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Hydrological Modelling in Arid and Semi-Arid Areas

Arid and semi-arid regions are defined as areas where water is at its most scarce. The hydrological
regime in these areas is extreme and highly variable, where flash floods from a single large storm
can exceed the total runoff from a sequence of years. Globally, these areas face the greatest
pressures to deliver and manage freshwater resources. Problems are further exacerbated by
population growth, increasing domestic water use, expansion of agriculture, pollution, and the
threat of climate change. However, there is little guidance on the hydrology of arid areas, and none
on the decision support tools that are needed to underpin flood and water resource management.

As a result, UNESCO initiated the Global Network for Water and Development Information
for Arid Lands (G-WADI), and arranged a workshop of the world’s leading experts to discuss
the hydrological modelling tools required to support water management in these areas. This
book presents chapters from contributors to the workshop. It includes case studies from the
world’s major arid regions, including Africa, the Middle East, the USA, India, and Australia, to
demonstrate model applications. It contains web links to tutorials and state-of-the-art modelling
software. This volume will be valuable for researchers and engineers working on the water
resources of arid and semi-arid regions.
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Preface

This book is the product of an international workshop sup-
ported by UNESCO and co-sponsors under the G-WADI initiative.
G-WADI is UNESCO’s Global Network for Water and Develop-
ment Information for Arid Lands. It has the strategic objective
of strengthening global capacity to manage water resources in
arid and semi-arid areas and seeks to provide a global forum for
the exchange of experience, information, and tools. Its specific
objectives include:

¢ improved understanding of the special characteristics of

hydrological systems and water management needs in arid
areas;

capacity building of individuals and institutions;

broad dissemination of understanding of water in arid zones
to the user community and the public;

sharing data and exchanging experience to support research
and sound water management;

raising awareness of advanced technologies for data provi-
sion, data assimilation, and system analysis;

promoting integrated basin management and the use of
appropriate decision support tools.

Information on G-WADI products and a news-watch service can
be found on the G-WADI web-site (www.g-wadi.org).
Hydrological modelling is playing an increasingly important
role in the management of catchments with respect to floods, water
resources, water quality, and environmental protection. G-WADI
identified a particular gap in the information available to support
hydrological modelling for arid and semi-arid areas and hence
designed an international workshop, bringing together some of
the world’s leading specialists in data products, modelling and
arid-zone hydrology, to provide state-of-the-art material to work-
shop participants from arid regions world-wide, including South
America, the Middle East, North Africa, Southern Africa, Aus-
tralia and, particularly, Asia, where the workshop was hosted.
This book is a product of that workshop, held in Roorkee, India in
March 2005, and the material, comprising state-of-the-art reviews

viii

and case studies, is intended to provide insight and tools to help
practitioners world-wide. The focus of the workshop was on the
modelling of surface water systems, and a specialist workshop on
groundwater modelling is planned for 2007. However, in response
to workshop requests, a chapter on groundwater modelling is
included in this book for completeness.

The structure of the book is as follows:

Chapter 1 provides a review of some of the special hydrological
features of arid areas and an introduction to modelling concepts,
and Chapter 2 introduces new data products, focusing on satellite-
derived estimates of precipitation.

Experience of hydrological modelling in southern Africa is
reported in Chapter 3, and in Australia in Chapter 4, together with
an introduction to the IHACRES software. In Chapter 5 the USDA
KINEROS model — one of the few models specifically designed to
represent arid-zone processes — is presented, in its current GIS for-
mat, with applications from the arid United States. In Chapter 6
ephemeral flow and sediment modelling is discussed, based on
Indian experience. Chapter 7 introduces the USGS Modular Mod-
elling System, which incorporates a varied suite of models and
support systems, with applications to North Africa and China,
and in Chapter 8 tool-boxes for stochastic analysis are discussed,
together with the problem of model regionalization — i.e., the
application of models to ungauged catchments.

In Chapters 9 and 10 the focus is on the problem of forecasting
floods in real time. The current state-of-the art of time-series mod-
els is presented in Chapter 9, with an example from a semi-arid
Australian catchment. In Chapter 10 Indian flooding problems are
reviewed and the Indian flood forecasting experience is reported,
largely based on traditional methods, but rapidly being updated
with more modern modelling methods and communications
technology.

Issues of groundwater modelling are addressed in Chapter 11,
with examples drawn from India, and the book concludes with
a summary of web-site access to data products, modelling tools,
and tutorials.
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1 Modelling hydrological processes in arid and semi-arid
areas: an introduction to the workshop

H. S. Wheater

1.1 INTRODUCTION

In the arid and semi-arid regions of the world, water resources are
limited, and under severe and increasing pressure due to expand-
ing populations, increasing per capita water use and irrigation.
Point and diffuse pollution, increasing volumes of industrial and
domestic waste, and over-abstraction of groundwater provide a
major threat to those scarce resources. Floods are infrequent, but
extremely damaging, and the threat from floods to lives and infras-
tructure is increasing, due to urban development. Ecosystems are
fragile, and under threat from groundwater abstractions and the
management of surface flows. Added to these pressures is the
uncertain threat of climate change. Clearly, effective water man-
agement is essential, and this requires appropriate decision support
systems, including modelling tools.

Modelling methods have been widely used for over 40 years
for a variety of purposes, but almost all modelling tools have
been primarily developed for humid area applications. Arid and
semi-arid areas have particular challenges that have received little
attention. One of the primary aims of this workshop is to bring
together world-wide experience and some of the world’s leading
experts to provide state-of-the-art guidance for modellers of arid
and semi-arid systems.

The development of models has gone hand-in-hand with devel-
opments in computing power. While event-based models origi-
nated in the 1930s and could be used with hand calculation, the
first hydrological models for continuous simulation of rainfall-
runoff processes emerged in the 1960s, when computing power
was sufficient to represent all of the land-phase processes in a sim-
plified, “conceptual” way. Later, in the 1970s and 1980s, increases
in power enabled “physically based” hydrological models to be
developed, solving a coupled set of partial differential equations to
represent overland, in-stream, and subsurface flow and transport
processes, together with evaporation from land and water sur-
faces. And currently, global climate models are able to represent

the global hydrological cycle with simplified physics-based
models. In parallel, recent developments in computer power pro-
vide the ability to use increasingly powerful methods for the analy-
sis of model performance and to specify the uncertainty associated
with hydrological simulations. There have, as aresult, been impor-
tant developments in our understanding of modelling strengths
and limitations. The workshop will present a range of modelling
approaches and introduce methods of uncertainty analysis.

The relationship between models and data is fundamental to
the modelling task. Current technology and computing power can
provide powerful pre- and post-processors for hydrological mod-
els through Geographic Information Systems, linking with digital
data sets to provide a user-friendly modelling environment. Some
of these methods will be demonstrated here, and an important issue
for discussion is the extent to which such methods are applicable
to data-sparse environments, and for countries where the under-
lying digital data may be hard to obtain. Global developments in
remote sensing, coupled with modelling and data assimilation, are
providing new sources of information. For example, precipitation
estimates for mid-latitudes are now available in near real-time;
remote sensing of water body elevation is approaching the point
where resolution is useful for real-time hydrological modelling.
Again, the workshop will illustrate new data products and discuss
their applicability (see Chapter 2 by Sorooshian et al.).

This introductory chapter aims to set the scene with a per-
spective on the strengths and weaknesses of alternative modelling
approaches, the special features of arid areas, and the consequent
modelling challenges.

1.2 RAINFALL-RUNOFF MODELLING

The book presupposes a basic understanding of modelling, and
for those requiring more introductory material, the text book by
Beven (2000) provides an excellent introduction, and several
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H. S. WHEATER

recent advanced texts are also available (e.g., Wagener et al.,
2004; Duan et al., 2003; Singh and Frevert, 2002a,b.). Never-
theless a brief introduction to modelling terminology and issues
is included here, to provide a common framework for subsequent
discussion.

A model is a simplified representation of a real-world system,
and consists of a set of simultaneous equations or a logical set
of operations contained within a computer program. Models have
parameters, which are numerical measures of a property or char-
acteristics that are constant under specified conditions. A lumped
model is one in which the parameters, inputs, and outputs are spa-
tially averaged and take a single value for the entire catchment.
A distributed model is one in which parameters, inputs, and out-
puts vary spatially. A semi-distributed model may adopt a lumped
representation for individual subcatchments. A model is determin-
istic if a set of input values will always produce exactly the same
output values, and stochastic if, because of random components,
a set of input values need not produce the same output values. An
event-based model produces output only for specific time periods,
whereas a continuous model produces continuous output.

The tasks for which rainfall-runoff models are used are diverse,
and the scale of applications ranges from small catchments, of the
order of a few hectares, to that of global models. Typical tasks for
hydrological simulation models include:

modelling existing catchments for which input—output data

exist, e.g., extension of data series for flood design of water

resource evaluation, operational flood forecasting, or water

resource management;

¢ runoff estimation on ungauged basins;

e  prediction of effects of catchment change, e.g., land use
change, climate change;

*  coupled hydrology and geochemistry, e.g., nutrients, acid
rain

e  coupled hydrology and meteorology, e.g., Global Climate

Models

Clearly, the modelling approach adopted will, in general, depend
on the required scale of the problem (space-scale and time-scale),
the type of catchment, and the modelling task. Some of the tasks
pose major challenges, and it is helpful to consider a basic clas-
sification of model types, after Wheater et al. (1993), and their
strengths and weaknesses.

1.2.1 Metric models

At the simplest level, all that is required to reproduce the
catchment-scale relationship between storm rainfall and stream
response to climatic inputs, is a volumetric loss, to account for
processes such as evaporation, soil moisture storage, and ground-

water recharge, and a time-distribution function, to represent the
various dynamic modes of catchment response. This is the basis
of the unit hydrograph method, developed in the 1930s, which, in
its basic form, represents the stream response to individual storm
events by a non-linear loss function and linear transfer function.
The simplicity of the method provides a powerful tool for data
analysis. Once a set of assumptions has been adopted (separating
fast and slow components of the streamflow hydrograph and allo-
cating rainfall losses), rainfall and streamflow data can be readily
analyzed, and a unique model determined.

This analytic capability has been widely used in regional analy-
sis. Inthe UK, for example, the 1975 Flood Studies Report (NERC,
1975) used data from 138 UK catchments to define regression rela-
tionships between the model parameters, and storm and catchment
characteristics for the rainfall loss and transfer functions. This
lumped, event-based model provides the basic tool for current
UK flood design, and, through the regional regression relation-
ships, a capability to model flow on ungauged catchments (the
regional relationships were updated in the 1999 Flood Estimation
Handbook (Institute of Hydrology, 1999) through the replacement
of manual by digital map-based characteristics).

The unit hydrograph is also widely adopted internationally in
the form of the US Soil Conservation Service model, available
within the US Corps of Engineers HEC1 model. For an applica-
tion to flood protection in Jordan, see Al-Weshah and El-Khoury
(1999). Synthetic unit hydrographs can readily be generated based
on default model parameters, which is particularly helpful in data-
scarce situations. However, relatively little work has been done to
evaluate the associated uncertainty with these estimates.

This data-based approach to hydrological modelling has been
defined as metric modelling (Wheater et al., 1993). The essential
characteristic of metric models is that they are based primarily on
observations and seek to characterise system response from those
data. In principle, such models are limited to the range of observed
data, and effects such as catchment change cannot be directly
represented. In practice, the analytical power of the method has
enabled some effects of change to be quantified; the UK regional
analysis found the degree of urban development to be an important
explanatory variable, and this is used in design to mitigate impacts
of urbanization.

The unit hydrograph is a simple, event, model with limited
performance capability. However methods of time-series analysis
can be used to identify more complex model structures for event
or continuous simulation. These are typically based on parallel
linear stores, and provide a capability to represent both fast- and
slow-flow components of a streamflow hydrograph (see for exam-
ple Chapter 4 by Croke and Jakeman). These provide a powerful
set of tools for use, with updating techniques, in real-time flood
forecasting (see Chapter 9 by Young).
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1.2.2 Conceptual models

The most common class of hydrological model in general applica-
tion incorporates prior information in the form of a conceptual rep-
resentation of the processes perceived to be important. The model
form originated in the 1960s, when computing power allowed,
for the first time, integrated representation of the terrestrial phase
of the hydrological cycle, albeit using simplified relationships, to
generate continuous flow sequences. These conceptual models are
characterized by parameters that usually have no direct, physically
measurable identity. The Stanford Watershed Model (Crawford
and Linsley, 1966) is one of the earliest examples, and, with
some 16-24 parameters, one of the more complex. To apply these
models to a particular catchment, the model must be calibrated,
i.e., fitted to an observed data set to obtain an appropriate set of
parameter values, using either a manual or automatic procedure.
Many of the models presented in the workshop (e.g., by Hughes
(Chapter 3), Sharma (Chapter 6), Leavesley et al. (Chapter 7),
and Wheater et al. (Chapter 8)) fall into this category.

The problem arises with this type of model that the information
content of the available data is limited, particularly if a single per-
formance criterion (objective function) is used (see Kleissen et al.
1990) and hence in calibration the problem of non-identifiability
arises, defined by Beven (1993) as “equifinality.” For a given
model, many combinations of parameter values may give sim-
ilar performance (for a given performance criterion), as indeed
may different model structures. This has given rise to two major
limitations. If parameters cannot be uniquely identified, then they
cannot be linked to catchment characteristics, and there is a major
problem in application to ungauged catchments. Similarly, it is dif-
ficult to represent catchment change if the physical significance
of parameters is ambiguous.

Developments in computing power, linked to an improved
understanding of modelling limitations, have led to some impor-
tant theoretical and practical developments for conceptual mod-
elling. Firstly, recognizing the problem of parameter ambiguity,
appropriate methods to analyze and represent this have been devel-
oped. The concept of generalized sensitivity analysis was intro-
duced (Spear and Hornberger, 1980), in which the search for a
unique best fit parameter set for a given data set is abandoned;
parameter sets are classified as either “behavioral” (consistent
with the observed data) or “non-behavioral” according to a defined
performance criterion. An extension of this is the generalized
likelihood uncertainty estimation (GLUE) procedure (Beven and
Binley, 1992; Freer et al., 1996). Using Monte Carlo simulation,
parameter values are sampled from the feasible parameter space
(conditioned on prior information, as available). Based on a perfor-
mance criterion, a “likelihood” measure can be evaluated for each
simulation. Non-behavioral simulations can be rejected (based on

a pre-selected threshold value), and the remainder assigned re-
scaled likelihood values. The outputs from the runs can then be
weighted and ranked to form a cumulative distribution of out-
put time-series, which can be used to represent the modelling
uncertainty. This formal representation of uncertainty is an impor-
tant development in hydrological modelling practice, although it
should be noted that the GLUE procedure lumps together various
forms of uncertainty, including data error, model structural uncer-
tainty and parameter uncertainty. More generally, Monte Carlo
analysis provides a powerful set of methods for evaluating model
structure, parameter identifiability, and uncertainty. For example,
in a recent refinement (Wagener et al., 2003a,b), parameter iden-
tifiability is evaluated using a moving window to step through the
output time-series, thus giving insight into the variability of model
performance with time.

A second development is a recognition that much more infor-
mation is available within an observed flow time-series than is
indicated by a single performance criterion, and that different seg-
ments of the data contain information of particular relevance to
different modes of model performance (Wheater ez al., 1986). This
has long been recognised in manual model calibration, but has
only recently been used in automatic methods. A formal method-
ology for multi-criterion optimization has been developed for
rainfall-runoff modelling (e.g., Gupta et al., 1998; Wagener et al.,
2000, 2002). Provision of this additional information reduces the
problem of equifinality (although the extent to which this can be
achieved is an open research issue), and provides new insights into
model performance. For example, if one parameter set is appro-
priate to maximize peak flow performance, and a different set to
maximize low flow performance, this may indicate model struc-
tural error, or in particular that different models apply in different
ranges. Modelling tool-kits for model building and Monte Carlo
analysis are currently available, which include GLUE and other
associated tools for analysis of model structure, parameter iden-
tifiability, and prediction uncertainty (Lees and Wagener, 1999;
Wagener et al., 1999).

An important reason for detailed analysis of model structure and
parameter identifiability is to explore the trade-off between iden-
tifiability and performance to produce an optimum model (or set
of models) for a particular application. Thus for regionalization,
the focus would be on maximizing identifiability (i.e., minimiz-
ing parameter uncertainty), so that parameters can be related to
catchment characteristics.

In several senses, therefore, current approaches to parsimo-
neous conceptual modelling represent an extension of the met-
ric concept (and have thus been termed hybrid metric—conceptual
models). There has been a progressive recognition that the 1960s
first-generation conceptual models, while seeking a comprehen-
sive and integrated representation of the component processes,
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are non-identifiable. The current generation of stochastic analysis
tools allows detailed investigation of model structure and parame-
ter uncertainty, leading to parameter-efficient models that seek to
extract the maximum information from the available data. They
also allow formal recognition of uncertainty in model parameters,
and provide the capability to produce confidence limits on model
simulations.

1.2.3 Physics-based modelling

An alternative approach to hydrological modelling is to seek to
develop “physics-based models,” i.e., models explicitly based on
the best available understanding of the physics of hydrological
processes. Such models are based on a continuum representa-
tion of catchment processes and the equations of motion of the
constituent processes are solved numerically using a grid, of
course discretized relatively crudely in catchment-scale applica-
tions. They first became feasible in the 1970s when computing
power became sufficient to solve the relevant coupled partial dif-
ferential equations (Freeze and Harlan, 1969; Freeze, 1972). The
models are thus characterized by parameters that are, in principle,
measurable and have a direct physical significance. An impor-
tant theoretical advantage is that if the physical parameters can
be determined a priori, such models can be applied to ungauged
catchments, and the effects of catchment change can be explic-
itly represented. However, whether this theoretical advantage is
achievable in practice is an open question at present.

One of the best known models is the Systéme Hydrologique
Européen (SHE) model (Abbott et al., 1986a,b), originally devel-
oped as a multi-national European research collaboration. In the
UK this has been the subject of progressive development by
the University of Newcastle-upon-Tyne, and is known as the
SHETRAN model (now including TRANsport of solutes and sedi-
ments). A recent description is reported by Ewen et al. (2000). The
catchment is discretized on a grid square basis for the representa-
tion of land surface and subsurface processes, creating a column
of finite difference cells, which interact with cells from adjacent
columns to represent lateral flow and transport. River networks
are modelled as networks of stream links, with flow again repre-
sented by finite difference solutions of the governing equations.
The resulting model is complex, computationally demanding and
data intensive. Ewen et al. (2000) note that a one-year simulation
typically has a two hour run time on an advanced UNIX system.

In practice two fundamental problems arise with such models.
The underlying physics has been (necessarily) derived from small-
scale, mainly laboratory-based, process observations. Hence,
firstly, the processes may not apply under field conditions and at
field-scales of interest. There is, for example, numerical evidence
that the effects of small-scale heterogeneity may not be captured
by effective, spatially aggregated, properties (Binley and Beven,

1989). Secondly, although the parameters may be measurable at
small-scale, they may not be measurable at the scales of interest for
application. An obvious example of both is the representation of
soil water flow at hillslope-scale. Field soils are characterized by
great heterogeneity and complexity. Macropore flow is ubiquitous,
yet neglected in physics-based models, for lack of relevant the-
ory and supporting data; the Richards’ equation commonly used
for unsaturated flow depends on strongly non-linear functional
relationships to represent physical properties, for which there is
no measurement basis at the spatial-scales of practical modelling
interest. And field studies such as those of Pilgrim ef al. (1978)
demonstrate that the dominant modes of process response can-
not be specified a priori. For more detailed discussion see, for
example, Beven (1989).

There is, therefore, a need for fundamental research to address
issues such as the appropriate process representation and para-
meterization at a given scale. For groundwater flow and transport,
significant progress has been made; new theoretical approaches to
the representation of heterogeneity have been developed (Dagan,
1986), and stochastic numerical methods have been developed
to represent explicitly the uncertainty associated with heteroge-
neous properties (e.g., Wheater et al., 2000) and to incorporate
conditioning on field observations. Extension to the more com-
plex problems of field-scale hydrology is urgently needed, but
severely constrained by data availability.

Most of the complexity of physically based models, and the
associated problems discussed above, arise from the representa-
tion of subsurface flows, and the inherent lack of observability
of subsurface properties. The situation often met in arid areas is
that overland flow is the dominant runoff mechanism, and sur-
face properties are, in principle, much more readily obtained.
It was therefore argued by Woolhiser 30 years ago (Woolhiser,
1971), that it is in this environment that physics-based models are
most likely to be successful. The well-known KINEROS model
is an outstanding example, and is presented in its latest form in
Chapter 5 by Semmens et al.

1.3 HYDROLOGICAL PROCESSES IN
ARID AREAS

Despite the critical importance of water in arid and semi-arid areas,
hydrological data have historically been severely limited. It has
been widely stated that the major limitation of the development
of arid-zone hydrology is the lack of high quality observations
(McMahon, 1979; Nemec and Rodier, 1979; Pilgrim et al., 1988).
There are many good reasons for this. Populations are usually
sparse and economic resources limited; in addition, the climate is
harsh and hydrological events infrequent, but damaging. However,
in the general absence of reliable long-term data and experimental
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Table 1.1 Summary of Muscat rainfall data (1893—1959)°

Monthly rainfall (mm) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Mean 31.2 19.1 13.1 8.0 0.38 1.31 0.96 0.45 0.0 2.32 7.15 220
Standard deviation 38.9 25.1 18.9 20.3 1.42 8.28 4.93 2.09 0.0 7.62 151 35.1
Max. 143.0 98.6 70.4 98.3 8.80  64.0 37.1 14.7 0.0 44.5 77.2 171.2
Mean number of raindays 2.03 1.39 1.15 0.73 0.05 0.08 0.10 0.07 0.0 0.13 0.51 1.6
Max. daily fall (mm) 78.7 57.0 57.2 51.3 8.9 61.5 30.0 10.4 0.0 36.8 53.3 572
Number of years record 63.0 64 62 63 61 61 60 61 61 60 61 60

¢ After Wheater and Bell, 1983

research, there has been a tendency to rely on humid-zone expe-
rience and modelling tools, and data from other regions. At best,
such results will be highly inaccurate. At worst, there is a real dan-
ger of adopting inappropriate management solutions which ignore
the specific features of dryland response.

Despite the general data limitations, there has been some sub-
stantial and significant progress in development of national data
networks and experimental research. This has given new insights
and we can now see with greater clarity the unique features of
arid zone hydrological systems and the nature of the dominant
hydrological processes. This provides an important opportunity to
develop methodologies for flood and water-resource management
which are appropriate to the specific hydrological characteristics
of arid areas and the associated management needs, and hence
to define priorities for research and hydrological data. The aim
here is to review this progress and the resulting insights, and to
consider some of the implications.

1.3.1 Rainfall

Rainfall is the primary hydrological input, but rainfall in arid and
semi-arid areas is commonly characterized by extremely high spa-
tial and temporal variability. The temporal variability of point rain-
fall is well known. Although most records are of relatively short
length, a few are available from the nineteenth century. For exam-
ple, Table 1.1 presents illustrative data from Muscat (Sultanate of
Oman) (Wheater and Bell, 1983), which shows that a wet month
is one with one or two raindays. Annual variability is marked and
observed daily maxima can exceed annual rainfall totals.

For spatial characteristics, information is much more limited.
Until recently, the major source of detailed data has been from the
South West USA, most notably the two, relatively small, densely
instrumented basins of Walnut Gulch, Arizona (150km?) and
Alamogordo Creek, New Mexico (174 km?), established in the
1950s (Osborn et al., 1979). The dominant rainfall for these basins
is convective; at Walnut Gulch 70 % of annual rainfall occurs
from purely convective cells, or from convective cells develop-
ing along weak, fast-moving cold fronts, and falls in the period

July to September (Osborn and Reynolds, 1963). Raingauge den-
sities were increased at Walnut Gulch to give improved definition
of detailed storm structure and are currently better than one per
2 km?. This has shown highly localized rainfall occurrence, with
spatial correlations of storm rainfall of the order of 0.8 at 2km
separation, but close to zero at 15-20 km spacing. Osborn et al.
(1972) estimated that to observe a correlation of 72 = 0.9, rain-
gauge spacings of 300—500 m would be required.

Recent work has considered some of the implications of the
Walnut Gulch data for hydrological modelling. Michaud and
Sorooshian (1994) evaluated problems of spatial averaging for
rainfall-runoff modelling in the context of flood prediction. Spa-
tial averaging on a 4 km x 4 km pixel basis (consistent with typi-
cal weather radar resolution) gave an underestimation of intensity
and led to a reduction in simulated runoff of on average 50 %
of observed peak flows. A sparse network of raingauges (one
per 20 km?), representing a typical density of flash flood warning
system, gave errors in simulated peak runoff of 58 %. Evidently
there are major implications for hydrological practice, and we will
return to this issue, below.

The extent to which this extreme spatial variability is charac-
teristic of other arid areas has been uncertain. Anecdotal evidence
from the Middle East underlays comments that spatial and tempo-
ral variability was extreme (FAO, 1981), but data from south-west
Saudi Arabia obtained as part of a five-year intensive study of
five basins (Saudi Arabian Dames and Moore, 1988), undertaken
on behalf of the Ministry of Agriculture and Water, Riyadh, have
provided a quantitative basis for assessment. The five study basins
range in area from 456 to 4930 km? and are located along the Asir
escarpment (Fig. 1.1), three draining to the Red Sea, two to the
interior, towards the Rub al Khali. The mountains have elevations
of up to 3000 m asl, hence the basins encompass a wide range of
altitude, which is matched by a marked gradient in annual rainfall,
from 30 to 100 mm on the Red Sea coastal plain to up to 450 mm
at elevations in excess of 2000 m asl.

The spatial rainfall distributions are described by Wheater et al.
(1991a). The extreme spottiness of the rainfall is illustrated for the
2869 km? Wadi Yiba by the frequency distributions of the number
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Figure 1.1 Location of Saudi Arabian study basins

of gauges at which rainfall was observed given the occurrence of a
catchment rainday (Table 1.2). Typical inter-gauge spacings were
8—10km, and on 51 % of raindays only one or two raingauges
out of 20 experienced rainfall. For the more widespread events,
subdaily rainfall showed an even more spotty picture than the
daily distribution. An analysis of relative probabilities of rainfall
occurrence, defined as the probability of rainfall occurrence for a
given hour at Station B given rainfall at Station A, gave a mean
value of 0.12 for Wadi Yiba, with only 5 % of values greater that
0.3. The frequency distribution of rainstorm durations shows a
typical occurrence of one or two-hour duration point rainfalls,
and these tend to occur in mid-late afternoon. Thus rainfall will
occur at a few gauges and die out, to be succeeded by rainfall
in other locations. This is illustrated for Wadi Lith in Fig. 1.2,
which shows the daily rainfall totals for the storm of May 16 1984
(Fig. 1.2a), and the individual hourly depths (Figs. 1.2b—1.2¢). In
general, the storm patterns appear to be consistent with the results
from the south-west USA and area reduction factors were also
generally consistent with results from that region (Wheater et al.,
1989).

The effects of elevation were investigated, but no clear rela-
tionship could be identified for intensity or duration. However, a

L8° 51 570 60> €

strong relationship was noted between the frequency of raindays
and elevation. It was thus inferred that once rainfall occurred,
its point properties were similar over the catchment, but occur-
rence was more likely at the higher elevations. It is interesting
to note that a similar result has emerged from a recent analy-
sis of rainfall in Yemen (UNDP, 1992), in which it was con-
cluded that daily rainfalls observed at any location are effec-
tively samples from a population that is independent of position or
altitude.

It is dangerous to generalize from samples of limited record
length, but it is clear that most events observed by those networks
are characterized by extremely spotty rainfall, so much so that in
the Saudi Arabian basins there were examples of wadi flows gen-
erated from zero observed rainfall. However, there were also some
indications of a small population of more wide-spread rainfalls,
which would obviously be of considerable importance in terms
of surface flows and recharge. This reinforces the need for long-
term monitoring of experimental networks to characterize spatial
variability.

For some other arid or semi-arid areas, rainfall patterns may
be very different. For example, data from arid New South Wales,
Australia have indicated spatially extensive, low intensity rainfalls
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Table 1.2 Wadi

Yiba raingauge frequencies and associated

conditional probabilities for catchment rainday occurrence

Number of gauges Occurrence Probability
1 88 0.372
2 33 0.141
3 25 0.106
4 18 0.076
5 10 0.042
6 11 0.046
7 13 0.055
8 6 0.026
9 7 0.030

10 5 0.021

11 7 0.030

12 5 0.021

13 3 0.013

14 1 0.004

15 1 0.004

16 1 0.005

17 1 0.004

18 1 0.004

19 0 0.0

20 0 0.0

TOTAL 235 1.000
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(Cordery et al., 1983), and recent research in the Sahelian zone
of Africa has also indicated a predominance of widespread rain-
fall. This was motivated by concern to develop improved under-
standing of land-surface processes for climate studies and mod-
elling, which led to a detailed (but relatively short-term) interna-
tional experimental programme, the HAPEX-Sahel project based
on Niamey, Niger (Goutorbe et al., 1997). Although designed
to study land surface/atmosphere interactions, rather than as an
integrated hydrological study, it has given important information.
For example, Lebel et al. (1997) and Lebel and Le Barbe (1997)
note that a 100 raingauge network was installed and report infor-
mation on the classification of storm types, spatial and temporal
variability of seasonal and event rainfall, and storm movement.
Of total seasonal rainfall, 80 % was found to fall as widespread
events which covered at least 70 % of the network. The number of
gauges allowed the authors to analyze the uncertainty of estimated
areal rainfall as a function of gauge spacing and rainfall depth.
Recent work in southern Africa (Andersen et al., 1998; Mocke,
1998) has been concerned with rainfall inputs to hydrological
models to investigate the resource potential of the sand rivers
of north-east Botswana. Here, annual rainfall is of the order of
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Figure 1.2 (a)—(e) Spatial distribution of daily and hourly rainfall, Wadi Al-Lith
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600mm, and available rainfall data are spatially sparse, and
apparently highly variable, but of poor data quality. Investiga-
tion of the representation of spatial rainfall for distributed water
resource modelling showed that use of convential methods of spa-
tial weighting of raingauge data, such as Theissen polygons, could
give large errors. Large subareas had rainfall defined by a single,
possibly inaccurate gauge. A more robust representation resulted
from assuming catchment-average rainfall to fall uniformly, but
the resulting accuracy of simulation was still poor.

1.3.2 Rainfall-runoff processes

The lack of vegetation cover in arid and semi-arid areas removes
protection of the soil from raindrop impact, and soil crusting has
been shown to lead to a large reduction in infiltration capacity for
bare soil conditions (Morin and Benyamini, 1977). Hence infil-
tration of catchment soils can be limited. In combination with the
high intensity, short duration convective rainfall discussed above,
extensive overland flow can be generated. This overland flow,
concentrated by the topography, converges on the wadi channel
network, with the result that a flood flow is generated. However,
the runoff generation process due to convective rainfall is likely
to be highly localized in space, reflecting the spottiness of the
spatial rainfall fields, and to occur on only part of a catchment, as
illustrated above.

Linkage between inter-annual variability of rainfall, vegeta-
tion growth, and runoff production may occur. Our modelling in
Botswana suggests that runoff production is lower in a year which
follows a wet year, due to enhanced vegetation cover, which sup-
ports observations reported by Hughes (1995).

Commonly, flood flows move down the channel network as a
flood wave, moving over a bed that is either initially dry or has
a small initial flow. Hydrographs are typically characterized by
extremely rapid rise times, of as little as 15-30 minutes (Fig. 1.3).
However, losses from the flood hydrograph through bed infiltra-
tion are an important factor in reducing the flood volume as the
flood moves downstream. These transmission losses dissipate the
flood, and obscure the interpretation of observed hydrographs. It
is not uncommon for no flood to be observed at a gauging station,
when further upstream a flood has been generated and lost to bed
infiltration.

As noted above, the spotty spatial rainfall patterns observed in
Arizona and Saudi Arabia are extremely difficult, if not impossi-
ble, to quantify using conventional densities of raingauge network.
This, taken in conjunction with the flood transmission losses,
means that conventional analysis of rainfall-runoff relationships is
problematic, to say the least. Wheater and Brown (1989) present an
analysis of Wadi Ghat, a 597 km? subcatchment of Wadi Yiba, one
of the Saudi Arabian basins discussed above. Areal rainfall was
estimated from five raingauges and a classical unit hydrograph
analysis was undertaken. A striking illustration of the ambig-
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Figure 1.3 Surface water hydrographs, Wadi Ghat May 12, 1984:
observed hydrograph and unit hydrograph simulation

uity in observed relationships is the relationship between observed
rainfall depth and runoff volume (Fig. 1.4). Runoff coefficients
ranged from 5.9 to 79.8 %, and the greatest runoff volume was
apparently generated by the smallest observed rainfall! Goodrich
etal. (1997) show that the combined effects of limited storm areal
coverage and transmission loss give important differences from
more humid regions. Whereas generally basins in more humid cli-
mates show increasing linearity with increasing scale, the response
of Walnut Gulch becomes more non-linear with increasing scale.
It is argued that this will give significant errors in application
of rainfall depth—area-frequency relationships beyond the typical
area of storm coverage, and that channel routing and transmission
loss must be explicitly represented in watershed modelling.

The transmission losses from the surface water system are a
major source of potential groundwater recharge. The character-
istics of the resulting groundwater resource will depend on the
underlying geology, but bed infiltration may generate shallow
water tables, within a few metres of the surface, which can sustain
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Figure 1.4 Storm runoff as a function of rainfall, Wadi Ghat

supplies to nomadic people for a few months (as in the Hesse of the
north of South Yemen), or recharge substantial alluvial aquifers
with potential for continuous supply of major towns (as in northern
Oman and south-west Saudi Arabia).

The balance between localized recharge from bed infiltration
and diffuse recharge from rainfall infiltration of catchment soils
will vary greatly depending on local circumstances. However, soil
moisture data from Saudi Arabia (Macmillan, 1987) and Arizona
(Liu et al., 1995), for example, show that most of the rainfall
falling on soils in arid areas is subsequently lost by evaporation.
Methods such as the chloride profile method (e.g., Bromley et
al., 1997) and isotopic analyses (Allison and Hughes, 1978) have
been used to quantify the residual percolation to groundwater in
arid and semi-arid areas.

In some circumstances runoff occurs within an internal drainage
basin, and fine deposits can support widespread surface ponding.
A well-known large-scale example is the Azraq Oasis in north-
east Jordan, but small-scale features (Qaas) are widespread in
that area. Small-scale examples were found in the HAPEX-Sahel
study (Desconnets et al., 1997). Infiltration from these areas is,
in general, not well understood, but may be extremely important
for aquifer recharge. Desconnets et al. report aquifer recharge of
between 5 and 20 % of basin precipitation for valley bottom pools,
depending on the distribution of annual rainfall.

The characteristics of the channel bed infiltration process are
discussed in the following section. However, it is clear that the sur-
face hydrology generating this recharge is complex and extremely
difficult to quantify using conventional methods of analysis.

1.3.3 Wadi-bed transmission losses

Wadi bed infiltration has an important effect on flood propaga-
tion, but also provides recharge to alluvial aquifers. The balance

between distributed infiltration from rainfall and wadi-bed infiltra-
tion is obviously dependant on local conditions, but soil moisture
observations from south-west Saudi Arabia imply that, at least for
frequent events, distributed infiltration of catchment soils is lim-
ited, and that increased near-surface soil moisture levels are sub-
sequently depleted by evaporation. Hence wadi-bed infiltration
may be the dominant process of groundwater recharge. As noted
above, depending on the local hydrogeology, alluvial groundwa-
ter may be a readily accessible water resource. Quantification of
transmission loss is thus important, but raises a number of diffi-
culties.

One method of determining the hydraulic properties of the wadi
alluvium is to undertake infiltration tests. Infiltrometer experi-
ments give an indication of the saturated hydraulic conductivity
of the surface. However, if an infiltration experiment is combined
with measurement of the vertical distribution of moisture content,
for example using a neutron probe, inverse solution of a numerical
model of unsaturated flow can be used to identify the unsaturated
hydraulic conductivity relationships and moisture characteristic
curves. This is illustrated for the Saudi Arabian Five Basins Study
by Parissopoulos and Wheater (1992a).

In practice, spatial heterogeneity will introduce major difficul-
ties to the up-scaling of point profile measurements. The presence
of silt lenses within the alluvium was shown to have important
effects on surface infiltration as well as subsurface redistribution
(Parissopoulos and Wheater, 1990), and subsurface heterogene-
ity is difficult and expensive to characterize. In a series of two-
dimensional numerical experiments it was shown that “infiltration
opportunity time,” i.e., the duration and spatial extent of surface
wetting, was more important than high flow stage in influencing
infiltration, that significant reductions in infiltration occured once
hydraulic connection was made with a water table, and that hys-
teresis effects were generally small (Parissopoulos and Wheater,
1992b). Also sands and gravels appeared effective in restricting
evaporation losses from groundwater (Parissopoulos and Wheater,
1991).

Additional process complexity arises, however. General expe-
rience from the Five Basins Study was that wadi alluvium was
highly transmissive, yet observed flood propagation indicated sig-
nificantly lower losses than could be inferred from in situ hydraulic
properties, even allowing for subsurface heterogeneity. Possible
causes are air entrapment, which could restrict infiltration rates,
and the unknown effects of bed mobilization and possible pore
blockage by the heavy sediment loads transmitted under flood
flow conditions.

A commonly observed effect is that in the recession phase of the
flow, deposition of a thin (1-2 mm) skin of fine sediment on the
wadi bed occurs, which is sufficient to sustain flow over an unsat-
urated and transmissive wadi bed. Once the flow has ceased, this
skin dries and breaks up so that the underlying alluvium is exposed
for subsequent flow events. Crerar et al. (1988) observed from
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laboratory experiments that a thin continous silt layer was formed
at low velocities. At higher velocities no such layer occurred, as
the bed surface was mobilized, but infiltration to the bed was still
apparently inhibited. It was suggested that this could be due to
clogging of the top layer of sand due to silt in the infiltrating
water, or formation of a silt layer below the mobile upper part of
the bed.

Further evidence for the heterogeneity of observed response
comes from the observations of Hughes and Sami (1992) from a
39.6 km? semi-arid catchment in South Africa. Soil moisture was
monitored by neutron probe following two flow events. At some
locations immediate response (monitored one day later) occurred
throughout the profile, at others, an immediate response near-
surface was followed by a delayed response at-depth. Away from
the inundated area, delayed response, assumed due to lateral sub-
surface transmission, occurred after 21 days.

The overall implication of the above observations is that it is
not possible at present to extrapolate from in situ point profile
hydraulic properties to infer transmission losses from wadi chan-
nels. However, analysis of observed flood flows at different loca-
tions can allow quantification of losses, and studies by Walters
(1990) and Jordan (1977), for example, provide evidence that the
rate of loss is linearly related to the volume of surface discharge.

For south-west Saudi Arabia, the following relationships were
defined:

LOSSL = 4.56 + 0.02216 UPSQ — 2034 SLOPE + 7.34
ANTEC (s.e. 4.15),

LOSSL = 3.75 x 107> UPSQ"#?! SLOPE~%8% ACWW?#7  (1.1)
(s.e. 0.146 log units (+34 %)),

LOSSL = 5.7 x 107 UPSQ"%8 SLOPE~!0%
(s.e. 0.184 loge units (+44 %)),

where:

LOSSL = Transmission loss rate (1000 m?/km) (O.R.1.08—87.9),
UPSQ = Upstream hydrograph volume (1000 m3) (O.R.69—3744),
SLOPE = Slope of reach (m/m) (O.R.0.001—-0.011),
ANTEC = Antecedent moisture index (O.R.0.10—1.00),
ACWW = Active channel width (m) (O.R.25-231),

and O.R. = Observed range.
(1.2)

However, generalization from limited experience can be mislead-
ing. Wheater et al. (1997) analyzed transmission losses between
two pairs of flow gauges on the Walnut Gulch catchment for a
ten-year sequence and found that the simple linear model of trans-
mission loss as proportional to upstream flow was inadequate.

Considering the relationship:
Ve = Vol —a)", (1.3)

where V. is flow volume (m?) at distance x downstream of flow
volume Vj and « represents the proportion of flow lost per unit

distance, then o was found to decrease with discharge volume:

o = 118.8(Vy) %L (1.4)

The events examined had a maximum value of average transmis-
sion loss of 4076 m?/km in comparison with the estimate of Lane
et al. (1971) of 4800-6700 m>/km as an upper limit of available
alluvium storage.

The role of available storage was also discussed by Telvari
et al. (1998), with reference to the Fowler’s Gap catchment in
Australia. Runoff plots were used to estimate runoff production
as overland flow for a 4 km? basin. It was inferred that 7000 m?
of overland flow becomes transmission loss and that once this
alluvial storage is satisfied, approximately two-thirds of overland
flow is transmitted downstream.

A similar concept was developed by Andersen ez al. (1998) at
larger scale for the sand rivers of Botswana, which have alluvial
beds of 20-200 m width and 2—20 m depth. Detailed observations
of water table response showed that a single major event after
a seven-week dry period was sufficient to fully satisfy available
alluvial storage (the river bed reached full saturation within ten
hours). No significant drawdown occurred between subsequent
events and significant resource potential remained throughout the
dry season. It was suggested that two sources of transmission loss
could be occurring, direct losses to the bed, limited by available
storage, and losses through the banks during flood events.

It can be concluded that transmission loss is complex, that
where deep unsaturated alluvial deposits exist, the simple linear
model as developed by Jordan (1977) and implicit in the results of
Walters (1990), may be applicable, but that where alluvial storage
is limited, this must be taken into account.

1.3.4 Groundwater recharge from ephemeral flows

The relationship between wadi-flow transmission losses and
groundwater recharge will depend on the underlying geology.
The effect of lenses of reduced permeability on the infiltration
process has been discussed and illustrated above, but once infil-
tration has taken place, the alluvium underlying the wadi bed is
effective in minimizing evaporation loss through capillary rise (the
coarse structure of alluvial deposits minimizes capillary effects).
Thus Hellwig (1973), for example, found that dropping the water
table below 60 cm in sand with a mean diameter of 0.53 mm effec-
tively prevented evaporation losses, and Sorey and Matlock (1969)
reported that measured evaporation rates from streambed sand
were lower than those reported for irrigated soils.

Parrisopoulos and Wheater (1991) combined two-dimensional
simulation of unsaturated wadi-bed response with Deardorff’s
(1977) empirical model of bare soil evaporation to show that evap-
oration losses were not, in general, significant for the water balance
or water table response in short-term simulation (i.e., for periods
up to ten days). However, the influence of vapor diffusion was not
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explicitly represented, and long-term losses are not well under-
stood. Andersen et al. (1998) show that losses are high when the
alluvial aquifer is fully saturated, but are small once the water
table drops below the surface.

Sorman and Abdulrazzak (1993) provide an analysis of ground-
water rise due to transmission loss for an experimental reach in
Wadi Tabalah, south-west Saudi Arabia and estimate that on aver-
age 75 % of bed infiltration reaches the water table. There is, in
general, little information available to relate flood transmission
loss to groundwater recharge, however. The differences between
the two are expected to be small, but will depend on residual
moisture stored in the unsaturated zone and its subsequent drying
characteristics. But if water tables approach the surface, relatively
large evaporation losses may occur.

Again, it is tempting to draw over-general conclusions from
limited data. In the study of the sand-rivers of Botswana, referred
to above, it was expected that recharge of the alluvial river beds
would involve complex unsaturated-zone response. In fact, obser-
vations showed that the first flood of the wet season was sufficient
to fully recharge the alluvial river-bed aquifer. This storage was
topped up in subsequent floods, and depleted by evaporation when
the water table was near-surface, but in many sections sufficient
water remained throughout the dry season to provide adequate
sustainable water supplies for rural villages. And, as noted above,
Wheater et al. (1997) showed for Walnut Gulch and Telvari et al.
(1998) for Fowler’s Gap, that limited river bed storage affected
transmission loss. It is evident that surface water/groundwater
interactions depend strongly on the local characteristics of the
underlying alluvium and the extent of its connection to, or isola-
tion from, other aquifer systems.

Very recent work at Walnut Gulch (Goodrich et al., 2004)
has investigated ephemeral channel recharge using a range of
experimental methods, combined with modelling. These included
a reach-water balance method, including estimates of near-
channel evapotranspiration losses, geochemical methods, analysis
of changes in groundwater levels and microgravity measurements,
and unsaturated zone flow and temperature analyses. The conclu-
sions were that ephemeral channel losses were significant as an
input to the underlying regional aquifer, and that the range of
methods for recharge estimation agreed within a factor of three
(reach-water balance methods giving the higher estimates).

An important requirement for recharge estimation has arisen in
connection with the proposal for arepository for high-level nuclear
waste at Yucca Mountain, Nevada. Flint et al. (2002) review a wide
range of methods, including analysis of physical data from unsat-
urated zone profiles of moisture and heat, environmental tracers,
and watershed modelling. The results indicate extreme variability
in space and time, with watershed modelling giving a range from
zero to several hundred mm/year, depending on spatial location.
The high values arise due to flow focusing in ephemeral channels,
and subsequent channel-bed infiltration.

1.4 HYDROLOGICAL MODELLING AND
THE REPRESENTATION OF RAINFALL —

The preceding discussion illustrates some of the particular charac-
teristics of arid areas which place special requirements on hydro-
logical modelling, for example for flood management or water-
resources evaluation. One evident area of difficulty is rainfall,
especially where convective storms are an important influence.
The work of Michaud and Sorooshian (1994) demonstrated the
sensitivity of flood-peak simulation to the spatial resolution of
rainfall input. This obviously has disturbing implications for flood
modelling, particularly where data availability is limited to con-
ventional raingauge densities. Indeed, it appears highly unlikely
that suitable raingauge densities will ever be practicable for routine
monitoring. However, the availability of 2 km resolution radar data
in the USA can provide adequate information and radar could be
installed elsewhere for particular applications. Morin et al. (1995)
report results from a radar located at Ben-Gurion airport in Israel,
for example.

One way forward is to develop an understanding of the proper-
ties of spatial rainfall based on high density experimental networks
and/or radar data, and represent those properties within a spatial
rainfall model for more general application. It is likely that this
would have to be done within a stochastic modelling framework in
which equally likely realizations of spatial rainfall are produced,
possibly conditioned by sparse observations.

Some simple empirical first steps in this direction were taken
by Wheater et al. (1991a,b) for S.W. Saudi Arabia and Wheater
etal. (1995) for Oman. In the Saudi Arabian studies, as noted ear-
lier, raingauge data were available at approximately 10 km spacing
and spatial correlation was low. Hence a multi-variate model was
developed, assuming independence of raingauge rainfall. Based
on observed distributions, seasonally dependent catchment rain-
day occurrence was simulated, dependent on whether the pre-
ceding day was wet or dry. The number of gauges experiencing
rainfall was then sampled, and the locations selected based on
observed occurrences (this allowed for increased frequency of
raindays with increased elevation). Finally, start-times, durations,
and hourly intensities were generated. Model performance was
compared with observations. Rainfall from random selections of
raingauges was well reproduced, but when clusters of adjacent
gauges were evaluated, a degree of spatial organisation of occur-
rence was observed, but not simulated. It was evident that a weak
degree of correlation was present, which should not be neglected.
Hence in extension of this approach to Oman (Wheater et al.,
1995), observed spatial distributions were sampled, with satisfac-
tory results.

However, this multi-variate approach suffers from limitations
of raingauge density and, in general, a model in continuous space
(and continuous time) is desirable. A family of stochastic rainfall
models of point rainfall was proposed by Rodriguez-Iturbe et al.
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Table 1.3 Performance of the Bartlett—Lewis Rectangular Pulse Model in
representing July rainfall at gauge 44, Walnut Gulch

Mean  Var ACF1 ACF2

ACF3 Pwet Mint  Mno Mdur

Model
Data

0.103
0.100

1.082
0.968

0.048
0.040

0.193
0.174

51.17
53.71

14.34
13.23

1.68
2.38

0.026
0.036

0.032
0.042
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Figure 1.5 (Plate 1) Frequency distribution of spatial coverage of Walnut Gulch rainfall. Observed versus alternative simulations

(1987, 1988) and applied to UK rainfall by Onof and Wheater
(1993,1994). The basic concept is that a Poisson process is used
to generate the arrival of storms. Associated with a storm is the
arrival of raincells, of uniform intensity for a given duration (sam-
pled from specified distributions). The overlapping of these rect-
angular pulse cells generates the storm intensity profile in time.
These models were shown to have generally good performance for
the UK in reproducing rainfall properties at different time-scales
(from hourly upwards), and extreme values.

Cox and Isham (1988) extended this concept to a model in
space and time, whereby the raincells are circular and arrive in
space within a storm region. As before, the overlapping of cells
produces a complex rainfall intensity profile, now in space as
well as time. This model has been developed further by Northrop
(1998) to include elliptical cells and storms and is being applied
to UK rainfall (Northrop et al., 1999).

Recent work (Samuel, 1999) has been exploring the capability
of these models to reproduce the convective rainfall of Walnut

Gulch. In modelling point rainfall, the Bartlett-Lewis Rectangu-
lar Pulse Model was generally slightly superior to other model
variants tested. Table 1.3 shows representative performance of the
model in comparing the hourly statistics from 500 realizations of
July rainfall in comparison with 35 years from one of the Wal-
nut Gulch gauges (gauge 44), where Mean is the mean hourly
rainfall (mm), Var its variance, ACF1,2,3 the autocorrelations for
lags 1,2,3, Pwet the proportion of wet intervals, Mint the mean
storm inter-arrival time (h), Mno the mean number of storms per
month, and Mdur the mean storm duration (h). This performance
is generally encouraging (although the mean storm duration is
underestimated), and extreme value performance is excellent.
Work with the spatial-temporal model is still at a preliminary
stage, but Fig. 1.5 (Plate 1) shows a comparison of observed spatial
s coverage of rainfall for 25 years of July data from 81 gauges (for
different values of the standard deviation of cell radius) and Fig.
1.6 (Plate 2) the corresponding fit for temporal lag-0 spatial cor-
relation. Again, the results are encouraging, and there is promise
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Figure 1.6 (Plate 2) Spatial correlation of Walnut Gulch rainfall. Observed versus alternative simulations

with this approach to address the significant problems of spatial
representation for hydrological modelling.

1.5 INTEGRATED MODELLING FOR
WATER RESOURCE EVALUATION

Appropriate strategies for water resource development must rec-
ognize the essential physical characteristics of the hydrological
processes. Surface water storage, although subject to high evap-
oration losses, is widely used, although temporal variability of
flows must be adequately represented to define long term yields.
It can be noted that in some regions, for example, the northern
areas of southern Yemen, small-scale storage has been developed
as an appropriate method to maximize the available resource from
spatially localized rainfall. Numbers of small storage units have
been developed, some of which fill from localized rainfall. These
then provide a short-term resource for a nomadic family and its
livestock.

Groundwater is a resource particularly well suited to arid
regions. Subsurface storage minimizes evaporation loss and can
provide long-term yields from infrequent recharge events. The
recharge of alluvial groundwater systems by ephemeral flows can
provide an appropriate resource, and this has been widely recog-
nised by traditional development, such as the “afalaj” of Oman and
elsewhere. There may, however, be opportunities for augmenting

recharge and more effectively managing these groundwater sys-
tems. In any case, it is essential to quantify the sustainable yield
of such systems, for appropriate resource development.

It has been seen that observations of surface flow do not
define the available resource, and similarly observed groundwater
response does not necessarily indicate upstream recharge. Figure
1.7 presents a series of groundwater responses from 1985/86 for
Wadi Tabalah which shows a downstream sequence of wells 3-B-
96, -97,-98, -99 and -100 and associated surface water discharges.
It can be seen that there is little evidence of the upstream recharge
at the downstream monitoring point.

In addition, records of surface flows and groundwater lev-
els, coupled with ill-defined histories of abstraction, are gener-
ally insufficient to define long term variability of the available
resource.

To capture the variability of rainfall and the effects of trans-
mission loss on surface flows, a distributed approach is necessary.
If groundwater is to be included, integrated modelling of sur-
face water and groundwater is needed. Distributed surface-water
models include KINEROS (Wheater and Bell, 1983; Michaud
and Sorooshian, 1994) and the model of Sharma (1997, 1998). A
distributed approach to the integrated modelling of surface and
groundwater response following Wheater et al. (1995) is illus-
trated in Fig. 1.8. This requires the characterization of the spatial
and temporal variability of rainfall, distributed infiltration, runoff
generation, flow transmission losses, and the ensuing groundwater
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Figure 1.7 Longitudinal sequence of wadi alluvium well hydrographs and associated surface flows, Wadi Tabalah, 1985/6

recharge and groundwater response. This presents some technical
difficulties, although the integration of surface and groundwater
modelling allows maximum use to be made of available informa-
tion, so that, for example, groundwater response can feed back
information to constrain surface hydrological parameterization. It
does, however, provide the only feasible method of exploring the
internal response of a catchment to management options.

In a recent application, this integrated modelling approach
was developed for Wadi Ghulaji, Sultanate of Oman, to evalu-
ate options for groundwater recharge management (Wheater et al.,
1995). The catchment, of area 758 km?, drains the southern slopes
of Jebal Hajar in the Sharqiyah region of Northern Oman. Pro-
posals to be evaluated included recharge dams to attenuate sur-
face flows and provide managed groundwater recharge in key
locations. The modelling framework involved the coupling of
a distributed rainfall model, a distributed water-balance model
(incorporating rainfall-runoff processes, soil infiltration and wadi
flow transmission losses), and a distributed groundwater model
(Fig. 1.9).

The representation of rainfall spatial variability presents tech-
nical difficulties, since data are limited. Detailed analysis was
undertaken of 19 rain gauges in the Sharqgiyah region, and of
six raingauges in the catchment itself. A stochastic multi-variate
temporal—spatial model was devised for daily rainfall, a modi-
fied version of a scheme orgininally developed by Wheater ef al.

(1991a,b). The occurrence of catchment rainfall was determined
according to a seasonally variable first-order Markov process, con-
ditioned on rainfall occurrence from the previous day. The num-
ber and locations of active raingauges and the gauge depths were
derived by random sampling from observed distributions.

The distributed water-balance model represents the catchment
as a network of two-dimensional plane and linear channel ele-
ments. Runoff and infiltration from the planes was simulated using
the SCS approach. Wadi flows incorporate a linear transmission-
loss algorithm based on work by Jordan (1977) and Walters (1990).
Distributed calibration parameters are shown in Fig. 1.10.

Finally, a groundwater model was developed based on a detailed
hydrogeological investigation which led to a multi-layer represen-
tation of uncemented gravels, weakly/strongly cemented grav-
els and strongly cemented/fissured gravel/bedrock, using MOD-
FLOW.

The model was calibrated to the limited flow data available (a
single event) (Table 1.4), and was able to reproduce the distri-
bution of runoff and groundwater recharge within the catchment
through a rational association on loss parameters with topogra-
phy, geology, and wadi characteristics. Extended synthetic data
sequences were then run to investigate catchment water balances
under scenarios of different runoff exceedance probabilities (20 %,
50%, 80%), as in Table 1.4, and to investigate management
options.
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Table 1.4 Annual catchment water balance, simulated scenarios

Scenario Rainfall ~ Evaporation = Groundwater recharge  Runoff % Runoff
Wet 88 0.372 12.8 4.0 4.6
Average 33 0.141 11.2 3.5 4.0
Dry 25 0.106 5.5 1.7 3.2
; --Data i - Models
Rainfall data Stochastic spatial
analysis rainfall simulation
Ramﬁ;” rgnoff - 5 Distributed rainfall-runoff
calibration model
r.y
Wadi bed transmission loss
Groundwater recharge
Gégﬁggvt‘gfr - 5 Distributed groundwater
model

Figure 1.8 Integrated modelling strategy for water resource evaluation
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1.6 CONCLUSIONS

It has been shown that, for many applications, the hydrological
characteristics of arid areas present severe problems for conven-
tional methods of analysis. Recent data are providing new insights.
These insights must be used as the basis for development of more
appropriate methods for flood design and water-resource evalu-
ation and, in turn, to define data needs and research priorities.
Much high-quality research is needed, particularly to investigate
processes such as spatial rainfall, and infiltration and groundwater
recharge from ephemeral flows.

For developments to maximize the resource potential, define
long-term sustainable yields and protect traditional sources, it is
argued that distributed modelling is a valuable, if not essential
tool. However, this confronts severe problems of characterization
of rainfall, rainfall-runoff processes, and groundwater recharge,
and of understanding the detailed hydrogeological response of
what are often complex groundwater systems. Similarly, new
approaches to flood design and management are required which
represent the extreme value characteristics of arid areas and recog-
nize the severe problems of conventional rainfall-runoff analysis.

Above all, basic requirements are for high quality data of rain-
fall, surface-water flows and groundwater response to support
regional analyses and the development of appropriate method-
ologies. Too often, studies focus on either surface or subsurface
response without taking an integrated view. Too often, networks
are reduced after a few years without recognition that the essential
variability of wadi response can only be characterized by relatively
long records. Quality control of data is vital, but can easily be lost
sight of with ready access to computerized databases.

Superimposed on these basic data needs is the requirement
for specific process studies, including sediment transport, surface
water/groundwater interactions in the active wadi channel, evapo-
ration processes and consumptive use of wadi vegetation, and the
wider issues of groundwater recharge. These are challenging stud-
ies, with particularly challenging logistical problems, and require
the full range of advanced hydrological experimental methods to
be applied, particularly integrating quantity and quality data to
deduce system responses, and making full use of remote sensing
and geophysical methods to characterize system properties.

It must not be forgotten that, in general, data networks are
under threat world-wide, and a major priority for hydrologists
must be to promote recognition of the value of data for water
management, the importance of long records in a region char-
acterized by high inter-annual variability, and of the particu-
lar technical and logistical difficulties in capturing hydrological
response in arid areas. The current International Hydrological
Programme rightly prioritizes hydrological data as the essential
foundation for effective management. The results of both detailed
research and regional analyses are required for the essential

understanding of wadi hydrology which must underlie effective
management.
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2 Global precipitation estimation from satellite image
using artificial neural networks

S. Sorooshian, K.-L. Hsu, B. Imam, and Y. Hong

2.1 INTRODUCTION

Precipitation is the key hydrologic variable linking the atmosphere
with land-surface processes, and playing a dominant role in both
weather and climate. The Global Water and Energy Cycle Exper-
iment (GEWEX), recognizing the strategic role of precipitation
data in improving climate research, strongly emphasized the need
to achieve global measurement of precipitation with sufficient
accuracy to enable the investigation of regional to global water
and energy distribution. Additionally, many other international
research programs have also placed high priority on the develop-
ment of reliable global precipitation observation.

During the past few decades, satellite-sensor technology has
facilitated the development of innovative approaches to global
precipitation observations. Clearly, satellite-based technologies
have the potential to provide improved precipitation estimates for
large portions of the world where gauge observations are limited.
Recently many satellite-based precipitation algorithms have been
developed (Ba and Gruber, 2001; Huffman et al., 2002; Joyce
et al., 2004; Negri et al., 2002; Sorooshian et al., 2000; Tapiador
2002; Turk et al., 2002; Vicente et al., 1998; Weng et al., 2003).
These algorithms generate precipitation products consisting of
higher spatial and temporal resolution with potential to be used in
hydrologic research and water-resources applications. Evaluation
of recently developed precipitation products over various regions
is ongoing (Ebert, 2004; Kidd, 2004; Janowiak, 2004).

In this chapter, we will introduce one near-global precipitation
product generated from the PERSIANN (Precipitation Estima-
tion from Remotely Sensed Information using Artificial Neural
Networks) algorithm. PERSIANN is an adaptive, multi-platform
precipitation estimation system, which uses artificial neural net-
work (ANN) technology to merge high-quality, sparsely sam-
pled data from NASA, NOAA, and DMSP low altitude polar-
orbital satellites (TRMM, DMSP F-13, F-14, and F-15,NOAA-15,
-16, -17) with continuously sampled data from geosynchronous

satellites (GOES) (Hsu et al., 1997, 1999; Ferraro and Marks,
1995; Janowiak et al., 2000; Sorooshian et al., 2000; Weng et al.,
2003). The precipitation product generated from PERSIANN cov-
ers 50°S—50°N at 0.25° spatial resolution and hourly temporal
resolution.

2.2 NEAR-GLOBAL PERSIANN
PRECIPITATION DATA FOR
HYDROLOGIC APPLICATIONS

Figure 2.1 (Plate 3) shows the precipitation generation flow from
the PERSTIANN algorithm. The PERSIANN algorithm provides
global precipitation estimation using combined geostationary and
low-orbital satellite imagery. Two major stages are involved in
processing a satellite image into surface rainfall rates. The algo-
rithm first extracts and classifies local texture features from the
long-wave infrared image of geostationary satellites to a number
of texture patterns, and then it associates those classified cloud-
texture patterns to the surface rainfall rates. PERSIANN generates
rainfall rate every 30 minutes. To set up PERSIANN for better
capturing the high temporal variation of precipitation, the whole
globe is separated into a number of organized subdivisions, while
each subdivision consists of an area coverage of 15° x 60°. PER-
SIANN model parameters in each subdivision are adjusted from
passive microwave rainfall estimates processed from low-orbital
satellites from NASA, NOAA, and DMSP low altitude polar-
orbital satellites (TRMM, DMSPF-13, F-14, and F-15, NOAA-15,
-16, -17) (Ferraro and Marks, 1995; Weng et al., 2003). Although
other sources of precipitation observation, such as ground-based
radar and gauge observations, are potential sources for the adjust-
ment of model parameters, they are not included in the current
PERSIANN product generation. Evaluation of the PERSIANN
product using gauge and radar measurements is ongoing to ensure
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Figure 2.1 (Plate 3) Current operational implementation of the PERSIANN system produces and distributes near-real-time global precipitation

products at 0.25° six-hourly resolution.

the quality of generated rainfall data. PERSIANN generates a
near-global (50°S—50°N) product at 0.25° spatial resolution and
hourly temporal resolution.

In conjunction with the various phases of PERSIANN devel-
opment, we have also developed the Hydrologic Data and
Information System (HyDIS), which has been providing var-
ious means to share research quality PERSIANN data with
researchers and the general public world-wide. HyDIS is a river
basin and country-based web GIS system that includes a global
precipitation-mapping server, which provides direct access to
near real-time global six-hourly PERSIANN precipitation esti-
mates (http://hydis8.eng.uci.edu/hydis-unesco/). Currently, mul-
tiple years of PERSIANN data since year 2000 have been gener-
ated. The data are distributed through the HyDIS system to our
partners world-wide to conduct model evaluation and data assim-
ilation studies at climate-, meso-, and hydrologic-scales. PER-
SIANN data visualization and service through the HyDIS demon-
stration page is listed in Figure 2.2 (Plate 4). The user-friendly

interface of HyDIS enables users to view and collect data in a
selected region and at the required accumulated interval period.
For those users who would like to receive multiple years of global
data, six-hourly global PERSIANN data is added together at
the end of month. The data is also available through HyDIS at:
hydis8.eng.uci.edu/persiann.

In addition to the interactive map server, which provides the
flexibility of regional selection, zooming, and data subsetting,
HyDIS tools have been expanded to accommodate UNESCO’s
Global Water and Development Information (G-WADI) project.
The expanded tools include automated generation of country-
based aridity mapping and multiple access points to PERSIANN
data: (a) original HyDIS Mapserver interface, (b) pull-down
menus, which allow the user to select continental region and
country, and (c) text listing of countries within each continent.
Water resources relevant information was provided through the
ability to select from several precipitation accumulation intervals
(6hours, 1,3, 5, 15, and 30 days). A pull-down menu access-point
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Figure 2.2 (Plate 4) PERSIANN data visualization and service through the HyDIS system

widget has been designed to permit mirror sites to provide HyDIS
data access. Access to the text tabulation is provided through a
simple image page that allows the user to click on a continental
region to access its relevant table. Future updates will include his-
tograms of aridity as well as land-cover classes within political
divisions of each country.

2.3 EVALUATION AND APPLICATIONS

Several regional evaluation studies of current satellite high-
resolution precipitation products including PERSIANN and sev-
eral others are ongoing. These regions include: Australia (BMRC
precipitation validation page: http://www.bom.gov.au/bmrc/
SatRainVal/dailyval.html) and the United States (CPC precipita-
tion page: http://www.cpc.ncep.noaa.gov/products/janowiak/us_
web.shtml). Ground gauge and radar data are used in the evalua-
tion to provide an overview of daily as well as seasonal statistics of

satellite and ground-based precipitation observations. Figure 2.3
(Plate 5), which shows a sample BMRC evaluation over Australia,
also demonstrates PERSIANN’s ability to capture the distribution
of daily precipitation in a manner consistent with daily gauge anal-
ysis for January 22, 2005. Other validation sites cover part of west-
ern Europe (University of Birmingham precipitation validation
page: http://kermit.bham.ac.uk/%7Ekidd/ipwg_eu/ipwg_eu.html)
and PERSIANN GEWEX Coordinated Enhanced Observation
Period (CEOP) sites (http://www.ceop.net/) are under preparation
(http://hydisO.eng.uci.edu/CEOP/).

