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_ The'term 'modelling of hydrologic system’ is usually indicaied to mean the applicatioo

of mathematical and logical expresszons which deﬁne the quanntatzve relanonshtps :

between the ﬂow charactertsucs and flow formmg factors

Models can be classified in different ways. Conceptual models are very efficient
computationally and pose very small computational requirements in terms of computer
CPU ttme and memory. ‘Many conceptual models can be easdy run on a personal. ‘
computer., In spite of some lzmttatzons these models are incresengly used in hydrology :

Jor various purposes.

Monthly rainfall—runoﬁ‘ models (or water balance models) are useful lto‘ols_ in the
hands of engineers in chargé of water resources projects. Such models are helpful in
computing forecasts and in generation arbitrarily lonig runoff series. The latter can be

used to estimate return periods of relativeljz rare hydrological events such-as droughts.

In this report, prepared by Sh. R Mehrotra, Scientist of the Institute, structures
of some of the currently available rainfall-runoff niodels are discussed and tested on

some of the catchments.
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 ABSTRACT

The present repdrt summarizes about hydrologic n.ftode.!s,‘ their clessiﬁcateons and stages involved in -
hydrologirc modelling, cévering eohceptual modelling in detail. Structuree of some of the most
commonly used hydrologtc conceptual models of monthly time scale are discussed and tested on some-
of the catchments of Central and Western Indr,a lying in arid, sem;—arld humid and sub-humid agro-
climatic zones. Study indicates L‘har a water balance type model can reproduce catchment behawour
in a better manner as compared 1o d statistical model ALso 2-5 parameters in a model are sufﬁrtent
o represent the ramfall—run off relatron.shlp of a catchment on a monihly scale. Efficiency of a-model
is found darectly proportional to the runoff factor of the catchment. Repart also discusses development '

" and performance of a regional conceptual model developed for Ehese regwns




Chapter T _ — _ ~INTRODUCTION

1. 1 Hydrologlc model]mg

The hydrologlc behavior of catchmcnt is a very complu,ated phenomenon Whlch is controlled by
- an unknown large number of climatic and physiographic factors that vary with both time and
‘space, The basic problem in hydrology is the establishme’nf of relationships between rainfall and
'l;tmoff. The application of systemr concept ha.ls led to sﬁdies in hydrology using deterministic,
probabilistic and stochastic appfoaches to deal with problems of hydr'ological analysis, simulation -
and synthesis, A hydrologic mo&el is a simplified déscn'ption of the hydrologic cycle. During the
last three decades,r advancements in computeré ond analysis techniques have led" to significant
developments and apolication of mathematical and conceptual modols in hydrology.

Hydrologic models are required not only for deoiding about water.yields'or design parameters, -
but also for understandlng and evaluating effects of developmental and other activities on hydrological
regime of river basms For comprehensive planning of water resources pl‘O]CCtS besides data in respect '
of vanous uses, adequate hydrological information is necessary. ‘The use of modellmg approach can
provide such information and could also mcorporate scenarios of proposed/ l1ke]y land use changes

‘in the nvcr basin for use in planning/ operation of water resources projects.

: Hydrologlcal models can be classified in different ways. Broadly many of the models presented
in the literature can be divided into deterministic and stochastic categories. A deterministic model is”
one in which the pro(:essos'arc modelled based on definite physical laws and no unoertainties‘ in

prediction are admitted. It has no component with stochastic behavior i.e. the variables are free from




random variation and have no distribution in probabilitjz. Deterministic models can be further classified

according to whether the 'model gives a spatially lumped or distributed de&:ription of the catchment
area, and whether the descnptxon of the hydrologlcal processes is empmcal conceptual or fully
physmally based. ' '

Another class1f1cat10n of stream flow models is : (i) Event based stream flow 51mulat10n
models and (ii) Continuous stream flow simulation Models (CSS). The event based stream flow
simulation models are applied to simulate the flood events. On the other hand continuous stream flow
simulation (CSS) models .are capable of providing the continuous output of stream flow generally at
daily interval. An extensive hsung of types of the CSS models and event based models is given by
V. P Singh ( 1989) Smce the development of the famous Stanford Watershed Model (SWM—IV)
(Crawford and I msley, 1966), numerous CSS models have been developed for particular purposes;
many of them are vanants of the SWM. '

" The familiar classification of models is to olass1fy them in three categones a} Black box

| models, b) Lumped rnodels and c) Physmally based models, | -

The physically based models are based on our understandmg of the physms of the hydrological
processes which control the catchment response and use physmally based equations to describe these
processes. Also these models are spaually distributed since the eyuations from which they are formed
generally mvolve one Cr more space coordmates Such models requlre much of computational time
“and also require advance computers as well as'a broad data base, As a result of this, the use of these
models for real-time forecasting has not reached the . production stage’ so. far, pamcularly for data
availability situations prevalent in developmg countries like India.

