
The general term modelling means replacing an 
object under consideration by a quasi-object, or 
model, in order to draw information about the 
object from the model. The model imitates or 
mimics selected aspects of the object of interest, 
which are deemed important in the study at hand. 
A model can be seen as a working analogy of the 
real object, allowing similarity, though not identity, 
of properties, which are important in the particular 
statement of the problem. The basic rationale of 
modelling is the possibility to simulate and predict 
the behaviour of a complex object or system, with 
the help of a simpler, and/or more tractable model. 
Details of the real object can be ignored because 
they are not important in a particular case or  
because they are too complex, hence not tractable 
(see Dooge, 1973).

Many ways of classifying models have been 
proposed, starting from the early distinction of 
intuitive and formalized models. Formalized models 
can be divided into material models and symbolic 
models. The class of material models, the represen-
tation of a real system by another real system, can 
be divided into physical models, also called iconic, 
or look-alike models, such as hydraulic laboratory 
models of a dam or a channel built to an appropri-
ate scale, and analogue models, such as electrical 
analogs. Material models have similar properties to 
the object under consideration and are easier and 
cheaper to study. Experiments on material models 
can be made under more favourable and observable 
conditions (Singh, 1988), while experiments on the 
object may be diffi cult or even impossible. Symbolic 
models can be classifi ed into verbal, graphical and 
mathematical models. Nowadays, mathematical 
models are by far the most commonly used, mainly 
because of the computational capabilities offered 
by affordable computers.

The notion of the mathematical modelling of 
hydrological systems can be understood in a very 
broad sense as the use of mathematics to describe 
features of hydrological systems or processes. 
Hence, every use of a mathematical equation to 
represent links between hydrological variables, or 
to mimic a temporal or spatial structure of a single 
variable, can be called mathematical modelling. 
Under such a broad defi nition of the term, there 
are multiple links to many chapters of the Guide, 
as every hydrological process can be described via 

mathematical formalisms. The term mathematical 
modelling of hydrological systems includes time-
series analysis and stochastic modelling, where the 
emphasis is on reproducing the statistical charac-
teristics of a hydrological times series of a 
hydrological variable.

Developments in the modelling of hydrological 
systems have been linked closely with the emer-
gence and progress of electronic computers, 
user-friendly operation systems, application soft-
ware and data-acquisition techniques. The 
ubiquitous availability of computers and the devel-
opment of associated numerical methods have 
enabled hydrologists to carry out complex, repeti-
tive calculations that use large quantities of data. 
Streamfl ow modelling has become an important 
element in the planning and management of water-
supply and control systems and in providing 
river-forecast and warning services. The nature of 
modelling and the forced reliance on computer 
programming makes it impractical to include 
computational aids in this Guide. References are 
cited for further guidance on specifi c aspects of 
modelling, but no attempt is made to provide read-
ily usable programs for the innumerable models 
that exist.

6.1 MATHEMATICAL DETERMINISTIC 
MODELS
[HOMS J04, J80, K22, K35, K55, L20]

There are many ways to classify mathematical 
models. For example, a model can be static or 
dynamic. A relationship between values of two vari-
ables, for example, between the river stage and 
discharge in a cross-section, in the same time instant 
can be interpreted as a static, or steady-state, model 
and described with the help of an algebraic equa-
tion. An example of a dynamic model is a 
quantitative relationship between the river fl ow in 
a cross-section of interest in a given time instant 
and a set of earlier values of rainfall over the basin 
terminated by this cross-section: rainfall-runoff 
models. Dynamic models are typically formulated 
in terms of differential equations, ordinary or 
partial. There are a number of dichotomy-type cate-
gorizations of dynamic models. For a discussion of 
these, see Singh (1988).
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The category of dynamic hydrological models is 
very general and covers an entire spectrum of 
approaches. On one extreme are the purely empiri-
cal, black box techniques: those that make no 
attempt to model the internal structure but only 
match the input and output of the catchment 
system. A special category of black box models are 
artifi cial neural networks. On the other extreme are 
techniques involving complex systems of equations 
based on physical laws and theoretical concepts 
that govern hydrological processes: the so-called 
hydrodynamic models (see Hydrological Model for 
Water-Resources System Design and Operation, 
Operational Hydrology Reoort No. 34). Between 
these two extremes there are various conceptual 
models. These models represent a structure built of 
simple conceptual elements, such as, linear or non-
linear reservoirs and channels that simulate, in an 
approximate way, processes occurring within the 
basin. Whether the models are black box, concep-
tual or hydrodynamic, they yield outputs without 
the possibility of evaluating associated probabilities 
of occurrence. For this reason, they are often referred 
to as deterministic models.

Lumped models have constant parameters, which 
do not change in space and are typically described 
by ordinary differential equations, while parame-
ters of distributed models, whose physics is described 
by partial differential equations, may vary in space. 
Distributed and semi-distributed models have 
become common as they make use of the distrib-
uted data fields which are available from 
remote-sensing. Linear models are convenient to 
use because they may have closed-form solutions 
and obey the superposition principle, which non-
linear models do not. Models can be stationary, in 
other words, time-invariant, if the input–output 
relationship and model parameters do not change 
with time. Otherwise, models are non-stationary: 
time-variant. Models can be continuous and hence 
described by differential equations and integrals, or 
discrete and described by difference equations and 
sums.

Purely empirical and black box relationships have 
proven and will continue to prove benefi cial under 
certain circumstances, but they are subject to seri-
ous error when it becomes necessary to rely on 
them under conditions not previously experienced. 
Models that treat through theoretical concepts 
varied and interacting hydrological processes, 
namely, physically based models, are expected to be 
more trustworthy under such conditions, and 
experimentation with them holds great promise for 
science. Any attempt to classify deterministic 
models as hydrodynamic, conceptual or black box 

models admittedly forces a decision as to the degree 
of empiricism. The division of dynamic hydrologi-
cal models is, to some extent, arbitrary in the sense 
that one person’s empiricism may be another 
person’s theory (Singh, 1988). Nevertheless, it has 
been deemed appropriate to follow such a division 
in the treatment of deterministic models.

6.1.1 Black box models 

A river basin can be regarded as a dynamic system 
in which lumped parameters, which are invariant 
over the basin, transform the input factors, precipi-
tation and snowmelt, into a hydrograph of outfl ow 
from the basin. The same is true for a river reach, 
except that the infl ow at the upstream point or 
points must be treated as an additional input factor. 
Diagrammatically, such systems can be represented 
as shown in Figure II.6.1, where P(t) is the input and 
Q(t) is the output, both functions of time t. From 
the standpoint of dynamic systems theory, hydro-
logical systems behave as linear systems if they 
satisfy the principle of superposition, namely, that 
the reaction of the system to a combination of 
inputs is equal to the sum of its responses to the 
separate inputs, and that the system parameters are 
independent of the system’s inputs or outputs. The 
premise that the outfl ow hydrograph of a basin can 
be predicted from a sequence of precipitation and 
snowmelt only involves the assumption that the 
variability of other natural inputs, such as evapotran-
spiration, is small or negligible, or follows a known 
function of time.

Figure II.6.1. Black box system

The general expression for the relationship 
between input P(t) and output Q(t) of a lumped-
parameter, linear dynamic system may be written 
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where the coeffi cients ai and bi are the parameters 
characterizing the properties of the system. The 
solution to equation 6.1 for zero initial conditions 
gives:

Q (t ) = h (t ,τ )P (τ )dτ
0

t

∫
 

(6.2)

P(t)                 Q(t)
System
model
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where the function h(t,τ) represents the response of 
the system at a time t to a single input impulse at 
time τ. There are numerous approaches to the repre-
sentation of hydrological systems by formulations 
involving the infl uence function h(t,τ), also called 
impulse response. These can be expressed in terms 
of the coeffi cients ai and bi of equation 6.1. If the 
coeffi cients are constant in time, the system is time 
invariant and equation 6.2 becomes the Duhamel 
integral:

Q (t ) = h (t − τ )P (τ )dτ
0

t

∫  
(6.3)

It can be shown that the unit hydrograph concept 
and the routing techniques discussed in 6.3.2.2.5 
and 6.3.4.3 are all examples of linear dynamic 
systems involving the principle of superposition.

Non-linear systems are those for which the super-
position principle is not observed. In general, the 
response of a non-linear, lumped-parameter system 
to an input can be expressed either by an ordinary 
non-linear differential equation or by the integral 
equation:

Q (t ) = h (τ )P (t − τ )dτ
0

t

∫

h (τ1 ,τ 2 )P (t −τ1 )P (t −τ 2 )dτ1dτ2
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(6.4)

where h(τ1, τ2, ... τn) is a function expressing the 
time-invariant characteristics of the physical 
system. It is analogous to the infl uence function in 
equation 6.2. The fi rst term on the right-hand side 
of equation 6.4 defi nes the linear properties of the 
system, while the second defi nes the quadratic 
properties; the third defi nes the cubic properties, 
and so on.

6.1.2 Artifi cial neural networks

A particular class of mathematical model is the arti-
fi cial neural network, which is being increasingly 
used as an alternative way to solve a range of hydro-
logical problems. The approach can be regarded as 
a modelling tool composed of a number of inter-
connected signal-processing units called artifi cial 
neurons. Artificial neural networks, which can 
capture and represent complex input–output rela-
tionships, resemble the parallel architecture of the 

human brain; however, the orders of magnitude are 
not as great. The idea behind the development of 
artifi cial neural networks was the desire to simulate 
the basic functions of the natural brain and develop 
an artifi cial system that could perform intelligent 
tasks similar to those performed by the brain. 
Artificial neural networks acquire knowledge 
through learning and store the acquired knowledge 
within inter-neuron connection or synaptic 
weights.

Artifi cial neural networks are a simple clustering of 
the primitive artifi cial neurons. Each neuron is 
connected to a number of its neighbours. This 
clustering occurs by creating layers, which are 
connected to one another. The connections deter-
mine whether it is possible for one unit to infl uence 
another. Some of the neurons in input and output 
layers interface with the real world: neurons in the 
input layer receive input from the external envi-
ronment, while those in the output layer 
communicate the artifi cial neural network output 
to the external environment (Figure II.6.2). There 
are usually a number of hidden layers between the 
input and output layers.

When the input layer receives the input, its 
neurons produce an output which becomes an 
input to the next layer of the system. The process 
continues until the output layer fi res the output to 
the external environment. An input–output func-
tion, or transfer function, should be specifi ed for 
the artifi cial neural network units. For instance, 
the transfer function can follow a linear, threshold 
or sigmoid law. To construct a neural network that 
performs a specific task, the structure of the 
network and the scheme of connections between 
units must be chosen and the weights on the 

Figure II.6.2. Structure of an artifi cial neural 
network
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connections specifying the strength of the connec-
tions must be set.

The learning ability of a neural network is deter-
mined by its architecture and the algorithm chosen 
for training. There are a variety of learning laws 
which are used in artifi cial neural networks. These 
laws are mathematical algorithms used to update 
the connection weights. Changing connection 
weights of an artifi cial neural network, known as 
training, causes the network to learn the solution to 
a problem. Gathering new knowledge is accom-
plished by adjusting connection weights in such a 
way that the overall network produces appropriate 
results. An artifi cial neural network developer must 
decide on the arrangement of neurons in various 
layers, on inter-layer and intra-layer connections, 
on the way a neuron receives input and produces 
output, and on the principle of the learning proc-
ess. Determination of a number of hidden neurons 
in the network can be seen as an optimization task 
which is often done by means of trial and error. 
Excessive increase of the hidden number of neurons 
leads to an overfi t, when generalization is diffi cult.

A range of artifi cial neural network architectures 
and training algorithms ranging from feed-forward 
artifi cial neural networks trained using back propa-
gation to self-organizing maps for pattern discovery 
have been devised. Artifi cial neural networks are a 
quick and fl exible approach which has been found 
suitable for hydrological modelling in a wide vari-
ety of circumstances. There are several applications 
of neural networks of interest to hydrology in areas 
such as rainfall-runoff modelling (see Minns and 
Hall, 1996), fl ow routing (Cigizoglu, 2003) and sedi-
ment transport (Tayfur, 2002). As neural networks 
are best at identifying patterns or trends in data, 
they are well suited to prediction or forecasting.

The principal advantage of neural networks lies in 
their ability to represent both linear and non-linear 
relationships and to learn these relationships 
directly from the data being modelled. Traditional 
linear models are simply inadequate when it comes 
to modelling data that contains non-linear charac-
teristics, as is the case for most hydrological systems. 
At the start of the twenty-fi rst century, a great deal 
of research is being conducted in neural networks 
and their application to solve a variety of problems 
worldwide. However, hydrological practices have 
not yet accommodated these methods on a routine 
basis. Well-established technologies are still 
preferred to novelties whose advantages are yet to 
be proved. Also, the black box nature of artifi cial 
neural networks has caused reluctance on the part 
of some hydrologists.

6.1.3 Conceptual models

The approaches discussed in the previous sections 
make use of only very general concepts of the trans-
formation of input data into the outfl ow hydrograph, 
while more structural information about a system 
or a process may be available. Such an approach is 
inadequate for solving catchment modelling prob-
lems in which it is necessary to evaluate the effects 
of climate variability and change, changes in land 
use and other human activities. As a result, a model-
ling approach has been developed that involves 
structures based on various simplifi ed concepts of 
the physical processes of fl ow formation. These are 
commonly referred to as conceptual models.

One of the most diffi cult aspects of applying concep-
tual models is the calibration of a chosen model to 
a particular catchment. Most of the parameters are 
determined by iterative processes, either automatic 
or manual, that use historical input-output data. 
Owing to data limitations, model imperfections 
and the interrelationships among the model param-
eters, a small increase in the number of parameters 
is likely to have a major, and negative, effect on the 
diffi culty experienced in attempting calibration. It 
is necessary, therefore, that the number of parame-
ters be compatible with the reliability of the input 
data and the required accuracy. In other words, 
modern concepts of theoretical merit must gener-
ally be simplifi ed in favour of utility.

A wide variety of conceptual models are described 
in the literature (Intercomparison of Conceptual 
Models Used in Operational Hydrological Forecasting 
(WMO-No. 429)). Under the circumstances, it seems 
appropriate to limit the discussion to a brief descrip-
tion of three models, representing a reasonable 
cross-section of those suitable for treatment in this 
Guide. Several conceptual models are included in 
the Hydrological Operational Multipurpose System 
(HOMS) of WMO.

6.1.3.1 Sacramento model

The Sacramento model was developed by the staff 
of the National Weather Service River Forecast 
Center in Sacramento, California. This model 
embodies a complex moisture-accounting algo-
rithm to derive volumes of several runoff 
components, while a rather simple and highly 
empirical method is used to convert these inputs to 
the outfl ow hydrograph. The soil mantle is treated 
in two parts, an upper zone and a lower zone, with 
each part having a capacity for tension water and 
free water. Tension water is water that is closely 
bound to the soil particles and depleted only by 
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evapotranspiration. Provision is made for free water 
to drain downward and horizontally. The storage 
capacities for tension water and free water in each 
zone are specifi ed as model parameters. Water enter-
ing a zone is added to tension storage, as long as its 
capacity is not exceeded, and any excess is added to 
free water storage.

A portion of any precipitation is diverted immedi-
ately to the channel system as direct runoff. This is 
the portion that falls on the channel system and on 
impervious areas adjacent thereto. The extent of 
this area is time variant in the model. All rainfall 
and snowmelt, other than rainfall and snowmelt 
that are diverted to direct runoff, enter the upper 
zone. Free water in the upper zone is depleted either 
as interfl ow or percolation to the lower zone. If the 
rate of moisture supply to the upper zone is greater 
than the rate of depletion, the excess becomes 
surface runoff. Free water in the lower zone is 
divided between primary, slow drainage storage and 
secondary storage. Figure II.6.3 illustrates the prin-
cipal features of the model.

Percolation from the upper to the lower zone is 
defi ned as:

PRATE = PBASE 1 + ZPERC * RDC REXP⎡⎣ ⎤⎦
UZFWC

UZFWM
 (6.5)

where PRATE is the percolation rate, and PBASE is 
the rate at which percolation would take place if 
the lower zone were full and if there were an unlim-
ited supply of water available in the upper zone. It 
is numerically equal to the maximum lower zone 
outfl ow rate and is computed as the sum of the 
lower-zone primary and secondary free-water 
capacities, each multiplied by its depletion coeffi -
cient. RDC is the ratio of lower zone defi ciency to 
capacity. That is, RDC is zero when the lower zone 

is full and is in unity when it is empty. ZPERC is a 
model parameter that defi nes the range of percola-
tion rates. Given an unlimited supply of upper zone 
free water, the rate will vary from PBASE (lower 
zone full) to PBASE(1 + ZPERC) when the lower 
zone is empty. REXP is a model parameter that 
defi nes the shape of the curve between the mini-
mum and maximum values described above. 
UZFWC is the upper zone freewater content. 
UZFWM is the upper-zone free capacity. The ratio, 
UZFWC/UZFWM, represents the upper zone driving 
force. With the upper zone empty, there will be no 
percolation. With it full, the rate will be governed 
by the defi ciency in the lower zone.

This equation is the core of the model. It interacts 
with other model components in such a way that it 
controls the movement of water in all parts of the 
soil profi le, both above and below the percolation 
interface, and, in turn, is controlled by the move-
ment in all parts of the profi le. Evapotranspiration 
rates are estimated from meteorological variables or 
from pan observations. Either day-by-day or long-
term mean values can be used. The catchment 
potential is the product of the meteorological 
evapotranspiration and a multiplier that is a func-
tion of the calendar date, which refl ects the state of 
the vegetation. The moisture accounting within the 
model extracts the evapotranspiration loss directly 
or indirectly from the contents in the various stor-
age elements and/or from the channel system. The 
loss is distributed according to a hierarchy of priori-
ties and is limited by the availability of moisture as 
well as by the computed demand.

The movement of moisture through the soil mantle 
is a continuous process. The rate of fl ow at any 
point varies with the rate of moisture supply and 
the contents of relevant storage elements. This 
process is simulated by a quasi-linear computation. 
A single time-step computation of the drainage and 
percolation process involves the implicit assump-
tion that the movement of moisture during the 
time step is defi ned by the conditions existing at 
the beginning of the step. This approximation is 
acceptable only if the time step is relatively short. 
In the model, the length of the step is volume 
dependent. That is, the step is selected in such a 
way that no more than fi ve millimetres of water 
may be involved in any single execution of the 
computational loop.

Five components of runoff are derived in the model. 
The three upper components – direct, surface and 
interfl ow – are summed and transformed by a unit 
hydrograph (see 6.3.2.2.5). The two components 
from the lower zone, and primary and secondary Figure II.6.3. Structure of the Sacramento model
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base flow, are added directly to the outflow 
hydrograph derived from the other three compo-
nents. Provision is also made for routing the 
resultant hydrograph with variable routing 
coeffi cients.

The Sacramento model is a HOMS component with 
the following identifi cation code: J04.3.01.

6.1.3.2 Tank model

This model was developed at the National Research 
Institutes for Earth Science and Disaster Prevention 
in Tokyo, Japan (Sugawara and others, 1974). As 
the name implies, the soil mantle is simulated by 
a series of tanks arranged one above the other, as 
shown in Figure II.6.4 (a). All rainfall and snow-
melt is assumed to enter the uppermost tank. Each 
tank has one outlet in the bottom and one or two 
on a side at some distance above the bottom. Water 
that leaves any tank through the bottom enters 
the next lower tank, except for the lowermost 
tank, in which case the downfl ow is a loss to the 
system. Water leaving any tank through a side 
outlet, known as sidefl ow, becomes input to the 
channel system. The number of tanks and the size 
and position of the outlets are the model 
parameters.

The confi guration is a suitable representation of the 
rainfall-runoff process in humid regions, but a 
more complex arrangement is required for catch-
ments in arid and semi-arid areas, as shown in 
Figure II.6.4 (b). If extended dry periods are typical, 

two or more series of tanks, as described above, are 
placed in a parallel arrangement. The downfl ows in 
each series are the same as for the simple tank 
model. Each tank in each series contributes sidefl ow 
to the corresponding tank of the next series, except 
that all sidefl ow from the last series feeds directly 
into the channel system. Additionally, provision is 
made for sidefl ow from the uppermost tank in all 
other series to feed directly into the channel system. 
Each series is considered to represent a zone of the 
catchment, the lowest corresponding to the zone 
nearest the channels. As hydrological conditions 
make their seasonal progression from wet to dry, 
the zone nearest the channels can continue to be 
relatively wet after the one furthest removed has 
become rather dry. The originators of the model do 
not claim that the representation of storage 
elements is entirely realistic, but rather that the 
confi guration of tanks is an approximation some-
what resembling the finite-element method. 
Furthermore, the mathematical formulations defi n-
ing the fl ow of water through the tanks resemble 
classical hydrological concepts.

Two types of water are recognized in the model, 
confi ned water, namely, soil moisture, and free 
water that can drain both downward and horizon-
tally. Provision is also made for free water to 
replenish soil moisture by capillarity action. The 
model computes evapotranspiration loss from the 
catchment based on measured or estimated daily 
evaporation, on the availability of water in storage, 
and on a hierarchy of priorities from the different 
storage elements.

The basic numerical calculation within a tank 
involves a withdrawal function defi ned by:

αxdx
dt

=
 (6.6)

where x is the contents of the tank and t is time. 
The outfl ow in a fi nite unit of time, Δt, is therefore 
[1 – e–αΔt]x. The [1 – e–αΔt] quantity is computed for 
each outlet, based on the value of α and the speci-
fi ed time interval.

The computation for each time interval proceeds in 
the following order:
(a) For the uppermost tank:

(i) Extraction of evapotranspiration;
(ii) Transfer of free water to soil moisture;
(iii) Addition of rainfall and snowmelt;
(iv) Calculation and extraction of channel 

system input (sidefl ow) and percolation 
(downfl ow) from free water contents;Figure II.6.4. Tank model
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 (b) For a lower tank:
(i) Extraction of evapotranspiration, depend-

ing on hierarchy of priorities;
(ii) Transfer of free water to soil moisture;
(iii) Addition of percolation water from tank 

immediately above; 
(iv) Calculation and extraction of channel 

system input (sidefl ow) and percolation 
(downfl ow) from free water contents.

The input to the channel system is the output from 
the moisture-accounting phase of the model. The 
outfl ow hydrograph is derived from the channel 
system input by routing, assuming that:

Q = KS2 (6.7)

where Q is outfl ow, S is channel storage and the 
constant K is an additional parameter of the model. 
A limit of unity is imposed on dQ/dS to prevent the 
outfl ow from exceeding channel storage. An inter-
esting feature of the tank model is that changes in 
the values of model parameters can actually change 
the structure of the model.