Precipitation is a key forcing variable of the global, regional,
and local water and energy cycle. Providing reliable precipitation
observation will contribute to improving our understanding of the
evolution of convective precipitation during the Monsoon season
and the diurnal evolution of the precipitation cycle. Similarly, the
product will provide modellers with a unique data set that could be
utilized to improve numerical weather predictability as it provides
a critical element for data assimilation and ensemble forecasts.
For years PERSIANN precipitation products have been used in
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Figure 2.3 (Plate 5) Evaluation of PERSIANN daily precipitation data over Australia region (this figure adapted from:

http://www.bom.gov.au/bmrc/SatRainVal/dailyval.html)

a number of hydrologic research and application studies. These
studies have included: (1) validation of daily rainfall and diur-
nal rainfall patterns against observations provided by the TRMM
field campaign, (2) evaluation of MMS5 numerical weather fore-
cast model estimates over the south-west United States, Mexico,
and adjacent oceanic regions, (3) assimilation of PERSIANN data
into a Regional Atmospheric Modelling System (RAMS) model to
investigate the land-surface hydrologic process, (4) merging of the
gauge and PERSIANN systems over the Mexico Region, (5) the
use of satellite-based precipitation estimates for runoff prediction
in ungauged basins, (6) investigation of the impacts of assimilat-
ing satellite rainfall estimates on rainstorm forecast over southwest
United States, and (7) analysis of multiple precipitation products
and preliminary assessment of their impact on the Global Land
Data Assimilation System (GLDAS) land surface states (Gochis
et al., 2002; Guevara, 2002; Hong et al., 2005; Li et al., 2003;
Xu et al., 2005; Sorooshian et al., 2002; Yi, 2002; Yucel et al.,
2002).

Figure 2.4 (Plate 6) shows the diurnal precipitation patterns
retrieved from PERSIANN data and NCEP WSR-88 radar data
during the summer season (JJA) 2002 around central and northern

America. Note that both sources of data show consistent diurnal
precipitation patterns over the land and ocean; the amplitude of
the data are similar to one another; in the phase, however, there is
approximatly a one-hour lag between PERSIANN and WSR-88
radar estimates. A more detailed discussion of using PERSTANN
data in documenting the diurnal precipitation pattern is described
in Sorooshian et al. (2002).

Figure 2.5 (Plate 7) shows PERSIANN rainfall applied in the
streamflow simulation of the Leaf River Basin (1949 km?) near
Collins, Mississippi. In this experiment, more than three years of
PERSIANN precipitation, as well as gauge and radar merged rain-
fall data, were collected and applied to generate daily streamflow
using an operational conceptual hydrologic model (the Sacramen-
tal Soil Moisture Accounting Model of National Weather Ser-
vice). Compared to basin daily observation, the daily stream-
flows generated from PERSIANN rainfall are not significantly
different from those generated from gauge and radar merged data.
This demonstrates that the satellite-based rainfall measurement is
reaching a level potentially suitable as a precipitation data source
for basin-scale hydrologic applications, in particular for regions
where ground-based observations are lacking.
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Figure 2.6 (Plate 8) Confidence interval (95 %) of daily streamflow is generated based on the uncertainty of PERSIANN precipitation estimates

The influence of spatial-temporal precipitation errors on hydro-
logic response is further examined using the stochastic simulation
of precipitation error. Figure 2.6 (Plate 8) shows the impact of the
PERSIANN estimation error to the generation of streamflow over
the Leaf River Basin. In our case, the uncertainty of PERSIANN
estimates is evaluated based on radar rainfall measurement. The
95 % confidence interval of simulated streamflow is plotted. It
shows that the reliability of estimated streamflow is highly rele-
vant to the quality of precipitation-forcing data. The uncertainty
bound is significantly higher during high-flow periods and is lower
at low-flow points. The error property of PERSIANN data is under
evaluation.

2.4 SUMMARY

In summary, we introduced the operation of the PERSIANN
satellite-based algorithm to generate a near global coverage of pre-
cipitation data. Currently, multiple years of PERSIANN data are
generated and available for public access through the HyDIS data
visualization and handling system. With our objective of provid-
ing reliable precipitation data for basin-scale hydrologic studies
in mind, we have been continuing operation of the PERSIANN
algorithm to generate long-term near-global coverage precipita-
tion data, and to improve the quality of data through the dev-

elopment of satellite-based rain retrieval algorithms. In the algo-
rithm development, our recently developed PERSIANN Cloud
Classification System (CCS) uses computer image processing and
pattern-recognition techniques to process cloud image into rainfall
rate (Hong et al., 2004). Preliminary study over northern America
shows promise, with the potential improvement of current PER-
SIANN estimates. Real-time operation of CCS to produce 4 km
hourly precipitation over North America is under development
(see: http://hydis8.eng.uci.edu/CCS); we will continue to evalu-
ate both PERSIANN and CCS and report our progress.
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3 Modelling semi-arid and arid hydrology and water
resources: the southern African experience

D. A. Hughes

3.1 INTRODUCTION

Southern African hydrology is characterized by a high degree of
variability with climate zones varying from tropical to extremely
arid. Within individual climate zones, and particularly the semi-
aridregions, hydrological (rainfall and streamflow) variability is as
high as anywhere in the world (McMahon, 1979). While extremes
of floods and droughts, and their social or economic consequences,
tend to receive a great deal of publicity, it is often the less dramatic
components of hydrological variability that present some of the
greatest challenges to sustainable water-resource management.
There are many basins within the region that have their headwaters
in relatively wet and well-watered regions but then pass through
much drier regions. The need to understand streamflow loss, as
well as streamflow-generation processes increases the complexity
of any modelling study. The fact that many of these rivers also cross
national boundaries (Orange, Limpopo, Okavango, etc.) adds to
the complexity of managing water resources at the regional scale.

The political and socio-economic history of the region has not
been conducive to the collection and maintenance of hydrolog-
ical records. Even today, despite the recognition of the impor-
tance of well-managed water resources to the health and socio-
economic well-being of the region, the acquisition of the necessary
information does not appear high on the agendas of many of the
region’s government institutions. Similar constraints have limited
the development of local capacity within both the hydrological
sciences and water-resource management fields. While develop-
ment aid funding for often quite grandiose schemes has been made
available, they have been largely based on expertise hired from
outside the region, with little of that experience and expertise
remaining within the region at the end of the project. At the same
time, financial rewards and incentives for local staff are frequently
inadequate and do not encourage participation and further training
in the field.

During the colonial era, several countries developed quite
detailed water-resource monitoring networks. However, in many
cases, war, inadequate economic resources, and shifting social and
political priorities have meant that these networks have not been
maintained and in some cases the historical data are not readily
accessible. Water-resource utilization and land-use changes likely
to impact on natural hydrological processes are also less than well
documented in many areas. Even where licensing systems are in
operation, the amounts of water abstracted or returned to the river
can be highly temporally variable. This makes it difficult to cal-
ibrate and validate hydrological model results against historical
data, even where they exist.

The development and successful application of hydrological
models has therefore been seriously hampered by:

*  ahigh degree of spatial and temporal variation in hydrome-
teorological variables and resulting streamflow;

e alack of adequately long or continuous records of rainfall
(and other hydrometeorological variables) and streamflow;

* alack of information on land-use changes and both spatial
and temporal variations in water utilization;

* a lack of quantitative understanding of the mechanisms of
some critical hydrological process (notably channel trans-
mission losses and surface—ground water interactions);

e alack of capacity in some parts of the region, frequently
associated with a lack of political commitment to addressing
that lack of capacity.

Despite these limitations, there are a number of examples of the
successful development and application of hydrological models
within the region. The methods and models that have been applied
need to be seen in the context of limited data availability and the
water-resource information requirements of the region. They have
therefore generally tended to be pragmatic, rather than scientifi-
cally ideal, solutions. This paper will review some of the problems

Hydrological Modeling in Arid and Semi-Arid Areas, ed. Howard Wheater, Soroosh Sorooshian, and K. D. Sharma. Published by Cambridge University Press.

© Cambridge University Press 2008.



30

D. A. HUGHES

with the application of hydrological models, some of the develop-
ments that have been achieved as well as some of the opportunities
that exist, through the integration of existing methods with new
technologies.

3.2 CHARACTERISTICS OF SOUTHERN
AFRICAN SEMI-ARID DRAINAGE
BASINS

As with arid and semi-arid basins worldwide, one of the most
important characteristics is the high degree of spatial variability
of rainfall inputs during individual storm events. Coupled with rel-
atively complex associations between soil characteristics (depths
and hydraulic properties) and topography, this variability suggests
that developing generalizations about patterns of runoff gener-
ation can be extremely difficult, even at the scale of relatively
small catchments (up to 10km?). At larger scales, additional pro-
cesses associated with the spatial discontinuity of channel flow,
permeable channel beds, high rates of evaporation, and a lack of
antecedent baseflow contribute to complex spatial variability in
streamflow.

Mostert et al. (1993) identified a potentially important process
that contributes to the understanding of the inter-annual water
balance of some Namibian basins. Wet seasons contribute to the
development of improved vegetation cover in these otherwise
poorly vegetated regions. In the following season, the improved
vegetation cover can lead to improved infiltration, as well as more
effective evapotranspiration losses and a reduction in the relative
amount of runoff that occurs (compared to similar rainfall after a
dry year). This effect appears to last for over three years follow-
ing a wet season and was incorporated into the NAMRON model
(Mostert et al., 1993). While this process has not been studied in
detail elsewhere in the semi-arid parts of the region, it is likely
that similar non-seasonal vegetation-cover dynamics could play
a major role in explaining the high degree of inconsistency in
relationships between rainfall and streamflow.

There have been very few direct studies of channel transmis-
sion losses in the region (Crerar et al., 1988; Hughes and Sami,
1992; Gorgens and Boroto,2003), despite the fact that this process
has been recognized as one of the most important components of
the water balance of many of the regions semi-arid basins. At the
small scale, runoff generated during relatively small storm events
has to satisfy in-channel pool storage before progressing down-
stream and contributing to more widespread streamflow. Both pool
storage and channel flow are subject to seepage into the bed and
banks, the amounts highly dependent upon the local nature of
the soil or rock material. The process of recharge into alluvial
aquifers is well documented at various scales (Crerar et al., 1988;
Gorgens and Boroto, 2003), but it remains difficult to develop gen-
eralized quantitative approaches to the estimation of such losses.

The highly fractured nature of the material underlying some rock-
bed channels (which tend to be found along fracture lineations
and zones of geological weakness), suggests that losses from non-
alluvial rivers can also be substantial. Unfortunately, there is only
anecdotal evidence available for this process and there have been
no attempts at quantification in the region. The presence of small
farm dams further contributes to the spatial discontinuity found
in channel flow in medium sized semi-arid basins. Identifying
their presence is a relatively simple matter using remote-sensing
approaches. However, quantifying their storage capacities is a dif-
ferent matter, as only the larger developments are usually docu-
mented.

At the larger scale, transmission losses and the associated
groundwater resources of alluvial aquifers play a major role in
some of the region’s major basins. Many of the tributaries of
the Limpopo River are permanently flowing in their headwaters
and then pass through much drier regions and become seasonal
rivers due to natural losses, as well as abstractions. The situation
can be exacerbated by the utilization of the alluvial groundwater
resources in the main Limpopo valley. This increases the storage
capacity of the alluvial material at the start of the dry season and
can delay the onset of channel flow downstream (Gorgens and
Boroto, 2003). The Namibian experience (Wheeler et al., 1987)
suggests that managing transmission losses to alluvial material
can be used as an effective alternative water-resource development
strategy to conventional surface water storage, which is subject to
large evaporative losses.

A thorough understanding of the total water-resource availabil-
ity of semi-arid basins should include both surface- and ground-
water and implies that they should be modelled together. Under-
standing surface runoff processes on hillslopes, as well as mecha-
nisms of recharge (Sami and Hughes, 1996) to subsurface storages,
should be the key to the joint modelling of surface- and ground-
water in semi-arid basins. However, there have been very few
studies where these have been considered together.

3.3 DATA AVAILABILITY

Ideally, any development of hydrological models should be based
on a sound conceptual understanding of the processes being mod-
elled and backed up with quantitative information that can be
used to parameterize a model for a specific application. While
there exists a relatively sound conceptual understanding of the
processes involved, providing sufficient information to quantify
the processes is a different matter.

3.3.1 Rainfall data

Rainfall is one of the key driving variables of any hydrological
model, regardless of the climate region. In the semi-arid basins of
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the region, the spatial variability of the occurrence and depth of
rainfall (over almost any time-scale, but particularly short peri-
ods), coupled with the relatively sparse observation networks,
makes it extremely difficult to satisfactorily quantify the main
water inputs. Most of the available rainfall records are based on
daily observations, precluding the possibility of defining the real
intensity characteristics that are of great importance in semi-arid
runoff-generation processes.

The poor spatial distribution of rainfall-measuring stations is
partly due to the difficulties of access in the sparsely populated
semi-arid regions of southern Africa. The data availability situa-
tion is made worse by frequent missing data, closure of stations
or the complete collapse of hydrological monitoring during peri-
ods of social and political upheaval. Satellite-derived rainfall esti-
mates have the potential to provide much more spatial detail in
basin rainfall inputs. However, if this relatively new technology is
to be used in conjunction with existing historical rainfall records,
it is important that the two data sources are checked for consis-
tency. This is not always as simple as it may appear at first sight
due to a lack of overlapping data (see Wilk et al., 2006, for an
example from the Okavango basin).

Many of the water-resource modelling approaches used in the
region are based on monthly time intervals. While aggregating
rainfall data into monthly totals reduces the degree of spatial vari-
ability, a great deal of intensity information that can be critical to
runoff-generation processes in semi-arid areas is lost.

3.3.2 Evaporation data

In general terms, the availability of evaporation data is far worse
than for rainfall data. Given that evapotranspiration is the second
largest component of the water balance of semi-arid basins this
would seem to be a critical issue with respect to hydrological
modelling. However, for many rainfall events that occur in semi-
arid basins, the generation of runoff is less dependent upon the
antecedent moisture storage characteristics (which are dependent
on evaporative losses) than on the rainfall intensity characteristics
and soil surface conditions.

One area where evaporation data could play a significant role
is in the quantification of channel losses through direct evapora-
tion or transpiration from the riparian vegetation (see the study of
Orange River losses by McKenzie et al., 1993). However, whether
the accurate quantification of potential evaporation demand, or a
thorough understanding of the seepage characteristics of the chan-
nel banks is of greater importance remains to be seen.

3.3.3 Streamflow data

Many modellers would argue that the future for simulating
the hydrology of ungauged catchments lies in the so-called
“physically-based” approach and the use of information on spa-

tially distributed catchment properties (Schulze, 2000, for exam-
ple). However, there seems to be little doubt that testing the validity
of any model formulation, as well as the adequacy of the available
input data, still relies upon the availability of observed streamflow
data.

Earlier comments about the problems of maintaining raingauge
networks apply to an equal, if not greater, extent with respect
to streamflow data. Both Namibia and South Africa make use
of weir or flume structures as part of their national streamflow-
monitoring network. These two countries have relatively good net-
works within arid and semi-arid areas, despite the large costs of
construction and maintenance involved (especially on large rivers
with substantial sediment movement). However, there are never-
theless a relatively small number of gauges to cover very diverse
hydrological conditions. The situation in most of the other coun-
tries is not as good and they rely upon rated sections in rivers with
quite dynamic bed conditions, suggesting relatively low confi-
dence in the accuracy of some of the historical data. In some
countries the resources (financial and human) available to check
ratings, service the gauges in the field and process the raw data
are inadequate to maintain continuous records.

In terms of extreme flows, which frequently dominate the long-
term mean volumes of streamflow from semi-arid catchments, it
has to be recognized that few of the gauging approaches are able
to quantify these accurately.

3.3.4 Water abstraction and land-use information

Reference has already been made to the influence of small farm
dams on the streamflow dynamics of southern African semi-arid
basins. While their impacts are generally straightforward to under-
stand and the spatial extent of their occurrence available from
analyses of satellite imagery or aerial photography, there is little
quantitative information generally available about their storage
capacities. Hughes and Sami (1993) illustrated the importance of
small farm dams through a study of a 670 km? basin in the East-
ern Cape province of South Africa. Over 50 % of the dams (a
total of 364) have a full supply volume of less than 2000 m* and
catchment areas of less than 2 km?. The runoff storage capacity
(dam volume divided by catchment area) of 60 % of the dams is
less than 2 mm, while 20 % have storage capacities of between 5
and 20 mm. While these capacities may appear quite low, they are
more than sufficient to absorb runoff generated in a substantial
proportion of storm events.

The situation with respect to information on major dams is far
better, although an improved understanding of rates of sedimen-
tation, and hence their medium- to long-term storage dynamics
would be an advantage.

The other major source of water in semi-arid basins is ground-
water. The impacts on the surface water-resources of semi-arid
basins are mainly where abstraction takes place from alluvial
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aquifers, thereby affecting the dynamics of channel transmis-
sion losses. Information is generally available for large alluvial
aquifer abstraction schemes (Gorgens and Boroto, 2003), but not
for smaller, more distributed abstractions.

Land-use changes in the semi-arid basins of the subcontinent are
less of an issue than in the wetter parts of the region. However, as
many of the larger semi-arid rivers have their headwaters in wetter
areas, their channel flow dynamics are still affected. The Sabie—
Sand system rises in the Eastern Escarpment of the Mpumalanga
Province of South Africa, which has experienced substantial com-
mercial afforestation over the past 60 years or more. It then passes
through the relatively arid low veld region, where tributary flow is
seasonal. During the dry season, baseflows have been considerably
reduced and the relative impacts of transmission losses (largely as
a result of transpiration from riparian vegetation) are now greater
than under the natural flow regime.

3.4 HYDROLOGICAL MODELLING
APPROACHES

A large number of models have been applied within the region,
but this discussion will focus on models that have been developed
specifically for the region. There is not room here for detailed
descriptions of the models and reference should be made to the
original material. The focus will therefore be on any model com-
ponents that have been specifically designed to cater for semi-arid
hydrological processes, the perceived advantages and disadvan-
tages of the models and on the successes and failures of application
that have been reported.

Most of the models that have been developed within the region
have been moderately detailed “conceptual” type models with a
relatively large number of parameters. The traditional approach to
application has been the manual calibration of the models against
observed data and the use of regionalized parameter sets for use
in ungauged basins (Midgley et al., 1994, for example). There has
therefore been a focus on identifying the associations between
model parameter values and measurable basin properties, rather
than on the mathematics of parameter interaction and automatic
optimization procedures. Most of the models used have been con-
tinuous time series (rather than single event) type models designed
for water-resource estimation and design purposes. Developments
have therefore been driven by the pragmatic requirements of
water-resource engineers rather than research orientated scientific
understanding.

3.4.1 Pitman monthly time-step model

This model has been more widely applied within the southern
African region than any other hydrological model and has also

been applied outside the region (Wilk and Hughes, 2002). It was
developed in the 1970s (Pitman, 1973) and has undergone a num-
ber of revisions since then. It now exits in several forms, each
with different additional components added by a range of differ-
ent developers. However, the core concepts of the original model
have been preserved in all the revised versions. The model is an
explicit soil-moisture accounting model representing interception,
soil moisture and groundwater storages, with model functions to
represent the inflows and outflows from these. The Institute for
Water Research (IWR) has developed one of these versions and
added anumber of “refinements’ based on assessments throughout
the subcontinent as part of the southern Africa FRIEND program
(Hughes, 1995, 1997). Subsequently, the IWR has added more
explicit groundwater recharge and discharge functions (Hughes,
2004a). Figure 3.1 illustrates the structure of the model.

In semi-arid basin applications the dominant runoff-generating
component is a triangular “catchment absorption” function con-
trolled by two variables (ZMIN and ZMAX). The rainfall rate
during one time interval of the model is used to determine what
proportion of the catchment (the relative area under the triangle
between ZMIN and the rainfall rate) will contribute to surface
runoff. Hughes (1997) added a third parameter (ZAVE) to allow
the triangle to assume an asymmetric shape. The model oper-
ates over several iterations (typically four, but user-determined in
some versions) and therefore allows the monthly rainfall depth
to be subdivided. The original model used a fixed rainfall distri-
bution function, while Hughes (1997) modified this to allow for
regional differences in the distribution of rainfall within a month
(see Hughes et al., 2003, for a detailed analysis of Zambian rain-
fall data in relation to establishing a suitable parameter value).
These two model components (the rainfall distribution and the
absorption function) strongly interact with each other in deter-
mining the monthly response of runoff to rainfall in semi-arid
applications.

Most of the current versions of the model operate using a semi-
distributed, subcatchment scheme, whereby each subarea has its
own hydrometeorological inputs and parameter set. The model
includes components to allow for abstractions from distributed
farm dams, direct from the river, as well as major storage dams
at the outlet of each subarea. While the model has no explicit
function to estimate channel transmission losses, these have been
frequently included in a modelling scheme through the use of
“dummy” dams representing the loss storage and evaporating
area (Gorgens and Boroto, 2003; Hughes et al., 2003). The prob-
lem with this approach for perennial rivers flowing through arid
areas (e.g., the Lower Okavango) is that the “dummy” reservoir
is always full and the losses dependent only on the evaporation
rate and the surface area. A new approach, linked to the revised
groundwater routines, is being tested on the Okavango. The algo-
rithm is based on two factors: one related to the near channel



MODELLING SEMI-ARID AND ARID HYDROLOGY

33

Time series of precipitation —> Impervious area
Time series of potential evaporation —P Interception function
¢ Catchment absorption
- function P —| Surface runoff
Actual evaporation
T Soil moisture store
GwW h Soil Soil ist
recharge moisture oil moisture
function runoff — | runoft
¢ function ¢

GW storage and
discharge function

Catchment lag
and attenuation

Upstream inflow

A A4

Small dam and abstraction function

v

Total sub-catchment runoff

— |

Abstractions and return flow

Channel lag L) Reservoir model

and attenuation

v

Downstream outflow

Figure 3.1 Structure of the Pitman model with revised groundwater recharge and discharge routines

groundwater storage level and one to the relative flow rate in the
channel. Thus losses increase with increasing channel flow and
with lower groundwater storage.

There are 24 model parameters in the modified groundwater
version of the model and typically 14 of these are established a
priori or through some initial calibration test runs. This leaves
ten parameters, which are normally the focus of the calibration
effort. The catchment absorption function (three parameters), the
maximum size of the soil-moisture storage and the channel-loss
parameter frequently dominate the calibration process in semi-arid
areas.

One version of the model included a scheme to allow for
the “growth and decay” of surface-cover conditions based on
antecedent moisture storage conditions (Hughes and Metzler,

1998). The result is that the catchment-absorption and evaporative-
loss parameters vary with time to simulate dynamic vegetation
cover. This was added to compare the model with the Namrom
model (de Bruine et al., 1993) for application in Namibian basins,
where this phenomenon has been identified as being very impor-
tant in the understanding of inter-annual runoff responses (Mostert
etal., 1993).

One of the advantages of the Pitman model is the availability of
guidelines for parameter estimation provided by the WR90 study
(Midgley et al., 1994) that reports on the application of the model
to 1946 so-called quaternary catchments covering South Africa,
Lesotho, and Swaziland. These guidelines can be used to establish
initial parameters for almost any climate region of the subconti-
nent, which can then be refined through local calibration (where
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Table 3.1 Summary of SA FRIEND project results for the Pitman model (based

on monthly flows)

Range of mean

Country No. of basins ~ monthly % error ~ Range of R> Range of CE

Namibia 9 —21to 1.5 0.06t00.72 —0.84 to0 0.68
Botswana 10 —8.7t011.8 0.39t0 0.77 0.27t0 0.70
Zimbabwe 14 —8.7t02.6 0.45 t0 0.90 0.331t0 0.88
Tanzania 5 —7.6t03.3 0.33t0 0.81 0.271t0 0.78
Zambia 13 —14.0t0 6.5 0.411t00.79 0.291t0 0.78
Malawi 4 —12.41t00.9 0.35t0 0.84 0.24 t0 0.82
Swaziland 7 —5.2t0 10.0 0.45 t0 0.81 0.39 to 0.80
Mozambique 5 —9.0t0 6.1 0.37 t0 0.84 0.21 to0 0.84

Note: R? is the coefficient of determination, while CE is the coefficient of efficiency

(Nash and Sutcliffe, 1970)

D
o

[62]
o

N
o

=—Observed
Simulated

|

n
o

\

Monthly Flow Volume (m3+106)
w
IS

—_
o

Lo A \_/L_ﬁ AN -

1983 1984 1985 1986

1987 1988 1989 1990 1991

Years

Figure 3.2 Typical Pitman model result for a semi-arid quaternary catchment simulation based on default regional parameters (Little Fish River,

Eastern Cape Province)

available data allow). Figure 3.2 illustrates a typical example of
a simulation result using the regional parameters (compared with
observed data). This study is in the process of being updated and
one component of the revision (referred to as WR2005) will be
the integration of all recent improvements to the Pitman model
and the development of a new “official” version.

There is little doubt that the model is easier to apply and is
generally more successful in the humid and temperate parts of
the region, rather than the more arid parts (Hughes, 1997 — see
Table 3.1 for some summary results). This could be a consequence
of the relatively poor definition of the real spatial variations in
rainfall input that is typical for many basins, the limitations of the
model in terms of the temporal distribution of rainfall within a
single month, or the relatively simplistic approach to simulating
runoff generation. To isolate which of these influences dominate
would require rather more data than are available in most arid

parts of the region. Given that it is not always possible to achieve
a very good one-to-one fit with observed streamflow, it is impor-
tant to satisfactorily reproduce those statistical properties of the
streamflow time series that are critical from a water resource plan-
ning and management perspective (Hughes and Metzler, 1998).

3.4.2 Namrom model

This model was designed specifically for use in Namibian basins
(de Bruine et al., 1993; Mostert et al., 1993) and therefore includes
components to simulate processes that were identified as important
in this arid region. Specifically, it has been designed to address
the issues of dynamic, non-seasonal, surface-cover conditions, as
well as transmission losses to alluvial aquifers. While it has been
applied with a reasonable degree of success to a number of basins
in Namibia, it has not been applied elsewhere and therefore its
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Table 3.2 Summary of the results of applying the NAMROM,
Pitman and modified Pitman (NAMPit) to 5 Namibian basins

Range of mean

Model daily % error Range of R? Range of CE
NAMROM —4.1t02.3 0.39 t0 0.90 0.30 to 0.90
Pitman —2.1t00.6 0.23t00.72 0.15t0 0.68
NAMPit —2.5t03.5 0.2210 0.82 0.10t0 0.82

general applicability is largely untested. The basic concepts are
sound and other models could possibly benefit from being adapted
to include similar approaches (Hughes and Metzler, 1998).

The model is based on a single equation for total effective
precipitation, using four parameters: antecedent weighting fac-
tor (seasonally varying), initial loss, subcatchment loss factor,
and loss exponent. A regression equation is then developed for
observed runoff and total effective precipitation. The model is
therefore more of a statistical regression-type model with weight-
ing parameters having some perceived physical meaning.

Hughes and Metzler (1998) compared the original Pitman
model and a modified version (including a dynamic vegetation-
cover process) with the Namron model. In general terms the
20 years of data available for calibration indicated that the
Namrom model performed the best with the modified Pitman
model a close second (Table 3.2). The simulated means and stan-
dard deviations of monthly flow were all very similar. However,
when the calibrated models were applied to all the available rain-
fall data (68 years) and a reservoir yield assessment undertaken,
the results for the three models were quite different. For five exist-
ing reservoirs and ademand of 40 % MAR, the simulated shortfalls
varied substantially for the three models (between 1 and 17 % of
the design demand across the five reservoirs). This serves to fur-
ther illustrate the point made at the end of the previous section and
empasizes the issue discussed by Gorgens (1983) about the min-
imum length of calibration data required for semi-arid modelling
purposes.

3.4.3 ACRU model

The ACRU model has been developed by the Bioresources and
Environmental Engineering Hydrology School of the University
of KwaZulu-Natal (Schulze, 1994). It is a daily time-step model
designed around a multi-layer soil-moisture accounting scheme
and has a large number of parameters that require quantifica-
tion. It is designed to be used in ungauged basins on the basis of
parameters evaluated through default relationships with measur-
able catchment properties (soils, vegetation, management prac-
tices, etc. — see Schulze, 2000). It has been mostly applied in
the temperate and humid parts of South Africa and has been fre-
quently used for assessing the impacts of various land-use mod-
ifications, specifically commercial afforestation. It has been less
widely applied in the drier parts of the region and there appears
to be very little documentation of the success of its application in
semi-arid to arid basins. It is still very unclear how the model per-
forms with default parameters under different situations of catch-
ment data availability (in terms of spatial resolution, accuracy,
etc.).

3.4.4 VTImodel

The Variable Time Interval model was developed at the IWR,
Rhodes University as part of a detailed study of the catch-
ment response characteristics of a medium sized semi-arid basin
(670km?) in the Eastern Cape Province of South Africa (Hughes
and Sami, 1994). It has subsequently been applied to a wide
range of basins (Table 3.3) within the region under the South-
ern African FRIEND programme (Hughes, 1997). It is essentially
a daily model that can use shorter modelling time-intervals during
periods of assumed high process activity (based on thresholds of
rainfall intensity), given that shorter time interval rainfall data are
available. Figures 3.3 and 3.4 illustrate the structure of the model
and indicate that the main moisture-accounting routines are quite
complex with a number of feedback mechanisms. It has explicit
functions for most of the processes recognized as being impor-
tant in semi-arid catchments and is, as a consequence, relatively

Table 3.3 Summary of SA FRIEND project results for the VTI model (based on

daily flows)
No. of Range of mean

Country basins daily % error Range of R? Range of CE
Botswana 3 —3.3t02.8 0.40 to 0.49 0.23t0 0.43
Zimbabwe 6 —3.51t020.0 0.451t0 0.77 0.32t00.70
Tanzania 5 —15.2t0 —0.2 0.14 t0 0.67 —0.13t0 0.62
Swaziland 7 —6.0t0 8.9 0.14t0 0.63 —0.51t0 0.59
Mozambique 5 —9.2t04.5 0.44 t0 0.75 0.33t00.71
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complex with a large number of parameters. The difficulties of
applying the model are associated with the large number of param-
eter interactions and the fact that many of the parameters are not
easy to estimate from known catchment properties. Further details
of the parameters and suggestions for the derivation of default val-
ues from typically available physical catchment information are
provided in Hughes and Sami (1994). In excess of 35 parame-
ters are required for each element (subcatchment) of the spatial
distribution system. However, there are between five and eight
parameters that are typically modified during calibration, depend-
ing on the perceived runoff generation characteristics of a specific
catchment. The successful use of the model requires a relatively
detailed understanding of its structure and a sound conceptual
understanding of the dominant runoff-generation mechanisms of
the catchment, as well as good quality input climate data.

The results for several Botswana basins (Hughes, 1997) sug-
gested that, while the model is capable of reproducing daily flow
duration curves (Fig. 3.5), the correspondence statistics based on
daily flows are quite poor. This may be due to the model structure,
but is almost certainly also related to the lack of spatial detail
in the available rainfall data. The results for seasonal rivers in
Zimbabwe were somewhat better (Figure 3.6), which may be a
reflection of the smaller size of the Zimbabwean basins. Results
for many of the wetter parts of southern Africa, and where rea-

| Throughftall

¥

Infiltration
excess area

s Area v v
Upper soil =% >sat. [ Total runoff- | I Jhfiration |
generating area :

store ‘

Upper zone
runoff
Drainage
! = Y
Lower soil | = | Total Lower zone
store i sf.zggage i s;izage runoff
IRE f
r
IArea > FC |
Re-emergence Groundwater
%.4' seepage
Drainage face
> L 4
r : Total
[ Percolating water l runoff
Groundwater
Groundwater
outflow

Figure 3.4 Structure of the moisture accounting and main runoff
generation components of the VTT model (from Hughes and Sami, 1994)

sonable confidence can be expressed in the available rainfall data,
are very encouraging.

3.4.5 Monash model

SMEC (1991) applied the monthly Pitman model as well as the
daily Monash model to basins in Botswana. However, the results
are presented as monthly summaries and it is therefore difficult to
evaluate the model in terms of its ability to simulate daily flows.
While the monthly simulations using the Monash model appear
to be slight improvements over the monthly Pitman model, no
attempts were made to use the “dummy dam” approach to simu-
lating transmission losses for the latter.

3.5 MODELLING ENVIRONMENTS

One of the limitations identified by a SADC (Southern Africa
Development Community) report on the implementation of
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regional water resource assessments (SADC, 2001) was the lack
of access to appropriate models and modelling tools. The need
for a common approach and shared methods was also identified
as something that could address some of the issues of lack of
capacity in hydrological assessment within the southern African
region. The SA FRIEND project made use of an integrated mod-
elling environment package (HYMAS — see Hughes et al., 1994
and Hughes, 2004b), but this was developed in a DOS environ-
ment and had become outdated and was not very “user friendly.”
Subsequently, the Institute for Water Research has developed the
SPATSIM (Spatial and Time Series Information Modelling) sys-
tem for Windows (Hughes, 2002). This package makes use of
an ESRI Map Objects spatial front end, linked to a database table
structure, for data storage and access and includes relatively seam-
less links to a range of hydrological and water-resource estimation
models. It also includes a wide range of data preparation and anal-
ysis facilities typically required in hydrological modelling studies.
It was originally developed to bring together many of the environ-
mental flow assessment procedures used in South Africa (Hughes,
2004b), but has much wider applicability. The SPATSIM approach
has been adopted as the core modelling environment to be used
for the update of the South African water-resource information
system (WR90 — see Midgley et al., 1994). Further details about
the SPATSIM package can be accessed through the IWR web site
at http://www.ru.ac.za/institutes/iwr and looking for the “Hydro-
logical Models and Software” link.

The SPATSIM version of the Pitman monthly model has been
applied extensively within South Africa, as well as the Okavango
basin, Tanzania, Swaziland, Lesotho, and Mozambique. One of
the perceived advantages of SPATSIM is that it can be extended
to include new modelling approaches quite easily and that these
can be developed and added by organizations, other than the IWR,
after some initial training.

There are similar packages available internationally, such as
Mike Basins, ArcHydro, etc., which are now being introduced
into the southern African region. There have been no compara-
tive studies of their relative effectiveness in terms of transferring
modelling technology and building capacity in regional water-
resource assessment. This issue is important in a region that has
limited existing capacity.

3.6 DISCUSSION AND CONCLUSIONS

The previous sections have briefly identified some of the issues that
are relevant to the application of hydrological models in the semi-
arid and arid regions of southern Africa. This section summarizes
the limitations that are related to process understanding, available
data, and modelling methods, as well as the opportunities that
exist to address these limitations. Some of these opportunities

were highlighted during the G-WADI Workshop held in Roorkee,
India during 2005.

3.6.1 Process understanding

There is little doubt that the main limitation to the further devel-
opment of existing models is the general lack of quantitative
understanding of the process of channel transmission loss at var-
ious scales. The current lack of research resources, in terms of
finances and personnel, suggest that there will only be very limited
progress in this regard in the foreseeable future. This is, of course,
regrettable in that any future development of model algorithms
to account for this important process in the semi-arid catchments
of the region will be based on only a very restricted conceptual
appreciation of real life.

Establishing networks of groundwater observation boreholes
in the large-scale alluvial systems of the region could prove to be
a relatively inexpensive and useful approach to quantifying the
product of transmission losses (aquifer recharge). However, these
observations would need to be coupled with a better understand-
ing of evaporative losses from the alluvial aquifers to be of real
benefit.

3.6.2 Available data

Perhaps the main limitation from a data perspective is the lack
of adequately representative (certainly in space and frequently in
time) rainfall data. There are clear indications that the uncertainty
associated with the results of many modelling studies could be
reduced if additional information was available about the space—
time distribution of rainfall. The prospects for improving the net-
work of ground-based measurements would seem to be poor and
therefore the future probably lies in the use of satellite and radar
measurements. However, the importance of establishing relation-
ships between new remotely sensed data and historical ground-
based measurements has already been noted (Wilk er al., 2006;
Hughes et al., 2006). The contribution of Sorooshian et al. (2005)
in enhancing the awareness of global satellite rainfall-data prod-
ucts is invaluable in this regard. A research priority in the southern
African region should be to begin assessing the new data products
and establishing their potential for future use.

Obviously, additional streamflow-monitoring stations would be
of great value in providing additional calibration data for mod-
elling studies. However, apart from the normal data collection
issues associated with a lack of resources in the region, many
years are required to accumulate sufficiently representative data
in semi-arid regions.

In terms of physical catchment data (such as land use, vege-
tation, soils, etc.), remote-sensing methods appear to have been
applied successfully elsewhere in the world. The priority therefore
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seems to be to adopt similar approaches in southern Africa and
adapt the existing models to be able to make better use of such
data.

3.6.3 Model structures and model developments

In arecent review of South African modelling approaches, Hughes
(2004c) concluded that the available models have proved to be
invaluable for managing water resources in the region, but that the
future challenges lay in integrating international developments in
model application with local models that have been demonstrated
to “work.” However, for the semi-arid parts of the region there are
still water-resource management issues that the available models
are less capable of addressing with confidence (Hughes and
Metzler, 1998; Hughes, 2005).

There have been very few studies of the efficiency of the struc-
tures of the models used in southern Africa from the point of view
of parameter sensitivity and identifiability (Wheater et al., 2005).
Recent developments in other parts of the world have indicated
that simple models can perform as well as more complex models
with more parameters and that the latter are frequently over-
parameterized. Several methods were presented by Wheater et
al. (2005), as well as by Young (2005) that could be used to inves-
tigate the structure of models. Many of these can be applied quite
easily and might suggest simplifications to the structures of exist-
ing models. The success with which the simple daily time-step
IHACRES model (Croke and Jakeman, 2005) has been applied in
semi-arid basins of Australia and elsewhere, suggests that further
trials with simple models of this type could be of value to the
southern Africa region.

The data exploration approaches discussed by Young (2005),
although not applicable to ungauged basins where much of the
simulated data are required, could be used to investigate several
modelling issues, such as:

¢ the extent to which the signals in the available rainfall data
can be used to explain the signals in the available streamflow
data;

¢ the “order” of the best model that can be used to explain the
streamflow data from the rainfall (and possibly climate data)
and the identification of the number of possible flow paths
existing in the basin;

¢ whether the use of time-varying parameters can generate bet-
ter results and therefore whether there are some non-linear
effects that need to be accounted for in the best model struc-
ture.

While the models that are developed through Young’s (2005)
approach may not be applicable to ungauged basins (as they
largely rely upon the availability of data), the methods may be
very relevant for assessing the current conceptual understanding of

basin-scale hydrological processes and therefore the approaches
to the application of existing models.

3.6.4 Conclusions

Given the difficulties, referred to above, of addressing the lack of
understanding of some processes and of resolving data deficiency
problems in the short term, it has not been a straightforward task
to identify how existing models should be improved. However,
the requirement for more detailed information and more reliable
estimates of development, or climate-change impacts suggest that
the models currently in use do need to be modified. For example,
within South Africa the priority for practical model applications
used to be the design of water supply storage reservoirs, where the
accurate simulation of dry-season low flows was not all that impor-
tant. The recent emphasis on environmental flows and ecologically
sustainable water-resource development has changed these prior-
ities and the reliable estimation of low flows under natural and
modified streamflow regimes is of far greater importance. This
does not necessarily mean that the models that have been used in
the past need to be replaced. In many cases it is only the approaches
to using a model (changing the emphasis of the calibration, for
example) that need to be modified. However, there may be real
benefits of including a relatively simple daily time-step model to
the range of available tools.

Ultimately, the success of any modelling study depends upon
the quality and appropriateness of the model, the quality of the
data inputs to the model and the experience of the user applying the
model and assessing the results. Adopting a pragmatic approach
to improving model estimates and focusing on what might be
achievable in the future, it is suggested that there is a need for:

¢ only limited changes to existing models;

¢ further investigation of the structures of existing models with
the intention of developing an improved understanding of
the most effective methods of their application in different
situations;

*  better use of available data (hydrometeorological and spatial
basin-property data) and especially satellite rainfall data;

¢ improved guidelines for model use and training of model
users.
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4 Use of the IHACRES rainfall-runoff model in arid

and semi-arid regions

B. FE. W. Croke and A. J. Jakeman

Streamflow in arid and semi-arid regions tends to be dominated
by rapid responses to intense rainfall events. Such events fre-
quently have a high degree of spatial variability, coupled with
poorly gauged rainfall data. This sets a fundamental limit on the
capacity of any rainfall-runoff model to reproduce the observed
flow. The IHACRES model is a parameterically efficient rainfall-
runoff model that has been applied to a large number of catch-
ments covering a diverse range of climatologies. While originally
designed for more temperate climates, the model has been suc-
cessfully applied to a number of ephemeral streams in Australia.
The recently released Java-based version of IHACRES (Croke
et al., 2005, 2006) includes a modified loss module, as well as
a cross-correlation analysis tool, new fit indicators and visual-
ization tools. Additional advances that will be included in future
releases of the IHACRES model include: an alternative non-linear
loss module which has a stronger physical basis, at the cost of
a slightly more complicated calibration procedure; a baseflow
filtering approach that uses the SRIV algorithm to estimate the
parameter values; a modified routing module that includes the
influence of groundwater losses (subsurface outflow and extrac-
tion of groundwater); and a technique to estimate the response
curve directly from observed streamflow data.

4.1 INTRODUCTION

Successful management of water resources requires qualitative
analysis of the effects of changes in climate and land-use practices
on streamflow and water quality. While expert knowledge can pro-
vide indications of such impacts, detailed analysis requires the use
of mathematical models to separate the water balance dynamically
(at the temporal scale at which the important processes are operat-
ing). This includes separation of incident precipitation into losses
to evapotranspiration, runoff to streams, recharge to groundwa-
ter systems and changes in short-term catchment storages. Some

of the processes which need to be considered are: evapotran-
spiration and feedback to the atmosphere; vegetation dynamics;
groundwater levels and the resulting effect on soil waterlogging
and salinization; reservoir storage capacity reliability; wetland
dynamics; urban runoff; flooding; erosion in crop and pasture
lands, as well as channel erosion and sedimentation; and aquatic
ecosystem functions.

Arid and semi-arid areas tend to be dominated by intense rainfall
events with a high degree of spatial variability. This typically leads
to a rapid response profile, and in areas without weather radar
coverage, poor rain-gauge density prevents accurate estimation of
the rainfall depth and spatial distribution for a particular event.
Further, if only daily rainfall data are available, then calibrating
a rainfall-runoff model at a daily time-step means that most of
the information contained in the hydrograph is not used (note that
runoff here means total streamflow, not just surface runoft).

Another important consideration for calibration of models for
catchments in arid and semi-arid areas is the frequency of events.
Such catchments tend to have fewer streamflow events than catch-
ments in wetter climates. This means that longer calibration peri-
ods are needed in order to reduce the uncertainty in model param-
eters. Otherwise, parameter values will tend to relate more to the
errors in the data, with a significant decrease in performance in
simulation compared with calibration.

4.2 THACRES RAINFALL-RUNOFF
MODEL

4.2.1 Data availability

Typically the available data for catchments (other than heavily
instrumented research catchments) is limited to daily rainfall and
temperature and, in some cases, stream discharge. Thus the math-
ematical representation most often used is a rainfall-runoff model.

Hydrological Modeling in Arid and Semi-Arid Areas, ed. Howard Wheater, Soroosh Sorooshian, and K. D. Sharma. Published by Cambridge University Press.

© Cambridge University Press 2008.
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Figure 4.1 Generic structure of the IHACRES model, showing the
conversion of climate time series data to effective rainfall using the
non-linear module, and the linear module converting effective rainfall to
streamflow time series

Rainfall-runoff models fall into several categories: metric, con-
ceptual, and physics-based models (Wheater et al., 1993). Metric
models are typically the most simple, using observed data (rain-
fall and streamflow) to characterize the response of a catchment.
Conceptual models impose a more complex representation of the
internal processes involved in determining catchment response,
and can have a range of complexity depending on the structure of
the model. Physics-based models involve numerical solution of
the relevant equations of motion.

4.2.2 Model structure

The selection of which model to use should be based on the issue(s)
being investigated and the data available. As more complex ques-
tions are asked, more complex models may be needed to provide
the answers. However, with increasing model complexity comes
the cost of increasing uncertainty in the model predictions. The
IHACRES model is a hybrid conceptual-metric model, using the
simplicity of the metric model to reduce the parameter uncer-
tainty inherent in hydrological models while at the same time
attempting to represent more detail of the internal processes than
is typical for a metric model. Figure 4.1 shows the generic struc-
ture of the IHACRES model. It contains a non-linear loss module
which converts rainfall into effective rainfall (that portion which
eventually reaches the stream prediction point) and a linear mod-
ule which transfers effective rainfall to stream discharge. Further
modules can be added including one that allows recharge to be
an output. The inclusion of a range of non-linear loss modules
within IHACRES increases its flexibility in being used to assess
the effects of climate and land-use change. The linear module
routes effective rainfall to stream through any configuration of
stores in parallel and/or in series. The configuration of stores is
identified from the time series of rainfall and discharge but is typ-
ically either one store only, representing ephemeral streams, or
two in parallel, allowing baseflow or slowflow to be represented
as well as quickflow. Only rarely does a more complex configura-
tion than this improve the fit to discharge measurements (Jakeman
and Hornberger, 1993).

The original structure of the [IHACRES model used an exponen-
tially decaying soil-moisture index to convert rainfall into effective

rainfall. Ye et al. (1997) adapted this model to improve the per-
formance of the model in ephemeral catchments. This involved
introducing a threshold parameter (/) and a non-linear relationship
(power law with exponent parameter p) between the soil-moisture
index and the fraction of rainfall that becomes effective rainfall.
The Ye et al
IHACRES _v2.0, reformulated to enable the mass balance param-

(1997) version has been coded within

eter ¢ (see below) to be estimated from the gain of the transfer
function, and to reduce the interaction between the ¢ and p param-
eters. The effective rainfall #; in the revised model is given by:

ug = el — DIPr, 4.1

where 7y is the observed rainfall, ¢, /, and p are parameters (mass
balance, soil-moisture index threshold and non-linear response
terms, respectively), and ¢, is a soil-moisture index given by:

b =1+ (1 — 1/t)¢i-1. 4.2)
The drying rate 7; is given by:
T = Twexp(0.062 (T, — Tp)), (4.3)

where 7, f, and T, are parameters (reference drying rate, temper-
ature modulation and reference temperature, respectively). This
formulation enables the gain of the transfer function to be directly
related to the value of the parameter ¢, thus simplifying model
calibration. This version of the model is more general than the
version used within the IHACRES_PC model (Littlewood et al.,
1997), which can be recovered by setting parameters / to zero
and p to one (with the soil-moisture index in the original model
given by s; = c¢,;). This version of the non-linear module is
described in detail in Jakeman et al. (1990) and Jakeman and
Hornberger (1993). Examples of studies that have used this ver-
sion of IHACRES (with minor modifications to Equations 4.1
to 4.3) can be found in Hansen er al. (1996), Post and Jakeman
(1999), Schreider et al. (1996), and Ye et al. (1997).

The linear module uses exponentially decaying stores to convert
rainfall (U) into streamflow (Q). For a single exponential store:

Or = —aQy1 + U3, 4.4)

where § is the delay between rainfall and streamflow response, o
is the storage coefficient (determines decay rate of the store), and
B is the fraction of effective rainfall that appears as streamflow in
the current time-step. IHACRES _v2.0 uses a second-order transfer
function to represent the unit hydrograph response curve, which
can be written as:

b0+b1271 +b2272
Or = -1 )
1l+aiz7' 4+ ayz

Us-s, 4.5

where z is the timestep operator (z~! produces a one step shift
backwards in time) and a; and b; are fitted parameters and are
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related to the coefficients in Equation (4.4):

a; = oq + s,

a = ag,

bi = Bi+ By + B,

by = Biag + as) + Byas + Bsag,
by = Biagas,

(4.6)

where the subscripts refer to instantaneous (i), quick (q) and slow
(s) components. The volume (V) of each component is given by:

B, _ b

Vo= = ,
q Tl 4y

e

Vi = Bi “.7
with the sum of the volumes of all components equalling one by
definition.

4.2.3 Regionalization

Various versions of the IHACRES model have also been used to
address regionalization issues (Post and Jakeman, 1996; Sefton
and Howarth, 1998; Kokkonen et al., 2003). These issues require
methods for estimating the parameters of models from inde-
pendent means such as landscape attributes rather than directly
from rainfall-discharge time series. The parametric efficiency of
THACRES (often about six parameters) lends itself to regionaliza-
tion problems, making it easier than complex models to relate its
parameters to landscape attributes. The IHACRES model is one
of the models to be used by the Top-Down Modelling Working
Group (Littlewood et al., 2003) operating as part of the Prediction
in Ungauged Basins initiative of the International Association of
Hydrological Sciences (http://cee.uiuc.edu/research/pub/).

4.3 NEW VERSION OF ITHACRES

There are a number of reasons for the development of a Java-based
version of the rainfall-runoff model IHACRES. This includes sev-
eral recent developments in the model, particularly with respect
to the non-linear loss module. One such modification is the devel-
opment of a catchment-moisture deficit (CMD) accounting sys-
tem that enables a more process-based determination of the par-
titioning of rainfall to discharge and evapotranspiration (Croke
and Jakeman, 2004). Other enhancements include simulating the
effects of retention storages such as farm dams on stream dis-
charge (Schreider et al., 1999) as well as the interaction between
groundwater recharge and streamflow by linking a physics-based
groundwater discharge model (Sloan, 2000) with the IHACRES
model (Croke et al., 2002). The groundwater version of the model
was used to assess groundwater recharge in the Jerrabomberra
Creek catchment, ACT (Croke et al., 2001). These developments
have improved the potential of IHACRES to model the effects

of land use-change on catchment response (e.g., Dye and Croke,
2003), as well as inferring the hydrological response of ungauged
catchments.

Further advances in the IHACRES model have been made
in the method of calibration. In addition to the current simple
refined instrumental variable (SRIV) method of parameter esti-
mation (e.g., Jakeman et al., 1990), a method based on estimat-
ing hydrographs directly from streamflow data without the need
for rainfall data has been developed (Croke, 2004). This enables
higher-resolution streamflow data to be used, reducing the loss of
information that occurs when data are binned to a daily time-step.
In addition, this calibration method reduces the number of param-
eters that need to be estimated within the model, thus reducing the
parameter uncertainty, while at the same time reducing the time
required to calibrate the model.

In order to visualize data such as inputs and model out-
puts, the new Java-based version of IHACRES makes use of
the VisAD library. VisAD (Hibbard, 1998) is a Java component
library for interactive visualization and analysis of numerical data.
The library is available under the Lesser General Public License
(LGPL), which allows the library to be used in commercial appli-
cations so long as certain conditions are satisfied. Using VisAD it
has been possible to create very sophisticated interactive visual-
izations of data within IHACRES _v2.0 with a minimum amount
of effort. The visualization of data is very important for the cali-
bration and interpretation of models like IHACRES_v2.0, where
itis necessary for users to be able to view effective representations
of data in order to make appropriate decisions.

A number of changes have been made to the objective functions
used in [HACRES_v2.0. The lag 1 correlation coefficients U1 (cor-
relation coefficient of the lagged effective rainfall and model error)
and X1 (correlation coefficient of the lagged modelled streamflow
and the model error) have been normalized correctly (e.g., a value
of +1 corresponds to perfect correlation) to aid in interpretation
of these values. Also, a number of objective functions have been
added. These are based on the Nash—Sutcliffe model efficiency
indicator:

2 (Qoi = Omi)?
N Z(Qo,i - 60)2 ’

with the observed flow Q,, and modelled flow Qy, replaced with

R>=1 (4.8)

the square root (R2_sqrt), logarithm (R2_log) and inverse (R2_inv)
of the flow. These objective functions are progressively less biased
to peak flows, and more to low flows. In arid and semi-arid catch-
ments, the best objective function is likely to be R2_sqrt as there
is rarely a baseflow component in these catchments.

To avoid numerical errors with the logarithmic and inverse ver-
sions, the 90 % flow exceedence value (ignoring time-steps with no
flow) was added to Q,. These shift the weighting of the objective
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Figure 4.2 Ratio of rainfall to potential evaporation across Australia

(rainfall and potential evaporation data from the National Land and
Water Resources Audit database (http://adl.brs.gov.au/ADLsearch/).
Circles indicate approximate locations of the catchments used in this
report: Canning River (1), Mooki River and Coxs Creek (2), and
Broughton River (3)

function progressively from the flow peaks to low flows. The loga-
rithmic form, for example, gives a fairly uniform weighting to high
and low flows, while the inverse version is heavily biased towards
low flows. Subsequently, for studies focused on flood peaks, the
traditional Nash—Sutciffe efficiency should be preferred. How-
ever, where simulating low flows are important (e.g., ecological
impacts, estimating availability of water for irrigation), the log-
arithmic or inverse forms of the efficiency indicator should be
preferred.

4.4 APPLICATION OF THE MODEL TO
AUSTRALIAN CATCHMENTS

A significant fraction of Australia is classed as arid or semi-arid
(see Fig. 4.2). Catchments from three different climatic regions
are presented here: The Canning River in Western Australia, the
Liverpool Plains region of the Namoi River catchment in northern
NSW, and the Burdekin River catchment in northern Queensland.

4.4.1 Canning River

The Canning River is a tributary of the Swan River, and is located
southeast of Perth in Western Australia (see Fig. 4.2). Data for
the gauge at Scenic Drive (616024) have been used to test the
IHACRES model. This gauge is upstream of Canning Dam, and
has a contributing area of 517 km?. The data consist of daily
rainfall (P), streamflow (Q) and potential evaporation (PE) cov-
ering the period from January 1, 1977 to December 31, 1987,

with all data expressed in mm. The catchment has a Mediter-
ranean climate, with about 80 % of the rainfall occurring between
May and October. The river is ephemeral, with no flow approx-
imately 54 % of the time. For the 11 years from 1978 to 1987,
the mean annual rainfall was 890 mm, the runoff coefficient was
1.8 % and ratio of rainfall to potential evaporation was 0.64
(using the National Land and Water Resources Audit database
http://adl.brs.gov.au/ADLsearch/, the ratio of rainfall to potential
evaporation was 0.57). Thus, while the catchment is ephemeral,
it is just above the threshold for being classed as semi-arid (semi-
arid catchments are defined as having P/PE values between 0.2
and 0.5).

The catchment was calibrated on a five-year period from
January 1, 1978 to December 31, 1982 (see Fig. 4.3) using the
modified Ye et al. (1997) non-linear loss module (Equations 4.1
to 4.3). Since a time series of potential evaporation was used for
the variation in the drying rate (rather than the more usual tem-
perature), the reference temperature was set to zero. Calibration
runs showed that the model was unable to reproduce the observed
flows if the threshold parameter (/) was fixed at zero, and the
non-linearity parameter (p) fixed at one. Introducing the thresh-
old parameter resulted in a considerable improvement in the model
fit, with R? values reaching 0.93 for the calibration period. The
calibrated parameter values selected based on the R2_log objective
function are shown in Table 4.1.

The calibrated model gave objective function values: R? =
0.90, R2_sqrt = 0.93, R2_log = 0.95 and R2_inv = 0.93 for the
calibration period. For the remainder of the data, the simulated val-
ues for the objective functions were R?=0.87, R2_sqrt = 0.95,
R2_log = 0.97 and R2_inv = 0.96. This shows that, except for the
R? objective function, the model performed slightly better in the
simulation period than in the calibration period. Analysis of the
statistics for individual years shows that the model performed very
poorly in 1980 (R? = 0.22) and poorly in 1987 (R? = 0.55). All
other years gave R? values of greater than or equal to 0.84 with
the exception of 1977 (R? = 0.79) and 1979 (R? = 0.72).

4.4.2 Namoi River catchments

The Liverpool Plains region of the Namoi River catchment is
located in northern NSW, Australia (see Fig. 4.2). This area is
semi-arid, with a ratio of P/PE of between 0.4 and 0.5 for most of
the area (except for the Liverpool Range to the south). The main
rivers in the region are the Mooki River and Coxs Creek, which
drain north from the Liverpool Ranges to the Namoi River.

GAUGE 419034
This gauge is located on the Mooki River at Caroona, and cor-
responds to a catchment area of 2540km?. The catchment was
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Figure 4.3 Observed and modelled flows for the Canning River at
Scenic Drive (gauge 616024)

calibrated on a five-year period from January 1, 1981 to Decem-
ber 31, 1985 (see Fig. 4.4) again using the modified Ye et al. (1997)
non-linear loss module. The calibrated parameter values selected
based on the R2_sqrt objective function are shown in Table 4.1.
For the calibration period, the model yielded objective func-
tion values of: RZ = 0.88, R2_sqrt = 0.70, R2_log = 0.58 and
R2_inv = —0.44, showing the poor performance in simulating the
low flows in this catchment. For the remainder of the data, the val-
ues for the objective functions were R?2=0.71, R2_sqrt = 0.77,

Table 4.1 Calibrated parameter values for all catchments (note
only ty, f, 1 and o were free parameters)

Parameter 616024 419034 419032 120014
c 0.000284 0.002896 0.002465 0.001114
ty 162 42 42 22

f 2 1 1.5 0.5

Tret 0 20 20 20

l 300 100 100 50

p 1 1 1 1

a —-0.793 —0.323 —0.389 —0.125
14 1 1.744 1 1
Calibration period

R? 0.90 0.88 0.86 0.76
R2_sqrt 0.93 0.70 0.86 0.82
R2_log 0.95 0.58 0.77 0.90
R2_inv 0.93 —0.44 0.39 0.91
Simulation period

R? 0.87 0.71 0.59 0.72
R2_sqrt 0.95 0.77 0.65 0.78
R2_log 0.97 0.54 0.82 0.87
R2_inv 0.96 —2.99 0.71 0.89

R2_log = 0.54 and R2_inv = —2.99. Thus the model performed
slightly better in the simulation period in terms of the R2_sqrt and
R2_log objective functions. Analysis of the statistics for individ-
ual years shows that the model performed extremely poorly in 8
out of 20 years, with negative R? values being recorded. This was
balanced with 8 out of the remaining 14 years yielding R? values
greater than or equal to 0.69.

GAUGE 419052

This gauge is located on the Coxs Creek at Mullaley, and has a
catchment area of 2370 km?. The calibration period selected was
January 1, 1974 to December 31, 1978 (5 years), with the data
record extending from December 3, 1972 to January 31, 1989 (a
little over 16 years, see Fig. 4.5). The calibrated parameter values
were selected based on the R2_sqrt objective function, and are
shown in Table 4.1.

For the calibration period, the model yielded objective func-
tion values of: R? = 0.86, R2_sqrt = 0.86, R2_log = 0.77, and
R2_inv = 0.39, showing better performance in simulating the low
flows in this catchment compared with gauge 419034. For the
remainder of the data, the values for the objective functions were
R? =0.59, R2_sqrt = 0.65, R2_log = 0.82 and R2_inv = 0.71.
Thus the model performed slightly better in simulating the low
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Figure 4.4 Observed and modelled flow for Mooki River (gauge
419034)

flows for the simulation period (R2_log and R2_inv objective func-
tions). Analysis of the statistics for individual years shows that
the model performed extremely poorly in 7 out of 16 years (some
of the driest years in the data), with negative R> values being
recorded. There were four years with R? values greater than 0.66,
three of these in the calibration period.

The poor R2_inv value for both catchments is a result of not
including a slow-flow component in the model. This is evident in
the log plots in Figs. 4.4 and 4.5. While these catchments have a
slow-flow component, it is not easily identifiable with the param-
eter estimation method used here. For gauge 419052, the intermit-
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Figure 4.5 Observed and modelled flow for Coxs Creek (gauge 419052)

tent nature of the slow-flow component is another problem that
needs to be addressed.

4.4.3 Burdekin River

The Burdekin River is a large (approximately 130000km?)
coastal catchment in northern Queenland (see Fig. 4.2). The
catchment has a dry tropical climate, with rainfall dominated by
high intensity events. The data used here is for gauge 120014
(Broughton River at Oak Meadows, area 181km?). The data
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Figure 4.6 Observed and modelled flow for Broughton River (gauge
120014).

extend from November 8, 1970 to December 31, 1987. They
consist of rainfall (mm), streamflow (cumecs), and temperature
(°C). The mean annual rainfall from 1/1/1980 to 31/12/1999 was
590 mm, and ratio of rainfall to potential-evaporation was 0.32
(derived from rainfall and potential evaporation surfaces obtained
from the National Land and Water Resources Audit database
http://adl.brs.gov.au/ADLsearch/).

For the calibration period, the model yielded objective func-
tion values of: RZ = 0.76, R2_sqrt = 0.82, R2_log = 0.90 and
R2_.inv = 0.91, showing better performance in simulating the

low flows in this catchment compared with the gauges in the
Namoi River catchment (see Fig. 4.6). For the remainder of
the data, the values for the objective functions were R?2=0.72,
R2_sqrt = 0.78, R2_log = 0.87, and R2_inv = 0.89. This is the
result of the lack of any baseflow component in this catchment.
Analysis of the statistics for individual years shows that the model
performed extremely poorly in 2 out of 17 years (some of the driest
years in the data), with negative R? values being recorded. There
were seven years with R? values greater than 0.6, three of these in
the calibration period.

4.5 CONCLUSION

The IHACRES_v2.0 software is a considerable enhancement of
the IHACRES _PC software. The software can be used on any plat-
form that has the appropriate Java runtime environment. In addi-
tion, the functionality of the software has been increased through
the inclusion of additional non-linear modules and alternative cal-
ibration techniques, as well as improved visualization of data and
modelled results. The model can be applied to arid and semi-arid
catchments, though the length of the calibration period should
be increased to accommodate the lower frequency of streamflow
events.
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5.1 INTRODUCTION

This chapter describes the conceptual model, mathematical model,
and numerical methods underpinning the Kinematic Runoff and
Erosion Model, KINEROS?2. The performance of KINEROS2 and
its numerous components has been evaluated in numerous studies,
which were described in detail by Smith ez al. (1995a). Here we
provide an overview of the geospatial interface for KINEROS2,
including data requirements and the major steps and methods
used to derive model inputs. An example is provided illustrating
how KINEROS2 can be used via AGWA for multi-scale water-
shed assessment. We conclude with a description of current and
planned research and development that is designed to improve
both KINEROS2 and AGWA and their usability for environmen-
tal management and planning.

5.1.1 KINEROS2

KINEROS?2 is a distributed, physically based, event model
describing the processes of interception, dynamic infiltration, sur-
face runoff, and erosion from watersheds characterized by pre-
dominantly overland flow. The watershed is conceptualized as
a cascade of planes and channels, over which flow is routed in
a top-down approach using a finite difference solution of the
one-dimensional kinematic wave equations. KINEROS2 may be
used to evaluate the effects of various artificial features such as
urban developments, detention reservoirs, circular conduits, or
lined channels on flood hydrographs and sediment yield.
KINEROS?2 originated at the US Department of Agriculture
(USDA) Agricultural Research Service’s (ARS) Southwest Water-
shed Research Center (SWRC) in the late 1960s as a model that
routed runoff from hillslopes represented by a cascade of one-
dimensional overland-flow planes contributing laterally to chan-
nels (Woolhiser, et al., 1970). Rovey (1974) coupled interactive
infiltration to this model and released it as KINGEN (Rovey

etal., 1977). After significant validation using experimental data,
KINGEN was modified to include erosion and sediment trans-
port as well as a number of additional enhancements, resulting in
KINEROS (KINematic runoff and EROSion), which was released
in 1990 (Woolhiser et al., 1990) and described in some detail
by Smith et al. (1995a). Subsequent research with, and appli-
cation of, KINEROS has led to additional model enhancements
and a more robust model structure, which have been incorpo-
rated into the latest version of the model: KINEROS2 (hereafter
referred to as K2). K2 is open-source software that is distributed
freely via the Internet, along with associated model documentation
(www.tucson.ars.ag.gov/kineros).

5.1.2 AGWA

A geographic information system (GIS) user interface for K2,
the Automated Geospatial Watershed Assessment (AGWA) tool,
facilitates parameterization and calibration of the model. AGWA
uses internationally available spatial datasets to delineate the
watershed, subdivide it into model elements, and derive all nec-
essary parameter inputs for each model element. AGWA also
enables the spatial visualization and comparison of model results,
and thus permits the assessment of hydrologic impacts asso-
ciated with landscape change. The utilization of a GIS fur-
ther provides a means of relating model results to other spatial
information.