The conceptual - model approach to rainfall-runoff modell_i'ng lies intermediate between
phy.sically based models and black box models. Generally, the term. “conceptual” is used to describe
rnodlels which rely on a simple arrallgement of a relatively small number of interlinked conceptual
elements, each representing a segment of the land phase of the hydrologlcal cycle. Besides
s;mpllﬁcauons in the representation of hydrologic processes, temporal as well as spatial lumping of
these processes is Io_f't_en‘eons1dered in the analysis for sake of simplicity andfor because of limited data
.a\}ailabilit_y_. In spaltia] lumping, catchment is regarded as one unit. The lnpots, variables and parameters '
represent average veloes for the whole catchment. In temporal lumping, various hydrological processes
may be lumped in different time frame such as a minute, hour, month, season or a year, depending
upon the requirement or avallablllty of data '

_ Fleld of applicability of dlfferent deterministic simulation model Empmcal {black box) models
are m.amly of interest as single -event models or as.sub components of more complicated models.
'.Lumpedl, conceptual models are 'especially, well suited to simulation of the rainfall-_runoff process when

hydrological time seres sufficiently long for a model calibradon exist. Thus t)lpical fields of
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- application are : Extension of short term records based on long rainfall records. Real time rainfall

-runoff simulation i.e flood forecasting.
Other fields of pdssible applicatien, to which the lumped conceptual models are not especially
weli suited, but where they can be used if no better model or method is avallable are : prediction of

runoﬂ’ from ungauged catchment general water balance studtes avatlablltty of groundwater resources, '

_ 1rnganon needs and, analyses of variation in water availability due to climatic variability, etc.

It is not surprising that most of the existing catchment models currently in use are lumped

‘parameters models because of limited data requirements, less CPU time and memory in terms of

co*nputer and simplified description of various processes.

1.2 Literature review .

 Hydrologic simulations models' of catchment based on physical and mathematical concepts have heen
developed smce the beglnmng of the 1960's. Accordtng to Dooge (1957, .1973), during the 1ast part

of the 16th century and earlier part of th 20th, most engmeexs used either ernpmcal formulas, derived

for particular cases and applied to-other cases under the assumptlon that conditions were similar

'.enough or the "rational method” WhJCh may be seen as the first attempt to approach rationally .the

problem of predicting runoff from rainfall. Dunng the 19205 when the need for a correspondmg
formula for larger catchment was percexved,_ many mOdlflcaLIOIlS“WE.I'e introduced in the rational
metho‘d in order to cope vvith the non-uniform distribution, in'space and time, of rainfall and catchment
charactensncs The modtﬁed rational method, based on the concept of isochrones, or lines of equal
travel Ume can be regarded as the first rainfall-ranoff model based on a transfer function, whose shape
and parameters were derived- by means of topographic maps and the use of Mannmg formula to
evaluate the different travel times. ‘

Later on, Sherman (1932) introduced the concept of unit hydrograph- on the basis of -

'superposmon principle. The unit hydrograph principle so evolved, accelerated the interest of

. hydro]ogiats who were now able to estimate not only the peak discharge but also approximate shape

. of the-hydrog'raph. Nash (1959) expressed. the unit 'hydrograph in terms of parameters, to be estimated

from catchment characteristics or by means of statistical procedures. Based upon these lines a number
of solutions were proposed : a cascade of linear reservoirs, linear channels, linear channels and

reservoirs, nonlinear reservoirs etc. Although many rainfall-runoff conceptual models have been set

“in a real time forecastmg mode there is not yet a clear understanding on the advantages (or

' ,dlsadvantages) of recaltbratmg in real time all model parameters:

Problems related to the use of conceptual and physically based ‘equations have been pomted

out by Klemes (1988) and Beven (1989), respecttvely. Conceptual models have been discussed at




~length by Cirani et al. (1 977) and Blaclgic &‘Eelés (1985). Ibbitt & O'Donnel ( 1971) have given a

comprehensive discussion on the various aspects of the calibration of conceptual models. Franchini

- & Pacciani (1991) pointed out that automatic calibration, rather than capitalizing on prior knowledge

" intrinsic to the model, avoids prior knowledge and thus emphasizes the uncertainty inherent in every

statistical analysis. .

One of the major area of concem in rainfall-runoff modelling is determination of number of
parameters of fhc model, sufficient to simulate streamflows similar to observed one, Many researchers
have worked on this aspect in the past (Moore and Mein 1975, Weeks and Hebbert 1980; Loague and
Freeze 1985; Hooper et al. '1988; Beven 1989 and Jackman and Homberger 1993). It is uncommon
to find any systematic application and comparison of models on the same cﬁtchment. The Werld
Meterological Organisation (1975) has conducted a study in_which-the .berforxﬁaﬁce of 10 rainfall-
runoff r’nodels‘ was compared. But in that study first, catchments were relatively large énd second, only-
two models were applied to all the catchments, Chiew at el. (1993) compared six different modelling
approaches for simulqtion of streamflows. They concluded: that simplgf methods may provide adequate

estimates of monthly and annual yields in wetter catchments. Howeveg, in these studies emphasis has

‘not been laid on the performance of models. with respect to aridity or humidity of a catchment,

_Mimikou et al. (1992) énd,Hughes (1995) have applied some models to different arid and semi arid

regions for prediction of streamflows. -
In this report, complexity in rainfall-ranoff model is analysed with respect to efficiency of a
model and aridjty' of the catchment. Some simple, model structures, operating on monthly time step

ha‘ve"been applied on 1.'_2 catchments lyinﬁ in arid, semi-arid ,sub-humid and humid regions of Central

India and the results compared. Also, development and performance of a regional conceptual ‘model-

is discussed for arid and semi arid and, humid and sub-humid regions.




