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ABSTRACT

Tl’llS study was taken up on the prem1se that m any real-trme ﬂood forecastlng model it 1s o

des1rable to employ a phy51cally based bas1c model to descr1be the phys1cal behav10r of the o

' :*system from the remalnlng part Wthh descrlbe the structure of the re51duals and the parameters _ ’.

‘of the physwal’ part of the model should be est1mated 1ndependently of those of the re31dual :

' component model over the basic model ThlS concept is ‘more amenable for 1ncorporat1on in a R

hydrometrlc data based ﬂood forecastmg models mamly deahng w1th ﬂood rout1ng processi- -

7 “only. Accordmgly the study was on the use of such a physwally based routlng model viz.. the o

- rVarlable Parameter Muskmgum Dlscharge routmg method as a replacement of the well known L

o lmear theory based rout1ng method viz., the Ka11n1n—M111yukov method in state—space

" formulatlon wh1ch is w1dely used in East European’ countries for‘flood forecastmg in rivers. On =

| thls cons1derat10n a strategy was formulated for evaluatmg the performance of these two

. methods by routmg hypothet1cal mﬂow hydrographs in hypothetlcal un1form rectangular channel )

- reach for a routmg reach of 40 km and the solut1ons obtamed by these routlng methods were

'compared with the correspondmg solutlons A total of 120 hypothetlcal test runs were made in -

: o s1m11arly the HEC RAS model routed solutlons by these two routmg methods Based on these '

- smulatlon results it is concluded that the VPMD routmo method is able to reproduce the o
benchmark solutlons more closely than the Kal1n1n Mlhyukov method based on state-space

: analy31s approach in all aspects of reproductlon such as varlance explamed peak d1scharge

- ‘ reproductlon and t1me to peak dlscharge reproduct1on Based on th1s study it is recommended |

B fthat one may prefer the VPMD method over the K M method for employmg as a basrc model of

A hydrometr1c data based ﬂood forecastlng model
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 NOTATIONS

e A _ =area-§f Cfoss—section;

= qhanﬁe_l top Width;

bf 1= bése w1dth of?the héodplain chahnel;
"b'mA- . bgsé vgidth of the main channél;
c l = Wav'eA celerity; |

| ‘EVbL — error in volume;
g o = acééiefétion c'iu-e_ %:Q' z;gravity;

» _GG) = mput métrix; B

o h =depth ofﬂow;‘
o h(t) %bdtput r_riafrix; .

.__[ .\ ‘_='inﬂow tol‘r_eacA:h; _-

' I, o= p_eéku.ﬁﬂ.éw;_ o |

Ko =‘ stngbragé_'doefﬁci;;nfc;'.

"en  =Manning’s roughness coefficient;

N- "= fotal humber of ,di;s'cha"rge hydfdgr_aph ordinates to be sitnulated

P - = wetted parameter;

Q : B ?diséhargé; o

. Qe . =i"ordinate of the Vcalculated.di-schargé hydrograph; -

- Qper © =percentage error in attenuation;

R ='mean hydraulic fa_dius;
S ' =storage in the reach;

Sf -~ =friction s_lbpe;

2



So - =bed slope;

Ar o= routiﬁg time intervai;_

t- = time_;
'tp‘ - =time to peak; |

tper = errof- in the iime of beak discharge;
v = average velocity ovér cross—seétion;
X = distaﬁce along the 'réach;

y | o= stage; |

y - =skewness 'factorl;‘

O(¢) = state transition matrix;
I'(f) = input transition matrix;

F(t) = state matrix; -



| CHAPTER1 -
' INTRODUCTION

1.1 GENERAL -
Floodmg isa global problem that has been 1ncreasmg ata. womsome pace in recent-- -
_vears; _It is as, ol_d-aslhuman ,cnv1112at1on. I—lowe_v_er_'natural ﬂoodmg of larée area did not‘ .
-:- '(»:.ré-ate':_more,daﬁgerélls sltli_alicn ina I.D.I'ehistor-ic: \)vorld. But the.:expansi.('m of human act1v1ty -
Elnd the agér egation Of_:pic0pl€‘>:" in larger and larger urbanized areas have resulted in increase‘__" |

" in'loss of lives and economic damages due to floods.

Early efforts to reduce flood related deaths and damages, however were .primarily"f'i -

- devoted to ﬂood'Icontrol measures-such as levees, dams and storage reservoirs which fal_l' Lo

'_under'_the category of structural measures to contrOl_ﬂood_r problems. However, str'uctural'_

~ measurescan 'not elimin'ate completely the risk, given the. impossibility -of buildlng larger -

. and larger structures, to cope with extremely low probablllty events Therefore an 1mportant e
.role ls left to lnon structural measures to be compared evaluated and actuated in real—tlme

- .wh1ch 1mpl1es the need for accurate flood forecasts Wlth a sufﬁcnent lead tlme to allow for

: thelr 1mplementat10n. ThlS‘lS why ﬂood_:_forecastmg Wlth sufﬁcient lead time has become-an - ,l

: important non-structural 'measures.for flood -damages reduction‘ andlfor'minimizing flood

: related deaths Therefore 1t is essent1al that ﬂood forecastmg methods should be physically

o ._‘based less data 1ntens1ve and over and above should be easnly understood by the fieldf--
) _._'en-gl-neers. .‘ | | |

| 1 2 FLOOD FORECASTING MODELS
F_lood.__fo_recastmg m_odelsenable‘.vt‘o s_xmulatel the vvate‘rshed"'rea_spon_se to ‘a_given .inpu_t

at a given location under the exls_ting, catchment conditions. Every forecasting model



_ operates-i-'cn two rnodes,'.viz. a) rhe Calibratien mode '(offT'iine mcde), and b) the -operation
mode (on-line mode).‘. | |
‘A ﬂcod fcrecasting model' in rhe caiibratien mo_.de,jattempts to produce the.vuvatershed
respon.se for the-pas_t irecorded-precipitation or Upstream flow input. Theresponse of the
model is compared'uvith the recOrded respon'se at the point of ' forecasfing.interes'c_, and'-if-both_
do nct match either the model structure is changed or the-parametersv.are modiﬁed till the
matchlng is done satlsfactorlly Once the structure of the ‘model and its parameters are' '
| 1dent1ﬁed using the cahbratlon mode the model can’ be used for forecastmg and the model is
said_'tc he used in the 'operational mode. Y-While 'the_basic structure of the model is nor
' changed in "the operaticnal .mlode,- rhe parameters of the model need to be changed
~ considering the Acurrent catchment- condi-ti'cns due tc the " variation of the input and
su_bs'equent: change in other compcnenrs of the rainfall—ru:noff process:; o “

- N 'Every"forecasting model has tWo components'for flow lfo-recas‘ting: 1) deterministic
ﬂ..ow cOmponents and 2)‘stochastic' flow. compcnent.‘ Whiie.the former is determined by the
hydro]ogic/hydrau]ic_.model, 'the latter is determined_-ba'sed onithe resjdual (error) series of
the 'drfference bet\;veen the forecﬂasted ﬂcwfora speeiﬁed "Iead' trme 'a‘nd the corresponding -
obserued flow. The 'residual ser.ies_'reﬂect‘[’)otlh the model ..'error,' due tev'tlheinabili‘t}:l of the |
model :used in- the for_ecasting-. model to-ccrrectry' medel_ the -ﬂow- process, and the-
'obseruatronal " error i%fhile measuring the ﬂow It_ s’ imperatrve‘ :therefore; to use an
apprcpriate. model ro reduce. ‘modelh error.,dThe- study vfccuses'o-n this speciﬁc 'aspect
highliéhting the relevance o'f-_using apprcpri‘are}model toireduce the mOdeI error, by .studying
the s1mu1at10n capabihty of a w1de1y used hnear. model »the Kahnm Mlhyukov routing

-model in state- space formulatlon and a phy51cally based srmphﬁed varlable parameter -



“model, the .Variat)le Par.ar‘n.etﬁer Muskingum Discharée (VPMD) ;outi'n‘g mcthodprépbsed_‘l;.}:/ '
' Plye_rumal(1‘9'9_4-a). for moci_eliing the same_ﬂood wave :movéménﬁ ,érbceés ih_a given ch-an_n'e‘lv B
»‘by vz.:lclcoﬁht.ing tﬁe non—l_inearity i;lithe foufing_pfocesé. - S |
| __As the 'emphasis of the stvud-y lS on the _usé. of ap'proi}')jri'a-te‘ model for forecasting"
| : pu.rposes_'- s;»).e.éiﬁcal_ly'*focdsihng on the'rivér routing médels;. it is ﬁé_ée_ésarir to, ._bring.‘(;ut _thél'j .
g_en»e;i_’al“backgrdu.nd on ﬂ%’e’_tyﬁe of féfgéasting models gmployéd m the ﬁeld o ‘
| ‘-"1'_.3_ CLASSIFICATION OF THE F ORECASTINGMODEﬁS :
o Tt is .neceéséry to stress that the élassiﬁéatibn of models fc;-r hydroipgit:ai forécéstiﬁg
pu'r-poses is nbf rllece'ssarily‘: id’éritidal té- the classiﬁcétion o-f;mo"dévls_ m general or for pthéfi
'.pu:'rp-oses., vsuch.' a;s'fof dééign, esti»matioﬁ of missing rdvat'a ‘et'(;.'iSo-rri_é -mocjels:.v'vhi.ch are based
_on stochastic pfincipies br statistiqal approacines maﬁy -functif')‘n:as the defermiﬁistic models, .
' When used for :;ealv—time _-‘tﬂ‘or.ecasting‘. ’P._Iencie, any .rr'lddel-which""is-useci_l_ for the real-tin;eji.'r'
_ foféCgst, by deﬁﬁition, isa "determiniétic ﬁodel. Tﬁe ciéssiﬁcatjoh '0 f _the‘ forecasting mode_lé“
: 'proposed-b_y Nemec(198 5) 1s as 'folllows:
A. Purely deterministic Ifovrecésting‘m(')dél._s: -
_ (1)_“ H);dlipmefric.‘(liaté;ba-léed (Jihv_olyipg only: stre-a_ﬁi_ﬂ.‘dw pr_o_céss) :
| ) | Cérreléﬁor;-of 'étagéé éndbr vélu;n-ééj'(disélﬁ_arge) .
] (iij‘ ~ Systems ap.ISro.gch to stream ﬁow (h?érb_ldéic fouﬁné)
(i) ..-'f_iya'rauﬁds_i_r'npliﬁgd hy‘clijr‘aulici r,ou_ti.nigtus.in_g "
o . 'Dyvn_:‘:imic Wave _mic;_d.-_el . . |
. Diffdsion aina,lqujmc;dél and‘- e "

e Kinematic wave model .



-(2) Hydtemetecrelogical and hydrometric tlata—based mcc_le_ls(invciying.'tainfall—
" runoffand 'st_reamﬂcw- processes)
(D) Cortelations nsing physical variables and_ parameters -:or indices -
: '--(such as antecedent precipitation index (API)) | |
n SyStems apptoach to the basin ,responseto rain fall,
(iii) _) .‘Disttihuted parameter" ap}areaches (hydrological and hydraulic
. ’tontin‘g) o | E |
(iy) --C'onc'eptual moisture accounttng usjng-
-a). Sotl moisture indices :
: b) .‘Implicit moistnre accounting.
c) Explicit moistnte acconntiné
B.- Hybrict »—Stcchastic—Dete_rministic forecasting mcdels
1. Using only ttme settes _stcchastic parameteriaati_on
2. Using systems»apprcach to the basin response and
time series stochastic t)arameterization. n
The current develcpment 'i.n_',compiuter scttware, ccupletl with advances in _telemetry
. v'systems 'for automatic data'actluisition nct only 'allows'.the 7improved forecastihg of any'
' maomtude of ﬂow at any pomt 1n a watershed but also enables the automatic operatlon of
the hydro systems affected by the forecasted ﬂow Whlle the 1mproved data acqulsltton and
| data _transm1ss10n systems may help to 1ncrease the lead' time of forecast their ut111ty would
be negated if a poor fOrecastiné m‘cdel is employed 1n the torecastino system.
It is essentlalito employ a hydrologlc model Wthh m1m1cs thehydrolo.glcal

behav10r of the catchments takmg care of the spattal var1ab111ty of the catchment response



: v-‘.l?urth_ermore_, a more. mathematically involved ;hydrological'. model_ may _be suitable for .

SRR des'{ig‘r_i'.purposes, and it-may not be suitable for operational for?ecasting'_ purposes due to the

‘:re’asons‘ of intensi‘ve:real-time' data requirements‘and*"abov'e-all 'the underStanding of the
o model by the pract1c1ng engmeers using the model for forecastmg purposes

Whlle there are so many data driven models rangmg from the trad1t10nal correlatlon'

3 based models to the recent neural network models 1t is requlred to employ a forecastmg

. model that is phys1cally based albezt in a s1mpllﬁed form than using a sophrsncated black

3 -_.box model such as that of a neural network model The relevance of th1s statement would be- s

o _ recogmzed whe_n s1gn1ﬁcant; changes take place in the catchments or when the_upstream data". C

“collection station is washed away in flood or when the recorded flood is far exceeding the

past floods based_on .which"thevpar'ameters.of the'z data "driven_mod_el h_ave been estimated. . - -

"-".‘-Further'-in. a physically based flood forecasting model'-all'the 'm'o-del' components'rar'e not-_f. o

L s1mple as far as the1r est1mat10n is concemed partlcularly m large catchments However the B

_use of a- data drlven ramfall-runoff transformanon process m the headwater catchments_ )

' -,along w1th a s1mphﬁed hydraulrc model based channel routlng can solve the forecastmg ._

_ purpose in-an elongated catchments such as the Yamuna Rrver basm

’14 ROUTING MODELS AS COMPONENTS o_F FLOOD FORECASTING - -

- MODELS

The focus of thls thes1s is the study of s1mplrﬁed ﬂood routmg models sultable forv‘ e

o '-_f’use in the ﬂood forecastmg models One of the routmg models w1dely used in Eastern S

- --European countrles especrally for ﬂood forecastmg of the Danube Rlver the Kalmm-‘v-. :

: , Mlllyukov method proposed by the Russran hydraulrc engmeers Kalmm and M111yukov



(1958) based on the state space analys1s (Szollosr—Nagy, 1976 1982 Jozsef Szﬂaéyl 2005)
- 18- con31dered for the study However thts method is a llnear theory based method in which
‘the Parar_neters n.‘(the‘ .number of li_ne_ar reservoirs) :and K (the stora'ge coefﬁcient of the 11near
, | reservoir) remain -c‘o‘nstant when the modeljisd-_‘used'-for s_imulatin_-g_'a p'ast recorded event ‘(i.e.’
“in off-line mode); But _:while.applying this method for .realétime for'ecasting; the pararneters n
' and K are modlﬁed at. every forecastmgtlme level using the updatlng algorrthms such as A»
'Kalman Fllter whlch 1s used for mlnrmlzlng the forecastmg errors, for estrmatmg the -
1mproved forecast Kalman filters. wldely used in control system theory mvolve tedxous-
mathematlcal_ equatlons. and arevsultabl_ev for'v apphcatlon in in process'es -‘whrchj involve hrgh
. rand‘omn‘ess.: Since ifloIWS Ao;f_ main-r’i:ver' varies )s:moothly.elxhbibiting‘ more dep'e_ndence among
the flows, the usez of simple error up‘dating al_vgor‘ithm”may be appro;:)riate. rather; than using -
‘mathematically 'invéivéd K'alman ﬁlter. Ho'\&évér to .follow.this' st;af'égy', in reail—'timevﬂood-
rfo".recastlng it 1s necessary to use a routmg model whlch 1s capable of accountm0 the non-v _:
- hnearlty in the routmg process Thrs implies that the routlng parameters vary whlle routmg :
the flow at every trme interval unllke them' remarn constant in 11near theory based models :
_Therefore if one'canr employ‘a realistic r)hysically based, r'n'odel then the forecaSt error may 7
onIy 1nvolve the observatlon error and the error due. to unaccounted lateral ﬂow between the
';‘upstream gaugmgstatlon where the 1nﬂow hydrograph is recorded | and the downstream
- gaugrng statlon of forecast 1nterest “ |
. A. routlng model whlch has the requlred physwally based characterlstlcs and
1s capable of accountlng non-hnear behav1or of ﬂood wave movement has been mtroduced
) .iby Peruma1(1994 a) ThlS model dlrectly derlved from the Sarnt—Venant equatrons wrth the -

'mam assumptron of approxrmately lmearly varylng water surface at any t1me ‘is known as



; l_:..r_}"_the Varlable Parameter Muskmgum Dlscharge method (VPMD) The parameters of thrs‘;“‘_

o Muskmgum method Vary at every routmg trme level based. on the establlshed relatronsh1ps» . ;'_ -

_ A‘-between the ﬂow and thep channel characterrstrcs The ﬁeld appllcatrons of thrs routmg:j, _
o ;method have beenb ‘demonstrated using the data of UK Australran and Itahan .rlvers{
: (Perumal et al 2001 Sahoo 2007) o ‘
1. 5 DATA AVILABILITY

Whlle evaluatmg the performance of such models in 51mulatmg the past recorded; -

i events 1t may be approprlate to use hypothet1cal mﬂow and outﬂow hydrograph srmulated ‘

'sm a hypothetrcal channel rather ‘than usmg real ﬁeld data Wthh may be tamted by;‘ o

' unaccounted changes in ﬂow characterrstrcs resultmg from processes unrelated to ﬂood --,f L

e routlng, such as lateral ﬂow seepage or measurement eITors etc Hence 1n tl’llS study, glven" o

;'hypothetrcal flood hydrographs are routed 1n hypothetlcal channels to arrive at, routed :

E 3 hypothetlcal outflow hydrographs usmg a standard benchmark model In thls study, the U.S. ;v. . |

" ,Hydrologlc Engmeermg Center s HEC-RAS model (2006) is employed as the benchmark:,‘*i_ -

- }model and the hypothetrcal routmg is carried out in the umform rectangular channels of N :

p d1fferent w1dths The performance of the two models i.e. the Kalmln Mrllyukov method (K-

‘M method) based on state-space analysrs approach and the Varlable Parameter Muskmgum o

ce : Drscharge routmg method (VPMD method) are evaluated by reproducmg the benchmark_’ e

-' solutlons obtamed usmg the HEC RAS model by these models It is surmlsed that the e

Amodel Wthh is able to reproduce the benchmark solutlon closely may be consrdered as the_ o |

a best model for appllcatlon 1n a hydrometr1c data—based ﬂood forecastmg model



1.6 OBJECTIVE OF THE STUDY
Wlth the precedmg background 1nformat1on the obJecttve of the study may be stated‘ :
‘as follows | | | ' .. »
..- To investigate the performance of two'river’ :routing models vzz the Kalinin—M-iliyukov
_‘model based on state space analysrs approach and the Variable Parameter Musklngum-'
' D1scharge routmg method for the1r sultabrhty for usmg ina hydrometrtc‘ data based flood
.-j‘forecastmg models by evaluatm0 their capab111ty m-_srmulatmg t_he_' be_nc_hrn_ark vmodel'
‘ routmg solutlons obtamed using the HEC RAS model | - | o
| . 1 7 ORGANIZATION OF THE THESIS
The detalls of the study reported in thrs the31s are presented 1n the followmg manner: a
Chapter‘ L mtroduces the ﬂood -routm thel'51gn1ﬁcance of flood routmg in hydrolog1cal
- analy51s and objectlve of thts study Chapter 2 presents a‘ revrew ‘of ex1stmg llterature on
;,ﬂood routmg 1nclud1ng its theory, class1ﬁcat1on of flood routmg methods ‘and a detall'
, d1scu551on on the two ﬂood routmg methods yvhlch are to be evaluated Chapter 3 descrrbes ‘
the statement of the problem to be stud1ed in the the51s Chapter 4 d1scusses the strategy
~adopted for the evaluatron of the two methods viz., 1) Kalmm—Mlhyukov method and 2)
g "Varlable Parameter Muskmgum Drscharge routmg methods usmg the HEC-RAS model
-~‘A.ahrch 1s used as the benchmark model Th1s chapter grves a brief mtroductlon about the
- g‘varlous steps adopted to perform the ﬂood‘routmg usmg all the three methods mcludmg the
VPMD method the K M method and the HEC-RAS model In chapter 6 the results
obtamed for all the three methods and drscussmn correspondlng to the obtarned results rsz },

gtven ThlS chapter also drscusses the sromﬁcance of the VPMD method by show1ng its



A superiority. over the _Well—kﬁbwn K-M rh_ethod i}r.lﬂréprq_:c-iucing the HEC-RAS fcs_ﬁlts; Chaptéri 1‘ L

