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INTRODUCTION

The problem of transformation of rainfail into runoff has been subject of scientific investigations
throughout the evolution of the subject of hydrology. Hydrologists are mainly concerned with
evaluation of catchment response for planning, development and operation of various water
resources schemes. A number of investigators have tried to relate runoff with the different
characteristics which affect it. For the purpose of rainfall-runoff process simulation and design
flood evaluation, conceptual and physical based models are widely used. The model calibration
and validation are the important aspects of the hydrological modelling proper calibration and
validation of the hydrological model is necessary before using the model for simulation. In order
to ascertain the uncertainity in the parameters as well as parameter stability the sensitivity
analysis must be carried out.

GENERAL DATA REQUIREMENT

Before undertaking rainfall-runoff modelling for a particular storm, it is advisable to assess the
quantity and quality of available data. Quite often, the available data dictate the type of model to
be used more than the problem itself. A general inventory of data frequently available or needed
is given in what follows.

Watershed Characteristics

The most commonly available is the topographic map from which many useful geomorphic
parameters can be extracted, that is, watershed area, subbasin areas, elevations, slopes, channel
lengths, channel profiles, centroid, etc. Many other geomorphic parameters can then be
computed. Another useful map is the landuse map, which provides data on areas of land-use
practice, soil types, vegetation, forest areas, “lakes, urban development, etc.

Rainfall Characteristics

Determination of the average amount of rain that falls on a basin/subbasins during a given storm
is a fundamental requirement for many rainfall-runoff models. A number of techniques for
estimating mean areal rainfall have been developed. Rainfall hyetographs are needed for each
subbasin. Some of the subbasins may not have a recording raingauge and may involve
extrapolation of rainfall data from neighbouring subbasins. If a subbasin has more than one
raingauge, then the mean areal rainfall hyetograph is to be determined. Sometimes, only
standard/storage-type raingauges are available in some watersheds. The rainfall amounts then
need to be properly distributed in time so that rainfall hyetographs can be prescribed.
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Infiltration and other Loss Characteristics

In a majority of cases, no data are available on soil infiltration, interception, depression storage,
and antecedent soil moisture. If data do exist in part or full. maximum advantage must be taken to
estimate infiltration and other loss functions. If no information is available on antecedent soil
moisture, then an antecedent precipitation index can be used to get an estimate of the antecedent
soil moisture. Soil type and landuse vegetation complex can be used to estimate infiltration
parameters.

Streamflow Characteristics

Streamflow may be available in terms of the stage at the watershed outlet and at some other
gauges within the watershed. Appropriate rating curves can be used to convert stages into
discharges. Part of the streamflow data may be used for model calibration and the remaining data
for model verification.

CLASSIFICATION OF DETERMINISTIC MODELS

A model represents the physical/chemical/biological characteristics of the catchment and
simulates the natural hydrological processes. It is not an end in itself but is a tool in a larger
process which is usually a decision problem. It aids in making decisions, particularly where data
or information are scarce or there are large numbers of options to choose from. It is not a
replacement for field observations. Its value lies in its ability, when correctly chosen and
adjusted, to extract the maximum amount of information from the available data.

Hydrological models can be classified in different ways. Fleming (1975) and Woolhiser (1973)
classified the hydrological maodel. Not all models fit easily into this classification but it is
general with respect to fundamental principles. A related but less general classification is
presented by Clarke (1973b) who suggests that many of the models presented i the literature can
be divided into the deterministic and the stochastic. These two groups can each be further
divided into the conceptual and the empirical and additional subdivisions occur between spatially
lumped/spatially distributed and linear/nonlinear models.

Two main groups of mathematical methods emerge: those which involve optimization and those
which do not (Fig. 1). Here optimization is referred to strictly in the sense of decision making
rather than in the optimization of model parameters. The nonoptimizing methods are generally
associated with the assessment of hydrological data and are used to quantify the physical
processes. Methods involving optimization are concerned with the problem of selecting the
"best" solution among a number of alternatives in a planning process.