Chapter 2 — — STUDY AREA

2.1 Study area . _
In the present teport, ‘twelve catchments lying in Wcstem and Central India have been considered
for study. India i is dlvrded into' 6 main agro-cllmat.lc zones, based on clrmatologrcal characteristics
(K. N. Rao et al 1972). Details .of catchments consrdered for the present study, along wrth their .
agro—chmate zones are presented in Table 1 whereas their locatron is marked m Flgure 1, Out of
Atwelve catchments six lie in arid zone, three in semi-arid zone and one each in’ dry .sub hurmd
moist sub humid and hunud zones,, The catchment areas vary from 85 to 4980 Square Krlometers
and number ‘of ramgauge stations from 3 to 12. The use of a conceptual model requires a numiber
of hydrometeorological data as mput parameters. In general rainfall, runoff temperature and
evapotranspiration data along with- some catchment charactensttcs are needed for model cahbratron
Monthly areal rainfall is oomputed by applying Thiessen polygon. Rainfall and runoff data _
availability varies from 6 to 35 years. The normal evapotransprratton values as derived by India
‘ Meteorologrcal Department for the respective districts/ zones are used as at no station, ‘within ot
outs1de the catchments, meteorological data for the complete penod was available. As practically
all rainfall occurs during the monsoon season in most .of the catchments, four monsoon months
from June to September, are considered in the analysis. To define aridity or humidjty of a’
‘ catchment ratio of observed runoff to observed ramfall known as runoff factor (RF), is computed
for monsoon period only, for each catchment from the avarlable penod of records. RF so computed
might be influenced by the length of data but owing to non availability of normal values of rainfall
and runoff for these catchments, this procedure was adopted. These valueelare shown in Table 1.
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. Name of catchment

Khodiy.ar, .

Sasoi .

Roval
Fulzar1l” -
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- Moj

Dhatorwadi
Bhadar |

Aji 1
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Kotar

,._Sher

Not to scale
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Table 1 : Catchment area and other details.

Name of  State Agro- | Runoff Areain  Total length .+ Years No. of

Na. of
catchment climatic  Factor Sq. of record From - To  years © years
' zone (RF) Km. available , © used for © used for
- - : _ o - in years ‘ calibration  verification
Khodiyar  Gujarat  Semi-anid 0.2071 38332 22 1968-89 15 7
|| Sasoi -do-  Ard 0.2650 562.00 35 1958-92 - 24 1o,
Raval -do-  Semi-arid 03106 239.80 19 197795 = 13 6
|| Fulzar -do-  Arnd 03164 = 8543 19 1973-91 13 6
‘Machhu-I -do-  Ard 0.2749 1699.00° 24 1961-84 16 §
Moy -do-  Ard 0.2650 440.00 30 1960-89 20 10
Dhatarwadi - do -  Semi-arid 03059 . 43291 16 1972-92 - 1l 5
Bhadar -do-  Ard - 0.2980 2434.59 14 1977-90 10 4
Aji-I -do-. Arid 03348 © 14200 = 31 1962-90 2] 10
'Sher “M.P. Dry sub 04236  2900.00 9 1978-86 6 3
humid ‘ , ' : :
Kolar -do-  Moist sub 04737 498000 - -6 1983-88 4 2
humid -
Daman- Gujarat  Humid  0.6540 2253.00 10 1974-83 7 A
ganga ‘ ' " ' '

All of the arid and semi arid catchments are from Saurashtra region of the Gujarat state.

‘Saurashtra is a penmsular region, having areal extent of about 60,000 sq. km. A large part of the

region is a centrally elivated basaltic plateau, rising from about 100 m:to 200 m above the se2 level,

with the result that the rivers flow radially and are of short l‘engths. Thus the région is hydrologically

more or less a homogeneous one. Annual rainfall of this region is about 52 cm. Mostly the soil

belongs to 'silty clay loam-with 65% average water holding capacity. Groundnut is the major crop
groWn in the region. Apart from this, other crops like Jowar, Bajra in Kharif and Wheat in Rabi are

also harvested in the region. Two seasonal crops like cotton and perennial crop like sugarcane also

" substantially add to the agricultural aspect.

The catchment area of tiver Damanganga can -be physiographicéily divided into five units

namely, hill slopes, hill plateaus, upper and lower foot slopes, valley plains and local depressions, river

and stream. The average forest area is about 41% and the agncultural area is about 47% of the total '

geographical area of the basin. Agriculture is the main occupation of the people i in the basin. _

The upper four-fifth part of the Kolar basin is predominantly covered by deciduous forest. The

. channel beds are rocky or graveled. Agricﬁlture activity is carried out in relatively large areas in the -

-north western part and in small pockets elsewheré in which the main crops are Wheat and gram. Lower

part of the basin is predominantly culu\rable area. The soils are deep in this area and ground slopes

are flat. Part of this area comes under the command of Kolar dam. The average forest area is about

71% and the agricultural area is about 27% of the total geographical area of the basin. '

7
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The Sher basin is identified with hilly terrain and is heavily intersected by stredams and rivers, The -
M. vegetation of the basin consists of forests of medium. déh.éit'y', scrub land, spread pockets of cultivation -

on undulating land and some denuded land.- The average forest area is about 66% and the agrlcultural

area is about 31% of the total geographical area of the basin.