The tank model is a HOMS component with identi-
fi cation code J04.1.01.

6.1.3.3 HBV model

The HBV model, developed by Bergstrom (1992, 
1995) at the Swedish Meteorological and 
Hydrological Institute, is a conceptual watershed 
model which converts precipitation, air tempera-
ture and potential evapotranspiration into 
snowmelt, if applicable, and streamfl ow or reservoir 
infl ow. The model has been modifi ed many times 
and exists in different versions in a number of 
countries.

The model describes the general water balance in 
the following way:

P − E − Q =
d

d t
SP + SM + UZ + LZ + VL[ ]  (6.8)

where P is precipitation, E is evapotranspiration, Q 
is runoff, SP is snowpack, SM is soil moisture, UZ is 
upper groundwater zone, LZ is lower groundwater 
zone and VL is the volume of lakes.

The HBV model can be regarded as a semi-distrib-
uted model by dividing the catchment into 
sub-basins and using elevation zoning. The model 
contains subroutines for meteorological interpola-
t ion,  snow accumulat ion and melt , 
evapotranspiration, soil moisture accounting, 
runoff generation and, fi nally, routing through 

rivers and lakes. For basins of considerable eleva-
tion range, a subdivision into elevation zones is 
made. Each elevation zone can be divided further 
into vegetation zones, such as forested and non-
forested areas.

The standard snowmelt routine of the HBV 
model is a degree-day approach, based on air 
temperature. Melt is further distributed accord-
ing to the elevation zoning and the temperature 
lapse rate and is modelled differently in forests 
and open areas. The snowpack is assumed to 
retain melt water as long as the amount does 
not exceed a certain water holding capacity of 
snow. When temperature decreases below the 
threshold temperature, this water refreezes 
gradually.

The soil moisture accounting of the HBV model is 
based on a modifi cation of the tank approach in 
that it assumes a statistical distribution of storage 
capacities in a basin. This is the main control of 
runoff formation. Potential evapotranspiration is 
reduced to actual values along with a growing soil 
moisture defi cit in the model and occurs from lakes 
only when there is no ice. Ice conditions are 
modelled with a simple weighting subroutine on 
air temperature, which results in a lag between air 
temperature and lake temperature.

The runoff generation routine is the response func-
tion which transforms excess water from the soil 
moisture zone to runoff. It also includes the effect 
of direct precipitation and evaporation on lakes, 
rivers and other wet areas. The function consists of 
one upper, non-linear, and one lower, linear, reser-
voir, producing the quick and slow, or base-fl ow,  
runoff components of the hydrograph. Lakes can 
also be modelled explicitly so that level pool rout-
ing is performed in lakes located at the outlet of a 
sub-basin. The division into submodels, defi ned by 
the outlets of major lakes, is thus of great impor-
tance for determining the dynamics of the generated 
runoff. River routing between sub-basins can be 
described by the Muskingum method, (see, for 
example, Shaw, 1994) or simple time lags.

A comprehensive re-evaluation of the model was 
carried out during the 1990s and resulted in the 
model version called HBV-96 (Lindström and 
others, 1997). The objectives were to improve the 
potential for accommodating spatially distributed 
data in the model, make the model more physically 
sound and improve the model performance. The 
model revision led to changes in the process descrip-
tions, automatic calibration and optimal 
interpolation of precipitation and temperature, via 
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a geostatistical method. When combined, the modi-
fi cations led to signifi cant improvements in model 
performance. The option of higher resolution in 
space is also necessary for future integration of 
spatially distributed fi eld data in the model. The 
improvements in model performance were due 
more to the changes in the processing of input data 
and the new calibration routine than to the changes 
in the process descriptions of the model.

Required input to the HBV model are precipitation 
(daily sums), air temperature (daily means) and 
estimates of potential evapotranspiration. The 
standard model is run with monthly data of long-
term mean potential evapotranspiration, usually 
based on the Penman formula, adjusted for temper-
ature anomalies (Lindström and Bergström, 1992). 
As an alternative, daily values can be calculated as 
being proportional to air temperature, but with 
monthly coefficients of proportionality. Later 
versions of the HBV model can be run with data of 
higher resolution in time, that is, hourly data.

Although the automatic calibration routine is not a 
part of the model itself, it is an essential component 
in practice. The automatic calibration method for 
the HBV model developed by Lindström (1997) has 
options for use of different criteria for different 
parameters or for use of combined criteria. This 
process generally requires three to fi ve years of 
simultaneous streamflow and meteorological 
records. If no streamfl ow records are available, the 
parameters can, in some cases, be estimated from 
known basin characteristics.

The area of applicability of HBV is broad and 
embraces spillway design (Bergström and others, 
1992; Lindström and Harlin, 1992), water resources 
evaluation, nutrient load estimates (WMO, 2003), 
and climate change studies (Bergström and others, 
2001). A recent trend is the use of the model for 
nation-wide hydrological mapping, as in Norway 
(Beldring and others, 2003) and Sweden (SNA, 
1995). The HBV model is a HOMS component with 
identifi cation code J04.2.02. For further informa-
tion, see: http://www.smhi.se/sgn0106/if/ 
hydrologi/hbv.htm.

6.1.4 Distributed models

The fi eld of mathematical modelling in hydrology 
has been traditionally dominated by lumped models 
with constant parameters, representing a whole 
drainage basin. However, several semi-distributed 
and distributed models have been developed more 
recently. Their formulation aims at following the 
hydrological processes more closely and thus may 

incorporate several meteorological variables and 
watershed parameters. Their product can be, for 
example, a series of synthetic streamflow data, 
water quality characteristics and rates of groundwa-
ter recharge. The basic input is a dataseries of rainfall 
data; however, provisions may be made for factors 
such as snowfall, temperature, radiation and poten-
tial evapotranspiration. Models for urban 
catchments may contain a description of their 
drainage network. Models for rural catchments may 
contain unit hydrographs, time-area curves or rout-
ing subroutines.

However, the distributed, physically based models 
are still being used at a fraction of their potential 
(Refsgaard and Abbott, 1996). There are several 
reasons for this. Distributed models require a large 
amount of data that often do not exist or are not 
available. Operational remote-sensing is still not a 
common practice, except for snow cover and land 
use/vegetation.

Numerous parameters of a physically based 
distributed model cannot be measured in the fi eld 
and calibration of such a model is a diffi cult opti-
mization task. Moreover, more complex and 
justifi ed descriptions are rarely implemented in 
distributed models because they would require 
more parameters, which need to be identifi ed. 
This simplifi cation may undermine the rigour of 
the physical basis.

As noted by Beven (1996), physically based distrib-
uted models use small-scale equations with an 
assumption that the change of scales can be accom-
modated by the use of effective parameter values. 
However, physically based equations of small scale 
do not scale up easily in a heterogeneous system. 
Beven (1996) saw a possible solution in an approach 
that recognizes the limitations of the modelling 
process, such as within an uncertainty framework. 
Scale-dependent parameters could be based on a 
statistical model of heterogeneity. In general, effi -
cient aggregate parameterization is not a trivial 
matter.

Distributed models provide a basis for full use of 
distributed information relevant to the physical 
processes in the catchment. The European 
Hydrological System (DHI, 1985) is an example of a 
distributed hydrodynamically based model and is 
illustrated in Figure II.6.5. The European 
Hydrological System is a model with distributed 
parameters that has been developed from partial 
differential equations describing the physical proc-
esses in the basin: interception, evapotranspiration, 
overland and channel fl ow, movement of water 
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through unsaturated and saturated zones, and 
snowmelt.

The interception process is represented by a variant 
of the Rutter model that gives the rate of change in 
the amount of water stored on the canopy:

∂c

∂ t
= Q −K eb (C − S )

Q =
P1P2 ( P − Ep C / S )

when C < S
when C ≥ SP1P2 ( P − Ep )

⎧
⎨
⎪

⎩⎪

 
(6.9)

where:

C is the actual depth of water on the canopy, S is 
the canopy storage capacity, P is the rainfall rate, P1 
is the proportion of ground in plan view hidden by 
vegetation, P2 is the ratio of total leaf area to area of 
ground covered by vegetation, Ep is the potential 
evaporation rate, K and b are drainage parameters 
and t is time.

For the prediction of actual evapotranspiration 
rates, the Penman–Monteith equation is used:

Ea =

ΔR n

ϕ Cpve

ra

λ Δ + γ (17 γ s / ra[ ]

 

(6.10)

where ϕ is the density of air, λ is the latent heat of 
vaporization of water, Ea is the actual evapotranspi-
ration rate, Rn is the net radiation minus the energy 
fl ux into the ground, Δx is the slope of the specifi c 
humidity/temperature curve, Cp is the specifi c heat 
of air at constant air pressure, ve is vapour pressure 
defi cit of the air, ra is the aerodynamic resistance to 
water vapour transport, γs is the canopy resistance 
to water transport, and γ is the psychometric 
constant.

The interception process is modelled as an inter-
ception storage, which must be fi lled before stem 
fl ow to the ground surface takes place. The size of 
the interception storage capacity, Imax, depends on 
the vegetation type and its stage of development, 
which is characterized by the leaf area index, LAI. 
Thus:

Imax = Cint × LAI (6.11)

where Cint is an interception coefficient which 
defi nes the interception storage capacity of the 
vegetation. A typical value is about 0.05 mm, but a 
more exact value may be determined through cali-
bration. The area of leaves above a unit area of the 
ground surface is defi ned by the leaf area index. 
Generalized time-varying functions of the leaf area 
index for different crops have been established. 
Thus, when employing the modelling tool MIKE 
SHE, the user must specify the temporal variation 
of the leaf area index for each crop type during the 
growing seasons to be simulated. Climatic condi-
tions differ from year to year and may require a 
shift of the leaf area index curves in time but will 
generally not change the shape of the curve. 
Typically, the leaf area index varies between 0 and 
7. Evaporation from the canopy storage is equal to 
the potential evapotranspiration, if suffi cient water 
has been intercepted on the leaves, that is:

Ecan = min Imax Ep Δt (6.12)

where Ecan is the canopy evaporation, Ep is the 
potential evapotranspiration rate and Δt is the time 
step length for the simulation.

Water accumulated on the soil surface responds to 
gravity by fl owing downgradient over the land 
surface to the channel system, where it subse-
quently discharges through the stream channels to 
the catchment outlet. Both phenomena are 
described by equations of unsteady free-surface 
fl ow, based on physical principles of conservation 
of mass and momentum (DHI, 1985).

In the most comprehensive mode, the fl ow in the 
unsaturated zone can be computed by using the  
Richards equation:

C =
∂Ψ
∂ t

=
∂
∂Z

K
∂Ψ
∂Z

⎛
⎝

⎞
⎠ + ∂K

∂Z
+ S  (6.13)

where Ψ is the pressure head, t is the time variable, 
Z is the vertical coordinate (positive upwards), 
C = ∂Θ / ∂Ψ is the soil-water capacity, Θ is the volu-
metric moisture content, K is hydraulic conductivity 
and S is a source/sink term.

Figure II.6.5. Structure of the European 
Hydrological System
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The infi ltration rate into the soil is determined by 
the upper boundary condition, which may shift 
from fl ux-controlled conditions to soil-controlled 
or saturated conditions and vice versa. The lower 
boundary is usually the phreatic-surface level. The 
governing equation describing the fl ow in the 
saturated zone is the non-linear Boussinesq 
equation:

S =
∂h
∂ t

=
∂
∂x

Kx H
∂h
∂x

⎛
⎝

⎞
⎠ +

∂
∂y

Ky H
∂h
∂y

⎛
⎝

⎞
⎠ + R  (6.14) 

where S is the specifi c yield; h is the phreatic surface 
level; Kx, Ky are the saturated hydraulic conductivi-
ties in the x and y directions, respectively; H is the 
saturated thickness; t is the time variable; x, y are 
the horizontal space coordinates and R is an instan-
taneous recharge/discharge term.

Equation 6.14 is solved by approximating it to a 
set of fi nite difference equations, that is, by apply-
ing Darcy’s law in combination with the mass 
balance equation for each computational node. 
Considering a node i inside the model area, the 
total inflow R from neighbouring nodes and 
sources/sinks between time n and time n+1 is 
expressed as follows:

R = Σqz
n+1 + Σqx

n+1 + RHiΔx2 (6.15)

where the fi rst term on the right-hand side is the 
volumetric fl ow in the vertical direction, the second 
term is the volumetric fl ow in horizontal directions, 
R is the volumetric fl ow rate per unit volume from 
all sources and sinks, Δx is the spatial resolution in 
the horizontal direction and Hi is either the satu-
rated depth for unconfined layers or the layer 
thickness for confi ned layers.

The snowmelt component of SHE represents an 
attempt to model both energy and mass fl ux within 
a snowpack by taking into account changes in the 
structure of the pack. Two semi-empirical equations 
are used to complete the set of relationships required 
to defi ne temperature and water-content distribu-
tions. Empirical equations are also used to defi ne 
the hydraulic and thermal properties of the snow in 
terms of the structure, water content and 
temperature.

There have been several products linked to SHE, 
including MIKE SHE, SHETRAN, or SHESED devel-
oped recently. Basic description of processes from 
the original SHE remains in MIKE SHE. This latter 
package (Storm and Refsgaard, 1996) extended in 
comparison to SHE, has been used in a number of 
practical applications, including fl ow simulation, 

solute transport, applications in irrigation and 
salinity planning, and management models.

6.1.5 Parameter evaluation

General methods of parameter evaluation or identi-
fi cation sometimes referred to as model calibration, 
have been developed for a wide range of dynamic 
systems. Experience has shown that the success of 
such methods depends on the availability of 
adequate information concerning the system char-
acteristics and the form of the infl uence function, 
or impulse response. There are two basic approaches 
to calibration.

In the fi rst approach, the mathematical model is 
combined with the data to solve for the unknown 
coeffi cients, the system parameters. Such a task 
belongs to the category of ill-posed mathematical 
inverse problems and is usually diffi cult to solve. In 
the linear case, matrix inversion may be needed. 
The solutions can be very sensitive to inaccuracy in 
the data. They tend to be unstable and multiple 
solutions may exist. The optimum found by the 
optimization software can be a local, rather than a 
global optimum.

The second approach involves experimentation 
with various combinations of parameter values in 
an effort to minimize or maximize an adopted 
criterion of optimization. A number of strategies 
have been developed by applied mathematicians 
with a view to minimizing the number of calcula-
tions required in the optimization of parameter 
values. Among the strategies used in hydrology are 
the gradient and non-gradient methods. The 
adequacy of the solution can be highly dependent 
on the criterion used in the analysis. A number of 
criteria have been developed and introduced 
through WMO projects (WMO, 1986, 1987, 
1991a). These can be recommended for general 
use.

To determine the parameters of complex, concep-
tual hydrological models which have several 
components, the following principles are 
recommended:
(a) Separate testing of the model components using 

all available experimental and scientifi c infor-
mation. It is well known that the global deter-
mination of all parameters of a model through 
optimization may result in unrealistic values of 
the parameters, some even falling outside their 
physical range. This is the case when certain 
model components contain systematic errors 
that are subsequently compensated within the 
model. In order to avoid such situations, it is 



CHAPTER 6. MODELLING OF HYDROLOGICAL SYSTEMS II.6-11

recommended that the parameters of complex 
conceptual models be determined separately 
for each of the basic components and not 
globally;

(b) Data from a minimum three-year time interval 
should be used for the calibration of models, 
and another time interval of similar length 
should be used for verifi cation. The calibration 
and verifi cation intervals in this split-sample 
approach should be selected so that they repre-
sent different conditions favouring runoff 
formation, for example: fl oods generated by 
rainfall, fl oods resulting from snowmelt proc-
esses and low fl ows;

(c) In the case of basins with a hydrological regime 
under anthropogenic infl uences, it is recom-
mended that the model be calibrated for the 
natural runoff regime. The values of certain 
parameters may be modifi ed subsequently to 
account for human infl uences. The validation 
of the model parameters should be done for a 
representative period that is not infl uenced by 
human activities.

The parameters of hydrodynamic models repre-
sent basin characteristics, such as roughness of the 
slopes and the river bed, soil hydraulic conductiv-
ity and soil porosity. In principle, all of these 
parameters are physically based and determined 
by fi eld measurements and not through optimiza-
tion. However, this is not always possible in 
practice.

6.1.6 Selection of models

In addition to software packages developed in 
Europe and North America, several products from 
other countries are being increasingly used in the 
international context. For example, two models 
developed in South Africa have gained interna-
tional recognition. The ACRU (Agricultural 
Catchments Research Unit) agrohydrological 
modelling system developed by Schulze at the 
University of Natal since the early 1970s is a multi-
purpose integrated physical conceptual model 
simulating streamfl ow, sediment and crop yields. 
The Pitman rainfall-runoff model for monthly time 
steps has been widely used in southern Africa for 
broad strategic water resource planning purposes 
(see Hughes and Metzler, 1998). Recently, Hughes 
(2004a) extended the Pitman model by adding two 
new components, recharge and groundwater 
discharge, thus responding to the urgent need in 
practice for an integrated surface water and ground-
water modelling tool which can be applied at 
various basin scales in southern African 
conditions.

The choice of models is not restricted to the models 
described above. Many models produced by research 
institutions and commercial software companies 
are available. It is often diffi cult to ascertain the 
relative advantages and disadvantages of models 
proposed for operational use. The selection of a 
model suitable for a specifi c hydrological situation 
has implications in water resources planning, devel-
opment and management; in hydrological 
forecasting activities and in setting directions of 
further research in modelling. Some of the factors 
and criteria involved in the selection of a model 
include the following:
(a) The general modelling objective: hydrological 

forecasting, assessing human infl uences on the 
natural hydrological regime or climate change 
impact assessment;

(b) The type of system to be modelled: small water-
shed, aquifer, river reach, reservoir or large 
catchment;

(c) The hydrological element to be modelled: 
fl oods, daily average discharges, monthly 
average discharges, groundwater levels, water 
quality and so forth;

(d) The climatic and physiographical characteris-
tics of the watershed;

(e) Data availability with regard to type, length 
and quality of data versus data requirements 
for model calibration and operation;

(f) Model simplicity, as far as hydrological complex-
ity and ease of application are concerned;

(g) The possible need for transposing model 
parameters from smaller catchments to larger 
catchments; 

(h) The ability of the model to be updated 
conveniently on the basis of current hydrom-
eteorological conditions.

Useful information and guidance on the selection 
and application of conceptual models in various 
hydrological situations can be found in documen-
tation of several WMO projects carried out since 
the 1970s, such as the following:
(a) Intercomparison of conceptual models used in 

operational hydrological forecasting (WMO, 
1987);

(b) Intercomparison of models of snowmelt runoff 
(WMO, 1986);

(c) Simulated real-time intercomparison of hydro-
logical models (WMO, 1991a).

Many hydrological software packages have been 
developed by scientific research institutes and 
commercial companies for PCs and work stations 
using MS Windows, UNIX and LINUX platforms. 
Many models are equipped with a geographical 
information system interface.
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Hydrological models within HOMS are grouped 
in a number of sections. Section J, Hydrological 
Forecasting Models, includes models whose 
main purpose is the operational forecasting of 
various hydrological elements. Subsection 
J 0 4 ,  F o r e c a s t i n g  S t r e a m f l o w  f r o m 
Hydrometeorological Data, includes the three 
models, Sacramento, tank and HBV, introduced 
in 6.1.3.1 to 6.1.3.3.

At the time of writing, further components in this 
subsection of HOMS include the following: J04.1.04, 
Snowmelt-runoff model (SRM); J04.1.05, Infl ow–
storage–outfl ow (ISO) function models; J04.2.01, 
Conceptual watershed model for fl ood forecasting; 
J04.3.03, Snow accumulation and ablation model 
(NWSRFS-SNOW-17); and J04.3.07, Synthetized 
constrained linear system (SCLS).

Subsection J15, Combined Streamfl ow Forecasting 
and Routing Models, includes components  J15.2.01, 
Streamflow synthesis and reservoir regulation 
(SSARR) model, and J15.3.01, Manual calibration 
program (NWSRFS-MCP3).

Further models are grouped under section K, 
Hydrological Analysis for the Planning and Design 
of Engineering Structures and Water Resource 
Systems), for example, K15, Site-Specific Flood 
Studies, and K15.3.02, Dam-break flood model 
(DAMBRK). Subsection K22, Rainfall-Runoff 
Simulation Models, contains K22.2.02, Flood 
hydrograph package (HEC-1); K22.2.10,  
Hydrological rainfall runoff model (HYRROM);  
K22.2.11, Unit hydrographs and component fl ows 
from rainfall, evaporation and streamfl ow data (PC 
IHACRES); K22.2.12, Non-linear rainfall-runoff 
model (URBS) and K22.3.01, Urban rainfall-runoff 
model (SWMM). Subsection K35, Streamflow 
Simulation and Routing, includes the following 
components: K35.1.05, Numerical solutions of the 
non-linear Muskingum method; K35.2.09, Interior 
fl ood hydrology (HEC-IFH); K35.3.06, River analy-
sis system (HEC-RAS); K35.2.06, Water-surface 
profi le computation model (WSPRO); K35.3.13, 
Branch-network dynamic fl ow model (BRANCH);  
and K35.3.14, Flow model for a one-dimensional 
system of open channels based on the diffusion 
analogy (DAFLOW).  Subsection K 55, Water Quality 
Studies, includes the following components: 
K55.2.04, Transport model for a one-dimensional 
system of open channels (BLTM); K55.2.06, 
Modelling faecal coliform concentrations in 
streams; K55.3.04, Mathematical model for two-
dimensional salinity distribution in estuaries; and 
K55.3.07, PC-QUASAR – Quality simulation along 
rivers.

Section L, Groundwater, includes subsection L20,  
Aquifer Simulation Models, with the following 
components: L20.2.04, Modular fi nite-difference 
groundwater fl ow model (MODFLOW); L20.3.05, 
A model for unsaturated fl ow above a shallow 
water table (MUST); L20.3.13, Complete program 
package for modelling groundwater flow 
(TRIWACO);  L20.3.07, Pathlines and travel times 
based on analytical solutions (AQ-AS); L20.3.10,  
Groundwater head drawdowns based on analytical 
solutions (AQ-AP); L20.3.11, Aquifer simulation 
model; L20.3.12 , SGMP – Simulation of watertable 
behavior in groundwater systems; and L20.3.14, 
MicroFEM – Finite-element multiple-aquifer 
steady-state and transient groundwater flow 
modelling.