Nonoptimizing methods are divided into two fundamentally different approaches, the
deterministic and the statistical. However, although the deterministic and the statistical methods
are fundamentally different, a strong interplay between the two approaches exists, mainly
because the processes involved in the hydrological cycle are partly casual and partly random.
Hence, some deterministic models contain random functions to relate processes, while some
statistical models contain casual or deterministic functions as part of their structure. The
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interplay between the two approaches also includes the subsequent analysis of the information
gained from the different models. For example, a deterministic model using a conceptual
representation of the hydrological cycle may be used in producing a record of streamflow at a
gauging station. This record may then be analysed by statistical methods to produce a fleod
frequency curve for that site. Conversely, a statistical method involving the generation of rainfall
data by a stochastic model could provide input to a conceptual model producing information
which is thenh again analyzed statistically.
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Figure 1: Classification of Hydrological Models

Deterministic Models

Deterministic models can be classified according to whether the model gives a spatially lumped
or distributed description of the catchment area, and whether the description of the hydrological
processes is empirical, conceptual or fully physically-based. In practice, most conceptual models
are also lumped and most fully physically-based models are also distributed, so three main groups
of deterministic models can be identified as shown in Fig.1.

Black box or empirical models

These contain no physically based transfer function to relate input to output : in other words no
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consideration of the physical processes is involved. Such models usually depend upon
establishing a relationship between input and output, calibrated from existing
hydrometeorological records. Within the range of calibration data such models may be highly
successful, often because the formal mathematical structure carries with it an implicil
understanding of the underlying physical system. However, in extrapolating beyond the range of
calibration, the physical link is lost and the prediction then relies on mathematical technique
alone. Given the inherent linearity of many black-box models, which contrasts with the
nonlinearity of hydrological systems, such extrapolation is of dubious worth and is not
recommended (e.g. Anderson and Burt, 1985). Thus, for example, black box models cannot be
used to predict the effects of a future change in land-use.

Probably the best known black box models in hydrology are the unit hydrograph model and the
models applying the unit hydrograph principles, Sherman (1932), Lyshede (1955), Nash (1959).

Black box models were developed and extensively applied before advances in computer
technology made it possible to use more physically correct (and thus more complex) models.
Today, black box principles are more often used to form components of a larger model, ¢.g. the
unit hydrograph is often used for streamflow routing in conceptual rainfall-runoff models.

Lumped conceptual models

These occupy an intermediate position between the fully physically-based approach and
empirical black-box analysis. Such models are formulated on the basis of a relatively small
number of components, each of which is a simplified representation of one process element in the
system being modelled.

The SNSF model has been developed as a part of the Norwegian "Acid Precipitation : Effects on
Forests and Fish" - project (Lundquist, 1978). In contrast to NAM and HBV, the SNSI' model
breaks the catchment down into four parallel subcatchments consisting of lakes, forests, bogs,
and impervious areas respectively. The purpose of this breakdown is primarily to enable the
runoff from ungauged catchments to be estimated using standard parameters together with data
on the actual areal distribution between the four subcatchments and meteorological time series.

A detailed treatment of lumped models, including a description of the British Institute of
Hydrology Lumped Model, is given by Blackie and Eeles (1985).

Fully distributed, physically-based models

These are based on our understanding of the physics of the hydrological processes which control
catchment response and use physically-based equations to describe these processes. From their
physical basis such models can simulate the complete runoff regime, providing multiple outputs
(e.g. river discharge, phreatic surface level and evaporation loss) while black box models can
offer only one output. Also, almost by definition, physically-based models are spatially
distributed since the equations from which they are formed generally involve one or more space
coordinates. They can therefore simulate the spatial variation in hydrological conditions within a
catchment as well as simple outflows and bulk storage volumes. On the other hand, such models
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make huge demands in terms of computational time and data requirements and are costly to
develop and operate. The advantages and disadvantages of physically-based models are
considered in more detail below.

Unlike lumped conceptual models, physically-based distributed models do not consider the
transfer of water in a catchment to take place between a few defined storages.