6 discusses the con‘c]_usionsl‘énd'reéomméﬁdatidn for future study. -



CHAPTER 2
REVIEW OF LITERATURE

' 21GENERAL° = -
o | Many'oommunitie;s owe 'mueh ’of their' prosperity to advantages 'offered by adjacent and .'

o .nearby streams the more 1mportant belng adequate commercxal and mun1c1pal water - '

R rsupplles nav1gat1on power development and recreatlon Adverse effects however are

exp‘erlenced_nwhen 'hlgh: _ﬂows occur _1n~the Aform of ﬂoods eaus_mg_loss of hves an_d'

.~ ‘damage to properties. Then. economically feasible measures must be taken to eliminate

- - theloss of .-lives, 'and fdamage to properties byi' provid-ing levees -vandﬂood"walls:' ehannel
. 1mprovement etc Procedures for evaluatmg ‘these. measures bothvm the deSIgn and
. _"‘"‘.operatlon phases and method of pred1ctmg ﬂood crest are econom1cally very 1mportant _
. .’.These procedures and methods generally requlre the’ lknowledge m the subject of ﬂood |

’ ‘routlng As ﬂood -wave is'an unsteady ﬂow the fundamental law of unsteady flow is B

'apphcable for flood-wave also The fundamental law of unsteady flow is based on.the 'j , s

e pr1n01ples of cdnservatlon of 'mass and 'conser'vatton ’of 'moment’um‘ It'may be'expressed
g by the followmg two partlal d1fferent1al equatlons assummg no lateral ﬂow as:

- aQ aA

a ar Sl e @D
: 6x gax gat P ‘ .- »- SRR

) ;-'where Q is the dlscharge A is the ﬂow area S is the bed slope Sf is the energy slope g

SR 1s the acceleratron due to grav1ty, V. 1s the average veloc1ty over cross sectlon y is the

B ’t'_f-depth of ﬂow and the notattons X- and t denote the space and tlme varlables respectlvely




‘ The gradrents m the momentum equatlon (2 2) ay/ax (v/g)(av/ax) and (l/g)(dvldt)-_ o

: _denote the long1tudmal water surface grad1ent the convectlve and local acceleratron_‘
gradrents respectrvely [Chow V T 1959] There are many ﬂood routmg methods are_f'.
-avarlable in the llterature Wthh can be broadly classrﬁed as [Fread 1981] 1) emprrlcal |
' 2) hydrologlc and 3) hydrauhc methods A brlef drscussron on the class1ﬁcat10n of these

B routmg methods _rs given below. o

'7-2 2 CLASSIFICATION OF FLOOD ROUTING METHODS

-'2 2, 1 Empmcal Regressnon or Black—box Flood Rontmg Methods

' 'The emprrrcal ﬂood routing methods were: developed based on the 1ntu1t1ve relatlonshrp

:between the dependent toutput).and mdependent (1nputl variables 1nvolved in the process
‘ of ﬂood hydrology w1thout cons1der1ng the physrcal processes mvolved in the routmg N
| _mechanlsm [USACE 1960] In practlce these routmg methods were apphed to long'
channel/rlver reaches Some of the emprrrcal methods Wthh are found useful in real

o fworld ﬂood routmg are the successrve average lag method and the - progressrve lag

: il_'gmethod [Lmsley et al. 1949] In recent years the black—box ﬂood routrng methods viz., -

the art1ﬁc1al neural networks (ANN) [Muttrah et al 1997 Dawson and Wllby, 1998 -
- Femando and Jayawardena 1998 Thrrumalarah and Deo 1998a 1998b Llong et al.,
o 2000 Brrrkundavyl et al 2002 Chau and Cheng, 2002 Chang and Chen 2003 Abebe :

: and Prlce 2004 Sahoo and Ray, 2006 Tayfur et al 2007], fuzzy loglc (FL) [Yu ‘and

Yang, 2000 Xrong et al., 2001 Yu and Chen 2005 Gopakumar and Mujumdar 2007] S

B :genetlc algorlthm (GA) [Mohan 1997 Chau 2002] ANN—FL—GA hybrld methods

[Bazartseren et al. 2003] and the entropy theory based methods [Smgh 1998



_Moramarco and S1ngh 2001] whrch can be categorrzed as the empmcal methods have «:;;'
' _:found thelr place in- the l1terature Smce these soft computmg tools are not based on the

‘ physrcal process of flood routmg, these tools can only be used in-a prognostrc mode.. '

: -Basrcally, the emplrlcal methods are con51dered as the mterpolatlon formulas and therr_ L

‘, use for extrapolatlon outSIde the range of the underlylno data. sets used for callbrat10n of
-tvheip_ararneters 1nyol_ves,‘._the_-r1sk' of large errors [Klem_es,'-19482_]_.‘:Hence, tl]e.';evmlv_')lrlCe.l.]A.
fido’d ro'uting meth'ods 'Vw‘hich do not consider the phys'ical :ch'aracteristi-cs'of the river
v- channel and propagatmg flood wave are of llmlted use for the d1agnos1s of the ﬂood -
'rv.routmg mechanlsm in- the meso- and macro scale basm models especrally vslhen used for_ :
o :pr»-edvlctlon.s '1n un:gauged basms-. o
2 2 2 Hydrolomc Flood Routmg Methods -
A Hydrologlc methods employ essentrally the equatlon of contmulty The hydrologlc ﬂood
_ | rout1ng methods are the data-drlven technlques that are based ona spatlally lumped formﬁrf
'ﬂ of the contlnulty equatlon often called water balance Aand a ﬂux relat1on expressmg_‘{ :
- "",storage as a functlon of 1nﬂow and outflow [Smgh | 1988] These methods assume the
__"j-chann‘el reach as a lurnped system and use the lumped cont1nu1ty eduatron and a storage .
: "equatlon as’ a. subst1tute for the one d1mens1onal Samt Venant ss momentum equatlon i- a
[Barre de Salnt Venant s\ 1871a 187lb] In channel routmg the storage is a functlon of »7
g both-outﬂow and 1nflow dlscharges. The:ﬂOw in a river durmg a ﬂood.belongs to‘the-"r '

category of gradually varled unsteady ﬂow The water surface 1n a channel reach is not »l

i ,only not—parallel to the channel bottom but also varles w1th time. Con51der1ng a channel -

_ ’reach havmg a ﬂood ﬂow, the total Volume in storage can be con51dered under two "

' ‘categones a_s: _P_rlsm storage‘and ‘We_‘dge'_ storage.
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Prism storage is fth_e yolurne that would e'l(i.st‘ if :unilform ﬂow occurred at the downstream
depth,.;..vi.e."the 'yolume t‘ormed" byanlmagmary plane parallel to the.channel b_ottom drawn
at the o-utflowisection'water?surface. W.edge Storage »is‘the wedge like volume formed_-v '
between the nactual water ‘surface proﬁle and‘ the top surface of thevprlsmws‘torage
[USACE 1960] |
For callbratron such routrng methods requ1re only data from the past ﬂood events
at the’ upstream' and downstream boundary sect1ons of the conceptual channel.reach o
: These methods can be used for s1mulat1ng the. ﬂood dynamrcs ina channel even when no .
-1nf0rmat10n on the topographlcal or roughness characterrstlcs of the '1ntermed1ate channel .-
sectrons is avarlable [Dooge 1986] However the Sarnt Venant S eduat1ons are capable .
of modelmg the ﬂood routing mechamsm in a physrcally drstrlbutedmanner Note that
smce _the solutron ' procedures ‘of the full Salnt—Venant s equat1on_s'_requ1re the use of
B numerical methods which: could not be 'attempte‘d"till the:m'id+f1ftie{s [Stoker - l95;7];:these .
,hydrologlc routmg methods were developed as a s1mple alternatlve to the fiill Saint-
"_Venant s equatlons for ﬁeld apphcatrons On the bas1s of the type of storage eduatmn
- used i in the model framework the hydrolog1c‘rout1ng methods can. be class1ﬁed as lmear d

or nonlmear To account for the ﬂood ‘wave - propagat1on dynam1cs m natural r1vers

. characterrzed by unlform translatron and reservorr or pondage action [Langbem 1942] a’

‘ c_lass of_lumped hydrologrc»methodswere_' evolved by.. gmployrng, generally, two routing .
parameters in.- the model structure to d‘eal' with the convect'i"on.’and dif;fu'srio'n characteristics
o 'of a propagatmg ﬂood wave The w1dely used cla551cal Musklngum routmg method*

_lr[McCarthy, 1938] Wthl’l 1s based on a lmear ‘storage routlng concept employs two

s routmg parameters vrz the travel t1me accountmg for the convectlon dynamrcs of’ the o

s



' ﬂood wave and the wexghtmo parameter accountmg for the dlffLISlOl’l characterlstlcs of -

.. the ﬂood wave Slmllarly, the Nash model [Nash 1960] that is based ona 11near reserv01r

'.—»'V'rvoutvl_ng _conceptand apphed f_or ﬂood routrng m-channels'[Dooge, ..1_973], accounts for the

L '.convection'. and.-difosion' c’haracterist-ics"_'of the ﬂood'WaVe through the Apar‘ametersrof o

B reserv01r coefﬁment and the number of llnear reservoirs in serles respectlvely The use of | |
—» hnear storaoe equatlon 1n the classwal hydrologlc routmg methods presumes that all the
g dlscharges of drfferent magnltudes m a ﬂood. wave travel ‘at the,same wave‘speed whleh
f is? however, invcontradiction wrth th.enonlinear dynamics of‘f the‘ ﬂood -wave'propagation. -

~To circumvent- this deﬁéiency in the linear methods, hydrologic methods with nonlinear .

o storage equatlons were.. proposed by various researchers [eg, Rockwood 1958;

: Laurenson 1962 1964 Mem et al., 1974] Note that the routrng parameters of the hnear

- ".or nonhnear storage equatlons of the: hydrologlc methods were estlmated using only the e

1nﬂow outflow, and the correspondlnc channel storage 1nformat10n pertalnmg to a

) ,partlcular ﬂood event w1thout dlrectly 1nvolv1ng the physwally measurable channel -

characterrstrcs viz., the channel geometry and roughness Thrs 11m1ts the apphcabrhty ' O

. and predlctlve capablllty of the hydrologlc routrno methods only to those ﬂood events . .

'whrch are w1th1n the range of the events used in the calrbratlon of the parameters The' :

e fact that most of the hydrologlc routlng methods are able to closely reproduce the ﬂood

R events used in the cahbratlon of the model . led to the 1nference that the storage equatlon

: 1 may be con51dered asa substltute for the Samt—Venant’s B momentum equatlon [Apollovt
et al 1964 Kou531s and Osborne 1986] Smce the hydrologlc methods may be hnked to ,
the hydrodynamlcs—based methods [Wemmann and Laurenson 1979 Zoppou and

' :O’Nerll 1982] the cla551ﬁcatlon of routmg methods as hydrologlc or hydrauhc has' S



become more --synthetlc For 1nstance when the Nash model [Nash- 1960] parameter :
-"‘.denotmg the number of Alrnear reservorrs 1n a reach is an 1nteger the Nash model »j_
- conceptually represents the Kahnln—Mrlyukov method that is der1ved 1nd1rectly from the
_Samt—Venant S equat1ons [Dooge 1973] Slm1larly, the Musk—mgum method' ‘
_ _'"conventlonally consrdered as a. storage routmg‘ method can be lmked to the
: Af.hydrodynam1cs-based methods as mvestlgated by Apollov et al. [1964] Cunge [1969]'
'Dooge [1973] and Dooge et al 5 [1982] Further through the moment matchmg :
' technlque Dooge [1973] showed that most of the l1near storage routlng methods may be
B "lrnked to the hydrodynamrcs-based methods when the routmg parameters can be related
: g to the,.channel»‘and ﬂow -characterrstlcs as descrlbed'-by the llnearrzed: Salnt-Venant S
. equat1ons These typ1cal examples‘reveal that some of the storage routmg .methods are'
'also der1vable as a s1mpl1ﬁcat1on of the bhysrcally based hydrodynam1cs methods
' Consequently, the real drstmctron between the hydrologlc and hydraulrc methods should }
"be on the basrs of the est1mat1on ‘of the routmg parameters of the method It' the
- parameters of the storage' routrng method vare est1mated usmg the lnﬂow outﬂow and the
correspondrng storage 1nformat1on only, then. it may be categor1zed as‘ the hydrologrc
- :l;method and if they are estlmated usmg the establrshed relatlonshlbs based on the channel ._
:_uand flow characterrstrcs then it may be categorrzed ‘as the hydrauhc routmg method :
[Perumal 1995] or the physrcally based hydrologrc routmg method [Kundzewrcz 1986]
-' v.A brlef descrrptlon on the hydrauhc routmg method and 1ts dlfferent s1mp11ﬁcatrons are

* given 'below.-;:"_’ —

cas



| '2-,2.3_H‘ydraulic Flood ’Ro'uting Method
'i'Hydraulic methods, on the'other han.d, employ the continuity' equation together with the
-Vequation— of motion of- u'nsteady.ﬂow. The basic differential':equations used in the:'
'.’hydraulic routin known -as Samt Venant’s equatlons afford a better' descrlptlon of -
unsteady ﬂow than hydrologlc methods [Subramanya K., 2006] Hydrauhc method of
o ﬂood routmg is essentlally a solution of the basic- St Venant equatlons These equatlons .
. are srmultaneOus quas1-.hnear first-order partial dlfferentlal equatrons of the hyperbolic
' _type and are not amenable to general analytlcal solutlons Only for hrghlylsmphﬁed' |
| cases.can one obtamed the analytical solutlons of these equatlons The development of.
-. 'modem, high speed -digital:computers during the past_.two decades‘ has given r'i_se to thev
. evolutions of Amany_s-ophisticated numerical techniques. ‘fhe hydraulic,methods-'of flood
‘-~Aro"utingv are based on thetfull_'.Saint-Venant"sl equ'ations_or: their simplif'rcations. -
_ ‘Dynami_c wave met‘hod . | | | | ‘
' T his method fs basedon the solution of the, full _S'aint%Venant’s e.q-uat'io_ns. In ’t_h'e:dynamie
_ ::_'wavet, method, all the terms in the Saint—Venant’s’s-mornent_um equation are A'used. The
._ "-.dynamic wave -routin_'cr' method ACOmprises-of the. full Samt—Venant’s :e'quations of _

B cont1nu1ty and momentum governmg the one d1mensxonal unsteady ﬂow in channels and

’ rivers. In the past several studles were carrled out to ascertam the magmtude of dlfferentr” 4

’ -ter_ms in" the Samt-Venant s’s momentum equatlon denotmg the longltudmal water
surface gradlent the convectlve and local acceleratlon gradrents thereby, to comprehend =
.thelr effects on. the propagatlon dynamlcs of the ﬂood wave Whlle studymo the

characterlstrcs of a ﬂood wave Ferrrck [1985] showed that the magnltude of these terms -
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are widely varying;' Further considering a very fast 'rising flood ane »lin a steep .natural :
alluv1al rlver Henderson [1966] showed that the magnltudes of . these terms are Veryv A
" .small when compared w1th the bed slope So Slmrlarly, Kuchment [1972] showed that
.the magmtude of the water, surface slope 8y/6x and the.bed slope So= are 'of the same
. .order but the slopes due to the convectrve and Jlocal acceleratrons are several.orders
_ smaller than the bed slope [v1de Dooge 1980] Ina hypothetrcal 1nﬂow hydrograph .‘
routmg study usmg the numerrcal solutron approach of the full Samt—Venant’s equations-
1n two typ1cal prlsmatlc channels Wlth 1dent1cal cross sectrons ‘and fr1ctlonal propert1es -
but drfferent bed slopes We1nmann and Laurenson[l979] comp.uted the.magnltudes of

- various terms 1n the momentum equatlon at a po1nt about m1dway on the rrslng 11mb of

- }' the 1nﬂow hydrograph Therr study reveals that the 51mpl1ﬁcat1on of the Samt Venant’s

momentum equatlon by 1gnor1n0 the 1nert1al terms do not srgmﬁcantly affect the accuracy‘
'of the routlng results However. in a .very flat channel reach w1th/w1thout steep
' hydrographs the pressure term is of the same magnrtude as the bed slope and hence rts.
, :el1mmatron from the momentum equatron is not desrrable This conclus1on by Kuchment

'_[1972] and Wemmann and Laurenson [l979] was reconﬁrmed by Zoppou and O’Nerll

- [1982] It may be surmlsed from the above ﬁndrngs on the magmtudes of dlfferent terms o

of “the ~Sa1nt-Venant’s’s-momen‘tum eduatron 'that for many_practrcal cases of ﬂood o
. routing, some of_ 'th_ese terms may'be‘ truncated or approximat’ed 'resulting m the S,im.pliﬁed :
:momentum equati‘.on vFurther.zw'hen' the magnitudes‘ of -dlfferent"terms in the momentum_

" equat1on are w1dely varyrng, the dynamlc Wave equatrons bec‘ome— stiff . leadrno to
E ‘ numerrcal problems and 1n such a. case use of the s1mpl1ﬁed momentum equatron is

‘ .-1nev1table [Ferrrck 1985] Woolhrser and L1ggett [1967] and Ranga RaJu et al [1993] :A



-»alsoi‘rhfound numeri‘cal‘ dttﬁculties in their studies’ that ’ resulte_‘d:.'from Amodeli_n'g,the N
predominantly kinematic‘waves (e.g., "dam break ﬂood ‘waves) usmg _the'dy_namic wave,
eq'uation"s_.- Ferrick [1985]-questioned the relevance of assessing'.the stabigt ity of explicit '

numerical methods -using the dynamic wave celerity crtterion, even for the routino.cases

;where ‘the inertia’ terms are neghglble Consequently, for obtammg accurate routmg o

. solutions t‘or all 51tuatrons Wlthout encountermg numerlcal problerns the use of ’
'approprlate wave type equatlons are de31rabEe [Ferrlck 1985] On the ba51s of the :_

success of appllcatlon of the srmpllﬁed methods for routmc ﬂoods in the Brltlsh rivers, '

,the Brltlsh Flood Studles Report [NERC 1975] empha51zed the need to- focus future S

: research on the sxmpllﬁed ﬂood routing methods The present study focuses only on the
snmphﬁed ﬂood routlng methods and therefore the rev1s1t of the ﬂood routlng methods
s restrlcted only to those m-ethods | | -
'_ 2.3 Slmpllﬁed Hydrauhc Flood Routmg Methods
- The srmphﬁed hydraullo flood routmg methods may be cla551ﬁed mto two major groups-_'

[Perumal 1995] as: 1) dlrectly derlved 51mp]1t' ied methods, and 2) mdlrectly derlved'

: . srmpllfied methods

2. 3 1 Dlrectly Derlved Slmpllfied Flood Routmg Methods ThlS .class of 51mp11ﬁed
‘methods is derlved dlrectly from the. full Samt Venant S equ—atlons after truncating or .'
- ‘hnearxzmgor approx1matmg :so,me._ofl 'the terms . m_'-the -Samtl—\(enant’s’s_ .momentum
g equation. 'oﬁ the basis of the predominance of Adif'fer'ent: terms 1n the'rSaint-Venant’s’s
momentum-equatlon (as dlscussed 1n Sectton 223), the ﬂood waves m.rlv.ers and S

channels wh1ch are the translatory waves [Lmsley et al 1949] can be cla551ﬁed as

' [Ferrlck 1985] 1) bulk waves 2) dynamlc waves and 3) grav1ty waves The bulk ‘waves o '



are the flood: waves in the free flowmg rlvers whlch propaoate at the krnematlc.wave .
(KW) celerity [Seddon 1900 Lighthill and Whltham 1955 Iwagakl 1955 Ferrlck etal.,
' 1984] A detalled rev1ew on the kmematlc wave theory [nghthlll and Whltham 1955;
Iwagakl 1955] applled to ﬂood routlng studles is glven by Moramarco and SmOh [2000]
A“and Smgh [2002]. Bates and Slvapalan- [1990], Slvapalan et al. [1997] Slngh and
'Aravamuthan [1997] and Smgh et al. [1997 2000] used the d1ffus1on wave equation for
| ﬂood routlng studles Several researchers [e g, Stoker 1957 Cunge et al 1980; Fread,
1981 Lal 1986_] argued in favor of usmg‘thenumerlcal solutlon of the'full Saint-
. Venant’s equatlons for ﬂood routlng studles | |
- ‘H-ence rlver wave studres based on the grav1ty, drffumon and ktnemat1c wave equations,
derlved as a 51mp11ﬁcat10n=of the dynamlc_wave equatlons, are percelved as 1nherently
less acc'tlrate : However 'Ferrick [1985] brouoht out' the limitations of the universal
apphcatlon of the dynamlc wave equatlons (as dlscussed in Sectlon 2.2. 3) and suggested
: the alternate approach of usmg physwal 1nsrght to 1dent1fy an approprrate river wave type
' .The dynamic waves are of primary 1mp0rtance in river ﬂow mechanlcs only when inertia
is signiﬁcant, and. their., role dimin_ishes- with the. relative importancel of inertia.
C\on‘sequentl-y, the dynamicwave e_quations cannot be apolied to fl'o‘o'ds_ 1n rnountainous»v
B :stre'ams In the proceSS of ﬂood wave prop‘agation in rivers .the— dynarntc wave hehavior
- of a flood wave rapldly becomes ne011g1b1e leadmg to predommance of the klnematlc
-_ waves [L]crhthlll and Whrtham 1955 Ponce and Slmons 1977, Ponce 1992] Hence the
storage routing methods whlch rephcate the behavror of dlffusmn and kmematrc wavesi
' are ’successful- in pract1ce,' e'xc_ept under sltuat_rons where there isa 31gnrﬁcant downstream