Spatially distributed data are required to develop inputs for K2,
and the subdivision of watersheds into model elements and the
assignation of appropriate parameters are both time-consuming
and computationally complex. To apply K2 on an operational
basis, there was thus a critical need for automated procedures that
could take advantage of widely available spatial datasets and the
computational power of geographic information systems (GIS).
The AGWA GIS interface for K2 was developed in 2002 (Miller
et al., 2002) by the USDA-ARS, US Environmental Protection
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Walnut Gulch Subwatershed No. 11 showing the watershed boundary
and primary channel network (the pond catchment is a noncontributing area).

The minimum representation required
to support the channel network

2

Overland Flow Element
Channel Element

0 1km
[—

Recording Raingauge O
Contour Interval = 10m

Model system consisting of rectangular overland
flow planes contributing to a network of trapezoidal
open channel segments

Figure 5.1 Illustration of how topographic data and channel network topology is abstracted into the simplified geometry defined by K2 model

elements. Note that overland-flow planes are dimensioned to preserve average flow length, and therefore planes contributing laterally to channels

generally do not have widths that match the channel length.

Agency (EPA) Office of Research and Development (ORD), and
the University of Arizona (UA) to address this need.

AGWA is an extension for the Environmental Systems Research
Institute’s ArcView versions 3.X (ESRI, 2001), a widely used
and relatively inexpensive PC-based GIS software package (trade
names are mentioned solely for the purpose of providing spe-
cific information and do not imply recommendation or endorse-
ment by the US EPA or USDA). The GIS framework of AGWA
is ideally suited for watershed-based analysis in which land-
scape information is used for both deriving model input, and
for visualization of the environment and modelling results.
AGWA is distributed freely via the Internet as a modular,
open-source suite of programs (www.tucson.ars.ag.gov/agwa or
www.epa.gov/nerlesd1/land-sci/agwa).

5.2 KINEROS2 MODEL DESCRIPTION

5.2.1 Conceptual model elements

In K2, the watershed being modelled is conceptualized as a col-
lection of spatially distributed model elements, of which there

can be several types. The model elements effectively abstract the
watershed into a series of shapes, which can be oriented so that
one-dimensional flow can be assumed. A typical subdivision, from
topography to model elements, of a small watershed in the USDA-
ARS Walnut Gulch Experimental is illustrated in Fig. 5.1. Further
subdivision can be made to isolate hydrologically distinct portions
of the watershed if desired (e.g., large impervious areas, abrupt
changes in slope, soil type, or hydraulic roughness, etc.). As cur-
rently implemented, the computational order of the K2 model sim-
ulation must proceed from upslope/upstream elements to down-
stream elements. This is required to ensure that upper boundary
conditions for the element being processed are always defined.
Attributes for each of the model-element types are summarized
in Table 5.1, and followed by more detailed descriptions in the
text.

5.2.1.1 OVERLAND-FLOW ELEMENTS

Overland-flow elements are abstracted as regular, planar, rect-
angular surfaces with uniform parameter inputs. Non-uniform
surfaces, such as converging or diverging contributing areas, or
major breaks in slope, may be represented using a cascade of
overland-flow elements, each with different parameter inputs.
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Table 5.1 KINEROS2 model-element types and attributes

Model element type Attributes

Overland flow
widths, and slopes; microtopography

Urban overland Mixed infiltrating/impervious with
runoff-runon

Channels Simple and compound trapezoidal

Detention Structures Arbitrary shape, controlled outlet —
discharge f (stage)

Culverts Circular with free surface flow

Injection Hydrographs and sedigraphs injected from
outside the modelled system, or from a

point discharge (e.g., pipe, drain)

Planes; cascade allowed with varied lengths,

Microtopographic relief on upland surfaces can be represented by
specifying the microtopographic relief height and mean spacing.

5.2.1.2 URBAN ELEMENTS

The urban element represents a composite of up to six overland-
flow areas (Fig. 5.2), including various combinations of pervious
and impervious surfaces contributing laterally to a paved,
crowned street. This model element was originally conceived
as a single residential or commercial lot; however, a contiguous
series of similar lots along the same street can be combined into
a single urban element. The aggregate model representation is
offered instead of attempting to describe each roof, driveway,
lawn, sidewalk, etc., as individual model elements. The urban
element can receive upstream inflow (into the street), but not
lateral inflow from adjacent urban or overland-flow elements. The
relative proportions of the six overland-flow areas are specified
as fractions of the total element area. It is not required to have
all six types, but intervening connecting areas must be present
if the corresponding indirectly connected area is specified. The
element is modelled as rectangular.

5.2.1.3 CHANNEL ELEMENTS
Channels are defined by two trapezoidal cross-sections at the
upstream and downstream ends of each reach. Geometric and

hydrologic parameters can be uniform, or vary linearly along a
reach. If present, base flow can be represented with a constant
inflow rate. Compound trapezoidal channels (Fig. 5.3) can be rep-
resented as a parallel pair of channels, each with its own hydraulic
and infiltrative characteristics. For each channel, the geometric
relations for cross-sectional area of flow A and wetted perimeter P
are expressed in terms of the same depth, 4, whose zero value cor-
responds to the level of the lowermost channel segment (Fig. 5.3).
Note that the wetted perimeters do not include the interface where
the two sections join, i.e., this constitutes a frictionless boundary
(dotted vertical line). There is no need to explicitly account for
mass transfer between the two channels, as it is implicit in the
common depth (level water surface) requirement. However, for
exchange of suspended sediment, a net transfer rate ¢g; is recov-
ered via a mass balance after computation of / at the advanced
time-step.

5.2.1.4 POND ELEMENTS

In addition to surface and channel elements, a watershed may
contain detention storage elements, which receive inflow from
up to ten upstream elements and two lateral elements and produce
outflow from an uncontrolled outlet structure. This type of element
can be used to represent a pond, or a flume or other flow-measuring
structure with backwater storage. User-defined rating information
isrequired to parameterize these elements. Infiltration, or seepage,
is computed using a constant, user-defined saturated hydraulic
conductivity.

5.2.1.5 CULVERT ELEMENTS

In an urban environment, circular conduits must be used to repre-
sent storm sewers. To apply the kinematic model, there must be no
backwater, and the conduit is assumed to maintain free surface-
flow conditions at all times — there can be no pressurization. A
schematic drawing of a partially full circular section is shown
in Fig. 5.4. There is assumed to be no lateral inflow. The upper
boundary condition is a specified discharge as a function of time.
No infiltration is computed for culvert elements.

Figure 5.2 Diagram illustrating the layout of an urban element and all six possible contributing areas.
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Figure 5.3 Diagram illustrating basic compound channel cross-section geometry
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Figure 5.4 Diagram illustrating basic culvert geometry

5.2.1.6 INJECTION ELEMENTS

Injection elements provide a convenient means of introducing
water and sediment from sources other than rainfall-derived runoff
or base flows. Examples would include effluent from water treat-
ment or industrial sources, or agricultural return flows. Data are
provided as a text file listing time (min) and discharge (m>/s) pairs
plus up to five columns of corresponding sediment concentrations
by particle class.

5.2.2 Mathematical and numerical model

5.2.2.1 RAINFALL

Rainfall data are entered as time-accumulated depth or time-
intensity breakpoint pairs. A time—depth pair simply defines the
total rainfall accumulated up to that time. A time—intensity pair
defines the rainfall rate until the next data pair. If data are avail-
able as time—depth breakpoints, there is no advantage in converting
them to intensity as the program must convert intensity to accu-
mulated depth. Rainfall is modelled as spatially uniform over each
element, but varies between elements if there is more than one rain
gauge.

The spatial and temporal variability of rainfall is expressed by
interpolation from rain gauge locations to each plane, pond or
urban element (and optionally channels). An element’s location is
represented by a single pair of x, y coordinates, such as its aerial
centroid. The interpolator attempts to find the three closest rain

gauges that enclose the element’s coordinates. If such a configura-
tion does not exist, it looks for the two closest gauges for which the
element’s coordinates lie within a strip bounded by two (parallel)
lines that pass through the gauge locations and are perpendicular
to the line connecting the two points. Finally, if two such points
do not exist, the closest gauge alone is used.

If three points are used for the interpolation, the depth at any
breakpoint time is represented by a plane passing through the
depths above the three points for a given time-step, and the inter-
polated depth for the element is the depth above its coordinates
(Fig. 5.5). For two points, a plane is defined by the two parallel
lines, which are considered to be lines of constant depth.

Once the configuration is determined and the spatial interpo-
lating coefficients are computed, an extended set of breakpoint
times is constructed as the union of all breakpoint times from the
two or three gauges. Final breakpoint depths are computed using
the extended set of breakpoint times, interpolating depths within
each set of gauge data when necessary. If initial soil saturation is
specified in the rainfall file, it will be interpolated using the same
spatial interpolation coefficients.

5.2.2.2 INTERCEPTION

As implemented in K2, interception is the portion of rainfall that
initially collects and is retained on vegetative surfaces. The effect
of interception is controlled by two parameters: the interception
depth and the fraction of the surface covered by intercepting
vegetation. The interception-depth parameter reflects the average
depth of rainfall retained by the particular vegetation type or
mixture of vegetation types present on the surface. Rainfall rate
is reduced by the cover fraction (i.e., a cover fraction equal to
0.50 gives a 50 % reduction) until the amount retained reaches
the interception depth.

5.2.2.3 INFILTRATION
The conceptual model of soil hydrology in K2 represents a soil of
either one or two layers, with the upper layer of arbitrary depth,
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Figure 5.5 Diagrammatic representation of the K2 rainfall interpolation procedure

exhibiting log-normally distributed values of saturated hydraulic
conductivity, Ks. The surface of the soil exhibits microtopographic
variations that are characterized by a mean micro-rill spacing and
height. This latter feature is significant in the model, since one of
the important aspects of the K2 hydrology is an explicit interaction
of surface flow and infiltration. Infiltration may occur from either
rainfall directly on the soil or from ponded surface water created
from previous rainfall excess. Also involved in this interaction, as
discussed below, is the small-scale random variation of Kg. All of
the facets of K2 infiltration theory are presented in much greater
detail in Smith et al. (2002).

Basic infiltrability

Infiltrability, f;, is the rate at which soil will absorb water (verti-
cally) when there is an unlimited supply at the surface. Infiltration
rate, f, is equal to rainfall, r(¢), until this limit is reached. K2
uses the Parlange 3-Parameter model for this process (Parlange et
al., 1982), in which the models of Green and Ampt (1911) and
Smith and Parlange (1978) are included as the two limiting cases.
A scaling parameter, y, is the third parameter in addition to the
two basic parameters Ks and capillary length scale, G. Most soils
exhibit infiltrability behavior intermediate to these two models,
and K2 uses a weighting “y” value of 0.85. The state variable
for infiltrability is the initial water content, in the form of the soil
saturation deficit, GAO;, defined as the saturated water content
minus the initial water content. In terms of these variables, the

basic model is:

4

fe=Ks |1+ 5.1

ex 1 —1
P\Gas

The K2 infiltration model employs the infiltrability depth approx-
imation (IDA) from Smith et al. (2002) in which f; is described
as a function of infiltrated depth /. This approach derives from the
“time compression” approximation earlier suggested by Reeves
and Miller (1975): time is not compressed, but / is a surrogate for
time as an independent variable. This form of infiltrability model
eliminates the separate description of ponding time and the decay
of f after ponding.

Small-scale spatial variability

The infiltrability model of K2 incorporates the coefficient of vari-
ation of K, CVk, as described by Smith and Goodrich (2000).
Assuming that Kg is distributed log-normally, there will for all
normal values of rain intensity r be some portion of the surface
for which r < Kg. Thus for that area there will be no potential
runoff. Smith and Goodrich (2000) simulated ensembles of dis-
tributed point infiltration and arrived at a function for infiltrability
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Figure 5.6 Graph showing a comparison of the infiltrability function
with and without consideration of randomly varying K

which closely describes this ensemble infiltration behavior:

—1/c

fo=14@e—1) {1 + [@(e“ﬁ — 1)] } ,

rex>1,

(5.2)
in which f.+ and r.+ are infiltrability and rain rate scaled on the
ensemble effective asymptotic K value. This effective ensemble
K. is the appropriate Kg parameter to use in the infiltrability func-
tion for an ensemble, and is a function of CV and r.+; the ratio of
r to ensemble mean of Kg defined as £(K'). Smith and Goodrich
(2000) describe how effective K. drops significantly below &(K)
for low relative rain rates and high relative values of CVy.

Equation (5.2) also scales / by the parameter pair GAf;.
The additional parameter ¢ is a function only of CVk and the
value of r. There is evidence in watershed runoff measurements
(Smith and Goodrich, 2000) that this function is more appropri-
ate for watershed areas than the basic (uniform Ks) relation of
Equation (5.1). Figure 5.6 compares Equation (5.2) for CVg = 0.8
to Equation (5.1), in which CV is implicitly zero. Note that Equa-
tion (5.2) does not have a ponding point, but rather exhibits a
gradual evolution of runoff, and thus Equation (5.2) describes
infiltration rate rather than infiltrability.

Infiltration with two-layer soil profiles

For a soil with two layers, either layer can be flow limiting and
thus can be the infiltration control layer, depending on the soil
properties, thickness of the surface layer, and the rainfall rate.
There are several possibilities, most of which have been discussed
by Corradini et al. (2000) and Smith et al. (1993). K2 attempts to
model all cases in a realistic manner, including the redistribution

of soil water during periods when r is less than K and thus runoff
is not generated from rainfall.

Upper soil control: For surface soil layers that are sufficiently
deep, this case [r > Kg;] resembles a single soil profile. However,
when the wetting front reaches the layer interface, the capillary
drive parameter and the effective value of Kg for Equation (5.1)
must be modified. The effective parameters for this case were dis-
cussed by Smith (1990). The effective Ks parameter, K4, is found
by solving the steady unsaturated flow equation with matching
values of soil capillary potential at the interface.

Lower soil control: When the condition Kg; > r > Ks; occurs,
the common runoff mechanism called saturation runoff may occur.
K2 treats the limitation of flow through the lower soil by applica-
tion of Equation (5.1) or (5.2) to flow through the layer interface,
and when that water which cannot enter the lower layer has filled
the available pore space in the upper soil, runoff is considered
to begin. The available pore space in the upper soil is the initial
deficit A6,; less rainwater in transit through the upper soil layer.
For reasonably deep surface-soil layers, it is possible for control
to shift from the lower to the upper if the rainfall rate increases to
sufficiently exceed K before the surface layer is filled from flow
limitations into the lower layer.

An example of runoff generation from single and two-layer soil
profiles is illustrated in Fig. 5.7. Note that in both profiles the top
soils have identical porosity and saturated hydraulic conductivity.
The shallow top layer in the two-layer case has significantly less
available pore space to store and transmit infiltrated water to the
lower, less permeable, soil layer. The burst of rainfall occurring
at roughly 850 minutes into the event produces identical Hor-
tonian runoff from both profiles for approximately 40 minutes.
The upper soil layer is controlling in both profiles and runoff is
produced by infiltration excess. The long, low-intensity period of
rainfall between 950 and 1850 minutes is fully absorbed by both
soil profiles, but is effectively filling the available pore space in
the shallow upper layer of the two-layer profile. When the rain-
fall intensity increases at approximately 1850 minutes to around
5 mm/hr (r < Kg of the upper soil layer), runoff is generated
from the shallow profile as the lower soil layer in the two-layer
systems is now controlling and runoff generation occurs via satu-
ration excess. The single layer profile again generates runoff via
infiltration excess when the rainfall intensity increases (at ~2010
minutes) above the infiltrability of the soil.

Redistribution and initial wetting

Rainfall patterns of all types and rainfall rates of any value should
be accommodated realistically in a robust infiltration model. This
includes the effect on runoff potential of an initial storm period
of very low rainfall rates, and the reaction of the soil infiltrabil-
ity to periods within the storm of low or zero rainfall rates. K2
simulates the wetting-zone changes due to these conditions with
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Figure 5.7 Graph of computed runoff rate for simulations based on one- and two-layer soil profiles illustrating infiltration- and saturation-excess

runoff generation

an approximation described by Smith ez al. (1993) and Corradini
et al. (2000). Briefly, the wetting profile of the soil is described
by a water-balance equation in which the additions from rainfall
are balanced by the increase in the wetted zone value of two and
the extension of the wetted zone depth due to the capillary drive
of the wetting front. The soil wetted shape is treated as a simi-
lar shape of depth Z with volume 3Z(A6y — Af;), where 3 is a
constant scale factor defined in Smith et al. (1993). Space does
not permit detailed description here, but the method is applicable
to prewetting of the soil as well as the decrease in A6 during a
storm hiatus. It is also applicable, with modification, to soils with
two layers.

5.2.2.4 OVERLAND FLOW

The appearance of free water on the soil surface, called ponding,
gives rise to runoff in the direction of the local slope (Fig. 5.8).
Rainfall can produce ponding by two mechanisms, as outlined
in the infiltration section. The first mechanism involves a rate of
rainfall, which exceeds the infiltrability of the soil at the surface.
The second mechanism is soil filling, when a soil layer deeper
in the soil restricts downward flow and the surface layer fills its
available porosity. In the first mechanism, the surface-soil water-
pressure head is not more than the depth of water, and decreases

rainfall

R
FN}/Q

length
infiltration

Figure 5.8 Definition sketch for overland flow

with depth, while in the second mechanism, soil water-pressure
head increases with depth until the restrictive layer is reached.
Viewed at a very small scale, overland flow is an extremely
complex three-dimensional process. At a larger scale, however, it
can be viewed as a one-dimensional flow process in which flux is
related to the unit area storage by a simple power relation:

0 =ah™, (5.3)

where Q is discharge per unit width and / is the storage of water
per unit area. Parameters o and m are related to slope, surface
roughness, and flow regime. Equation (5.3) is used in conjunction
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with the equation of continuity:

oh 00
PP q(x, 1), (5.4
where ¢ is time, x is the distance along the slope direction, and ¢
is the lateral inflow rate. For overland flow, Equation (5.3) may be
substituted into Equation (5.4) to obtain:
ah m_1 0N
m +amh PP
By taking a larger-scale, one-dimensional approach it is assumed

=q(x,t). (5.5)

that Equation (5.5) describes normal flow processes; it is not
assumed that overland-flow elements are flat planes characterized
by uniform depth sheet flow.

The kinematic-wave equations are simplifications of the de
Saint Venant equations, and do not preserve all of the properties
of the more complex equations, such as backwater and diffusive-
wave attenuation. Attenuation does occur in kinematic routing
from shocks or from spatially variable infiltration. The kinematic
routing method, however, is an excellent approximation for most
overland-flow conditions (Woolhiser and Liggett, 1967; Morris
and Woolhiser, 1980).

Boundary conditions

The depth or unit storage at the upstream boundary must be spec-
ified to solve Equation (5.5). If the upstream boundary is a flow
divide, the boundary condition is

h(0,1)=0. (5.6)

If another surface is contributing flow at the upper boundary, the
boundary condition is

oW 5.7

where subscript u refers to the upstream surface, W is width and
L is the length of the upstream element. This merely states an
equivalence of discharge between the upstream and downstream

1
ho(L, t)" Wy ™
RO, 1) = |:Olu u( ) ui| 7

elements.

Recession and microtopography
Microtopographic relief can play an important role in determin-
ing hydrograph shape (Woolhiser ez al., 1997). The effect is most
pronounced during recession, when the extent of soil covered by
the flowing water determines the opportunity for water loss by
infiltration. K2 provides for treatment of this relief by assuming
the relief geometry has a maximum elevation, and that the area
covered by surface water varies linearly with elevation up to this
maximum (Fig. 5.9). The geometry of microtopography is com-
pleted by specifying a relief scale, which geometrically represents
the mean spacing between relief elements.

Given the conceptual relation presented in Figure 5.9, the effec-
tive mean hydraulic depth, Ay, is computed as the cross-sectional
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Figure 5.9 Graph showing the assumed relation of covered surface area
to scaled mean water depth. Parameter /. is the microtopographic relief
height and d is the mean microtopographic spacing.
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area of flow divided by the width of the element. The relation here
is scaled, and the maximum topographic relief, /., is a parameter
that can be user-defined. Infiltration from the portion of the sur-
face covered by water proceeds at the infiltrability rate, and the
remaining area will have a value of f determined by the rainfall
rate. Thus infiltration proceeds during receding flows depending
on the microtopography.

Numerical solution
KINEROS?2 solves the kinematic-wave equations using a four-
point implicit finite difference method. The finite difference form
for Equation (5.5) is
. . . . 2At X . m
i+1 i i+1 i+1 [ 7i+1
i = Wi+ — b+ E[QW [O‘m (hj+1)
i+ pirr\" i PN i\
) T (=) () 1))
— At(Gj+1 +4;) =0, (5.8)
where 6, is a weighting parameter (usually 0.6 to 0.8) for the x

derivatives at the advanced time-step. The notation for this method
is shown in Fig. 5.10.
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A solution is obtained by Newton’s method (sometimes referred
to as the Newton—Raphson technique). While the solution is
unconditionally stable in a linear sense, the accuracy is highly
dependent on the size of Ax and At values used. The difference
scheme is nominally of first-order accuracy.

Roughness relationships
Two options for o and m in Equation (5.5) are provided in K2:

(1) The Manning hydraulic resistance law may be used. In this
option

S

a=149— (5.9)
n

and m = —,
3

where S is the slope, 7 is a Manning’s roughness coefficient
for overland flow, and English units are used.
(2) The Chezy law may be used. In this option,

3
a=CS? and m:i,

where C is the Chezy friction coefficient.

(5.10)

5.2.2.5 CHANNEL FLOW

Unsteady, free-surface flow in channels is also represented by the
kinematic approximation to the unsteady, gradually varied flow
equations. Channel segments may receive uniformly distributed
but time-varying lateral inflow from overland-flow elements on
either or both sides of the channel, from one or two channels at
the upstream boundary, and/or from an upland area at the upstream
boundary. The dimensions of overland-flow elements are chosen
to completely cover the watershed, so rainfall on the channel is
not considered directly.

The continuity equation for a channel with lateral inflow is:

4,29 gen
ar " ox A

where A is the cross-sectional area, Q is the channel discharge,

(5.11)

and g.(x, t) is the net lateral inflow per unit length of channel.
Under the kinematic assumption, Q can be expressed as a unique
function of A, and Equation (5.11) can be rewritten as:
0A  0Q 0A
ot 0A Ox

The kinematic assumption is embodied in the relationship between

= qc(x, 1). (5.12)

channel discharge and cross-sectional area such that:

0 =aR™ A, (5.13)

where R is the hydraulic radius. If the Chezy relationship is
used, « = CS'/? and m = 3/2. If the Manning equation is used,
a = 1.498'2/n and m = 5/3. Channel cross-sections may be
approximated as trapezoidal or circular, as shown in Figs. 5.3
and 5.4.

Compound channels

K2 contains the ability to route flow through channels with a signif-
icant overbank region. The channel may in this case be composed
of a smaller channel incised within a larger flood plane or swale.
The compound channel algorithm is based on two independent
kinematic equations (one for the main channel and one for the
overbank section), which are written in terms of the same datum
for flow depth. In writing the separate equations, it is explicitly
assumed that no energy transfer occurs between the two sections,
and upon adding the two equations the common datum implicitly
requires the water-surface elevation to be equal in both sections
(Fig. 5.3). However, flow may move from one part of the com-
pound section to another. Such transfer will take with it whatever
the sediment concentration may be in that flow when sediment
routing is simulated. Each section has its own set of parame-
ters describing the hydraulic roughness, bed slope, and infiltra-
tion characteristics. A compound-channel element can be linked
with other compound channels or with simple trapezoidal chan-
nel elements. At such transitions, as at other element boundaries,
discharge is conserved and new heads are computed downstream
of the transition.

Base flow

K2 allows the user to specify a constant base flow in a channel,
which is added at a fractional rate at each computational node
along the channel to produce the designated flow at the down-
stream end of the reach. This feature allows simulation of floods
that occur in excess of an existing base discharge, but requires
foreknowledge of where those flows originate and at what rate.

Channel infiltration

In arid and semi-arid regions, infiltration into channel alluvium
may significantly affect runoff volume and peak discharge. If the
channel infiltration option is selected, Equation (5.2) is used to
calculate accumulated infiltration at each computational node,
beginning either when lateral inflow begins or when an advancing
front has reached that computational node. Because the trape-
zoidal channel simplification introduces significant error in the
area of channel covered by water at low flow rates (Unkrich and
Osborn, 1987), an empirical expression is used to estimate an
“effective wetted perimeter.” The equation used in K2 is:

Pe = min [ﬁ, 1] D, (5.14)
where p. is the effective wetted perimeter for infiltration, 4 is
the depth, BW is the bottom width, and p is the channel wetted
perimeter at depth /. This equation states that p. is smaller than
p until a threshold depth is reached, and at depths greater than
the threshold depth, p. and p are identical. The channel loss rate
is obtained by multiplying the infiltration rate by the effective
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wetted perimeter. A two-layer soil representation is also allowed
in channels.

Culverts
The most general discharge relationship and the one often used
for flow in pipes is the Darcy—Weisbach formula:

/o u?
=R 5
where St is the friction slope, fp is the Darcy—Weisbach friction
factor, and u is the velocity (Q/A). Under the kinematic assump-
tion, the conduit slope S may be substituted for S¢ in Equation

(5.15), so that
2
u=2|28Rs.
/o

Discharge is computed by using Equation (5.16), and a specialized
relationship between channel discharge and cross-sectional area:
aA”
pmfl
where p is the wetted perimeter, « is [8gS / fp]'/%, and m = 3/2.
Geometric relationships for partially full conduits are discussed
further in the original KINEROS documentation (Woolhiser et al.,
1990).

S¢ (5.15)

(5.16)

0= (5.17)

Numerical method for channels

The kinematic equations for channels are solved by a four-point
implicit technique similar to that for overland-flow surfaces,
except that A is used instead of /4, and the geometric changes
with depth are considered.

5.2.2.6 POND FLOW

In-channel detention structures are modelled as simple reservoirs.
Outflow is assumed to be solely a function of water depth, so the
dynamics of the storage are described by the mass-balance and
outflow equations:

av

—— =q1—q90—Apfe,

” (5.18)

in which

V = storage volume [L?],

q; = inflow rate [L3/T],

go = outflow rate [L3/T],

A, = pond surface area [L?]

fc = pond infiltration loss rate [L/T].

Reservoir geometry is described by a user-defined rating table for
V, Ap, and go. Equation (5.18) is written in finite difference form
over a time interval ¢ and the stage at time ¢ + At is determined
using a hybrid Newton—Raphson/bisection method. For a given V,
A, and go are estimated using log—log interpolation.

5.2.2.7 EROSION AND SEDIMENTATION
As an optional feature, K2 can simulate the movement of eroded
soil in addition to the movement of surface water. K2 accounts
separately for erosion caused by raindrop energy (splash erosion),
and erosion caused by flowing water (hydraulic erosion). Erosion
is computed for upland, channel, and pond elements.

The general equation used to describe the sediment dynamics
at any point along a surface flow path is a mass-balance equation
similar to that for kinematic water flow (Bennett, 1974):

(ACy)  9(QCy)
ot 0x

—e(x, 1) = gs(x, 1), (5.19)

in which
C, = sediment concentration [L3/L?],
QO = water discharge rate [L3/T],
A = cross-sectional area of flow [L?],
e = rate of erosion of the soil bed [L/T],
gs = rate of lateral sediment inflow for channels [L3/T/L].

For upland surfaces, it is assumed that e is composed of two major
components — production of eroded soil by splash of rainfall on
bare soil, and hydraulic erosion (or deposition) due to the interplay
between the shearing force of water on the loose soil bed and the
tendency of soil particles to settle under the force of gravity. Thus e
may be positive (increasing concentration in the water) or negative
(deposition). Net erosion is a sum of splash erosion rate as es and
hydraulic erosion rate as ey:

e=es+ep. (5.20)

Splash erosion

Based on limited experimental evidence, the splash erosion rate
can be approximated as a function of the square of the rainfall rate
(Meyer and Wischmeier, 1969). This relationship is used in K2 to
estimate the splash erosion rate as follows:

ey = cfk(h)rz, g >0

es =0, ¢g <0, (5.21)

in which ¢y is a constant related to soil and surface properties,
and k(h) is a reduction factor representing the reduction in splash
erosion caused by increasing depth of water. The function k(%) is
1.0 prior to runoff and its minimum is zero for very deep flow; it
is given by the empirical expression:

k(h) = exp(—cnh) (5.22)

The parameter ¢y, represents the damping effectiveness of surface
water, and does not vary widely. Both ¢ and k() are always pos-
itive, so ey is always positive when there is rainfall and a positive
rainfall excess (g).



KINEROS2 AND THE AGWA MODELLING FRAMEWORK

59

Hydraulic erosion
The hydraulic erosion rate ey represents the rate of exchange of
sediment between the flowing water and the soil over which it
flows, and may be either positive or negative. K2 assumes that
for any given surface-water flow condition (velocity, depth, slope,
etc.), there is an equilibrium concentration of sediment that can
be carried if that flow continues steadily. The hydraulic erosion
rate (e) is estimated as being linearly dependent on the differ-
ence between the equilibrium concentration and the current sedi-
ment concentration. In other words, hydraulic erosion/deposition
is modelled as a kinetic transfer process:
en = co(Cy — CyA, (5.23)
in which Cy, is the concentration at equilibrium transport capacity,
Cs = Cy(x, t) is the current local sediment concentration, and ¢,
is a transfer-rate coefficient [T~']. Clearly, the transport capacity
is important in determining hydraulic erosion, as is the selec-
tion of transfer-rate coefficient. Conceptually, when deposition is
occurring, ¢, is theoretically equal to the particle-settling veloc-
ity divided by the hydraulic depth, /. For erosion conditions on
cohesive soils, the value of ¢, must be reduced, and v,/ h is used
as an upper limit for c,.

Microtopography

The treatment of infiltration and microtopography also interacts
with erosion as the effective mean hydraulic depth and related
velocity drive the hydraulic portion of erosion. In addition it affects
the percentage of the surface that is subject to splash erosion from
raindrop impact. This conceptualization of microtopography does
not directly define a rill-inter-rill region in terms of erosion treat-
ment. Both “rill” and “interrill” processes can occur simultane-
ously in shallow flow as splash erosion can occur on the sides of
rills and in rills when flow is sufficiently shallow so that raindrop
momentum is transmitted to the soil surface (Smith ez al., 1995b).

Transport capacity
Transport capacity is determined using the relation of Engelund
and Hansen (1967):

~ 0.05uu? (5.24)
" gdh(ys — 1Y '

in which

u is velocity [L/T],

u~ is shear velocity, defined as \/ghS,

d is particle diameter [L],

s 1s suspended specific gravity of the particles, ys — 1,
h is water depth [L].

Particle settling velocity
Settling velocity is calculated from particle size and density,
assuming the particles have drag characteristics and terminal-fall
velocities similar to those of spheres (Fair and Geyer, 1954). This
relation is:

W2 = ig (ps— 1)

; 5.25
=3 e (5.25)

in which Cp is the particle drag coefficient. The drag coefficient
is a function of particle Reynolds number:

C —24+ 3 +0.34 (5.26)
PTRVR, T '
in which R, is the particle Reynolds number, defined as:
N7)
R, =24 (5.27)
v

where v is the kinematic viscosity of water [L2/T]. Settling velocity
of a particle is found by solving Equations (5.25), (5.26), and
(5.27) for vs.

Treating a range of particle sizes

Erosion relations are applied to each of up to five particle-size
classes, which are used to describe the range of particle sizes found
in typical soils. Our experimental and theoretical understanding of
the dynamics of erosion for a mix of particle sizes is incomplete. It
is not clear, for example, exactly what results when the distribution
of relative particle sizes is contradictory to the distribution of their
relative transport capacities. In larger particles on stream bottoms,
armoring will ultimately occur when smaller, more transportable
particles are selectively removed, leaving behind an “armor” of
large particles. For the smaller particle sizes found in the shal-
lower flows and rapidly changing flow conditions characteristic
of overland flow, however, there is considerably less understand-
ing of the relations. Sufficient knowledge does exist, however, to
use the following assumptions in the formulation of K2:

(1) If the largest particle size in a soil of mixed sizes is below its
erosion threshold, the erosion of smaller sizes will be limited,
since otherwise armoring will soon stop the erosion process.

(2) When erosive conditions exist for all particle sizes, particle
erosion rates will be proportional to the relative occurrence
of the particle sizes in the surface soil. The same is true of
erosion by rain splash.

(3) Particle settling velocities, when concentrations exceed
transportability, are independent of the concentration of other
particle sizes.

Treatment of a mix of sizes is most critical for cases where the
sediment characterizing the bed of the channels is significantly
different from that of the upland slopes, and where impoundments
exist in which there is significant opportunity for selective settling.
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Numerical method for sediment transport

Equations (5.19)—(5.24) are solved numerically at each time-step
used by the surface-water flow equations, and for each particle-
size class. A four-point finite-difference scheme is again used; but
iteration is not required since, given current and immediate past
values for A and Q and previous values for Cs, the finite difference
form of this equation is explicit, i.e.:

i+l _ i i i+1
c - f(csj’ Csj—H’ Csj )

o (5.28)

The value of Cy, is found from Equation (5.24) using current
hydraulic conditions.

Initial conditions for erosion

When runoff commences during a period when rainfall is creat-
ing splash erosion, the initial condition on the vector C should
not be taken as zero. The initial sediment concentration at pond-
ing, Cs(t = tp,), can be found by simplifying Equation (5.19) for
conditions at that time. Variation with respect to x vanishes, and
hydraulic erosion is zero. Then:

Jd(ACs
(at ) =e(x,t) =cgq — Cyus,

(5.29)

where k(h) is assumed to be 1.0 since depth is zero. Since A is
zero at time of ponding, and dA/dt is the rainfall excess rate (q),
expanding the left-hand side of Equation (5.29) results in:

cerq
g+

Cit =1ty = (5.30)
The sediment concentration at the upper boundary of a single
overland flow element, C(0, t), is given by an expression identical
to Equation (5.30), and a similar expression is used at the upper
boundary of a channel.

Channel erosion and sediment transport

The general approach to sediment-transport simulation for chan-
nels is nearly the same as that for upland areas. The major dif-
ference in the equations is that splash erosion (e;) is neglected in
channel flow, and the term ¢, becomes important in representing
lateral inflows. Equations (5.19) and (5.23) are equally applica-
ble to either channel or distributed surface flow, but the choice of
transport-capacity relation may be different for the two flow con-
ditions. For upland areas, g5 will be zero, whereas for channels it
will be the important addition that comes with lateral inflow from
surface elements. The close similarity of the treatment of the two
types of elements allows the program to use the same algorithms
for both types of elements.

The erosion computational scheme for any element uses the
same time and space steps employed by the numerical solution
of the surface-water flow equations. In that context, Equations
(5.19) and (5.23) are solved for Cs(x, t), starting at the first node

below the upstream boundary, and from the upstream conditions
for channel elements. If there is no inflow at the upper end of the
channel, the transport capacity at the upper node is zero and any
lateral input of sediment will be subject there to deposition. The
upper boundary condition is then:

qs
qc + UsWB '

where Wy is the channel bottom width. A(x,¢) and Q(x, ) are
assumed to be known from the surface-water solution.

Cs(0,1) = (5.31)

5.3 AGWA GIS INTERFACE

5.3.1 Background

AGWA was developed as a collaborative effort between the
USDA-ARS, EPA-ORD, and UA under the following guidelines:
(1) that its parameterization routines be simple, direct, transparent,
and repeatable; (2) that it be compatible with commonly available
GIS data layers; and (3) that it be useful for scenario development
and assessment at multiple scales.

Over the past decade numerous significant advances have been
made in the linkage of GIS and various research and application
models (e.g., HEC-GeoHMS, USACE, 2003; AGNPS, Bingner
and Theurer, 2001; BASINS, Lahlou et al., 1998). These GIS-
based systems have greatly enhanced the capacity for research
scientists to develop and apply models due to the improved data
management and rapid parameter-estimation tools that can be built
into a GIS driver. As one of these GIS-based modelling tools,
AGWA provides the functionality to conduct all phases of a water-
shed assessment for two widely used watershed hydrologic mod-
els: K2 and the Soil and Water Assessment Tool (SWAT; Arnold
et al., 1995). SWAT is a continuous-simulation model for use in
large (river-basin scale) watersheds and in humid regions, where
K2 cannot be applied with confidence. The AGWA tool provides
an intuitive interface to these models for performing multi-scale
modelling and change assessment in a variety of geographies.
Data requirements include elevation, classified land cover, soils,
and precipitation data, all of which are typically available at no
cost over the Internet. Model input parameters are derived directly
from these data using optimized look-up tables that are provided
with the tool.

AGWA shares the same ArcView GIS framework as the US EPA
Analytical Tools Interface for Landscape Assessment (ATtILA;
Ebert and Wade, 2004), and Better Assessment Science Integrat-
ing Point and Nonpoint Sources (BASINS; Lahlou et al., 1998),
and can be used in concert with these tools to improve scientific
understanding (Miller et al., 2002). Watershed analyses may bene-
fit from the integration of multiple model outputs as this approach
facilitates comparative analyses and is particularly valuable for
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1. Delineate watershed from Digital
Elevation Model (DEM) and
subdivide watershed into model
elements (channel and upland)

2. Intersect model elements with land-
cover and soils data to derive model

input parameters __

Figure 5.11 Sequence of steps in the use of KINEROS?2 through AGWA

inter-disciplinary studies, scenario development, and alternative
futures simulation work.

The following description of AGWA focuses on the K2 inter-
face. Specifically, the interface design, processes, and ongoing
research relating to the application of K2 are presented in detail.
Miller et al. (2002) provide a more detailed description of AGWA-
SWAT and its application in conjunction with K2 for multi-scale
analyses. Hernandez et al. (2003) describe the integration of
AGWA and ATtILA. Kepner et al. (2004) describe the use of
AGWA for the analysis of alternative future land-use/cover sce-
narios, and the potential benefit to planning efforts. Burns et al.
(2004) describe the development of a version of AGWA that was
fully integrated into BASINS version 3.1.

5.3.2 Design

The conceptual design of AGWA is presented in Fig. 5.11. A fun-
damental assumption of AGWA is that the user has previously

3. Prepare rainfall input files

4. Write input files and run model
(results import automatically)

5. Visualize and compare outputs

KINEROS Outputs

Channel/plane infiltration (m3km, mm)

Runoff (mm or m3)

Peak flow (m%s or mm/hr)
Sediment yield (kg/ha)

Peak sediment discharge (kg/s)
Channel scour/deposition (mm/m?)

Percent error

compiled the necessary GIS data layers, all of which are easily
obtained in most countries. The AGWA extension for ArcView
adds the “AGWA Tools” menu to the View window, and must be
run from an active view. Pre-processing of the DEM to ensure
hydrologic connectivity within the study area is required, and
tools are provided in AGWA to aid in this task. Once the user
has compiled all relevant GIS data and initiated an AGWA ses-
sion, the program is designed to lead the user in a stepwise fashion
through the transformation of GIS data into simulation results. The
AGWA Tools menu is designed to reflect the order of tasks neces-
sary to conduct a watershed assessment, which is broken out into
five major steps: (1) watershed delineation and subdivision; (2)
land-cover and soils parameterization; (3) preparation of rainfall
input files; (4) writing of input files and running of model; and
(5) visualization and comparison of results.

Following model execution, AGWA will automatically import
the model results and add them to the polygon and stream
map-attribute tables for display. A separate module controls the
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visualization of model results. Users can toggle among viewing
various model outputs for both upland and channel elements,
enabling the problem areas to be identified visually. If multi-
ple land-cover scenes exist, they can be used to derive multiple
parameter sets with which the models can be run for a given water-
shed. Model results can then be compared on either an absolute-
or percent-change basis for each model element, and overlain
with other digital data layers to help prioritize management
activities.

5.3.2.1 WATERSHED DELINEATION

AND SUBDIVISION

The most widely used method, and that which is used in AGWA,
for the extraction of stream networks is to compute the accumu-
lated area upslope of each pixel through a network of cell-to-
cell drainage paths. This flow accumulation grid is subsequently
pruned by eliminating all cells for which the accumulated flow
area is less than a user-defined threshold drainage area, called
the Channel, or Contributing Source Area (CSA). The watershed
is then further subdivided into upland and channel elements as a
function of the stream-network density. In this way, a user-defined
CSA controls the spatial complexity of the watershed subdivision.
This approach often results in a large number of spurious poly-
gons and disconnected model elements. A suite of algorithms
has been implemented in AGWA that refines the watershed ele-
ments by eliminating spurious elements and ensuring downstream
connectivity.

Numerous options are available during the delineation and sub-
division step that are designed to facilitate the application of K2
for real-world problems. Channel reaches and associated upland
areas can be split at user-defined locations, such as flow gauges,
to facilitate comparisons with observational data. Multiple water-
sheds can be delineated simultaneously to accommodate areas
of concern not falling neatly within watershed boundaries, such
as governmental jurisdictions. Ponds (releasing or non-releasing)
and riparian buffer strips can also be incorporated during the
subdivision process.

5.3.2.2 PARAMETER ESTIMATION

Each of the overland and channel elements delineated by AGWA
is represented in K2 by a set of parameter values. These values
are assumed to be uniform within a given element. There may
be a large degree of spatial variability in the topographic, soil,
and land-cover characteristics within the watershed, and AGWA
uses an area-weighting scheme to determine an average value for
each parameter within an overland flow model element abstracted
to an overland flow plane (Miller et al., 2002). GIS layers are
intersected with the subdivided watershed, and a series of look-up
tables and spatial analyses are used to estimate parameter values

for the unique combinations of land cover and soils. K2 requires
a host of parameter values, and estimating their values can be
a tedious task; AGWA rapidly provides estimates based on an
extensive literature review and calibration efforts. This conve-
nience does not obviate the need for calibrating K2 applications,
and uncalibrated model results should thus be used only in quali-
tative assessments. Users are able to modify input parameters by
adjusting values in the provided look-up tables prior to running the
land-cover and soils parameterization, or by adjusting the parame-
ters associated with each element following the parameterization.

Soil parameters for upland elements as required by K2 (such as
percent rock, suction head, porosity, saturated hydraulic conduc-
tivity) are initially estimated from soil texture according to the soil
data following Woolhiser et al. (1990) and Rawls et al. (1982). Sat-
urated hydraulic conductivity is reduced following Bouwer (1966)
to account for air entrapment. Further adjustments are made fol-
lowing Stone et al. (1992) as a function of estimated canopy cover,
and following Bouwer and Rice (1984) as a function of the amount
of rock fragments in the soil. Area and depth weighting proce-
dures are used to derive a single representative soil profile for
each upland element. Cover parameters, including interception,
canopy cover, Manning’s roughness, and % paved area are esti-
mated following expert opinion and previously published look-up
tables (Woolhiser et al., 1990). Upland element slope is estimated
as the average slope within the element, and width and length are a
function of the element shape, which is assumed to be rectangular
with element length equal to longest flow length. Stream-channel
slope is estimated as the difference in elevation between the reach
endpoints divided by the reach length. Channel width and depth are
parameterized using regional hydraulic-geometry relationships, or
regression equations relating contributing area to channel dimen-
sions (e.g., Miller et al., 1996). An editable database of published
hydraulic-geometry relationships is provided with AGWA, or cus-
tom relationships can be specified by the user. AGWA is unable
to derive soil-related parameters for channels from GIS data and
therefore assumes that all channels have a sandy bed. These param-
eters can be easily edited through the stream-reach attribute table
if necessary.

Digital soil maps for different countries or regions vary consid-
erably in terms of the information they contain, and how that infor-
mation is organized in their associated database files. Automated
use of soil maps for model parameterization is heavily dependent
on this information structure, and thus not just any soil map can
be used with AGWA. As a result, procedures to use the United
Nations Food and Agriculture Organization’s (FAO) Digital Soil
Map of the World were developed to maximize the geographic
extent of its applicability. Despite the relatively low spatial resolu-
tion of the FAO soil maps, K2 results derived using them compare
well with results derived from higher resolution soil maps in the
United States (Levick et al., 2004; Levick et al., 20006).
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5.3.2.3 RAINFALL INPUT

Uniform rainfall input files for K2 can be created in AGWA using
gridded return-period rainfall maps, a database of geographically
specific return-period rainfall depths provided with the tool, or
using data entered by the user. Return-period rainfall depths are
converted to hyetographs using USDA Soil Conservation Service
(SCS) methodology and a type-II distribution (USDA-SCS, 1973).
The hypothetical type-II distribution is suitable for deriving the
time distribution of 24-hour rainfall for extreme events in many
regions, but may result in overestimated peak flows, particularly
when applied to shorter-duration events.

If return-period rainfall grids are available, then AGWA extracts
the rainfall depth for the grid cell containing the centroid of the
watershed for which the rainfall input file is being generated. The
depth is then converted into a hyetograph for the specified return
period using the SCS methodology described above. This pro-
cess has been automated for convenient use with common datasets
available in the United States, and can be easily modified to accom-
modate other formats.

If return-period rainfall maps are not available, or a spe-
cific depth and duration are desired, the provided design-storm
database file can be easily edited to add new data. Data are entered
in the form of a location, recurrence interval, duration, and rainfall
depth in millimeters. The design-storm database further provides
the option to incorporate an area-reduction factor, if known, which
can be particularly convenient when working in regions charac-
terized by convective thunderstorms.

In the event that gauge observations of rainfall depth are avail-
able, or a specific hyetograph is desired, then data may be entered
manually by the user through the AGWA interface. User-defined
storms are entered as time-depth pairs, thus providing the flexi-
bility to define any hyetograph.

Version 1.5 of AGWA also incorporates the ability to create
distributed rainfall input files for K2. This feature allows users
to select the gauges, include gauges with zero depths for more
accurate interpolation by K2, set a minimum depth that the gauges
must exceed before creating a rainfall file, and generate files for
any number of events between a given range of dates.

5.3.2.4 MODELLING

Once model element parameters have been assembled and a rain-
fall input file has been written, AGWA can write the K2 parameter
file and run the model. When this option is selected the user is pre-
sented with the opportunity to enter parameter multipliers for the
most sensitive channel and upland parameters. Multipliers, which
default to 1.0, are entered as real numbers and can be used to
manipulate parameters as they are written to the parameter file.
This option is particularly useful during calibration and sensitivity
exercises. Parameter files generated or modified outside of AGWA
may also be run through the AGWA interface, provided that they

correspond with an existing watershed configuration within the
AGWA project.

Once parameter files are written or selected, K2 is called auto-
matically and runs in a separate command window. When the sim-
ulation is complete, AGWA reads the output file and results for
each model element are parsed back into an ArcView database
file, which is stored in the AGWA project and available for
viewing.

5.3.2.5 RESULTS VISUALIZATION

AND COMPARISON

Simulation results can be selected and viewed using the AGWA
visualization tool. When selected, results database files are joined
with the polygon and stream map-attribute tables to associate out-
put for each model element with its corresponding polygon or
line on the map. Once selected from a list of available outputs,
results are automatically divided into nine equal-interval classes
and mapped with graduated colors to provide users with the abil-
ity to rapidly assess the spatial variability of results within the
watershed.

Results may also be easily compared for multiple simulations in
the same watershed by computing differences in terms of absolute
values or percentages. Differences are written to a new database
file that is treated as a separate simulation result and available
for visualization. Common comparisons, or relative assessments,
include results from simulations based on different land-use/cover
conditions, which may represent historic observations or projected
future conditions. This option makes it possible to rapidly evaluate
the spatial patterns of hydrologic response to landscape change,
and to target mitigation and restoration activities for maximum
effect.

5.3.3 Scenario building

The use of AGWA as a strategic planning tool has been accom-
modated through the addition of a land-cover modification tool
that allows users to manipulate land-cover grids to represent alter-
native future land-use/cover scenarios. Changes are carried out
within polygons that can be interactively drawn on the screen or
taken from imported shapefiles. A variety of types of change can
be prescribed, including:

(1) Change entire area to a new land-cover type (e.g., to urban).

(2) Change one land-cover type to another within a user-defined
area (e.g., to simulate unpaved road restoration, change bar-
ren to desert scrub).

(3) Create a random land-cover pattern (e.g., to represent a burn
pattern, change to 64 % barren, 31 % desert scrub, and 5 %
mesquite woodland). Patterns can be completely spatially
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Figure 5.12 Model results from the upper San Pedro River Basin and Sierra Vista subwatershed showing the relative increase in simulated water yield

as a result of urbanization between 1973 and 1997. Also demonstrated is the multi-scale assessment capability of AGWA; basin-scale effects observed
with SWAT can be investigated at the small-watershed scale with KINEROS2

random or multifractal randomly distributed patchy, with
patch size (degree of clustering) controlled by the user.
(4) Modify a land-cover grid based on a burn-severity map.

Using the land-cover modification tool in combination with the
relative assessment functionality described in the previous sec-
tion, it is possible to build a suite of alternative future scenarios
and evaluate their relative merits in terms of impact to the local
hydrology.

5.3.4 Example application: upper San Pedro River
multi-scale assessment

Flowing north from Sonora, Mexico into southeastern Arizona,
the San Pedro River Basin has a wide variety of topographic,
hydrologic, cultural, and political characteristics. The basin is an
exceptional example of desert biodiversity in the semi-arid south-
western United States, and a unique study area for addressing a
range of scientific and management issues. It is also a region in
socioeconomic transition as the previously dominant rural ranch-
ing economy is shifting to increasing areas of urban development.
The area is a transition zone between the Chihuahuan and Sonoran

deserts and has a highly variable climate with significant biodi-
versity. The tested watershed is approximately 3150 km? and is
dominated by desert shrub-steppe, riparian, grasslands, agricul-
ture, oak and mesquite woodlands, and pine forests.

The AGWA tool was used to delineate the upper San Pedro
above the USGS Charleston gauge, and prepare input parameter
files for SWAT. The watershed was subdivided using the AGWA
default CSA value of 2.5 % of the total watershed area, or approxi-
mately 79 km?. Parameter files were built using both the 1973 and
1997 Landsat satellite classified land-cover scenes. SWAT was run
for each of these using the same ten years of observed daily pre-
cipitation and temperature data for a single location. By using the
same rainfall and temperature inputs, simulated changes in water
yield are due solely to altered land cover within the watershed.
The “differencing” feature in AGWA was used to compute the %
change between the two simulation results and display it visually
(Fig. 5.12). This analysis showed that a small watershed running
through the developing city of Sierra Vista, shown in Fig. 5.12 as
the “Sierra Vista subwatershed,” underwent changes in its land
cover that profoundly affected the hydrologic regime.

The Sierra Vista subwatershed (92 km?) was modelled in greater
detail using K2. It was also subdivided using a CSA value of 2.5 %,
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and run using both the 1973 and 1997 land-cover data. A uniform
design storm representing the 10-year, 60-minute event (Osborn
et al., 1985) was used in both simulations. Since applying point
estimates for design storms across larger areas tends to lead to the
over-prediction of runoff due to the lack of spatial heterogeneity in
input data, an area-reduction method developed by Osborn et al.
(1980) is used in AGWA to reduce rainfall estimates for water-
sheds in the San Pedro Basin. Percent change in runoff between
the two simulations was computed using the “differencing” tool
in AGWA, and the results are presented (directly from AGWA) in
Fig. 5.12. From this analysis it is clear that the hydrologic response
of the region of concentrated urban growth is adequately repre-
sented. Increasing impervious area associated with urban growth
has resulted in large increases in runoff from those areas where
urbanization is highest.

This type of relative-change assessment is considered to be
the most effective use of the AGWA tool without calibrating its
component models for a particular site. Without calibration, abso-
lute values of model output parameters should not be considered
accurate, nor should the magnitude of computed changes. In a rel-
ative sense, however, AGWA can still be useful for inexpensively
identifying locations in ungauged watersheds that are particularly
vulnerable to degradation, and where restoration activities may
therefore be most effective. The ability to use a second model to
zoom in on sensitive areas provides a further means of focusing
restoration efforts, or preventative measures if the tool is being
used to assess potential future scenarios.

5.4 RESEARCH AND DEVELOPMENT

5.4.1 KINEROS2

K2 is a Fortran 77 code designed to handle an unlimited number
of model elements (planes, channels, etc.) while keeping the com-
piled program size under the 640 KB limit imposed by the original
MS-DOS operating system. The memory-efficient design features
of K2 served it well during the early period of personal comput-
ing. At the present time, however, there is tremendous processing
power and huge memory resources available on personal comput-
ers, both in hardware and through the use of virtual memory strate-
gies like page file swapping. Therefore the hardware and operat-
ing system issues that K2 was designed to address no longer exist.
Fortran itself has also advanced to a new standard, Fortran 90/95.
Fortran 90/95 provides dynamic memory allocation, a proprietary
pointer mechanism and modules that encapsulate data structures
and procedures, allowing a rudimentary object-oriented program-
ming approach. Also, although K2 is composed of well-defined
components, those components were designed to be parts of a

whole and not to function independently. This monolithic nature
of K2 has led to a number of modified versions, each of which
must be maintained as a separate program.

To overcome the design limitations of K2, and to take advan-
tage of features offered by Fortran 90/95, the K2 code was decon-
structed and rebuilt into a library of Fortran 90/95 modules, with
each module implementing a single process model, or object
(Goodrich et al., 2006). Two major goals of this restructuring
are to make K2 technology more readily available to developers
of new programs that could benefit from its capabilities, and to
make versions of K2 that have been modified for specialized appli-
cations easier to maintain. In the restructured version of K2 each
object is controlled through an interface, or set of procedures,
that are designed to simplify use of the object by non-Fortran
programs. This is desirable in that none of the popular and full-
featured graphical user interface development products are based
on Fortran.

The new structure makes it possible to iterate over all elements
at each time-step, rather than each element over all time-steps,
as is done by K2. Examples would be open-ended simulations,
such as real-time operation, or to graphically display the spatial
distribution of simulated quantities, such as runoff from each ele-
ment, at each time-step during a simulation. In addition to the core
process models, there are utility modules to conveniently support
backward-compatibility, such as one to extract parameters from a
K2 input file. Compatibility between future versions of the mod-
ule library is also ensured by not allowing existing procedures to
be removed, or their names or argument lists to change, although
they can change internally. Additional procedures that support
extensions to a module’s capabilities can be added in the future
as long as suitable defaults can allow existing programs to use the
module without calling the procedures.

542 AGWA

A number of ongoing research projects are designed to develop
and evaluate strategies for improving the accuracy and usability of
K2 through the AGWA interface. These will ultimately be imple-
mented as new tools that will be available to AGWA users, so they
are summarized here to provide the reader with an idea of how
AGWA will be enhanced in the near future.

Improvements to the accuracy of K2 simulations developed
through the AGWA interface are focused on improving its ability
to utilize remotely sensed data, including new sources that are
becoming increasingly available. One such project is evaluating
the potential to improve the watershed subdivision procedure by
utilizing additional information available on topographic, land-
cover, and soil maps. The goal of this effort is to improve the
automated recognition of hydrologic response units in terms of
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slope, cover, and soil type so that they may be split out during the
subdivision process and thus minimize intra-element parameter
variability.

Radar rainfall data is another source of remotely sensed data
that is becoming more popular as a source of data for hydrologic
models (e.g., Morin et al., 2003). A project currently underway
is evaluating the potential to utilize this data in real time for the
purpose of predicting flash flooding in arid regions. A customized
version of AGWA has been developed to read in level I NEXRAD
1km x 1° radar images at five-minute intervals, and process that
information for distributed input to the restructured version of K2,
which can be run one time-step at a time.

Airborne Light Detection and Ranging (LIDAR) data is another
type of remotely sensed data that holds a large potential benefit
to GIS-based hydrologic modelling. It provides high-resolution
(~1 m) topographic information that can improve channel charac-
terization. AGWA currently uses simple hydraulic-geometry rela-
tionships to estimate channel dimensions because they cannot be
resolved from typical DEM data (Miller et al., 2004). With LIDAR
data, however, it is possible to derive detailed channel morpho-
logic information, and a tool is being developed to extract it for the
purpose of reach-based characterization (Semmens et al., 2006)
as needed by K2 and numerous other models.

Other planned improvements to the AGWA interface focus on
providing users with tools to support environmental management
and planning. Scenario development is a key component of this
work, and is being approached from three different perspectives:
climate, land-cover/use, and management activities. A climatic-
scenario generator will permit the development of prescribed cli-
mate changes and evaluation of their associated impacts given
current or anticipated future management conditions. A new mod-
elling tool will permit the simulation of large-scale changes in
land-cover/use, in addition to the prescribed changes already pos-
sible through the land-cover modification tool, for the evaluation
of different spatial patterns of potential landscape change. A best
management practice (BMP) tool will allow users to modify land-
cover surfaces based on defined plant transitions and the manage-
ment practices driving them (Scott, 2005). Finally, the function-
ality to parameterize the K2 urban element feature is presently
under development and will permit the rapid evaluation of alter-
native impervious-surface management strategies.

5.4.2.1 THE NEXT GENERATION OF AGWA

The final version of AGWA for ArcView 3.X, version 1.5, was
released in early 2006. This software will continue to be main-
tained, but research and development will be focused on two new
versions of AGWA: one for ArcGIS 9.X (AGWA 2.0), and one
for the Internet (DotAGWA). AGWA 2.0 and DotAGWA, due for
Beta release in 2006 and 2007, respectively, will incorporate the

same functionality as AGWA 1.5, but are designed to meet sev-
eral additional criteria: (1) maximize the capacity to incorporate
additional models, including non-hydrologic models, (2) facili-
tate the interaction between observed and modelled information
at multiple scales, and (3) maximize potential user audiences.

AGWA 2.0 will be distributed as a custom tool for ArcGIS
9.X that can be loaded to ArcMap. It will include greater flexibil-
ity to incorporate user-provided/defined information, additional
tools for scenario development and the analysis and visualiza-
tion of model results, and improved watershed subdivision and
parameterization functionality to enhance the performance and
application of K2. AGWA 2.0 will provide the maximum flexibil-
ity to work with input provided by the user and to manipulate the
parameters and settings of K2 simulations, thus facilitating model
calibration.

DotAGWA is designed to assist in the decision-making pro-
cesses by making AGWA functionality available to a much larger
audience, namely those without access to proprietary GIS soft-
ware and/or the GIS skills needed to assemble necessary input
datasets (Cate et al., 2005; Cate et al., 2006). The DotAGWA
design includes features that will help users share and visualize
data by providing access to the application through an Internet
browser interface. Different stakeholder groups will be able to
interact with the application to help facilitate the communication
and decision-making processes. Users will be able to define man-
agement scenarios, attach models to a plan, and have the applica-
tion parameterize and run the models for the defined management
plan. Multiple file-format options (e.g., text, XML, and HTML)
will be available for exporting simulation outputs.

5.4.3 AGWA-KINEROS

Rather than running K2 as an external program, future versions
of AGWA 2.0 and DotAGWA will be able to utilize the restruc-
tured K2 object library to enhance interaction between model and
GIS interface. This will open up many possibilities by giving
AGWA access to complete information about every element at
each time step. For example, AGWA could animate the spatial
development of runoff, infiltration or sediment production dur-
ing a simulation. The user could have control over the animation
speed, pause progress, change which quantities are displayed, or
terminate the simulation at any time. Breakpoints could be set to
pause the simulation at predetermined times, and it would be pos-
sible to “rewind” the simulation back to a previous breakpoint.
Additional windows could monitor the longitudinal profile of the
water surface in channels, as well as sediment concentration and
bed deposition and scour. Using the object library would also make
it easier to expand the sources of input data, such as radar rainfall
and LIDAR topographic data.
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6 Ephemeral flow and sediment delivery modelling

in the Indian arid zone

K. D. Sharma

6.1 STUDY AREA: THE LUNI BASIN

The Luni and its tributaries form the only integrated drainage
system in north-west arid India. The Luni originates in the Aravalli
hill ranges near Ajmer (20.5°N, 74.7°E) and after an initial west-
south-westerly course, flows south-west until it discharges into
the Rann of Kachchh (Fig. 6.1). The area of the Luni drainage
basin is 34 866 km? and elevations range from 886 m at the source
to 10 m at the outlet. In the upland region the mean depth, width,
and gradient of the flow channels are 1.2 m, 158 m, and 0.00245,
respectively, whereas in the channel phase these are 3.6 m, 1958 m
and 0.0012, respectively. The drainage basin areas vary from 104
to 950km? in the upland region and 1449 to 5492km? in the
downstream valley. The eastern part of the drainage basin is a hilly
and rocky piedmont, underlaid by igneous and metamorphic rocks
of Precambrian and Paleozoic age. Of the drainage basin, 52 % is
rugged mountainous terrain with shallow soils and minor amounts
of unconsolidated alluvium. The western part of the drainage basin
consists of Pleistocene alluvium and Holocene sand ranging from
1 to 40 m in depth.

Annual precipitation in the Luni drainage basin ranges between
600 mm in the south-east and 300 mm in the north-west. The
rainfall season is relatively short, starting in June and ending
in September with 80 % of rainfall occurring during July and
August. The number of rainy days is low (about 14). Typical of
the desert climate, the rainfall is characterized by a rapid onset
and short duration. It is infrequent, localized, and variable within
the drainage basin. Annual average pan evaporation is 2640 mm —
five times the precipitation — so that the streamflow is non-existent
for much of the year.

Study of the spatial variation in stream discharge was based on
34 gauging stations, which are located on various channel sec-
tions in the drainage basin (Figure 6.1). Each channel reach was
gauged at a minimum of two stations, one in the upland region
and the other in the down-channel section. Hourly stage heights
were observed at each station during flows and discharge was calc-

ulated, taking the values of hydraulic roughness from Vangani and
Kalla (1985). The first water samples for sediment concentration
were collected when flow began, with subsequent samples col-
lected at times when there were significant changes in the flow
discharge. The measurements of flow rate and sediment concen-
tration allowed computation of sediment delivery rates for each
flow event. These data were collected for a period of nine years
during 1979-87.

6.2 EPHEMERAL FLOW MODELLING

The ephemeral flow in the Luni and its tributaries occurs spo-
radically during short, isolated flow periods separated by longer
periods of low or zero flow; sustained flow is rare and baseflow
is essentially absent. Peak flow rates occur within a few hours of
the start of a rise, partly due to the nature of arid zone rainfall, and
sometimes from the steepness of the channels draining the well-
defined runoff-generating zones. Frequently, peak flow rates are
reached almost instantaneously because the ephemeral flood wave
forms a steep wave front, or the “wall of water” of folklore, in its
travel downstream (Jones, 1981; Pilgrim et al., 1988; Sharma and
Murthy, 1996). Two mechanisms contribute to the formation of
the steep wave front. First, the rate of infiltration into the perme-
able dry streambed is highest at the wave front and decreases in
the upstream direction, with the effect that the leading edge of the
wave steepens as it moves downstream. Second, the deeper por-
tion of the flood wave near the peak travels faster than the leading
edge of the wave, with the result that the wave peak approaches
the front until the peak and front almost coincide and a shock front
is formed.

For a simple individual flow event generated by discrete storms,
the rapid rise to peak discharge (almost instantaneous) is followed
by the recession portion of the hydrograph. The duration of reces-
sion is generally much longer than the time required to reach peak
flow. The resulting flood wave shape is such that almost the entire
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Figure 6.1 The Luni drainage basin, north-west India

hydrograph consists of the recession curve (Fig. 6.2), which is
faster than the exponential decay, i.e., curvilinear decay, thereby
highlighting the interaction of alternative drainage basin processes
in the development of the recession flow in ephemeral channels.
Wu (1972) and Yakowitz (1973) have also reported the curvilinear
decay of the ephemeral stream recession curves.

6.2.1 Ephemeral flow modelling in the upland phase

Choosing a series of peak flow values and attaching to these prop-
erly shaped recession curves may simulate the outflow hydrograph
in arid upland basins. The peak discharge may be estimated by:
(1) using a peak-flow value from an observed recession curve,
(2) choosing a peak-flow value from a probability distribution
function of peak discharge, or (3) by regression analysis relating
the peak discharge and time-to-peak with effective rainfall and a
few selected basin parameters.

We hypothesize that at some fixed reference point on the stream
draining the upland basin, just subsequent to the peak discharge,
some portion of the upstream channel network contains the flood.
Floodwater leaves the upstream basin either by draining past the
reference point or by infiltration at the reference point. Thus, a
single leaky reservoir substitutes the upland basin at the time of
peak discharge at the point of reference to simulate the behavior
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Figure 6.2 Discharge hydrographs at stations on River Luni during July
19— August 2, 1981
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of the ephemeral channel network. The reservoir loss rate may
be set equal to the estimated drainage-basin infiltration rate, and
the reservoir configuration and outflow rate may be designed to
reflect the topography and possible physical mechanism operating
during the flow recession. The use of a reservoir as a flow source is
an established practice in hydrology; it has been used to model the
rainfall-runoff relations (Nash, 1957), flow recession in irrigation
(Wu, 1972) and in flood routing (Chow et al., 1988).

