEC, 1981b). A summary of the 
H E C ' s  experience w i t h  automatic cal i h r a t i ~ n  of rai  nfall  -runoff models 
i s  given by Ford e t  a l .  (1980). 



The parameter op t im iza t i on  o p t i o n  has t h e  c a p a b i l i t y  t o  automatic- 
a l l y  determine a s e t  o f  u n i t  hydrograph and l o s s  r a t e  parameters t h a t  
"best"  r e c o n s t i t u t e  an observed r u n o f f  hydrograph f o r  a subbasi n. The 
data which must be provided t o  t h e  model are: bas in  average p r e c i p i -  
t a t i o n ;  bas in  area; s t a r t i n g  f l o w  and base f l o w  parameters; and t h e  
o u t f l o w  hydrograph. U n i t  hydrograph and l o s s  r a t e  parameters can be 
determined i n d i v i d u a l l y  o r  i n  combination. Parameters t h a t  are n o t  t o  
be determined from the o p t i m i z a t i o n  process must be est imated and 
provided t o  the  model. I n i t i a l  est imates o f  t he  parameters t o  be 
de temined  can be i n p u t  by the  user  o r  chosen by the  program's op t im i -  
z a t i o n  procedure. 

The r u n o f f  parameters t h a t  can be determined i n  the  opt imiz ,a t ion  
a re  the  u n i t  hydrograph parameters o f  the  Snyder, Clark and SCS methods 
and l o s s  r a t e  parameters o f  t h e  exponential ,  Holtan, SCS, and i n i t i a l /  
constant  methods. The me1 t r a t e  and th resho ld  me1 t temperature can 
a l s o  be opt imized f o r  snow hydrology studies. 

The "best" recons t i , t u t i on  i s  considered t o  be t h a t  which minimizes 
the  weighted squared d i f f e r e n c e  between t h e  observed hydrograph and t h e  
computed hydrograph. Presumably, t h i s  d i f f e r e n c e  w i l l  be a minimum f o r  
the  opt imal  parameter estimates. The sum o f  the  weighted squared 
dif ferences STDER o b j e c t i v e  f u n c t i o n  i s  de f ined as fo l lows:  

STDEF? = ~ ( Q 0 ~ ~ i - ~ ~ ~ ~ ~ i ) 2 * W T i / n  . . . . . . . . (2) 
i=l 

where QCOMPi i s  the  r u n o f f  hydrograph o rd ina te  f o r  t ime p e r i o d  i 
computed by HEC-1, QOBSi i s  t h e  observed r u n o f f  hydrograph o rd ina te  
i, n i s  t h e  t o t a l  number o f  hydrograph ordinates, and WTi i s  t h e  
weight  f o r  t he  hydrograph o rd ina te  i computed from the f o l l o w i n g  equa- 
t i o n :  

where QAVE i s  t h e  average computed discharge. This weight ing f u n c t i o n  
emphasizes accurate reproduct ion  o f  peak f lows r a t h e r  than low f lows by 
b ias ing  t h e  o b j e c t i v e  funct ions.  Any e r r o r s  f o r  computed discharges 
t h a t  exceed the  average discharge w i l l  be weighted more heav i ly ,  and 
hence the  op t im iza t i on  scheme should focus on reduc t ion  o f  these e r ro rs .  

The minimum o f  the  o b j e c t i v e  f u n c t i o n  i s  found by employing the  
u n i v a r i a t e  search technique (Ford e t  al., 1980). The u n i v a r i  a te  search 
method computes values o f  t he  o b j e c t i v e  f u n c t i o n  f o r  var ious  values o f  
the  o p t i m i z a t i o n  parameters. The values o f  t h e  parameters are  system- 
a t i c a l l y  a1 te red  u n t i l  STDER i s  minimized. The range o f  f e a s i b l e  
values o f  t h e  parameters i s  bounded because o f  phys ica l  l i m i t a t i o n s  on 
the  values t h a t  the  var ious  u n i t  hydrograph, l o s s  ra te ,  and snomel  t 
parameters may have, and a1 so because o f  numerical 1 i m i t a t i o n s  imposed 