‘»xeff.ect of flow.
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, The | conVecti-on—difﬁJslon equations [Hayami 1951 Price' l973] t.the-’-approximate
’ monvectron—dﬁfusron (ACD) equatlons [Perumal and Ranga Raju 1999] the k1nemat1c
Wave equatrons [L1ghthlll and Whrtham 1955] and the lmearrzed Samt—Venant s - '
: equations of _Dooge and_Harley .[1967] are some of the specrﬁc.eXamples of the drrectly
- derived simplified methods. The convection—_difﬁlslon equation is considered as linear or
_nonlinear depending on vvhet'her' the. celerity, c, and difoSion, D,m this.equation 'remain' .

constant or- vary over' the entire routing process. The convection'—diffusion equations in

llnear and nonlmear formulatlons may be solved by numerlcal techmques [Thomas and

S 'Wormleaton 1970 1971 Prlce 1973 NERC 1975 Akan and Yen 1977 Katopodes

.71982] and in lmear formulatlon they may also be solved by analytrcal techmques-

[Hayamr 195 1; Dooge 1973] Unlike the full Samt—Venant S equatrons the solutlon of -+ 1 -

'the convectron—dlffusmn equatlons dependlng on’ the formulatlon adopted, would elther :
yield a drscharge or staoe hydrooraph but not both Doooe and Naplorkowskl [1987]
mtroduced an ,1mproved' form of the diffusion equation wherem_the 'convectlve and local o
racceleration terms .vvere: also retalned in an anpro'ximatemanner ,by :using the kinematic -
. "‘ wave equatlon Accordmg to’ the prevalhng concept when D = 0 the kmematlc wave -
___:e.quatron becomes a partlcular case of the convect1on—dlffus1on equatron that descrlbes ai ‘
o one—to -onie- relatlonshlp between the stage and the dlscharge at any locat1on‘of the rlver or
channel reach durmg unsteady ﬂow and ‘therefore there is no dlffusron of the ﬂood

wave

Usmg the perturbatlon analysrs Dooge and Harley [1967] 31mp11ﬁed the: Samt Venant s |

' equatrons by lmear12mg them and presented the hnearlzed solutron in the form of 1mpulse o

e response for a’_’-Drrac-delta.._functron _[qugc, ’ 1‘973 1986] However Keefer and' |
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rMchuivey. [1:974]__ Qrgjued-‘thaf,:although; fhe-linéariie;d‘ Sain't—Venant"s .‘é'(')'lvuzt‘:io'p is more
" elegant mathematically, it:.i_sr.nqre‘ difficult _t.o._al-aply in the field condition and its
matﬁématiéal ele.gé;nce is 'lo§i: wh-en convertin-g frénlvinstantz;neous to hourly or daily
;eéponse f'unctiOr‘xs.r’ N | / |

232 'Ind.irect‘l‘y Derived ‘-.Si.rpl.)l-iﬁe-d Flood ’Rouﬁhg Methods (Storage rouﬁng
ﬁ;fhods) R o o o
: Thé. indirgctly derived simplified _rﬁethods are ot ,:di‘rec:tﬂly 'deriVe-d"ffro‘mf the Saint-
Véﬁant’s equatioﬁs; but use'é lﬁmped c-ontrir.luit-y ’equé_tion in bl:aqe éf vthe'Séi.nt-Vénant’-s’s
‘dis.t‘ribﬁted co'rlltinuitj equdtién‘, _aqd a -liﬁ.egr.(l)r _n;);lli}lear_storége ’equatik:)n ',(us‘ually in
Iinéaf form»)..Thé étora:gé _etpiaﬁon expresses storagé_ as a funéﬁqn of inﬂc'-m; and outflow
“in ‘a _él{anﬁel réac_h, howe?e;; witﬁout ldescfibingv'hc;w- the storagé is' distribl-xt.é(‘i-withinAthe
reach [Kulandaiswamy, 1964]. Ti;e single ,1inea£ reservoir (SLR) model of Zoch [1934],
' __which expresses sforage as a linear function of Qutﬂéyx;,.‘is not"s_liitable _fo'r modelihg the
ﬂood wave rrlloyement"in,‘cﬁannels é)idept*in the caée‘ ofﬁ short reacl}l'channelé,, as it
: élnc‘:.qounts, oﬁly for the attervluati'on__ef-feét-andb.n_ot fo_rjthe‘.trar'_l's_latiovn ‘éfféct of a ﬂéod wave.
.: However, a series_ bf SFLRAs ,@an -aécount_ for tﬁe éften’tiaéion as well .as tran%létion effects
. .[Nash.,- 1960]. Doogg [1"973].. ?Qinted out ﬂ;at.Nash"slic-;(_)néeptualizaﬁon_ of a ,nur‘ﬁber 6f .
: ’lin‘ear‘ reséf\./oirs is _.used'vby the Kalinin—MilyukoY r_netﬁb_‘d [Kalinin .énd Milyuko{/,"_-219"58]
for rh’bdelihg ﬁ@od \.;vav_.e‘ movement | iﬁ ."a".rive:r‘ reach ‘which is de;i_vled' usmg the -
-Hydro'd‘ynafni.cs. priﬁciples; ‘ Thé'. Iine.ar_- ’stcim.age ‘e<':'1uatiojn> éropbsed'by McCéﬁhy [1938],

which expresses the storage as a linear



o Weighted Vfuncti()n- of the in_fl_ow and the outflow, forms the basis‘ifor' the development_ of

 the classical ‘Mus-kingum ‘method. However, in this classical Muskingum equation, the e

- routing parameters remain constant over the entire duration of routing process.

Since the flood - ‘waves are mherently nonlmear in nature as. dlfferent d1scharges travel at -

- ".varled magmtudes of celerlty, the’ lmear storage routmg methods were percelved to be of R

‘ hmlted use for ﬂood routmc studles To surmount tlns deﬁmency in the linear lumped

| methods/models' the nonlmear black—box models'were'proposed by-Rockwood [1958], R

--Laurenson [1962 1964] and Mein et al [1974] for channel routmg that expresses storage
as a power functlon of outﬂow d1scharge Subsequently, the nonlmear state- space models o
_‘.Vand the Volterra series models have also ‘been suggested for modelmg flood wave

propaoatlon in channels A detalled review of such nonlmear storage routmg models is

_ g1ven by, Kund_'zewrcz and Nap1orkowskr [1986] and Napiorkowski and Kun_dzewicz S

[1986]
Subsequently, Glll [1978] Tung [1984] and Yoon and Padmanabhan [1993] proposed 5

the- nonlmear Muskmcrum equatlons Almost all forms of the nonlmear models whether.

_ based on the storage equatlon or the full Samt-Venant s equatlons or 1ts sxmpllﬁcatlons : B

such-as the kmematlc wave, 1nvolve avpower func_tlon type of relatxon w1th an _mcrease in
' the average ve1001ty as the dlscharge _increases [Pllgrlm ' 1986]' HoWever '

“"._Kulandalswamy and Subramamlan [1967] and Bates and P1lgr1m [1983] showed that the

SR ’power functlon—type of nonlmear relatlonshlp is not accurate for many rlver - basins and

. _'that although small floods are abhorrently nonlmear lmearrty is often applxcable at the -
} h1gher ﬂows of interest. - ThlS ﬁndm0 1s reconﬁrmed by Prlce [1973] and Wong and

: Laurenson [1983 1984] whlle establlshmg the wave speed dlscharge relatlonshlps for the

22



UK and Australlan rlyers respectlvely,‘and they surmrsed that the use of power functlon-b :
tybe relatlonshlp between storaoe and dlscharge is not approprrate for ﬁeld use.
.Moreover from the -computatlonal v1ewpo1nt the nonlmear models are more drfﬁcult to
lapply than the linear models, and a nonllnear model need not always i)erform better than
-a lmear ‘model. Nap1orkowsk1 and Strupczewskl [1981] showed that a. mathematlcally
involved nonllnear estrmat1on of d1ffus1on offers llttle rmprovement over the results
obtalned .using the lmear theory While comparmg the results of the- lmear versus
' nonllnear Muskmgum methods Singh and Scarlatos [1987] concluded that the nonlmear
Musklnoum methods are less accurate than the l1near Muskmgum method Furthermore

.when- mput errors are‘suff crently large the llnear models may perform better than the
nonllnear models because the lmear models do not magmfy the input errors [Smgh and
Woolhrser, 1976]. Consequently, the llnlear storage routmg methods 3 were w1dely used in
._’vpractlce over the nonlmear storage routmg methods In a subsequent development the
’ 'lmear storage equatlons of the Kalmln—Mllyukov and l\duskmgumlmethods were linked

_: w1th the hydrodynamrcequatlons. Hence, durte .a detalled descrlptlon of the_se two routing
.methods is given in the next 'SectiOns | | | | B
-2 4 KALININ—MILYUKOV ROUTING METHOD

The Kalmm—Mllyukov routmg method [Kahmn and Mrlyukov 1958 Apollov et

al., 1964] isa conceptual lmear storage routing method derrved from the hydrodynamrcs
prmc1ples in wh1ch a 'glven prrsmatlc channel reach is subd1v1ded 1nto a number of sub
;reaches (characterrsnc reaches) wherem the storaoe 1s a lmear functlon-of the outﬂow
g :dlscharge Th1s method is based on the assumpt1on of a one to- one relatronshrp between :

- '_; the stage and the dlscharge'durmg unsteady ﬂowr c_ondltlon in Wl’llCll the d1scharge at any



' instant'of time Aat_ th:e out-lvet 'of the reach is rel_ated to the‘ _s.tage‘ at _the mviddvle“of"__ the' reach :
‘Hence, the dischargeat any ‘instant of time isa function -ofv_ the d.e}vf)th.-o"fr t‘low and the slobe :
" of the water sur.fac_e at that_section. During unsteady-‘ﬂow condition, it isasSutned that :th'e.
: ‘jglope, of theiwatqr ‘surface remains..constant ‘over the. length of the oharacteristicreach._
" Further, during lthe tr_an'sfor_mati_on of a steady 'ﬁow to 'unsteady flow, the di‘sc,harlvge.,-at thef ._
'.outﬂow_‘s_ection' of _the reach ;d'oes_ not chan'ge. VThenurAnber_ of _char_acteristic‘ r'e“aohes, Ne,
required for routing a discharge hydrograph using the Kalinin}h/li:iyukou method ina
' glven reach of length AX is. glven by [Mlller and Cunge 1975] | |
N SBc0 3 . _ S L

- and the reservoir coefficient, K, of each characteristic reach is-

k=2 e
COSBey e

: Where Qo'_is the reference discharce corresponding to the reference stage Yo, B0 is the‘_" :

f water surface wrdth correspondmg 10 Yo, and Co 1S the wave celerlty correspondmo to Qo :

Usmcr the moment matchmg techmque Dooge [1973] lmked the ﬁrst and “second o

: _moments of the Nash model mstantaneous un1t hydrograph (IUH) w1th the correspondm0 -

7 moments of the llnearlzed Salnt—Venant equat:ons when the Froude number F 0; and

'arrlvved‘ at the same 'relationshlps- for»the number of 'linear reservoirs in series" and the—' S

‘_ _reserv01r coefﬁcrent as’ glven by equatlons (2 3) and (2 4) respectlvely Note that when_ S

-.the Nash modeI parameter representmg the number of hnear reserv01rs m a reach is an

' mtege,r, the Nash 'mod_el be‘comes -,a' conCeptuaI repres'entatl_on Alof ;the~_Kalrn1n¢M11yukov o o

vmeth'od.» :
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In order to enable the use of Kahnm-Miliyukov (K -M) method for flood
_forecastmg, the K M method has been formulated usmg state-space analysrs (Szolloso
Nagy, 1976). State—space analy51s of K-M method enables the easy use of error updatino
algorithms such as Kalman ﬁlter to improve the forecastmg of ﬂoods by mimmizmg the

errors between the forecasted ﬂoods and the correspondino observed floods. Therefore it

is p_ertment to describe the K-M method- in the context of state-space analysis. Before the . |

- application of the.K;M method Ain the context of s_tate—space' analysis_," it is }';ertinent to

» give the vstate-snace analysis description.' | o

State—Space Analysns .

For real-time hydrological forecasting so many methods have been developed. |

Many of them are based upon the principle.of state—space analy31s. This notion was born
in the earlyl_960’s' in control ‘engineering. The reason_ for the application of state-space
L techniques in hydrology lies inthe fact that.paramete_r_- state updating required in real-time
hydrological »foreoasting control can be q_‘uite__easilyi done with-in this ‘frameworlcl. .Prov}ided
. that one 'posse_sses- the abpropriate state model, or intern_al deserintion‘ oiv" a dynamic
hydrologic system,.the modem tiltering te_chniques,' notably:the celebrated _Kalman filter
: .can -easily »be used to’ perform the real-time tipdating-—prediction-control tasl<s, using
sm‘all—sizedl ,compuvte'rs,'_ or- even 'in: some ’C_ases, mior,o—‘processors'. But- to 'a.pply‘ this
methodology one has to always keep in mind that the model of the process should be
idis'cret_e only.. | | |

State‘ and State-space:: ;A._,state -of the. dynamic isystem is the smallest collection of
, 4nnmbers Awhich must be 'sbeci;ﬁed: at time t= to in order to be able to pi_‘edict -uniquelythe |

~ behavior of the system for any time ¢ >, for any inpiit belonging to the given input set,
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"provided that eyery element of the i_nput set is known for t_ > to‘. Sﬁuch-numbers are ealied'_
state vartables The znput set here rs defined as the set of all possrble mputs that can be
r'apphed to the system The ‘state of a system at time ¢ is umquely determmed by the lstate :
at time to and~_the known .input for ¢ > tQ and is independent of values of the state and-
:input before t,.

‘ _Suppose;‘that- at .least-r'r state-variab]es >t1, X2, ..7......x‘,.,‘are»needed’ to describe
- e‘OI:Tl'lﬁ.le‘tel'y :the behayior ¢ffa given system. Then‘the set of n‘s.t‘ate. -variabl.es_.can be L
, _considered astn. COmponents of a yector x.‘ Such a vector X is .c'al_le.d_ a s’ttzte'v-ector.v A
Astate. spaee i‘s -defined as ‘an ‘n-dtmensional space in which ,Xl,' ;(2, |
: coordmates The state at trme 4 of-a system deﬁned by n ﬁrst order dlfferentlal
equatlons ean then be represented by a pomt in an n-dlmenswnal state spacev Note that.
‘m- the state space approaeh of analysns and- synthes1s of control systems we deal wrth aset
"~ of n»ﬁrst-order- dtfferentraT_equatl_ons rather than a smgle nth—orde_r drfferentlal equatlon. B _
.A point in ’-a'-statell’space at time ¢ is .e'alled a répre'seltta'tive“ plb'int_. ] The locus- of |

g representatiye'points -for ‘a time interyal -‘_to St<f is calle-d a traje'ctory Afor this ttme

interval.

State Varlable Modellmg Concept

| The concept of state varlable modelmg was developed pr1mar11y to analyze -

o autor.natlc >con‘tro'1 . systems ‘m_ the .ﬁeld\_of' electrl_eal engmeermg._..l_.t ts ,capable_ of
.:deseribin; ‘sys'tems, yvhieh',are 'Tinear or'n_on _hnear:-time-yarixant, or’time'- inyart»ant

determlmstlc or stochastlc Whlle havmg multlple 1nputs and outputs at th‘e same trme -A

For a system to be solvable by the state varrable modelmg analysrs 1t must be lumped



In _other" wards, .a sy;stem: must he repres’enteti in ouly _Eone dime_ns'ien sueh;as _time or
s‘pace‘and must be _deserihahle’-b'y ordinary differential or Vdifferential' equations. A |

N Water resto'urcesv systems are usually distr.ihuted, but they carr be apﬁrexlmated.-
by d1v1dmg the 'entlre system into subsystems (see the Fig. 1) Wthh may be
1nd1V1dually treated as lumped system Also water resources systems are dynam1c in

‘nature with the inputs, o}utpu_ts, and throughputs va_rymg V\_nth respect. t‘o time.

Dynamic System"Modellihg:

Output
Equation

| State - - |
. Equation

" Fig2.1 Moderh approach to dynamic system~

241 Application to Wat_er 'resOurces system_s :

. In ‘,w'ater ‘reseureesj-v_systems,'-the. :state_' Var“iables are usually_ .exp_re.s.sedi in
jvdlu:m'etric or mass _uriits:’arrd-ean _represent, e.g., the 'yelume- of. water or the amounts of
- pollutant eontained--'in-yarleus .»parts of the- syste’m.-“'The input and 'out.put yariables
| "“commonly correspend to yolume or mass. flow rates whrch may he ramfall 1nten51ty or

rate of d1scharge pollutant The state of the system is'a measure of the level of the
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" 'ra,-ct_i\;it'_yAin each o'f“its c>br;1p._o‘,n.e'n-ts ar_}d. can be fhougﬁt of | as th_e‘iﬁterfacé.-betw’e;en 4-the.
| ”pa"sf and_vtﬁe' f;utﬁre of ;the_ state of the system. |
) "an'el:'a-l'dgécriptio_n' of st;te —spacé model
In. ge.rzle‘ral', the’ v_e‘r_y_. first stép in ~the.,analy-"cical s_fudy of 'sy'stgmis: is to sétup
méfilemétical e_:cﬁa_ttibns :‘tqi"c:lé's'qr.ibe t_ﬁe sygtemé. Because of differgnf anaIy;ficél metho.ds '
~ '-ﬁse-:q,' we may‘;oft.en .setl';p differénf matheﬁtatiéal m@déls to despri__b_e- -the.-sam‘e é.y.ste.m:.. _ '
" When for any 'réason, Atﬁe'.avmalysivs in the ti'rAne_ doméin- is to be._preferxl'ed,. the use of so :
_-'éélled state spaéé appro'acih_fkw\ill offer a great deal of_éohilenience coriceptuglly,_f;otatiénj_‘ -
:"alrly .a'na some tlmes analyficélly; Tﬁé ad-op.t.ion of_.stété 'spaéé peb_fesénta_iﬁon to‘ the .
#: -;ni;rﬁéﬁ_cai éplutiqn 1s an éddeti édvantége particdllarly \.Nheh‘ the s‘y's»te‘m' to be 1nvest1 gated . ‘.
l(;b@tains tifne vary.ingA aﬁd 'no'_n linear elemeﬂfs;

The state variable model for continuous time can formulated as follows, see F,i-g.l

! L
i D i
y s
i !
3 b
u( : — B > ) Integrator > C ZJI » Y
L ' L= output
“input - - ;
S .l .
i A oy
N 18

Figure 2.2 Schenrl;atic diagram of state Vériﬁble’mbdei”‘-’ »
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0=+ Bued . as
YO=CxO+Du) S e
m iWhiCh equafion ( 2.5 | ) ar-ld (2.6) are. theA state equation 'apd éutput équat'ion,
'-respéctivély; o | |
x(t) ;%x(t_)= thé fime rate of Qhange of 'the.statc‘alyé;ctor
u(z) = input ve&;tor_, :
Z(t) = output— vec:tc-n'.
| !a-ﬁ'd 'vé, §,Q and Q= -mavt_r.ic>es that can ‘bel"cons.tant or funétion of time-qr s(pgcé,‘ Qr‘both. N '
r:fhev s&sfem .reprcs.entatiori' g'i\;en. by eq.(2.5) an(_i‘("‘2."6) is shown. ;che_m.ati,c;ally in
Fig.2.The time rate of chaﬁge_of the systeﬁ statév .,:_i(t) , lis forméd as the sum of moaiﬁed
inputs . Bu(r) aﬂd ’Fhe modiﬁed current ‘state,- ./_i{gc_(f). AISQ the state feed back:has a; major
role “in détermining the future ,béﬁavior_(%f t_he--sys‘tém. ‘The fafe of change of the state
'- V;:ctbr, x(r) ,.is". 'cc;ntinﬁo-lls'ly ir;tegrated with‘t_ﬁe c'pxrrént staté to producé .the new. 'staté.l ‘.
Thé outbu£ Z(t) is‘f"orr'-m}‘:d by summmg thé ne;zv state wh‘ich hés been scaled by
nma_trii}( C W.ith a ;lifect ’comr{t')uﬁoﬁ frérr_i modiﬁed .input, Qg(t)l. These feét'urésv of the
;’ngtg yariabie m;)dellling. : make it. partiCularly. attr_é;‘;:.t“ii}e_ bec‘:au_se,fbn-ce ‘fhe 'S}-’St-erri ‘.
| l I;ér;clmeters are ic»i‘evrvxt_iﬁea; the '_oﬁly _requi_remén't‘si for “a-s‘:o__l_utioﬁ are{‘ th(.e. ivni_t'i.al VC(j)Ijldiﬁ»OIlS of
the system and th_e inpuf t:o '.theisystém. | | o ,
2.4.2 continﬁd'us State Vé__riz‘tb'le-- Model 'qu the K-M method (Nash Cascade Model)
- ‘-,NéSh m-_od'.e‘l (Na:s_yh; _1-957) well knoiw_n in Htér'étu_fc for representing réiﬁ fali r'uﬁoff =

. proc_:e_ss of. the_,c_atchrhent,"-‘as(si_j_min"g that th&; gatclil_mérjltf is made of n;_identivcal‘_lifieaf_ e
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. reserVOirs'in"Series 'may"also be used for flood routing in rivers N‘ash model in conceptual -~ -

'form is same as the K M method derlved usmg hydraul1c prmc1ples

, Smgle lmear reservoxr

' .Let us consrder; a single reservoir with inflow u(t) and outflow (1), respectively: -

e ;Then; using continuity equation” change of the stored water x (t) can be expressed by the - |
storage equation; L

a0l dx(” (t)+u<r)

= . The momentum equatlon for the ﬂow is. usually replaced in catchment and ﬂood—routmg o A

R _'”‘hydrology by a 51mp11ﬁed relatlon that relates outﬂow and storage ThlS relat1on is .