6.2 TIME SERIES AND SPATIAL ANALYSIS

Many hydrological data consist of time series of 
observations of a hydrological variable in one point 
in space. Studying a single time series of hydrologi-
cal data allows the identifi cation of the temporal 
correlation structure of this variable in one point in 
space. If more than one variable is being observed 
at the station, cross-correlations between time series 
of several variables in the same spatial point can be 
studied. By considering time series of the same vari-
able at a number of points in space, a spatial-temporal 
fi eld of this hydrological variable can be explored 
and a cross-correlation between the time series of 
the same variable in different spatial points can be 
examined. This makes it possible to interpret the 
temporal and/or spatial-temporal structure of the 
hydrological processes and to use this in 
synthetic streamflow generation and extending 
data, such as for filling in gaps in data and 
extrapolation.

Hydrological time series can be continuous in that 
they are derived from a continuously recording 
device, discrete because they are sampled at discrete 
time instants at regular or irregular time intervals, 
or quantized, if each value of the time series is an 
integral of a variable over a defi ned time interval. 
Continuous time series can be analysed in the 
temporal domain or in the operational domain, for 
example, via Fourier or Laplace integral transforms, 
which can be convenient in specifi c cases.

When studying hydrological time series, it is impor-
tant to use appropriate time intervals. Data may be 
hourly, daily, monthly or annual, but in a particular 
application it may be necessary to use either the 
time interval dictated by the data acquisition, or a 
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longer period, requiring aggregation, or a shorter 
period, requiring disaggregation. This has effects on 
the characteristics of the series. Series of hourly 
streamfl ow are very likely to contain highly corre-
lated values, while the correlation coeffi cient may 
fall to zero in a series of annual values.

There is extensive literature related to time series 
analysis, including the monumental monograph 
by Box and Jenkins (1970). Hydrological applica-
tions of time series analysis can be studied in Salas 
(1992). Elements of time-series analysis are widely 
included in general-purpose statistical software 
packages. The present section briefl y describes prac-
tical problems in the fi eld, dealing with stochastic 
simulation and change detection in hydrological 
records.

6.2.1 Stochastic simulation of 
hydrological times series

Stochastic models are black box models, the param-
eters of which are estimated from the statistical 
properties of the observed times series. Stochastic 
methods were fi rst introduced into hydrology in 
connection with the design of storage reservoirs. 
Annual or monthly fl ow volumes provide adequate 
detail for such purposes, but the capacity of the 
reservoir must refl ect the probability of occurrence 
of critical sequences of fl ow that can best be evalu-
ated from a set of fl ow sequences. Each must span a 
period of many years and should be indistinguisha-
ble from the historic record in so far as its relevant 
statistical characteristics are concerned. The statisti-
cal properties of the historical record that are to be 
preserved are of primary concern in the selection of 
an appropriate stochastic model. Modelling is much 
more diffi cult when it becomes necessary to gener-
ate simultaneous fl ow sequences for two or more 
reservoir sites in a basin because of the requirement 
that intercorrelations be preserved. Stochastic 
modelling has also been used in the establishment 
of confi dence limits of real-time fl ow forecasts. Such 
applications are not given further treatment here. A 
discussion of the design and operation of storage 
reservoirs is provided in 4.2.

6.2.1.1 Markovian lag-1 models

Many models for simulating monthly, seasonal or 
annual fl ow volumes assume a fi rst-order Markov 
structure which assumes that the fl ow in any period 
is determined by the fl ow in the preceding period, 
plus a random impulse. One such model for annual 
fl ows can be expressed as:

Qi = Qj + ρj

σ j

σ j−1
(Qi−1 − Qj−1 ) + εi σj 1 − ρj

2  (6.16)

in which Qi is the fl ow of the ith member of the 
series numbering consecutively from 1 regardless 
of month or year, j is the month in which the ith 
member of the series falls, Q

–
j is the mean fl ow for 

the jth month, σj is the standard deviation for the 
jth month, ρj is the serial correlation between Q

–
j  

and Qj–1 and εi is a random variate from an appro-
priate distribution, with mean zero, unit variance 
and serial independance.

Equation 6.16 is also suitable for seasonal fl ows (j = 
1, 2, 3, 4) and annual fl ows (j = 1). In the latter case 
it becomes:

Qi = Qj + ρ (Qi−1 − Qj−1 ) + εi σ 1 − ρ2  (6.17)

Values of Q
–
 σ and ρ, derived from the historical 

record, are assumed to be applicable for the purposes 
to be served, and an initial value of Qi–l need only 
be selected to simulate a series of any length. Monte 
Carlo techniques are generally used with sequential 
values of the random variate derived by computer. 
In principle, the development and application of 
the models depicted in equation 6.16 are relatively 
straightforward and simple. Nevertheless, several 
questions requiring careful consideration and deci-
sions may be critical to the particular problem 
under study:
(a) What is the distribution of the random 

variate?
(b) Should the variance be corrected for serial 

correlation, if present?
 (c) How accurate is the calculated value of the 

serial correlation?

6.2.1.2 Autoregressive moving average 
models

An important extension of the univariate stochastic 
models is represented by the group developed by 
Box and Jenkins (Box and Jenkins, 1970; Hipel and 
others, 1977): the autoregressive moving average 
models (ARMA).

There are three types: autoregressive (AR), moving 
average (MA) and mixed (ARMA) models. The most 
general type (ARMA), of order p and q, and the 
moving average (MA), of order q, are, 
respectively:

xi = φ1xi–1 + φ2xi–2 + ... + φpxi–p + εi

– θ1εi–1 – ... – θqεi–q 
(6.18)

xi = ε1 – θiεi–1 – ... – θqεi–q (6.19)
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where xi is the deviation of the ith observation from 
the series mean, φ1 and θ1 are parameters to be esti-
mated, and εi is a random variate as defi ned above 
(see 6.2.2.1).

A systematic approach has been developed for 
fi tting ARMA models (Box and Jenkins, 1970):
(a) Identifi cation: The correlogram of the series 

under study is compared with the autocorre-
lation functions of various ARMA models as 
a basis for selecting the appropriate type and 
order;

(b) Estimation: The parameters of the model are 
estimated (Salas, 1992) by using the method of 
moments, the method of maximum likelihood 
or the method of least squares, where estimates 
minimizing the sum of squared residuals are 
selected;

(c) Diagnostic checking: The randomness of the 
residuals is checked to verify the adequacy of 
the selected model.

Autoregressive moving average models are used to 
generate synthetic fl ow sequences by Monte Carlo 
techniques in the manner previously described. It is 
important to bear in mind that methods of stochas-
tic generation should be used with caution and 
with critical consideration of the characteristics of 
the record that are important for the water resource 
project under study.

6.2.1.3 Fractional Gaussian noise and 
broken-line process models

Hurst discovered (Hurst, 1951) that very long 
geophysical records displaying characteristics at 
odds with stationary Markovian processes led to 
the development of two stochastic models that 
can accommodate long-term persistence or low- 
frequency elements. The first of these, the 
fractional Gaussian-noise (FGN) model 
(Mandelbrot and Wallis, 1968) is a self-similar, 
random process characterized by a spectral density 
function that emphasizes very low frequencies 
typifying the Hurst phenomenon. It also has been 
shown that a long-memory model of the broken-
line process will preserve the Hurst phenomenon 
(Rodriguez-Iturbe and others, 1972; Mejia and 
others, 1972).

The fi ndings of Hurst do not necessarily indicate 
very long-term persistence and, moreover, some 
versions of ARMA models are capable of simulating 
substantial low-frequency effects. The non-station-
arity of the process’s mean value could also result in 
the characteristics that Hurst found when analys-
ing long records, whether these be the result of 

climatic change, anthropogenic factors or simply 
non-homogeneity of the data series.

6.2.2 Change detection in hydrological 
records

6.2.2.1 Introduction

Detection of changes in long time series of hydro-
logical data is an issue of considerable scientifi c and 
practical importance. It is fundamental for plan-
ning of future water resources and fl ood protection. 
If changes are occurring within hydrological 
systems, existing procedures for designing struc-
tures such as reservoirs, dams and dykes will have 
to be revised; otherwise, systems will be over- or 
under-designed and will either not serve their 
purpose adequately or will be more costly than 
necessary.

Activities undertaken within the World Climate 
Programme – Water (WMO, 1988) have led to the 
establishment of general recommendations on 
methodology for use in detection of change in 
hydrological data, presented by Cavadias (WMO, 
1992) and Kundzewicz and Robson (WMO, 2000, 
2004). The present section is based on the latter two 
references, which may be consulted for more 
detailed recommendations regarding different 
components of the process of testing for changes.

6.2.2.2 Basics of statistical testing for change 
detection

Change in a time series can occur in numerous 
ways: gradually (a trend), abruptly (a step change) 
or in a more complex form. It may affect the mean, 
median, variance, autocorrelation or other aspects 
of the data.

In order to carry out a statistical test, it is necessary 
to defi ne the null and alternative hypotheses which 
describe what the test is investigating. For example, 
to test for trend in the mean of a series, the null 
hypothesis would be that there is no change in the 
mean of a series, and the alternative hypothesis 
would be that the mean is either increasing or 
decreasing over time. To perform a test, it is neces-
sary to begin by assuming that the null hypothesis 
is true. The next step is to check whether the 
observed data are consistent with this hypothesis. If 
not, the null hypothesis is rejected.

To compare between the null and alternative 
hypotheses, a test statistic is selected and its signifi -
cance is evaluated, based on the available evidence. 
The test statistic is simply a numerical value that is 
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calculated from the data series that is being tested. 
A good test statistic should highlight the difference 
between the two hypotheses. A simple example of a 
test statistic is the linear regression gradient, which 
can be used to test for a trend in the mean. If there 
is no trend (null hypothesis), the regression gradi-
ent should have a value near to zero. If there is a 
large trend in the mean (alternative hypothesis), 
the value of the regression gradient would be very 
different from zero: positive for an increasing trend 
and negative for a decreasing trend.

The signifi cance level measures whether the test 
statistic differs signifi cantly from the range of values 
that would typically occur under the null hypothe-
sis. It is the probability that a test erroneously 
detects trend when none is present; this is referred 
to as a type I error. A type II error occurs when the 
null hypothesis is accepted – no trend is present – 
when in fact the alternative hypothesis is true (a 
trend exists). The power of a test is the probability 
of correctly detecting a trend when one is present; 
powerful tests that have a low type II error probabil-
ity are preferred.

In carrying out a statistical test it is always neces-
sary to consider assumptions. Standard tests require 
some or all of the following assumptions: a speci-
fi ed form of distribution, for example, assuming 
that the data are normally distributed; constancy of 
the distribution in that all data points have an iden-
tical distribution so that there are no seasonal 
variations or any other cycles in the data; and inde-
pendence. This last assumption is violated if there 
is either autocorrelation, namely, correlation from 
one time value to the next. This is also referred to as 
serial correlation or temporal correlation or, in the 
case of a multi-site study, spatial correlation, in 
particular, correlation between sites.

If the assumptions made in a statistical test are not 
fulfi lled by the data, then test results can be mean-
ingless, in the sense that estimates of the signifi cance 
level would be grossly incorrect. Hydrological data 
are often clearly non-normal; this means that tests 
that assume an underlying normal distribution will 
be inaccurate. Hydrological data may also show 
autocorrelation and/or spatial correlation; there-
fore, data values are not independent. This can have 
a negative impact on the ability to detect trend in a 
time series (Yue and others, 2003). The data may 
also display seasonality, which violates assumptions 
of constancy of distribution. The power of tests can 
depend on the sample size, the variability of the 
time series, the magnitude of the characteristic that 
is being tested, such as a trend, and the distribution 
and skewness of the time series. Results of the power 

of the Mann–Kendall and Spearman’s rho tests are 
provided by Yue and others (2002) and Yue and 
Pilon (2004).

The main stages in statistical testing are as follows:
(a) Decide what type of series/variable to test, 

depending on the issues of interest, for exam-
ple, monthly averages, annual maxima or 
deseasonalized data;

(b) Decide what types of change are of interest 
(trend/step change);

(c) Check out data assumptions, for instance by 
using exploratory data analysis;

(d) Select one or more tests/test statistics that are 
appropriate for each type of change; more than 
one is good practice;

(e) Select a suitable method for evaluating signifi -
cance levels;

(f) Evaluate signifi cance levels;
(g) Investigate and interpret results.

The process of selecting a statistical test can be 
considered to be composed of two parts: selecting 
the test statistic and selecting a method for deter-
mining the signifi cance level of the test statistic. By 
viewing the process in manner, it becomes possible 
distinguish between how to select a test statistic 
and how to evaluate the signifi cance level.

6.2.2.3 Distribution-free testing

There are many ways of testing for trend or other 
changes in hydrological data. In a particular group 
of methods, referred to as distribution-free meth-
ods, there is no need for assumptions as to the form 
of distribution from which the data were derived, 
for example, it is unnecessary to assume data are 
normally distributed. The following approaches are 
distribution-free:
(a) Rank-based tests: These tests use the ranks of 

the data values but not the actual data values. A 
data point has rank r if it is the rth largest value 
in a dataset. Most rank-based tests assume that 
data are independent and identically distrib-
uted. Rank-based tests have the advantage that 
they are robust and usually simple to use. They 
are generally less powerful than a parametric 
approach.

(b) Tests using a normal-scores transformation: 
Many tests for change rely on the assumption 
of normality. They are generally not suitable 
for direct use with hydrological data, which are 
typically far from being normally distributed. 
However, such tests can be used if the data are 
fi rst transformed. The normal scores transfor-
mation results in a dataset that has a normal 
distribution. It is similar to using the ranks of 
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a data series, but instead of replacing the data 
value by its rank, r, the data value is replaced by 
the typical value that the rth largest value from 
a sample of normal data would have (the rth 
normal score). The advantages of using normal 
scores are that the original data need not follow 
a normal distribution, and the test is relatively 
robust to extreme values. The disadvantage is 
that statistics measuring change, such as the 
regression gradient, cannot be easily inter-
preted. Normal-scores tests are likely to be 
slightly more powerful than equivalent rank-
based tests.

(c) Tests using resampling approaches: Resampling 
methods, introduced below, are methods that 
use the data to determine the signifi cance of a 
test statistic.

6.2.2.4 Introducing resampling methods

Resampling methods, permutation testing and the 
bootstrap method are a robust set of techniques for 
estimating the signifi cance level of a test statistic. 
They are fl exible and can be adapted to a wide range 
of types of data, including autocorrelated or seasonal 
data, and are relatively powerful. Resampling meth-
ods are very useful for testing hydrological data 
because they require relatively few assumptions to 
be made about the data, yet they are also powerful 
tests. They provide a fl exible methodology that 
allows signifi cance levels to be estimated for any 
sensible choice of test statistic. They enable tradi-
tional statistical tests to be adapted for application 
to hydrological series by using a robust method to 
determine signifi cance.

The basic idea behind re-sampling methods is very 
straightforward. Consider testing a series for trend: 
a possible test is the regression gradient. If there is 
no trend in the data (the null hypothesis) then the 
order of the data values should make little differ-
ence. Thus shuffl ing, or permuting, the elements of 
the data series should not change the gradient 
signifi cantly. Under a permutation approach the 
data are shuffl ed very many times. The test statistic 
is recalculated after each shuffl e or permutation. 
After many permutations, the original test statistic 
is compared with the generated test statistic values. 
If the original test statistic differs substantially from 
most of the generated values, this suggests that the 
ordering of the data affects the gradient and that 
there was trend. If the original test statistic lies 
somewhere in the middle of the generated values, 
then it seems reasonable that the null hypothesis 
was correct in that the order of the values does not 
matter; hence there is no evidence of trend. In other 
words, if an observer or, in this case, the statistical 

test can distinguish between the original data and 
the resampled or permuted data, the observed data 
are considered not to satisfy the null hypothesis.

The bootstrap and permutation methods are two 
different approaches to resampling the data. In 
permutation methods, sampling with no replace-
ment, the data are reordered, that is each of the 
data points in the original data series appears only 
once in each resampled or generated data series. In 
bootstrap methods, the original data series is 
sampled with replacement to give a new series with 
the same number of values as the original data. The 
series generated with this method may contain 
more than one of some values from the original 
series and none of other values. In both cases, the 
generated series has the same distribution as the 
empirical, observed distribution of the data. In 
general, bootstrap methods are more fl exible than 
permutation methods and can be used in a wider 
range of circumstances.

The simplest resampling strategy is to permute or 
bootstrap individual data points, as described 
above. This technique is applicable only when it 
can be assumed that the data are independent and 
non-seasonal. If data show autocorrelation, or addi-
tional structure such as seasonality, the series 
generated by resampling should replicate this struc-
ture. A straightforward means of achieving this is to 
permute or bootstrap the data in blocks. For exam-
ple, for a 40-year series of monthly values, it would 
be sensible to treat the data as consisting of 
40 blocks of one year. Each year’s worth of data is 
left intact and is moved around together as a block, 
thus maintaining the seasonal and temporal 
dependencies within each year. The 40 blocks are 
then reordered many times. In this way, the resam-
pled series will preserve the original seasonality. 
Similarly, blocks can be forced to replicate the auto-
correlation in the data. It is important that the size 
of the blocks should be sensibly selected.

Many distribution-free tests, such as the rank-based 
tests, depend on assumptions of independence. If 
this assumption does not hold, as is common for 
hydrological data, the recommended approach is to 
extract the test statistics from these tests and to 
evaluate signifi cance using block-bootstrap and 
block-permutation methods, rather than using clas-
sical formulae for signifi cance, which may lead to 
gross errors. Such methods can be useful when there 
is spatial dependency in a set of multi-site data that 
is to be tested as a group. In this case, the usual 
choice of blocks would be to group data across all 
sites that occurred in the same time interval (for 
example, Robson and others, 1998).
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6.2.2.5 Commonly used tests and test 
statistics

Table II.6.1 presents a summary of standard para-
metric and non-parametric tests for change 
detection, their essential properties and necessary 
assumptions. The tests are described in their stand-
ard form, namely, in a non-resampling framework. 
Each of these tests can easily be adapted to be a 
resampling test. For this, the test statistic for a test 
is calculated, but the significance level is 
obtained using the resampling approach described 
above. Guidelines for test selection are shown in 
Table II.6.2.

Note that if resampling techniques are to be used, it 
is possible to construct new test statistics to test for 
a particular type of change – it is not necessary to 
select test statistics from known tests. Having the 
fl exibility to construct custom test statistics allows 
great fl exibility in what can be tested and for what.

When interpreting test results, it is necessary to 
remember that no statistical test is perfect, even if 
all test assumptions are met. Hence, it is recom-
mended to use more than one test. If several tests 
provide signifi cant results, this provides stronger 
evidence of change, unless they are very similar, in 
which case multiple signifi cance is not an addi-
tional proof of change.

It is important to examine the test results along-
side graphs of the data and with as much historical 
knowledge about the data as possible. For exam-
ple, if both step-change and trend results are 
signifi cant, further information will be needed to 
determine which of these provides the best descrip-
tion of the change. If historical investigations 
reveal that a dam was built during the period, and 
this is consistent with the time series plot, it would 
be reasonable to conclude that the dam caused a 
step change.

If test results suggest that there is a signifi cant 
change in a data series, it is important to try to 
understand the cause. Although the investigator 
may be interested in detecting climate change, 
there may be many other possible explanations, 
which need to be examined (Kundzewicz and 
Robson, 2004). It can be helpful to look out for 
patterns in the results that may indicate further 
structure, such as regional patterns in trends.

6.2.3 Spatial analysis in hydrology

Hydrological variables may form a spatial-temporal 
random fi eld, for example, a set of time series of 

values of a variable for a number of gauges. A spatial 
fi eld describes discrete observations of a variable in 
the same time instant in a number of spatial points 
or remotely sensed data covering the whole area. 
The spatial aspects of random fi elds such as rainfall, 
groundwater level or concentrations of chemicals 
in groundwater, are important issues in hydrology.

Geostatistics is a set of statistical estimation tech-
niques for quantities varying in space. It lends itself 
well to applications to random spatial fi elds, such as 
precipitation or groundwater quality, thus being 
applicable to a range of hydrological problems (see 
Kitanidis, 1992). Geostatistics offers solutions to 
several practical problems of considerable impor-
tance in hydrology. It can be used in interpolation, 
such as estimating a value for an ungauged location, 
based on observations from several neighbouring 
gauges, or plotting a contour map based on scarce 
information in irregularly spaced locations. It can 
solve aggregation problems: fi nding areal estimates 
based on point observations such as determining 
areal precipitation from point values. It can aid in 
monitoring network design, for example, in optimal 
network extension or, unfortunately more common, 
optimal network reduction. These applications 
answer the following question: how to reduce the 
network while minimizing information loss. By using 
geostatistics with groundwater flow or transport 
models, the inverse problem of parameter identifi ca-
tion can be solved by determining transmissivity 
from observed hydraulic head, for example.

A statement of the principal problem of the geosta-
tistical kriging technique can be formulated as 
looking for a best linear unbiased estimator (BLUE) 
of a quantity at some unmeasured location x0 from 
observations z(x1), z(x2), …, z(xn) in a number of 
locations x1, x2, …, xn: 

Z ( x 0 ) = λ iz ( x i )
i=1

n

∑  (6.20)

where Z(x0) is the estimator of z(x0) and λi are 
weights.

Under the so-called intrinsic hypothesis, the esti-
mation variance can be expressed with the help of 
a mathematical equation containing weights from 
equation 6.20 and values of a semivariogram. Sets 
of weights are sought which provide an optimal 
estimate in the sense that the estimation variance is 
a minimum. An important advantage of kriging is 
that it provides, not only the estimated value, but 
also evaluates the estimation variance. This useful 
technique originates from mining, where observa-
tions are costly, and hence scarce, and optimal 
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organization of the available knowledge is of 
primary importance.

Today geostatistics has become an important 
element of distributed modelling in the geograpical 
information system environment and an option in 
interpolation packages.

6.3 MODELLING HYDROLOGICAL 
SYSTEMS AND PROCESSES
[HOMS J04, K22, K35, K55, L20, L30]

6.3.1 Introduction

The hydrological cycle refers to the circulation of 
water in the world. It is composed of a number of 

water fluxes between different water storages. 
Examples of water fl uxes within hydrological proc-
esses are liquid or solid precipitation, infi ltration, 
runoff, snowmelt, river fl ow and evapotranspira-
tion. Examples of the corresponding water storages 
are atmosphere; land surface such as depressions, 
ponds, lakes and rivers; vegetation; soil; aquifers 
and snow cover.