by the mathematical functions. The optimization procedure does not 
guarantee tha t  a "global" optimum (or  a global minimum of the objective 
function) will be found fo r  the runoff parameters; a local minimum'of 
the objective function might be found by the procedure. To help assess 
the resul ts  of the optimization, HEC-1 provides graphical and s t a t i s -  
t ica l  comparisons of the observed and computed hydrographs. From this, 
the user can then judge the accuracy of the optimization results. 

HEC-1 may a1 so be used to  automatically derive routing c r i t e r i a  
f o r  certain hydrologic routing techniques. Criteria can be derived for  
the Tatum, straddle-stagger and Muskingum routing methods. Observed 
hydrographs are reconstituted t o  minimize the squared sum of the devi- 
ations between the observed hydrograph and the reconstituted hydro- 
graph. The procedure used i s  essent ial ly  the same as for  the u n i t  
hydrograph and loss  r a t e  parameter optimization. 

FrlULTIPLAN-MULTIFLOOD ANALYSIS 

The mu1 tip1 an-mu1 t i f l  ood simulation option a1 1 ows a user t o  inves- 
t i  a t e  a ser ies  of floods for  a number of different  characterizations 
(pyans) of the watershed i n  a single computer r u n .  The advantage of 
th i s  option i s  that  mu1 t i p l e  s toms  and flood control projects simula- 
t ions can be performed i n  a single computer r u n  and the resul t s  com- 
pared w i t h  a m i n i m u m  of e f f o r t  by the user. 

The mu1 ti flood simulation allows the user to  analyze several 
different  floods i n  the same computer r u n .  The floods are specified as 
fractions of a base event (e.g., 0.5, 1.0, 1.5, e t c . )  which may be of 
e i ther  precipitation or runoff. In the case of r a in fa l l ,  each ordinate 
of the i n p u t  base-event hyetograph would be multiplied by a ra t io  and a 
stream network rai  nfall -runoff simulation carried out for  each rat io.  
T h i s  i s  done for  every r a t io  of the base event. In the case of runoff 
r a t ios ,  the ra t ios  are  applied t o  the computed or direct-input hydro- 
graph and no ra i  nf a1 I-runoff calculations are made for  individual 
r a t i  0s. 

The mu1 tiplan option a1 lows a user t o  conveniently modify a basin 
model t o  r e f l ec t  desired flood control projects and changes i n  the 
basins 's runoff response characteristics.  This i s  useful when, for  
example, a comparison of flood control options or  the ef fec ts  of urban- 
ization are being analyzed. The user designates PLAN 1 as the existing 
r iver  basin model, and then modifies the existing plan data t o  r e f l ec t  
basin changes (such as  reservoirs, channel improvements, or  changes in 
land use) i n  PLANS 2,  3, etc.  If the basin's rainfall-runoff response 
characteri s t i c s  are modified i n  one of the plans, precipitation ra t ios  
and not runoff ra t ios  must be used. Otherwise, ra t ios  of hydrographs 
should be used. The program performs a stream network analysis, or  
multiflood analysis,  fo r  each plan. The resul ts  of the analysis pro- 
vide flood hydrograph data fo r  each plan and each ra t io  of the base 
event. The summary of the resul ts  a t  the end of the program output 
provides the user w i t h  a convenient method for  comparing the differ-  
ences between plans (a1 ternative flood control systems). 