® For example soil conductivity obtained from a single core may not be representative
of the effective conductivity at a larger grid scale, where allowance is required for
macropore effects and spatial variability within the grid square.

. Conceptual understanding of hydrological processes is not always sufficient or cannot
always be expressed mathematically. For example, it may be necessary to assume soil
conductivity to be constant spatially and temporally because there is insufficient
information to allow for spatial variations or temporal changes associated with
shrinkage or crusting. Macropore effects have similarly to be approximated for lack
of a suitable theory.

The various aspects of event based stream flow simulation models including building an event

based streamflow simulation model and some of the commonly used event based models have
been discussed by Singh (1989) are reproduced in Table 1.
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Table 1: Some Event Based Stream flow Simulation Models

Model Model components
Names Author(s) year Base flow Dr volume Infiltration and | Dr hydrograph Channel Reservoir Parameter
separation loss routing routing optimization |
HEC-1 Hydrologic 1981, Yes SCS curve Variable loss Clark's and Snyder's Muskingum Storage Automation
Engineering 1982 number and | rate method unit hydrograph method and indication calibration
Center two other methods five other method capability
methods methods
TR-20 Soil 1973 Constant rate SCS curve SCS curve Unit hydrograph Convex Storage No
conservation method number number method | method method indication
service method method
USGS Dawdy et al. 1972 Constant rate Soil moisture | Philip equation Clark’s unit Translation No Rosen Brock’s
method accounting hydrograph method method
HYMO Williams and 1973 No SCS curve SCS curve Nash method Variable Storage No
Hann number number method storage indication ]
method coefficient method ‘
method ‘
SWMM Metcalf and 1971 No Horton's Hydraulic method No No ]
eddy,inc et al. equation ‘
WAHS Singh 1983 Recursion SCS curve Philip's equation | Geomorphological Linear No RosenBrock- f
equation number Unit hydrograph reservoir palmer method [
method method
RORB Laurenson and | 1983 Two options No Constant and Non linear storage Non linear Yes No
mein variable loss routing storage
methods routing
WBNM Boyd et al. 1979a, | No Yes ®-index Linear as well as Storage No Yes
1979b storage element for routing
routing
FHSM Foroud and 1981 Yes Yes Modified Time area No No Non linear least i
Broughton Horton's curve+linear reservoir square curve :
Zhao et al. equation fitting |
XJM Zhao et al. 1980 Yes Yes Storage Unit hydrograph Muskingum No No
capacity curve method method
GAWSER Ghate and 1977 Yes Yes Holtan's Time area Hymo method | No No
Whiteley 1982 equation curve+convolution
MIT Maddaus and 1969 No No Any suitable Linear channel and linear No optimization
Eagleson method reservoir
| HM Huggins and 1968 No | Yes Holtans' Kinematic wave No No | No
_ Monke | equation method | )
KANSAS Smith and 1966 Yes | Yes Soil moisture Lag and route method | No No ‘ No
Lumb accounting |
IHM Morris i 1980 Yes | Yes Richards St. Venant Equation St. Venant No No
| equation Equation
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MODEL CALIBRATION AND VALIDATION

Hydrological models are the mathematical models having some unknown coefficients known as parameters. Model calibration means
the estimation of those parameters from historical input-output records. Model validation means judging the performance of the
calibrated model over that portion of historical records which have not been used for the calibration.

For model calibration the methods. which have been commonly used, include

(i) manual parameter assessment using "Trial and Error' procedure,

(ii)  automatic parameter assessment using numerical optimisation procedure and

(iii)  a combination of (i) and (ii).

For the model validation, various validation criteria, developed based on the observed and computed output records, are used.

Hydrological Processes Considered in Stream Flow Simulation Models

Various stream flow simulation models generally consider the following hydrological processes to simulate the time series of stream
flow.