Unsteady open-channel flow in channels where infiltration loss
takes place is described by a continuity equation (Henderson,
1966):

8Q/5X +8A/5t = —i(X, 1), 6.1)
and a momentum equation (Ball, 1987):

St =Sc —8y/8X —udu/gsX —du/gst —i(X,t)u/gA
un®/R}", 6.2)

where Q(m?/s) is discharge, A(m?) is cross-sectional area of flow,

'm~")islocal outflow due to infiltration, y(m) is flow depth,

i(m?s™
Sy is friction slope, S is channel bed slope, u (m/s) is local mean
flow velocity, g(m/s) is acceleration due to gravity, n is Man-
ning’s roughness coefficient, R,(m) is hydraulic radius, X(m) is
distance along the channel and #(s) is time. The order of magni-
tude of various terms in the momentum Equation (6.2), as appli-
cable to the arid upland drainage basins, indicated that the terms
8y/8X, ubu/géX, du/gdt, andi(X, t)u/gA are 100 or more times
less than the gravity force due to S and friction force due to
St and hence are negligible. This leaves the equation of motion
as:

Sy =S. = u*n® /R, (6.3)

which is a special case of non-linear kinematic approximation to
the momentum equation (Singh, 1976):

0 = ah™ (6.4)

where h(m) is stage, and « and m are empirical constants.

Combining the continuity Equation (6.1) with discharge-stage
(Equation 6.4) and storage-stage (S = Bh”; where S(m?) is stor-
age, and f and p are empirical constants) relationships, Peebles
et al. (1981) obtained a general form of the equation for leaky
reservoir discharge as:

—c*(0, 1) — Q1) = (B/aP™d[Q(1)]"/™ /dt, (6.5)

where ¢*(Q, t)(m3s~!) is reservoir loss rate.
For a rectangular cross-section, i.e., S o h2, Peebles et al.
(1981) derived a variable loss rate (VLR2) model for the dis-

charging reservoir as:

dQ/df — _’nc/al/mQ(l—l/m) _ (maZ/m/WaO)QZ(l—l/m),
(6.6)

3s7!m™2) is loss rate per unit area, W (m) is reservoir

where ¢/(m
width and a° is a reservoir shape factor.

An alternative version of the variable loss rate model can also
be derived assuming a triangular cross-section, i.e., S oc 43, and
named as VLR3 model (Sharma and Murthy, 1996). Storage of a

triangular cross-section is given by:
S = Wa°h?/6. 6.7

Here p in the S = BA? relationship, is equal to three. Combining
Equation (6.7) with the discharge-stage relation (Equation 6.4),
and substituting for / in the total-loss rate Equation (6.5), the
governing differential equation for the VLR3 model becomes:

dQ/df — _mclal/mQ(l—l/m) _ (m(x3/'"/Wa°)Q(2_3/m). (68)

Solutions to Equations (6.6) and (6.8) were obtained numerically.

6.2.2 Ephemeral flow modelling in the channel phase

A dry ephemeral channel reach may be conceptualized as a reser-
voir such that storage is a function of discharge. Inflow to this
channel reach begins and storage builds up so that the peak out-
flow coincides with the maximum storage, i.e., with the outflow
and storage peak, concurrently. For an ephemeral channel reach,
input /(¢), output Q(t), transmission loss Qy (¢) (all expressed in
m3s~!) and storage S(m?) are related by a spatially lumped form
of the continuity equation:

dS/de = 1(1) — Q1) — Qu(). (6.9)

If the inflow hydrograph /(¢) is known, Equation (6.9) cannot
be solved directly to obtain the outflow hydrograph Q(¢), because
Q(t), Q1(t) and S are unknown. Two other equations relating S to
I(t), O(t) and Qy (¢) are required to obtain a unique solution for
Equation (6.9). However, for the time being, let Oy (¢) be assumed
known; thus, in this case, one additional equation would be needed.
A storage function S may be written as an arbitrary function F of
1, O, and O, and their time derivatives as:

S=F(,dl/dt,d*1/dr, ..., Q,dQ/dr, d*Q/dr, ...,

Q. dQy /dr, d?Qy /dF?,..).  (6.10)

The S is only a temporary storage and is equal to the total volume of
water in transit to the channel outlet. The relationship in Equation
(6.10) exists for long narrow reservoirs or open channels where
S is a function of both the inflow and outflow. A finite difference
solution method is applied to Equations (6.9) and (6.10). The time
horizon is divided into finite intervals, and continuity Equation
(6.9) is solved recursively from one time point to the next, using
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Table 6.1 Physical characteristics of representative upland drainage basins

Stream Stream

Drainage basin Area (km?) order network Geomorphology Lithology
Alniawas (a“) 950 6 Organized Shallow alluvium Schist—gneiss
Pipar (b“) 631 5 Organized Shallow alluvium Limestone
Sanderao (G%) 597 6 Discontinuous Deep alluvium Gneiss

Bhuti (HY) 974 6 Discontinuous Deep alluvium Gneiss
Posalia (g%) 286 6 Organized Shallow alluvium Granite
Ramnia (v¥) 130 5 Discontinuous Blown sand Granite

¢ Refers to Fig. 6.1

the storage function (Equation 6.10) to account for the value of
storage at each time period (Sharma and Murthy, 1995).

6.2.3 Estimation of transmission losses

The most uncertain parameter for the hydrologic routing of flow
in ephemeral channels is the time-distributed volumetric rate of
transmission loss, Oy (¢). An empirical method to estimate time-
dependent Oy (¢) is as follows.

From the measured peak-inflow and peak-outflow dis-
charges, the peak-transmission loss rate in the channel segment
Ax(m), O, Ax(m*s™1) may be estimated from:

Orpar = Qull — (Qa/00) X1,

where Q,(m3s™") is peak inflow and Qgq(m3s™") is peak outflow

(6.11)

from a channel reach of length X (m). The concept of non-linearity
in peak flow reduction between two consecutive gauging stations
is inherent in Equation (6.11). Equation (6.11) is based on the
following assumptions:

(1) OL=F(@,0.

(2) Peak-transmission loss rate Oy, occurs when the stream dis-
charges at its peak, because an increase in the wetted param-
eter with increasing discharge is an important variable in
reckoning the transmission losses.

(3) The distance Ax is small, so Q, and Q4 occur at nearly the
same time.

The estimates of Qr, can be made for any channel segment by
calculating the peak loss rate at the beginning of the segment as
the peak inflow minus the Oy, in the previous segment.

From the observed duration of inflow and outflow, the duration
of flow in each channel segment may be estimated as:

T = Ti+ [ITh — Tol/X1(x), (6.12)

where T;(s) is duration of flow in the xith segment of the channel
reach, T1(s) is duration of inflow and T (s) is duration of outflow.
Similarly, the time to peak flow in each channel segment may also

be estimated from:

Txip = TIp + [lTlp - Top|/X](X,'), (613)

where T\;p(s) is time to peak flow in the xith segment of the channel
reach, T, (s) is time to peak flow at the inlet section and Top(s) is
time to peak flow at the outlet section.

Using Equations (6.11) to (6.13), a triangular transmission loss
rate hydrograph can be drawn for each segment of the channel
reach. These hydrographs are staggered by the observed advance
rate of flow. The loss rate hydrograph for the entire channel reach
may be prepared by summing up the ordinates of Oy, at a given
instance from each segment of the channel reach.

6.2.4 Results and comments

Fifty-one ephemeral flow hydrographs from six representative
upland drainage basins (Table 6.1) recorded between June 26,
1980 and June 13, 1987 were selected for simulation. The majority
of flows in these drainage basins lasted from 4 to 20 h; none among
the group exceeded 50 h. Records are continuous recordings; in
order to compare with model curves, discrete values of discharge
were picked at half-hourly intervals for the duration of flow. For
the purpose of simulation, recession curves were defined as: (1)
decay from peak flow up to a point where the stream stage does
not change or increase due to the arrival of a second peak, or (2)
to a flow depth at 5 % of the peak discharge.

6.2.4.1 MODELLING THE RISING LIMB OF A
HYDROGRAPH IN THE UPLAND PHASE

For a given drainage basin the peak flow and time-to-peak are
a function of the effective rainfall (Holder, 1985; Sharma and
Murthy, 1996). Therefore, graphical relationships among the peak
discharge-effective rainfall (the part of precipitation that produces
runoff (Langbein and Iseri, 1960), basin area (Fig. 6.3), and time
to peak-effective rainfall-basin area (Fig. 6.4) were developed for
the studied drainage basins. These two relationships were used to
predict the rising limb of the ephemeral flow hydrographs.
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Figure 6.4 Time-to-peak as a function of effective rainfall for arid
upland drainage basins

6.2.4.2 MODELLING THE RECESSION FLOW

IN THE UPLAND PHASE

The model parameters ¢’ and a° (Equation 6.6) were fitted to
observed data by optimization. Comparison of model and obser-
ved curves was carried out by defining an objective function:

N
I, = [1/(N = 1)) (X = ¥)’1"?,

i=2

(6.14)

where X; and Y; are the ith points on the observed and simu-
lated recession curves and N is number of points on the curves.
About three to ten flow events occur annually in the studied upland
drainage basins with flow duration of a few hours to two days.

Results from the analysis of recessions recorded in a representa-
tive discontinuous upland drainage basin are presented. The main
stream emanating from the hills at Sanderao (G in Fig. 6.1) dis-
appears into deep alluvium/wind deposited sand after flowing a
certain distance in the foothills and flood plains. Due to high trans-
mission losses the stream fails to reach its ultimate outlet and can-
not join the trunk stream. In deserts such “disorganized” stream
networks are common (Mabbutt, 1977). Observed stage records at
the gauging station were converted to discharge using the relation:

0 = 199.20 h**. (6.15)

Nine recession curves were simulated at Sanderao. It was observed
that the minimum trend of the objective function for four events
with peak discharges 420.0, 144.0, 143.0, and 114.7 m?/s indi-
cates that the VLR2 model was more sensitive to the loss rate
changes for these events (Fig. 6.5). Incidentally, these were either
the first flow events of the season or there was a gap of 19 to 27
days of no flow which dried up the streambed and therefore, the
loss rate was comparatively higher. High infiltration losses were
also reported in the dry streambed of Saudi Arabian discontinuous
drainage systems (Walters, 1989). The VLR2 model gave a better
fit for all the nine simulated recession curves (Table 6.2), even at
anegligible loss rate for two events. A high peak flow of 160 m?/s
on July 9, 1981 was preceded by a flow on July 7, 1981, only
two days earlier (due to silting of the gauge well, this flow could
not be recorded). A low peak flow of 5m?/s on July 15, 1982 was
preceded by a flow on July 14, 1982, only a day earlier (Table 6.2).
The best loss rate of zero might reflect a real condition in the chan-
nel, i.e., a high antecedent moisture condition causing streambed
infiltration to be negligible. Two identical flow peaks of 140 m?/s
were recorded on July 1, 1983 and August 16, 1983. Since the
former was the first flow event of the season, it gave a better fit for
the VLR2 model with a higher loss rate of 13.0 x 107%m/s than
did the latter, which was preceded by a flow event on August 14,
1983, and therefore, had a lower loss rate of 7.2 x 10~° m/s. How-
ever, the reservoir storage was more for the latter than the former
(a° = 0.48 x 10° versus 0.19 x 10%) since the recession period
was longer, 10 h versus 5 h, respectively. Therefore, a® seems to
be a function of the flow duration; the longer the duration of flow,
the greater the reservoir storage. The results of the search for best
fit are depicted in Fig. 6.6 where VLR2 and VLR3 model curves
are plotted against the observed curves.

Four flow events simulated at Sanderao were also observed at
Bhuti (Hin Fig. 6.1), adownstream gauging station at a distance of
22 km, before the stream disappears. The derived discharge-stage

relationship at Bhuti was:
0 = 45.311>°, (6.16)

This rating differs from that at Sanderao (Equation 6.15) in the
sense that it has a lower value of multiplier, therefore reflecting
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lower discharge at Bhuti for the same stage since the stream
cross-section narrows between these two gauging stations. The
VLR2 model gave a better fit for all the four events of 168.2,
107.5,79.1, and 26.0 m?/s peak discharges. The reason for choos-
ing the same flow events at Bhuti was to examine the behav-
ior of the best-fit parameters as the flood moves downstream.

Figure 6.7 shows that a° increases for all the events as the flood
moves downstream. Increase in ¢° means increase in the reservoir
length for a fixed peak stage at the point of discharge. In gen-
eral, the recession curves at Bhuti had a longer duration than at
Sanderao (average 13 h versus 9 h) for the same peak discharge.
Also, as the flood moves downstream through the stream network
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Table 6.2 Values of ¢/, a° and objective function (1) for the best fit model recession curves at Sanderao (G in Fig. 6.1)

VLR2 VLR3

Date Peak discharge (m3/s) c/(m/s) x 107° a® x 10° I c/(m/s) x 107° a® x 10° I

05.07.82 420.0 10.6 0.70 12.54 2.0 0.84 25.85
18.08.82 204.0 5.6 0.83 8.11 0 1.55 17.71
09.07.81 160.0 0 0.24 9.45 0 0.50 17.10
01.07.83 144.0 13.0 0.19 2.69 12.0 0.52 2.80
16.08.83 144.0 7.2 0.48 4.78 0 0.85 4.88
28.07.83 114.7 6.6 0.68 3.77 0 1.23 4.90
14.07.82 53.7 19.6 1.58 3.24 19.0 6.50 3.55
20.07.82 32.2 1.4 0.34 2.0 0 1.35 2.99
15.07.82 5.0 0 0.17 0.13 0 1.80 0.30

the best loss rate increases (Fig. 6.7). Thus, the simulation of
recession at successive gauging stations as the flood moves down-
stream in a discontinuous drainage system indicates the physi-
cal processes of infiltration responsible for the disappearance of
runoff in the thick sediment deposits.

There appeared to be a group of best reservoir shapes at
Sanderao and a group at Bhuti (Fig. 6.7). This suggested that
a characteristic shape might exist for all recession curves at the
point of reservoir discharge. For the VLR2 model at the Sanderao
gauging station the best shape is near a° = 0.80 x 10°, and at the
Bhuti gauging station the best shape is near a® = 2.68 x 10°. Sim-
ilarly, for the VLR3 model the best shapes are a® = 2.27 x 10°
and 4.75 x 10’ at the Sanderao and at the Bhuti gauging stations,
respectively.

The regression-type relationships from observed records on the
gauged drainage basins are the simplest hydrological models. This
type of analysis requires less information about the physical fea-
tures of the drainage basin, yet it is transferable to the ungauged
basins in the region (Holder, 1985). The major emphasis of this
type of study is on the known causal relationships so that the
model parameters have some physical interpretation as well as a
statistical one. Lane (1983) reported a significant relationship for
peak discharge and time-to-peak with effective rainfall and the
drainage-basin area. In the present study the graphical relation-
ship among these parameters (Figs. 6.3 and 6.4) was also found
significant and, therefore, used for prediction of the rising limb of
the flow hydrograph.

Generally, the best fit for ephemeral flow recession curves
obtained through the search for optimization was a close fit to
the observed curves. However, the convex and concave portions
of the observed recession curves did not show a close fit. The
shape of the objective function surface and trend of the minimum
indicated the sensitivity of the model to changes in the ¢’ and a°
values. The trend of the objective function for all the modelled

recessions (except for the first flow event of the season) indi-
cated the greater sensitivity of VLR2 model to initial-storage or
reservoir-length changes than to the loss-rate changes. In terms
of these arid upland drainage basins, this result suggested that for
the higher peak discharges, the shape of the observed recession
curve depended primarily on the volume of water stored upstream,
as high peak discharges were associated with torrential rainfall,
which produced larger volumes of runoff. The effect of infiltra-
tion rate changes would tend to be overshadowed by this large
volume of water stored at the peak stage. However, the reversal
of slope of the objective function for the first flow event of the
season suggested that the VLR2 model was more sensitive to the
loss-rate changes than to the reservoir-length changes due to high
infiltration losses in the initially dry streambed.

Comparison of the objective function for all the flow events
showed the trend of changes in the direction of increasing a°,
as the model changed from VLR2 to VLR3. Increased values of
a® compensated for the decrease in initial storage. Initial storage,
i.e., storage at peak discharge, decreased from VLR2 (S = WhL/2)
to the VLR3 (S = WhL/6). Further, the best loss rate for VLR2
was higher than for VLR3. For the recession curves of both the
models to be alike it is necessary that the high initial storage be
compensated by a high loss rate. Therefore, the trend of the loss
rate decreased from VLR2 to VLR3. Of the features shown by
the plots of objective function, the most interesting was that the
group of minima fell in a narrow range on the a° axis (Fig. 6.7).
This result suggested that some characteristic shape might exist
that could be applied to that drainage basin to synthesize the reces-
sion flows. Physically, this implied that the flood wave, after hav-
ing traveled some distance down a dry, infiltrating stream channel,
developed a shape, which was determined by the channel proper-
ties with the result that the shape of the input was obliterated.

The concept of a leaky reservoir model to simulate the out-
flow hydrograph from arid upland drainage basins has a few weak
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points. The choice of a model rating curve, O = a/h™, implies
that the discharge-stage relation is unique and does not depend
on time. Both these conditions are probably never met in the arid
regions. In fact, a unique discharge-stage relation might never
exist for channels with movable beds. The beds of ephemeral
channels often consist of unconsolidated sediments. There is sig-

nificant scour and fill of the cross-section during a flow event and
the channel morphology can change significantly between flows.
Further, the choice of only two parameters, ¢’ and a°, was arbi-
trary. It was based on the observation that ¢ and a® were the
least known of the variables that must be estimated to model the

recession.
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6.2.4.3 FLOW ROUTING IN EPHEMERAL
CHANNELS

Four representative channel reaches were selected within the Luni
Basin to model the ephemeral flow in the channel phase. These
reaches represent the entire range of channel characteristics and
dominant lithologies encountered in India’s arid zones.

The form of storage function to be employed in flow routing
depends on the nature of the system being analyzed (Chow et al.,
1988). In the hydrologic routing of flow by the level-pool method,
storage is a non-linear function of Q only, i.e.,

S =F(O),

and the function F(Q) is determined by relating the channel stor-

(6.17)

age and outflow to the stage. In the ephemeral channels, because
the retarding effect due to backwater is negligible (Jones, 1981),
an invariable storage—discharge relationship has been worked out
for the test reaches (Table 6.3). Each S = F(Q) relationship for
the test reaches has two segments; the lower segment is a straight
line represented by:

S = (dy/d0)0Q,

thereby indicating the within-bank flow discharge. The upper seg-

(6.18)

ment is a curvilinear relationship, showing the over-bank dis-
charge.

The flow-routing technique was evaluated through 37 flow
events recorded in the test reaches during the study period. The val-
ues of coefficient of determination, R2, for the hourly discharges
between the observed and calculated hydrographs show a good
fit (Table 6.4). In addition, the outflow hydrographs generated by
the flow-routing technique gave a better fit than the triangular
approximation by Lane’s (1982) lumped regression model. As an
example, three hydrographs covering the range of flow, from the
lowest to the highest, for the Sanderao—Bhuti channel reach are
depicted in Fig. 6.8 for visual interpretation.

6.3 MODELLING SEDIMENT DELIVERY ~

Arid regions have a potential for generating and transporting large
quantities of sediment (Schick 1970) mainly due to the torrential

Table 6.3 Storage [S(m>)] versus discharge [Q(m>/s)] relationships in test channel reaches

Channel reach Reach identification® S versus Q R??
Alniawas—Jasnagar a—R S =10000;0 < 20 0.93
S = 200000 + (Q — 20)0*°; 0 > 20 0.92
Pipar-Binawas b—x S =90000Q;0 < 18 0.88
S = 1620000 + (Q — 18)0**; 018 0.91
Sanderao—Bhuti G-H S =97550;0 > 20 0.96
S = 195100 + (Q — 20)0*%; 0 > 20 0.93
Posalia—Nawakhera ¢-F S =100000;0 > 3 0.95
S =30000+ (Q —3)0*'; 0 > 33 0.88

¢ Refers to Fig. 6.1
b R? is significant at 0.01 level of probability
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Table 6.4 Comparison of flow routing techniques in
ephemeral channels

Counts of events within limits

R? limits Flow routing Regression analysis®
0.98-1.00 9 None

0.95-0.98 9 6

0.90-0.95 18 6

0.80-0.90 1 19

< 0.80 None 6

Total events 37(0.82%) 37(0.95")

¢ Sharma et al. (1984)
b Average R?; P > 0.01

rainfall (Bell, 1979), weathering (Goudie and Wilkinson, 1977),
almost total lack of natural protection against soil erosion due
to sparse vegetative cover (Magfed, 1986; Pilgrim et al., 1988),
aeolian surficial deposits providing readily available material to
be eroded by runoft (Jones, 1981) and biotic interference (FAO,
1973). A compilation of river-suspended sediment yields for mod-
erate size drainage basins suggests that arid basins produce 36
times more sediment than humid temperate basins and 21 times
more than the humid tropical equivalents (Reid and Frostick,
1987). However, significant sediment delivery is limited to the
major flood flows — a characteristic of the arid regions (Chang and
Stow, 1988).

6.3.1 Sediment delivery in upland phase

Models of sediment delivery by water in uplands may dynami-
cally route the sediment by solving the continuity equation for
sediment transport (Bennett, 1974). The solution of this equation
is generally accomplished using numerical methods in association
with a water-balance model, which provides the required hydro-
logic inputs. These dynamic models provide estimates of total
soil loss from a drainage basin and predict the sediment delivery
by considering the processes of soil detachment, transport, and
deposition. However, in data-deficit arid regions, a closed-form
solution to the governing differential equation under steady-state
conditions is preferred. The closed-form solution reduces compu-
tational time and alleviates instabilities associated with numerical
solutions (Chow et al., 1988). Sediment movement downslope
obeys the principle of continuity of mass expressed by Nearing
etal. (1989):

0qs/0X = Dy + D;, (6.19)

where ¢,(kg/(s/m)) is sediment transport rate per unit width, X(m)
is downslope distance, D¢ (kg /(s/m)) is net flow detachment rate
and D;(kg/s/m)) is net rainfall detachment rate. The assumption
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Figure 6.8 Inflow-outflow hydrographs for Sanderao—Bhuti (22 km)
channel reach

of quasi-steady state allows Equation (6.19) to be written without
an explicit time parameter. If D; is assumed to be small (Lu et al.,
1989), Equation (6.19) can be written as:
0qs/0X = Dy. (6.20)
The net flow detachment rate, Dy, is positive for detachment and
negative for deposition. In the arid regions, since the initial poten-
tial sediment load is greater than the sediment transport capacity
(Foster, 1982; Jones, 1981) detachment is assumed to occur at a
rate:
D¢ = G(T. — g5). (6.21)
This relationship is a diffusion-type equation (Foster and Meyer,
1972a), where G/(m) is a first-order reaction coefficient — equiv-
alent to V¢/q, where Vi (m/s) is effective fall velocity for the sed-

iment and ¢ (m?/(s/m)) is flow discharge per unit of width — and
T. (kg/(s/m)) is sediment transport capacity.
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The depth of flow is estimated by Manning’s equation as:

h = (qns;*%)", (6.22)

where /1 (m) is overland flow depth, n is Manning’s roughness
coefficient and is equal to 0.046 (for moderate vegetative cover
and rough surface/depressions of 10 to 15 cm depth, a moderate
value, Foster, 1982) and S, is mean bed slope. Although the Darcy—
Weisbach equation with a varying friction factor for laminar flow
might be more accurate for the calculation of depth in some cases,
most users are better acquainted with estimating Manning’s n.
The error in estimating a value for n is probably greater than the
error in using the Manning’s equation for the laminar flow. The
effective duration of runoff (¢, s) can be calculated as:

= Vup/Pr’ (623)

where Vy, (m?) is total runoff volume and P,(m> /s) is peak runoff
rate. Shear stress acting on the soil, 7,(kg/(m/s)), is calculated
using the equation:

7y = yhSe, (6.24)

where y (kg/(m/s)) is the specific weight of water.

Several generalized formulae have been developed for comput-
ing the sediment transport capacity, 7. Many of these equations
were developed for streams, and were later applied to shallow
overland and channel flows. However, Alonso et al. (1981) after
evaluating nine sediment transport equations, concluded that the
Yalin equation (Yalin, 1963) provided reliable estimates of trans-
port capacity for shallow overland flow. Foster and Meyer (1972b)
also concluded that the Yalin equation was the most appropriate
for the shallow flows associated with soil erosion.

The Yalin equation is defined as:

T./(SG)ds% ™% = 0.6356{1 — (1/B)In(1 + B)},  (6.25)
with B, §, and Y expressed as:

B = 2.45(SG)™%*(Y,)"s, (6.26)

§=(/Yq)—1 (whenY <Y, 8=0),  (6.27)

Y = (1,/84)/(SG — 1)gd, (6.28)

where SG is particle specific gravity (2.65 for fine sand and silt),
d (m) is particle diameter, 8,,(kg/m?) is mass density of water, Y
is dimensionless shear stress, Y, is dimensionless critical shear
stress read from the Shield’s diagram, revised as per Abrahams et
al. (1988) for the overland flow on desert hill slopes, g(m/sfz) is
acceleration of gravity and 8 and § are dimensionless parameters
as defined by Equations (6.26) and (6.27), respectively. The
modified Yalin equation, which considers a mixture of particles
of varying size and density (Foster, 1982), was used. Combining
Equations (6.20) and (6.21), the sediment delivery model was
written as:

9qs/90X + G(gs — Tc) = 0. (6.29)

The closed-form solution of Equation (6.29) is:

In(T, — ¢5) = —GX + In(C) (6.30)

where C(kg/s/m)) is a constant of integration and is equal to
(T. — qs) at X = 0. Thus, C is the difference between sediment
transport capacity and the actual sediment transport at the point
of initiation of runoff within the drainage basin.

6.3.2 Sediment delivery in the channel phase

The channel storage of sediment in arid ephemeral channels has
greater effect on sediment transport and, therefore, sediment sup-
ply has to be taken into account for sediment transport modelling
in arid environments (Hadley, 1977; Reid and Frostick, 1987). In
fact, as the flood flows traverse coarse, unsaturated sediments in
the ephemeral channels, the sediment transport capacity reduced
progressively by transmission losses of the flood flows resulting
in deposition of sediment (Sharma and Murthy, 1996). Due to
infrequent flow events and inaccessibility in arid regions, a sim-
ple practical model, based on a limited number of parameters,
needs consideration.

The sediment graph can be predicted by convolution of an
Instantaneous Unit Sediment Graph (IUSG) with actual sediment
data that describes the changing concentration of sediment sup-
ply. The IUSG describes the amount of sediment supplied by an
instantaneous burst of runoff, i.e., that producing one unit of sed-
iment. The conceptual model was formulated as a routing of the
sediment supply through a cascade of identical linear reservoirs
to represent an [USG.

A spatially lumped continuity equation and a linear storage law
can represent the sediment dynamics. For a time interval Az(s),
those relationships can be written as:

I() = Qs(t) + dSs(r)/dt (6.31)

and

Ss = Ksta (632)

where [(7)(kg/s) is sediment input to a reservoir, Qs(?) (kg/s) is
sediment discharge from the reservoir, Ss(7) (kg) is sediment stor-
age within the reservoir, K (s) is a sediment storage coefficient and
t (s) is time since the beginning of sediment discharge. The model
assumes the concept of linearity in the storage/outflow relation-
ship as inherent in Equation (6.32). For an instantaneous sediment
inflow of amount V; (kg), the outflow from the first linear reservoir
may be expressed as:

Os(1) = (Vs/Ky) exp (—1/Ky), (6.33)
with

V, = AyE, (6.34)
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where Ay, (km?) is drainage basin area and E,(kg/km) is supplied
sediment. By successively routing through » identical linear reser-
voirs, the sediment outflow from the nth reservoir is:

O4(t) = [ApEs/K|(ns — D](t/K)"™ Vexp(—t/Ky),  (6.35)

where ns is a dimensionless shape parameter. Differentiating
Equation (6.35) with respect to time and using the condition
dQy(1)/dt = Oatt = 1, (where, (s) is time to peak of sediment
discharge):

tp = (ns — DK;. (6.36)

On substitution of the value of K in Equation (6.35), the sediment
impulse response becomes:

Us(0, 1) = [Qs(1)/ApES]
= [(ns — 1) /t,|(ns — DI[(t/tp) exp(—t/t,)] ™",
(6.37)

where U(0, 1)/(s) is the IUSG ordinate at time ¢. Equation (6.37)
is defined by the values of two parameters, ns and #,, which may
be used for determining the shape of the IUSG.

The linkage of sediment delivery between the upland and chan-
nel phases is based on the transmission losses of runoff and is
obtained through a regression model:

Vi=a+bVi+c[Vyp(X, W) = VX, W],

(6.38)

where V; (kg) is the inflow sediment calculated from the area inte-
gration of the upland sediment graph (Equation 6.30), V,, (m?) is
inflow runoff volume, V (m?) is outflow runoff volume — both in
a channel reach of length X (m) and average width W (m) — and
a, b, and c are relationship parameters.

6.3.3 Model calibration

Absolute values of sediment concentrations in the upland basins
receiving runoff from different terrains were as follows:

Limestone 0.2t0 13.0g/1
Phyllite, schist and shale/slate 0.4t029.0g/l
Gneiss and granite 0.2to0 18.0 g/l
Rhyolite and sandstone 5.7t0289¢/

Downstream in the channel phase the sediment concentrations
rose sharply to between 1.0 and 453.6 g/1. Nearly 90 % of the sus-
pended sediments by weight have particle sizes ranging between
0.002 and 0.2 mm. Increases in the sediment concentrations in the
channel phase were attributed to the cessation of smaller flows
as a result of high transmission losses in the channel alluvium,
leaving a large amount of loose material to be picked up by sub-
sequent flows of greater magnitude (Hadley, 1977; Sharma et al.,
1984). This is contrary to the corresponding process in humid
regions, where the sediment concentration is further diluted with
downstream increase in the discharge.

Zone Upper | Middle | Lower

Parameter
Mean slope 0.1010]0.0190 |0.0042
Mean length 168 m [439m |472m
Area (km2) 58.525(51.800 |19.575

Figure 6.9 Segmentation of Ramnia drainage basin into small uniform zones to account for the complexity
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Table 6.5 Summary of statistical analysis of three calibration methods for the sediment delivery model

Root-mean-squared Number of

Hydrograph stage Calibration method Sum of squares difference Maximum deviation observations
Rising Reference slope 3.46 0.20 6.1 84

Dual slope 4.73 0.24 6.4

Average shear 5.75 0.26 15.0
Peak Reference slope 114.51 1.33 25.5 65

Dual slope 41.68 0.80 6.4

Average shear 43.95 0.82 6.7
Recession Reference slope 3.73 0.23 31.2 70

Dual slope 1.21 0.13 4.5

Average shear 1.03 0.12 39

The outlet of a drainage basin may control the amount of sedi- 6.3.4 Model validation

ment leaving the basin. Therefore, the conditions at the outlet of a
drainage basin can be used to calibrate a sediment-delivery model
with the expectation that the model would give the best estimates
of drainage-basin sediment yield using parameters based on the
characteristics of the outlet (Finkner ez al., 1989).

The first calibration option determined 7, based on the sedi-
ment discharge at the drainage-basin outlet and the reference slope
(mean slope of the drainage basin), S,,. The dual-slope method con-
sidered the average of two 7, values — the first value of 7, based
on the reference slope while the second 7, value was based on
the actual slope at the outlet. The third option for calibrating the
sediment-delivery model, average shear method, would take into
account the combination of slope and discharge along the flow
path. The average shear stress could be calculated as:

Ty :/IS(X)dx/L, (6.39)

where L (m) is the length of flow path.

The sediment delivery model was tested for ten arid upland
drainage basins forming a part of the Luni Basin in the Indian arid
zone (Sharma et al., 1993) and with areas ranging between 104
and 1520 km?. To account for the basin complexity, each drainage
basin was segmented into three zones, upper, middle and lower,
based on the degree of steepness and stream order (Sharma, 1992).
One such segmented basin is depicted in Fig. 6.9 as an example.
The characteristics of these segments were used to calculate the
values of the calibration options. The values of coefficients G
and C, determined by the least-squares technique at each stage
of the flow hydrograph namely rising, peak and recession, var-
ied between 0.0022 and 0.0072/m, and 0.66 and 89.23 /kg (s/m),
respectively. For G values greater than unity most of the resulting
sediment concentrations were negligible (Laguna and Giraldez,
1993). Singh and Regl (1983) suggested a reasonable value of G
as 0.0030/m.

The reference slope, dual slope, and average shear methods of
calibrating the coefficients G and C were evaluated through inde-
pendent runoff events at each stage of the flow hydrograph. At
the rising stage of the hydrograph, the root-mean squared differ-
ence was consistently the lowest with the reference slope method.
This is because at the rising stage the desert streams convey the
highest sediment concentrations, which is attributed to the exis-
tence of a thin loose-surface layer produced by weathering, drying,
and biotic interference within the drainage basin during the dry
season (Sharma et al., 1984). The splash erosion process may
provide an additional amount of material during the time interval
between the initiation of rainfall and that of runoff. The presence
of this abundant loose erodible material within the drainage basin
rendered only the reference slope as a controlling factor for the
sediment delivery, i.e., the average conditions within the drainage
basin affected the sediment transport rate at the rising stage of the
hydrograph.

At peak flow the root-mean-squared difference was the lowest
with the dual-slope method. This is because at peak flow the
flow conditions within the drainage basin were at equilibrium,
i.e., dQ/dt — 0; where 0 (m?/s) is discharge and ¢ (s) is time;
and the flatter slopes at the drainage basin outlet resulted in the
deposition of a significant proportion of the sediment eroded from
the upstream area before it left the drainage basin. Finkner et al.
(1989) also found the best agreement using the dual slope method
of calibrating the sediment transport models.

During the recession stage of the hydrograph, the receding flow
deposited the sediments on its flow path throughout the drainage
basin. The flow velocity dropped below the critical value, thereby
resulting in a rapid decrease in the sediment concentration towards
the end of flow. The average shear stress showed the least root-
mean-squared difference (Table 6.5) since it represented not only
the slope of each segment within the drainage basin, but also
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Table 6.6 Time and shape parameters of test flood hydrographs

Shape

Time parameters parameter, n

Storage coefficient, K (hours)

Drainage basin Date Time to peak, #, (hours)
Jasnagar (a%) July 10, 1098 1.00
July 24, 1982 2.00
August, 22 1983 7.00
Binawas (z%) July 20, 1981 2.00
July 26, 1983 2.00
July 28, 1986 0.50
Bhuti (H*) July 10, 1981 1.80
July 14, 1982 0.83
July 25, 1982 4.50
Nawakhera (F*)  July 18, 1984 2.00
August 12, 1984 1.83
July 15, 1987 2.00

32 1.03
23 1.09
6 2.17
4 1.50
12 1.17
20 1.03
10 1.18
17 1.05
6 1.75
19 1.11
16 1.11
13 1.15

¢ Refers to Figure 6.1

100
Y =1.04X

N o o)
o =) o

Predicted sediment delivery (kg/(s/m))

N
o

1 1 1

1
0 20 40 60 80 100
Observed sediment delivery (kg/(s/m))

Figure 6.10 Comparison of observed and predicted sediment delivery
rates from arid upland drainage basins

the combination of slope and discharge along the length of each
segment, i.e., flow path and their cumulative effect at the outlet.
A comparison of observed and predicted sediment-delivery
rates (Fig. 6.10) shows a good agreement. Further, the maximum
deviation between the observed and predicted sediment-delivery

Table 6.7 Parameters of the sediment-mobilization model
(Equation 6.38)

Stream Number
channel A b c R*¢ of events
Luni 1119 0.61 —0.0001 0.99 9

Jojri 259 0.10 —20.5840 0.98 5
Mitri” —4998 1.29 —0.0011 0.96 8

Jawai 4294 —0.03 0.0001 0.95 15

¢ Significance level (P < 0.01)
b Disorganized stream

rates are less than 10 % (ranges between 3.9 and 6.4 %) for the
best-fit calibration methods. Thus, a deposition-based sediment-
delivery model is a suitable approximation to sediment-transport
rates in the arid-zone drainage basins.

To verify and validate the IUSG concept, the model parame-
ter 7, was taken from an S-curve relationship between the peak
flow and the time-to-peak flow at the channel outlet and K was
approximated as the travel time of runoff crests in the trunk stream
(Sharma et al., 1994). These parameters are given in Table 6.6 for
the selected test reaches. Table 6.7 gives the parameter values of
the sediment-mobilization model (Equation 6.38), thereby pre-
dicting the sediment yield at the channel outlet.

Figure 6.11 compares the observed and predicted sediment
graphs at the channel outlet. The sediment graphs generated by
the IUSG technique have a better fit with the observed sediment
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Figure 6.11 Comparison of observed and predicted sediment graphs at channel outlet

graphs than the sediment graphs generated using the sediment rat-
ing curves in all instances. Sediment discharge varies markedly
between the rising and recession stages for the same discharge;
this could not be taken into account by the sediment rating curves.
This also implies that in ephemeral streams sediment transport is
dependent on the presence of erodible material in the channel bed.
Therefore, in arid regions the bed sediment supply has to be taken
into account in sediment transport studies.

6.4 CONCLUSIONS

A combination of regression analysis for the rising limb of the
hydrograph and a differential equation for the recession limb simu-
lates acceptable hydrographs in arid upland drainage basins where
runoff has a direct relationship with rainfall. The regression model
involves effective rainfall and drainage-basin area, and predicts the
peak discharge and time-to-peak with a high degree of accuracy.
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The differential equation models the recession limb through an
analog of the upland region consisting of a single discharging
leaky reservoir. This model depends on two parameters, loss rate
and reservoir shape, whose optimized values are reasonable from
the physical point of view. The best reservoir shape lies in a narrow
range thereby indicating a characteristic shape for all the reces-
sion curves, i.e., the control of the outlet properties rather than
the shape of the input. In the channel phase, the continuity equa-
tion of flow was modified by including a non-linear volumetric
transmission-loss rate term for routing of flow in ephemeral chan-
nels. The resulting outflow hydrographs at the channel outlet have
a better fit with the observed data compared to the lumped regres-
sion outputs. The study is useful in estimating the water yield and
a surface water balance incorporating the transmission losses, and
in understanding of runoff-generation processes in arid regions.

Further, a closed-form solution of the continuity equation of
sediment transport is preferred in arid-zone upland drainage
basins, where initial potential sediment load is greater than the
sediment transport capacity of overland flow and large amounts
of sediment delivery are of concern. A model of this kind based
on the Manning’s turbulent flow equation and the Yalin sediment-
transport capacity equation predicted the sediment delivery rates
at the rising, peak, and recession stages of the hydrograph within
+10 % accuracy. The dynamic forces active at each hydrograph
stage can be accounted through various calibration methods
involving slope and flow length at the upland drainage basin
outlet. In case of channel phase, a lumped model using the
inflow sediment volume and channel transmission loss in com-
bination with the instantaneous unit sediment graph technique
approximates the observed sediment graphs at the channel outlet.
This simple approach allows a reasonable accuracy of predic-
tion and satisfies practical requirements in arid regions. Our study
shows that the sediment transport in arid ephemeral channels is
hydraulically controlled and depends on the supply of erodible
material.
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7  The Modular Modelling System (MMS):
a toolbox for water- and environmental-

resources management

G. H. Leavesley, S. L. Markstrom, R. J. Viger, and L. E. Hay

7.1 INTRODUCTION

Increasing demands for limited fresh-water supplies, and increas-
ing complexity of environmental resource-management issues,
present resource managers with the difficult task of achieving an
equitable balance of resource allocation among a diverse group of
users. Achieving such a balance is most difficult in arid and semi-
arid regions. Hydrological and ecosystem models are often the
tools being employed to address these resource-allocation issues.

The inter-disciplinary nature of water- and environmental-
resource problems requires the use of modelling approaches that
can incorporate knowledge from a broad range of scientific disci-
plines. Selection and application of appropriate models and tools
is a function of a number of evaluation criteria, including prob-
lem objectives, data constraints, and spatial and temporal scales
of application. The US Geological Survey (USGS) Modular Mod-
elling System (MMS) (Leavesley et al., 1996b) is an integrated
system of computer software that provides a research and oper-
ational framework to support the development and integration of
a wide variety of hydrologic and ecosystem models, and their
application to water- and environmental-resources management.

MMS supports the integration of models and tools at a
variety of levels of modular design. These include individual
process models, tightly coupled models, loosely coupled models,
and fully integrated decision-support systems. A geographic infor-
mation system (GIS) interface, the GIS Weasel, has been inte-
grated with MMS to enable spatial delineation and characteri-
zation of basin and ecosystem features, and to provide objective
parameter-estimation methods for selected models using available
digital data coverages. Optimization and sensitivity-analysis tools
are provided to analyze model parameters and evaluate the extent
to which uncertainty in model parameters affects uncertainty in
simulation results. A variety of visualization and statistical tools
are also provided.

Forecasts of future climatic conditions are a key component in
the application of MMS models to resource-management deci-
sions. Forecast methods applied in MMS include a modified ver-
sion of the United States National Weather Service’s Ensemble
Streamflow Prediction Program (ESP), and statistical and dynam-
ical downscaling from atmospheric models.

MMS is being used to develop and apply water- and
environmental-resouce management models and decision-support
systems in several arid and semi-arid regions of the world. MMS
provides a framework in which to collaboratively address the
many complex issues associated with the design, development,
and application of hydrological and environmental models in
these regions. The open-source software design of the MMS
facilitates the direct and indirect sharing of resources, expertise,
knowledge, and costs among projects in these different regions.
This paper presents an overview of the concepts and compo-
nents of MMS and of applications in selected arid and semi-arid
regions.

7.2 LEVELS OF MODULAR DESIGN

7.2.1 Process modules and models

MMS has a master library that contains compatible modules for
simulating a variety of water, energy, and biogeochemical pro-
cesses. The library may contain several modules for a given pro-
cess, each representing an alternative conceptualization to simu-
lating that process. The different conceptualizations are functions
of a variety of constraints that include the types of data available
and the spatial and temporal scales of application. A model for a
specified application is created by coupling appropriate modules
from the library. If existing modules cannot provide appropriate
process algorithms, new modules can be developed and incorpo-
rated into the library.

Hydrological Modeling in Arid and Semi-Arid Areas, ed. Howard Wheater, Soroosh Sorooshian, and K. D. Sharma. Published by Cambridge University Press.

© Cambridge University Press 2008.
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Figure 7.1 (Plate 9) The model builder interface Xmbuild

Model building in the MMS is accomplished using an interac-
tive model-builder interface termed Xmbuild (Fig. 7.1, Plate 9).
Xmbuild enables the user to select and link modules to create
a model. Selecting a directory in the Module Locations window
will display all the modules available in the Available Modules
window. Selecting a module in this window will place it in the
Current Model window. As additional modules are added to the
Current Model window they are linked by using the output from
one module as the input to other process modules.

Xmbuild enables users to view inputs and outputs for each mod-
ule and to search the module library for all modules that pro-
vide the necessary inputs for each module. Using this search and
select procedure, a user-defined model can be constructed. Module
inputs and outputs include a units attribute that can be checked
to ensure module compatibility. Plans include the development
of an expert system to assist users in module selection based on

Current Model

future research to identify the most appropriate modules for vari-
ous problem objectives, data constraints, and spatial and temporal
scales of application.

7.2.2 Loosely coupled models

The module-linking concept for model building applies to loosely
coupled models as well. In loosely coupled models, information
flow is in only one direction; output from one model is used as
input to another model (Fig. 7.2). An example of a series of loosely
coupled models might begin with a watershed model that simu-
lates hillslope runoff volume and timing for input to a channel-
hydraulics model. Output from the channel-hydraulics model can
then be input to a fish model. The link between models is accom-
plished using a common database and a software component
termed a “data management interface” (DMI). A DMI reformats
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Figure 7.2 Example of loosely coupled models using a common
database and DMIs

model output and writes it to the database, and reads data from
the database and reformats it for input to a given model. Each
DMI is unique for the database being used and for each model
being applied. Writing a DMI is currently the responsibility of the
user, but a library of DMIs for selected databases and models is
being developed. Numerous combinations of models are possible
using the loosely coupled approach. Models can be those created
from the module library as well as off-the-shelf models that are
not a component of MMS. The only requirement for the use of
non-MMS models is that they can be executed in a batch mode.

7.2.3 Fully coupled models

The concept of linking modules to create a model can also be
applied to the linking of models to create a larger integrated model.
A fully coupled model refers to the coupling of individual models
where there is a two-way flow of information between the mod-
els. These typically are developed to provide feedback among
related processes in the linked models. Feedback is normally pro-
vided through the use of iterative computational procedures where
groups of modules may be required to run multiple times to reach
convergence for selected feedback processes.

A fully coupled surface-water/groundwater model is currently
being developed in MMS (Fig. 7.3, Plate 10). The watershed model
PRMS (Leavesley et al., 1983; Leavesley and Stannard, 1995),
groundwater model MODFLOW (Harbaugh, 2005), Streamflow-
Routing Package SFR2 of MODFLOW (Niswonger and Prudic,
2005), and Unsaturated Flow Package UZF1 of MODFLOW
(Niswonger et al., 2006) are being linked to simulate the interac-
tions among these individual models. PRMS provides the spatial
and temporal recharge for MODFLOW grid cells. This recharge is
passed to UZF1 for routing through the unsaturated zone to MOD-
FLOW. If the water table reaches the soil surface, the UZF1 model
becomes inactive in the associated grid cells, groundwater exfil-
tration occurs from these cells, and saturated areas are developed

PRMS to SFR2

PRMS to UZF1
—
/ UZF1 to MODFLOW

PRMS to
MODFLOW

wovroweo [ [ [ [ [ [ ]
=

Figure 7.3 (Plate 10) Fully coupled surface-water/groundwater model

in PRMS that will generate direct runoff from rain or snowmelt
that occurs on these areas. Runoff from PRMS is delivered to the
channel reaches in SFR2. The water-surface elevation (head) in a
SFR2 reach and the head in the MODFLOW grid cell adjacent to
the channel reach are then used to solve for the rate and direction
of water flow between the stream and the aquifer. If the head in the
aquifer is below the bottom of the channel reach, the unsaturated
zone model is used to route flow from the channel to MODFLOW.

7.2.4 Decision-support systems (DSSs)

Decision-support systems are the top level of complexity
for model coupling and integration. Various combinations of
models from all levels of modular design can be integrated
with resource-management and decision-support models to cre-
ate a resource-management DSS. For example a resource-
management DSS might include: (1) watershed models for simu-
lating reservoir inflows and streamflow from unregulated basins,
(2) one-dimensional and two-dimensional hydraulic models for
application to selected river reaches where channel-flow charac-
teristics may affect channel morphology or biological habitats,
(3) sediment-transport and chemical-transport models to address
a variety of water quality issues at the basin or reach scale,
(4) agricultural models to address land-management and irriga-
tion practices and the fate and transport of nutrients and pesti-
cides, (5) biological and ecosystem models that address critical
habitat issues, and (6) reservoir-management models to control
the volume, timing, and distribution of water within a basin.

The ability to couple and integrate models for DSS develop-
ment and application are provided in MMS by the object user
interface (OUI) tool set. A variety of analytical, statistical, and
graphical support tools are also provided to aid in the decision-
support process. The capabilities of OUI and the other support
tools are described in the next section.
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7.3 ANALYSIS AND SUPPORT TOOLS

7.3.1 The GIS Weasel

The GIS Weasel is a geographic information system (GIS) inter-
face for applying tools to delineate, characterize, and parameterize
topographical, hydrological, and biological basin features for use
in a variety of lumped- and distributed-modelling approaches. It is
composed of ArcInfo (ESRI, 1992) GIS software, C language pro-
grams, and shell scripts. Distributed basin features are typically
described using a concept of “model response units” (MRUs).
MRUs are areas delineated within a watershed, or area of interest,
whichreflectamodel’s treatment of spatially distributed attributes,
such as elevation, slope, aspect, soils, and vegetation. MRUs can
be characterized using these attributes. The GIS Weasel also delin-
eates a drainage network and computes the connectivity of MRUs
with this drainage network. The location of data-collection sites
can also be overlaid with the MRU map to define associations
between MRUs and the data sites.

Parameter-estimation methods are implemented using ARC
macro language (AML) functions. Keeping with the modular con-
cept, a library of parameter-estimation methods is maintained in
a similar fashion to the library of process modules. For a given
model, arecipe file of AML functions can be created and executed
to estimate a selected set of spatial parameters. This recipe file can
also be modified to change the parameter-estimation method asso-
ciated with a selected parameter, thus enabling the evaluation of
alternative parameter-estimation methods.

Currently, methods to estimate selected spatially distributed
model parameters have been developed for PRMS and TOP-
MODEL (Beven et al., 1995). Digital databases used for parameter
estimation in the USA include: (1) USGS digital elevation models,
(2) State Soils Geographic (STATSGO) 1km gridded soils data
(US Department of Agriculture, 1994); and (3) Forest Service
1 km gridded vegetation type and density data (US Department
of Agriculture, 1992). Spatially distributed parameters estimated
using these databases include elevation, slope, aspect, topographic
index, soil type, available water-holding capacity of the soil, vege-
tation type, vegetation cover density, solar radiation transmission
coefficient, interception-storage capacity, stream topology, and
stream-reach slope and length.

7.3.2 The Object User Interface (OUI)

The Object User Interface is a Java-based, multi-purpose MMS
component developed jointly by the Friedrich—Schiller University,
Jena, Germany, and the USGS. OUI is a map-based interface for
acquiring, organizing, browsing, and analyzing spatial and tem-
poral data, and for executing models and analysis tools. OUI is
the key component of the MMS for developing loosely coupled
models and DSSs.

The functional components of OUI are a hierarchical data tree
and a map window for display of, and interaction with, one or
more data-tree themes (Fig. 7.4, Plate 11). The data tree provides
users with access to a variety of data layers that typically include
basin boundaries, model response units, stream reaches, meteoro-
logical and streamflow gauge sites, and other map-based features
of interest for model application and analysis. These spatial data
layers are stored in an ESRI shape file format. The display and
data tree provide action buttons to initiate model applications,
evaluate model results using a variety of statistical and graphical
tools, analyze associated spatial and temporal data, and generate
a three-dimensional animation of simulated model states.

The contents of the data tree and pull-down menus are speci-
fied using the eXtensible markup language (XML). OUI is easily
applied by creating or modifying a control file called tree.xml.
This file contains a variety of information, including the locations
and names of all data files, format of all data, database connection
parameters, locations and names of all models, and the locations
and names of all associated DMIs and model management inter-
faces (MMIs). An MMI is a set of Java code that provides the
ability to pre- and post-process data and to execute models for a
user-defined set of simulations and analyses. It is, in effect, a script
that creates and executes a sequence of models and analytical tools
based on an established set of interface rules.

7.3.3 Optimization and sensitivity analysis tools

Optimization and sensitivity analysis tools are provided to analyze
model parameters and evaluate the extent to which uncertainty in
model parameters affects uncertainty in simulation results. Two
optimization procedures are available to fit user-selected param-
eters. One is the Rosenbrock technique (Rosenbrock, 1960). The
second is a hyper-tunnel method (Restrepo and Bras, 1982). The
Shuffle Complex Evolution Optimization algorithm (Duan et al.,
1993) and the Multi-Objective COMplex Evolution algorithm
(Yapo et al., 1998), which is capable of solving multi-objective
optimization problems, are currently being incorporated into the
MMS tool set.

Sensitivity-analysis components allow the user to determine
the extent to which uncertainty in the parameters results in uncer-
tainty in the predicted runoff. Two methods of sensitivity analysis
are currently available. One is the method developed for use with
the original PRMS. The output of this method includes measures
of the relative sensitivity, error propagation, joint and individ-
ual standard errors, and correlation among user-selected model
parameters. The second method evaluates the sensitivity of any
pair of parameters and develops the objective-function surface
for a selected range of these two parameters. Other sensitivity-
analysis methods to address the questions of parameter and pre-
diction uncertainty are being evaluated for incorporation in MMS.
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Figure 7.4 (Plate 11) The Object User Interface (OUI)

Currently the Generalized Likelihood Uncertainty Estimation
(GLUE) procedure (Beven and Binley, 1992) is being added to
the MMS tool set.

7.4 FORECASTING

7.4.1 Ensemble Streamflow Prediction

Forecasting capabilities are provided by the Ensemble Stream-
flow Prediction (ESP) procedure (Day, 1985). ESP uses historic or
synthesized meteorological data as an analog for the future. These
time series are used as model input to simulate future streamflow.
The initial hydrologic conditions of a watershed, for the start of a
forecast period, are assumed to be those simulated by the model for
that point in time. Typically, multiple hydrographs are simulated
from this point in time forward, one for each year of available
historic data. For each simulated hydrograph, the model is re-
initialized using the watershed conditions at the starting point of
the forecast period. The forecast period can vary from a few days

to an entire water year. A frequency analysis is then performed on
the peaks and/or volumes of the simulated hydrograph traces, to
evaluate their probabilities of exceedance. The user can view all
the forecast traces and then select all or a subset of the traces for
use in an associated water management model (Fig. 7.5, Plate 12).
In the example shown the user selected the traces that represent
the 10, 50, and 90 % probabilities of exceedance.

The ESP procedure uses historical meteorological data to rep-
resent future meteorological data. Alternative assumptions about
future meteorological conditions can be made with the use of syn-
thesized meteorological data. A few options are also available in
applying the frequency analysis. One assumes that all years in the
historic database have an equally likely probability of occurrence.
This gives equal weight to all years. Years associated with El Nifio,
La Nina, ENSO neutral, Pacific Decadal Oscillation (PDO) less
than —0.5, PDO greater than 0.5, and PDO neutral have also been
identified in the ESP procedure. The years in these groups can be
extracted separately for analysis. Alternative schemes for weight-
ing user-defined periods, based on user assumptions or a priori
information, are also being investigated.
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Figure 7.5 (Plate 12) The ESP tool

7.4.2 Downscaling atmospheric model output

Procedures to dynamically and statistically downscale atmo-
spheric model output for use as input to watershed models have
been developed and coupled with the MMS (Wilby et al., 1999;
Hay et al., 2000, 2002). The dynamical downscaling procedure
applies a bias correction directly to the atmospheric model grid-
scale temperature and precipitation outputs. The statistical method
uses a regression-based statistical downscaling model to sim-
ulate point values of daily precipitation and temperature from
atmospheric-model output of grid-scale synoptic measures. The
point estimates of climate variables are then spatially distributed
across a basin using lapse rates and topographic information.

7.5 APPLICATIONS

The component tools in the MMS can be used individually or
in various combinations to address a wide range of water- and

environmental-resource management needs. A selected set of
example applications in arid and semi-arid regions is presented to
provide an overview of the types of resource-management issues
being addressed.

7.5.1 Watershed and River System Management
Program (WARSMP)

MMS is being used as the hydrological modelling and forecast
component of the WARSMP (Leavesley et al., 1996a). WARSMP
is a cooperative effort between the USGS and the Bureau of Recla-
mation (BOR) to develop an operational, database-centered, DSS
for application to complex, water and environmental resource-
management issues (Fig. 7.6). The MMS has been coupled with
the BOR RiverWare software (Fulp et al., 1995) using a shared
relational database. RiverWare is an object-oriented reservoir and
river-system modelling framework developed to provide tools for
evaluating and applying optimal water-allocation and manage-
ment strategies.
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MMS and RiverWare are linked using a common hydrologic
database (HDB). The database used varies among the basins,
with Oracle and HEC-DSS being currently supported. Real-time
hydrologic and meteorological data are provided to HDB every
six hours. HDB is also the database of record and so all model
results and forecasts are stored there as well.

A typical exchange between RiverWare and MMS would be
for RiverWare to request all inflow predictions for reservoirs in a
basin. A watershed model in MMS would simulate these forecast
streamflows and write them to HDB. RiverWare would read these
results and evaluate alternative reservoir-management strategies.
The associated reservoir releases for each strategy would be writ-
ten to HDB. These strategies may have implications for environ-
mental or flood issues. MMS could be called again to run one or
more hydraulic and/or ecosystem models to evaluate the effects
of the reservoir releases on selected river reaches. These results
would then be written to HDB for use by RiverWare in selecting
a specific management alternative.

The modelling capabilities of MMS and RiverWare include
simulating watershed runoff, reservoir inflows, and the impacts
of resource-management decisions on municipal, agricultural,
and industrial water users, environmental concerns, power gen-
eration, and recreational interests. The WARSMP DSS is cur-
rently operational in the Gunnison River Basin, Colorado; Yakima
River Basin, Washington; Rio Grande Basin in Colorado and New
Mexico, and Truckee River Basin in California and Nevada.

The Upper Gunnison River Basin provides a typical example
of the modelling issues that need to be considered in applying
MMS. The basin is about 10 000 km? in size. The GIS Weasel was
used to partition it into subunits or MRUs, using characteristics
such as slope, aspect, elevation, vegetation type, soil type, and
precipitation distribution (Fig. 7.7, Plate 13). Each unit is assumed
to be homogeneous with respect to its hydrologic response and to
the characteristics listed. Each unit is termed a hydrologic response
unit (HRU), which is just a specific type of MRU. More than
1000 HRUs were defined. The HRUs were then grouped into 15

major subbasins and 15 streamflow forecast nodes were defined.
However, only 5 of the 15 subbasins had observed streamflow
data. The subbasin configuration, HRU delineations, and other
data layers were specified to the OUI through the tree.xml file
for use in organizing the display and analysis of data and model
results.

The distributed-parameter watershed model PRMS was
selected for application. A set of spatial parameters was estimated
for each subbasin and HRU using the GIS Weasel. An objective
parameter-estimation and calibration procedure has been devel-
oped and is being tested in the MMS for the PRMS applications.
In this procedure, no changes are made to the spatial parame-
ters estimated by the GIS Weasel. Calibration is focused on the
water-balance parameters affecting potential evapotranspiration
(ET) and precipitation distribution, and on the subsurface and
groundwater parameters affecting hydrograph shape and timing.
Parameters calibrated on the five gauged basins were then trans-
ferred to the ten ungauged basins.

For streamflow simulation purposes, an MMI was created in
OUI to execute the PRMS separately on each of the 15 subbasins
and then to execute a channel-routing model that routes the sub-
basin outflows to produce a simulated streamflow hydrograph at
the 15 river forecast nodes. In PRMS, a water balance and an
energy balance are computed daily for each HRU. The sum of the
responses of all HRUs, weighted on a unit-area basis, produces the
daily subbasin streamflow. The user can view the routed stream-
flow at any node by activating the routing-node data layer in the
OUI data tree and then clicking on the desired node in the OUI
map display.

A second MMI was created to implement the ESP procedure in
OUI. Here, forecast hydrographs are simulated for each subbasin,
one hydrograph for each of the 24 years in the historic data record.
A routed hydrograph through the entire basin is then generated for
each of the 24 forecast periods. The suite of 24 hydrographs at
any forecast node can then be viewed using the ESP Tool, which
is a Java-based GUI in which all or a subset of the forecast hydro-
graph traces can be viewed (Fig. 7.5, Plate 12). For each node,
a frequency analysis is computed on the suite of traces and the
probability of exceedance for each trace is provided as well. The
ESP Tool MMI contains the procedure to write operator-selected
hydrographs to the central database HDB for use by RiverWare.
The river-basin manager typically selects the hydrographs with a
10, 50, and 90 % probability of exceedance for analysis in River-
Ware. The ESP procedures are typically run a few times a week
to aid resource managers in making reservoir and river-system
management decisions.

A major goal of the WARSMP DSS program is to effec-
tively integrate scientific understanding into the water- and
environmental-resource decision-making process. The database-
centered DSS approach that combines MMS and RiverWare pro-
vides a flexible framework that can be used by scientists, resource
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Figure 7.7 (Plate 13) Gunnison River basin delineation into HRUs, subbasins, and forecast nodes

managers, and stakeholders in this process. This approach is
generic and applicable to a wide variety of basins and resource-
management issues in arid and semi-arid regions.

7.5.2 River Draa, Morocco

GLOWA is a program initiated by the German Federal Ministry
of Education and Research (http://www.glowa.org/eng/home/
home_objectives.htm) to focus on problems of water availabil-
ity. One aim is the development of simulation tools and instru-
ments that will aid in the development of strategies for sus-
tainable water management at a regional level (river basins of
approx. 100000km?), while considering global environmental
changes and socioeconomic conditions. IMPETUS is program
within GLOWA to investigate all aspects of the hydrological cycle
in two river catchments in north-west and west Africa: the wadi
Draa in the south-east of Morocco and the River Ouémé in Benin.

MMS is being used in the IMPETUS study of the wadi Draa. The
Dréa basin forms a large transboundary catchment (115 000 km?)
stretching across Algeria, Mauretania, and Western Sahara, but
the Dréa river itself is restricted to the upper parts of the catch-
ment (34 609 km?) located in Morocco and no longer reaches the
Atlantic Ocean (Fig. 7.8).

The River Draa drains from the High Atlas Mountains to Lac
Iriki and feeds a large dam for irrigation purposes. In order to
address a number of imminent problems limiting the availabil-
ity and allocation of water along the wadi Draa, 12 measure-
ment sites were installed along a gradient of elevation and aridity.
Monitoring of the thickness and the extent of snow cover in
the High Atlas Mountains is essential to enable the competing
water users (power generation, irrigation, domestic consumption)
to have adequate supplies. In addition to seeking a better under-
standing and prediction of the geospheric, atmospheric, and bio-
spheric components of the hydrological cycle, the IMPETUS
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Figure 7.8 Location of the Draa River basin, Morocco

activities center, around the questions of the influence, risks,
and resulting conflicts of human activities in the context of
the specific social and economical structures encountered in the
area.

The issues and needs for water-management DSS tools are
described by de Jong et al. (2004, 2005). The most severe prob-
lems affecting the Draa in terms of the natural physiography are
water shortage and drought over the last five years. According to
the world water-poverty index, Morocco has an index of below 45
and the Draa belongs to the world’s ten driest catchments (Ravenga
et al., 1998). Population, settlements, infrastructure and agricul-
ture are concentrated around the rivers and oases. The catch-
ment is also subject to highly variable rain- and snowfall regimes
and extremely sporadic and variable discharge. The downstream
reservoir Mansour Eddahbi situated near Ouarzazate, the regional
capital, is strongly dependant on water input from the mountain
catchments. Over the past few years, there have been large fluctu-
ations in water input into the reservoir and its minimum capacity

is often no longer reached. The Mansour Eddahbi dam has also
been subject to substantial infill by sediments and consequently
rapid capacity loss. If this trend continues, the reservoir will have
lost half of its capacity by the year 2030 and will require inten-
sive study of sediment delivery to predict its entire lifetime and
economical function.

MMS is currently being used to develop a DSS for the whole
Draa catchment for operational discharge forecasting. A number
of physical and hydrological characteristics have been identified
as having major effects on the ability to make such forecasts. These
include the spatial and temporal distribution of precipitation and
the determination of its form as rain or snow. Evapotranspiration
and snow sublimation also play a significant role. Surface and
subsurface runoff and springs are controlled by complex geo-
morphology and geology including limestone and basalt. Wadi
river beds are highly porous and discharge is sporadic and highly
variable depending on precipitation inputs and river-bed charac-
teristics.
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Figure 7.9 (Plate 14) Location of the Heihe River Basin, China

The initial modelling efforts have been focused on the imple-
mentation of the model PRMS to selected headwater catchments.
HRU delineation and parameterization using the GIS Weasel
have been based mainly on geomorphological and hydrogeolog-
ical characteristics. Analysis of model results are being used to
identify additional process models required to meet the water-
and environmental-resource management needs on the basin.
These modelling needs include the processes of snow ablation,
erosion and sedimentation, channel transmission loss, surface-
water/groundwater interactions, and oasis formation and use.

7.5.3 Heihe River, China

been established
between the Cold and Arid Regions Environmental and Engi-

A collaborative research program has

neering Research Institute, Chinese Academy of Sciences
(CAREERI/CAS) in Lahzhou, China and the USGS, for the devel-
opment of integrated models and a modelling environment for
inland river basins. A case study for this effort is being conducted
in the Heihe River basin, Northwest China (Fig. 7.9, Plate 14). The
Heihe is the second largest inland river watershed in China with
an area of 140000km?. The basin runs from the Qilian moun-
tains in the south to the Alxa high plain in the north. There is a
diverse set of hydrological and geological conditions in the basin
that include alpine glacial, snow, grassland, forest, plain, oasis,

-09

e

Inner Mongolia L
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and desert regions. River flows originate as rainfall and snowmelt
in the Qilian mountains and gradually disappear as the river flows
north due to irrigation use, evapotranspiration, and channel trans-
mission losses to groundwater.