DAM SAFETY/FAILURE ANALYSIS 

The dam f a i l u r e  a n a l y s i s  c a p a b i l i t y  was added t o  the HEC-1 model 
t o  a s s i s t  i n  s t u d i e s  r equ i r ed  f o r  the United S t a t e s  National Non- 
Federal Dam S a f e t y  Program. This  op t ion  uses  simp1 i f i e d  hyd rau l i c  
techniques  t o  e s t i m a t e  the p o t e n t i a l  f o r  and consequences o f  dam over-  
topping o r  s t r u c t u r a l  f a i l u r e s  on downstream a reas .  

A dam f a i l  u r e  ana lys i  s u t i  1 i z e s  t h e  network model 1 i ng techni  ques 
w i t h  some added capabi l  i t ies f o r  r e s e r v o i r  rou t ing .  These a d d i t i o n a l  
r e s e r v o i r  r o u t i n g  capabi l  i t i es  c a l c u l a t e  flow through low-level o u t l e t s ,  
sp i l lway ,  over  the t o p  o f  t h e  dam, and through a breach. The dam 
f a i l u r e  s imu la t i on  d i f f e r s  from t h e  prev ious ly  desc r ibed  r e s e r v o i r  
r o u t i n g  i n  t h a t  t h e  s tage-outf low r e l a t i o n  i s  computed by determining 
t h e  f low ove r  t o p  o f  the dam (dam over topping)  and/or  through t h e  dam 
breach (dam break)  a s  well a s  through o t h e r  r e s e r v o i r  o u t l e t  works, 
Fig. 4. The s tage-out f low c h a r a c t e r i s t i c s  a r e  then combined w i t h  t h e  
level-pool  s t o r a g e  r o u t i n g  t o  s imu la t e  a dam f a i l u r e .  

WATER SURFACE ELEVATION 
WHERE BREACH BEGINS 

BREACH WIDTH 

,LOW-LEVEL OUTLET 

+ BREACH SHAPE MAY BE TRAPEZOIDAL, 

RECTANGULAR, OR TRIANGULAR. 
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The discharge over the top of the dam i s  computed by a weir flow 
equation. Spi 1 lway discharges continue t o  be computed by the s p i  1 lway 
equation even as  the water surface elevation exceeds the top of the dam 
elevation. The weir flow for  dam overtopping i s  added t o  the spillway 
and low-level ou t l e t  discharges. Critical flow over a non-level dam 
c r e s t  i s  computed from c r e s t  length and elevation data. A dam c r e s t  i s  
d iv ided  i n t o  r ec t angu la r  and t r apezo ida l  s e c t i o n s  and the flow i s  
computed through each section. When a dam i s  breached the width of the 
breach i s  subracted from the c res t  length beginning a t  the lowest 
portion of the dam. 

Dam breaks are simulated using the methodology proposed by Fread 
( National Weather Service, 1979). Structural fai  1 ures are modeled by 
assuming cer ta i  n geometri cal shapes for  the dam breach. The vari abl es  
used i n  the analysis,  as well as the dam breach shapes available i n  the 
program, were shown i n  Fig. 4. 

Flow through a dam breach i s  computed as  weir flow using progres- 
sively larger  weirs as the breach develops. The breach i s  in i t i a t ed  
when the water surface i n  the reservoir reaches a specified elevation. 
The breach begins a t  the top of the dam and expands l inearly t o  the 
bottom of the breach and t o  i t s  fu l l  w i d t h  i n  a specified time. The 
f a i l  ure duration i s  divided into 5Q computation interval s. These short 
intervals  are used t o  minimize routing errors  during the period of 
rapidly changing flows when the breach i s  foming. Downstream routing 
methods i n  HEC-1 use a time interval which i s  usually greater than the 
time interval used during breach development. The program output shows 
the short-i nterval f a i  1 ure hydrograph and the 1 ocation of the regular 
HEC-1 time intervals.  I t  is important t o  be sure tha t  the breach 
hydrograph i s  adequately described by the HEC-1 end-of-peri od interval s 
or el  se the downstream routi ngs will be erroneous. 

