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ABSTRACT
Integrated Catchment Management (ICM),

defined as the design of

intervention strategies encompassing and integrating the fields of hydrology,
environmental, social and economic science, is vital in order to reach
sustainable solutions on a catchment basis. Modelling lies at the core of the
ICM process as it supports baseline studies and enables analysis of proposed
intervention measures both for present day conditions and under future
scenarios. Its core role in ICM leads to the need to develop modelling into a
more comprehensive activity within which the design of a modelling approach,
selection of tools and need for linkages can be thoughtfully matched to the
requirements of ICM.

Initial research revealed a gap in this area, leading to

development of a Framework for Catchment Modelling Studies (FCMS)
intended to create a staged and systematic approach that could be used as a
template for development of modelling exercises that strike the right balance
between ICM needs, project costs and the availability of human and technical
resources.

To demonstrate the utility of the FCMS and populate it with application
guidance, practical techniques and examples, technical research was focused
on analysis of groundwater-surface water interaction in the Rio Salado Basin.
This flatland of 175,000km2, is located in the Buenos Aires Province of
Argentina and features widespread groundwater-surface water interaction as
the key driver of the flooding in vast areas of the basin. This flooding currently
limits the potential for agricultural and livestock development of what is,
economically, most important region of the country.
Research revealed that use of uncoupled groundwater-surface water models
was inadequate to simulate observed flooding in a test area of the Rio Salado
Basin, and a new program
iSISMOD
by
developed
coupling
was
MODFLOW (McDonald and Harbaugh, 1988) with ISIS (HR Wallingford and
Halcrow, 1995) to permit dynamic coupling of both systems and support
improved flood probability mapping.

i

The research concludes that adoption of an FCMS approach would provide
scientists and engineers with a systematic basis from which to think through
technical issues involved in the modelling cycle, and would facilitate improved
decision making on key issues, such as when uncoupled models must be
replaced by coupled models. This systematic approach is not only resourceeffective, it is more importantly essential to support development of integrated
catchment managementplans that are sustainable.

v
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CHAPTER
1-

INTR OD UCTION AND APPROACH TO THE
STUDIES

1.1

Introduction

The past decadeshave witnessed an increasing awarenessof the need to treat
all water related issues in an integrated way and on a catchment basis. The
by
integrated
been
has
various
of
catchment
addressed
planning
concept
authors from different perspectives. The need to examine land and water
interactions was discussed initially by Chorley (1969) and more recently by
Newson (1997). Mitchell (1989) looked at the interdependency of the water
system with other natural and non-natural systems as a preface to the concept
of

sustainability, which

the World

Bank

(Serageldin, 1995) made a

fundamental requisite in all basin plans. Gardiner (1991) developed one of the
first complete sets of general guidelines for basin management.He recognized
the need to carry out studies to integrate various disciplines, such as hydrology,
geomorphology, ecology, environmental assessmentand engineering, within
the context of strong public participation and stakeholder ownership of the
Gardiner's
pioneering initiative was followed by research in various
plans.
disciplines that started to expand and develop frameworks for catchment
studies that could first be audited by international funding agencies and,
second, successfully applied by planning agencies in the implementation phase
of a Basin Plan. Examples of this type of approach include the approaches
developed by the Universities of Nottingham, Newcastle and Southampton on
geomorphic studies (1998), the approach to engineering studies used by the
World Bank (see Thorne, 1988), the framework for wetlands evaluation
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(Acreman and Adams, 1999), the Water Resources Planning Guidelines
(Environment Agency, 2003), the guidelines for EIA by the World Bank and
recently the framework for Channel Restoration (Soar, 2001).
Flooding, property damage and public safety, embedded in a framework of
economic justification,

were early drivers for the development of basin

management plans. Subsequently, there has been a widening of the view of
basin planners to include issues other than floods. Factors responsible for this
trend include the increasing pressure that people are putting on water resources
systems, an increase in water consumption, low level sewerage and treatment
facilities in developing countries, reduction of fresh water recharge into
groundwater due to a growing world wide urbanization, and rapid conveyance
of stormwater flows. A further impact of these factors is the recognition of an
increasing need to preserve and understand the functioning of wetlands with
respect to the multiplicity of functions that they perform within the water cycle
(Hollis and Acreman, 1994; Institute of Hydrology, Acreman and Adams,
1999).

Within the context of basin management, modeling has always been the main
tool to provide results and assistance to decision makers; although its role,
box"
have
in
"black
Early,
times.
and
complexity
evolved
scope
recent
rapidly
hydrological models (like the Stanford Watershed Model, Crawford and
Linsley, 1966) were eclipsed by the inception of hydrodynamic models that
came to dominate practice at the time of the evolution of high speedcomputers.
The last two decadeshave seen mathematical models seek to represent physical
processed as closely as possible through simulation of all mechanisms within
the water cycle. Also, model complexity has increased due to the need to
integrate results across disciplines. This has led to the appearance of a large
number of complex models most of which are very data and simulation time
demanding.

One of the issues that have always received significant attention within
researchers and modelers is the interaction between groundwater and surface
water. This started with early developments that coupled 1D surface water
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models with 2D groundwater models to simulate flood wave attenuation due to
bank storage (Pinder and Sauer, 1971), and to analyze complex conjunctive
groundwater and surface water hydrological schemes(Morita and Yen, 2002;
Refsgaard and Storm, 1995). The need to understand and improve the
simulation of groundwater and surface water (GW-SW) interaction is clearly
linked to

the general principles and drivers of integrated catchment

management in terms of the need to analyze issues such as: conservation of
wetlands, low flows in rivers and flooding due to the interaction of surface
bodies
water
with shallow aquifers. The latter need is perhaps one of the
applications that requires close attention in order to identify methodological
approaches that are able to account for the complexity of large scale process
(i. e. large return flow situations) but, at the same time, feasible for application
to large catchment areas at a master plan level.

Finally, it should be pointed out that, despite the effort and progress made in
attempting to represent catchment processes in a physically based way, there
continues to be a lack of a sound framework within which to conduct
modelling studies. Such a framework is needed to guide planners and planning
agencies on which tools, techniques and methods to use, at what stages in the
planning process different models should be used, and what would be the costeffectivenessof each possible approach that could be adopted.
Research Aims and Objectives

1.2

In the context of the issuesoutlined above,this researchfocuseson two key
modelling issues relevant to supporting water resources management at a
catchment-scale level, in regions where the geographic and geomorphic
characteristics promote the operation of large-scale physical processes:
(i)

development of an outline framework for conducting modelling
studies as part of Integrated Cachtment Management Plans, and

(ii)

application and analysis of the proposed framework to support
improved understanding and simulating the interaction between
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groundwater and surface water (GW-SW) processes, in particular
those associated with large and complex geographies that increase
the difficulty of simulating some of the physical processes.

The aim of the framework will be to provide a structured approach to assist
basin
in
defining
as
of
and
part
scientists
engineers
modelling strategies
planning, providing sample techniques, outputs and recommendations for what
type of modelling exercises should be carried out at each phase of a planning
process. In particular the issue of when uncoupled models should be replaced y
coupled models is evaluated.

As part of the research process, the following specific objectives were
identified to guide completion of the work:

(i)

definean outline methodology/frameworkto guide development
of modelling studies in multidisciplinary and regional water
resources projects,

(ii)

investigate the effectiveness/usefulness of different ways of
in
interaction
GW-SW
the
particular
processes,
simulating
of
when they differ from the conventional representation used in
hill slope models due to the fact that they occur over large areas,

(iii)

analyse the suitability

of using comprehensive modelling

packages (in terms of the number of hydrological processes
simulated) versus simpler models whereas ad hoc coupling has
to be performed using customised interfaces or a GIS system,
and

(iv)

finally, related to the above, investigate the effect of scale, time

andgeomorphicissues.
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These objectives can be expressed more simply as questions that should guide

a plannerwhenapproachingthe modellingdiscipline:

"

What are the overall framework of the studies and the objectives

to be achieved?

0

What is the optimum strategy -in terms of modelling- for

fulfilling the requirementsof the project?

"

How should I implement such a modelling strategy?

It is important to state that the focus of this research is not to develop a new
model of catchment hydrology: As described later on this thesis there are
already a large number of modelling tools that, with different degrees of detail,
simulate selected components of the water cycle and, are suited to the needs of
specific, practical requirements. Because of the existence of a wide variety of
hydrological processes within a catchment, this research is focused on how to
select and combine various types of approaches to produce a modelling
strategy that suits the needs of catchment studies in representing a key physical
process, such as GW-SW interaction, applied to large scale catchments that
result in the operation of these processesat similarly large scales.

1.3

Setting of the Research

1.3.1

Physical Setting

The regional physical setting for conducting the research was the Rio Salado
Basin, covering an area of 170,000km2 in Buenos Aires province, Argentina
(Figure 1.1). This is over half of what is the most important province of
Argentina, in terms of its contribution to the national economy. It is a
significant agricultural area, accounting for 25% of national grain production
and 30% of national production of meat. However, the area suffers from
persistent flooding events that affect a large proportion of the catchment and
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impose severe constraints on existing production levels and on realisation of
the full economic potential of the region.

The Rio Salado catchment is one of the most important lowlands in Argentina,
with no more than 130m of difference in ground elevation between the sea and
the watershed, 600km to the west. The low relief is interrupted only by the
(ascending
hills
Precambrian
to about 900m above
two
of
of
presence
ranges
sea level) in the far south of the region. The whole catchment has a landscape
dominated by aeolian features overlain by more recent fluvial features, which
reflects the more and conditions that once prevailed in the region. The natural
river and drainage system has not yet adjusted to the present, humid climate
and it does not have the required conveyance capacity either in terms of
drainage density or channel geometric properties. Consequently, flooding is
important in terms of both duration and extent. The landscape of the eastern
and central parts of the catchment is characterisedby numerous lakes, wetlands
fields
dominate
(Region
dune
B)
the terrain
marshes
complex
and
relic
while
of the northwest area (Region A). The flooding situation has worsened since
1970 as more humid conditions have prevailed across the area. This has had a
distinct impact in the Northwest and, as this subregion has changed from semiin
have
by
7m
levels
to
to
some areas
arid
semi-humid, groundwater
risen
up
and land-use has changed from predominantly pasture to arable. In summary,
the Rio Salado catchment contains great natural complexity, associated with
each of the several large sub-regions encountered within the basin, each of
which is characterisedby its distinct physical features.
The interaction of groundwater and surface water (GW-SW) in Region A is a
key mechanism: (i) because it produces a series of typical features in the
landscape, (ii)

constitutes the driving force for

causing flooding

and

human
for
(iii)
fresh
the
waterlogging,
provides
only source of
water
consumption and, (iv) is a vital agent for maintaining wetlands in the area.
Therefore, a test area was selected within this region as it provides suitable
conditions to investigate different methodological approachesto understanding,
representing and quantifying GW-SW interaction, in order to predict the
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existing frequency of flooding in the catchment and the potential impact of
proposed management measures to reduce flooding while protecting wetlands.
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A: Location

1.1:

Salado

of Buenos Aires Province within

Basin

within

Buenos

Aires

Province

Argentina.

B: Location

Northwest

(A:

of Rio

Region.

B:

Salado, Vallirnanca and Las Flores river valleys, C. South-Western Lake
System. The red box shows the location of the test area within the Northwest
region, A)

Planning Setting

1.3.2

The problem of flooding
Government

in the basin began attracting

the attention

of the

at the beginning of the 20th century leading to several studies,

for
being
the three
carried out
with varying scopes and geographical extents,
regions independently (Figure 1.1). Key studies include AyEE (1990) for area
A, CFI (1977) for area B and IATASA

(1994) for area C. It is important to

point out that, prior to some recent engineering measures being implemented,
the Northwest
drainage

Region (A) and the Western lake system (C) formed separate

systems without

any connection

drainage basin of the Rio Salado (B).
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or interaction

with

the natural

In 1997, the Government of the Province commissioned development of an
Integrated Master Plan (IMP) that would identify solutions to relieve flooding
and waterlogging problems, and would in turn create more favourable
conditions for farmers to invest in the area. The aim was that the catchment
move towards a more productive scenario, but within a framework of
sustainable management and preservation of environmental assets. The IMP
was funded by the World Bank, and the results were presented to the Provincial
Government in December 1999 (Halcrow, 1999).
The development of the IMP was the first attempt at an integrated approach to
the problem at a regional level, comprising studies across all the disciplines
involved,

from baseline studies of hydrology, geomorphology and the

environment, through complex computer modelling and multi criteria analysis
of alternatives supported by an economic evaluation (Appendix A contains an
overview of the IMP). Models constituted a key tool that allowed the study
team to gain a good understanding of the main mechanisms responsible for
producing flooding and waterloging and, consequently, to assessthe potential
impact of the proposed developments.

1.3.3

The IMP and this Thesis

The results obtained during the development of the IMP were used as the
starting point for the research carried out and are presented throughout the
different chapters to support the arguments of the thesis. During the three years
development
of
of the IMP study, I had the role of Technical Coordinator and
Deputy Team Leader, with specific leadership and direct involvement in the
areas of mathematical modelling (groundwater and surface water), GIS,
geomorphology and analysis of engineering measuresprior to their inclusion in
the Master Plan.

The developmentof the RvfP,in relation to mathematicalmodelling,consisted
in the development of separate regional rainfall-runoff (HYSIM,
1993), groundwater (MODFLOW,

Manley,

McDonald and Harbaugh, 1988) and

surface water (iSIS, Halcrow and HR Wallingford, 1995) models to analysethe
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issue of GW and SW interaction highlighted in the previous section. The
emphasis of the modelling work was placed on establishing links between the
different model components to minimise overlap between the simulation of
hydrological processes while also providing regional coverage and speed of
execution in long term (33 year) simulations.

The outputs of both models were independently post-processed in a GIS
system to derive flood probability maps representing the frequency with which
each portion (pixel element) of an area suffers flooding. The frequency of
flooding was calculated as the number of times (years) that the groundwater
head and/or the surface water level exceededthe ground level, over the period
of analysis (33 years in the case of the IMP). Such maps represent a synthesis
of the model outputs and are fundamental to the appraisal that follows in either
the diagnosis or planning stage of a project, as they lead directly to production
of annualised economic benefits and identification of critical areas with high
flood frequencies.

The methodological approach adopted in the RAP suited, in principle, the needs
of a regional study at a prefeasibility level over a large and inhomogeneous
catchment area. It permitted establishment of priorities between sub-regions
and also supported economic justification of a set of structural measures for
flood mitigation and land drainage. However, close inspection of the results
obtained in the IMP for the test area, in term of its representation of flooding
on the surface, indicates several shortcomings attributable to the weak
representation of the interaction between GW and SW. Examples are:
underestimation of flooded areas, under prediction of the frequency of
occurrence of flooding, inaccuracy in the estimation of surface water heads and
lack of ability to analyse proposed drainage measures and their associated
environmental impacts in detail. Figure 1.2 presents a comparison of flooded
areas as interpreted from satellite imagery for the largest flood event in the
region (1987/1988) with those obtained from the regional model developed in
the IMP. Identification of these shortcomings was the main driver for initiating
this research. Identification of the need to devise a different, more detailed,
methodological

approach to

represent large scale GW-SW
9

interaction

processes also led to the second major topic of this thesis: the design of a
structured

approach

consideration

of

to

conducting

scale, regional

modelling

representation,

studies,
regional

which

includes

homogeneity

and

model efficiency in relation to the needs (time and deliverable) of integrated
catchment projects.

vow

Ag
Figure 1.2:

Flood extents in the test area. A: flooding extent interpreted from a satellite
image for November 1987. B: flooding extent predicted by the Regional
Model of the IMP.

1.4

Approach

Adopted

and Structure

of the Thesis

The approach adopted in this research centred in addressing limitations,
weaknesses and problems encountered in the modelling strategy used in the
IMP studies for the Rio Salado Basin, with a specific focus on analysis of how
surface water and groundwater

interaction

was addressed. The analysis and

results, although preserving a regional vision, were focused in a test area within
the Northwest region of the basin.

A comprehensive literature review was conducted (Chapter 2) to identify the
relevant issues in the following
frameworks

topics: basin planning, integrated modelling

and approaches for the simulation

of groundwater

and surface

water interaction. The review also attempted to identify any existing tools that
might be suitable for representing these processes when they occur at large
scales and over large geographical areas.

10

Chapter 3 provides a full description of the geography and hydrology of the
Rio Salado Basin, covering physical, social, economic and engineering aspects
hydrological
developing
the
the
aim
of
an accurate characterisation
with
of
mechanisms responsible for flooding and their interrelationship with the vital
functions and roles of the basin. The chapter also presents the arguments that
substantiate the selection of the test area, and highlights the key features that
identify the Rio Salado basin as a suitable test case for analysing the simulation
of the large-scale GW-SW interaction processes.

Development of a catchment management plan cannot be divorced from the
need to carry out an integral risk analysis through which to identify hazards,
quantify impacts and establish priorities for intervention. Risk models are
link
key
identify
isolate
that
tools
to
mechanisms
useful conceptual
and
hazards to receptors. A particular challenge concerns the development of
practical approachesto matching the concepts underlying a risk model with the
need of practitioners to deliver practical solutions for the basin: Flood
(FPM)
maps
constitute a key outcome that condenses the
probability
information from models in a form manageableby the the planner. Chapter 4
addresses conceptually the issue of FPMs and modelling approaches,
further,
for
PhD
the
specific
setting
starting point
research and
establishing
research questions that are subsequentlyansweredthrough chapters 5 to 8.
Chapter 5 discusses the weaknesses of using a modelling approach based on
the use of MODFLOW

alone to generate FPMs. This was the approach

adopted in the IMP studies to support diagnosis of the baseline situation and
evaluation of the flood mitigation measuresadopted. This approach, adopted at
a regional level, was based on use of broad scale models with a simplified
approach for coupling GW- SW processes.

As a consequenceof those limitations, a new program was developed as part of
this research (iSISMOD) to simulate, in a fully coupled manner, GW-SW
interaction, making use of the existing software packages MODFLOW
(McDonald and Harbaugh, 1988) and iSIS (Halcrow and HR Wallingford,
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1995) to simulate GW and SW, respectively. Chapter 6 and Appendix B
describe software development, the mathematical formulation of the new
package, its functionality and the results obtained from its application in simple
and conceptual test modelling exercises.

To confront the problems identified in Chapter 5, overcome them and draw
general conclusions focused on the questions set in Chapter 4, several
simulations were performed by applying iSISMOD to the test area. Chapter 7
presents the results obtained from these applications, allowing a discussion of
by
comparing them with those obtained in Chapter 5.
results

The analysis of GW-SW interaction in the context of model application to a
large basin and on a regional master plan leads inevitably to the analysis of two
issues:
time and scale. These two environments generally need a
overarching
different time step for their simulations due to the slower response of GW
systems (Yen and Riggins, 1991). Also, GW-SW interaction implies dealing
GW
shallow
systems and, therefore, representation of surface relief
with
features introduces another degree of complexity and opens the debate in terms
of which is the suitable spatial resolution to use for the simulation of each
system. Chapter 8 collects the findings from analysescarried out as part of the
other studies, proposing an outline framework for structured modelling as part
issues
Integrated
Basin
Plans,
time
are
scales
of
within which space and
addressedexplicitly.

Summary

1.5

This chapter has presented the overall framework and setting that support the
research contained in the subsequent chapters, introducing
overarching topics that substantiate the contribution

the three

of this thesis to

hydrological science:

"

Scale of hydrological

processes. GW-SW

interaction is a key

hydrological process responsiblefor generating large groundwaterinduced surface flooding. This process, commonly referred to as
12

saturation return flow in the description of hydrological processes in
hill slope catchments, takes on un-precedent importance in the Rio
Salado basin due to the magnitude and duration of its occurrence.
Events are characterisedby the large extents and huge volumes of water
at the surface, the long duration of standing water in the surface, the
dynamics of the return flow across the surface which vary from largescale ponding to large-scale runoff situations.

"

Scale of the area. The Rio Salado Basin constitutes a suitable test case
for analysing the occurrence of large-scale GW-SW interaction. The
existence of dune fields -that extend over 50,000km2 in Region Asuperimposed on a generally low relief landscape, determines two of
the necessary ingredients for the occurrence of a large return flow
situation: negligible horizontal groundwater flow and geomorphic
features controlling the dynamics of water at the surface. The existence
of other large sub-regions within the basin (mainly within region B),
each of them characterised by a particular flooding mechanism, adds a
further degree of complexity. The danger exists that inadequate
understanding and management of water resources in one region could
trigger new large scale flooding problems, such as fluvial flooding
along the corridor of the Rio Salado.

"

Outline framework for modelling studies. The need to deal with largescale processes(both understanding and modelling them) as part of the
process of catchment planning (implying management of those large
scale processes) further reinforces the importance of structuring an
approach to devise a modelling strategy that is able to support decisionmakers throughout the process of performing an integrated appraisal of
intervention options.

A focus of the three key points summarised above is sustained throughout the
thesis, as the research explores the theme of GW-SW interaction. Chapter 2
is
important
in the context of integrated catchment
the
theme
why
addresses
describes
Chapter
3
management,
where GW and SW becomes a dominant
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mechanism and Chapter 4 expresses GW-SW interaction through a practical
and tangible product (the FPMs). Chapters 5,6 and 7 analyse how to address
this issue in practice, while Chapter 8 uses this theme to propose a new and
comprehensive framework

for

modelling studies performed to support

integrated catchment planning.
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CHAPTER
2-

LITERATURE REVIEW

2.1

Introduction

The research covered in this thesis focuses on groundwater and surface water
interaction, not as an isolated topic but within the wider concept of integrated
it
key
literature
is
The
the
as
of
management.
research
a
part
catchment
review

backdrop
based
to
the
a
on coverageof the current practices
studies
provides
discipline,
helping
developments
in
to put the
carried
and
out
each particular
new proposals in the correct context and perspective.
The review follows the logic of the research and therefore starts by examining
key issuesrelated to integrated catchment management,the range of disciplines
involved and the importance of approaching GW-SW interaction in an
integrated manner. A preliminary assessment of GW-SW interaction leads
is
importance
to
the
that
the
mostly
conclusion
mechanisms
of such
rapidly
related predominantly to areas of low relief. This is follows from the fact that
there are key conceptual differences between the way that the hydrological
cycle operates in hillslope and flatland environments (Mull, 1983; Paoli and
Giacosa, 1983). This topic is further investigated through reference to
international case studies such as that in the Rio Salado Basin (Argentina) and
in the Florida Everglades (United States).
GW-SW interaction is the central issue of the research reported here and,
therefore, a section is devoted to analysis of the different approaches
encountered to account for this interaction in a modelling exercise. The review
includes consideration of

theoretical

developments, different

numerical

solutions and applications,such as those developedas part of MODFLOW
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(River, Stream, Lake and Wetland) and development of other, more complex,

coupled models such as MODBRANCH, SHETRAN, ISGW (basedon the
HSPF model) and the South Florida District Water Management Model.

The last sectionof this chapterendswith a discussionthat summarizesthe key
findings of the review in relation to the development of a coupled GW-SW
model, iSISMOD (Chapter 6). Also, the learning experience that emerged from
the literature review supported extraction of key concepts needed to develop a
framework for modelling studies (Chapter 8) within which the GW-SW
interaction constitutes a key element.
2.2

Catchment Modelling within Integrated Catchment
Management.

2.2.1

IntegratedCatchmentManagement:what andwhy?

The concept of integrated catchment management (ICM) is today widely used
and recognised as essential to guaranteeing that natural resources are managed
in a sustainable manner. Various authors have supported this argument during
the last thirty years, for example: Leopold and Dunne (1978), Saha and Barrow
(1981), Mitchell (1989), Gardiner (1991), Serageldin and Steer (1995) and
Newson (1997). Added to other publications by European research bodies and
organizations (in the form of frameworks, manuals and review studies), these
papers constitute a strong array of material and set the topic as a key item on
the research agendafor this century.

Practising catchment management (previously

also termed river

basin

planning) can be traced back for more than 9000 years, driven by the prime
objectives of food gathering and dam construction. Saha and Barrow (1981)
point out that it was not the concept that was new in the mid-twentieth century,
when ICM first appears in the literature, but it was the acceleration of dam
building and the complexity of the task of river basin development that
stimulated a burst of publications. A key milestone, frequently quoted in
references on ICM (Saha and Barrow, 1981; Mitchell, 1989; Newson, 1997),
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was creation of the TennesseeValley Authority (TVA) with the firm intention
to put into operational practice the theoretical concepts of ICM. This process
was driven by merging three independent concepts: development of multipurpose projects, treatment of drainage basins as a unit and state intervention to
promote social change. The idea behind development of the TVA was the
establishment of catchment protection measures so that allocation of the
benefits of the increasing number of power generation enterprises was
maximized, by developing a suitable market across the basin.
Modern issues have moved away from the concept discussed by Saha and
Barrow (1981) as the "complexity" of catchment planning is now mostly
driven by a number of interrelated factors other than just the construction of
dams, such as demand pressures over water resources, water (quantity and
quality), water scarcity and deterioration of the overall ecological status of
environmental assets. Quoting figures from the World Bank (Serageldin and
Steer, 1995): 1 billion people (nearly all in developing countries) do not have
accessto clean water, 1.7 billion people lack sanitation, 2 to 3 billion children
die annually as a result of diseasesassociatedto these problems, and 90 million
people are added to the global population every year, doubling the requirement
for food production in the next 40 years. These facts have boosted awarenessof
the need to preserve ecosystems, in view of a potential lack of resources to

cover future needs.
In the late 1980s the concept of integrated catchment planning started to be
logically coupled with the issue of sustainable development, brought into scene
by the World Commission of Environment and Development in 1987 (The
Brundtland Commission), as the "development that meets the needs of the
present generation without compromising the needs of future generations".
This was further addressedin Agenda 21 (World Bank's World Development
Report,

1992), where

the

positive

link

between environmental and

development issues was clearly recognised by all parties, "after decades of
pitting environmental quality against economic growth".
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The definition adopted in the Harmon IT project is illustrative of the current
view of ICM. By this definition, ICM "is the management of water as a whole
on a river basin basis, including surface water, groundwater, transitional and
coastal water, considering quantity, quality, ecology and economy, and
involving all stakeholders in decisions".
2.2.2

Integrated Catchment Management: how?

The sources cited above make clear the existence of a high level of awareness
in terms of the need to carry out integrated catchment managementand a good
understanding of the principles and conceptual aspects associated with it.
However, how to put ICM into practice is a matter of current and continuous
debate, although there are already examples of holistic (and independent)
approaches in various areas covered by the water management field, such as
Flood Defence Studies, Urban Drainage and Water Resources.
The debate on practical aspects related to the implementation of ICM strategies
is clearly addressed by Michell (1989) who warns that, unless the concept of
ICM is defined clearly, it will be difficult to establish goals and targets, and
(1989)
is
by
The
key
Mitchell
to
to
monitor
progress.
ultimately,
contribution
stress that, although the theory of ICM prompts examination of the broadest
range of variables covered in the land and water management cycle, a staged
approach should be followed to guarantee a timely and cost effective planning
process. Mitchell (1989) goes onto state that integrated water managementcan
be contemplated in at least three ways:
a) water as a system on its own, i. e. from a physical perspective from which the
concept of integration springs from understanding the interrelation between
each component of the hydrological cycle;

b) water as a system that interacts with other systems such as land and
environment, i. e. that managers not only have to be aware that a given activity
may have a detrimental impact on a component of the hydrological cycle but
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also it may affect other natural systemssuch as wetlands and floodplain
habitats. This perspective is clearly broader than the first; and finally

c) water as a systemthat interacts with other non-natural systemssuch as
economic and social development. This last, and even broader, approach
considers whether water is an opportunity for, or a barrier against, development
and therefore is the beginning of the sustainability concept.
Also, Mitchell (1989) sets up very clearly the scope and the level of analysis
necessary for an integrated approach as a parallel classification to the above
scheme: a normative

level, a strategic level and an operational

recommending progression from

one to

level,

the next when planning the

management of water and land resources. While at the strategic level it is
important to think comprehensively, by taking into account all possible
influence
development
that
and
situation, at the
scenarios
may
a
variables
operational level the analysis should be more focused on trying to answers
".
be
done
"what
be
"what
done
"
than
such
will
can
questions
as
rather
Furthermore, Mitchell suggests the use of the word comprehensive to refer to
the strategic level and integrated to refer to the operational one. In the latter,
the focus is placed onto a smaller number of variables that can account for a
large portion of the management problems. This concept sets the basis for
considering a staged modelling approach to catchment studies, as explained in
Chapter 8.

The operational issue of ICM, in relation to the broadest category of Mitchell
(1989), is also addressedby the World Bank (Serageldin and Steer, 1995) who
is
integration
be
better
in
that
state
practice unless a
sustainability cannot
put
achieved between the viewpoints of three disciplines: economy, ecology and
sociology. The key point highlighted in the quoted work is that, despite the fact
that individual experts agree that the concerns of other disciplines matter in
elaborating a sustainable approach, "they do not see these concerns through
one another's eyes". For example, Figure 2.1 presents an example of how an
economist expresseshis or her particular views of other disciplines.
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In fact, those viewpoints will not relate to the common objective of reaching
sustainability unless a clear and unified methodological approach is devised to
value the different, and often conflicting, objectives encountered in the
planning exercise at a basin level. A cost-benefit analysis seemsto be a way to
establish the relative importance of the different issues involved, but with the
drawback of having to assign cost and benefits to environmental effects and
assets. This difficulty will prevent development of fully integrated approaches
and the tendency of examining measures on a single domain (discipline) basis
will continue (h-IR Wallingford, 2002). A similar view can be perceived in the
analysis made by the World Bank (Serageldin and Steer, 1995) in which the
issue of valuation, and in particular of the environment, was identified as a key
problem to be overcome in reaching the desired, unified, methodological
approach.

Objectives of environmentally sustainable
development
Economic
Objectives
" Growth
" Equity
. El}icicncv

Social

Z

Objectives

Ecological

" Empowerment
" Participation

fi

"
"
"
"

Social mobiliIN
Social cohesion
Cultural identity
Institutional development

Objectives

" Ecosystem integrity
" ttiodiversity
" Global issues

How an economist seesit
Economic
Objectives
" Growth
"I

flikicncv

Social
Objectives

Ecological
Objectives

" Equity

" Naturalresource
management

" Poverty reduction

B
Figure 2.1:

A. Objectives of environmentally

sustainable development. B: flow an

economist seesit (reproduced from Serageldin and Steer, 1995).
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In addition to the debate on how to translate theory into practice in ICM,
another discourse concerns the regulations and water policies that exist across
the World, such as the Water Framework Directory enacted by the European
Union (EC, 2000). The WFD aims to protect all types of water bodies, bringing
together the planning and management of water in a holistic way. WFD
legislation only sets objectives, leaving the difficult task of establishing
practical methodologies for analysis and implementation to the different
planning agencies. In fact, the WFD does not actually provide a definition of
integrated water management and neither does it prescribe methods for
modelling.

2.2.3

Integrated Catchment Management: where?

In parallel with the increased awareness of the need for ICM, planners and
authorities are aware that studies and strategies need to encompassthe entire
catchment.

Newson (1994) adopts the approach of Mitchell (1989) presented in the
previous section, adding that the coupling between land and water is vital and
has to operate at all levels: ranging from strategic (comprehensive) to
operational (integrated). The approach taken by Newson (1997) to analyse a

basin is based on the ecosystemmodel of Marchand and Toornstra (1986)
structured on the natural regulation functions of a catchment, as follows:
I. regulation of water regime (terrestrial and climatic);
2. regulation of erosion and sedimentation;
3. water purification.
Newson defines the drainage basin as a systematic physical whole in which the
river systems are an interconnected transport system, often working invisibly
and in many cases over long time scales. The natural, spontaneous regulation
functions are fully dependent on the conservation of the natural dynamics of

the floodplains,wetlandsand the slopesthat contributewater and sedimentto
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the channels. Sustainable development is also related to ensuring balance
between today's needs (through the implementation of exploitation functions)
and the conservation of the natural regulation functions.
The need to study interactions between land and water and the preservation of
the natural functions of ecosystemsis very important in studies of wetlands, as
described in Hollis et al. (1994) and Carter (1983). Historically, river basin
development has implied the drainage and the eradication of wetlands, ignoring
the fact that there was a lack of understanding about their function and
economic value, in terms of groundwater recharge, flood control, sediment
transport and toxicant retention, fisheries and bird life preservation, and waste
water treatment. Therefore, it

seems logical that integrated catchment

management and modelling strategies should make provision for these
functions by allowing the correct level of interaction or integration so that
processesrelevant to wetland preservation are simulated.
In attempting to define and integrate concepts at a physical level, Newson
(1997) provides an important contribution by introducing the principle of land
use hydrology instead of just referring to hydrology. The land use element
indicates a very important role in the hydrological process as the land surface:

0

constitutesthe interfaceor major control betweenthe driving forcesthat
operate the system (the climate) and the drainage network,

"

influencesthe percentageof precipitationthat infiltrates and this should
be examined in light of the importance of the ground water as storage:
according to Newson (1997) ground water represents 25% of the water
stored inland, rising to about 96% if the water stored in ice caps and
glaciers is excluded,

"

together land use and land management influences the volume and
timing of runoff via the routing of the water over the ground,
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understandingland use helpsto expandknowledgeof the processesthat

0

govern the operation of spontaneousregulation functions.
Geomorphic considerations are also very important to integrated catchment
studies. Dunne et al. (1978) place the emphasis on processes associated with
the effects of rainfall and runoff on the landscape, considered to be the most
important actions that operate on the landscape,even in and regions. However,
the opposite situation can also occur: the geomorphic features of the landscape
can condition the hydrological cycle and the spatial occurrence of runoff
contributing areas. For example, the presence of a longitudinal and parabolic
dune fields in the Northwest Region of the Salado Basin, coupled with
flat
topography, conditions development of a delicate equilibrium
regionally
between evaporation, rainfall, phreatic levels and shallow, surface water
bodies. When rainfall significantly exceeds evaporation over a prolonged
period, the water table emerges at the surface and geomorphic features
condition both the spatial distribution of the initial ponding of water on the

surfaceandthe subsequent
generationof largesurfacestreams.
2.2.4

Integrated Catchment Modelling

A parallel history can be traced between catchment planning and modelling.
Different modelling packages were developed to address the requirements and
issues of different water related projects, but most of these developments and
applications were carried out within single disciplines. Thorough reviews of
mathematical models can be found in Singh (1995), Bowles and O'Connell
(1991) and, recently, in the report of the Harmon IT project (HR Wallingford,
2002), amongst others. Typical model developments fall into one the following
categories:

(i)

hydrological models (rainfall-runoff),

(ii)

hydraulic (hydrodynamic 1D) models,

(iii)

sediment transport,

(iv)

water quality, and only more recently, a set of models that cover
wider basin issuessuch as,
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(v)

atmospheric,ecologicaland economicmodels.

These days, the growing need for integrated catchment managementinitiatives
is promoting development of an interdisciplinary and systematic approach to
catchment modelling studies, that tries to account for the different disciplines
involved in those studies and serves as a link or conveyor belt that will take
and process information from various fields and feed back the results for
further analysis. Also, in relation to the concept of sustainability, tools have to
be capable of supporting assessmentof the full complexity of the river basin
system both now and into the future.

Through development of integrated catchment initiatives, various authors
started to see that the way forward in modelling terms had to be focused on
some sort of linkage between tools, leaving behind the isolated, single
discipline centred development of models. For example, Gardiner (1994)
suggests that, although model evolution is going to be driven by the client's
requirements and by computational advances, the new focus on holistic
treatment of catchments and their multifunctional issues may stimulate the
development of relatively new distributed and linked models, rather than single
counterparts. He also warns policy makers, at the time of selecting a model,
that what can be provided (for example, by off the shelf and well known
modelling packages) can change the perception of their needs. In his work,
Gardiner (1994) concludes that the next generation of models should: a)
operate at all scales(from local to catchment), b) be simple and have awareness
of the uncertainty involved at low costs and, c) become a fundamental part of a
management decision-support system. Finally, he highlights that the next
generation of models should focus on development of hierarchical and neural
models, compatible models and complementary models of different conceptual
forms.

The recent review carried out as part of the Harmon IT project (HR
Wallingford, 2002) emphasizesthe need to develop tools that can integrate all
relevant processes and relationships within a basin as part of the understanding
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required of all possible impacts associatedwith a given managementpolicy. In
this work, two key concepts are presented:

(i)

the required understanding and multidisciplinary expertise can only
be achieved by coupling (linking or integrating) process modules
from various disciplines, and

(ii)

that these assemblagesof models can be integrated into decisionsupport systems (DSS) to allow these models to be used by water

plannersandmanagers.
The use of DSS will facilitate the decision taking process by planners (who are
not necessarily very familiar with modelling) at the same time that the
development of generic frameworks and architectures for linking tools and
processing data would permit the modelling discipline to move away from
being tightly

linked to

existing commercial packages with

proprietary

structures.

Despite these general and well intentioned initiatives to develop integrated
models, still each discipline seems to have its own agenda, driven by the
specific requirements (or ambitions) of capturing in ever more mathematical
terms the physical processes that take place in the basin. This leads, for
instance, to

the development of

complex, physically-based, distributed

hydrological models such as MIKESHE (Refsgaardand Storm, 1995) and
SHETRAN (Ewen et al., 1999).

Not only does each discipline have its own agenda, but also planning agencies
do
not specify the modelling activity with a sufficient degree of integration
still
and they tend to specify the development of complex and individual
counterparts. For example, the Terms of Reference associated with the Rio
Salado Master Plan (Halcrow, 2000) asked for the provision of three different
process models without making specific reference to the need for model
integration.
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The importance of using mathematical models in an integrated way is long
established, based on the need to have a tool to support decisions that
encompassesinterventions that may involve conflicting objectives. This occurs
be
impacts
have
to
within a context where economic, social and environmental
quantified as much as possible in order to guarantee to stakeholders and prove
to regulatory agencies that sustainable actions are being taken on a catchmentwide basis.
2.3

Surface Water and Ground Water Interaction

2.3.1

Background and Physical Context

Simulation of the interaction between surface and subsurface processes is a
longstanding issue for hydrologists and model developers. Numerous papers
found
in
the literature review on this topic that provide a good overview
were
of the wide spectrum of applications that depend on a thorough understanding
interaction.
and representation of groundwater and surface water

Early developments focused on coupling of groundwater to open channels to
investigate response of the former to step changes in river levels or analysis of
bank storage effects due to a flood wave passing along a stream (Pinder and
Sauer, 1971; Nawalany et al., 1994; Swain and Wexler, 1993; Perkins and
Koussis, 1996). A second group of developments aimed at coupling of GWSW processesto predict more accurately the response of either groundwater or
surface water levels to particular interventions (such as drainage, regulation
and water abstractions), estimation of stream flows and the initiation and
expansion of runoff contributing areas (Beven et al., 1995; Refsgaard et al.,
1995; Ewen et al., 1999; Morita and Yen, 2002). For example, Wyness et al.
(1994) modified the Stanford Watershed Model and applied it to several chalk
aquifers in the UK to investigate the relationship between abstractions, land use
changes and river flows. Rodriguez et al. (1994) used a coupled model to
analyse irrigation efficiency with water table variation due to a combination of
deep percolation of excess irrigation and seepage from rivers.

Parkin and

Adams (1998) analysed different modelling options to study surface discharge
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of mine water from an abandonedcoalfield in the North East of Englandand
the impactof groundwaterabstractionsin floodplaincorridors.
Wetlands are today widely recognised as a feature of great importance for
flood mitigation, water resources and preservation of ecological habitats
(Carter, 1983; Hollis and Acreman, 1994; Acreman and Adams, 1998).
Mortellaro et al. (1995) define wetlands as "those areas that are inundated or
saturated by surface and groundwater at a frequency and a duration sufficient
to support a prevalence of vegetation typically adapted for life in saturated
soils".

This definition applies well to some of the features present in the

Northwest of the Salado basin. These authors quote four variables related to the
analysis of management strategies (commonly groundwater withdrawals) in
relation to wetlands: timing, duration and frequency of the stress, and
magnitude of the impact on the wetland (i. e. change in water level). Although
they say that a quantitative understanding "can only come from rigorous
scientific research and long term environmental monitoring", it must also be
mentioned that modelling can play a key role if it is continuously informed by
the results of the research and monitoring. Therefore, the study of wetlands and
their management can be thought of as another key application for which the
use of a coupled surface and groundwater model is essential.

The literature review accounts for different geographical settings where the
interaction between surface water bodies and groundwater can occur. The
thorough study carried out by Winter (1995), on analysis of the interaction of
lakes and groundwater, uses parameters representative of the physiographic
conditions of glacier units. Sacks et al. (1991) studied the seasonaldynamics of
interactions between shallow interdunal lakes in the South of Spain, Bradley
(1996) studied the transient water table variation in a floodplain wetland in the
UK and Shedlock et al. (1993) concluded that multiple groundwater flow
systems can influence wetlands located in complex hydrogeological settings
like those that occur in depressionswithin coastal dune landscapes.

One of the largest "regional" wetland environments in the world is the
Everglades in the South Florida District of the United States, which are
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dominated by flat topography, highly permeable sandy soils, high water tables
and a dense network of engineered drainage channels. Due to soil permeability
and the shallow aquifer conditions, aquifer levels are highly influenced by
rainfall, direct evapotranspiration from the saturated zone and seepageto and
from the channels. The Everglades area is undergoing a major plan for
restoration of natural processes in an attempt to reverse the environmental
alterations caused by the excessive drainage of the basin. Therefore, the
coupled models developed for the Everglades present an excellent template for
the testing and development of coupled models this researchproject.

Another area that features some similarities to the Everglades is the North West
Region of the Rio Salado basin (Buenos Aires, Argentina). This setting is
characterised by close interaction of a fairly young, shallow groundwater
levels
dune
field
table
that
therefore,
are
system
underlies a complex
and,
water
also directly governed by direct hydrological stresses such as rainfall and
evapotranspiration. During periods of intense rainfall, water tables emerge at
the surface, causing extensive and prolonged groundwater-induced flooding
situations. This region, as a result of its Master Plan, is at the forefront of an
intense period of intervention in the form of the construction of drainage
channels to mitigate the impact of flooding on farm activities. With the
experience of the Everglades as a backdrop, it is vital that a good
understanding of the processes occurring in this region, supported by
representative hydrological models, are used as part of integrated catchment
studies - before deciding on large-scale interventions that could invoke serious,
detrimental environmental impacts in the area.

2.3.2

Current Practices to deal with GW-SW interaction

This section presents an overview of different approachesto study the issue of
GW-SW interaction in a catchment. Basically, existing approaches can be
grouped into two categories:
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(i)

Anal ical:

where the solution is obtained by solving simultaneously

the mathematical equations that describe movement within

each

medium(groundwaterand surfacewater) andbetweenthem.
(ii)

Numerical:

where the solution is obtained by applying a numerical

approximation(i.e. finite difference of finite elementmethod) to the
equations that represent the relevant fluxes associated with the
processes.

Although analytical solution of GW-SW interaction is still the subject of
research, it can be concluded that it is still far from being the approach adopted
to deal efficiently with practical problems involved in catchment planning.

Ostfeld and Lansley (1999) present the analytical solution for computing
groundwater levels in an aquifer stressed by evaporation and recharge and
bounded by two drainage channels. The governing equation to be solved is the
Boussinesq equation for a one-dimensional, unconfined, ground water system
with fixed boundaries. With linearization in h2 (Bear, 1979), this becomes a
diffusion-type equation that can be solved using Laplace transforms:
Közu
Wh
+2
x
Sy
öxZ
sy
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at

where,
u(x, t)=h2(x, t)
Ostfeld and Lansley (1999) solved this equation for the casewhere water levels
in the bounding channels are constant and verified the results using some test
cases run using MODFLOW (McDonald and Harbaugh, 1988). Although the
solution performs satisfactorily (using an average groundwater depth between
the initial and steady state condition), the practical field of application is very
limited. In fact, the interaction between GW and SW is solved by imposing a
fixed boundary condition and not by solving the actual transient exchange of
water between each body. In a later section, when the MODFLOW program is
described, it will be seen that there are no clear advantages to using this
analytical approach in comparison with the use of a code to solve the
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groundwaterequationswith adequateboundaryconditions.Furthermore,if it is
not possible to simulate the fluctuations in water level in the bounding
channels,then a proper water balancein the surfacewater body cannot be
computedand the methodwould not be applicablein most practicalsituations,
suchasland drainage.
Rather than attempting to solve the equations for practical problems, analytical
approaches are more valuable when used to draw conclusions in terms of when
(and under what

conditions),

modelling GW-SW

interaction becomes

important and when the effect would be negligible. In this respect, work by Lal
(2001) constitutes a very valuable contribution to understanding the conditions
that govern GW-SW interaction. Lal (2001) solved (using Fourier analysis) the
equations for open channel flow analytically (neglecting inertia terms) and 2D
groundwater flow to derive conclusions directly applicable to the landscape of
the South Florida District. There, interaction between the many existing
drainage canals, the overlaying aquifer of high conductivity and the thin
sediment layer that separatesthem, is a key mechanism in the water balance of
the region. The contribution of Lal (2001) resides in identification of a number
of dimensionlessparameters that can characterize the dynamic behaviour of the
GW-SW interaction. The following parameters were identified: transmissivity
ratio (Pr), canal-width parameter (Pb), canal depth parameter (Pd) and
sediment resistanceparameter (Pm). These parameters are defined as:

Pr =

Pb

(Tg / Sc)
(Tc /

n)) .

-°
Tc =
Sf

B

ASc

ho

Pd =
(m + n) SfA

Pm =

Tm
BfrASc
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where,
B= width of a canal (m)

fr = disturbingcharacteristicfrequencyof the system
ho = steadystatedepthin the canal(m)
km = conductivity of the sediment layer (m/s)

m andn= constantsusedto describean openchannelflow equation
flow
=
qo
per unit width of canal(m2/s)
Sc = specific storage of the aquifer
Sf = friction slope
Tc = linearized expressionfor open channel flow resistance(m2/s)
Tg = transmissivity of the aquifer (m2/s)
Tm = sediment resistancedefined as Tm = 0.5Bkm (m2/s)
S= thickness of the sediment layer (m)
A=a

characteristic length related to the frequency (and period) of the water
A=

level disturbanceintroducedin a canal,definedas

[-Tr
c

nIfi

These four parameters, when adequately combined, can describe the behaviour
of small water level disturbances (of a given frequency) in a canal in terms of
time and amplitude decay in the surface and groundwater bodies when the
interaction between the two is simulated. The solution obtained is valid for
large values of Pr (i. e. the aquifer several times less transmissible than the open
channel) and a sediment layer of small thickness (S). Further manipulation of
these parameters yields to a single parameter to characterize the stream and
aquifer interaction,

Pb
x`

Pr

exp(_

-5P
0. r)
Pm
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Pb
When a sediment layer is absent, the above equation becomes

Pr

In the

.
for
by
(2001)
For
Lal
example,
work
several useful conclusions were obtained:

in
disturbance
flat
deep
(Pd
0.5)
the
>
the
a
relatively
canals
and
propagation of
canal is unaffected by its interaction with the underlying aquifer provided x is
greater than 10. This implies that the larger the relative difference between the
dynamics of the open channel and aquifer systems, the smaller is the impact of
interaction between GW and SW in the propagation of disturbances in the
canal. This concept, expressed mathematically in terms of the above
parameters, implies wide channels, a low storage coefficient for the aquifer and
a high resistance in the sediment layer. The latter is further quantified by

stating that when the term

Pm

I

0.5 Pr

3 then the
aquifer and the canal can be

considered as hydraulically disconnected due to the insulating effect of the
sediment layer.
Another useful contribution to the understanding of GW-SW interaction was
by
(2001),
by
in
by
(1994).
Lal
Nawalany
As
the
the
work
provided
work
et al.
analytical developments were used to draw conclusions that contribute to
better, more adequate and approximate use of numerical tools. In this case,
Nawalany et al. (1994) analyseduse of 2D and 3D models to simulate GW-SW
interaction. 2D models are based on the assumption that the vertical component
of the flow can be neglected, which is reasonable provided that hydraulic
is
However,
flow
in
the
small.
gradients are
vicinity of streams clearly threedimensional and, therefore, selection of 2D models must be done with a clear
understanding of the associated limitations and drawbacks. It needs to be
pointed out that 3D codes like MODFLOW (McDonald and Harbaugh, 1988)
are more widely used everyday, even for large regional scale modelling
(Halcrow,

1999) and, therefore, 2D models are becoming less popular.

However, the discussion is still valid in order to understand the limitations of
applying existing formulae (De Vries, 1993 and 1995; Ernst, 1978) that were
developed from a cross sectional (2D) representation of the groundwater flow.
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Nawalany et a]. (1994) presented the results of several exercises carried out
after developing the 2D and 3D analytical solutions for a confined aquifer
being recharged by a partially penetrating stream. A set of relationships
between geometrical and hydraulic parameters were derived as a function of
the ratio between the 3D and 2D flows exchanged between the groundwater
and surface water bodies. The general conclusion is that the flow obtained with
2D models always tends to overestimate the "exact" flow: This could be
attributed to the fact that in the "real" 3D case the same head difference needs
to be used to drive the vertical, as well as the horizontal, component of the
flow, so increasing the resistance term. The greater the movement of water
from the stream to the aquifer (for example, through an increase of the
hydraulic conductivity of the aquifer or a reduction of the streambed
resistance) would tend to maximise differences between the two approaches.
However, an increase in the proportion of flow that penetrates the aquifer
through the banks, as opposed to the bed (for example in deeper and narrower
channels), would allow users to obtain more approximate results with 2D
models. As a final conclusion from this work, it emerges that the use of 3D
approaches for quantifying GW-SW interaction is to be preferred whenever 3D
models are feasible computationally.

The literature reports a wide numberof developmentsin numericalmodelling
of GW-SW interaction.Most consist of numericalsolutionsof the systemof
equationsthat governthe flow of water at the surfacewith thosethat describe
the flow of water in a porous medium, together with an equation that represents
the exchange of flow between both media. The developments differ on various
issues, such as: degree of approximation to the solution of the open channel
and groundwater flow equations, components of the hydrological cycle taken
into account and degree of coupling between GW-SW. Furthermore, each
development could also be classified in terms of its objective. Models can be
grouped within the following categories:

(i)

hydrological, basin-scale models that simulate the different
componentsof the hydrological cycle, predominantlydriven by the
needto generatetime seriesof flow in streams.
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(ii)

models that calculate 1D flows and levels in open channel systems

(predominantlysurfacewater models) with the prime objective of
simulating the dynamic routing of a flood wave. Some of these
models were either enhancedby addition of a special module to
account for the interaction with groundwaterbodies, or coupled
with existing groundwater packages.

(iii)

as above,but groundwaterflow modelsthat were either enhanced
through the addition of modules to account for the interaction with
surface water bodies (streams or lakes) or

coupled with existing

open channelflow packages.

In the first group of models there have been a large number of developments,
starting with the classical hydrological packages, such as the pioneering
Stanford Watershed Model IV (Crawford and Linsley, 1966), and ending with
to the complex, physically-based models such as MIKE SHE (DHI, 1999) and
SHETRAN (Ewen et al., 2000). The second group of models include the set of
developments carried out to analyse the impact of the interaction with the
underlying groundwater on the routing of a flood wave, such as attenuation due
to bank storage effect simulated by Pinder and Sauer (1971). Finally, the third
group encompasses various developments associated with the groundwater
flow model MODFLOW

(McDonald and Harbaugh, 1988) such as the

STREAM package (Prudic, 1989), the diffusive router (Perkins and Koussis,
1996) and the LAKE package (Merrit and Konikov, 2000). There are also a
number of developments that coupled existing open channel models with
MODFLOW such as MODBRANCH
(Swain and Wexler, 1993) and
DAFLOW (Jobson and Harbaugh, 1999) that could fall into either the second
or the third category.

The following sections provide a description of the key features of each model
in terms of its strengths and weaknessesin simulating GW-SW interaction.
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2.3.2.1

Hydrological Basin Scale Models

The majority of the hydrological models, used in applications at the basin scale
approach GW-SW interaction with a weak (often negligible) degree of
coupling between them. Examples of these models are: Stanford Watershed
Model IV (Crawford and Linsley, 1966), HYSIM (Manley, 1993), HEC-1
(Feldman, 1995). The key characteristics of these hydrological packagesare:

"

generally lumped, i. e. they provide a single water balance calculation
for each of the sub-basinsinto which a catchment is subdivided,

"

the water balance calculation is based on a "top down approach" in
which the movement of water is simulated using a set of vertical
storages (i. e. canopy interception, depression storage, unsaturated soil
layers and groundwater storage), characterised by their storage
capacity. The vertical and horizontal fluxes result from the balance of
the inflow to each storage compartment, its capacity and water content
for a given time and hydraulic conductivities in each flow direction.

"

the movement of water in aquifers is not simulated and water
recharging them is generally considered to be lost from the system.

"

water entering the soil and overland flow component are usually
determined using algebraic infiltration formulae such as Horton, Philips
or Green and Ampt.

"

most models(i.e. HYSIM, 1993)divide the areabelow the surfaceinto
different
in
the
to
a set of storages order
representmore accurately
responsesof the unsaturatedandsaturatedlayersof the soil.

"

calibration

is normally

simulated stream flow

performed by

comparing observed and

records and therefore, only an indirect

verification is made of the magnitude of the internal vertical fluxes,
what cannot be sufficient to argue that the model can represent the
responseof the catchment (Beven, 1989),
evapotranspiration is

extracted

from

the

different

components

depending on the availability of water in each of them. However,
hydrological models do not generally allow for the abstraction of water
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from the groundwater compartments, nor do they allow for any loss to
be calculated as a function of varying water table conditions.