Research is being conducted on water-resource allocation and
utilization, and the integrated management of water resources,
ecosystems, and economic systems in the Heihe River Basin.
These research efforts include the investigation of: (1) sustain-
able utilization of water resources in inland river basins in arid
regions under a changing environment, (2) heat and water transfer
in the soil-vegetation—atmosphere system and land-surface pro-
cess studies in inland river basins, (3) studies on water cycle and
water-resource capacity in northwest China, and (4) the develop-
ment of a basin-scale climate model for the region.

Initial collaborative research and development using MMS will
focus on surface-water/groundwater issues and the development
of a DSS for the Heihe Basin. The interaction of surface and
groundwater in the middle and lower reaches of the Heihe River
Basin is very complex, and is an obstacle to good water man-
agement. An integrated model that can quantitatively describe the
spatial and temporal fluxes of surface and groundwater will be
developed. Models to be evaluated include SWAT (Arnold et al.,
1998) and MODFLOW. The coupled model will be further linked
with a water-management model. These integrated models will
be part of the overall spatially explicit DSS for the Heihe River
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Basin. Additional models and tools will be added to the DSS
as they become identified by research results and operational
needs.

7.6 SUMMARY

MMS provides a toolbox approach to model and system devel-
opment. It supports multi-disciplinary model integration and the
development of decision-support systems. Open-source software
design allows many to share resources, expertise, knowledge, and
costs. Individual modules, models, and tools can be developed
by those with the relevant expertise and added to the common
toolbox for use by others. Continued advances in physical and
biological sciences, GIS technology, computer technology, and
data resources will expand the need for a dynamic set of tools to
incorporate these advances in a wide range of inter-disciplinary
research and operational applications. MMS is being developed
as a flexible framework in which to integrate these activities and
to provide improved knowledge of hydrological and environ-
mental processes to advance the art and science of water- and
environmental-resource modelling.

MMS, the GIS Weasel, selected models and tools, and addi-
tional information on MMS can be downloaded at:

http://www.brr.cr.usgs.gov/mms/
http://www.brr.cr.usgs.gov/weasel/
http://www.brr.cr.usgs.gov/warsmp/
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8 Calibration, uncertainty, and regional analysis
of conceptual rainfall-runoff models

H. S. Wheater, N. McIntyre, and T. Wagener

8.1 INTRODUCTION

The majority of continuous-time rainfall-runoff models can be
classified as conceptual, as discussed in Chapter 1 (see also
Wheater et al., 1993; Wheater, 2002). This type of model rep-
resents the hydrological processes that are seemingly impor-
tant in the system using a simplified, conceptual representation
(Fig. 8.1). These models have three notable characteristics:
(a) their model structure is specified a priori, (b) the hydrolog-
ical properties of the catchments are represented as parameters,
which are generally assumed to be constant during each model
application, (c) (at least some of) the model parameters have no
direct, physical meaning and are not directly measurable. There-
fore model parameters are usually estimated via calibration, using
the fit of the model output time series to observed data to provide
a measure of goodness of fit.

In this chapter we introduce the issues associated with calibra-
tion, and recent developments that allow the associated uncertainty
to be specified. Finally the application of models to ungauged
catchments (regional analysis) is discussed. For a more exten-
sive treatment of these subjects, the reader is referred to Rainfall-
Runoff Modelling in Gauged and Ungauged Catchments by
Wagener et al. (2004) and also the AGU Monograph on Cali-
bration of Watershed Models (Duan et al., 2003).

8.2 CALIBRATION ISSUES

Two distinct approaches to calibration can be taken:

(1) A manual approach requires the user to adjust parame-
ters interactively in successive model runs. This is a time-
consuming and labour-intensive process, dependent on the
insight of the modeller (although codified guidance is avail-
able for some models (Boyle ez al., 2000)). This dependence

(@)

on the user can be seen as a strength, since it builds on accu-
mulated experience and only intelligent steps through the
parameter space will be made. However, it is also a weakness,
since the process is subjective, and the parameters derived
may be prone to bias. There is also no clear point at which
the calibration process can be said to be complete.

In evaluating the quality of model fit, human judgement
is used. The eye is a powerful integrator of different signals,
and can, for example, detect that simulation performance over
different parts of the hydrograph (e.g., peaks, recessions, low
flows) may provide clues to guide the search for optimal val-
ues of specific parameters within the model. Alternatively
the fit can be measured using one or more objective func-
tions. These commonly aggregate the time-series residuals
over the whole calibration period, for example the Nash—
Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), which
is a dimensionless form of the sum of squared errors.

An automatic approach uses a computer algorithm to search
the parameter space, performing multiple trials of the model.
This requires that performance is specified by an objective
function, and if the model has p parameters, the problem can
be posed as the maximization or minimization of a (p + 1)-
dimensional response surface. Classical optimization meth-
ods can be applied, for example gradient-based methods such
as the well-known Marquard algorithm and Rosenbrock’s
rotating-coordinate search method (Rosenbrock, 1960), or
alternatively, rule-based search methods, such as the Simplex
algorithm of Nelder and Mead (1965). Current computing
power has allowed more powerful variants to be developed.
For example, the shuffled complex evolution method, devel-
oped at the University of Arizona (SCE-UA) (Duan et al.,
1992), combines the Simplex algorithm with a genetic algo-
rithm approach. Multiple Simplexes are propagated through
the parameter space, and periodically shuffled to exchange
information. The automatic approach has the advantages that
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Figure 8.1 (Plate 15) Conceptual model

the computer does the hard work of exploring the parameter
space, rather than the user, and that the procedure is objective;
the calibration process would, through thorough searching of
the parameter space, ideally be able to define a single well-
identified optimum parameter set.

The development of automatic methods has allowed detailed
investigation of the issues underlying the search for a global
optimum set of parameter values in a way that was not possi-
ble using a manual approach. Problems in searching the parameter
space have long been well-known (e.g., Ibbitt, 1970; Johnston and
Pilgrim, 1976). These include:

¢ multiple local optima on the objective function surface;

¢ interdependence of parameters that gives difficulties due to
the production of valleys (or ridges) in the objective function;

*  insensitive directions in the parameter space, e.g., if a param-
eter is redundant due to a threshold value;

basin
discharge

e search hampered by boundaries in parameter values
(although restriction of the parameter space can be helpful,
interactions with the boundary are problematic);

o saddle points, where first derivatives vanish but minima (or
maxima) are not reached;

o different scales of parameters, which create difficulties in
defining appropriate step lengths in each parameter direction.

One important result is non-uniqueness of the identified parameter
sets: many combinations of parameter values provide equally good
fits to the data (indeed many different model structures may also
give similar objective function values (Wheater, 2002)). Beven
(1993) defined this problem as “equifinality,” arising from over-
parameterization of models, data limitations, and structural faults
in the model.

This ambiguity has serious implications for model applica-
tions. If parameters cannot be uniquely identified, then they can-
not be deterministically linked to catchment characteristics. For
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Figure 8.2 The Rainfall-Runoff Modelling Toolbox (RRMT)

example, this in principle precludes the use of models for the
prediction of catchment change (where a change in catchment
attributes must be represented by an appropriate change in param-
eter values), or for application to modelling the hydrology of
ungauged catchments.

8.3 DEVELOPMENTS IN CALIBRATION
METHODS

There have been three reactions to this problem of ambiguity
(Wagener et al., 2003a). These are discussed below, and illus-
trated using various methods of model performance analysis.

8.3.1 The development and analysis of parsimonious
model structures

Firstly, there has been a move to simpler models, with fewer
parameters, in an attempt to reduce parameter interactions and
dependencies and more closely match the complexity of the model
to the information content of the data. This reflects the philosophy
of metric models, and hence this class of model was termed hybrid
metric-conceptual (HMC) by Wheater et al. (1993).

An early example is the probability-distributed model (PDM)
of Moore and Clarke (1981). IHACRES (see Chapter 4 by Croke
and Jakeman) is another. In the PDM model, the spatial variation
of soil-moisture storage capacity is represented by a prescribed
probability distribution. The Pareto distribution is used here. It
has the distribution function:

Flo)=1— (1 - 8.1)

where ¢/c max is the relative soil moisture storage and the param-
eter b controls the degree of spatial variability. When the soil
storage at any point on its distribution is filled, effective rainfall is
generated. The actual evaporation is assumed to be proportional to
the wetness of the catchment. This model element has two model
parameters, the maximum storage capacity, ¢ max, and the degree
of spatial variability of the soil-moisture capacity in the catch-
ment, b. The routing component of the model can take various
forms. One consists of two linear reservoirs in parallel, one rep-
resenting a relatively quick catchment response and the other a
slower response. All the effective rainfall is split between these
two reservoirs, defined by parameter %(q) (proportion of the total
effective rainfall going to the quick response reservoir). The two
components of outflow are aggregated into total streamflow. This
model element has three model parameters, i.e., two residence
times of the each reservoirs, rt(q) and rt(s), and %(q), thus giving
five parameters for the model as a whole.

Models of this type can typically be considered to consist of a
non-linear loss function, which accounts for rainfall losses, and a
routing component, comprising a set of linear or non-linear stores
in parallel. The Imperial College Rainfall-Runoff Modelling Tool-
box (RRMT) (Wagener and Lees, 2001a; Wagener et al., 2002),
written in the MATLAB environment, supports the implementa-
tion of this type of model. It allows a wide range of alternative
moisture-accounting modules and routing modules to be selected
from a library and easily combined to form a chosen model struc-
ture (Fig. 8.2).

Current computing power allows such models to be run many
thousands of times on an ordinary PC, and hence simple, but
powerful methods to analysis model structure and performance
can be easily implemented. Figure 8.3 shows typical “dotty plots”
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Figure 8.3 Example of a well and a poorly identified parameter. The top row shows scatter plots of parameter versus measure of performance. It has

to be considered that these projections into a single parameter dimension can, however, hide some of the structure of the response surface (Beven,
1989). The bottom row shows the cumulative distribution of the best performing 10 % of parameter sets and the corresponding gradients within each

segment of the parameter range

from a Monte Carlo analysis, where each dot represents a simu-
lation. Values of the individual model parameters are drawn from
pre-specified distributions by random sampling. The upper plots
show the value of the objective function (which is being maxi-
mized) on the vertical axis, plotted against the associated value
of a given parameter on the horizontal axis. The left-hand image
shows a clearly-defined optimum parameter value; the parameter
is clearly “identifiable.” In contrast, the right-hand image shows
that any value for the parameter can (in conjunction with different
combinations of the other parameters) yield comparable results.
The parameter is non-identifiable using this objective function, at
least in a univariate sense.

Dynamic identifiability analysis (DYNIA) (Wagener et al.,
2003b) extends the analysis of parameter identifiability to inves-
tigate time dependence. A measure of parameter identifiability is
required, and the lower plots in Fig. 8.3 illustrate one approach.
The cumulative distribution of the best performing 10 % of param-
eter sets is plotted, and the corresponding gradients within each
segment of the parameter range are represented by a histogram.
Gray-scale coding indicates the value of the gradient — darker
coloring indicates a steeper gradient, and thus greater identifiabil-
ity. We can now take a moving window through the output time
series (i.e., streamflow in this case) and evaluate the identifiability
as a function of time. An example is shown in Fig. 8.4 for the
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parameter ¢ max (the maximum soil moisture storage capacity in
the PDM model), evaluated using the NSE criterion. It can be seen
that there are periods in the data series where the identifiability of
the parameter increases (shown by the dark shading). It can also
be seen that there are tensions in the model. There are periods
where the identified parameter value is in the region of 100; there
are other periods, notably where there is a significant hydrograph
response following a dry period, where a higher value (around
500) is preferred.

The analysis of model structure and parameter identifiability
opens the way to a new framework for modelling, in which the
attributes of the model are tuned to the modelling task (Fig. 8.5).
If an application is, for example, to select a model for regionaliza-
tion, then it may be considered important to maximize parameter
identifiability, and this may require simplification of model struc-
ture, possibly with some loss of simulation performance.

1 ) —— Observed
10 F Calculated ]

oo

Streamflow [mm/d]

950 1000 1050
Time step [d]

Figure 8.6 Simulated hydrographs with the same objective function

value

8.3.2 The use of multiple performance criteria

Secondly, there has been a move to extract more information from
the available data. Until recently, automatic optimization methods
have used a single objective function (in contrast to the subjective
manual assessment of goodness of fit, which intuitively inspects
many different facets of model performance). The ambiguity that
can arise from this is illustrated in Fig. 8.6, where a set of simula-
tions with the same NSE value are seen to have markedly differ-
ent low-flow properties. Research has shown that the information
retrieved from a single objective function is sufficient to identify
between three and five parameters (Beven, 1989; Jakeman and
Hornberger, 1993), but it was realized that more information can
be obtained from the available streamflow time series by consider-
ing different aspects of the flow time series (Wheater et al., 1986;
Gupta et al., 1998, Boyle et al., 2000).

Using multiple objective functions can provide information that
improves the identifiability of certain parameters (Wheater et al.,
1986). It can also illustrate tensions in the model. Figure 8.7 illus-
trates results from a set of Monte Carlo simulations, as discussed
above. Two objective functions are calculated, one (NSE* = 1—
NSE) based on the sum of squared errors (and hence most strongly
influenced by high-flow performance), the other (FSB) based on
the errors in low-flow performance. The aim in this case is to min-
imize the objective functions. In the left-hand diagram it can be
seen that the best low-flow performance does not coincide with
the best high-flow performance, i.e., different parameter sets are
required to optimize for low flows in comparison with high flows.
A trade-off is needed — the user must decide where the modelling
priorities lie, and choose an appropriate parameter set. In the right-
hand diagram, the model structure is capable of maximizing both
high- and low-flow performances with minimal trade-off required.
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8.3.3 Abandoning the concept of a unique best-fit model

The logical conclusion from the widespread observation that there
is equifinality in model parameters and in model structures is to
abandon the idea that a uniquely identifiable model exists. Rather,
there is a population of models (i.e., structures and parameter sets)
that can be defined according to their consistency with the avail-
able data. Spear and Hornberger (1980) developed the concept
of regionalized sensitivity analysis (RSA). They classified their
model realizations as “behavioral” or “non-behavioral,” depend-
ing on consistency with available data, and used this classification
to explore parameter sensitivity. Parameters were sensitive if there
was a significant difference between the set of behavioral and non-
behavioral parameters. This is illustrated in Fig. 8.8. The cumula-
tive distribution of the values of parameter 6; for the model realisa-
tions considered “behavioural” is denoted (F(6;|B)) and the distri-
bution for the “non-behavioral” populations is denoted (F (6;|B)).
In the figure, parameter 6; is sensitive (the populations are clearly
different) and parameter 0} is insensitive.

Good trade-off

FSB

o i 1 i L
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NSE
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This approach was extended by Freer et al. (1996); instead
of two classes, the model realizations are split into ten groups of
equal number, ranked according to their objective-function perfor-
mance, and the cumulative distributions can be plotted to indicate
parameter sensitivity.

This analysis can be extended to estimate the uncertainties that
arise in model structure, parameter values, and data. A popu-
lar approach is the generalized likelihood uncertainty estimation
(GLUE) procedure (Beven and Binley, 1992; Freer et al., 1996).
Recalling the basic assumption that for a given data set a unique
best-fit model (in terms of structure and parameter values) does
not exist, the likelihood that a particular model and parameter
set represents the data can be estimated, using some appropriate
performance criterion.

As above, for a given model structure, parameter sets are gen-
erated (based on random sampling of the feasible parameter space
using a known or assumed prior distribution, e.g., a uniform distri-
bution) and the model is run using a Monte Carlo procedure. The
simulations are classified as behavioral or non-behavioral, and the
latter are rejected. The objective function values of the behavioral
set of simulations can be used as “likelihood” measures, which are
scaled and used to weight the predictions associated with individ-
ual behavioral parameter sets. The modelling uncertainty is then
propagated into the simulation results as confidence limits of any
required percentile (Fig. 8.9).

There are clearly limitations in this approach. The decision
on whether a simulation is behavioral or not requires judgement
to define a threshold value of objective function. And the vari-
ous sources of uncertainty (input- and output-data error, model-
structural error, parameter-estimation error and random error) are
lumped into the single entity of parameter error. Nevertheless, the
ability to specify the uncertainty associated with a simulation is a
fundamentally important step. Given the availability of such tools,
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Figure 8.9 Simulation with 95 % confidence limits

it will soon no longer be adequate to present a simulation output
as a single best estimate, with no attempt to specify the associated
confidence intervals.

8.4 TOOLBOXES

It will be seen that important steps have been taken in our under-
standing of hydrological models, and that the ability to use sim-
ple Monte Carlo simulation methods has provided a powerful set
of tools to support hydrological modelling through analysis of
model structures, parameter identifiability and uncertainty. These
techniques are now readily accessible through recently developed
toolboxes.

The Imperial College Rainfall-Runoff Modelling Toolbox
(RRMT) (Wagener and Lees, 2001a) has already been introduced.
The toolkit contains a large selection of parsimonious conceptual
rainfall-runoff models, and also optimization tools such as SCE-
UA. A second Imperial College toolbox, also available in the MAT-
LAB environment, is the Monte Carlo Analysis Toolbox (MCAT)
(Wagener and Lees 2001b), Fig. 8.10. This supports the tools for
model sensitivity and uncertainty analysis discussed above, based
largely on generalized sensitivity analysis and GLUE. Recently a

capability for dynamic identifiability analysis (DYNIA) has been
added to the MCAT.

8.5 REGIONALIZATION

One of the major challenges to hydrologists is the prediction of the
hydrology of ungauged catchments. However, using parsimonious
models and the tools described above, important progress is being
made to regionalize continuous simulation rainfall-runoff models.

The procedure of regionalization can be summarized as shown
in Fig. 8.11 (Wagener et al., 2004). Data from gauged catchments
(I) are used to calibrate a “local model,” and hence derive a set
of model parameters for each catchment (6). These parameters
are used, with a set of catchment characteristics (®), to generate
a “regional model,” most commonly by regression analysis. The
regional model can then be simply applied to ungauged catch-
ments — if the catchment characteristics are known, the regional
model generates the parameters to run the local model structure to
represent the ungauged catchment. Many issues arise, for exam-
ple what is the most appropriate local model given the range of
catchment types, sizes, climate characteristics; what is the most
approporiate procedure for development of the regional model.
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Figure 8.11 Model regionalization procedure

These are discussed in more detail by Wagener at al. (2004), but
also provide considerable scope for new research.

A summary case study is presented below (after Wheater et
al., 2002), to illustrate the basic procedure, using daily modelling
of 23 small to medium sized catchments from the Thames basin,
UK. Mean daily discharges for the ten year period from January
1, 1990 to December 31, 1999 were used, together with mean

daily precipitation (mm/d) for 36 raingauges across the study area,
and weekly potential evaporation estimates. Physical catchment
descriptors were available from the Flood Estimation Handbook,
FEH (Institute of Hydrology, 1999) (see Table 8.1).

Several model structures were explored from the RRMT tool-
box. Here we report results from the Catchment Wetness Index
(CWI) loss function used in the IHACRES model (Jakeman et al.,
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Table 8.1 Description of catchment characteristics®

Catchment

characteristic Unit Description

AREA km? Catchment drainage area

LDP km Longest drainage path

BFIHOST - Baseflow index derived using the HOST
classification

SPRHOST % Standard percentage runoff derived using
the HOST classification

FARL - Index of flood attenuation due to
reservoirs and lakes

PROPWET - Index of proportion of time that soils are
wet

DPLBAR km Index describing catchment size and
drainage path configuration

DPSBAR m/km  Index of catchment steepness

ASPBAR - Index representing the dominant aspect
of catchment slopes

ASPVAR - Index describing the invariability in
aspect of catchment slopes

RMED-1D mm Median annual maximum 1-day rainfall

RMED-2D mm Median annual maximum 2-day rainfall

RMED-1H mm Median annual maximum 1-hour rainfall

SAAR mm 1961-90 standard-period average annual
rainfall

SAAR4;79 mm 1941-70 standard-period average annual
rainfall

URBEXT 999 - FEH index of fractional urban extent for
1990

URBCONC - Index of concentration of urban and
suburban land cover

URBLOC - Index of location of urban and suburban

land cover

¢ After Institute of Hydrology (1999)

1990), combined with a parallel linear two-store model (2PAR),
to represent the quick- and slow-flow components respectively.

8.5.1 Local calibration

Table 8.2 lists the calibrated parameter sets (derived using Monte
Carlo sampling using the root-mean-squared error (RMSE) cri-
terion) and the RMSE and NSE criteria for all catchments (two
catchments have been excluded due to shorter data length and
calibration problems).

The resulting model fits are all considered good, with NSE
values ranging from 0.73 to 0.92 (average 0.82). The reduction
in performance for the top five catchments can be clearly seen
and is likely to be due to the use of daily data that is relatively

coarse to represent the rapid flow responses on these impermeable
catchments.

8.5.2 Regional analysis

Relationships between model parameters and individual FEH
catchment characteristics were investigated using simple corre-
lation analysis. Two additional characteristics, SMDBAR (mean
soil-moisture deficit) and ALTBAR (mean altitude) were only
available for 12 of the 21 catchments, and were thus excluded
from Table 8.1 and the full regionalization analysis. The parame-
ter tau, the time constant of catchment wetness decline, is related
to SMDBAR (correlation coefficient 0.60). The refp parameter
is poorly correlated with all the catchment characteristics across
most response periods. Parameter mf, which determines the dif-
ference in evapotranspiration (ET) between summer and winter,
is, not surprisingly, strongly influenced by SMDBAR (correlation
coefficient 0.98, see Fig. 8.12). Parameter mf also shows a rela-
tionship with BFIHOST, which may be indicative of the influence
of soil type and geology on water losses from the catchment.

The residence time constant of the quick-flow reservoir, rt(q),
is consistently well identified for all objective functions by BFI-
HOST, which reflects the underlying geology of the catchment;
as BFIHOST increases, so does the residence time. rt(q) was also
found to be, to some extent, related to the urban measures of con-
centration (URBCONC) and location (URBLOC). This may be
coincidental. rt(q) is also consistently related to the catchment
slope measure (DPSBAR) and the median annual maximum rain-
fall for a duration of one hour (RMED-1H).

The rt(s) parameter, the time constant for the slow-flow reser-
voir, is again strongly related to BFIHOST, here with an inverse
relationship. rt(s) is also related to PROPWET, a measure of the
soil moisture status over time, to the average aspect of the catch-
ment and also to the average altitude, ALTBAR.

Finally, relationships between the percentage quickflow of total
flow (%(q)) and catchment characteristics were investigated. As
expected, BFIHOST shows the strongest relationship with this
parameter (Fig. 8.13), which also shows some level of correlation
with SMDBAR and ASPBAR.

The most significant relationships between the model parame-
ters and catchment descriptors, indicated by the Pearson correla-
tion coefficient in brackets, are shown in Table 8.3.

8.5.3 Multiple-regression regional analysis

A multiple-regression analysis was carried out using simple rou-
tines in MATLAB. The procedure allows the simple exclusion of
outlier values, e.g., the mf values found for the three chalk catch-
ments (C15, C16, C17). A test catchment was selected, namely
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Table 8.2 Parameter values and model fits for the CWI_2PAR model

Catchment
number tau refp mf rt(q) rt(s) %(q) RMSE NSE
CLAY C02 38.06 1.33 0.44 1.84 218.23 0.78 1.175 0.730
C03 2.82 4.48 0.93 2.78 497.51 0.77 0.796 0.740
Co1 0.55 9.71 0.48 1.64 251.43 0.71 1.131 0.740
C09 6.26 2.77 1.23 3.01 191.97 0.81 0.373 0.790
C23 6.98 2.66 1.35 7.42 53.61 0.89 0.657 0.730
MIXED 1 C22 29.04 1.44 1.02 7.10 56.02 0.62 0.290 0.870
Co4 15.38 341 0.62 3.90 241.36 0.56 0.244 0.800
C08 26.81 1.79 1.65 3.27 106.56 0.15 0.070 0.890
Cl4 30.83 1.10 1.52 21.51 135.08 0.35 0.108 0.920
MIXED 2 C07 26.95 1.76 1.14 7.98 91.16 0.25 0.191 0.880
C05 35.21 1.47 0.88 2.56 173.76 0.40 0.239 0.760
C21 12.76 2.90 0.76 11.72 59.10 0.36 0.183 0.900
C12 20.66 1.81 1.38 92.42 108.46 0.23 0.108 0.910
C13 25.92 2.27 0.88 52.18 216.52 0.81 0.169 0.890
MIXED 3 C18 12.32 1.97 1.25 24.89 35.98 0.31 0.247 0.900
C06 29.28 1.22 1.19 2.12 106.64 0.31 0.149 0.810
C20 36.00 1.90 0.66 13.46 22.30 0.24 0.412 0.770
C19 18.11 2.89 0.66 32.69 68.38 0.61 0.273 0.870
CHALK C15 4.01 1.43 17.27 51.31 73.29 0.95 0.218 0.750
C17 21.39 1.41 17.59 18.62 69.40 0.37 0.241 0.820
Cl16 2.68 1.52 15.08 38.31 53.60 0.07 0.265 0.780

1.8

0.2

34 35 36 37 38 39 40
SMDBAR

Figure 8.12 Overall RMSE best-fit mf versus SMDBAR
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Table 8.3 The most significant relationships between CWI_2PAR parameters and catchment

descriptors (note — urban measures are excluded)

Model

parameter Most significant catchment descriptors (correlation coefficient)

tau DPSBAR (—0.27)  BFIHOST (0.19) RMED-1H (0.13) ASPVAR (—0.12)
refp BFIHOST (—0.53) PROPWET (0.42) FARL (—0.42) ASPVAR (0.32)

mf BFIHOST (0.53) AREA (—0.32) FARL (0.54) PROPWET (—0.05)
t(q) BFIHOST (0.53) DPSBAR (0.47) PROPWET (—0.38) FARL (0.27)

rt(s) BFIHOST (—0.62) PROPWET (—0.38) DPSBAR (—0.38) ASPBAR (0.37)
%(q) BFIHOST (—-0.54) ASPBAR (0.32) RMED-1H (-0.23)

volc BFIHOST (0.58) DPSBAR (0.54) ASPBAR (—0.44) SAAR (0.25)

0.9

%(q)

0.4

BFIHOST

Figure 8.13 RMSE best-fit %(q) versus BFIHOST for all catchments

the River Wey at Farnham (C06), and removed from the multiple
regression data. The resulting relationships are as follows:

tau = —0.465 (DPSBAR) — 37.6 (ASPVAR)
— 4.26 (RMED — 1H) + 99.6 (R? =0.51)

refp = — 1.20 (BFIHOST) — 12.8 (PROPWET) + 0.264 (ASPVAR)
— 0.269 (FARL) + 7.05 (R? =0.34)

mf = —13.3 (PROPWET) — 0.320 (BFIHOST) + 0.00013 (AREA)

+ 4.95 (FARL) + 0.864 (R* = 0.65)
rt(q) = 29.1 (BFIHOST) — 0.151 (DPSBAR)
— 14.1 (PROPWET) — 3.82 R*> =0.74)

rt(s) = —315 (BFIHOST) 4 1017 (PROPWET) + 0.0149 (ASPBAR)
— 0.0619 (DPSBAR) + 25.7 (R* = 0.69)

%(q) = —1.06 (BFIHOST) + 0.00019 (ASPBAR)

—0.0031 (RMED — 1H) + 1.33 (R? =0.73)
volc = —0.00698 (BFIHOST) — 0.00004 (DPSBAR)
— 0.000004 (ASPBAR) + 0.01065 (R? = 0.754)

where volc is a factor introduced to ensure that the total volume
of modelled effective rainfall equals the total volume of observed
streamflow. This parameter is calculated during the calibration
stage, but has to be estimated during prediction and therefore
regionalization.

Table 8.4 gives a comparison of the calibrated and regionally
estimated parameter values for the Farnham catchment (C06);
Table 8.5 and Fig. 8.14 present the associated performance.
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Table 8.4 Calibrated and regionally estimated parameter values for

the Farnham catchment (C06)

Table 8.5 Model performance measures for the
calibrated and estimated model parameters for
the Farnham catchment

Parameter Calibrated Estimated
tau 9.3 259 Performance Measure Calibrated  Estimated
refp 1.22 1.30 RMSE 0.149 0.189
mf 1.19 0.853 NSE 0.81 0.69
t(q) 2.12 8.01
t(s) 107 107
%(q) 0.313 0.396
volc 0.0017 0.0021
4 L L L) L L L L L
—— Calibrated
3.5F Regionalized G
[ Observed
3 - -
25F -

Flow [mm/d]
N
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Figure 8.14 Regionalised model fits for the Farnham catchment (C06)

8.5.4 Conclusions from regionalization

This pilot investigation was of limited scope, but nevertheless
provides some insight into the hydrological controls on the catch-
ments investigated, as well as confirming the potential of the
methodology for more extensive regional analysis.

The regionally estimated parameters, found using the multiple-
regression method, showed encouraging results with respect to
both the proximity of the estimated to the calibrated parameter
values, and also in the good model fits to observed streamflow

data. Only limited validation was possible given the number

of catchments used. The derived regional relationships show a
good level of physical justification with regard to the catch-
ment descriptors used and the BFIHOST variable was found to
be significant in many of the parameter-estimation equations,
especially for the routing module parameters. This is indicative
of the dominant effect of the soils and geology of the catch-
ment, reflected in the BFTIHOST value, on the catchment response
characteristics.
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8.6 CONCLUSIONS

This chapter has reviewed developments in our understanding of
the performance of conceptual rainfall-runoff models. Since they
were first developed, some 40 years ago, important progress has
been made, and current computing power has enabled the devel-
opment and application of a powerful range of stochastic, Monte
Carlo based tools for the analysis of model performance. The lim-
itations of these models have mainly been due to the problems of
parameter inter-dependence — models have been too complex to
be identified uniquely from the available data.

Various issues have been discussed. It has been shown that auto-
matic methods of model calibration have finally caught up with the
experienced user by incorporating multiple objective functions in
the evaluation of model performance. For a rainfall-runoff model,
different aspects of the streamflow hydrograph can be considered.
For other applications, such as sediments or water quality, different
output signals can be evaluated. This generally illustrates tensions
in our models. The parameters which are optimal for high-flow
simulation will not be the same as those which are optimal for
low flows, and in a water-quality model, the hydrological param-
eters which are optimal for flow may not be same as those that
give optimal simulations of chemistry. This provides important
information to the user, who can decide what are the appropriate
criteria for a particular application.

A major step forward has been the recognition that alternative
models and parameters may be equally likely interpretations of
the available data. This has led to the development of methods to
quantify model uncertainty, which means that the modeller can
provide an informed estimate of the uncertainty associated with
a model simulation. This provides a radically different way of
communicating information to the users of model results, and
enables much more informed decisions to be made, for example
about the risk associated with a given management strategy.

Finally, the ultimate challenge to the hydrologist is to predict
the response of an ungauged catchment. We have seen that parsi-
monious models have the capability to deliver convincing results,
and such regional methods can be expected to rapidly find their
place in hydrological analyses (Wheater, 2002).

The modelling methods and tools discussed are available in
the MATLAB-based RRMT and MCAT Toolboxes. These can be
downloaded free for research users from http://ewre.cv.imperial
.ac.uk. Please note that MATLAB software is required for their
implementation.
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9 Real-time flow forecasting

P. C. Young

9.1 INTRODUCTION

The primary objective of this chapter is to describe recent research
on the design of real-time, adaptive forecasting procedures for the
prediction of flow (discharge) or river level (stage) in river sys-
tems and to illustrate this with a case study based on data from a
semi-arid river catchment in Western Australia. In particular, the
aim is to produce an on-line, real-time approach to flow forecast-
ing that is inherently stochastic and so able to predict not only the
likely level of future flow, but also the uncertainty associated with
this prediction. In this manner, the probability of a flood occurring
in the near future can be quantified and this additional informa-
tion can then be used as a basis for decision-making, operational
management, and risk assessment in relation to the flooding of
flood-prone locations.

The methodology described in subsequent sections of the chap-
ter can be applied to the forecasting of either river flow or level.
For simplicity, however, “flow” will be used here as a generic term
to mean either of these two measures. Also, “flow” will be taken
to mean the total flow in the river, not just the “run-off” com-
ponent of total flow. In this context, the approach to forecasting
described here is model-based, i.e., depending on the nature of
the catchment and the forecasting objectives, the flow forecasts
are based on an appropriate combination of stochastic, dynamic
models for the relationships between: (i) rainfall and flow, and
(i1) flow at various locations along the river, i.e. “flow routing”
models. Both types of model are estimated statistically on the
basis of the available rainfall-flow data using the inductive data-
based mechanistic (DBM) approach to stochastic modelling (see
for example, Young and Lees, 1993; Young and Beven, 1994;
Young, 1998b and the references therein), where both the model
structure and the associated parameters are inferred from the data
with the minimum of prior assumptions.

It is important to stress that, despite this reliance on statistical
inference, the DBM representation of hydrological time series is
not an exercise in “black-box” modelling. Indeed, unlike many

statistically based models (or alternative neural network and
neuro-fuzzy black-box models), the DBM model is only consid-
ered acceptable if it has an internal structure that can be interpreted
satisfactorily in a physically meaningful manner. On the other
hand, the DBM models often exploit “systems” elements, such
as parametrically efficient (parsimonious) transfer-function rela-
tionships that are then decomposed in a physically interpretable
fashion in order to satisty the requirements of DBM modelling. As
such, DBM models are normally in an ideal form for conversion to
a stochastic state-space form and can be embedded easily within
a state-estimation algorithm, such as the Kalman Filter (Kalman,
1960), that then provides the main engine for state updating, data
assimilation, and real-time forecasting.

This statistical approach to model-based forecasting has the
virtue of being inherently stochastic and, because it is formulated
in Bayesian, recursive estimation terms (see for example, Bryson
and Ho, 1969; Young, 1984), it provides an ideal basis for real-
time implementation and the introduction of adaptive procedures.
Such adaption is motivated by a view that the rainfall-flow and
flow-routing processes are inherently “non-stationary,” i.e., no
completely fixed model with constant parameters will be able to
characterize the catchment behavior for all times into the future.
As aresult, it is argued that the forecasting system should be based
on models that are able to adjust to any, normally small, changes
in the catchment behavior not predicted accurately enough by the
initially estimated model.

The chapter has another, underlying objective that is of deeper
philosophical and methodological significance and is, in part, a
response to the recent increased interest in the so-called “top-
down” (or “holistic”) approach to modelling hydrological systems
(e.g., Sivapalan and Young, 2005 and Jothityangkoon et al., 2001,
which follow from the earlier contributions of Klemes, 1983 and
Young, 2003; see also the special issue of Hydrological Processes
devoted to this topic: 17(11), 2003). Interest in top-down mod-
elling has been revived largely because the alternative “bottom-
up” or “reductionist” philosophy that dominated much research
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during the last century has failed to solve the many problems of
modelling natural environmental systems, including hydrologi-
cal processes. Top-down modelling in hydrology has its parallels
in the environmental (e.g., Young, 1978, 1983; Beck, 1983) and
ecosystems (e.g., Silvert, 1993 and the references therein) litera-
ture of the 1970s and early 1980s.

As far as the author is aware, these latter contributions were the
first to emphasize the inherent dangers of “deterministic reduction-
ism,” i.e., the widely held view that a physically based simulation
model can be constructed on the basis of purely deterministic equa-
tions that reflect the modeller’s perception of the physical system
and that this model can be validated satisfactorily against the avail-
able data. They also presented initial thoughts on a more objective,
statistical approach to modelling stochastic systems that tries to
avoid such dangers as much as possible. This, in turn, led even-
tually to the DBM approach which is much in sympathy with the
tenets of deterministc top-down modelling (e.g., Jothityangkoon
etal.,2001) but is, of course, rather different in its methodological
basis. The papers also adumbrated very similar anti-reductionist
arguments that have appeared recently in the hydrological liter-
ature and express some of these same views within a hydrologi-
cal context (Jakeman and Hornberger, 1993; Beven, 2000). Quite
similar anti-reductionist views are also appearing in other areas
of science: for instance, in a recent lecture (Lawton, 2001), a
chief executive of the UK Natural Environment Research Council
(NERC) recounted the virtues of the top-down approach to
modelling ecological systems (although, for some reason, he did
not appear to accept that such reasoning could also be applied to
other natural systems, such as the physical environment!).

The top-down approach to modelling can be justified by the
results of dominant mode analysis (DMA) (Young et al., 1996;
Young, 1999a). This shows that complex systems, including large,
deterministic simulation models, can be emulated, often to a
remarkable degree, by much simpler models that reflect the “dom-
inant modal dynamics” of the complex system or model, as shown
in the practical examples described in these references. Given that
the DBM model is based on response data from the hydrologi-
cal system, it is not surprising that it reflects the dominant modal
behavior of the system. Indeed, it is interesting to note that DMA
exploits the same identification and estimation algorithms used
in DBM modelling, as described in subsequent sections of this
chapter.

Bearing the above comments in mind, a wider aim of the present
chapter is to promulgate the philosophy of “inductive,” domi-
nant mode, DBM modelling as an alternative to the “hypothetico-
deductive” (and often reductionist) approach that has dominated
much hydrological modelling research over the last century (see
Young, 2002). Other recent publications that have concentrated
more centrally on this topic within this wider modelling context
and can be considered as adjuncts to the present chapter are Young

(1998a,b; 1999a), Young and Pedregal (1998,1999a), Young and
Parkinson (2002), Young et al. (1996), Shackley et al. (1998),
Parkinson and Young, (1998), and Young et al. 2004.

Finally, it is important to stress that the present chapter concen-
trates on the problem of modelling rainfall-flow processes for the
purpose of real-time flow forecasting. The aim is not to produce
a detailed simulation model that is intended for “what-if” studies
and planning purposes as, for example, the models considered in
Beven and Binley (1992), Romanowicz et al. (1994) and Beven
et al. (2000). The DBM model is, however, a special form of the
hybrid metric-conceptual (HMC) model (see the next section and
Wheater et al., 1993) and, if required, it can be synthesized in a
form which allows for these alternative applications (e.g., Young,
2003). It is then closely related to other HMC models, such as the
Bedford—Ouse (Young, 1974, Whitehead and Young, 1975) and
IHACRES (Jakeman et al., 1990) models. Indeed, because of its
more objective, statistical approach to model structure identifica-
tion, DBM modelling can help to justify and improve the more
conceptual elements in such models.

9.2 THE CATEGORIZATION OF
RAINFALL-FLOW MODELS

Before considering DBM modelling in detail, it is useful to set the
scene by considering the various approaches that have been used
to characterize the non-linear dynamic relationship between rain-
fall and river flow. This is one of the most interesting modelling
problems in hydrology. It has received considerable attention over
the past 30 years, with mathematical and computer-based models
ranging from simple black-box representations to complex, phys-
ically based catchment models. It would be impossible to review
this enormous literature here. Fortunately, however, there are many
books available that deal in whole, or in part, with this challeng-
ing area of science and engineering. Useful texts of this type are
Anderson and Burt (1985), Shaw (1994), Singh (1995), and Beven
(2001). The latter book, in particular, provides a clearly written
review of the whole topic that not only deals critically with many
recent developments but also provides an excellent introduction
to the subject at the start of the twenty-first century.

Wheater et al. (1993) have categorized rainfall-flow models into
the following four, broad types:

®  Metric models, which are based primarily on observational
data and seek to characterize the flow response largely on
the basis of these data, using some form of statistical estima-
tion or optimization (e.g., Wood and O’Connell, 1985; Young
and Wallis, 1985; Young, 1986). These include purely black-
box, time-series models, such as discrete and continuous-
time transfer functions, neural-network and neuro-fuzzy
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representations (e.g., Tokar and Johnson, 1999; Jang, et al.
1997). Often, such models derive from, or can be related
to, the earlier unit hydrograph theory, but this is not always
recognized overtly.

*  Conceptual models, which vary considerably in complex-
ity, but are normally based on the representation of internal
storages, as in the original Stanford Watershed Model of
the 1960s (Crawford and Linsley, 1966). However, assump-
tions about catchment-scale response are not often included
explicitly, notable exceptions being TOPMODEL (Beven
and Kirkby, 1979) and the ARNO model (Todini, 1996).
The essential feature of all these models, however, is that the
model structure is specified a priori, based on the hydrolo-
gist/modeller’s perception of the relative importance of the
component processes at work in the catchment; and then an
attempt is made to optimize the model parameters in some
manner by calibration against the available rainfall and flow
data.

*  Physics-based models, in which the component processes
within the models are represented in a more classical,
mathematical-physics form, based on continuum mechan-
ics solved in an approximate manner via finite difference
or finite element spatio-temporal discretization methods. A
well known example is the Systéme Hydrologique Européen
(SHE) model (e.g., Abbot et al., 1986). The main problems
with such models, which they share to some degree with the
larger conceptual models, are two-fold: first, the inability to
measure soil physical properties at the scale of the discretiza-
tion unit, particularly in relation to subsurface processes;
and second, their complexity and consequent high dimen-
sional parametrization. This latter problem makes objective
optimization and calibration virtually impossible, since the
model is normally so over-parameterized that the parameter
values cannot be uniquely identified and estimated against
the available data (see below).

*  Hybrid metric-conceptual (HMC) models, in which (nor-
mally quite simple) conceptual models are identified and
estimated against the available data to test hypotheses about
the structure of catchment-scale hydrological storages and
processes. In a very real sense, these models are an attempt
to combine the ability of metric models to efficiently charac-
terize the observational data in statistical terms (the “princi-
ple of parsimony,” Box and Jenkins, 1970, or the ‘Occam’s
Razor’ of antiquity), with the advantages of conceptual mod-
els that have a prescribed physical interpretation within the
current scientific paradigm.

The models in the two middle categories, above, are often char-
acterized by a large number of unknown parameters that need
to be estimated (“optimized” or “calibrated”) in some manner

against the observational rainfall-flow time series. Because the
number of parameters is normally very large in relation to the
information content of the data, however, such models are often
over-parameterized and not normally identifiable, in the sense
that it is impossible to estimate their parameters uniquely with-
out imposing prior restrictions on a large subset of the param-
eter values prior to estimation (see for example, Young et al.,
1996). The author and his co-workers have addressed these prob-
lems of over-parameterization and poor identifiability associated
with large environmental models many times over the past quar-
ter century (see previous references). And recently, Beven and
his co-workers (e.g., Franks et al., 1997) have revisited this idea
within the hydrological context, using the term “equifinality”
rather than “non-identifiability” to describe the consequences of
such over-parametrization: namely the existence of many different
parametrizations and model structures that are all able to explain
the observed data equally well, so that no unique representation
of the data can be obtained within the prescribed model set.

There appear to be two main reasons for these identifiability
problems. First, any limitations of the observational data can be
important, since the available time series may not be sufficiently
informative to allow for the estimation of a uniquely identifiable
model form. In particular, the inputs to a system may not be “suffi-
ciently exciting” (see for example, Young, 1984), in the sense that
they do not perturb the system sufficiently to allow for unambigu-
ous estimation of all the model parameters within an otherwise
identifiable model structure. Secondly, even if the input does suf-
ficiently excite the system, there are usually only a limited number
of dynamic modes — the dominant modes of the system — that are
excited to any significant extent; and the observed output of the
system is dominated by their cumulative effect.

The importance of this dominant mode concept in model iden-
tification and estimation is illustrated by Appendix 1 of Young
(2001b), which shows how the response of a 26th-order hydrolog-
ical simulation model can be duplicated with exceptional accuracy
(0.001 % error by variance) by a much simpler 7th-order dominant
mode model. This is typical of most high-order linear systems
and appears to carry over to non-linear systems. For example,
Young et al. (1996), Young (1998b), and Young and Parkinson
(2002) have used similar analysis to show how the responses of
high-order, non-linear global carbon cycle simulation models are
accurately reproduced by differential equation models of much
reduced order. This is also reflected in other recent work on the
simplification of global climate models (Hasselmann et al., 1997,
Hasselmann, 1998).

As aresult of dominant modal behavior, the identifiable order is
normally quite low for hydrological systems, and many previous
rainfall-runoff modelling studies (e.g., Kirkby, 1976; Hornberger
etal., 1985; Jakeman and Hornberger, 1993; Young, 1993; 1998b,
Young and Beven, 1994; Young et al., 1997a,b; Ye et al., 1998)
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suggest that a typical set of rainfall-runoff observations contain
only sufficient information to estimate up to a maximum of six
parameters within simple, non-linear dynamic models of dynamic
order three or less. In the hydrological examples discussed later,
for instance, there is clear evidence in the data of only two signif-
icant dominant modes between the effective rainfall input and the
flow response (as described by a second-order transfer function
model with only four or five parameters): a “quick” mode with a
residence time (time constant) of a few hours; and a “slow” mode,
with a residence time of many hours.

By their very nature, both the metric and HMC approaches avoid
many of these “large model” problems. As a result, they provide a
potentially attractive vehicle for real-time flood forecasting: they
can be justified well in statistical terms and they are inherently
simple in both structure and application. Such simplicity means
that the forecasting system can be more easily optimized on a reg-
ular basis in order to ensure near-optimal performance. And, as we
see later, it facilitates the incorporation of advanced features such
as on-line state and parameter adaption. Of the two approaches,
however, the attractiveness and practical utility of the basic metric
model as a vehicle for flood forecasting is marred by its lack of
any clearly defined internal physical interpretation.

For instance, neural-network (e.g., Tokar and Johnson, 1999)
and neuro-fuzzy models have attracted a great deal of attention
in recent years, but they are the epitome of black-box modelling,
revealing very little of their internal structure that has any physical
meaning (see the discussion in Young (2001c¢) on the paper by Hu
etal. (2001), where a neuro-fuzzy model with 102 parameters can
be replaced by a non-linear DBM model with only 15 parameters
if the internal structure of the model is identified and taken into
consideration). Neural models can also be misleading since their
efficacy tends to be judged on the basis of their “one-step-ahead”
prediction performance, which often obscures underlying limita-
tions in the full “simulation” behavior of the model. Indeed, in
most cases, neural models are only predictive devices and cannot
be used in a simulation mode. For these and other reasons, many
hydrologists tend to mistrust such black-box models as a basis
for something as important as flood forecasting. Moreover, their
lack of any obvious internal physical meaning means that metric
models are difficult to interrogate and diagnose when errors are
encountered. HMC models, on the other hand, do not suffer from
these problems and, indeed, are often simpler in dynamic terms
than the metric model.

Within the category of HMC models, two main approaches
to modelling can be discerned; approaches which, not surpris-
ingly, can be related to the more general deductive and induc-
tive approaches to scientific inference that have been identified by
philosophers of science from Francis Bacon (1620), to Karl Popper
(1959) and Thomas Kuhn (1962). In the first “hypothetico-
deductive” approach, the a priori conceptual model structure is

effectively a theory of hydrological behavior based on the per-
ception of the hydrologist/modeller and is strongly conditioned
by assumptions that derive from current hydrological paradigms
(e.g., the Bedford—Ouse and IHACRES models mentioned pre-
viously). The alternative DBM approach is basically “inductive,”
in the sense that it tries to avoid theoretical preconceptions as
much as possible in the initial stages of the analysis. In par-
ticular, the model structure is not pre-specified by the modeller
but, wherever possible, it is inferred directly from the observa-
tional data in relation to a more general class of models (normally
ordinary differential equations or their discrete-time equivalents).
Only then is the model interpreted in a physically meaningful man-
ner, most often (but not always) within the context of the current
hydrological paradigm, e.g., the models of rainfall-flow data in
Young (1993, 1998b), Young and Beven (1994), and Young et al.
(1997a).

9.3 DATA-BASED MECHANISTIC (DBM)
MODELLING

Previous publications (Beck and Young, 1975; Whitehead and
Young, 1975; Young, 1978, 1983, 1992, 1993, 1998a,b; Young and
Minchin, 1991; Young and Lees, 1993; Young and Beven, 1994,
Young et al., 1996; Young and Pedregal, 1998, 1999a; Young and
Parkinson, 2002) map the evolution of the DBM philosophy and its
methodological underpinning in considerable detail, and so it will
suffice here to merely outline the main aspects of the approach.
The main stages in DBM model building are as follows:

(1) The important first step is to define the objectives of the
modelling exercise and to consider the type of model that is
most appropriate to meeting these objectives. For instance a
complex spatio-temporal catchment model to be used for the
purpose of “what-if” studies within a planning context is not
necessarily a suitable vehicle for real-time flow forecasting,
and vice versa. As a result, the prior assumptions about the
form and structure of this model are kept at a minimum in
order to avoid the prejudicial imposition of untested percep-
tions about the nature and complexity of the model needed
to meet the defined objectives.

(2) The next step in DBM modelling depends upon the circum-
stances of the study. Prior to the acquisition of data (or in
situations of insufficient data), it is advisable and often essen-
tial to develop a simulation model that represents the system
in a physically meaningful manner and satisfies the defined
objectives. It is also necessary to evaluate this simulation
model in two main ways. First, investigate the sensitivity of
the model to uncertainty, using uncertainty and sensitivity
analysis (e.g., Monte Carlo Simulation (MCS) analysis, as in
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Parkinson and Young, 1998). Second, using DMA (see ear-
lier, Section 9.1), develop a reduced-order, dominant-mode
model that captures the most important aspects of the model’s
dynamic behavior.

(3) Subsequent to the acquisition of sufficient data, an appro-
priate model structure is identified and its parameters esti-
mated by a relatively objective process of statistical inference
applied directly to the time-series data and based on a given
general class of linear and non-linear stochastic models, such
as differential equations or their discrete-time equivalents.
This stage normally exploits recursive estimation methods
(e.g., Young, 1984) and can involve both non-parametric and
parameteric estimation, as discussed in later sections of this
chapter.

(4) Regardless of whether the model is identified and estimated
in linear or non-linear form, it is only accepted as a credible
representation of the system if, in addition to explaining the
data well, it also provides a description that has direct rele-
vance to the physical reality of the system under study. This
is a most important aspect of DBM modelling and differenti-
ates it from more classical statistical modelling methodology
and “neural” methods of black-box modelling. If necessary,
the DBM model obtained at this stage should be reconciled
with the dominant mode version of the simulation model
considered in (2) above.

(5) Finally, the estimated model is tested in various ways to
ensure that it is “conditionally valid” in the sense discussed
in the next section. This involves standard statistical diagnos-
tic tests for stochastic, dynamic models, possibly including
analysis which ensures that the non-linear effects have been
modelled adequately (e.g., Billings and Voon, 1986), as well
as exercises in predictive validation and stochastic sensitivity
analysis.

One aspect of the above DBM approach which differentiates it
from alternative deterministic, top-down approaches is its inher-
ently stochastic nature and exploitation of powerful statistical
methods of model identification and parameter estimation. This
means that the uncertainty in the estimated model is always quan-
tified, so that this information can then be utilized in various
ways. For instance, it allows for the application of Monte Carlo-
based uncertainty and sensitivity analysis, as well as the use of
the model in statistical forecasting and data assimilation algo-
rithms, such as the Kalman Filter. The uncertainty analysis is par-
ticularly useful because it is able to evaluate how the covariance
properties of the parameter estimates affect the probability dis-
tributions of physically meaningful, derived parameters, such as
residence times and partition percentages in parallel hydrological
pathways (see for example, Young, 1992, 1999a and the example
below).

9.4 STATISTICAL IDENTIFICATION,
ESTIMATION, AND VALIDATION

The statistical approach to modelling assumes that the model is
stochastic: in other words, no matter how good the model and how
low the noise on the observational data happens to be, a certain
level of uncertainty will remain after modelling has been com-
pleted. Consequently, full stochastic modelling requires that this
uncertainty, which is associated with both the model parameters
and the stochastic inputs, should be quantified in some manner as
aninherent part of the modelling analysis. This statistical approach
involves three main stages: identification of an appropriate, iden-
tifiable model structure; estimation (optimization, calibration) of
the parameters that characterize this structure, using some form of
estimation or optimization; and conditional predictive validation
of the model on data sets different to those used in the model iden-
tification and estimation. In this section, we consider these three
stages in order to set the scene for the later analysis. This discus-
sion is intentionally brief, however, since the topic is so large that
a comprehensive review is not possible in the present context. It
should be noted that, at Lancaster, the statistical tools for the iden-
tification, estimation, and validation of DBM models are all avail-
able inthe CAPTAIN Toolbox, anovel collection of computational
algorithms designed for use in the MATLAB/Simulink software
environment (see http://www.es.lancs.ac.uk/cres/captain/).

9.4.1 Structure and order identification

Identification, in a statistical context, normally means the data-
based inference of the most appropriate model order, as defined
in dynamic system terms, although the model structure itself can
be the subject of the analysis if this is also considered to be ill-
defined. Most importantly, the nature of linearity and non-linearity
in the model is not assumed a priori (unless there are good rea-
sons for such assumptions based on previous data-based modelling
studies), but is identified from the data using non-parametric and
parametric statistical-estimation methods.

Within the hydrological “top-down” context, linear system-
identification analysis is related directly to problems such as the
definition of how many storage zones (conceptual “storages” or
“buckets”) are required to characterize the data at the scale of
interest; and how these submodels are inter-connected (i.e., in
series, parallel, or feedback arrangements). It must be stressed,
however, that such problems arise mainly from the specification
of the dynamic model order (i.e., the order of the differential equa-
tions that are used to describe the major rainfall-flow dynamics;
or equivalently, here, the number of storage zones). So a parsimo-
nious model, in this important dynamic sense, is one that has a
lowest dynamic order that is consistent with the information con-
tent in the data and whose parameters are statistically significant.
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Of course, the DBM model may well have other parameters that
are not associated primarily with the dynamic order of the model
and are not so important in identifiability terms: for instance, coef-
ficients that parameterize any non-linearity in the system (see
below). Here again, however, the presence of such parameters
in the model should be justified by whether or not they are statis-
tically significant. The statistical significance of parameter esti-
mates can be evaluated by conventional statistical tests or, in these
days of the fast digital computer, by MCS and sensitivity analysis
(see for example, Chapter 6 in Saltelli et al., 2000, Chapter 7 in
Beven, 2001, and Ratto et al., 2007).

There are a variety of statistical methods for identifying model
order. Fitting criteria, such as the coefficient of determination
R%, based on the simulated model errors (see later, Section
9.7), can be very misleading if used on their own, since over-
parameterized models can “over-fit” the data. In general, there-
fore, it is necessary to exploit some specific order-identification
statistics, such as the correlation-based statistics popularized by
Box and Jenkins (1970), the well-known Akaike Information
Criterion (AIC) (Akaike, 1974), and the YIC criterion proposed
by the present author (Young, 1989). In all cases, the objective is to
avoid over-parametrization by identifying a model structure and
order that explains the data well within a minimal parametriza-
tion, i.e., “parsimonious models” (Box and Jenkins, 1970). The
time-series methods used for model order identification in the
present report are outlined in Young and Lees (1993), Young and
Beven (1994), Young et al. (1996), and Young and Parkinson
(2002).

In DBM modelling, identification also includes the initial data-
based estimation of the location and nature of any significant non-
linear phenomena that need to be included in the model. Fortu-
nately, the recursive estimation procedures that figure so strongly
in DBM modelling allow for the estimation of any significant
parameter variation in the model and this can provide informa-
tion on the presence of non-stationarity and non-linearity in the
system dynamics. Here, the model parameters are estimated by
the application of an approach to time variable parameter (TVP)
or state-dependent parameter (SDP) estimation based on recursive
fixed interval smoothing (FIS), e.g., Bryson and Ho (1969), Young
(1984, 1999b, 2000). In the SDP case, the temporal variation in
the parameters is further related to the variation of other measured
variables or “states” that characterize the system, thus identify-
ing the presence of non-linear behavior. In effect, the FIS algo-
rithm provides a method of non-parametric SDP estimation, with
the estimates defining a graph of the SDP against the associated
state variable, which then defines the nature of the non-linearity
(see Young, 1993; Young and Beven, 1994; Young, 1998a, 2000,
2001a, Young et al., 2001). This approach to SDP estimation is
illustrated in the later practical example.

9.4.2 Estimation (optimization or calibration)

Once the model structure and order have been identified, the
parameters that characterize this structure need to be estimated
in some manner. There are many automatic methods of estima-
tion or optimization available in this age of the digital computer,
from the simplest, deterministic procedures, usually based on the
minimization of least-squares cost functions; to more complex
numerical optimization methods based on statistical concepts,
such as maximum likelihood (ML). In general, the latter are more
restricted, because of their underlying statistical assumptions, but
they provide a more thoughtful and reliable approach to statisti-
cal inference; an approach which, when used correctly, includes
the associated statistical diagnostic tests that are considered so
important in statistical inference.

In DBM modelling, if the model is identified as predomi-
nantly linear or piece-wise linear, then the constant parameters
that characterize the identified model structure are estimated using
advanced methods of statistical estimation for linear transfer func-
tion (TF) models. As shown in Appendix 1, TF models are simply
representations of linear differential equations or their discrete-
time (sampled-data) equivalents. Here, the preferred methods are
the refined instrumental variable (RIV/SRIV) algorithms avail-
able in the CAPTAIN Toolbox, mentioned previously in this sec-
tion. These provide a robust approach to model identification and
estimation that has been well tested in practical application to
hydrological systems over many years. Although based on ML
estimation concepts, these algorithms are more robust to assump-
tions about the nature of the noise and uncertainty affecting the
system. Full details of the methods are provided in Young and
Jakeman (1979, 1980), Jakeman and Young (1979), Young (1984,
1985). They are also outlined in Young and Beven (1994), Young
et al. (1996), and Young and Parkinson (2002).

If non-linear phenomena have been detected and identified by
SDP estimation at the previous structure identification stage of
the analysis, then the non-parametric, state-dependent relation-
ships are normally parameterized in a finite form and the result-
ing non-linear model is estimated using some form of numerical
optimization, such as non-linear least squares or ML based on
prediction-error decomposition (Schweppe, 1965; Harvey, 1989).
In the present flow-forecasting context, this approach to non-linear
estimation is required only to define the nature of the effective
rainfall non-linearity, which appears at the input to the model, as
described in subsequent sections of this chapter.

9.4.3 Conditional predictive validation

Validation is a complex process and even its definition is contro-
versial. Some academics (e.g., Konikow and Brederhoeft, 1992,
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within a groundwater context; Oreskes et al. 1994, in relation to
the whole of the earth sciences) question even the possibility of
validating models. To some degree, however, these latter argu-
ments are rather philosophical and linked, in part, to questions
of semantics: what is the “truth?” What is meant by terms such
as validation, verification, and confirmation? etc. Nevertheless,
one specific, quantitative aspect of validation is widely accepted,
namely predictive validation, in which the predictive potential of
the model is evaluated on data other than that used in the identifi-
cation and estimation stages of the analysis.

Predictive validation implies that, on the basis of the new mea-
surements of the model inputs (i.e., rainfall) from the validation
data set, the model produces estimates and predictions of the flow
that are acceptable within the uncertainty bounds associated with
the model. Note this stress on the question of the inherent uncer-
tainty in the estimated model: one advantage of statistical estima-
tion, of the kind considered in this chapter, is that the level of uncer-
tainty associated with the model parameters and the stochastic
inputs is quantified in the time-series analysis. Consequently, the
modeller should not be looking for perfect predictability (which
no-one expects anyway) but predictability which is consistent with
the quantified uncertainty associated with the model, as obtained
in the prior estimation stage of the analysis.

9.5 THE DBM CATCHMENT MODEL

Within the catchment modelling context, DBM models are of two
types: the non-linear rainfall-flow model; and the flow-routing
model, which may be linear or non-linear, depending on the nature
of the catchment and the flow or stage gauging. The complete
model used in flood forecasting and warning applications is com-
posed of both types linked in a manner that reflects the physical
nature of the catchment under study. A recent example of such a
quasi-distributed model is described in Romanowicz et al. (2006).
In this chapter, however, we concentrate almost completely on the
rainfall-flow component, with only a brief reference to flow rout-
ing. It must be emphasized, however, that this is not because flow
routing is unimportant in real-time flood forecasting. It is simply
that the advances reported in this chapter relate almost entirely to
rainfall-flow modelling.

9.5.1 The rainfall-flow component

The first step in DBM modelling is the consideration of the objec-
tives. In this case, it will be assumed that this is limited to obtaining
amodel which explains the rainfall-flow data well on an hourly or
daily basis at the whole catchment scale and, at the same time, is
capable of reasonable mechanistic interpretation combined with
an ability to perform well in a flood forecasting/warning context.

Note that this emphasis on the “catchment scale” is very impor-
tant because the hydrological significance and interpretation of
the rainfall-flow models developed below all relate to catchment-
scale characteristics, such as storage and flow partitioning. These
models do not relate directly to more detailed characteristics such
as flow paths in the field, analysis of soil depths, etc. Note also
the allusion to the “rainfall-flow” relationship, rather than the use
of the more conventional “rainfall-runoff” terminology. This is to
emphasize that, as discussed below, the models considered here
predict both storm runoff and base-flow, which are interpreted as
the major components of the total gauged flow.

Based on these objectives, the most obvious and physi-
cally meaningful model form in this hydrological context is a
continuous-time, differential equation (or set of equations). Such
a model is consistent, for example, with the normal formulation
of conservation equations and many conventional hydrological
models, e.g., conceptual models of serial and parallel connected
non-linear “buckets” or “storages,” as discussed, for instance, in
the top-down modelling of Jothityangkoon et al. (2001)', or the
consideration of such models in a stochastic context by Young
(2003). However, when dealing with discrete-time, sampled data,
itis often convenient to consider modelling in terms of the discrete-
time equivalent of the differential equation, the discrete-time TF.
Appendix 1 provides some background on TF models and shows
the link between continuous and discrete-time TF models. In the
rest of the chapter, we concentrate on modelling in discrete-time
terms but the treatment is very similar for continuous-time differ-
ential equation models estimated from discrete-time data, as dis-
cussed recently in Young (2004) and Young and Garnier (2000).

The most common discrete-time TF models are based on the
assumption that the input and output data are time series measured
at a sampling interval of At time units. Then, a sampled variable,
say the flow, is denoted by y;, where the subscript k£ denotes the
value of the variable at the kth sampling instant, i.e., after kAt
time units. Using this notation and the discrete-time TF model
form of Equation (A.11) in Appendix , previous DBM modelling
of rainfall-flow data based on SDP estimation (see the references
in the previous section) has confirmed many aspects of earlier
hydrological research and identified the non-linear DBM model
structure shown in Figure Al.1%. Here, the two components of
the TF model are the linear component, which models the basic,
underlying, hydrograph behavior; and the nonlinear component,
which models the relationship between the measured rainfall r
and the effective rainfall u;, so controlling the magnitude of the
hydrograph contribution through time.

The resulting DBM model has the form (see Appendix 1):
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Figure 9.1 Block diagram of the generic DBM rainfall-flow model

Here, uj_s is the effective rainfall at time (k — §)At time units
previously, where § is an “advective” time delay, i.e., the number
of sampling intervals taken for the effective rainfall to have its first
effect on the flow y;. This advective time delay is normally defined
as the nearest integer value of t/At¢, where t is the advective time
delay in time units (thus incurring a possible approximation error).
The variable &; represents the effects of all stochastic inputs, such
as measurement inaccuracy, unmeasured stochastic disturbances,
and modelling errors. In this equation, z~' is the backward shift
operator, i.e., 2% y; = yi_q, while A(z"!) and B(z~") are constant
coefficient polynomials in z~! of the following form:
A Y =1+az ' +az 2+ +a,z,
9.2)
Bz Y =bo+biz 4 bz 44 byz "

The structure (order) of the TF model Equation (9.1) is defined by
the triad [#nm 4] and this is normally identified from the data during
the identification and estimation of the model, based on historical
rainfall-flow data. This order is normally low, withn < 3, m < 3;
while the value of § is defined by the nature of the catchment
and the location of the measurement devices, so its range is more
difficult to define a priori.

The general TF model form B(z~!)/A(z~!) in Equation (9.1)
defines the input—output relationship between u; and y; and its
unit impulse response is a scaled version of the underlying unit
hydrograph. But, as we see later, it can also be decomposed into a
parallel connection of lower-order processes. This decomposition
not only makes the physical interpretation of the TF more trans-
parent, it can also improve its performance in forecasting terms
when implemented within a flood-forecasting system.

The non-linear component in Figure 9.1 takes the general form:

up = F(re, o Ex, T, 9.3)

where F(ry, yi, Ex, Ti) denotes an unknown, non-linear func-
tional relationship defining the unobserved catchment-storage
(soil-moisture) state s; or, as we shall see later, some surrogate
for this state, considered as a function of potentially important
variables that may affect or be related to catchment storage. In
addition to the rainfall ¢, this function may involve other relevant
measured variables, such as the temperature 7 (or some function
of this, such as the mean monthly temperature Ty,), the potential
evaporation E; and the flow y;, all of which could help to define
the changes in soil moisture and storage if they are available.