All hydrological processes and hydrological systems 
have been described by mathematical equations, 
some of which were derived from rigorous physical 
laws of conservation of mass and momentum. 
Others are either of conceptual nature, or a black 
box type. A comprehensive review of mathematical 
equations of use in dynamic hydrology can be 
found in Eagleson (1970). The present section 
contains a few illustrative examples related to 

Test name What it does Properties and assumptions made

Tests for step change

Median change-point test/Pettitt’s 
test for change

Test that looks for a change in the 
median of a series with the exact time 
of change unknown

Powerful rank-based test, robust to 
changes in distributional form

Mann-Whitney test/rank-sum test Test that looks for differences between 
two independent sample groups, 
based on the Mann-Kendall test 
statistic

Rank-based test

Distribution-free CUSUM (maximum 
cumulative sum) test

Test in which successive observations 
are compared with the median of the 
series with the maximum cumulative 
sum of the signs of the difference from 
the median as the test statistic

Rank-based test

Kruskal-Wallis test Tests equality of sub-period means Rank-based test

Cumulative deviations and other 
CUSUM tests

Test works on rescaled cumulative 
sums of the deviations from the mean

Parametric test, assumption of normal 
distribution

Student’s t-test Tests whether two samples have 
different means – assumes normally 
distributed data and a known change-
point time

Standard parametric test, assumption 
of normal distribution

Worsley likelihood ratio test Suitable for use when the change-point 
time is unknown

Similar to Student’s t-test, assumption 
of normal distribution

Tests for trend

Spearman’s rho Test for correlation between time and 
the rank series

Rank-based test

Kendall’s tau/Mann-Kendall test Similar to Spearman’s rho, but uses a 
different measure of correlation with 
no parametric analogue

Rank-based test – extended tests 
allowing for seasonality exist, for 
example, Hirsch and Slack (1984) 
– and autocorrelation

Linear regression Uses the regression gradient as a test 
statistic

One of the most common tests 
for trend, assumption of normal 
distribution

Note: All the tests make the assumption that the data are identically distributed and independent.

Table II.6.1. Comparison of parametric and non-parametric tests for change detection, their properties 
and the assumptions made (after Kundzewicz and Robson, 2004)
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rainfall runoff, fl ow routing, groundwater, water 
quality, and snow and ice phenomena.

Hydrological modelling is contributing more and 
more to integrated models. Beyond simulating 
hydrological runoff, integrated models include soil 
erosion, river sediment, ecohydrology, crop yield, 
and interfaces with other disciplines, such as ecohy-
drology, climate impact assessment and water 
management.

6.3.2 Rainfall–runoff relationships

6.3.2.1 General

Rainfall–runoff relationships are used primarily 
for design, forecasting and evaluation. If stream-
fl ow data are unavailable or are too limited for 
reliable interpretation, rainfall–runoff relation-
ships can be very helpful because of their ability to 
extract streamfl ow information from the precipita-
tion records. Because of the relative simplicity and 
inexpensive nature of the collection of rainfall 
data, they are generally more abundant than are 
streamfl ow data. If a strong relationship can be 
established between the rainfall and runoff for a 
catchment of interest, the combination of the 
rainfall–runoff relationship and the rainfall data 
may, for example, give more reliable estimates of 
the frequency of high streamfl ows than either a 
regional fl ood relationship (see Chapter 5) or an 
extrapolation of meagre streamfl ow data from the 
catchment.

In general, rainfall–runoff relationships are devel-
oped in two distinct steps: the determination of the 
volume of runoff that results from a given volume 
of rainfall during a given time period and the distri-
bution of the volume of runoff in time. The fi rst 
step is necessary because of the partitioning of rain-
fall among evapotranspiration, infiltration and 
runoff (see Volume I, Chapter 4). The second step is 
required to account for the travel time and the 

attenuation of the wave of runoff that is generated 
by the rainfall. Discussion of these two steps consti-
tutes the remainder of this chapter.

6.3.2.2 Runoff volumes

6.3.2.2.1 Antecedent precipitation index

The antecedent precipitation index has been devel-
oped primarily for river forecasting and is applied 
over a wide range of drainage areas and conditions. 
Its derivation for a particular drainage area requires 
observed rainfall and runoff data over some time 
interval. It is defi ned as:

It = Io k
t + ΣPik

t(i) (6.21)

where Io is the initial value of the index, k is a reces-
sion factor, t is the time interval for the computation, 
Pi is the number of daily rainfalls that have occurred 
during the time interval and t(i) is the number of 
days since each day with precipitation.

It is often convenient to use simplifi ed forms of the 
antecedent precipitation index. One or more of the 
variables may have a negligible infl uence in certain 
catchments and it is then possible to reduce the 
number of these variables. However, in all cases the 
general method is the same.

The effects of vegetative cover, soil type and other 
important catchment characteristics, as well as the 
time of year, are refl ected in the recession factor. 
Time of year is expressed as a family of curves repre-
senting the seasonal trend of solar energy, vegetative 
condition and other factors that infl uence the evap-
oration and transpiration of moisture in the 
catchment. The antecedent precipitation index is 
an expression of the moisture in the catchment and 
the moisture retention in the soil.

Figure II.6.6 illustrates an example of behaviour of 
the antecedent precipitation index for a daily 

Case Which test to select

(a) Data are normally distributed and 
independent.

This is an unlikely scenario for hydrological data. If applicable, any of the tests 
listed in Table II.6.1 should be suitable.

(b) Data are non-normal, but are 
independent and non-seasonal.

Any of the distribution-free tests are suitable. Tests that are based on normality 
assumption can also be applied by fi rst applying a normal scores or ranks 
transformation, or by using a relevant test statistic and evaluating signifi cance 
using resampling techniques.

(c) Data are non-normal, and are not 
independent or are seasonal.

The data do not meet the assumptions for any of the basic tests given above. It 
is necessary to extract the test statistic and to evaluate signifi cance levels using 
block-permutation or block-bootstrap methods.

Table II.6.2. Test selection guidelines
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recession factor of 0.9. The antecedent precipita-
tion index can be computed from average 
precipitation for several stations or individually for 
each station in a drainage area. The latter is often 
preferable.

Figure II.6.7 illustrates the method of estimating 
runoff volume from rainfall and the antecedent 
precipitation index. The dashed lines and arrows 
demonstrate the use of this diagram. For example, 

the diagram is entered with a value of 22 mm for 
the antecedent precipitation index. The long dashes 
and arrows lead to the month of July and down to 
storm duration of 24 hours. The example then 
proceeds to the right to the assumed storm rainfall 
of 40 mm and up to a runoff of 16-mm average 
depth over the drainage area.

If the hypothetical storm in the foregoing example 
had occurred in February, with other conditions 
being the same, the effect of 22-mm antecedent 
precipitation would be different. Ordinarily, in 
February as contrasted with July, the same amount 
of antecedent precipitation would have left the 
soil nearly saturated because of dormant vegeta-
tion and less evapotranspiration in winter. The 
short dashes and arrows in Figure II.6.7 show that 
the runoff from the 40-mm rain in the second 
example would be 30 mm, hence nearly twice as 
high as in July.

Frozen ground and accumulations of snow require 
special consideration in estimating antecedent 
moisture conditions. With frozen ground, the 
time-of-year curve that gives the maximum runoff 
is commonly used. The infl uence of snow on the 
ground is properly expressed in terms of the 
amount and rate of melting, instead of the total 
accumulation. Snowmelt is discussed in 6.3.5.

Figure II.6.7. Using the antecedent precipitation index to estimate rainfall runoff
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Figure II.6.6. Antecedent precipitation index
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6.3.2.2.2 Initial base fl ow as an index to runoff 
volume

In humid areas, where streams do not often go dry, 
base fl ow in the form of groundwater discharge, at 
the beginning of a storm is often used as an index 
of the initial basin conditions. An example of such 
a relationship is shown in Figure II.6.8. Base-fl ow 
discharge refl ects conditions throughout the entire 
area. In some areas, it is found necessary to vary 
this relationship with season. A common method is 
to develop one relationship for summer and one for 
winter, which leads to the inevitable problem of 
storm events occurring between seasons. The usual 
solution is to make an estimate of runoff on the 
basis of each curve and then to interpolate.

The use of initial groundwater discharge as an index 
to runoff conditions is usually limited to small 
basins with short times of concentration. In larger 
areas during a rainy season, one rise of the 
hydrograph tends to be superimposed on the last, 
which makes a determination of initial groundwa-
ter discharge diffi cult. The usual approach is to 
determine initial groundwater discharge for small 
index basins and to apply them to other nearby 
areas having similar hydrological characteristics.

6.3.2.2.3 Moisture-accounting techniques

Soil moisture deficiency is probably the most 
important factor involved in the relationship 
between rainfall and runoff. A practical means of 
estimating initial soil moisture defi ciencies for an 
area would provide a very useful variable for inclu-
sion in a procedure for correlating storm rainfall to 
resultant runoff. Instruments for measuring soil 
moisture for a specifi c soil profi le have become 
reasonably practical, but the wide variety of soil 
profi les and moisture conditions that exist in even 
a small basin makes point measurements of soil 

moisture of questionable value in a rainfall–runoff 
relationship.

A more promising approach is the use of an areal 
accounting technique that results in soil moisture 
values related to the entire area. In such an approach, 
precipitation is the infl ow and outfl ow consists of 
runoff leaving the area by the stream channels plus 
evapotranspiration into the atmosphere from soil 
and plant surfaces. The means of estimating the 
precipitation over the area is the usual problem of 
deriving spatial averages from point values. Runoff 
from the area can be determined from streamfl ow 
records. The problem becomes one of matching 
fl ow to the particular storm that caused it (see 
6.3.2). The difference, rainfall minus runoff, is the 
water that remains in the area and is referred to as 
recharge, Rc.

The third element, evapotranspiration, is the most 
diffi cult to evaluate because its direct measurement 
is extremely diffi cult. Most soil moisture account-
ing techniques are based on the premise that actual 
evapotranspiration bears a simple relationship to 
potential evapotranspiration, ETp, and soil moisture 
defi ciency.

A simple form of soil moisture accounting is one in 
which the soil profi le is considered to have one 
capacity, S, over the entire area. Soil moisture defi -
ciency, DUs, is then determined by the following 
equation:

 0 if DUs(t) – Rc + ET ≤ 0

DUs(t + 1) = DUs(t) – Rc + ET  if 0 < DUs(t) – Rc + ET < S

 S if DUs(t) – Rc + ET ≥ S

(6.22)

where DUs(t) is the soil moisture defi ciency at time 
t, DUs(t + 1) is the value one time period later, Rc is 
the recharge resulting from precipitation and/or 
snowmelt) and ET is the evapotranspiration that 
occurs between times t and t+1. The defi ciency 
varies between the limits of zero and S.

This approach can be made more realistic by multi-
plying the evapotranspiration by the ratio 
(S – DUs(t))/S, which acknowledges that actual 
evapotranspiration decreases along with the supply 
of available moisture in the soil profi le.

Another possible modifi cation would divide the 
soil profi le into layers. In this approach, it is assumed 
that the upper-layer moisture must fi rst be depleted 

Figure II.6.8. Base fl ow as an index to rainfall–
runoff relationship
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before any depletion of the lower layer, and, 
conversely, recharge to the lower layer is limited to 
overfl ow from the upper layer.

The application of soil moisture accounting values 
in a rainfall–runoff relationship can be made by 
relating runoff, Q, to discharge computed in the 
accounting:

Q = cQU + (1 – c)QL (6.23)

where c is a constant, QU is the computed runoff 
from the upper layer, and QL is the computed runoff 
from the lower layer.

6.3.2.2.4 Temporal distribution of runoff

To account for the travel time and the attenuation 
of a volume of water imposed on the catchment by 
a rainfall event, an accounting through time at the 
catchment outlet must be performed. This step is 
usually accomplished by the use of a unit 
hydrograph, which describes the temporal distribu-
tion of runoff leaving the catchment. The unit 
hydrograph is constrained by the principle of conti-
nuity of mass in the following manner:

V = ∫Q(t)dt (6.24)

where Q(t) is the instantaneous discharge rate, t is 
time, and V is the runoff volume. The function Q(t) 
defi nes a curve whose shape correctly represents 
the catchment characteristics. To compare 
hydrographs of different catchments and to assist 
in the preparation of synthetic hydrographs, deter-
ministic models have been developed that relate 
the hydrograph characteristics to hydrological and 
meteorological data. These models are discussed 
below.

6.3.2.2.5 Unit hydrograph

The unit hydrograph for a catchment is defi ned as 
the discharge hydrograph resulting from a unit of 
effective rainfall generated uniformly over the 
catchment at a uniform rate during a specifi ed 
period of time. In application, the unit hydrograph 
is assumed to be time invariant. It is further assumed 
that events with runoff volumes other than one 
unit produce hydrographs that are proportional to 
the unit hydrograph.

6.3.2.2.6 Derivation from streamfl ow records

To determine the volume of runoff from a particular 
rainstorm, it is necessary to separate the hydrograph 
into its pertinent components. One component is 

the direct or storm runoff associated with a particu-
lar storm. Another major component is the 
streamfl ow persisting from previous contributions 
to fl ow. The third major component is the fl ow from 
the earlier storms that is delayed by passing through 
the ground. A portion of that component is known 
as interfl ow, that is, water passing through the soil 
with little delay, and is often included as part of 
direct runoff. Some of the more recent conceptual 
models for the continuous simulation of streamfl ow 
have provisions for computing each of the above 
components separately.

This type of analysis does not allow identifi cation 
of each component by inspecting the observed 
hydrograph. In less complex methods of analysis in 
which only two components are recognized, it is 
possible to separate the observed hydrograph and 
evaluate the magnitude of the two components. In 
the following illustration, direct runoff includes 
both surface runoff and interfl ow.

One of the simplest of many methods for separat-
ing a hydrograph into its major components is 
illustrated in Figure II.6.9. The trace of base fl ow is 
extrapolated (see line segment AB) to the time of 
peak fl ow by extending its trend prior to the stream 
rise. From point B, a straight line is drawn to inter-
sect the hydrograph at point C a fi xed time later. 
The time in days from B to C is determined largely 
by the size of the drainage area. It is generally about 
(A/2)0.2, where A is drainage area in square 
kilometres.

Several methods of hydrograph separation are 
commonly used. The same technique should be 
used in both application and development, a 
requirement that is more important than the 
method, however.

Figure II.6.9. Hydrograph analysis
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The total runoff associated with a particular storm 
or stormy period can be determined by the follow-
ing method. In Figure II.6.9, the area under the 
hydrograph between times A and D is the storm 
runoff because the beginning and ending points 
represent the same groundwater recession condi-
tions and, therefore, the same storage.

Figure II.6.9 illustrates the essential steps for deriv-
ing a direct runoff unit hydrograph from observed 
data. These steps may be performed either graphi-
cally or numerically. The hydrograph of direct 
runoff is the fl ow in excess of the trace ABC. The 
volume of direct runoff is obtained by integrating 
the area under the hydrograph. If a planimeter is 
not available, a convenient method is the counting 
of squares. In this hypothetical example, the volume 
of direct runoff is found to be 4 320 000 m3. Over 
an assumed drainage area of 200 km2, this volume 
represents an average depth of 2.16 cm. To obtain 
the unit hydrograph, it is necessary to divide each 
ordinate of the direct runoff hydrograph by 2.16. 
The hydrograph thus determined shows the shape 
of the hydrograph that would result from one centi-
metre average depth of direct runoff over the 
drainage area, that is, the unit hydrograph.

In the records of some catchments, it is diffi cult to 
fi nd unit or single storms that produce stream rises 
uncomplicated by other events. In such cases, the 
derivation of a unit hydrograph becomes more 
complex. One method of deriving a unit hydrograph 
under these circumstances is to assume an initial 
unit hydrograph, and to reconstruct the hydrographs 
of direct runoff for several storms using estimated 
runoff increments and to refi ne the unit hydrograph 
by successive approximations as indicated by the 
results. This reconstruction method is shown in 
Figure II.6.10 and by:

qn + QnU1 + Qn–1U2 + Qn–2U3 + ...

+ Qn–i+1Ui + ...+ Q1Un 
(6.25)

 

where qn is the rate of discharge from direct runoff 
at time n, Ui is the i-unit hydrograph ordinate and 
Qn–i+1 is the direct runoff for the ith interval. This 
equation can also be used as the regression model 
for unit hydrograph derivation by least squares.

For drainage areas of 200 to 2 000 km2, time 
increments of six hours are commonly used for 
unit hydrograph development, but for higher 
accuracy, shorter time intervals may be employed. 
Smaller drainage areas may also require shorter 
time increments. The time increments should be 
small enough to give good definition of the 

hydrograph shape and allow a forecast to be made 
before too large a time increment has elapsed. For 
drainage areas larger than about 2 000 km2, unit 
hydrographs of larger time increments may be 
used, but as a rule, unit hydrographs should be 
applied to tributary areas and may be combined 
by routing.

As might be expected from considerations of chan-
nel hydraulics, there is a tendency for the peakedness 
of unit hydrographs to increase with the magnitude 
of runoff. Accordingly, in practical applications, a 
family of unit hydrographs may be used for a partic-
ular catchment area, with higher peaked unit 
hydrographs for the cases with large amounts of 
runoff and fl atter peaks for the lesser amounts of 
runoff. Often only two categories comprise the 
family.

Skill in the use of unit hydrograph is acquired from 
study and practice. For other methods than those 
described in this section, and for refi nements, refer-
ence may be made to textbooks and handbooks of 
agencies that routinely use unit hydrographs in 
their regular operations.

6.3.2.2.7 Derivation by synthetic methods

It is often necessary to plan constructions or opera-
tions for ungauged streams. In such cases, it is 
helpful to develop synthetic unit hydrographs 
(Dooge, 1973). A commonly used derivation of a 
unit hydrograph is the procedure derived by Snyder 
in which a large number of basins and unit 
hydrographs were analysed to derive relationships 
between the shape of the unit hydrograph and the 
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objective physical characteristics of the drainage 
basin.

The important parameters in the shape of a unit 
hydrograph are its peakedness, the length of its 
base and the basin lag, which may be defi ned in 
various ways; here, however, it is the time from the 
centroid of rainfall to the peak of the hydrograph. 
In Snyder’s method, the basin lag, tp, is given in 
hours as:

tp = C1(llc)
n (6.26)

where C1 converts units and is an empirical coeffi -
cient, l is the length of the main stream in 
kilometres, lc is the distance in kilometres from the 
centroid of the drainage area to the outlet and n is 
an empirical exponent.

For peakedness of the unit hydrograph, this method 
uses a standard duration of rain, tp/C2, with C2 being 
derived empirically. For rains of this duration:

Qp = C3A/tp (6.27)

where Qp is peak rate of runoff in m3 s–l, C3 is an 
empirical constant, A is drainage area in km2 and 
lag tp is in hours. The time base in days Tb is as 
follows:

Tb = d + C4tp (6.28)

The constants d and C4 are fi xed by the procedure 
used to separate base fl ow from direct runoff.

For durations TR other than the standard duration 
of rain, the corresponding lag, tc, is the following:

tc = tp + f (TR) (6.29)

here f(TR) is a function of duration.

Snyder’s coeffi cients were derived for streams in the 
Appalachian Mountains of the United States. The 
general method has been found applicable in other 
regions, but different coeffi cients are to be expected 
for different types of topography, geology and 
climate.

Rodriguez-Iturbe and Valdes (1979) developed a 
physically based methodology for synthesizing an 
instantaneous unit hydrograph with the help of 
empirical laws of geomorphology and climatic 
characteristics. They proposed the geomorpho-
logic instantaneous unit hydrograph, later known 
as the  geomorphoclimatic instantaneous unit 
hydrograph. They also developed equations for 

the value of peak and time to peak of the geomor-
phologic instantaneous unit hydrograph as 
functions of the bifurcation ratio, length ratio, 
area ratio, length of highest order stream and fl ow 
velocity.

6.3.2.2.8 Conversion of unit hydrograph 
durations

A suitable rainfall of unit duration is rarely 
observed. Variations of rainfall in time and space 
produce different hydrographs, though the total 
amount and duration of the rain may be exactly 
the same. Thus, the derivation of a general unit 
hydrograph requires an averaging of several unit 
hydrographs.

One technique for generalizing unit hydrographs is 
by comparison of unit hydrographs of different 
durations. If a unit hydrograph of duration t hours 
is added to itself, lagged t hours, and the ordinates 
divided by two, the result is a unit hydrograph for 
2t hours. Similar conversions are evident.

A broader application of this basic idea for manipu-
lating unit hydrographs is known as the summation 
or S-curve method. The S-curve is the hydrograph 
that would result from an infi nite series of runoff 
increments of one centimetre in t hours. It is 
constructed by adding a series of unit hydrographs, 
each lagged T hours with respect to the preceding 
one. With a time base of T hours for the unit 
hydrograph, a continuous rain producing one 
centimetre of direct runoff per t hours would 
develop a constant outfl ow at the end of T hours. 
Thus, T/t hours would be required to produce an 
S-curve of equilibrium fl ow.

Construction of an S-curve can be accomplished by 
a numerical, rather than a graphical, procedure. A 
unit hydrograph for any duration t can be obtained 
by lagging the S-curve t hours and obtaining ordi-
nates of lagged and unlagged S-curves. To obtain 
unit volume, these ordinates must be multiplied by 
the ratio of the duration of the original unit 
hydrograph to t hours.

The instantaneous unit hydrograph is the unit 
hydrograph whose time unit, t, is infi nitely small. 
Construction of a t-hour unit hydrograph from an 
instantaneous one is performed by means of an 
S-curve.

6.3.2.2.9 Isochrone method

The isochrone method is an expression of one of 
the fi rst concepts of runoff from a basin. The runoff 
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from different portions of a drainage basin arrives 
at a point in the stream at different times. The fi rst 
water to leave the basin during a stream rise gener-
ally comes from the area nearest the catchment 
outlet. Later, water comes from larger areas in the 
central portion of the basin, and fi nally, water 
comes from remote portions of the drainage area. 
Thus, the drainage basin may be divided into zones 
from which the water arrives sequentially at the 
measurement point. The lines dividing these zones 
in Figure II.6.11(a) are called isochrones. The distri-
bution of the isochronal areas, the time-area 
distribution, is considered to be constant for a given 
basin for all fl ood hydrographs.

To compute this distribution, it is necessary fi rst to 
compute or assume an average travel time or aver-
age velocity of streamflow. The isochrones are 
drawn on a map of the basin according to the aver-
age velocity of fl ow in the channel or average travel 
time. The area of each zone is then determined by 
using a planimeter and the values are plotted against 
the corresponding time lag (Figure II.6.11(b)).