(a) Land Surface Processes
(1) Interception
(i1) Infiltration
(i11)  Overland flow
(iv)  Evapotranspiration
(v) Snow accumulation and Melt
(b) Sub=surface Processes
(1) Interflow
(i1)  Soil moisture storage and Movement

(iii)  Ground water storage and tlow

(c) Channel Processes

National Institute of Hydrology, Roorkee-247667 (Uttarakhand)




Rainfall-Runoff Modelling (March 11-15, 2013)

(1) Channel flow
(ii) Flood plain storage
(iii)  Lakes. Reservoirs and Diversions

Hydrological Modelling Procedures

The following procedures are usually followed for Hydrological Modelling:

® Develop a suitable model structure to simulate various component processes keeping in mind the quantity and quality of
the data available and nature of the problems for which the modelling is required.

. Calibrate the developed model using the historical records.

. Validate the model using the historical records which have not been considered for calibration.

. Perform sensitivity analysis study to identify the most sensitive parameters of the model which require proper investigation
before arriving at the final parameter values.

. Use the calibrated and validated model for solving the specific hydrological problem for which the development of the

model is intended for.
Concept of Deterministic Mathematical Modelling and Sources of Uncertainty

The concept of deterministic simulation can be illustrated as in Fig.1, where the physical system, in this case a catchment, is shown on
the left, and the mathematical model is shown on the right. The model is a simplified representation of the physical system.

Basically four sources of uncertainty occur in deterministic simulation, the disagreements between recorded and simulated output
resulting from:

1. Error Source 1: Random or systematic errors in the input data, e.g. precipitation, temperature, or evapotranspiration used to
represent the input conditions in time and space for the catchment.

2 Error Source 2: Random or systematic errors in the recorded output data, e.g. water level or discharge data used for
comparison with the simulation output.
3. Error Source 3: Errors due to non-optional parameter values,

~d
w
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4. Error Source 4: Errors due to incomplete or biased model structure.

Thus, during the calibration process only error source 3 is minimized, whereas the disagreement between simulated and recorded
output is due to all four-error sources. The measurement errors and errors source 2 serve as a “background noise' and give a minimum
level of disagreement below which further parameter or model adjustments will not improve the results. The objective of a calibration
process is then to reduce the error source 3 until it is insignificant compared with the data error sources 1 and 2.

During a calibration process it is of the utmost importance to ensure that a clear distinction is drawn between the different error
sources. so that it is not attempted to compensate for errors for one source by adjustment within another source, e.g. compensate for a
data error by parameter adjustments. Otherwise the calibration will degenerate to curve fitting, which may result in a reasonable fit
within the calibration period but will inevitably give poor simulation results for other periods. In the following five examples it would
be physically incorrect and fatal for future predictions to try to compensate for the following discrepancies between recorded and
simulated flows using parameter adjustments:

. Both flood peak and runoff volume for a hydrograph are under predicted, owning to an underestimation of the average
precipitation, Error source-1.

s Discrepancies are observed between simulated and recorded flow in a period where the recorded flow is known to be very
uncertain owing to problems with the rating curve. Error source 2.

# A flood peak is under predicted as a result of embankments being breached whereas the model has been developed assuming
non-breaching embankments. Error source 4.

. Travel time for high flows is smaller than the travel time for low flows but the routing model is linear with the travel time
independent of flow regime. Error source 4.

. The base flow in low flow periods decreased during the calibration period owing to ground water abstraction and lowering of

the ground water tables but ground water abstruction cannot be accounted for directly in the applied model. Error source 4.
GOODNESS OF FIT AND ACCURACY CRITERIA

During the calibration procedure an accuracy criterion can be used to compare the simulated and measured outputs. This enables an
objective measure of the goodness of fit associated with each set of parameters to be obtained and the optimum parameter values 1o be
identified. However. selection of an appropriate criterion is greatly complicated by the variation in the sources of error discussed in
the last section. It further depends on the objective of the simulation (e.g. to simulate flood peaks or hydrograph shape) and on the
model output variable. e.g. phreatic surface level. soil moisture content. stream discharge or stream water level. No single criterion 1s
entirely suitable for all variables and even for a single variable it is not always easy to establish a satisfactory criterion. Hence a large
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number of different criteria has been developed. The most widely used criterion is the sum of the squares of the deviations between
recorded and simulated values of a variable:-