L dx(t)

'_'_usually in the form of ‘

'f'.-x(z) K(t)y’"(t) RO S TR s

' f-where K(t) is the storage coeff ment w1th the dlmensmn of tlme the average delay t1me‘ L |

o glmposed on the 1nﬂow bylthe reservonr wh1le m is a dlscharge coefﬁc1ent In the case
lywh'en' K (t)'= -K f constant and'm ?__1- the'storagje rs a 'lm_ear functlon: : . ;
o ‘.x(t) Ky(t) ) - e e __ o . (2 9 -
L ,of the outﬂow Wlth these assumntlons we have a lmear tlme-mvanant »reservo1r whose o

: - state equatron then',ls.:_

"'-g_ffd". B ,()H‘A() ST T T (210)

o 'where now the state varlable x() has a dlstmct phy51cal meanmg, 1e storage The

- ’:,-correspondmg output equatlon 1s g1ven by
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o Linear,reserv()i'rs'in'series' o

Kahnm and Mrlyukov S (1957) ﬂow routmg method assumes that a river sectlon L

' w1th no lateral mﬂow can be conceptuahzed as a serles of characterlstlc reaches wheref_» '

the out flow y (t) is a hnear functlon of water stored x (t) w1th in- the reach Assummg that"'. :

a glven stream sectlon can be separated as. a series of n characterlstlc reaches (where n is

L _an 1nteger number) wrth 1dentrcal storage coefﬁc1ents Kalmm and Mllyukov (1958) L

.-;;.'derrved that the 1mpulse response h a contmuous functlon of tlme t, of n such equal R

’ characterls_nc reaches can ;vbe expressed as - -

(,, 1)'
| The llnearlty condrtlon ensures that the outﬂow of the character1stlc reach through -

' ,'trme can be calculated by the convolutlon 1ntegral of the mﬂow and the 1mpulse response_

» k | ‘functron (h) [wh1ch in hydrology is called the Instantaneous Un1t Hydrograph (IUH)]

-"y‘” fh(fﬁ'(f f)df~lh(r r)u(r)dr 1_1((2-13_)7'{"'}7"

— B b xwo—]—> oo +——

Fig: 2.3 State variable representation of the Nash cascade model .~ .~

.- By definition of the characteristic reach oné.can call such a reach a linear reservoir where = . -

o 'sto’re’d‘-wat'erjin._tthe"reser’\{foir_f‘iis,‘d'i:r_ectly_‘ prop'ortlohal-'.to the ':_outﬂOW:-_'frorti 1tNot1cmgthat o




e the output of the i | reservoir is the input_ to the (Hl) ™ reservoir, (see F1g 2) Eq. (2 10) L

_can be-written 1n matr1x form for a cascade of order n as (e 2., 82011051-Nagy 1982)

. x1 (t)- |k ’ 7- ' ; >.' | 0 x1 (t) ’ 1
X IR A I ()| |0
IEXGIN :_k'_., Tk' - 'A .'_’Ca(t). .10 () | f
_5e,,(z)_ o ko) o) @ v

Where the dot denotes the temporal rate of change in the varlable and the subscrlpts :

. denote the place of the reserv01r in the hne of cascade Eq '(2 14) is the state equatlonof L

the contlnuous KMN cascade and can be wrrtten in a more clearly as: | |
x(t) Fx(t)+Gu(t) _ | X . o _ o E | | -'(2.15)“-
A where, F isannxn ToeplitZ t'yt_)e system matrix. | » |
_»S.inee_the_. out flow fro‘r‘n- the la'st.reservo_ir in the odtput of -the Whoie system'the output
; ,-eqnation hecomes: - | |
. (xl(t )]
NG

=0 0 LA »txa'(t)' = Hx(r). - S o o Qe

) -- -The solutlon of the state equatlon (2.15) i is glven by (82011051—Nagy 1982)
x (t)— @ (t, to)x (t to) + j:gda (tt) G(’c)u(t) d1: ; | 3 '. - ' ' (2 17) .
| where for the KMN cascade the mput( G ) = [I O 0 O] and output ( H) l [O 0 0 k] e

- vectors are- constant vectors 80 is the system matrlx F Wthh causes the nxn state
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trarisition: Amatrix,' @ deperld bnly en the .tim'e-lag 'Vbetween t and 1, .@}i”s" the matrix .‘
er(ponentlal of E:such as ' | |
é..(_t:tq.); o E-{t—to) .. S o . - o B .(2.18) V
is the rl-x n State —transitiorl matr_ix.

The elements of the & are the 7fallobwin-g_ _ _'

e-—k(l‘-—’o): ; ' 0 _ 7' .' 0 i o C s .‘ e 0 ]
k(e —t)e 00 T g | Lo
0 kt¥t. 2e—k(:—:0)f‘ Lo ’ o K
- 0)2)' — k@=t)e T W 0

| q)(t,zoje |

(_k(t__to.))n—le—k_(t—to) ‘ (k(t—,to))"_i,e—k(’—"’) .'(-k(t—to))"'se'“"’o)
(m-pt . m=- (n—3)!

o ko)

(2.19)

| Combmmg Eqs (2 16) and (2 17) and assummglthat the system is 1n1t1ally relapred
-rx (to) 0 at to O i.e. the reservoirs are empty, one obtams
v»y ) f H qa(m) G ('c) u'c) dt— f h(t —'c) u (r) dt '_ | » . ) (2.20) -
" Wthl’l is the convolut1on Eq 2 l3 in the matr1x form l\lote that the .left-mtlltmhcatloh
ef @, by H in Eq 2 20 produces the last lme of Cb as a row vector multrplred by k, and
- whrch upon further multlpllcatron from rrght by G results in the bottom Ieft-most element '

Aof ¢ (multlplled by k) thus recovermg eq (2 12) f01 the IUH of the KMN cascade In'
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. '_ ._: -other wards the IUH of Eq (2 12) for an 1nteger value of n is recaptured as k t1mes the‘ .

.last element of the first column of &, prov1ded to =0is chosen

- 243 Discrete Formulation of the Contin'uous VNash—Casic'ade'

- When the mstantaneous values of u (t) is avallable at. dlscrete t1me mtervals (t =

E At 2At 3 At ) of equal length and the state varlables X s known at tlme t then‘ -

A by v1rtue of eq ( 2 17 D)ox at t1me t +At can be calculated as (82011081— Nagy 1989)

;:'f :'x(t+At) CD(t+At t)x(tj+|:1+.T’(ﬁ(t+m 'L')G(T)d'r:|u(r)

- Wthh transforms mto the followmg s1mpler form prov1ded that u (t) = constant at the
. -value 1t obtams at tlme t in the (t t+At) mterval (SZOllOSl Nagy 1982)
ean= @(At)x(t) +r(At>u<t) [ | em

o The STM that corresponds to At‘ can be obtamed from eq (2 19) the STM of the
- contmuous Nash: Cascade as C .

: kAte—kAl VV_-;}’eTk.A'V 7 O .0’1‘_'
(kAt)2 -—kAr - ’ ’

'kA'te'QkA: e—kAr .0 .
: .‘-@(M): ;

o (kA’)H e (kAt)" 2 ”"A’. AP e | e.‘kl\;t_i:":"_
R L ) L e L -

(221)71"’-' |



7 W_heref again.thé-tir’ne ihVatiancebf the, F sYStem matrix was- ‘util,ized'.' The "L vector L

'results from etq Q. 21) 1f the 1nﬂ0vtf \talue'u(t) wh1ctl 1ls assumed to be t:onstant between:-'
the mtegral bounds ie. [t t+ At] =x o g(r-)‘= constant is brought out_slde the integral
"H.A," ,'
| r(At)—‘jcp(HAt r)Gdr S T PR T
L e ey
Thé_f nxl I veqté‘f, ,vt}hiéh'is a rtl_i)re genetul auptoauh 1s iudeed a matrix; c'abllechl the iirrlputi ;
. .‘-t-rar:ilsitiuu matrlxmsystem éuginesring. __ - S
The ﬁh e'léménlt.o:r ro.vi; uf 41: .t:an Be'éﬁ?réssgﬁ as A
e k(t+At ‘c)' e

‘r(z) (At) ;""*,A’ ”dr T S

a_rid the ;" order takes the fI_’oiss?on distribution with parémeter' kAt the column vector of
~ the input transition in eq;(2.22)‘ is obtained in the form of -
T ( —kAl) / k

1 a- ""A’(l+kAt))/k

© o=

| {_‘ —\k'Aan_l(kAt)jjl .

A‘This‘ COmpléte‘ -thé dis'c‘réte ‘state 'equatio'n for théf. Nash Céécade 'deriv'ed frotn' its -
contmuous model The correspondmg dlscrete output equauon remams structurally
/ _Aunchanged
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~ \Once the state variable model is formulated', the output from the system"can.-be obtained . 7

bv;'SOIVing ‘th}e’s_t:ate" equation and the outputequation AréunSi.‘;’e]y':Allhjbu»gh Wafé; o
k resources s‘ylstcl'ltacl’fually Oﬁcl‘?teé ;:OHtinUOusly in trme, the data are: u_suallv analy'iéd -:'
 using discrete time »in.terva'ls.x_ | | | |

| The solution{procedure t;or::the,discrete time,st_atevari»ablecontlnuous Nash ,‘

_cascade mvolves the followmg steps

- 'Step 1: The mﬂow hydrograph to the channel reach is dlscretlzed mto several tlme stages, S

L where time mtervals need to_ be'equal.

St‘eP 2:From the initial stage of. the system storage x;; and initial inflow rate to the .

*-_.chahnd reach uj, the time rate of change of storage volume lin-:the‘ vchannel reach at the -

. initial staoe % ]', can'be‘ ev'aluate'd by ,the state .equation (Ed.2.22);
Step3 The state of the system ie. channel storage at the next tlme stage x—;, -is
L estrmated or approx1mated as Xz = x1 +xq At (Eq 2 27)

‘ Step4 The magmtude of the outﬂow rate at the current stage can then be calculated by_r

' " solvmg the output Eq 2 27 usmg the current values of mﬂow rate and channel storage at: R

" the same stage.

- Step5: Using cu_r_rcnt information on inflow and channel storage, steps 2 - 4 are repeated
. recursively until the stage Vis‘rteachedf

L Stat’e—'s'pace appro')rimation'for a'non-intege'r n-ea'scade of.linear'storage ‘elements:

In practlcal appllcatlons number of reserv01rs 1s not always in 1nteger numbers e

:‘-But the method Wl’llCh we. have dlscussed above is. valrd only for mteger value of n. To
:';', make thrs method apphcable for non—mteger value of n, J ozsef Sz1lagy1 (2006) rev1sed lt; _

- :and suggested that storage coefﬁcrent K for the fract1onal reserv01r should be



7 (228
' wﬁém .ka= -'ivs ;he. Astcrage .cce‘fﬁcier'lt .o‘.,f the fracti_o,vl.ial. %eservoir and A x,=.[‘n_'— ih’t(-n)]_ )
o .-wheré_i'nt deSigﬁaites the idteger part_»of n Since_;che :meaﬁstordge‘_ti'lline is k:l , which_ is
. e);gp‘ecvted tc'be ‘sr'ne.lle_x; for a ffélcﬁonal sj[_cfage- eiement than fcr. full on'e‘(i._e. \g((hen n=1).
i Wlth this ccnstec‘c coefﬁc?e‘nt eppfdxifnatj.ed 'e'f-‘rdcticnal s'torage— e‘Ier-rll.'en'twiI»lvbehe\%e‘es a
Fﬁ;lllqhe with’_ magnified _'k_ v;mé. for si-fr;pl‘i'ﬁcaticrvl,.’the ’fractipnalistorage -elerrient fddst
' alWa&s' be the last one m the-'_' cascade, ensurmg thet_:‘_ on‘ly- ’.che last -r(-_-)w_,.of the system‘
7 matfiges is differe’n‘-c:form the case of a l_ini,_fc;rm cascade: - S
| ‘-:Thds‘- qué 10 ;‘_Iast f'ractio{;é_l_' ‘res'ér'véif we "'wi“n get 3 new -syster-n matrix Fof 7' x "
where,_[ o= .ir_lt(n+lj]" dirdensioh, Whi>ch'wili'jriemai'n :Lixﬁchanged in*if"s’ int(n)xint(n) .
,did]ension- bdt it’s last .rd_W/ cclu.m-n-wivl'lh be changed B o

ey ,‘ |
AT

: i?eteffninatich of dthe new siete;t»re:dlsiticnt. matrlxg_) ca_n; be aCﬁie\;ed byi" sp-ccessive 7
_ Convolutlon ﬁoteithét ,u_rilii;e the system matrlx :c_gse, each elementof flde IeSt ro.\’z_v of © -

A_ w111be di-ffexfehf.kt Perfofﬁdiﬁg thematrlxexponentlalm ‘qui.-18 for ‘srr‘vialll( ‘;/alues dof ‘ n
o w1th »tri;alﬁend-‘e;rc'r"o_ne can deduce thatthe last row Wdll-cc'ntai'n ‘t_he.; IUH’S(lelded by .

ky) of ;non-i_nt'eger cascade.



2. 5 MUSKINGUM ROUTING METHOD ~
2 51 Classrcal Muskmgum method
'The classwal Muskmgum,method [MeCarthy, ‘1938] tvhich is coined after :its first
. apphcatlon to the Muskmoum Rlver a tributary of the OhIO Rlver in the USA isa lmear -‘
- _storage-routmg method bemg w1dely used in practlce [Smgh 1988].;Th1s method. -_ '
| combines the lumped contmulty equatlon | -
EI S
di* - - S L 230
. w1th the linear. storage equatlon | |

_'S K[91+(1 9)0] 23D

to ~arrive at the difference :eq'u'at_ion which on simpliﬁeation leads t_o»the' Muskingum
roUting eqnatio"n as - | | o .
i o, a=CI + Czrj'+ 'c;oj' - e 3 2
. where S is the storage volume I is the inflow dlscharge O is the outﬂ.ovslf dlscharge K is '_

"the travel time, 9 1s the welghtm parameter the sufﬁx j denotes the ordmate at t1me jAL

At is the routmg time step, and the coefﬂcrents Cl C2 and C3 are- expressed as

—K9+05At N e :
- o . (233a)
' K(1-6)+0.5A0 - e
KO+0.5M1 PR
_ . - (2:33b
2" K(1-6)+0.5Ar (2335
_K(1-6)~0.5Ar - -

= | g
- K(l—,9)+0.5At:'_ - ©

The condltlon C1+C2+C3 = 10 shows the mass conservmg ab111ty of the classwal“_

L 'Muskmgum method The routmg parameters K and 0. of thls method are computed by
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using the historical flood events by the trial and error approach. To calculate the value of
0 , the storage S is plotted against the 'corresponding weighted discharge value [0 I+
. (1_—9)0] in equation (2.31_).for different trial values of 0 resulting in various-sizes of

-loops' and-the value of © which gives the narrowest loop of this plot is eonsidered as the

o -approprlate one for 1ts use in the model The SOlllthl’l of these equatlons (2. 30) and 2. 31)

is given by Nash [1959] Dlskln [1967], and Doooe [1973]

'Subsequently, several attempts have been made by various researchers. [Dooge and‘
. Harley, 1967 Cunge 1969 Dooge et al. 1982] to link. the routmg parameters K and 6 of
the classrcal Muskmgum method with the flow and channel characteustlcs usmg the ,
; —‘hydrodynamlcs prmmples to transform it 1nto a phys1cally based method Apart from the

simplicity and wide apphcablhty, the Muskmgum method produces unrealistic initial

routed outﬂow, namely, negatrve_ﬂow .or reduced flow” or “d1p Whlch is well

d_o__cumented 1n the 1iterature'tDooge, 19’)’3; V-Veinman:n:and Laurenson, i979; Perumal,

1992c, 993b]. This defect is also inhorent with the_d'i/fferent variants of the classical
- -Mu‘st{ingumvmethOd wherein-the’parameters are estimate_d based on the ehannel and flow

c_haracteristics. | | |

' HoWever,_ the classieal Muskmgum'_method is-:st;rll- popular in ‘the- present-day Iiterature.

- :[e_;g:,' Neitsch et al., 2_005 ; A_rnold_ and Fo’h_rer,' 20'05_:; Gassman, 2007] for 'the -simplric»ity in
.-_its4_r‘nod'el'framevuorll<.. ) - - . B -

‘-2.5.2 PhySicaliy ’based -Musking‘um routing :methods:

Smce the early s1xt1es various attempts have been made for the phy51ca1 mterpretatlon of

the classwal Muskmgum method whlch may be categorlzed as [KundZerCZ 1986

»Peruma‘l, _ 1995]:-" 1_) _dlreet 1nterpretat10n : [Strupczewskr and_. Kundz_ewwz? 1980], 11)'



matching the impulse response of the Muskinoum method with that of the' lineariied '
Samt—Venant S equatron usmg the method of moments approach [Dooge 1973] 111)
matchmg dlfference schemes [Cunge 1969 Koussis, 1976; Doooe et al., 1982], and 1v) :

‘:the method ,based on the extension of the Kalmm—Mllyukov.method [Apollo\{ et al., -

- . :196’4.; Perumal, 1'9'920]'. The salient.features of each_ of .these approaches are descrihed

.'bél_(;w_ | . e _ L

: 1) Dire:ctl in-terpretatlon: 'Strupcze\rvskr ‘ and Kundzewrcz [1980] attempted the "
1nterpretat10n of the Muskmgum method dlrectly from the Samt—Venant S equatlons but
T‘they. could not express. the _.ﬂood storage within the reach‘ as a linear functron vof-' the
welghted dischar:ge'.. d.ued_to their interpretation of a one-to-one relationShlp hetween the =
stage and the»discharg_e- fo'r"depictingrthe storage e_qt_lation of the MuSklngum method.
K 'Holzt/ever, tl’llS -interpretation. 1s not appropr.iatel fol-- ‘c‘lesfcirihing ﬂoo_d maVes when the oh'e; “
‘ : to-one'relation:shipbetween the stage and the discharge 1s not valid. Further, Strup'czewski .

and Kundzewicz [1980] could not express t’he"paramet_ers K and_ 0 explicitly in terms of”

:.channel andAﬂow.dcharacteriStic_s. Hence their approach for interpreting the physical basis . . .