0

As a consequenceof their lumped basis,thesehydrologicalmodelsare
unable to represent heads anywhere in the basin and therefore simulate
head-dependentphysical process using flow-storage relationships.

Figures 2.2 and 2.3 present, as an example, the conceptual representation of the
hydrological processes and their linkages simulated in the Stanford Watershed
Model IV and in HYSIM, respectively.

As the need for a closer representation of GW-SW processes increased, a
number of developments emerged to improve the coupling of these systems.
Wyness et al. (1994) describe the work carried out to develop the Integrated
Catchment Management Model (ICMM)

as a tool to support different

England.
ICMM uses
for
in
the
of
chalk
management strategies
south
aquifers
a modified version of the Stanford Watershed Model (Crawford and Linsley,
1966) to calculate surface and subsurface processes on a lumped basis. The
flow
components of groundwater recharge, overland

interflow
and

are

generated, with the first being the input to a multi-layer aquifer system that
takes into account interaction with open channels.River-aquifer interaction is a
feature provided in the model but a single time step is used for both processes
and only a water balance calculation is performed in the open channel, so a
proper routing of flows is not carried out.
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hed
Model IV. Reproducedfrom Crawford and Linsley, 1966.
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Figure 2.3:
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Flowchart showing the different component of the HYSIM model.
Reproducedfrom Manley, 1963
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Arnold et al. (1993) reported the development of a comprehensive surface and
groundwater flow model that consisted of an existing basin-scale surface water
model into which a simple groundwater flow and height model was added.
SWRRB-Simulator

for Water Resources in Rural Basins (Arnold

and

Williams, 1995) was selected as the surface runoff model. The emphasisin this
development was put on adding the simulation of return flow from a shallow
aquifer into the total runoff into streams, with the overall objective of
predicting the impact of management strategies on water availability for
supply. A component to simulate processes in shallow and deep aquifers was
added to SWRRB, however both "aquifer layers" are decoupled as the program
considers that the water that percolates to the deep aquifer is lost from the
system. This development estimates the fluctuation of the water table with time
by assuming that the shallow aquifer is recharged from seepagefrom streams
and from the soil profile, using a formula of the type:
dh
dt

Rc-q
O.8,u

where,
Rc = rechargeto the shallowaquifer,
q=

return flow (i. e. the response of the groundwater system to periodic

recharge), and

u= specificyield.
However, prediction of water table height is still a lumped estimation that
follows the lumped basis of the whole hydrological package. This coupled
program is also limited in terms of the time dimension as SWRRB was
developed to run on a daily basis and a single time step for the surface and
groundwater processesis allowed.

The hydrological package HSPF (Donigian et al, 1995) was coupled to
MODFLOW to form an integrated package called ISGW (Davis, 2001), which
was claimed by the author to be successfully applied to physical conditions in
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South

Florida.

HSPF

calculates

surface

water

infiltration,

runoff,

evapotranspiration, and surface and unsaturated storages. The deep percolation
rate is passedto MODFLOW as recharge, while surface water levels (in rivers
and lakes) are also passedto MODFLOW for simulation of the corresponding
surface features. MODFLOW

then passes to HSPF the calculated leakage

between the aquifer and the surface features and the corresponding aquifer
heads. The latter is used by HSPF for simulation of the surface water
components of the hydrological cycle. In particular, groundwater heads are
used to adjust the storage in the unsaturated zone. This development makes an
important contribution in terms of the dynamic simulation of the surface water
components, such as infiltration, evapotranspiration and runoff, as a function of
heads.
This program decouples the shallow and deep aquifers and uses
aquifer
the RIVER package of MODFLOW to calculate leakage using constant water
levels previously obtained in HSPF. ISGW runs in a sequential manner until
the simulation time has elapsed, making successive calls to HSPF and
MODFLOW for every time step. Therefore no iterations are made between the
programs within a common time step.

Other developments to simulate GW-SW interaction have followed a more
complex route seeking a closer representation of most of the physical processes
involved in the hydrological cycle at a basin level. Examples are: SHE (Abbot
et al., 1986), MIKE SHE (Refrsgaard and Storm, 1995), SHETRAN (Ewen et
al., 1999) and the model developed by Morita and Yen (2002).

MIKESHE is perhapsthe most comprehensive,physically-based,distributed
model that exists.Recentreviewscarried out in order to assessmodelsfor the
simulation of GW-SW interaction (Camp Dresser & McKee, 2001 and South
Florida Water Management District & US Army Corp of Engineers, 2002)
ranked MIKESHE

very highly in terms of its adequacy for studying

managementstrategiesin the complexareaof the Everglades.
MIKESHE is, like SHETRAN (Ewen et al., 1999), a further development of
the SHE model (Abbot et al., 1986a and 1986b) developed by a European
Consortium of three organizations: the Institute of Hydrology (UK), the
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consulting firm SOGREAH (France) and the Danish Hydraulic Institute
(Denmark). Besides the technical aspects of the developments, SHE is a primer
in terms of unifying efforts towards the development of a common modelling
tool, a concept that was recreated with the work on the Harmon IT project (HR
Wallingford, 2002)

The MIKESHE water movement module (WM) simulates the components of
the hydrological cycle using six components: interception/evapotranspiration,
overland and channel flow, unsaturated zone, saturated zone, snowmelt and
river-aquifer interaction. It also performs the simulation of each process using
different time steps, according to the characteristics of each process, and allows
selection of some of the model components according to a geographical setting
and data availability. Figure 2.4 presents the interaction between the different
components of the model. The overland flow component routes the excess
water accumulated at the surface either from excess rainfall or from flooding
induced by a high water table: The 2D horizontal diffusive flow equations are
solved for the overland flow while the equivalent ID equation is used for
channel flow. The continuity equation for the channel flow system includes a
source/sink term to represent the contribution from overland flow and
exchange with the aquifer. Interaction between the aquifer and surface systems
(other than the portion occupied by streams) is taken into account as a
source/sink term per unit area placed in the continuity equation for overland
flow.

Water movementin the unsaturatedzone is calculatedsolving the Richard's
lower
flow
1D
boundary
the
vertical
equation with
upper and
conditions set at
limits of the soil layer. The upper boundary can be either the net rainfall or a
water level, when water is standing on the surface: The lower limit is the water
table on the saturated porous media. The temporal and spatial variation of
aquifer heads in the saturated zone is obtained by solving the equation of

groundwaterflow in three dimensions.
Calculation of water movement between the aquifer and the river in MIKESHE
uses the Darcy equation and takes into account the resistance through the
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riverbed and the aquifer, as is also used in the lake package of Merrit and
Konikov (2000). Floodplain-aquifer interaction is not described explicitly in
MIKESHE; although an adequate schematisation can be devised, for example
by simulating floodplain flow as a set of parallel, interconnected channels or
using the overland flow component. However, the interaction between a single
channel section (that includes the floodplain) with multiple aquifer cells is not
possible within the current structure of the program.
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Flowchart showing the different component of MIKESHE.
Reproduced from Refsgaard and Storm, 1995.

A subsequent version of MIKESHE was developed to couple the watershed
part of the model with the 1D hydrodynamic open channel flow model
MIKEI 1. This expands the capabilities of the previous version of MIKESHE in
relation to simulation of 1D surface water routing, allowing a full dynamic
solution and the inclusion of a wide variety of hydraulic structures.
MIKESHE/MIKE11

also enhancedthe unsaturated flow component by adding

two more options to the user (besides the full solution of the Richard's
equation): a simplified version that neglects capillary tension and a wetland
module that calculates soil moisture as a linear function of depth to the water
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table. If the latter option is selected, evapotranspiration is calculated using what
is called a "top down approach", which consists of satisfying the potential rate
until the capacity of each storage is exhausted (interception, detention storage,
if
Evapotranspiration
ceases the water
unsaturated zone and groundwater).
levels fall below what is called an extinction depth, an approach similar to the
used in the ET package of MODFLOW.
SHETRAN (Ewen et al., 1999) also took a parallel route to MIKESHE, further
developing the previous SHE model. In relation to the simulation of the water
movement, SHETRAN consists of a 3D surface and subsurface flow and
transport finite difference model. The main computational difference between
SHETRAN

and SHE lies in the way the computational structures are

represented. SHE uses a layered approach, solving the equations for the
different physical processes in each layer in turn (ground surface, unsaturated
zone and saturated zone) and estimating the transfer fluxes between the
different layers. SHETRAN basically uses a column approach, able to simulate
strong coupling between surface and subsurfaceprocessesas the surface forms
an integral part of the column. The 3D representation is thus achieved using
lateral flow components between each cell of each column; SHETRAN
imposes a limitation on the number of lateral connections for each cell.

Along the lines of the MIKESHE and SHETRAN developments, Morita and
Yen (2002) reported the results of a thorough review of existing coupled
approaches to simulate conjunctive surface and subsurface flows together with
the development of a model that couples 2D surface and 3D subsurface flows
using infiltration

as a time variant internal boundary condition.

The

development is tested on a hypothetical drainage plot and no results from real
project cases were presented. However, their work is very useful to provide
insights into the different types of modeling approaches to coupled systems
with the emphasis placed on the determination of overland flow initiation and
its magnitude as a function of time, rainfall intensity and subsurface soil
moisture conditions. Morita and Yen (2002) coupled the 2D non-inertia form
(diffusion type) of the Saint Venant equations with the 3D Richard's equations
for unsaturated and saturated subsurface flow conditions, using the concept of
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infiltrability as the interface between the two components and an alternating,
iterative solution to resolve the coupling. Morita and Yen reviewed the

different types of couplings encounteredand grouped them into one of the
following categories:

(i)

alternative iterative coupling: i. e. the equations for each process are
solved separately but iteratively at the same time step using a
gradient type equation as the internal boundary condition (i. e. Darcy
equation). Examples of this type of coupling are the work by Pinder
and Sauer (1971) and some 1D models coupled with MODFLOW,
like MODBRANCH.

(ii)

external coupling: i. e. models are executed sequentially for each

time step, with information from one used as the boundary
condition for the other. Examples of this type are the hydrological
packages SHE, MIKESHE and SHETRAN models describe above.
(iii)

external simplified coupling: in this case, the same philosophy as
that described in (ii) applies, but a further simplification is made as
the subsurface partial differential equations for the vertical flow
through the unsaturated zone are not solved, but only an algebraic
infiltration equation is used, such as Horton, Philip or Green and
Ampt. This means that the variation with time of the soil moisture
conditions in the soil layer is not simulated and therefore the
magnitude of the recharge to the aquifer and the overland flow
components become decoupled.

Figure 2.5 presents a flow chart that describesthe computational sequenceused
in the development of Morita and Yen (2002). The key concept introduced by
this work is use of infiltrability as the time variant coupling parameter that also
controls initiation of the overland flow process.
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Figure 2.5:

Flowchart showingthe different componentof a conjunctive2D surfaceand
3D subsurfacemodel developedby Morita and Yen (2002).
Reproducedfrom Morita and Yen, 2002.

Infiltrability is defined as "the potential infiltration rate or infiltration capacity
under the condition of given surface water depth and soil water content just
below the surface" (Morita and Yen, 2002) and it can be calculated as follows:

Ip = -0.5(Kn +K, )(H2 -Y)/Az
Where,

K, = saturatedhydraulicconductivity,
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K1 and Hj = hydraulic conductivity and piezometric head in the first node
below the surface in the vertical direction,
dz = thickness of a layer just below the surface where the piezometric head
varies linearly with depth.

At every time step, the rainfall rate is compared to the infiltrability

to

determine the boundary conditions to be used for solution of the 2D surface
is
flow
3D
This
subsurface
equations.
process
repeated until convergence
and
is achieved for the variables of each set of equations. Both types of overland
flow can be generated using the infiltrability concept, either the Hortonian case
(called "saturation from above") or saturation overland flow that occurs when
the top soil layer becomes saturated (called "saturation from below').

An interesting and different approach to those previously described was that
high
level
in
(Beven
With
TOPMODEL
1995).
the
to
reference
adopted
et al.,
developments
described
in
the
reviewed above,
physical
representation
of
Beven et al. start by saying that TOPMODEL "is not a hydrological modeling
but
hydrological
the
tools
to
rather a set of conceptual
reproduce
package,
behaviour of catchments in a distributed or semi-distributed way, in particular
the dynamics of surface and subsurface contributing areas". The authors
by
hydrological
the
saying that
packages
contrast
with
reinforce
classical
TOPMODEL

is based on

"some approximate

hydrological

theory",

recognizing that, due to lack of measurements and the high complexity (and
heterogeneity) of surface and subsurface processes,representation of processes
must be 'functional while introducing the minimum number of parameters to
be calibrated'.

The validity of TOPMODEL rests on the key assumption that the hydraulic
gradient of the saturated zone can be approximated by the local surface
gradient, tang. Based on this, all the relationships between storage, water table
and aquifer contribution to base flow are various functions of the topographic
index (a/ tang; where a= contributing area to a given point in the catchment),

initially derived by Kirkby (1985), but also a subject of researchby various
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authors including: Dunne et at. (1975), O'Loughlin (1986), Zevenbergen and
Thorne (1986), Beven and Wood (1983) and Montgomery and Dietrich (1989).
The topographic index represents the potential of any point to develop
saturated conditions, either due to a large contributing area (a) or due to a low
slope angle (tang). Other assumptions are: development of quasi-steady state
conditions in the saturated media, use of an exponential function to simulate
the decay in soil transmissivity with depth to the water table and existence of
an uniform recharge rate entering the aquifer. The resulting equation that
relates storage deficit (or depth to the water table), in a semi-distributed way,
as a function of the physical properties of the catchment is given by:

(S-S, )
M

["i

a
-A
tan, ß

}

-[1nTo -In7

with,

A, = in
A

a
tan /l

1nT=
and

1L
A,

1nTo

where,

S, = storage deficit in a point i in the catchment,
S=

areal average of the storage deficit,

To = transmissivity of the soil under saturated conditions to the surface,
Te= areal average of To,

A= catchmentarea.
The equationpresentedabovehas two direct meanings.The first is that, given
S, the distribution
a value of
of storage deficits is a function of the spatial
distribution of the soil-topographic index a/Totanß, which implies that every
i
point that has the same soil-topographic index would respond hydraulically in
the same manner: This is what Beven termed "hydrological similarity'.

46

This

saves computational time and effort, as the hydrological computation is not
necessarily performed for every grid (as is most finite difference models), but
only for those points that have different soil-topographic indices. When the
equation is expressedin terms of depth to the water table, it becomes a tool to
determine areas of saturated overland flow (z; < 0) and hence, TOPMODEL
supports use of the concept of variably contributing areas to surface runoff.
Areas suffering water logging (water table at or just below the surface level)
can also be determined by setting an appropriate threshold value for z.

TOPMODEL uses a simple management system for surface and subsurface
storages and fluxes in the catchment and Beven at al. (1995) describe how the
configuration of storages can be modified to suit specific basin features. The
program can handle the various storages usually found in hydrological
packages, such as: interception, detention storage and unsaturated and saturated
zones, and a moisture accounting calculation is performed for each at Totan(3
class. A "non-active zone" is defined, with moisture available up to field
capacity: Drainage to the water table occurs (from the unsaturated-gravity
drainage zone) when moisture is in excess of field capacity. A simple
relationship is used to calculate the flux to the water table (q):

qv _Suz
Sitd

S.,
in
local
drainage),
Si
(gravity
the
=
where,
= storage
unsaturated zone
saturated zone deficit (a function of the depth to the water table) and td =a time
parameter. The output from the saturated zone is integrated over the catchment
to estimate the baseflow contribution to a stream. The program calculates a
water balance and updates the catchment average storage deficit (S)

by

subtracting the unsaturated zone recharge and adding the baseflow at the
beginning of each time step. Then the distribution of storage deficits and depth
to the water table for every point in the catchment is calculated using the
general equation presented above for TOPMODEL.
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One of the most complex environments, in terms of GW-SW interaction, can
be found in the Everglades in South Florida: The inherent, physical complexity
of the system is further complicated by the numerous hydraulic structures
(drainage channels, abstraction wells, and regulating structures) built in the
area decades ago with the objective of improved drainage and water supply.
The South Florida Water Management District (SFWMD) is at present devoted
to studying all the technical issues necessaryto support the managementof the
existing system and the implementation of the restoration plan, with the
objective of recreating the more natural conditions and ecological functions
that prevailed before severe engineering interventions took place in the area. In
this context, the need for a comprehensive model to simulate GW SW
interaction is a key tool to support planning activities. The SFWMD developed
a large-scale hydrological

model known

as the South Florida Water

Management Model (SFWMM), (McVicar et at., 1983): The analysis of this
model is brought to this review given its continuous development and the
unique characteristics of the area for which it was developed, which is also a
template for the testing and application of most GW and SW models (US Army
Corps of Engineers and South Florida Water Management District, 2002).

The key characteristic of the SFWMM is its simplicity in terms of the
formulation of the equations used to represent different hydrological processes.
Apart for the simulation of 2D groundwater flow, no partial differential
equations are solved and most of the processes are worked out using mass
balance equations. Using the terminology described in the work by Morita and
Yen (2002), the SFWMM falls under the category of those externally coupled
models where each process is simulated independently (using a daily time step)
and, therefore, no iteration is performed between the surface and subsurface
simulations within a time step. Simulation of open channel flow is based on a
mass balance equation and therefore flood routing is not performed; the
incoming flow to a given reach of channel is translated into depth
instantaneously using the channel area. Intermediate, upstream stages in the
channel (used for the computation of the interaction with the overland and
aquifer modules) are calculated by a linear interpolation with distance, using
the downstream stage and a pre-defined head loss for the entire reach. Channel48

aquifer interaction is simulated using Darcy's equation in the same way as
described in most of the previous developments, with an upper bound in the
maximum seepage allowed between the two systems based on the amount
is
heads.
This
between
to
the
channel
needed reach an equilibrium
aquifer and
an important concept to be borne in mind when discussing potential
instabilities that could occur due to fluctuations of the aquifer head, as a
consequenceof strong coupling under high streambed conductance. When the
infiltration
is
table
to
the
the
actual
rises
surface
soil storage exhausted,
water
is zero and all the rainfall that has fallen in the day is accumulated as surface
storage (through ponding), that is readily available for evaporation, at the full
potential rate, and for runoff, as overland flow.

Yan and Smith (1994) took this development further and proposed a model
coupling the SWMM (McVicar et al., 1984) and MODFLOW (McDonald and
Harbaugh, 1988), which was applied in Dade County in Florida, an area that
has the same characteristics as those described in the above paragraphs. The
work, reported by Yan and Smith (1994), preserves all the features of the
SWMM except that the 2D component for the simulation of the groundwater
flow is replaced by MODFLOW, allowing for a 3D representation: This has a
direct impact on the possibility of simulating the cone of depression associated
with a well field, which was highlighted as a limitation in SWMM by McVicar
et al. (1984).

2.3.2.2

CoupledModelsusingModulesdevelopedfor MODFLOW

The developments reviewed in this section are based on the coupling of
different modules to the widely used groundwater program MODFLOW (Mc
Donald and Harbaugh, 1988). MODFLOW is a finite-difference model that
simulates 3D flow through saturated, porous media. The program is structured
in a way that several modules are called from a main routine that solves the
basic continuity equation for groundwater flow. Each module is designed to
perform the calculations inherent to the various processes involved in the
hydrological

cycle, for

example: recharge, evapotranspiration, and the

exchange of water with drains, surface water bodies and boreholes. The initial
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version of MODFLOW handled modeling of GW-SW interaction using the
RIVER (Mc Donald and Harbaugh, 1988) and STREAM packages (Prudic,
1989). Both modules use the Darcy equation to simulate seepagebetween a
watercourse and its underlaying aquifer:

LW
Q=
M

(HS-HGW)

where,

Q= flow betweenboth water bodies(L3T''),
K= hydraulic conductivity of the streambed(LT'),
W= width of the stream normal to the surface water flow direction (L),
M= thickness of the streambed(L),
L= length of the stream interacting with a single aquifer cell (L),
HS = water level in the surface water body (L), and
HGW = groundwater head in the aquifer (L).
The gradient (as defined in the Darcy expression) is taken as the quotient of the
head difference between the water bodies and the thickness of the streambed,
which implies that all head loss is assumedto be concentrated in the bottom of
KLW
the stream. This also means that the stream conductance (M)

lumps the

losses through stream banks and through the unsaturated part of the porous
media. The latter applies when the groundwater head is below the bed level of
the stream; in this case the above formula stands but with HGW being replaced
by HG (elevation of the bed of the stream). Ignoring the head loss and also
time lags in the unsaturated zone would prevent use of these packages where
the thickness of this zone is important: However, this situation does not occur
in the case of the simulation of groundwater-induced surface flooding.
The main difference between the RIVER and the STREAM packages lies in
the way the water in surface is handled. In the RIVER module, the water level
in each stream reach is maintained constant during the entire simulation and,
therefore, storage in the surface is not accounted for. This implies that, if the
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stream recharges the aquifer, it acts as a source of infinite capacity while, if the
opposite situation takes place, the water from the aquifer is lost from the
system. In the STREAM package, the water level in the surface body is
calculated using a resistance equation (i. e. Manning) for the flow that results
from balancing the inflow to a given reach and the exchange with the aquifer.
Although the STREAM package performs some sort of massbalance, a proper
routing of flow is not performed: Instead storage within a reach is not
accounted for and the assumption of instantaneousdownstream propagation of
the flow that enters the modeled area is used for each time step of the
simulation. Prudic (1989) argues that this assumption is valid as surface flow is
propagated at much faster rate than a perturbation in the aquifer system.
However this assumption should be revisited in areas where surface gradients
down
flat,
large
the system and
propagates
are very
a
volume of surface water
the surface water level is not small compared to the thickness of active aquifer.
The modularity of MODFLOW has, since its early appearance, encouraged
development of new modules and/or improvement of existing ones, generating
newer versions of the program such as MODFLOW-96

(Harbough and

McDonald, 1996) and MODFLOW-2000 (Harbaugh et al., 2000). The main
modifications made to the program in subsequentversions -in relation to GWSW interaction- are inclusion of reservoir (Fenske et al., 1996), lake (Merrit
and Konikow, 2000) and difussion analogy surface-water flow (Jobson and
Harbaugh, 1999) packages.

A more realisticrepresentationof the transientfluctuation of lake levelscan be
found in the Lake packages (LAK) developed by Merrit and Konikov (2000)
and by Cheng and Anderson (1993). Both modules use coupling of an
independent water balance equation to calculate the head in the lake within
MODFLOW.

The lake water balance equation makes use of rainfall,

evaporation, surface runoff (overland), inflow and outflow from the lake and
seepage rates. Seepage between the surface and the groundwater bodies is
based on the Darcy's equation, as in the earlier developmentspresented above.
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The work by Merrit and Konikov (2000) begins with an interesting review of
the characteristics of the existing approachesto modelling GW-SW interaction,
in which they highlight that RIVER (this is applicable to the STREAM
package too) only calculates leakage through the lakebed, neglecting the
horizontal exchange of flow. This originates from the fact that the lake is
modeled as a body that lies on top of the top aquifer layer and not as occupying
is
in
The
finite
the
assumption
valid
above
a
aquifer.
volume embedded
depth
in
lake.
is
the
the
the
than
thickness
water
much
greater
provided
aquifer
This is something that Merrit and Konikov (2000) overcome in their work by
defining the lake as a number of inactive grid cells within the overall aquifer
grid structure. Cheng and Anderson (1993) partially used this concept by
allowing the exchange of flow to take place through the bottom and lateral
faces of the lake. Therefore both lake packages calculate conductance in the
by
"aquifer" or
divided
hydraulic
the
product of
conductivity
usual manner as
"lakebed thickness" and multiplied by the area through which flow occurs.
Merrit

and Konikov

(2000) further developed this by adding to the

conductance term the resistance of flow through the saturated porous media.
This can become important when the interaction occurs in areas where the head
loss through the interface between the surface and groundwater media is of the
large
in
it
is
be
the
parts of the
case
order
of
magnitude,
as
can
argued,
same
NW area of the Rio Salado basin.

An important aspect of modeling the lake as a finite volume of inactive cells
embedded in the aquifer structure is the opportunity to simulate drying and
lake
depending
level.
When
the
cell
a
on
of
cells
water
wetting
surface
becomes dry, the package automatically converts the cell to active and recharge
and evapotranspiration are applied to the new column of aquifer. When the cell
is rewetted, the cell becomes again inactive and the above fluxes are replaced
by direct rainfall and evaporation. This feature is not present in the package
developed by Cheng and Anderson (1993). The extreme situation in the lake
package can occur if the groundwater level falls below the elevation of the
lowest lake cell, in which case the whole lake becomes dry. Once the
groundwater table rises, the lake is rewetted using an average groundwater
head from previous time steps that is set as the new surface water level. Merrit
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and Konikov (2000) warn that the retarding effect of the lakebed resistance is
not taken into account and that the water budget in the aquifer is not updated
with the volume originated by the rewetting exercise. However, it should also
be pointed out that a careful selection of time step and grid size is essential to
prevent the generation of a large initial volume during rewetting, in particular
noting that the average groundwater head used to set a new lake level is not
corrected to account for the change in storage between both media.

Modification of a flood wave passing along a stream, due to its interaction with
the underlying aquifer, has received much attention and was the subject of
numerous developments, one of the most important ones being the work
carried out by Pinder and Sauer (1971) to model the effect of bank storage on a
flood passing along a river reach. The authors solved numerically the equation
of 1D unsteady open channel flow with the 2D horizontal equation for
groundwater flow in confined conditions (below the channel) and unconfined
elsewhere. Darcy's equation was used to simulate the exchange of flow
between the aquifer and the open channel through the wetted perimeter of the
latter. The model and results of Pinder and Sauer (1971) have been used for the
testing of many subsequentdevelopments.

MODBRANCH

(Swain and Wexler, 1993) and DAFLOW

(Jobson and

Harbaugh, 1999) coupled existing 1D unsteady flow models (BRANCH and
DAFLOW)

to

MODFLOW

(McDonald

and Harbaugh,

1988).

The

MODBRANCH approach consists of a modification of MODFLOW to include
a modified version of the BRANCH model to control execution of a simulation
in relation to the varying time steps in the SW and GW systems.Both packages
were modified to account for calculation of leakage and for its subsequent
incorporation within the continuity equation for each system. For those cases
where coupling is strong and time steps coincide, leakage is calculated
separately in each system as an implicit function of the head in the aquifer and
in the open channel. When time steps do not coincide, the aquifer head
calculated in MODFLOW is passed to BRANCH and an average leakage rate
is calculated using varying surface water heads. The resulting leakage volume
is passed back to MODFLOW to be taken into account in the continuity
53

iterations
between
both
Then,
equation.
successive
programs take place until
the difference between successiveheads in the aquifer and in the open channel
fall below a specified value. MODBRANCH

uses an approach to managing

data very similar to that used by the STREAM and RIVER packages of
MODFLOW.

Work by Perkins and Koussis (1996) made an important contribution to the
spectrum of developments that coupled flood routers with MODFLOW.

In this

research a diffusive wave router was used to simulate interaction of a flood
wave during its propagation along a river that is closely coupled with the
underlying aquifer. The key contribution was to investigate the adequacy of the
solution obtained (in terms of propagation of a flood wave) under different
situations such as: inclusion of variably kinematic and/or diffusion terms in the
unsteady open channel flow equation, degree of coupling (measured by the
hydraulic conductivity of the streambed) and coordination of time scales used
in the simulation of the groundwater and surface water processes.Perkins and
Koussis (1996) concluded, amongst other things, that the degree of physical
coupling between systems strongly conditions the selection of time steps for
the simulation: The more physically coupled is a system, the greater the need to
use the same time step to simulate GW-SW processes,leading to the implicit
scheme for leakage calculation. As the degree of coupling decreases,a larger
time step can be used for the simulation of the GW system (relative to the time
step for the open channel) and leakage can be explicitly calculated using
is
latter
heads
interpolated
intermediate
increments:
The
the
time
aquifer
at
approach previously described in MODBRANCH. A strongly coupled system
imply
heads
in the aquifer would respond faster to the stress
that
the
would
imposed by leakage coming from the overlaying stream. Use of a large time
in
step the simulation of the aquifer process would miss the simulation of that
effect, tending to under predict groundwater heads and, hence, to overestimate
head difference across the streambed. Another conclusion obtained from their
work refers to the use of the kinematic and diffusion terms in the momentum
equation for open channel flow, proving that the propagation of a flood wave is
much more strongly affected by the use of a variable kinematic wave speed
than by a variable diffusion term. Also, it was shown that the contribution of
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the diffusion term (constant or variable) to attenuation of the flood wave is
comparable to that produced by bank storage effects. Therefore this further
reinforces the concept that, in coupled systems, the use of, at least, a diffusive
router should be the choice in favour of the more simplified approach like the
one used in STREAM.

An interesting package coupled to MODFLOW is the Wetland Simulation
Module developed by Restrepo et al. (1998). This is of direct application to
environments dominated by active surface and shallow subsurface interaction
as is the case in the Everglades. This work focuses on simulation of water
movement through a wetland where surface water flow can occur in the form
of overland (sheet) flow through dense vegetation and flow through a network
of open channels between the vegetation (slough channels). The Wetland
module simulates surface flow, evapotranspiration, surface water abstractions
and vertical and horizontal interaction with the underlying aquifer. This
module accommodates the simulation of the soil layer (that separatesthe body
of water from the underlying aquifer) in various forms: as part of the surface
water layer simulated within

the Wetland module, as an independent

confined/unconfined layer or as part of the aquifer itself. Integration between
surface and groundwater flow is achieved through the conductance terms
(Darcy's law) between horizontal and vertical cells of the finite difference
representation. The simulation of overland flow uses the 2D diffusive
approximation

of

the combined continuity

and momentum equations.

Horizontal and vertical conductance terms are formulated in series, depending
on the horizontal and vertical schematisation, i. e. whether the soil layer is
simulated as part of the surface wetland layer or as part of the underlying
aquifer. The block-centred flow package of MODFLOW was modified to
allow specification of anisotropy factors on a cell basis (the standard version
only allows for the specification of the factor on a layer basis): This is done to
simulate uniform flow through the network of slough channels. However, the
need to define the size and location of this network acts against a somehow
random generation of the preferential flow lines. Also, the use of constant
anisotropy factors with time prevents simulation of deep flooding situations in
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which the split of overland flow in flow through dense vegetation and flow
through sloughs would tend to disappear.
2.4

Discussion

Integrated Catchment Management, defined as the design of intervention
strategies encompassing and

integrating

the

fields

of

hydrological,

environmental, social and economic sciences, is vital to achieving sustainable
solutions on a catchment basis. In this context, it also clear that modelling will
be a core part of this process as a tool to support catchment studies and the
analysis of the potential impact of resulting intervention measures, for present
and future needs and scenarios.

To support the decision-making process concerning interactions and pressures
in the water resources of an area, models have to take an integrated and wider
view over the entire spectrum of process domains, such as (quoting the
Harmon

IT

project

(HR

Wallingford,

2002)):

soil processes, runoff,

groundwater flow, surface water flow, water chemistry, ecological process and
economic considerations. Perhaps the most challenging technical aspect is to
find ways to deal with the inherent differences of existing (single process)
models in terms of time and spatial scales, data requirements, speed of
execution and basis for the representation of processes (deterministic,
empirical, stochastic). As described by Serageldin and Steer (1995) and also
indirectly stated by other authors (Saha and Barrow, 1981, HR Wallingford,
2002), although there is a growing interest in accounting the views of other
disciplines, it is economic valuation that remains the "bottle neck" for analysis
of options. This implies that a quantitative approach must be sought as much as
possible in each discipline or process involved in the basin, backing up the
continuous stream of developments of complex, physically-based, distributed
models. However, it is important to attach a warning to this statement,
remembering the distinction made by Mitchell (1989) in terms of the various
categories that are implied within an "integrated" approach. He identifies that
these complex developments can fulfil a useful role at an "operational level",
but their usefulness at a "strategic" level can be either condemned to failure by
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be
data
their
times
applicability can
and
requirements, or
program execution
limited to small scales.

Besides technical aspects related to the simulation of different hydrological
processes,the development of integrated modelling approaches opens up other
issues. First, very early in the process, Saha and Barrow (1981) noted that, as
evaluation techniques and studies are becoming more complex as a result of the
need to contemplate all the issues involved (environmental, economic, social
and political), they are also becoming "paradoxically" less definitive. This, it
discussion
discipline,
be
is
to
the
where
can
argued, also applicable
modelling
on the uncertainties and limitations of existing models seemsto expand as new
developments emerge. Second, the complexity of the studies being undertaken
poses a dilemma in terms of the future need for skills.

Development of

complex models poses the question of whether the successful development of
ICM plans will require distillation of knowledge by a person with a new skill
set (i. e. the river planner) rather than relying on a team of specialists who will
probably tend to view each others issues from their own technical viewpoints.
This is also an issue relevant to the topic of modelling and the need for
integration. In the Harmon IT project (HW Wallingford, 2002), twenty years
"How
is
Saha
Barrow's
such
posed:
after
and
work, a similar question
modelling systemswill be used, remains to be seen, as they will require either a
large multi-disciplinary

team to support their use, or a distributed team of

from
knowledge
input
into
to
experts
and extract results
specialist

an

integrated system"
Even accepting the need for integration in generic frameworks for Decision
Support Systems, each discipline that supports development of single process
between
have
debate
For
their
own
models will still
agenda.
example,
hydrologists remains active concerning such topics as: representation of
process at the grid level, realism of physically-based distributed models; the
in
the
movement
water
a
realistic
possibility of achieving
representation of
unsaturated zone due to difficulties associated with soil heterogeneity;
efficiency in dealing with different temporal scales; representation of all the
physical characteristics of wetlands (such as vegetation resistance and
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layer
body)
the
the
and; extrapolation
resistanceof
sediment
underneath water
of resultsfrom the local to regional scales(Beven, 1988,Graysonet al., 1992,
O'Connell and Todini, 1995).
Focusing on processes involved in the hydrological cycle, GW-SW interaction
is a key process, as it tends to cross a physical barrier often encountered in
single process surface watershed hydrological models or groundwater models.
Achieving an integrated understanding of the physical processes involved in a
catchment requires that GW-SW

interaction is understood as this is

instrumental to key processes such as: recharge to shallow aquifers; storage for
flood mitigation; preservation of aquatic ecosystems; green filtering of water
before it is discharged to receiving bodies and; groundwater-induced flooding.
The findings of the literature review carried out on this topic were presented in
Section 2.3 and summarised in Table 2.1. Analytical approaches, exist but they
are limited to simplified configurations and their usefulness is therefore
confined to the research field rather than to application on a catchment and
developed
basis.
to
There
are a vast number of numerical approaches
planning
hard-wired
interaction.
Some
GW-SW
to specific
them
are
rather
of
address
project and geographical settings (such as the SFWMM - McVicar et al.,
1983), while others form part of existing well known modelling packages (such
as MIKESHE - Refsgaard et al., 1995).
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In summary, current practice in terms of modelling GW-SW interaction can be
categorised into two distinct groups or trends:

0

hydrological,basin-scalemodels(eventhose that simulatemost surface
basis)
have
distributed
water processes on a physically and
a sequential
type of coupling with groundwater models. This means that they are
suitable for simulating scenarios where changes in the surface water
system occur over a relative long time scales (on the order of days), the
prime objective of the model is assessmentof a basin water balance and
response of the aquifer is not significantly affected by the changes at
the surface over a surface time step. This is also strongly dependent on
the land surface resistance (and stream and lake bed conductance where
applicable) to the vertical exchange of flow with the underlying soil
strata.

0

There is a growing tendency to develop external modules for the widely
used 3D

groundwater

flow

model MODFLOW.

All

of

these

developmentsare focused on simulation of the interaction of aquifers
with lakes or streams,although Swain (1994) reports work carriedout
to manage multiple connections of different types. These surface water
modules have a higher degree of coupling in relation to that described
for the hydrological models. They allow a more complete simulation of
the interaction between a flood wave routed through a channel and the
underlying aquifer, while maintaining the capability to handle different
temporal scales for both processes through an iterative process.
However, these coupled models lack representation of other important
surface components such

as interception,

depression storage,

infiltration, evapotranspiration (other than the component over the
saturated and lake areas) and 2D overland flow. Examples of these
developments are MODBRANCH

(Swain

and Wexler,

1993),

DAFLOW (Dobsonand Harbaugh, 1999), the Diffusive Router (Perkins
and Koussis, 1996) and the LAKE package (Merrit and Konikov,
2000).
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Despite the fact that addition of MIKE11

to MIKESHE

would permit

simulation of the transit of a flood wave along a stream network, simulation of
interaction with the aquifer would still be carried out in a sequential manner
and not iteratively (after a solution for heads in both systems is achieved),
introducing large errors if the physical coupling is strong (Perkins and Koussis,
1996).

Given the deep penetration of MODFLOW and products with a SHE root
amongst modellers, it is anticipated that the two trends of developments will
continue for some time. How these developments will merge in the current
generation of DSS and generic software architectures is an issue that will have
to be addressedand, in this respect, developments associatedwith MODFLOW

have an advantagegiven the open structureof the program(and modules)and
the modular approach that increases the potential for representing different
hydrological process.

The degree of coupling affordable in practical terms decreasesas the size of the
being
area
studied increases. One of the largest applications encountered in the
review pertains to the models developed for the South Florida area
(approximately 18,000 km2), such as the SFWMM. However, this model is one
of the simplest in terms of the mathematical formulation of hydrological
processes such as open channel flow, infiltration and water movement through
the unsaturated zone. The work by Morita and Yen (2002) is perhaps the most
detailed development that currently exists in terms of solving iteratively the
coupling between 2D overland flow and 3D subsurfaceprocess, but it was only
tested using experimental field plots.

A feature not encountered in the developments reviewed here is application of
coupled models to the simulation of extensive groundwater-induced flooding
situations, i. e. those that originate from a regional rise in water table levels to
above the ground surface, generating large variably contributing areas to direct
runoff. Lumped hydrological models generally fail to simulate the appearance
of groundwater on the land surface, as they do not hold any knowledge of the

spatial distribution of the catchmentfeatures and also, in many caseswater
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rechargingthe aquifer is consideredto be lost from the systemwithout any
accountingfor storage.Hence,knowledgeof the spatialdistribution of aquifer
headsis impossible.

The conceptual basis of TOPMODEL (Beven et at., 1995) makes this program
more suited to the simulation of variably contributing runoff areas. There is an
explicit, steady state calculation of the water table position that it is heavily
controlled by land surface topography. However, TOPMODEL

performs

calculations by lumping portions of the catchment that have the same soiltopographic characteristics. Therefore, although the program computes the
position of the water table (relative to the ground level), its location in space is
not known and the surface flooding distribution would be uncertain. Because
the main objective is the determination of stream flows, the total amount of
runoff contributing area is what matters, rather than its distribution. This could
be modified so that TOPMODEL works on a purely distributed basis rather
than in a pseudo-lumped manner, with the calculation of water table performed
on a cell basis rather than in the basis of soil-topographic classes.However, the
program does not allow for any routing of water on the surface and the
instantaneous conversion of runoff contributing areas could over estimate the
flows entering the stream.

Combination of the LAKE or WETLAND

packages with any dynamic 1D

open channel model coupled to MODFLOW could be an alternative approach
to simulating groundwater-induced flooding, provided a detailed representation
in
flow
2D
of surface processes such as generalised,
and movement
overland
the unsaturated zone are not needed. This would be the case in low relief
environments with shallow groundwater levels, where recharge to the aquifer
would be almost a direct relationship with rainfall and evapotranspiration. It
would also be applicable to situations where the excess water that appears at
the surface follows pre-defined drainage lines that can be adequately modelled
by the open channel component.

The suite of modelswith their roots in the SHE model (Abbot et al., 1986)
simulate all of the mechanisms necessary to reproduce groundwater-induced
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flooding. However, the amount of data required could make the use of this tool
for large areas and long terms simulations impractical. Also, for areas where
shallow groundwater situations prevail over a thick, unsaturated soil layer, it is
arguable whether the modelling of the latter is required with the detail currently
included in models like SHETRAN (Ewen et al., 1999) and MIKESHE
(Refsgaard et al, 1995).

2.5

Summary

The ultimate purpose of the literature review must be a final statement on the
key
hydrological
in
the
to
the
relation
current status of
science and practice
topics identified as being necessaryto support this thesis. Within the context of
this research, the literature review provided confirmation of the need to carry
out an investigation of suitable approaches to deal with integrated catchment
modelling problems that feature GW-SW

interaction in the form

of

groundwater-induced surface flooding over large areas.

Table 2.1 summarises the different tools that deal with GW-SW interaction.
From the review it was concluded that there is no clear evidence for the
existence of a model that could be considered as the "right" tool to deal with
GW-SW interaction over large areas, particularly when the objective is to
represent flooding that originates due to a large amount of saturation return
flow emerging at the surface.
To build on this conclusion, the models included in Table 2.1 were further
scrutinised to determine whether they would or not be suitable to deal with the
large-scale groundwater-induced flooding problems. Specific questions raised
included:

1 Do the tools have the ability to represent the required physical
processes involved in large-scale GW-SW flooding problems?

All

the models reviewed include a representation of

GW-SW

interaction of some kind. However, the key issue is whether the models
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can represent return flow and the subsequent dynamics of water at the
surface. In this respect, the RIVER
MODFLOW

and STREAM packages of

clearly fail to simulate the surface water storage and

movement. The lake package (LAK3) correctly simulates the water
balance in a body of water interacting with multiple aquifer cells, but
this would not be sufficient to simulate the transfer of water between a
series of surface features, as would be required in the NW region of the
Rio Salado basin.

Other more complex models, like those with a SHE root, contain a
fuller representation of SW-GW interaction, allowing for the simulation
of

return

flow.

However,

there is an issue concerning over

representation of the physical processesand over parameterization that
could be used to attempt to deal with large areas with representation of
the physical basis of flooding.

2

Can the models effectively handle large-scale problems, or are they

limited to small-scaleapplications?
It was pointed out in previous sections that there is a tendency in the
hydrological

sciences to

develop

models

with

ever

fuller

representations of physical processes. MIKESHE, SHETRAN and the
work done of Morita and Yen (2002) are examples that support this
argument. However, this trend increasingly precludes applications to
large areas, including long term simulations to support basin-scale
planning.

An interesting compromise is found in TOPMODEL, which strikes a
balance between consideration of spatial aspects and the representation
of processes. TOPMODEL

was designed to

provide

a closer

representation of surface runoff and flows in streams by taking into
account the dynamic contribution from saturated areas. It would not,
however, be entirely adequate to map groundwater-induced surface
flooding due to its pseudo-lumping of the surface features.
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The SFWMM model was one of the few applications of SW-GW
interaction encountered for a large area: the Everglades in South
Florida. Groundwater-induced surface flooding can be simulated, but
the model cannot properly represent the dynamics of the water on the
surface and all it supports is a mass balance calculation between storage
nodes on the surface.

The issue of large-scale application of models for basin planning leads
to the need to pay close attention to optimising the time steps used to
simulate each system, which can, inherently, be very different. Perkins
and Koussis (1996) highlighted non-convergency issues that arise if the
time

steps

in

explicitly

coupled

developments

are

chosen

inappropriately. The literature review has not provided sufficient
information on how to deal with this issue in large-scale applications,
and this is further addressedin Chapter 6, where the development of a
new coupled model is described.

3 Do the tools have the ability to representthe required degree of
coupling between processes?

All the hydrological packages investigated have a sequential type of
coupling and, therefore, would be unsuitable for situations in which an

iterative approachto deal with a strong coupling betweenprocessesis
required.
Some of the MODFLOW-based approaches, such as MODBRANCH
and the Diffusive Router, allow for iterative coupling between the
groundwater and surface water systems, but they are limited in their
representation of large-scale surface features. Both models can simulate
the routing of water along watercourses, but they will calculate the
GW-SW interaction on a single groundwater cell basis and, therefore,
would be unable to simulate floodplain-aquifer interaction unless a
system of multiple channelsis included in the schematisation.
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Finally, the review suggests that MODFLOW could be initially tested as a
modelling tool to deal with large-scale planning where groundwater is the
driving mechanism. However, the review also leads to the conclusion that
dealing with substantial return flows over large areas would need further
investigation and development, justifying the research topics identified in
Chapter 1. Consequently, the subsequent chapters of the thesis describe the
work carried out to contribute to our understanding and ability to simulate GWSW interaction

over large areas that are predominantly affected by

groundwater-induced surface flooding. This extends to the development of a
new model (iSISMOD) that couples the 1D model iSIS Flow (Halcrow and
Wallingford, 1995) with MODFLOW. Finally, based on insights gained and
conclusions drawn from application of iSISMOD to the regional study of the
Rio Salado Basin, a framework for conducting modelling studies is proposed in
Chapter 8 to contribute the debate on how integrated catchment management
can be put into practice.

68

CHAPTER
3-

THE STUDYBASIN

3.1

Introduction

The Rio Salado IMP study was the springboard for the research and selection
of the test area used to conduct the research that is the subject of this thesis.
Covering an area of 170,000km2, the Salado catchment is located entirely
within the Buenos Aires Province of Argentina, at a latitude and longitude
between 35°S and 38°S and 57°W and 63°W, respectively (Figure 3.1). Buenos
Aires is the largest and economically most important province of the country,
with the Rio Salado area responsible for 25 to 30% of the national production
of grains and meat.

The basin comprises approximately 58 administrative districts but, despite its
large area, the population is only 1.3million (INDEC, 1991), representing less
than a 10% of the total population of the Province. Although the basin is
dominated by farming, most people (nearly 80% of the total) live in small
urban centres, and no more than five settlements have more than 50,000
inhabitants.

The most prominent feature of the basin is its lack of relief. Other than the two
ranges of hills (Tandilia and Ventania) that reach an elevation of 500m and
1100m above sea level, respectively, the remaining terrain of the basin is below
100m above sea level. Gradients are very low: the western boundary of the
Province is separated from the sea by more than 500km but the difference in
elevation is only 130m.
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The Rio Salado crosses the northern part of the basin and discharges into
Samborombon Bay after flowing from northwest to southeast for more than
600km. Approximately in the middle of the basin the Rio Salado receives the
discharge of its two most important tributaries, the Arroyos Vallimanca and
Las Flores. The southern part of the basin is occupied by a series of engineered
flood relief channels that run from West to East. These canals drain runoff
originating from the Tandilia hills and also discharge it into the southern part
of the Samborombon Bay.

The geomorphology and surficial geology of the basin are characterisedby the
simultaneous presence of landscape elements characteristic of fluvial processes
(along some portions of the main river corridors), solution hollows (dolines) in
the limestone geology of the north, aeolian deposits (across the whole basin),
depressions formed by wind deflation (in the east and south of the basin),
alluvial fans (extending from the southern hills), precambrian formations in the
south and marine features along the shore land at the eastern margin of the
catchment.

The recent history of the Salado basin features a series of sequential wet and
dry periods that have affected agricultural and livestock activities and, hence,
the economy of the region. During the 2& century, and particularly since
1970, the area has been heavily affected by wet periods that cause prolonged
and extensive flooding throughout the region. Flooding attracted close attention
from both National and State Governments and research scientists during the
20th century. Also, the Argentinean literature felt attracted by this issue
compiling very valuable information and anecdotic evidence on the occurrence
of floods and droughts in the region (Ameghino, F., 1886; Moncaut, C.A.,
2003). In particular it is worth mentioning the pioneering vision of Ameghino
(1886) who clearly manifested against the construction of extensive drainage
canals (at the beginning of the past century) prompting for an integrated vision
and solution that took into account not only flood problems but also droughts.

The Salado basin has also experienced several major engineering interventions
that have had major impacts on its hydrology and which have also affected the
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nature and geographical extent of its drainage network. At the beginning of the
20th century, major flood relief canals were constructed in the southern part of
the basin. These canals today represent a serious barrier to overland runoff that
drains

northwards

from

the

hills

seeking

its natural

path

towards

the

downstream portion of the Rio Salado. In the 1980s the North West part of the
region (which at that time had no natural outlet) was permanently connected to
the central part of the Rio Salado by construction

of the Jaureche-Mercante-

Italia drainage canal (Figure 3.2, B). Finally, in the 1990s, a closed lake system
that occupies the southwest corner of the province was linked to the Arroyo
Vallimanca (and hence to the Rio Salado) by a canal and a pumping station
(Figure 3.2 C). Figure 3.2 shows schematically the changes that have been
taking place in the surface water drainage network of the basin through time.

rigure

J. L:

Klo Jataao t; atcnment.

Lwolutlon:

Salado basin was fonued

trout A to C it is mown now Inc current

throughout

that added sub-regions to the original

the years by successive interventions
catchment area (Region B)

In a large area like the Salado basin, where a wide range of geomorphic
features are combined with short-term (seasonal) and medium-term climate
variability, it is expected to find a degree of natural heterogeneity that could
host a wide range of species and habitants. In fact, geomorphic and climatic
variability act on the low relief landscape to produce an environment
dominated by wetlands, some of which are recognized international (Ramsar,
1971).
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It is the association and interaction of all of the above phenomena that makes

the Salado Basin a unique geographicalsetting within which to focus the
research activities that are subject of this thesis.

The following sections of this chapter provide descriptions of various aspects
of the basin, leading to an understanding of the mechanisms responsible for
flooding, which are subsequently addressed in detail in the remainder of the
thesis.

3.2

Regional Geographical Setting

3.2.1

Socioeconomic aspects

Although the study area covers over half of the province, its population of just
over 1.3 million (Indec, 1991) accounts for less than 11% of the province's
total (Figure 3.3). This low figure equates to an average population density of
only 7.1 persons/km2, although there are considerable variations between
administrative units, ranging from 0.8persons/km in Pila to 37.3persons/km in
Junin (Halcrow, 1999). Urban population accounts for almost 80% of the total
but population growth in the area has also been low at around 0.5% per annum
between 1947 and 1991.

Among the factors affecting the distribution and growth of population in the
area are education, health and rural electrification as it is the provision of these
services that affects the quality of life and hence where families choose to live.
For this reason, many farm families choose to live in the rural towns, or in
Buenos Aires itself, where social services and life opportunities are superior.
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Figure 3.3:

Buenos Aires

Province and Rio

Salado Catchment. Distribution

of

Population.

3.2.2

Hydrometeorology

and Climate Variability

The Salado basin can be classified as having a moderate humid and temperate
climate, with fairly marked changes throughout

the four seasons. The mean

annual rainfall for the basin is 855mm (taken over the period 1911 to 1996),
with heavy rainfall

towards

the north of the basin (Figure

3.4).

For the

purposes of the IMP, which started in 1997, rainfall records up to 1996 were
obtained from the Provincial Hydraulic Authorities

(DPH) and processed. This

rainfall record was made available to the PhD study. It covers both a dry and
wet period and it is, therefore, sufficient for the purpose of analyzing different
methodological

approaches

to

representing
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GW-

SW

interaction.

mm)

The annual rainfall pattern also shows a marked seasonal variation throughout
the basin, with winter rainfall being approximately

half of the summer values,

features
key
One
being
historically.
March
the
of
and
a particularly wet month
of the basin is the increase in rainfall that was detected during the last decades
in
flood
frequency
important
This
to
the
twentieth
of
century.
changes
caused
the region and land use practices in the northwest part of the basin. Figure 3.5
from
1996,
for
1911
the
the
the
until
period
shows
variation of
annual rainfall
where it can been seen that, after the decrease shown towards the end of the
1920s, the area is now experiencing a generally rising trend with a starting

point at the beginning of the 1960s.

Figure 3.5:

Variation

of Annual

Rainfall

in the Basin (1911-1996)

average. Dotted red line indicates approximate
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trend.

ano

-vears moving

To further illustrate the variation of annual rainfall, Figure 3.6 shows the
cumulative deviation from the mean, calculated as follows:
Cum. Dev. (Yr ri) - A,, nual Rainfall

(l r n)

Raigfall

1lear
innua/
:

i Cu,,,. Dev. ("Irn

1)

Figure 3.6 shows that, for the basin as a whole, annual rainfall was generally

lower than the long term mean until the end of 1970s, when a more humid
period began with an increase in the annual rainfall to approximately 10%
above the mean (930mm

in the period

1980-1996

compared

to 830mm

between 1911-1979). However, despite the general trend, there are also shorter

periods when dry and wet years alternate.
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Figure 3.6:

Cumulative Dcviation of Annual Rainfall from the Mcan (1911-1996)

The main annual temperature is approximately
throughout

the region. Monthly

12°C with a marked seasonality

in
from
20°C
the
temperatures
average
vary

summer to 5°C in the winter. Average temperatures do not present significant

spatial variation, with only 2°C difference in the average temperature between
the northern (warmer) and the southern cooler parts of the basin.
Calculation of the Potential rate of Evapotranspiration (PET) provides useful
information on climatic conditions and when analyzed in conjunction with the
rainfall

also gives a good insight into the potential
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flooding
generation of

events. Figure 3.7 shows the spatial variation of PET. It can be seen that there
is a marked increased in PET in a northwestly
temperatures

towards

the north

direction due to slightly higher

and a more marked decrease in relative

humidity away from the coast.

Figure IT

Spatial Variation of Mean Annual PET (1959-1995)

Problems of floods and droughts in the region are summarized in Table 3.1 that
presents, mostly from anecdotal and historical information,

the number of each

type of event recorded since the XVI century. An increase in the number of
flood events compared to droughts, can be detected, particularly during the
twentieth century.
Period

Number of Drought Events

X VJ century (incomplete)

Number of Flood Events
0

XVII century

2

0

XVIII century

5

1

XIX century

4

14

6

20

XX century (until

1992)

Total

36

Table 3.1: Number of Flood and Drought Events from Historic Records (Halcrow, 1999)
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3.2.3

Physical Geography

3.2.3.1

Topography

The characteristic topographic

feature of the basin is its lack of relief, other

than the two set of hills (Tandilia and Ventania) that reach an elevation of
500m and I I00m above sea level, respectively (Figure 3.8). The rest of the
area is a flatland below 100m above sea level with a very gentle slope from
West to East. Superimposed on the regional relief there are numerous micro
features including

small, isolated depressions (deflation

sizes, dimensions and degrees of connectivity,

hollows)

of different

and sand dunes that form terrain

features up to a maximum height of about 20m.