F?= (QOBS,-OSIM, )*
fi-4

where

F* = index of disagreement, or objective function

QOBS; = recorded value at time step i

QSIM; = Simulated value at time step i

n = number of values (time steps) within the considered time period

All values of QOBS; and QSIM; are based on a time step which may be e.g. one hour, one day or one month. One
disadvantage with this criterion is that F* is dnncnsnonal (e.g. (m/s)%). The:efore the following nondimensional form is often used:

~ Z( QOBS,-QO0BS ) -~ Z (QOBS, - OSIM, )/
n im no=

R=
! > (QOBS, - QOBS)’
Ly

where

"

(QOBS )= & > QOBS,

1!

R is often denoted the coefficient of determination, the explained variance or the model efficiency. R* can vary from -0 to +1. where
R = +] represents a complete agreement between recorded and simulated values. It is noted that the SImple one parameter model
QSIM; = QOBS will give R*=0. Althou0h the R* criterion is a dimensionless measure it depends heavily on the variance in the
recorded series. Thus comparison of R values for different catchments or even for different periods in the same catchment makes no
sense.
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Among the other numerical criteria often used are the following:

F=Y"|(QOBS,- OSIM, )|
i
which is a measure of the accumulated deviation (absolute) between recorded and simulated values;

i (QOBS,-QO0BS ) (OSIM - OSIM )
R = =

i (QOBS, - QOBS )’ Z (QSIM - OSIM )’
i=1 =1

"

F="(log QOBS,-log OSIM, )’
=1
which does not focus as much peak matching as done the F* criterion; and

which is the linear correlation coefficient between the simulated and the recorded series:

It is perfectly feasible to calibrate a model by optimizing just one of the available criteria. However, a calibration based on "blind'
optimization of a single numerical criterion risks producing physically unrealistic parameter values which. if applied to a different
time period, will give poor simulation results. In the same vein it should be remembered that the criteria measure only the correctness
of the estimates of the hydrological variables: generated by the model and not the hydrological soundness of the model relative to the
processes being simulated. It is therefore recommended that, in a calibration, numerical criteria be used for guidance only.

In general it is recommended that a combination of the following four conditions be considered in determining goodness of fit:
(1) A good agreement between the average simulated and recorded flows, i.e. and good water balance.

(i) A good agreement for the peak flows, with respect to a volume, rate and timing.

(iii) A good agreement for low peaks.

(iv) A good overall agreement for hydrograph shape with emphasis on a physical correct model simulation.

These four conditions can be optimized numerically or subjectively through interactive computer graphics. In cases where all four
criteria cannot be optimized simultaneously the priority depends on the objective of the project in question.
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Finally, although the use of numerical criteria has been emphasized above, the value of graphical comparison of simulated and
observed hydrograph should not be overlooked. Although analyzed more subjectively. a graphical plot provides a good overall
impression of the model capabilities, is easily assimilated and may impact more practical information than does a statistical function.
Graphical comparison should always be included in any examination of the goodness of fit of a simulated hydrograph.

MODEL CALIBRATION

Model calibration in general involves manipulation of a specific model to reproduce the response of the catchment under study within
some range of accuracy. In a calibration procedure an estimation is made of the parameters, which cannot be assessed directly from
field data. All empirical (black box) models and all lumped, conceptual models contain parameters whose values have to be estimated
through calibration. The fully distributed physically-based models contain only parameters which can be assessed from field data, so
that in theory a calibration should not be necessary if sufficient data are available. However, for all practical purposes the distributed,
physically-based models also require some kind of calibration. although the allowed parameter variations are restricted to relatively
narrow intervals compared with those for the empirical parameters in empirical or lumped. conceptual models.

CALIBRATION METHODS

In principle three different calibration method can be applied:

a. “Trial and Error', manual parameter assessment
b. Automatic, numerical parameter optimization
c. A combination of (a) and (b)

The trial and error method implies a manual parameter assessment through a number of simulation runs. This method is by far the
most widely used and is the most recommended methods, especially for the more complicated models. A good graphical
representation of the simulation results is a prerequisite for the trial and error method. An experienced hydrologist can usually achieve
a calibration using visual hydrograph inspection within 5-15 simulation runs.