The dam-break simulation assumes tha t  the dam-break hydrograph 
will not be affected by tailwater constraints and tha t  the reservoir 
pool remains level. A1 so, HEC-1 hydrologic routing methods are assumed 
appropriate for  the dynamic flood wave. Under the appropriate condi - 
tions, these assumptions will be approximately true. However, care 
should be taken i n  interpreting the resul t s  of the dam-break analysis. 
If a more accurate analysis i s  needed, then an unsteady flow model, 
such as  the National Weather Service's DAMBRK (19791, should be used. 

PRECIPITATION 
DEPTH-AREA RELATIONSHIP SIMULATION 

One of the most d i f f i c u l t  problems of hydrologic evaluation i s  
tha t  of determining the e f fec t  tha t  a project on a remote tributary has 
on floods a t  a downstream location. A similar problem i s  tha t  of 
deriving flood hydographs, such as  the standard project floods or 
100-year exceedence interval floods, a t  a ser ies  of 1 ocations through- 
out a complex river basin. Both problems could require the successive 
evaluation of many storm centerings upstream of each location of 
interest .  



Since the average depth of precipitation over a tributary area for  
a storm generally decreases w i t h  the s ize of contributing area, i t  
would ordinarily be necessary t o  recompute a decreasing consistent 
flood quantity contributed by each subarea t o  successive downstream 
points. In order t o  avoid the proliferation of hydrographs tha t  would 
ensue, the depth area calculation of HEC-1 makes use of a number of 
hydrographs (termed "index hydrograph" computed from a range of 
precipitation depths throughout the r iver  basin. The index hydrographs 
are computed from a s e t  of precipitation depth-drainage area (index 
area) values, a time distribution of ra infa l l ,  and appropriate loss 
ra te  and u n i t  hydrograph parameters. A consistent hydrograph i s  tha t  
which corresponds t o  the appropriate precipitation depth for  the 
sub-basi n's drainage area. The consistent hydrographs are detemi ned 
by interpolating between the two index hydrographs bracketing the 
subareas drai nage area. The stream system procedure of generati ng 
index hydrographs, i nterpol a t i  ng, routing and i nterpol a t i  ng , i s 
repeated throughout a r iver  basin fo r  as  many locations as  are desired 
as  described i n  the HEC-1 Users Manual (HEC,  1981 a ) .  

FLOOD CONTROL BENEFIT ANALYSIS 

Fl ood control planning requires the abi 1 i ty t o  rationally assess 
the economic consequences of flood damage. The HEC-1 benefit  analysis 
option provides the capabili ty t o  assess flood damage and explore the 
economic benefits provided by a1 ternat i  ve flood control measures. The 
benefit due t o  the implementation of a flood control plan i s  determined 
by computing the difference between damage occurring in a river basin 
w i t h  the flood control plan and wi tkout the plan. River basin damage 
i s  determined by summing the damage computed for  particular areas or 
reaches of the basin. 

Expected annual damages ( € A D )  are computed as  the sum of the 
damages weighted by a frequency of occurrence. T h i s  sum can be thought 
of as  the average yearly damage tha t  can be expected t o  occur i n  the 
reach over an extended period of time. The basic assumption of the €AD 
analysis i s  tha t  the damage frequency curve can be obtained by combin- 
i ng damage versus flow (stage) and flow (stage) versus frequency rela- 
t ions which are character is t ic  of the area tha t  the damage reach repre- 
sents. The damage versus flow (stage) relation ascribes a dol lar  
damage tha t  occurs i n  an area t o  a level of flood flow. The flow 
(stage) versus exceedence frequency re1 a t i  on ascribes an exceedence 
frequency t o  the magnitude of flood flow. By combining t h i s  informa- 
t ion ,  the damage versus frequency curve and, hence, the EAD for  a reach 
can be determined. By comparing r iver  basin EAD w i t h  and without flood 
control projects, benefits are  computed as the reduction i n  damages. 