Figure 3.8:

Regional Contour Information for the Salado Basin (10m spacing)

3.2.3.2

Geology and Stratigraphy

The regional understanding of the stratigraphy was obtained from a number of
publications including those of Yrigoyen
(1974),

CFI

(1980),

Fidalgo

(1983)

(1973), DYMAS
and AyEE
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(1990).

(1974), Zambrano
Lithological

and

stratigraphic data are available for deep exploratory boreholes described by
Yrigoyen (1973), but otherwise the geological information was fragmentary
and dependent upon regional study collations in which a few boreholes drilled
for groundwater purposes have been incorporated (i. e. Auge and Hernandez,
1983).

The topographical character of the basin severely restricts the frequency of
outcrops revealing any but the uppermost of the geological units, except in the
southern mountains where ancient geological units, that have little, or no
hydrogeological relevance, are encountered.

Unfortunately, there is no

systematic recording of the lithologies penetrated by water wells, or correlation
with the establishedstratigraphical units.

The basin is underlain by Precambrian igneous and metamorphic basement
rocks, which in turn are variably overlain by Pre-Parana sediments. Some of
these units are exposed in the southern mountains. The Parana Formation (El
Verde) clays are present throughout the catchment except in the Laprida
embayment between the Ventana and Tandil mountains, and along the flanks
of those mountains. Overlying the Parana Formation in the northeast are the
sands of the Puelche Formation. These are medium to fine grain sandsvarying
in thickness between 25 and 100m. Their southern limit coincides with the
Maipu - Junin fault, trending north-westwards, which was influential during
Pre-Parana deposition (Yrigoyen, 1973). To the southwest of the fault line, the
Puelche Formation is equivalent to the Araucana Formation, with clayed silts
sediments (with gypsum) that ranges in thickness from 25 to 100m. On top of
the above formations, the Pampeano extends throughout the catchment: In the
south, where the Parana and older sediments are absent, it rests directly upon
the Precambrian basement rocks. Elsewhere, it overlies the Puelche-Araucana
Formations. The basal few metres of the Pampeano unit are argillaceous with
the bulk of the unit consisting of clayey and sandy silts (loess) with caliche
(calcium carbonate soil horizons). This Formation is reported to reach up to
160m, thinning to the west. Figure 3.9 presents the surface geological
characteristics of the Salado basin.
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Figure 3.9:

Surface Geology. (Auge and Dc Francesco. 1997)
The red line indicates the approximate alignment of Junin-Maipü fault.

3.2.3.3

Geomorphology

A comprehensive geomorphic study of the basin was carried out as part of the
studies for the development of the IMP to establish the origin of the natural
forms of the landscape, its current response to rainfall and its possible future
evolution under natural conditions or under a developed scenario comprising
drainage and flood mitigation works.

Two elements of the study formed the key to the understanding of the natural
functioning

in
basin
it
is
important
investigations
the
the
these
to
and
of
cover

thesis: analysis of the historical
development

origin and evolution

detailed
the
of
geomorphic
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of the region and the

map. The latter led on to a new

of the basin that is more consistent with detailed relief

physical sub-division

features that bear a closer relationship with the geomorphic and hydrological
responseof the region to hydroclimatic events.

The understanding of the origin of landforms of the Salado basin is a clear
example of the need to sometimes look beyond the boundaries of the cachtment
as Malagnino (1988) included part of the provinces of San Luis and La Pampa
in order to support sound geomorphic interpretation (Figure 3.10). In his work,
Malagnino (1988) concluded that the morphological

aspects of the Rio Salado

adjusted to current climatic conditions and that the valley

are not currently

currently occupied by the river was formerly occupied by another system that
discharged water draining from the Andian glaciars. The under capacity of the
system to convey

the current

further
in
basin
the
was
generated

runoff

documented by dominant discharge analysis carried out following
first devised by Wolman and Miller

the approach

(1960). The Figure 3.10 shows the area

covered by Malagnino's work.
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Area covered by the geomorphic studies used to interpret the current
landform features of the catchment. Source: Malagnino (1988)
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An important contribution by Malagnino (1988) was the initial identification of
a very extensive field of wind formed, longitudinal dunes located in the
Northwest of the province, overlain by another -more recent- field of parabolic
dunes (see later in Figure 3.12). The analysis of both dune fields, their
orientations and the regional characteristics of the fluvial system, led him to
conclude that the dune field was created on top of a pre-existing fluvial system
that originated from the northwest (outside the province), and today occupied

by the Rio Quinto.
Another important feature of the area, also related to the aeolian mechanism, is
the presence of a significant number of deflation hollows created during an and
period, but subsequently covered by water as the climatic condition became
more humid. These features show up clearly in the lower part of the Salado
River as a continuous series of changesin the top width of the stream.

In relation to the identification of features outside the province, Malagnino
(1988) identified (through the inspection of satellite images), a series of
depressions
in the southwest part of the basin. He interpreted these
elongated
as ancient fluvial valleys that were once within the Salado basin, but which
were covered by the dune fields to the North and buried to the South by
alluvian fans descending from the southern hills. These paleo-fluvial troughs
provide the fluvial corridors in the basin currently occupied by the Arroyo
Vallimanca and Saladillo streams.

It has been proposed that severe climatic changes took place in the region
during the late Pleistocene and Holocene eras, and were the drivers for the
superposition of the several landforms that overlay the basin. During a first
warm and humid period, runoff coming from the west of the country (with its
origin in the Andes) eroded deep valleys across the provinces of La Pampa and,
to a lesser extent, Buenos Aires. A second and cold period, mainly
characterized by a high frequency of flood flows is supposed to have widened
those valleys. The third, and the last cold and very and period deflated the
alluvial plains leading to the formation of the dune fields that partially blocked
the old river corridors.
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The geomorphic reconstruction described above is summarized in Figures 3.11

and 3.12, which show the sub-division of the basin into sub-regionswith
similar landforms (Table 3.2 describes the key features of each geomorphic
subregion), whereas Figure 3.12 presents a sample detailed mapping carried

in
field
dune
the
area.
out
Name of Geomorphic

Description

Subregion
The key featureof the subregionis the presenceand origin of

Upper Salado

the Rio Salado.The channel of the Upper Saladois smaller
than would be expectedfor its drainageareadueto low runoff
from Northwest region under the previously dry climate.
Bankfull capacityis much lessthan dominant dischargeand
so valley flooding is frequentand prolonged.
In this subregion the key feature is also the Rio Salado that in

Lower Salado

this reach is largely non-alluvial and consists of a series of
deflation

hollows connected by relatively

short alluvial

At the downwind (distal) end of each deflation
hollow there is a ridge (dorsal ridge) formed from material
reaches.

erodedfrom the hollow during the past period when aeolian
processesdominatedthe geomorphology.The channelof the
Rio Saladohas cut through the ridges to form deep,laterally
constrainedreacheslinking the leveedreachesin the deflation
hollows. The constrainedreacheshave high in-bank flow
capacity,but they cannotconveythemselvesflood flows.
Longitudinal dunefield

This subregionpresentsthe largestdunefield encounteredin
the central part of Argentina. Also a key featureis the lack of
fluvial features.The entire subregionis dominatedby acolian
features which, when subject to flooding processes(large
groundwaterreturn flows), give form to large and elongated
flooded surfaces.Dunes are generally spacedevery 3km to
4km with a length that can reachup to 100km.

Parabolic dune field

This

subregion also lacks fluvial

features and it

is

characterizedby the presenceof parabolic dunes that hold
behind seasonalfloodedareasfed by groundwaterflow.
Table 3.2:

Descriptionof geomorphicsubregions.
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Megaparabolicdunefield

In this subregion the field of longitudinal dunes loses its
elongated form to become an extensive sand formation
lacking an identifiable geometry.This field is cut acrossby a
fluvial systemthat feedsthe right bank of the Rio Salado.

Vallimanca

The key feature of the subregion is the presenceof the
Vallimanca river. This river flows through a complex dune

field formed under drier climatic conditions. Aeolian
depositionin the valley was funnelled along the axis of the
valley. As a result, dune crestsform a complex mosaic of
ridgesand the river channelthat hasformed due to perennial
runoff tendsto pick its way betweenthe dunesin an irregular
path. The numerous,overlappingparabolicdune crestsform
a complexterrain, with no continuousfloodplain along which
flood flows can drain. Consequently,out of bank flows are
stored in ponds adjacent to the channel rather than being
conveyedalong the valley so that flooding is prolonged.
Transition Zone

The longitudinal dunesalso extendin to this subregionlosing
their shapeasthey get closerto the Rio Salado.

VentanaHillslopes

This subregionis dominatedby streamsthat drain to a set of
endorreic lakes (Western lakes) that connect -through a
channel-to the Vallimanca river. Their channelsare incised
into alluvial fans in upper and middle courses,but emerge
onto alluvial surfacesbetweenincisedreaches.

Inter Hillslope Area

This is a relatively dry region and many streams are
ephemeral and/or discontinuous. Perennial watercourses are

partially incised into alluvial fans and drain north to the
Vallimanca-LasFloresvalley.
Channelsin this subregioncross large-ancientalluvial fans
beforeentering the Deprssionsubregion.A key featureof this

Tandil Hillslope

subregionis the presenceof engineeringworks that intercept
water flowing along many channelsusing diversioncanalsto
the sea.

Western

Lakes

(closed This subregionis formed by a seriesof interconnectedlakes
that formed (in the past) a closed system and that is today

system)

connected to the arroyo Vallimanca by a canal and a pumping

station that operatesduring flood times.
Table 3.2:

cont.
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This subregion is characterized b\ haNtug the Las Flores riNcr

Las Flores

flowing through. This river flows along the same valley as the
Vallimanca. but its position to the south means that it is
outside the zone of continuous cover by aeolian dunes.
Hence, its floodplain and channel arc more fluvial than
acolian in form.

The result is that the floodplain is almost

continuous and the channel geometry and dimensions are
appropriate to its catchment setting.
This is a very low-lying area, with very little relief dominated

Depression

by aeolian dunes. As a result of its terrain and dune
morphology, the region naturally has a poorly developed
drainage system. Naturally, this region should receive runoff
from the Tandilia streams. However, this is now not usually
the case because drainage is intercepted by canals and
conveyed across the region to the sea with little interaction
with the local landscape.
Coastal Zone

In this subregion the fluvial features are just present along the
fluvial corridor the Rio Salado and the key feature is the
presence of

marine,

inter

tidal

formations

and relict

abandoned channels.
Table 3.2:

cont.

All

7 11
7

A
Figure 3.11:

Geomorphic Subregions (see Table 3.2 for a description of each subregion)
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Detailed geomorphic mapping in the test area and its vicinities, showing the
field of longitudinal and parabolic dunes

Soils

3.2.3.4

Understanding the shallow soil formations in the basin is another key aspect in
any integrated
predominent
description

study of catchment management, for two reasons. First, the

activity

of the area is the agriculture

of the soil properties

needed prior

to the formulation

(sodicity,

alcalinity,

of a coherent

management strategy. Second, infiltration

and, therefore,
texture,

a good

drainage) is

land use and flood

risk

and unsaturated zone storage

parameters are a function of soil properties and, therefore, understanding their
values and spatial distribution will assist in the selection of characteristic
parameters in any attempt to model the hydrological system.

Most

of the northern

part of basin is characterized by having sandy clay

deposits of up to 2m thick, posing problems in terms of its groundwater

and

surface water, alcalinity and poor drainage. In the northwest part of the basin
there are two type of deposits originating

from two

sequences of aeolian

deposition. The upper layer has a texture defined by the presence of sands and
clays with a thickness of 0.5m, whereas the lower layer has a clayed texture.
The properties

of these types of soil are dominated
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by low retention

of

moisture in the root zone due to their fairly coarse textures, and high
susceptibility to aeolian and hydraulic erosion.

The central part of the basin (the Zona Deprimida) is dominated by a deep,
heterogeneous sediment layer formed by deposits of alluvial material laid down
either by out of bank flows in the Rio Salado or overland flow from the slopes

of the southernhills. In this area,the hydrologicalpropertiesof the soils are
imposed
by high phreatic levels, very frequent water logging situations
mainly
and high sodicity and alcalinity.

3.2.3.5

Hydrogeology

From the limited hydrochemical information available it was concluded that
the presence of poor (brackish-saline) groundwater in the Parana and older
units indicates that the top of the Parana can be taken as the effective base of
any significant groundwater movement.

Away from the coast, the most significant superficial deposits occur within the
interfluve between the Rio Salado and the Arroyos Saladillo - Villamanca in
the form of hydrogeologically important sand dunes (Malagnino, 1988).
Records show that the sands range in thickness from about 30m at the western
Provincial boundary to only 5m in the vicinity of Bragado - 25 de Mayo.
Elsewhere, superficial deposits, as relevant, are considered as being part of the
Pampeano Formation as they are largely derived from that formation and have
similar characteristics.
Substantial thicknesses of Pre-Parana deposits, up to 6km in the northeast, with
varying lithologies, occur beneath the catchment, except in the south.
Although some of these sediments have porosity, they contain much brackish
and saline groundwater, so do not form a significant part of the currently active
groundwater system. In groundwater resources terms, the Parana Formation
clays, where present, may be taken as the effective base of the active system.
In the south, where the Parana wedges out, very low porosity Precambrian
rocks form the base. The currently active groundwater system consists of the
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Araucana, Puelche and PampeanoFormations. The PampeanoFormation forms
the top of the aquifer regionally.

Locally, sand dunes add to the system

thickness. All of the units are in hydraulic continuity and the systemmay be
considered to be regionally unconfined with a free water surface at the upper
boundary, although variably distributed confinement and semi-confinement
does occur. From a review of the previous studies (DYMAS, 1974; MOSP,
1987; AyEE, 1990) and the lithological characteristics of the aquifer materials,
the regional values for hydraulic conductivity (K) and specific yield (Sy)

reportedin Table3.3 canbe used:
Formation

Hydraulic conductivity
Km/d

Groundwater Storage
S (-)

Sand dunes

5-10

0.1-0.15

Pampeano

0.5-5

0.05-0.1

Puelche

10-30

0.1-0.2

Araucana

0.5-5

0.05-0.1

Table 3.3:

Hydraulic parameters representative of the formations of the basin.

The combination of stable geological controls and relatively stable sea level
following the Parana. deposition gave rise to the low energy deposition
sequencenow forming the extensive regional plain. The resultant, very small
but consistent topographical gradient is reflected in the gentle regional
groundwater head gradient beneath the plain, which is the dominant feature of
the groundwater head distribution. Regional head distributions were available
for 1974 (DYMAS, 1974) for the entire basin and for 1988 for the Northwest
(AyEE, 1990). Figure 3.13 shows the latter (in combination with regional
groundwater model results), where it can be noted that, in the south, heads in
excess of 200m AOD occur bordering the mountains, steep groundwater
gradients lead away from these areas but decline towards the plain and, in the
west, in the vicinity of the Hinojo - Las Tunas discharge lakes, heads are as
low as 79-80m AOD. From approximately the longitude of Carlos Casaresto
the coast, the head declines from 80 to Om AOD. Locally, superimposedupon
the regional head distribution, there are small (possibly up to 3m) positive head
variations that occur beneath the sand dunes. The configuration of groundwater
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contours shown in Figure 3.13 demonstrates that some groundwater flow
occurs to the Rio Salado and to the Arroyos Vallimanca and Saladillo.

Depths to groundwater are small away from the mountains and hills areas, and,
historically,

depths were greater in the west than the cast.

However, over

recent decades, depths have decreased to less than 5m and are appreciably
lower

in the east. In consequence, innumerable wetlands and lakes occur,

which for most parts of the basin are the surface expression of the water table.

Figure 3.13:

Simulated and observed groundwater head distribution (AvEE. 1990). Only
observed borehole data was available for the Northwest area.

Data on transient heads were available from a number of well hydrographs for
which depths to groundwater have been measured, somewhat inconsistently, on
a monthly basis. Records were available for seven wells for the period 1963 to
1978 whereas for the rest, for varying periods from the early 1980s. Figure
3.14 shows three hydrographs representing various hydrogeological

features of

the basin. Head responses are variable in both the timing of head rise and in the
persistence of high heads. Increases in head tend to commence in April-May,
with rise rates greater than the equivalent rates of decline.
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Variability

in the

persistence of the relatively high heads and the difference between rates of rise
and decline are attributable
wetlands

lakes

and

groundwater
Northwest

and

to local boundary
demonstrate

and these surface

head controls

intimate
an

features.

The

provided

between

relationship

hydrographic

by

data in the

of the province (i. e. at Pehuajo) shows that heads rose significantly

in a thick unsaturated section in the west of the basin from the late 1960s to the
then

mid-1980s

and

amplitude.

The rise reflects a period of high rainfall and recharge following

stabilized,

extended period of low rainfall.
hydrographs

reflects

although

varying

seasonally

with

"aquifer

approximate

full"

conditions

with

going to wetlands and lakes and evapotranspiration

the water table.
condition

During

is groundwater

an

The dynamic stabilization encountered on the

unsaturated section with heads being stabilized by a combination
groundwater

small

a small

of effluent

directly from

high rainfall events the result of the 'aquifer full'
A similar rise in heads is shown for the

flooding.

Junin area: In the hills, historically, deep groundwater heads have occurred and
Centrally, within the plain, reasonably

a thick unsaturated section prevails.

stable heads were observed for the 1960s to mid-1970s, with a limited depth to
groundwater of about 1.5m to 3.5m. In the east, close to the coast, the data at
Chascomüs shows similar stable heads with shallow depths to groundwater

of

about Om to 2m.

Figure 3.14:

Simulated

(continuous

line)

hydrographs at key locations.
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and

observed (red

dots)

groundwater

3.2.4

Existing Land Use Practices

Both agricultural and meat production in the Salado basin are important at a
national level. For example, for the period 1994/97 the production of maize,
wheat, sunflower and soya in the Salado region constituted 25% of the total
production recorded for the country. The production of meat production (at
over 1.8 million tonnes per annum) represents every year about 30% of the
total production of the country.

Mixed agriculture, combining livestock and cropping, is predominant, although
livestock occupies approximately 70% of land area. In areas with suitable soils
crops are grown, usually in rotation with livestock activities. Figure 3.15 shows
the distribution of land use in the area, as interpreted by INTA (the National
Institute of Technological Support to Farm Enterprises) from satellite imagery
(Landsat TM, dated 1997). This figure, supported by Government statistics,
shows that it is only in the upper reach of the Salado area that crops
predominate over livestock. In the Zona Deprimida and in much of the Ao
Vallimanca/Ao Las Flores valley land use is almost exclusively low intensity
"cris"

(breeding) livestock. In much of the Northwest cropping is also

important, with summer crops in rotation with livestock (complete stock cycle
and/or "wintering"). The situation in the foothills of the south is similar, though
with wheat as the principal crop. Along the lower Rio Salado, livestock
dominates, with some cropping, and with an important amount of dairy
activity.

During the last 15 to 20 years crop husbandry has advanced considerably in the
area, in response to rising prices and increasing export opportunities, and
production has become more efficient. Livestock and pasture management
have not advanced so rapidly or comprehensively. Some intensification has
taken place but, viewing the area as a whole, livestock numbers have not risen
and stocking rates continue to be well below the optimum productivity.
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Figure 3.15:

Land Use Distribution (interpreted from satellite imagery).
Al

(agricultural

agriculture):

32.5

area). AG1/2

(agricultural-livestock):

GA1/2/3

(livestock-

G1/2 (livestock).

Water Resources

The Salado Basin does not at present have any organization that can exert a
strict control in the use of the water resources of the region, in terms of
it
is
discharges.
but
is
Code
Water
There
still awaiting
abstractions and
written
its full implementation.

Within the basin the main uses are related with the supply of potable water to
localities,

water for livestock

water for irrigation.

Irrigation

years but, unfortunately,

and, predominantly

in the south of the basin,

usage has grown continuously

throughout

the

the province does not keep any systematic record of

abstractions. Most of the water is abstracted from the aquifers and very little
supply comes from the watercourses.

Underground flows, driven by the very low topographic gradient, are very low
and little

movement

of the water accumulated

into storage has occurred.

Therefore a high content of salts and gypsum, accumulated during the earlier
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deposition of sediments still persists. Also, most of the groundwater is close to
saturation with calcium carbonate, which leads to a widespread situation of
high salinity and alcalinity. Groundwater resources of good quality (with an
content of total dissolved solids of less than 1000 mg/L) are located in the
southern and northern fringes of the basin. In the central area, the vicinities of
25 de Mayo and Viamonte also have good potential for abstractions, indicating
the location of areas where the recharge takes place directly to the regional
aquifer system. Within the NorthWest region DYMAS (1974) reported salinity
measurements of up to 2000mg/l, showing the high influence of the highly
brackish water present in the Araucana Formation. The presence of water with
these characteristics, located in the upstream parts of the basin, provides further
evidence of the low recharge to the regional system that took place prior to the
1970s. However, this situation has been locally modified by the presence of
fresh water lenses stored in the tops of the dunes created from the increase in
regional rainfall that took place after the 1970s, This defines a very delicate
equilibrium in the region with the existence of thin layers of very good water
quality underlain by layers with high concentrations of salt.

The surface water system does not present a better situation in terms of quality
as a consequenceof groundwater discharges, the dissolution of Post-Pampeano
sediments, catchment transfers (like the one from the south western lakes) and
the reception of water from land use drainage. Existing records along the
Jaureche-Mercante canal show a salt content that varies from 7800 mg/I to
17600 mg/!, whereas the range for the Salado river goes from 5400 mg/1 to
10600 mg/l.

Further to the issueof salinity,the water resourcesof the basinstartedto show
signs of contamination as a consequenceof an increasein dischargesof
untreated (or badly treated) effluent, and the dischargeswith a growing content
of residual fertilizers and herbicides.

Despite the fact that watercoursesand lakes contribute in a very small
proportion to satisfying the needs of water consumption, they constitute a very
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valuableelementfor recreationand tourism, as most of the tourism activitiesin
the province are locatedin the surroundingsof the lakesand are mainlyrelated
to camping, fishing and, to a lesser extent, hunting.

3.2.6

Environmental Assets of the Basin

The Rio Salado catchment is part of an ecological zone known as Pastizales de
la Pampa Humeda, within the biographic region of Argentina known as La
Pampa. This large flatplain once supported extensive, treeless, pampasic
grasslands. Now, virtually nothing of this natural habitat remains, the area
having been altered beyond recognition by both cultivation and cattle ranching.

Within this context there are several environmental issues relevant to the entire
catchment. Examples include: the Bahia de Samborombon which is a Ramsar
site (Ramsar, 1971) and which is probably the most important ecological
feature in the catchment; the whole complex of rivers, riverine wetlands, lakes
and coastal wetlands is of great importance to bird populations; the wetlands
that occupy the interdunal depressions and which could play a vital role acting
as green filters to dampen the effect of the increase use of fertilizers and
herbicides that will take place with the increase in agricultural activity.

Any potential flood mitigation measuresput forward for the basin will have to
be environmentally assessedproperly in order preserve features of the existing
complex flood regime, which involves seasonal and long-term cycles, and
constitutes a key factor in the maintenance of the dynamic ecology of the
wetland/grassland systems. Also, the lower catchment of the Zona Deprimida
and the lower reach of the Rio Salado are the receptors of the effects of human
activity (especially agriculture) in the headwaters of the catchment, and care
will have to be taken to avoid further detriment to water quality and problems
of eutrophication of the lakes. Figure 3.16 shows a conceptual model of the
environmental interactions in the area.
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3.2.7

Drainage Network and Hydraulic Works

One of the outstanding characteristics of the Salado region is the lack of a welldeveloped drainage network, consistent with the current generation of runoff in
the area. Figure 3.17 presents a classification
current drainage density. The different

of the basin according to its

areas encountered can be grouped in

three major surface drainage systems: A) the system that comprises the three
main rivers of the basin (Salado and its two major tributaries Vallimanca and
Las Flores), B) the Northwest region with its lack of a natural fluvial network
and C) the Southeast region with the streams that descend from the Tandilia

hills and the canals that extend these streams to discharge into the sea. The
three regions, and a further proposed operational subdivision (Halcrow,

1999)

are shown in Figure 3.17.

Each system has a different response to the rainfall according to the
geomorphic

and hydrologic

characteristics

of the region.

The Rio Salado

presents two distinct reaches: the upper reach with a fluvial valley and a welldefined network of tributaries entering from its left bank, and the lower reach
with a marked absence of fluvial features. The latter is formed by a sequence of
wind-deflated

depressions interconnected by short, incised reaches. The lack of

a well-defined floodplain in the lower reach leads to restriction of out of bank
flows.

95

The Arroyo Las Flores is the stream of the region that most closely approaches
a fluvial, regime channel, with an active floodplain either side of the river,
close coupling with the streams descending from the Ventania hills and rapid
responseto heavy rainfall events.

The Arroyo Vallimanca/Saladillo, located north of the Arroyo Las Flores, is
the slowest of the three streams in terms of its response to a storm event. En
route to its confluence with the Rio Salado, the course of the Vallimanca has to
cross a field of dense, parabolic dunes that poses a severe restriction to the
conveyance of the flood flows. Due to the very low gradient of the river, and
the absence of a smooth floodplain, the water accumulated in each of the
depressionsbehind the dunes stays on the surface for months until it eventually
finds its way downstream via flow in-bank in the channel.

The Northwest system is defined by not having a natural drainage network.
However, under extreme conditions, the appearance of groundwater on the
surface can develop temporary watercourses along the interdunal depressions.
In the late 1980s, this region was artificially connected to the Rio Salado by a
drainage canal (Jaureche, Mercante and Italia) that starts in the Hinojo-Las
Tunas lake system. This canal collects most of the excess runoff in the region
and dischargesit into the Rio Salado.

The Southeast region has a series of small watercourses that start in the

Tandilia hills. They have steep gradients and high conveyancecapacity for
water and sediment as they flow down the hill and fan surfaces, but they
rapidly lose capacity as they leave the fan area and enter the central depression
of the basin. From this point to the sea a series of flood relief canals that
intercept runoff and artificially continue the stream channelsto the sea.
Finally, there are a large number of structures (mainly gates and stop locks)
built with the original purpose of regulating flows into drainage canals and/or
maintaining certain levels in water bodies. Due to the absence of an adequate
operational capacity within the current institutional framework, most of the

96

structures

have deteriorated,

and many are not

longer

Those

operable.

structures that are operated, are left under a very weak control without proper

and clear rules.
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3.17:

3.2.8

A: Drainage Density (expressed in km/km2).

B: Major Surface Sub regions.

Current Institutional Arrangements

There are three provincial ministries that have some responsibility for activities
de Okras y

and resources in the basin: Works and Public Services (Ministerio
Servicios Pfiblicos
Production

-

MOSP),

and Employment

Provincial Hydraulics

Agricultural

Affaires (Asunios Agrarios),

(1'roducci6n

yy Grnpleo).

Division (Direcci(in

the day to day responsibility
supervision of construction

Provincial

for the execution

Under

MOSP,

and
the

DPH) has

Hidreiulica

of the planning,

design,

and maintenance of all hydraulic works within the

province.

The present institutional

structure has strengths and weaknesses. Amongst the

strengths are the established presence of DPH through its district offices, the
close relationship

that they have with

the local

Municipalities,

relatively well developed private support systems for agriculture.

plus the

Weaknesses

that must be addressed include fragmentation of the system, which operates
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within a culture of independence,lack of attention to mediumand long-term
planning,and the tendencyto be reactive to problemsand to view them in a
local context rather than a regional one. A major problem is the limited
resourcesavailablewithin the governmentsector and, relatedto this, the high
degree of centralisationin managingfunds, which are concentratedin the
headquarters,
outsidethe basinboundaries.
3.3

Problem Diagnosis

3.3.1

Development Potential and Restrictions to the Development of
the Area

The economy of the area is dominated by agriculture and there are no
indications of a change, nor indeed does appear to exist much scope for
significant development in other sectors. In particular, the Northwest will
feature an increase of the area of cropping, but this will still occur in
combination with beef production and dairy development. The Central area
(south of Northwest and north of Ao Vallimanca) will move towards complete
cycle beef production and, where conditions permit, cropping. The Rio Salado
corridor is expected to show an increase in urban sprawl and an intensification
of current enterprises. The Southeast and Southwest are unlikely to change,
from
intensification
apart
some
of cropping and expansion of dairying
(Halcrow, 1999).
Any planning strategy must, therefore, concentrate on addressing the factors
that are currently limiting production in the catchment, but only where there is
the potential for increase, and where this can be achieved in a sustainable
manner. This implies a combination of improved physical conditions plus nonstructural programmes to allow producers to take advantage of lower risk
levels. From the foregoing, the indications are that most growth potential lies in
the Northwest, the Zona Deprimida and the Ao Vallimanca/Ao Las Flores
valleys whereas, in other areas, the trend is likely to be towards intensification
of current production systems.
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The outstanding physical constraint is the occurrence of widespread and long
duration flooding and waterlogging events that result from the inadequacy of
the natural drainage system to convey and/or store the rainfall excesseswithout
inundating large areas for long periods, with adverse impacts on the
environment as a whole. In this context, flooding is defined as the presence of
is
the
term
the
surface,
used to
above
ground
whereas
water
waterlogging
describe the existence of saturated soil or ground water near the surface, taking
0.50m below ground as a usual threshold.

These two phenomena represent hazards to general farming activities and a
distinction is made between the terms as a function of the likely impact and
consequencesthey pose. Flooding is mainly related to losses expected in the
livestock sector as the water standing on the surface mainly affects the medium
to long term availability and quality of pastures. It is also well correlated with
physical damage to the infrastructure of the farm. Waterlogged areas are
assumed to produce damage related to cropping activities as the presence of
water within 0.5m of the ground prevents farmers from tilling and harvesting
from
is
access
vehicles
severely constrained. It could be argued that there
as
but
be
damage
in
flooding,
too
to
those
agricultural
will
areas subject
surface
this is usually very small compared to the losses sustained in waterlogged
areas.

In addition to the physical constraints there are also important institutional,
agricultural, social, economic and financial constraints that, together, impose a

limitation to the sustainablegrowth of the region. Table 3.4 summarisesthe
main constraints identified in each case.
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Institutional

Agricultural

Constraints:

Constraints:

Unwillingnessof producersto invest
An existing CentralisedInstitutional System
Lack of Co-ordination beetwccnAgenciesand PoorRural RoadAccessand Drainage
Flooding and Water Logging in Livestock
with the Private Sector
Lack of Human, Physical and Financial Areas
Resourcesfor Management
Degradationof Soils
UnsustainableMechanisms for Operation and Beef Herd Intensification
Lack of Producer Skills in Farm Business

Maintenance
Lack of Effective Monitoring

and Evaluation Management

(Procedures
Legislation and Lack of Enforcement
Social Constraints:

Variable Climatic Conditions

Lack of Awareness and Co-operation

Poorly DevelopedDrainage Systems

AmongstProducers

Soils and Quality

Urbanisation of Producers

Groundwaterand Quality
UncontrolledRiver and DrainageSystems

Inherent culture of independence

Economic and Financial Constraints:

Economiccostof Land Improvement
Bias in the Ownershipof ProductiveResources
High Level of Farm Taxation
High Cost of Agricultural Credit
Table 3.4:

Summaryof the Main Constraintsto the Developmentof the

3.3.2

Conceptual Understanding of Flooding Mechanisms in the Basin

(Groundwaterand SurfaceWater Issues)
Having identified the importance that flooding (and waterlogging) has in terms
of its physical impact in the region, and bearing in mind the heterogeneity and
complexity of the physical features of this area, deepening the understanding of
the response of the basin to rainfall posed a challenge to be addressedas part of
this research.

Flooding (or waterlogging) was explicitly described in terms of "rainfall
excess" and not runoff in order to encompassa wider range or driving
mechanisms,including:
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(i)

low
depressions
in
that
the
the
ponding of water
occupy
numerous
lying central areas of the basin (Depression Zone), retained on the

surface due to the low infiltration capacity of the soils and the
flatness of the terrain that impede its runoff.

(ii)

extensive floodplain flooding due to overbank flows from the major
rivers of the system: Salado, Las Flores and Vallimanca (fluvial
flooding), or overland flow along the slopes of the southern hills.

(iii)

ponding of water in the interdunal depressions that dominate the
landscape of the Northwest area caused by exfiltration from
groundwater. This differs from (i) in that in this case water
exfiltrates from the ground whereas whereas in (i) water is unable to
by
is
description
This
the
to
the
enter
ground.
similar
provided
Morita and Yen (2002) as saturation from above and below ground.

The types of flooding described here can be further classified and analysed
according to the likely magnitude of its impact and the degree of connectivity
of the flooded areas. The following Table 3.5 presents the results of this

analysis.
Ponding of water
Cause

Direct rainfall impacting on the ground; low infiltration capacity
of the soil; very flat terrain leading to negligible horizontal flow
(surfaceor subsurface).

Duration of event

Weeksto months. But it varies dependingwhetherthis eventis
superimposedto fluvial and/or overlandflooding.

Velocity

Negligible dueto the flatnessof the relief.

Depth

Low (approx. 0.5m)

Flood extent

Isolated patches of water not initially connectedbut become
connected once a topographical threshold is exceeded.The
connectioncan also take placefollowing an externalstresssuch
as fluvial flooding.

Area of predominance

Central part of the basin (DepressionZone) and coastalfringe.
Fluvial Flooding

Cause

In-bank capacity of streamsless than that required to convey
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flows generatedfor eventsof a given magnitude(generallyless
than 2- yearsreturn period)
Duration of event

Weeksto months.In the Las Floressystemthe duration doesnot
normally exceed one or two weeks. Overland flow situations in
the southern hills last a few days to a week.

Flood flow velocities vary from low velocities in the lower
reachesof Vallimanca and Salado,to mediumvalues in the Las

Velocity

Flores and finally to fairly high values in the streams descending

from Tandilia.
Medium to high flood depthsof the order of 2m to 3m along the

Depth

floodplain of the Salado.

Predominantly concentratedalong the corridors of the three

Flood extent

main rivers Salado, Vallimanca and Las Flores with an active
floodplain width that can reach 20km.

Area of predominance

Basin wide exceptin the northwestregion.
Groundwater-Induced Surface Flooding

Cause

Infiltration

in excess of evapotranspiration,

soil moisture

capacityand horizontal fluxes, coupledwith very small regional
gradients and with the existenceof landform controls on the
surface.
Duration of event

Months.

Velocity

Negligible during the early stageof the eventbut riseswhen the
flooding spreads along the interdunal depressions.

Depths are mainly controlled by the crest elevations of the
that can reacha
parabolicdunesalongthe interdunal depressions

Depth

relative altitude of the order of 3m.
Initially, the flood extent featuresa set of isolatedpondsbehind

Flood extent

parabolicdunesthat then becomea seriesof streambodiesalong
the elongated, interdunal depressions.Ultimately, the latter
coalesceinto a single flood flowing towardsthe lowestregional
part of the area.
Area of predominance
Table 3.5:

Northwestregion of the basin.

Descriptorsfor eachflooding mechanism.

To complement the analysis presented in the table above, the following Figure
3.18 presents a conceptual representation of the response of the basin to each
flooding mechanism.
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Response
..........................................

...............

Connectivity
between patches of
water.

A1...............................................................
time
Response

Threshold

of

Above ground

parabolic

response

dunes

.............

B

.....................................
Seasonal
fluctuation of GW
..............

............

I.

.....................
time

Resnonsc
..........................................................
Floodplain level
raises.

Major
contribution from
another system,
i. e. transfers,
breaches.

Stream in
bank
Stream goes out
of bank
..........................................................

time
igurc 3.18:

Conceptual diagrams of the response of a basin to flooding. A: ponding of
water. B: groundwater-induced flooding and C: fluvial flooding (dotted red
and blue lines: maximum and minimum responsesrespectively)-

Fluvial flooding

occurs as a consequence of a drainage system that is still

adjusting to the current runoff regime. The drainage system is superimposed on
top of a relief formed by wind blown features that constrain the conveyance of
out of bank and overland flood flows. This situation is manifested particularly
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along the entire course of the Arroyo Vallimanca and in the lower reach of the
Rio Salado. In the first case, the topographic

restrictions

cover the whole

inundated width (which is not yet a floodplain) to limit the conveyance of flood
flows and slow down the return to an inbank situation, leaving areas with
standing water for months. In the lower Rio Salado the topographic restriction
acts earlier in the flooding
channel, causing important

process, limiting

the egress of water from the

effects and delaying the downstream

backwater

conveyance of flood water. Figure 3.19 shows a plan view of the lower reach
of the Rio Salado and a typical cross section featuring a fluvial constriction.

N
Ike

Figure 3.19:

Plan view and cross section on the lower reach of the Rio Salado showing
fluvial constriction. The white arrows point at fluvial constrictions. Note
expansion of flooding upstream of constrictions.

A dominant discharge analysis was performed and the results are presented in
Table 3.6. It is worth noting that the in-bank capacity of the Rio Salado, at

Achupallas, is much lower than the calculated dominant discharge, which
suggests a severe under capacity to convey the runoff from the catchment,
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including the portion of the Northwest area linked via the Canal JauretcheMercante.

River / Section

Dominant

2-year

Discharge

period flow

discharge

(m'/s)

(m'/3)

(m3/s)

Salado- Achupallas

132

42

22

Salado - Guerrero

325

284

300

Vallimanca - Road226

41

85

45

Las Flores - Alvear

73

79

90

rape

3. o:

uominant

and banldull

return

Bankfull

discharges at key selected areas.

Finally, Table 3.7 presents a summary of the statistical analyses of observed
flow records in the main watercourses, carried out for the period 1967-1995
(source Provincial Hydraulic Authorities, DPH), as this is the period that
contains the largest amount of available information.

Location

Mean Flow

Flow for selectedreturn periods

(m3/s)

2yrs

10yrs

Q maa

100yrs
(m3ls)

Salado

73

42

161

478

(Achupallas)
Salado

(1985)
430

284

912

2358

(Guerrero)
Vallimanca

140

85

306

868

100

79

189

387

349

(1980)
26

17

55

(Miranda)
I analeJ. i

610
(1969)

(Alvear)
Los Huesos

1798
(1980)

(Road 226)
Las Flores

446

143

138

(1980)
riooa rlows for auxcrcnt return periods based on the statistical analysis or
observed flow.

Groundwater-induced surface flooding is a direct response of the regional
hydrogeological system and micro-forms in the surface relief. For regional
hydrogeological purposes, the system can be considered as unconfined, with its
base defined at the top of the Parana Formation.
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Apart from the fringing

mountain and hill areas at the boundaries of the basin groundwater gradients
are very gentle with a regional flow to the east to the coast. The ubiquitous
presence of wetlands and lakes (progressively increasing in frequency from
west to east), is dictated by the very gentle topographical gradient and very thin
unsaturated zone, indicates that the groundwater regime is closely coupled
with, and constrained by, the surface water regime. Geomorphologically, a
feature of the plain is the lack of eroded river courses away from the principal
rivers and arroyos.

This shows that a conventional surface water drainage

system with significant direct runoff from rainfall is not dominant in the
Northwest region.

Because of the small unsaturated thickness, the water table is directly subject to
evapotranspiration, which is a significant control on heads. When major
recharge events occur normal evaporative losses are overtaken, heads rise
rapidly and groundwater rejection takes place, giving rise to flooding and the
subsequentcreation of non-perennial lakes and the areal extension of perennial
lakes. Depending upon their topographical configuration and the amount of
groundwater rejection, the lakes can join and major groundwater flooding can
ensue. The process is such that surface flooding induced by the groundwater
catchment is a transient situation. During non-flooding periods the groundwater
system is very localized, with recharge being balanced to a large extent by
evapotranspiration, resulting in limited lateral groundwater flow contributions
to regional flows.

This indicates that the regional flow is relatively small,

which is consistent with the relatively small hydraulic conductivity, the very
gentle regional gradient and the relative high groundwater salinity. Figure 3.20
shows a conceptual representation of the groundwater-induced surface flooding
process.

106

ET

ET
Rý

Rl

IET

afresh
water

brack&h

Oegi6n6l

soil

ffbw
Fl --t

K ra Mal.

r,rsn

system

t-

Widespreadrunoff
along an intedune
parabolic
dune

Initial
pond/ngof water

parabolic
dune

initial
ponding of water

Figure 3.20:

Conceptual understanding of groundwater induced surface flooding in the
dune field of the Northwest region.

Based upon the conceptual understanding of the system, the flow balance for
the basin can be formulated as follows:
Precipitation -

runoff + infiltration + interception storage + evaporation from open
surfaces with the intercepted water

Infiltration

=

actual evapotranspiration from the unsaturated zone + lateral
subsurface flow (interfow) + recharge

Change in groundwater storage =

recharge

±

groundwater

flow

-

actual

evapotranspiration from the saturated zone
groundwater discharge to rivers. wetlands and
lakes

In order to give a fuller appreciation
problem the following

of the magnitude and extent of the

mosaic (Figure 3.2 1) presents a complete satellite image

for the widespread flood event that took place in 1993 along side photographs
of flooding in the central depression area.
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Having established the main flooding mechanisms in the region, this research
concentrates on GW-SW interaction for a number of reasons,including:

(i)

its widespread extent, and its uniqueness in terms of the magnitude
of flooding and the interaction with relief features,

(ii)

the need to implement major capital investment in flood
managementschemesto mitigate the problems associatedwith
groundwater-induced
surfaceflooding,

(iii)

the strong correlation that exists between a reduction in the risk
level, landusechangeand/orincreasesin landuseproductivity,and

(iv)

the potential effect that flood managementmeasurescould have on
the delicate balance between water resources and environmental
equilibrium.
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i

3.4

The Integrated Master Plan

Diagnosisof the problemsin the Saladobasin identified that there are several
restrictions on the development of the full economic potential of the region,
including widespread and long duration flooding and waterlogging events
which have the most detrimental impacts on the land and in the population.

In response to this situation a World Bank funded study was carried out, to
prepare an Integrated Master Plan (IMP) for the sustainabledevelopment of the
catchment. The problem has been the subject of attention by Government since
the beginning of the 20th century, but this study was the first attempt at an
integrated approach to the problem at a regional level. The studies started in
1997 and the final report of the master plan was presented to the provincial
authorities in 1999 (Halcrow, 1999).

With respect to the Master Plan, the overall policy or goal of the Government
was to realise the economic potential of all water related activities in the Rio
Salado Basin. To achieve this goal the Master Plan had three principal

objectives:
(i)

to bring about a reduction of the negative impacts which floods and

droughtshave on the economyof the catchmentand,therefore,the
provinceandthe country;
(ii)

To improve the economic conditions of the catchmentthrough
development
sustainable
of its potentialand, in particular,economic
activities related to agriculture and livestock enterprises; and

(iii)

To protect and enhancethe environmentalvalue of the catchment
in
its
particular,
and,
wetlands.

The Master Plan provided a framework for balanced social and environmental
development of the basin, consisting of a wide range of measuresdesigned to
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addressthe constraintsidentified during the diagnosis.They can be structured
under the following headings:

(i)

an institutional framework to enable effective planning and
management,

(ii)

non-structural measuresto improve water management, agricultural
production

and environmental protection,

to

increase public

awarenessand to promote tourism,

(iii)

supporting measures to promote economic development in the
agricultural sector, and

(iv)

flood
improved
drainage
to
and
structural measures
provide
mitigation.

Table 3.8 presents all the costs associated with the measures of the IMP and
Figure 3.22 presents a map with the proposed structural measures. Cost
estimates for

the structural measures have been calculated based on

prefeasibility level designs for the works and include land acquisition, study,
design and supervision, environmental mitigation measures, and physical
contingencies: The economic analysis generally supported the adoption of a
design standard of 1:10 years for the drainage works in the Northwest and the
flood relief measures along the Rio Salado, Ao Vallimanca and Ao Las Flores
corridors, as consistently higher economic returns were obtained in all subregions of the Northwest compared to a 1:5 years standard. For the Zona
Deprimida, where economic returns were much lower, a standard of 1:2 years
has been used for the design of flood alleviation measures.
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Figure 3.22:

Rio Salado Master Plan. Proposed Structural

Package

Measures.

Costs

Description

(million USS)
Structural

Improved drainage in the NorthWest region.

406

Flood mitigation in fluvial corridors (Salado.

863

Vallimanca and Las Flores)

Non

Structural

and

Rehabilitation works in the Depression Area.

561

Urban Flood Protection

55

Works

59

-

institutional
1944

Total
Table 3.8

Summary of Costs for the Implementation

of the IMF. Costs were cstimatca

in 1999 where the exchange parity between the US$ dollar and the $AR was
1.
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Appendix A provides more information on the IMP and its social, economic
and environmentalimpacts.
With implementation of the measures proposed in the Master Plan it is

expected that widespread and significant increasesin production in the
agriculture sector will result. The projected annualincreasesin production, in
terms of crops, livestock and dairy are also included in Table 3.9. Values are
given both as tonnes and as the percentage increase on present production at
full project development. Overall, these equate to an increase of about 10% on
present annual production, representing over I million tonnes of crops and
150,000 tonnes in the livestock sector, Benefits to crops and livestock have
been measured as net incremental benefits, that is the difference between the
net value of farm production in the without project and the with project cases.
Benefits include: reduced losses of crops and livestock production and on-farm
infrastructure caused by flooding/waterlogging, and changes in land use as a
response to reduced risk of flooding/waterlogging. The benefits attributable to
public infrastructure in rural areas have been estimated as the total value of
avoided flood damageto the infrastructure, that is the reduced cost of repair of
damage. Finally, all project benefits have been weighted by flood event
probabilities in order to derive average annual expectation of loss.

Productive land (km2)

Productive

land

benefited

(2)
Increase

in

agricultural

production (%)'
Increase in meat production
(%)1

Increase in dairy production
(%)t

l able 3.9:

A

B

C

Total

5131

6652

588

12371

4726

1692

438

6856

4 to 22

Oto 11

8

10

13to18

2toG

2

8

12to31

1to13

4

11

EstimatedBenefitsderivedfrom the implementationof the IMP.
the rangeof increaseis indicatedas it varieswith sub-regionswithin
a region.
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The success of the IMP and its sustainability will depend on its social impact,
that is the number of people who will benefit and those who will suffer
detrimental impacts, and their distribution both within a sub-region and within
the catchment as a whole. Unless there is reasonable distribution throughout,
there will not be equity of benefit, the Plan will not gain widespread support
it
and will not encouragemajority stakeholder participation.
Large-scale interventions such as those put forward in this IMP will also cause
some potential detrimental effects in parts of the basin. Structural measures
were planned with the prime concept that no region should experience an
increase in affectation over the baseline situation; the IMP generally consists of
land drainage measures in the Northwest area and flood mitigation measures
along the corridor of the rivers that will receive the excessflow from the new
drained areas. Land and existing infrastructure along the fluvial corridors of the
Rio Salado, Ao. Vallimanca and Ao. Saladillo will be affected by the planned
mitigation measures planned, such as the flood embankments. Also, in those
areas where an existing permanent water body will be used for regulation
purposes, a detrimental effect can be predicted for the people and infrastructure
that will have to be reallocated. Despite the conceptual equilibrium between
drainage in the upstream portion of the catchment and the flood mitigation
measures in the downstream regions, the entire basin will be exposed to a
higher level of complexity as a consequenceof the operation requirements of
the proposed works. This implies that the entire basin would be subject to a
high potential risk if the works were not managed and maintained properly by
the provincial authorities.
Finally, a strategic Master Plan of this scale has the potential for significant
environmental effects. The role of the environmental impact assessmentin the
development of such a plan is to minimise adverse environmental effects,
maximise benefits and ensure the selection of an environmentally sustainable
strategy. The most important potential impacts are: the anticipated benefits to
agricultural and livestock production, which provide significant regional and
national economic benefit, within

a general framework
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of

sustainable

agricultural

development; and the

potential

for

significant

loss and

modification of wetland and floodplain areas.

These two aspects are generally antagonistic in nature. It is not possible to
create agriculturaUlivestock benefits, of the nature required by the objectives of
the Master Plan, without some drainage of semi-natural areas and changes in
land use. However the drainage proposals attempt to strike a balance between
land use change and conservation of critical/valuable natural habitats.
Mitigation of impacts will necessarily come from an iterative development
process and it will recommended use of ecologically sensitive design proposals
for new channels and flood attenuation areas will bring considerable ecological
and recreational benefit.

Test Area

3.5

The test area is located within the North West Region of the Rio Salado Basin,
covering an area of 4900km2 (70km by 70km). It is located approximately in
the centre of the regional depression that collects excess water from the dune
system, on either side of the Jaureche-Mercante canal. Geomorphologically,
the test area lies within the region dominated by a field of longitudinal dunes
that has superimposed on it a field of parabolic dunes. The location of the test
area is shown in all regional figures presented throughout the above sections in
this chapter.

The selection of the test area was based on the following criteria:

"

Groundwater-Surface
Water features:
The area selected contains a significant number of longitudinal dunes
where the interaction between groundwater and surface water emerges
as the dominant mechanism for flooding. Groundwater emerging to the
surface is collected in the interdunes and transferred downstream to the

Jaureche-Mercante
canalalignment.
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The test area lies at the core of the zone that is most severely affected

area by frequent groundwater-inducedsurfacewater flooding events:
The area is well known becauseof the flooding incident that took place
during 1987/1988.

0

Availability of data:

Despite the fact that Pehuajö is the only observation borehole that falls
within the test area, this time series contains observed levels between
1970 and 1980 and some scattered observations during the 1987/1988
event. The test area is covered by two groundwater head distributions:
one for 1977 and one for 1988: The latter only covers the North West
area. Although both distributions are more suitable for comparisons at
the regional level, they were also used to analysethe performance of the
local model carried out in the test area. In addition from the Agua y
Energia report (1988) a set of maps showing affected areas for the
following periods is available: April 1984, February 1986, March and
November 1987, March and October 1988, and March 1989. This is
relevant to assessing the functioning of the model in terms of
reproducing the appearanceand transfer of water on the surface.

"

Land Use and Economics:

The test areais locatedwithin a key zonein terms of its contributionto
agricultural and livestock production in the basin and, hence, of the
country.

This area lies within a zone where there is a marked importance to
agricultural activity, with summer crops in rotation with livestock
enterprises: Also, the diary production is the most important in the
whole of the North West region.

It is important to highlight that the whole areahas undergonea drastic
changein its land use and climate,due to the increaseof annualrainfall
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in the region and the associated increment in groundwater levels: Prior
to the 1970s, the area was arid, with no significant evidence of
in
fresh
The
the
the
at
surface
activity.
agricultural
appearanceof
water
1990s led to many new farm enterprises with a consequent increase in

economicreturn.
Furthermore, taking

into

consideration the soil's

suitability

for

for
has
largest
the
the
potentials
of
agriculture,
selected area
one
increasing agricultural production and, therefore, it is important to
identify predict the current natural physical restrictions (including
flooding) in order to be able to plan the most effective mitigation

measures.

0

Presenceof urban infrastructure:

Finally, within this area, there are a number of settlements (the most
important in terms of its population being Pehuajö) under risk due to
their proximity to water bodies that frequently grow in size during flood
events. Therefore, they constitute another important element within the

study area in order to assessthe accuracyof the model in predicting
flooding levelsandrisks for urbaninfrastructure.

0

Water
Supply:

During the 1990s the new groundwater and surface water system
reached an equilibrium in the North West area, with phreatic levels
close to the surface in correspondence with dune formations and above
the surface, in the interdunal depressions,in a seasonalbasis.

The presence of fresh water in the dune formations, overlaying thick
hydrogeological formations of brackish water, contributes to the daily
supply of water to live-stock and, to a lesser extent, to human
deep
by
Also,
is
the
the
of
presence
consumption.
area characterised
and spatially localised fresh water lenses.
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Therefore, although this area would require a significant reduction in its
flood risk level (hence, an increase in drainage of soils) to realise the
full potential for agricultural activity, it is important that care is taken to
avoid a situation where excessive drainage alters the groundwater and
surface equilibrium, putting under hazard the fresh water supply
capacity of the region.
Environmental Assets:

0

The interdunal depressionsthat dominate the region are a key element
of the environment as they fulfil a vital role for the survival of bird life
in the area. These depressions are seasonallyflooded wetlands, some of
by
declared
international
and
are protected
value
which were
of
Wetlands International.

In terms of water quality, potential interventions in the area will have to
be carefully treated and monitored to avoid generating further pollution
with

fertilizers due to an increase in agricultural activity as a

consequence of the reduction in flood risk. An increase in pollutant
loadings in the region could also produce further deterioration in the
quality of the downstream water bodies, producing an even faster rate
of eutrophication in them, as has occurred in the Bragado Lake.

3.6

Summary

The descriptionof the physicalcharacteristicsof the Rio Saladobasinand the
diagnosis of the flooding problems supported investigation of two of the three
overarching topics of the thesis, as highlighted in Chapter 1:

"

The scale of the area. The 170,000km2 of the Rio Salado Basin is
comprised of large sub-regions, each of which is characterised by
having unique geomorphic and environmental features that are
intimately related to the water managementissues of the entire region.
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Three distinct areas can be identified: The Northwest region dominated
by groundwater-induced flooding problems; the fluvial corridors along
the main water courses that run across the central flatland of the Rio
Salado basin; and the hill slopes in the south of the basin that generate
large and rapid overland flows.