Automati¢ parameter optimization involves a numerical algorithm which optimizes or minimizes a given numerical criterion. The
objective of automatic parameter optimization 1s to search through the many combinations and permutation of parameter levels to
achieve the set which is the optimum or best' in terms of satisfying the criterion of accuracy. Several optimization techniques have
been used for calibration of hydrological models. A decade ago the most popular was Rosenbrocks's method (Rosenbrock, 1960).
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The advantages of automatic parameter optimization over the trial and error method are:

. Automatic optimization is quick, because almost all work is carried out by computer.

. Automatic optimization is less subjective than the trial and error method, which to a large degree depends on visual
hydrograph inspection and the personal judgment of the hydrologist.

Disadvantages of automatic parameter optimization include:-

. The criterion to be optimized has to be a single numerical criterion based on a single variable; as discussed in earlier
section, though, selection of an appropriate criterion under these constraints is a complicated task.

. If the model contains more than a very few parameters the optimization will probably result in a local optimum instead of
the global one.

. The theories behind the search algorithms assume that the model parameters are mutually independent. This assumption is
usually not satisfied in practice.

. An automatic routine cannot distinguish between the different error sources mentioned earlier. Therefore, an automatic

optimization algorithm will try to compensate. e.g. for data errors by parameter adjustments. with the results that the
parameters values often become physically unrealistic and give poor simulation results when applied to a period different
from the calibration period.

Combination of the trial and error and automatic parameter optimization method could involve, for example, initial adjustment of
parameter values by trial and error to delineate rough orders of magnitude, followed by fine adjustment using automatic optimization
within the delineated range of physically realistic values. The reverse procedure is also possible, first carrying out sensitivity tests by
automatic optimization to identify the important parameters and then calibrating them by trial and error. The combined method can be
very useful but does not yet appear to have been widely used in practice.

Finally. given the large number of parameters in a physically based distributed model like the SHE. it is not realistic to obtain an
accurate calibration by gradually varying all the parameters single or in combination. A more sensible approach is to attempt a coarser
simulation using only the few parameters to which the simulation from sensitivity analysis. However. experience suggests that the
soil parameters will usually require the most attention because of their role in determining the amount of precipitation which mfiltrates
and hence the amount which forms overland flow.

The above methods of calibration consider single objective function. In case multi objective function is required to be considered.

National Institute of Hydrology, Roorkee-247667 (Uttarakhand)

~J
(e9]




Rainfall-Runoff Modelling (March 11-15, 2013)

then two types of approaches, viz. classical approach and Pareto approach may be utilised. In classical approach a combined objective
function is desired assigning the weights to the various objective function depending upon the user requirement. In pareto approach a
set of parameter values are determined using search algorithm in such a way that the global optima is achieved considering the multi
objective function.

MODEL VALIDATION

If the model contains a large number of parameters it is nearly always possible to produce a combination of parameter values which
permits a good agreement between measured and simulated output data for a sort calibration period. However, this does not guarantee
an adequate model structure or optimal parameter values. The calibration may have been achieved purely by numerical curve fitting
without considering whether the parameter values so obtained are physically reasonable. Further. it might be possible to achieve
multiple calibrations or apparently equally satisfactory calibrations based on different combinations of parameter values. In order to
find out whether a calibration is satisfactory, or which of several calibrations is the most correct. the calibration should therefore be
tested (validated) against data different from those used for the calibration (e.g. Stephenson and Freeze. 1974). Klemes (1986) states
that a simulation model should be tested to show how well it can perform the kind of task for which it is intended. Performance
characteristics derived from the calibration data set are insufficient as evidence of satisfactory model operation. Thus the validation
data must not be the same as those used for calibration but must represent a situation similar to that to which the model is to be applied
operationally.