There are two basic computations i n  a benefit calculation: exceed- 
ence frequency curve modification and €AD calculation. Structural 
flood control measures (e. g.,  reservoirs and channel improvements) and 
changes i n  1 and use af fec t  the f l  on-frequency re1 a t i  onship. Nonstruc- 
tural measures (e.g., flood proofing and warning) do not usually have 
much impact on the flood-frequency relationship b u t  do modify the 
stags-damage rei a t i  onshi p.  



Frequency Curve Modi fication 

The flow-exceedence frequency data provided for  damage reaches 
refer  t o  PLAN 1 or the base pl an of the mu1 ti plan-mu1 t i  flood model. 
Imp1 ementation of structural flood control measures or 1 and use changes 
w i l  l change th i s  exceedence frequency relation. HEC-1 computes 
mod< ffed frequency re! atfonshi ps us! ng the fo!! owi ng methodo! ogy. A 
mu1 ti  flood analysis i s  performed fo r  PLAN 1 t o  establish the frequency 
of the peak discharge of each ra t io  of the design event. The peak-flow 
frequency for  each ra t io  of the design event i s  interpolated from the 
input flow-frequency data tables for  a damage reach. A stage-frequency 
curve i s  established i n  essent ial ly  the same manner as  for  flows when 
stage-frequency data are specified for  a damage reach. 

A mu1 t i  flood simulation i s  now performed for  the flood control 
plans. The peak discharges (stages) are computed a t  each damage reach 
for  each r a t i o  of the design event. HEC-1 assumes tha t  the frequency 
of each r a t i o  remains the same as computed for  the base case above; and 
only the peak flows associated w i t h  each ra t io  change fo r  different  
plans. In t h i s  manner, the modified flow-frequency curve i s  computed 
for  a l l  ra t ios  as  shown i n  Fig. 5. That figure i l l u s t r a t e s  the poten- 
t i a l  change in a frequency curve due t o  urbanization. The assumption 
inherent i n  t h i s  procedure i s  tha t  the event ratio-frequency relation 
i s  not affected by bzsin configuration. 
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Expected Annual Damage ( E A D )  Calculation 

EAD i s  calculated by combining the flow or stage-frequency curve 
and the flow- or stage-damage for  each PLAN and damage reach (HEC,  
1979a). The flow-frequency curve i s  used in conjunction w i t h  the 
flow-dama e data t o  produce a damage-frequency curve as  shown i n  
F ig .  6. ?he area under the damage-frequency curve i s  the EAD for  the 
reach. T h i s  area i s  computed u s i n g  a three point Gaussian Quadrature 
fomiula. If more than one damage category i s  specified for  a reach, 
the above steps are repeated for  each land use. The EAD i s  summed fo r  
a l l  the land uses t o  produce the €AD for  the reach. The benefit 
accrued due t o  the employment of a flood control plan i s  equal t o  the 
difference between the PLAN 1 EAD and the flood control plan EAD. The 
model perfoms th i s  computation fo r  a l l  plans i n  the 
mu1 tip1 an-mu1 t i  flood analysis. 
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FLOOD CONTROL SYSTEM OPTIMIZATION 

The flood control system optimization option i s  used to  determine 
optimal s izes  fo r  the flood control components i n  a river basin flood 
control plan (Davis, 1974). The optimization model i s  an extension of 
the flood damage model previously descri bed. The optimization model 
u t i l i zes  a two-pl an damage analysis: PLAN 1 i s  the base condi tion of 
the existing r iver  basin and PLAN 2 i s  the flood control plan being 
optimized. Data on the costs of various s izes  of flood control 
projects a re  required, otherv~ise the fornulation of the optimization 
model i s  essent ial ly  the same as i n  the flood damage model case. The 
flood control components tha t  can be optimized as  part  of the flood 
control system are as  follows: reservoirs, diversions, pumping plants, 
and local protection projects (levees, e tc .  1. 