The time-area distribution is indicative of the 
hydrograph for uniform rainfall of unit duration, 
Δt, the time difference between isochrones. If there 
are several periods of rainfall, each resulting in 
varying quantities of runoff over the different 
zones:

QtΔt = A1Vt + A2Vt–1 + A3Vt–2 + ... + AcVt–c+1 (6.30)

where Qt is the average discharge during the period, 
Δt, ending at time t, A is the time-area histogram 
ordinate at that period and Vt is the zonal runoff 
during the same period. Care must be taken to 
ensure consistent units. Figure II.6.11(c) illustrates 
the computation of the resultant hydrograph with 
three periods of uniform runoff from the 
catchment.

The resultant hydrograph refl ects the lag character-
istics of the catchment. Since the actual hydrograph 
would be affected by channel storage, the 
hydrograph computed from equation 6.30 should 
be routed through storage. Any of the several rout-
ing techniques described in the literature can be 
used. Two such techniques are described in 6.3.5. It 
is usually found to be advantageous to adjust the 
isochrones and routing parameters by trial and 
error to obtain the best combination for simulation 
of observed hydrographs.

The isochrone method allows non-uniform distri-
butions of rainfall to be taken into account when 
there are enough raingauges in the basin to 

delineate the rainfall pattern reliably. This is an 
advantage over the unit hydrograph described 
previously.

6.3.3 Groundwater modelling

6.3.3.1 General modelling considerations

Groundwater is increasingly becoming an impor-
tant source of water for mankind as surface water 
resources become more depleted through the 
increased effects of abstraction and pollution. 

Because groundwater is a concealed and obscure 
asset, its conservation and management is expen-
sive and scientifi cally challenging owing to the lack 
of evidence, knowledge and understanding of its 
location, quantity and character. Consequently, in 
order to assess its extent, volume and quality and in 
turn develop, manage and protect it, it is necessary 
to construct representative modelled scenarios to 
examine its potential and reliable volume and qual-
ity. This section provides a summary of the science 
and methods employed in hydrogeological model-
ling within a practical context of which the principal 
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elements are process, development, control and 
conservation.

6.3.3.2 Development of a conceptual model

To adequately represent a hydrogeological regime, 
there are a signifi cant number of characteristics that 
must be replicated by using a model. These model 
elements comprise several representations for 
consideration (Bear, 1980, 1988).

The type and detail of the conceptual model will 
depend on the scale, amount of time and resources  
– availability of data, technical expertise, staff 
resources, computing facilities – assigned to the 
task, as well as the quality of the decision-making 
process, professional risks and legal and statutory 
framework.

Conceptual modelling is continuous and cyclical;  
therefore, a tiered approach from basic to interme-
diate to detailed is appropriate. The assumptions 
included in the conceptual model should relate to 
the issues described below.

6.3.3.3 Development of a mathematical 
model

The principal elements of the model include the 
following components:
(a) A defi nition of the geometry of the surfaces 

that bound the domain;
(b) Equations that express the balances of the 

components, for example, mass of fl uids, mass 
of chemical species and energy;

(c) Flux equations that relate the fl uxes of the 
components to the relevant variables of the 
problem;

(d) Constitutive equations, which defi ne the 
behaviour of the particular phases and chemi-
cal species involved, for example, dependence 
of density and viscosity on pressure, tempera-
ture and solute concentration;

(e) Sources and sinks, often referred to as forcing 
functions, of the component quantities.

In terms of the modelling runs, the settings comprise 
the following states:
(a) Initial conditions that describe the known state 

of the system at some initial time;
(b) Boundary conditions that describe the 

interaction of the considered domain with its 
environment, that is, outside the delineated 
domain, across their common boundaries.

If a new numerical model and its associated code 
must be used to solve the mathematical model that 

is being employed, a strict verifi cation procedure 
should be undertaken to check that it is fi t for 
purpose through previous proven applications. If 
practical, comparative scenarios should be run 
using different codes.

The groundwater regime is controlled by geological 
and climatic conditions and is exploited by man to 
meet the needs of water development while the 
environmental requirements are met through the 
residual balance. To assess the presence, extent and 
variability of available groundwater resources, a 
range of investigation and testing mechanisms have 
to be undertaken. These draw on a wide skills base 
encompassing a range of Earth sciences, including 
hydrometeorology, hydrology, pedology, geomor-
phology, petrology, geology and water chemistry.

Groundwater constitutes a portion of the Earth’s 
water circulatory system known as the hydrological 
cycle with water-bearing formations of the Earth’s 
crust acting as conduits for the transmission and as 
reservoirs for the storage of water. Water enters 
these formations from the ground surface or from 
bodies of surface water, after which it travels slowly 
for varying distances until it returns to the surface 
by the action of natural fl ow, plants or man. The 
storage capacity of groundwater reservoirs combined 
with slow fl ow rates can provide large and exten-
sively distributed sources. Groundwater emerging 
into surface water stream channels aids in sustain-
ing streamflows when surface runoff is low or 
non-existent. Similarly, water pumped from wells 
in many regions represents the sole water source in 
many arid areas during much of the year.

Water within the ground moves downwards through 
the unsaturated zone under the action of gravity, 
whereas in the saturated zone it moves in a direc-
tion determined by the hydraulic situation. The 
principal sources of natural recharge include precip-
itation, streamfl ows, lakes and reservoirs. Discharge 
of groundwater occurs when water emerges from 
underground. Most natural discharge occurs as fl ow 
into surface water bodies, such as streams, lakes and 
oceans, and fl ow to the surface appears as a spring. 
Groundwater near the ground surface may return 
directly to the atmosphere by evaporation from 
within the soil and by transpiration from vegeta-
tion. Pumpage from wells constitutes the major 
artifi cial discharge of groundwater.

Groundwater occurs in permeable geological 
formations known as aquifers that have a structure 
facilitating the fl ow of water to take place under 
natural conditions with aquicludes being 
impermeable formations that preclude the 
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transmission of water movement. The portion of a 
rock or soil that is not occupied by solid mineral 
matter may be occupied by groundwater (Todd, 
2005). These spaces are known as voids, interstices, 
pores or pore spaces and are characterized by their 
size, shape, irregularity and distribution. Original 
interstices were created by geologic processes 
governing the origin of the geologic formation and 
are found in sedimentary and igneous rocks. 
Secondary interstices developed after the rock was 
formed and include joints, fractures and solution 
openings. The porosity of a rock or soil is a measure 
of the contained interstices and is expressed as the 
percentage of the void space to the total volume of 
the mass. If a is the porosity, then:

a = 100w/V (6.31)

where w is the volume of the water to fi ll, or satu-
rate all of the pore space, and V is the total volume 
of the rock or soil.

Porosities can range from zero to 50 per cent, 
depending on the shape and arrangement of the 
individual particles, size distribution and degree of 
compaction and cementation.

There are a number of models that are used to 
represent groundwater movement and transport 
phenomena. They include the following:
(a) A physical representation using a scaled model 

comprising a medium through which a fl uid 
is introduced and monitored by pressure and 
head instrumentation;

(b) An electrical representation in which head, 
fl ow and conductivity are represented by volt-
age, current and resistance;

(c) A mathematical representation using a set 
of algorithms to represent the principal 
processes;

(d) A stochastic analysis to characterize subsurface 
fl ow and transport modelling.

In practice, most hydrogeological modelling 
currently used falls under (c) and (d) above. With 
regard to transport phenomena relating to ground-
water contamination in which two- and three-phase 
fl ow conditions occur, the use of mathematical 
models is regarded as essential because of the 
complex scenarios that have to represented and 
analysed.

The movement of groundwater in its natural state is 
governed by established hydraulic principles. The 
fl ow of water through aquifers can be expressed by 
a law derived by Darcy in 1856 that states that the 
fl ow rate through a porous media is proportional to 
the head loss and inversely proportional to the 
length of the fl ow path. Darcy’s law may expressed 
in general terms as:

Q = KA dh/dL (6.32)

where Q is the fl ow rate, K is the coeffi cient of 
permeability (sometimes referred to as hydraulic 
conductivity) and dh/dL is the hydraulic 
gradient. This relationship is shown in 
Figure II.6.12.

Figure II.6.12. A representation of Darcy’s experiment
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With the nomenclature of this fi gure, Darcy’s law 
takes the following form:

Q = K A
h1 h– 2

L
 (6.33)

where, h (dimension: [L]) is the piezometric head:

h = z +
p

ρg
 (6.34)

where z is the elevation of the point at which the 
piezometric head is being considered above some 
datum level, p and ρ are the fl uid’s pressure and mass 
density, respectively, and g is the gravity acceleration.

The hydraulic conductivity, K, can then be expressed 
as follows:

K = k
ρg
μ =

kg
v

 (6.35)

where g is the gravity acceleration, and k (dimen-
sion: [L2]) is the permeability or intrinsic 
permeability of the porous medium. It is a coeffi -
cient that depends solely on the properties of the 
confi guration of the void space.

Groundwater fl ow is an important aspect of hydrogeol-
ogy and is based on the principles that govern the fl ow 
of fl uids through porous media. It requires a broad 
knowledge of fl uid mechanics but cannot be adequately 
described within this brief outline of hydrogeology. 
However, the principal subdivisions of groundwater 
fl ow can be summarized according to the dimensional 
character of the fl ow, the time dependency of the fl ow, 
the boundaries of the fl ow region or domain and the 
properties of the medium and the fl uid.

6.3.3.4 Model operational options

Different options can be selected when designing a 
model:
(a) The dimensionality of the model (one, two, or 

three dimensions);
(b) Steady state or time-dependent behaviour;
(c) The number and kinds of fl uid phases and the 

relevant chemical species involved;
(d) The possibility of phase change and exchange 

of chemical species between adjacent phases;
(e) The fl ow regimes of the fl uids involved, for 

example, laminar or non-laminar;
(f) The existence of non-isothermal conditions 

and their infl uence on fl uid and solid proper-
ties and on chemical-biological processes;

(g) The relevant state variables and the areas or 
volumes over which averages of such variables 
should be taken.

All groundwater fl ow in nature is to a certain extent 
three dimensional but the difficulty in solving 
groundwater fl ow problems depends on the degree 
to which the fl ow is three dimensional. It is practi-
cally impossible, however, to analyse a natural 
three-dimensional fl ow problem unless it can be 
expressed in terms of a two-dimensional problem 
that assumes that a degree of symmetry exists. 
Consequently, most solutions are based on assum-
ing that the problems being analysed are two 
dimensional or have special symmetry features.

In general, groundwater fl ow is evaluated quanti-
tatively based on a knowledge of the velocity, 
pressure, density, temperature and velocity of 
water percolating through a geological formation. 
These water characteristics are often unknown 
variables and may vary in space and time. If the 
unknown or dependent variables are functions of 
only the space variables, the fl ow is assumed to be 
steady; if the unknowns are also functions of time, 
the fl ow is considered to be unsteady or time 
dependent.

The fl ow of groundwater in the space made up by 
the water-fi lled pores – the aquifer – is dependent 
on the bounding surfaces of the medium, bounda-
ries. If these boundaries are fi xed in time and space 
for different states of fl ow, the aquifer is confi ned. 
However, if it possesses a free surface that varies 
with the state of the fl ow, it is unconfi ned.

Groundwater fl ow in the aquifer is controlled by 
the nature, properties and isotropy of the medium. 
If the medium’s properties at any one point are the 
same in all directions from that point, it is consid-
ered to be isotropic; and if not, it is considered to 
be anisotropic. The medium is considered to be of 
heterogeneous composition if its nature, proper-
ties or conditions of isotropy or anisotropy vary 
from point to point in the medium, and homoge-
neous if its nature, properties and isotropic or 
anisotropic conditions are constant over the 
medium.

Another subdivision is that of saturated and unsatu-
rated fl ow. Flow is saturated if the voids of the 
medium are completely fi lled with fl uid in the 
phase of the main fl ow. The fl ow is unsaturated if 
this is not the case. Deep percolating groundwater 
fl ow is always saturated, whereas above the satu-
rated medium in the absence of overlying 
impermeable strata there is a zone of unsaturation. 
The boundary between these two zones is called the 
water table or the phreatic surface. The latter zone 
is occupied partially by air and partially by water 
and is referred to as the unsaturated zone or the 
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zone of aeration. It is comprised of an upper zone, 
which is referred to as the soil water zone, an inter-
mediate zone and a lower zone, which is known as 
the capillary zone.

Water in the soil water zone exists at less than 
saturation with a soil moisture deficit occur-
ring, except when excessive water enters it as a 
result of prolonged rainfall. The zone extends 
from the ground surface through the major root 
zone; its thickness depends on soil type and 
vegetation.

The three principal hydraulic properties of an aqui-
fer are porosity, which determines the volume 
stored, specifi c yield that controls the volume that 
it yields either through natural drainage or when it 
is pumped, and permeability, which governs the 
rate that water fl ows through it.

A range of approaches to groundwater modeling are 
contained in the literature. The most common are 
physically based methods originating from rigorous 
physics of fl ow in porous media. However, concep-
tual, and even black box methods are also used.

The mathematics of fl ow and transport in unsatu-
rated and saturated porous media are relatively 
complex. There are a variety of physically based 
equations, developed for different assumptions, 
and simplifi cations for a variety of confi gurations, 
including confi ned, leaky, and unconfi ned aquifers. 
A classical review of physically based approaches 
can be found in Eagleson (1970). See also Maidment 
(1992).

The process of groundwater fl ow is governed by 
non-linear partial differential equations in three 
dimensions, expressing conservation of mass, or 
continuity, conservation of momentum and a state 
equation. Under the assumption of negligible 
compressibility of water and the porous medium, 
the isothermal unsteady laminar flow, with no 
sources or sinks of water, can be described by the 
following partial differential equation (see Eagleson, 
1970):
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where h is the piezometric head, Kx, Ky, and Kz are 
the hydraulic conductivities (for isotropic mediums, 
Kx = Ky = Kz = K), W is a general term for sources and 
sinks of water, and Ss is the specifi c storage. In the 
variably saturated fl ow formulation, the unsaturated 

hydraulic conductivity and specific moisture 
capacity are functions of moisture content.

An equation describing transport processes in 
groundwater can be developed by using 
equation 6.51. The advection-dispersion equation 
of transport is used to simulate quality aspects of 
groundwater fl ow, such as transport of solutes, in 
conservative and reactive cases.

Physically sound partial differential equations of 
groundwater fl ow and transport form a core of 
distributed groundwater models in which the 
solution is commonly achieved by fi nite-differ-
ence or fi nite-element techniques. A review of 
computer software for solving subsurface water 
problems has been carried out by Anderson and 
others (1992). Among the codes included in 
HOMS component L20.2.04  is the modular fi nite-
difference groundwater flow, or MODFLOW, 
model, a versatile software package developed by 
the United States Geological Survey, which has 
been commonly used worldwide in numerous 
applications.

The MODFLOW model (McDonald and Harbaugh, 
1988) simulates groundwater flow in a porous 
medium in three dimensions, as well as modelling 
fl ow in two dimensions. A modular structure was 
used for the program and documentation in order 
to make the model easier to understand and modify 
when necessary. The code consists of a series of 
packages or modules that can be selected for a prob-
lem at hand. Modules include those for equations 
solvers, stream, recharge, pumping and evapotran-
spiration. The application area of MODFLOW 
includes steady-state and transient groundwater 
flow, groundwater flow in confined, leaky and 
unconfi ned aquifers and a number of special fl ow 
problems such as spring fl ow and fl ow to a well. 
Wells, rivers, drains, evapotranspiration and 
recharge can be simulated and are represented as 
head-dependent sources or sink terms in which the 
head outside the model is user specifi ed. MODFLOW 
can be used in studies of interactions between 
groundwater and surface water interactions, such as 
fl ow to partially penetrating rivers and lakes. Aquifer 
hydraulic parameters, boundary conditions, initial 
conditions and stresses are required model input. 
The input is from text fi les with the data laid out in 
a prescribed order and format. The input data must 
correspond to the specified grid structure. The 
primary model output is the head at each model 
node. In addition, a water budget is calculated, and 
the fl ow through each model cell can be stored in a 
disk fi le. MODFLOW is probably the most widely 
used groundwater model in the world.
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study, to a conceptual model and a historical model, 
ending with a predictive model that can subse-
quently be refi ned with operational data. These 
means are designed to meet the objectives, assess 
the options, derive a response to options, evaluate 
the results, select a preferred solution and set up a 
monitoring system to assess the outcomes.

6.3.4 Snowmelt models

Snowmelt is analogous to rainfall with respect to 
the supply of water for infiltration and runoff, 
except for the lag of the melted snow in the 
snow cover. In some areas, snowmelt water is 
the principal contributor to reservoirs, rivers, 
lakes and aquifers. In mountainous snow regions, 
snowmelt becomes an important component of 
runoff, usually making up more than 50 per cent 
of the total streamflow. In some mountain 
basins, snowmelt makes up 95 per cent of the 
runoff.

Ordinary measurements of incremental changes in 
water equivalent of the snow cover are not satisfac-
tory measurements of snowmelt, largely because of 
the inherent observational and sampling errors. 
Two additional and compelling reasons exist for 
estimating, rather than observing, snowmelt. One 
is in forecasting streamfl ow, where it is advanta-
geous to forecast the causes of melt instead of 
merely waiting for the resulting melt. The other 
reason, particularly for design and planning, is the 
need to extrapolate extreme melting rates on the 
basis of physical processes. Snowmelt has been 
incorporated in a number of hydrological models as 
indicated in the short review of HOMS components 
in 6.1.6.

In principle, a conceptual snowmelt runoff model 
is the coupling of a routine for snow accumulation 
and ablation with a rainfall-runoff model. The joint 
model can be used in all climatic conditions for 
year-round forecasting. Snowmelt runoff models 
have also been developed specifi cally for use for the 
spring snowmelt period. In all cases, melting of a 
snowpack is driven by the energy balance. 
Conservation of energy dictates that the change in 
snow temperature is balanced with the energy 
fl uxes entering or leaving the pack. The conserva-
tion of mass within a snowpack can be described by 
the following simple continuity equation:

I − O = d S
d t

 (6.37)

The inputs are precipitation, condensation and 
freezing surface water, while the outputs are 

The MODFLOW package is designed for use by 
experienced groundwater hydrologists. Useful pre-
processors and post-processors are available that 
reduce the user’s efforts.

6.3.3.5 Planning

To undertake a groundwater modelling project, the 
fi rst stage – and a very essential one – is to defi ne 
the purpose of the work. For larger projects, this 
may require an initial scoping study to defi ne the 
requirements and carry out an analysis that will 
identify the aims of the project, and review previ-
ous studies and available data. As well as defi ning 
the objectives of the project and the principal tasks 
to be undertaken, scoping should also defi ne the 
main outputs anticipated for the work.

Planning also involves the identifi cation of the type 
of information the model is expected to provide to 
make management decisions and of the data that is 
available or will have to be derived by establishing 
a monitoring programme. Additionally, it is essen-
tial to determine the available resources, including 
expertise, skilled personnel, monitoring equipment, 
field data and computers, that are required to 
construct and utilize the model within the budget 
constraints that can be identifi ed. This includes the 
ability to understand and describe processes that 
take place and the data required for validating the 
model and determining the numerical values of its 
coeffi cients. Consideration should also be given to 
the local legal and regulatory framework which 
pertains to the case under consideration to ensure 
that the model results will be suffi ciently robust, 
extensive and detailed to satisfy future scrutiny.

It is good practice to set up a management team, 
which should include relevant stakeholders to guide 
the project, review interim outputs, resolve differ-
ences of opinion and reach an agreement on the 
acceptability of each stage of the model develop-
ment process.

Having determined the objectives of the modelling 
project, a phased approach is required because of 
the range of uncertainties and the relatively high 
costs and long work programme that is generally 
associated with groundwater modelling. Recognizing 
these issues, the Environment Agency of England 
and Wales produced a guideline (Environment 
Agency, 2002) setting out the sequential phases 
that should be considered in the groundwater 
modelling process, shown in Figure II.6.13.

The approach illustrated above comprises a deci-
sion support system that progresses from a scoping 
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sublimation and runoff, with all units expressed 
typically in millimetres of water. Mass changes to 
the snowpack can also occur through blowing snow, 
sublimation and accumulation (Pomeroy and Brun, 
2001) and snowfall on the ground can be infl uenced 
by canopy interception, which can also represent a 
signifi cant loss of snow mass. Some of the intercepted 
snow may also blow off the trees and ultimately 
back to the ground, but much of it may sublimate 
and be lost to the snowpack (for further details on 
snow canopy interception, please refer to Hedstrom 
and Pomeroy, 1998).

Because of these complexities, conceptual methods 
for describing physical properties of snow and subse-
quent melt at the catchment scale have been 
developed. These include snowcover depletion 
curves and temperature index melt models, both of 
which are used in many operational hydrological 
modelling systems to describe and predict the 
hydrological response of snow-covered catchments.

6.3.4.1 Index methods for estimating basin 
runoff

Many medium- and long-term snowmelt stream-
fl ow forecast models are based on statistical index 
methods. Available data on precipitation and 
snowcover in the mountains do not, as a rule, 
make it possible to determine the amount of snow-
pack on the ground and may serve only as an 
index of this value. For this reason, relationships 
between seasonal fl ow and a snow-accumulation 
index are of a statistical nature. Although suitable 
for forecasting purposes, they cannot be used for 
water-balance analyses in most cases.

The success of a long-term forecast depends very 
much on how well the snow-accumulation index 
represents the actual conditions. There are at least 
fi ve additional factors that may have some 
infl uence on runoff, and consequently on the 
correlation between the runoff and the snow-
accumulation index:
(a) Antecedent groundwater storage;
(b) Amount of precipitation occurring between the 

last snow survey and the issuing date of the 
forecast;

(c) Amount of precipitation during the snowmelt 
period or the period for which the forecast is 
issued;

(d) Amount of sublimation of the snowpack 
between the last survey and the issuing date of 
the forecast;

(e) Amount of sublimation of the snowpack during 
the snowmelt period or the period for which 
the forecast is issued.

In those river basins where base fl ow from aquifers 
represents a substantial proportion of the total 
runoff and varies considerably from year to year, 
the accuracy of the correlation can be increased by 
taking antecedent groundwater conditions into 
account.

Precipitation can be taken into account in two 
ways:
(a) By combining a precipitation index with the 

snow-accumulation index or using the sum of 
these indices as a single variable;

(b) By using a precipitation index as a supplemen-
tary variable.

Subsequent precipitation should be included in the 
runoff relationship during procedure development. 
This ensures that the precipitation effects are 
included in deriving the statistical snowmelt fore-
casting relationships.