Klemes (1986) further noted that a central question is: what are the grounds for credibility of a given hydrological simulation model?
Usually they concern the goodness of fit of the model output to the historical record in a calibration period. combined with an
assumption that the conditions under which the model will be used will be similar to those of the calibration period. Clearly. though,
this is insufficient for a physically-based distributed model which is designed specially to simulate conditions different from those
likely to be available for calibration, ¢.g. when simulating the impact of a future land-use change. In that case a demonstration of
model transposability is required. Initially transposability referred to geographical transposability within one hydrologically
homogeneous region. However, its scope has since been broaden to include transposability from one land use type to another, from
one region to another and, recently, from one climate to another.

SCHEMES FOR SYSTEMATIC VALIDATION OF SIMULATION MODELS
The heirarchical scheme proposed by Klemes (1986). should be referred to here. The scheme is briefly discussed below:

The scheme is called hierarchical because the modelling tasks are ordered according to their increasing complexity, and the demand of
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the test increase in the same direction. Two major categories are proposed for the process to be simulated, in particular:

a. Stationary conditions. and
b. Non stationary conditions

Each of them being sub-divided into two hierarchical sub-groups according to whether the simulation is to be done for:

a. the same station (basin) which was used for calibration or
b. a different station (basin)

Here, the term stationary is used to denote physical conditions that do not appreciably change with time:

Typical examples of modelling tasks in these four classes of increasing difficulty are as follow:

la. Filling in a missing segment of, or extending a stream flow record

Ib.  Simulation of a stream flow record in an ungauged basin

2a. Simulation of streamflow record in a gauged basin for conditions after a change in land use. climate or both

2b. Simulation of a streamflow record in an ungauged basin for conditions after a change in land use. climate or both

The following tests are recommended as a minimum standard for operational testing of models for the above four levels of difficulty
of the simulation task:

la. Split sample test

1b. Proxy basin test

2a. Differential split sample test

2b. Proxy basin differential split sample test.

la)  Split-sample test : The available record should be split into two segments one of which should be used for calibration and the
other for validation. [f the available record is sufficiently long so that one half of it may suffice for adequate calibration. 1t
should be split into two equal parts. each of them should be used in turn for calibration and validation. and results from both
arrangements compared. The model should be judged acceptable only if the two results are similar and the errors in both
validations runs acceptable. [f the available record is not long enough for a 50/50 splitting, it should be split in such a way that
the calibration segment is long enough for a meaningful calibration, the remainder serving for validation. In such a case. the
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splitting should be done in two different ways, e.g. (a) the first 70% of the record for calibration and the last 30% for
validation; (b) the last 70% for calibration and the first 30% for validation. The model should qualify only if validation results
from both cases are acceptable and similar. If the available record cannot be meaningfully split. then only a model which has
passed a higher level test should be used.

Proxy-basin test : This test should be required as a basic test for geographical transposability of a model. i.c. transposability
within a region. If streamflow in an ungauged basin C is to be simulated. two gauged basins A and B within the region should
be selected. The model should be calibrated on basin A and validated on basin B and vice versa. Only if the two validation
results are acceptable and similar can the model command a basic level of credibility with regard to its ability to simulate the
streamflow in basin C adequately.

This kind of test should also be required when an available streamflow record in basin C is to be extended and is ot adequate
for a split-sample test as described above. In other words, the inadequate record in basin C would not be used for model
development and the extension would be treated as simulation in an ungauged basin (the record in C would be used only for
additional validation, i.e. for comparison with a record simulated on the basis of calibrations in A and B).

Consider geographical transposability between regions | and I1. If streamflow needs to be simulated in an as yet unspecified
ungauged basin C (or on a number of such basins) in region II the procedure should be as follows. First. the model is
calibrated on the historic record of a gauged basin D in region I. Streamflow measurements are started on at least two different
substitute basins, A and B, in region II and maintained for at least three years. Then the model is validated on these three-year
records of both A and B and judged adequate for simulation in a basin C if errors in both validation runs, A and B. are
acceptable and not significantly different. After longer records in A and B become available, these two basins can be used for
model development and subjected to the simpler test for transposability within a region as described above, using A and B as
proxy basins for C. Of course. the substitute basins A and B. would not be chosen randomly but would be selected so as to be
representative of the conditions in region 11, and, as far as possible. with due consideration of future stream gauging needs.