Typically, the form of the non-linearity 7(.) is initially identi-
fied from the rainfall-flow data through SDP estimation in non-
parametric (graphical or “look-up” table) form, without any prior
assumptions about its non-linear nature. This is then parameter-
ized in some simple manner: for example, in Young (1993), Young
and Beven (1994), and Young and Tomlin (2000), F(.) is defined
as a power law cy,z,’ in the flow y;, with the power law exponent
y estimated from the data. In this case, the complete rainfall-flow
model takes the very simple form:

Bz

Yo = —— Ur—s + &,

e 9.4)

ur = c.f)-re

where f(y;) = yz,/ . The fact that the non-linearity here F(.) is a
function of the flow y; seems very strange at first sight but the
reason for this is discussed later in Section 9.6. The attraction
of this SDP estimation approach is that F(.) is inferred from the
rainfall-flow data and not assumed a priori, as in conceptual HMCs
such as the Bedford—Ouse and IHACRES models, so leaving less
room for unjustified over-confidence in the hypothetical definition
of the non-linear model form.

The DBM model, even in the simple form of Equations (9.1)
to (9.4), appears to have wide application potential. In addition
to rivers in Australia (e.g., Young ef al., 1997a,b) and the USA
(Young, 2001b), it has been combined with an adaptive gain updat-
ing scheme in the parameter-adaptive Dumfries flood-warning
system in Scotland (Lees et al., 1994), which has been operat-
ing successfully without major modification since 1991; and it is
embedded within the Kalman Filter to provide a state-adaptive
forecasting system for the River Hodder in north-west England
(Young and Tomlin, 2000). It is also the basis for both state-
and parameter-adaptive systems in Young (2002), for the River
Hodder, and Romanowicz et al. (2004) for the River Severn from
its source in Wales to Buildwas in England.

9.5.2 The flow-routing component

The generic flow (channel) routing model is much simpler than
the rainfall-flow model since it is now widely accepted that linear
TF models are often (but not always) adequate for the representa-
tion of flow dynamics in river systems. The discrete-time routing
model for a single stretch of river consists of a serial connection
of channel storage elements, each of which has the general form:
-1

Vi = ig_@y;’;ﬁ, + &
where nr is the number of reaches and the i superscript denotes the
reach number. Once again, it is assumed that the output of the rout-
ing model is affected by noise, here denoted by g,{ Equation (9.5)
can be considered as the discrete-time equivalent of continuous-
time differential equation storage equations (see Appendix 1).
Normally, each of these elements is only first or second order

i=1,2,...,nr, 9.5)



REAL-TIME FLOW FORECASTING

121

(as defined by statistical identification and estimation based on
the upstream and downstream flow data). The complete quasi-
distributed catchment-routing model will consist of models such
as this for the main river channels and all their tributaries within
the catchment, connected accordingly, and it can involve any other
measured in-flows as additions, inserted at appropriate nodal loca-
tions. The model will receive inputs from the rainfall-flow models
discussed above and, in examples such as the Dumfries flood-
warning model, from flow gauges far upstream which provide
advance warning of impending flow changes. A typical early
example of such a model is that used for studies of the Bedford—
Ouse river system (Whitehead et al., 1976), more recent examples
are the simple River Wyre model (Young, 1986), the much more
spatially complex Dumfries model (Lees et al., 1994) and other
models discussed in Cluckie (1993).

Note that we are restricting attention here to TF-based flow
routing; this is not, of course, the only form of flow routing and
other approaches are often utilized, although most of these can
be considered in TF terms if this is desired (e.g., the “kinematic
wave”” model used in the Thames catchment model, see Greenfield,
1984, Moore and Jones, 1978). As in the case of the rainfall-flow
models, flow-routing TF model parameters are normally obtained
by the analysis of historical flow records using similar statistical
identification and estimation methods to those used in the rainfall-
flow example above.

If the catchment model is formulated in terms of the measured
level (stage) rather than flow, then this not only avoids the need
to utilize the stage-discharge relationship, which can introduce
calibration errors, but it is also a more appropriate model form
for flood forecasting, where the river level is the critical variable.
In this connection, recent research has suggested that non-linear
SDP transfer functions may be more appropriate than linear TFs
for level-level routing, since they are better able to characterize
the non-linearities associated with the changing speed (celerity)
as the flood-wave moves along the river and the flood starts to
inundate the flood plain.

9.6 PHYSICAL INTERPRETATION OF THE
DBM MODEL

As we have stressed, an important aspect of DBM modelling is
that the model can be interpreted in physically meaningful terms.
In this regard, let us consider the model (9.4) which, as we shall
see, is the model used in the Canning River example considered
later in Section 9.8. As noted previously, the relationship u; =
c - f(y) - rr appears, at first sight, rather hard to justify in physical
terms. However, it should not be taken literally and interpreted as
saying that the effective rainfall is physically a function of flow,
which is physically impossible. Rather, the measured flow y; is

effectively acting here as an objectively identified surrogate for
the catchment storage ;. This seems sensible from a hydrological
standpoint, since flow is clearly a function of the catchment storage
and its pattern of temporal change is likely to be similar. So,
the non-linear function as a whole is similar in its motivation to
that used in the Bedford—Ouse and IHACRES conceptual HMC
models and can be justified similarly in physical terms.

The delayed effective rainfall u;_s provides the input to the
linear TF model component Equation (9.1). If this TF is greater
than first-order and characterized by real eigenvalues (the roots of
the A(z~!) polynomial), as it normally will be, then the TF can be
decomposed into a parallel pathway form, with first-order storage
equations in each pathway (see Appendix 1 and the discussion on
the physical interpretation of parallel TF models in Wallis et al.,
1989; Jakeman et al., 1990; Young, 1992, 1993; Young and Beven,
1994; and Lees, 2000a,b). From this decomposition, it is possible
to compute: the residence times (time constants); the advective
time delays; the percentage partition of the flow down each of
the storage pathways; and even the changing volumes associated
with these pathways, all with obvious physical significance. When
dealing with hourly data, there are usually two such pathways
with very different dynamic characteristics. In the case of daily
data, there can be three pathways, one of which represents an
“instantaneous” response, i.e., a flow effect that arises within the
same day of the effective rainfall occurence. For example, in the
case of the Canning River example, using daily data, the best
identified DBM model has a [2 3 0] TF, so that the model can be
decomposed to the form:

0.026z~!
1 —0.942z~

0.171z7!

Y =0.06u + Tt

k Tk + &

(9.6)
Here, the first component on the right-hand side of the equa-
tion is the instantaneous effect, which accounts for only 5.9 %
of the flow. The second component is the fast-pathway effect and
this accounts for most of the flow, at 49.5 %, with a residence
time of 2.4 days. The final component is the slow-pathway effect,
which accounts for 44.6 % of the flow and has a residence time of
16.7 days.

Given these derived model parameters, the most obvious phys-
ical interpretation of the DBM is that the effective rainfall affects
the river flow via two main pathways. First, the initial rapid rise
in the hydrograph derives from the quick-flow pathway, proba-
bly as the aggregate result of the many surface and near-surface
processes active in the catchment. And the long, elevated tail in
the recession of the hydrograph arises from the slow-flow compo-
nent, most likely the result of water displacement (probably of old
water) from the storage within the groundwater system. Note that
the estimate of the flow contribution of this slow-flow component
is also practically useful in other ways: it provides a relatively
objective estimate of the total base-flow in the river and, as such,
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can be utilized for base-flow quantification and removal, if this
is required, as suggested by Jakeman et al. (1990). This contrasts
with the classical unit hydrograph methods, where the base flow
has to be removed rather subjectively.

Finally, it must be emphasized that the estimated TF and its
decomposition are stochastic objects and so the uncertainty that
is inherent in their derivation needs to be taken into consideration
when interpreting the model in physically meaningful terms, as
illustrated in the later Canning River example.

9.7 DATA ASSIMILATION: RECURSIVE
STATE AND PARAMETER ESTIMATION

Within a flood-forecasting context, a catchment model based on
rainfall-flow and flow-routing TF models should not be consid-
ered as an end in itself: rather, it is a major component of a data
assimilation system that collects data from remote sensors within
the catchment and “blends” these data with the model in a statisti-
cal manner to produce acceptable forecasts into the future. In this
situation, the DBM model identified and estimated from the data
with the objective of explaining the data may well not provide
the best model for forecasting. The objective of forecasting is not
simply to explain the data, but rather to maximize the forecasting
performance over a specified lead time into the future. If we con-
sider the Canning River model (9.6), for instance, it has no input
time delay (§ = 0) so, in order to forecast even one day ahead, it
is necessary to also forecast the rainfall one day ahead which, in
itself, is quite a difficult task. On the other hand, if we are able to
introduce a time delay of one day into the model and still explain
the data well, then there is no need for a rainfall forecast and the
resulting flow forecasts are likely to be superior to those using the
originally optimized model.

For illustrative purposes, let us consider the model formulation
in terms of a single, second order [2 2 1] rainfall-flow model of
the Canning, where there is a one day delay (§ = 1) rather than
the zero delay in Equation (9.6). The decomposed form of this
estimated model is as follows:

0.185z7!

= 10679 1"

0.024z7!
k=1 TUu—1 + & (9.7

1 —0.946z~

As we shall see later in Section 9.8, although this is not the best
identified model, it still explains 94.9 % (R% = 0.949°) of the
Canning flow series over a two-year period, which is almost indis-
tinguishable from the model (9.6), where R% = 0.950.

The model (9.7) could be used directly as a basis for real-time
data assimilation and forecasting but, as we shall see, real-time
updating is made much more straightforward and flexible if it
is converted into a stochastic state-space form so that it can be
embedded within a Kalman Filter (KF) state-estimation algorithm.

In the simplest situation, where the & is a white noise process ¢y,
with variance o2, the most obvious stochastic state space form of
Equation (9.7) is:

x; = Fx_ 1 + Gue—y + &, 9.8)
yi =h'x; + e, 9.9)
where:
0679 0 0.185 cia | or
F— G = =" |hT =1 1].
[ 0 0.946] [0.024} S [QJ [ ]
(9.10)

In this manner, the state variables are defined as the unobserved
(hidden or latent) quick and slow components of the flow, as
defined by the decomposed, first-order TF relationships; and the
output or “observation” Equation (9.9) combines these to form
the complete flow output. For simplicity, the stochastic “system
inputs” ¢ and & are assumed to be zero mean, white-noise
processes. They are introduced to allow for the inevitable uncer-
tainty in the definition of the parallel-pathway dynamics and are an
important aspect of this “state-adaptive” approach to forecasting.
For flow-forecasting purposes, the state-space model (9.8)—
(9.10) is used as the basis for the implementation of the following,
recursive, KF state-estimation and forecasting algorithm:

A priori prediction:

k-1 = Fo1 + Guyy, 9.11)
P = FP_ FT +0°Q,, 9.12)
Prk—1 = h &1 (9.13)
A posteriori correction:
R = Rt + e - {e — De—1} 9.14)
My = Py_thlo? + h"Pyy_h] ™, 9.15)
P = Py — Ih Py, 9.16)
P = hT3y. 9.17)

In these equations, Py is the error covariance matrix associated
with the state estimates; and Q, is the 2 x 2 noise variance ratio
(NVR) matrix defined in the next subsection.

9.7.1 State adaption

In the above KF equations, the DBM model parameters are
known initially from the model identification and estimation anal-
ysis based on the estimation data set. However, by embedding
these model equations within the KF algorithm, we have intro-
duced additional, unknown parameters, normally termed “hyper-
parameters” to differentiate them from the model parameters.”*
In this example, these hyper-parameters are the elements of the
noise variance ratio (NVR) matrix Q, and, in practical terms,
it is normally sufficient to assume that this is purely diagonal
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in form. These two diagonal elements are defined as NVR; =
0{21 /o2, i = 1,2; they specify the nature of the stochastic inputs
to the state equations and so define the level of uncertainty in the
evolution of each state (the quick- and slow-flow states respec-
tively) relative to the measurement uncertainty. The inherent state
adaption of the KF arises from the presence of the NVR parameters
since these allow the estimates of the state variables to be adjusted
to allow for presence and effect of the unmeasured stochastic input
disturbances.

Clearly, the NVR hyper-parameters have to be estimated in
some manner on the basis of the data. One well-known approach
is to exploit maximum likelihood (ML) estimation based on pre-
diction error decomposition (see Schweppe, 1964; Harvey, 1989;
Young, 1999b). Another, is to assume that a// the parameters of
the state-space model (9.8, 9.9) are unknown and re-estimate them
by minimizing the variance of forecasting errors over the speci-
fied forecasting interval. In effect, this optimizes the memory of
the recursive estimation and forecasting algorithm (see Young and
Pedregal, 1999b) in relation to the rainfall-flow data. In this numer-
ical optimization, the multi-step-ahead forecasts y; s|x, where fis
the forecasting horizon, are obtained by simply repeating the pre-
diction step in the algorithm f times, without intermediate correc-
tion. The main advantage of this latter approach is, of course, that
the integrated model-forecasting algorithm is optimized directly
in relation to the main objective of the forecasting system design;
namely the minimization of the multi-step prediction errors.

9.7.2 Parameter adaption

Although the parameters and hyperparameters of the KF-based
forecasting engine can be optimized in the above manner, we
cannot be sure that the system behavior may not change suffi-
ciently over time to require their on-line, real-time adjustment. In
addition, it is well known that the measurement noise ¢; is “het-
eroscedastic,” i.e., its variance can change quite radically over
time, with much higher variance occurring during storm events.
For these reasons, it is wise to build some form of parameter
adaption into the forecasting algorithm.

9.7.2.1 GAIN ADAPTION

It is straightforward to update all of the parameters in the rainfall-
flow model since the estimation algorithms can be implemented
in a recursive form that allows for sequential updating and the
estimation of time-variable parameters (Young, 1984). However,
this adds complexity to the final forecasting system and previous
experience suggests that a simpler solution, involving a scalar gain
adaption, is often sufficient. This is the approach that has been
used successfully for some years in the Dumfries flood-warning
system (Lees et al., 1994) and is also discussed by Cluckie (1993),
who refers to it as a “scale-factor” updating method. It involves the

recursive estimation of the gain g (k) in the following relationship:

Yk = 8k Ik + &, (9.18)

where ¢; is a noise term representing the lack of fit and, in the
case of the model (9.4):
Bz
Yk = w0 Uk
Az
where the “hats” indicate estimated values. In other words, the
time-variable scalar gain parameter g; is introduced so that the
model gain can be continually adjusted to reflect any changes in

the steady-state (equilibrium) response of the catchment to the
effective rainfall inputs.

L we=cy'r, (9.19)

The associated recursive estimation algorithm for g, takes the
usual recursive least-squares (RLS) form in the case where g is
assumed to vary stochastically as a random-walk (RW) process
(e.g., Young, 1984):

Pkik—1 = Pk—1 + (g, (9.20)
2 2
Piik—1Yk
Pk = DPklk—1 — ————7>» 9.21)
| L+ prp—19;
8k = &k—1 + P Ak — &k—13k} s 9.22)

where g; is the estimate of g, while g, is the NVR defining
the stochastic input to the RW process, the magnitude of which
needs to be specified or optimized (see later). The adapted forecast
is obtained by simply multiplying the initially computed model
output y; by g,. Note that gain adaption of this kind is quite generic
and can be applied to any model, not just those discussed here.

9.7.2.2 VARIANCE ADAPTION

To allow for the heteroscedasticity in ey, it is necessary to recur-
sively estimate” its changing variance 0. Although a logarithmic
transform might suffice, a superior approach is to use the trans-
formation ¢; = log(xf) + A, where the stochastic process x? is
defined by:

Xop = (€3,_1+e€5,) /2., m=1,...N/2, 9.23)

in which A = 0.57722 is the Euler constant. This is motivated
by Davis and Jones (1968), who showed that ¢; has a theoretical
distribution that is almost normal. As a result, an estimate fzk
of the transformed variance can be obtained from the following
recursive least-squares algorithm (cf. the above RLS algorithm for
81), where this time it is ¢, that is assumed to vary stochastically
as a RW process:

Dklk—1 = Pk—1 + qn, (9.24)
2
Pjk—1
¢ = Ptjt—1 — T—— 9.25
Pk Ptii—1 1+ prit ( )
he = hioy + pilee — hii ). (9.26)
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Flow, rainfall, and temperature: Canning River, W.A., 1985.21987.1
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Figure 9.2 Two years of daily flow (y,, upper panel), rainfall (r;, middle panel) and air temperature (7}, lower panel) for the ephemeral Canning

River at Glen Eagle in south-western Australia

An estimate 67 of o7 can then be obtained as 67 = exp(/i; — A).

An alternative to algorithm (9.24)—(9.26) is the data-based iden-
tification and estimation of an SDP model for the changing vari-
ance. For instance, in Romanowicz et al. (2006), the variance 0,3
is identified as an SDP function of a simulated output, taking the

following form:

of = ho + M} 9.27)

where Ao and A; are parameters that are optimized, together with
the NVR hyper-parameter that controls the gain updating proce-
dure discussed in Subsection 9.7.2.1. This has the advantage that
the variance update is immediately effective as flow changes occur
and the inherent “estimation lag” associated with the “filtering”
algorithm (9.24)—(9.26) is eliminated.

9.7.2.3 HYPER-PARAMETER ESTIMATION

The above RLS estimation algorithms are, in fact, very simple
examples of the KF and so it is necessary to estimate the hyper-
parameters (here ¢, and g;,) in some manner. Their joint estima-
tion with the KF hyper-parameters is straightforward. However, a
simpler, heuristic alternative derives from the fact that ¢, and g,
control the memory of their respective RLS estimation algorithms

and the associated smoothing of the estimate (e.g., Young, 1984).
Consequently, since g, and g, are scalar values, it is not diffi-
cult to optimize them manually to yield the best multi-step-ahead
forecasts.

9.8 ILLUSTRATIVE PRACTICAL
EXAMPLE

Figure 9.2 shows a portion of effective rainfall u(¢), flow y(¢), and
air temperature 7 (¢) data from the Canning River at Glen Eagle in
south-western Australia over the period March 23, 1985 to Febru-
ary 26, 1987. The Canning is a 544 km?2, semi-arid, benchmark
catchment whose discharge is dominated by zero flows, with zero-
flow periods occupying more than half of the recorded period. The
rainfall is winter dominated, with the winter four months receiv-
ing approximately 70 % of the total annual rainfall. These data
have been analyzed previously by Young et al. (1997a) and Ye
et al. (1998). The latter reference uses a modified version of the
IHACRES model. The present DBM modelling results are sim-
ilar to those in the former reference, but the analysis has been
improved in various ways, so the results are somewhat different.
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SDP estimation of effective rainfall coefficient
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Figure 9.3 SDP non-parametric estimation of the effective rainfall nonlinearity: SDP estimate (full line) and associated 95 % confidence bounds

(dashed lines). Also shown (dash-dot line) is the parametric estimate of the nonlinearity based on a power law parameterization, as obtained at the final

parameter estimation phase of the analysis

9.8.1 DBM modelling

In this example, the time-series data are plentiful so the first stage
in DBM modelling is model structure identification, based on the
estimation data set in Fig. 9.2. Initial linear identification, using
the RIV estimation algorithm, suggests a [2 3 0] discrete-time
TF model, but its explanation of the data is poor, implying that
a non-linear model is required, as would be expected on phys-
ical grounds. TVP estimation confirms this and previous expe-
rience, showing that a time-variable parameter model is able to
explain the data well. As a result, the identification proceeds fur-
ther using SDP estimation, as outlined in previous sections. Figure
9.3 shows the non-parametric estimation results obtained in this
manner.

The estimated shape of the effective rainfall non-linearity is
similar to that obtained in most previous rainfall-flow modelling
studies and the DBM model based on these non-parametric results
explains 94.7 % of the flow data (R% = 0.947). Again, based on
previous experience, a power law seems to be reasonable con-
tender for parameterization of the SDP nonlinearity in Fig. 9.3,
although it is clearly not the only possibility. Parametric estimation
proceeds with this definition and yields the following parameter

estimates:

a; = —1.6031(0.012);
by = 0.0601(0.005);
B =0.171; & =0.661;

4, = 0.6228(0.011);  $ = 0.823(0.09);
by = 0.100(0.010); b3 = —0.1405(0.006);
B, = 0.026; &, = 0.942;

where the figures in brackets are the estimated standard errors
on the associated parameter estimates. The decomposed form
of this model has been presented previously in Equation (9.6).
Note that the derived parameters «;, 8;,i = 1,2 associated with
the decomposed model have no specified standard-error bounds
because they are not estimated directly. However, we consider the
uncertainty in such derived parameters later. It will be noted also
that, although the parametric estimate in Fig. 9.3 (dash-dot line)
does not entirely reflect the shape of the non-parametric estimate
(solid line), it does lie mostly within the associated 95 % confi-
dence region. Consequently, given that the parametric estimate is
also uncertain (bounds not shown to avoid confusion), it is clear
that the two estimates are statistically compatible. Of course, the
parametric estimate is more statistically efficient.

The simulated output of the estimated DBM model is shown as
the full line in Fig. 9.4; it clearly explains the data (solid points)
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Final parametric model estimation: 19851987.5: 95.8 % of flow explained
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Figure 9.4 Final parametric estimation of the DBM model: comparison of the simulated DBM model output (full line) and the measured flow data

(circular points).

well, consistent with the high R2 = 0.958. The decomposition of
the model has been discussed above in Section 9.6 and Fig. 9.5
shows the estimated flows through the different pathways, all
plotted to the same scale. We see that the instantaneous effect
(within one day) plotted in the top panel is very small, as would
be expected. The quick and slow components explain much more
of the flow response and it is clear that it is the latter slow pathway
that leads to the extended “tail” on the associated hydrograph and
can be associated with the slowly changing “base flow” in the river.

The residual noise in the estimated DBM model, &, is quite
complex and heteroscedastic. On the basis of the AIC, it is iden-
tified as a 25th order autoregressive, i.e., AR(25), model. This is
a rather high-order model, but it is not too unusual in rainfall-
flow modelling because of the complex nature of the residuals,
which tend to contain evidence of “outliers” (see below). The final
residual (one-step-ahead prediction error) of the model incorpo-
rating this AR(25) noise model model, is 02 =0.0031, which
yields a coefficient of determination based on these residuals of
R% = 0.983, i.e., the complete stochastic model, explains 98.3 %
of the flow data. The auto and partial autocorrelation analysis of
the final residuals confirms that there is no significant serial cor-
relation left in the series and that they are sensibly white noise, as

required. However, they have significantly changing variance (het-
eroscedastic white noise), varying from zero when there is no flow
to the highest variance when the flows are of maximum magni-
tude. This suggests that some small improvement in the modelling
might accrue from an analysis in which this heteroscedasticity is
taken into account, e.g., by modelling the heteroscedasticity and
incorporating this in the estimation of the model parameters.
Other statistical diagnostic checks on the final model residuals
yield reasonable results, given the nature of the data. For instance,
the cross-correlation function (CCF) between the residuals and
the daily temperature series 7T shows that there is no significant
correlation and suggests that, in the case of the Canning River data,
there is no evidence for any significant temperature-related terms
in the model, either in the non-linear effective rainfall function;
or as an additive term in the TF model. In other words, it would
appear that using the flow as a surrogate measure for catchment
storage in the effective rainfall non-linearity has removed the need
to explicitly model any evapotranspirative effects based on tem-
perature. However, the CCF between the residuals and the input
rainfall 7, suggests there is some significant correlation left with
the rainfall: this is quite usual with rainfall-flow models and, once
more, it probably arises in this case because of the numerous
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Decomposition of flow into parallel components
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Figure 9.5 Decomposition of the Canning River flow into parallel instantaneous (top panel), quick (middle panel) and slow (bottom panel) flow

components, based on the decomposition of the transfer function in the estimated DBM model

significant outliers. This problem could be obviated by simply
assuming that the flow measurements at these outlier samples are
missing and replacing them by their expectations. This is quite
straightforward when using recursive estimation (see for exam-
ple, Young, 1984), but has not been attempted in this case since
it might impair the model’s ability to characterize the high-flow
episodes that are important in flood forecasting.

The most valuable evaluation of modelling results is predic-
tive validation on data not used in the identification and estima-
tion analysis. Figure 9.6 shows two typical predictive validation
results obtained by using the estimated DBM model to simulate
flow (from the rainfall alone) over other time periods where data
are available: the left panel for the period between 1977 to 1978
and the right panel between 1979 to 1980. In the first case, the
associated R% = 0.954, while in the latter case, this reduces to
R% = 0.928. Clearly, these are very respectable results and they
are similar to those obtained from predictive validation analysis
carried out over other parts of the data set. They provide confidence
in the estimated model, showing that it is robust and represents
very well the short- and long-term aspects of the rainfall-flow
behavior in the catchment over all of the available data.

One distinct advantage of the stochastic DBM model is the
information it provides on the estimated uncertainties in both the

data and the model parameters. Figures 9.7 and 9.8 illustrate how
this can help in evaluating the model further. Figure 9.7 shows the
estimated uncertainty in the derived residence time parameters
for the two main parallel pathways, as revealed by a normalized
histogram of the parameters derived from monte carlo simula-
tion (MCS) analysis. This analysis involved 2500 stochastic real-
izations based on the estimated covariance matrix of the model
parameters: we see that both residence times are reasonably well
defined probabilistically and the distributions are roughly Gaus-
sian in shape, with perhaps a slight skew to larger values in the
case of the slow residence time in the left panel.

The same MCS analysis includes an evaluation of the predicted
uncertainty associated with the model output. Here, an innova-
tion is the inclusion of a model for the additive heteroscedastic
noise (see also the next subsection). This was obtained by SDP
estimation applied to the explanation of the residual variance as a
function of the flow y; and the resulting model was used to gen-
erate heteroscedastic noise with these modelled properties in the
MCS realizations. We see in Fig. 9.8 that the useful effect of this,
in the case of the second predictive validation data set, is to specify
the standard-error bounds on the DBM model output, bounds that
change in width as a function of the flow magnitude and show that
the prediction of the peak flow, although in error as regards the
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Figure 9.6 Predictive validation of the DBM model based on two sets of validation data: simulated model output (full line) compared with validation

flow data (dots)

measured value (which, of course, may itself be incorrect because
high-flow measurements are often subject to measurement inac-
curacy) lies within the estimated uncertainty bounds.

9.8.2 Adaptive forecasting

The main objective of DBM modelling in this example is real-
time forecasting. As mentioned in Section 9.7, therefore, the DBM
model developed in the previous section, although best at explain-
ing the rainfall-flow data, is not the most suitable model for this
application because it requires one-day-ahead forecasting of the
rainfall input. A superior alternative is to insert a “virtual” one-
day delay into the DBM model, as discussed in Section 9.7. The
re-estimated parameters of this DBM forecasting model, based on
the estimation data set, are as follows:

a, = —1.6243(0.018);
by = 0.209(0.004);
B, =0.185;

4, = 0.6417(0.016);
by = —0.191(0.004);
&, =0.679; B, =0.024;

$ = 0.777(0.096);

@ = 0.946;

and the decomposed form of the model has already been cited
in Equation (9.7), with its most useful stochastic state space for-
mulation in equations (9.8), (9.9), and (9.10). This model has an
R% = 0.949, very little different to the original DBM model with-
out the time delay. It also passes all the statistical diagnostic tests
(except, as before, the CCF between the residuals and the rain-
fall) and, most importantly, it performs very well in real-time,
one-day-ahead forecasting, as shown in Fig. 9.9. This is a plot
of the one-day-ahead forecasts for the first validation data set,
as obtained from a KF forecasting engine based on an adaptive
version of the model.

These forecasts have a coefficient of determination, based on
the one-step-ahead forecasting errors of RZ = 0.918, which is
the sort of value one would expect given the DBM modelling
results. Parameter adaption is exploited, as described in Section
9.7. The optimized NVRs, based on minimizing the variance of
the one-day-ahead forecasting errors associated with the adap-
tive parameters are g, = 0.0001 and g, = 0.169. The resulting
adaptive gain parameter is plotted in Fig. 9.10 and we see that the
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Figure 9.7 Uncertainty in the derived residence time parameters of the DBM model based on stochastic Monte Carlo analysis: slow residence time

(left panel); quick residence time (right panel)

adaptive adjustment is very small (the non-adaptive value is unity)
and makes very little difference in this case. However, this is for-
tuitous and parameter adaption should always be implemented to
handle unforseen circumstances. On the other hand, the adaptive
variance parameter makes considerable difference to the results,
a fact that is most visible in the changing width of the 95 % con-
fidence band in Fig. 9.9.

Finally, note that the state-space model used to obtain the above
forecasting results does not contain any states associated with the
identified additive noise &, which, it will be recalled, is identified
as an AR(25) stochastic process. This noise model could have
been embedded in the state-space model and it should improve
the forecasts to some extent. However, since it would also con-
siderably enlarge the state dimension (adding 25 more stochastic
state variables) and so add complexity to the forecasting system,
it was not included in the present illustrative analysis.

9.9 CONCLUSIONS

This chapter describes some recent advances in stochastic mod-
elling and forecasting that provide the basis for the implemen-

tation of real-time flow and flood-forecasting/warning systems. It
argues that deterministic reductionist (or “bottom-up”) simulation
models are inappropriate for real-time forecasting because of the
inherent uncertainty that characterizes river-catchment dynamics
and the problems of model over-parametrization that are a natu-
ral consequence of the reductionist philosophy. The advantages
of alternative data-based mechanistic (DBM) models, statistically
identified, estimated, and validated in an inductive manner directly
from rainfall-flow data, are discussed. In particular, the chapter
shows how non-linear, stochastic, transfer-function models can
be developed using powerful methods of recursive time-series
analysis. Not only are these models able to characterize well the
rainfall-flow dynamics of the catchment in a parametrically effi-
cient manner, but, by virtue of the DBM modelling strategy, they
can also be interpreted in hydrologically meaningful terms. Most
importantly in the forecasting context, the models are also in an
ideal form for incorporation into a data assimilation and forecast-
ing engine based on a special, adaptive version of the Kalman
Filter algorithm.

The practical example described in the chapter demonstrates
how, with sufficient rainfall-flow data and no available rainfall
forecasts, the approach proposed here can generate useful flow
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Figure 9.8 Validation of the DBM model by stochastic Monte Carlo simulation based on the 2nd validation data set: mean model output (full line),

95 % confidence bounds (gray areas) and measured flow (open circles)

forecasts for one day ahead in a semi-arid catchment; forecasts
that could form the basis for flood-warning system design. Such
a system is a natural development of the DBM model-based
Dumfries flood-warning system (Lees et al., 1994), which has
been operating successfully without major modification since
1991. A more sophisticated flood forecasting system for the
River Severn in the UK, based on the approach described in the
present chapter, is described in Romanowicz et al. (2006). Both
of these recursive approaches to real-time flood forecasting can
be contrasted with more conventional, non-recursive, real-time
forecasting procedures proposed previously. A typical example
is the adaptive scheme suggested by Brath and Rosso (1993),
which addresses some of the same statistical issues raised in the
present chapter. However, it operates on an event basis rather than
continuously; it uses repeated en-bloc optimization rather than
recursive estimation; it is based on a simple conceptual model
with a priori assumed structure and parameterization, and it is
computationally much more demanding.

Of course, there remain a number of methodological problems
still to be solved. The DBM models discussed in the chapter per-
form well, but they cannot be considered completely satisfac-
tory while the model residuals retain some mildly unsatisfactory
statistical characteristics. In particular, the correlation remain-
ing between the residuals and the rainfall input shows that the
model is still not fully explaining the complete rainfall-flow pro-
cess (although the remaining unexplained variance represents only
a small proportion of the total variance). This limitation of the
current DBM models (shared, the author believes, by all current
rainfall-flow models, whatever their type) is almost certainly due
to deficiencies in the rainfall-flow data, as well as the effective
rainfall non-linearity (and possibly the presence of other, smaller
non-linearities in the system, as yet unquantified). There is clear
need for more research on this fascinating subject and, although
such research would require the analysis of a large and compre-
hensive rainfall-flow database covering a wide array of different
catchment behavior, it would provide useful information for all
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Figure 9.9 One-day-ahead forecasts for the 1st validation data set produced by the adaptive Kalman Filter forecasting system based on the DBM

forecasting model: forecast (full line), 95 % confidence bounds (gray area) and flow data (open circles points)

existing rainfall-flow modelling studies, not just those discussed
in this chapter.

Finally, it is interesting to compare the recursive DBM approach
to hyrological modelling described in this chapter with alternative
“numerical Bayesian” approaches, such as the Ensemble Kalman
Filter that utilize Monte Carlo Simulation within a recursive set-
ting, as exemplified in a number of recent papers (e.g., Morad-
khani et al., 2005; Thiemann et al., 2001, see also the associ-
ated comment by Beven and Young, 2003). While it is clear that
such methodology has the advantage of considerable generality in
stochastic terms, it is computationally very intensive when com-
pared with the DBM methodology. For instance, while the DBM
calculations, as described in the present chapter, takes but a few
seconds on a typical desktop computer, the Bayesian approach can
occupy amuch larger amount of computer time because of the need
for generating many Monte Carlo realizations at each recursion.
Consequently, it should only be used when a simpler alternative
is not appropriate. In the case of DBM rainfall-flow and flow-

routing models, however, the identified structure is fairly simple,
with the only significant non-linearity being that associated with
the effective rainfall, which is situated at the input to the rainfall-
flow model. For this reason, it is possible to use standard, com-
putationally simple, recursive estimation methods, such as those
described in this chapter, and a numerical Bayesian approach does
not seem justified.

Also, the numerical Bayesian approach can obscure identifia-
bility issues. For instance, it is often applied to large conceptual
models that are not inherently identifiable, so that it is neces-
sary to constrain some of the parameters so that they cannot vary
too much away from the user-specified prior probability distri-
butions (the stochastic equivalent of constraining parameters to
a priori specified values). Even in the case of relatively small
conceptual models, it is often necessary to constrain parame-
ters in this manner. For instance, the Sacramento soil moisture
accounting (SAC) model has 16 user-specified parameters in addi-
tion to the unit hydrograph routing (which is assumed known
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beforehand). Of these 16, 13 are assumed to be known and are
fixed, so that the remaining 13 can be estimated by calibration
(pers. comm: H. Gupta (pers. comm.), see also, Thiemann et al.,
2001). Whilst this may be justified in a simulation modelling con-
text, where the large model is required for “what-if” scenario
studies, it is not so well justified in a forecasting context, where
the parsimonious DBM model appears to be entirely adequate for
forecasting and data assimilation, as shown both in the present
chapter and Romanowicz et al., (2006).
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APPENDIX 1

A1.1 TRANSFER FUNCTION (TF)
MODELS

Most applications of TF models in hydrology tend to use discrete-
time TF models because most of the literature on the identification
and estimation of TF models concentrates on this form.” However, as
we shall see, the continuous-time TF model is more transparent and
immediately interpretable in a physically meaningful manner. In order
to introduce TF models, therefore, let us consider first a conceptual

catchment storage equation in the form of a continuous-time, linear
storage (“bucket,” “tank” or “reservoir’”’) model, see, for example, the
review papers by O’Donnell, Dooge, and Young in Kraijenhoff and
Moll (1986) or more comprehensive treatments, such as the recent
books by Beven (2001) and Dooge and O’Kane (2003). Here, the
rate of change of storage in the channel is defined in terms of water
volume entering the linear storage element (e.g., river reach) in unit
time, minus the volume leaving in the same time interval, i.e.:
ds(r)

— =G0it — 1) — Qu(1)

- (A1)

where Q;(t — 7) represents the input flow rate delayed by a pure time
or “transport” delay of T time units to allow for pure advection and G
is a gain parameter inserted to represent gain (or loss) in the system.
Making the reasonable and fairly common assumption that the outflow
is proportional to the storage at any time, i.e.:

Qo(1) = pS(t) (A.2)
and substituting into (A.1), we obtain:
dQ,
T% =GQit — 1) — Qo(0). (A3)

This equation is a first-order, linear differential-equation model whose
response, from an initial steady-flow condition, to a unit impulsive
imp
i

change Q. " of the input flow at time ¢ = fo, is given by:

Qo([) _ Qe + Qiml’e—(t—ln)/T7 (A4)

where Q. is the initial steady flow level. This has a typical hydro-
graph recession shape, with a decay time constant, 7', that defines the
residence time of the model. As we shall see later, combinations of
two or more such first-order models, exhibit a typical unit hydrograph
form (e.g., Dooge, 1959; Beven, 2001).

By introducing the derivative operator s, i.e., s = d/d¢, and col-
lecting like terms together, it is easy to see that Equation (A.3) can be
written as:

A +T9HQ(1) =GOt — 1)

so that, dividing throughout by 1+ T's, we obtain the following
continuous-time TF form of Equation (A.3):

(A.5)

G
0,() = T 0i(t — ), (A.6)
N

1+

where:

H(s) = (A7)

14+Ts
represents the TF in terms of the derivative operator s.*

A1.1.1 Physically interpretable parameters

The TF model (A.6) is characterized by three parameters: G, T, and
7. However, there are five physically interpretable model parameters
associated with the model that are worth discussing. The steady-state
gain (SSG), denoted by G, is obtained by setting the s operator in the
TF to zero (i.e., d/dt = 0 in a steady state). It shows the relationship
between the equilibrium output and input values when a steady input
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is applied. For this reason, if the input and output have similar units,
G is ideal for indicating the physical losses or gains occurring in the
system. In the case of a flow-routing model, for example, it indicates
whether water has been added (G > 1) or lost (G < 1) between the
upstream and downstream boundaries; and the percentage of water
lost or gained can be defined by loss efficiency LE = 100(1 — G),
which will be negative if G > 1.0. As pointed out above, the residence
time or time constant, 7', is the time required for the storage element
output to decay to e~! or 0.3679 of its maximum value in response to
an impulsive input. Finally the pure advective time delay, 7, indicates
the time it takes for a flow increase upstream to be first detected down-
stream, and 7, = T + t defines the travel time of the system. These
five parameters typify the equilibrium and dynamic characteristics of
the TF model and provide a physical interpretation of the TF model
in terms of its mass transfer and dispersive characteristics.

A1.1.2 TF manipulation and block diagrams

The first order TF model (A.6) is often written in the form:

_ 8 o . __ %
0,(1) = St Oi(t — 1), ie. H(s) St (A.8)
where: G |
80= 7 f1=?, (A.9)

because this is the form in which the model is normally estimated
(see later). Typically, a channel- or flow-routing model for a river
catchment will contain a number of elemental models, such as (A.6)
or (A.8), connected in a manner that relates to the structure of the
catchment. For instance, a serial connection of n such elements con-
stitutes the lag-and-route model of a single river channel (Meijer,
1941; Dooge, 1986) and, with t = 0 and all elements identical, it
becomes the well-known “Nash Cascade” model (Nash, 1959). More
complex river systems can be represented by a main channel of this
type, with tributaries modelled in a similar manner. Also, a typical
TF model between effective rainfall and flow often contains a parallel
connection of two or more such storage elements (see Young, 1992,
2001a, b, 2002, 2003).

The TF formulation allows for the visual representation of a total
system model in the form of a “systems block diagram.” Figure A1.1
is a typical example of such a diagram that represents a catchment
model consisting of an effective rainfall-flow submodel involving two
different first order TFs of the form (A.6) with T = 0:

G
1 —+ TzS ’

G

Hi(s) = 1+ 105’
18

Hy(s) =

(A.10)

that are connected in parallel. The flow output of this submodel forms
the input to a flow-routing submodel composed of two identical, first-

order TFs:
G;

1 —+ T3X ’
again of the form (A.6) with t = 0, but this time connected in series

Hy(s) = (A.11)

as a Nash Cascade. The upstream input to this complete system is
an effective rainfall measure u(¢) (see main text). The downstream
output of the complete system is denoted by y(¢).

" Rainfall-flow |
I Subsystem

|
|

|

|

| s emem s e

i Flow routing
1

: . Subsystem )

h ! 1

! b | G Y
| . 1+T5s 1+T5s

[

Figure A1.1 Block diagram of a hypothetical catchment model
consisting of a parallel pathway, rainfall-flow subsystem in series with a
two reach, flow-routing subsystem

One advantage of the TF formulation of the model shown in
Fig. A1.1 is that it allows for the computation, using “block diagram
algebra” of a single, multi-order TF that represents the total system.
Here, TFs connected in parallel are additive; while those connected
in series are multiplicative. Consequently, in this case, the two sub-
models can be represented by the following composite TFs:

Hyp(s) = Hi(s) + Ha(s);  Hyp(s) = Hy(s) - Hy(s)  (A.12)

So that, with the above definitions of H;(s), H,(s), and H3(s):

H.r(s) = G G, (G +G)+ (G T+ GT)s
rf(8) = 1+ Tis 14+ T3s - (14 Tys)(1 + Tos)
(A.13)
and )
Hff(s) = (G3) (A.14)

(1 + T35)(1 + T3s)
Now, since H,;(s) and H(s) are connected in series, the TF of
the total system H(s) is obtained as the multiplication of these two
composite TFs, i.e.:

H(s) = H,;(s) - Hyy(s)

_ (G1+G)+(GiTr + GoT)s
B (14 Ty5)(1 + T»s)

. (G5)?
(1 + T35)(1 + Tss)

(A.15)
Multiplying out these expressions, we see that the complete H (s) is
a 4th order TF that can be manipulated to the form:

8o+ &1
st fist+ fos? + fas + i

H(s) = (A.16)
where we will leave the definition of the parameters f;,i =
1,2,...,4and g;, j =0, 1in (A.16), as an exercise for the reader.
(Hint: carry the above analysis with the TF representation (A.8) rather
than (A.6), then it will be clear why the former representation is better
for analysis, although it lacks the direct physical interpretation of the
latter, which provides a better form for the block-diagram represen-
tation).

A1.1.3 The general, multi-order TF model

It is clear from the above example that, in general, serial, parallel (or
even feedback’) connections of elemental first order TF models, such
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as (A.6) or (A.8), lead to a multi-order TF model that takes the general
TF form: Gs)
s
t)= ——ult — 1),
x(1) Fo) ut — 1)

where F(s) and G(s) are polynomials in s of the following form:

(A.17)

(A.18)
(A.19)

F(s) =5+ fisP ™'+ fosP2 4 - + [,
G(s) = gos’ + gis" " + s 2+ -+ + g,

in which p and ¢ can take on any positive integer values. Here u(¢) and
x(t) denote the deterministic input and output signals of the system
at its upstream and downstream boundaries, respectively; T is a pure
advective time (transport) delay affecting the input signal «(¢). Finally,
let us assume that the output is observed as y(t) = x(¢) + &(¢), where
&(t)is anoise or stochastic disturbance signal. This noise is assumed to
be independent of the input signal u(¢) and it represents the aggregate
effect, at the downstream boundary, of all the stochastic inputs to
the system, including distributed unmeasured inputs, measurement
errors and modelling error. Multiplying throughout Equation (A.17)
by F(s) and converting the resultant equation to alternative ordinary
differential equation form, we obtain:

dr='y()
drr=!

dry(1)
dtr

_diut — 1)
+"'+fp)’(t)—goT

o geult — ) + (),

1

(A.20)

where n(t) = F(s)&(¢) is a modified noise signal generated by the
manipulation of the equation. Depending on the objectives of the
modelling study, it may be necessary, in a complete system consisting
of many subelements such as (A.6) or (A.8), to consider noise inputs
within the system, associated with collections of subelements that
have distinct physical meaning, e.g., stochastic lateral inflows. The
structure of this model, in either form (A.17) or (A.20), is defined by
the triad [pgt].

A1.1.4 Discrete-time, sampled data TF models

To date, the most popular form of TF modelling has been carried
out using the discrete-time (DT) equivalents of the models (A.8) and
(A.17). In the case of Equation (A.8), this discrete-time TF model

takes the form:
bo

T 14 az!
Here, Q, is the downstream flow measured at the kth sampling
instant, that is at time k Az, where At is the sampling interval in time
units. Q; x—s is the input flow at time (k — ) At time units previously,

Qo Oii—s (A.21)

where § is the advective time delay, normally defined as the nearest
integer value of 7/ At (thus incurring a possible approximation error),
and z~! is the backward shift operator, i.€., 2" Qox = Qos_,. Of
course, this model can be written in its “difference equation” form,
namely:

Qo = —a1Qo-1 + boQir—s,

which is obtained by simple cross multiplication and application of
the z~! operator. This reveals that the flow Q, at the kth sampling
instant is a proportion —a; (note that, in the present context, a; will be

(A22)

anegative number less than unity, so that this is a positive proportion)
of its value O, at the previous (k — 1)th sampling instant, plus a
proportion b, of the delayed upstream flow input Q; ;_; measured §
sampling instants previously.

The values of the parameters a; and by in Equations (A.21) and
(A.22) can be related to the parameters of the model (A.8) in various
ways depending upon how the input flow Q;(¢) is assumed to change
over the sampling interval between the measurement of Q;;_; and
Qi (since it is not measured over this interval). The simplest and
most common assumption is that it remains constant over this interval
(the so-called zero-order hold, ZOH, assumption), in which case the
relationships are as follows:

ai = —exp(—filr) by = %{1 —exp(—fiAD}  (A23)
1

Note that, because these relationships are functions of the sampling
interval At, for every unique CT model such as (A.8), there are
infinitely many DT equivalents (A.21), depending on the choice of At,
all with different parameter values defined in (A.23). Following from
the definition of this first-order DT model, the general multi-order DT
equivalent of the continuous-time TF relationship in (A.17), with the
added observation noise &, (the discrete-time equivalent of £(¢)), is
defined as follows:

B(z™)
Xy = muk—s, Y = X + &, (A.24)
where:
A Y =14az " +az >+ - +a,z7", (A.25)
Bz =by+biz +bz 2+ - b,z (A26)

Normally n = p but m may be equal or greater than ¢. The structure of
this DT model is defined by the triad [#m§]. Note finally that the TFs
in both (A.24) and (A.17) are composed of ratios of polynomials (in
z~! and s respectively), so they are sometimes referred to as rational
transfer functions.

A1.1.5 The unit hydrograph and finite impulse response
TF models

The reader can verify that the division of the numerator polynomial
B(z™") by the denominator polynomial A(z~") in the TF model (A.24)
normally results in an infinite dimensional polynomial:

Gz N=go+giz ' + gz 2+ + g0z ™, (A27)

so that the equation can also be written in the alternative form:

o0
Ve =) ik +& &,j=01,--,8-1=0 (A28
i=s
This will be recognized as the discrete-time form of the convolution
integral equation associated with the solution of differential equations
(here with a pure time delay of § sampling intervals or § Az time units)
and, once again, we see that the TF model is simply a discrete-time
equivalent of a continuous-time differential-equation model.
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Equation (A.28) has important connotations in hydrology because,
if the noise & = 0 for all 7, then its unit impulse response, i.e.,
the response of the equation to a unit impulse input (u; = 1.0 for
t =1,u; =0 for all ¢+ > 0), is equivalent to the hydrological unit
hydrograph. Sometimes, indeed, the Equation (A.28) is referred to
as a TF model, although its infinite dimensional nature is an obvious
restriction. Despite this disadvantage, some hydrologists have used
the equation directly in RF modelling by considering it in a finite
impulse response (FIR) form, in which the upper limit of the sum-
mation is set to some value r < oo where it is considered that the
ordinates of the impulse response have become small enough to be
ignored.

Unfortunately, it can be shown that the number of FIR model param-
eters (or “weights”), g;,i = 1,2, ...r,is nearly always much larger
than the number of parameters in the rational TF form (A.24). As
a result, the statistical estimates of these parameters will normally
have unacceptably high variance and have to be constrained in some
manner. For instance, Natale and Todini (1976) use quadratic pro-
gramming to compute the constrained least-squares estimates of the
FIR parameters in order to ensure that they are all positive and, if
necessary for conservation purposes, they all sum to unity (i.e., the
model has unity steady-state gain). Even with this approach, however,
it is difficult to recommend the FIR model because the rational TF
model (A.24), normally with far fewer parameters, is not only entirely
equivalent to the infinite dimensional IR model, without any approx-
imation, it is also easier to estimate from rainfall-flow data using the
methodology discussed in this chapter.

ENDNOTES

1 Although these authors discuss modelling at annual, monthly, and
daily scales, the conceptual arguments are similar.

2 This model is similar in concept to the variable-gain factor model
suggested by Ahsan and O’Connor (1993), although its identifica-
tion, estimation, and implementation is quite different.

3 RZisdefinedas 1 — [02 /0?], where o2 is the variance of the simu-
lated model errors and af is the variance of the output variable. Note
that this not the same as the standard coefficient of determination
R?, which is based on the one-step-ahead prediction errors. R? is
very similar to the “Nash—Sutcliffe efficiency” in the hydrological
literature (Nash and Sutcliffe, 1970).

4 Of course this differentiation is rather arbitrary since the model is
inherently stochastic and so these parameters are simply additional
parameters introduced to define the stochastic inputs to the model
when it is formulated in this state-space form.

5 Anon-recursive ML formulation of this heteroscedasticity problem
is given by Sorooshian (1985).

6 This example is utilized as a demonstration example in the
CAPTAIN Toolbox for MATLAB ™ (see previous reference in
Section 9.4).

7 This Appendix is taken in part from Young (2005), which also
describes the historical context of TF models and their use in
hydrology.

8 The same letter s (or sometimes p) is used to represent the related
Laplace transform operator. Considered in these Laplace trans-
form terms, it is possible to utilize Laplace transform methods
to handle initial conditions on the variables in the model and ana-
lytically compute its response (here Q,(¢)) to variations in input
variable (here Q;(¢)). However, this is not essential in the present
context, although interested reader should find the Appendix is
a good primer for the study of Laplace transform methods (e.g.,
Schwarzenbach and Gill, 1979).

9 The block diagram algebra for a feedback connection is a little more
complicated but, since it is not particularly relevant in the current
context, the interested reader should consult a standard text on the
subject (e.g., Schwarzenbach and Gill, 1979) to find the details.
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10 Real-time flood forecasting: Indian experiences

R. D. Singh

10.1 INTRODUCTION

Since time immemorial, floods have been responsible for loss
of crops and valuable property, and untold human misery in
the world. India has been no exception. An area of more than
40 million ha in India has been identified as flood prone. India,
which is traversed by a large number of river systems, experi-
ences seasonal floods. It has been the experience that floods occur
almost every year in one part or the other of the country. The
rivers of north and central India are prone to frequent floods dur-
ing the south-west Monsoon season, particularly in the months
of July, August, and September. In the Brahmaputra river basin,
floods have often been experienced as early as in late May while in
southern rivers floods continue till November. On average, floods
in India have affected about 33 million persons between 1953 and
2000. There is every possibility that this figure may increase due
to population growth and development in the flood plains.

Floods occur due to natural as well as man-made causes. Major
causes of floods in India include intense precipitation, inadequate
capacity within riverbanks to contain high flows, and silting of
riverbeds. In addition, other factors are land slides leading to
obstruction of flow and changes in the river course, retardation
of flow due to tidal and backwater effects, poor natural drainage,
cyclone and heavy rainstorms/cloud bursts, snowmelt and glacial
outbursts, and dam-break flow.

For minimizing the losses due to floods, various flood control
measures are adopted. Such measures — which should more cor-
rectly be termed as “flood management” — can be planned either
through structural engineering measures or non-structural mea-
sures. Wise application of engineering science has afforded ways
of mitigating the ravages due to floods and providing a reasonable
measure of protection to life and property. Such measures com-
prise multi-purpose reservoirs and retarding structures which store
flood waters, channel improvements which increase the flood car-
rying capacity of the river, embankments and levees which keep
the water away from flood-prone areas, detention basins which

retard and absorb some flood water, flood-ways which divert flood
flows from one channel to another, and overall improvement in the
drainage system. Various engineering measures could ultimately
protect a large portion of such flood-prone areas. Up until 1985
about 13 million ha of land had been covered by some flood-
protection measures. The large back-log of unconstructed, though
economically feasible, flood-control projects will take quite some
time to be cleared in view of the shortage of funds allocated
and allocatable to the flood-control sector. Further, no systematic
study has been taken up in India to examine the efficacy of these
structures on river-flow regimes during the period of flood. This
means that many areas will remain unprotected for a considerable
time, thus calling for measures to ensure, meanwhile, flood-loss
mitigation.

It has also been recognized that permanent protection of all
flood-prone areas for all magnitude of floods by such structural
means is neither possible nor feasible because of various factors
such as financial constraints, cost—benefit criteria or topographic
limitations of the region. Real-time flood forecasting and flood-
plain zoning are some of the important non-structural measures
adopted for the management of floods. The process of estimating
the future stages or flows and their time sequence at selected vul-
nerable points along the river course during floods may be called
“real-time flood forecasting.” Real-time flood-forecasting systems
are formulated for issuing flood warnings in order to prepare for
the arrival of the flood, including ultimately evacuation plans.
Experience has shown that loss of human life and property, etc.
can be reduced to a considerable extent by giving reliable advance
information about the coming floods. People could be moved to
safer places in an organized manner as soon as the flood warn-
ings are received. Valuable moveable property and cattle could be
saved by transferring them to places of safety. The effectiveness
of real-time flood-forecasting systems in reducing flood damage
depends upon how accurately the estimation of future stages or dis-
charges of the incoming flood, and their time sequence at selected
points along the river, can be predicted. The rivers of alluvial
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plains exhibit meandering, shifting of the course, and unstable
cross-sections due to the problem of sediment transport. These
hydraulic changes in the river behavior complicate the issue of
adopting suitable measures for flood management.

The magnitude and severity of the floods, caused by excessive
rainfall in the river catchments, depend upon the nature and extent
of rainfall and the characteristics of the specific watersheds. For
example, intense, shorter-duration rainfall or cloud bursts in small,
steep catchments (e.g., having a basin area < 1200 km? and time-
to-peak < 6 hours) results in flash floods, whereas heavy rainfall
of longer duration in the large catchments may generate floods
which are sustained for longer periods. Suitable real-time flood-
forecasting techniques (Wood and O’Connell, 1985) are required
to forecast such floods. Accurate real-time flood forecasts are
required to be issued well in advance in order to provide suffi-
cient time, known as lead time, for evacuating the people from the
areas likely to be affected. The lead times available for flash-flood
forecasts are small, which makes the implementation of evacua-
tion plans very difficult.

The techniques available for real-time flood forecasting may
be broadly classified in four groups: (i) deterministic modelling,
(ii) stochastic modelling, (iii) statistical modelling, and (iv) com-
putational techniques like artificial neural network (ANN) and
fuzzy logic. Deterministic models are based on either index-
catchment models or conceptual-catchment models. Such models
tend to simulate the basin response to hydrological events based
on historical data and do not fully utilize information collected
during an event. Further, the deterministic models were originally
developed for design studies, and their formulation has not been
influenced by the need to incorporate hydrological information
in real time. As a consequence, these models cannot readily be
updated, and may prove difficult to re-initialize following teleme-
try or computer breakdowns. For example, a forecast from a con-
ceptual model is often made of contributions from a number of
stores (reservoirs), the contents of which have to be specified in
order to initialize the model, which is clearly not practical in a
real-time context (unless the model is run continuously). Similar
difficulties are also encountered in unit hydrograph models (which
were primarily developed to meet design objectives) as the neces-
sary separation of base flow and storm runoff is difficult to invoke
in real time. The inherent weaknesses of deterministic hydro-
logical models for real-time applications have led to interest in
stochastic time-series models with structures more suited to real-
time forecasting. The time-series models and their applications to
real-time flow forecasting evolved in the 1970s and have been suc-
cessfully applied for real-time forecasting. The statistical models
involve the development of the relationships correlating the flood
characteristics of forecasting stations and upstream gauging sta-
tions considering the various other factors influencing the floods.
The ANN and fuzzy-logic based models, which have the poten-

tial for real-time flood forecasting, are capable of considering the
inherent non-linear interactions in the rainfall-runoff process.
Depending on the availability of hydrological and hydro-
meteorological data, basin characteristics, computational facili-
ties available at the forecasting stations, warning time required,
and the purpose of the forecast, different flood-forecasting tech-
niques are being used in India. Some of the commonly used
techniques include: (i) simple relations developed correlating the
stage-discharge data, (ii) co-axial correlation diagrams developed
utilizing the stage, discharge and rainfall data, etc., (iii) event-
based hydrological system models for small to moderate-sized
catchments, (iv) network models consisting of the subbasins and
subreaches for the large-sized catchments, and (v) deterministic
hydrologic models (at selected places). Stochastic models have
been mostly applied by researchers and academicians for real-time
flood forecasting, and their applications have been restricted to a
few places. The application of more recent computing techniques
such as ANN and fuzzy logic are currently in the development
stage and being mostly used by academicians and researchers.
Thus, in India the statistical approach is most widely used to for-
mulate real-time flood forecasts. Event-based network models and
multi-parameter hydrological models are applied for some pilot
projects during the implementation of international projects. Flash
floods occur in the arid and semi-arid regions. However, as yet no
effective system has been implemented for flash-flood forecasting
for these regions. Some flood-warning arrangements have existed,
but these were largely aimed at transmitting limited information
on flood levels from upstream points to the areas lower down. Such
warnings have limited utility in as much as they do not indicate
the likely levels and the time of arrival of floods at the vulnerable
places. Further, they do not often give adequate advance notice.

10.2 FLOOD PROBLEMS IN INDIA

The main problems in India with respect to floods are inundation,
drainage congestion due to urbanization, and bank erosion. The
problems depend on the river system, topography of the place,
and flow phenomenon. Being a vast country, the flood problems
in India may be visualized on a regional basis. However, for the
sake of simplicity, India may be broadly divided into four zones of
flooding, namely: (i) Brahmaputra River Basin, (ii) Ganga River
Basin, (iii) North-West Rivers Basin, and (iv) Central India and
Deccan Rivers Basin. Flooding in these zones is presented in the
following subsections.

10.2.1 Brahmaputra River Basin

The first zone belongs to the basins of the rivers Brahmaputra
and Barak with their tributaries. It covers the States of Assam,



REAL-TIME FLOOD FORECASTING

141

Arunachal Pradesh, Meghalaya, Mizoram, northern parts of West
Bengal, Manipur, Sikkim, Tripura, and Nagaland. The catchments
of these rivers receive large amounts of rainfall. As a result of
this, floods in this region are frequent and are severe by nature.
The general tectonic up-wrapping of the north-east region has a
significant effect on the river Brahmaputra. Almost all northern
tributaries of the Brahmaputra are affected by landslides in the
upper catchment. Further, the rocks in the hills where these rivers
originate are friable and susceptible to erosion and thereby cause
exceptionally high silt loads in the rivers. In addition, the region
is subject to severe and frequent earthquakes, causing numerous
landslides in the hills, which upsets the regime of the rivers. Impor-
tant problems in this region are flood inundation due to spilling
of banks, drainage congestion due to natural as well as man-made
structures, and change of river flow. In recent years, erosion along
the banks of the Brahmaputra has been enormous and has become
a serious concern among water-resource engineers.

The main problems of flooding in Assam are inundation caused
by spilling of the rivers Brahmaputra and Barak as well as their
tributaries. In northern parts of West Bengal, the rivers Teesta,
Torsa, and Jaldakha are in flood every year and inundate large
areas. During flooding, these rivers carry large amounts of silt and
have atendency to change their courses. The rivers in Manipur spill
over their banks frequently. The lakes in the territory are filled up
during the Monsoon and spread to inundate large marginal areas.
In Tripura, flood problems are spilling and erosion by rivers.

10.2.2 Ganga River Basin

The Ganga and its many tributaries (the Yamuna, the Sone, the
Ghaghra, the Gandak, the Kosi, and the Mahananda) constitute
the second zone. This zone covers Uttaranchal, Uttar Pradesh,
Bihar, south and central parts of West Bengal, parts of Haryana,
Himachal Pradesh, Rajasthan, Madhya Pradesh, and Delhi. The
normal annual rainfall of this region varies from about 60 cm to
190 cm, of which more than 80 % occurs during the south-west
Monsoon. The rainfall increases from west to east and from south
to north.

The flood problem is mostly confined to the areas on the north-
ern bank of the Ganga River. The damage is caused by the north-
ern tributaries of the Ganga spilling over their banks and changing
their courses. Though the Ganga carryies huge discharges (57 000
to 85 000 m3/s), the inundation and erosion problems are confined
to specific places only. In general, the flood problem increases
from west to east and from south to north. In the north-western
parts of the region, there is the problem of drainage congestion.
The drainage problem also exists in the southern parts of West Ben-
gal. The problem becomes acute when the main river, in which the
water is to be drained, already has a high water level. The flooding
and erosion problem is serious in Uttar Pradesh, Bihar, and West

Bengal. In Rajasthan and Madhya Pradesh, the problem is not so
serious. In Bihar, the floods are largely confined to the rivers of
North Bihar and are an annual feature. Most of the rivers (e.g.,
the Burhi Gandak, the Bagmati, the Kamla Balan, other smaller
rivers of the Adhwra Group, the Kosi in the lower reaches, and
the Mahananda at the eastern end) spill over their banks, causing
considerable damage to crops and dislocating traffic. High floods
occur in the Ganga, occasionally causing considerable inundation
of the marginal areas in Bihar.

In Uttar Pradesh, the flooding is frequent in the eastern districts,
mainly due to spilling of the Rapti, the Sarada, the Ghaghra, and
the Gandak. The problem of drainage congestion exists in the
western and north-western areas of Uttar Pradesh, particularly in
the Agra, Mathura, and Meerut districts. Erosion is experienced
in some places on the left bank of Ganga, on the right bank of
the Ghaghra, and on the right bank of the Gandak. In Haryana,
flooding takes place in the marginal areas along the Yamuna and
the problem of poor drainage exists in some of the south-western
districts. In Delhi, a small area along the banks of the Yamuna
is subject to flooding by river spills. In addition, local drainage
congestion is experienced in some of the developing colonies dur-
ing heavy rains. In the south and central parts of West Bengal,
the Mahananda, the Bhagirathi, the Ajoy (GFCC, 1986), and the
Damodar cause flooding due to inadequacy in river channels and
the tidal effect. There is also the problem of erosion of the banks
of rivers and on the left and right banks of the Ganga, upstream
and downstream, respectively, of the Farakka barrage.

10.2.3 North-West River Basins

This is the third zone and comprises the basins of the north-west
rivers such as the Sutlej, Ravi, Beas, Jhelum, and Ghaggar. In
comparison to the two zones mentioned above, the flood prob-
lem in this zone is relatively less. The major problem is that of
inadequate surface drainage, which causes inundation and water
logging.

Another cause of flooding has been water logging in the irri-
gated areas and changes in river regimes due to increased ground-
water levels. At present, the problems in Haryana and Punjab
are mostly of drainage congestion and water logging. The Ghag-
gar River used to disappear in the sand dunes of Rajasthan after
flowing through Punjab and Haryana. The Jhelum floods occur
frequently in Kashmir causing a rise in the level of the Wullar
Lake, thereby submerging marginal areas of the lake.

10.2.4 Central India and Deccan Rivers Basin

Important rivers in the fourth zone are the Narmada, the Tapi,
the Mahanadi, the Godavari, the Krishna, and the Cauvery.
These rivers have mostly well-defined stable courses. They have
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adequate capacity within the natural banks to carry the flood dis-
charge except in their lower reaches and in the delta area, where the
average bed slope is very flat. The lower reaches of the important
rivers on the east coast have been embanked.

This region covers all the southern States namely Andhra
Pradesh, Chhattisgarh, Karnataka, Tamil Nadu, Kerala, Orissa,
Maharashtra, Gujarat, and parts of Madhya Pradesh. The region
does not have very serious problems except for some of the rivers
of Orissa (the Brahmani, the Baitarni, and the Subarnarekha). The
delta areas of the Mahanadi, Godavari, and the Krishna rivers on
the east coast periodically face flood and drainage problems, in
the wake of cyclonic storms.

The Tapi and the Narmada are occasionally in high flood, affect-
ing areas in the lower reaches of Gujarat. Flood problems in
Andhra Pradesh are confined to spilling by the smaller rivers and
the submergence of marginal areas along the Kolleru Lake. Rivers
like Budameru and the Thammileru not only overflow their banks
along their courses to Kolleru Lake but also cause a rise in the
lake level resulting in inundation of adjoining lands.

In Orissa, damage due to floods is caused by the Mahanadi, the
Brahmani, and the Baitarani, which have a common delta. Water
from these rivers inter-mingles in the delta and results in a very
high water level, which causes severe flooding in the region. The
coastal districts are densely populated and receive heavy precipi-
tation in the Eastern Ghat region. The silt deposited constantly by
these rivers in the delta area raises the flood-water level, and the
rivers often overflow their banks or break through new channels
causing heavy damage. The lower reaches of the Subarnarekha
are affected by floods and drainage congestion. The small rivers
of Kerala when in high flood often cause considerable damage.
In addition, there is also the problem of mud flow from the hills,
which results in severe losses.