- "-jof the Muskmgum method is not approprlate
11) Method based on the moment matchmg approach By matchm0 the first and
'r.second moments of the IUH of the lmearrzed Samt Venant’s equatron with the o
- ‘ ’correspondrng moments of the Muskrngum IUH and usmg the.Chezy 's frrctlon law in |
-wlde rectangular channels Dooge [1973] amved at the followmg expressrons for the ,t'
_v . routing parameters K and (_E) o_f the .Muskmgum method‘,,respectwely, .as ‘

k=R eay

a0



_1 Qoyr'- _ _2 . - - ;'- o '
Ervrve b e B @:3%)

’ where yr is the average ’h)}draulic mean- depth', Ao -is .the area ofj cross section
o corresponding to Qo',' and m = 3/2 or 5/3.for-the Cheay’s or. Manning’s friction law used, |
- relspectively. o |
i) Nlethods based on the matching diffe.rence s‘chenles:- _
Althongh, l)odg'e and Harlleyf‘['l:.967] presented the Mnskingum parameter relationships
with the wide rectangular channel and tlow eharacteristics through the moment matching
technlque [Nash,. 1960], and Dooge et al [1982] later arrlved at the same for any shape of |
'. prlsmat1c channel and for any type of frlctlon law 1t is the Cunge S [1969] matched
d1ffus1v1ty approach which has become more popular as the “Muskmoum—Cunge (MC)
metho_d.” It was Price [1973] who ﬁrst coined the term ‘_fMuskmgum—Cunge method.’f’ By
_ matching the nnmerical diffusivity of the: approxlmate l_inear .kinematic wave equ‘ation,
derlved from the classical MUsldngum difference eqnat(i'on wlth -thle physical diffusivity ot
'Ithe lm.ear convectlon—dlffusron equatlon Cunge [1969] arrlved at the relatronshlp for K

‘as g1ven in equat1on (2.34) and 0 for w1de rectangular channels as

1 e S >
2 ZS'Bch o o . ST

| Usmg a more reﬁned dlfference scheme to represent the Muskmgum routmg equatlon
and based on the matched d1ffusw1ty concept Kou551s [1976 1978 1980 1983] arr1ved
.at an altemate relatronshlp for 6 dlfferent from that grven by equation (2 36) However, a
compar1son between the Cunge S ‘and Kouss1s - approaches shows that both the
o approaches lead to the same coefﬁclents of the l\/[uskmgum routlng equatlon and the

: d1fferenees in the form of the we1ght1ng parameter of both the schemes are only apparent
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- [Perumal 1989] On the baSlS of the state trajectory varlatlon method apphed to the Samt—

. Venant S equatlons Dooge et al. [1982] estabhshed the generahzed relatlonshlps for K;

' "and 6 for

o prismatic channels having any shape of cross sections, in which the reiationship for K is -

' __'sam'e-as_ eqnation (2.34) and the'relati(')nsh'ip for is 0 expressed__'as' given in equation .

; (2.35). Note that when the Froude number; Fo = 0, Dooge et al.’s [1982] expressiOn .

L (2.35) for 6 rednoes'to 'Cunge’s [>196'9] expression (2.36). Perumal ‘[1i992a] studied the |

. d.ifferences inthe routing res'u'lt_s'obtain'_ed nsing equations (235) anti (2.36) 'for varying .
;Fronde nnmber oases Vancjiv;» ‘showed that the use.‘ o'f latter eauation 'r’nak_es a very -
insigniﬁcant »i-mprovement»on'.the estimateci numerieal.»_ value of 9 oy-_er'.that- tlsing the
.for.mer' eq-uatio'n.. :I—10wever, the use of _equation (2".3:5) is_advantageous ‘as it retains the
L Vedernrhoy nnmber‘ [Joily‘ 'a,nd Yerevtch, 197-.1; Ponce, 1-5-)91-;.‘4-e.g.,. Perumal, 1992a]: i
.- yvhich gives the arnpliﬁc’ation criterion of a flood wav_e.while:it‘ moves dovy.nstream of a
channel d | | |
"lV) Method based on the extensnon of the Kaltnm—Mnlyukov method -On the ba515 of

ff_' the extension of the Kalmm—Mllyukov method descrlbed by Apollov et al. [1964] for the

' 1nterpretatlon of the Muskmgum method Perumal [19920] brought out that only this

. method enables one to estabhsh the 1 reason behmd the formatlon of negatlve or reduced'

L outﬂow at the begmnmg of the.Muskmgu‘m method solutxon The parameter -relatlonshlps -

for K and 9 as establlshed by thls approach are the same as glven by equatlons (2.34) and‘ ) '

) 36) Wong [1984] also 1ndependently made the 1nterpretat10n of the Muskmgumf‘

‘ storage equatlon on the hnes of Apollov et al [1964]



26 VARIAELE PARAMETER DISCHARGE ARouTING METHODS
2 6.1 Varlable Parameter Muskmgum Discharge Routmg Methods with Stage
jComputatlon Feature B |
'The Saint—Venant.’s equations have thé capability to route a discharge hydrograph_and to
| 'es_timate the corresponding stage hydrog_raph along a channel or river reach.'HoWever, the
: simpliﬁed disCharge r’ou_tirié methods'ivith _thel s‘tage-ﬁcomputation feature are difﬁcult to
arri.ve.. at and the results are_,j éenerally, characterized by poor accuracy [NER_C,V l975]._ For N
modeling‘ﬂows.in tail ‘vvater reaches of hyd.roelectric plants, Ferrick et al. [1984]. first
.developed an’ improve_d variable:parameter Muskingum method accounting for,the:water |
su‘rface‘slope .whichis capable of computing the stage values simultaneously. However
‘thIS routing method is not famlliar among the researchers as the procedure of computmg
vvave,celerity 1n-this method by usmg_the “Jone’s formula [Henderson 1966] was not
convincing "Similarly, an iterative ﬂood routing- 'rnethod for estimating the flow depth
V was developed by Kous51s [1975] which resulted ‘m the numerlcal 1nstab111t1es of the
solution [v1de Wemnann 1977] To c1rcumvent thlS. problem in the earlier methods,
- ~Perumal [1994a 1994b] developed a physwally based variable parameter Musklngum
, dlscharge hydrograph (VPI\/HD) routmg method directly derived from the Salnt—Venant S i
‘equations which is capable to compute the stage correspondmg to the routed discharge at
any r1vercross section ThIS method is found more adaptable to the ﬁeld conditions
[l)erumal'-et al., 2001] Since the VPMD method is ba51cally used in this thesrs for
‘comparison w1th the K-M method a detailed theoretical backmound of this method is

' given blelow.



2 6 2 Theoretlcal background of the VPMD method

The- VPMD routmo method [Perumal, 1994a 1994b] is dlrectly derlved from the full

o Samt-Venant S equatlons (2 1) and (2. 2) descrlbmg the contmu1ty and momentum of" one o

":—dlmensmnal unsteady ﬂow respect1ve1y The parameters of the: VPMD method vary at.
A-every routing t1me mt_erval, and they are related to _channel and flo’w characterlstlcs lby the
same relationshlps as e'stabtlished for the physically based.l\/luskingum ‘method‘:[Apollo.v .'
et al.’ -1964" j'Cunge 1969; Dooge et 'al 1982] The VPMD method is based on the.
»hypothesw that durmg steady ﬂow in a river reach havmg any shape of prlsmatlc Cross

‘ sectlon the stage and hence the cross sect10nal area of ﬂow at any pomt of the reach is

: umquely related to the dlscharge at the same locauon deﬁmng the steady ﬂow rating =

_ curve. However thls s1tuat10n is altered durmg unsteady flow as conceptuahzed in the o

deﬁmtlon sketch of Floure 2 I of the’ VPMD routmg reach of 1ength Ax ,in ~Wthh the
same umque relatlonshlp 1s mamtamed between the stage and the correspondmg steady
: dlscharge at any glven -1nstant of time, recorded not at the‘ same sectl'on but at a-dynamlc. ‘

‘.downstream sectlon (sectlon 3 in Flgure 2. 1) precedmg the correspondmg steady stage

| sectlon (mldsectlon in F1gure 2 1) For the sake of better understandmg of the VPMD

routmo method a br1ef descr1pt10n of it is presented herem

\ _The VPMD routlng method is derrved from the Salnt-Venant S equatlons (2. 1) and (2 2) '

whlch govern the propagatlon of one-dlmensmnalunsteady ﬂow; in channels and rivers,

-without»consi’dering “lateral:ﬂoW' The"—derivation of -the"- routin'g'ﬁmethod' involves some.

A'assumptlons Wthh facﬂxtate the sxmphﬁcatlon of the unsteady flow dynamlcs by»

R _assummg the channel reach to be prlsmatlc and the: long1tud1nal water surface gradlent



,ay/c“;‘)t the. convectlve accelerat1on 0radlent- (v/ )(8v/6x) and the local accelerat1on
"gradlent (l/g)(av/at) all remam approx1mately constant at any mstant of time in a given
,compvutatlonal routlngvreach.‘The latter assumptlon lmphe_s that t_he fr1ct10n slope Sfis

o app'roximately constant over the computational reachrlenoth ar'ld hence, the‘variation of
’.-d1scharge is approx1mately l1near (ie., aleax“ ~ O) It has been shown by Perumal

' [1994a] and Perumal and Ranga RaJu [1999] that the use of approx1mately constant S¢ |
“and the Mannmg S or Chezy S. frlctlon law governing the unsteady ﬂowl enable to arrlve'

. ._at the s1mp11ﬁed momentum equat1on expressed : | | -

'_iaQ {a_A+hPaR}[ay} o
Ox oy - 5y Ox (2.37)

» wher'e‘ R is the hydraulic' radins (= A/P), ‘P'is the Wetted perimeter, and m is an exponent

whlch depends on the frlctlon law used (m % for the Manning’ s friction law; m = ¥ for

- the Chezy s friction law)
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.‘ Figure 2.4 Deﬁnltion »sket_c‘:h of Athe-_\»fal_'iable f'paramete:’r Mnskinéum compntational
o »' -l'each"_ | |
| “Usmg etluatlon 2. 37) the celerlty, c, of the ﬂoovd Watle can be estlmated as [e NERC

- 1975]
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c=~e.<z=[H-,,,-(_Pakf‘ay,ﬂ;-~ e

| Qu, QM, Qs, and Qd are the dlscharoes at sectlons 1 M 3, and 2 respectlvely, and the. o _

. _correspondmg stage_.varrables are' yy, M, y3_,.and yd, -respectlvely.

stmg the full Samt-Venant s equatlons of contmulty (2 1) and momentum (2. 2) equatlon '
‘(2 38) and the expressmn of dlscharge using the Mannmg s frlctlon law Sf can be

A expressed as [Perumal 1_99_4a] '

S _s, '_LQ | mr PORI Y |
Spox | |\ 04/ ]
. ’whe're the Froude numb‘er,i»F.‘ , 18 expressed as

| F{M]
o gd

(2.39)

(2.40) -

' -USing-_ eqhatiqrr (2.39) in. the.'expresston for discharge Qum at the middle of the }

- computational channel reach (i.e., section M in Figure 2.1), with the Manning’s friction .

Iéw, and- its,simpliﬁcation'.bé_sed oh;bihomi'al‘ series expansLion‘ leads _tQ.‘the simplified ...

) :_'e'xpressierr for Quy as =
‘ ' POR/ o

‘25‘5'(%]3[1+ (P@R/Gyj :|v |
G R ETIEY

" (2.4'1)

- >' .Equation (2A41) ‘expresees 7“the. di‘scha’r'ge 'QM‘in»terms of discharge 'Q3 . whlch is the

: _'_normal dlscharge correspondmg to: the ﬂow depth yMm.at, the mlddle of the reach Smce ‘_' S

: '»-,';%:"'46 5



~ the discharge aléo varies_approxim'ately linearly, the term. adjunct to,'(aQ/ &x), in equation
(24D represents_ the distance L between the midsection'M and- the downstream section 3 '
R where the normal discharge Q3 pa'sses, as shown in Figure 2.1. Hence, the distance L is

'expressed as
P3R /3y
Q{ [aA/ayJ } | s | _
2S (GA]3|:1+i71[%j :|v3 | S o »
ay -_453/3 42

* where the subscripts M and 3 attached with différent variables denote these variables at

sections M and 3 respeeti‘Velbyv
Further Perumal and Ranga RaJu [1999] proposed a new wave type equation, known as

. the ACD equation in dlscharge form as

| aQ Q - R | _‘
-0 c | - |
. -_-‘a’. T R v )

- Note that equatlon (2 25) isa spec1a1 case of the dlffuswe wave equatlon _

GQ ' aQ -
‘_8t-.,_-8x - .ax: L | e L (244

) Perumal and Ranoa RaJu [1999] have clarlﬁed that although the form of the ACD
iequatlon 2. 43) is 51m11ar to that of the well—known klnematlc wave equatlon [nghthlll
and Whitham,” 1955] it is capahle of " approx1matel)t,mode.lrng a ﬂood wave in the
h -transmon range . betwelen the zero-mertla waue govemed by Hayam1 S. [1951]

’convectlon—dlffusmn equatlon and the kmematlc wave 1nclud1ng the latter The ba51s
| behmd thls 1nference‘ is that the rlght hand 51de of equat1on (2 43) 15 zero. because of the

e ‘assumptlon B'Q/Bx ‘z O and the dxffusw1ty coefﬁ01ent assoc1ated w1th thls term D ;é 0.
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ThlS enables the ap.pli_cation_' of eqijation_ (2.43) for modeling ‘lcwer order. diffnsive flood- -
" .waves, including the. kinematic wave. This inference_; _hoiveyer, ccntradicts- the -

ccnventional perception that_ equation (2.43) is .st'rictlvy applicableifcr.mod-eling kinematic o

L | ﬂood waves only Applymg equations (2 38) and (2 43) at section 3 of Figure 2.1 and its

- K=

- srmpliﬁcatlon leads to [Perumal 1994a 1994b] the governmg differential equation of the
E Musklngum type routing, usmg discharge as the operatmg variable and it is expressed as

- Ax

Q,,'Qde[l;m(m,”v iQ" [_J(Q Qd)]‘.

41y ), - (2.45)

"_7_-'where Qu and Qq -denote the- discharges at the ‘up’_stream and.-downstrearn of the
-Muskingum_reach, r'espective‘l.y.‘ sting'— ‘the._analogy between the “governing differential

- -eqnation of the Muskingum '_method in discharge formulation: |

asa T
—- [K(Q +(1 Q)Qd)] - ‘ P i': o o (246) -

| Q Qd
"an_d the eqUaticn (2'.4_5),"it': is inferred’ thatf;the.tra\ilelh time, K, 'cf':the’-Muskingnm.‘type i
“discharge:rOuting- method-can be e.xpressed as -

[1% [P@R‘/&y) ]v
o 041 oy

Q.47

o and the Weightmg parameter 9 aﬁer' '-Substit_uting?for .»L-_f-from"eqnation',.(2.42),' can be - -

obtamedas B



0 oliemr (PéR/&y) ’

.9_1; : L @M®} .72

S 2 (aAHm(wJ }W
EORE 0413y ),

Assummg the magmtude of the mertral terms to be neghgrble ‘in natural ﬂood waves

Q. 48)
3 [Henderson 1966 Prlce 1985] equatron (2.48) can be modrﬁed using FM 0 as -

‘9:1_ - h 0, . : o L
e[ e e
N o )y N 5y sl S (2.49)

'Substitutingequations (2.47) and (2.49) in (2.45) and ‘usi'ng the ola_ssical Muskingum

differenee scheme [McCarthy,- 1938], the'different_iél equation (2.45) is conve‘rte’d to a
~ difference equation whieh on_ algebraic operation. redUCes to the Muskingum routing
: i e.quation expresSed as : | -

Q,,,H €0, +C Q,,, o, ey

: where Qu, j+1 ‘and Q'd L s denote the upstream énd'douvnstream discharges at time step (

j +1)At respectrvely, Qu;J , and Qd jos denote the upstream and downstream dlscharges at

- tlme step _]At respectlvely, and the coefﬁc1ents Cl, Cz, and C; are expressed as glven by
equatlons(2 33a) (2 330) L |

_ For estrmatmg the stage hydrograph correspondmg to‘the routed dlscharge hydrograph

the flow depth yd correspondlng to the routed drscharoe Qd can be estimated using

equatlon (2. 37) as



o HEC RAS 1s an 1ntegrated system of software de31

) Qd _QM

(e

in-which yy is estimated iteratively using the Manning"s eqUation:

O FAZ'AM.RNSMSOII?' ) o . SRR (2.52)

-Using the 'eo_r_n_puted ﬂow .‘dep'ths, yq and yfyl"in the ﬁrstsnb—reach,;t_he upstream ﬂow debth ,
-'corresponding‘ to - the inflow discharge can be Aerstimated using' ‘the assumption of
- "approxrmately hnear varlatron of water surface The above srmphﬁed hydrauhe VPMD -
. method Wthh is dlrectly derlved from the Saint- Venant s equatlons for routing ﬂoods in
- :channels ‘having any, shape _of ‘,prlsm‘atrc cros_s-sectron, allows _ the simultaneous

"eompu;tation' of diseharge 'hydrograph as well as .the oorrespondingr stage hydrograph

Hence the relatlonshrp 2.5 between yd and Qd can be used for estabhshrng the looped -

R ratlng curve 1n a downstream rlver sectlon

' 2 7 HEC-RAS MODEL

: tasklng envrronment The system is comprrsed of a grabhlcal ;;fnwrface((}lﬁ) féeparate

' _A:analysrs components data storaoe and management capabrhtles graphrcs and reportmg
-‘fa0111t1e_s. - | | | | -

: Ibe‘HEC-RAS system .'oo_ntai.ns fonr one—dimensionalriyer analfy;s;is oombonents for: 1)

 steady flow water surface profile 'eOmpntationsg 2) ﬁnstea_dy ﬂow-"srmut,ation; 3) movable



‘b_boulndary sedrment transport 'com_putations;' and 4) water QUality a11a1ySis. A key‘element
1s that all fonr"components,_use a common geometri_.c‘ data representatron and'common“
geom'etrilc and; hydraulic comhutationrontines._ln addition to the. fonr riv‘er“analysis
components, the "system contains'. several :hydraulic_design features t_h.at can be'invoked_
:'.once the"'basic water'surface | profiles _are-- comnuted._The ‘cUrrent'yersion of HEC-RAS
: supborfs _steady ';and u_nsteady flow 'wat_er snrface_ prot'rle -caiculations; sediment-
: tran-snort/mobile bed comoUtati'ons; and water temperature analysis.- In the study we have
.- '_taken HEC—RAS asa benchmark model - | |
Procedure adopted by the HEC-RAS model for solvmg the one—dlmensmnal unsteady'
" flow equations is the four-pomt‘lmphclt scheme, _also known as box scheme. Under this
scheme,__ space . derivatiyes 7 and function values A“are ‘evaluated at an interior
boint,'(n-f-y)At.' Thus \values‘ at (n+1) At enter mto Aall ,term's ,in_the' eqnations. The.
s-imnl_tan_eonssolution is an ir'np"ortant aspect of this _sc_heme because rt allows ;information
from 'the entire :r_'each to_'linﬂ'u.enc_e the 'solnution at:'an:y one point. -C‘onsequent-ly, -the't.i‘me
stepb can be significantly larger than with expl'icit nurnerical schemes: -Vonj'Neumann ,
_stablllty analysrs performed by Fread(1974), and nggett and Cunge (1975) show the_
M1mphclt scheme to be uncondltlonally stable (theoretlcally) for 0. 5<y <I. O condltlonaHy
stable for, »;( =05, ‘and unstable for y"< 0.5 . If, a .c_o'nyAergence analysis performed’by the
. same_ anthors,_ 1t }.was' shown that- the.. numerical dampmg i{hc}reased_. ‘a‘s the  ratio
j )/Ax ._devcreased,i where /"Lth'e. le'ﬁgth of a ane is 1n the hydraulic.sys.tem.: For stre_amﬂow
,‘ronting pr_oblems" where the-‘gwa\‘(e lengt’h_s'arei longw1th respe'ct__to.isbatial distances,
_conyer;gence'is notaserionsprob_lem.' o | g - |

, The general implicit finite dif_ference forms are:..
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" Time derivative .

. (2.53).

¥ N _0S(Ma-s)
e At AL

. ‘Space derivative

- a_f—.~A_f=_(f,+1—f,-_)+7(AfM_—Af,) o
Function value

SRTEes(f a0 (M) sy

' Continuity cquation
" The continuity equation describes conservation of mass for the ohe—dimensiOnal system. -~
.. The _cOntihuity-equétibn.for:fth'é"syster'n can be written as:

e ar ax T

B thre: X = * distance along the channel

e
I

":t’ivryne o
Q= flow,
.A- = cro'ss—séctior;_éiéreé, -
: AS‘" = ~ storage f.ro_ir_lir.lo_ﬁ cc_'nv-_c.aying' porti;)n of 'créssq—sécﬁ:o.'n
Qi - = - l'a{relra'lfin?ﬂoiv‘v }‘_)_jgrlli.ni't_'dis'-talnpé.