The storage of a reservoir may be optimized by detemining the 
elevation of the reser io i r  spillway, thus defining the point where 
reservoir outfl  ons are uncontrolled. The low-level ou t l e t  character- 
i s t i c s  of the reservoir are fixed by i n p u t .  Flow diversions, such as 
described for  the stream network simulation, may have the i r  channel 
capacity optimized. The diverted flow may be returned t o  another 
branch of the stream network or  simply l o s t  from the system. Pumping 
plants may be located virtually anywhere i n  a stream network a m r  - 
capacity may be optimized. The pumped water i s  considered l o s t  from 
the system and cannot be returned t o  another branch of the stream net- 
work. A local protection project can be used t o  model a channel i m -  
provement or a levee. This component can only be used in conjunction 
w i t h  the damage analysis of a reach because i t  only modifies the damage 
function. The 1 ocal protection project analysis requires capacity and 
cost data together w i t h  pattern damage tables for  maximum and m i n i m u m  
s izes  of the project. Damage functions are interpolated for  project 
s izes  between these maximum and min imum design values. 

The flood control component optimization model requires data as 
described for  the flood damage model plus information about the capital  
and o erating costs of the projects and about the objective function 1 for  t e flood control scheme. The data fo r  the various types of flood 
control components are  essent ial ly  the same and may be separated into 
cost data, capacity constraints, and optimization c r i  t e r i  a. M i  nimum 
and maximum capacity must be specified for  each flood control 
component. An i n i t i a l  estimate of the s ize  of the flood control compo- 
nent i s  a lso required t o  give the optimization procedure a s ta r t ing  
point. 

Two types of data are supplied t o  the program which are used to  
calculate the to ta l  annual cost  of a flood control component. F i rs t ,  
capacity versus capital  cost tables are required t o  determine the 
capital  t o s t  for  any capacity of the flood control component. A cap- 
i t a l  recovery factor i s  also required so tha t  equivalent annual costs  
for  the capital  investments can be computed. Second, operation and 
maintenance costs are computed as a proportion of the capital  cost. 
For pumping plants, average annual power costs fo r  various pump capaci- 
t i es  are required. Pump operation costs are computed i n  proportion t o  
the volume pumped. Capital and operating costs fo r  non-optimized 
components of the system may also be considered. 



The optimization methodology can operate on maximum net benefits 
and/or flow targets  c r i t e r i a .  Maximum net benefits are computed using 
the cost and flood damage data previously described. Desired 
streamflows may a1 so be specified a t  any point downstream of a flood 
control project. These streamflow limitations,  referred t o  as "flow 
targets" are specified as  the flow (stage) which i s  desired t o  occur a t  
a given frequency, For example, i t  may be desired t o  have the 5% flood 
a t  a particular location be 1,000 m3/s. The i n p u t  data for  flow 
targets  are the discharge or  stage and the frequency. 

The model deternlines an optimal flood control system by minimizing 
a system objective function. The system objective function i s  the sum 
of flood control system to ta l  annual cost  and the expected annual 
damage occurring 3% the basin. If flow targets  are specified, then the 
previous sun i s  multiplied by a penalty factor which increases the 
objective function proportionate'ly t o  deviations from the target.  Note 
tha t  the minimization of the objective function leads t o  the maximiza- 
t ion of the net benefits accrued due t o  the employment of the flood 
control system. Net benefits are equal t o  the difference between the 
EAD occurring i n  PLAN 1 and the sun of the system costs  and EAD occur- 
ri ng i n PLAN 2. 