9

The scale of the flooding problems. Not only is the scale of the area
large, but so also is the scale of the processes. Section 3.3 identified
that GW-SW interaction is the key driving mechanism responsible for
the wide spread flooding that stresses agricultural and livestock
enterprises in the Northwest region.

The key methodological steps that guided the research reported in this thesis
are summarisedbelow:

(i)

Analysis of the flood risk maps developed in the IMP study using
the regional hydrological, groundwater and surface water models.

(ii)

Developmentof a coupled GW-SW model (iSISMOD) makinguse
iSIS
Flow and MODFLOW models.
the
existing
of

(iii)

Application of the coupled model to a test area in the Northwest
region of the Rio Salado basin.

(iv)

Analysis of the ability of coupled and uncoupled models to
reproduce the dynamics of groundwater induced surface flooding.

(v)

Basedon the above,analysisof the suitability of the flood risk maps
in
used the IMP study to support the process of options appraisal.

(vi)

Development of an outline framework for modelling studies that

builds on the experiencegained during the IMP study and applies
the knowledge acquired from this researchproject.

The arguments in this chapter have been informed by the data used and the
it
is
during
Therefore,
development
IMP
the
the
results obtained
study.
of
important to present a summary of the different elements and data sourcesused
(see
following
in
for
the
the
chapters
as a starting point
analysis presented
Table 3.10).
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Data

and

Source

Key aspects

process

element

Data
Rainfall

Rainfall data was available on a daily

Obtained from DPH and

basis

processed

from

1911

until

1996.

during

the

Approximately 100 stations scattered IMP study.
around the study area were used after
checking for consistency and infilling.

However only 10 stations had data
recordsfrom 1987onwards.
Climate

Population

Temperature, solar radiation and Obtained from DPH and
humidity records were available for 14 processed during the
stations from 1959 until 1996.

IMP study.

Population data was available for each of

Obtained from

INDEC

Census

the approximately 60 administrative (National
Centre).
units locatedwithin the studyarea.

Historic records on Quantification of flood and drought Books on history of
Buenos Aires containing
floods and droughts episodesin the province.
from

archives

the
and

parliament
government.

Topography

Contour

levels

contained

in

approximately 400 maps at 1:50,000,

Obtainedfrom IGM (the
equivalent

of

the

Contour interval varies between 2.5m Ordnance Survey in the
and processed
and 1.25m. Also spot heights were UK)
during the IMP study.

availablein eachof the maps.
Regional contour information

was

available and was used to check the
DTM processedas part of the IMP study.
Channelsurveys

Surface geology

An accurate survey of channel cross This survey was carried
sections was carried out with sections out as part of the IMP
surveyedat an averageinterval of 5km.

study.

Collected from some already interpreted

Existing

data

from

only

few

boreholes,
Table 3.10:

literature

and

exploratory reports compiled during
the IMP study.

Summaryof dataand key processesrelevantto the researchthat supportsthis
thesis.
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Geomorphology

A set of 1:250,000 scale geomorphic The geomorphic maps
maps were developed from satellite were developed during
the IMP study. Also
geomorphic sub-regions was created background information
imagery interpretation. A new map of

from

using the detailed geomorphic map at

was

1:250,000.

existing literature. This

gathered

supported
interpretation

the
of

the

origin of the current
landformsof the area.
Hydrogeology

Regional contour maps were used for

No survey was carried

general interpretation.

out

One map was

during

the

IMP

available for the entire region with a

study. Data was obtained

contour interval of 10m.

from

For the Northwest

region,

a set of

and

previous reports
literature

on

the

groundwater heads was available for a subject.
dense network of boreholes for 1988;
this allowed derivation of another
groundwater head distribution

with a

variable contour interval.
Conductivity and specific yield values
were obtained from previous reports.

The land use map was obtainedfrom an The map was developed
interpretation of satellite imagery by INTA
(National

Land use

supportedby information contained in
soil maps and statistical information on

Institute of Agricultural
Technology).

agricultural production available from
census data (for each administrative
unit).

River Flows

Specificflow gaugesand datafrom chart Obtained from DPH and
for processed during the
recorders
available
were
approximately 12 stations in the main

IMP study.

watercourses.

Agricultural

and Agricultural and livestock production National
livestock statistics
figures were available for each Census.
administrativeboundary.
Table 3.10

cont.
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Economic

Key Processes
Digital

Terrain DTMs were developed for the entire Developed during the

Model

basin and the test area.

Hydrological

HYSIM was used to carry out the This wasdoneduring the
hydrological modelling.
IMP study. Time series

modelling

IMP study.

results were usedto feed
the GW-SW modelling
carriedout for this thesis.
Groundwater

The regional groundwater model (5km The regional model was
grid)
was
constructed
using used in this researchto

modelling

MODFLOW.
accounted for

Surface
only

in

features

were

a simplified

modelling

boundary

conditions for the GW-

SW modelling exercises.

manner.
Surface

provide

water The regional surface water model was The research in this
constructedusing iSIS Flow. No account thesis did not make
further use of the
was madeof GW-SW interaction.
regional surface water
model.

Flood risk maps

Basic flood risk mapswere developedto

The

map the frequency of occurrence of

approach was developed

surfaceflooding and water logging.

during the IMP studyand

methodological

appliedin this thesis.
Table 3.10

cont.
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CHAPTER
-

4-

FLOOD RISKAND MODELLING
APPROACHES

4.1

Flood Risk Concepts

Chapter 3 demonstrated that the main physical constraint to economic
development and social justice within the Salado Basin as a whole is the
occurrence of frequent, extensive and long duration flooding events. In
particular, the test area has one of the highest potentials for agricultural
development, but this is constrained by the lack of a surface drainage network
able to

manage the excess runoff

by
groundwater-induced
generated

waterlogging and flooding situations. In general terms, the risks of flooding
and waterlogging are a consequence of the interrelationship of various
phenomena,including the:

(i)

inherentcomplexitiesof physicalprocesses.

(ii)

spatial and temporal variability of the stresseson the basin, such as
rainfall,

latter
the
evapotranspiration and actual evaporation:

expressedas a function of land use patterns),

(iii)

often conflicting objectives of the multiple stakeholdersin the
basin, such as farmers, local authorities and federal and national
agencies,and

(iv)

fact that all deterministic estimates are based on a short period of

record andan often incompleteand sparsedatabase.
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Bearing in mind the complexitiesoutlined above,risk conceptsand, therefore,
likely
framework
to
assess
management
which
risk
provide a useful
within
current and future scenarios, with and without water resources management
and different forms of social intervention. MAFF (2000) exemplifies the
four
formulation
framework
the
the
the
of
objective of
and
concept of risk with
questions:

(i)

What might happen in the future?

(ii)

What are the possible consequencesand impacts?

(iii)

How possible or likely are different consequencesand impacts?

(iv)

How can risks be managed?

Risk can be interpreted as the product of the chance (likelihood or probability)
of a particular event occurring with the consequences(or impact) that would
arise from its occurrence. Likelihood refers to the chance that a particular
hazard occurs and hence, that a potential community could be exposed to a
given harmful situation. Consequence should be interpreted as an undesirable
consequenceshould the hazard event materialize.
It is important to highlight that risk encompassesmultiple dimensions, from
economic (such as physical damage to properties and infrastructure) to
environmental and societal issues (such as disruption to natural habitats and
distress to elderly people in the affected population). It should be noted that the
spatial and temporal scales of the consequencesdo not have fixed boundaries
attached to the extent and duration of a particular flood event: In agricultural
and livestock activities, adverse effects extend beyond the duration of the
flooding and the impact usually lasts much longer than the time necessaryfor
soil moisture to return to normal levels. Under estimating any of the above

aspects could lead to taking inadequate decisions and hence, inadequate
expenditure of available resources.

To understand the different linkages between probability, hazards and
consequences,and so assesspotential mitigation measures, conceptual models
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of risk were developed, such as is the so called "source-pathway-receptor
model reproduced in Figure 4.1 and described below (ICE, 2001):

SOURCE
(i.

flood wave)

e. rainfall,

V

PATHWAY
(i.

e. natural floodplain, drainage canals)

RECEPTOR
(i.

e. properties,

habitats, people)

Exposure

Vulnerability
10

Figure 4.1:

Conceptual Model of Risk. (modified frone ICE. 2001).

In this study, the model was slightly modified to add the concepts or exposure
and vulnerability in the relation to the receptors as the first step of assessment
must begin by identifying all assets exposed and then determining what assets
would be vulnerable to each particular hazard.

During

a diagnostic

homogeneous

study it is important

(catchment

exposures and, ultimately,

wide)

to arrive

representation

of

at an accurate and

the

regional

hazards,

risks. This also implies understanding the different

weights of each of the blocks and linkages that form the conceptual model have
in the final expression of risk for the basin. The conceptual model of risk also
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helpsdecisionmakingon where mitigation measuresshouldbe targeted:While
little can be usually done at the sourcelevel, flood defencesare commonlya
measure used at the pathway level and flood plain planning (to reduce
exposure) usually fall under the receptor box.

Within the SaladoBasin three types of hazardouseventswere identified and
describedin Chapter3, as:
(i)

ponding of water that occurs when water accumulates on the

flat
due
lack
infiltration
terrain
the
to
of
soil
and
surface
of
capacity
conditionsprevail.
(ii)

groundwater-induced

surface flooding

or waterlogging,

that

(phreatic
level
the
surface) rises above
occurs when
groundwater
the ground surface, causing water ponding and inundation.
Waterlogging occurs when the phreatic surface is located within a
depth of 50 to 70cm beneath the ground surface but does not rise

aboveit.
(iii)

fluvial flooding that occurs when the conveyance capacity of the
natural or engineered channel is exceeded by a flood passing

through the systemand therefore, significant floodplain areasare
inundated,

In the absenceof a fluvial system in the test area, only the first two hazards are
relevant; however the third is also cited as a risk analysis should encompassthe
entire basin and any drainage measure in the test area could increase the flow
down the fluvial corridors and hence, increasethat type of hazard.

Table 4.1 describesthe different conceptualmodel of risk associatedwith the
hazardouseventspresentedabove.
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Ponding of Water
Source

The prime sourcefor this type of eventare prolongedrainfall eventsthat
fall directly onto land characterisedby soils of very low capacity for
infiltration, which is worsenedin areaswherehigh water table conditions
and low terrain gradientsprevail.

Pathway

At the basin wide scale, the pathway is formed by numerous(mostly
isolated) depressionsin its downstreamportion of the catchment(Zona
Deprimida). In large rainfall events, water ponded in the depressions

coalescesand the hazardouseventis transferredto the river corridors (Rio
Salado)as the impermeableareacontributing to runoff increases.
In the test area,the pathwayis formedby the depressionsbehindparabolic
dune crests that are characterisedby having soils of low infiltration
capacitydue to the frequentaccumulationof water.
Receptor

The receptor of this hazard is primarily linked to most livestock
enterpriseslocatedin the Zona Deprimida: However,as the eventevolves,
the receptor also includes infrastructure along the river corridors of the
cited area.
Groundwater

Source

Induced Waterlogging

The prime source for this event is direct rainfall rate that falls onto an area

wherethe groundwatertable is just below the land surface.
Due to the relatively high infiltration capacityof the sandy soils that are
prevalent in the test area and the low horizontal dynamics of the
groundwatersystem,it may be arguedthat the infiltration rate to the soils
and the groundwaterheadsthemselvescan be also termed a secondary
source.
Pathway

This type of event affects, predominantly, all of the North West area of the

basin, where a delicatebalancebetweenrainfall and evapotranspirationcoupled to the geomorphologicalcharacteristicsof the area- maintains
headsvery closeto the ground surface.
Table 4.1:

Application of the Conceptual Model of Risk to each of the Flooding
Mechanismsof the Basin.
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Receptor

The main receptorof this hazardis the agricultural activity through:

-

salinizationof soils dueto the rise of phreaticlevelswith
high contentof salts,

-

physical limitations on the growth of crops during the
initial stage after sowing, and

-

difficulty of accessing the farm during harvesting.

Groundwater-Induced Surface Flooding
Source

The prime sourcefor this event is direct rainfall that falls onto an area
wherethe groundwatertable is abovethe land surface.

Pathway

This type of event also affects,predominantly,all of the North West area
of the basin where a drainagenetwork hasnot yet beendeveloped.
Areasupstreamof the parabolicdunes(the interdunal depressions)are the
sites where groundwater first appears at the surface. This does not
constitute a harmful situation on its own. However, when flooding depth

increasessufficiently that certain micro relief thresholdsare exceeded(i. e.
water overtops the crest of parabolic dunes) surface water mobilises
downstreamalong the interdunaldepressions,creatingsubstantialvolumes
of surface runoff and forming a significant pathway for the flooding
mechanism.
Receptor

The receptorsof this processare also the farming enterprisesof the NW
region as surfacewater affects:

-

livestock activities (unlike waterlogging),

-

farm infrastructure(suchasfences)

The appearanceof water on the surfacealso implies the loss of crops,
however, this is relatively small as cropping is not the main activity in
theselow lying areaswithin the region.
Table 4.1

cont.
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Fluvial Flooding

Source

The sourceis the cumulative drainage and overland contribution to the
fluvial and canals network. The Saladobasin does not have sufficient
capacityto conveyall of the annual surfacerunoff from the basin.The Rio
Salado,and to someextent Canal 9, are the only major conveyorsof water
to the sea. The successiveaddition of drainage area to the Rio Salado
Basin (Figure 3.2, Chapter 3) is being followed by a very slow natural
evolution of the drainage network, which implies that out of bank flow
situationswill prevail for eventsof lessthan 2-yearreturn period.

Pathway

Three physicalareascan be identified as pathwaysfor fluvial flooding:
Active floodplains of the three main watercourses:Salado,Las Floresand
Vallimanca, whosewidth and dynamicsare very variable as describedin
Chapter3.
Relict floodplains and watercourses(mostly abandoned after heavy
engineeringworks suchas high level interceptors),such as the GualichoZapallar-Camaronessystemthat connectsCanal 9 with the Rio Salado.
Hill slopesthat constitutethe southernpart of the basin and which transfer
flood waters when the capacity of the streamsthat drain the hills is
exceededand large areasbecomeoverlandflow routes.

Receptor

The receptor is largely restricted to settlements,isolated properties,
farmlands and infrastructure locatedin the floodplains of the three main
watercourses.

! 'able 4.1

cont.

Understanding risk, and defining adequate risk models, should be considered as
the support for the delineation of the strategy for model development, as it
be
identification
different
that
to
the
ought
allows
of
analytical components
included along with the required of coupling, so that the source and the
pathway elements of risk can be adequately represented. In this respect, it is
important to note the existence of interrelationships between the individual risk
models

at

different

scales of

analysis. Figure

4.2

presents these

interrelationships at the scale of a test area (either in the upstream or in the
downstream part of the basin) and at the catchment scale.
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RELATIONSHIPS

BETWEEN

RISK MODELS AT THE CATCHMENT

SCALE

--------------------------------------------RELATIONSHIPS AT A TEST AREA LEVEL IN UPSTREAM PART OF THE
BASIN
i

Groundwater
Induced
Waterlogging

Groundwater
Induced Surface
Flooding

---------------------------------------------------------------------RELATIONSHIPS AT A TEST AREA LEVEL
THE BASIN
i
i

IN DOWNSTRE

Ponding

-------J
-------PART OF

Fluvial Flooding

i
i
i
-------------------------------------------Figure 4.2:

Interrelationship between risk models.

The next stage of the process should consist in the definition

of a practical

approach that conveys the concepts embedded in a model of risk for the basin
into

a practical

assessment of current

and future

risk levels. A possible

approach to adopt in order to estimate flood risk is summarised in Figure 4.3:
In this figure, a parallel was set between the conceptual understanding of the
processes that lead to flood risk, the tools required to arrive at a its estimation
and the components of the risk model.
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4.3:

Approach

for the estimation

Flood Risk Map (FRM)
I

Receptor

of flood risk.

The two key outputs of the process are the Flood Probability and Flood Risk
Maps (FPM and FRM). An FPM is a spatial representation of the probability of
occurrence

of an event of a given magnitude

or higher.

It is sometimes

expressed in terms of the return period of an event of a given magnitude, i. e.
the inverse of the probability of that event occurring in any one specified year.
Two FPMs are relevant for the flooding processes throughout the entire Salado
basin: the first represents the probability

of occurrence of fluvial flooding and

the second the occurrence of groundwater-induced surface flooding or
waterlogging.

As part of the IMP studies two independent set of FPMs were

assembled. The FPM

therefore

yields,

for

every discrete

element (raster

element) of an area, the number of times during a specified period that the
water level is expected to be above ground level (for fluvial
groundwater-induced

surface flooding)

induced waterlogging).
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or just

below

it (for

flooding

and

groundwater-

4.2

Flood Probability

4.2.1

Conceptual Approaches

Maps (FPM) and Modelling

Approaches

From Figure 4.3, it can be interpreted that the definition of a FPM encompasses
the representation of the following elements:

the spatial distribution of hydrometeorological stresses (rainfall,

(i)

evapotranspiration),
the response of the physical environment (soil layer, aquifer, fluvial

(ii)

corridors) to the hydrometcorological
(iii)

the spatial representation of flooding/no
waterlogging)

(iv)

stresses on the basin,
flooding (waterlogging/no

situations in the basin (see Figure 4.4),

the calculation of the probability of occurrence of a particular event
(flooding, waterlogging, fluvial flooding).

Groundwater

Induced

Groundwater

Waterlogging

.........

.....................

Water level

Fluvial

Flooding

Surface Flooding

IJIII
........

Induced

1.

I

II
.........

...... """

InfiltrationJrai nfall

Evapotranspiration

Figure 4.4:

t

Spatial representation of a flooding/no flooding (waterlogging situation)

Mathematical models constitute a key tool to support the generation of FPMs,
while the first element (point
temporal

i) is a direct function

of the availability

of

and spatial records, the other three elements are functions of the

modelling strategy adopted for the studies. The remaining part of this chapter
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therefore presents a conceptual discussion concerning the calculation
underlying generation of FPMs, while Chapters 5,6 and 7 present the results of
interaction.
for
SW
different
GW
and
applying
modelling approaches

The general statistical expressionfor the calculation of the frequency of
occurrence of an event is:

Frequency, =

NoEvents
(n + l)

where,

point in spacefor which the probability is calculated.

i=
NoEvents

(n)
in
the
total
of
analysis
period
number of events
=

In terms of modelling, two approaches to calculating the probability of
occurrence of an event can be identified, as follows:

Approach I

Fe1, = (D[Frequency(Input)]
er

Approach II

F,,,.,, = Frequency['D(Input)]

where,
Fevet = frequency of an event, for example the occurrence of groundwaterinduced surface flooding, expressed as the number of times over a period that
water is above the ground surface,

Input represents the driving hydrometeorological phenomenon, for example a
flow hydrograph or a time series of rainfall, and

P

represents the response function

hydrometeorological driver.
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of

the physical system to

the

An example of the first approach is usually found in the representation of

fluvial flooding, wherethe aboveexpressiontranslatesinto the following steps:
(i)

statistical analysis of annual series of flow maxima to derive a time

series (flow-time; rainfall-time) with different frequency of
occurrence [frequency(input)],
(ii)

execution of a mathematical model (i. e. a 1D river flow model)
using the above inputs to estimate the response of the system in the
form of predicted water levels along a river and its floodplain
[ P(frequency(input))],

(iii)

calculation of the flood extent associated with the water levels for
each return period (yielding the FPM).

The secondapproachis most suitablefor the representationof the occurrence
of distributed events, as it is the case for groundwater-induced processes. In
this case,the approach normally consists of the following steps:

(i)

execution of a mathematicalmodel (i.e. a hydrological rainfallrunoff model coupled to a 3D groundwater flow model) using time
series of rainfall and evapotranspiration (input) to estimate the
groundwater level for every simulated time step over the period of
calculation (n). This results in the calculation of [«(input)],

(ii)

calculation of the number of occurrences of a flood event,
performing a calculation of a flood/no flood situation for every time

step by comparingthe groundwaterlevel from the model with the
level of the ground surface.
(iii)

calculation of the flooding frequency as [frequency(«(input))].

Chapter 5 exemplifies the modelling approach carried out for the entire Salado
basin to generate the FPMs for fluvial and the groundwater-induced surface
flooding and shows sample FPMs, while Chapters 6 and 7 present an improved
modelling method developed in this research project and evaluates its use for
the generation of FPMs.
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4.3

Further research issues

The previous section established the importance of risk analysis as part of the
development of integrated catchment management plans and the vital role of
mathematical models to support the process, in particular through generation of
FPMs. Also, it emerged that the issue underlying the FPMs is clearly presence
of GW-SW interaction. It follows that the accuracy of flood frequency of
flooding will be directly linked, amongst other things, to how well GW-SW
interaction is represented. Model development and FPMs therefore encompass
a series of specific issuesthat are presented below and explored throughout the
remaining chapters of this thesis.

For the entire basin, two different approacheswere adopted to development of
the FPMs of the IMP according to the type of flooding: approach I was adopted
along the fluvial corridors (using a Regional Surface Water Model - RSWM)
while approach II was chosen for the region where the test area is located
(using a Regional Ground Water Model

RGWM).

Therefore, two

independent sets of FPMs were obtained (see Chapter 5), which were
combined in order to produce an integrated expression for the entire basin. The
combination of maps was carried out by overlaying fluvial probability maps,
for 2,5 and 10-year events, with the probability map for groundwater-induced
flooding (or waterlogging). In areas where there was an overlap between the
outcomes of both FPMs, the flood event with the higher probability of
occurrence was selected. For example, if a cell (raster element) had a
probability of flooding from the groundwater of lin 5 years and a fluvial
flooding probability of I in 2 years, the resulting combined probability
assigned to that area was 1 in 2 years. Figure 4.5 summarises this
methodological approach.
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ILRELI

RGWM

FPM Approach I
Fluvial Flooding

FPM Approach II
GW flooding

FPM = function (1,2)

erged according to higher frequency of
occurrence
Figure 4.5:

Methodology to calculate Regional FPMs

The first research question that needs to be asked, before any further analysis
of the generation of the FPMs, is whether the models on their own bear a
reasonable degree of approximation
the generation
approximation

of

hazards for

with the flooding
the

basin,

and

mechanisms that drive
whether

that

level

of

is compatible with the level of response required al the different

stages of the planning process.

The decoupled approach selected to calculate the FPMs is a direct consequence
of the use of a modelling

strategy that consisted of development

of two,

separate regional models (see Chapter 5). This was designed to suit the needs at
a regional scale, but the research question arises as to whether it x'ouhl still he
applicable

to areas where there is a potential

overlap he/weeii processes? For

example, along the fluvial corridors it can be argued that runoff-contributing
areas are dynamic as a consequence of groundwater-induced

flooding.

One of the premises for development of tools to support catchment
managementplans must be homogeneous treatment throughout the basin. This,
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for large catchment areas such as the Salado basin, can be an important issue
that encompassesfactors such as data availability, different geographies and
worthiness of the adoption of complex modelling approaches. Also, another
key element for consideration is the need to match modelling specifications to
the requirements at various stages in a decision taking process. This triggers
the question of under what circumstances, the application of an integrated
approach for fluvial

and groundwater-induced flooding be required? What

would this require in terms of modelling? Would this be applicable at a
regional scale?

A groundwater model was used to estimate groundwater-induced surface
flooding (see Chapter 5); this implies that a comparison is made between the
groundwater levels obtained from the RGWM and the ground surface at each
point of the basin and the test area. How well does the groundwater model
handle representation of surface water processes?Is it sufficient for answering
the question flood/no flood? How sensitive are the FPMs to a combination of
different scalesfor representing the groundwater flow system and the ground
surface?

Calculation of frequency of occurrence has been carried out using a time series
of annual maxima, which implies that so long as a flooding event occurs at any
time during a year, that year is counted as a "year with flooding". This issue
raises two questions: is this the correct approach to support the subsequent
economic analysis? If so, how sensitive are the different modelling approaches
to thefinal outcome on an annual basis?

The regional modelling strategy (presented in Chapter 5) adopted a simplified
approach to representing drainage projects for the test area; basically drainage
channels were not explicitly included in the model but the time series of
infiltration entered into the aquifer model was modified to take account of the
amount of water to be drained by the canals. This triggers several questions:
does the scope of the drainage systemproposed, in terms of size, layout and
density match the resolution of the RGWM? Can the RGWM serve the purpose
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of estimating the impact of the drainage scheme? Should an alternative
approach be used?

Different hydrological approacheswere used to estimate drainage rates: such as
the use of a tank model to simulate excess runoff from rainfall and the use of

the continuousrunoff seriesgeneratedby the rainfall-runoff model; the latter
under different hypothesis concerning soil parameters and different sets of
rainfall stations. The time series for runoff were processedto obtain series of 1month and 2-months maximums every year with which to estimate their
frequency of occurrence. The outcome from the various approaches produced
results that showed a significant disparity amongst them having had to adopt a
single value for the designs carried out as part of the M.

Table 4.2 shows the

range of variation of the calculated drainage rate with different methodological

approachesandthe final valueadoptedin the IMP study.
Return Period

Range of Estimated Values

Adopted value

(years)

(mm/month)

(mm/month)

2

12 - 27

17.5

5

20 - 44

30

10,

25 - 65

45

'l'abte 4.2:

Drainage rates (mm/month) estimated in the IMP study.

1

For 5 and 10-yearreturn period the seriesof 2-month maximums
was used.

In engineering terms, the use of these coefficients imply that the new drainage
system will be designed to evacuate excess runoff at a constant rate (the
drainage rate) during I month or 2 month periods, depending on the level of
service adopted. This implies that, at some point, the channel capacity would
be exceeded and water would have to stand back in the farms, but this is a
reasonable and cost effective assumption in the design of drainage works to
avoid investing in very large infrastructures. This approach also shows
decoupling between calculation of the drainage rate and the analysis of its
impact. Two questions arise: can the drainage rates better be obtained by
processing the results of an integrated GW-SW model that included the size

and layoutsof a proposeddrainagescheme?
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All of the above questions bear a direct relationship with the adoption of a
modelling strategy: However, the answersto the questions will depend on other
factors, such as the objectives of the modelling approach, the stage in the
planning process of the catchment, the scale of the problem and the period of
analysis. Chapters 5,6

and 7 discuss the various issues highlighted in this

section through explanation and exploration of two different modelling
approaches adopted. The first modelling approach is that I carried out during
the IMP. The second is that developed as part of this research. Finally, Chapter
8 amalgamates the different issues and tries to answer the overarching
questions concerning what to model and when to model it, through the
development of a conceptual framework for modelling studies.
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CHAPTER
5-

MODFLOWAPPROACH

5.1

Background and Context

Chapter 3 established the importance of GW-SW interaction as one of
dominant flooding mechanisms in the test area. Chapter 4 presented the risk
models associatedto the flooding processes,highlighting the importance of the
relationship between the risk

model representative for

the test area

(groundwater induced flooding) and the one for the fluvial corridors in the
downstream parts of the basin. One of the conclusions obtained was that risk
analysis has to be examined basin-wide in order to support strategic catchment
management plans. Modelling, as the primary tool to support risk analysis (in
particular in relation to the generation of FPMs) also has to address the
peculiarities of different areas (such as those of the test area) but, at the same
time, has to be able to achieve problem diagnosis and evaluation of options at
the catchment level.

This chapter first presents the regional modelling strategy developed as part of
the IMP studies, within which I performed a leading role in the actual
development of its components, in particular the groundwater and surface
water models. Description of the regional strategy is important in order to put
into context the groundwater modelling of direct applicability to the test area.
Following submission of the IMP, further analysis of the modelling approach
was carried out as part of this research, leading to the questions and issues
identified in Chapter 4. This Chapter explores the strengths and weaknessesof
the approach adopted to modelling GW-SW interaction in the test area, but
without losing sight of the basin-wide perspective, which is always required to
progress to the ultimate outcome required: a master plan for the entire basin.
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Chapters 6 and 7 follow this logic of analysis, but deal with the alternative

herein.
proposed
approach
5.2

Regional Modelling Strategy

5.2.1

Objectives

The Terms of Reference of the IMP for the Rio Salado specified the need to
develop three types of models as part of the studies without providing much
The
linkages
between
for
them.
in
terms
of potential requirements
guidance

specificmodelswere:
(i)

flow
determine
basin,
time
for
to
the
all
of
a rainfall-runoff model
series at different points in the catchment,

(ii)

in
different
the
parts of
aquifers
of
numerical or analytical models
the catchment to assessthe existing and required drainage capacity
frequency,
flooding
function
and
the
area as a
of an acceptable
of

(iii)

an operational model to simulate the surface water system,
fluvial
for
the
the
network,
main elements of
comprising,
example
lateral
by-passes,
key
such as
river reaches, reservoirs,
embankmentsand pumping stations.

This model specificationreflects a clear perception by the PlanningAgency
(Ministry of Public Works) in terms of the need to use a quantitative and
systematic approach to support decision-making with respect to water
define
insufficient
basin.
is
in
its
However,
to
the
this
a
management
own
on
modelling strategy to be implemented. The next step should consist of the
definition of the specific objectives of the tools to be developed, taking into
(Gardiner,
by
Gardiner
for
the
three
questions suggested
account,
example,
1994): what is needed?, what can be provided? and what can be justified in

terms of cost?
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Even when formulation of the above questions seems trivial, Gardiner warns
that, frequently, identification of what can be provided often changes the
perception of need. This reinforces the idea of starting development of
modelling strategies by analysing the objectives and needs of the disciplines
involved before moving to discussion of the many tools that could be employed
or which seem attractive when judged in terms of the number of components of
the hydrological cycle that they can simulate. The issues of model availability
and real needs are deepenedby Anderson and Bates (2001), when they reflect
that the proliferation of many models from commercial sources (some of them
supported by government agencies) acts against the vulnerability
hydrological science.

5.2.2

of

Previous Modelling Experience in the Rio Salado Basin

The Rio Salado catchment has been studied on several occasions in the past,
but in projects only focusing on parts of the region and not always covering all
the disciplines relevant to integrated catchment studies. As a result, there have
been various attempts to model parts of the region, trying to simulate the
different processes that cause flooding in the province (CFI, 1977; AyEE,
1988; Pedraza et al., 1992; IATASA, 1995). Each study employed "state of the
art" modelling techniques available in Argentina at that time. Therefore in the
first two casesconsiderable effort was put in developing the computational part
of the model as well as setting it up. Also,

in general, there was a clear

awareness of the need to reproduce physical processes while taking into
account the difficulties

and complexities inherent to

flatlands, which

conventional hydrological techniques and models often fail to reproduce (Paoli,
1983; Prendres, 1983). However, a study performed in the Zona Deprimida
(CFI, 1977) illustrates how overemphasising the simulation of physical
processes (together with the lack of model technology and the inadequacy of
the schematisation) can lead to failure of the modelling exercise. The work
done in the Hinojo-Las Tunas lakes in the Northwest region (Pedraza et al,
1992; AyEE, 1988) is perhaps the closest representation to the flooding
processes in the area, accounting for key features such as the inclusion of
evaporation from the aquifer, the variation of ground saturation with time and
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the exfiltration of groundwater to the surface. However this model consists of
two separate models, one for water balance at a cell level and one for the
transfer of water between cells. The authors justified this approach on the basis
of the distinct predominance in time of the two processes that occur in
flatlands: a vertical balance at the beginning and horizontal transfers once
ground saturation occurs and surface thresholds are exceeded. However this
approach misses the connectivity and transfers that take place through the
groundwater storage and it is not clearly expressedwhether the water balance
model is fed back by the volume of water between cells calculated by the
transfer model. Overall, this model is a very valuable antecedent work for the
area but it lacks versatility for its use in the generation of FPMs for baseline
and project situations.

5.2.3

Strategy Adopted

A modelling strategy was set up with the aim of meeting the objectives and
supplying the capabilities described in Section 5.2.1; but with two other
fundamental premises:

(i)

homogenous treatment covering the whole basin (170,000km2),

(ii)

suitability to run both event-based (up to 3-months duration) and
long term scenarios(up to 100 years).

Three modelling packageswere adopted to develop each of the models
requiredin the study:
(i)

HYSIM (Manley, 1993), a physically based, lumped, rainfall-runoff
model. HYSIM is a deterministic model for continuous simulation
that performs a water balance on a lumped basis, taking into
account the most relevant processes that occur in the hydrological
cycle, such as interception storage, evapotranspiration, surface and
subsurface runoff, soil moisture content, recharge to groundwater

discharges
to water courses.
and
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MODFLOW: a code that resolves the equations for the 3D flow in a

(ii)

saturated porous media, through a finite difference scheme (Mc
Donald and Harbaugh, 1988). The program deals with recharge and
evapotranspiration

deals
fluxes;
in
that
the
as external
same way

with the external leakage to and from surface water bodies.

iSIS Flow: a one dimensional model that solves the Saint Venant

(iii)

equations for open channel flow for a mixed system of channels and
hydraulic structures (Halcrow and HR Wallingford,

1995).

At the core of the modelling structure lies the GIS, which provides the platform
by
Finally,
data
input
the
to
the
models.
used
used
process most of
and output
although not counted as a simulation tool, a Digital Elevation Model for the
entire basin was constructed to provide basic topographic information to each
of the models and, principally,

to interact

with

the results (surface and

groundwater levels) in order to derive flood extent and flood probability maps.

The tools developed in the study were coupled in order to simulate the
hydrological

linkages,

processes and their

across

the basin.

Table

5.1

summarises the inputs and outputs from the different models while Figure 5.1

shows their interaction schematically
PET

Rainfall
üü
HYSIM
(Point)

Infiltration

Surface

V
M ODELOW

(flow hvdrographs)

ISIS Flow
(ID)

(3D)
Figure 5.1:

Runoff

Schematic Representation of the interaction between the tools that form part
of the Regional Modelling Strategy.
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Model

Input

Output

Ground

Topographic

Continuousrepresentation Input to HYSIM to calculate

Surface

information.

of the ground surfaceon a

main basin physical

raster basis (500m

parameters.

resolution).

Input to MODFLOW for the

DEM

Purpose

internal calculation of ET as a

function of GW levels.
Input to iSIS and Modflow for
calculatingflood affectation
maps.
Rainfall

Time seriesof

Time seriesof flow at the

Overall surfacewater balance.

Runoff

rainfall and

outlet of each

Infiltration/Recharge series to

HYSIM

evapotranspiration

Modflow.

+ catchment

subcachtmentand time
seriesof internal fluxes,

parameters

suchas infiltration to soil,

in the form of upstream

rechargeto aquifer,
horizontal interflow

boundaryconditionsand
lateral overlandflow.

SurfaceRunoff seriesto iSIS,

betweensoil layers.
Water balanceper
subcatchment.

Overal groundwaterbalance.

Aquifer

Time seriesof

MODFLOW

infiltration/recharge groundwaterheads.

Estimation of affectedareas

and

groundwater flooding.

Time seriesof

evapotranspiration
+ aquifer
parameters
Drainage

Time seriesof

Flow and WaterLevel

Estimation of areasaffectedby

System

surfacerunoll

Hydrographsat any point

fluvial flooding.

in the schematised

Analysis of downstream

drainagenetwork.

impact of proposedupstream

ISIS Flow

drainage measures.
Table 5.1:

Input Stresses,Output and Purpose of each tool of the Modelling Strategy.

As described in Chapter 4, a modelling strategy has to be compatible with the
conceptual model of risk established for the study area. Table 5.2 sets out how
the regional modelling strategy dealt with the various components of the risk
model for fluvial flooding and for groundwater-induced surface flooding and
waterlogging.

145

Fluvial Flooding
Modelling Tool or Approach

Element of the Conceptual Model
of Risk

Flood hydrographs (event based) of different return

Source

periods were derived using the rainfall-runoff model
HYSIM and enteredinto the iSIS RSWM. The latter
included a representationof the main conveyanceand
storageelementsof the drainagesystem.
Source to Pathway

This linkage was representedwithin the RSWM by
two elements: channel cross sectionsextendedinto
the floodplain and transfer functions (spills or weirs)

where the dynamics of floodplain flows differed
significantly from the in bank flows. In the first case,
the transfer between in bank and floodplain flow is
inherently

represented by the topography of the

extendedsection.
Extendedcrosssectionsand flood cells were usedto

Pathway

represent the out of bank conveyanceand storage
attributesof the system.
Pathway to Receptor

This was primarily represented by the DEM of the

basin. Maximum water levels predicted by the
RWSM at each of its nodes were entered into the GIS

systemto determine,basedon the DEM, the extent
and depth of flooding for eachevent.
The receptorswere accountedfor by registering land
GIS
in
information
the
cadastral
use and regional

Receptor

system. This information employed frequencydamage curves to estimate the economic impact
within the affected areas.
Table 5.2:

The Relationship

between the Regional Modelling

Conceptual Model of Risk.
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Strategy and the

Groundwater Induced Surface Flooding and Waterlogging
Source

Infiltration time series(on a monthly basisfrom 1963
to 1995) were derived from the HYSIM rainfall
runoff model and entered into each cell of the
MODFLOW RGWM.

Sourceto Pathway

This mechanismwas representedby the groundwater
heads computed in the RGWM on a cell by cell basis.

Pathway

The uppermostlayer of the RGWM is representedas
unconfined with infinite elevation, This means that

thereis no upperlimit to how high groundwaterlevels
can rise. Furthermore,thereis no representationof the
surface features (other than a small number of streams

that do not in any casecausethis type of flooding)
and thereforethe pathwayis not explicitly represented
by this strategy. Externally, the DEM was used to
perform this function.

Pathway to Receptor

The GIS was used to process all (monthly)
groundwaterheadsand comparedthemwith the DEM
in order to detectwhich cells werefloodedand which
waterlogged,dependingon the relative position of the
groundwaterheadto the ground surface.
As per the approachadoptedfor the fluvial flooding.

Receptor
Table 5.2

cont.

5.2.4

Regional Digital Elevation Model (DEM)

As part of the IMP studies, a DEM was constructed for the entire basin using a
triangulation-based (TIN) ground model derived from 1.25 and 2.5m interval
contours and spot heights (on average, 1 about every 3km2) digitised from
1:50,000 IGM maps (Ordinance Survey Maps of Argentina). In areas with
steep gradients (in the south of the basin) the contour interval was 5m and the
maps used were at a 1:100,000 scale. To obtain an accurate representation of
micro-surface features in the plain, each wetland area (identified using satellite
imagery) was given an elevation based, where available, on observed water
levels from the AyEE study (1990).

The area is predominantly flat and the

topographic data sparse, so the interpolation procedure used "forced" the edges
of the triangles to coincide with either drainage features (primarily water
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courses)

or

digitised

contour

lines.

This

guaranteed

that

the previous

topographic interpretation available from the survey maps was preserved and
used in a meaningful way.

As most of the spatial applications are based on a raster analysis, the TINbased DEM

was converted

interpolation

from each of the triangles. Other grid resolutions were tested

to a raster grid of 500m resolution

by linear

(100m and 1000m) but 500m resulted to be an optimum value that balanced the
following

factors: density of source data points, need to capture micro-relief

features (i. e. crest dunes are separated 5km approximately) and post-processing
efficiency. This last point is important as the resolution of the DEM drives the
resolution

of the final

FPMs when combined

with

processing. Figure 5.2 shows a mosaic of information
such as regional contours

at 5m intervals,

all raster-based post-

obtained from the DEM,

a hill shading view, and a 3D

representation of micro-surface features, such as the parabolic dunes.

Figure 5.2:

Digital Elevation Model
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5.2.5

Regional Rainfall-Runoff

Model (HYSEM)

The basin was schematised into 25 surface water sub-catchments, delineated to
match

topographical

divisions

and gauging

station

locations

in the river

drainage system. An exception was made in the region where the test area is
located, where no surface drainage system exists, and there are no permanent
gauging stations in the existing canal system that runs across that region.
Figure 5.3 shows the location of each of the hydrological sub-basins.

Figure 5.3:

Surface Water sub basins.

The conceptualisation of the hydrological response of the basin is provided by
entering a set of parameters that define the accumulation and transfer of water
from each of the storage units defined in HYSIM

(see Chapter 2, Figure 2.4):

Interception storage: this represents the storage at an above ground level,
which is filled from rainfall and subject to evaporation
from open surfaces.
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Impermeable area:

the moisture in excess of interception that falls in this

portion of the catchmentcontributesdirectly as runoff to
channels.
Upper soil horizon:

this represents storage in the top layer of the soil.
Storage is controlled by the potential infiltration rate,
evapotranspiration, soil

parameters, and rates for

horizontal and vertical moisture transfers.

Lower soil horizon: as abovebut representingdeepersoil layers,still subject
to evapotranspiration.

Groundwater storage is represented by two infinite linear reservoirs; the first
called transitional groundwater designed to represent moisture held in fissures
that would contribute to channels rather to recharge to the deeper saturated
aquifer.

All lateral flow contributions are finally routed (Minor channels) to a receiving
watercourse using an instantaneous unit hydrograph. Finally hydraulic routing
in rivers is carried out adopting the kinematic wave approximation.

The key parametersusedin HYSIM are:
Total available soil moisture (mm) and proportion of that within the upper soil
horizon (%). The former is calculated as a function of rooting depth, porosity
and wilting point.

Saturatedpermeability (mm/hr) at various soil horizons. These control the
vertical movementof water betweensoil layers and from soil to groundwater
storage.

Interflow runoff factors at various horizons (mm/hr). These control the
horizontal contribution to catchment runoff that goes to minor channels first
and ultimately to the receiving watercourses.
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Groundwater discharge coefficients (1/hr). These parameters control the
transfer of water out of each of the groundwater storagesto watercourses.

The following Table 5.3 provides a summary of representative parameters used
in HYSIM across the basin.

Parameter

Representative value

Time to peakto route runoff to final watercourse(hr)

48-500

Rooting depth (mm)

800-1100

Proportion of upper to total soil horizon (%)

0.3

Porosity(-)

0.45

Impermeability (mm)

0.01

Interception(mm)

2

Permeabilitybetweenupper and lower horizons(mm/hr)

0.1-15

Permeability between lower soil horizon and groundwater (mm/hr)

0.1-2

Interflow - Upper soil horizon (mm/hr)
Interflow - Lower soil horizon (mm/hr)

0.01-2

Table 5.3:

0.001-1.5

Representative HYSIM parameters for the basin.

The main data requirement for HYSIM is the input of meteorological data such
as rainfall and the potential rate of evapotranspiration. Both data sets were
for
form
in
daily
the
time
consistency
entered
of
series after a careful check
and inf lling of data, as the hydro-climatic databaseavailable was characterised
by having an important number of stations available but a very discontinuous
record. Weighted averageswere used to convert each point rainfall time series
into an areal value to be applied in each sub-catchment: Stations located within
a radius of 25km were used to obtain the areal rainfall, whereas climatic
stations located up to 50km away were used for estimating the potential
evapotranspiration. Approximately over 100 rainfall stations and 15 climatic
stations were used to characterize the entire study basin. However it is
important to note that, for the period after 1987, only data for 11 rainfall
stations was available. The main source of data to estimate hydrological
parameters for the terrestrial portion of the cycle was an available soil
database, which was entered into the GIS to facilitate interpretation and
extraction of values. The remainder of the required parameters were extracted
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from the reports output by previous studies and the existing cartographic
database.
The response of the system is characterised by time series of flows recorded at
the gauging stations at the outlets of the sub-catchments. These data sets
usually come in one of two forms: either as isolated, gauged flows (for
example on a monthly basis in the Salado region) or as daily flows converted
from a water level chart recorder using a rating curve. The flow data are not
required for simulations of the model, but they are required for its calibration.
The calibration process of the rainfall-runoff model involves matching, within
a tolerable (and practical) limit, the simulated flows at the catchment outlet to
the ones observed in nature. Two calibration exerciseswere carried out: a longterm, base calibration, and an event based calibration. The first calibration
exercise aimed at producing long-term series which preserved, in a statistical
sense, the key descriptors of the observed series (such as, the mean and the
standard deviation). This involves achieving an adequate representation of the
average response of the catchment to rainfall, in order to feed other long term
regional models, as described in a later section. The event based calibration
aimed at achieving a close representation of the peak flows associated with
selectedflood events.
The continuous simulation of the rainfall-runoff model was performed using a
daily timestep for a period of 36 years, from 1959 and 1995. The limits of the
period were determined by the availability of good records of data. An earlier
start date than 1959 was precluded by the availability of climatic data, while an
end date of 1995 was determined by the availability of rainfall data. The main
outputs from the HYSIM model were:

(i)

water balancefor eachof the sub-catchments,

(ii)

infiltration time series (daily and monthly) to feed the Regional
GroundwaterModel,

(iii)

upstreamflow boundariesand lateral inflows to rivers and channels,
representedin the hydrodynamicmodel.
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Table 5.4 presents a summary of the water balance results from the model for
two representative areas: one within the fluvial corridor of the Rio Salado and
the other located within the area dominated by the fields of dunes. The latter
coincides with the location of the test area. Values are expressed in mm and are
the average response of each area for the period 1959-1996.

Component of the hydrological

Area in field of dunes

Area in fluvial corridor

(Test Area)

cycle
875

921

1036

1167

Actual Evapotranspiration

818

882

Infiltration

554

534

Lateral flow

41

15

58

23

4

0

12

24

Rainfall

Potential

Evapotranspiration

Rate

Recharge
"transitional

(includes
and groundwater

storages")
Bascflow
Surface

Runoff

Table 5.4:

Summary

of the water balance as predicted by HYSIM

(values in blue snmW

the closure of the balance)

The above figures confirm

the predominance

of the vertical

surface runoff less than 5% of rainfall, actual evapotranspiration

balance, with
80% of the

full potential rate, and infiltration more than 60% of rainfall. However the
water balance for the dune field area predicts a value for surface runoff and
lateral sub surface flow that does not correspond to the physical situation of
that area that lacks from a drainage network

and water ponds in the surface

until is consumed by evaporation. Recharge values are also very small and do
not agree with the observed pattern of groundwater level fluctuations.

5.2.6

Regional Groundwater Model (MODFLOW)
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MODFLOW

was used to construct the Regional Groundwater Model (RGWM)

for the entire study area, using a 5km by 5km, grid. Three layers in the vertical
were required to represent the main hydrogeological

formations of the aquifer.

Each layer was split into three geographical zones with potentially
hydrogeological

different

The location of the three zones is shown on Figure

properties.

5.4 and the properties of zones in each laver are summarised in Table 5.5.
Three-dimensional

surfaces representing the interfaces between the layers were

generated

GIS

using

tools

in

order

to

define

hydrogeological formations in every MODFLOW

the

thickness

of

the

cell.

Example: Zone I

Layer 1
II~III

iý

Ii
ýOn!

ý

Layer 2

Layer 3
Z- 2

Figure 5A:

Hvdrogeological zones included in the model. In red. the active cells outside
the project area are shown. The red box indicates the location of the test area
in relation to the catchment wide model.

Laver

Formation
Zone 1

Zone 2

Zone 3

1

Sand dunes

Pampeano

Pampeano

2

Pampcano

Pampcano

Pampeano

3

Araucana

Rmmpeano

Puclche

Table 5.5:

Hydrogeological
description

lbrmations

in each layer of the model. See Chapter s for a

of each lithology.

Zone I corresponds

to the formations

of the

test area.

The northern and southern boundaries of the basin are groundwater divides and
so were defined in the MODFLOW

model as no-flow boundaries. In the west,

fixed heads have been set at between 70km and 80 km to the west of the
provincial border to facilitate possible flow across the boundary. The eastern
boundary is the sea and is. therefore, also a fixed head boundary. With fixed
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head boundaries at both ends of the flow system there is the possibility that
heads could be artificially

constrained within the model area. However, as the

area is so large, in practice, such effects proved to be insignificant. Figure 5.5
presents a view of the schematic of the MODFLOW

model.

g"
"

win

Figure 5.5:

Schematic of Regional Groundwater Model (MODFLOW).

In the hydrological

cycle for lowland plains, the balance between recharge and

evapotranspiration

directly from the water table is an important feature. The

MODFLOW

recharge and evaportranspiration

packages have been used to

simulate the vertical gains and losses of water to the aquifer.
RGWM

were the infiltration

and evapotranspiration

The inputs to the

time series (processed to

basin.
from
the
the
of
obtain monthly values) obtained
sub-catchments
each of
Kriging

was

used

evapotranspiration

to

fit

a continuous

surface

to

the

infiltration

and

values calculated for each time step (a month); which were

sampled at a 5km interval to provide spatially and temporally varying data to
MODFLOW.
MODFLOW

The approach

taken to simulate evapotranspiration

is based on the following

(ET)

in

is
table
the
at
water
assumptions: when

or above ground level then ET losses occur at the potential rate (PET); when
the depth of the water table below ground level exceeds a certain interval
(termed the ET extinction

depth; for which a value of 3m was adopted), ET
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losses cease; and between these limits, evapotranspiration varies linearly with

water table elevation.
However, during development of the IMP, this module of MODFLOW was
found to be inadequate to simulate rising trends in the groundwater heads and I
modified the original code to suit the needs of the project. MODFLOW,
developed to simulate the flow of water in the saturated porous media, expects
a recharge time series as a normal input; this implies infiltration to the
from
layer
the unsaturated zone and of
evapotranspiration
soil
net of
uppermost
horizontal interflow. Because of the inability of parameterised rainfall runoff
model developed with HYSIM to predict the correct recharge time series, it
in
losses
decided
infiltration
to
the
the
evaporative
and simulate
was
use
MODFLOW. Two issuesarise from this approach:

(i)

model does not simulate evaporative
losses in the unsaturated zone as evapotranspiration, in MODFLOW, is

the coupled HYSIM-MODFLOW

be
function
This
table.
the
the
a
can
only a
position of
water
of
reasonable approximation when the water table position oscillates
seasonallywithin a small depth below the ground surface,

(ii)

all of the Northwest region (includingthe test area),had a period prior
to 1970 with heads well below ground surface. Using infiltration, net of
losses in the unsaturated zone, and the original module of MODFLOW
inability
levels
to
the
the
and
groundwater
would cause a sudden rise of
I
trend
took
the
the
time
place.
rising
represent
spread of
over which
then modified MODFLOW

to

for
account

a spatially variable

evaporative loss when the aquifer levels are below the extinction depth.
Figure 5.6 exemplifies the functioning of both, the original and
modified ET module of MODFLOW. When the depth to the water table
is greater than the extinction depth, the program multiplies the full
in
loss
for
factor
by
the
to
a
account
a
potential evapotranspiration rate
but
factor
in
This
is
time
can vary spatially,
zone.
unsaturated
constant
on a cell-by-cell basis. Despite this approach permitted to reproduce
in
Northwest
the
trend
the
reported
adequately
rising groundwater
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region, the abrupt change in the calculation between the unsaturated and

the saturated zone can generate a sudden increase in level as they pass
from one zone to the other. This could be overcome by defining a
transition zone over which evapotranspiration should vary without
abrupt changes (see dashed red line in Figure 5.6).

A modified and enhanced version of the ET package was subsequently
developed for MODFLOW

2000 (Banta, 2000) that permits to use a

segmented function for the calculation of the evapotranspiration, but it
would still be inadequatefor the samereasonsexpressedabove.

Original

MODFLOW
H

ET package

MODFLOW

Modified
H

PET

ET package

PET
ground
surface
GW
level

ground
surface
GW
level
1

extintion
depth

extintion
depth

GW level in

H

early period

aPET

Ground

surface

MODFLOW
extlntion depth

ßW heads
original ET

ßW heads
Modified ET

Time
Figure

5.6:

Schematic representation
of MODFLOW
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of the original

and modified

Ef packages

For calibration purposes the model was run for a data-constrained calibration
period of 33 years (1963-1995) starting in January 1963, with a stressperiod of
a month (30.44 days); the latter defined as the period over which 'stresses' on
the aquifer, such as recharge and ET, are considered constant. The objective of
model calibration was to adjust certain model parameters to obtain a good
match between simulated and observed variables.

With a physically-based

modelling system such as MODFLOW it is important that adjusted model
parameters remain within a physically realistic range. In addition, and bearing
in mind the regional scope of the model, parameters should not be adjusted
individually at each cell simply to improve the match between observed and
simulated values unless there is additional information to confirm the
variations. It must be accepted that "perfect" matches are not possible (nor
should be expected) if only spatially uniform data can be applied in a model
and dominate the model results. In all models compromises are necessary,but
they have to be hydrogeologically plausible. Near "perfect" matches must be
treated with some suspicion, as they are suggestive of data manipulation solely
with a view to producing a fit of model results to observed data. To judge the
acceptability of

a model calibration, taking account of the database

shortcomings, the limitations of the model used and the compromises adopted,
the following characteristics are normally evaluated:

(i)

agreement between modelled and observed groundwater head
distributions (based on interpretation of observed heads),

(ii)

agreement between modelled and observed transient head
distributions,

(iii)

modelled heads being within about +/-2m elevation of the
recorded headsat individual observation boreholes, and

(iv)

a comparative range in hydrograph amplitude between an
individual borehole hydrograph and a corresponding model
hydrograph.
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The main source of data used to calibrate the RGWM model was a set of 28
groundwater observation wells, chosen to provide as good a spatial variation
over the period 1963 to 1995 as it was possible given the availability of data.
Problems were encountered in determining the precise locations of the wells.
Most

locations were confirmed through map checking, with all wells

confidently located within 1km. This is acceptable for most of the basin, where
water levels only change by only about lm in lkm.