If fi nancial budgets allow, snow surveys should be 
conducted in the mountains several times during 
the winter so that snow-accumulation trends can 
be derived. The fi nal snow survey is generally carried 
out at the end of the snow-accumulation period 
just before the beginning of the spring snowmelt. 
Snow-survey data at the end of the snow-accumula-
tion period are used for calculating the 
snow-accumulation index.

Snow courses located at various altitudes are used 
to obtain data to establish a relationship between 
the snow water equivalent and the altitude, 
w = ƒ(z). A different relationship is obtained for 
each year. When the observation data are insuffi -
cient for plotting graphs of w = ƒ(z), the multiple 
correlation between runoff and the snow water 
equivalent at each point of observation can be used. 
Snow course data may still be used as input to statis-
tical models to forecast runoff.

In most cases, the best index of the water available 
for runoff from mountainous areas can be devel-
oped from a combination of precipitation and 
snow-survey data. This can be accomplished by 
statistical approaches.

6.3.4.2 Conceptual snowmelt runoff models

Catchment runoff can be estimated using a number 
of possible algorithms that represent the physics of 
a melting snowpack. In many ways, melted snow is 
treated the same as rainfall and infi ltrated into the 
soil matrix using a number of possible infi ltration 
algorithms. Snowmelt runoff simulation models 
generally consist of a snowmelt model and a 
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transformation function. The snowmelt model 
generates liquid water from the snowpack that is 
available for runoff and the transformation model 
is an algorithm that converts the liquid output at 
the ground surface to runoff at the basin outlet 
(Donald and others, 1995). The snowmelt and 
transformation models can be lumped or distributed 
in nature. Lumped models use one set of parameter 
values to define the physical and hydrological 
characteristics of a watershed. Distributed models 
attempt to account for spatial variability by dividing 
the basin into sub-areas and computing snowmelt 
runoff for each sub-area independently using a set 
of parameters corresponding to each of the sub-
areas. Snowmelt models generally include a 
snowcover representation which can range from a 
simple single-layered snowpack (see, for example, 
Anderson, 1973) to a multi-layer conceptual 
snowpack, as illustrated by Brun and others (1992). 
Snowpack representation has implications for the 
timing of the snowmelt runoff because of its ability 
to store water.

Many operational snowmelt runoff models use 
some form of a temperature index or a degree-day 
method to determine when snowmelt occurs and 
how much snowmelt may occur in a specifi c period 
of time. Snow-accumulation and ablation models 
use temperature and precipitation to accumulate 
the snowcover and air temperature as the sole 
index to the energy exchange across the snow-air 
interface. The latter aspect is usually modelled 
using the degree-day method, which uses air 
temperature as the index of snowcover outfl ow. 
The degree-day method does not explicitly account 
for those processes that cause snowcover outfl ow 
to differ from snowmelt, that is, refreezing snow-
melt caused by a heat defi cit and retention and 
transmission of liquid water. A diagram of the 
model developed by Anderson (Anderson, 1973) is 
shown in Figure II.6.14. Actual measurements of 
snowcover from snow surveys or point measure-
ments may be used as an additional source of 
information to improve the seasonal volume fore-
casts from conceptual models that use only 
temperature and precipitation as input (Todini 
and others, 1978).

6.3.4.3 Extended streamfl ow modelling

Conceptual models can only simulate snowmelt 
runoff for the period for which input data are avail-
able. Forecasts for the future can be made by using 
forecast values of precipitation and temperature 
derived from statistical or stochastic analysis or 
from extended predictions using numerical weather 
models. The pattern of the seasonal runoff cannot 

be forecast satisfactorily unless the effects of future 
weather conditions are taken into account.

For index and statistical forecast procedures, this 
can be accomplished by using indices for the rest of 
the season based on past records of precipitation 
and temperature. For conceptual models, climato-
logical data for many years, generally 20 or more, 
should be used to develop hypothetical runoff 
sequences for each year’s conditions. Probability 
distributions may be developed from these simula-
tions for any specifi c period of time in the future 
and for a specifi c hydrological characteristic, such 
as peak fl ow, volume or discharge per unit area 
(Twedt and others, 1977). This pre-supposes that 

Figure II.6.14. Snow accumulation and ablation 
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a depletion curve where the percentage of snow-
covered area is on the y-axis and time is on the 
x-axis, providing a conceptually based approach to 
understanding basin snowmelt (Rango and others, 
1983).

6.3.4.5 Theory of snowmelt at a point

A rational approach to estimating the rate of snow-
melt is based on an energy budget, which accounts 
for the signifi cant modes of heat exchange. Heat is 
transmitted to snow by absorbing solar radiation, 
net long-wave radiation, convective heat transfer 
from the air, latent heat of vaporization by conden-
sation from the air, relatively small amounts of 
heat from rain and generally negligible amounts 
of heat from the underlying ground.

The equation for energy balance can be used to 
determine the amount of energy available for 
snowmelt, Qm, which can be directly transformed 
into the amount of snowmelt for a unit cube of 
snow:

Qm = Qn + Qh + Qe + Qg + Qa – dSi /dt (6.38)

where energy fl uxes (per unit area) are respectively: 
Qn net longwave radiation, Qh sensible heat trans-
fer due to temperature difference between the 
surface and the air, Qe latent energy fl ux caused by 
water vapour change (release of heat by condensa-
tion or its removal by sublimation or evaporation), 
Qg conduction of heat from the underlying ground, 
Qa advection of heat (rain), and Si snowpack heat 
storage.

A melting snow cover typically contains from two 
to fi ve per cent by weight of liquid water, but occa-
sionally as much as 10 per cent is held for brief 
periods when melting rates exceed transmission 
capacity. Thus, for short periods of time, the total 
release of water from a snow cover may slightly 
exceed the amount of snow actually melted by the 
prevailing meteorological conditions. For practical 
purposes, this release of previously melted water is 
implicitly incorporated into the empirical 
constants, which are therefore burdened with 
uncertainties.

Absorbed solar radiation varies with latitude, 
season, time of day, atmospheric conditions, forest 
cover, slope, orientation of surface and the refl ec-
tivity of the snow. The effects of latitude, season, 
time of day and atmospheric conditions are included 
in solar radiation observations, which must gener-
ally be interpolated because of the sparse network 
of such stations. These effects may also be computed 

the historic sequences are representative of what 
can be expected in future years.

6.3.4.4 Input data

Input data for use in physically based or index 
types of conceptual models may be either precipi-
tation measurements and/or measurements of the 
water equivalent of the snow cover. With physi-
cally based conceptual models, corrections should 
be made for systematic errors (see Volume I, 3.3.6) 
in the precipitation measurements, so that the 
input data are as representative as possible of the 
average precipitation and/or snowcover. In moun-
tainous regions, where the snowcover is highly 
dependent on altitude, the observations from 
meteorological stations are often affected by local 
exposure including wind, local slope and aspect 
and must be adjusted to better represent the aver-
age meteorological conditions if they are used to 
simulate the snowcover conditions. In practice, 
snowcover and precipitation measurements 
complement each other.

The spatial distribution of snowcover is often best 
described by snowcover depletion curves which 
summarize the per-cent areal coverage of the snow-
pack as it increases in average depth. Watershed-wide 
snowcover depletion curve relationships are 
currently used in lumped hydrological models such 
as the National Weather Service River Forecast 
System, or NWSRFS (Anderson, 1973), to describe 
the snowcover distribution as the snowcover melts. 
These relationships are difficult to obtain and 
require calibration for each specifi c watershed. The 
simplest representation of snowcover is uniform 
snowcover, which is of constant depth and complete 
areal coverage. Knowledge of the areal distribution 
of the snowcover within and between land units is 
required to make reasonable estimates of the total 
water available in the snowcover of a watershed. 
The areal distribution of the snowcover within a 
land-unit type can then be summarized in the form 
of an areal distribution curve. An areal distribution 
curve is a summary of the state of the snowcover at 
a given time within a basin. Intense sampling 
programmes are required to develop datasets to 
quantify the snow distribution in the form of areal 
distribution curves.

Since it is not practical to physically model the 
distribution of snowcover, the development of 
statistical or empirical distribution relationships 
based on landcover and physiographic 
considerations is a sensible approach to the problem. 
This is accomplished by the use of snowcover 
depletion curves. Rango and his colleagues present 
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on a daily total basis by means of formulae or 
diagrams that express solar radiation as a function 
of degree of cloudiness, time of year and latitude.

The effect of forest cover on the transmission of 
solar radiation is important, and in experimental 
areas, it has been expressed as an empirical factor 
that relates the transmission coeffi cient to canopy 
density. Usually direction and steepness of slope 
and forest cover are represented by constant 
factors, derived empirically for a given drainage 
area.

Refl ectivity of a snow surface ranges from about 
90 per cent for newly fallen snow to about 40 per 
cent for old snow that is coarse grained and which 
is ordinarily covered late in the season by a thin 
layer of dark debris such as wind-blown organic or 
mineral dust. In middle latitudes during late spring, 
an unforested snow cover with low reflectivity 
commonly absorbs suffi cient solar radiation to melt 
50 millimetres of water equivalent per day.

Long-wave radiational exchange is the difference 
between outgoing radiation from the snow surface 
and downward radiation from clouds, trees and the 
atmosphere. With dense low clouds or heavy forest 
cover warmer than 0°C, the exchange is a gain to 
the snow. Long-wave radiation from the atmos-
phere in the absence of clouds or forest cover is 
largely a function of air temperature and is nearly 
always less than the loss from the snow. Long-wave 
radiational exchange commonly ranges from a 
gain of heat equivalent to as much as 20 mm of 
melt water per day to a loss equivalent to 20 mm 
per day.

The main factors in the convectional exchange of 
sensible heat are the temperature gradient in the air 
immediately above the snow and the intensity of 
turbulent mixing expressed by horizontal wind 
speed.

The principal factors in heat from condensation are 
the vapour-pressure gradient and intensity of turbu-
lent mixing, which may be indicated by wind speed. 
The combined exchange of sensible and latent heat 
by turbulent exchange may range from a gain of 
heat that is equivalent to more than 100 mm of 
melt per day to a loss corresponding to two or three 
millimetres. The potential gain greatly exceeds the 
potential loss because the temperature and vapour-
pressure gradients for heat gain can be very great 
with the snow temperature limited to 0°C, whereas 
with very low air temperatures and vapour pres-
sures accompanying the loss of heat, the 
snow-surface temperature generally falls 

correspondingly. Thus, the gradients are reduced. 
Heat gain from warm rain can be computed from 
the latent heat of fusion of the ice (80 calg–l) which 
comprises the snow, and the temperature of the 
rain, which can usually be taken as the wet-bulb 
temperature of the air. Computations show that an 
unusually heavy rain – at least 120 mm of rain with 
a temperature of 16°C – is required to produce as 
much as 25 mm of snowmelt in a day.

The conduction rate of heat from the soil to a newly 
formed snow cover may be rapid for a short time, 
but the usual geological gradient of temperature 
and the gradient of temperature after steady-state 
has been established produce less than about one 
millimetre of snowmelt per day.

The foregoing rates of snowmelt from various 
modes of heat exchange are not additive. For exam-
ple, the conditions for maximum turbulent 
exchange would occur during stormy weather and 
not with maximum solar radiation. Numerous 
equations have been published expressing the 
modes of heat exchange in terms of observable 
elements. For further information, please refer to 
WMO-No. 749, Operational Hydrology Report 
No. 35 – Snow Cover Measurements and Areal 
Assessment of Precipitation and Soil Moisture (WMO, 
1992) and WMO-No. 646, Operational Hydrology 
Report No. 23 (WMO, 1986) – Intercomparison of 
Models of Snowmelt Runoff.

The integration of a rational snowmelt function 
over a heterogeneous drainage area of signifi cant 
size is extremely diffi cult at best and practically 
futile without elaborate instrumentation. Estimating 
the quantity or rate of melt is based on water budget 
accounting in addition to heat budget accounting. 
In the absence of rain, radiational exchange is 
relatively important, and consequently the effects 
of snow refl ectivity and forest canopy density are 
important; however, these are rarely measured. 
During periods of heavy rain, the rate and amount 
of snowmelt may be no greater than the error in 
estimating the amount and effects of the rain. 
During storms accompanied by considerable 
turbulent mixing and heavy, low clouds, there is 
relatively little short-wave solar radiation, and long-
wave radiation, convection and condensation are 
the major sources of heat. The diffi culty of separating 
the contribution of rain from that of snowmelt has 
left the question of snowmelt during rain largely in 
the realm of theory with very little empirical 
evaluation (US Army Corps of Engineers, 1960). 
Daily solar radiation for a given latitude and time of 
year is infl uenced by local cloudiness, which in turn 
is observed subjectively and sparsely – rarely with 
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respect to its radiative transmissivity. Further, there 
is the problem of determining the active or 
contributing area of the snow.

The active or contributing area may be defi ned as 
the area over which snow is melting or over which 
snowmelt reaches the soil. This area, however 
defined, varies diurnally. If the diurnal cycle 
includes nocturnal freezing, some account must be 
taken of the heat and moisture storage involved. 
Early in the melting period, some heat is necessary 
to raise the temperature of the snow to 0°C and to 
melt suffi cient snow to meet the water-holding 
capacity of the snow cover. This heat is relatively 
small with respect to the total heat required to melt 
the snow cover.

The most widely applied method for estimating 
basin-wide snowmelt is the use of degree-day 
factors. Temperature data are usually available, and 
the variation of temperature over a drainage area 
can generally be determined for deriving and apply-
ing degree-day functions. The rationale for the 
degree-day method is twofold. First, air temperature 
near the snow is largely a physical integration of 
the same modes of heat exchange that melt snow. 
Second, each mode of heat exchange can be related 
to air temperature except during abnormal winds. 
For example, minimum daily air temperature is 
highly correlated with dewpoint temperature, 
which determines the vapour-pressure gradient for 
condensation melting. Maximum daily tempera-
ture or temperature range is an index of solar 
radiation. Within its usual range, long-wave radia-
tion can be expressed as a linear function of air 
temperature.

Efforts have been made to give the maximum and 
minimum daily temperatures various weights and 
to use degree-day bases other than 0°C. Efforts have 
also been made to divide the day into smaller time 
units and to use degree-hour factors. However, the 
diurnal cycle of heat exchange and snowmelt makes 
the day a logical and convenient unit for snowmelt, 
and the usual degree-day base is 0°C, which is gener-
ally taken as the mean of the daily maximum and 
minimum air temperatures. Point snowmelt degree-
day factors for several mountainous regions in the 
middle latitudes of North America have been aver-
aged in Table II.6.3, in millimetres of melt, and the 
mean of daily maximum and minimum tempera-
ture above a base of 0°C. Individual values may 
depart widely from these averages.

Similar degree–day factors are given in Table II.6.4 
for lowlands in moderate latitudes of the former 
Union of Soviet Socialist Republics.

With a shallow snow cover, the storage and delay 
of melt water passing through the cover are 
generally inconsequential, compared with stor-
age and delay in the soil mantle and uncertainties 
in the amount of snowmelt itself. The time 
required for liquid water to drain from a snow 
cover is about one hour, plus an hour for each 
50 cm of depth.

Areal variations in melting rate and in the distri-
bution and diminishing size of the area covered by 
snow during a melting period are related to fairly 
permanent characteristics of the catchment area, 
such as its topography and distribution of vegeta-
tive cover. Consequently, the melting rate over a 
catchment reflects a fairly consistent trend in 
contributing area and snow condition during a 
melting period. This trend infl uences the shape of 
empirically defi ned S-shaped curves such as those 
in Figure II.6.15. Because of the areal dispersion of 
the snow and of its local melting rates, some of the 
snow starts to melt before the rest. Thus, the aver-
age melt rate per unit area is low early in the 
melting period and increases as more of the area 
contributes. Toward the end of the melting period, 
the slopes of the curves of Figure II.6.15 diminish 
because of the diminishing area of snowmelt 
contribution. The steepest portions of the curves 
occur after melting conditions have become estab-
lished over a large contributing area. The 
proportionality of melting rates to the initial 

Table II.6.3. Degree–day factors (mm °C–1) for 
mountainous regions in North America

Month Moderately 
forested

Partly 
forested

Non-forested

April 2 3 4

May 3 4 6

June 4 6 7

Area Degree–day factors
 (mm °C–1)

Non-forested areas 5

Sparse coniferous and
average density of harwoods 3–4

Average density of coniferous
woods and dense mixed woods 1.7–1.8

Dense coniferous woods 1.4–1.5

Table II.6.4. Degree–day factors for lowland 
regions in the former Union of Soviet Socialist 

Republics
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quantities of snow comes largely from the fact 
that, with more snow, the contributing area is 
larger. The steepest portions of the curves of 
Figure II.6.15 have a slope that corresponds to the 
values of Tables II.6.3 and II.6.4.

Evaporation loss from the snow cover is negligibly 
small during brief melting periods and may be 
more than balanced by condensation on the snow 
surface. Equations for condensation on a snow 
cover may also be used to estimate evaporation 
from the snow. Measuring evaporation from a 
snow or ice surface is diffi cult and probably about 
as accurate as the computation of evaporation in 
general. It is estimated that during winter periods, 
evaporation occurs from a typical snow surface at 
rates ranging from zero to as much as 20 mm per 
month. During melting periods, condensation 
tends to prevail and occurs at rates spanning from 
zero to possibly as much as 10 mm of condensate 
per day.

In mountainous regions, where great quantities of 
snow accumulate, where the melting season may 
cover several months and where melting conditions 
vary greatly with a large range of elevation, the reli-
ability of curves such as those of Figure II.6.15 are 
limited. Evaporation during long warm periods 
may be signifi cant. During the melting season, 
successive aerial or other surveys show the chang-
ing snow-covered area and meteorological 
observations are interpreted to express the varia-
tion of melting rate with elevation. The contribution 
of snowmelt should be determined by elevation 
zones. In addition, with deep mountain snow cover, 

more consideration must be given to the retention 
of melted snow in the cover.

Higher than average degree–day factors should be 
used when unusually high wind speeds or humidity 
occur.

6.3.4.6 Estimating snowmelt infl ow rates

To determine the total snowmelt runoff in lowland 
basins, water balance studies can be adopted. From 
these, the expected total snowmelt runoff can be 
estimated at the beginning of the snowmelt period. 
However, values of the daily snowmelt infl ow are 
often required for hydrograph calculations. The 
following factors should be taken into account 
when estimating these values:
(a) Heat infl ow to the snow cover;
(b) Water-retention capacity of the snow cover;
(c) Area covered with snow; 
(d) Water-retention capacity of the basin.

6.3.4.7 Probable maximum precipitation and 
snowmelt

In the case of very large basins at high latitudes, 
snowmelt, rather than rainfall, may be the 
primary cause of the probable maximum fl ood. 
Flood-runoff volume and temporal distribution 
are then based on the estimation of snowmelt 
resulting from the estimated maximum values of 
temperature, wind, dewpoint and insolation in a 
manner analogous to maximization of storm 
rainfall.

A more common situation in lower latitudes is for 
rainfall to be the primary factor producing the prob-
able maximum fl ood with snowmelt adding an 
increment to the maximum hydrograph. Snowmelt, 
compatible with estimated synoptic conditions 
accompanying the maximized storm, is then added 
to the maximized rainfall depth.

For some basins, only a detailed analysis will reveal 
whether the probable maximum fl ood will result 
from a cool-season rainstorm combined with snow-
melt or from a summer rainfall that may be more 
intense but cannot logically be expected to occur in 
combination with snowmelt.

6.3.4.7.1 Probable maximum snow accumulation

The snowmelt contribution to the probable maxi-
mum fl ood will depend on the maximum rate of 
melting and the water equivalent of the snow cover 
available for melting. Water equivalent of a snow 
cover is the depth of water that would result from 

Figure II.6.15. Typical degree–day snowmelt 
relationship for a catchment for different values of 

initial water equivalent

120

100

80

60

40

20

0
10 20 30 40 50 60 70 °C

120

100

80

60

Accumulated degree–days above 0°C

A
cc

um
ul

at
ed

 s
no

w
m

el
t 

(m
m

)



GUIDE TO HYDROLOGICAL PRACTICESII.6-38

melting and depends on the snow density as well 
as its depth. Various methods have been used to 
estimate probable maximum snow accumulation; 
the three most common are as follows:
(a) Partial-season method – The highest observed 

snow accumulations in each month or two-
week period, according to the frequency of 
observations, are combined, regardless of the 
year of occurrence of each observation, to give 
a synthetic year of very high snowfall. The 
method can be applied to shorter time inter-
vals, such as a week or four-day period, if suit-
able records are available;

(b) Snowstorm maximization – The ratio of 
maximum atmospheric moisture content in 
the project area at the time of year at which 
a snowstorm occurs to the actual moisture 
content of the snowstorm is determined. The 
observed snowfall produced by the snowstorm 
is multiplied by this ratio to give maximized 
snowfall for the snowstorm. Maximization of 
moisture content must be restricted to a value 
that will produce snow and not rain;

(c) Statistical methods – A frequency analysis of 
precipitation and snow-depth records is made 
to determine the values for various return peri-
ods. Analyses are made of three types of data: 
station precipitation depth, basin snowfall 
depth and water equivalent of snow on the 
ground.

6.3.4.7.2 Snowmelt estimation

Owing to the complex spatial and temporal varia-
bility of snowmelt over most catchments caused by 
differences in slope, aspect, forest cover and depth 
of snow cover, the degree–day method is often 
adopted as a practical solution to the problem of 
estimating snowmelt over a catchment. Maximum 
degree–day conditions may be estimated from 
temperature records for the project basin or a 
neighbouring area and may be applied to the esti-
mate of probable maximum snow accumulation to 
provide an estimate of probable maximum fl ood 
runoff.

For probable maximum conditions, the air temper-
ature and wind speed are made consistent with 
the assumed synoptic conditions accompanying 
the storm-producing probable maximum rainfall. 
It also is assumed that an optimum snow cover 
exists. Optimum in this situation means the 
following:
(a) The snow cover has only suffi cient water equiv-

alent to melt completely during the storm;
(b) The snow cover has been melting and contains 

a maximum amount of liquid water;

(c) The water equivalent of the snow cover is 
distributed so as to be at a maximum where the 
melting is maximum, which is different from 
the usual situation of increasing the snow-cover 
water equivalent with increasing elevation.