Chapter 3 - 7 _ ' _ - _ _ lMETI'-I‘ODOLAOGY

3.1 General
,.lA conceptal catchment model usually incluties the following elements:” 1. Input parameters
representing the behatriour of the catchment; 2. Input of precipitation and other meteorological data'
3. Calculation of water flows, most probably both surfaee and sub surface 4. Calculation of water
storages, both surface and sub surface 5. Calculauon of water losses and ; 6. Catchment outﬂow and
~ other outputs, if des1red ‘ _ ' L
* Main processes to be considered i in these models may be broadly divided into two groups namely
(a) land phase and (b) climate phase. Climate phase deals wnth prempntatron radratmn temperature
humidity, and potentral evaporation (evapotransprratron) etc. Land phase deals wrth all processes and
storages which are encountered dunng the movement of water on land and below rt Generally chmate
phase remains more or less same in all the models Formulatlon of a model drffers in land phase only
_ Main meteorologrcal parameters like temperature and precrprtanon are subjected to adjustment with
respect to elevation and distance from observed points: | _ ‘ ‘ '
In the present report catchment models consrdered consrst of one to two sto-rages with number
_of parameters varymg from one to seven. | o ’
3.2 Models used in the study _
Some common models based on simple statistical equanons to some compllcated conceptual structures

of monthly time scale have been selected and applred to some catchments of arid, semr-and and humid




. and semi humid regions of Central India: In all, six different modeis have been tried to 12 catchments.

‘Number of parameters used in these models is giveh in Table 2.

Table 2 : No of parameters used in different models

Model Name No. of Parameters used , Model Name No. of Parameter used
STAT I — STPI o 1
“STP2 - _ 2 . SCS : 6

WBSIMP . . S ) ~ WBCOMP - 7

3.2:1 STAT Model ‘ ‘ , ‘

- Most simple statistical structure is to represent the runoff as a linear fraction of rainfall. In the STAT
model runoff of a. parﬂculer month is considered asA-a fraction of the rzrinfall; Thus for each month one
pararrreter is required. ‘ | |

The governing equation of the model takes the form: .
.‘Qj =X *P S . A ' (1
Here Q, P, X are runoff, rainfall and runoff coefficient of the jth month, respectively.

3 2 2 STPl Model

. Thls model consrders only soil storage Slngle parameter SMAX is used to represent the 5011 moxsture
holdmg capacity of the soil storage. Fast surface runoff (FSR) is the portlc‘m‘of rainfall in excess of
the soil moisture deficit of the soil storage. Quick surface runoff (QSR) depends on the average soil
thoisture eondirion of the soil storage;, It follows an exponential function. Eraporation' from the soil A

storage i3 goverhed by the average soil moisture available in the soit storage.

3 2'3 STP2 Model

This is a two parameter model and is extensmn of STPI model Here, in addition to maximum \Oll

moisture holding capacity parameter (SMAX) one additional parameter is used to definé the [lue\hold ‘
value for FSR. _ _
Structure of STPY model and 8TP2 model is given in Figure 2.




Rainfall (P)
I

SMD= SMAX-SHIT L - | —= FSR=P-THRES(If P>THRES)
THRES=SMD for STP1 model | N
THRES=SMD+X1*SMAX e | ——. QSR=P*(1.-EXP(- SMAV/SMAX))

for STP2 model’ |
Evapotranspiration (AE) T : | SMAV= Average soil moisture. .
If SM>EV, AE = EV. o during the month.
Else, AE = EV*SMAV/SMAX | !lInfiltration FIN = P - FSR - QSR
, ! ‘

| ' . - 1
bl |

SMAX | SM= SHIT+FIN | ——— DSR :

' | .. - | If SM-AE>SMAX,
— L ‘ I DSR=SM-AE-SMAX

Runoff = FSR + QSR + DSR
¥
SMAX A parameter to indicate maximiim soil moisture holdmg capacity,
SHIT= Initial soil moisture. -
EV=Potential Evapotranspiration.

Fig. 2 .:. Structure and schematic representation of STP1 and STP2 models.

3.2.4 SCS Model - , 4 ‘

This model is a six parameter model and operates on curve number concept Here two storage are .
considered. Surface runoff, evapotranspiration and l?aseﬂow are governed by two parameters each. The
relationship according to' SCS model (USDA SCS 1984) is : -

Yeazp xea2z, ]

Here A isa constant and Z,, potential value of variable Z. Y is a dependent variable.

Using the above equation runoff (RF) is calculated considering Z, as maxlmum infiltration
capacity., Final soil moisture storage is calculated con&dermg Z, as potermal evapotransplrauon
Fmally, baseflow (BF) is calculated con51denng Z,as, maxnnum groundwater storage Equataom, and -

structure of the model are presented in Figure 3.
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Rainfall (P)
|
| — If P>X2*PINF then
'RF=(P-X2*PINPZ/(P+(1-2*X2)*PINF)
Where, PINF=X 1+P+(SMD/SMAX)
SMD=SMAX-SHIT
| Infiltration FIN = P - QSR

SM=FIN+SHIT

If SM>X3*EV then

SHF=(SM- X3*EV)2](SM+(1 2“'X3)*EV)
‘Evapotranspiration (AE) = 1

e ——— e

|AE SM-SHF
‘ — T ]
b ; |
SMAX | SM | i
| l |
— | |
. 1 ' - A
Percolation (DP) ! | If SHF>SMAX then
' | DP=SHF-SMAX
1 GS=S8SIT+DP

| R
GS' | = Baseflow (BF)
|

IF GS>X4*PGS then
_ _ BF=(GS-X4*PGS)*/(GS+1-2*X4)*PGS)
Runoff = RF + BF : | '

SMAX = A parameter to indicate maximum soil moisture holding capacity. '
SHIT= Initial soil moisture. : '
EV= Potential Evapotransplranon

SSIT=Initial groundwater storage.