“ . "-as in our study we are not considering the lateral inflow $0 q;=0-in our case, - |
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" Momentum equhfioh_ :
o 'Th‘e momentum equation states that the rate of change in momentum is equal to the

external forces acting on the system. Thus for a single channel:

K IV E) | F s =0 o |
ot ox . & ax ) g CoT , (257
Wheré_: g = : qcéeleratioﬁ of grévity :
S | = " friction slopé o
v = -'velbcity
~ 2.8 CONCLUSION

Thls Chapter pfesen;ced an 6§§rview of vast literature _a\}ailabie oﬁ flood foutiﬁg methods-
- 1n g‘ene'ralA and Kélinin;Milylikov rouﬁng method in p'articular‘, Whvich is Wid_ely used in
AEE»lstem European éountries as»‘th_e basic vmgd'e:l’_ of a _ﬂobd forecasting model based on.the
,_ us'é:,.of hydrofnefric (iata» only. The K.-I\A/I _r.n_e'Fho'd in Iin:ear f;)rm,.; when used as the basic
fngdel _-of .'a .f'l‘ood forecasting r-m‘)del,_n_'enabi_es'--the | adoptibﬁ .-of -'li_near filters in the
fdrééésting m§d¢1§, spéh avs" the well knownkalméﬁ ﬁiters, which bffe:r.s the ééé'y feature
of updaﬁné the parameters ‘of__' thg K—M “fhethodl in real time, by ﬁ%inimizing t}.le.enl‘ors :
: .beAtw_een _fhe "obse‘rved_ anci" fbrééa'steél' series ﬁll. théz 5Atirhe of fo“recAast.A "Howevéf. it- is
récbgnized that the péfameteré of the K-M met}.ﬂo‘dupidat_ed in this manner .are" not based
on the- ' physiés of the ‘ﬂé‘)"o_a 'Waize -__:,r-‘,ri_ov;émér_'ltv pfoqess cénsidering the ,h.()nlinear _
‘ 'éharééfefiéticé_' 6f the flood -v_vavei _nﬁé?étnént -aﬁd"fif:_'st_‘ima-te‘dv ;ﬁerely bésed on the
; miqiﬁlizafi‘oh_ of _efrors befwéen_' the id-bsérvvéc.‘i: éri_ld» fo__fééastéd' f_]o?;/‘.s_»e;rie.s at-the ti-me of |

- forecasting. It is atgued that the parameters of the physical part of the basic routing



<}

,rnethod.sh'ould be est_imated:independentl_y of those of v._the_n_oise component ccnsisting of ..
ithe'rnodel and ohservatien errors, thusv reducing the d»onqi-nation of the no_i:sev-model over _
, the basic mode]. [Excerpts from the conclusicn 'speech given by professor J. | E. Nash'in
' : the Oxford Symposmm on Hydrologlcal forecastmg, Aprrl 1980 ( News reported in the -

.'Hydrologlcal Smences-Bulletm 25(4) 1980 )]

When a basxc model havrng the same 31mphclty of the linear model is used but with a

capablhty of i mcorporatmg the nonlmear feature of the ﬂood wave moment, then the use

- ef compllcated..ﬁlters such as the Kalman filters in ra re_al trme fo_recastmg model may not
E _'b¢ requ_i'red and the use of ':sirnp_le updating mode-l -such, as'the autc :regressive; model may

| » be' adequate. The VPMD routmg method uvhic.h offers 's'uch a feature is discus:sed in detail
Cin thlS chapter Therefore the K-M method as used in the flood forecastmg model of the |

East European countrles and the VPMD method need to be mvestlgated for their

suitability in adoptrng them -as basic mcdels in -flood forecastlng r_node_ls. Such an

,inve'stigatio'n of these two mcdels is presented in Athe"subsequent chapters of this thesis.
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— CHAPTER 3
STATEMENT OF THE PROBLEM

Itis proposed to investigate the performance of two available river routing methods viz.,
) 1) the well known T'Kalininv-‘Miliyukov method based' on state-space formulation as
advocated by Szollosi-Nagy (1976 and 1982), and 2) the recently ,inffodueed Variable

"'Parameter Muskinoum ’Diseharge- rouﬁng- method.»" ‘(Perumal 1996a )by routing

| . hypothetlcal ﬂood hydrographs in hypothet1cal channels for amvmg at routed

o hydrographs and to evaluate the ab111ty of one - method over the other in closely'

. 'reproducmg the correspondmg routed solutlons of a benchmark model



CHAPTER 4
STRATEGY ADOPTED FOR EVALUATION OF THE IV[ETHODS

- 4.1 GENERAL A
The K-M method 1n state—space formulatlon was advocated by Szollos1—Nagy (1976) :
.' ' __as basrc model 1n the hydrometrlc data based real—tlme flood forecastlng models However
it was pomted out in Chabter—é that the two parameters*of the K-M model remam constant
rwhen the past recorded outﬂow hydrograph events are snnulated usmg‘the correspondmo
1nﬂow hydrographs . 1mp1y1ng that the K-M model 1s operated in hnear mode- and is not
i 'capable of reproducmg the. non 11near characterlstlcs of ﬂood wave movement in rrvers in
| ‘ off line mode ‘To overcome this deﬁcrency of the K-M method but malntammg the same
'rrecurswe nature of the solutlon algorlthm of the K-M method the use of VPMD method was -

' :'advocated in Chapter—2 | ‘ o | | ) |
; In order to verlfy the capablllty of the VPMD method over that of the K-M method‘ .
the same past recorded outﬂow event should be 31mulated by both these methods for the
.correspondmo recorded 1nﬂow hydrograph ‘and the VPMD method should be able tol'
reproduce the recorded outﬂow hydrograph closely than the K—M method To thorouOhly
T 'verrfy the better capab1ht1es of the VPMD method over that of the K M method many past
:ev,e_nts recorded under varlous posslble channel an_d flovv condltlons should be used.
| f{ovvever 'this requirement}is’ not easy to -ach-lieve due to bractica] reasons and' therefore it is
o 'con51dered apbroprlate to use dtfferent hypothetlcal 1nﬂovv hydrographs for routlng in
}Ahypothetlcal unlform rectangular channels to arrlve at. correspondlng outﬂow hydrographs

'iat specrﬁed downstream srte . |
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The ﬂbod rou_tiﬁg .phvejr_iomenor-i 1s ' qOﬁSideféd. fé_r all pr.act(ical."purpv(-y)..ses, as one
dimeﬁsioﬁal flow -everit gov.erned by Séi‘nt'—Ven‘ant’s eqﬁaﬁons, ‘a star-ide_ird, Well—tested
~ | behchmark modél which ‘emplo:y the full Saint—Vénanf’s ;:quations rﬁay be‘us_ed'- to serve this.

. pﬁfpbsé. Accbrd‘ingly, tﬁé_ US Arrhy Corés of Engiﬁéer’s HEC—RA‘S rﬁddei (2006) is used'.
| herevir'l- és”t}“le ber;chm‘arl'{/'mé)dei.“ Th_e ,c_.ofr'npatjisonJ of; the pc?rfOrrﬁénces of the K-M and
VPMD mef:hods'- m ;eprodﬁcing_ the benchmark solutions " are. -r-nade ».usin‘g vériOus_
- peyféfﬁlance criteria.;_The entire exercjée 'iS';take'ﬁ up _L_mcier the consideratién thé@ the method’
‘ _.jwhich}s- capable of reprc;‘ducilf;igi the bencﬁlﬁérk éolu?:ib_rié c-losely:r'n_ay b_e Aconsidered as the_;
éip-prop.riate' basw 'mod¢1 to--'lb:e emp.IOYed m a‘ h&d};)rﬁetric 'déta' béé}ec.l‘fﬂo_od forecasting
’r"ﬁodel. ﬁ o | |
_This 'ch_apte'r_describes the dc-avelopmfent of c_orhputef c;odes us;ing 'MA')FLAB for the
progfamming’ of tﬁe K-M fouting'métl-lc‘)d_based 01'1:st_atle-spacé formul_atior'l:_a_s\ advocated by -
- Sibllosi-Nagy(l97,6 _é;nd v] 982). A brief :deééfiptic;n of fhe steps. invélv_ed in tﬁé deVeiopmeht
of already_ av.ai‘lable 'compute’x.‘- code Qf th§ VPMD m,éﬁhbd (Perufnalg 1‘995) is also pfesented.
,A,vtypical_ routing éxamﬁle-'ié p.ré‘sentled-.for eaéﬁ ‘_of;thes,-e ';'neth'ods' using v‘th"e A‘co'mputer
pfoérafn. Detaillsldf-t_eAst runs dé_s»cribiAl,‘lg éhan;lel conﬁgu_raﬁvc-)ns ah_d inflow hydrographs used
o and performehlr‘lcé' érift_erié a&oétéd to" eva_lyiéte' th%:se:_rﬁ.e_:thods' are aiéo pfésentéd in this -

" . chapter.



?-"42 DEVELOPEMNT OF COMPUTER CODE FOR K-M METHOD BASED ON |

'-_?»STATE SPACE ANALYSIS APPROACH

: The computer code is deve]oped usmg MATLAB programmmo as 1t is more

) convement for carrymg out computatlons Vof repetltlve nature as mvolved m the K-M_
B .-method | | ' ‘
iThe varlous steps 1nvolved 1n. MATLAB prograrmmmg are as foilouvs

;_-.‘.'_Step 1!-T0 proceed -at-bc‘omputat]on trme—lnterv.al A‘tls chosen-.--Usmg“mom'ent‘mat‘ehing'
. _.vmethod (Subramanya 2006) we try to estlmateﬁ the most su1tab1e value of number of‘

resertforrs n and the Value of storage coefﬁcrent K For non mteger tlumber of reservorrs the
g ’-'.fractronal i)art of numbers of reserv01rs X is obtamed usmg eq (4 1)

[n 1nt(n)] AA : ' S

@n

. Step 2: Now aﬂefe:Sti:?‘?atiQndf valtie of x, use the values k (. - K™) and x _in:'the below
: 'g.is"_e'n\, étiuation to jform__t.he"-s'te-ite. trans,ition metrig. (STM) CD, (At) _"l%heior:d_ér’-of the_rnatrix

| w1llbe n >< nWhere n=(1nt n) +1

et e o]

‘:(kt)ze'—kr o kté"_.k"ﬁ"_ 'e-“v"’l O L

‘-"»'<I><t)-e—-—' A

ey et




o —I+AI

 While the last elem_ent of thé STM s eétimétéd as .

, _ kGkry e S ) {[(k k )t]2 i [ n —- (' ;2;(7;;k )t)_(n_2)|:|}> .
(”l —2)'(k -k A\ - /A
L 4.3)
' '-S,téfp 3: Similarly T'is estimated ials L
Fa-e*yie
| A=e™+kAD) /K

CLaan=|

| {1 %_e—*ﬂf ,2_("6;_?" } 1%

)
- And the last element of this matrix for fractional reservoir is expressed as -

" ;;;;);, '; (G 1301
' [(k kx) At]

o _ kA
T (At)—le—, '

(4 5) |
o ijéb 4: Assumlng thé rihiﬁali's't;bfaigé in -th‘e r}ese.rvoifs iero at timei t CdfﬁpUtation »of storage
| _. for the next time mterval t+ At | 1sy madé for the kndwn -value of mput u(t) as

= <I) (At)x(t)—i—F (At)u -
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Step S:-Now fot each étorage_:ueptur computation, the_‘cunéépohdiug output of thé..systerrll, .is
" compited as | | | |
0= Hx)

o @.7)
where IE is _th'e_-_ rulvu 'véctdr,_.ats-'ék;utun below: |
| Note_that in the case;-_of h’on.—in__te'ge'r-number of teservoirs thf;'l_-lllr"ow vector woul'd be

| ._>Hv='[-0' 0.0 . . K] |

(4.8)

» \:ivhere,kazf
) A

4;2._1 Corlliputation--Procedur-_‘e‘ -

| Uéiﬁg 'statg' épace. analy:sis uppto'ach, the flood 'ﬁydrograph “is' touted for different
' éombiuatiuus of ?nﬂow_ hyc_lrbgtai:h s-hape‘ factor; 'rougttness coefﬁt:ient.,',b_edv siopé atnd b.ed
. width;AThe _éhapé of the t;hénriel,ié uonsi'de‘red as uniform rgCtanguiat m all the cases studied. '-
T(; r'i:llus't‘raté _the abuve "des'ctit)'e_dv algorithm, .a typical simu1ution é\}ént is cqnsidétéd herein.
A giV'_eh "inf;lov; hydrograph ofthe follt)vuing charactgtiétiu% 1s touted- in uteutaﬁgular"channei
."r..c-aach having»thé fo_lllo‘\.zvir‘lg-géométr.ical_‘eleruents of »theArou.tir']g reach: |
- A'I.{:o“u’ti-ng reach -1'e'r_1g_th' L = 40km. - | | |
3 Number uf sub—ré-:ac_héjs L = .- . 40 (only for.VPMD and HE_C-RAS)

Peak inflowl, o= 1600 m3is_e§. - -
Imtlal ﬂoon o C s 1_0(')_‘m3/'sec.'

 Timetopeakt, * . =  10hours
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Bed width B = S50m

Roughness coefficient n = 0.04
Bed slope Sq | = 0.0004
Shape factor of inflow hydrograph' y = 1.25.

Using the developed MATLAB program, the inflow hydrograph with the above
characteristic is routed to arrive at the outflow hydrograph at 40 km., as shown below in

Figure 4.1.

2000 +

1600

input
——K-M

1000 -

500 -

Discharge(m.A3/hr.)

0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Time(hr.)

Figure 4.1 Typical Routing Results using the K-M method
4.3 VARIABLE PARAMETER MUSKINGUM DISCHARGE ROUTING METHOD
The VPMD method proposed by Perumal [1994a, 1994b] is directly derived from the
Saint-Venant equations using various aésumptions, including the assumption of approximate

linear variation of water surface at any instant of time over the routing space step Ax .
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.. Figure 4.2 Definition Sketch of the Muskmgum Reac_h.'

Drfferent steps mvolved m the ﬂood routlng procedure usmg the VPMD method are -

o j}descrlbed below brreﬂy

‘Th_e ,unreﬁned dlschar'ge O, ;. for the -ctir'rent routing time-interval is computed using -

-~ the values. of K-andO ’eStimated'at the prev.ious time step"and subseqoent_ly, usmg this o

-estirriate-vand Q et the ﬂow at the mlddle of the reach is estlmated as B

o-0s@ren)

(4 9)

N -The 1n1t1a1 Values of the routmg parameters K- and 9 are estrmated usmg the 1n1t1al steady SR

ﬂow in the reach The normal drscharge at sectlon 3 of Flgure 4.2is computed as.
Q 9Qu g +(1 Q)Qd J+1 » -' - :7

(4 10)

":‘-:stmg Q3 .. the stage ym at the mldsectron is estlmated usmg the Newton Raphson method by -

'.:: '__-'-'sOlving the‘following'equations.‘ c



(4.11)
) '._Where AM is 'evalua.ted_atfthé midsection Ofthe reé ch

. U_sving"-t'he vaIU?s of Q; .Cs5 aﬁd_.( é Q/ay)é, Ith_e_ ey 'v’al'ules y ) and . C-Stimated; .
' Theh }usi1-1g eqlll'a't_ién S : v

= K;Axﬁ-and

G

“12)

2 250[?_‘4) sAx_z_ ZSo[g‘Q‘ij
> L\

. (413)
fcspectiQely, at ‘t‘he Curféﬁt rblliti‘ng.timé iﬁter_val, Wﬁich aré, sub-s‘e_('.qugﬁtl.y, ﬁséd to est»imz-lte }
: the feﬁne.d‘d'iégh.arge hydrogx{aﬁh estim_ate using»équaﬁbris B
B Qd,',-+1--='ClQ,,,;%I "+.CZQ,,T,-'+CQQM S o @14

_ —-KG-—};O.SAL- -
_‘." K (1-08)+0.5A¢
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4.3.1 COMPUTATION PROCEDURE
The plot of the inflow and routed hydrographs arrived by the program are shown below. For
testing the VPMD method, same set of inflow-outflow hydrograph data used for testing the

K-M method Was used.

1800 -
1600 |
1400 -
1200 A
1000 - Input
800 - —VPMD
600 - '
400 -
200 A
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Time(hr.)

Discharge{m.*3/sec.)

Figure 4.3 Typical Routing results using the VPMD method

‘4.4 ROUTING USING THE HEC-RAS MODEL

Various steps involved in the flood routing using HEC-RAS model are described
below briefly:
| Stepl

The ﬁfst step in developing a hydraulic model with HEC-RAS is to establish which
directory to work in and to enter a title for the new project. To start a new project, open the
File Menu on the main HEC-RAS window and select New Project. This will bring up a New
Project window as shown in Figure 4.4. Now from the window, first select the drive and
path to work with, and then enter a project title and file name. The project filename must

have the extension “.prj”.
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‘Title ) File Name Selected Folder | Default F‘rc;iect Folder ] My b-tn-cumenlslf

]garqa‘{ 1 5 ) o . lgai_na‘l_] 5_.pli o C:\Documents and Settings\VANI\My Documentsigamal.15
: j 1&cn
" Documents and Settings
] EQvaNl

My Documents
&1 gamal.1s

!“ oK ' Cancel - Help | Create Folder . ‘ i@c o L o ~|;

|Set diive and path, then enter a new project litle and file name.

Figure 4.4 New Project Window

Step 2

The next step is to enter the necessary geometric data, which consist of connectivity
information for the stream system (River System Schematic), cross. section data, and
hydraulic structure data. Geometric data are entered by selecting Geometric Data from the
Edit menu on the main HEC-RAS window. Once this option is selected, the geometric data
window will appear as shown in Figure 4.5.The geometric data is developed by first drawing
in the river system schematic. This is accomplished, on a reach-by-reach basis and startirig
in a reach from upstream to downstream (in the positive flow direction). After the reach is

drawn, it is prompted to enter a “’River’’ and a “’Reach’’ identifier.
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‘s, Geometric Data - gamai.25
File Edit View Tables Tools GISTools Help

Yools| River Storaga S.A. | Pump RS
Reach Conn. | Station

s |2 | G =] | |
Junct. | ] -

| Cross | 95.*

[ -

Inline U2
b
Structure . 8.*
] “‘59 »
Lateral Y
Structure ] 4

Storaga | S35

- Magp s

Storage -;'*21 .
frea Conn. e
Q—@ 2.2

"\'z *
gtt;ripgn “"82.93999*
o

PHTab § Some schemstic dsta outside default extents (see View/sSet Schematic Plot Extents...)

_MNone of the XS's are Geo-Referenced (— Geo-Ref user entered XS& — Geo-Ref interpolated XS — Non Geo-Ref user. entelJ
View KA | ] . el
[ e . 016048, 1.0000 .

Figure 4.5 Geometric Data Window

~ After the river system schematic is drawn, the cross section and the hydraulic data
are to be entered. This editor is shown in Figure 4.6. As sho;avn, each cross section has a
River name, Reach name, River Station, and a Description. The River, Reach and River
Station identifiers are used to describe where the cross section is located in the river system.
The “River Station” identifier does not have to be the actual river station (miles or
kilometers) at which the cross section is located on the stream. Numeric values are used to
place cross sections in the appropriate order within a reach, starting from the highest river
station upstream- to the lowest river station downstream. The basic data rerquil_'ed for each
cross section are shown on the Cross Section Data editor in Figure 4.6. Additional cross
section features are available under options from the menu bar. These options include:
adding, copying, renaming and deleting cross sections; adjusting cross section elevations,

stations, and Manning’s n or resistance number k-values; skew cross section; ineffective
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flow areas; levees; blocked obstructions; adding a lid to a cross section; adding ice cover;
adding a rating curve; horizontal variation of Manning’s n or resistance number k-values;
and vertical variation of n values. Here as we have taken into account a prismatic channel so

the value of contraction coefficient and expansion coefficient has been taken as zero.