6.3.4.8 Runoff from short-period snowmelt

In a plains region, where increments of runoff are 
relatively small and the melting period is brief, 
runoff may be estimated by incorporating estimated 
snowmelt obtained by methods such as described 
above, into a rainfall–runoff relationship (see 
6.3.2). It may be necessary to use the relationship in 
a way that refl ects a high percentage of runoff 
because the snow cover or cold weather inhibits 
evapotranspiration losses antecedent to the melting 
period. In mountain catchment areas, where deep 
snow covers prevail and the melting season lasts 
several months, methods commonly used for 
estimating runoff from brief rainstorms do not 
necessarily apply. Runoff from the melt that occurs 
on a particular day is ordinarily spread over a long 
period, overlapping the melting increments of 
many other days. Also, evapotranspiration losses, 
which may be neglected during a period of rainfall, 
become important during a long melting season. 
One way to estimate runoff from day-to-day 
snowmelt is fi rst to estimate the seasonal volume of 
runoff and then to distribute it in accordance with 
observed or estimated local daily melting rates 
(6.3.4.6 and 6.3.4.7), basin-storage characteristics, 
contributing area and seasonal evapotranspiration. 
Basin storage and lag may be accommodated by 
routing though an analogous system of reservoirs 
with constants determined empirically from 
historical basin data. Where the catchment is so 
small that the diurnal increments of snowmelt are 
not damped out by storage, six-hour – rather than 
daily melting increments should be used, or a 
characteristic diurnal distribution can be introduced 
into the routing method.

6.3.4.9 Snowmelt runoff analysis using 
remote-sensing

Snowmelt runoff procedures have followed two 
distinct paths: an empirical approach and a deter-
ministic modelling approach. The choice of 
approach depends on both the availability of data 
to quantify the snowpack and the extent of detail 
required of the output. In order to make accurate 
estimates of snowmelt runoff, hydrologists need to 
quantify the snowmelt in the following terms: the 
areal extent of the snow, S; the snow water equiva-
lent, SWE; and the condition or properties of the 
snow such as depth, density, grain size and 
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presence of liquid water (Engman and Gurney, 
1991). The gradually decreasing areal extent is a 
characteristic feature of the seasonal snow cover. 
Regardless of the approach used to conduct day-to-
day simulations of snowmelt runoff, whether it be 
an empirical approach based on historical data or a 
deterministic approach, it is suffi cient to know the 
daily snow-covered area in the basin without know-
ing the initial accumulation of snow in terms of 
water equivalent (WMO, 1994).

For many basins, there is a very good relationship 
between runoff and snow cover area (Engman and 
Gurney, 1991). For operational runoff forecasts, 
however, the water equivalent must also be deter-
mined (WMO, 1994). Remote-sensing offers a new 
valuable tool for obtaining snow data in order to 
predict snowmelt runoff (Engman and Gurney, 
1991). Ostrem and others (1991) developed a 
method using data from the National Oceanic and 
Atmospheric Administration (NOAA) and the tele-
vision infrared observation satellite (TIROS) to 
measure the remaining snow and predict the corre-
sponding snowmelt runoff volume for a number of 
Norwegian high mountain basins. Many large 
hydropower companies use snow cover extent maps 
from NOAA AVHRR, advanced very high-resolution 
radiometer, on an operational basis as input to their 
hydropower production planning (Andersen, 
1991).

Remote-sensing techniques using appropriate 
wavelength bands allow to a certain degree the 
estimation of snowcover features such as grain 
size, albedo, layering, surface temperature and 
snowpack temperature. This, in turn, allows a good 
estimate of the time when the snowpack is ready 
to transmit melt water from the surface to lower 
layers, known as a ripe condition, and to eventu-
ally produce runoff at the base of the snowpack 
(Rango, 1993). The fi rst empirical approach to 
snowmelt runoff estimation using remote-sensing 
was developed by Rango and others (1977); they 
used satellite-observed snow cover data in empiri-
cal regression models developed for the Indus and 
Kabul Rivers in the Himalayas. Martinec and Rango 
(1987) and Rango and van Katwijk (1990) later 
used remotely sensed snow-water-equivalent and 
temperature data to construct modifi ed snow cover 
depletion curves for use in the snowmelt-runoff 
model for snowmelt forecasts in the Rio Grande 
basin.

Overall, remote-sensing is very successful in moun-
tain regions, especially when the aim is to map 
snow cover. This is hindered only in regions with 
very dense forest cover.

New models developed to use remote-sensing data 
will also improve snow hydrology predictions. 
Further, the merging of remote-sensing data with 
digital elevation modelling and geographical infor-
mation systems enables different types of data 
to be combined objectively and systematically 
(Engman and Gurney, 1991). Digital elevation 
modelling is used to normalize imagery by using 
the elevation of the sun and the slope, aspect and 
elevation of the terrain (Baumgartner, 1988; Miller 
and others, 1982). Geographical information 
systems are helpful in combining vegetation masks 
with satellite imagery (Keller, 1987).

6.3.5 Streamfl ow routing

Runoff from a headwater area moves downstream 
as a wave whose changing confi guration at various 
stations can be computed by a technique known as 
fl ood routing. Storage and other effects tend to 
attenuate the wave. Irregularities in channel condi-
tions and tributary infl ows are inherent complexities 
of the problem. The routing of fl ood waves through 
reservoirs and channels is accomplished by many 
methods.

6.3.5.1 Hydrodynamic methods

Hydrological research has gained much knowledge 
of the physical processes that comprise the water 
cycle in nature. Similarly, the high technology 
employed in continuous data acquisition and inte-
gration in time and space, combined with modern 
computers, permit rapid processing of hydrological 
and meteorological data of all types. All this has 
helped improve the third type of modelling, hydro-
dynamic modelling.

Hydrodynamic models are based on numerical inte-
gration of the equations of momentum and mass 
conservation that describe the physical processes in 
the basin. Since hydrodynamic models are based on 
the physical laws governing the processes, extrapola-
tion beyond the range of calibration may be performed 
more confi dently than with conceptual models. 
Complete dynamic routing, which accounts for fl ow-
acceleration effects and the water-surface slope, can 
determine fl ows and water-surface elevations accu-
rately in the following unsteady fl ow situations:
(a) Upstream movement of waves, such as those 

produced by tidal action or sea-storm surges;
(b) Backwater effects produced by downstream 

reservoirs or tributary infl ows;
(c) Flood waves occurring in rivers having fl at 

bottom slopes: less than 0.05 per cent;
(d) Abrupt waves caused by controlled reservoir 

releases or by the catastrophic failure of a dam.
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Dynamic routing is generally based on the one-
dimensional hydrodynamic equations of unsteady 
fl ow, known as the Saint Venant equations. These 
equations are generally expressed in their conserva-
tive form below.

Continuity:

∂Q

∂x
+

∂sc ( A + A 0 )

∂ t
− q = 0  (6.39)

Momentum:

∂ ( smQ )
∂ t

+
∂ (βQ 2/A)

∂x

gA
∂h
∂ t

+ Sf + Sec
⎛
⎝

⎞
⎠ − q vx + Wf B = 0+

 
(6.40)

in which:

Sf =
ne Q

A2R 4/3
 (6.41)

where Q is discharge, A is the active cross-sectional 
area, A0 is the inactive or dead-storage cross-
sectional area, sm is a depth-weighed sinuosity 
coeffi cient, Sec is the expansion-contraction slope, β 
is the momentum coefficient for non-uniform 
velocity distribution within the cross-section, WfB 
is the resistance effect of wind on the water surface, 
h is the water-surface elevation, vx is the velocity of 
lateral infl ow in the x-direction of the river, B is the 
top width of the active cross-sectional area, n is the 
Manning roughness coeffi cient, R is the hydraulic 
radius; other symbols are as previously defi ned, 
except that:

Sec
c

=
Ke Δ (Q / A )2

2 gΔ x

 (6.42)

where Kec is the expansion and contraction coeffi -
cient, Δ(Q/A)2 represents the difference in the term 
(Q/A)2 at two adjacent cross-sections separated by a 
distance Δx.

No analytical solutions of the complete non-linear 
set of equations 6.39 to 6.41 exist. The numerical 
techniques for solving the aforementioned equa-
tions for natural rivers may be classifi ed into two 
broad categories: the method of characteristics, 
which is not widely used nowadays, and fi nite-
difference methods in explicit and implicit schemes, 
which are very common. Finite-difference methods 
transform partial differential equations 6.39 and 
6.40 into a set of algebraic equations. The explicit 
methods solve these algebraic equations sequen-
tially, at each cross-section, computational reach, 

and at a given time, while the implicit methods 
solve algebraic equations simultaneously for all 
computational reaches at a given time.

There are advantages and disadvantages to the vari-
ous solution techniques. Factors such as numerical 
stability and convergence, required computational 
time and computer storage, and degree of program-
ming and mathematical complexity must be 
considered. Some solution techniques require 
modifi cations to the form of equations 6.39 and 
6.40 before they can be applied.

In general, implicit fi nite difference techniques are 
more complex but more efficient than explicit 
methods when calculating unsteady fl ows of several 
days duration. Much larger time steps can be used 
with the implicit techniques. Explicit techniques 
are simple; they are confronted, however, with 
numerical stability problems unless the time step is 
properly selected. These and other limitations 
should be thoroughly understood before selecting a 
particular solution technique to develop a dynamic-
routing forecasting method or select an existing 
dynamic-routing technique for a particular 
application.

A critical task in applying dynamic routing to an 
actual forecast situation is the determination of the 
roughness parameter in the Sf, friction-slope term 
given by equation 6.40. The roughness parameter 
often varies with fl ow or elevation, as well as with 
distance along the river. A prior determination of 
the roughness parameter relationship with fl ow 
and distance by trial and error is very time consum-
ing. Techniques for automatically determining the 
relationship greatly facilitate the operational utili-
zation of dynamic routing in a forecasting 
environment. A proper evaluation of the boundary 
and the initial conditions for solution of the Saint 
Venant equations in an operational mode is another 
critical task in the implementation of dynamic 
routing techniques.

Another critical task is the establishment of an effi -
cient data-acquisition and management programme 
linked integrally with the computational element. 
Cross-section geometry should be processed as effi -
ciently as possible for use by the dynamic-routing 
program. Anticipated flow conditions should 
require as little data entry as possible for a dynamic-
routing technique to be feasible for use as an 
operational forecasting tool.

By slightly rewriting the momentum equation and 
ignoring momentum from lateral inflows, a 
very clear picture can be obtained showing the 
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fundamental differences between dynamic, diffu-
sion, and kinematic routing.

Consider:

(6.43)

kinematic model
diffusion model
dynamic model

– so + sf = 01
g
∂h
∂ t +

v
g
∂v
∂x

+ ∂h
∂x

At the fi rst level of approximation, the terms repre-
senting the accelerations related to the time 
variation of infl ow and the spatial variation in 
velocity are neglected. The resulting model is 
referred to as the diffusion model. In some fl ow 
situations, it is also possible to neglect the pressure-
force term and treat the momentum equation as a 
balance between the forces of gravity and friction. 
This approximation is known as the kinematic 
model.

Both the kinematic and diffusion approximations 
have been used successfully to describe overland 
fl ows and fl ows in streams where slopes are greater 
than approximately 0.1 per cent. The diffusion 
model can be used on rivers with smaller slopes, 
but with caution because the inertia terms may 
become important. The kinematic model has 
become popular in applications where the irregular 
geometry and topography of natural catchments 
can be replaced by a series of simple elements, such 
as fl ow planes and regular channel segments. The 
kinematic equations are also used in water quality 
models that predict the transport of pollutants. A 
kinematic model does not consider backwater 
effects from lateral infl ows or downstream reservoir 
operations, nor can it be used to predict wave 
progressions in the upstream direction.

6.3.5.2 Hydrological methods

Hydrological fl ood-routing methods use only the 
continuity equation, or mass conservation law. In 
these techniques, only the wave propagation is 
studied by considering the increases and decreases 
of storage in a reach lying between two measuring 
points. However, because the relationship between 
storage and flow is determined empirically by 
these methods, they cannot be used directly when 
flow data or levels are required for design 
purposes.

When hydrological routing methods are 
employed, the fl ow at an upstream point is given 
or assumed, and routing is used to compute the 
fl ow and stage at a downstream point. Routing 

consists of the solution to the following continu-
ity equation by using a relationship between 
storage and fl ow:

I – Q = dS/dt (6.44)

where I and Q are the discharges at upstream and 
downstream points, respectively, S is storage in the 
river reach between the upstream and the down-
stream cross-sections, and t is time. Solution of this 
equation involves approximations concerning the 
storage–fl ow relationship, the main diffi culty in 
hydrological streamfl ow routing. However, with 
suffi cient hydrometric data, this relationship can 
be derived empirically.

The simplest routing methods are based on linear 
storage–fl ow relationships, which make it possible 
to obtain analytical solutions. Two such methods 
are applicable in short-range forecasting practice, as 
indicated below.
(a) The Muskingum method, which is based on the 

following storage–fl ow relationship:

S = K [xQ1 + (1 – x)Q2] (6.45)

The constants K and x are derived empirically for a 
given reach from discharge data. They can be deter-
mined by plotting S versus xI+ (1 – x)Q for various 
values of x. The best value of x is that which results 
in the data plotting most closely to a single value 
curve.

The Muskingum method is often used in the follow-
ing discrete form:

Qj+1 = C1 Ij+1 + C2 Ij + C3 Qj (6.46)

where C1, C2 and C3, being functions of Muskingum 
parameters K and x and the time step Δt, sum to 
unity ensuring that the sum of the constants is 
equal to unity;

(b) The specifi c reach method, proposed by Kalinin 
and Miljukov (1958), is based on the following 
linear storage–fl ow relationship:

Q = K S  (6.47)

where K is the storage constant equal to the travel 
time through the reach. The above equation is 
applicable to transit reaches of specifi c length, L, 
which is roughly equal to:

L =
Q

Z
∂Q
∂h

 (6.48)
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where Z is the slope of the water surface, and ∂Q/∂h 
is the tangent of a stage–discharge relationship. If a 
river segment consists of several specifi c reaches, 
routing is carried out in succession from one specifi c 
reach to the next downstream. The computed 
discharge for the downstream point of the fi rst 
reach is taken as the infl ow for the second reach, 
and so on.

The following formula expressing the transforma-
tion of fl ow by a system of identical linear reservoirs 
can be used for long river reaches that lack the data 
needed to determine the number of specific 
reaches:

Q (t ) = I0
Δ t

K N ( N − 1) !
t N−1e−t /K  (6.49)

where N is the number of characteristic reaches or 
reservoirs, K is the travel time for one characteristic 
reach, I0 is the infl ow into the fi rst characteristic 
reach and t is the time. The K and N parameters are 
determined by trial and error or optimization.

6.3.5.3 Reservoir routing

A reservoir leads to a decrease in the peak discharge, 
compared with that which would have occurred 
had the reservoir not been in place because the 
passage of a fl ood through a reservoir differs some-
what from its passage through a channel.

Because the velocity of the fl ood wave in a reservoir 
is higher than in channels, the delay in the peak 
outfl ow with respect to the peak infl ow does not 
necessarily mean a delay with respect to the peak 
that would have occurred under the conditions 
prevailing prior to the construction of the reservoir. 
Furthermore, the construction of a reservoir may 
sometimes worsen downstream fl ood conditions, 
despite its effect in decreasing peak discharges. The 
attenuated peak may occur in phase with peaks of 
tributaries that are usually out of phase. Thus, it 
should not be taken for granted that reservoir 
construction will improve downstream fl ood condi-
tions. The hydrology and the hydraulics that would 
prevail under the design conditions should be stud-
ied carefully.

6.3.5.4 Dam breaks

Catastrophic fl ash fl ooding results when a dam 
fails, and the outfl ow, through the breach in the 
dam, inundates the downstream valley. A dam 
that fails can be man-made or, for example, ice 
jam or fl ow debris. Often the dam-break outfl ow is 
several times greater than any previous fl ood on 

the river concerned. Little is known of failure 
modes of artifi cial or natural dams. Hence, real-
time forecasting of dam-break fl oods is almost 
always limited to occasions when failure of the 
dam has actually been observed. Different failure 
modes may be assumed for planning calculations 
when the implications to downstream develop-
ment are investigated with regard to zoning or 
evacuation contingency plans.

Earlier classical studies of this problem have 
assumed instantaneous dam failure and idealized 
downstream conditions. More recently, engineers 
have sought to approach the problem by assuming 
a triangular-shaped outfl ow hydrograph based on 
the Schocklitsch or similar maximum-flow 
equation:

Qm =
8

2 7
Wd g Y0

3  (6.50)

where g is the acceleration due to gravity, Wd is the 
width of the breach and Y0 is the height of the water 
behind the dam. By using equation 6.49 and an 
empirical recession coefficient, the synthesized 
hydrograph is routed through the downstream 
valley via a hydrological-routing technique. 
Alternatively, a more realistic approach can be 
found in dynamic-routing techniques (see 6.3.4.2) 
to route the rapidly changing and relatively large 
dam-break fl ood wave. Explicit account is taken of 
downstream dams, overbank storage, downstream 
highway embankments, and expansion and 
contraction losses.

As time is essential in real-time forecasting of a 
dam-break fl ood, operational techniques must be 
computationally effi cient. However, an even more 
important consideration is the data requirement 
of the forecast technique. If dynamic routing is to 
be used, every effort should be made to minimize 
the amount of cross-sectional data needed in the 
routing phase of the forecast, and all data and 
program fi les must be immediately available for 
use.

6.3.6 Modelling other processes

6.3.6.1 Sediment transport modelling

Sediment transport models predict sediment trans-
port rate and direction based on water surface 
elevations or velocities determined by using a 
hydrodynamic model (see 6.3.4.2), an essential part 
of the sediment transport model based on the 
numerical solution of the Saint Venant equations 
of continuity and momentum.
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Basic processes in sediment transport can be 
broken down into erosion, entrainment, trans-
portation and deposition. Sediment on the 
streambed will remain immobile only as long as 
the energy forces in the fl ow fi eld remain less 
than the critical shear stress threshold for erosion. 
After the critical shear stress is reached, the sedi-
ments begin moving by jumping or bouncing, 
rolling and sliding. This movement is known as 
bed load. Various researchers have developed 
relationships describing this bed load as a func-
tion of the bed shear stress and the grain size 
diameter. These are known as sediment transport 
functions and are mostly applicable to non-
cohesive material (see 4.8.6).

Computation of the particle-settling velocity is 
necessary for several non-cohesive sediment trans-
port functions.

ω f = F dg (G – 1)  (6.51)

where:

F =
2
3

+
3 6 v 2

g d 3 (G − 1)
⎡
⎣

⎤
⎦

1/2
−

3 6 v 2

g d 3 (G − 1)
⎡
⎣

⎤
⎦

1/2
 (6.52)

for particles with diameter d between 0.0625 mm 
and 1 mm. For particles greater than 1 mm, 
F =  0.79. In the above equations, ωf is the fall veloc-
ity of sediments, g is the acceleration due to gravity, 
G is the specifi c gravity of the sediments and v is the 
kinematic viscosity of water.

Most of the sediment transport models allow use 
of more than one function, since there is no 
universal function that can be applied accurately 
to all sediment and flow conditions. Most of 
these transport functions were developed to 
compute total bed load without breaking down 
the load by size fraction. Some transport models 
apply these functions for different size fractions 
to account for variation in the bed load grain 
size distribution and can simulate bed-material 
mixing processes, and therefore armouring 
effects.

The bulk of sediment in transport can be charac-
terized as being transported in suspension. 
Suspended load calculations include the time-
space lag in the sediment transport response to 
changes in local hydraulic conditions. Cohesive 
sediments in transport will remain in suspension 
as long as the bed shear stress exceeds the critical 
value for deposition. Cohesive sediments tend to 
segregate to low density units, a process that is 
strongly dependent on the type of sediment, the 

concentration of ions in water and fl ow condi-
tions, and the settling velocity that is no longer a 
function of particle size. This aggregation is 
accounted for in the models by assigning settling 
velocities. In general, simultaneous deposition and 
erosion of cohesive sediments do not occur, but 
the structure of cohesive sediment beds does 
change with time and with overburden.

There may be no net change in the elevation of the 
bed unless the erosion rate is different from the 
deposition rate; these are two processes that go on 
continuously and independently. The change of 
bed level may be determined by a sediment conti-
nuity equation. The equation is derived based on 
the assumption that the changes in volume of 
suspended sediment are much smaller than the 
changes in bed sediment volume, which is gener-
ally true for long-term steady-fl ow simulations. The 
mass conservation equation for sediment reduces 
to:

∂Qs
∂x

+ ε
∂Ad
∂ t

− qs = 0  (6.53)

where ε is the volume of sediment in a unit bed 
layer volume (one minus porosity), Ad is the bed 
sediment volume per unit length, Qs is the volu-
metric sediment discharge and qs is the lateral 
sediment infl ow per unit length.

Certain sediment transport and morphological 
models, such as MIKE 21C, consider helical fl ows in 
connection with sediment transport simulations in 
order to simulate the development of bend scour, 
confl uence scour and the formation of point bars as 
well as alternating bars. These models do provide 
curvilinear computational grids which are more 
suitable for river morphology modelling. Bank 
erosion is included at each computational time 
step. The eroded bank material is included in the 
solution of the sediment continuity equation. Bank 
erosion will produce a retreating bank line, which is 
modelled by the movement of the adaptive curvi-
linear grid.

Additional information on sediment modelling is 
to be found in 4.8.6.

6.3.6.2 Water quality modelling

The management of water quality in natural and 
artifi cial water bodies is a complex task that requires 
monitoring of the water quality characteristics, 
interpretation of the monitored data in relation to 
causative factors and prediction of future changes 
of these characteristics in terms of the various 
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management alternatives under consideration. The 
solution to these problems can be greatly aided by 
the use of water quality models. These enable 
prediction on the basis of the following factors:
(a) A series of input data on pollution infl ow;
(b) Meteorological-environmental initial conditions;
(c) Hydraulic-hydrological and land-use character-

istics of the water body and its watershed;
(d) The evolution in time and/or space of certain 

water quality characteristics of the water body 
considered for various water management 
alternatives.

Water quality models are frequently linked to 
hydraulic and hydrological models.

Mathematical water quality models may be classi-
fi ed according to the general taxonomy of models 
(see 6.1) and according to the following criteria:
(a) Water quality constituents: into single- or 

multi-constituent models;
(b) Type of constituent modelled: into conservative, 

for example, salt; non-conservative physical, 
for example, temperature; non-conservative 
chemical, for example, dissolved oxygen; or 
non-conservative biological, for example, 
coliform bacteria.

For the description of pollutant transport in rivers, 
the most commonly used model in practical appli-
cations is the one-dimensional model based on the 
advection-dispersion equation:

∂c

∂ t
+ u

∂c

∂x
= DL

∂2c

∂x2
 (6.54)

where c is the pollutant concentration, u is the 
mean water velocity, D is the longitudinal disper-
sion coeffi cient, t is time and x is distance.