X1, X2, X3, X4  are parameters of the model.

PINF = Potential value of infiltration,

PGS = Potential value of groundwater storage.

Fig. 3: Structure and schematic representation of SCS model.

-3.2.5 - WBSIMP Model
ThlS model ‘consists’ of 5 .parameters. Two storages namely soil and .ground water storage are
e consxdered First parameter SMAX relates to mmsture holdlng capacity of the soil. Second parameter
THRES defines the threshold value of rainfall such -that rainfall greater than this value will appear
directly as runoff, referred here as Fast surface runoff (FSR). Third parameter dgcides the portion of
- the remaining rainfall which will appear as surface runoff (QSR) depending upon the average soil
moisture available in the soil storage. Fourth parameter SMAX1 decides. the evapotranspiration (AE)

12




occurring from the soil storage. Fifth parameter is a constant Which goverms baseflow (BF) from the

_groundwater storage. Structure of the model and governing equations are given in Figure 4.

]

L  Rainfall @)

[ . ‘ .‘ . ‘»‘ BN | LRI . ]
o . | —— FSR=P - THRES

THRES=SMD+X 1

Evapotranspiration (AE) . T~

SM=FIN+SHIT ‘
If SM>EV'then AE=EV ; Blse o
AB=EV*X3*SMAV/(SMAX*SMAX) |

S BF=.GS*X4

Runoff = FSR + QSR * BF

-SHIT = Initial soil moisture.

SHF = Final soil storage _
EV = Potential Evapotranspiration.
SSIT = Initial groundwater storage.

' SMD=SMAX-SHIT ‘ QSR=X2*P*(1-EXP(-SMAV/SMAX)) .

| . lInfiltration FIN = P - FSR - QSR

It
— |
|- ‘ |
SMAX SM |
l |
— J
S | SHF=SM-AE
Percolation (DP) | ] If SHF>SMAX then
: - DP=SHF-SMAX
) I . o ‘
L GS SSIT+DP/2.
1 o
g |-
GS | = Baseﬂow (BF)

SMAX A parameter to indicate maximum soil moisture holding capacity.

X1, X2, X3 and X4 are parameters of the model.

Fig. 4 : Structure and schenatic representation of WBSIMP model.

32.6 WBCOMP Model

This model opefates on seven parameters Out of seven parametels four parametets are related to soﬂ

charactensttcs One parameter relates to 1mpermeable portmn of the catchment Also, one parameter
governs threshold value of rainfall above whlch whole rainfall appears as’ runoff (FSR) chk surface

13




runoff ‘(QSR) appears from the impermeable portion of the catchment and is controlled by a parameter

and the average soil moisture deficit. Similarly, evapotranspiration (AE) from the catchment is also
govemed by potential evapotransptratton average soil moisture and a parameter defining threshold
value of soil moisture for evapotransplratlon If infiltrated water is in excess of SMAX, deep

pcrcolatton occurs. Delayed runoff or interflow (DSR) occurs if percolated water is in excess of a limit

SMAX2 Baseflow from the groundwater storage is outflow from a linear reservoir. Flgure 5 describes

the structure of the model and equattons used.

Rainfall (P)
|

: ) | —— [F P>X1 THEN FSR=P - X1
SMD=SMAX-SHIT | QSR=X2*(P-FSR)*(1-(SMD/X3))
. - | - !Infiltration FIN = P - FSR - QSR -
Evapotranspiration {AE) i | :
SM=FIN+SHIT - ]

l

|

|

1

If SM>X4 then AE=EV
Else ‘
AE—(I.;X_I)*EV*SMAV,'X4
Provided that AE + SM
' - o 1
I e |
SMAX | SM |
l | |
- (- | . ‘
| SHF=SM-AE
 Percolation (DP) | | If SHF>SMAX then
| DP=SHF-SMAX
| If DP>X5. Then
| ‘DSR=DP-X5 and DP=DP-DSR
- i GS=SSIT+DP
T 1 ‘
g R .
| GS | — Baseflow (BF)
|
|

| Baseflow is outflow of a linear

i " reservoir with constant X6

Runoff = FSR + QSR + BF . |

SMAX = A parameter to indicate maximum soil moisture holding capacity.
SHIT Initial soil moisture.

SHF Final soil storage

EV = Potential Evapotranspiration.

SSIT = Initial groundwater storage. 7

X1, X2, X3, X4, X5 and X6 are parameters of the model,

n

Fig. 5: Structure and schematic representation of WBCOMP model..
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33 Methodology for calibration and verification of models

- The process by which paranieters of the model are determined is called ca_libration of a model. To
calibrate a model oné needs to consider a criteria of performance of the model to see how good the
model is simulating the “real world” . . |

When the first sxmulauon models were proposed in hydrology the main criteria for Judglng the
mode! (model structure and parameters) was the graphical companson between the observed
streamflow hydrograph at specified points in the catchment versus the corresponding simulated
hydrographs. In this approach the objective was to obtain the set of model parameters whreh produce

a simulated hydrograph which best approximates the observed hvdrograph Therefore, ]udgement of
the -rnodeller was a very important factor determining the final set of parameters during the calibration

‘process. A hmltatron i the approach was that for the same problem at hand drfferent answers would'
be obtained by different modellers because of the subjectrve quahtatrve nature of the “objective”.