= e e e e

- Cross Section D-ala - gamal.25 ) N N e N I @ :

Exkt EdR Options Plot Help ) B R 7 i )
River. [gamal.25 ~] spply Dats | \gl[<) 42| PlotOotions B G| I Keep PrevXS Plots _Clear Prey |
Reack: [gamal.25 | River sta. [101 =] LI ﬂ gamal25  Plan: Plan07 6/7/2008
Descrtion | L L (=]
Delfow | InsAow | 1604 o XTTTT
[ _LOB [ Chermel | ROB ———
Stion | Elevation 11000 _ {1000 _J100 EG MaxWS
il [ 1160 IR Momingsnvakes J&4) 1401 Crit Max WS |
210 80 o8 Channel ROB _ WS MaxWs |
3180 80 oo [o.0o1 jom E ——
4150 160 IR Hich Chonnel Bork Stations § 120 erend
5 Main ionnel B arnk stations ﬁ
5 ! LefBark | RightBank _ | & Bank ta
7 »Jo [E i
8 X 0 2 100
8 - Contraction Expansion )
i0 | O e
L ) - -
-_l 0 10 20 30 40 50
o ) Station (m)
{Edit Stafion Elevation Data (m)

Figure 4.6 Cross-Section Data Window
Sfep 3. Entering Flow Data and Boundary Conditions .

Once the geometric aata are entered, the unsteady flow data are to be entered. The
type of flow data entered depends upon the type of analyses to be performed. For the flood-
routing computation, unsteady flow analysis is to be performed. The data entry form for
unsteady flow data is available under the Edit menu bar option on the HEC-RAS 'main
window shown in Figure 4.7. First we have to enter boundary conditions at all of the
external boundaries of the system, as well as any desired internal locations, and set the initial

flow and storage area conditions at the beginning of the simulation.
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ﬂ Unsteady Flow Data - gama1.05
File Options ‘_Halp

[CHatndam Eanditiens]] Initial Conditions 1 . e -
Selact Location for Boundary Condition

=~

N :“.A\D.Dlj; Daia_]

River: | gamal.05

101 el Adda Bnunda;y Condition L;)calior-: |

Reach: | gamal.08

Stage Hydn;ogmpl;-

hd ! River Sta.:

Flow Hydrograph

B oundary Condition Tupes i

| Slage/Flcw\; Hydr. I

Hating Curve:

MNoirmal Depth

Lateral inflows Hpdr,

v Urifogrm Lateral irflovs

Groundveater Inteiflow

T.5. Gate, Openings

" Elev Cortoled Gates,

M avigatiorn Darns

18 StagesFlavs

Rulesz
River Reach RS Boundary Condition Type
1] gamal.05 gamal.05 101 = =
2] gamal.05 amal.05 1 Naimal Depth

Storage Area and SA Connections: ] - [ j.- Acid a Bou;rdm_v Condition L::cau'c;n l

| Storage Area or SA Connection
3

| Boundary Condition Type

Figure 4.7 Unsteady Flow Data Window
Boundary conditions are entered by first selecting the Boundary Conditions tab from

the Unsteady Flow Data editor. River, Reach and River Station locations of the external
bounds of the system automatically get entered into the table. Boundary conditions aré
entered By first selecting a cell in the table for a particular location, then selecting the
boundary condition type that is desired at the location.
There are séveral different types of boundary conditions available, which are listed below:

e Stage and Flow Hydrograph

e Stage Hydrograph

e Rating Curve

e Normal Depth

e Lateral Inflow Hydrograph

e Uniform Lateral Inflow Hydrograph

e Ground Water Inﬂowl
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¢ Time Series of Gate Openings

o Elevatidn Controlled Gates

e Navigation Dam

e Internal Observed Stage and Flow Hydrograph

Here we enter the flow hydrograph as shown in the Figure 4.8. If any other boundary .
condition is chosen then it can be given by pressing corresponding boundary condition tab.
Also we have to enter the downstream boundary condition. In this steady flow vs. normal

depth is given as the downstream boundary condition.

I

€ Aead from DSS before simulation ! S@'BGEDS.Sf[’BGnF’F!Eth li
Path: | o B e - - . - o
. Enter Tabla D ata time interval: ] 1 5 Mlnul:e T~ I
Select/Enter the D ata's Starting Time Reference - -
€& Use Simulation Time: Date: ]ZSIGI’IZUUB ! Time: iUD 00_ '

€ Fixed Start Time: D ate: ] it Time:

No. Ordinates | | Interpolate Missing Values 1 | Del Aow ]

Simulation Time
- thours} [Mm3-s)

1l 25Jan2008 2400 00:00 100. .
2 26JanzZ2008 0015 00:15 100.

3 26Jan2008 D030 : 00:30 100.

4 26J an2008 0045 D0D:45 100.

5 26Jan2008 0100 o1:00 100.

=] 26Jan2008 0115 o1:15 100.

7 26Jan2008 0130 01:30 100

Tlme Step Adn.lstrnent Options r**‘Critical boundary cond'tlons'l
! I Monitor this hudrograph for adjustments to computational time step

Max Change in Flows [wathout changing time step]

Bin Flows: l Multiplier: ] - T
F’Iot Data ) I 14— “ T a

Figure 4.8 Flow Hydrograph Window (for boundary condition)
Step 4:
In addition to the boundary conditions, the initial conditions of the system at the
beginning of the unsteady flow simulation should also be given. The next step is to enter the

initial condition, and the initial flow value is entered.(Figure 4.9)
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';!Unsleady Flow Data - gamal1.15

! Boundary Condiiors [inifal Condions] o _tpplyBala |
il Flow Distibution Method
€ Use a Restart Fils Fiename: | i i E?I

+ & Enter Initial flow distribution
¥ ] Localions of Flaw D ata Charges i i
. River [gamal.15 ] Add Multiple...
Reach: |gamal.15 | RiverSta: [101 v]' " AddA Flow Change Locafion |
[_IRiver [Reach |Bs | Irétial Flow |
1 1.15 101

Figure 4.9 Unsteady Flow Data Window (Initial Condition)
Step S:

Once all of the geometry and unsteady flow data have been entered, we can begin
performing the unsteady flow calculations. To run the simulation, we go to the HEC-RAS
main window and select Unsteady Flow Analysis from the Run menu.(Figure 4.10)

After defining the plan, locations of stage and flow hydrograph we select geometric data
pre-processor, the unsteady flow simulator, and an output post-processor. After pressing the

tab COMPUTE the calculation get started.
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ﬂ Unsteady Flow Analysis

! File oOptions Help

_ Plan: |Plan 51 ] ] . .. ' Shot(D JPlan51 .
. Geometry File : lgama1 .25 ] _*_’]
Unsteady Flow File : lggma1.25 ) e
r Programs to Run— Plan Description :
v | M. Geometry Preprocessor
' ¥ Unsteady Flow Simulation | E‘

- ¥ Post Piocessor
! T Water Quality Simulation

~ Simulation Time Window - o

. |, Starting Date: |Q5Ian1983 Starting Time: IUU:UU, Y

" Ending Date: Josian1g83 Ending Time:  J00:00 |

~ Computation Séttings - — = —= - -
Computation Interval: m. Hydrograph Output Interval: |15 Minute:_
. I~ Computation Level Dutput ) Detailed Dutput Interval: 15 Minute_w | |
DSS Output Flename: ~ [C:\Documents and S etiings\VANISMy Documentsiga - G5]|
I~ Mixed Flow Regime [see menu: "Options/Mixed Flow Options ..."Y)

B 7 Compute = - il

Figure 4.10 Unsteady Flow Analysis Window
Taking the above mentioned flood routing data we route the flood hydro graph, using

HEC-RAS. The inflow and the HEC-RAS model routed hydrograph are shown in Figure
4.11.

input
—=—hec-ras

Discharge(m.3/hr.)

80

Time(hr.)

Figure 4.11 Flood Routing using HEC-RAS model
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4.5 COMARISON OF HEC-RAS RESULT WITH BOTH OF THE METHODS

As we have got the results using State Space analysis as well as VPMD. Now we can
compare the results of these methods using HEC-RAS -results. The comparison curve is
shown below. On the observation of graph, we can see that the HEC-RAS results and
VPMD results are more or less same, as both curves are coinciding while in the case of S.S.
curve there is an early rise and the peak is under-estimated. But in the recession limb all the

results are coinciding very well.

1800 -

1600

1400
$ 1200
g input
<E. 1000 x hec-ras
g 800 —o—-med
S —e—K-M
S 600
2
o

400

200

0 T T T T 1
0 20 40 60 80
Time(hr.)

Figure 4.12 Comparison of both of the methods using HEC-RAS
4.6 EVALUATION CRITERIA

The following evaluation criteria were adopted for verifying the efficiency of the K-M

method as well as the VPMD method in simulating the corresponding benchmark solutions:
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:4 6. 1 Varlance Explalned Crlterlon

| The closeness with’ whlch both K-M method and VPMD method reproduces the -

- Vben.chmark solutlon mcludmg the closeness of shape and size of the hydrograph can be .
3 measured usmg the crlteno:n o‘f varlance exp_lamed advocated b‘y. Nash and Sutchffe A_(l970), -

: popularly knoWn' as NashQSutcliffe criterion. It is eXpressed in percentage as:”

(T otal variance — Re maining var zance)

(%)— : xlOO%
» - Total variance . '
(4.16)
where,
Total variance=—>» (Q. -0 .
o N;(Q"’ »Q-.‘”)
4.17)
Re maining var iance ; — Z (9., - QC, )
) l—-]
(418 -

| In whlch Q = the i ordmate of the dlscharge-hydrograph at the outlet Q = mean of the

' '-observed dlscharge—hydrograph at the outlet; Q = the i ordmate of the computed

S dlscharge hydrograph usxng the K-M and VPMD methods N = the total number of

dlscharge hydrograph ordmates to be 51mu1ated A -
4 6 2 Reproductlon of Routed Hydrograph Peak Crlterlon

o Relatlve error in peak of the routed dlscharge hydrogr aph 1s glven as:

(Q,,c_ Q,,o)

Qpe = %100

,.v‘_0~

B (4.19)': -
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~ where. QPC”= the cémputed peak of the diécharge—ﬁ&drdgfaph at the-oﬁtlef,.and» B

| ‘Q‘;o; the'_ observed peak of .-the d_i'sghgrgéhydrégrépih at .t_h'e ;)utlét. :

‘A=pos_,i_t_i\{e \-/Aalue. of Q_pe‘ ipgii_cateé o‘ver'est‘imatiqn o_f the peak frcém the obsery.ed '

{iélue, é'nd éﬁeggtive‘.:va:lu:e Qf Qpe iqci-icates thé underestima_tion. -
: A4’.‘6.3ﬁ Répraduction of '_I‘ime‘i;f _Pgak C;'iterion
. E:J:rrdr; in tiﬁ;e to pe;ak .-dischar’ge _(houl;'s) ié given as:

t,,_g,,,_,(h)=_f(Q,,c);—,r<Q,,o), |
o S (4.20)
. .Whereg t(Qpc) = timg corresﬁohdihg to computgd ﬁeak disbharge at thé.oi‘ltlet, and -
f(QI;;j = vtime qérrgépohding to observed béak stage at the outlet.
: 4.6-4?\;7._011-1me Er?o_r Criterjon _
The -r-ela.ti\‘/é' err_or‘ilnl the fl_ow'vol'umct is »exp'r»essed as
20,

EVOL(in%) ==L <100

N
2
=l
S @21y
. where Q, is the i® ordinate of the calculated discharge hydr:ogl'_aph;_,and I; is the.it.h_ordinate
) .of't‘h'e', inflow ',c'iis'ch‘arge, hydrogrépﬁ.. v
A negative value of EVOL indicates loss of mass;aii_d po‘siﬁve value of EVOL ihdicates gain

of mass. A.value close to zefo indicates méss'consefvation ability of the method. . °
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) . -4 7 CONCLUSION
| Th1s chapter descrlbes the strategy adopted in the evaluatlonllf the routmg capab111ty of '
the K- M method based on state-space formulation reproducmg the benchmark solutlons‘_
given by the HEC—RAS model. Steps 1nvolved in the computat1on of the hydrographs usmg
-the Kal1n1n M1l1yukov method based on state-space analysis and' the VPMD methods were |

' ;descrlbed. Besides -the steps mvolved in arriving at the routing solutlons usmg the HEC-_‘ .
o RAS mod-el Were presented along with typlcal routing results Further the criteria adopted -,

‘ for makmg comparatwe evaluat1ons of the results of the K-M method and the VPMD
method Wlth the correspondmg benchmark solutions glven by the HEC RAS model were

‘described.
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' CHAPTERS5
 RESULTS AND DISCUSSION

5. 1 GENERAL
Followmo the strategy descrrbed in Chapter 4 for the evaluatlon of the two
h fsrmpltfied hydraullc routing methods con51dered in tl’llS study, viz., the K- M method in

4‘ ”state-space formulatlon and the VPMD method a total of 120 test runs of channel routmg :

l ~were made for each-of these two methods. For each of the_se teSt runs, the correspondmg .

. :benchmark' so-lutions have been obtained using the HEC-RAS model. These results are
Apresented herem and they are analyzed to arrive at an approprlate conclusron Aabout the
~-.efﬁcacy of these two methods based. on their . abrlrty to reproduce the benchmark
solutlon& ' | |
52RESULTS oBTAINEo
| ) Table. 5".l' sho\ys -the 'detalls of five Sets of input_ dataﬁ .used m the study for-

' conductino 120. test runs.- Each set of input'data is’ characterized by 'varyino inflow

hydrograph characterlstlcs defmed by 1ts shape factor (y) t1me to peak (tp) initial flow

"m the channel (lo) and mﬂow hydrograph peak (Ip)
| It is seen from Table 5 1, the shape factor of mﬂow hydrograph varles from 1.05

to 1.5 and that of 1t’s peak ﬂow varles from 500 m. /sec to 2000 m. /sec Table 5 2 glves' . "

- 2 the test runs detalls w1th each test run made for each of the: mput data set consrdered in

-’-.__ Table 5.1 and for each '-mput -set there are 24 unrque. c0mbmatlons of channel -

conﬁguratrons each characterlzed by a set of Mannmg S roughness coefﬁc1ent (n)
'_.'channel bed slope (So) and bed WIdth (B) of umform rectangular channel Mannmg s

.roughness 'values vary from O:OI_to 0.06 and the cha_nnel-_bed slope yarl_es f_rom 0.0001 to. |
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10.001. Two different widths (50 m. and 100 m) of uniform rectangular channels wére
‘used. Thus, c':orrespondin,g.T to five sets of input data , a total of 120 runs were _formulated
’ each‘ for routing‘usingthe K-M method and the VPMlj '

Table 5.1: ,Pertinent Inflow Hydrograph Characteristics

o Shape Time to . ﬂlnitia_l- ‘ ,Peak_
Input se_,t factor peak _'»flow _- flow
tp ’ : Qo . Qp
1 1.05 1. 10 100 1600
2 --1.05 10 100 | 500 -
-3 115 | - 10 . 100. 1600
4 1.25 - | 10 .. 100 1600
5 1.5. - 10 . 100 . 2000

methods and for. obtaining;the‘ corresponding benchmark solution .using the HEC—RAS
model Table 5.3 presents the summary of results showmg the pertlnent charactenstlcs of
-the benchmark solutions such as magmtude of peak outﬂow and it’s time-to peak and the
ability to reproduce the ‘same by the K-M and the VPI\/ﬂ) methods Apart from. the
| reproduction of these _pertlnent characterrstics, the: a_bihty. of these two methods in.
: reproducing the overall shape ‘of the ben'chmark solutions are measured by the criteria of -
variance'expllained estimated by the Nash:S‘uthiff criterion and the volume error. These
detaiis are -als:ov Wshovvx-fn for;eac_h of these runs.estimatedi | |
| | Figure:VlSI.l_.to 5.6 show the, '\_z'_isua.l 'description. of some of | the typical_ test runs
presented in T;ab}le_ 53 In( jail these test runs , the 'giu:en inflow:. hydrograph_»Was routed
‘using the VPMD method t‘or a distance ’of 40. km Consideringl-the}'spatiai resolution of
Ax— 1 km., except m‘ some cases. correspondmg to test runs characterized by a small
N channel bed slope ora high Mannlng sfor the combmation of both. In such cases: either
;”the solution by the VPMD method could not be obtamed due to the failure of the method

A in routmg the 1nﬂow hydrooraph or the solution could be obtamed cons1der1n0 the entlre



© 40'km. reach as a 'single'ré_aéh. No such problem was encountered in ény of the teét_funs.
| _ Wh'ile' ro‘ut,ing_‘usi'n‘g the K—M fnethqd. Unless otherwise indic'ated;iﬁ;éTable 5.3, all the
-_ benéhmafk foutingso_lutiohs'were ob‘tained‘by the HEC-RAS fnodel. A routing interval

- Table 5.2: Test Run details

-] Channel type | NMianning'sn-- Bed slope, §¢ | Bed Width - - | Input set
' 1* 001 .~ |- . 0.0001 - - B0 1
2* S 0.01 - 0.0002 - .50 1
3* - 0.01 ; 0.0004 - 50 1
4* : 0.01 - - '0.0005 50 1.
5* . 0.0 .0.0008 - 50 1
6" . - 0.01 : © 0.001 . 50 1
TR o 0.02 0.0001 : 50 1
. 8* , 0.02 0.0002 i 50 1
o 0.02" 0.0004 : . B0 A1
10* L 0.02 . - 0.0005 - - 50 1
1 - - | 0.02 . : 0.0008 50 1
12* . -0.02 . 0.001 50 1
13* - ] 0.04 - 0.0001 = - 50 . 1
14* - - 0.04 . 0.0002 : ' 50 1
.. 15* - . 0.04 : 0.0004 , B0 1
- 16* -0.04 . 0.0005 - | . 50 1
A7 0.04 . 0.0008 - - ‘ 50 1
18* - A 0.04 0.001 o 50 1
J19* - 0.06 :. - _ 0.0001 | 50 1
20 - .. 0.06 o ~ 0.0002 S 50 1.
21 0 ol 0.06 : : 0.0004 , 50 . 1
22 . .- -0.08 o 0.0005 50 1.
o230 -~ 0.06. 0.0008 T 50 . 1
.24 - ) 0.06 - - .0.000 . g . 50 1
25> . oo 0.01 . 0.0001 . N : 100 -. 2
26™. . 0.01 . 0.0002 .. 100. 2
27 - 0.01 ’ 0.0004 ~ 100 2
28* -0 0.0 . 0.0005 - 100 -2
29* - ' 0.01 0.0008 : 100 - 2
Te30* . -0.01 |- ~-0.001 o -.100 . - "2
L3 . - 0.02 p.0001 - | - 100 -2
<32 - 0.02- : 0.0002 : - 100 . 2 .
T 33 -1 002 . | . . 00004 7100 2
34 0 .| 0 0.02 ~-0.0005 -- {1 7100 2
35*. - . 0.02 ~| . -0.0008 R - 100 .2
B - - 002 - - -0.001. . . <100 -, -2
-37* -, 0.04- - . 00001 - 100 - - 2.
38 . ] 0.04 - 1 g.oo02: - - -100. .. . -2
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Channel type

Input set -

.Manning's n Bed slope, S Bed Width
39* . © 0.04 - 0.0004 . -100 2
40* ' 0.04 - 0.0005 100 - 2.
41* - 0.04 - 10.0008 100 .- 2
. 42* 0.04 ~ 0.001 100 2
43* -0.06 0.0001 100 2
44> 0.06 0.0002 100 2
45* 0.06 0.0004 100 2.
- 46* 0.06 - 0.0005 100 - . 2
47> 0.06 - 0.0008 100 "~ 2.
48* 0.06 0.001 100 - 2
49** - 0.01 - 0.0001 . 50 -3
50 0.01 .0.0002 . 50 3
51 0.01 - 0.0004 50 3
52 0.01 0.0005 50 © 3
53 . 0.01 © 0.0008 50 3
54 - 0.01- 0.001 50 -3
55 - 0.02 - 0.0001- 50 - -3
56 0.02. 0.0002 50 3
57 0.02 0.0004 50. "3
58 0.02 0.0005 50 - 3
59 0.02 0.0008 - 50 3
60 0.02 0.001"- 50 3
61 0.04 . 0.0001 50 . 3
62 0.04 .0.0002 50 .3
63 0.04 0.0004 50 3.
64 0.04 0.0005 50 3
.65 -0.04 0.0008 50 3
66 - 0.04 - 0.001 . 50 .3
87 0.06 - 0.0001 50 3
68 0.06 0.0002 50 3
69 0.06 - 0.0004 50 - 3
70 ~0.06 '0.0005° . 50 "3
71 0.06 0.0008 50 3 -
72 0.06 0.001 50 3
T3 0.01. . 0.0001 . 50-- 4
74 0.01 - 0.0002 50 4
75 0.01- - 0.0004 50 "4
76 0.01" - 0.0005 50 4
S 77 - 0.01 0:0008 50 4
- 78 S 0.01 " 0.001 . 50 . 4
© 79 - 0.02 . -0.0001- 50 - -4 -
80 0.02. -, . .0.0002 50 4.
81 0.02 - "~ -0.0004 50 4
- 82 0.02 . - - 0.0005 50 S
- 83 -0.02 -0.0008. 50: 4
84 4

0.001

50

0.02
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. Channel type Manning's n . ‘Bed slope, S, . Bed Width Input se
85 0.04. - 0.0001 : 50 4 -
86 ‘ - .0.04 - - | - 0.0002 | 50 4

- 87 ' 0.04 ) 0.0004 : 50 4
88 - ... 0.04 , 0.0005 : 50 4
89 - 0,04 ~0.0008 1) 4
90 .. - 0.04 . 0.001 50 4
91 . . 0.08" : 0.0001 50 4
92 . [ . 0.06 . 0.0002- : 50 - 4
93 - | . 0.06 - " 0.0004 . 50 4

. 94 - 0.06 . 0.0005 - 50 .- -4
95 - 0.06 - - 0.0008 - - 50 4
. 96 _ 0.06 - . 0.0071 : 50 4

g7~ 0.01-- : 0.6001 _ - 100 5
98 . . | 0.01 0.0002 . 100 5
99 . |-~ 001 "0.0004 ~ - 100 5
100 ' - 0.01 - ' ‘0.0005 - . 100 5
101 . ~. 0.01 ' 0.0008 - 100 -5

-102 . 0.01 - 0.001" o 100 5
103 - .0.02 0.0001 - 100 5

--104 | 0.02 0.0002 100 5
- 105 : - 0.02 : 0.0004 ~ 100 - 5

106 .- 0.02 e 0.0005 S .100 5

107 . .0.02¢ 0.0008 . 100 5
~.108 - -+ - 0.02 0:001 . 100 5

108 .. | - 0.04 - 0.0001 - 100 5

110 . . - 0.04 0.0002 . _ 100 5
111 - .- 0.04 .~ 0.0004 - | - 100 .5
12 - . 0.04 1 - - 0.0005 : 100 5
M3 - 4. 004 - 0.0008 - , 100 .5

114 . ' 004 .- ' 0.001 - 100 5
115 - v . 006 |- . 0.0001 100 5
116 - - c © 0.06 , 0.0002 - | 100 5

- 117 {7 0.06 . - . 0.0004 - - 100 5

118 .. 006 - . 0.0005 - 100 5
119 - - - 0.08- - .~ .0.0008 = - 100 5

120 . .- 0.06° , - 0.001 ‘ 100 - 5

" % > . Explicit solutions -
©#* > MIKE-11 solutions |
Qf._‘ , At=¥90t)'. sec. yvé;s uSed'ih obtaining the routing solutions of the K-M method and .