In groundwater modelling, where feasible, emphasis is normally placed on
calibration against known flows such as dependable river base flows, spring
flows and recorded well abstractions. Such data were not readily available for
the basin and, while flows are obviously important, the groundwater-flooding
phenomenon is essentially a consequenceof head rise, so that head calibration
in the context of the regional model assumesa somewhat unusual prominence.
In using the hydrograph data for calibration it has to be accepted that they may
have been variably liable to a number of influences that have given rise to
errors. For example: ground elevation at the observation borehole may not be
accurately known, measurements may be recorded from a point at the well
head that is not accurately related to the relevant elevation datum, heads in an
by
induced
borehole
drawdown
by
be
influenced
observation
responses
can
nearby abstraction wells and by penetration through various hydraulic layers in
a layered system. Although errors are inherent in all hydrographic data it is
important to note that the observation borehole levels represent point data,
while the comparative regional model hydrograph reflects an averaged cell
head over an area of 25km2.

With such a disparity, it is inevitable that

differences between observed and modelled heads occur. Figure 5.7 shows, for
three key locations, the comparison between observed and modelled
groundwater levels. These locations were selected to typify the response of the
groundwater flow system across the basin: Junin is located in the northern part
of the basin close to the fluvial corridor of the Rio Salado and, with a fairly
good coverage of data, depicted the rising groundwater trend in the area;
Pejuajö lies well at the core of the dune field area where the test area lies and
was also subject of a clearly manifested rising trend; finally Chascomüs is a
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typical location of the Zona Deprimida where no variations in levels are
expected due to the close control of the sea level. The results obtained proved
that the model was able to reproduce satisfactorily the existing seasonal level
in
the
trend
the
to
the
ascending
close
ground surface and also

variation

in
increase
the area
the
rainfall
recorded
annual
as a consequence of

Northwest

since 1960/1970,

with

differences

between observed and predicted

heads

mostly less than lm. The model also showed good agreement between the
for 1974 and 1988 with those derived from

groundwater

head distributions

interpretation

of observed data. This proves that the model was also able to

reproduce the groundwater
control

on groundwater

the basin, implying a good

gradients throughout
flows.

Figure

5.7 also compares

observed

and

simulated levels for 1988: This particular agreement indicates that the increase
in groundwater
satisfactorily

storage that occurred

reproduced

during

the

1970s and 1980s was

for
basis
(i.
by
the
e.
point
point
a
not only on

observed hydrographs) but also regionally.
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A. B and C: Simulated and observed groundwater hvdrographs at selected
key locations. D: Simulated and observed groundwater head distribution
(AyEE, 1990, for which observed borehole data was only available for the
Northwest area)
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The results obtained from the groundwater balance confirmed the conceptual
understanding described in Chapter 3: an important increased in storage has
taken place as a consequence of an increase in total recharge over total
flood
big
before
increased
80%
the
this
event
evapotranspiration:
occurred
of
of 1987; lateral groundwater flows are several orders of magnitude lower than
the vertical inflows and outflow; and the exchange of flows with the fluvial
system is very low as a result of a predominance of low differential heads
between groundwater levels and the levels in the water courses. Table 5.6
summarisesthe water balance from MODFLOW from a historical (calibration)
simulation from 1963 to 1995.

Inflow to active flow system

Outflow from active flow system

(1OsHm)

(103 Hm3)

Storage (1) = +1081.5 (+623 6

Storage (2) _ -1204.5

Recharge = +3674.1 (+2076.4)

Recharge = 0.00

ET=0.0 (I. P)

ET = -3554.8 (-1981.4

(-722.8
(

Inflow from model boundaries = +7.09 Outflow from model boundaries= -3.28
(+4.56
L.5D
Inflow from rivers and lakes= +2.55 (+1.62

Outflow from river and lakes=-0.52 (-0.28J

Inflow from canal Jaureche =+0.14 (0.0

Outflow from canal Jaureche = -2.06 (Q.0

Total inflow = +4765.2

Total outflow = -4765.2

cable 5.6:

Overall

(+2706.2)
groundwater

simulation

from

balance obtainea

1963-1995.

from

(-2706.2

me moaei

In brackets and italics

at [ne ena of a

underlined,

the results

from the period 1963-1985are presented.Column (1) representsthe amount
of water that leavesstorageto contributeto the flow system,whereascolumn
(2) representswater from the flow systemthat contributesto storageof the
system.

5.2.7

Regional Surface Water Model

Although the RSWM is not directly relevant to the issue of GW-SW interaction
within the test area, previous chapters explained the relevance of the fluvial
aspects when analysing basin-wide impacts. Therefore, this section presents a
brief description of the development of this model.
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The objective of the RSWM was to simulate conveyance of water through the
network of rivers and canals, providing guidance on the level of impact in
downstream catchments of drainage measuresproposed in the upper part of the
basin, such as in the test area. Also, it was used to investigate the impacts of
engineered measures that are directly related to the drainage system, such as:
flood embankments, flood alleviation channels, in line/off line storage, and
channel improvements.

Hydraulic structures and more than 2000 km of rivers and canals were included
in the iSIS model, if they met one or more of the following criteria:

(i)

drainage
forming
the
trunk
the
network and are
river and canals
of
therefore responsible for conveying most of the excess volume of

water during a flood event,
(ii)

canals or rivers providing a connection (and hence a potential

transfer)betweendifferentpartsof the drainagesystem,
(iii)

hydraulic structures contributing to some kind of regulation in the

maindrainagesystem,
(iv)

for
in
bodies
those
the
to
system or
water
contributing
storage
flood
level
is
feed
to
as:
studies,
required
other
such
which a water
fisheries,
town,
tourism
and
or
protection of a nearby

(v)

other elements that could form barriers or impedements to flow in
the system (causing backwater effects) such as undersized bridges
or culverts in the floodplain and roads transverse to floodplain
flows.

Figure 5.8 presents a schematic representation of the RSWM

The flow boundary conditions of the model were obtained from the eventbased simulations carried out with the rainfall-runoff model, whereas the head
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boundary conditions were selected to correspond to the discharge of each of the
rivers and canals into the sea, and mean sea level was adopted as the normal
head boundary condition.
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Figure 5.8:

Schematic representation of the Regional Surface Water Model

The RSWM

was constructed using surveyed channel cross sections with an

average spacing of 5km and an average width of 500m to 1000m, which were
extended using the Digital

Elevation

Model

to cover the whole extent of

inundation during an extreme event. Key features of the system were extracted
from

cartographic

information

at scales of

1:50,000

and 1: 100,000, and

satellite images at a scale of 1:250,000.

A calibration
reproduce
fluvial

exercise was carried out to prove the ability of the model to

the key mechanisms responsible for causing flooding

corridors

effects, periodical

of the basin (tloodplain

storage, conveyance,

along the
backwater

transfers between systems and extreme transfers of water

through ephemeral flood routes) and also, its potential to simulate changes in
the state variables of the system (flow
future

and level) during the simulation of

scenarios that could be a result of natural changes
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(like climate

variability) and/or engineeredinterventions. Two extreme events (of a different
nature) were selected for the calibration: one occurring during April/May 1980
and the other during November/December 1985. Simulated flow and level
hydrographs were compared to observed values sparsely available throughout
the system. Also, the predicted flooding pattern was visually compared to that
interpreted from satellite images. A satisfactory calibration was achieved by
adjusting the roughness coefficient in floodplains and channels, and also, by
making modifications in the schematisation to reproduce as accurately as
possible the flood paths that took place during an extreme event. An example is
the breaching of embankments along flood alleviation channel that intercept
old, natural floodplain flow paths.

The outputs of the RSWM were flow and level hydrographs at every node of
the system, for the calibration events and for each of the baseline scenarios.
The latter

involved simulating synthetically-generated flood

for
events

different return periods, ranging from 2years to 100years.

5.2.8

Representation of Groundwater and Surface Water Interaction

As shown in Figure 5.1 no coupling between MODFLOW

and iSIS was

implemented: In fact, throughout the preceding paragraphs it was highlighted
that both models were run for completely different scenarios: the RGWM was
used for long-term simulations (33 years with a monthly time step) and the

RSWM run on an eventbasis,with durationsthat did not exceedone year and
with an hourly time step.
Simplified coupling between both processeswas adopted as part of the regional
modelling strategy. The MODFLOW RIVER package was used to represent
the main elements of the drainage network (such as the Rio Salado and the
Arroyos Vallimanca and Las Flores), whereas the STREAM package was used
to simulate the drainage canals such as the Jauretche-Mercante canal and the El
Ifinojo-Las Tunas discharge lakes.
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Both modules used a similar approach to simulate the transfer of water between
the aquifer and the surface features by applying Darcy's equation in the
following form:

2m.= CSTR* (HRIV - hj.
i.k

where,

Qriv

= flow from a river to an aquifer cell or vice versa (L3T1),

IIRIV

= water level assigned to the reach of the river that coincides with the

aquifercell that it interactswith (L),
h;J,k

= headin the aquifernodeunderlyingthe river reach(L), and

CSTR = streambedconductance(L 2T') definedas:
K*L*W
CSTR=
M

where,

K=

hydraulicconductivityof the streambedmaterial(LT'),

L=

length of the river reach (L),

W=

width of the river (L), and

M=

thicknessof the streambedmaterial(L).

The key assumption underlying the functioning of the RIVER module is that
the water level for each of the reaches is constant throughout the simulation:
The surface water level is not adjusted, with the amount of water entering or
leaving a river reach and, therefore, the continuity equation in the surface water
system is not satisfied. The STREAM module uses the same equation to
calculate the transfer of water between the systems, but mass balance in the
surface system is satisfied as the volume emerging from the aquifer is
accumulated in the direction of the flow. Despite the fact that an option is
available to calculate a water level for each stream reach (based on the flow
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and the Manning's equation), no flow routing is performed and water is
instantaneously
propagatedin the downstreamdirection.
5.3

The Regional Flood Probability Maps (FPMs)

A master plan study for catchment managementmust be supported by analysis
of the baseline situation (without project scenario) followed by comparative
analysis of the set of measures(structural and non-structural) proposed for each
area (with project scenario). FPMs can be used to estimate impacts on affected
areas for different return periods for each of the two scenarios; the resulting
"benefitted" areas then provide the basis for integrated economic, social and
environmental analysisof the proposed measures.

Chapter 4 described the production of FPMs conceptually. This section
describes the different scenarios used for model and analysis for which the use
of FPMs and modelling results was essential. Initially, a historical FPM was
developed based on application of the RGWM model using infiltration and
evapotranspiration time series from 1963 to 1995 and a set of starting heads
representing groundwater levels prior to 1960 when drier condition prevailed in
the region. This map is supported by a set of sparse records and evidence that
show that groundwater heads were approximately lOm to 15m below ground
level. Figure 5.9 shows the resulting flood probability map for the historical
scenario both for the entire basin.
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The importance of the historical simulation lies primarily in the need to verity
the adequacy of the model to reproduce the dynamics of flood probability

in

the region, in particular in the test area where the change in flooding pattern
was very noticeable with high impact in the agricultural activity.

A second FPM (the baseline map) was constructed using the same hydro
meteorological data but with a different set of starting heads. In this case,
instead of using as a starting point the conditions prior 1960, groundwater
levels obtained at the end of the historical simulation (1995) were used as the
initial heads for the baseline simulation. Groundwater heads in the test area
show a clear upward trend that started in the 1960's until they reached a new
equilibrium

in the 1980's that lasts until the end of the simulated period. This

indicates a degree of non-stationarity

behaviour

cautions us about the inappropiateness

in groundwater

heads that

of using the series in any statistical

sense. Therefore, a more representative set of initial conditions (in equilibrium
with the current climatic

situation)

is obtained by using groundwater

levels

extracted for any year after the rising trend began. The period prior to 1990
was not chosen as it was considered that the system could still be affected by
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the big flood

events that took

indicated that 1995 would

place in 1986 and 1987. Similar thinking

be a suitable year, following

the occurrence of

flood
flood
in
Figure
5.10
1993.
the
probability
resulting
another
event
shows
map for the baseline scenario for the entire basin.
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Flood Probability Map. Baseline Scenario. (RP- return period)

Figure 5.10:

Finally,

a third

implementation
waterlogging

FPM

was developed

to map the residual

affected

of the proposed drainage measures to relieve flooding

after
and

in the Northwest area. Implementation of a new drainage system

in this region would represent one of the most challenging aspects of the
engineering measures to be put in place and, therefore, a careful design would
be required. Besides the analysis of its future likely impact on the natural
environment

of the region, two interrelated issues need to be addressed: the

required capacity of the open surface drains (drainage

rate) and the return

period event that they will have to protect against (levels of service).

Drainage rate can be defined as the average flow of water to be used to size a
drainage system designed to evacuate the excess runoff generated for an event
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of a specified return period, and it is usually expressed in millimetres per
month (mm/month).

Level of service implies that something is developed fit-for-use or "service"
under particular conditions or "level". In the case of the test area, the use of
service is defined as "fit for a particular agricultural land use" and the
condition or level is "at the frequency or return period that would cause
flooding or waterlogging".

For a conventional flood control project, if the conveyance capacity of the
scheme is exceeded and a property floods every 10-years, then the level of
service is 10 years. In the case of the test area, with the predominance of
agricultural enterprises, the relationship is not so straightforward. The level of
service has to be defined not only by the level of prevention that the new
drainage infrastructure provides but also in terms of how well the new system
will enable a particular form of land use (not any land use) to be carried out.
Expressed from a different angle, in a conventional flood control project, one
can interrogate the system by asking whether a piece of land floods or does not
flood. In the case of the evaluation of rural projects (and benefits), the question
is different: does the new drainage system enable or does it not enable a change
(or a positive modification) in the land use practised under the current
circumstances.

Within the IMP studies, the RGWM was used to generate the with project
FPM. The time series of monthly infiltration rates used for the baseline
scenario was modified, prior to its use in a with-project simulation. This
assumesthat:

(i)

surfacerunoff simulatedby the rainfall-runoff model was assumed
to be first conveyedby the new drainagesystemmaking use of its
maximum capacity,

(ii)

residual excess runoff (not conveyed by the drainage system) is
retained on the surface and available for evaporation and for further
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its
is
drainage
the
through
capacity
once
system
conveyance
released,

(iii)

if at any time, the drainage capacity exceeds the excess runoff
(including any runoff stored from previous time steps), then it is
assumed that the drains are available to take water out of the
50%
it
for
However,
that
this
only
assumed
operation,
was
aquifer.
for
draining
be
drains
full
the
the
off
available
of
would
of
capacity
the

aquifer

fluctuations

on

the

basis of

normal

(seasonal)

groundwater

(with a maximum of 0.5m to Im below ground level)

drains.
When
for
flow
into
head
driving
the
the
which will provide
there is a flood event, ground water levels will be close or at above
drains
be
head
level,
driving
higher
the
and
will
available
ground
a
would operate at their design maximum rate.

The cost-benefit analysis demonstrated that 10 years was the optimum standard
of protection

against groundwater-induced

flooding

in the North West area.

Figure 5.11 presents the resulting map showing the areas that would benefit
from the implementation

of the flood defence scheme through construction of

the proposed drainage system.

Figure 5.11:

Total area that would benefit from the implementation of the structural
measures proposed in the IMP.
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5.4

MODFLOW

Approach

Part of the Calculation

to Deal with SW-GW

Interaction

as

of FPMs

This section focuses on analysis of the suitability of the approach adopted to
develop the RGWM with MODFLOW
5.12 presents the location

to derive FPMs for the test area. Figure

of two sections of analysis, which run along an

interdunal depression and orthogonally across a series of dunes respectively.

The analysis of the suitability

of MODFLOW

was focused in the results

obtained for 1987/1988 as it is the period where the largest flood event that
affected the test area took place.

- -a -- -----
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Figure 5.13 presents a long section along an interdunal depression of the test
area, showing the 5000m-ground surface (used by the MODFLOW
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evaporation

function
to
of water table) together with the
as
package calculate evaporation a
5000m- groundwater heads obtained from the RGWM for the wettest month in
that period. Figure 5.14 presents the same series of data, but for a section
orthogonally across the dune field. Two things emerge from the figure: First
the groundwater heads mimic very closely the profile of the surface used by
MODFLOW to calculate evapotranspiration. A sensitivity analysis was carried
identical
from
decreasing
1.5m,
depth
3m
to
the
showing
an
out
extinction
is
This
heads
but
to
the
expected as a
surface.
closer
pattern
with groundwater
reduction of extinction depth decreasesthe amplitude of seasonalvariation of
groundwater heads, reducing the total amount of evapotranspiration extracted
from the system. Second, groundwater heads do not exceedthe ground surface,
implies
for
that the
the
the
period,
what
simulation
even
wettest month of
RGWM per se fails to identify groundwater induced flooding. However, some
flooding is detected when combining the results of the model with a 500m
resolution DEM (see dashed line in Figure 5.13 and 5.14). This leads to another
two issues. One is that the identification of flooding is clearly independent of
the calculation of the groundwater profile and second that the number of areas
identified as being flooded will depend on the relative height difference
between crests and depressions in the dune field and the actual spatial
distribution of micro-relief features compared to the resolution adopted for the
groundwater model. Figures 5.13 and 5.14 also show that the approach with
MODFLOW can equally underestimate or overestimate groundwater-induced
flooded areas as depths of water on the surface are not reproduced correctly.
Not reproducing depths of water in the surface does not necessarily imply a
detection
in
if
is
just
the
FPM
the
this
problem
concerned with
generation of a
of a flood/no flood situation; however what is of concern is matching the right
locations where flooding occurs. The approach described so far failed to do so.

The resolutionof the test areamodelwas incresedfrom 5000mto 500mto test
the sensitivity of the approach to a change in the resolution of the groundwater
in
In
this
the
to
profiles.
case
surface used
calculate evaporation MODFLOW
coincides with the resolution of the DEM. The stress in the model was
maintained constant and a monthly infiltration time series was used. Figure
5.15 shows a groundwater profile along an interdunal depression, indicating
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that heads very closely match the features of the ground surface, and that the
identification of GW-induced surface flooding could be more accurate.
However, the limitation of the approach in calculating correct depths of water
at the surface still remains as it is an inherent limitation of MODFLOW.

Another exercise was investigated by simulating a daily time series of
infiltration to test the sensitivity of the approach to the temporal resolution of
the stress. Figure 5.16 presents a sequence of groundwater profiles along an
interdunal depression in the test area. The first thing to be noted is how fast the
groundwater heads accommodate to the ground surface, as can be noted by
examining the difference between the starting heads (obtained from the
RGWM) and the rest of the profiles, which show again the tight control
imposed by the evaporation in the system. However, the most noticeable point
is that, in this case, the maximum profile exceeds over the entire ground
surface profile, totally overestimating the number of locations where GWinduced surface flooding occurs.

A third exercise was carried out to analyse the ability of this approach to
reproduce the dynamics of surface flooding. Available interpretation of surface
flooding from satellite imagery was used to analyse the results of the model.
Figure 5.17 presents the interpretation of flooding form the satellite imagery,
while Figures 5.18 and 5.19 present a mosaic of pictures with the results from
the various simulations carried out for the test area. A comparison of model
results with the surface flooding captured by the satellite images reflects the
clear inability of this approach with MODFLOW to represent the dynamics of
water at the surface. Increasing the resolution of the model allows
identification of more areas subject to flooding (right image in Figure 5.19) but
the number of times (months) for which flooding is detected decreases.Using a
daily time series of infiltration would have not made any improvement as the
results show (consistently with the long profile shown in Figure 5.16) that the
entire test area would be under surface flooding.
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Figure 5.17:

Groundwater induced surface flooding. Test Area.
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Groundwater induced surface flooding. MODFLOW only
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Figure 5.19:
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Groundwater induced surface flooding.

*)"ý-i-

MODFLOW only. A. November

198'1. B: March 1988. Source: MODFLOW - 500m resolution - mouth1N
infiltration time series. (Run: run 11)

In conclusion,

using MODFLOW

only to generate FPMs is not a robust
of surface flooding,

approach and can only yield an approximate identification

failing to estimate the correct depths of water on the surface. In fact, its use for
mapping the frequency of surface flooding is tightly linked to a set of factors
concerning

the schematisation

of the model. Forcing the resolution

of the

groundwater model to match the resolution of the micro-relief features helps to
identify more precisely the location of flooded areas. However, the fact that
results are also subject to the temporal resolution of the stress input into the
model (monthly or daily), generates a significant weakness in this approach.

The groundwater heads are strongly influenced by the vertical components of
the water balance and, primarily, by the evapotranspiration

from the saturated

zone and the position of the ground surface. The fact that the horizontal flow is
negligible

prevents

the model

having

a groundwater

profile

that is less

sensitive to changes in the input stresses and less controlled by the position of
the ground

surface, as was seen when changing from

infiltration.
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monthly

to daily

It must be concluded that use of this approach to estimate which areas would
benefit from inclusion of drains will be subject to the same limitations and
considerations explained above. Adopting a simplified approach to estimate the
effect of drains, i. e. by modifying the time series of infiltration, is the only
in
include
it
be
incorrect
the
the
to
viable method as would
canals explicitly
model, due to the impossibility of MODFLOW to calculate the correct head of
water at the surface to drive water into the drains.
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CHAPTER
6-

THE DEVELOPMENT

OFA COUPLED

GROUNDWATER AND SURFACE WATER
MODEL: iSISMOD

6.1

Introduction

Chapter 5 described application of MODFLOW as part of the strategy adopted
to support the IMP studies for the Salado basin, arriving at the conclusion that
this approach had severe limitations in reproducing the GW-SW interaction
that is largely responsible for flooding mechanismsthat dominate the test area.
This led to the conclusion that a fully coupled surface water-groundwater
model would be required to overcome those limitations. Prior to the analysis of
this approach for the generation of FPMs, this chapter describes the
development of iSISMOD, a mathematical model to simulate the interaction
between surface and groundwater systems.

In general terms, the coupling of GW-SW processes is important in a number
of situations that are implicit when dealing with catchment management
planning issues. Figures 6. IA to F show examples of the potential applications
of a fully coupled model for surface water and groundwater interaction.
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Figure 6.1:

A. A coupled GW-SW model could be used to estimate recharge from Ica y
streams to an aquifer. Note variation of streambcd thickness between the
main channel and the floodplain.
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B. A coupled GW-SW model could be used to estimate bank storage
attenuation effects when a flood ýýaýepassesalong a stream.
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Figure 6.1:

C. A coupled GW-SW model could be used to estimate seasonal water level
fluctuations in the floodplain of a river. allomng the evaluation of the eflccts
on wetland hydrology.
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D. A coupled GW-SW model could be used to estimate the contribution of
an aquifer to the baseflow of rivers.
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Figure 6.1:

E. A coupled GW-SW model could be used to predict flooding and
waterlogging situations caused by groundwater emerging at the ground
surface and so forming variably contributing areas.
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F. A coupled GW-SW model could be used to study the

.1'

drainage svstenºs in which the coupling between surface and groundwater
processes is a key factor.
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6.2

Selection of tools for coupling

Chapter 3 explained the flooding mechanismsthat operate in the NW region of
the Rio Salado basin, and which consist of large saturation return flows that
cause extensive, groundwater-induced, surface flooding situations. The roles of
various geomorphic features were also explained, as they influence the
dynamics (storage and conveyance) of surface water.

The physical processes embedded within

the flooding mechanisms are

generally three-dimensional in nature and the GW-SW interaction described
herein is no exception. Any simulation that seeks to represent the complexity
of the processes should take into account the existence of horizontal and
However,
fluxes
in
both
the
the
water
system.
vertical
surface
groundwater and
it is important to acknowledge that all flooding mechanisms also have a
dominant process that can be represented in either two or one dimensions with
level
is
is
if
the
that
a
of accuracy
purpose of modelling to support
acceptable
catchment planning. Table 6.1 lists the individual processes that should be
represented within an integrated representation of groundwater-induced surface
flooding,

analysing the

dimensional aspect of

the dominant physical

mechanism and the approach that could be adopted in modelling terms. This
exercise served the purpose of supporting the individual tools selected to

developthe new, coupledmodel that was requiredto investigatethe key issues
identifiedin the thesis.
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Process

Key dimension of processcomponent

Recommendedmodelling

element

approach

Groundwater

3D - Although lateral groundwaterflow is

3D groundwatermodelling

flow

small compared to the vertical movement,

using a layered system to

both are important at a sub-regional scale in

represent vertical fluxes.

order to representvertical fluxes and
horizontal flow towards sub-regional

depressions.
Exfiltration
(return flow)

3D - the appearanceof water in the surface
can occurfrom a rise of the phreaticlevels

3D - by simulating leakage
from the aquiferthrough the

(vertical component)or through lateral flow

bottom and the sidesof each

from dune sidesto adjacentlow lying

surfacewater body.

depressions.
Ponding of

3D - This requiresthat the surfaceareaand

3D - by including in the

exfiltrated

depth of water are correctly represented.

representation the depth-

water

arearelationshipof surface
waterbodies.

Transfer of

3D - The two dimensionalaspectis needed

A 2D approachis required

water between
low areas

to representthe movementof water along a

to simulatewater movement

longitudinal depressionand alsothe

through the pattern of

connection between parallel longitudinal

longitudinal dunes.

depressions. The third dimension is
associated to the simulation of flow over the

A 1D approach is adequate

parabolic dunes embedded in the

to simulate flow over

longitudinal dunes.

parabolicdunesas this can
be associatedasfree and/or
drownedweir flow.

Saturation
overlandflow

2D - As the exfiltrated water (saturation
return flow) appearson the surface,it is

and seasonal

requiredthat the arealextentof the saturated arealgrowth by using a

expansion and

area is represented, so that the correct

stage- area relationship as

contraction of

amount of runoff from rainfall falling on

described before. Also it is

opensurface

theseareasis predicted

requiredto take into account
the direct conversionof

waterbodies

The modelling mustaccount
for the representationof

rainfall into runoff in this

area.
i awe 6.i:

Dimensionalaspectsof GW-SW interaction. Conceptualissues.
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The descriptions in the table above lead to the conclusion that the coupled
model requires a 3D groundwater model and a surface water model that is
either 2D or is able ro make adequate provision for the simulation of 2D
aspectsof surface water extent and movement.

MODFLOW complies with all the requirments to perform a 3D simulation of a
groundwater system (see also Chapter 2), while iSIS Flow, a ID surface water
model, can also represent adequately all of the 2D phenomena identified in
Table 6.1. The way that MODFLOW

and iSIS could fulfil the modelling

requirements outline above is more fully described in Table 6.2.

Processelement

How can iSIS and MODFLOW deal with the modelling
requirements

Groundwaterflow

MODFLOW solvesthe 3D continuity and Darcy flow equation
of groundwatermovementin porousmedia.

Exfiltration

Exfiltration is simulated by including leakage between single or

(saturation

return flow)

multiple MODFLOW cells and surface water units in iSIS (river

or reservoirsunits)
Ponding
water

of

exfiltrated iSIS simulates storagein ponded areasby using the reservoir
units that explicitly include a stage-arearelationship.

Transfer of water between Spill units in iSIS (basedon a weir equation) can be used to
low areas
simulatethe transferbetweenadjacentlow areas.
Saturation overland flow Reservoir units in iSIS can also represent the dynamics of
and seasonal expansion saturatedareas.Chapter 7 explains how iSISMOD deals with
and contraction of open the calculationof runoff contribution from rainfall impacting on
surfacewater bodies
iadwe6.2:

saturatedareas.

Dimensionalaspectsof GW-SW interaction. 1SIS UJJapproacn.

While the arguments put forward in Tables 6.1 and 6.2 suggest that ISIS Flow
seemsto be an adequate tool to deal with the modelling requirements, coupling
MODFLOW to a 2D surface water model could also have been a valid option.

The use of a 2D modelbasedon the full solution of the 2D shallowwater flow
equations would have eliminated the need for the coupled model to work over
large areas on a iterative basis. For example, Lisflood (Bates and De Roo,
2000), a simple raster-based model for floodplain inundation, is worthy of
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consideration for providing a more efficient representation of the surface water
component for the coupled model. The strength of Lisflood lies in the
simplicity of the 2D routing of overland flow, which could make it suitable for
dealing with large scales, and the possibility of reducing the effort required in
schematisation, as a single layer comprising the entire terrain could be
modelled in Lisflood. This program can determine overland flow routes
automatically, based on a raster DEM that covers the entire study area.
However, Lisflood

solves the overland flow routing using a kinematic

approach that neglects backwater effects.

This could compromise the

representation of the flooding process and its relationship with the parabolic
dunes placed along the interdunal depressions.Futhermore, even assuming that
Lisflood could be used at the diagnosis stage, it would be less appropriate at a
project phase as it would not provide all the elements required to analyse the
hydraulics of drainage measures required to mitigate groundwater-induced
surface flooding. In an area like the Northwest region of the Rio Salado basin,
despite the intrinsic 2D characteristics of the overland flow, there are clearly
defined paths that water takes that are essentially one-dimensional (such as the
interdunal depressions). Consequently, representation of the 2D component
(the connections between each longitudinal dune trough) can be limited to
simulation of the amount of water that is transferred between these longitudinal
paths. The points of connection between adjacent ID surface water pathways
are easily identified by terrain mapping and geomorphic interpretation of the
landscape.

Finally it can be concluded that the choice between a ID hydrodynamic model
(like iSIS) or a simpler 2D model (like Lisflood) should depend on striking a
balance between the capability of the model to identify surface water drainage
pathways and the need to represent surface water hydraulics in detail. The
former is also a function of the influence of geomorphic features in
conditioning surface flow paths. Generally, a 1D model (like iSIS) can perform
adequately provided that the pattern of overland flow is known, so that it can
be included in the schematisation of the model. A 2D approach would be a
better option in those areas where the pattern of preferred pathways cannot be
clearly identified a priori or where the pattern varies with the event being
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simulated,making it difficult to encapsulateall the likely runoff scenariosin a
singleschematisation.
In light of these arguments, and conditions in the Salado Basin, it was
concluded that selection of a 3D groundwater model and a ID hydrodynamic
surface water model struck the best balance in terms of the capabilities
discussed above. Hence, the following sections describe the development of
the coupling between MODFLOW and iSIS Flow (iSISMOD).

6.3

The development of iSISMOD: Methodological Approach

6.3.1

MODFLOW

MODFLOW is a computer program designed to simulate the three-dimensional
movement of water in a saturated porous medium. The program consists of a
main program ("modf[ow.f")

and a series of independent subroutines called

"modules" that perform the hydraulic computation for each element into which
the aquifer system was discretized, such as: abstraction wells, recharge,
evapotranspiration, leakage from water bodies, drains, etc.
The period of simulation is divided into a series of "stress periods" within
which specified stress parameters are constant. Each stress period can be
divided into time steps and the governing equations are solved to give the
groundwater head at each node at the end of each time step. Therefore, within a
given simulation, there are three, nested loops: a stress-period loop, within
which there is a time-step loop, within which there is an iteration loop.
The program performs a series of procedures during a simulation, some of
which are performed once for the entire run while others are processed
repetitively for each stress period. The procedures carried out for the entire

simulationare:
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(i)

definition of the size of the model, the type of run (steady or
unsteady), the calculation of the number of stress periods and the
hydraulic elementsthat will stressthe aquifer,

(ii)

allocationof memoryspaceto storethe dataandthe results,

(iii)

storage of all the data that is not a function of time, including
boundary conditions, initial conditions, hydraulic conductivities and
geometry of the aquifer.

For each stress period, a further read procedure is processed to store the
information that does vary with time, such as pumping rates, recharge,
evapotranspiration, etc. Within the iteration loop, a procedure is carried out to
calculate the coefficients that are allocated to the matrix that solves the
equation of the system. Finally, further post processing procedures are
performed to control the output of results and the calculation of the water
balance. Appendix B provides details on the structure and governing equations
of the program..

6.3.2

iSIS Flow

iSIS Flow is used for modelling steady and unsteady flows in networks of open
channels, floodplains and hydraulic structures. Free surface flow is represented
by the Saint Venant equations for unsteady flow in open channels.
iSIS is a modular computer program that models the channel network by
breaking it down into hydraulic components referred to as units. In addition to
channels and floodplains, iSIS contains units to represent a wide variety of
hydraulic structures such as sluices, weirs, orifices, storage ponds and head
losses through bridges. Flow through closed conduits and culverts are also
available through a variety of standard shapes. Model boundaries are
represented as either flow-time,

stage-time or stage-flow relationships,

including tide curves and hydrological boundaries.

The program is basically formed by a core routine that managesthe execution
of a simulation, a set of routines to perform the hydraulic computation for each
190

type

of

element

discretisation

(by

the

calculating

coefficients

that

result

from

the

of the Saint Venant equations), a routine to solve the resulting

matrix, and a set of routines to manage the presentation of results. Appendix B
provides details on the structure and governing equations of the program.

6.3.3

iSISMOD

6.3.3.1

Interaction between iSIS and MODFI, OW

One of the key aspects of the development is that the structure of iSIS and
is preserved. Although

MODFLOW

iSIS was adopted as the main program,

both programs run independently, preserving their own structure for: reading
and storing data, calling the various routines that control the different processes
and producing the results. All MODFLOW

routines were compiled within the

ISIS program and the linkage between the two is achieved through the iSIS's
core routine ("ondanz. f") that calls MODFLOW's
Figure 6.2 presents the overall

main routine ("modf7otilw.f").

approach for the interaction

between both

programs.

(ED
4CED
CALL TO
S
ROUTiI IES

MODFLO"I:

I

OI IDAM. F
MODFLOýb.F
1
,ý

CALL TO
MODFLOW.F

COI ITROL
FILE

Figure 6.2:

iSISMOD Overall Stnicture
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CALL TO
: APIOUS

ROUTIIIES

Couplingbetweenthe programsis basedon the following concept:
MODFLOW

solves the groundwater flow

equation and provides the

groundwater heads that iSIS uses to calculate the corresponding leakage, based
on the water level of the surface water body: The leakage is exported back to
MODFLOW

and the groundwater heads are recomputed. Iteration between

programs ceases when the difference between two successiveleakage volume
calculations is less than a specified tolerance. The issue of the different time
steps, normally required for the simulation of both systems independently, was
addressed by calculating (in iSIS) an average leakage term during a
MODFLOW time step, using groundwater heads linearly interpolated every
iSIS time step. The methodology adopted is described below and illustrated in
Figure 6.3:

(i)

The number of iSIS time steps has to be an integer multiple of the
MODFLOW time step. The MODFLOW time step is generally several
times larger than the iSIS time step; this is usually the case as there is
an inherent difference in the temporal scales of groundwater and open
channel dynamics. Time steps of the order of days and months are
sufficient for

groundwater simulations, while for

surface water

days,
from
to
time
simulations
seconds
stepsusuallyvary
(ii)

iSIS executes a number of time steps equal to a MODFLOW stress
period. For each iSIS time step flow, surface water levels and leakage
are calculated. In particular, leakage is calculated using a groundwater
head that is linearly interpolated from the heads at the beginning and
end of the present MODFLOW stressperiod.

(iii)

At the end of a MODFLOW stress period, the leakage calculated for
each iSIS time step is averaged and passedto MODFLOW.

(iv)

In MODFLOW, the leakagepassedfrom iSIS is usedto re-computethe
in
heads
for
turn,
the
are,
groundwater
current stressperiod, which
passedagain to ISIS.
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(v)

Steps (i) to (iv) are repeated until the average leakage that passes from
iSIS to MOFLOW

iterations

between two successive ISIS-MODFLOW

is within a specified tolerance.

In addition, Figures 6.4 and 6.5 illustrate how coupling between the programs

is performed.
TM O

TM 3

TM 2_

TM 1

MODFLOW

GWHi
GVV1-li

GWHi

'LKi

LKi

Ti 2 MTi2 Ti 3 Ti 4 Ti 5 Ti 6 Ti 7 Ti 8 Ti 9 Ti 10

I

ISIS
pý

ýTý

ýpý

'ý'.
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.

f"ý

N

Mý
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°GWH I": groundwater heads calculated by MODFLOW
at the end of stress period and for Iteration ISIS-MODFLOWI
'LK i':

leakage calculated by ISISas an average over the then time
steps included in one stress period and for iteration ISIS-MODFLOWi

1,2,1

ISISMODFLOW (ISISMOD)Iterations

TM 0- TM 1: Modflow stiess period
ti 1 -ti 2:
I, II

Figure 6.4:

ISIStime step
IndMdual ISISand MODFLOW Iteraflons

iSIS-MODFLOW coupling Iteration. dealing with varying time steps.
-
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Figure 6.5:

iSIS-MODFLOW
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The main changesincorporated into the iSIS program were:
(i)

A procedure to implement iSIS-MODFLOW iterations was developed;
in ISIS "the clock is reset" to call MODFLOW

after each iSIS-

MODFLOW iteration was implemented (see Figure 6.4),
(ii)

the leakage term was incorporated into the mass equation for the ISIS
routines that solves the continuity equation for river channels and
reservoirs,

(iii)

a control file to store the iSIS labelsthat interactwith the MODFLOW
cell nodesandthe associateddatawas created.

The main changesincorporated into the MODFLOW program were:

(i)

a new routinewas createdto export the groundwaterheadsto iSIS, after
computingeachstressperiod,

(ii)

anothernew routine was createdto updatethe continuity equationfor
the aquifer, with the averageleakagecalculatedin iSIS. This routine
was created using a similar structure to the one developedfor the
Stream package routine ("strlf"),

in order to use the data structure

already created for the Stream Package as much as possible. This is a
key point as allows the user to employ one of the available GIS front
ends for MODFLOW (GMS, for example) to create the data file for the
STREAM package, that in turn can be used by iSIS.
Finally, Figure 6.6 presents various sample schematics that iSISMOD can
handle.
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Governing Equations

6.3.3.2

The governing equations for aquifer and surface water interaction arc described
below. The general expression for the leakage between a stream or a reservoir
with an aquifer can be expressed as follows:

Ql =

ks
xL,,,

x(hs-HGW)
ea

where,

Ol

= leakage flow that passes between a water body and an aquifer (L3T-').

K.
S

= vertical hydraulic conductivity

body
the
the
streambed of
water
of

(LT-1).

thickness of the streambed(L).

t=
Larea

= cross sectional area normal to the leakage flow direction (L2).

h,

= water elevation of the surface water body (L).

HGW = groundwater head on the aquifer in correspondence with the surface
water body (L).

Figure 6.7 conceptualises the parameters used in the above equation.

11

h

Streambed

"

aquifer

Figure 6.7:

of thickness

t

cell node

Representation of the parameters used in the basic leakage equation.

Calculation of Laea can be performed in several ways depending on the surface
water-groundwater

interaction situation, as described in the Table 6 3.
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Dcccrintinn

Cnncrntiml

cehrmaticatinn

t

IF
Rectangular channels with a
channel width smaller than the
aquifer cell width.

K-w

F

=hsxdv
a,ýa

f

where.
bs is the channel top width
dx is the distance increment along
the surface water flow direction.

____

"

Stieambed of thickness f

aquifercellnode

Irregular channels with a channel
width smaller than the aquifer cell
idth.

L

h

Pwxdx

area

F,
"

where.

Pw is the wetted perimeter of the
channel section. It can be
approximated by channel top
width if water depth is small.
dx as above.

0

Streambed of th ickness t
"

aquifer all node

Irregular channels with a channel
width larger than the aquifer cell
width.

I,

V! 'ea

Hw

1

Pw
dx
=
'<

where,

w

Streambed

Pw and dx are as above.

In

this

Pw

case.

can

acne (,. s:

hxamplcs

ulfer cell node

be

approximated by the aquifer cell
width.
of calculation

of thickness t

w

column width

of the leakage area.

The resulting continuity equation for open channel, including a leakage
contribution from an aquifer, can be expressedas:

90
-+
Sx

8h

+ q! =0
91

199

where,

kv xx

/

(hs - HGW )
dY

ql = leakage per unit length of channel (C T" L-)

Adopting the finite difference scheme based on the 4-point Preissman approach
(see Figure 6.8), each of terms of the continuity equation can be expressed as
follows, for the case of multiple aquifer cells interacting to a river reach:
N cells I
r cells I-1

1j+l

Ii
t

""i

Lý X

"

Aquifer

0

parameter

N cells I

total

cell node
to control

number

stabIlIty In spatial

of cells contributing

derlvallves

to node

I

N ceYs 1+ 1 total number of cells contrbuting to node I+1
I7+ I+
total number

1l nceps Iu1

of cells contributing

to channel

reach

I-I+1

Z

Figure 6.8:

Representation of the Prcissman scheme for the case of multiple aquifer cells
interacting to a river reach.
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Z
O

(1-0)

x(Qi+1

-Qi1)

+Y

x(Qi+(1

_Qij+l)

__
LLB

Oh bs
)+(hii+ý+i-hl,
11
)]
x[(hl"
_
at 2x At Ll :l, -h;

qr=9x(X,.,

xql, '' +. r; x9l'+')+(1-0)x(,

+,X, xql')
X, x411+1

where,
2

ncelL

q1 1_x

n=ý

kv, x wc x wr xr

HGW' )

ncells_I

'
ql,. =-x

kvxwcnxwrx(h,

'-HGW')

n=l

wells

1'+'
t+f -1x

-2

kvnx wenxwrnx (h'+'+l-HGWnf+'
)

n=I

ncells

1

kvxwcxwrx(hi+-HGW'')

ql,! = -x
Ax
n=1

where,
bs

= openchannelsurfacewater width (L)

AV

= distance increment in the open channel network (L)

dt

time increment for the solution of the open channel network (T')

0=

theta, parameter to control the stability in spatial derivatives.

x=

factor that controlsthe proportion of aquifercellsthat contributeto a
specific surface water (iSIS) node.
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h=

water elevation in a node of the open channel network (L).

HGW = water elevationin the middleof an aquifercell (L).
ql

= leakage flow per unit distance of open channel (L2T)

i, i+1

= node counter for the finite difference scheme.

j, j+l

= time counterfor the finite differencescheme.

ncells 1=

number of total cells assignedto the upstream node of an open

channelreach.
number of total cells assignedto the downstream node of an

ncells 2=

openchannelreach.
n=

counter of aquifer cells.

kv R

vertical

equal to

conductivity,

the hydraulic conductivity

divided by streambedthickness (T"').
wc =

column width (L).

wr =

row width (L).

Rearranging terms, the continuity equation can be expressed as a linear
function as follows:

a2xQQI+' +b2xhi+l

'
'
+,
+c2xQi+, +d2xh,
=r1

where,

a2=-

0
&

c2 =0AX

b2 =

d2=

ncells_I

bs
+0xX.
2x 0i Ax

bs
2x Ol

+

0

kv,, x wc x wr

xZ
_,

»c ells_2

xZ,

kvxwcxwr

x
n_ý
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r1=-(1-9)
x(R;+l -q')+
t1x
, lz, 2

(1-0)

n=1

, tls_t

(1- 0)

kv xwc xwr x(h,' -HGW, ')+

xx; x

AX

+1-HGW+)-

kvxwcxwrx(h,

xX, +, x

n=I
cells-2
%6Vnx wcn

,
X

bs
'
+l)+h,
x(h,
i -xAt

x, xl+, x1

x wr

x HGW+1

1+

n=1
(0)

ncells

1

kvxwcxwrxHGW,.

xzlx

f+l

n=1

The iSIS routine that solves the equations for the river channel, computes the
contributing terms to the coefficients that are finally assigned to the matrix for
each iSIS node and for each aquifer cell.

The mass transferred between an aquifer and a stream body, calculated
according to the Darcy's equation, is usually of very low velocity compared to
the open channel flow along a river system and, therefore, the contribution to
the overall momentum of the system is small. As a result, the momentum
equation was not modified for the current development of iSISMOD.
A leakage term was also included in the routine of iSIS that solves the
accumulation of storage into a reservoir. The equation can be expressedas:

ki'l

hf_Q1xAt+gnetxAt
Area
Area

where,
qnet

= summation of all inflows to the reservoir (OT").

ii

= water level in the reservoir node (i) at time j+l (L).

h'

= water level in the reservoir node (i) at time j (L).

Ql

= total leakage flow (L3T1)
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At

= time increment 0+1-j) (T"1)

Area

= reservoir area, as an averagebetween the current and the previous
time step (L2)

The leakage is calculated using:

Q1= BxQI, '+' +(1-0)xQl,

'

where,

Qi+r

= total leakage at the current time step, calculated as the summation of
the leakage from the individual cells.

Q=

total leakage at the previous time step, calculated as the summation of
the leakage from the individual cells.

0=a

parameter (0-I) to control stability of the solution.

The continuity equation expressedin linear form results:

ninf lows

j+'
1xh,
+
cf

qi,+ = r1

where,

ninflows

denotes the number of flows entering (positive sign) or leaving
(negative sign) the reservoir

The resulting coefficients for the matrix (in the same way as it was calculated
for the river unit) are:

"cep'
abar
cfl=
+0xZkvxwrxwc
At
_,

cf2=-1x9
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cf3=1x9
rl=h'

x

abar

+6x

Al

n-l`,

kvnxwrn xwcn xHGWf+'

n=l

"cells

6)
x
-(1-

kvn x wrt x wcn x (h' x HGW' )
n_l

where,
kv °

vertical

the hydraulic conductivity

equal to

conductivity,

divided by streambedthickness (T"I).
wc =

column width (L).

wr =

row width (L).

Continuity equation MODFLOW
Solution of the continuity equation in MODFLOW is also achieved in finite
difference form, but this does not use the 4-point Preissmann schemeapplied in
iSIS. In MODFLOW

the theta parameter to control stability in spatial

derivatives is not used and a fully forward scheme is used to calculate the
derivative in time.

For a cell ij, k, the continuity equation in finite difference form is expressedas:

CPS'.
i-1/2. k

x`hmi.

i-l. k ^hmi,

>,k)+C`Y.

i+lt2. k

x(hmi.

i+t. k -hmt.

i. k)

+CCi-v2. k x(hmta. -h"i.
x(hmr+i,
i.
l.k
i.k
l. k)+CCC+jt2.
i+i,k -'hmt.i,k)
+CjJ

+P

x (hmr.

i. bk-1/2

i. k

x h,

Qi.
1

.k+

htms.
CV
+
l. k)
J.k-1 -

l. k '

SSi.
l.

J. k+]/2

x (hmi.

k+l
J.

(Lrj x Ad x Avk) x
x
k

(h'
/j.

)

hmt.
J, k

i.k --h)t,i,k

where,

CR, CC arid CV

= the conductanceterms in the row, column and layer
direction.
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M, m-1

indicatestime counter.

drj, Ad, dvk

= the cell dimensions (row, column, layer thickness).

SS

= specific storage.

P and Q=

the summation of the terms from the equations that
define the contribution from external sources to the
given cell.

For the solution of the above equation, it is convenient to arrange it so that all
terms containing heads at the end of the current time step are grouped on the
left hand side of the equation, whereas all terms independent of head at the end
of the current time step are on the right hand side of the equation. The resulting
equation and coefficients are:

C`

y. j-1/2. k

+(-CV,
-CV
+CV

X hmi.

j-l, k

+CCi-1/2,

j. k-112 -CCi-1/2,
j k+l/2
j. k+1/2

+HCOT
X/j,

j, k

j, k -CA'.
j. k)xh

k+l -

X hmf-l,

j. k

+CV

j-1/2. k -CA.
k

+CA.

j+l/2, k

I, k-112

x hmi.

j+l/2, k -CCr+I/2.
xhi j+l.

k

+CCi+l/2.

j. k-1
j. k
j. k

xhr+jl,

i. k

RRS

where,

HOOFf,j, k =pi,j, k -

SCl;

fk

SClt.
RHSi,

hk
i. k - -Qt.

l. k

(tom

Xh

-'

tm-1
-

xL\rjxdcixtlvk
SC1,,,
k
=SSI,
k
MODFLOW, by calling the routines associated to each of the modules (river,
recharge, evapotranspiration, etc.) calculates the cumulative contribution (for
each iteration within a time step) to the HCOF and RHS terms.
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As the leakage is calculated in iSIS, the treatment in MODFLOW is explicit
and the modifications to the corresponding coefficients are:

HCOF(II, JJ, KK) = HCOF(II, JJ, KK)
RHS(IJ,JJ, KK) = PLUS
(II, JJ, KK) - FLOBOT(II, JJ, KK)

where,

FLOBOT

= average leakage calculated in iSIS expressedin the time units
used in MODFLOW to define the stressperiods.

II, JJ,,KK

= the indexes to represent the row, column and layer of each
cell.

6.3.3.3

Output Files

The results of a run performed using iSISMOD can be examined using the
standard graphic interfaces of each of the individual iSIS and MODFLOW
programs. However both programs were modified to present the relevant
information generatedby iSISMOD.

iSIS can be used to examine surface water levels in rivers and reservoirs in the

usualway but, for those units coupledto MODFLOW, an option was included
to show other variables such as: reservoir/river-averagegroundwater level,
leakage.
level
reservoir/river-average
cumulative
reservoir/river
ground
and
MODFLOW

output file ("filename. oui ") was also modified to include a

leakage term (from ISIS) in the overall volumetric budget at the end of each
stress period, adopting the same convention as the one used by the STREAM

andRIVER packages.A captionof an output file is presentedin Figure 6.9.
To facilitate processing on a grid (raster) basis, iSISMOD writes to a file, for
each stress period, the surface water level associated to each cell interacting
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with iSIS. When the groundwater head is below the ground surface, the latter is
the value written to the cell. Finally, if the cell does not interact with any ISIS
for
level
the cell.
the
groundwater
corresponding
writes

unit, then iSISMOD

0
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Volumetric budget at the end of an iSISMOD simulation. Note that the term

Figure 6.9:

"iSIS Leakage" was added in the balance.

Finally a series of files are created after each iSISMOD run:

(i)

a

diagnosis

file

(`iSISMOD. rep ")

that

reports

the

following

information.

0

leakage for each iSIS node, for each time step and stress period

0

leakage for each MODFLOW

"

the number of iSIS-MODFLOW

cell, for each stress period
iterations used to solve each

stress period and the final massbalanceconvergence achieved.

(ii)

files
file.
These
from
"fi/ename.
files
time
the
several
series
1p1I"
created
contain groundwater or surface water levels for each time step or stress
period

for

various

predefined

sections or individual cells)
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configurations

(long

sections,

cross

6.4

Testing of the iSISMOD

A series of tests was carried out to check the correct functioning of iSISMOD.
For all test cases,the results obtained with iSISMOD were compared to either
an independent data source or with a hand calculation. The tests carried out are
summarisedbelow:

Test Case 1:

single reservoir-aquifer interaction through a single and
multiple MODFLOW cells.

Test Case2:

Test Case 3:

single river-aquifer interaction in a steady state situation.

combined river

and reservoir interaction with

an

underlying aquifer.

Test Case4:

flood wave attenuation along a river channel due to bank
storage effects.

Test 4 is one of the most representative test casesas it permits to test iSISMOD
for simulating the dynamic interaction between a surface and a groundwater
system. A description of this test and its results obtained are summarisedbelow
while a Appendix B presents a full description of all casescarries out.
Test 4 aims at simulating the bank attenuation effect that results from the GWSW interaction when a flood wave passesalong a stream, similarly to what has
been solved numerically by Pinder and Sauer (1971). An iSISMOD run was
performed using the same data used in that paper and results compared to those
obtained by those authors.

The iSIS data file consistedof a single channel51580m long with nodes at
610m spacing and a 30.48m cross section width at each node. The inflow
hydrograph was a cosine function with an initial value of 51Ocumecs.
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The MODFLOW

model consisted of an unconfined aquifer represented by a

single layer with an aquifer storativity/specific

yield of 025 and a permeability

(in
by
The
610m
263.3m/day.
spacing
of
of
a vertical
grid was characterised
the direction of the stream) and a horizontal spacing of 30m everywhere except
near either bank of the stream where the spacing was reduced to 15m.

can reproduce the results obtained by Pinder

Figures 6.10 shows that iSISMOD

and Sauer (1971), in terms of the effect of SW-GW interaction in flood wave
due to bank storage effect. Smaller differences can be noticed,

attenuation

which could be originated when digitising the hard copy results of Pinder and
Sauer (1971), or from the mathematical solver used.
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Figure 6.10:

Effect of leakage in a node located 50.00011(A) and 140.OOft (B) front the
beginning of the channel.
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CHAPTER
7-

iSISMOD APPROACH

7.1

Introduction

and Approach

This chapter describes the application carried out with iSISMOD on the test
area described in Chapter 3, in order to assessadvantagesand disadvantagesof
using a coupled model to generate FPMs, in comparison to the use of

MODFLOW alone.
A similar approach to that adopted in Chapter 5 was followed to analyse the
applicability of iSISMOD: predicted surface water levels along longitudinal
and cross sectional profiles in the dune field were examined in comparison to
flooded areas identified by the model and those obtained through interpretation
of satellite imagery.

Historical simulations for the wettest period that took place in the test area
region (1985-1990) and 33years (baseline) simulations were carried out. The
latter were used to generate the base and project FPMs.

7.2

Schematisation of the Test Area Model using iSISMOD

7.2.1

Location of Test Area Model

The test area lies within the Northwest region of the Salado basin, having as
distinct features a predominance of dune fields and the lack of a fluvial
drainage system to convey the excess generated by groundwater induced
flooding events. The location and characteristics of the test area were described
in detailed in Chapter 3.
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7.2.2

Schematisationof the Test Area Model (TAM) using iSISMOD

The overall schematisation of the TAM

using iSISMOD

consists of

schematisation of the groundwater component (layer 2) and the surface water

component(layer 1).
For layer 2, schematisation follows the concepts and parameters used for
development of the RGWM as it takes its boundary conditions (groundwater
heads) from the latter. However, based on the experience gained through
examining the simulations carried out with the RGWM and the need to develop
a computationally more efficient model with a higher spatial resolution, a
simplification was made in terms of its vertical conceptualisation.

While

the RGWM

comprised three layers in the vertical dimension,

representing the formations found to be within the hydrogeologically active
part of the aquifer (Chapter 3), for the TAM a single layer was included to
represent only the sand layer immediately below the ground surface. The
technical justification for this simplification is based on the following facts:

"

horizontal conductivities of the layers underneath the sand dune
field are very low (less than lm/d compared to the range of
conductivities in the top sand layer of up to lOm/d), and the
vertical conductivity between the layers does not exceed
0.01m/d, and

"

groundwater

levels oscillate within

the sand layer with

amplitudes that do not exceed 4m or 5m and are, most of the
time, close to the ground surface. These levels would be hardly
influenced by vertical leakage from and to the layers below the
sand.