An i n i t i a l  system configuration i s  analyzed by the program based 
on capacities specified by the user. The model performs a stream 
network simulation and expected annual damage calculation for  the base 
condition, PLAN 1, wi thout the proposed flood control measures. The 
stream network and expected annual damage calculations for  the i n i t i a l  
s izes  of the proposed flood control system a r e  then calculated and the 
i n i t i a l  value of the objective function i s  determined. The model then 
uses the univariate search procedure t o  estimate a minimum value for  
the objective function. The search proceeds by using the stream 
network and EAD calculation t o  generate points on the system objective 
function for  various flood control system capacities. These capacities 
are systematically a1 tered by the procedure u n t i l  an optimum i s  
reached. As i n  the r iver  basin parameter optimization, a global 
optimum can not be guaranteed ( in  f ac t  there maybe many alternative 
optimal solutions).  However, by inspecting the resulting net benefits 
provided by the system, the desirabi l i ty  of the optimal system can be 
assessed. 

PR0GRAr-I USAGE 

T h i s  section describes the general organization of the i n p u t  data, 
program output, example problems, and computer requirements. 

Input Data 

There are two general types of data cards for  HEC-1: i n p u t  con- 
t rol  and r iver  basin simulation data. The i n p u t  control cards t e l l  the 
program the format of the r iver  basin data as  well as  control ling 
certain diagnostic output. The river basin simulation data are  a l l  
identified by a unique two-character alphabetic code i n  card columns 
one and two. Tnese codes serve two functions: they identify the data 



t o  be read from t h e  c a r d ;  and they a c t i v a t e  va r ious  s imula t ion  op- 
t i o n s .  The f i r s t  c h a r a c t e r  of  the code i d e n t i f i e s  t h e  general  d a t a  
ca tegory  and t h e  second c h a r a c t e r  i d e n t i f i e s  a s p e c i f i c  t ype  of  d a t a  
w i th in  a category.  The d a t a  may be i n p u t  i n  a free o r  f i x e d  format.  
The s t ream network s t r u c t u r e  can be pro t rayed  diagrammatical l y .  This 
op t ion  causes  the program t o  search t h e  i n p u t  d a t a  deck and determine 
the job  s t e p  computations.  A flow c h a r t  of  the s t ream network simula- 
t i o n  i s  p r i n t e d .  

The u s e r  may e n t e r  time s e r i e s  da t a ,  either hyetographs o r  hydro- 
graphs,  a t  time s t e p s  o t h e r  than the computation i n t e r v a l  of t h e  s i a u -  
l a t i o n .  This  op t ion  i s  convenient  when e n t e r i n g  d a t a  generated by 
ano the r  program o r  i n  a s e p a r a t e  HEC-1 s imula t ion .  In many i n s t a n c e s ,  
c e r t a i n  physical  c h a r a c t e r i s t i c s  a r e  the same f o r  a number o f  subbas ins  
i n  the stream network model ( f o r  i n s t a n c e ,  i n f i l  t r a t i o n  c h a r a c t e r i  s- 
t i c s ) .  Fur ther ,  i n  a mul t ip lan  a n a l y s i s ,  much o f  t h e  PLAN 1 subbasin 
d a t a  remains unchanged i n  subsequent plans.  The HEC-1 program i nput 
convent ions make i t  unnecessary t o  r e p e a t  much o f  this information i n  
t h e  d a t a  deck. 

Program Output 

A l a r g e  v a r i e t y  and degree o f  d e t a i l  i n  the p r i n t e r  ou tpu t  a r e  
a v a i l a b l e  from HEC-1. The output; may be ca t ego r i zed  i n  terms o f  i n p u t  
d a t a  feedback, i n t e rmed ia t e  s imula t ion  r e s u l t s ,  summary r e s u l t s ,  and 
e r r o r  messages. The degree o f  d e t a i l  o f  v i r t u a l l y  a l l  o f  t h e  program 
o u t p u t  can be c o n t r o l l e d  by the user .  The i n p u t  d a t a  f i l e  f o r  each j o b  
i s  read and conver ted  from f r e e  format  t o  f i x e d  format  and a sequence 
number i s  a s s igned  t o  each l i n e .  The re format ted  d a t a  can be p r i n t e d  
s o  the u s e r  can see the d a t a  which a r e  going i n t o  the main p a r t  of t h e  
program. 