The longitudinal dispersion coeffi cient is calculated 
on the basis of the Fisher equation:

DL =
0 .0 7 u ' 2 l2

εz

 (6.55)

in which u’2 is the deviation from the cross-sectional 
mean, l is the distance from the thread of the maxi-
mum velocity to the most distant bank and εz is the 
transverse mixing coeffi cient.

To apply this model to pollutant transport in a river, 
the river is divided into reaches, each several kilo-
metres in length, within which the water velocity is 
considered to be constant. The water velocity within 
each sector is calculated by means of a hydraulic or 
hydrological model (see 6.3.4).

Water quality models can be used in water quality 
management for several purposes, including the 
design of water quality monitoring networks in 
space and time, the interpretation of data obtained 
in relation to factors determining water quality, 
interfacing with other environmental (air, soil) 
pollution models and with ecological models, the 
assessment of trends in water quality with or with-
out various alternative pollution-correction 
measures and the forecast of the arrival time of a 
pollutant and of a concentration profi le along the 
river.

Water quality models have been applied with vari-
ous degrees of success to the solution of water 
quality management problems in many countries 
(Biswas, 1981). For example, a relatively simple 
model was used for investigating the effect on 
water quality of large-scale water transfers from the 
river Severn into the river Thames in the United 
Kingdom of Great Britain and Northern Ireland. 
The model was used to assess the effect of such 
transfers on the concentration of a number of 
conservative and nearly conservative substances 
contained in the water. The model was based on 
river-fl ow separation according to source, for exam-
ple, surface, interface and base flow, and on 
developing relationships between the concentra-
tions of the determinants considered and the water 
infl ow and infl ow variation for each source. The 
simulation results matched the recorded data 
reasonably well.

Another example of the practical application of a 
water quality model for water management 
purposes is the study of the effect of removal of 
biochemical demand loads by waste-treatment 
plants on the dissolved oxygen concentration in 
the water of the Thames river in Ontario, Canada. 
The results indicate that obtaining dissolved 
oxygen concentrations above the criterion 
accepted for good water quality by removing 
biochemical demand loads is feasible at one point, 
while at another point, this would be very diffi -
cult. Hydrological Aspects of Accidental Pollution of 
Water Bodies (WMO-No. 754) provides a detailed 
review of a number of water quality models applied 
in Canada, France, Germany, Poland, the United 
Kingdom and the United States to a variety of 
rivers having signifi cant pollution problems.

Water quality models are also used for computing 
the propagation of accidental pollution events. 
Such models have been operational on the Rhine 
river since 1989. While most of the models 
mentioned above primarily consider pollutants 
originating from industrial and municipal wastes, 
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some also consider pollution originating from 
diffuse sources such as forestry and agriculture 
activities or non-sewered residences.

Among the most widely used models is SWAT,  
which stands for soil and water assessment tool. It 
allows the simulation of the fate of nutrients and 
pesticides migrating to water from diffused sources 
such as agriculture. SWAT is a watershed-scale 
model developed by Arnold and collaborators for 
the Agricultural Research Service of the United 
States Department of Agriculture (USDA) to predict 
the impact of land management practices on water, 
sediment and agricultural chemical yields (Arnold 
and others, 1993). The model combines signifi cant 
elements of both a physical and semi-empirical 
nature and can be called a process-based model. 
Hence, it requires specific information about 
weather, soil properties, topography, vegetation 
and land management practices occurring in the 
watershed. The physical processes associated with 
water movement, sediment movement, crop 
growth, nutrient cycling and the like are directly 
modelled by SWAT using this input data. SWAT is a 
continuous time model and is not designed to 
simulate in detail single-events such as fl oods with 
hourly time steps.

The objective of SWAT is to predict the effect of 
management decisions on water, sediment, nutri-
ent and pesticide yields with reasonable accuracy 
on large, ungauged river basins. The model contains 
the following components: weather, surface runoff, 
return fl ow, percolation, evapotranspiration, trans-
mission losses, pond and reservoir storage, crop 
growth and irrigation, groundwater fl ow, reach 
routing, nutrient and pesticide loading, and water 
transfer. Interfaces for the model have been devel-
oped in Windows (Visual Basic), GRASS and 
ArcView. SWAT has also undergone extensive vali-
dation. For further information, see http://www.
brc.tamus.edu/swat.

A number of follow-up models are based on SWAT. 
For instance, SWIM, which stands for soil and 
water integrated model, was developed by 
Krysanova and others (1998, 2000) specifi cally for 
climate and land-use change impact assessment in 
mesoscale and large river basins and at the regional 
scale. It includes a three-level disaggregation 
scheme down to hydrotopes and several modifi ed 
routines, for example, river routing and forest 
modules, and new routines for impact studies such 
as a crop generator, climate data interpolation, 
adjustment of photosynthesis and transpiration to 
higher CO2, nutrient retention and a carbon cycle 
module.

There are numerous models which replicate 
chemical movement in aquifer systems. Some are 
bespoke for a particular situation and others are 
linked to fl ow models, such as the MT3D link to 
MODFLOW.

In the case of groundwater, modelling water qual-
ity is dependant on understanding the flow 
regime of the aquifer. Thus, unless the groundwa-
ter fl ow rates and direction and their variability 
are known, there is little point in attempting to 
model complex chemical changes in the aquifer. 
However, by understanding of the chemical proc-
esses at work within the aquifer and the 
distribution of chemical constituents, both natu-
ral and anthropogenic, signifi cant insights can be 
gained on the fl ow process within the aquifer. 
Thus the two processes can be used in conjunc-
tion to aid overall calibration.

6.3.6.3 Modelling ice formation

The formation of ice in a river begins when the 
surface layer of water cools down to 0°C. Below the 
surface of the stream, the water temperature at that 
time generally remains above 0°C. Thus, forecasting 
the date of appearance of ice consists of computing 
the heat exchange at the surface of the water so that 
the surface layer of the water will cool to 0°C.

Forecasting water temperature should be performed 
by the stepwise solution of the heat-budget equa-
tion, while taking the variables affecting the heat 
loss into consideration. The heat loss from the water 
surface is a function of air temperature, wind speed 
and turbulence of the water. In its most general 
form, the equation of the heat balance at the air-
water interface for a certain interval of time is as 
follows:

α (θ–  w – θsw) + Q = 0 (6.56)

where θ–  w is the mean temperature of the water mass 
of the stream θsw, is the water-surface temperature 
(in °K), α is the coeffi cient of heat transfer (Watt/
m2°K) from the water mass to the air-water inter-
face and Q is the heat loss from the water surface in 
Watt/m2.

The basis of modern short-term forecasts of the date 
of initial occurrence of ice on rivers is the method 
developed by Hydrometeoizdat (1989). This method 
is based on the inequality between the two heat 
fl uxes:

αnTwn ≤ − Qm
* or Twn

Qm
*

αn
≤ −  (6.57)
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where Tw is the mean temperature of water fl ow, αn 
is the heat-yield coeffi cient of the water body, Qm* 
is the heat loss through the air-water interface and 
n refers to the time when this inequality appears. 
The calculation of αn, Tw, and Qm* requires knowl-
edge of several meteorological and hydrological 
variables. The method can be used if air tempera-
ture forecasts are available several days ahead. Its 
accuracy is affected mostly by errors in the antici-
pated air temperature.

The necessary condition for the beginning of freeze-
up is the accumulation of suffi cient amounts of 
fl oating ice with intensive heat loss so that the 
merging of ice fl oes resists the force exerted by the 
fl owing water. This condition is expressed by the 
following empirical formula:

(Qa )c = −6 .5 v2 b

Qa∑
⎛
⎝

⎞
⎠

0.8
 (6.58)

where (Qa)c is the critical, or highest possible, 
mean daily air temperature on the day of freez-
ing, v is the mean velocity of fl ow in the reach, b 
is the river width, and ΣQa is the sum of mean 
daily temperatures from the fi rst day of ice appear-
ance (Buzin and others, 1989). Calculations are 
made with forecast mean daily temperatures for 
each day successively until the mean daily air 
temperature falls below the critical point (Qa)c, as 
calculated in equation 6.55. When the critical 
point is reached, the formation of a frozen section 
is forecasted.

In operational practice, the full version of the 
model of ice cover formation, including some form 
of simplifi ed updating with respect to the specifi c 
location and hydrometeorological data, is gener-
ally not used. As a rule, model development and 
applications are tailored to meet user require-
ments. Thus, the operation of water-management 
schemes under winter conditions should be based 
on appropriate reports and forecasts. An ice-
oriented hydrological network, which can operate 
according to forecasting requirements, needs to be 
implemented according to those principles.

Regular feedback from the water managers to the 
forecasting centre is also necessary. For the 
hydropower production it is important to have 
forecasts of the beginning of intensive frazil ice 
and slush production. Empirical formulae based 
on a simplified variant of the theoretical method 
are generally developed for this purpose. In 
general, the empirical ratios are represented as 
nomograms, an example of which is provided in 
Figure II.6.16.

Short-term forecasting of ice phenomena is 
based on knowledge of the physical or statistical 
relationships that exist as necessary conditions for 
the formation of ice (Hydrometeoizdat, 1989). The 
physical interpretation of these relationships is 
based on theories concerning the processes that 
govern the cooling of a mass of water in natural 
lakes. These equations are used to determine a criti-
cal or threshold air temperature, or the sum of 
negative air temperatures, which, when exceeded, 
results in the occurrence of ice cover on a water 
body. As terms of freezing of a reservoir depend on 
the heat content of the mass of water, the critical 
air temperature is determined by using an empirical 
ratio connecting this air temperature with water 
supply parameters derived from the water level or 
streamfl ow.

6.3.6.4 Modelling ice thickness

In addition to forecasts of the date of ice occurrence 
and the formation of ice cover, other types of fore-
casts of the autumn ice phenomena are also issued. 
Ice thickness forecasts are based on calculations of 
heat loss. Increases in ice thickness mainly occur on 
its underside and are determined by the energy 
state in the water column. Sometimes the ice cover 
thickness grows from its top surface because of the 
freezing of water from the melting of the snowpack 
on the ice surface. Melt water is often accompanied 
with rainfall. This can also result in an additional 
amount of water occurring on the ice cover caused 
by the increased pressure on the ice. Forecasting ice 
thickness is based on estimates of the difference 

Figure II.6.16. Prediction of frazzle-ice formation: 
(a) slush possible, (b) no slush
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between the infl ow of heat from the water column 
to the bottom surface of the ice and the outfl ow of 
heat through the ice surface to the atmosphere. 
Loss of heat will lead to an increase in thickness of 
ice of depth:

Δ hice =

Bi Ci
1

t

∑
1

t

∑

Lice ρice

 
(6.59)

where Δhice is the growth in ice thickness in 
centimetres, B i

1

t

∑ is the fl ow of heat to the atmos-
phere from the top surface of a snow-ice cover, Ci

1

t

∑  
is the infl ow of heat to the bottom surface of ice, Lice 
is the specifi c heat of ice formation; and ρice is the 
density of ice.

Formulae for calculating and forecasting ice thick-
ness under various conditions of ice cover formation 
are present in the literature.

6.3.6.5 Modelling ice break-up

One method for forecasting the date of ice 
break-up is based on estimating the critical sum of 
degree-days of positive air temperature required for 
break-up on the river reach in question. To deter-
mine this sum, the relationship between break-up 
and the negative degree-day sum for the winter 
period is used. To forecast the date of break-up of 
ice by this method, it is necessary to have an air 
temperature forecast for a few days in advance. The 
date of break-up is obtained by calculating the sum 
of degree-days and comparing it with the critical 
value, using expected air temperatures for a few 
days in advance.

Forecasts of the reduction of ice thickness and 
tensile strength of the ice cover and forecasts of ice 
break-up for rivers and clarifi cations from ice of 
reservoirs are made with ice cover destruction 
models, such as the models that can be found in 
Hydrometeoizdat (1989) or through the Bulatov 
model. The latter is a method of forecasting ice 
break-up dates on rivers that was developed using a 
generalized equation, allowing the issuance of 
medium-term forecasts with a lead-time of ten days. 
It makes it possible to develop forecasts of ice break-
up anywhere, including for rivers with only sparse 
data (Borsch and others, 1987).

6.3.6.5.1 Ice break-up on reservoirs

Break-up of an ice cover on a reservoir results from 
melt and a gradual decrease in compactness. Under 
the action of wind, the ice may break into separate 

ice fl ows of various sizes, which then start to move 
as a general drift of ice. The condition for the 
commencement of a drift of ice is expressed by an 
inequality of the following form:

ϕdg
1/2 ≤ CU2 (6.60)

where ϕ is the compactness of the melting ice 
(relative bending stress), dg is the thickness of the 
ice in centimetres, U is the maximum wind speed 
over a 24-hour period in m s–1 and C is an empiri-
cal coeffi cient that depends on wind speed and is 
a constant for a given reservoir. For a number of 
reservoirs in the Commonwealth of Independent 
States, the value of C was found to be 0.018. The 
compactness of the ice ϕ and the thickness dg 
when the ice starts to drift are calculated from 
meteorological elements using heat balance equa-
tions. Specific information on applying this 
method was provided in Hydrometeoizdat 
(1989).

6.3.6.5.2 Ice break-up on rivers

Forecasting the break-up of ice on rivers can be based 
on models in which the condition for the break-up 
of the ice cover is determined from the thickness and 
compactness of the ice and the tractive force of the 
current. When the forces of resistance become equal 
to or less than the tractive force, the ice cover breaks 
up and an ice run begins.

The condition for break-up is expressed by the 
following relationship:

ϕdg ≤ f(H,ΔH) (6.61)

where ϕdg, the product of relative stress of the 
melting ice and its thickness, is a measure of the 
compactness of the ice cover at the time of break-
up, and H and ΔH are parameters representing the 
tractive force of the current. H is the height of the 
water level at the time of break-up and refl ects 
discharge and speed of fl ow, and ΔH is the rise, up 
to the time of break-up, in the water level above 
the minimum winter level H3, numerically equal 
to ΔH = H – H3. As H and ΔH are interrelated in 
most cases, it is suffi cient to consider just one of 
these quantities in the relationship described in 
equation 6.61. The quantities are based on forecast 
and actual data for a few days before break-up. An 
approximation of the relationship may be 
expressed as follows:

ϕdg ≤ a+ b (ΔH)2 (6.62)

where a and b are empirical coeffi cients.
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For the forecast of ice break-up dates on ungauged 
rivers, or where there are only short periods of 
observations available, a forecasting methodology 
has been developed based on a generalized 
equation:

(ϕdg)b–i/(ϕdg)N ≤ [1–e–(i+1)(Q
b–i

)/(Q
b
)
N]

(Qb–i)/(Qb)N + 0.005i + 0.25

 (6.63)

where (ϕdg)N is the average relative durability of 
the ice on the day of ice break-up, (ϕdg)b–i is the rela-
tive durability of ice for i days before the ice 
break-up, Qb–i is the water discharge for i days before 
the ice break-up, (Qb)N is the average discharge on 
the day of the ice break-up. Calculation and fore-
cast of (ϕdg)N, (Qb)N, and dg are made using specially 
developed maps, nomograms and tables (Borsch 
and Silantjeva, 1987).

The model of ice cover break-up allows the develop-
ment of some additional special forecasts, such as 
the forecast of maximum permissible loading for 
ice and forecasts tailored for the deployment of 
icebreakers.

6.4 MODELLING CHALLENGES

6.4.1 Accuracy and availability of input 
data

A modelling challenge, related to ungauged basins, 
is the need to improve the availability and accuracy 
of the data used in models. This may include the 
input time series of data such as rainfall and evapo-
ration, and the time-series data used to calibrate or 
validate model results such as streamfl ow, ground-
water levels and water quality data, as well as the 
information that is used to estimate model parame-
ter values. If hydrological models are to realize their 
true potential as operational water resources 
management tools, it is essential that the informa-
tion required to apply them successfully be available. 
The use of processed satellite imagery within 
modelling research projects has been reported for a 
number of years and there are examples of such 
technology being used for operational purposes. 
However, there is a tremendous potential for the 
more widespread use of these techniques by water 
resources management agencies, especially in the 
developing world where ground-based observations 
are not being sustained.

Global, or near-global, datasets of a wide range of 
terrestrial information derived from satellite 

imagery are becoming increasingly available and 
accessible. The information available includes rela-
tively static characteristics such as topography, land 
cover (d’Herbès and Valentin, 1997), as well as time- 
series variations of parameters such as temperature 
(Xiang and Smith, 1997), evapotranspiration (Kite 
and Droogers, 2000), soil moisture (Valentijn and 
others, 2001) and precipitation (WMO-WCRP, 
1986). Many of these have the potential to fi ll some 
of the information gaps and provide input data for 
water resources estimation models. However, several 
practical considerations need to be addressed if 
such products are to be used successfully and with 
confi dence:
(a) Hydrological models, calibrated against histori-

cal gauged data, may already be in use;
(b) Satellite data have relatively short periods of 

record;
(c) Ideally, gauged and satellite data need to be used 

together; therefore, the relationships between 
the two data sources need to be quantifi ed and 
clearly understood;

(d) Data should be accessible to water resources 
practitioners in the developing countries;

(e) The techniques required to make effective use 
of the data should not be excessively complex 
or diffi cult to understand, as the resources 
available for data analysis and processing are 
frequently limited in developing countries.

One of the future challenges in hydrological 
modelling will be to expand the operational use of 
these techniques. The implication of this is the 
need to ensure that the results are as accurate and 
representative as possible. At the very least, it is 
essential to understand the limitations and error 
bounds of the model results so that water resources 
development decisions can be made on the basis 
of adequate information. The following subsec-
tion refers to one of the objectives of the 
International Association of Hydrological 
Sciences’s initiative for the Decade on Prediction 
in Ungauged Basins: a reduction in predictive 
uncertainty. For operational uses of models, it is 
not only important to achieve a reduction in 
uncertainty, but also to be able to quantify that 
uncertainty by having a thorough understanding 
of the accuracy of the input data.

6.4.2 Ungauged basins

Drainage basins in many parts of the world are 
either ungauged or inadequately gauged and the 
situation is worsening because the existing observa-
tion networks are in decline. At the same time, 
water resources are under growing threat in a world 
that is becoming more populated and where the 
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demand for water per capita is constantly increas-
ing. Therefore, as the supply of data declines, the 
need for such data increases. This poses a consider-
able challenge to the hydrological and water 
resources communities: that of fi nding the means 
to assess and manage water resources with an inad-
equate supply of data.

Recognition of the need for techniques applicable 
to ungauged basins is not new. The nineteenth-
century rational formula, based on the concept of a 
runoff coeffi cient, can be regarded as a precursor of 
regionalization. Extrapolation from gauged to 
ungauged sites to solve hydrological problems has 
been a standard technique in practice. This chapter 
contains several examples. The synthetic unit 
hydrographs and geomorphoclimatic unit 
hydrographs mentioned in 6.3.2.2.5 allow a model-
ler to estimate a runoff hydrograph for areas with 
few, if any rainfall and runoff data. An estimation 
problem is presented in 6.2.3, where an introdu-
cion to geostatistics is provided to estimate a value 
of the variable in an ungauged location, based on a 
number of values of this variable measured in other 
locations.

An example of regionalization conducted on a 
national scale is set out for the United Kingdom in 
the Flood Estimation Handbook, published in 1999, 
which superseded the Flood Studies Report and its 
supplements. The Handbook explains regionaliza-
tion of model parameters and extrapolation from 
gauged to ungauged catchments. It is recommended 
to conduct fl ood frequency estimation by statistical 
analysis of peak fl ow, annual maxima or peak-over-
threshold, or by using a rainfall-runoff approach, if 
suffi ciently long data records are available. While 
fl ood data at the subject site are of greatest value, 
data may be transferred from a nearby site, a donor 
catchment, a similar catchment or an analogous 
catchment if there is no donor catchment nearby. 
Estimation of the index fl ood – the median annual 
fl ood – in the absence of fl ood peak data can be 
determined from catchment descriptors. Pooled 
analysis may be needed for growth curve estima-
tion, dependent on the length of gauged record or 
the target period such as a 100-year or 10-year fl ood. 
The last choice is to estimate parameters for a rain-
fall-runoff model using only catchment 
descriptors.

The International Association of Hydrological 
Sciences, which launched the Decade on 
Prediction in Ungauged Basins, 2003–2012, aims 
to achieve major advances in the capacity to make 
predictions in ungauged basins (Sivapalan and 
others, 2003). It is hoped that the Decade will 

bring a reduction in predictive uncertainty and 
contribute to the development of new theories 
based on scaling and multi-scaling, complex 
systems approach, non-linear dynamics and eco-
hydrological relationships. This cannot be done 
without extending the range and scale of obser-
vations used in estimating hydrological variables. 
The initiative is of considerable interest to opera-
tional hydrology, and it is hoped that, by the end 
of the decade, the toolkit of operational tech-
niques for dealing with ungauged basins will have 
grown considerably.

6.4.3 Coupling of models

With an increasing emphasis on integrated water 
resources management, it is often necessary to 
make use of several models to solve practical 
water resources problems. Examples might 
include the combined use of water quantity and 
quality models with systems models and economic 
impact models. A further example is the use of 
climate models to generate meteorological inputs 
to models of basin hydrology. In the past this has 
been achieved by modelling the different proc-
esses separately in series and using the outputs of 
one model as inputs to the next. This approach 
has the potential of ignoring many of the feed-
backs that exist in complex natural systems. A 
better approach is to run the models in parallel, 
whereby the links between processes are coupled 
at each time step of the simulation and feedback 
mechanisms are included. Using traditional 
methods, this involves combining all the algo-
rithms of the separate models into a single model, 
a substantial development task that precludes the 
flexibility of selecting different modelling 
approaches for specifi c applications. The coupling 
of models can be facilitated by the development 
of modelling frameworks that integrate the 
management of data, geograpical information 
system visualization tools and model links into a 
single software package that includes several 
models. There are a number of such systems avail-
able worldwide, all of which have been developed 
for different purposes. Examples can be found at 
http://www.epa.gov/waterscience/basins/bsnsdocs.
html and Hughes (2004b).

A recent innovation, the Open Modelling 
Interface (OpenMI – see http://www.harmonit.
org) represents an attempt to allow models simu-
lating different water-related processes to be 
linked on a temporal and spatial basis and thus 
permit the simulation of process interactions. 
The objective is to simplify the linking of models 
running in parallel, and operating at different 
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temporal and spatial scales, through the direct 
transfer of data between the models. Many exist-
ing models are expected to become OpenMI 
compliant in the near future.
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