The horizontal discretisation of the model was carried out using cells of 500m
by 500m, instead of the 5000m grid used in the RGWM. This is consistent with
what was initially found in Chapter 5 in terms of the convenience of having a
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groundwater model grid that matches the resolution of the DEM for an

adequateidentificationof flooding in the surface.
Detailed analysis of the characteristics of the soils in the test area reveals the
existence of thin layers of low permeability soils (known as "B horizons")
underlying the depressions along the longitudinal interdunes. These are mainly
formed by the semi-permanent presence of water in those low areas that
contribute to the infiltration and deposition of fine material. The effect of these
soil formations could be schematised through the spatial variation of the
vertical hydraulic conductivity (kv) that was used to control the transfer of
water between the sand layer (aquifer model) and the ground surface.

The hydrogeological parameters used for the TAM are those of the sand (top)
layer of the RGWM aquifer model as presented in Table 7.1. Figures 7.1 and
7.2 present the schematic of the TAM with iSISMOD.
Parameter

Value

Horizontal hydraulic conductivity.

5 (m/day)

Vertical hydraulic conductivity between the 0.1(m/day)
aquifer and the opensurface.
Specificyield.
Table 7.1:

0.1(-)
Hydrogeological Parameters used in the TAM
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model.

The surface water component of the model (layer 1) was schematised to
reproduce as closely as possible the mechanisms that operate at the surface due
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to the occurrence of groundwater-induced flooding and waterlogging. Those

mechanisms
are:
(i)

Exfiltration of water at the surface, due to groundwater phreatic
levels emerging at the surface;

(ii)

Ponding of exfiltrated water behind parabolic dunes and/or
spread of water over low areas in the troughs between large,
longitudinal dunes throughout the region;

(iii)

Transfer of water from one low area to another low area, once
the topographic threshold created by the crest heights of the
parabolic dunes is exceeded, creating occasional major streams
of water;

(iv)

Transfer of
infrastructure

water from

low

areas to

(canals) and flooding

existing drainage

due to

the lack of

conveyancecapacity of the canals;
(v)

Saturation overland flow as rainfall falls onto a variable area of
saturated ground;

(vi)

Seasonal expansion/contraction of open surface water bodies,
function
dynamically,
of rainfall and
as a
whose areas vary
evaporation.

Points (i), (v) and (vi) lead to the concept of variably contributing areas for
runofff.
Layer 1 of the model was schematisedusing the units available in iSIS Flow.
Two approaches emerged as options to model ponding and transfer of water
from one low area to another. Approach A consists of using reservoir units (or
flood cells) to simulate the movement of ponded water connected to each other
using control sections such as irregular weirs (known as "spill" units in ISIS) to
govern the transfer of water. An alternative to the use of the spill units is to use
the iSIS Floodplain Sections that allow calculation of the flow from one cell to
the next downstream using a normal depth type of formula like Manning's
in
both
Approach
B
transfer,
a
and
equation.
ponding
consists of simulating
single unit, making use of river sections to model the conveyance of water
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have
interdunal
depressions.
The
to
the
the
river sections would
along
axis of

extendedeither side to cover the entire flood extent. Table 7.2 summarises
advantagesand disadvantagesof each approach.

Approach

Advantages

Disadvantages

A

" Fasterconvergence

_1
(Reservoirs

" Simulates better the appearanceof

for
level
Provides
each
a
only
water
"
reservoir,ignoring sloping effectson

+ Spills)

water on the surface.

long intcrdunal depressionsthat are

" Easierto setup.

lumpedin flood cells.

Underestimates
time
travel
the
of
data
Needs
"
Less
intensive.
stagearea
"
the
water moving
attenuation
of
and
for
flood
the
curves
each
cell and
downstream
the
as
resistancepart of
that
the
approximate section
controls
passageof water downstream.

the open channel equations is not
simulated.

A

" Preservesthe advantagesdescribe " Still only provides a single water
abovefor the use of reservoirsbut the level for eachcell.

+

transfer of flow betweencells is better " The time of travel is not property
represented as it used a Manning reproducedwith this option either as
equation for uniform flow, basedon a dynamiceffectsare ignored.

_I
(Reservoirs

Floodplain
sections)

water slope calculated from the water

level of eachcell and the distancethat
separatesone from the other
B
(River)

difficult
to
Convergence
is
more
"
accurate
"
a
longitudinal water level profile along achieve,in particular for low flows.
Provides

more

is
less
Therefore,
this
approach
"
for
More
for
the
simulatingthe appearance
and
suitable
simulation
"
suitable
an interdunal depression.

analysis of
canals).

drainage works (i. e. of water on the surface, requiring
additional considerationsto stabilize
the model, such as the use of small
dummy flows

or the use of the

Preissmanslot facility.
data
demanding,
More
requiring
"

cross sections of the interdunal
depressionsat variably distancesteps
dependingon the variation of the bed
profile.
Table 7.2:

SurfaceWater System:modelling approaches.
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The approaches are not necessarily mutually exclusive and could be combined
depending on the characteristics of the area to be modelled. In a practical
application, Approach A would be suitable for the simulation of baseline and
calibration scenarios, while Approach B would be better suited to simulating a
proposed drainage scheme.
The test area is crossed by a drainage canal (Jaureche-Mercante) built in the
late 1980s as a consequenceof the major flood event on the region, which took
place in 1987/1988. The canal was simulated as an open channel, with its
origin in the lake complex of Hinojo-Las Tunas, finishing several kilometres
outside the test area.
The inflow to the TAM was provided, as it was for the case of the RWGM, by
the rainfall-runoff model HYSIM. Inflow comprised daily time series of either
rainfall or infiltration and potential evapotranspiration. In the RGWM, the
transfer of lumped infiltration and evapotranspiration time series to each cell of
the model was carried out fitting a surface, month by month, using the monthly
values provided by HYSIM for each of the sub-catchmentsin which the entire
Salado basin was discretised. Because the entire test area fell within a single
HYSIM

sub-catchment, no interpolation was carried out and the same

catchment monthly values were assignedto all of the model cells.
In the absence of any physical divide within the Northwest region, the
boundaries of the test area model were determined to cover a wide range of
geomorphic features, such as the interdunal depressions, in order to model
surface flow coming from the North and the South of the Canal JauretcheMercante. For layer 2 (the aquifer), variable groundwater levels were specified
for each cell along the boundaries of the test area. These headswere taken from
the results obtained from the simulations carried out with the RGWM,
resampled accordingly to match the resolution (500m) of the TAM.
For layer I of the TAM, a nominal inflow was specified as entering the HiinojoLas Tunas reservoir at the upper boundary of the Jaureche-Mercante canal

217

system. The downstream

boundary for this canal was specified as a head-

discharge relationship, computed using a typical cross section and an average
slope for the canal. The surface water system that lies within the test area is not
a closed system as the excess water that runs along the interdunes located in its
north west side discharges into the catchment that drains to the Hinojo-Las
Tunas lake. The reservoirs and spill units used in those interdunes discharging
to an external sub-catchment were ended with a fixed head time condition to
simulate free discharge.

Finally, nominal flows were estimated in order to feed the reservoirs located at

the northern and southern limits of the pilot area; these flows simulate inflows
from outside the pilot area

The initial conditions for layer 2 of the TAM were extracted from the RGWM
and then resampled at the resolution of the test model, 500m. The groundwater
heads use as initial conditions represent a groundwater

surface representative

of the situation of the aquifer prior to 1970: that is prior to the increase in
annual rainfall experienced in the region.

Each of the flood cells in iSIS was set with an initial water level equal to the
ground level, to represent the depressions in a dry condition prior to 1970.

Figure 7.2:

Vertical schematisation of test area model.
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7.3

Selection of Time Steps to Run iSISMOD

The large difference in time steps usually required to represent the dynamics
inherent to groundwater

and surface water systems are a recurrent difficulty

highlighted in the literature on GW-SW interaction. The physical system of the
test area is not an exception and, while the groundwater

system requires a

monthly time step to reproduce its flow system, the dynamics on the surface
would require a daily time step. The daily time step was necessary mainly to
take into account the duration and variability

of rainfall events. Figure 7.3

presents a typical rainfall event for the test area, where it can be observed that
there are large differences between daily and monthly rainfall values. However,
a close inspection of the coupled system to analyse operational aspects of a
land drainage system, encompassing the operation

of hydraulic

structures,

could imply reducing the order of magnitude of both time steps, ending with an
hourly time step for the surface system and a daily one for the groundwater
system.
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1.0.1

VpIt.

dl

RaluiAU

c%LIIL

III

ulc

I esl

FtIC. I.

Initial runs were carried out with iSISMOD
Layer 2 and a daily time step for Layer

for
time
step
a
monthly
using
1. However

iSISMOD

failed to

converge due to large oscillations in groundwater heads, leading in all cases to
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internally
from
drying
This
the
the
aquifer
results
an erroneous
out of
system.
decoupled set of equations solved in iSISMOD,
balance equation

is solved in each program

this implies that the mass
using leakage-related

terms

Only in the case where both time steps coincide (for layer I and 2),

explicitly.

implicitly.
for
flow
be
the
then
groundwater
resolved
could
continuity equation
Figure 7.4 exemplifies the potential instability issue due to large differences in
time steps.

MODFLOW

iSIS computes leakage (QLEAK)

calculates GW Heads

surface water heads (HSW)

(HGW)
iSIS-MODFLOW

HGWi

and

HGW

iteration I

HSW1

HSWo

HG W0

.............................
iSIS-MODFLOW

iteration 2

QLEAK
HSW1
HSWo
HGWO
L

HGW,

IF

AQUIFER

DRIES
Figure 7.4:

Conceptual Representation oC Aquilcr going dry due to non convergencies
between ISIS and MODFLOW.
MODFLOW goes frone HGWo to HGW, over an aquifer time step (say I
month)
iSIS goes front HSW,, to HSWI over it surface N%ater
time steps (for I day, it
is 30)

Another

situation that could lead to non-convergence

of an iSISMOD

run

could arise if there is a change in the sign of leakage during its computation
over the iSIS time steps. Figure 7.5 exemplifies this situation.
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8-

6

Leakage from
Layer 2 to Layer 1

4

iSISMOD detects the change
of leakage sign and stops the
calculation
of surface water
levels in Layer 1

2

0

Figure 7.5:

10

Time

Conceptual Representation of change in sign during the computation of
leakage by iSIS.

As a result of these problems, iSISMOD

was further

developed from

its

original form (Chapter 6) to overcome these limitations. The problem of nonconvergence between programs is addressed by :

(i)

imposing

a maximum

physical volume

be
leakage
that
can
of

extracted from the aquifer at any MODFLOW

time step. This is

calculated as the storage based on the groundwater
beginning and end of a MODFLOW

heads at the

time step. This guarantees that

the aquifer head cannot drop below the head at the beginning of the
time step (i. e the final head calculated at the end of the previous
time step)
(ii)

stopping the computation of the cumulative leakage in iSIS when a
change in sign is detected due to the surface water level intercepting
the interpolated groundwater head.
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These two modifications to iSISMOD proved to give significant robustness to
the program permitting it to run successfully the simulations described in the
following two sections. Therefore, the time steps for running iSISMOD were
hourly
iSIS
individual
For
basis
the
the
an
system.
selected on
of
need of each
time step was finally chosen in order to maintain stability of the simulation
during functioning of the spill units to transfer water from one cell to another.
A larger time step should have been used if more time had been devoted to
develop a more discretised surface water model with more flood cells and
transfer units so that the flow between cells is smaller.
For MODFLOW, a daily time step was selected in order to use the daily time
series of infiltration and rainfall data in the simulations.

7,4

iSISMOD

Baseline
for
FPMs
Generation
the
the
of
and

Situation

The key shortcoming of the approach described in Chapter 5 was its inability to
reproduce the mechanisms of conveyance and storage of surface water, once
exfiltrated from the underlying aquifer. The first simulations carried out with
iSISMOD consisted in running the model for the wet period that took place
between 1985 and 1990, in order to compare the prediction of flooding with
that observed in the interpretation of satellite imagery. Figures 7.6A and 7.7B
resent the same profiles analysed previously in Chapter 5, but with the results
iSISMOD
how
figure
iSISMOD
layers
for
2.
These
1
obtained using
show
and
generates a water profile that representsthe dynamics of water on the surface,
characterized by:

(i)

a single water level in coincidence with each depression,and

(ii)

from
indicating
transfer
the
one
of water
a cascadingprofile,
depressionto the next downstream.

Groundwater heads (layer 2) were also plotted in both figures. A closer
inspection of the profile of both layers (Figures 7.6A and 7.6B) leads to

identificationof three GW-SW areas:

222

a. areas where groundwater heads are below the ground surface

indicatingthat no exfiltrationto the surfaceoccurs,
b. areas where the surface and ground water levels are above
ground surface (i. e. in correspondence with a depression)
indicating active interaction between both systems,and

c. areas where the groundwater heads are well above ground
surface with no indication of a surface water level. This reflects
a shortcoming in the schematisation of the model indicating that
this area should have been represented in layer 1 to capture the
dynamics of the exfiltrated water.
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These three configurations are indicated in Figures 7.7A and 7.7B.

Figure 7.7A:

Plan view of flooded areas. Profile 1.
Test Area Model iSISMOD - Daily infiltration time series.
-

Figure

7.7B:

Plan view of flooded areas. Profile 2.

Test Area Model iSISMOD
infiltration
Daily
time series.
-
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Level hydrographs for layers I and 2 are presented in Figure 7.8. These
locations were selected to characterise in more detail interaction between layers
1 and 2, in one of the areas classified as B along profile 1. The hydrograph for
observation point 4, located in the deepest part of the flood cell, has a
groundwater head higher than the surface water level indicating an area of
leakage from the aquifer to the ground surface. For the rest of the observation
points, the opposite mechanism takes place. Differential heads between both
layers are small as it would be expected from the large vertical conductivity
value set for the interface, Im/day.
The anomalies (such as those classified as C above) suggests the need to
schematisethe model iteratively. This means to increase the number of flood
cells in layer 1 as more areas subject to exfiltration are identified in preliminary
runs. The initial schematisation of the model could be initially carried out using
a DEM and a geomorphic map to identify likely areas subject to flooding; the
availability of satellite imagery would also be very important to detect
historically flooded areas. This was basically the process followed for the
development of the TAM model. The initial runs would permit to identify the
locations of areas for which the groundwater head emerges to the surface,
dictating that layer I of the model should be extended to cover those areastoo.
Re-schematisation could also encompassfurther discretisation of existing flood
cells, in those areas where ponding takes place over large areas and therefore
there might be a need to account for the slope of the surface water profile.

The next stage in the analysis centres on the adequacy of iSISMOD in
reproducing the dynamics of water once it arrives at the surface and
comparison of the flood extent in the model and comparison of the flood extent
in the model with that interpreted from satellite images, as presented in Chapter
5. Figure 7.9 shows the maximum flood extent obtained with iSISMOD,
indicating that a better representation is obtained in comparison with to the
maps generated in Chapter 5. However, the results from iSISMOD still fail to
depict the connectivity of surface flooding and a real extent revealed by the
satellite imagery. This could be a consequenceof not having the right volume
of water emerging to the surface: if so, would initially suggest that the rainfall-
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runoff model HYSIM

overestimates the surface runoff component of the

terrestrial water cycle and, therefore, underestimatesthe amount of infiltration.
Chapter 3 presented a water balance from HYSIM for the test area indicating
that runoff is less than 5% of rainfall, net of interception storage and
evaporation from open surfaces. However, the complete absence of a natural
surface water drainage network could justify not having any initial surface
runoff at all in the area. But also, an underlying problem in the use of HYSIM
is that it cannot handle any of the dynamics of the hydrological process that
take place in the area related to infiltration, evaporation from open surfacesand
runoff.
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In order to test the sensitivity of flood extent to an increase in the amount of
daily
the
rainfall
carried
out
using
entering
a
simulation
was
water
aquifer,
instead of daily infiltration.

The resulting flood extents are shown in Figure

7.10.

A

B

Figure 7.9:

Flood extents for the March 1988.
A: flooding from satellite image.
B: flooding predicted by iSISMOD (run 3).

A

Figure

B

7.10:

Flood extents for the March
A: flooding

1988.

from satellite image.

B: flooding predicted by iSISMOD (run 6).
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This approach shows that, effectively, the flood extent increasedas a result of
using rainfall

in place of infiltration

and that the connectivity

of flooding

evident at the surface in the satellite imagery begins to be reproduced in the
model (Figure 7.11).

Figure 7.11:

Connectivity of surface flooding.

This further suggests the need to include within iSISMOD

some representation

of direct rainfall and evaporation from saturated surfaces on the ground. Figure
7.12 shows a conceptual schematisation of the proposed functioning

of this

new feature of the program (in addition to what has been described in Chapter
6), which would perform the following calculations:

(i)

iSISMOD

detects where there is a Flooding

or No Flooding

situation, depending on whether the water level in layer I is above
or below the ground surface. This check is performed fier every

surface water time step and for every cell of the model.
(ii)

For those cells where a. flooc/i»K situation is detected, MODELOW
does not include infiltration

in the continuity
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equation for layer 2

but only the leakage originating from layer 1. At the same time, the
continuity

for

equation

layer

I will

include

a rainfall

and an

evaporation term.
(iii)

For

those

cells

MODFLOW

where

a no flooding

situation

is detected,

from
infiltration
term
the
take
a
or
recharge
will

hydrological model.

Scenario 11: flooding

Scenario I: no flooding

Rainfall/Evap

Rainfall/Evapj,
L

SWF

4Sw
Rii

i

GW

GW
Figure 7.12:

Representation of the simulation of saturated overland flow in iSISMOD.

Although the results from iSISMOD
the right direction
surface flooding,

in
he
heading
to
presented above proved

to be able to predict the extent of groundwater-induced
for
flood
flood
a
real
maps
of
examination of a sequence

event (such as the one in 1987/1988)
exfiltration

and infiltration

indicates that the model simulates

processes faster than is observed. This could be

overcome by varying the vertical conductivity
above used a constant vertical conductivity
area; but as was mentioned

spatially. The results presented
for
l
the entire test
m/d
value of

earlier in the chapter,

low

permeability

soil

horizons are found in coincidence with interdunal depressions and therefore, a
lower value of vertical conductivity

could be justified in these locations. This

would imply higher differential heads between layer I and layer 2 and a longer
period with exfiltrated
conductivity,

water standing on the surface. A reduction of vertical

7.12,
in
Figure
the
would
combined with
approach presented

result in a closer representation of the different dynamics of infiltration
exfiltration

and

processes that take place in the high and low parts of the dune field.
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Figure

7.13 conceptualises this issue. Basically,

characterised by a fairly rapid infiltration
due to the high infiltrability
followed

the ex(iltration

process is

of water through the top of the dunes

of sandy soils and a rise in groundwater

levels is

by leakage to the low depression areas. Leakage through the low

permeability soil layer located underneath each depression also takes place, but
at a slower rate. As water emerges in the depressions, flooding increases at a
faster rate due to the impact of direct rainfall falling onto the saturated areas.
Reversal of this process, termed re-infiltration,

occurs at a much slower rate

due to the low vertical permeability of the soils in the dune troughs beneath the
flooded areas. Lateral re-infiltration

is not a major component as differential

heads between the depressions and the dunes are small. Therefore, it seems
logical to expect flooding to last for several days after a rainfall event.

Rainfall/Evap

Kv I

--

K%"I

-- --------------------Kv 2

Kv 2«

low permeability
soil layer

Kv 1

A

Kv I

Kv 1

Rainfall/Evan

-----------------------------------------

--------------K, 2

Kv 2«

Kv I

1 wopermeability
soil layer

A
Figure 7.13:

Rcprcscntation of the d} namics of cxfiltration and infiltration undcr varying
soil conditions. A. cxfiltration. B: rcintiltration.

The usefulness of iSISMOD

has been investigated in relation to the generation

of water levels at the surface, the downward
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transfer of water controlled by

micro-relief features (crest elevation of parabolic dunes) and reproduction of
the dynamics of flooding through the exfiltration and re-infiltration processes.
The final step is to analyse whether the results obtained using iSISMOD
improve the generation of FPMs. The time series of surface water levels
predicted by the model using an infiltration and daily rainfall time series were
selected to generate new FPMs. Figure 7.14 allows direct comparison of the
FPMs obtained using iSISMOD, with those obtained using MODFLOW alone.
Application of MODFLOW to produce a FPM for the test area, with a grid size
of 5000m (as used in the regional approach adopted in the IMP studies
(Chapter 5)) produces a poor representation of flood probability in the test area
(Figure 7.14A). The FPM under predicts flooding in both extent and frequency,
which is to be expected given the very coarse representation provided by the
5000m grid and the inability of the model to reproduce the dynamics of water
in the surface. Using a finer resolution (500m) improves the identification of
areas subject to groundwater-induced flooding and that is reflected in the FPM
shown in Figure 7.14 (B), which shows a larger area subject to events of all
return periods. In this FPM, areas with return periods of surface flooding
between 2 and 5 years are fairly uniformly distributed throughout the area, with
a pattern of areas with higher probability of flooding inside areas with lower
probabilities. The overall flooding pattern predicted in the test area simply
reflects that identification of flooding/no flooding situations is made purely on
the basis of a vertical balance, expressedby the rising of groundwater heads to
the ground surface.

The FPMs obtained with iSISMOD overcome many of the limitations
described above for the MODFLOW approach. The first FPM (using daily
infiltration) is shown in Figure 7.140 This map is an improvement in that
larger areas with more frequent flooding start to appear in the downstream
parts of the test area, even though the overall extent of flooding decreasesin
comparison with the FPM obtained using MODFLOW for a 500m resolution.
This is a consequence of two issues: the first is inherent to the functioning of

both the flooding systemand the model in the sensethat water exfiltratedfrom
the aquifer initially collects in the lowest point of the interdunaldepressions
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and then flooding

progressively increases according to the stage/area

relationship of each micro-relief feature. It follows that it is indeed correct not
to have a flooding pattern that followed too closely the relief pattern. The FPM
with iSISMOD was carried out using the heads from layer I and iSIS to
convert those heads into overland flow; if the heads from layer 2 had been
used, the results would have been more similar to those obtained in the
previously reported FPM with MODFLOW and the 500m resolution. The
second issue that conditions the extent of flooding is the schematisation of
layer 1 and the coverage of the surface areas with flood cells. The resulting
FPM will only show a probability of flooding in those areas covered by flood
cells. This second issue could be overcome if the interdunal depressions are
simulated in iSIS using river units capable of predicting a surface water level
along the entire reach of the depression, avoiding the gaps left by the
schematisationusing reservoirs and spill units.

Finally, the FPM obtained using daily rainfall instead of daily infiltration
(Figure 7.14D) provides the opportunity to observe a number of features:

(i)

the predicted flooding has increased throughout the area in extent
and frequency; in particular it is noticeable the extent of areas
flooded with a 2years return period. It is expected that the use of
iSISMOD with a larger stress (such as rainfall as opposed to
infiltration) generates a larger flood extent. However the appearance
of numerous upstream areas frequently flooded is, at least, doubtful
as this is likely to be more related to an exaggeration of one of the
vertical components of the water.

(ii)

a change in the frequency of flooding in some downstream areas
(previously depicted by the other approaches) is the logical
from
coming
consequence of areas now receiving more water
upstream areas. However, it is not possible by the mere examination
of this FPM to distinguish between this and the first aspect.

(iii)

the appearanceof downstream areas (not previously depicted by the
low
for
flooding
probability
to
of
events
other approaches) subject

from
is
feature
the use of
emerging
of occurrence also an expected
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iSISMOD that can simulate when water exceedsthe threshold of the

(iv)

micro-relief
In theory, if the water balance is simulated correctly, then the
frequency of flooding of upstream areas (those that initiate the
induced flooding situation, i. e. runoff initiation areas) should not
change. The fact that this does occurs emphasises what was
expressedin point (i).

The approach to producing FPMs based on application of iSISMOD seemsto
be the way forward for the generation of more realistic, physically-based
predictions, although limitations inherent to the basis of the FPM methodology
mask some of the advantages over using MODFLOW alone. Specifically, the
fact that the maps are based on calculation of the annual probability of the
insensitive
flooding
FPMs
to the
that
the
rather
occurrence of
are
means
approach adopted. This was one of their strengths in terms of the studies used
to support the IMP for the Rio Salado basin as it made the results extremely
robust. However, the annual basis for flood probabilities is not the right vehicle
for realising the benefits of more physically-based, coupled models of flooding
processesin the generation of flood probability maps. The benefits of improved
flood
however,
be
to
through
prediction and
modelling could,
carried
managementif the annual series for flood probability analysis were replaced by
a peak-over-threshold analysisbased on records of each flood occurrence.
iSISMOD delivers better insights into the likely impacts of flooding by
supporting estimation of the velocity, depth and duration of flooding due to
different events. Potentially, this could be used to generate bi-variate FPMs to
show the frequency of occurrence of flooding events of different magnitudes,
quantifying this through representation of both the duration and depth of
flooding. Furthermore, this would support broader and more informative agrodifferent
the
economic
economic analyses, with
possibility of assigning
damage to each agricultural and livestock enterprise depending on the types
and

physical

thresholds

of

flooding
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7.5

iSISMOD and Generation of FPMs for the Project Scenario

Chapter 3 explained the need for a dense network drainage of channels to
manage the groundwater-induced surface flooding and waterlogging in the
Northwest, including the test area. Chapter 4 presented the concept of drainage
rates and the use of modelling approaches for their estimation. Chapter 5
exemplified how MODFLOW was used in the M'

to estimate the impact of

the implementation of a drainage system providing a level of service of 10years, through an implicit approach that consisted of modification of the
infiltration time series that was entered into the groundwater model. However,
the canals that would be constructed to provide drainage were not included
explicitly in the schematisation of the model. This section outlines the potential
application of iSISMOD to estimate drainage rates and their impact in the
northwest region, analysing the strengths and weaknessesof the approach.
The main weakness of the approach presented in Chapter 5 was that the
performance of the canals was prescribed, based on a conceptual understanding
of their functioning and, therefore, the assumptions implicit to their predicted
performance were then translated into the generation of the "with project"
FPM. For example, in the generation of the final FPM used to estimate the
areas benefiting from the drainage schemes, it was assumed that all surface
drainage would be conveyed satisfactorily by the design section of the canals.
In fact, using MODFLOW alone cannot provide a better alternative to dealing
with this situation in light of the weaknessesdemonstrated in this research with
respect to simulating surface processes. Conversely, as was explained in
previous sections, iSISMOD does provide the necessary simulation options to
represent water levels on the surface and, hence the correct driving heads
required to estimate the flows entering and moving along a surface water
drainage system.

Modelling a drainage system with iSISMOD could be carried out using any of
the three different approaches. The first approach (A) would consist of
lowering the spill levels that connect the flood cells used in layer 1. This would
represent the increase of conveyance that could be gained by cutting across the
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depressions.
dunes
improve
interdunal
flow
the
to
the
crest of
parabolic
along
The second approach (B) would consist of replacing the flood cells by river
sections extended either side of the axis of the interdunal depression to reach
the edge of the longitudinal
consistency throughout

dunes. If this approach were adopted, to maintain

the modelling strategy, the same approach should also

be used to generate FPMs for the baseline situation. The third approach (C)
would consist of using flood cells linked (via another set of spill units) to a
network

of drainage canals represented as channels in iSIS. Figure 7.15

presents a schematic representation of approaches B and C.

ýý

}r

Flood
cell

/

Drainage

canal

and/or
interdune

Spill unit
""r

ý: "-

r

River cross section

---

Drainage canal

Approach B

Approach C

Interdunes and drainage canals modelled

Inlcrdunes modelled as flood cells and canals

using river sections.

modelled as river sections.

Figure 7.15:

i

Modelline drainage canals with IS
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A and C.

Approach

A is the simplest as it does not require any modification

schematisation of the model other than modifying
approximately,

to the

the spill level to coincide,

with the bed of the drainage canal at that point (approximately

1/1.5m below ground level). However,

leaving the existing flood cells in the

model implies that an accurate representation of the canal profile would not be
achieved.

Approach

representation

B

would

be

the

more

appropriate

in

terms

of

of the drainage canals as it is the only approach suitable to

analyse the functioning

of the drainage canals not only during a flood event,

but also during a normal flow period. This is potentially a major advantage as
during non-flood periods the canal would be drawing water from the aquifer, at
the potential risk of lowering
and wetland areas. Approach

groundwater

levels and damaging agricultural

C is an intermediate approach in terms of the

effort required to adapt the model to a project case and in terms of simulation
(convergence)

complexity.

However,

in the level of approximation

Approach C also implies a compromise

to the representation of the functioning

of the

drainage canals, in particular during a non-flood periods. Figure 7.16 builds on
Figure 7.15 to present a more detailed representation of this type of model.

---------------Flood season

Normal season

La cr 1: flood cell

Spill level set at
bottom level of the
flood cell

Layer2
---

Figure 7.16:

Drainage
---

Approach C-

Canal

Detail representation of coupling between a flood cell and a

drainage canal.
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In Approach C, during a flood event, exfiltrated water from layer 2 arriving in
a flood cell would be instantaneously transferred to the drainage canal until its
conveyance capacity is satisfied. Water in excessof the conveyance capacity of
the drainage canal would be retained in the flood cell as it would in the real
situation, as the canal will be designed to convey an average flood flow rather
than for the instantaneouspeak flow. However, during a non-flood periods, the
canal would draw water from the aquifer and this process would not be
represented as the only connection between the drainage canal and the aquifer
is through a flood cell that would be dry. This problem could be partially
overcome if the bottom of the flood cell is lowered below the ground level to
match the invert level of the drainage canal, but this would then compromise
the solution for the baseline situation, yielding higher frequency of flooding for
the low parts of the depressions. In practice, as these areas are of marginal
economic value due to poor soil conditions (due to recurrent flooding)
Approach C might still be a feasible approximation, however.
In conclusion, the above discussion reveals that iSISMOD is a suitable tool to
simulate the GW-SW interaction with the drainage canals in place, and shows
that estimation of drainage rates could be carried out by integrating timeaveraging through the time series of discharges at the discharge point of each
drainage canal, using any one of the three schematics of the surface water
drainage system.

7.6

iSISMOD and Waterlogging

Previous sections concentrated in the analysis of iSISMOD for development of
FPMs of groundwater-induced surface flooding. Chapter 3 described that
waterlogging was also a severe constraint to development as it was more
related to damage to agricultural activities. Waterlogging occurs when
groundwater levels are just below the ground surface; for example a threshold
value of 0.5m was used in the IMP studies to identify these situations. The
initial occurrence of waterlogging is due to groundwater levels rising as a
consequenceof an increase in infiltration (hence recharge).
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MODFLOW

alone and iSISMOD are equally capable of predicting these

situations and the accuracy of their predictions will be primarily related to an
adequate simulation of the groundwater profile. With the strong predominance
of a vertical balance, the groundwater profile follows the ground profile very
closely; therefore, for the Northwest region, the representation of the
groundwater profile accurately translates into the need to represent correctly
the micro relief features of the terrain. Then, in modelling terms, an increase in
the resolution of the model will favour the correct identification of waterlogged
areas.

However, there are certain situations for which MODFLOW alone would not
be an adequate tool and iSISMOD could provide a better answer. For example,
for events in which transfers of water at the surface occur, some areas, not
initially waterlogged, can become waterlogged when fed with floodwater from
surrounding areas. This should not be an extended feature though as, in
general, waterlogging would

start from

the lower

downstream areas,

subsequentlyprogressing to upstream areasat upper elevations.

Also, surface water heads would exert some control on the surrounding
groundwater levels and, therefore, a correct prediction of the depths of water
on the surface -using iSISMOD- could improve the spatial distribution and
extent of waterlogged areas. Two situations could occur (Figure 7.17): one is
related to waterlogged areas that extent into a fringe zone that surrounds
flooded areas and another is related to waterlogged areas generated by flow
from flooded areasto the aquifer. However surface water levels should cause a
minor impact in groundwater levels as surface water depths are small and
should not impose a significant load to the heads in the underlying saturated
media.
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flooding. A: cross section profile. B: longitudinal profile.

iSISMOD

would also bring a significant advantage to assess the duration of

waterlogging

situations,

which will

be governed by the duration

of water

standing at the surface. Provided a detailed vertical schematisation is included
in the model, an assessment of the impact that water standing at the surface
could pose over the saturation of soil layers could also be performed. This
concept would be the basis for assessing the impact in wetlands of drainage
and groundwater abstractions schemes.

7.7

Is this Model Valid?

This thesis so far has analysed different approaches for simulation of GW-SW
in terms of its strengths and weaknesses to support

practical

applications

concerning catchment management plans. Although Chapter 5 reported -from
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the IMP studies- satisfactory calibration results for the rainfall-runoff model
and the regional groundwater model, the fundamental question of model
validation and its potential for making predictions was not addressedin detail.
Leaving this topic for one of the last sections of this thesis was done on
purpose to reflect some tendency in the consultancy field to be more concern
with making predictions without worrying too much about validation as
expressedby a typical Consultant within the discussionof Beven (2001).

Several issues concerning model validation have been addressed throughout
the work done by Anderson and Bates (2001), in which the citations included
by the authors provide useful insight into some terminology commonly
adopted:

calibration,

history-matching,

validation,

credibility,

sensitivity

testing, etc. Anderson and Bates framed the discussion with two key
statements: the relative immaturity of the hydrological science and the fact that
hydrology is not a data-rich science.
How can we provide evidence in relation to the validity and predictive
basin?
Salado
the
the
potential of
modelling exercises carried out within
Chapters 5 and 7 analysed strengths and weaknesses of MODFLOW and
iSISMOD and it can be anticipated that both modelling tools are capable of
producing

useful

and practical

deliverables to

support

a catchment

management plan. But usefulness and practicality do not necessarily imply
validity, credibility and predictive potential.

The lack of a monitoring network in the Saladobasinis an essentialpoint that
must precedeany discussionof validation. This, in relation to modelling GWSW interaction within the northwest region, translates in the absence of flow
measurements in the trunk drainage collector (Jaureche-Mercante-Italia) and
continuous time series of groundwater heads. Only some measurements of
groundwater levels are available at Pehuajö together with some measurements
of surface water level at the Hinojo-Las Tunas lakes. The issue of data is
further emphasized if it is noted the uncertainty in the real location of the
gauging sites, as some of them are no longer operational and some sites were
removed.
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To address certain aspects of model validation, an analysis of groundwater
hydrographs for an observation point in Pehuajö was performed. Hinojo-Las
Tunas was discarded as an observation point as it is just located in the southern
boundary of the test area model and would be influenced by the boundary
groundwater heads obtained from the regional model. Even if these lakes had
been included within the test area, most of the tributary catchment still would
be outside and therefore any surface water level predictions for this lake would
have been underestimated.

Figure 7.18 presents a comparison of the groundwater heads obtained with the
regional model at 5000m and 500m resolution. In both cases a time series of
monthly infiltration was used as the stress to the model. The groundwater head
hydrograph obtained with the model at 5000m resolution shows elements of
coincidence with the observed levels, mainly in relation to the reproduction of
the rising trend. The latter is, indeed, very dependableon how good the initial
starting head was estimated, as observations at that time (1960) were not
available. However it is rather difficult to make a conclusive statement on how
good the model reproduced seasonal groundwater fluctuations. The results
obtained with the model at 500m resolution indicate that the observed rising is
not reproduced. This is clearly a reflection of the functioning of the
evapotranspiration module of MODFLOW and the difference in cell-average
ground elevation that results from the change of resolution (approximately lm,
Figure 7.18). A lower ground level (as used in the 500m-model) implies that
the model can enter faster in the evapotranspiration zone (between the surface
and a depth 3m below it). Groundwater heads are kept within this region due to
the nature and assumptions of the evapotranspiration module of MODFLOW
(see Chapter 5, Figure 5.6). The parameter that controls the evapotranspiration
from the unsaturated zone (see Chapter 5, section 5.2.6, point ii) and, probably,
the extinction depth should be adjusted to get the rising trend, what would
obscure the physically basis of the model. Despite the regional model
reproduces a rising trend, it predicts groundwater headswell below the ground
level (approximately Im for the flood event in 1987/1988) and, therefore, rises
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the issue of its validity for prediction of flood/no flood situations over an area
of 25km2.
Figure 7.19 presents groundwater levels predicted by iSISMOD at La Salada,
using daily infiltration and rainfall time series. La Salada is a lake located 3km
north of Pehuajö. This place was selected as it falls within a flood cell, whereas
Pehaujc does not. Just for comparison purposes, the observed groundwater
heads from Pehuajö were also included in Figure 7.17. Although it is not
possible to make a comment on the goodness of fit of any of the surface water
levels with the observed values, it can be noted that iSISMOD

(and

MODFLOW) underestimates the time that heads persist at a high level. This
reinforces the ideas analyzed in previous sections in relation to: (i) the need to
include
direct
(ii)
to
the
the
need
vary
vertical conductivity spatially and
rainfall and evaporation over saturated surfaces.
Chapter 5 (Figure 5.7) showed that a satisfactory agreement between the
distribution of groundwater heads predicted by the model and the one
generated from a good set of groundwater head measurementsin the northwest
it
is
balance,
by
flatland
In
region.
a vertical water
a
area, strongly controlled
follows
head
distribution
the ground surface.
the
that
expected
groundwater
Therefore the strength of this agreement is probably more correlated with the
good representation of the DEM, not providing a strong argument to the cause
of validating the model.
Previous sections demonstrated that the use of iSISMOD is the correct way
towards reproducing areas subject to groundwater-induced surface flooding. In
the absenceof any detailed measurements,observed flooded areas at a regional
and sub-regional level, become a very valuable source of data to assessthe
performance of the model.
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The above paragraphs are sufficient to conclude that there are significant
elements that condition the validity of this model. Some of them are inherent to
the limitations of current modelling practices to reproduce some of the physical
processes related to GW-SW interaction; others are related to the lack of data
in the region. This, in some respect, could be considered as falling under the
two big headings exposed by Anderson and Bates (2001): the immaturity and
general lack of data of the hydrological science.In the case of the Salado basin,
the validity of the models developed can be questioned in fairly major topics
before entering into the more subtle criticism argued by many authors in
relation to physically-based models and the issue of the real significance of
effective parameters at the grid cell (Beven, 1989; Grayson et al., 1992;
Anderson and Burt, 1990).
On the basis that iSISMOD can make a fair prediction of the groundwaterinduced surface flooding, a model executed with this program, under the
current availability of data, could be used to assessthe current level of damage
to the agricultural activity in qualitative terms and at sub-regional and regional
levels. However, further history-matching type of exercises should be carried
out to improve the assessmentof the model. In particular a new test area model
should be set up to simulate all the area draining to the Hinojo-Las Tunas lakes
so that predicted surface water levels can be compared to those measuredin the
lakes. Also the volume of water at the surface predicted by the model could be
compared to the volume obtained from processing of satellite imagery. This
could provide an indication of uncertainty in relation to the volume of water to
be latterly drained by a given scheme of canals. The estimation of the volume
of water at the surface could be carried out identifying flooded areas from
satellite imagery followed by the determination of surface water levels from
association to the DEM.

The predictive potential of this type of model for assessingthe impact of a
proposed drainage scheme depends more closely of the interrelationship
betweengroundwaterheadsand surfacewater levels in the canals;therefore
there is a need to estimate those heads more accurately.This takes more
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relevance as flow to the canals is governed by a small differential head, which
will be subject to a large error if there is a small difference in the GW and SW
levels respectively.
One of key premises for the development of a catchment managementplan is
the need to include environmentally sustainable measures. In the Northwest
region sustainability implies preserving the existing equilibrium between the
groundwater system and the micro relief what creates suitable conditions for
development of agricultural activity. Excessive drainage and/or a return to a
drier situation could lower groundwater levels to a situation in which the
existing depressions would dry out completely, soils would not retain the
required level of moisture and the quantity and quality of fresh water in the
dunes would diminish. Stakeholders in the region frequently raise their
concerns that the Northwest region returns to the situation prior to 1960 when
groundwater levels were 7m to 8m below ground surface. They support their
argument on the basis of the occurrence of wet and dry cycles of approximately
30-years duration, something with a long tradition in the region as depicted by
Ameghino (1886). Some simulations were carried out with the regional model
during the IMP studies to test the impact on the system of the occurrence of a
30-year dry cycle. Results obtained showed that a reverse of the current
groundwater situation to that encountered in the 1960's would not occur. This
asynchronic type of response of the system is mainly a result of the very gentle
groundwater flows; hence it is faster for the system to react to a given increase
in recharge by accumulating storage than by eliminating the stored water
through lateral groundwater flow. However it is interesting to note that
although the prediction of the model agrees with what would be physically
expectable the schematization of the model is not adequate to simulate the
impact of climate variability in the region. This means that, even if the lateral
groundwater flow in the region was larger, the model would still predict the
current stable fluctuation of groundwater levels in approximately 3m zone
below the ground surface. This is consistent with the way the
evapotranspiration module of MODFLOW that calculates the actual loss using
a triangular profile as explained in Chapter 5. This implies that when recharge
decreases and levels drop close to the extinction depth, evapotranspiration
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tends to zero and heads tend to recover again. Therefore the real predicted
potential of the model for analysis of long-term scenarios is also subject of a
significant limitation.

7.8

Summary

This final section summarizes how application of the new coupled GW-SW
model (iSISMOD) can effectively contribute towards improving the simulation
and understanding of interaction between surface and ground water. The
summary is presented in three tables (7.3,7.4 and 7.5), in order to address
different thematic blocks, as follows:

"

iSISMOD

and the key issues highlighted in Chapter 1: scale of

processesand scaleof catchmentarea,
"

iSISMOD and the key descriptors of groundwater-induced surface
flooding,

"

iSISMOD and its usefulnessat different stagesof the planning process.

For each element identified in the table, a ranking was assignedto represent the
strengths and weaknessesof the approach adopted. The ranks are:

Elementjust representedby the model

I/
JJ

Elementwell representedby the model

JJJ

Element very well representedby the model
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Element

Comment

Representation Exfiltration (saturationreturn flow). ponding
of key driving
and transferson the surface
processes

Theseprocessesare well capturedby the

Reference

Overall

Figure/Tcxt

Ranking

Figure 7.6A

JJ

Figure 7.7B
Figure 7.12

coupled model provided that schematisation of

(Seedescription the model capturesall of the low depressions
of processesin

formed in each interdunal trough and correctly

Section 7.2.2)

represents the crests of the parabolic dune field.

Saturationoverlandflow
This is achievedby handling in the program
what stressshouldbe usedin the model,
dependingon whethera cell is floodedor not.

Figure 7.13

Seasonale. p-ansion/contractionof opensurface
_
water bodies
The time varying simulation of the surface and
groundwater system allows the model to

simulatethe contractionand expansionof
surfacewater bodies.
Scaleof the

iSISMOD ran successfullyover the catchment

area

area of 4,900km2. The key to successlies in the

Figure 7.1

JJJ

simplified representationof surfacewater
hydraulics,as a more detailedrepresentation
would imply smaller time steps, limiting the

applicationto smaller spatial scales.
Table 7.3:

iSISMOD and the simulation of large scaleprocessesin large areas.
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Scaleof the

iSISMOD allows simulating of the interaction

processes

of a single surfacewater feature(a river or a
reservoir)with multiple aquifer cells. This

J

facilitatesthe simulation by lumping large
volumes of exfiltrated water (saturation return

flow) into single surfacewater features.
Dealing with large scales(bothprocessesand
areas)also implies that the modelwill needto
deal with different time stepsto accommodate
the characteristicsof eachphysicalsystem.
iSISMOD was developedso that the numerical
stability of the systemcan be preserved,while
still conserving mass.

Table 7.3

cont.
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Section7.3

Element

Comment

Reference

Ranking

Figure

Flood pattern

iSISMOD improvesthe representation Figure 7.14
of flood pattern as it is able to simulate

the cascadingeffect of the exfiltrated
water draining around or over specific

terrain features.Therefore,the program
is ableto reproducea key featureof the
flood pattern suchas increased
flooding arealdepthdownstreamas the
magnitudeof the eventincreases.
The use of a 1D surface water model
implies that some floodable areas can
be missed out in the schematization, as

the entire surfaceis not includedin the
model.
Flood extent

iSISMOD improvesthe prediction of

Figure 7.9

flood extent,but the resultsobtained

Figure 7.10

JJ

from the specificapplicationscarried
out for the test areashowlarge
uncertaintyin terms of the input data
used to stress the model.

The analysiscarried out suggestedthe

Figure 7.12

importanceof including in the program
the simulation of runoff over variably
saturatedareas.
Table 7.4:

iSISMOD and the simulation of the key featuresof groundwater-induced
surfaceflooding.
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Connectivity and

iSISMOD improvesthe simulation of

thresholds

the connectivityand thresholdsby

J

Figure 7.11

including the surfacecontrolling
features(crestof parabolicdunes,low
pathwaysalong the interdunal troughs,
etc.) in the surface water model.

As notedabove,missing out some
terrain featuresin the model
schematizationcould lead to some
under prediction of this problem.
Flood duration

This is the aspectthat showedthe least Figure 7.13
improvementwith iSISMOD, as
appliedto the test areawith the
configuration describedin previous
versions.
This problem was identified and
analyzedand it is suggestedthat a finer
parameterizationis carriedout in order
to simulatethe varying vertical
leakagesbetweenthe top and bottom
of the dunes.

Table 7.4

cont
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Comment

Element

Reference

Ranking

Figure

iSISMOD improvesrepresentationof

Baselinestudies

J

Figure 7.14

the frequencywith which areasare
floodedas it is ableto predict the
occurrence of flooding in downstream

of the
areasas a consequence
movement of the return flow along the

interdunes.

However,the accuracyof the ultimate
product (the flood probability map)
dependson methodusedto estimate
flood frequency.If a single annual
flood/no flood checkis performedthen
the benefitsof using iSISMOD will not
be realized.Flood probability maps
based on `peak over threshold' analysis
would demonstrate that iSISMOD is a

bettertool to supportthe calculations.
Options appraisal

iSISMOD can substantiallyimprove

Figure 7.15

the appraisalof drainageoptionsas it

Figure 7.16

JJ

is ableto simulatethe functioning of
surfacedrainagechannels.This implies
that drainagedensityand drainage
spacingcould be explicitly simulated
in the model.
However,explicit simulation of
surfacewaterhydraulicsin the
drainagechannelsmay limit the
application to large scaleanalyses.
Table 7.5:

iSISMOD as part of key stages within integrated catchmcnt planning.
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CHAPTER
8-

PROPOSED FRAMEWORK FOR MODELLING
STUDIES AS PART OF INTEGRATED
CATCHMENT PLANS

8.1

Introduction

This chapter closes the research by linking all the issues and lessons learnt
throughout the research in relation to GW and SW interaction, in order to
address the main objective established in Chapter 1: the development of an
outline framework for conducting modelling studies as part of Integrated
Catchment Management Plans.

The literature review focused on analysis of current approachesto dealing with
GW and SW interaction, but with the ultimate objective of identifying
integrated methodological approaches for catchment studies, rather than
attempting to produce a critique of the vast number and variety of modelling
tools now available. The outcome revealed a noticeable increase in awareness
of the importance of carrying out integrated studies for catchment management
plans in order to achieve sustainable solutions. The requirement to generate
outcomes for a range of disciplines leads to the development of ever more
complex mathematical models that seek to simulate as closely as possible the
physical processes that occur in nature. A further step in the model
development process can be perceived through the research carried out as part
of the Harmon IT project (HR Wallingford, 2002), where a clear emphasis is
placed on integrating models and designing open interfaces that can work in a
trans-boundary environment and which have a high degree of flexibility to
accommodate different modelling packages.
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However, the literature review also showed that it is equally important to
develop a methodological platform to drive the selection of modelling
approaches, tools and linkages.

This is necessary, for three main reasons.

First, to allow the deliverables that are actually required to support integrated
catchment studies to guide the development process

Second, to avoid

committing monetary and human resources unnecessarily. Third, to ensure that
the complexity of the modelling is compatible with the requirements of
decision-makers at each stage of the exercise.

While the literature demonstrated the importance of such a platform or
framework, it also revealed the absence of any suitable examples and,
therefore, this research aimed at fill this gap. Grayson et al. (1992), in his
questioning of the usefulness of physically based models (in his current
condition),

highlights

that the development of

tools

to

deepen the

understanding of processes must continue, but for managementpurposes their
usefulness will remain limited. And goes further in saying that simpler
approaches that consider the most important factors that characterize the
response of the basin (see parallel with Mitchell,

1989), may be more

appropriate to the level of available data for the majority of decisions.
In this context, the next section reviews the key issues and lessonslearnt during
the Integrated Master Plan (IMP) studies, further expanded and analysedin this
research, leading to the description of the proposed framework in Section 8.3.

8.2

Proposed Framework for Modelling Studies

The Framework for Catchment Modelling Studies (FCMS) proposes that a
staged and systematic approach to be used as a template for the development
of modelling exercises to suit the physical characteristics of a basin and the
level of detail required at each stage of a project, trying to strike a balance

betweenproject needs,cost and humanresources.
The development of catchment-wide mathematical models is a process that is

tightly coupled with a number of factors such as hydrometeorologicalinput,
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dominant hydrological processes, geomorphic characteristics and type of
for
This
manual
model
outputs required.
effectively precludes production a
development. Rather, the proposed FCMS attempts to stand above issues
related to the model building process and assist the basin planner by guiding
him or her through a systematic thinking process concerning modelling needs,
approachesand outcomes. In other words, the application of the FCMS would,
indirectly,

issues
different
the
to
address systematically
permit planner

discussedin the previous sections.

The proposed FCMS is a general template for the planning process, but its
presentation will be illustrated using the research outcomes of the analysis of
GW-SW interaction in the study area.

Although this research was focused on and applied to a large catchment, the
be
framework
this
generally
should
structure and proposals underpinning
applicable to other basins with geomorphic and scale characteristics different to
those of the Rio Salado Basin.

The FCMS recognises three distinct blocks of activities, coinciding with the
three stages proposed by Mitchel (1989) to guarantee a timely and costeffective planning process. The blocks are: a normative level that focuses in the
general issues of the integration of the water system with other systems; a
strategic level that looks comprehensively at issues of land and water
interaction, and; an operational level that focuses on actual integration between
selected key processesin the basin (Figure 8.1).

The proposed FCMS parallels existing approaches to geomorphic studies,
environmental assessments and engineering project management (Thorne,
1998). In particular, one of the lessons learnt from the research studies was the
need for a close relationship between geomorphic features and mathematical
fields
dune
different
For
the
modelling.
example,
proper representation of
identified in the Northwest region are essential for the simulation and
understanding of GW-SW interaction that drives the flooding in the test area.
Similarly, within the context of the IMP, study of the origin and morphology of
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landforms along the Rio Salado allowed identification

of severe constrictions

that naturally impede the conveyance of flood flows, which in turn led to an

important criterion in schematisingthe surface water model (ISIS).
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The structured approach for geomorphic studies is presented in Figure 8.2. This
approach distinguishes two broad categories: a strategic overview of the basin
(Catchment
(Fluvial

Baseline Geomorphology)
Audit,

and a set of project-centred

Geomorphological

Geomorphological

Assessment

Dynamics

studies
the

and

Input to Water Resources Projects). It also includes a staged

and nested approach with results dependent components, an increasing level of
detail and spatial resolution,
FCMS follows

but a decreasing spatial extent. The proposed

a similar logic, distinguishing between a strategic, catchment-

centred component (Baseline Scoping Modelling),
(instead of project-based)
components
Modelling).

of

the

Finally,

and a set of process-based

blocks that focus on simulation

hydrological

(Regional

cycle

the Geomorphological

associated with the Catchment Modelling

Input
Block,

of key driving

Operational

and Local

to Catchment

Studies is

draw
both
to
attempt
as

conclusions from the results of the previous exercises in order to inform the
design and evaluation of projects within the context of the whole basin. The
different blocks of the proposed FCMS are described and exemplified below,
based on experience gained and results generated in this research study.

FRAMEWORK

FRAMEWORK FOR CATCHMENT
MODELLING STUDIES

FOR GEOMORPHIC
STUDIES

PERFORMANCE

CRITERIA

INITIAL

CATCHMENT BASELINE
GEOMORPHOLOGY

FLUVIAL

BASELINE SCOPING MODELLING

REGIONAL OPERATIONAL
MODELLING

AUDIT

FLUVIAL DYNAMICS ASSESSMENT
AND SUSTAINABLE DESIGNS

GEOMORPHOLOGICAL
WATER

CONCEPTUALIZATION

LOCAL

MODELLING

INPUT TO

RESOURCES

CATCHMENT

MODELLING

MANAGEMENT

POST PROJECT APPRAISAL
figure

if. 2:

Parallel

between

Studies (Thorne,

REAL TIME MODELLING

the proposed
1999)
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FCMS

I

and the approach

for (Jeomorphic

8.2.1

Initial Conceptualisation

8.2.1.1

Objectives

This first block of the FCMS aims to establish the relationship between project
objectives, disciplines involved and modelling requirements necessary to
support each of the disciplines. If applicable, modelling requirements at
different stagesof the project should be identified.

8.2.1.2

0

Sample Techniques

Review all backgroundinformationrelatedto the project in order to see
beyond the client's requirements as stated in the ToR, identifying the
real underlying needs of the project. What is really required from the
modelling discipline? What does the client really need (noting that this
may not necessarily agree with what he or she initially requested)?