The d a t a  used i n  each hydrograph computation can be p r i n t e d  a s  
we1 1 a s  the computed hydrograph, r a i  n fa l  1,  s t o r a g e ,  e t c .  a s  appl i-  
cab le .  The sou rces  o f  these d a t a  a r e  i n d i c a t e d  by the ca rd  i d e n t i f i c a -  
t i o n  code and i n p u t  l i n e  number p r i n t e d  on t h e  l e f t  s i d e  o f  t h e  page. 
Hydrographs may be p r i  nted i n  t a b u l a r  form and/or  graphed ( p r i n t e r  
p l o t )  w i t h  the d a t e ,  time, and sequence number f o r  each o rd ina t e .  For 
runoff  c a l c u l a t i o n s ,  r a i n f a l l ,  l o s s e s ,  and exces se s  a r e  inc luded  i n  the 
tab1 e and p l o t .  For snowmel t c a l c u l a t i o n s ,  s e p a r a t e  va lues  of  1 o s s  and 
exces s  a r e  p r i n t e d  f o r  r a i n f a l l  and snowmelt. For s t o r a g e  rou t ings ,  
s t o r a g e  and s t a g e  ( i f  s t a g e  da t a  a r e  g i v e n )  a r e  p r i n t e d / p l o t t e d  along 
w i t h  d i scharge .  

The program produces hydrologic  and economic summaries o f  t h e  
computations throughout  the r i v e r  bas in .  The s t anda rd  program hydro- 
l o g i c  summary shows t h e  peak f low ( s t a g e )  and accumulated dra inage  a r e a  
f o r  every  hydrograph computation i n  the s imula t ion .  Economic summary 
d a t a  show the f lood  damages and b e n e f i t s  (a1 s o  c o s t s  f o r  p r o j e c t  optim- 
i z a t i o n )  f o r  each damage reach and f o r  t h e  r i v e r  bas in .  The r i v e r  
bas in  damage/benefi t r e s u l t s  may a1 s o  be summarized by two 1 oca t iona l  
d e s c r i p t o r s  (e.g., r i v e r  name and county name) i f  de s i r ed .  The use r  



can also choose time ser ies  data a t  selected s tat ions to  be displayed 
in tables a t  the end of the job. Hyetographs, losses, excesses, 
stages, storages, and hydrographs can be printed i n  these tables i n  any 
desired order as  specified by i n p u t  control. 

Example Problems 

The HEC-1 Users Itlanual (HEC, 1981 a )  contains several t e s t  problems 
which serve both as  i l l u s t r a t ive  examples of various capabil i t ies  of 
HEC-1 and as benchmark t e s t s  to  verify tha t  the program i s  working 
correctly. The f i r s t  three example problems i l l u s t r a t e  the most basic 
r i  ver basin model ing capabi 1 i t ies .  Fo11 owing these, specialized capa- 
bil i t i e s  of HEC-1 are added to  the basic model. The l a s t  four examples 
are a sequence of steps necessary to  perfom mu1 ti flood, mu1 tip1 an, 
flood damage, and flood control project optimization analyses. 

Computer Requirements and Support 

HEC-1 requires a FORTRAN IV compiler and up t o  16 input/output scratch 
(tape, disk, e tc .  1 f i l e s .  The computer memory required on the CDC 7600 
i s  115,000 words. I t  requires approximately 7 seconds t o  compile on 
tha t  machine. The program has been tested on several major computers 
and the machine dependent code removed whenever possible. The users 
manual and programmers supplement describe detailed program character- 
i s t i c s  and modifications necessary to  r u n  the program on different  
computer systems and t o  reduce memory requirements. The HEC provides 
user support for  HEC-1 and other programs (Eichert, 1978). The program 
and documentation may be obtained from the HEC for  the cost  of repro- 
duction and hand1 ing. 
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