~ Another limitation was that the parameter estimation had to be done by trial and error.

3.3.1 Objective function ‘
fn order to amehorate these limitations some quanUtaUve objectrves in the form of ”objective
funcﬂone were proposed (Lichty et al.,1968). If QHIS ,] 1, N 1s the historical hydrograph and
E QCOM,;, j=1, N is the simulated hydrograph then the dlfference QHIS; QCOM is the error produced
by the model at time j. N is the total number of observations. An objective funcﬂon to calrbrate the
model may be to minimize “these errors for j=1, N.

Several numerical criteria are avarlable and described in the literature to judge the performance.
- ofa rainfall- runoff mode! based on some objective funcuons However, none of them can be described
| as fully efficient one. Tn the. present report followmg objective funcuon is adopted. .

_ Mlmmrsatmn of the sum of squares of error, SUMT1 which is determined as :
- _ 2 : : _
SUMI. = zl: (QHIS - QCOM) L | 7 L @)
. F .

Where QHIS() aﬁd QCOMY(j) are historical and computed runoff of r};re jth rrlonth respectively
and N is total number of observatrons '
To Judge the performance of a model the fo]lowrng cntena were adopted .

(1) For each year of cahbrann and verification, Nash parameter (NTD) (WMO 1986) is computed .

to judge the performance of the model It i 1s given by,
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E (QCOM ()HIS ¥ |
NID = 1- f;‘ :

| @
Z (OMS ABOBS 2 )
Here AVOBSi is the mean annual runoff of the ith year,
_' (2) An overall efficiency (EFFI) is calculated as follows,
(OHSJ - AVOBS, * _ (CHIS; - QCOM, ¥
- EFFR%) - — MM -1 MM NP 0 )
(ouis, - avoss, ¥ - .

Where AVOBS, is the mean annual runoff for the ith year NM is the number of observations and

NP is the number of- parameters of the model

.(3) - Another cﬁterion.ﬁbased on monthly mean values (EFFIM) is ‘as follows

(QHIS, - QMOBS, }* . (QHIS, - QCOM, ¥
' NM - N1 NM - NP S -
EF, %) = : : — *100 ,
FIMUR) = = (QHIS, - QMOBS, ¥ : ©
NM - NM1 B '

Where QMOBS Jis the mean valuc of runoff for the jth time penod NMI1 is the total number -

of obsarvahons considered in a year,

3.4 Guidelines for estimation of pai'ametérs _
For the calibration of the model the historical data of precipitation, runoff potenhal cvapotransplratmn .
. infiltration, soil type etc. are required along w1th initial values of various storages initial values of

model parameters and other patameters concerning the opttrmsatlon technique. Though all the ~ -
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. parameters of a model could be included in the optirnizatien algorithm, great care is required to
include only tllose parameters in the optimization which are independent.

The first guidelines for the model calibration concerns the overall approach for deternunmg the
parameters and some of the initial variables of the model It is advisable not to rely completely on one -
objective function. Another advise is that, even when trying alternative objective functions, one should
always use the graphical comparison of the historical and simulated streamflows. Another guide line
for model calibration concemns the estimates of those parameters, whlch are not mcluded in the
opttmlzauon algonthm Likewise, the mmal values of storages must be estimated based on some
physical considerations of the basin. For example if initial value of surface storage is to be estimated
it would be advisable to begin the simulation at the .end of dry season so that a reasonable estimate
of this storage would be zero. Also, soil storage may also be taken zero, Other factors such as type
of land cover and the slope of the watershed would be important as well. For mstance basms with
steeper slopes would have smaller surface storages than basins of milder slopes. '

Another approach commonly used in simulation models to estimate the values of the initial
- storages is to run the model for some years. Then the initial storage values can be obtained from the
simulated values of the model as the average values of the storages This can be done untll more or

less constant values of storages are obtained.

3.5 Optimization algdrithm and other clriteria. used in the study
Constrained Rosenbrot:k optimisatien technique whicn is basically a search al,‘gori_thm‘ proposed
by Resenbreck ( 1960) is used to calitarate the earameters of the models, It lnvolves the minimisation:
of an ebjective_ function computed, based on the deviations of observed and simulated monthly runoff
values, within the given range of parameter values. Provision is also made to calibrate some or all the
parameters of the model using trial and error method if their approximate values are known prior to
the cal1brat10n ‘ o e
Also, performance of various models is compared on the basis of values of. Nash - parameter
(NTD) over all efficlency (EFFI) and efficiency based on monthly mean (EFFIM) calculated (using

equations 4, 5 and 6 described earher) for each model and each catchment
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Chapter 4 ' o . ~ ANALYSIS AND RESULT DISCUSSIONS