0

Definition of conceptual risk model(s) to interpret the hazards,
exposures and vulnerabilities in the basin, encompassing economic,

environmental,and socialdimensions.
0

Definition of linkages between risk model(s) and mathematical models
in order to establish how tools will support practical risk analysis.

0

Definition of a matrix to establishthe links between disciplinesand
modellingneeds.

Box 1 presents the link between risk models established for the Rio Salado
basin, and Box 2 exemplifies a disciplines-modelling matrix.
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Box 1: Initial Conceptualization - Establishing links between risk models
r------------------------------------

-ý

RELATIONSHIPS

IN UPSTREAM

PART OF THE BASIN

Groundwater

Groundwater
Induced Surface

Induced
Waterlogging

------------------------------------r ------------------------------------RELATIONSHIPS

Flooding

IN DOWNSTREAM

PART

OF TH

i
i
I

BASIN

I
Ponding

Fluvial

Flooding

I

II
--------------------------------------

8.2.1.3

Expected Outputs

Having analysed objectives, needs and risk models, this phase of the defines
the "catchment theme" and "modelling theme" of the project as the topics that
will drive and condition development of the modelling strategy. Box 3 presents
an example.

Box 3: Initial Conceptualization

Modelling
themes
C'alchment
and
-

For the case of the Rio Salado basin, groundwater-induced surface flooding is the dominant
process in the economically most important region of the basin (the Northwest) and could
defined as the "catchment theme". Therefore, simulation of G W-S W interaction emerges as the
associated "modelling theme".
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8.2.2

Baseline Scoping Modelling (BSM)

8.2.2.1

Objectives

The objective of the BSM is to identify all the relevant processes and variables that
operate at the catchment scale and define the roles they play within the conceptual
risk model(s) outlined in the previous block. This, in turn, identifies the processes
that

should

contribution
this

block

be included

in the models, provided

they make a significant

decision making at each stage of the planning process. The work in
should

be performed

in

conjunction

with

catchment

baseline

reconnaissance at the planning and initial diagnosis phase. In understanding the
macro processes (i. e. overall water balances) simple modelling exercises should be
set up for scoping the next steps.

8.2.2.2

SampleTechniques

The type of analysis tools required in this block would fall into the category of
"interpretive" or "generic" rather than "predictive" models (Anderson, 1997), the
main difference being that the first two do not necessarilyrequire calibration and
would mainly be used to guide development of a conceptual framework for
exploring sensitivitiesto different future scenarios.
Examples of modelling approacheswould include:

"

developmentof lumped rainfall-runoff models,

"

simple tank model at a sub-regional level,

"

coarse 3D groundwater models,

"

GIS-based regression models linking inputs (hydrometeorological data)
(groundwater
head response).
outputs
with
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Sample Outputs

8.2.2.3

Beside the modelling exercise, the outcome of this stage is a comparative matrix
interaction
between
different
knowledge
the
the
to
test
the
acquired
of
with which
physical processes of the basin. An example is presented in Box 4.

Boa 4: Baseline Scoping Modelling - Comparison matrix
Groundwater
Fluvial flooding

Rainfall-runoff

induced surface

flooding
Rainfall-runoff
3

3

Flue ial t1(N)din:;

Groundwater

induced
3

surface flooding

Key:
1

Process A has loki impact on Process B and no coupling is required.

2

Process A has medium impact on Process B and a weak coupling is required.

3

Process A has high impact on Process B and a strong coupling is required.

Interpretation of the matrix presented in Box 4 indicates the need to focus on the
following process relationships:

"

surface runoff

has high impact of fluvial flooding and a rainfall-runoff

model should be developed to provide inputs to a river model along fluvial
corridors. This leads to the coupling of HYSIM with iSIS Flow.
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"

rainfall has a strong and direct influence on generation of groundwaterinduced surface flooding through infiltration to the soil and aquifer layers.
This leads to the coupling of HYSIM with MODFLOW.

0

groundwater-induced surface flooding also has a strong influence on the
generation of surface runoff as the impermeability of the ground surface
increases and saturation overland flow occurs. This leads to the inclusion
of a component in the rainfall-runoff-aquifer

model to account for the

increase in runoff as groundwater exfiltrates to the surface.

groundwater-induced flooding and fluvial flooding are coupled through

"

sub-regional boundaries, but the coupling within a sub-region is weak.

Once linkages between processes have been identified, it should be determined
whether they operate at a regional, sub-regional or local scale. A sample output of
this exercise is presented in Box 5.
Box 5: Baseline Scoping Model - Identification of scales at which kep linkages operate
Process 1

Rainlall-

Scale

sub-regional - i. e. fluvial

Fluvial flooding

unof

Dominant

Process 27

corridor Rio Salado

Rainfall-runoff

Groundwater

Groundwater

induced

induced

surface flooding

region (Test Area)

Rainfall-runoff

sub-regional - i. e. Northwest

surface flooding

Groundwater

induced

sub-regional - i. e. Northwest

region (Test Area)
Transfer between sub

Fluvial flooding

surface flooding

regions

267

Finally, the BSM should end with definition of the modelling strategy and
specification of the steps necessaryfor development of more detailed (in terms of
processessimulated) mathematicalmodels.
8.2.3

Regional Operational Modelling (ROM)

8.2.3.1

Objectives

The purpose of operational modelling is to concentrate on the simulation of the
main processes identified in the Baseline Scoping Modelling block. Operational
model/s (mostly carried out at a sub-regional scale) would concentrate on
simulation of relevant components of the hydrological cycle, with variable degree
of coupling. In the diagnosis phase of the project, the ROM could be used to
identify mechanismsdriving hazards (i. e. the role of geomorphic controls along a
fluvial corridor or the role of crests of parabolic dunes limiting conveyancein the
Northwest region) and assess impacts (i. e. through the construction of Flood
Probability Maps). At the project stage, the ROM could be used to test the impact
of proposed measuresat the sub-regionalscale.
8.2.3.2

0

Sample Techniques

development of physically-basedmodels such as river models, floodplain
models and aquifer models,

"

sensitivity analysisof model parameters,

"

sensitivity analysisto test interaction betweenprocesses,

0

developmentof a final PerformanceMatrix to integrate the outcomesof the
analysis carried out in this block. This exercise also serves to prove
whether the model(s) are able to perform within the proposed planning
scenarios.Box 6 presentsan example.
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Box 6: Regional Operational

Modelling

Matrix

- Performance

Escenario

Expected output

Change in grid resolution in the regional

A reduction to match the resolution of the

groundwater model.

DEM would primarily

help the prediction of

groundwater headsand less so the prediction
of areas with surface flooding.
Monthly vs. Daily data entering the

The prediction of surface flooding areas is

regional groundwater model.

very sensitive to the combination of a
temporal and scale resolution.

Sensitivity of groundwater heads to

Groundwater heads are very sensitive to a

changes in hydrogeological parameters.

change in the extinction depth of the
evapotranspiration

package of MOI)FLOW.

Sensitivity of groundwater heads to a

Groundwater heads are insensitive to

step change in the level of surface water

changes in surface water levels of existing

bodies.

water courses as they represent a very small
proportion

of the areal system.

Sensitivity of surface water model to

As the main objective of the model is to

baseflow conditions.

predict fluvial flooding, results are
insensitive to a change in haseflow, should a

coupling with an aquifer model be
materialised.
Simulation

of regional groundwater

evapotranspiration

module is required.

trends.

Prediction of groundwater

A change in MODFLOW

induced

surface flooding.

alone can he used to predict

MOI)FLOW

surface flooding but results are very
sensitive to grid resolution and time step of
stress time series.

Testing of drainage scenarios.

MODFLOW

can only perliorm a limited

testing based on an explicit

simulation

of

drainage canals.
Generation of Flood Probability

Maps.

The limitations

of MOI)FLOW

to simulate

surface processes and identify surface
flooding areas translate into important

qualifications to this output.
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8.2.3.3

Sample Outputs

The key outcome of this block is availability of operational models (see Box 7).
An indirect outcome of developing the ROMs and applying them in the diagnosis
stage of the project, is the identification

of template areas for further detailed

analysis and modelling as part of the next block in the framework.

Box 7: Regional

fl

Operational

Modelling

-Simulation
level

r

N`

of dominant processes at a regional

Regional Surface
Water Model

(iSIS)

Regional
Groundwater
Flow Model
(MODFLOW)

Template
(TAM)

area

8.2.4

Local Modelling (LM)

8.2.4.1

Objectives

Having identified template areas for further study in the ROM block, the objective
of the LM block is to model in more detail coupling between processes that is not
reproduced in any of the regional operational models. Two specific objectives are
linked to this blocky to gain a deeper insight into the physical processes of the
basin that could then be fed back into one of the operational models (see feedback
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arrow in Figure 8.1) and; to test engineeringoptions trying to make generalisations
that could then be passedonto the final CatchmentModelling block.
8.2.4.2

SampleTechniques

Basically, the same techniques listed in the ROM block applied to Local
Modelling but with more emphasison the use of more physically-based,integrated
modelling tools. An example of this could be the application of iSISMOD to
simulate coupling between GW and SW in the test area, to predict groundwater
induced surface flooding and then analysethe effectivenessof drainagemeasures.
8.2.4.3

SampleOutputs

The main output of this block is a detailed local model for each of the selected
template areas and a set of guidelines to extend the conclusions obtained from
each model back to a catchment wide basis.Box 8 presentstwo examples. One is
the test area model carried out as part of this researchand the other is a proposed
local model to analyse the effect of simulating GW-SW interaction in the
prediction of fluvial flooding.
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Box 8: Local Modelling -Simulation
Template A:

UW-SW Interaction

Er

I

of dominant processes at a local level using iSISMOD
Region
Northwest
-

ET

Widespread
runoff
aOngan intedune

1 1F' ý_
;

ell

parabolic
Initial

brackjzh

ponding of water

11
F"YOnä!

SoJ

Ilow system
K ýirya

Template I I:

ý,

F'

parabolic
dune

Initial
ponding of water

razor

GW-SW Interaction - Fluvial corridor

exflltration

P

evapot; anw

dune

=> saturation

overland

flow => increased flooding

A---------------------

8.2.5

Catchment Modelling (CM)

8.2.5.1

Objectives

The Catchment Modelling component does not necessarily imply constructing a
integrate
developed
but
to
the
ones
new model,
rather modifying any of
previously
the conclusions obtained from the Local Modelling. It is normally applied at the
project phase of the planning process and the main objective is to analyse the
impact of any intervention at a basin level after having analysed this using a local
model.

In the case of this research, where drainage canals were proposed at a sub-regional

level, a local model exercise could be carried out to analyse the optimum solution
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in terms of return period-cost-mitigation of flooding, aiming at answering
questions such as: What is the optimum type of drainage required? What is the
optimum return period? What should be the size of the canals? What should be
required drainage density?
The Catchment Modelling stage aims at more general questions of the type: What
would be the recommended, staged approach for development of the drainage
system to minimize downstream impacts? What would be the benefits for

the

region? What would be the effect of doubling the drainage density into the subregion?

8.2.5.2

0

SampleTechniques

Modify point-model boundaries to represent the impact of interventions
from outside the modelled area. For example, flow-time boundaries could
be changedin the surface water model to accommodatethe additional flow
coming out of a newly drainedarea.

"

Modify arealy-distributed stressesto simulate the effect of interventions
that also take place in a fairly

distributed way. For

instance,

implementation of a drainage system will modify the amount of the
effective recharge entering the aquifer. Therefore its impact could be
representedby modifying the time series of recharge rather than modelling
each canal.

0

GIS operations could be used to assist in the extrapolation of the
conclusions from the local model to the catchment model. For example,
conclusions obtained with a local model could be extrapolated to other
areaswith similar geomorphic and hydrometeorological characteristics.
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8.2.5.3

Sample Outputs

Boxes 9A presents an example of catchment modelling like that used in the IMP
studies, whereas Box 9B presents an alternative approach that makes use of
iSISMOD applied to a local area.

Box 9A: Catchment
Approach A:

Modelling

Analysis of impact at the regional
-

Regional operational

level

Models fed by externally calculated drainage rates.

PlIE

R

LL I L)!,

1. Drainage talcs arc ca cu a
using a tank model => time series of infiltration is modified
and applied into the Regional Groundwater Model to assess reduction of induced surface
flooding.
2. Drainage rates are calculated using a tank model => flow-time boundary of Regional Surface
Water Model is modified to assess impact along the fluvial corridor.
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Box 9B: Catchment Modelling
impact
level
the
rf
at
regional
-Analysis
Approach 1-3:

Regional Surface Water Operational Model is led by drainage rates
calculated with local model (iSISMOI)).

r
r
rý
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i
ir

r,
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'

I,
ii

,

ii
r
rý

I. Drainage rates are calculated using iSISMOD applied to a local iiiodel
2. Drainage rates For other areas are obtained by either other local models or by extrapolation
based on geomorphic and by h-ometeorological characteristics.
3. Obtained drainage rates are then converted to flow-time
Water Model to assess impact along the fluvial corridor.
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boundary liar the Regional Surface

Catchment

Baseline Modelling

(CBM)

Full integration
Rroad scale
Full coupling
Spatial aggregation
Identification

of pnºccsses

Identification

of interactions

Operational Modelling (OM)
::r: rs
)ne or more focused process
models
Scale, aggregation and coupling
depends on each case.

Local Modelling (LM)

H
I

Gcncrally lull coupling
Reduced scale

Generally nesting to one of the
operational models

Catchment

Modelling

(CM)

Broad scale
Analysis of the impact of
measures at the basin level
As much coupling as possible

8.3:

FCMS

Schematic representation o! its application
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to catchment studies.

CHAPTER
9-

CONCLUSIONS & RECOMMENDATIONS

9.1

Overview

This chapter presents the conclusions and recommendationsthat arise from the
research reported in this thesis. The conclusions link the two major topics within
modelling to support integrated catchment managementthat have been addressed
in the previous chapters: analysis of different modelling approachesto simulate
GW-SW interaction; and proposal of a framework for catchmentmodelling studies
(FCMS). Throughout the thesis, the Rio Salado basin and the IMP studies have
provided a template for analysis of GW-SW interaction and case study for
development of the framework. It was research and practical issues identified
during the Salado basin modelling investigations that stimulated the research
performed in this study and generated fundamental questions to be addressed
including:

(i)

Were the results obtained using uncoupled GW-SW modelling of
ground-water induced flooding in the test area actually sufficient to
justify the measuresproposed in the IMP study?

(ii)

To what extent did the approach adopted in the IMP studies for the Rio
SaladoBasin constitute an integrated modelling strategy?

(iii)

Accepting that the approach adopted was not fully integrated or coordinated, were the results obtained compromised by the modelling
approach adopted?
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(iv)

Based on the answersto questions (i) to (iii), how could the analytical
basis and framework used to support the IMP be modified to improve
the accuracyand reliability of its findings?

While the inspiration and practical basis for the research reported in this thesis
came from the Rio Salado Basin, the conclusionsreached have wider applicability
and the findings provide insights that support broader recommendationsfor further
research It is in this spirit that the remainder of this chapter attempts to generalise
the main conclusions and recommendationsthat represent the major outcome of
the work.
9.2

0

Conclusions
The major conclusion to emerge from the literature review was that no
structured approach currently exists within which to perform modelling
studies to support integrated catchment management planning. This
deficiency is mainly of relevanceto large basinswhere, besidesthe need to
reconcile the objectives of different disciplines,there also exists the need to
overcome the difficulties inherent to modelling a variety of geographical
regions within the samebasin.

"

The decision of the World Bank to commission a single, integrated
catchment management plan for the entire Rio Salado basin was the
springboard for this research. This unique flatland of 175,000km2,located
in the Buenos Aires Province of Argentina, periodically suffers extensive
flooding that seriously limits the potential for agricultural and livestock
development of what is, economically, the most important region of the
country.

As Technical Co-ordinator responsible for development of an

Integrated Master Plan (IMP) and engineer in charge of the modelling
activities, I became fully aware of the challenges faced in dealing with
such a large basin and the limitations of currently available models and
modelling strategies. Specifically, through the three-year IMP project I
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came to appreciate the need for a structured approach to conducting
modelling studies, through which modellers (along with other team
members) could think through different issues, from the physical aspects
that need to be included in the model to outputs and applications required
by the planners.
"

The research performed herein attempts to address this problem by
performing the academic research required to propose a Framework for
Catchment Modelling Studies (FCMS) that presents a staged and
systematic approach to be used as a template for the development of
modelling exercises to suit the physical characteristics of a basin and the
level of detail required at each stage of a project, trying to strike a balance
betweenproject needs, cost and human resources. The proposed FCMS
parallels existing approaches for

system-wide geomorphic studies,

environmental assessments and engineering project management. In
particular, one of the lessonslearnt from the researchstudies is the need for
a close relationship between geomorphic investigations and mathematical
modelling.

"

One of the major characteristics of the Rio Salado basin is the overriding
importance of groundwater - surface water interaction in the flooding
process. In particular, flooding in the Northwest region is initiated by
groundwater exfiltration and, subsequently,by the control that geomorphic
features (in the form of extensive longitudinal and parabolic dune fields)
exert on surface water ponding and movement. Due to the absenceof any
natural surface water drainage network, water on the surface is not
conveyed downstream by watercourses, resulting in prolonged and
extensive flooding events. Figure 9.1 presentsa view of Northwest region,
its geomorphic featuresand its flooding patterns.
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"

Within

the context

of the FCMS approach, the flooding

mechanism

described above dictates that particular attention be given to GW-SW
interaction. Consequently, technical research was focused on analysis of
GW-SW interaction in a test area of the Northwest region, with the aim of
exploring the basis for and advantages of coupled modelling. While the
work was focused on the test area. the need to work in a manner consistent
with the proposed FCMS required that frequent reference be made to the
entire basin.

0

In particular, analysis of SW-GW interaction and assessment of different
approaches to its simulation centred on development of Flood Probability
Maps (FPMs). An FPM is a spatial representation of the probability of
occurrence of an event of a given magnitude or higher. A master plan study
for catchment management must be supported by the analysis of the
baseline situation (no project scenario) followed by comparative analysis
of the set of measures (structural and non-structural)
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proposed for each

area (with project scenario). In this context, FPMs are a key tool as they
can be used to estimate affected areas for different return periods for each
of the two scenarios. The areas benefiting under the `with project' scenario
the basis for

provide

integrated

economic,

social and environmental

analysis of the proposed measures.

new program, iSISMOD, was developed with the aim of better

0A

simulating GW-SW
iSISMOD

interaction and, hence, generating improved FPMs.

couples MODFLOW

ISIS (HR Wallingford

(McDonald

and Halcrow,

and Harbaugh,

1988) with

1995) to permit strong and dynamic

coupling of groundwater and surface water systems. The key features of

iSISMOD are:

(i)

It couples two well known software packages preserving the full
functionality of both programs and permitting to accommodatethe
different time steps inherent to groundwater and surface water
from
issues
into
that
taking
can
arise
systems,
account unstabilities
the different temporal resolutions.

(ii)

A single control file was developed in ASCII format to gather the
information required to performed a fully coupled run. The use of a
control file preservesthe structure of the data files used by the iSIS
Flow and MODFLOW programs, while its structure was designed
so that any MODFLOW available interface could be used to create
most of it.

(iii)

The program permits simulation of the interaction between a river
or a reservoir and multiple aquifer cells. This is particularly
valuable when modelling the interaction of an aquifer with a
floodplain, taking into account the difference in driving heads that
control leakageacrossthe floodplain and the main river channel.
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(iv)

iSISMOD simulates the emergenceof groundwater at the surface
and its variation with time, leading to generation of variably
contributing areasfor surfacerunoff.

Two different approaches for simulating groundwater-induced surface
flooding and generating FPMs were compared. The first used MODFLOW
alone and the second used iSISMOD,
surface flooding using MODFLOW

NUpping

groundwater-induced

is primarily the outcome of a simple

comparison between the groundwater head and ground level for every grid
cell. In contrast, iSISMOD

predicts the extent, depth and duration of

surface flooding using surface water heads instead of groundwater heads.
Therefore, in iSISMOD flooding results from the dynamics of the water at
the surface rather than the dynamics of the aquifer, as in the case when
using MODFLOW

0

alone.

The researchreported above provided the academicbasis on which to
address the technical questions framed in Chapter 4, as a prelude to
addressing the more practical questions listed at the beginning of this
chapter.
(i)

Do the individual modelling tools (HRSIM, MODFLOW and ISIS)
on their on bear a reasonable degree of approximation for the
simulation of theflooding mechanismsthat drive the generation of
hazards for the basin?

Use of MODFLOW and ISIS in an uncoupled approach is suitable
for the simulation of the groundwater and surface water systems
provided that interaction between them is small. In this respect, a
distinction should be made between the models as MODFLOW can
account for weak interaction between a surface water system an its
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underlying aquifer (by use of either the RIVER or STREAM
packages) while iSIS Flow cannot account for GW-SW interaction
at all.
HYSIM

possesses serious weaknesses in relation to its prime

function within the modelling strategy adopted for the IMP studies,
and these are most significant in the Northwest region of the Rio
Salado basin. HYSIM

cannot make good approximations of the

aquifer recharge and surface runoff

as it cannot simulate the

relevant, key mechanisms in flatlands with shallow groundwater
systems,

such

as:

variation

of

infiltration,

recharge

and

evapotranspiration from the saturated porous media as a function of
water table position and dynamics of variably contributing areas to
overland flow.
(ii)

How well does the groundwater model handle representation of

surface water processes?Is it sufficient for answering the question
flood/no flood?
MODFLOW does not have the necessarymodules to reproduce
ponding of water along interdunal depressionsand transfer of water
once certain relief thresholdsare exceededsurface water. These are
the key processesresponsiblefor flooding in the Northwest region
of the Rio Saladobasin.

Chapter 5 explained how, despite these limitations, MODFLOW
was used in the IMP studies to answer the question flood/no flood.
Provided the spatial resolution of the groundwater model matches
the resolution of the relief, this approach can identify flooded areas
with good degreeof approximation for events with a low magnitude
and a high frequency, However, it will be inaccurate for high
magnitude, low frequency events because this approach cannot

283

account for movement of water across the land surface once
topographic

thresholds are

overtopped.

The

result

is

underestimationof the severity and extent of downstreamflooding.
NO

The decoupled approach to calculate the FPMs is a direct
consequenceof the use of a modelling strategy that consisted of
development of two separate, regional models. This was designed
to suit the needs at a regional scale but would it still be applicable
for areas where there is a potential overlap betweenprocesses?
Chapter 4 explained the methodological approach to generating
FPMs using separate regional models for groundwater and surface
water. The approach resulted in separate estimations of flooding
probability that were subsequentlymerged according to the higher
frequency of occurrence of either fluvial or groundwater-induced
surface flooding. A key feature of this approach is that for fluvial
flooding the surface water model is used to analysethe impact of an
event of a given frequency, whereas for groundwater flooding, the
model is used to predict the responsesof the systemfirst, which are
then subject to a frequency analysis.
A fully coupled approach for the estimation of FPMs implies that
groundwater and surface water models are run on an homogeneous
basis in terms of events: either on an event-basisor using a longterm series of hydrometeorological inputs. In practice, it would be
possible to run the surface water model for a long-term series of
input data, but it would not be advisable to run a groundwater
model on an event basis due to its slow response,large inertia and
large discrepancy between the frequency of the rainfall events and
the associatedfrequencyof flooding.
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Using a decoupled approach for the generation of FPMs does not
necessarily preclude using models that have strong GW-SW
coupling, such as iSISMOD, which would be driven by the
hydrometeorological data required by the aquifer component (i. e.
MODFLOW).
The fluvial corridor of the Rio Salado is an area where there is a
high potential overlap between fluvial and groundwater-induced
flooding processes. Despite this, the main flooding process is
fluvial flooding caused by the lack of conveyance capacity to
convey flood flows in the existing drainage network, perhaps
exacerbatedby additional saturation overland flow. Flooding in the
fluvial corridor could be simulated using iSISMOD while still
maintaining an uncoupled approachto generatingFPMs.
(iv)

How sensitive are the FPMs to a combination of different scalesfor
representing the groundwaterf low .systemand the ground surface?
The generation of FPMs using MODFLOW alone turned out to be
highly sensitiveto the resolution of the uncoupled groundwater and
ground surface models. Reducing the grid size in the MODFLOW
improved correct identification of flooded areas. However, use of
iSISMOD implies a different approach to dealing with spatial
resolution. This program simulates the storage and movement of
water at the surface. Hence, selection of the spatial resolution for
the aquifer model can be partially decoupled from the issue of
mapping flooded areas, as these are directly dependent on surface
rather than groundwater heads. However, the appropriate spatial
resolution should still be chosen with care in order to provide an
adequaterepresentationof the groundwater flow system. This leads
to a distinction in terms of which groundwater flow system is being
simulated. For a regional, baseline application (where the prime
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objective is identification of flooded areas) determination of
regional groundwater heads should be sufficient and a large grid
size can be used. For local and with-project applications, where a
more detailed estimation of groundwater heads is required (i. e.
around canals), simulation of the local groundwater system
(between dunes) would dictate a smallergrid size.
(v)

Under

what

approach

for

circumstances,
fluvial

and

the application
groundwater

of an integrated

induced flooding

be

required? Would this be applicable at a regional scale?

Based on the results of this researchit may be concluded that there
are circumstances under which using a fully coupled model like
iSISMOD would be essential.A casein point is the Northwest area
the Salado basin, where a delicate interplay between
hydrometeorological stresses,groundwater heads and geomorphic
of

features is responsible for extensive and prolonged flooding. In
modelling terms, coupling is required when heads in one system
(GW) condition, and are conditioned by, the heads in the other
system(SW).
Although the modelling philosophy presented in Chapter 8 is
illustrated using iSISMOD in a template area, its application at a
regional scale would still be feasible provided that a coarser spatial
resolution were adopted for the aquifer model and the simulation of
hydraulic aspectsof the surfacewater componentare simplified.
(vi)

Can MODFLOW alone serve the purpose of estimating the impact
of the drainage scheme?Can an alternative approach be used?
Based on analyses presented in Chapters 5 and 7 it can be
concluded that use of MODFLOW alone to analysethe impact of a
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drainage scheme would suffer from all the limitations described in
its use to generatebaselineFPMS. In addition, a further problem is
introduced becausecalculation of drainagerates (and hencechannel
capacity) is decoupled from analysisof the impact of surface drains
on groundwater. While this approach could provide a sufficient
approximation for the analysis of the functioning of drains during a
flood event, it would be inadequateto assessthe impact of the new
drainage system during normal periods, in particular in relation to
key environmental issuessuch as the impact on wetland areas and
freshwater lenses.

An alternative approach would be to use iSISMOD for template
areas, developing a fully coupled model that included the proposed
drainage canals. This would allow designers to relate crosssectional size and drainage density of the canals to their local
impact, not only in terms reduction in flood extent and duration, but
also in terms of lowering the water table.
"

based on the analyses presented throughout the thesis and summarised
above, it can be concluded that the modelling strategy adopted for the IMP
study did have some significant limitations as far as reproducing observed
flooding phenomena. In summary, flood predictions for the Northwest
region of the Rio Salado basin, underestimated both the extent and
frequency of inundation. Despite this, the potential benefits identified using
the MODFLOW modelling approach adopted in the IMP were sufficient to
suggest a set of structural measures that would be economically
sustainable.In this respect, it could be argued that the modelling strategy,
viewed within the context of the available economic and human resources,
did fulfil the requirements of a prefeasibility project. However, the
limitations identified through this research would rule out use of
MODFLOW alone to perform the further analysis necessaryto assessthe
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functioning
impact

of the new drainage scheme during normal periods and its

in the environmental

and water resources equilibrium

of this

uniquely important region. This would definitely preclude its use in the
feasibility and engineering design studies that would precede construction
and implementation of any flood management scheme.

"

Finally, it can also be concluded that the adoption of an FCMS, such as that
proposed in Chapter 8, would have added significant value to the IMP
studies by allowing the multi-disciplinary

team to think the technical issues

through more systematically resulting in improved problem identification
and adoption of necessary modifications

and developments at an early

stage of the project. To demonstrate clearly the potential value added by an
FCMS, Tables 9.1 and 9.2 present a summary of the modelling strategy
adopted in the IMP studies and a modified approach that could have
resulted in a more robust set of results. The most significant conclusion is
that the new approach would have allowed a more accurate assessment of
the complete modelling cycle, leading to more efficient development of a
more sustainable integrated catchment management plan (Figure 92).

Modelling for llarards
Impact Assessment

Economic
Objectives

Ecological
Objectives

Social
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Proposed Mitigation
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Figure 9.2:

The Modelling

for Evaluation
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Modelling
&

Sustainahility
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UNI

I 1AU

I-Vill,

rrI

VAL1L.

E%I

IVIV

Two risk models are identified:

1. Fluvial flooding
This model concentrates along the fluvial corridors involving an area of approximately
10,000km`

2. Groundwater

flooding

This model concentratesin the Northwest region and, to a lesserextent, in the Zona Deprimida,
occupying in total the majority

of the basin area.

Total area of the Rio Salado basin is: 170,000km
.
Secondary modelling theme

Primary modelling theme

Fluvial

GW and SW interaction

and canal network

BASELINE SLOPING MODEL
Build

MODFLOW

model

the regional groundwater

to characterise

make

a broad

to characterize; the problem of fluvial flooding.

flow system.

Include key watercourses in MODFLOW
assessment

of

Statistical analysis of Peak river flows in order

to

GW-SW

Analysis

of' low flows in rivers to assess the

contribution

interaction as a contribution to the regional
balance
Regional and Sub regional
water balances
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from the underlying

aquifer.

REGIONAL
Option
Development

OPERATIONAL

MODELLING

Development

A

of a regional iSISMOD

IIYSIM)

model

using large flood cells to represent surface

of a rainfall

runoff

model (i. e.

to provide input tu the surface water

model (iSIS)

processes.
Development
Option
Development
iSISMOD
the

of

model

(ISIS)

B

set

surface water

of

sub-regional

models (at higher resolution than
The

above).

models

a

of a ID

should

selection
follow

of

areas for

geomorphic

sub-

ý regions.

FPM - groundwater

FPM - fluvial

areas for different
return periods

Affected

BASELINE SITUATION
LOCAL MODELLING
I

Baseline Situation

Baseline Situation

A Test Area model could be set up in the

Sub-regional

dune

interaction

area to assess GW-SW

interaction

before developing the regional or set of subiSISMOD

regional
Operational

Modelling

Project

calculation

in

the

saturation

models used to test

of drainage

will

corridor.

This would

be basically applied to analysis of the impact of

Situation

schemes. This

in the fluvial

model to test GW-SW

overland

flow

in the prediction

flood extent by the 11) model.

Block.

iSISMOI)

Sub-regional
drainage

models

iSISMOI)

lead to the

rates lör different

return periods

Calculation of
drainage rates
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of

L

CATCHMENT
Option

MODELLING
The operational model is used to test the impact

Al

In this option, the regional iSISMOI)

of proposed drainage schemes along the fluvial

model

will be modified to test the regional impact

corridors. The drainage rates calculated using

of the drainage schemes. The effect of the

iSISMOI)

drains could he simulated

boundaries for iSIS.

boundaries

(or

logical

using flow time

abstraction

will

be transformed

as flow

units)

attached to each flood cell. Fach flow time

boundary will be derived from the drainage
rates calculated previously using iSISMOI.

Option

A2

Modifying the infiltration

time series that

enters the models is also an option - but this
has the disadvantage of assuming the
functioning of the drains.
Option

B

In this option the impact of each drainage
system would
explicitly

be analysed by modelling

it

in each sub-model (hence, in each

sub-region)

FPM

FPM - groundwater

-

fluvial

areas for different
return periods

Affected

PROJECT SITUATION

IMP

Table 9.2:

Potential application

of the proposed FCMS to the IMP studies.
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time

9.3

Recommendations

Recommendationsfor further researchare structured in two sections, in a manner
consistent with main and technical sub-topic of the thesis: the FCMS and
iSISMOD.

9.3.1

"

Recommendationsfor the FCMS

The FCMS proposed in this thesis should be exposed to discussion and
critique by different communities of experts: primarily specialists in the
fields of geomorphology, environmental studies, engineering design and
also economy, in order to deepen the section dealing with matching
modelling needs to catchment managementplans. In particular, the views
how
models
of specialists should allow refinement of concepts governing
can be used to provide support to the different disciplines. This would help
to focus the developmentof models capableof producing a wider spectrum
of deliverablesand supporting a greater range of practical applications.

"

The utility of the FCMS can only be enhancedthrough the addition of
more practical examples to illustrate and accompany the approach put
forward here. Utility

initially
by
be
improved
performing a
could

sensitivity analysis on the different models used in the IMP studies and the
local
here,
both
research reported
scales. Some of the
at
regional and
in
Table
be
that
to
are
summarised
exercises
effect
good
could
carried out
9.3:
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Modelling Exercise

Purpose

Set up an iSISMOD model for a template

Analyse the impact of groundwater flooding and

area along the fluvial corridor of the Rio
Salado.

saturation overland flow in the prediction of fluvial
flooding.

Use the Test Area model to simulate the

Assess

functioning of drainagecanals.

Constructionof charts to link: drainage density,

the

prediction

of

drainage

rates.

sizes and spacing, return period, areasrecoveredfor

exploitationandenvironmentalimpact.
Test iSISMOD at a regional scale.

Assessfeasibility of its application at an operational
and regional level. Spatial and temporal resolutions
required. Level of simplification required in teens
of the simulation of GW and SW interaction.

Test the functioning of iSISMOD for

Assess speed of model building, convenience,

different

accuracy, speedof execution and flexibility of each

schematic configurations to

simulate the functioning of the surface type of schematisation. In particular for the test
area, confront the use of river sections and flood

water system.

cells.
Test iSISMOD under different spatial Assessthe impact on the generationof FPMs and
resolutions of the aquifer model.

on the analysis of the drainage canals.

Test iSISMOD and the full functioning

Refine the analysis of the generation of FPMs.

of the variably contributing

area to

saturation overland flow.
I able 9.J:

"

Yroposed modelling exercises

The FCMS would also benefit from experience gained and examples
hydrological
its
to
through
phenomenawhere
other
generated
application
GW-SW interaction is important, such as the caseof flood attenuation due
to bank storage effects, analysis of low flows in rivers, wetland
managementand irrigation within river corridors.

"A

potentially important further extensionof the FCMS would be to relate it
to other vital aspects of catchment modelling, such as water quality and
sedimenttransport.
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flow chart or decision tree should be added to the FCMS, linking the

"A

requirements of catchment studies, modelling deliverables, hydrological
issues, and model development. This would help users to decide which
modelling componentto use at eachstageof the project.

"

Finally, it would be extremely useful to use the proposed FCMS in an
integrated study of a large basin other than that of the Rio Salado.

9.3.2

Recommendationsfor improving iSISMOD

The aspects of iSISMOD that could most immediately be enhanced by further
researchare summarisedin Table 9.4.
Development

Potential Benefit / Application

Finalize the implementation of the variably

This allow the user to assessin more detail

contributing area option within the latest

the dynamics of flooding, improving the

version of iSISMOD.

FPMs obtained in Chapter 7.

This was done in

previous versions.

Include

use the wetted

Some studies may require a more detailed

perimeter (instead of the top width) to
represent interaction between the SW and

representation of the streambed surface. For

the GW systems.

floodplain interaction with the underlying

an option

to

example, for evaluation of wetlands and

aquifer.
Allow the variation of the streambedleakage This
(kv) with time, to simulate reduction of

option

would

also

improve

representation of the dynamics of surface

conductance with time due to sediment flooding, permitting the model to simulate the
deposition.
duration of flooding more accurately.

radle 9.4:

Recommendeddevelopments for iSISMOD
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Allow other iSIS Flow units, such as those

This option would be useful to expand the

that solve the propagation of a flood wave utility of the program in more regional and
a full
applications
when
using the Variable Parameter Muskingum long-term
Cunge

interact

to

method,

with

hydrodynamic solution is not required.

MODFLOW.

Investigate the practical possibility of using

This facility would permit the model to run

the adaptive time step method (currently

faster simulations as the adaptive time step

available in normal iSIS Flow simulations)

option automatically varyies the time step to

for coupled runs.

suit convergence requirements at specific
moments during a simulation.

At present construction of the iSISMOD
by
is
file
interact
the
manually
control
that
out
carried
maps
with each
aquifer cells
MODFLOW
determining
cells will
which
river or reservoir node.
Improve construction of the control file that

interact with

iSIS. An option could be

developed in the model to automatically
be
file.
This
this
would
control
construct
particularly useful when adding extra nodesin
the schematisation of iSIS.
This option could be developed within the
iSIS.
interface
GIS
(ArcView)
of
current
Investigate the functioning

of iSISMOD

when the cell re-saturation option (drying
and

rewetting)

of

MODFLOW

is

The computational

aspects of 1SISMO )

if
be
the rewetting option
altered
not
should
it
be
is
However,
MODFLOW
should
used.
of
checked that iSISMOD reads groundwater

operational.

heads after a cell rewets. The rewetting option
could

be

used if

a

detailed

vertical

is
the
underlying
aquifer
of
representation
required.

Table 9.4:

cont.
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APPENDIX
A-

THE RIO SALADO MASTER PLAN'
A. 1

Master Plan Structure

The Master Plan being put forward is a wide ranging combination of measures
which have been identified to addressthe constraints identified in the diagnosis
study (see Chapter 3 of this thesis). They can be structured under the following
headings:

"

An institutional framework to enable effective planning and
management,

9

Non-structural

measures to

improve

water

management,

increase
to
protection,
agricultural production and environmental
public awarenessand to promote tourism,
"

Supporting measures to promote economic development in the
agricultural sector, and

"

Structural measures to provide improved drainage and flood
mitigation.

The proposed measures under each of the above headings are summarised in
the following sections. The Master Plan is proposed as a flexible framework
for development of the Rio Salado catchment. It does not prescribe to provide
solutions to all of the problems which exist but it does provide the base and the
tools to move forward. The need for monitoring and evaluation of the activities
within the scope of the Plan, and the periodic review and revision of the
proposals is strongly recommended.
' Text
extractedand adaptedfrom the ExecutiveSummaryof the Rio SaladoMasterPlan
Studies(Halcrow, 1999).
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A. 2

Institutional Framework

An effective institutional framework for the planning and control of the
development and the management of natural resources of the Rio Salado
catchment is an essential foundation stone of the Master Plan, without which it
is unlikely to meet the stated policy objectives. The proposed structure is based
upon:

i,

A de-centralised organisational structure, to allow planning,
devolved
be
to the
to
established and
control and operation
level;
most efficient management

ii.

The necessary legislative and fiscal measures, to legitimise
the organisations in the structure, to introduce cost recovery
mechanisms, and to

allow

government to

underwrite

insurance
flood
services;
and
provision of credit

iii.

The necessary capacity building measures to strengthen the
in
the
capabilities of
organisations the structure; and

iv.

The preparation of effective management procedures and
in
flood
to
management,
practice
guidelines,
good
establish
development
and
planning
environmental management, and
control.

Some of the programmes proposed to implement an effective institutional
framework are listed below:

"

Institutional restructuring programme

"

Provincial and regional landcare organizations

0

Landcaregroups

0

Development and managementof operational boundaries
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"

Legitimisation of duties and powers of new institutional entities

"

Programme for incentives to conservation practices

"

Initiatives for cost recovery of operational and maintenancecosts

"

Capacity building for Provincial Team of the Master Plan

"

Asset assessmentprogramme

"

Hydrometric network data managementprogramme

"

Flood control system managementprogramme

"

Environmental managementprogrammes (fisheries, wetlands, sensitive
channel design and maintenancemanual, integrated natural resources
managementplan)
Planning and evaluation guidelines for post project appraisal.

A. 3
Within

Non-structural and Supporting Measures
the Master Plan proposals there is a clear understanding that

productivity increaseswill come about through both structural measures,that is
those which improve physical infrastructure, and non-structural measures
which are intended to address constraints that arise as a result of reducing the
flood risk and/or improving drainage conditions. In summary, they are
measureswhich are intended to act as catalysts to:

i.

Promoteagriculturalchange,

ii.

Encourage the management and sustainable exploitation of
environmental assets(including fisheries),

iii.

Increase public awarenessof the Master Plan,

iv.

Develop the tourism sector in the area, and

v.

Promote economic development in the agriculture sector.

The package of proposals is wide ranging but, collectively, they constitute an
important component within the Master Plan. Some of the proposals are listed
below:
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"

Soil conservation programmes for water, wind, compaction and loss of
fertility, alkalinity, sodicity and erosion.

"

Natural pasture improvement programme.

"

Forestation in riparian areas

"

Speciesand habitats managementplans

"

Public awarenessand education programmes

"

Development of tourism cooperatives

"

Fisheries managementplans

"

Rural job creation programmes

"

Training in farm businessmanagementprogrammes

"

Livestock intensification programmes

A. 4

Structural Measures

By far the major component of expenditure under the Master Plan will go
towards structural measures and, for this reason, most attention has been
focussed on the identification, analysis and evaluation of these projects. They
can be grouped as follows:

"

Flood control and drainage improvement projects,

9 Farmlevelwater management
projects,
"

Urbanflood protectionprojects,and

"

Rural road androad drainageimprovementprojects.

The structural projects proposed are summarisedas follows:

(i)

Flood control and drainage improvement projects are grouped
geographicallyasdescribedasfollows:
Rio Salado /Ao. Vallimanca/Ao. Las Flores - small scale
channel and embanking works, plus major diversions and
alleviation channels;
321

"

Northwest - primary and secondary drainage works plus storage

andregulationwherepossible;and
"

Zona Deprimida - rehabilitation and improvementof existing
drainagecanals,plus small scaleembankments
to the arroyosof
the Siena de Tandil.

The scope of works also includes: water level control structures, bridges and
rehabilitation/improvement of rural roads. A quantified summary of the major
components proposed is given in Table A. 1.

(ii)

Urban flood protection projects for sixteen towns, including new works
and rehabilitation of existing defences, and comprising: embankments,
storage reservoirs, control structures, watercourse improvement and
urban

drainage

pumping,

together

with

associated planning,

environmental and institutional measures.

(iii)

Rural road and road drainage improvements, with the emphasis being
drainage
increased
cross
on raising of rural roads where necessaryand
capacity, plus cross drainage improvements on selectedmain roads.

Figure A. 1 showsthe main componentsof the proposedstructural measures.
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Drainage and mitigation works in the Northwest

Item

Al

A2

A3

A4

B3N
Norte

CN
Norte

Total

Primary drainage
channels(km)

196

446

535

576

320

134

2207

1281

1710

2495

3000

1606

533

10625

16
9
2/380
215

33
21

52
24
1/130
229

50
25
1/610
155

26
9

11
6
1/278
116

188
94
4/1098
1177

Secondary drainage
channels (km)
Bridges (No)
Control works (No)
Reservoirs (No / Hm)
Improvements in rural

195

267

roads

Mitigation

and improvement works in Rio Salado/Ao Vallimanca / Ao Las Flores

Item

Embankments (km)
Increase capacity (km)

Upper Salado

Lower
Salado

200
200

130

1

Flood alleviation structures(No)

Mitigation

4
150
20

13
217
27

13

8

15

and improvement works in Zona Deprimida

600
varios
1/1000
170
15
14

400

Embankmentsin hillslope courses(km)
Urban flood defense works

Item

No of urban
locations
10

Cities without defense works

Cities with existing defensesystemsthat needrehabilitation
and/or enlargement

Summaryof drainageand flooding mitigation works.
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360
230

8
67
7

Item
Rehabilitation of high level carriers and associated structures (km)
Improvements in minor channels (No)
Reservoirs (No / Hm)
Improvements in water courses (km)
Bridges (No)
Control works (No)

Table A. 1:

Total

7

7

Removalof constrictions(No)
Improvements in bridges (No)
Flood alleviation channels (No)
Bridges (No)

Ao
Vallimanca/
Saladillo/Las
Flores
30
30

6

A. 5

Implementation of the Master Plan

There are many factors which can influence the formulation and programming
of the measures proposed in a master plan. The general guidelines which have
been adopted in this caseare summarisedas follows:

i.

To ensure institutional development before infrastructure
development,

ii.

To ensureflexibility throughprogressive,stageddevelopment,

iii.

To phase development of infrastructure to maintain a situation
of no detriment and/or equity of benefit,

iv. To link the rate of implementation to accord with social

acceptability,

v.

To link the rate of implementation to accord with availability of

finances,

vi. To maximisenet economicbenefits,and
vii. To adjust to political pressure.

A 15-year implementation period was suggested as being a realistic minimum
for the full implementation of the Master Plan. In the short term, a first phase

developmentcould be a commitmentto proceedwith:
(i)

The first steps for institutional change requiring: establishment of a
multi functional Provincial Master Plan Team, establishment of a

transitional Provincial CatchmentCommission,establishmentin a
pilot area of a Regional Catchment Council, initiation of the
formation of CatchmentCoordinationCommittees,appointmentof
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a Regional and, in a pilot

area, a Sub-regional Landcare

coordinator, and legitimisation of new entities and of boundary
revisions within the framework of the Codigo de Aguas (Water
Act).

(ii)

The priority non-structural and supporting measuresincluding some
of those: to conserve land fertility,

to increase agricultural

productivity, particularly in the livestock sector, and to enhance
environmental assets, the emphasis being towards habitat and
fisheries managementplans.

(iii)

The urban flood protection works for

six cities, including:

Olavarria, Azul and Tandil, and rural road improvement works in
six partidos in the Northwest and Rio Salado Superior areas.

(iv)

A limited programme of flood control and drainage works,
including improvements in some of the Northwest, probably Subregions Al and A3, mitigation and local improvements along the
lower

and upper Rio

Salado, and rehabilitation of existing

infrastructure in the Zona Deprimida and along the lower Ao
Vallimanca.

The programme proposed is logical, but it is also flexible and it will, no doubt,
change as the government and public discussion of the Master Plan continues,
and as the more detailed studies proceed.

A. 6

Risks and Uncertainties

The risks and uncertainties which could affect the Master Plan are numerous.
They include:

"

Although the database is a compilation of what exists there are,
nevertheless, limitations within it which may prejudice ,analytical
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conclusions, and this points to the need for continued and
improved data collection
"

There is also a need to monitor performance in relation to design
criteria and, thereafter, to review and revise the works
accordingly, otherwise there is a risk that problems may not be
solved, or solved inefficiently.

"

There is a risk that the changes needed to solve the problem of
inadequate operation and maintenance will not be forthcoming,

andthe works will not be ableto functionas designed.
"

The predicted benefits in the agriculture sector, and hence the
success of the Master Plan, depend on the response of the
producers and there is a risk that they will not respond as
assumedif they are not informed, consulted and allowed to play
their full part in the development process.

"

There remains a risk that the proposals for institutional change
may be too radical for some views and that they will not get
political support.

"

The integratedapproachis fundamentalto the successof future
stages of the Master Plan but there is a risk that structural
projects will be given priority, at the expense of the equally
important non-structural and supporting measures.

External factors, such as movement of international prices, climate change and
sea level rise, are out the control of the Master Plan but they present a risk that
performance will not match that predicted.

A. 7

The Impact

A. 7.1

Cost Estimates

The cost estimates for the structural measures have been calculated based on

prefeasibilitylevel designsfor the works and using unit ratesusedby DPI! for
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similar works. They include: primary and secondaryworks, control works,
bridges, rural roads, land acquisition, study, design and supervision,
environmental mitigation measures,and physical contingencies.These last
three items are taken as percentagesof the basecostsand includedat the rates
of 5%, 5% and 25% respectively.

Table A. 2 summarisesthe costs for the structural components. They total
AR$1830 millions made up as follows:
Measure

Cost

Improvement/mitigationalong the Rio

$406millions

Drainage and flood mitigation in the

$863millions

Salado/Ao Vallimanca/Ao Las Flores
corridors.
Northwest.
Rehabilitation/improvement

$561 millions

in the Zona

Deprimida.
Total
Table A. 2:

$1830
Summary of costs of structural measures (values in AR$ when 1AR$=IUS$)

A design standard of 1:10 years has been adopted for the works in the
Northwest and along the Rio Salado/Ao Vallimanca/Ao Las Flores corridors,
this standard having been chosen on the basis of consistently higher economic
returns in all sub-regions of the Northwest compared to the 1:5 years standard.
For the Zona Deprimida, where economic returns are much lower, a standard
of 1:2 years has been used.

In addition, AR$55 millions is included for urban flood defenceworks. The
design standardfor theseworks is to protect the cities againsta flood with a
recurrence interval of once in 100 years.
The cost estimates for the institutional reform, non-structural and supporting

programmesare summarisedin Table A. 3. They total AR$34 millions for the
programme of institutional change and reform, and AR$25 millions for the
non-structural and supporting measures.It should be noted that, in some cases,
the costs given are those for the additional studies and preparatory work which
will be necessary to better define the programmes, and not the expected full
cost of the programmes.
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Measure

Cost (million ARS)

Organisational structure

8.5

Legislative and fiscal measures

1.4

Capacity building

3.4

Managementproceduresand guidelines

21.1

Agricultural measures

13.7

Environmental measures

2.3

Consultationand public awareness
Tourism measures

0.6
0.3

Fisheries measures

0.9

Agricultural support measures

7.1

Total

59.3

I auIC PLO;

summary or costs of insutunonal ana non structurat measures.

A"7.2

Economic Evaluation

The economic evaluation has been applied only to the drainage and flood
mitigation works, and not to the urban flood defences,rural road improvements
and non-structural measures.For the evaluation, project costs and benefits have
been converted from financial to economic prices by applying conversion
factors.
Neither costs nor benefits for the institutional, non-structural and supporting
programmes have been included in the economic analysis, this being the
generally accepted convention for evaluation of development programmes.
Construction costs for all structural works, excluding expropriation, design and
supervision, and physical contingencies, have been converted from financial to
economic prices by applying a standard conversion factor of 0.72. Economic
values for agriculture and livestock inputs and outputs have been calculated at
import or export parity prices. World market prices are the export prices of the
major agricultural commodities, and taxes and duties have been deducted from
input prices.
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Productive land which will be required for construction of canals and
reservoirshas been valued at presentvalue of the net farm incomewhich will
be foregone as a result of implementing the project.

Annual operation and maintenance costs have been estimated at 2% of total
investment costs in economic prices.

Benefits to crops and livestock have been measured as net incremental benefits,
that is the difference between the net value of farm production in the "without
project" and the "with project" cases. They include: reduced losses of crops
livestock

production and on-farm infrastructure caused by
flooding/waterlogging, and changesin land use as a responseto reduced risk of
flooding/waterlogging.
and

The benefits attributable to public infrastructure in rural areas have been
estimated as the total value of avoided flood damage to the infrastructure, that
is the reduced cost of repair of damage.

All project benefits have been weighted by flood event probabilities. A
"damage-frequency"curve has been derived basedon expectedlevels of loss
for different flood events,from which the "averageannualexpectationof loss"
has been calculated.

Benefits have been phased in accordance with the rate of completion of
secondary canals in a particular sub-region. For benefits from avoided flood
losses the assumption is a lag of one year, whilst for changes in land use it is
assumed that full benefits will not be achieved until the fifth year after
completion of the canals.
For the economic evaluation the project life has been assumedto be 30 years,
that is the useful life of the main categories of structure required, assuming
adequate operation and maintenance. The following criteria have been used:
net present value, cost/benefit ratio, and economic internal rate of return.

330

The Extensive Option, which includes all of the structural components yields
the best returns, with an economic internal rate of return of 13.4%, which
increases to 16% if works in the Zona Deprimida/Sierra de Tandil are
excluded. These values increase by 1% if the implementation period is
extended from 15 to 20 years. The sensitivity analysis indicates that results
would remain acceptable even with relatively large changes in costs or
benefits.

Although the development of the Zona Deprimida is not economically
attractive there are arguments for its inclusion on the basis of social equity and
the fact that the Master Plan professes to be a programme for development of
the whole catchment. Also the fact that about 24% of the total production of
meat in the catchment comes from this area should not be ignored. It is
recommended that development proceeds over the whole catchment, albeit
with works in the Zona Deprimida being to a lower design standard than other
areas.

With implementation of the measures proposed in the Master Plan it is
expected that widespread and significant increases in production in the
agriculture sector will result. The projected annual increases in production, in
terms of crops, livestock and dairy, and divided by sub-region are given in
Table A. 4. Values are given both as tonnes and as the percentage increase on
present production at full project development. Overall it equatesto an increase
of about 10% on present annual production, that is over 1 million tonnes of
crops and 150,000 tonnes in the livestock sector.

A. 7.3

Social Impact

The success of the Master Plan and its sustainability will depend on its social
impact, that is the number of people who will benefit and those who will suffer,
and their distribution both within a sub-region and within the catchment as a
whole. Unless there is reasonable distribution throughout, there will not be
equity of benefit, the Plan will not gain widespread support and it will not
encourage majority stakeholder participation.
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With implementation of the measures proposed the expected number of
beneficiaries in the Northwest, which has been taken as the farm families of
owners, managersand labourers, totals about 179,000. A comparable figure for
the whole catchment, that is farm family members, is about 400,000, so about
45% of these are expected to benefit in the principal benefit area. Along the
river corridors and in the Zona Deprimida the rescued areas are smaller and the
population density lower. In these areas an estimate of farm family members
who are likely to benefit from the proposals is of the order of 70,000 and so,
for the whole catchment, over 60% of those directly dependent on the land
should benefit from the works.

Small producers are one of the poorest social groups in the area. Statistics
suggest that about 50% of this group operate in the Northwest and, of these,
about 30,000 will directly benefit. For the other parts of the catchment a
conservative estimate is that a further 15,000 will benefit.
Apart from those benefitting from drainage and flood mitigation measures, a
wider section of the community will benefit from the improvement to rural
roads and flood protection of urban centres, and from access to some of the
programmes of non-structural and supporting measures.