10.3 SPECIAL FLOOD PROBLEMS

In this section, some special flood problems in India are presented.

10.3.1 Problem of Tal areas

Natural depressions where water gets deposited during the Mon-
soon and retained for a longer period are known as Tal areas. Gen-
erally, they hamper normal activity, affecting the Kharif crop. The
Mokama group of Tals in Bihar is known for its flood problem.
Water accumulated in these areas during the Monsoon remains
stagnant up to September. Similar problems are also seen in the
Ghaggar detention basin in Rajasthan, and depressions available
at Ottu, Bhindawas, and the Kotla lakes in Haryana. Flood prob-
lems in such areas are of a special nature and need to be treated
separately.

10.3.2 River bank/bed erosion

All natural rivers have mobile beds. Therefore, depending on the
flow phenomenon, there may be aggradation and/or degradation
in the river banks and beds. A river erodes its banks due to vari-
ous reasons causing considerable loss of land, deterioration of the
river regime, and sometimes this accounts for huge losses during
floods. Rivers in the Brahmaputra—Barak and Ganga Basins are
prone to severe erosion. The erosion is governed by the discharge
in the river, bed slope, sediment flow, and composition of bed and
bank materials. Deforestation of upper catchments and hills leads
to increased sediment load in rivers. Effects of seismic distur-
bances, and the topographic conditions of land, also contribute to
the erosion problem. River erosion causes a loss of land resources.
The river behavior causes new riverine landmass to be built up,
but this only becomes productive after many years and cannot
compensate for the land-loss due to erosion. Erosion in the Majuli
island, the largest river island in the world, is the most appropriate
example to state the severity of the problem. The Brahmaputra
Board has estimated that in the Majuli Island, the annual loss of
land due to erosion could be about 3.9 km? and an economic loss
of about Rs 31.5 million per annum (IWRS, 2001).

10.3.3 Sediment transport by rivers

One of the problems associated with the floods in India is the
transport of sediments by rivers during floods. Himalayan rivers
originating from Nepal bring a lot of sediment during floods to
the alluvial plains in the valley. The transport of sediments (sus-
pended and bed load) has a major role on river behavior and river
morphology. Thus, the flood problem and its management mea-
sures depend a lot on sediment transport. Several observation sites
for sediment transport in rivers are maintained by the Central
Water Commission (CWC). With the help of the data (on average
suspended-sediment load), the pattern of increase/decrease of silt
load can be examined to assess the morphological changing trend
of the river. As recorded by CWC, the total live and gross storage
capacity created in India is about 177 and 217 km?, respectively.
Based on the sedimentation data of 144 reservoirs, the weighted
average annual loss in gross storage due to silting is computed to
be 0.44 %. Thus, the likely annual loss in the total gross storage of
217 km? is 0.95 km?. Similarly, the annual loss in live storage is
0.31 % based on the data of 42 reservoirs. Thus the likely annual
loss in total live storage is 0.55 km?. Considering the average den-
sity of 1.137 tonnes/m>, based on the data of 13 reservoirs, the
weight of the total sediment deposits in all the reservoirs in India
is 1080 million tons annually.

10.3.4 Dam-break flows

Flooding due to dam breaks can be a mega-disaster as it is often
associated with huge loss of life and property. An unusual high
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peak in a short duration and the presence of a moving hydraulic
shock/bore make it a different problem as compared to other nat-
ural floods. In India, historical occurrences (e.g., the failure of the
Machhu Dam, Panshet Dam, Nanak Saagar Dam) of dam-break
floods are common (Palaniappan, 1997). Sometimes, blockage
of water due to deposits caused by landslides takes place. When
this natural blockage fails due to the increased amount of water
upstream, huge flooding can occur. The behavior is similar to that
of dam-break floods.

10.3.5 Urban drainage

Flooding of cities in India is a common and annual event. Due
to encroachment of the flood-plain areas, the presence of several
structures, and the absence of proper regulations for maintenance,
an artificial flood is created. Therefore, proper drainage networks
for a city have to be developed.

10.3.6 Flash floods

Flash floods are characterized by the sudden rise and recession
of a flow of a small volume and high discharge which causes
damage because of its suddenness. They generally take place in
hilly regions where the bed slope is very steep. Typical examples
are the flash floods of Arunachal Pradesh and of Satluj in 2000.
A large reservoir downstream of flood-prone areas can absorb the
flood wave. Flash floods are also experienced in arid and semi-arid
regions due to the intense and short duration rainfall in the small
catchments of the region.

10.3.7 Floods due to snowmelt

Snowmelt is a gradual process. Usually, it does not produce floods.
However, sometimes, glaciers hold large quantities of retained
water. When released suddenly, this can cause severe flooding.
The rivers originating from the Himalayas in the north are fed by
snowmelt from glaciers. In 1929, the outburst of the Chong Khun-
dam Glacier (Karakoram) caused a flood peak of over 22 000 m>/s
at Attock.

10.3.8 Floods in coastal areas

Floods in Indian river basins are also caused by cyclones. Coastal
areas of Andhra Pradesh, Orissa, Tamilnadu, and West Bengal
experience heavy floods regularly. The flood due to a super cyclone
combined with heavy rainfall during October 1999 in the coastal
region of Orissa is an example. During the past 110 years (1891—
2000), over 1000 tropical cyclones and depressions, originating
in the Bay of Bengal and Arabian Sea, moved across India. The
passage of such storms over a river basin leads to severe floods.

10.4 THE NEED FOR FLOOD
FORECASTING

Warning of the approaching floods provides sufficient time for the
authorities:

(1) To evacuate the affected people to the safer places.

(2) To make an intense patrol of flood protection works such as
embankments so as to save them from breaches, failures, etc.

(3) To regulate the floods through barrages and reservoirs, so
that the safety of these structures can be taken care of during
the higher return-period floods.

(4) To operate the multi-purpose reservoirs in such a way that an
encroachment into the power and water-conservation storage
can be made to control the incoming flood.

(5) To operate the city drains (outfalling into the river) to prevent
bank flow and flooding of the areas drained by them.

10.5 DEVELOPMENT OF FLOOD
FORECASTING IN INDIA

In 1969, the Government of India created a Central Flood Fore-
casting Directorate headed by a Superintending Engineer. In 1970,
under the Member (Floods), six flood forecasting divisions were
set up on inter-state river basins. These covered the flood prone
basins/subbasins of the Ganga, the Brahmaputra, the Narmada,
the Tapti, the Teesta, and the coastal rivers of Orissa. By the year
1977, the Central Flood Forecasting Organisation comprised one
Chief Engineer’s Office, three circles and 11 divisions.

In most States of India, there are arrangements for the issue
of flood warnings from the upstream stations to the downstream
stations. These warnings include:

(1) Whether the river is rising above a certain specified level,
known as danger level or not.

(2) Whether the river is rising or falling.

(3) Whether the stage of the river is “low,” “medium,” or “high.”

The above warnings, issued by telegrams, telephone, or wireless
systems are purely qualitative in nature and they give only an
indication of the nature of the flood. Such procedures are at present
being followed in West Bengal, Andhra Pradesh, and Bihar states.

After the completion of certain multi-purpose projects like the
Hirakud in Orissa, DVC Projects in Bihar/Bengal and Bhakra in
Punjab, forecasting techniques have been evolved using the data of
rainfall and stream gauges in the catchment upstream of the dam.
Correlation diagrams have been prepared using historical data to
predict the inflow into the reservoir. Based upon this, the reservoir
operations are determined. Such flood forecasting systems have
also been set up for Yamuna in Delhi, Koshi in Bihar, and Krishna
and Godavari in Andhra Pradesh.
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The Central Water Commission has established a network of
more than 147 flood forecasting and warning sites on various inter-
state rivers (CWC, 1989). The data from the river gauges and the
rainfall are transmitted to the flood-forecasting centres from all the
key stations by means of wireless or telegrams. Based on these
data and the correlation curves already developed with previous
data, the forecasts are issued daily to the concerned authorities so
that they can take the appropriate measures.

10.6 DATA REQUIREMENTS

Basically gauge (i.e., water-level or stage) or discharge data and/or
rainfall data are required for flood-forecasting purposes. The num-
ber of reporting stations depends upon hydrologic need and avail-
ability of observers and communications.

The number of raingauge stations in the basin should be such
that:

(1) The areal rainfall in the catchment can be estimated with the
desired accuracy, and

(2) The variation in the areal distribution as well as time distri-
bution can be identified.

For network design of river gauges, the following points should
be kept in mind:

(1) Wherever the forecast is being issued on the basis of gauge
correlation, the base station and forecasting station must be
equipped with gauges.

(2) In the case where more than one tributary joins the main
stream and the forecast is based on a multiple coaxial dia-
gram, there should be at least one gauge on each of the trib-
utaries. The location of gauges on the tributaries should be
such that the time of the travel from base station to forecast-
ing station in respect of tributaries as well as main stream is
constant.

(3) Where arouting model forms the basis of the formulation of a
forecast, the reach has to be divided into various subreaches.
For each subreach, in addition to the gauge reading, discharge
observation should also be carried out.

(4) For incorporating the effect of an intermediate catchment
area, at least one gauge has to be installed. If the channel is
not well defined, it will be imperative to install an adequate
number of rain gauges to account for the contribution from
the intermediate catchment.

10.7 METHODOLOGY EMPLOYED FOR
ISSUE OF FLOOD FORECASTS

The various operational steps involved before the issue of forecasts
and warning are as follows:

(1) Observation and collection of hydrological and meteorolog-
ical data.

(2) Transmission/communication of data to the forecasting
centres.

(3) Analysis of data and formulation of forecasts.

(4) Dissemination of forecasts and warning to the administrative
and engineering authorities of the states.

The above phases are described briefly in the following
paragraphs:

10.7.1 Data collection

Observation and collection of hydrological data is done by the
Hydrological Observation and Flood-Forecasting Organisation
(HO & FFO), Central Water Commission. The Flood Meteorolog-
ical Offices (FMO) collect and transmit the meteorological data.
The former is responsible for planning of river-gauge/discharge
network, collection of gauges and discharge data and communi-
cation of the data to its flood-forecasting centers, while the latter
is responsible for planning of rain-gauge networks in consultation
with HO & FFO and for collection and transmission of rainfall data
to the flood-forecasting centers. The FMO provides information
regarding the general meteorological situation, rainfall amounts in
the last 24 hours and heavy rainfall warnings for the next 24 hours
for different regions to the concerned flood-forecasting centers of
the HO & FF Organisation.

At present, data from nearly 380 hydrological and 500 hydro-
meteorological stations are collected every day and utilized by
flood-forecasting centres for formulation of forecasts during the
Monsoon period. Similarly, the meteorological data which include
rainfall amounts, heavy rainfall warnings, the general synoptic
situation, and weather forecasts are supplied by FMO to the con-
cerned Divisions and Subdivisions/Control Rooms of HO & FFO
daily by telephone, failing which, the information is collected by
a special messenger of the HO & FF Organisation from the FMO
office. Nowadays, the data of operational sites are mostly trans-
mitted to the forecasting centers over wireless networks of the HO
& FFO, most of which are 15 W SSB sets.

10.7.2 Data transmission

Transmission of data on a real-time basis from the hydrological
and hydro-meteorological sites to the flood-forecasting control
rooms is a vital factor in flood forecasting. Transmission of data
should be as quick as possible to issue forecasts as much in advance
as possible in order to enable organization of relief measures.
Transmission of the observed data on areal-time basis is, therefore,
essential for an efficient flood-forecasting system.

Land-line communication, i.e., by telephone/telegram, was the
earliest and very commonly used mode for data transmission in
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flood-forecasting services till 1970. This system had the following
major drawbacks:

(1) The telegraph offices were not always located very close to
the data-observation sites and consequently a lot of time was
wasted in performing the journey between the site and the
telegraph office.

(2) During heavy rainfall periods, when timely requirement of
the data becomes essential, the telegraph/telephone system
became frequently out of order.

The communication system was improved by installing VHF/HF
wireless (mostly 100 W/15 W HF sets) at the data-collection sites.
The wireless stations are generally operated by wireless opera-
tors for transmission of data to the control rooms. Provision of
wireless mechanics has also been made for repairs of the sets
and their maintenance. Planning, operations, maintenance, and
improvement of the communication network is looked after by
officers and supporting staff. In some of the pilot projects, auto-
matic data-transmission systems like telemetry systems have been
used. However, the maintenance of such automatic instruments in
the field is one of the major problems which requires immediate
attention.

10.7.3 Data analysis and forecast formulation

After receipt of the hydrological and hydro-meteorological data
at the control room, the data are compiled, scrutinized, and ana-
lyzed by engineers/hydro-meteorologists engaged in this work.
A system of data processing before use in forecast formulation
has been introduced to reduce chances of error. Many forecasting
centers have been provided with microcomputer facilities for data
processing.

The next important step is the formulation of the forecast. In
fact, the analysis of data and formulation of forecast is the most
important stage in the process of forecasting.

The various flood-forecasting centers use different forecast-
ing models, based on the availability of hydrological and hydro-
meteorological data, the basin characteristics, computational facil-
ities available at forecasting centres, warning time required, and
purpose of forecast. However, some of the common methods being
used by various centres are given below:

(1) Simple correlation — based on stage-discharge data.

(2) Co-axial correlation — based on stage, discharge, and rainfall
data, etc.

(3) Routing by Muskingum method.

(4) Successive routing through subreaches.

The forecasts obtained from the correlation diagrams or math-
ematical models, etc., are modified as necessary to arrive at a
final forecast based on the prevailing conditions in the river. This

requires intimate knowledge of the river by the forecaster. Fore-
casts once issued are further modified and revised forecasts are
issued if necessary if additional information is received after the
initial forecasts are made.

10.7.4 Dissemination

The final forecasts are communicated to the concerned adminis-
trative and engineering authorities of the state and other agencies
connected with flood-control and management work by telephone
or by special messenger/telegram/wireless depending upon local
factors like the vulnerability of the area and the availability of
communication facilities, etc.

On receipt of flood forecasts, the above agencies disseminate
flood warnings to the officers concerned and people likely to be
affected and take necessary measures like strengthening of the
flood-protection and control works and evacuation of people to
safer places before they are engulfed by floods. Generally, the state
governments set up control rooms at state and district headquarters
which receive forecasts and then further disseminate the flood
warning to the affected areas and organize relief as well as rescue
operations. Flood forecasts are also passed on to the All India
Radio, Doordarshan, and the local newspapers for wider publicity
in the public interest.

10.8 METHODS FOR FORMULATING
REAL-TIME FLOOD FORECASTS

The range of methods available for formulating real-time flood
forecasts is summarized in Section 10.1. The methods mainly
used in India may be categorized under two groups: (i) statistical
methods and (ii) deterministic methods.

10.8.1 Statistical methods

Methods based on the statistical approach make use of statistical
techniques based on analysis of historical data to develop methods
for the formulation of flood forecasts. The methods thus developed
can be presented either in the form of graphical relations or math-
ematical equations. A large number of data, covering a wide range
of conditions are analyzed to derive the relationships which inter
alia include gauge-to-gauge relationships, with or without addi-
tional parameters, and rainfall-to-peak stage relationships. These
methods are most commonly used in India. The Central Water
Commission is the central authority for the issue of real-time flood
forecasts in India. Thus the methods presented herein are derived
from CWC (1989).

For developing the correlation between upstream and down-
stream level gauges/discharges the following parameters required
to be considered:
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Figure 10.1 Flood profile chart of river Yamuna for Kalanaur Delhi reach
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Stage and discharge of the base station.

Stage and discharge of the forecasting station.

Change in stage and discharge of the base station.

Travel time at various stages.

The rainfall (amount, intensity, and duration) in the interven-
ing catchment.

(6) Topography, nature of vegetation, type of soil, land use, den-
sity of population, depth of groundwater table, soil moisture
deficiency, etc. of the intervening catchment.

@)
®)

The atmospheric and climatic conditions.

Stage and discharge of any important tributary joining the
main stream between the base station and the forecasting
station.

Factors (1) to (4) are basic parameters used in developing the
correlation curves. Factors (5) and (6) are taken into account by
introducing the rainfall and measures such as the antecedent pre-
cipitation index (API). However, factor (7) is not very important
for Indian rivers as most of the floods occur during Monsoon
period only.

One of the most simple and useful graphical relations is the
“flood profile nomogram.” This diagram indicates the peak stage
at each station along a river for a storm. A number of such lines are
drawn for various conditions of storm. The various lines should be
drawn in different inks and the specific meteorological conditions,

such as heavy concentrated rainfall, or other conditions, such as
breach of embankment, etc., should be mentioned. Such a nomo-
gram for the Yamuna river is shown in Fig. 10.1. Although the
diagram does not help in accurate forecast formulation, it serves
as a useful guide in checking the formulated forecast.

The various type of graphs which are used in forecast formula-
tion can be classified as:

(1) Direct correlation between gauge stages or discharges of the
upstream (u/s) and downstream (d/s) stations.
Correlation between gauge stages or discharges at u/s and d/s

stations with additional parameters.

(@)

Some of the correlation diagrams which are commonly in use
are discussed below.

DIRECT CORRELATION BETWEEN GAUGE

STAGE AND DISCHARGE AT UPSTREAM AND
DOWNSTREAM LOCATIONS

In such graphs, gauge stage, and discharge data from forecast-
ing stations and base stations are utilized in different forms. The
following types of correlation are generally used:

(1) Correlation between the Nth hour stage of base station and
(N+T)th hour stage of forecasting stations, where 7 is the
travel time of flood wave between the base station and
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Figure 10.2 Correlation diagram of River Brahmani between gauge at
Panposh, Talcher, and Jenapur

forecasting station. Figure 10.2 shows one such graph which
is used for forecasting the river stage in the River Brahmini
in Orissa.

This type of graph can be developed and used for reaches
of the river where: (i) there is no major tributary with consid-
erable discharge, (ii) the catchment between the two stations
is small so that the effect of rain is negligible, and (iii) the
travel time from base station to the forecasting station is fairly
constant for various stages. However, in most cases the travel
time is not constant and varies with water level. Apart from
this, such relations give considerable errors under different
conditions. These relations can be considerably improved if
the following aspects are taken into account:

(i) The variation in travel time.
(i) Varying conditions during rising and falling stages of
the flood (Fig. 10.2).
(iii) Antecedent conditions of the stream (this can be roughly
taken into account by drawing two different sets of

(@)

3

“

(&)

curves, one for the few initial flood waves and the other
for remaining flood waves).

(iv) Downstream boundary conditions (the data of the stages
for high tides or larger rivers may be used to consider
backwater effects).

Direct correlation between the peak stage/discharge at fore-

casting station and base station. The gauge (or peak) at the

base station and the gauge (or peak) at the forecasting station
for the various intensities of flood are plotted. The travel time
at various intensities of flood is also plotted corresponding
to peak. Such graphs have been successfully used for the

Subernarekha River in Orissa (Fig. 10.3). The warning time

available is about 24-30 h.

Correlation between the change in stage of the base station

and the change in the stage of forecasting stations during T’

hours (T = time of travel of flood wave between the base

station and forecasting site). Such a method obviates errors,
to some extent, due to aggradation or degradation in the river
section, depending upon flows. This correlation has been
found more suited to large rivers with more uniform change
in levels and discharges between the base stations and the
forecasting stations. Such a graph developed for the river

Ganga between Dighaghat and Dandhighat is shown in Fig.

10.4. Separate graphs have been developed for rising stage

and falling stage.

Correlation between the Nth hour and (N+T7)th hour stages of

the forecasting station with change in stage at the base station
during the past T hours as variable. Different sets of graphs
are drawn for rising and falling conditions of the river. Such
graphs are used for forecasting river stages at a number of
sites. One such correlation used for forecasting the Dalmau
stage on the River Ganga, under the Lucknow Division, is
shown in Fig. 10.5. If there is a large fluctuation in the stage of
the base station, the parameter of average stage within the past
T hours at the base station is introduced in the 1st quadrant
instead of change in stage of the base station. In the 2nd
quadrant the Nth hour stage of the base station is also included
to account for the intensity of flood. This has been found
suitable when the base station is d/s of a control structure
on the river, through which the flows are released with wide
fluctuations. Such a correlation is shown in Fig. 10.6.

In rivers having wide fluctuation in u/s stages and, relatively,
much reduced fluctuations in lower reaches due to large-
scale inundation/valley storage in between the two points, a
tendency effect is considered. This is done by correlating Nth
and (N+T)th hour stages of the forecasting site over the past
T hours as a variable in the 1st quadrant. Then in the 2nd
quadrant, the average stage of the base station is considered
as a variable. This type of graph has proved quite useful in the
Bagmati and Adhwara group of rivers of Bihar in the Ganga
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Basin. One such graph developed for the Kamtaul site of
River Adhwara is shown in Fig. 10.7.

Gauge-to-gauge correlation in coastal rivers. The coastal
rivers pose special problems in regard to formulation of fore-
casts because of the tidal effect. The simple gauge-to-gauge
relation will not yield satisfactory results. Before developing
gauge—gauge correlation charts, it is considered imperative to
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Figure 10.4 Correlation graph for Dighaghat Patna

Dalmau (N +T)th hour

analyze the various cases arising in coastal rivers separately

and develop a different set of curves for the formulation of

forecasts. The various cases encountered in the coastal rivers,

are discussed below in brief:

(i) The river is in high stage and there is no tidal effect.

(i) The river is in low stage and there is a tidal effect. As
a result of this there will be backwater effects in the
lower reaches of the river. The backwater effect has to
be incorporated in the formulation of the forecast.

(iii) The river is in high stage and there is a tidal effect. The
river will not be able to drain freely and there will be

Parameter
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Figure 10.5 Correlation graph for Dalmau site on the River Ganga
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Figure 10.7 Correlation graph for the site Kamtaul River, Adhwara

a locking effect which will affect the forecast signifi-
cantly. This aspect has to be considered, while develop-
ing the charts, etc., for the formulation of the forecast.
Thus, it is seen that the three cases, mentioned in the pre-
ceding sections, call for the development of different sets of
charts to be utilized for the formulation of forecasts.
Realising the necessity of considering the tidal effect in
the formulation of forecasts for the area below Akhupada
in the Baitarni river basin, a tidal gauge has been recently
installed at Chandbali. The data from the tidal gauge in con-
junction with the annual tidal-table (published yearly by the
Survey of India) forecast will be quite useful in determining
the tidal influence and backwater effects on the lower reaches
of the river. This will be of particular importance when tides
are enhanced by storm surges accompanying the movement
of tropical cyclones on shore. The data obtained from the

tidal gauges will be useful in the development of charts for
forecast formulation, considering the tidal effect.

(7) Mathematical representations. Some of the correlation dia-
grams developed using the u/s and d/s stages have been dis-
cussed above. Besides these the discharges at u/s and d/s
stations are also used for formulation of the forecast and
some mathematical equations have been developed and are
in use. A few of them are discussed below.

Gauge-discharge Poanta—Tajewala model (for River Yamuna)
The travel time from Poanta to Tajewala being two hours, the
Poanta gauge height in ft at # hours, Gp(?) is correlated to Tajewala
discharge in cusecs, Qr(t + 2) for the rising limb:

Or(t +2) = 7.4045x 103G p(1)*3. (10.1)

Another relation has been developed for the falling limb when
the travel time of three hours is found to be more appropriate and
the relationship is:

Or(t +3) = 1.819 x 1075Gp(r)*>%. (10.2)

The graphical representation is shown in Fig. 10.8.

Gauge-rise models for various reaches of Yamuna
The height of the flood wave at the d/s section is related to its
height at the u/s section:

(Gpp — Gpo) = a(Gyp — Gyo) + b, (10.3)

where Gpp and Gyp are the peak gauge at the d/s and u/s sections,
Gpo and Gy are the estimated stages at the time of recorded peak,
had the recession prior to the start of the flood wave continued, a
and b are constants, to be evaluated on the basis of past flood data.
One such equation developed for the Kalanur and Delhi reach of
the Yamuna is shown in the Fig. 10.9.

Discharge-rise models

The discharge rise due to a flood wave at a d/s section is related to
that at an u/s section, if the effect of the intermediate catchment
contribution is not significant:

(Opp — Opo) = m(Qup — Quo) + 1, (10.4)

where Qpp and Qup are the discharges at the d/s and u/s sections,
Opo and Quo are the estimated discharges at the time of recorded
peak, had the recession prior to the start of flood wave continued,
and m and n are constants to be evaluated on the basis of past flood
data. One such relation developed for the Kalanaur—Mawi reach
of the Yamuna is shown in Fig. 10.10.
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CORRELATION BETWEEN GAUGES AT
UPSTREAM AND DOWNSTREAM WITH
ADDITIONAL PARAMETERS

When the direct gauge-to-gauge correlation is not successful
because of appreciable contribution due to rainfall in the reach
catchment, intermediate tributaries, or the varying soil moisture
condition, etc., then the introduction of additional parameters of
discharge of the tributary, average rainfall over the intercept-
ing catchment, API, etc., becomes necessary and gives better
results.

With the increasing availability of data and introduction of bet-
ter data transmission facilities, correlation diagrams are being
developed with additional parameters. The various parameters are
introduced in different quadrants.
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Figure 10.9 Gauge-rise model for Kalanaur and Delhi reach of the
River Yamuna

Some such diagrams which are at present under use are dis-
cussed below in brief:

(1) Correlation between the Nth hour, and (N+T7)th hour gauge
of forecasting station with change in the level of a tributary
during the past T hours and change in level of the base station
during the past T hours.

(2) Correlation between Nth hour and (N+T)th hour gauge of
forecasting station with the following parameters:

(1) Rise/fall at u/s base station.
(i1) Rainfall observed at the u/s base station.

When a number of tributaries affect the water level at the fore-
casting station, then the change in the base station on the main
river as well as base stations on the tributaries can be considered
as additional parameters.

Multi tributary model
A discrete, linear, time-invariant model has been developed
for operational flood forecasting of the river Brahmaputra at
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Dibrugarh. This model is based on the difference between the
gauge reading at the forecasting station and the upstream base
station in the tributary. The use of differences in gauge readings
as input in the model takes care of the aggradation or degradation
of the river bed of the tributary and the main river. The model in
general is expressed as:

m
ga+1)i = Anigii-1) + Z Az jhi—T+1),G+T),
=

m
+ Z Az jhi-1)).G-1,-T)>
=

(10.5)

where

m = number of tributaries (three in this case)

T = forecasting time

T; = lag time between the forecasting stations (' < T)

h(-7;+7).G-1,) = difference in gauges at the u/s station on the
tributary between the (i — T; + T)th and (i — T))th instants.

h(-t;).i-1,—~1) = difference in gauges at the u/s station on the
tributary between (i — Tj)th and (i — T; — T)th instants.

8i.i-1) = difference in gauge at ith and (i — T)th instants of
time at the forecasting station.

8-, = difference in gauge at (i — T)th and ith instants of
time at the forecasting station, i.e., the forecast value.

Ay, Ay j, Az are the parameters which are to be determined
and can be estimated by the method of least squares. In this case
the forecast of Dibrugarh is formulated with the help of observed
gauge data on three major upstream tributaries, namely Dihang,
Debang, and Lohit.

Rainfall-stage method
The relationship for estimating the peak discharge or the peak
stage with the help of rainfall data is of great operational signif-
icance in the sense that it enables one to find the expected peak
discharge or stage, which is one of the important requirements
in flood warning. In its simplest form it is the relation between
the average rainfall over the catchment and the peak stage. This
relation may be either graphical or mathematical and can be very
easily established by using the statistical technique. The results
can be further improved by incorporating other parameters such
as API, etc. These relations are used for many places with quite
good results but the deficiency in this method is that the time of
occurrence of the peak or the full shape of the hydrograph cannot
be forecast.

One such relation has been developed for the Anandpur site on
the Baitarni river where the peak discharge is estimated by using
the relation:

Omax = 1.451 — 0.1678 + 0.0129x2, (10.6)

where

Omax = peak discharge at Anandpur in cusec
X =X] +X
x1 = weighted storm rainfall over the catchment in cm
x, = effective antecedent rainfall in cm.

The weighted storm rainfall over the catchment is estimated by
assigning certain weights to the various stations, depending upon
the area and geographical condition:

X =102A+4+0.7B+ C +0.6D, (10.7)

where A, B, C, and D represent the rainfall at various stations in
cm.

The effective antecedent rainfall is taken as a certain percentage
of the antecedent rains. Table 10.1 has been assumed and used in
all calculations.

The relation has been developed by analyzing data from 23
previous storms and the results are quite satisfactory.

10.8.2 Deterministic methods

One of the important areas in hydrology pertains to the study of the
transformation of the time distribution of rainfall on the catchment
to the time distribution of runoff. This transformation is often stud-
ied by first relating the volume of rainfall to the volume of direct
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Table 10.1

Weighted antecedent rainfall in Percentage of antecedent rainfall

mm to be taken as effective
0-15 Nil
15-20 20 %
20-30 25 %
40-60 30 %
60-80 35%
80-100 40 %
100-120 45 %
120-140 50 %
140-160 60 %
160-180 70 %
180-200 80 %
More than 200 90 %

surface runoff, thus determining the time distribution of rainfall
excess (the component responsible for direct surface runoff on
the catchment) and then transforming it to the time distribution of
direct runoft though a discrete or continuous mathematical model.
The first step decides the volume of the input to the catchment
and therefore any error in its determination is directly transmitted
through the second step to the time distribution of direct runoff.
A number of watershed conceptual models find this component
for each time-step through a number of stores representing vari-
ous processes on the catchment. The parameters of these models
including those in the functional relationships are determined from
the historical record and their performance is tested by simulating
some of the rainfall-runoff events which have not been used in the
parameter estimation process. The models generally need to be
run continuously so that the status of various stores is available at
all times. One of the operational uses of these models is in the area
of real-time flood forecasting required for real-time operation of
the reservoir. In such a situation these models are run by inputting
the rainfall and forecasts are issued assuming no rainfall beyond
the time of forecast value of the rainfall in the future.

The infiltration part of these models and their context decide
the volume of input. At the time of calculation the catchment is
also performing the transformation operation to produce the direct
runoff at the gauging station. Since the model is simulating the
action of the catchment, it would be appropriate to make use of
this information in finding out the contribution which the rainfall
is going to make to the direct runoff on the catchment. However,
the complexity of these models does not lend itself to this exercise
during the event. The SSARR (stream-flow synthesis and reservoir
regulation) model, Sacramento model and NAM-System 11 FF
model are some of the watershed conceptual models used for
formulating real-time flood forecasts. In India, real-time flood
forecasts have been formulated in some pilot projects using these

models. However, these conceptual models are not being utilized
because of inadequacy of data and problems associated with the
proper calibration of the models.

Of late, methods based on the unit hydrograph approach have
been formulated for real-time forecasting which overcome the
difficulties associated with complex hydrological models. The
unit-hydrograph method has long been recognized as a useful
tool for converting excess rainfall to direct surface runoff by lin-
ear transformation. The assumptions underlying this method and
their limitations with regard to areal size, linearity, and uniform
spatial and temporal distribution of rainfall have been discussed
in most of the text books and many research papers. In India,
the applications of the unit hydrograph technique are restricted
to catchments of sizes less than 5000 km?. However, for larger
catchments, a network model has been developed. In this model
the catchment is divided into subcatchments and the main river is
divided into subreaches, considering two consecutive nodes. The
nodes are the points where the tributaries of the subcatchments
join the main river. The principle of the unit hydrograph is applied
for converting the excess rainfall to direct surface runoff for each
subcatchment considered as lateral flow to the river, and the flood-
routing technique is used for routing the direct surface runoff at
the upstream node through the river subreaches to the downstream
node. The computations are performed for the network model
structure to estimate the direct surface runoff at the outlet of the
catchment. The HEC-1 model is one example that has an option
of network simulation using these concepts.

The Hydrologic Engineering Centre (HEC) of the US Army
Corps of Engineers has developed a computer model HEC-1F,
a modification of model HEC-1, for the purpose of real-time
forecasting. The HEC-1F model uses the unit-hydrograph tech-
nique with constant loss rate to forecast the runoff. Forecasting
by the HEC-1F model is accomplished by re-estimating the unit-
hydrograph parameters and the loss-rate parameters, as additional
rainfall-runoff data are reported, and using these updated param-
eters the future flows are estimated for forecasting. The Snyder’s
synthetic unit hydrograph described by two parameters is used as
the unit-hydrograph model. For the estimation of the unit hydro-
graph and constant loss-rate parameters, the model uses a univari-
ate search technique of optimization. HEC(1984) provides com-
plete details of the model. In India, the HEC-1 F model is applied
for formulating the flood forecasts of a pilot basin.

10.9 FLOOD-FORECASTING STATUS
IN ARID AND SEMI-ARID REGIONS
OF INDIA

The arid and semi-arid regions of India receive less rainfall as
compared to the other regions. The occurrence of floods in these
regions is not as frequent as elsewhere. However, in the past,
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flash floods have been occasionally experienced in the regions
due to high intensity, short duration rainfall causing loss of human
lives and property. As such there is no system of forecasting flash
floods because the lead period is very short. There is a need to
develop a real-time rainfall-forecasting system to provide flash-
flood forecasts well in advance so that emergency action can be
taken to evacuate the people so that their lives may be saved and the
loss of property may be minimized. In this regard, provision may
be made for radars and other automatic instruments to measure
and forecast the rainfall together with the advance communication
and dissemination system in this region.

10.10 MODERNIZATION OF
FLOOD-FORECASTING SERVICES

The flood-forecasting services provided by the Government of
India through the Central Water Commission, which has over 25
years of experience in the field and commendable performance
to its credit, is presently poised for a big leap forward by appli-
cation of modern technology in the field of communication, and
introduction of high-speed computers for forecast formulation.

In order to improve the warning time and the accuracy of the
forecast, it was considered necessary to adopt the latest technol-
ogy for real-time collection and transmission of hydrological and
hydro-meteorological data and application of the high-speed com-
puter, using hydrological and mathematical models.

In order to achieve these objectives, a pilot project to establish
a fully automatic operational river- and flood-forecasting system
in the country with the assistance of the World Meteorological
Organisation (WMO)/United Nations Development Programme
(UNDP) has been implemented in the Yamuna Basin up to Delhi.
The experience gained from this project is being applied to mod-
ernize other forecasting centers in the country.

Another scheme, the CWC-DHI (Central Water Commission
and Danish Hydraulic Institute, Denmark) collaboration project,
with the Damodar River Basin as focus project, has also been
implemented and computerized mathematical models developed
by DHI are being used for inflow forecasting for the formulation
of a flood-control scheme. A scheme on similar lines has been
taken up for the Godavari Basin.

The availability of hydrological and meteorological time-series
data as well as spatial data is somewhat limited. Because of this,
it is difficult to calibrate and validate the multi-parameter hydro-
logical models for formulating real-time flood forecasts in the
field. Recently, a World Bank aided Hydrology Project, Phase I,
has been completed for the nine states of India, namely Andhra
Pradesh, Maharashtra, Gujarat, Kerala, Tamilnadu, Karnataka,
Madhya Pradesh, Chattishgarh, and Orissa. Under this project,
the observation networks for monitoring the hydro-meteorological
variables have been strengthened for different river basins located

in these states. A hydrological information system (HIS) has been
developed for the processing, storing, and retrieving of data col-
lected from the field. State data centers are linked with the national
data centers and a system has been evolved for providing the
data to user agencies through the Internet. It has improved the
data availability for these states. Another World Bank Assisted
Hydrology Project, Phase II, is likely to start soon wherein the
hydrological analysis would be carried out using the processed
data available for HIS. Under this project, the development of a
decision-support system (DSS) for real-time flood forecasting of
the Bhakhara—Beas reservoir system has been envisaged.

10.11 RESEARCH DEVELOPMENTS

Computing techniques such as stochastic models, artificial neural
networks (ANN) and fuzzy logic are being applied for real-time
flood forecasting. However, such applications are mostly limited
to research and development at academic and research institutions
of the country. Operational uses of such techniques are yet to be
established and encouraged.

10.11.1 Stochastic models for real-time flood forecasting

Several stochastic/time-series models have been proposed for
modelling hydrological time series and generating synthetic
stream flows. These include the Box—Jenkins class of models (Box
and Jenkins, 1970, 1976; Salas et al., 1980). The time-series mod-
els are considered to be most suited for real-time forecasting as on-
line updating of model forecasts and parameters can be achieved
using various updating algorithm. It has been observed that the
dynamic stochastic time-series models are most suitable for on-
line forecasting of floods (Kalman, 1960; Sage and Husa, 1969;
Eykhoff, 1974; Kashyap and Rao, 1975; Kumar, 1980; O’Connell,
1980; Chander et al., 1980, 1984; Chander and Prasad, 1981).
These models also provide a means for the quantification of the
forecast error, which may be used to calculate the risks involved
in the decisions based upon these forecasts. Further, these models
can be operated even with interrupted sequences of data and are
easy to implement on computer and other computing devices.

10.11.2 Artificial neural-network models for real-time
flood forecasting

The formulation of real-time flood forecasting using statistical
and stochastic models is based upon the assumption of linearity,
whereas the quantity of runoff resulting from a given rainfall event
depends upon a number of factors and is dominantly non-linear.
Recently, another class of black-box models in the form of artifi-
cial neural networks (ANN) has been introduced in modelling real-
time problems, wherein the non-linear relationship between the
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rainfall and runoff process is modelled. The ANN model has wide
applicability in civil engineering applications and many research
papers have been published on its application. The use of ANN in
real-time flood forecasting is of very recent origin and is still in
the evolution stage. Recently Xiong and O’Connor (2002) studied
four updating models for real-time flood forecasting, in which the
authors have shown that the use of an ANN model as a forecast
error update model has in fact not improved the real-time flow
forecasting efficiencies over that of the standard AR model.

10.11.3 Fuzzy-logic techniques for real-time
flood forecasting

The emergence of a flood and thus its forecast depend elementarily
on the discharge process in the natural catchment area of the river.
This process is rather complex and its mapping into a suitable pro-
cess model for an automated flood forecast is accordingly difficult.
Hydrologic models are useful only to the degree that they represent
processes in the world. Mathematical models have been developed
based either on physical considerations or on a statistical analysis
to estimate floods from small- as well as large-size catchments.
Existing flood-forecasting models are highly data specific and
complex. Unlike mathematical models that require precise knowl-
edge of all the contributing variables, fuzzy logic offers a more
flexible, less assumption dependent and self-adaptive approach to
modelling flood processes, which by their nature are inherently
complex, non-linear, and dynamic. Fuzzy logic-based models can
be used to model process behavior even with incomplete infor-
mation. Fuzzy logic is widely regarded as a potentially effective
approach for effectively handling non-linearity inherently present
in the hydrological processes (Zadeh, 1965). Moreover, this tech-
nique can be used for modelling systems on a real-time basis
(Lohani et al., 2005). Other advantages include the potential for
improved performance, faster model development and execution
times and therefore reduced costs, the capability to plug fuzzy
logic directly into conventional models, and the ability to pro-
vide a measure of prediction certainty. Fuzzy logic-based pro-
cedures may be used when conventional procedures are getting
rather complex and expensive, or vague and imprecise informa-
tion flows directly into the modelling process. With fuzzy logic it
is possible to describe available knowledge directly in linguistic
terms and according to rules. Quantitative and qualitative features
can be combined directly in a fuzzy model. This leads to a mod-
elling process which is often simpler, more easily manageable, and
closer to the human way of thinking compared with conventional
approaches.

The use of fuzzy logic in the field of hydrological forecasting is a
relatively new area of research, and the potential to enhance flood
forecasting by incorporating other soft computing technologies
into a hybrid solution still remains to be exploited. Recently use

of fuzzy set theory has been introduced to interrelate variables
in hydrologic process calculations and modelling the aggregate
behavior. Further, the concepts of fuzzy decision-making (Bell-
man and Zadeh, 1970) and fuzzy mathematical programming have
great potential application in flood-management models to pro-
vide meaningful decisions in the face of conflicting objectives.

10.12 CONCLUDING REMARKS

In India, most of the techniques for formulating real-time flood
forecasts are based on statistical approaches. For some pilot
projects, network models and multi-parameter hydrological mod-
els are used. Conventional systems of communication are nor-
mally used for transmitting the data in real time. Automatic sys-
tems of data communication like telemetry systems are used in
pilot projects on a limited scale. In arid and semi-arid areas,
flash-floods are usually experienced. There is no system for for-
mulating the flash-flood forecasts in these regions. It results in
heavy loss of lives and property.

There is a need for significant improvement of the real-time
flood forecasting systems in India. Efficient automatic commu-
nication systems are required to be established for transmitting
the data in real time. Forecasting techniques such as determinis-
tic models, stochastic models, ANN, and fuzzy logic techniques,
etc. require study and a suitable method may be recommended for
field applications based on the performance evaluation criteria and
considering the data availability and purpose of the forecast. The
information about a flood has to be disseminated well in advance
to the people likely to be affected so that an emergency evacuation
plan may be prepared and properly implemented. A hydrological
information system is required to be developed for all the river
basins of India. Techniques based on deterministic approaches
have to be developed and applied to real-time flood forecasting.
The pilot project proposed under the World Bank aided Hydrol-
ogy Project, Phase II, for the development of decision-support
system (DSS) for the Bhakhra—Beas reservoir system would pro-
vide useful information to decision-makers in real time for taking
necessary flood management measures downstream of the reser-
voir. Furthermore, the technology to be acquired under the project
would be very useful for developing such systems in other flood-
prone river basins. Flash-flood forecasting is another important
area which requires immediate attention.
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11 Groundwater flow modelling in hard-rock terrain
in semi-arid areas: experience from India

S. Ahmed, J.-C. Maréchal, E. Ledoux, and G. de Marsily

11.1 INTRODUCTION

Across the world, the concern for water resources is growing
as a result of population growth, climate change, and alarming
signs that in some areas of the world, groundwater resources
are being depleted at an unsustainable rate. This has prompted
a re-examination of the world’s water resources and the relation-
ship between water and the environment. According to a United
Nations survey, scarcity of fresh water is, in some areas, con-
sidered to be the world’s most pressing concern (UN, 1987;
El-Shibini and El-Kady, 2002). In many countries, to meet the
increased demand for water, groundwater resources must be
tapped. However, to ensure sustainability, much greater empha-
sis must be put on groundwater management than on exploration
for new groundwater resources, as most productive aquifers have
already been identified. Groundwater is particularly important in
arid and semi-arid regions that lack perennial sources of surface
water due to low rainfall and high evapotranspiration. This article
focuses on groundwater management in hard-rock areas in semi-
arid climates, where aquifers exist in the upper weathered-fissured
section of the system; these aquifers receive little recharge, and
have different and more complex characteristics than in classical
sedimentary media. Specialized techniques are thus required to
characterize and manage them.

Groundwater modelling has produced answers to many diffi-
cult questions that arise in the course of hydrogeological investi-
gations. At present, it has become an indispensable tool in under-
standing and effectively managing aquifer systems. Some of the
important tasks that a groundwater model can be used for are:
interpreting the measured head and concentration data, estimat-
ing natural recharge, understanding the mechanisms of flow and
transport, identifying the effect of boundary conditions, under-
standing the interaction between aquifers and surface water bod-
ies, estimating the extent of contamination, and predicting the head
and concentration distribution in space and time as well as fore-

casting the effects of various management schemes or remedial
measures.

This chapter first gives a general description of aquifer sys-
tems in hard-rock terrain in semi-arid regions of India, including
their resources and exploitation. There follows an introduction to
groundwater modelling principles, the various steps involved in
the development of groundwater models and data requirements,
and the use of geostatistical methods in modelling and uncertainty
estimation. The chapter ends with an Indian case study.

11.2 AQUIFERS AND WATER RESOURCES
IN (SEMI)-ARID REGIONS OF INDIA

Low, erratic rainfall, nutrient-poor soils, high temperatures,
and high solar radiation characterize semi-arid regions. Water-
resource problems are among the most important issues facing
the people living in these regions, and as noted above, groundwa-
ter is important and often the main resource. The rapid increase
in groundwater exploitation in arid and semi-arid regions has had
adverse effects on both water quantity and quality. Overexploita-
tion of resources has been recorded in recent studies — e.g., in
the Ogallala aquifer in the United States, the Coastal and Souss
aquifers in Morocco, and the Hermosillo aquifer in Mexico, see
for example, Kromm and White (1992) Oroz (2001) Custodio
(2002) Belden and Osborn (2002) Younes and Razack (2003).
Irrigation is a particular problem. In India and northern China,
for example, the irrigated area grew from about 25 % of the cul-
tivated surface in the 1960s to well over 50 % in the 1990s.
The sources of irrigation water vary widely between countries,
depending on the climatic and hydrogeological conditions and
the development strategies of the nations. Over 50 % of India’s
irrigated area is supplied by groundwater, with around 80 % in
semi-arid regions; this percentage is 43 % in the USA, 27 % in
China, and 25 % in Pakistan (World Bank, 1999). As a result,
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Figure 11.1 Semi-arid regions in India

the limit of groundwater development for irrigation in the world’s
major “breadbasket” countries may be reached in a few years. In
India this will be before the end of the present decade; soon only
the renewable annual recharge to the aquifers will be exploitable,
together with artificial recharge, if implemented rapidly. The
exploitation of groundwater resources in India, which was the
source of the “green revolution,” has therefore to be slowed down
in the coming decades. At present, however, the groundwater
aquifers are poorly managed; only the unreliable power supplies
are currently constraining the growth of irrigated agriculture.

The water crisis in India is more pronounced in the western
and peninsular areas where acute water shortages are predicted
to occur in the coming 25 years. Climatologically, the major
part of the southern Indian peninsula has semi-arid, bordering on
arid, conditions with seasonal rainfall (500 mm) and high poten-
tial evapotranspiration (1800 mm). In India as a whole, 48 % of
the land is semi-arid and 25 % is arid, which includes about 5 %
of desert (Fig. 11.1). In semi-arid India, the natural hydrological
and hydrogeological systems are extremely diverse. The resources
include rainfall, surface water, and groundwater. Surface water
from ephemeral streams, perennial rivers, and reservoirs provides
an important source of groundwater recharge and groundwater
provides the base flow of streams and rivers; therefore ground-
water and surface water resources need to be treated together in
planning and management.

In India, groundwater is withdrawn from traditional large-
diameter dug wells (which can also store water or be used for arti-
ficial recharge) and from bore wells, whose numbers have greatly
increased in the last 30 years. Comparable resources above ground
include local tanks (small reservoirs), hill or check-dams, and
canals to store and distribute surface water from large dams. Major
irrigation in India depends on surface reservoirs and groundwater.

11.2.1 Rainfall

Natural precipitation is the most important source of water for
farming in India. Rainfall depends to different degrees on the
south-west Monsoon, the north-east Monsoon, shallow cyclonic
depressions and disturbances, and violent local storms. India
receives most of its rainfall from the south-west Monsoon origi-
nating in the Indian Ocean. About 75 % of the rainfall is received
in four months i.e., June to September, but it is characterized by
uneven geographical and seasonal distribution and frequent depar-
tures from the normal pattern (Fig. 11.2).

The south-west Monsoon rainfall received during the months
of June—July is critical and the success of the Kharif crop (i.e.,
the crops that need excess water, e.g., rice) depends greatly on
the distribution and amount of rain during these two months. The
south-west Monsoon is responsible for 75-80 % or more of the
total annual rainfall in the country. The north-east monsoon occurs
during October—November when cyclonic storms form in the Bay
of Bengal and, when they strike coastal Andhra Pradesh or the
Coromandel coast, they bring heavy rain to these areas. About
11 % of the total rainfall in the country is received during this

s€ason.

11.2.2 Hard-rock aquifers

In arid and semi-arid regions, due to a lack of surface-water
resources, shallow groundwater has historically been exploited
for irrigation. This includes hard-rock aquifers, which are very
often found in arid regions.

The hard rocks form a significant group and occupy about 65 %
of India’s total land area (Fig. 11.3). Stratigraphically they range
from Archean to recent (laterites). A hydrogeological province is
defined as a subsurface groundwater basin, with the same suite
of rocks of the same age and geochemical characteristics. By this
definition, all rocks containing aquifers with secondary porosity
can be grouped into a single hydrological province, namely “hard
rocks.” They include the Deccan Traps, Precambrian sandstone,
quartzite in the Vindhyans, and Cuddapah formations and gran-
ite, gneiss, schist, and phyllite of Archean age. The crystalline,
quartzite, sandstone, and many schistose rocks formed as a result
of metamorphism are also called hard rocks (Radhakrishna, 1970).
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Figure 11.2 Spatial variability of rainfall: south-west Monsoon

Groundwater occurs in the upper weathered mantle of the under-
lying hard-rock formations and in the fractures and joint planes.
The faults and shear zones also contain large supplies of ground-
water.

Unweathered massive hard rocks have low permeability
(Fig. 11.4), but groundwater occurs in the: (i) weathered zone
(Fig. 11.5) and (ii) fractured, fissured and jointed zones (Figs.
11.4 and 11.6), which form the water-bearing strata. Minor frac-
tures and joints are inter-connected as well as connected to the
major joints that in some cases function as conduits to produce
large yields in the wells.

The weathering of hard rocks in India’s warm climate is mostly
due to the weathering of minerals by the infiltrating rainfall. In a
crystalline rock, the minerals such as feldspar and mica are mostly
chloritized or transformed into clay. The quartz is less weathered,
and remains as sand grains. The weathered zone is therefore made

up of a mixture of sand and clay, with some remains of other min-
erals from the original rock. But the weathering process is very
slow: to transform 10 m of granite into a weathered zone, hundreds
of thousands or millions of years are required. But the Indian sub-
continent has been stable and the outcropping hard rocks subjected
to weathering for many hundreds of millions of years. Therefore,
the thickness of the weathered zone can reach more than 30 m in
some areas. Its permeability is, in general, rather low, much lower
than in alluvial deposits, for example.

The fact that a fracture network exists only in the upper part of
the subsurface profile and that its characteristics are relatively
homogeneous indicate that a superficial and laterally continu-
ous process is at the origin of the fractures. In the absence of
glaciers and conditions favoring high erosion as is the case in India,
another process than decompression must be invoked to explain
the genesis of the fractures. Wyns et al. (2004) have shown that
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fracturing in hard-rock areas depends not only on the decompres-
sion processes, but also on mineral weathering. The weathering of
the micaceous minerals, particularly biotites, into clays causes an
increase in volume, which induces cracks in the rock that initiate
fracturing. Where the rock texture is isotropic (e.g., in granite), the
fractures are mostly subparallel to the contemporaneous weath-
ering surface (Maréchal et al., 2003b). In highly foliated rocks
(metamorphic rocks), the orientation of fractures can also be con-
trolled by the rock structure (Pye, 1986). Resulting non-horizontal
fractures are less affected by the closing effect of lithostatic con-
straints. This could explain the less rapid vertical decrease in
the permeability of these rocks compared with granitic rocks as
reported by Havlik and Krdsny (1998) and Krdsny (1999). At
a regional (and borehole) scale, the weathering process is much
more homogeneous than tectonic phenomena (local deep-fault
zones).

Below the weathered zone lies the weathered-fractured zone. In
fact, the transition from the sandy weathered zone to the fissured
zone is progressive, and the thickness of the weathered-fractured
zone is on the order of 50-100m, in general. There usually is
a good hydraulic connection between the weathered zone and
the weathered-fractured zone. Only in very few cases is a low-
permeability layer inter-bedded between the two, see for exam-
ple, Pistre (1993). Two conductive fracture sets — a horizontal set
and a subvertical one — can be observed on outcrops (Fig. 11.6).
The latter connects the horizontal network, ensuring a good con-

Figure 11.4 Unweathered and massive granites. (Subvertical and
horizontal jointing causing weathering)

nectivity in the aquifer. The weathered-fractured zone of the hard-
rock aquifer has, in general, the highest permeability, higher than
that of the weathered zone. Nevertheless, the subvertical set of
fractures is less permeable than the horizontal one, introducing a
horizontal-to-vertical anisotropy ratio for the permeability due to
the supremacy of horizontal fractures (Maréchal et al., 2003a,b;
Maréchal et al., 2004).

The vertical fractures are the result of tectonic stresses and
deformation that have affected the rock since its formation. They
may extend much deeper than 100 m, but in general, below a
certain depth, these fractures are closed due to the lithostatic con-
straint of the overlying layer and to clogging by clay or other
minerals. Studies of litho-logs and depth-yield characteristics of
the wells in hard-rock systems show that the water-bearing frac-
ture systems tend, in general, to become less abundant with depth.
The permeability decreases with depth (Maréchal et al., 2004).
Thus, the hard rock is very rarely permeable below 100 m, except
in some particular settings, e.g., the Ploemeur site in Brittany,
France, where high-yield wells are found deeper than 120 m (Le
Borgne et al., 2006).

The ability of hard-rock aquifers to store water is due to the
porosity of the rocks, which mainly consists of the pores between
the grains in the weathered zone and the openings of the frac-
tures in the weathered-fractured zone. The unweathered blocks of
rock between the fractures in this zone have, in general, a very
low porosity and cannot store much water. The major part of the
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Figure 11.6 Fractures, fissures, and joints in granite as potential

aquifers

water storage is in the weathered zone, the volume of the fracture
openings is, in general, small.

The rock type, degree, and genesis of secondary openings, and
capacity to hold and transmit water under normal conditions are
some of the characteristics that need to be evaluated with a fair
degree of accuracy in hard-rock aquifers. In most areas, immedi-
ately after the first few showers of the Monsoon, there is a con-
siderable rise in the groundwater levels, indicating that infiltrated
water has percolated through the weathered rock and filled the void

space (fractures or pores). The infiltration process is not instanta-
neous, and the upper part of the weathered zone can hold water that
is slowly migrating downward. During subsequent rains, runoff
may be significant if there is no gap between the rainfall events,
because the void space of the upper layer is filled with water.
This runoft may be stored in local reservoirs (tanks) and can infil-
trate into the aquifer over long periods of time, if the tank bottom
is not silted. Traditionally, local communities would clean each
tank by hand every year, to increase the groundwater recharge,
but this traditional practice has largely been lost and most tanks
are no longer a source of recharge for the aquifers. This could
be improved by mechanically removing the silt, or by artificially
injecting the water stored in the tanks into the aquifer, e.g., by
using abandoned dug wells. The weathered-zone thickness of the
hard-rock aquifers is a limiting factor for the recharge. In addition,
the heterogeneity of the hard-rock aquifers may also restrict the
recharge because of impervious detached blocks of unweathered
rocks within the weathered zone.

In very arid regions, the functioning of the recharge is similar,
but instead of occurring every year, it may only occur once every
10 to 30 years. In the Sahara desert, for instance, it does not rain
for many years until a heavy storm brings very large amounts of
rain (e.g., 300 mm in one event), part of which may infiltrate. See
for example, Besbes (2003).

11.2.3 Groundwater exploitation

The data show that in India, prior to 1975, groundwater was with-
drawn mostly from shallow, open dug wells. They were more
than 10 m in diameter and reached depths of 12 to 15 m, tapping
mostly the weathered zone, which was fully saturated with water;
fluctuations in water levels typically occurred about 3 m below
ground level. This scenario has changed totally because of well
drilling from 1975 to 1985. Bore wells 15 cm in diameter started
tapping the fractured aquifer. The depths of the bores initially
ranged from 25 to 30 m in 1970-80. These wells tapped both the
weathered and weathered-fractured zones and the dug wells were
also used as reservoirs to store water. Due to increasing demands
commensurate with a large increase in the rural population, bore
wells were drilled to depths of more than 60 to 70 m in the period
1980-90. The average yield of wells in these rocks ranges from 10
to 100 m?/d. The net result of the drilling has been that a large part
of the weathered zone has dried up. The dug wells have become
defunct due to water-level decline, and, presently, most of them
are abandoned. Historical data of Indian water levels for the past
two decades indicate that they have typically declined by 6 to
8m in the discharge zones, and by 12 to 15m on average and
up to 25 m in the withdrawal areas (Subrahmanyam et al., 2000;
Radhakrishna, 2004).
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11.3 THEORETICAL BACKGROUND OF
NUMERICAL AQUIFER MODELLING

The formulation of the general groundwater-flow equation in
porous media is based on mass conservation and Darcy’s law,
and can be represented as follows in three dimensions (see for
example, Bear, 1979; Mercer and Faust, 198 1; Marsily, 1986):

) K8h+8 K8h+8 L —j:R’+Sah
ax \U ax ay UV ay 9z \ “9z) * ot
(11.1)

where K, K, and K.(L T~ are the hydraulic conductivities
(or permeability) along the x, y and z coordinates, respectively,
assumed to be the principal directions of anisotropy, / (L) is the
hydraulic head given by 7 = p/pg + z (p is the pressure, p the
density of water, g the gravity constant, and z the elevation); &
is also the water level measured in piezometers; R’ (T~!) is an
external volumetric flux per unit volume entering or exiting the
system and S, (L") is the specific storage coefficient.

Equation (11.1) can be integrated over the vertical (two-
dimensional flow) and simplified when the flow takes place in
confined conditions in the aquifer, and the head is assumed con-
stant over the vertical:

%(Tv%>+%(fv%)=iR+S%, (11.2)
where T, and T, (L2 T71) are the transmissivities (product of the
hydraulic conductivity and saturated thickness of the aquifer) in
the x and y directions, assumed to be the principal directions of
anisotropy in the plane, respectively; R (L T~!)is an external volu-
metric flux per horizontal unit area entering or exiting the aquifer;
in practice, it represents recharge, or sometimes evapotranspi-
ration from a shallow aquifer, or else leakage fluxes between
aquifers; S (—) is the storage coefficient (product of S, the specific
storage coefficient, by the thickness of the aquifer). In the case of
unconfined conditions, Equation (11.1) can be integrated over the
vertical and simplified as follows:

% [K,yh%] + % |: yh%} =xR+ Sy%, (11.3)
where S, (—) indicates the specific yield of the water-table aquifer.
In this case, the hydraulic head is expressed taking the bottom of
the aquifer (assumed horizontal) as the z = O reference plane,
so that the head 4 is also the saturated thickness of the aquifer.
Since this equation is non-linear, and difficult to deal with, in
many instances, Equation (11.2) is used as an approximation for
unconfined aquifers as well, making the simplifying assumption
that the product K& of the saturated thickness / of the aquifer
by its permeability K is equal to a constant, the transmissivity 7,
even if the saturated thickness varies with time. In that case, the
storage coefficient S in Equation (11.2) is replaced by the specific
yield S.

These equations, with the appropriate boundary and initial con-
ditions, can be solved by standard numerical methods such as
finite differences or finite elements. A large body of literature is
available on the analytical or numerical formulation, development,
and solution of the groundwater flow equations. Some useful ref-
erences are Freeze (1971), Remson et al. (1971), Prickett (1975),
Trescott et al. (1976), Pinder and Gray (1977), Cooley (1977,
1979, 1982), Brebbia (1978), Mercer and Faust (1981), Wang and
Anderson (1982), Townley and Wilson (1985), Marsily (1986).

11.3.1 Application to hard-rock aquifers

For modelling hard-rock aquifers, the weathered zone, which is a
true porous medium, can be represented by this continuum model.
For the weathered-fractured zone, it is usual to assume that the
flow can be represented, by the same equation, as an equivalent
continuous, possibly anisotropic, porous medium. This assump-
tion is only valid at a certain scale, for a volume of rock including
a sufficient number of fractures, so that the individual properties
of each fracture are averaged out within the large-scale volume.
The size of the averaging volume is never precisely defined, it is a
function of the average distance between fractures and of the spa-
tial variability of their properties. To give an order of magnitude,
it may vary between tens and hundreds of meters. Measurements
made at a smaller scale than that of the averaging volume may not
easily be interpreted with this equivalent medium approach. This
has to be kept in mind for practical applications.

With these assumptions, a hard-rock aquifer is, in general, rep-
resented by a two-layer model, one for the weathered zone, and
one for the weathered-fractured one. These layers exchange water
by vertical leakage, which can be upward or downward, depend-
ing on the difference in hydraulic heads between the two layers.
In practice, infiltration initially reaches the upper layer, and then
leaks into the lower one. In local discharge zones, the leakage
may be upward from the lower layer to the upper one, to reach the
outlet. In the model, the weathered-fractured zone will be taken
as a confined aquifer, and the weathered zone as an unconfined
layer. Only in the case where the weathered zone becomes dry
will the weathered-fractured zone become an unconfined layer as
well. This situation can be transient, if the water-table fluctuates
between the upper and lower layer. Although the two layers of the
model represent the weathered zone and the fissured zone as two
different entities, they constitute in reality one single aquifer, as
the two layers exchange water vertically by leakage, and there-
fore generally have approximately the same hydraulic head over
the vertical. Only in very rare cases can two distinct aquifers
be observed in hard rocks: when the transition zone between
the weathered layer and the weathered-fractured one is imper-
vious. This has been observed in some granitic terrains e.g., in
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France, with an accumulation of clay in this transition zone (Pistre,
1993).

Another common feature of hard-rock aquifers is the presence
of numerous dykes (e.g., dolerites) or quartz veins that intersect
the rock. These can be almost contemporary with the formation
of the rock or they may have intruded much later. They have to be
represented in the model as localized features that may act either
as barriers to flow (they are generally much less weathered) or
as high-permeability zones, if they are intensely fractured. Enger-
rand (2002) found in a granitic aquifer near Hyderabad (Andhra
Pradesh, India) that the dolerite dykes were mostly impervious
and partitioned the aquifer into quasi-independent blocks.

Let us finally briefly mention the existence of another class of
models for the fissured-fractured medium: the so-called “discrete
fracture network™ model. In this case, each fracture is represented
as a two-dimensional plane in which the flow is confined, the
“blocks” between fractures are assumed totally impervious. In the
model, a general flow can only take place if the fractures intersect;
the model includes thousands or tens of thousands of fractures,
each with their prescribed geometry and orientation, which con-
stitute the network. In general, the geometry of the fractures is
defined by a statistical distribution, as it is impossible to precisely
describe the exact geometry of every fracture in the system. See
for example, Cacas et al.(1990a,b), Chiles and Marsily (1993). In
each fracture plane, laminar flow is assumed to occur and Darcy’s
law is used, so that the continuous porous medium approximation
(Equations 11.1 or 11.2) can be applied within each fracture plane.
Such models can only represent a very limited portion of a hard-
rock aquifer and are not suited to water-resource management.
They may, however, be used to interpret a local pumping test,
as described later, see for example Bruel et al. (2002), Maréchal
etal. (2004).

11.4 REQUIREMENTS FOR A
GROUNDWATER MODEL

The requirements for a regional groundwater model concern the
key elements of the conceptual model of the aquifer system, the
anticipated future flow conditions and the spatial and temporal dis-
tribution of the parameters. The requirements for regional ground-
water models were outlined by Mann and Myers (1998) in order
to develop technical conditions for selecting a computer code to
be used in the implementation of a comprehensive model. A brief
discussion of the rationale is provided with each requirement.

11.4.1 Major hydrogeologic units

Major hydrogeologic units should be identified. For hard-rock
aquifers, these units are, in general, the weathered layer, its geom-

etry and thickness, and the fissured-fractured zone, in particular,
the depth below which the fractures are no longer pervious. The
nature and permeability of the transition zone between the two
layers must be determined. These data can be obtained by bore-
holes and geophysical surveys. Furthermore, all intrusive dykes
or quartz veins should be identified, from field surveys, aerial
photographs, or remote-sensing images. Finally, all surface-water
bodies should be taken into account, e.g., streams, dams, small
tanks, as they may act as recharge zones or drains for the aquifer.

11.4.2 Hydraulic properties

The regional groundwater model should represent the spatial vari-
ability of hydraulic properties in the major hydrogeologic units
that have been inferred from the initial survey. These hydraulic
properties have to be determined by hydraulic tests performed in
situ (e.g., pumping tests in wells). Such tests can provide the trans-
missivity (the product of the horizontal hydraulic conductivity and
aquifer thickness) and storage coefficient for a confined aquifer, or
the specific yield for an unconfined aquifer. If borehole flowmeter
logs are recorded in the wells during the test, they can also detect
the position of the major fractures that provide water to the wells.
Generally, all these properties are variable in space. The key fea-
tures of this variability must be considered in order to accurately
represent past, present, and future groundwater flow. As long as
the aquifer remains confined, it is easy to use the transmissivity (7)
as it does not change with time. However, if the aquifer conditions
change and it becomes unconfined, it may be necessary to work
with the permeability K as T is no longer constant in time. In frac-
tured rocks, this will depend on the depth of the major fractures
providing water to the wells. The vertical permeability of the two
layers is much more difficult to assess. It is in general calibrated,
i.e., the model is fitted to the observations. However, the vertical
permeability of the upper layer can be measured locally at the
surface, for example by double-ring infiltrometer tests.