-+ VPMD rhethods.
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53 DISCUssroN OF. RESULTs
It is seen from Table 5. 3 that in general the VPMD method is- able to reproduce the
benchmark solutions more closely than the K-M method except for those cases for which
the_VPMl_). solutions_ could not be obtained. Failure of the VPMD .method to route the
giuen in_ﬂow hydrograph in. a_giVen 'ch_ann‘el reach may be attributed.to the inapplicability
!_ : o‘f.the' method due to the 4magnitude of (.1lSo) 6y/8x,2 0.43 (Perumal' and - Sahoo, ‘2(l(_)7),
‘» ,wher'e_ oy/ox is the longitudinal ‘gradient' of the water s'u‘rface estimated at the inlet of the
routing 're-ach.'_-. Such cases mostly pertain to routing of inflow hydrographs: 1n channels
characterized by ‘very small slope -So'=-0..0(1)01 and .Manning’s n ranging from 0.02 to 0.06,
and in few cases with So'=,r O_l.t)_OOZ and with n = 0.06 .The combination'of such Small bed
slopes and h1gh rdughn_ess values inyariably result in-_ higher (1/ So)ay'/'ax; yalues
exceeding the applicability limit of | the VPMD method (Perumal : and Sahoo, 2007).
Hoyi/ever, -for s_uch Cas_es the K—M methodlalso performs poorly» as_seen_ from Table 5.3.
As -far as the measure of uolume conservation‘ is concemed, theVVI‘{-M -method '.scores
) better than the VPMD method'for almost 'all the ruris with-nearly zero volumeierror. Such
a result is expected when‘ using the K-M _method as'the parameters remain constant in the
- entire routing' However'the VPMD estimates less than il% -Volume ’error nearly'for all -'
the runs except m the cases of routmg in very small slopes channels w1th moderate
: roughness values (rangmg from 0.04 to O 06). Out of all the successful TUns of the. VPMD
. method only in four cases the volume error exceeded > 1% and among these only in one
case the volumei error estimated was' > ‘2% (1 e 2. 13%) | Therefore for‘ all practlcal
purposeshlt may be 'concluded that the VPI\/[D method also conserves mass fully Unlike .-

in the K M. method wherem the parameters remain constant the parameters of the

g1



) ’VPlVLD» m_ethod “varies 'at_.r'e\_/ery 'routing"’timel level and evenf then the \}olnmen-__error,“ »
‘estimated for all the runs"may be considered as nearly zero: This feathre of ‘th'e VPMD ; -
: .7 .'vmethod Suggests that the-VPNﬂ) method is capable of reproducing the- Saint—‘Venant-’s
solutiOns clos’ely. _ | .
. _ ‘. As far as the rep_roduction of the peak of the benchmark solutions are c‘oncerned,_ ‘
_ .the VPMD meth‘od demonstrates it’s better ability torre‘produce these peaksclosely from‘
_ .the‘consideration of it’s magnitude"and it’s timing better than' that-of the K-M method. It_.
bdes"irable that the '.ba_sic model used for- ﬂood ‘_fore_casting should be able to reproduce this
.‘feature 1n off-line mode :as_ close as possible'to that of thre benchmark model. It is
expected that the model which possesses this characterlstic may be consldered as more
suitable to be employed 1n ‘a flood forecastmg model for achlevmg accurate forecast
Table 53 amply demonstrates the better performance of the VPMD model over that of
"».the K-M method in thlS regard Flgures 5.1t05.6 show the graphlcal results of some of :
the typlcal test runs demonstratlng the capability of the VPMD method over that of the .
- K—M method in reproducmg the benchmark solutions- closely from the cons1derat10n of’ .
overa'll reproductlon of‘ the . benchmark solutlons an'd its peak. I-t is 1nferred from the‘ :
- results glven in Table 5. 3 and shown in- F1gure 5. 1 to 5.6 that the K-M method always. |
underestlmates the peak ﬂow of the benchmark model One of the plaus1ble reasonsfor -
the.overestl_matton of theattenuatlo_n may_pbe due to ea_rly rise of therout;f_low hydrographi
. _ Vestimated,b-ythez.-_K-M method'owin_g to.-the li__se of conSt_ant pararnete‘r'ivalne‘s forthe entire
A routmg process The _cons'tant.parameters of the l(fl\/l“m‘etho’dtimply the use of average.
-:'.reference | jdisChar'gev_""for their estimation.  Therefore, when the ;rﬁagrlimde' inflow

f_hydtogr’aph ordinates less than. that corresponding - to average reference -discharge are

.82



v routed, they arrive:-'at.the outlet pbint earlier than' anticipated.‘.'Tol'preserve~ the volume

conservat1on of the K- M method SO]UtIOIl the estlmated peak value of . the outﬂow
- hydrograph needs to be smaller than that of the peak of the benchmark solut1on |

o ~In some of. the test runs (Test run’ nos 1 48 49 73, 97) the benchmark solutlons
could not be obtalned usmg the HEC-RAS model due to numerlcal problems encountered

" in the so‘lutlons. One such a‘case is shown 1n.F1gure 5.6'._ In such cases elther the exphc& :

- method or the MIKE-11 model was used to arrive at the error free solutions. -
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435.8874

438.7498

Channel { Explicit solutions K-M Method VPMD- K-M Method - VPMD K-M Methiod " .VPMD

type - . : : . : QpVariance : - |[EvoL
e Qe (m.3/sec.) |t(h) | Qx(m.%sec.) |t.(h) |Q, (m.3isec.)  [t(h) Qe (%) to(h)  |Qe (%) [ta(h) explained EVOL (%)  |QpVariance explained |(%) -
25 | 393064 | 13 | 3848867 | 13 | 3753746 |1425| -3.3103 | 0 | 57 | ‘125 83.6147. -1.06E-06 980122 | 0.3629
26 | 4550071 |1275| 4019445 | 14 | 4542383 | 135 | -11662 | 1.25 |-0.169| 075 o7.9786 | -1.77E:06 98.5339 05424
27 | 4879199 |1225| 445265 |1275| 4883743 |1275| -8.7422 | 0.5 [0.0931] 05 95.3847 3.53E-07 98.7289 05323
28 | 4928193 | 12 | 4493113 [1325| 4920839 | 125 | -8.6284 | 1.25 0.0334] 05 96.109 6.06E-07 _96.8189 0.4342
29 | 4976334 |11.75| 4565301 | 12 | 4976235 - |12.25| -82579 | 0.25 |-0002| . 05 .| - 92.868 2.12E-06 98.894 04422
30 | 498.808 ‘| 115| 4462038 |1225| 4987444 | 12 | 10546 | 075 |-0.013| 05 07.5115 | . 7.07E-07 98.9024 04118
31 | 3223891 |1475| 331981 | 14 | 3753746 |14.25| 29753 | 075 |16435| 0.5 70.4868 9.76E-04 78.2316 0.3629
32 | 386.8347 |145| 3706162 |1475| 374219 | 155'| -4.1926 | 0.25 |-3261| 1 91.1446 -3.53E-07 98.1574 0.4623
33 | 4528677 |13.75| 4064399 |14.25| 4540324 |1425| 10252 | 05 [02572| 05 94.5324 3.53E-07 98.3153 0.6754
34 ' | 4681943 |13.25 4217037 |14.25| 460.0604 |1375| -0.9208 | 1 [0.1869| 05 . |  96.0849 141E06. | ' 982014 06919
35 | 4877389 [12.75| 431.0862 | 135 | 487.0469 | 13 | -11615 | 0.75 [0.0426 -0.25 046802 | 353E-07 | . 99.1388 0.664
36 | 4924197 |125| 4265051 |1375| 4923771 | 13 | 13382 | 1.25 |-0009| 05 96.1134 -1.41E-08 985223 0.6324
37 | 2632019 |16.75| 286.5159 | 14.5 | 1984877 | 185 | 13417 | -2.25 |-21.64| 175 36.3045 -0.0603 853073 |-1.2081
38 | 3028038 1675 2956741 | 165 | 277.7507 | 18.25| -2.3836 | -0.25 |-8.301| 1.5 - | . 829445 0.0026 975818 01117
"39 | 3797302 | 16 | 3538201 |1675| 3760649 | 165 | -6.6233 | 075 | 0965 05 | - 045502 | -3.02E06 || 985134 0.5832
40 | 4058267 | 155 3659545 |16.25| . 4051302 [16.25| 98249 | 075 |-0.172| 075 94.4105 | -6.04E-07 98.0673 | 0.7244
41 | 4503537 |14.75| 399.3686 |15.75| 454.5000 |1525| 41713 | 1 |04747| 05 96.2724 -9.06E-07 97.8293 0.8684
42 | 468544 |14.25| 4057649 |1525| 4637971 [1475) 13309 | 1 |1.013] - 05 95.7589. | -1.51E-06 98.0272 08262
43 | 2209582 | 18 | 2520027 | 16 | 3154274 | 19 | 1405 | -2 l4261d] * 1 71.3618 01397 - 749468 0.4481
44 | 2577348 | 185| 2618309 |1775| 2262119 | 21 | 15928 | -0.75 |-1262] 25 75.3144 -0.0445 93.3332" 0.132
45 | 3267196 |17.75| 307.6998 [18.25| 3151274 | 19 | -5.8214 | 0.5 |-3548| 1.5 90.0768 | -3.36E-04 97.8308 0.4481
46 | 363.9019 |17.25| 3310000 |1825| 3482033 |1825| -6.4145 | 1 |-1.585| 1 94.0601 -1.34E-05 97.9919 0.604
47 | 4117773 |1625| ‘3641478 |17.25| 4135505 | 17 | -11.567 | 1 |0.4306] 0.75 95.1441 | -3.53E-07 97.9098 0753
48 15.75| 379.2578 | 17 |16.25| 12002 | 1.25 |oese7| 96.4513 | -1.51E-06 97.5698 0.9691
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Channel| HEC-RAS solutions K-M Method VPMD K-M Method VPMD K-M Method VPMD'

P | o, (malsec)| tih) | GymYsec) | tih) | Qp(m3sec) | G | Qe (%) | & | Qr (%) ]| th) | QeVariance explained | EVOL (%) | QsVatiance explained [EVOL (%)
73 | 147785 | 1125 | 13878 | 12.25| 14469674 | 115 | 60933 | 1 | 200 | 025 | . 987867 © - |-662E-04| 985020 0.2245
74| 1545.04 | . 12 15267 |13.25| 15954213 | 12,5 | -1.187 | 1.25 | 3.2608 | 0.5 98.0521  |-68OEM4| 997443 0.1791-
75 | 157945 | 11.75 | 15185 12 | 1590.0872 | 11.75| -38589 | 0.25 | 06735 | O 99.3347 -6.62E-04 99.7984 0.2245
76| 158471 | 1125 | 15267 12 | 16556925 | 12 | -36606 | 0.75 | -1.831 | 0.75 99.5297 102843 | . - 99.8035 0218
77 156899 | 11 15274 |[11.75| 1598.6495 | 115 | -3.9499 | 0.76 | 0.5503 | 05 99.4287 9.46E-05 | 99.8065 0.195.
78 | 150889 |. 11 15459 | 125 | .1598.9734 |11.25| -3.3142 | 15 | 00052 | 0.5 94.1723 -5.68E-04 " 99.8408 0.1828
79 | 136081 | 1275 | 12152 | 145 | 12494503 | 13 | 107 | 1.75 | -8.183 | 0.25 97.0193 -0.0023 1984397 - | 1.2096
80 | 145092 | 1275 | 13835 14 | 14289918 | 13 | -46467 | 1.25 | -1.511 | 0.25 98.5431 6.62E-04 995143 -0.0413
81 15364 | 1225 | 14614 | 135 | 15514775 | 125 | -48815 | 1.25 | 09814 | 025 98.8098 -9.46E-05 99.7414 0.2448
82 1553.94 12 1477.6 | 13.25 | 15694318 |1225| -4.9127 | 1.25 | 0.9969 | 0.25 98.8669 -3.79E-04| - 99.7651 - 0.275
83 15758 | 11.75 | . 15044 " [1275| 15887791 | 12| -4631 | 1 | 08237 | 025 99.024 _ -3.79E-04 9979 . | 0.2834
84 | 158093 | 115 1512.1 125 | 15931497 |1175| -43538 | 1 |0.7729 | 0.25 99.1024 - | 9.46E-05 1997956 ' | 0.2736
85 | 121467 | 1375 | 1004 16 _|-075| 17344 | 225 | -100 | 145 92.8265 0.1148 R .
86 | 129916 | 14 11842 | 16 | 12049352 | 14 | -8.8488 | 2 |-7253 | O 96.7704 -0.0032 ‘986911 | 0126
87 | 142238 | 135 | "13255. 1525 14102649 | 14| -68111 | 175 | -0.852 | 05 97.9246° -9.64E-14 99.5075 0.002
88 | 146149 | 13.5 1367.4 15 | - 1469.285 |1375| 6438 | 15 | 05334 | 0.5 98.1178 -3.79E-04| 99,6216 - 0.1503
89 | 152677 | 13 14306 | 14.25| 1546.7968 |13.25| -6.2989 | 1.25 | 1.3117 | 0.25 98.2947 -5.68E-04 99.7252 | 0.3273
9 | 154679 | 1275 | 14471 14, | 15663173 |12.75| -6445 | 1.25 | 1.2624 | * 0 98.3166 - -1.89E-04 1 99.7464 | 0.3586
91 1118.99 | 14.5 2884.8 17 . 0.75| 1578 | 25 | -100 | -16.25 94.2537 -5.63E-04 | - _ ,

92 | 11927 | 1475 10465 | 16.75 0.75| 12258 | 2| 100 .| -155 95.5233 -0.0569 _. ,
93 | 131749 | 145 12058 | 16.75| 1247.4371 | 15.25| -8.4566 | 2.25 | -5.296 | 0.75 96.9818 -9.46E-04 98.9305 -0.2877
94 | 136466 | 1425 | 12767  [16.5| 13350833 | 15 | 64456 | 2 | 2167 | 075 _97.565 -6.62E-04 99.3265 -0.1287
95 | 146041 | 14 13702 | 155 | 1476.5696 | 14.25| -6.477 | 15 | 1.1065 | 0.25 97.8852 -1.89E-04 99.6279 0.2309
9% | 149662 | 13.75 15.25 |~ 1519.0813 | 14 | -6.7098 | 1.5 | 1.5008 | 0.25 97.8669 -1.89E-04 99.6796

1386.2

0.3322°
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Figure 5.2 Routing Results of Test Run No. 55
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5.4 CONCLUSION

It may be inferred from the above discussion that in fgeneral the Variable

o ‘Parameter Muskingum DiScharge routing rhethod is able to.reproduce the benehmark :

: solutrons closely, ' from the perspectwe of overall reproductron and the peak dlscharge : .

: reproduct1on better than that of the K M routing method developed based on the state- -
space analysrs approach It is surmised that thrs mference may also holds good when»
' these models are used in real—tlme operatlon mode when applled for practlcal ﬂood

forecastmg problems
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CHAPTER 6 .

CONCLUSIONS '» |

- '6 1 GENERAL

The study was taken up on the premlse that in any real-tlme ﬂood forecastmc .

S model it is desuable to employ a phys1cally based bas10 model to descrlbe the physwal,-;"
h _behavlor of the system from the remammg part Wthh describe the structure of thev_ )
| 're51duals and the parameter of the “phy51cal” part of the mo‘del should be estlmated

f_'mdependently of those of the- residual ,component 1n_order to redu_ce the dommatlon of the
| _.-re_sidual component model.oyer the basic model. While this"fc‘oncept.isf':dlff'lcult to
’ introduce_' in a flood forecast'ing model -dealing with ralnfall:—runoff transformation '
_process; it is amenable-for.“ incorporati__ng in hydrornetric data 'based'lfloo_d,_ forecasting :
models 'mainlydealing with ﬂood'routlng process only " |

o Accordlngly the empha51s of the study was on the use of such a physwally based

routmg model viz. the VPMD method (Perumal 1994a) as a replacement of the. well '7 =

.' _ known lmear theory based routmg model viz., the Kalm1n-M111yukov method in state-

| :'space formulatlon as. advocated by Szollosr-Nagy (1976 and 1982) lt is" con31dered '»._‘ |

, loglcal that among these two methods ‘the one whlch 1s capable of closely reproducmo S

o the past observed ﬂood hydrograph at the pomt of forecast 1nterest routmg the :

_- correspondmg recorded 1nﬂow hydrograph in off llne mode may be con31dered as the -

"best model to be employed in a forecastmg model on thlS cons1deratlon a strategy Was' o

o formulated for evaluatmg the performance of the two methods by routlng hypothetlcal . L

B lnﬂow hydrographs in hypothetlcal unlform rectangular channel reaches for a routmg:,r"“f_’i o

w reach length of 40 km and the solutlons obtamed by these routmg methods werei? o

L e



compared withthe_'corresponding 'sOIUtions of a benchmark model to evaluate their ability . -

to closely reproduce these benchmark solutions.

6.2 CONCLUSIONS

Accordingly a total of 120 hypothetical test runs Wer_e made in simulating the HEC-RAS

"m‘odel _routed- solutions (benchmark -solut_ions) by 'th'eise two' routing methods.-Based on

. thesé simulations results, the following_'co_nclusions may be arrived at:

1.

The Variable Parameter'_M'u_skingum .Discharge. routing method isf\able to.

reproduce '.the ben'chmark solutions more - closely ‘than the Kalini‘-Miliyukov

"method based on state—space analys1s approach in all aspects of reproductlon such

as variance explained peak discharge reproduction and time to peak discharge
reproduction and

Whlle the VPMD failed m some cases of routmg due to the mapplicability ofthe

o 'method_m‘small slope ch‘annel reaches or in channel reaches’ wrth hi gh Mannmg s

- roughness' or in channel with vc'ombination of these characteristics ’the K-M -
: ,method dld not fail though it resulted in poor reproduction of the benchmark
- solutions This 1mplles that the use of srmpliﬁed flood routmg models under such

: channel conditions‘may'be mappropriate to -u_se,} and one needs to use an.1mproved

routing models mstead

o ‘6 3 RECOMMENDATION FOR FURTHER STUDY o

It needs to be tested whether one may arrive at the same. conclus1on when these two

- methods are used in onlme mode Le. when they are applied for real time forecastm0

' purpose Further study may be taken up to test this aspect
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