4.1 Comparlson of models § o L | _
As a f1rst step, all the mode.s have been mn consrdermg total avallable records of monthly rarnfall ‘
runoff for all the catchments. Then, the data of first two thrtd penod is considered for calibration and
remaining one third penod is used for venflcatton of each model. Details of calrbratron and venflcauon
period used; are glven in Table 1. To define and1ty or humidity of a catcnment ratJo of observed
runoff to observed ramfall known as runoff factor (RF), is computed for each catchment and presented
in Table 1. For thc analysts purpose all the twelve catchments are divided into two categones (a) arid
and semi arid category and (b) hum1d and semi humtd category. All the nine catchmensts of and and
semi arid zones are cons1dered in the first category, and. aIl other catchments lying in humtd dry sub
humid and moist sub hum1d category, ate considered in the second category

Companson of vancms model structures has been performed on the basis of NTD EFFI and:
EFFIM values These values for all the models and for all the catchments are presented in Table 3A

EANE B
to Table 3C respectlvely for cahbratton venﬁ atton and complete penods The best model out of six

1 i

models, identified for eachr catchment as well as for each zone, based on NTD EFFI and EFFIM'
criteria during calibration, verification and complete periods is given in Table 4. Also, average vaiues
of NTD, EFF] and EFFIM are computed for (i) arid and semi-arid, (ii} sub-humid and humid zones
and (iii) for all 12 catchments (Tables 3A-3C).

To study the effect of b'asin'aﬂdity on the performance of a model, for each catchment, graphs ,
" bétween RF and NTD (other criteria, EFFI and EFFIM are not considerd as there is not much

difference in the performance of a model based on these criteria as discussed later in this section)} are
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plotted for calibration, verification and complete peﬁodé for ali Lhc‘mo‘delé, and are reported here in
the from of Figure 6 (part A, B and C). Also for each model, a best fit régressibﬂ line is drawn
through the plotted poirité for calibration, verification and completc periods. The slope and intercept

of the best fit lines drawn for each model are given in Table 5.

From the Tables 3A and 3B, it is indicated that for arid and semi arid catchmcnts cfﬁc:lency -

(EFF1 or EFFIMj generally varies from 65% to 85% for most of the, cabchmentsl_ a_nd models with
average values from 60% to 80% For humid and semi humid catchments, it gen'eraily varies from
75%. to 95% with average values 70% to 90%. C0n51der1ng average of all the catchments, it vancs
from 67% to 80%. Some models perform well durmg ‘calibration and some during venﬁcauon From
the Table 3C, it is indicated that value of NTD varies widely from 0.20 to 0.86 for arid a_nd semi-arid
region catchments with average- values from l(.).40 to 0.69. Fo;.semi—ilumid and humid catchments it
varies from 0.41 to 0.98 with average values from 0.71 to 0.96. It is Qbseffed that in general,
WBSIMP, §TP2 and WBCOMP models peffotm well for most of the éatchménts z_mdl for calibration,
verification and complete peﬁods. It is also indicatéd from the Tables thét on average basis, for semi-
arid and arid catchments, for caIibraﬁo_n and complete périods, NTD values and gfﬁciencies are similar
and higher than the values for verification periods. Wh_ilc, for sémi-hﬁmid and humid- catchments,
aQera‘gé NTD .values and efficiencies are highest for complete periods and lowest, for verificatibh

periods.
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Table 5: Slopes and intercepts of regression linés {(Eq. Y= mX + C).

' - " Calibration Verification ‘ Complete
Model Intercept - Slope Intercept Slope Intercept Slope
C m . C m S c m
STAT 03266 093 0.0721 129 . 0.2988 - 1.04
STP1 - 03699  0.88 (.1620 1.28 0.2594 1.23
STE2 . 0.3896 093 0.1367 1.41 04010 . 093
SCS 02473 125 02625 . 1.10 . 0.3842 1.02
WBSIMP 0.4295 090 0.3111 1.09 0.3965 1.01

WBCOMP - 04941 079 0.2667 - 196 0.4622 0.88

Further examination of the performance of models may be done from Table 4. STP2 and
WBCOMP models generally perform well for all the .basins and for all the three criteria. Especially,
during calibration WBCOMP model performs well while, during verification STP2 model and, for
complete period again WBCOMP model perform well. On average basis, WBCOMP model performs
well for semi-arid aﬁd arid, and also semi-humid and humid catchments.

Figure 6., part A to part C indicate that increase in RF is in proportion to the model performance.
Table 5 presents intercepts (C) and stopes (m) of the best fit regression lines drawn in Figure 6. The
superior model should have more C and less m, if it is not influenced by aridity, as m indicates
relative perfonnande of a model with regard to'RF. Thus, if a model is‘ good for higher values of RF
and poor for low values of RF, it should have positive m. Irhl‘ the present case, all the models show .
positive m, thereby. indicating that efficiency increases as RF increases. Value of C is highest for
© WBCOMP model for calibration and complete periods. Table also indicates that WBCOMP and
WBSIMP are least influenced by the variation in RF. |