Differential split-sample test : This test should be required whenever a model is to be used to simulate flows in a given gauged
basin under conditions different from those corresponding to the available flow record. The test may have several variants
depending on the specific nature of the change for which the flow is to be simulated.

For a simulation of the effect of a change in climate, the test should have the following form. Two periods with different

values of the climate parameters of interest should be identified in the historic record, e.g. one with high average precipitation,
the other with low. If the model is intended to simulate streamflow for a wet climate scenario then it should be calibrated on a
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dry segment of the historic record and validated on a wet segment. If it is intended to simulate flows for a dry climate
scenario, the opposite should be done. In general. the model should demonstrate its ability to perform under the transition
required: from drier to wetter conditions or the opposite.

If segments with significantly different climatic parameters cannot be identified in the given record. the model should be
tested in a substitute basin in which the differential split-sample test can be done. This will always be the case when the effect
of'a change in land use, rather than in climate, is to be simulated. The requirement should be as follows: to find a gauged basin
where a similar land-use change has taken place during the period covered by the historic record, to calibrate the model on a
segment corresponding to the original land use and validate it on the segment corresponding to the changed land use.

Where the use of substitute basins is required for the testing, two substitute basins should be used, the model fitted to both and
the results for the two validation runs compared. Only if the results are similar can the model be judged adequate. Note that in
this case (two substitute basins) the differential split-sample test is done on each basin independently which is different from
the proxy-basin test where a model is calibrated on one basin and validated on the other.

A differential split-sample test can arise by default from a simple split-sample test if the only meaningful way of splitting an
available record is such that the two segments exhibit markedly different conditions.

Proxy-basin differential split-sample test : This test should be applied in cases where the model is supposed to be both
geographically and climatically (or land-use-wise) transposable. Such universal transposability is the ultimate goal of
hydrological modelling, a goal which may not be attained in decades to come. However, models with this capability are in
high demand and hydrologists are being encouraged to develop them despite the fact that thus far even the much easier
problem of simple geographical transposability within a region has not been satisfactorily solved.

The test to demonstrate such a general transposability may have different forms depending on the specific modelling task
involved. In the simplest case of geographical and climatic transposability within a region (e.g. for a model intended for
assessment of impact of climatic change in an ungauged basin C), the test should have the following form. Two gauged
basins, A and B, with characteristics similar to those of basin C are selected and segments with different climatic parameters.
e.g. w for wet and d for drv. are identified in the historic records of both of them. Then, for an assessment of the impact of a
dry climate scenario, the model is first calibrated on Aw and validated on Bd. and then calibrated on Bw and validated on Ad.
It is judged adequate if errors i both validation runs Ad and Bd are acceptable and not significantly different. By analogy. a
model intended for an assessment of the impact of a wet climate scenario would have to be calibrated/validated on Ad/Bw. and
on Bd/Aw, and judged adequate if results from Bw and Aw are adequate and similar.
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SENSITIVITY ANALYSES

Analysis of the sensitivity of the simulation results to changes in parameter values and analysis of parameter stability can served as
model tests. Such analyses can be carried out in different ways. The influence of the length of the calibration period on parameter
uncertainty as well as parameter stability with time can also be evaluated from such analysis.

Extrapolation From Calibration Conditions

[f the calibration is based on a narrow range of data, the model, even of physically-based, may not be applicable outside this range.
For example, if the data based contains only small floods, the model, even if properly validated in the operational sense, cannot be
trusted to simulate very large floods adequately. The calibration/validation exercise should therefore be based on as wide range of
conditions as possible. This approach can also be useful in eliminating incorrect calibrations in cases where it has been possible to
achieve multiple calibrations based on different combinations of realistic parameter values. The incorrect calibrations are less likely
to support acceptable simulations based on data outside the range used for calibration.
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