11.4.3 Hydrologic boundaries

Various types of boundary conditions have to be defined (see for
example, Marsily, 1986) for the selected limits of the area to be
modelled, to accommodate real field situations. In general, these
limits are chosen at a reasonable distance from the major with-
drawal zones, to minimize the influence on the model results of
the choice of these limits, which are often imprecisely defined. If
perennial streams are present in the system, they are selected as
boundaries, and prescribed heads are imposed on them. Between
streams, a superficial water-divide line is selected as a limit, where
a no-flow boundary condition is prescribed. When no perennial
streams exist, the limits are often set at the water-divide line of
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the superficial watershed overlying the hard-rock aquifer. On these
boundaries, a no-flow condition is prescribed.

11.4.4 Rainfall recharge and other inputs

A regional groundwater model should consider all sources of sig-
nificant recharge to the aquifer system, including:

e natural recharge from direct infiltration of precipitation;

e recharge from runoff that infiltrates into the aquifer, e.g.,
along streams or in ponds or tanks;

. return flow from irrigation;

e artificial recharge to the aquifer system from past and current
operations, e.g., injection in boreholes or dug wells.

Natural recharge can be estimated from a detailed water balance of
rainfall and potential evapotranspiration, assuming that the upper
soil layer constitutes a reservoir where rainwater is stored and
can be used for evapotranspiration by plants. The storage capac-
ity of this soil reservoir is generally comprised between 30 and
150 mm. In India, water-balance modelling has shown that this
value is 100 mm as an average in the soils resulting from hard-
rock weathering in semi-arid areas. The water that is not evap-
otranspirated can flow as runoff or infiltrate into the aquifer. In
this case, the water level in the aquifer will eventually rise, and, if
the porosity is known, the water-level rise is directly linked to the
recharge. A soil model can help to calibrate the recharge, if the
rainfall, potential evapotranspiration, and water-level fluctuations
are known, as well as the runoff in streams, if any. Such a model
is GARDENIA, developed by BRGM (see below).

In India, natural recharge can be measured by tritium injection
experiments. In other countries, using tritium as a tracer in soil
is severely restricted, and rarely permitted, not for safety reasons,
but to keep tritium as a natural tracer. The principle is to inject
a slug of tritium into a borehole, at a shallow depth. This slug is
displaced by recharge during the rainy season. By measuring the
vertical migration in the soil of the tritium slug after the end of the
recharge season, the amount of recharge can be estimated. This
is, of course, a local measurement, and it is desirable to repeat the
experiment at several locations over several years. Alternatively,
use of chloride profiles or natural isotopic tracers can provide
insights into recharge fluxes (Edmunds, 1999; Gaye and Edmunds,
1996).

Recharge from streams and ponds can be estimated by calculat-
ing rigorous water budgets, and measuring the incoming and out-
going flows and the amount lost by direct evaporation. Return flow
from irrigation is generally estimated by the difference between
the crop needs and the amount of water pumped into the fields.

Artificial recharge to the aquifer system can have a significant
impact on water-table conditions. It is generally measured by the
implementing agencies.

11.4.5 Water level and other hydrogeologic records
for calibration and validation

To develop a regional groundwater model, historical records are
needed, at the very minimum for one hydrological year, but prefer-
ably for a longer period, e.g., ten years. The data needed are water-
level fluctuations in piezometers, measured at a regular interval
(weekly, or monthly at the minimum), daily rainfall and temper-
ature data, withdrawals from wells, and natural discharge from
the aquifer to the streams or various outlets, if any. The with-
drawal data are often difficult to assess; they can be indirectly
estimated from the number of wells, their average flow rates, the
average number of hours of operation per day or alternatively,
from the electric consumption (in the case of electric pumps),
which indicates the amount pumped. If no such data are available,
the irrigated surface area and the type of crop can help estimate
the withdrawal.

All these data are used to run the model over the available
time period and to compare the calculated water level fluctua-
tions with the observed ones; if the match is not satisfactory, the
poorly known parameters of the model (transmissivity, storativ-
ity, recharge, boundary conditions) and their spatial and temporal
variations are changed manually and the model is run again, until
a good match is obtained. This is called the calibration (or inverse
modelling) phase. The validation is done by saving some parts of
the historical record, using the other parts for calibration. When
the model is calibrated, the remaining part of the historical data
is used to check that the calibrated model is able to reproduce the
observed response for periods of time which have not been used
in the calibration. Automatic calibration refers to the use of a pro-
gram that can by itself modify the parameters of the model, until
a good match is reached. Detailed discussion is, however, beyond
the scope of the present chapter — see for example, Carrera and
Neuman (1986a,b,c) and Marsily et al. (2000) for a review.

11.4.6 Anticipated future flow conditions

A regional groundwater model should be able to evaluate future
transient and steady-state flow conditions in the aquifer system.
The future pumping requirements for irrigation, domestic, and
industrial purposes must be assessed and operational plans defined
so that future withdrawal scenarios can be tested with the model
and their sustainability assessed (no drying out of the aquifer,
no irreversible damage to its quality). Usually, the predictions
concern the conditions in the next 20-50 years, sometimes longer.
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However, the meaningful period for predicting aquifer response
depends on the number of years or hydrological cycles on which
the model is calibrated.

11.4.7 Modelling documentation and database

The regional groundwater model, including the database support-
ing the conceptual model and its numerical implementation, must
be maintained under configuration control, i.e., detailed records
must be maintained concerning model configuration, parameters,
and databases.

Since a regional groundwater model provides the framework
for all groundwater modelling analyses performed on the site, a
common site-wise groundwater model database containing all the
necessary information should be maintained. It should contain:

e the basic geologic and hydrologic information that provides
the basis for the conceptual model;

e results of all pumping tests and hydraulic tests performed in
the aquifer;

¢ the key interpretations of geologic and hydrologic data and
all relevant information, including descriptions of methods
and approaches used to make the interpretations;

. the historical records (climate data, water levels in piezome-
ters and wells, withdrawals, natural discharge, water quality
data, etc.).

The database and data interpretations are updated, as new
data become available, both at the local and regional scale. The
modelling database should be stored in a form independent of
the computer code used or the assumptions made for a particular
modelling study. By storing high-resolution, regularly gridded
information, it is possible to use the model information at dif-
ferent scales (e.g., in submodels) or with different groundwater
computer codes. Thus, the most appropriate numerical represen-
tation and computer code can be chosen to simulate the problem
at hand. The database should include all information necessary
to develop parameter distributions based on geologic data (e.g.,
geometry of the main hydrogeologic units), hydraulic property
estimates, boundary conditions, initial conditions, locations and
volumes of sources and sinks, and natural recharge estimates.

The regional groundwater model must be a flexible and evolving
platform for analyzing groundwater flow and contaminant trans-
port. As more data are collected, the site-wise groundwater model
needs to be updated, as the conceptual model may change, and
the parameters may become better calibrated, thus improving the
predictive capabilities. The adopted model framework must be
one in which new concepts can be tested and improvements read-
ily included. The data used in the site groundwater model are
stored in a geographic information system (GIS), which allows

easy data retrieval, display, and update. Collections of raw data
(measurements) are described as databases and interpretations as
information bases. Because data are gathered continuously and
new information does not always fit the existing conceptual model,
a continuous effort is required to evaluate the data and refine the
geologic and hydrogeologic conceptual models (see for example,
Bates et al., 2000; Gogu et al., 2001; Mogheir and Singh, 2002;
Fert et al., 2005).

Any modelling application that makes simplifications in the
conceptual model and modelling database for use in specific anal-
yses should include adequate documentation to demonstrate the
consistency of the modelling assessment with the accepted con-
ceptual model. Such documentation may include a list of assump-
tions made, their justification, and comparisons with simulation
results based on the most complete conceptual model.

11.4.8 Model uncertainty

A regional groundwater model should provide explicit acknowl-
edgements and estimates of uncertainty. More specific require-
ments will be formulated after an additional evaluation in the
next section of the alternatives and methodologies available to
address uncertainty. Considerable resources and model develop-
ment efforts are required to establish an uncertainty framework
for the databases, model, and code.

11.5 APPLICATION OF GEOSTATISTICS
TO AQUIFER MODELLING TO ASSESS
UNCERTAINTY

We have seen that many data that are required to build a model
are measured at local points (e.g., a well, a geophysical log), but
they need to be known in each mesh of the entire domain to be
modelled. There is therefore a need for a method to extrapolate
the local measurements to the entire study area. Many such meth-
ods exist, and are available routinely in contouring packages, but
one method, known as kriging and forming part of what is called
geostatistics, has proved particularly successful, especially for
hydrogeological processes. It has the additional advantage of pro-
viding not only the estimated value, but also the uncertainty of
this estimation. And this is precisely what is needed to estimate
the uncertainty of the model predictions, as discussed above and
below. The method is briefly presented below, and subsequently
used in the case study application that follows.

Geostatistics is based on the theory of regionalized variables
(Matheron, 1965, 1971). A regionalized variable is a quantity
that varies over one-, two- or three-dimensional space and pos-
sible time. Geostatistics has found many applications in mining,
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geology, hydrology, and in almost all domains of hydrogeology,
from parameter estimation to predictive modelling in groundwa-
ter management, e.g., designing an optimal groundwater moni-
toring network, estimating parameters at unmeasured locations,
constructing groundwater models (optimal discretization), unbi-
ased model calibration using estimation errors, and choosing the
best predictive models (Ahmed, 2004)

Kriging is a “best linear unbiased estimator” (a BLUE). It esti-
mates, at an unmeasured location, the “optimal” value of a variable
(meaning the value with the smallest uncertainty) which has been
measured at a set of measurement points, and also produces the
variance of the estimation error. Kriging is a two-step procedure:
first, the “structure” of the variable of interest is identified from
the measurements. This “structure” describes the spatial correla-
tion of the variable and its spatial variability. It is characterized by
a function, the variogram, which is specific to each variable and
each study site (see below). The second step is to use the iden-
tified variogram to produce the estimation of the variable at any
unmeasured location. Kriging shares with other variants of BLUE
techniques the following features:

*  The estimator is a weighted linear sum of the measured val-
ues with weights calculated according to the condition of
unbiasedness and minimum variance. Unbiasedness means
that, on average, the error of estimation is zero. Minimum
variance means that, again on average, the sum of the squared
estimation error is as small as possible.

e  The weights are determined by solving a system of linear
equations with coefficients that depend only on the variogram
(see below) describing the structure of the variable in space.

. In the absence of measurement errors, it is an exact interpo-
lator at measurement points, meaning that the kriged surface
is continuous and exact at all measurement points (whereas a
polynomial approximation, for instance, would not be exact
at the measurement points).

11.5.1 Estimation of the variogram

The variogram of a “regionalized variable” is a function y (h)
defined by:

y(h) = 1/2E{[Z(x + h) — Z(x)]*}. (11.4)

Here, 4 is the lag, i.e., the distance between two points, Z(x) is
the value of the variable Z taken at point x (x represents here
the 1, 2, or 3 coordinates of the point in one-, two- or three-
dimensional space), Z(x + h) is the value of the variable Z taken
at a second point (x + /) at a lag 4 from point x. E represents here
the expected value, i.e., the average of the squared differences
[Z(x + h) — Z(x)]? taken for all pairs of points x and x + & in
the domain lying with a lag distance /4 from each other. In other

v(h)

Sy

Figure 11.7 Example of two linear variograms

words, £ is fixed, and x takes all possible values within the domain
of interest, and the average F is taken over all these positions of x.
If the variable Z displays anisotropy in its spatial variability, then
the lag /4 is not just a distance, but a vector.

The variogram is a measure of the correlation of the value of
Z taken at two different points. If the lag /4 is small, and if the
variable Z is well correlated in space, then Z(x) and Z(x + h) will
be very close (on average), and the variogram y (/) will take a
small value. If % is large, Z(x) and Z(x + /) will be more different
(on average), and y (k) will take a larger value. The shape of a
variogram is thus generally increasing from the origin (one sees
from Equation (11.4) that y(h) = 0 if h = 0). Figure 11.7 is an
example of two variograms:

It is clear from Fig. 11.7 that the variable with variogram (2) is
better correlated in space than that with variogram (1): for a given
lag h, the difference between Z(x) and Z(x + h) is (on average)
larger for (1) than for (2). In this example, the functional form
of the variograms is linear, but other types of variograms can be
used, e.g., exponential, Gaussian, spherical, etc.

Note that some conditions must be met by the variable Z to
be able to estimate the variogram as explained briefly above, the
major one is stationarity of the mean, i.e., that the variable Z does
not have a definite trend in the domain (like an average slope in
one direction). If this is not the case, other forms of kriging are
available to deal with it.

The variogram is the “tool” used in geostatistics to characterize
the “structure” of a variable in space, i.e., the type of spatial vari-
ability of this variable, which is a characteristic of the underlying
process (e.g., very regular, or erratic, or correlated over a given
distance, etc.).

To determine the variogram of a given variable in a study area,
where n measurements at n different locations are available, one
forms all the pairs of points that can be made with n points, i.e.,
n(n — 1)/2 pairs. These pairs are grouped into classes of distances
h. For each class, the average of 1/2[Z(x + h) — Z(x)]? is calcu-
lated and plotted on the y (%) versus & graph. A functional form of
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the variogram (linear, exponential, etc.) is then fitted on the exper-
imental plot. The variogram can also be validated by using it to
estimate (by kriging, see below) the values of the variable Z at the
measurement points, one by one. This is called cross-validation.
For more details, see for example, Matheron (1971), Journel and
Huijbregts (1978), Marsily (1986), Isaaks and Srivastava (1989),
Samper and Carrera (1990), Deutsch and Journel (1992), Wack-
ernagel (1995), Kitanidis (1997), and Chiles and Delfiner (1999),
among others.

11.5.2 Estimation of a regionalized variable by kriging

The kriging technique was originally developed by Matheron
(1965, 1971) to estimate regionalized variables such as the grade
of an ore body at unknown locations in space, given a set of
observed data. Its application to groundwater hydrology has been
described by a number of authors, namely Delhomme (1974,
1976,1978,1979), Delfiner and Delhomme (1973), Gambolati and
Volpi (1979), Marsily et al. (1984), Marsily (1986), Aboufirassi
and Marino (1983, 1984), Chiles and Delfiner (1999), to name a
few.

If Z(x) represents any variable (for instance, the thickness
of an aquifer) with values measured at n locations in space
(z(x;),i,=1, ..., n) and if the value of the function Z has to be
estimated at a point xo, which has not been measured, the kriging
estimate is defined as:

n
Z*(xo) = Y hiz(xi), (11.5)
i=1

where Z*(x) is the estimation of function Z(x) at the points xq
and the A; are the weighting factors of the linear combination of
the measured values Z(x;) at the n measurement points x;. Two
conditions are imposed on Equation (11.5), namely the unbiased-
ness condition and the condition of optimality. The unknowns A;
can then be determined by the following set of linear algebraic
equations, based on these two conditions, which can be shown to
yield:

n

Doy xp) 4 o=y, o),
=1

n
> =1
=

i=1,....,n,

(11.6)

where p is a Lagrange multiplier, and y (x;, x;) is the value of the
variogram for the lag (x; — x;). The variance of the estimation
error is given by:

n
of =Y hiy(xi, X0) + . (1.7
i=1

To estimate the value of the variable Z in all meshes of a model,
the point x( in Equation (11.6) is taken successively at each node

of the grid, and the same equation is solved successively for each
grid point. Note that if the number n of measurement points is not
too large, the linear system (11.6) can be inverted only once, since
the location x( only intervenes on the right-hand side of (11.6). If
n1istoo large, only a subset of all the measurements is used to krige
each point xp; it is called “moving neighborhood;” in this case, a
new linear system must be solved for each point xy. Note that it
is also possible to directly estimate the average of the variable Z
over a given surface, e.g., the area of the mesh of a model, rather
than at a node. The kriging equation uses a spatial integral of the
variogram, see for example, Marsily (1986), Chiles and Delfiner
(1999).

In hydrogeology, kriging can be used directly on the variable,
or in some cases on the logarithm of the variable. This is the case,
in particular, of permeability and tansmissivity, which are always
kriged on their logarithm. The reason is that the best estimate of an
average transmissivity, in two dimensions, is the geometric mean,
not the arithmetic mean. The weighted sum of the logarithm is
thus a better estimator of the natural value.

Kriging has many advantages, particularly in groundwater
modelling, over more classical deterministic extrapolation meth-
ods (Teles et al., 2002; Ahmed et al., 2002; Michalak and Kitani-
dis, 2002; Ahmed, 2004):

(1) The closer the values of the aquifer parameters are to reality,
the faster the model is calibrated. Better estimated values
(with lower estimation variances) are initially assigned to
the nodes of the aquifer when kriging is used.

(2) In aquifer modelling, the assumption is made that a single
value of a system parameter represents the average over the
entire mesh (assumed small). Estimating the true average is
possible with a special form of kriging, called block-kriging.

(3) An optimal mesh size and number of nodes to discretize the
aquifer system can be obtained through the estimation error
variance, and the best location of new control points can be
predicted.

(4) A confidence interval given by the standard deviation of the
estimation error provides a useful guide to transmissivity
modifications in each mesh during model calibration and to
checking that the calculated heads fall inside the confidence
interval of the observed heads. The following criterion can
be used:

hi' — hi

i

<20 Vi, (11.8)

where A", h}, o; are the model calculated head, the kriged
estimated head, and the standard deviation of the kriging
estimation error in the ith mesh. With these constraints, the
model is calibrated in all the meshes and free from the bias of
the aquifer modeller. The model parameters should then be
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changed in or around the meshes where the above criterion
is not satisfied. A faster and unbiased model calibration can
thus be achieved.

The large number of applications of geostatistics to groundwater
hydrology includes the first one by Delhomme (1974) followed by
many others, e.g., Delhomme (1978), Gambolati and Volpi (1979),
Mizell (1980), Darricau-Beucher (1981), Aboufirassi and Marino
(1983, 1984), Neuman (1984), Hoeksema and Kitanidis (1984),
Marsily and Ahmed (1987), Ahmed and Marsily (1988), Ahmed
and Gupta (1989), Thangarajan and Ahmed (1989), Dong et al.
(1990), Parriaux and Bensimon (1990), Krasny (1990), Jaquet
et al. (1990), Ahmed and Murali (1992), Ahmed (1995), Roth
(1995), Roth et al. (1996), Wen (2001), Lyon et al. (2005), Patri-
arche et al. (2005) and several others who have demonstrated the
use of geostatistics in groundwater hydrology. As a result of these
studies, it has become clear that multi-variate and non-stationary
geostatistics are comparatively more important in groundwater
hydrology than some of the other geostatistical techniques. Fur-
thermore, some of the conventional techniques have to be modi-
fied, and special procedures developed, to make them applicable
to the field of hydrogeology. These modified techniques include
kriging with linear regression and kriging in the presence of faults,
developed by Delhomme (1976). Conditional simulation has also
been used in aquifer modelling (Delhomme, 1979). Galli and
Meunier (1987) and Ahmed (1987) worked on kriging with an
external drift which is extremely useful, in practice, for geo-
hydrological parameters. Ahmed and Marsily (1987) compared
a number of multi-variate geostatistical methods for estimating
transmissivity from data on transmissivity and specific capacity.
Ahmed (1987) developed a special antisymmetric and anisotropic
cross-covariance between residuals of hydraulic head and trans-
missivity based on the work by Mizell (1980) and used the coher-
ent nature of various covariances to cokrige transmissivity and
hydraulic head to solve the inverse problem (Ahmed and Marsily,
1987, 1989, 1993 and Ahmed et al., 1990). Bardossy et al. (1986),
Ahmed et al. (1988), Kupfersberger and Bloschl (1995) combined
electrical and hydraulic parameters in geostatistical analyses of
transmissivity.

11.6 A CASE STUDY OF AQUIFER

MODELLING IN A SEMI-ARID REGION

There are a number of examples of groundwater modelling in
hard-rock systems including many case studies in arid and semi-
arid regions, e.g., Handa (1975), Gupta et al. (1979), Huyakorn
et al. (1983), Gupta et al. (1985), Witherspoon et al. (1987),
Barker (1988), Zhu et al. (1990), Resele and Job (1990), Qian
and Cai (1990), Milanovic (1990), Kovalevsky (1990), Jackson

and Porter (1990), Das Gupta et al. (1990), Civita et al. (1990),
Chen and Chen (1990), Carrera (1990), Cacas et al. (1990a,b),
Bredenkamp (1990), Basabe and Bieler (1990), Amadi and Fontes
(1990), Ahmed et al. (1990), Aghassi (1990), Geier and Axelsson
(1991), Anderson and Woessner (1991), Thangarajan (1999a,b,
2000), Thangarajan et al. (2000). Here, a detailed description is
given of a recent case study of flow simulation in a granitic aquifer
in a semi-arid region of India, in an overexploited area from a
recent project (Ahmed et al., 2003).

11.6.1 The Maheshwaram watershed: a typical aquifer
representing the groundwater conditions in a semi-arid
region and hard-rock terrain

The Maheshwaram watershed of about 53 km? in the Ranga Reddy
district (Fig. 11.8) of Andhra Pradesh, India, is underlain by
granitic rocks. This watershed is a representative southern India
catchment in terms of overexploitation of its weathered hard-rock
aquifer (more than 700 borewells in use), its cropping pattern, rural
socio-economy (based mainly on traditional agriculture), agricul-
tural practices, and semi-arid climate. The declining groundwater
level is monitored regularly (15 minutes time-step on ten observa-
tion wells and twice a year on 155 wells) to study its fluctuations
due to rainfall, spatio-temporal variability, and local pumping. The
objective of this study is to develop and test well-suited modelling
approaches in order to propose physically based decision-support
tools at suitable management scale.

The granite outcrops in and around Maheshwaram form part
of the largest of all granite bodies recorded in Peninsular India.
Alcaline intrusions, aplite, pegmatite, epidote, quartz veins, and
dolerite dykes traverse the granite. There are three types of frac-
ture patterns (Fig. 11.9) in the area, namely: (i) mineralized frac-
tures, (ii) fractures traversed by dykes, and (iii) late-stage frac-
tures represented by joints. The vertical fracture pattern is partly
responsible for the development of the weathered zone and the
horizontal fractures are the result of the weathering. Hydrogeo-
logically, the aquifer occurs both in the weathered zone and in
the underlying weathered-fractured zone. However, due to deep
drilling and heavy groundwater withdrawal, the weathered zone
has now become dry. About 150 dug wells were examined and the
nature of the weathering was studied. The weathered-zone profiles
range in thickness from 1 to 5 m below ground level (bgl). They are
followed by semi-weathered and fractured zones that reach down
to 20 m bgl. The weathering of the granite has occurred in differ-
ent phases and the granitic batholith appears to be a composite
body that has emerged in different places and not as a single body.
One set of pegmatite veins displacing another set of pegmatitic
veins has been observed in some well sections. Joints are well
developed in the main directions — N 0° — 15° E, NE-SW, and
NW-SE that vary slightly from place to place.
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Figure 11.8 Maheshwaram hard-rock watershed in Ranga Reddy District, Andhra Pradesh.

The groundwater flow system is local, i.e., with its recharge area
at a topographic high and its discharge area at a topographic low
adjacent to each other. Intermediate and regional groundwater-
flow systems also exist since there is significant hydraulic conduc-
tivity at depth. Aquifers occur in the permeable saprolite (weath-
ered) layer, as well as in the weathered-fractured zone of the
bedrock and the quartz pegmatite intrusive veins when they are
jointed and fractured. Thus only the development of the saprolite
zone and the fracturing and inter-connectivity between the vari-
ous fractures allow a potential aquifer to develop, provided that a
recharge zone is connected to the groundwater system.

Mean annual precipitation (P) is about 750 mm, of which more
than 90 % falls during the Monsoon season. The mean annual
temperature is about 26 °C, although in summer (“Rabi” season
from March to May), the maximum temperature can reach 45 °C.
The resulting potential evaporation from the soil plus transpi-
ration by plants (PET) is 1800 mm/year. Therefore, the aridity
index (Al = P/PET = 0.42) is 0.2 < AI < 0.5, typical of semi-
arid areas (UNEP 1992). Although the annual rainfall is around
750 mm and the recharge around 10-15 %, the water levels have
been lowered by about 10 m during the last two decades due to

intensive exploitation. The transmissivity of the fractured aquifer
was measured by seven pumping tests in wells and it varies con-
siderably from about 1.7 x 107°m?/s to about 1.7 x 1073 m?/s,
and a low storage coefficient (0.6 %) indicates a weak storage
potential of the aquifer (Maréchal et al., 2004). The withdrawal
which increases year by year has to be controlled to allow recharge
by rainfall to maintain or restore the productive capacity of the
depleted aquifer.

The information acquired in the study area was used to define
a conceptual hydrodynamic model for the weathered-fractured
layer of the hard-rock aquifer (Fig. 11.10).

Our data show that the weathered-fractured layer is conductive
mainly from the surface down to a depth of 35 m, the range within
which conductive fracture zones with transmissivities greater than
5 x 107°m?/s are observed (Maréchal et al., 2004). The lower
limit corresponds to the top of the unweathered basement, which
contains few or poorly conductive fractures (T < 5 x 107 m?/s)
and where only local deep tectonic fractures are assumed to be
significantly conductive at great depths, as observed by studies
in Sweden (Talbot and Sirat, 2001), Finland (Elo, 1992) and the
United States (Stuckless and Dudley, 2002). An unpublished study
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Weathered-fractured layer

Figure 11.9 Cross-section of the typical substratum in a dug well, after Maréchal et al. (2003b)
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Figure 11.10 Hydrogeological model of the weathered-fractured layer of the hard-rock aquifer, after Maréchal et al. (2004). The dashed lines
represent poorly conductive fractures unidentified by the flowmeter tests; solid lines: conductive fractures identified by the flow meter
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of the same area has statistically confirmed this result by the analy-
ses of airlift flow rates in 288 boreholes, 10 to 90 m deep, where the
cumulative airlift flow-rate ranges from 1.5 m3/h to 45m>/h, and
the mean value increases drastically in the weathered-fractured
layer at depths between 20 and 30 m. Below 30 m, the flow rate
is constant and does not increase with depth. In practice, drilling
deeper than the bottom of the weathered-fractured layer (30-35 m)
does not increase the probability of improving the well discharge.
The data confirm that the weathered-fractured layer is the most
productive part of the hard-rock aquifer, as already shown else-
where by other authors (e.g., Houston and Lewis, 1988; Taylor
and Howard, 2000).

Two different scales of fracture networks are identified and
characterized by hydraulic tests (Maréchal et al., 2004): a primary
fracture network (PFN) which affects the matrix at the decimeter
scale, and a secondary fracture network (SFN) affecting the blocks
at the borehole scale. The latter is the first one described below.

The secondary network is composed of two conductive fractures
sets — a horizontal one (HSFN) and a subvertical one (VSEN) as
observed on outcrops. They are the main contributors to the perme-
ability of the weathered-fractured layer. The average vertical den-
sity of the horizontal conductive set ranges from 0.15 m to 0.24 m,
with a fracture length of a few tens of meters (10-30 m in diameter
for the only available data). This corresponds to a mean vertical
thickness of the blocks ranging from &~ 4 m to ~ 7 m. The strong
dependence of the permeability on the density of the conductive
fractures indicates that individual fractures contribute more or less
equally to the bulk horizontal conductivity (K, = 107> m/s) of the
aquifer. No strong heterogeneity is detected in the distribution
of the hydraulic conductivities of the fractures, and therefore no
scale effect was inferred at the borehole scale. The subvertical
conductive fracture set connects the horizontal network, ensuring
a vertical permeability (K, = 107%m/s) and a good connectivity
in the aquifer. Nevertheless, the subvertical set of fractures is less
permeable than the horizontal one, introducing a horizontal-to-
vertical anisotropy ratio for the permeability close to ten due to
the preponderance of horizontal fractures.

As discussed earlier, the horizontal fracture set is due to the
weathering processes, through the expansion of the micaceous
minerals, which induces cracks in the rock. These fractures are
mostly subparallel to the contemporaneous weathering surface,
as in the flat Maheshwaram watershed where they are mostly hor-
izontal (Maréchal er al., 2003b). In the field, the bore wells drilled
with a fairly homogeneous spacing throughout the watershed con-
firm this conclusion: of 288 wells, 257 (89 %) were drilled deeper
than 20 m and 98 % of these are productive. In any case, the prob-
ability of a vertical well crossing a horizontal fracture induced by
such wide-scale weathering is very high.

The primary fracture network (PFN), operating at the
block scale, increases the original matrix permeability of K, =

107% 40~ m/sto Ky, = 4 x 1078 m/s. Regarding the matrix stor-
age, it should also contribute to the storage coefficient in the blocks
of S, = 5.7 x 1073, The storage in the blocks represents 91 % of
the total specific yield (Sy = 6.3 x 1073) of the aquifer; storage
in the secondary fracture network accounts for the rest. This high
storage in the blocks (in both the matrix and the PFN) and the gen-
eration of the PFN would result from the first stage of the weath-
ering process itself. The development of the secondary fracture
network (SFN) is the second stage in the weathering process: that
is why the words “primary” and “secondary” have been chosen
to qualify the different levels of fracture networks. The obtained
storage values are compatible with those of typical unconfined
aquifers in low-permeability sedimentary layers.

The universal character of granite weathering and its world-
wide distribution underline the importance of understanding its
impact on the hydrodynamic properties of the aquifers in these
environments.

11.6.2 Numerical groundwater modelling in the
Maheshwaram watershed

The Maheshwaram watershed was modelled with the MARTHE
software developed at the BRGM (French Geological Survey:
Thiery, 1993a and 1993b). MARTHE is a transient hydrodynamic
modelling code, representing three-dimensional and/or multi-
layer flow in aquifers. The solution method uses finite differences
with a rectangular grid and offers the possibility of having a free
surface in a mesh of any layer.

11.6.3 Conceptualization of the hydogeological system

MODEL DISCRETIZATION

The studied aquifer was represented by a two-layer aquifer flow
system. The upper layer is located in the weathered rocks, the
lower one in the weathered-fractured granite represented as an
equivalent porous medium. Each layer was divided into 5272
square meshes with a 100 m sides (Fig 11.11). Layer 1 is uncon-
fined, and layer 2 is confined, but may become unconfined when
layer 1 has become dry. The MARTHE code was used with
its coupled climatic-balance model (GARDENIA: Thiéry, 1988,
1993a,b; Thiéry and Boisson, 1991; Thiéry et al., 1993; Thiéry
and Amraoui, 2001). The groundwater flow in the Maheshwaram
watershed was simulated in transient regime in order to represent
the piezometric variations observed in the wells in the studied area
from January 2001 to July 2003.

TOPOGRAPHY
The DEM values (Fig. 11.12) were averaged to fit the 100m x
100m grid (Fig. 11.11). For the meshes containing the wells
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Figure 11.11 Grid of the watershed, layer 1 is similar to layer 2

drilled in the Maheshwaram project, where some precise elevation
values were estimated with a differential global positioning sys-
tem (Lebert, 2001), the topographic values in these meshes were
taken as the DGPS ones. For the meshes containing the other
project wells, the adopted topography values were the nearest
local values of the DEM (interpolated every 10 m).

AQUIFER GEOMETRY

The thickness of the weathered layer (Fig. 11.13) was estimated by
kriging from the measurements made in the 25 existing lithologs
and the vertical electrical sounding (VES) interpretations (Krish-
namurthy et al., 2000). The geometry of the weathered-fractured
granite layer (Fig. 11.13) was deduced jointly from the total depth
of the 900 inventoried farm wells of the watershed after removing
the wells with a total depth of more than 70 m and from the result
of the VES.

BOUNDARY CONDITIONS

The topographical limits of the watershed were taken as the
groundwater divides (no-flow boundaries), except at the northern
limit where a non-perennial stream at the outlet of the watershed
can evacuate the surface water. At this location, the hydraulic
heads were prescribed and set at the average of the 2000-2 mea-
sured field values.

The streams are ephemeral, they flow only during heavy rain-
fall a few hours (or maximum one or two days) a year due to very
rare runoff. That is why, as a first approximation, the role of the
hydrographic network in recharging the aquifer is assumed to be
negligible. The hydrographic network in the study area includes a
few low order ephemeral streams connected to a surface storage
tank. The assumption of a negligible recharge is justified in this
study as the flow in the streams are rare and fast as well as the
vertical hydraulic conductivity of the tank beds (measured using
the double infiltrometer) are almost zero due to thick silting. How-
ever, the groundwater is allowed to overflow into the rivers as base
flow during and following high floods.
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Figure 11.12 Topography of Maheshwaram watershed
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Figure 11.13 Aquifer bottom of layer 1 and 2 (asl, in m)

HYDRAULIC CONDUCTIVITY

No hydraulic tests could be carried out in the first layer because,
during the project period (1999 to 2003), the water table was
constantly deeper than the bottom of the weathered zone. Thus
the hydraulic parameters for that layer were estimated from the
literature. The hydraulic conductivities chosen for the weathered
layer were selected according to two assumptions:

(&)

2

The hydraulic conductivity values must be in the range of the
ones found in the literature for the same type of geology.

The hydraulic conductivity variability in the weathered rocks
is based on the conceptual model of the hydrogeological
functioning of weathered-rock/hard-rock aquifers in Africa
proposed by Chilton and Foster (1995). This model assumes
that, in the general case, the weathered rocks have a weak
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hydraulic conductivity which increases with depth. In the
Maheshwaram watershed, if it is assumed that the thickness
of the weathered-rock layer is linked to its degree of erosion,
the thin, eroded weathered rock layer is, in reality, the base of
the weathered horizon and, consequently, it is composed of
coarser grains than the thick layers where the weathered rocks
show the entire profile. Thus, the thicker the weathered-rock
layer, the weaker its average hydraulic conductivity.

Figure 11.14 shows the distribution of the calibrated hydraulic
conductivities for the weathered layer. They range between
8.107"m/s and 5.107° my/s.

In the weathered-fissured granite layer, the transmissivities
were calculated from the results of 34 aquifer tests. But the high
variability observed in the field and the difficulties of matching the
simulated heads with the measured ones led to additional manual
calibration of the hydraulic conductivities in the model.

Few of the calibrated transmissivities match the values obtained
by the interpretation of the hydraulic tests. However, the average
hydraulic conductivity obtained by calibration was compared with
the equivalent horizontal hydraulic conductivity calculated by the
FRACAS model (Bruel et al., 2002), a “discrete fracture network”™
model, briefly described above, which was used to interpret 25
slug tests. Table 11.1 shows the comparison and suggests that the
model fits well with the discrete-fracture network study results
obtained for the weathered-fractured granite.

The hydraulic conductivities in the weathered-fissured granite
layer are shown in Fig. 11.15. They vary greatly from one place

97774
8555
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South-northern direction in metres
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Table 11.1 Hydraulic conductivities: comparison with the
discrete-fracture network study interpretations

Mean hydraulic conductivity Equivalent horizontal

value, calibrated by hydraulic conductivity from

MARTHE (m/s) FRACAS (m/s)
Layer 1 2.61 x 107° No interpretation
Layer2 7.67 x 107° 7.70.10°°

to another because of the heterogeneity of the rocks: 1.107 to
3.107° m/s.

In the weathered-fissured granite layer, linear heterogeneities
(impervious vertical barriers) had to be introduced into the model
because this was the only way to take into account the observed
piezometric data. These heterogeneities were attributed to the
dykes that crop out in the studied area, to a south—north quartz
reef crossing the watershed, and to some assumed extensions of
dykes (Fig. 11.16).

SPECIFIC YIELD AND STORAGE COEFFICIENTS

The specific yield was taken to be 2.4 % in the weathered rocks.
This value is an average of the specific yields observed in the
weathered rocks of similar watersheds (Rangarajan and Prasada
Rao, 2001). The specific yield of the weathered rocks was also
used for the calculation of preferential recharge. This value lies
within the orders of magnitude given by the proton magnetic

-
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Figure 11.14 Hydraulic conductivities in the weathered layer, after calibration
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Figure 11.15 Hydraulic conductivities in the weathered-fissured granite layer, after calibration

resonance (PMR) measurements carried out in the watershed
(Legchenko and Baltassat, 1999). In the fissured granite, this spe-
cific yield is assumed constant at a value of 1 % which is close to
the value deduced from the discrete-fracture network interpreta-
tion (0.8 %: Bruel et al., 2002), from pumping-test interpretations
(0.63 %: Maréchal et al., 2004) and water-table fluctuation inter-
pretations (1.4 %: Maréchal et al., 2006). Some sensitivity tests
were made by decreasing the specific yield in layer 2 by one order
of magnitude. This led to a lowering of the simulated water levels
due to the effect of pumping. This effect was amplified by the fact
that layer 1 was almost dry and could not play its role of reservoir
which might have hidden the influence of the second-layer specific
yield, as observed in other watersheds (Engerrand, 2002). Stora-
tivity of the weathered layer (as a confined aquifer) plays a role
in the flow calculations only when this layer becomes saturated
(Engerrand, 2002). Its value was taken as 8 x 1073. For layer 2,
the storativity value was set at 1 x 107>,

RECHARGE

Direct recharge

Total recharge can be divided into three main components (Lerner
etal., 1990): direct recharge (by direct vertical percolation through
the vadose zone — saprolite), indirect recharge (percolation to the
water table through the beds of surface-water courses, close to nil
in the study area due to quasi absence of water in surface streams)
and localized recharge (various-scale pathways such as those due

to shrinkage cracks, roots and burrowing animals, trenches, dug
wells, brick factories, and major landscape features).

The direct recharge was calculated on the basis of tritium injec-
tion tests that were carried out in 1999 and 2000. The interpreta-
tion by piston flow of the tests indicated that between the end of
July 1999 and November 1999, the direct recharge was 22.2 mm
(Rangarajan and Prasada Rao, 2001) and that during the 2000
Monsoon, the direct recharge was 42 mm (Rangarajan, personal
communication, 2002). The GARDENIA code (see above), which
is a soil hydrologic balance code, was used at a daily time-step to
calculate the balance between:

¢  Rainfall (daily data from a rain gauge located in Mahesh-
waram village).

¢  Potential evapotranspiration, calculated from the evaporation
in a Pan A and multiplied by a factor of 0.9 (Monteith et al.,
1989). The data are daily when collected at Maheshwaram
village and weekly, from an average of six years of monitor-
ing at the CRIDA farm (CRIDA, 1991-2000), when they are
not available at Maheshwaram.

o Runoff. For the Musi basin, the Central Water Com-
mission calculated a runoff/rainfall ratio of 11.2% for
the period 1989-94 (Maréchal, personal communication,
2001).

*  Available water capacity of the soil. The most common soils
in the area have an available water capacity ranging from 75
to 110 mm (CRIDA, 1990).
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Figure 11.16 Impervious vertical boundaries in the model

The parameters of the GARDENIA code (runoff and available
water capacity) were calibrated for 1999 and 2000 to obtain the
measured 22.2 mm and 42 mm of recharge, respectively, for these
periods, as obtained by tritium injection. The same parameters
were then used in the code to estimate the recharge for the years
2001 and 2002.

Indirect and localized recharge

Indirect and localized recharge were calculated from the ground-
water level rise in the weathered rocks during the tritium exper-
iments of 1999. In 2000, most of the dug wells located near the
tritium injection points were dry, preventing us from estimating
the preferential recharge. It was thus calculated only for 1999 with
the specific yield value of the weathered layer that was known for
similar watersheds (Rangarajan and Prasada Rao, 2001) and the
groundwater level fluctuations measured in the dug wells within
this layer.

In 1999, the water level rose by 1.5 m on average, during the time
of the tritium experiment, near the injection points. The specific
yield of the weathered layer is assumed to be 2.4 % (Rangara-
jan and Prasada Rao, 2001). This means that the total recharge
was around 36 mm in 1999 while the amount of 22.2 mm mea-
sured with the tritium experiment constituted direct recharge. The
extra recharge that takes into account whatever is not measured
by a piston flow recharge model is attributed to indirect (includ-
ing recharge from streams, negligible) and localized recharge.

Table 11.2 Annual recharge calculated for 1999, 2000,
and 2001

Indirect and

Direct recharge  localized recharge  Total recharge

(mm) (mm) (mm)
1999 222 13.8 36
2000 42 25 67
2001 83 35 118

If the ratio between indirect as well as localized recharge and
total recharge is assumed constant every year, then (36-22.2) x
100/350 % of the total annual rainfall recharges the aquifer as
indirect and localized recharge. Table 11.2 shows the calculated
direct recharge and indirect and localized recharge for the years
1999, 2000, and 2001.

DISCHARGE RATES AND RETURN FLOW

The major part of the groundwater withdrawal from the system
is due to pumping from the wells and this should be evaluated
with precision. However, in the absence of a good database on
the wells and because of other practical limitations, the estimates
of groundwater withdrawal are often poor and erroneous. There-
fore, various means were used to cross-check the estimates and,
finally, an average was taken in the model. Two quite independent
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Table 11.3 Annual water balance in Maheshwaram watershed

1/1/2000-31/12/2000

1/1/2001-31/12/2001

1/1/2002-31/12/2002

Recharge (m®/y)

Return flow (m*/y)

Outlet from prescribed
heads (m?/y)

Withdrawals (m?/y)

Groundwater overflows
(m*/y)

Storage variation (m*/y)

Balance deviation (%)

3521000
5214000
— 46000

— 9469000
0

— 780000
—0.02

6213000
6228 000
— 110000

— 11293000
— 13000

1026 000
—0.02

2372000
6720000
— 74000

— 11927000
— 5000

— 2912000
0.42

methodologies were applied, namely, a direct one based upon the
well inventory including the location of the wells, their discharge
and pumping duration, etc., and an indirect one based upon the
demand using data on irrigated areas, cropping pattern and crop
water requirements. The two results were cross-checked.

The discharge rates due to pumping are evaluated from the well-
inventory survey. This is a direct method of estimation and also
provides grid-wise information as the wells pumping the ground-
water can be located on the grids (Fig. 11.17). For the years 2000,
2001, and 2002, all the wells drilled up to 2000, 2001, and 2002
respectively were taken into account. The wells were assumed to
be pumped in layer 2 only as there was no water in the weathered
layer. The total yearly amount of groundwater withdrawal from
the aquifer is given in Table 11.3.

Due to water level declines, the groundwater pumping is mainly
from the 2nd layer but the return flow from the irrigated fields

occurs in the 1stlayer. It was deduced from the pumping according
to:

¢ Andhra Pradesh Groundwater Department (APGWD) (per-
sonal communication, 2000) report on Maheshwaram land
use.

e APGWD (1977) report on hydrologic parameters of ground-
water recharge in Andhra Pradesh.

In the ideal case, 1200 mm (Vimrice) Of water is required for
one rice crop and 350 mm (Viymother) per crop for other cultures
(APGWD, personal communication, 2000). There are, on average,
two rice crops and two vegetable crops in one year. It is assumed
that the rainfall amount is 700 mm per year. In 2000, the cultivated
areas of rice and vegetables are known respectively for winter and
Monsoon (Sricewinters Sricemonsoons Sotherwinters Sothermonsoon)- The total
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amount of groundwater required for irrigation, Vi, can be written
as:
Viot () = Viice (M?) + Vother (m°)
Vit (M*) = Vinmrice (mm)/1000*S ice (m?)
+ Vinmother (mm)/ 1000* Sother (m?)
Viot (m?) = [(Vinmricemonsoon (Mm) — 700)*Sricemonsoon (M?)
+ (Vinmricewinter (MM)*Sricewinter (m?)]/1000
+ [(Vinmothermonsoon (Mm) — 700)*Sothermonsoon
(m?) + Vinmotherwinter (MM)*Sotherwinter (m*)]/1000.
(11.9)
If Vinmricemonsoon (Mm) — 700 < 0, we take Viymricemonsoon (M) —

700 =0, and
meothermonsoon (mm) — 700 = 0.

if Vinmothermonsoon (Mm) — 700 < 0, we take

Vit (M) = (1200 — 700) x 362.56 x 10* 4+ 1200 x 217.38 x 10*)

/1000 + (0 + 350 x 198.10 x 10%)/1000V,o, (m®)

= 5114650 m*/yr, (11.10)
With
Viice (M) = 4421 300 m®/yr (11.11)
and
Vother (m>) = 693350 m*/yr, (11.12)

i.e., 86 % of the pumped water is used for the rice and 14 % for
other crops.

In the APGWD report (1977), experiments on the return flow
from the rice in a nearby watershed showed that 55 to 88 % of
the irrigation water returned to the aquifer. After calibration, 60 %
of return flow from the rice and 20 % from the other crops were
assumed. In the model, we do not distinguish between the loca-
tions of the rice and the other crops, because they are not known.
The average return flow of one crop (rice/other) is then taken
as 0.86 x 60 + 0.14 x 20 = 54.4 ~ 55 % of return flow from the
withdrawals.

TIME-STEPS

The time-steps of the hydrodynamic calculation in transient flow
are 14 days during the dry season and one week in the rainy
season (they are daily when it rains). The MARTHE code uses
GARDENIA to calculate the hydroclimatic balance; this balance
is calculated with a weekly time-step during the dry season and a
daily one during rainy days throughout the year.

11.6.4 Model calibration and fitting criteria

The fitting of the model was carried out by calibrating the follow-
ing parameters:

¢ the hydraulic conductivities of the two layers;
¢ the return flow from withdrawals.

The fitting criteria were based on:

¢ probable orders of magnitude of the fitting parameters;
e the similarity between the hydraulic heads observed in the
project wells in the field and the simulated ones.

11.6.5 Balance

In 2000, the balance (storage variation) was negative (Table 11.3).
The withdrawals were greater than the recharge and the storage
decreased. The pumping wells were in operation at 99.9 % of nor-
mal capacity. The discharge from the prescribed head-boundaries
was 1.3 % of the recharge, which was negligible. The overflows
were nil.

For 2001, the balance was positive. The recharge was greater
than the withdrawals and the stock increased. The pumping wells
were in operation at 99.7 %. The discharge from the prescribed
heads was 1.8 % of the recharge, which again was negligible. The
overflows were 0.2 % of the recharge, which was also negligible.
The aquifer overflows were located near the draining meshes,
which seems logical.

In 2002, the balance was strongly negative. The recharge was
weaker compared to the other years and the withdrawals increased.
The pumping wells were in operation at 97.6 %. But the return
flow was calculated on the basis of the maximum demand and
not on the basis of the actual withdrawals; in this case, because
the quantity of water that cannot be pumped was not negligible
compared to the demand for water, the prescribed return flow was
slightly over-estimated and the balance was optimistic. In fact,
the return flows ranged between 6 720 000 m* and 6 560 000 m*.
The discharge from prescribed heads was 3.1 % of the recharge.
The overflows were 0.2 % of the recharge which was negligible
and also located near the draining meshes.

11.6.6 Discussion of the simulated heads

Figure 11.18 shows the comparison between the simulated heads
and the measured ones for January 2001 and January 2002. Most
of the water levels are well simulated. Some wells show lower
simulated water levels than those observed. Figure 11.19 presents
the comparison between the simulated groundwater levels as a
function of time and the field data for all the project wells located
within the watershed.

Figure 11.20 shows the area-wise comparison. The majority
of the watershed area has water level differences within the tol-
erance limit of 5m decided arbitrarily. The value is not very
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Figure 11.18 Comparison between simulated and calculated heads for January 2001 and January 2002
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Figure 11.19 Comparison between the simulated groundwater levels (squares) and the observed ones (crosses)

different from the 20 (o being the standard deviation of water
level data and the average o2 for the simulation period was
12.0m?).

The wells located in the western part of the watershed show
lower groundwater levels in the simulations than those observed
in the field. Some tests were made by reducing the pumping rate
values, i.e., assuming that the farmers were not pumping during
the summer; the results show that the water levels were then better

simulated in this area. Varying the pumping rates based on more
accurate data may lead to a better fitting. In the north-eastern
part of the watershed, the water levels show a more complicated
pattern: within a few hundred metres, the simulated water levels
are either too high, or too low, or else fit the field observations. This
is an illustration of the complexity of the system; the variations
may stem from a lack of accuracy in the pumping data or from
local geological heterogeneities; this area is highly pumped and
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Figure 11.20 Results of the simulation

the fitting problem may also be caused by the proximity of a
farm well to the observation wells: the observation wells can be
influenced by the pumping rates at a very small scale that is not
adapted to the mesh size of the model. In this case, a smaller
mesh size at this location could give a better result and guide
the development of the model. Even after varying the hydraulic
conductivities and storativities near the project wells IFP1 and
IFP19, the simulated water levels in these wells show smaller
amplitude in the simulations than in reality. They are the only
wells in the watershed to show such a large amplitude in the water
level fluctuations and these two wells are also aligned with the
quartz vein that crosses the watershed from north to south. This
high amplitude in the water-level fluctuation may be due to the
low storativity induced by the presence of the quartz vein that is
only a few tens of meters wide and cannot be represented at the
model mesh scale. Here again a smaller mesh size near these wells
might produce better results.

Figure 11.21 presents some simulated water-level maps for
both layers. There is not much difference in the water levels
between layer 1 and layer 2 except in the zone of large groundwa-
ter withdrawals where layer 2 shows lower hydraulic heads than
layer 1.

Table 11.4 Water storage in both layers

Layer 1 Layer 2
Water storage capacity (m?) 14491474 19803 453
Minimal water storage (m®) 724574 1980345
Storage in 01/2001 (m?) 1182864 (8 %) 16561 160 (84 %)
Storage in 01/2002 (m?) 1896799 (13%) 16944939 (86 %)
Storage in 01/2003 (m?) 967094 (7 %) 14837332 (75 %)

11.6.7 Discussion of the water storage capacity
of the watershed and the probable evolution
of its groundwater resources

The storage capacity of each layer was calculated (Table 11.4) as
follows:

> Hi xS xSy, (11.13)

i=1

with:

n, the total number of meshes in the layer,

H;, the thickness of the aquifer in the mesh, in m,

S, the surface area of the mesh (100m x 100 m),

Sy, the specific yield of the layer (0.024 for layer 1 and 0.01
for layer 2).

In the same way, the water storage of each layer was also calcu-
lated for each year with the same formula by replacing H; by the
hydraulic head of the month of January calculated for each mesh
in the layer, as all water levels at that time (minimum) are very
close to the saturated thickness of the aquifer.

The minimum water storage is a parameter that the user can
prescribe in the model to help the convergence when the layers
become unsaturated or saturated. It is also an input through a
limitation of the withdrawals in layer 2.

The term expressed in % in Table 11.4 is the real storage of
the layer compared to the total water storage capacity. It appears
that layer 1 is almost totally unsaturated. Around 80 % of layer 2
is filled in the month of January. In 2002, the water demand
reached 12200 000 m3, which represents around 65 % of the total
water storage available at the beginning of the year in both layers.
Table 11.5 presents the main components that control the balance.

Water that cannot be pumped is simply the difference between
the demand based on crop requirement and the actual withdrawal.
The cropping pattern requires this amount of water but, due to
desaturation of the layer, the water is not actually withdrawn.
Table 11.5 shows that even if the water demand is much higher
than the recharge (up to five times higher in 2002), the balance
is not alarming because of the high rate of return flow (55 %
of the withdrawals). Another parameter that controls the state
of the aquifer is the “water that cannot be pumped” due to the
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Table 11.5 Main parameters controlling the balance.

Rainfall Water demand ~ Water that cannot be ~ Recharge Return low  Groundwater

(mm) (m?) pumped (m?) (m?) (m?) storage (m?)
2000 630 —9479 540 10399 3521310 5213780 17744024
2001 886 —11324400 30901 6212840 6228460 18841738
2002 584 —12218600 291152 2372280 6720260 15804426
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Figure 11.22 Predictive scenarios: evolution of the groundwater storage and
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Figure 11.23 Estimate of the increase in the water demand for the next 20 years

desaturation of the second layer in some meshes of the watershed.
This value may regulate the balance in the long term.

Some predictive scenarios were tested until the year 2023
assuming:

e that the recharge was set at a constant value equivalent to the

average of the recharge calculated between 1986 and 2002;
that the recharge varied as it had done between 1986 and
2002.

In both scenarios, the water demand was set constant and equal to
the one in 2002.

Figure 11.22 shows that the groundwater system reaches a
steady-state regime. This regime is reached when the Recharge =
(Water demand — Water demand that cannot be pumped) — Return
flow. In 2023, 69 farm wells of a total of 709 will not be able to
provide the water demanded due to the desaturation of the aquifer.

If the water demand increases, the scheme is different. Figure
11.23 shows an extrapolation of the water demand over the next
20 years. This figure is only an example. It proposes a logarithmic
increase in the water demand justified by the assumption that the
yearly increase of the number of wells will decrease due to a
saturation of the land use. With this figure, the number of farm
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wells located in the watershed will have increased from 709 to
1004 in January 2023.

Predictions were made with this new scenario. Figure 11.24
shows that the global groundwater storage decreases rapidly and,
as a consequence, the “water demand that cannot be pumped”
due to the desaturation of the aquifer increases (Fig. 11.25) and
touches 149 wells of 1004 in 2023. In the longer term (a few more
years), the groundwater storage will be directly equivalent to the
recharge. The Monsoon will allow the aquifer to recharge but the
irrigation will, within one year or less, empty the aquifer until
the next Monsoon season. In these conditions, the farmers will
be more vulnerable to dry years than at present and may not be

able to grow two or even one crop in these years. This will lead to
economic instability and hardship for the farmers.

11.6.8 Conclusion

Groundwater flow in the Maheshwaram watershed was simulated
taking into account the withdrawals for agriculture. A two-layer
aquifer model was chosen: the upper layer being the weathered
rocks and the lower layer the weathered-fractured rocks. For a
majority of wells, hydraulic head simulations are in accordance
with the water levels observed in the project wells for the years
2001 and 2002. Hydraulic heads that are not in accordance with
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the field observations are located in areas where the withdrawals
have to be verified. The average hydraulic conductivity and the
specific yield of the weathered-fissured layer are in accordance
with those found with the “discrete fracture network” model used
to interpret the pumping tests in the aquifer (Bruel et al., 2002).
The other hydraulic parameters are in accordance with those in
the literature. The model has to be further improved with:

¢ the input of a more accurate geometry of the layers;
. a more accurate estimate of the recharge;
. the verification of some withdrawal values.

The return flow from the irrigation water is very difficult to
validate. It is an approximate parameter that can also be calibrated
with the model, but that must stay within the range of values found
in the literature.

Some predictive scenarios were also tested and showed that:

o If the water demand remains equal to the one in 2002, the
regime will reach a steady-state flow where the mean water
level in the wells will be the same as the present one in some
areas, and up to 30 m lower in others.

. If the water demand increases, the water levels in the water-
shed will decrease drastically everywhere. More and more
wells will become dry and the groundwater storage at the
beginning of a given year will be entirely dependent on the
recharge of that year. In other words, there will not be any
more reserves in the aquifer to even out the temporal variabil-
ity of recharge from year to year. This will lead to difficulties
for the farmers and economic instability.

11.7 DISCUSSION AND GENERAL
CONCLUSIONS

This chapter has provided an overview of groundwater resources
and their management in hard-rock areas, with emphasis on arid
and semi-arid zones and the Indian experience. The focus has also
been on groundwater modelling, which is a necessary step in an
attempt to quantify the resource and test management scenarios
to forecast the behavior of the aquifer under various withdrawal
schemes. Here, only the quantity of water is considered, not its
quality, although the exploitation of an aquifer may change the
quality of its water. This is particularly true in coastal aquifers,
where over-exploitation can cause salt water intrusion, but salt
intrusion can also occur in continental aquifers, e.g., in south-
ern Madagascar, where in a semi-arid zone, surface water and
shallow groundwater are subjected to strong evaporation, which
creates salt crusts that dissolve during the following rainy season.
Saltinfiltrates into the aquifer, creating highly concentrated brines,
of up to several grams of salt per litre in certain areas (see e.g.,

Rabemanana et al., 2005). This has also been observed in the arid
zone of the Bolivian Altiplano (Coudrain et al., 2001). Man-made
pollution can also degrade the groundwater quality, requiring spe-
cial remediation schemes or preventing withdrawals in the affected
areas.

Beyond describing the main steps in groundwater modelling,
we have shown here that one of the key factors that deter-
mine groundwater exploitation sustainability is the long-term
recharge rate. Contrary to expectations, hydrogeologists are still
poorly equipped to accurately estimate the total recharge rate of
aquifers. This is due to the diversity of recharge mechanisms
(direct recharge, indirect and localized recharge: infiltration in
stream beds and ponds, irrigation return flow, etc., see for exam-
ple, Marsily, 2003) but also to the strong temporal variability of
recharge, as a function of climatic variations. In desert areas, in
particular, recharge to the aquifers can occur only every 10 to
30 years, requiring long-term monitoring of the aquifer behavior
to evaluate the resources, see for example, Besbes ef al. (1978).
The method able to estimate recharge with the least uncertainty is
still the one where a groundwater flow model is fitted on the piezo-
metric records and withdrawal/discharge data, even if this fitting is
uncertain and can be done by calibrating parameters other than the
recharge. More work is required to improve recharge estimates.
A concern is the influence of the predicted climate changes on
rainfall and infiltration. Although, on average, the global warm-
ing due to greenhouse gases is likely to increase rainfall across
the globe, some arid areas will receive less rainfall and recharge,
which are still difficult to predict with the current atmospheric
global circulation models.

Recharge estimates by groundwater modelling, as described in
this chapter, cannot be made for every aquifer in a country as large
as India. We have seen how data-intensive and time-consuming
this work is. It is therefore clear that only a few “representative
watersheds,” of a given class of geology and climate, can be stud-
ied in this way. The results obtained in these watersheds must then
be extended to all similar systems in their class and adapted to the
local situation. The methods by which these classifications, exten-
sions, and adaptations can be achieved are still to be determined.

Finally, we would like to draw attention to an attitude very
common in the hydrogeologic community, which is to say that
an aquifer is “overexploited.” Again and again, observing that the
water levels in an aquifer are dropping regularly, hydrogeologists
will say that the aquifer is “overexploited.” This word should be
used more carefully. The decline of the water level is not enough to
qualify an aquifer as overexploited. In purely natural conditions,
an aquifer receives recharge from precipitation and discharges
this water at its natural outlets: a spring, a river, a lake, or the
sea. As soon as exploitation by artificial withdrawal starts, the
water levels begin to decline, generally indicating that less water
is lost to the natural discharge zones and that the water stored



GROUNDWATER MODELLING IN HARD-ROCK TERRAIN

185

in the aquifer is put to work. Using the storage is one of the
benefits of groundwater exploitation: it is available all year round,
and in particular during the summer, when water is needed, and
recharge is nil. It is therefore very important to precisely define
what “overexploitation” means; declining water levels are simply
an indication that the aquifer is exploited, but not necessarily that
it is “overexploited.”
Three clear signs indicate overexploitation:

(i) When the low water levels in the aquifers cause a deteriora-
tion of the water quality, as for example, seawater intrusion
in coastal aquifers.

(ii)) When the water stored in the system is too low to average
out recharge fluctuations over several years: it is then no
longer possible to keep a quasi-constant rate of withdrawal,
regardless of the value of a given year recharge, and the water
demand has to be regulated by the annual recharge, not the
long-term average recharge. This makes the economic and
social system much more fragile and prone to crisis.

(iii) When the water level is so low that some parts of the aquifer
are dry (or the aquifer is not permeable enough at these depths
to be exploitable by wells), creating new social inequalities
between users, some farmers can still exploit the resource,
whereas others are deprived of its benefit. Alternatively, the
water level is so low for all users that it is no longer econom-
ical to pay the pumping costs for irrigation. This economic
limit is considered today to be reached when the dynamic
water level in wells is deeper than 100 to 200 m.

At the present time, it seems that the hard-rock aquifers in semi-
arid zones in India are approaching real overexploitation, mainly
due to reasons (ii) and (iii), i.e., insufficient storage to cope with
annual recharge variations, and unequal access to water. These
reasons argue for regulation of the resource exploitation before
the onset of crisis situations.
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Appendix Access to software and data products

The data products and models referred to in the book are available
as described below. Additional workshop material, including lec-
ture/tutorial presentations, are available from the G-WADI web-site
www.g-wadi.org.

DATA PRODUCTS

The satellite-based precipitation measurement algorithm, PER-
SIANN (Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks), continuously provides near
global rainfall estimates at hourly 0.25° x 0.25° scale from geosta-
tionary satellite longwave infrared imagery. An adaptive training fea-
ture enables model parameters to be constantly adjusted whenever
independent sources of precipitation observations from low-orbital
satellite sensors are available. The current PERSIANN algorithm has
been used to generate multiple years of research quality precipita-
tion data. PERSIANN data is available through HyDIS (Hydrologic
and Data Information System: http://hydis8.eng.uci.edu/persiann/) at
CHRS (Center for Hydrometeorology and Remote Sensing), Univer-
sity of California at Irvine. See Chapter 2 for further details.

MODELLING TOOLS

The Institute for Water Research, Rhodes University, South Africa,
has developed the SPATSIM (Spatial and Time Series Information
Modelling) system for Windows. This package makes use of an ESRI
Map Objects spatial front end, linked to a database table structure,
for data storage and access and includes relatively seamless links
to a range of hydrological and water-resource estimation models. It
also includes a wide range of data preparation and analysis facilities
typically required in hydrological modelling studies. The SPATSIM
approach has been adopted as the core modelling environment to be
used for the update of the South African water-resource information
system. Further details about the SPATSIM package can be accessed
through the IWR web site at http://www.ru.ac.za/institutes/iwr and
looking for the “Hydrological Models and Software” link. See Chapter
3 for further details.

The IHACRES software is available free of charge from the Catch-
ment Modelling Toolkit website http://www.toolkit.net.au/. Users will
need to register as members (free) in order to be able to download
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software from the site (registration allows users to be notified of
updates to the software they download). There is also an e-group
for asking questions included on the IHACRES product page that
users can register with (this also includes an archive of questions and
answers). See Chapter 4 for further details.

The KINEROS (KINematic runoff and EROSion) model was orig-
inally released in 1990. The latest version of the model, KINEROS2
is open-source software, available freely, along with associated model
documentation, from www.tucson.ars.ag.gov/kineros.

A GIS interface, AGWA, has been developed for watershed-based
analysis in which landscape information is used for both deriving
model input, and for visualization of the environment and modelling
results. This is an extension for the Environmental Systems Research
Institute’s ArcView versions 3.X. AGWA is distributed freely as a
modular, open-source program suite (Www.tucson.ars.ag.gov/agwa
or www.epa.gov/nerlesd1/land-sci/agwa). See Chapter 5 for further
details.

The US Geological Survey (USGS) Modular Modelling System
(MMS) is an integrated system of computer software that provides a
research and operational framework to support the development and
integration of a wide variety of hydrologic and ecosystem models,
and their application to water- and environmental-resources man-
agement. MMS provides a toolbox approach to model and system
development that supports model integration and the development of
decision support systems. Open-source software design means that
individual modules, models, and tools can be developed by those with
the relevant expertise and added to the common toolbox for use by
others. MMS, the GIS support system, GISWeasel, selected models
and tools, and additional information on MMS can be downloaded at:

http://www.brr.cr.usgs.gov/mms/
http://www.brr.cr.usgs.gov/weasel/
http://www.brr.cr.usgs.gov/warsmp/
See Chapter 7 for further details.

Imperial College has developed a set of tools for rainfall-runoff
modelling and stochastic analysis of model structure and performance
in the MATLAB modelling environment. The Rainfall-Runoff Mod-
elling Toolbox (RRMT) allows a wide range of lumped rainfall-runoff
models to be created and compared using a variety of loss and rout-
ing modules. The Monte Carlo analysis toolbox (MCAT) provides a
range of analysis tools to display and analyze parameter identifiability
and model uncertainty, including the use of multiple objective func-
tions and generalized likelihood uncertainty analysis (GLUE). An
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extension of RRMT has been developed with the University of Lan-
caster, with UNESCO support, to include a time-series analysis capa-
bility and an arid-zone tutorial example. These can be downloaded
free for research users from: http://ewre.cv.imperial.ac.uk. Please note
that MATLAB software is required for their implementation. See
Chapter 8 for further details.

In Chapter 9, Young presents data-based mechanistic (DBM) time-
series models for flow (or river level) forecasts. Both the model struc-

ture and the associated parameters are inferred from the data and can
be embedded easily within a state-estimation algorithm, such as the
Kalman Filter, to provide for state updating, data assimilation, and
real-time forecasting. The statistical tools for the identification, esti-
mation and validation of DBM models are all available in Lancaster
University’s CAPTAIN Toolbox, a novel collection of computational
algorithms designed for use in the MATLAB/Simulink™ software
environment (see http://www.es.lancs.ac.uk/cres/captain/).
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Plate 1 Frequency distribution of spatial coverage of Walnut Gulch rainfall. Observed versus alternative simulations
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