. STAT Model which utilises statistical relationships, exhibits poor performance as compared to
other models, during calibration, verification and complete periods (Figure 6, part A to part C). It may
be attributed to the structure of the model i.e. statistical equations, which-are not adequate enough to
have the same flexibility as possessed by other water balance models in presérving the behaviour of
the catchment. For all the models exce;;t STAT model, as RF increases, relative performance of a
model in comparison to other. models, also increases. STP1 model perform poorly in arid region
perhaps because it is a single parameter model and may not be able to represent adequately, the
catchment processes, intervening bet\;Jeen rainfall and runoff. When an additional parameter to account
for fast (quick) surface runoff m;schanism is added in the structure (STP2 mode'l), its performance
improves (Figure 6, part A to part C). For semi-humid and humid regions, almost all models work
well with the exception of STAT model (Figure 6, part A to part C). From these figures, it is clear
that WBSIMP and WBCOMP models perform equally well. Perhaps because of the fact that, WBSIMP

model is a 5 parameter mode!l and WBCOMP model is a seven parameter model and therefore all the
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required predominant processes are represented édequately by the model structures. In general, it is

observed that for arid regions, where not only evapotranspiration plays a major role, other process such
é,s surface runoff (fast and quick) also become ‘predominant,‘ WBSIMP model which contains 5
parameters may be recommended. Jakeman and Homberger (1993) have also recommended that
 rainfall-runoff response of a catchment is well represented using a two - corhponent linear model i.e.
quick flow and slow flow response of the catchment. Also for monthly time pericd, c;nly' one storage
‘is usually sﬁfficient (Littlewood and Jakeman 1992). Fb; regions other than arid regidn, STP2 model
Which needs only two parameters seems to be better choice in representing the behaviour of the

catchment.

4.2 Development of a regional model |
Some of these models which consider limited number of paraméters; can also be used for development
“of a regional" model. In the study, STP1 model which consider only single parameter SMAX is
conéidercd for development of a regional model for aﬁd and semi arid and, for humid and semi humid
region$ considering only selected catchments. Graphs between objective function and value of SMAX
for different catchments are plotted and presented in Figure 7 and Figure 8 for arid and semi arid and,
humid and semi humid regions respeétively. From these Figures a representative value of parafﬁeter
SMAX, for minimum value of objective function is selected '(450 mm for arid and-semi arid reéion .
and 380 mm for humid and:semi Humid region). These reﬁresehiative values of parameter for
respective regions are then used to get tﬁe_ vahies of NTD,‘ EFFI,- EFFIM and other. statistics for
‘varioﬁs pé.;tchments (Table 6). Data of two more cétchinents, Godhat for arid and semi drid regions
and, Manot for humid and semi humid region, are also used. Results thw that perfoﬁnance of models
based on regional values are encouragiﬁg and thus the model can be used for uﬁgauged catchments

also located in these regions.
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Chapter 5 — ' ———"CONCLUDING REMARKS

51 COnclusion

. Advances in computers and analysis techmques have led to mgmﬁcant developments and application
of mathematical and conceptual® models in hydrology dunng the last t.hree decades. The mathematical
fanctions or conceptual elements employed to simulate the” natiiral hydrologlcal processes ‘are SubjBCt
 to limitations$ of the present state of knowledge of physical behawor mathemancal constramts ‘data
ava11ab1hty, its quality and, user requirements, In spite of rapid advances in hydrology parttcularly
in catchment hydrology and modelling, it‘is not always possible to make universal use of such models
lbecause local problems predominate over other factors. However, there is need to develop suitable yet
sunple models for smalier regtons so that these can be used in 51tuat10ns where little or no data is
avaxlable. .

Keeping in view the above limitations and requirements, some simple structures operating-on
monthly time step have been developed and tested on 12 catchments lying in arid, semi-arid, sub-
l humtd and humid reglons of Western and Central India. As mentioned above, results of the study to
some extent may be influenced by the quality of data as these have been used as such. It is uncommon
to fmd any systematic apphcatxon and comparison of models on the same catchment The World
Meteorological Organlsanon (1975) has conducted a study in which the performance of 10 rainfall-
runoff models was compared. But in that study first, catchments were relattvely large and second, only
two models were applied to all the six catchments.

Dynamic response characteristics of the catchment can be explained by its quick or. fast response
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and slow response. Fast response mainly depends on the volume of rainfall and catchment -
~characteristics. In arid regions, evapotranspiration losses plays a major role thus, rainfall-runoff
relatjonshrp becomes complicated. On the other hand, the more humid catchment, rainfall-run(')ff
: relationship, becomes more efficient and simple. Analysis of different model structures suggests that
runoff mechanism is rainfall -in excess of infiltration. However, rainfall‘ consequentlyA runoff- is
frequently localized whtch means that it is region specific, The tmphcatlon is that runoff generation
process on monthly scale is strongly dependent on volume of rainfall and soil monsture characteristics
of the catchment It may be because. of thls fact that statistical model fails to perform well in the
© analysis specrﬁcally during venﬁcatton period. _
| The results of the study indicate that for humid and setm-hurmd catchments almost all water
 balance structures simulate well. Overall .performance of WBCOMP Model, whlch contains seven'
- parameters was found superior in simulating the streamflows, as compared to other models. However,
.this model contains seven parameters, calibration of which may require some knowledge of catchment
characteristics, sound guesses and different parameter perturbatlons STP2 Model, which operates on
only two parameters and, STP1 Model whlch operates on single parameter also work reasonable well
and may be recommended for these catchments, . ‘ _ |
STP1 model used for development of a reglonal model for the atid and semr and and hum1d and
. semi humid regions has shown encouragmg results Results show that performance of model based on
regtonal values are sausfactory and thus the model can also be used for ungauged catchments located

in the regions.
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