A. 7.4

Environmental Impact

A strategic Master Plan of this scale has the potential for significant
environmental effects. The role of the environmental impact assessmentin the
development of such a plan is to minimise adverse environmental effects,
maximise benefits and ensure the selection of an environmentally sustainable
strategy.

The most important potential impacts are:

"

The anticipated benefits to agricultural and livestock production,
which provide

significant regional and national economic
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benefit, within a general framework of sustainableagricultural
development;and
loss
for
The
and modification of wetland
significant
9
potential
andfloodplainareas.
These two aspects are generally antagonistic in nature. It is not possible to
create agricultural/livestock benefits, of the nature required by the objectives of
the Master Plan, without some drainage of semi-natural areas and changes in
land use. However the proposals attempt to strike a balance between land use
change and conservation of critical /valuable natural habitats. Mitigation of
impacts has largely been through the iterative development process and it is
for
design
that
the
new channels
proposals
anticpated
ecologically sensitive
and flood attenuation areas will bring considerable ecological and recreational
benefit.

Notwithstanding the above, and given the lack of understanding of the
interactions between land use, flooding and natural habitats, it is considered
that there is significant environmental risk involved with implementation of the
implementation
the
be
This
through
of
structural proposals.
managed
risk will
institutional
for
the
proposals
extensive range of non-structural measures, and
and environmental capacity strengthening. In addition, the integrated natural
resources management plan offers the opportunity to provide appropriate
in
development
the
region
within
environmental management and sustainable
the future, against a natural trend (do-nothing scenario) of continued adverse
impacts from ad-hoc and non-strategic drainage works and other development.
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APPENDIX
B-

iSISMOD

B. 1

Introduction

This Appendix complements Chapter 6 of the thesis presenting more detailed
information on the two programs that form iSISMOD: MODFLOW and iSIS
Flow, covering their governing equations and overall structure.

Also, the runtime parameters and different data files associated to iSISMOD
are included in section B. 2, finalising in Section B. 3 with the presentation of
the results of the test cases used to verify the software development. The
in
Appendix
logs
the
test
are
presented
corresponding run
case simulations
of
C.

B. 2

Information on iSIS and MODFLOW

B.2.1

MODFLOW

B. 2.1.1

Overall Structure

The program consists of a main program ("modfow. f") and a series of
independent subroutines called "modules" that perform the hydraulic
computation for each element into which the aquifer system was discretized,
from
leakage
water
such as: abstraction wells, recharge, evapotranspiration,
bodies, drains, etc. Figure B. 1 presents the overall structure of MODFLOW.
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Figure B. 1:

Overall Structureof MODFLOW.

B. 2.1.2

Governing equations

The governing equation used in MODFLOW to solve the three-dimensional
movement of water in a saturated porous media is the Darcy equation
embeddedinto the continuity equation, as follows:

ax

x

ahl

a (K.
a ýKO ah
+ -0-z
ay

336

ahl

ah

where,
Krx, Kyy and Kzz are values of hydraulic conductivity along the x,y and z
coordinate axes, which are assumed to be parallel to the major axes of
hydraulic conductivity (LT')

h= groundwater head (L) W= volumetric flux per unit volume and represents
sources and/or sinks of water (T")
Ss = specific storage of the porous media (1; 1)

t= time (T)

The above equation, together with an appropriate set of boundary and initial
conditions, constitutes a mathematical representation of a groundwater flow
system. It yields a time varying head distribution that, in turn, measuresthe
energy of flow, the volume of water in storage, and also allows calculation of
directions and rates of water movement.

B. 2.1.3

Discretization, Conductance and Storage formulation

A typical aquifer is spatially discretized in a mesh of block cells, which are
described in terms of rows, columns and layers, using a typical i (row
direction), j (column direction), k (layer direction) indexing system. Within
each cell, there is a point called a node for which the head is calculated. Nodes
are located at the centre of each block cell, which is termed a "block centered"
formulation.

Solution of the continuity equation is carried out using a finite difference
approach: the sum of all flows entering and leaving a cell should be equal to
the rate of change in storage within the cell. Following the convention that a
flow is positive if it enters a cell, flow into a typical cell ij, k in the row
direction from cell i j-I, k is given by Darcy's law as:
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h,,
qf,

j-1/2, k -

KR
, J-112,

k

X aCi

X eVk

X

hi,
j-], k-

j. k

Arj-1
/2

where,

hlt,k = head at node ij, k and h,,; k at node ij-1, k.
-1,

discharge
face
k
k
between
ij,
ij-],
through
the
qi,j-1,2,
=
and
cells
k
KRfj_112,
hydraulic
k
k
between
j,
i
j-!,
1
the
=
conductivity
row
nodes
and
along
k
(LT. I)

dcxdvk= area of the cell faces normal to the row direction, and

dry 1,2= distance between nodes i j, k and ij-1, k.

It is important to interpret the conductanceformulation correctly in that the
term JMj-112,k is the effective hydraulic conductivity for the entire region
between the adjacent nodes, as i;j-1/2, k does not represent a specific physical
point in the system.

The above equation can be also re-written, including the conductance term as
the product of hydraulic conductivity, by the cross sectional area of flow
divided by the length of the flow path (i. e. the distance between the nodes).
Depending on the type of aquifer (for each of the layers involved in the model),
conductance can be constant throughout the simulation if the layer is confined
and the saturated thickness does not vary with time. If the layer is unconfined,
then the saturation thickness varies with time and the conductance is updated
every time step or stressperiod accordingly.
The same principle applies to each of the six faces of a cell, to take into
account of flows from each of the six adjacent cells.
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The mass balance needs to be completed taking into account of flows from
features external to the aquifer. These flows may be dependent on the head in
the receiving cell but independent of all other heads of the aquifer, or they may
be entirely independent of head in the receiving cell. Therefore, flow from
outside the system is representedby:

aj.

l, k, n

P,.

J, k. n

x hr,

lk

+ gi,

l. k, n

where,
A

a;j, k represents flow from the nth external source into cell ij, k (L3T"), and
1
(L2f
p,,;,k,n and q j,k,n are constants
and L3T'', respectively).
Vertical conductance terms are calculated within the model using data from an
input array, which incorporates both thickness and vertical conductivity in a
single term, using cell areas (horizontal) calculated internally from cell
dimensions. Therefore, the vertical conductance can be expressed,for a vertical
hydrogeological layer g, as follows:

C_
a

Kg x DELR, x DEL C,
Aza

where,
Kg = vertical hydraulicconductivity,
DELRJand DELC, = row andcolumndimensionsrespectively,and
Zg = vertical distancebetweentwo adjacentnodesin the vertical direction(1J,k
and itj, k+1)

In MODFLOW, a term called "vertical leakance"(Vconl) is read, which is
defined as the conductanceof the vertical elementdivided by the cell area,
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incorporating the hydraulic conductivity and the thickness. The program
calculates vertical conductance internally by multiplying Vcont by cell area.

Vcont.ý,k+l/2 -

''.
Azk+,

/2

Boundary cells in MODFLOW can be grouped in two categories: "constant
head cells" and "no flow cells". The first set of cells are those for which the
head is specified in advance, either constant for the entire simulation or as predefined function of time. `No flow' cells are those for which no flow into or
out of the cell is permitted. The remaining cells of the model are termed
"variable head cells", which meansthat their headsare free to vary with time.

MODFLOW allows for a change in the storage term, depending on whether a
cell is under a confined situation during the entire simulation of whether it
changes to a water table situation (unconfined) when the water table falls
below the top of a cell.

If the storage coefficient remains constant during the simulation, the storage
formulation is based on the following expression,that for a cell ij, k is:

AV
Ot

ºiýý.

l. k

X /(ArjAC=AVk)

X

hm
ý"I

_

4m
l

tm -tm-t

where, SS = specific storage of the material, which represents the change of
volume of a unit of porous media due to a unit change in gradient. MODFLOW
uses the concept of "primary storage coefficient" as
SCIJ.

J,k =

SS,.,,,

x (t

r Ac Av.

)

The input to the program for a confined layer is the product of SS,.,,,X Ovk
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For an unconfined layer, the value entered in the program directly is the
both
In
"secondary
termed
the
cases,
coefficient".
specific yield,
as
storage
MODFLOW reads the primary and secondary coefficients and multiplies them
by cell area to calculate the storage term.

B. 2.1.4

Water Balance Formulation

MODFLOW calculates a water budget for the overall model as an independent
check on the acceptability of the solution, as it is calculated independently of

the equation solution process. Each flow component package (recharge,
evapotranspiration, stream, etc) calculates its own contribution to the budget.
The total budget as printed in the output file ("filename. out") does not include
internal flows between cells, but only flows in and out of the entire model.

Inflows are printed separately from the outflows, adopting the following
convention: water entering storage is treated as an outflow from the "flow
system", while water released from storage is treated as an inflow to the "flow
system". The difference between total inflow and total outflow is printed as
percentage difference, which should be kept small for every stress period and
for the entire simulation.

B. 2.1.5

Runtime Parametersand Options

MODFLOW requires a superfile (" rlename.mfs") that stores the names of all
the files needed to perform a simulation. Typical files usually contained in a
superfile are:

(i)

basic package file ('filename. bas") that stores the data that define
the model: number of rows and columns, number of stress periods

andinitial andboundaryconditions,
(ii)

data
bcf")
definition
file
('filename.
the
that
required
stores
aquifer
to define the hydrogeologicaI and geometrical properties of the
aquifer, such as conductivities, storativities, bottom and elevation

for eachvertical layer,type of aquifer,etc.
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(iii)

stressfiles that store the data that define eachof the elementthat
form part of the aquifer system, such as recharge ("filename. rch "),
evapotranspiration ('filename. evt"),

abstraction from pumping

wells (' frlename. wel "), etc.
(iv)

output file where some of the results and the balance calculation
will be stored (filename. out'),

(v)

mathematicalsolver file, which is the file that defines the data
required for each of the algorithms available to solve the matrix
from the finite difference scheme("frlename.pcg' )

Each of the files is stored in ASCII format and can be constructed and edited
either manually or through any of the available commercial interfaces, such as
GMS or Visual Modflow.

B. 2.2

ISIS Flow

B. 2.2.1

Overall Structure

Figure B2.2 presents the overall structure of iSIS. The program is basically
formed by a core routine that manages execution of a simulation, a set of
routines to perform the hydraulic computation for each type of element (by
calculating the coefficients that result from the discretisation of the Saint
Venant equations), a routine to solve the resulting matrix, and a set of routines

to managethe presentationof results.
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Figure B. 2:

Outline Structureof iSIS Flow

B. 2.2.2

Governing equations

River modelling involves interaction of the channeland externaland internal
controls, taking into accountthe conservationof massand momentumof the
water body alongthe channelnetwork.
The movement of water flowing in an open channel is described by the Saint
Venant equations for conservation of mass and momentum. The first principle
is represented by the continuity equation, which establishesa balance between
the rate of rise of water level and the net flow entering a channel reach. The
conservation of momentum leads to the dynamic equation, which establishesa
balance between inertia, diffusion, gravity and friction forces.
Therefore, the governing equations are the continuity equation:
SQ+S+q=O
Sx

St

Where q representsa distributed (i. e. lateral) inflow (m3/s/m).

343

and the momentum equation:

ßxQZ

ag+ a
at

aac

A

H

J+XAX_XAxSf=O

Where, Sf= friction slope, expressedas:

QX Q

Sf

K2

Where K is the channel conveyanceparameter, calculated according to
Manning's equation as:
4
A2
K2

x R3

=
n2

and

R_A

P

R= hydraulicradius,P= wetted perimeterandn= roughnesscoefficient.
For fully sub-critical flow, the program requires an independent boundary
condition specified at both the upstream and downstream ends of the model.
For a fully supercritical regime, two independent boundary conditions (usually
flow and stage) are required at the upstream boundary of the model. Boundary
conditions must be correctly specified since the uniqueness of the solution
depends upon them: a discharge hydrograph upstream and a stage hydrograph
downstream, or a discharge hydrograph upstream and a rating curve
downstream, usually lead to a well posed set of equations.
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In the representation of a river network, channel reaches are separated by
internal boundaries which may be control structures, losses, reservoirs or
junctions (confluences or bifurcations). These boundary conditions impose a
involved.
discharges
between
the
nodes
at
and
relationship
stages

B. 2.2.3

Runtime Parametersand Options

All the data required to define the hydraulic properties of a channel network
file
data
in
ASCII
its
hydraulic
an
are
associated
specified
and
structures
("filename. dat"), that can be created either manually or using the ISIS
Windows interface. The data file also contains the boundary and the initial
conditions required to solve the governing equations of the problem.
Basically, two types of simulations can be performed with iSIS: steady state
(flows and depths constant through time) and unsteady state (flows and depths
iSIS
is
When
the
simulation
time).
performed,
varying with
a simulation
control panel prompts for the run time parameters required to perform a run;

the most importantare:
(i)

name of the data file,

(ii)

type of simulation(steadyor unsteady),
type of solutionmethod(if the choiceis steady),

(iv)

start and endtime of the simulation,
time steprequiredfor the simulation.

(v)

Two types of methods are available to solve a steady state problem: the "direct
is
based
first
The
`pseudo
on the
time
the
method" and
stepping method".
solution of Saint Venant equations (written as ordinary differential equations
for the steady state case) using the Runge-Kutta method and Kirchoirs law to
deal, iteratively, with flow splits at bifurcations and confluences. The strength
of this method is based on the small amount of information required to perform
downstream
for
the
initial
the simulation, as
conditions are not needed, except
This
from
the
method also checks
the
starts.
calculation
end of
network,
where
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whether a solution is grid dependent and, if needed, automatically adds internal
interpolated cross sections, alerting the user on the need of more data to define

a channelreach.
The pseudo-time stepping method is based on the solution of the differential
equations using the same finite difference scheme used for the solution of an
unsteady run (the Preissmann 4-point scheme). Initial conditions (flows and
depths) are required for each node of the system and the steady state run is
achieved by maintaining a constant flow throughout the simulation.

After a run is performed, a seriesof output files are created. The key files are:

(i)

a diagnosis file in ASCII form (" ilename.zzd")

(ii)

a file

in
ASCII
the
containing
steady state results

form

('filename. zzs")
(iii)

")
form
("filename.
file
in
binary
the
a
zzn
with
unsteady results
which can only be accessedthrough the iSIS Workbench.

B. 3

iSISMOD - Runtime Parameters

Table B. 1 presentsthe various prompts that appearwhen iSISMOD is
executed:
Prompt

Description

Example

file identifier >

iSIS datafile

test5.dat

total number of monitors required >

specifies iSIS monitors to

0

checksecondary
information producedin a
steady (s), unsteady (u) or boundary (b)

simulation
choose between steady,

mode >

unsteadystatesimulationor

time (hrs) at which run is to start >
time in (hrs) at which run is to finish >
time step (sec)_>
enter time interval to save data .... >
initial conditions from steady (s) or data

file (d) >

Network check /n) >
Write 07T A file
/n) >
Write ISIS Water uali

Ile

/n) >

boundary mode (hydrological)
of the ISIS simulation
of the ISIS simulation
of the ISIS simulation
of the ISIS simulation
Steady means that initial

u

0
24
360
1
s

conditionsarc readfrom a
previouslyexecutedISIS
steadystaterun.

Check connectivities in ISIS
not applicable.
not applicable.
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n
n

Is coupling with Modflow required (y/n)

-

y

Enter the name of the MODFLOW

File that storesall the file

tcst5a.mfs

Superfile >

names required to perform a

MODFLOW simulation.
Enter ISIS-MODFLOW

control file >

(see below for template)
File that store the connectivity

test5.mIl

betweeniSIS nodesand
MODFLOW cells.
(seebelow for template)
Enter iSIS-MODFLOWplot

file >

File that stores information to

test5.plt

producetime seriesof water

levels for longitudinal
profiles, cross sections and

individual cells.
(seebelow for template)
Table B. 1:

Prompts in an iSISMOD Simulation.

A set of templates of the files required to perform an iSISMOD run is
presented below:
Modflow Superfile L; /llename.mfs")
LIST
Base

26 tests. out
1 test5. bas

BCF3
OUTI
HEAD
CCF
PCC2

11 testS.
10 tests.
-30 test5.
-40 test540.
12 test5.

HT3D
ISIS

-29
31

testS.
test5.

bcf
0c
hed

cc f
pcg

A sulerfile lists all the files
neededby the MODFLOW
program to perform a

simulation.The number
indicateswhat file unit is used
to read and write data.

hff
str

END
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ISIS Datafile (`filename. dat ")
TEST

MODEL
5

d river
eonbin.
0.750

20.000
01001

0.010

inflow

to

+ r. s. rvoir
0.900
0.010
0.010

0.700

0.000

hours

0.001
0.100

e
0.700

0.000

river

gtrivl
0.000

2
1.00
1.00
RESERVOIR

gtrivl
5

EXTIND

LINEAR

0
1000.0

rivlus

98.0
98.0
99.0
100.0
SPILL
rivius

500.0
250000.0
2250000.0
6250000.0

nodal
1.000
4
0.000
1.000
10.000
11.000
RIVER
SECTION
nodal
400.000
S

0.700
199.00
199.00
199.00
199.00

20.500
10.500
10.500
20.500
20.500

0.03000
0.03000
0.03000
0.03000
0.03000

1.000
1.000
1.000
1.000
1.000

20.000
10.000

0.03000
0.03000

1.000
1.000

0.0000

10.000

0.03000

1.000

12.5000

10.000

0.03000

1.000

12.5000

20.000

0.03000

1.000

-12.5000
-12.5000
0.0000
12.6000
12.5000
RIVER
SECTION
nod. 2
0.000
5
-12.5000
-12.5000

OWIDDT

nodd2

InTIAL
label
gtrainl
gtrivl
rivlus
rivids
nodal
nods2

So
0.000
79.000
0.437
79.133
1.380
79.267
2.696
79.400
CONDITIONS
3
glow
10.000
y
10.000
y
10.000
y
10.000
y
10.000
y
10.000
y

p
stags
66.996
66.996
66.996
66.996
66.996
66.386

frouda
no
0.364
0.364
0.364
0.364
0.364
0.364

velocity
2.790
2.790
2.790
2.790
2.790
2.790

u*ods
213.225
213.225
213.225
213.225
213.225
213.225

ustat"
0.000
0.000
0.000
0.000
0.000
0.000

61.000
61.000
61.000
61.000
61.000
60.390

This sample iSIS data file shows a network comprised of a 2-node river
channel reach and a reservoir connected to it by means of an irregular weir
(spill).

Tables B. 2 and B. 3 describe the structure and content of an iSISMOD control
file; the format of the data is indicated in brackets. Figures 6.10 and 6.11 show
two sample control files: one where the interaction is performed with a river
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channeland anotherone wherethe interactionis with a reservoirunit. In both
casesmultiple aquifer cells are defined for an individual iSIS node.

Line
13

12

14

Column
Is

18

67

Header
Header
Keyword (describesthe type of iSIS unit to interact to; i.e. River)

1
2
3
3

(a10)
Interpolation index

Interpolation

Upstream

Downstream

(14)

keyword

contributing factor

contributingfactor
0.2

4

0.2
(a10)
dx (distance to next ISIS node in the iSISMOD control file)

5

0.2)
ncells (numberof aquifer cells interactingwith a single River node)

(t4)
6

6+ncells

iSIS

Layer

Row

Column

Segment

Reach

Hydraulic

Ground

label

index

Index

index

number

conductivity

level

(a10)

number

(14)

(14)

(14)

(4)

iSIS
label

Layer
index

Row
Index

Hydraulic
conductivity

Ground
level

(a10)

Column Segment
index
number

(14)

(14)

(14)

(14)

(14)

Reach
number
(14)

5.10

0.5

5.10)

0.5)

END (keywordrequiredto indicatethat the control file endsat that line)

6+ncells+
1
Table B. 2:

iSISMOD control file for River-Aquifer interaction

Column

Line
1
2

12345678
Header
Header

3

Keyword (describesthe type of iSIS unit to interactto; i. e. RESERVOIR)
(a10)

4

ncells (number of aquifer cells interacting with a single Reservoir node)
(14)

5

Hydraulic
Segment Reach
number conductivity
number
5.10
4
(a10)
(14)
(14)
(14
(14)
Hydraulic
iSIS
Column Segment Reach
Layer Row
label
index Index index
number conductivity
number
075-10)
(14)
(410)
(74)
C4)
(14)
14
END (keywordrequiredto indicatethat the control file endsat that line)

5+ncells

5+ncells+
1

iSIS
label

Table B.3:

Layer
index

Row
Index

Column
index

Ground
level
0.5

Ground
level
0.5

iSISMOD control file for Reservoir-Aquiferinteraction

Where,

ISIS label

label of the node that will interact will the aquifer cells

Layer index

specifiedbelow.
layernumberof eachof the aquifercells(i).
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Row index

row numberof eachof the aquifercells(j).

Column index

column number of each of the aquifer cells (k).

Segment number

NOT USED. Column created if the GMS-MODFLOW

interfaceis usedwith the Streampackage.
Reach number

NOT USED. Column created if the GMS-MODFLOW
interface is used with the Stream package.

Hydraulic conductivity Vertical

hydraulic leakage of the individual cell,

expressed as the hydraulic conductivity divided by
streambed thickness (L/T/L).

Time unit

must be

seconds.
Ground level
Interpolation index

Ground level of the individual cell (L).
between
interpolation
two
that
successive
means
-1:

iSIS nodes is required.Hydraulic leakageand ground
levels are interpolated,whereasthe aquifer map (layer,
row and column indexes) are completed automatically
between the iSIS nodes.
0: meansthat interpolation is not required.

Interpolation keyword ROW: means that interpolation is performed along a
row axis.
COLUMN: meansthat interpolation is performed along
a column axis.

Upstream contributing factor

factor (0-1) that defines the number of cells
that contribute to the river reach defined
between this iSIS node and the ISIS node
located upstream.

Downstream contributingfactor

factor (0-1) that defines the number of cells
that contribute to the river reach defined
between this ISIS node and the ISIS node

locateddownstream.
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A

B

for isis-Rod tlor
Control
tile
Isis node label Layer rev col

Control f ile for leis-nodflee
ia. r. coloa
isi. wa. l. te"1 Ly..
ro . "1 .. awe r"e. a (r. /b) a tl

interaction
seoaent reach

nodal
nodal

1
1

1
1

1
2

1
1

1
2

0.0100000000
0.0100000000

5.000
5.000

19SuRVOI1
694
ger. inl
4rr. isl
gerainl
etralal
gtr. ial

nodal

1

1

3

1

3

0.0100000000

5.000

arr. iel

nodal
nodal
nodal
nodal
nodal
model
nodal
nodal
nodal
nodal

1
1
1
1
1
1
1
1
1
1

1
1
2
2
2
2
2
3
3
3

4
5
1
2
3
4
5
1
2
3

1
1
1
1
1
1
1
1
1
1

4
9
6
7
0
9
10
11
12
13

0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000

6.000
5.000
5.000
5 000
.
5.000
5.000
5.000
5.000
5.000
6.000

4treinl
4trsiai
Vtrainl
4rrelel
qtr. iel
qoreial

1
1
1
1
1
1

1
1
1
t
t
2

7
f
5
1
t
3

acrwu

grr. inl
g000ioi
Ctreinl
4rreinl

1

1
1
1
1

t

t
t
2
2

4 1

6
5
7
S

nodal

1

3

4

1

14

0.0100000000

5.000

qer. L. L

1

2

9 1

15 0.015

99.9

nodal
nodal

1
1

3
4

5
1

1
1

15
16

0.0100000000
0.0100000000

5.000
5.000

1

4

2

1

17

0.0100000000

5.000

.
0.0052
0
29

nodal
nodal
nodal
nodal
nodal
nodal
nodal
nodal
SIVIR
0
9

3
4
5
1
2
3
4
5

1
1
1
1
1
1
1
1

1
t
3
4

99.
ff.
99.
ff.

4
4
4
a
S
d
d
5

3
9
3
3

if
f0
21
9t

1
1
1
1
1
1
1
1

1
I
1
1

0.011
O. O0.

nodal

15
19
20
21
22
23
24
25

0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000
0.0100000000

5.000
5.000
5.000
5.000
5.000
5.000
5.000
5.000

4°raio1.
Vte. inl
qo_
qtrinl

aer. iol

1

3

c 41

tt

o. ott

to.

RIVIR
0
25
400.0

0.0

Now

0

WIN

1.0

.0

1. 0

gtrainl
gtreiel
vrr"
3rr. ie1
arrdnl

1
1
1
1
1

1
1
1
1
1

1
f
3
4
5

1
1
1
1
1

1
f
t
4
$

0.01
0.01
0.03
0.04
0.05

100.0
loo. 0
100.0
100.0
100.0

1

1

c

1

6

0.09

100.0

1
1
1
1
1
1

1
9
9
10
11
12

1
1
1
1
1

3
3
3
3
4

6
7
s
9
1

1
1
1
1

1
1
1
1
1
1
1
1
1

0.07
0.05
0.09
0.010
0.311
D1
.

13 0. ol3

14
11
16
17

24
is
21
27
28

0.014
0.015
0.016
0.017

0.004
0.025
0.051
0.027
0.028

100.0
100.0
100.
99. f
15.1
99.5

ff. s

09.5
99.5
99.5
59.1

19.
91.
99.
99.
94.5

0.0

nod. 2

1

2

6

1

1

0.0010000000

5.000

nod. 2
nod. 2
nod. 2
nod. 2
node2
node2
nod42
nod. 2

1
1
1
1
1
1
1
1

2
2
3
3
3
4
4
4

1
0
6
7
S
6
7
0

1
1
1
1
1
1
1
1

2
3
4
$
6
7
9
9

0.0010000000
0.0010000000
0.0010000000
0.0010000000
0.0010000000
0.0010000000
0.0010000000
0.0010000000

5.000
5.000
5.000
6.000
5.000
5.000
5.000
5.000

RUD

B. 3:

A:

iSISMOD

Sample

interaction

Control

C'filename. mfl")
B:

iSISMOD

Sample Control

("filename. mft")
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File

for Reservoir-Aquifer

interaction

D. 4

Testing of iSISMOD

B. 4.1

Test case 1

B. 4.1.1

Objective and description

This test case aims at verifying the ability of the program to simulate
interaction between an open surface body (simulated by iSIS using a reservoir
unit) and an aquifer. The results obtained were checked against hand
calculations.

The iSIS data file containeda single-nodereservoirwith a constantstage-area
curve.

Two set of control files were used: one with a single aquifer cell interacting
with the reservoir (simulation

1A) and another one with multiple cells

interacting to the reservoir (simulation 1B).

B. 4.1.2

Results

Resultswere comparedin two differentways:
(i)

a two-layer MODFLOW

model was set up. The top layer

(unconfined) was defined to represent an open surface with a
specific yield equal to one. The bottom layer was defined with zero
hydraulic conductivity to simulate the vertical movement of water
due to constant recharge rate. The grid was set to 9 square cells of
83m. The leakage for the reservoir bed was set to 0.01m/day per
metre of streambedthickness.

(ii)

a spreadsheet calculation was carried out to

calculate the

for
the
heads
by
the
equations
simplified
groundwater
solving
vertical movement of water.

352

Figure

B. 4 and Table B. 4 show the various

obtained from

outputs

the

simulations:

MODFLOW schematic, with the iSIS node (red dot) located in the centre

Figure B. 4A:

cell (row=3, column=3)

CUMULATIVE

VOLUMES

CUMULATIVE

L"*3

L-3

____-__-----------

-----------------IN:

IN:

STORAGE CCNSTANT HEAD RECHARGE ISIS

VOLUMES

LEAKAGE

TOTAL
OUT:

IN

0.00000E+0D
0.00000E+00
0.11250E+06

-

0.00000E+00

-

0.11250!

STORAGE CONSTANT HEAD RECHARGE ISIS
LEAKAGE TOTAL OUT IN - OUT PERCENT DISCREPANCY
-

STORAGE CONSTANT HEAD RECHARGE -

0.00000E+OD

-

0.112501+06

STORAGE CONSTANT HEAD RECHARGE ISIS
LEAKAGE -

0.10392E+06
0.00000E+00
0.000001+00
8583.2

TOTAL OUT IN - OUT DISCREPANCY
-

0.11250E+06
1.1406

IS15

+06

LEAKAGE

TOTAL
OUT:

61724.
0.00000E+00
0.000OOE+OD
50774.
0.11250E+06
1.0547
0.00

0.00000E+0O
0.00000E+00
0.11250E+06

PERCENT

IN

0.00

AB
Figure B. 4B:

closure of the internal MODFLOW

mass balance (captured from the

MODFLOW output file "filename. out"). A. simulation IA and B: simulation
1B.

Simulation IA

Simulation 1B

Leakage as presented in MODFLOW balance (m)

50774

8583

Water level in the reservoir at time 0 (m)

98.7

98.7

Water level in the reservoir at end of simulation

105.94

99.89

Area of reservoir (m)

6944.45

6944.45

Change in Storage (rn)

50277

8264

Discrepancy (%)

0.98

3.79

(m)

I able D.4:

closure of the ISIS mass balance, taking into account leakage.
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Figure B. 4C:

time series plot of head in the reservoir for both simulations, illustrating how
the model reaches a higher level when the interaction takes place with all the
MODFLOW

cells. Variation of head for simulation lB is shown in red.

Variation of head for simulation IA is shown in blue.

The water level at the end of each run compared satisfactorily to results
obtained from the hand calculations.

B. 4.2

Test case2

B. 4.2.1

Objective and description

This test case aims at verifying the capability of the program to simulate
interaction between a reach of river channel (simulated by iSIS using a river

unit) and an aquifer, under steady state conditions.

The iSIS data file consisted of a river reach of rectangular cross section, with a
constant flow boundary at the upstream end and a rating curve at the
downstream end.
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A single layer MODFLOW

file was set up with all cells defined as constant

head boundaries in order to force a steady state solution from the interaction
with iSIS. No external stresseswere defined in the aquifer.
The control file for the simulation was defined with a set of 25 cells interacting
with the upstream node of the first river reach and 9 cells interacting with the
downstream node of the same reach. For the downstream set of cells a reduced

hydraulic conductivity was defined.

B. 4.2.2

Results

Figures B. SA and B. 5B and Table B. 5 show the set of outputs for this test case.

Figure B. Sa:

illustrates the schematic with the MODFLOW grid and the river channel.
The red dots in each cell indicate that a constant head boundan was used.

A mass balance comparison was carried out in order to prove that, when the
steady state is reached, the difference in flow entering and leaving the system
equals the amount of leakage entering from the aquifer. Table B. 5 presents the
results obtained from the calculation.
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Flow leaving the channel (m /s)

185

Leakage into the channel (m 3/S)

35

(calculated

(volume is 3,053,500m)

as total leakage volume

divided by total length of time)
cable 13.:

Mass balance calculation.

Figure B. 5b shows the variation of flow with time for the upstream and

Figure B. 5b:

Flow-time hydrographs at the beginning and end of the river channel
simulated with iSISMOD.
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B. 4.3

Test case3

B. 4.3.1

Objective and description

This test case aims at verifying the capability of the program to simulate
interaction of a more complex channel network with an underlying aquifer. The
channel network is comprised of a reservoir, linked via a spill unit to a river
defined by a set of extended cross sections to represent the floodplain. The
river is 32.5km long, and each cross section is approximately 4.5km wide.

The aquifer was schematised with two vertical layers (the lower one being
confined by the upper one) and each layer was divided into 66 rows and 40
columns. The grid size of the aquifer was set as a variable row width, varying
from 25m (corresponding to the main channel) to 500m (corresponding to the
floodplain). The column width was a constant value of 500m.

The aquiferwas stressedby a daily rechargerate of 0.20m/day.
The river network startedthe simulationwith a constantbaseflowof 1ma/sat
the top of the channel.

Two simulations were carried out:

Simulation 3A:

between
interaction
the reservoir and the
the
where only
aquifer is allowed.

Simulation 3B:

the interaction takes place between the reservoir and the
river system.

The objective of splitting the test case in two simulations was to determine the
leakage that enters the reservoir and the river separately, in order to perform a
water balancefor the reservoir and for the river independently.
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B. 4.3.2

Results

Figures B. 6 to B. 8 and Tables B. 6 and B. 7 show the various outputs obtained
from the simulation

Figure B. 6:

Schematic of model. The red dots indicate all the cells that interact with the
reservoir node, whereas the blue segments denote the river channels.

Tables B. 6 and B. 7 summarise the mass balance calculated for the entire
model.

B. 4 3.2.1

Simulation 3A

Aquifer (values in millions of m)

CUMULATIVE

VOLUMES

L**3

-----------------IN:
STORAGE _
CONSTANT HEAD RECHARGE =
Isis
LEAKAGE TOTAL IN =

0.85513E+06
0.00000E+00
0.54000E+09
0.00000E+00
0.54086E+09

OUT:
STORAGE
CONSTANT HEAD
RECHARGE
ISIS
LEAKAGE
TOTAL OUT
IN - OUT
PERCENT DISCREPANCY

=
-

0.44085E+09
0.00000E+00
0.00000E+00
0.99993E+08
0.54084E+09
11776.
0.00

35

Open channel network (values in millions of m')

Flow entering the reservoir (m)
Leakage into the reservoir (m)
Total inflow (m

0
100.0
100.0

Flow out of the reservoir via the spill unit (m)
Leakage out of the reservoir (m)
Total outflow (m)

64.8
0
64.8

3)

Change in storage

38.6

- reservoir

Balance (m)
Discrepancy (%)
Table B. 6:
Mass balance calculation.

Above:

output from iSIS.

Simulation 3B

Aquifer (values in millions of m3)

CUMULATIVE

VOLUMES

L**3

-----------------IN:
STORAGE
CONSTANT

ISIS

HEAD

-

0.77099E+06

-

0.00000E+00

RECHARGE LEAKAGE =

0.54000E+09
D. 00000E+00

TOTAL

0.54077E+09

IN

=

OUT:

STORAGE CONSTANT

ISIS

-

RECHARGE LEAKAGE =
TOTAL
IN -

PERCENT

HEAD

0.25434E+09
0.00000E+00

0.00000E+0O
0.28644E+09

OUT

-

0.54078E+09

OUT

-

-4800.0

DISCREPANCY

extracted

from

Below: for the reservoir calculated manually using relevant

MODFLOW.

B. 4.3.2.2

3.4
3.4%
for the aquifer.

0.00

=

359

Open channel network (values in millions of m3)

Flow entering the river via the spill unit (m3)
Total leakage into reservoir and river (m)
Constant Baseflow (m)
Leakage entering the river system (m)
Total inflow (m)

64.8
(286.4)
2.6
186.4
253.8

Leakage out of the river (m)
Flow out of the river system (m)
Total outflow (m)

0
229.5
229.5

Change in storage (m) - river

24)

Balance (m)
Discrepancy (%)
Table B. 7:
Mass balance calculation.

Above:

-4.3
1.7
for the aquifer.

extracted

from

MODFLOW. Below: for the river calculated manually using relevant output
from iSIS.

Figure B. 7 shows the variation of head and flow in key locations of the system,
whereas figure B. 8 presents the maximum and minimum

level in a cross

it.
into
from
leakage
the
the
the
enters
aquifer
section of
system, as

guI;

". It

.

3iagc-I11U.

III Lilt; , cbwvv

uun.
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Figure B. 7B:

Figure B. 7C:

Figure B.8:

Stage-Time (blue) and Flow-Time (red) in the spill unit.

Stage-Time (blue) and Flow-Time (red) at the end of river channel

Extended cross section of the river, showing the minimum and maximum
water level achieved due to the leakage entering from the aquil'cr.
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B. 4.4

Test case4

B. 4.4.1

Objective and description

This test aims at simulating the bank attenuation effect that results from GWSW interaction when a flood wave passes along a stream. This exercise has
iSISMOD
by
Sauer
(1971).
An
been
Pinder
run
and
already
solved numerically
was performed using the same data used in the paper by Pinder and Sauer
(1971) and results compared to those obtained by those authors. Data are
expressed in the original units used by Pinder and Sauer (feet) for consistency
with their paper. The ISIS data file consisted of a single channel with the
following dimensions, obtained from the aforementioned paper:

"

channel length = 51850m (170,00011) with nodes at 610rn
spacing (2000ft)

"

slope=0.001

"

(100ft)
30.48m
=
rectangular cross section of width

"

Manning's roughness of 0.03858

"

inflow hydrograph defined by a cosine function with an initial
value of 510 cumecs.

The observation points chosen for testing were: node I (Oft), node 25
(50,000ft) and node 70 (140,00011).The MODFLOW data file consisted of an
unconfined aquifer with the following characteristics:

0

single layer model with a land surface elevation of 305m
everywhere except at the river, where the surface elevation
coincides with the bottom of the river.

0

aquiferstorativity/specificyield of 0.25.

0

(0.011Usec).
263.3m/day
aquifer permeability
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grid dimensions: vertical spacing of' 610m (in the direction of

"

the stream), horizontal spacing of 30m everywhere except near

either bank of the stream where the spacing was set at 15nm
boundary conditions set to zero flow all around the aquiicr.

0

B. 4.4.2

Results

The importance of simulating SW-GW

interaction to predict the attenuation

due to banks storage effect when a flood wave passes along a stream was
demonstrated

by Pinder and Sauer (1971),

reproduced by iSISMOD.

and it was also satisfactorily

Figures B. 9 to B. 11 and Table B. 8 show the results

of this test case.
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Figure B. 9:

Effect of leakage in a node located 5O,000f
channel.
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from the beginning of the
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Figure B. 10:

Effect of leakage in a node located 140.000ft from the beginning of the
channel.

Table B. 8 summarisesthe massbalancealong the river network.

Aquifer (values in millions of m)
CUMULATIVE

L**3

VOLUMES

-----------------IN:
STORAGE
CONSTANT HEAD
ISIS
LEAKAGE
TOTAL IN
OUT:

"
=
-

STORAGE CONSTANT HEAD =
ISIS
LEAKAGE
TOTAL

0.00000E+00
0.10875E+07
0.14360E+07

0.14061E+07
0.00000E+00
29935.

OUT

=

0.14360E+07

- OUT
DISCREPANCY

-

0.12500

IN

PERCENT

0.34851E+06

0.00

-
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Open channel network (values in millions of m)

Flow entering the river channel (m)

19.98

Leakage into the river (m)

0.03

Total inflow

3)

20.01

Flow out of the river channel (m)

19.0

Leakage out of the river (m)

1.09

Total outflow (m)

20.09

Change in storage (m)

-0.014

Balance

(m)

0.066

Discrepancy (%)
Table B. 8:

0.3%
Mass balance calculation.

Above:

for

the aquifer.

extracted

frone

MODFLOW. Below: for the river calculated manually using relevant output
from iSIS.

Figures B. 9 and B. 10 show that there are some small differences between the

results predicted by iSISMOD

and those published in the paper. The

documentation of the MODBRANCH

program also included, as one of the two

test cases, the same example of Pinder and Sauer (1971), showing a close
agreement in the predicted leakage effect in the propagation of'the flood wave.
However

MODBRANCH

development

uses a different

approach

for

the

schematization of the open channel and aquifer interaction, leading to a
different formulation of the leakage expression of the continuity equation The
is
by
MODBRANCII
that
there
one river node at
assumes
schematization used
the beginning and end of each aquifer cell, which means that there is a single
groundwater head interacting with each river reach. Figure B. 1I compares both
approaches.
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Node i

Node i+1
" (Node i)

" (node i+l)

i

Icell

cell i

Celli +l

cell i+l

iSISMOD Approach

MODBRANCH Approach

Ql=0xKx(h;

)_H]
+h,
QI, Kxr(h, +,

(1-B)xKx(h,

Figure B. 11:

)+
+, -H, +,
+H, )

L2

'J

Leakagecalculation in iSISMOD and MODBRANCH. In both casesK is
conductance.

The different approach used in iSISMOD, compared to the one used by
MODBRANCH, results in a faster and larger contribution from the river to the
aquifer at the beginning of the flood wave propagation that raises the
groundwater heads more rapidly, decreasing the effect of leakage as the time
passes.

Smaller differences could be expected when digitizing the results obtained by
Pinder and Sauer (1971), and from the mathematical solver used by each open
channel flow program: ISIS Flow and BRANCH.

B. 4.5

Test case 5

B. 4.5.1

Objective and description

The final test casewas designedto test that the modificationsmadeto the iSIS
program did not affect the normal solution when the no coupling option is
chosen. A complex data file from the Rio Salado Master Plan project was
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selected and run using iSISMOD.

Results were compared with those obtained

running iSIS Flow version 2.1.

B. 4.5.2

Results

Figure B. 12 shows a flow and a level hydrograph

at two locations of the

system, with no noticeable differences between the two solutions. It may be
concluded that iSISMOD

preserves the computational

characteristics of the

ISIS model when no interaction with groundwater occurs.

Figure B. 12:

Above: level-time hydrograph. Below: Ilow-time hvdrograph.
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APPENDIX
C-

RUN LOGS

Test Case 1- Simulation 1A (iSISMOD)
File

Name

Comments

ISIS datafile

9cells.dat

Area of the reservoiris equalto the areaof one
cell

Modflow Superfile

9cells.mfs

ISISMOD Control file

9cellslA. mfl

The only stress included was recharge to the
uppermost layer.
Only the centred cell is linked to the ISIS label for
the reservoir.

ISISMOD Plot file
ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress
riods

9cells.plt
0
864
86400

Length of stressperiod

Ida

36

Test Case 1- Simulation lß (iSISMOD)
File

Name

Comments

ISIS datafile

9cells.dat

Modilow Superfile

9cellsc.mfs

ISISMOD Control file

9cellslB.mfl

Area of the reservoiris equalto the areaof one
cell
The only stressincludedwasrechargeto the
u rmost layer.
The 9 Modflow cells of the top layer arc linked to
the ISIS label for the reservoir.

ISISMOD Plot file
ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress
periods

9cells.plt
0
864
86400
36

Lengthof stressperiod

Iday
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Test Case 2 (iSISMOD)
File

Name

ISIS datafile

dat
test6.

Modflow Superfile

test5a.mfs

ISISMOD Control file
ISISMOD Plot file

test5.mfl
test5. It

ISIS Start time (hrs)
ISIS End Time (hrs)

0
24

ISIS Time step (sec)
MODFLOW Stress
periods

360
24

Length of stressperiod

1 hour

Comments
The only stress included was recharge to the
uppermost layer.
Modflow cells only interact to node 1 and node 2.

Test Case 3- Simulation 3A

File
ISIS datafile

Name
dat
aqtest4r.

Modflow Superfile

aqtest4,mfs

ISISMOD Control file

a testr4.mll

ISISMOD Plot file
ISIS Start time (hrs)
ISIS End Time (hrs)

a test3. lt
0
720

ISIS Time step(sec)

150

MODFLOW Stress
nods

30

Length of stressperiod

1 da

Comments

Test Case 3- Simulation 3B (iSISMOD)
File
ISIS datafile

Name
dat
agtest4r.

Modflow Superfile
ISISMOD Control file
ISISMOD Plot file

a test4.mfs
rcs.mfl
a test3. lt

ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress
periods

0
720
150
30

Length of stressperiod

1 day

Comments
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Test Case 4 (iSISMOD)
Comments

Fite

Name

ISIS datafile

Pinderfdat

Modtlow Su rfile

Pinder f mfs

ISISMOD Control file
ISISMOD Plot file

Pinder f. mtl
Pindcr f. p1t

ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress periods

0
10
300
120

Lcngthof stressperiod

5 minutes

Test Case 5 (iSISMOD)
File

Name

Comments

ISIS datafile

sal85_39.dat

File usedto reproducethe calibration
eventof 1985in the Rio Salado.

Modflow Su rfile

not applicable

ISISMOD Control file

not applicable

ISISMOD Plot file

not applicable

ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)

450

MODFLOW Stressperiods
Length of stressperiod.

licable
not
not a licable

The adaptive time step option was
used originally in the project. 45Osec
was the minimum time step used.

--1

Run 2 (iSISMOD)
File

Name

Comments

ISIS datafile
Modflow Superfile

swlinfpar5.dat
run2.mfs

Test areaISIS model

ISISMOD Control file

run2.mi1

ISISMOD Plot file
ISIS Start time (hrs)

sections. lt
0

01/01/1996

ISIS End Time (hrs)

289272

31/12/2029

ISIS Time step (sec)
MODFLOW Stress nods
Length of stress riod

3600
12053

saving every 24 time steps

1 day
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500m aquifer model with daily
infiltration

Run 3 (iSISMOD)
File

Name

Comments

ISIS datafile

swlinfpar5. dat

Test area iSIS model

Modflow Superfile

run3.mfs

500m aquifer modelwith daily
infiltration

ISISMOD Control file
ISISMOD Plot file
ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress periods

run3. mfl
sections. lt
196520
236700
3600
1675
1 da

Length of stressperiod

02106/1985
01/01/1990
24 time steps

saving eve

Run 5 (MODFLOW)
Name

Comments

Modflow Superfile

run5.mfs

500m aquifer model with daily
infiltration

ISISMOD Control file
ISISMOD Plot file

-

File

ISIS datafile

ISIS Start time (hrs)

02/06/1985

-

ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress nods

1675

Length of stress riod

1 da

01/01/1990

Run 6 (iSISMOD)
File

Name

Comments

ISIS datafile
Modflow Superfile

swlinfpar5. dat

Test areaISIS model
500m aquifer modelwith daily
rainfall

ISISMOD Control file
ISISMOD Plot file
ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress periods

run6. ml1
196520
236700
3600
1675

Length of stressperiod

1 day

run6.mfs

02/06/1985
01/01/1990
saving eve
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24 time steps

Run 7 (iSISMOD)
File

Name

Comments

ISIS datafile

swlinfpar5. dat

Modflow Superfile

run7.mfs

Test area iSIS model
500m aquifer model with daily
rainfall

ISISMOD Control file

run7.mfl

ISISMOD Plot file

sections. lt

ISIS Start time (hrs)
ISIS End Time (hrs)

0
289272

01/01/1996
31/12/2029

ISIS Time step (sec)
MODFLOW Stress periods
Length of stress period

3600
12053
1 da

saving eve

File

Name

Comments

ISIS datafile

-

24 time steps

Run 11 (MODFLOW)

Modflow Superfile

runt l. mfs

ISISMOD Control file
ISISMOD Plot file

-

500m aquifer model with monthly
infiltration

ISIS Start time (hrs)

01/01/1963

ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress periods

31/12/1995

395

Length of stressperiod

30.44days

-

Regcal (MODFLOW)
File

Name

ISIS datafile

-

Comments

Modflow Superfile

5k-59.mfs

ISISMOD Control file
ISISMOD Plot file

-

ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec
MODFLOW Stress periods
Length of stress period

5000maquifer model with monthly
infiltration

01/01/1963

-

31/12/1995

395
30.44 days
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Reg has (MODFLOW)
File
ISIS datafile

Name

Comments

Modflow Superfile

5k-60. mfs

5000m aquifer model with monthly
infiltration

ISISMOD Control file

-

ISISMOD Plot file
ISIS Start time (hrs)

01/01/1996

-

ISIS End Time (hrs)
ISIS Time step(see)
MODFLOW Stressperiods
Length of stressperiod

31/12/2029

395
30.44 days

RUN 8 (MODFLOW)
Comments

Fite
ISIS datafile

Name

Modflow Superfile

run8. mfs

ISISMOD Control file
ISISMOD Plot file

-

ISIS Start time (hrs)
ISIS End Time (hrs)

ISIS Time step(sec)
MODFLOW Stress riods
Length of stress riod

-

5000m aquifer model with monthly
infiltration and 1.5m extinction depth
instead of 3m

01/01/1963

-

31/12/1995

-

395
30.44 days

RUN 9 (MODFLOW)
File

Name

ISIS datafile

-

Modflow Superfile

Comments

run9.mfs

5000maquifer modelwith monthly
rainfall

-

01/01/1963
31/12/1995

ISISMOD Control file
1SISMOD Plot file

ISIS Start time (hrs)
ISIS End Time (hrs)
ISIS Time step (sec)
MODFLOW Stress riods
Length of stress period

395
30.44 days

Notes:
(1) The extinction depthof the evapotranspirationmoduleof the MODFLOW modelwas
3m.
(2) The potential evapotranspirationseriesconsistof monthly values.
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Flood Probability Maps (FPM)
Name of FPM (image file
bfrmrda.img

Description
5000m/basclinc/monthly
infiltration/basin

Associatedran
rcg bas

rmap_rc. img

reg cal

bfrmw. img

5000m/calibration/monthly
infiltration/basin
5000m/baselinctmonthly

rcg_bas

rmap rcw.img

infiltration/test area
5000m/calibration/monthly

reg cal

neap nc. img

infiltration/test area
500m alibration/monthly

run 11

run2.img

infiltration/test area
500m/baseline/daily

run 2

infiltration/test area

run7.img

500m/baseline/daily
rainfall/test area
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run 7

APPENDIX
D-

HOW TO

D. 1

Introduction

This appendix summarizes the key procedures that would be required to
reproduce any of the results presented in the main body of this thesis. Also it
lists the key utilities developed as part of this research and included in the
program called iSISMOD-utils.
D. 2

How To

D.2.1

Setup an iSISMOD model(major steps)

(i)

...

In GMS, define location of 3D grid and discretization in horizontal
and vertical direction (Grid/Create Grid)

(ii)

Export 3D grid to 2D grid for future manipulation of 2D raster data
(Grid/Grid to 2D Grid)

(iii)

Define basic packages that will be used to make the groundwater
component of

the model, for

example: Evapotranspiration,

Recharge, River, Stream (Modflow/Basic Package/Packages) This
operation will just initialize each of the packages for its future
completion with actual data (see How to complete data for each
package)
(iv)

Populate each of the stress packages, with data depending on the
type of stress.
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(v)

Define hydrogeological data for each groundwater layer: type of
layer

(confined/unconfined),

hydraulic

conductivity,

storage

coefficient and vertical conductivity (Modflow/Block Center Flow
Package).
(vi)

Define Stressperiod length, number of stress periods and number of
time steps required within a single stress period (Modfow/Basic
Package/StressPeriods)

(vii)

Define type of boundaries. This implies the assignmentof a specific
code

for

each cell

in

the

ibound

array

(Mod)7ow/Basic

Package/Ibound), as follows: -1 (fixed head), 0 (zero flow), +1
(variably head/flow).
(viii)

Define starting heads (initial conditions). Enter 2D data for each
layer (ModflowBasic Package/Starting Heads)

(ix)

Create basic Modflow superfile (mfs) containing the instructions to
read the different files by MODFLOW (Modflow/Save simulation).

(x)

Edit superfile to suit iSISMOD. Edit mfs file and delete all inverted
instruction:
line
line.
in
Also,
the
containing
commas each
add a
"ISIS

31 filename.str", to indicate that coupling with iSIS is

required. It is recommended that the original mfs file is preserved
so that a Modflow interface can still be used to edit basic files and
read results.
(xi)

Edit Basic File (bas) to include in the fourth line the instruction to
file
31, as follows
read
"11 000

19 0 020 000

10 12 00000

(xii)

Create iSIS data file (dat)

(xiii)

Create iSISMOD control file (.mfl)

(xiv)

Create iSISMOD plot file (p1t)
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021 000

031"

D. 2.2

Populate Modflow packages

Populatingthe eachof the basicfiles can be performedin any of the following
ways:

(i)

editing an existing file and importing it using the Modflow interface
via the corresponding package menu.

(ii)

filling the necessary values in each package menu. This is not
normally recommended as it would have to be done manually for
each stress period. GMS permits to speed up this process by
specifying whether data from previous stressperiod is repeated.

(iii)

using the map module of GMS. This feature permits to draw points,
lines or polygons assigningto each of them the data required by any
Modflow package. GMS permits to then "map to Modflow" each of
the coverages filling automatically the data arrays of each package
(in Map Module, Feature Objects/Map to Modf ow). This is the
recommended option.

D. 2.3

Generate iSISMOD control file

Generating the control file involves three steps:

(i)

the definition of which Modflow cells are associatedto each ISIS
node,

(ii)

the specification of the ground level associated to each Modllow
cell,

(iii)

the completion of the file with the specification of the remaining
parameters such as hydraulic conductivity and other keywords.

Points (i) and (ii) can be done by:

a. constructing polygons in any mapping software (ArcView,
AutoCad or GMS itself) and naming them preferably with the

associatediSIS nodelabel.
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b. assigning a value of
falling
into
it
to
cell
each
each
polygon,
-1
means to each cell that will interact with ISIS. Export this
information as a 2D data file.
c. export ground data (normally from the evapotranspiration
surface used in the Modflow ET package) to a 2D data file.
d. Run iSISMOD-utils, option 19, to generate the Modflow cdh
file with the head-time series associatedto each cell. This utility
required entering the following data:

i. iboundfile
ii. Numberof rows andcolumns
iii.

local 2D headsfile containing ground data

The rest of the operations consist of data manipulation that can be performed in
Excel.

D. 2.4

Create MODFLOW Recharge and Evapotranspiration input files

from externalASCII files
This operation was originated with the need to convert HYSIM files (.xys) into
Modflow files. A typical xys file has the following format:

XY1 1 396 0000 "Infiltration

1963 to 1995 nw"

1

0.0002238

i. e value of infiltration in m/day for stress period 1

2

0.0003193

3

0.0049082

4

0.0010669

5

0.0005223

6

0.001225

headerline

...
...
...
...
i. e value of infiltration in m/day for stress period 6

iSISMOD-utils, option 26, convertsthis file into a Modflow rch (recharge)or
et (evapotranspiration) file:

(i)

run iSISMOD-utils, option 26

(ii)

enter xys file
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(iii)

enter initial and final stressperiod

(iv)

enter output time (daily or monthly)

(v)

file
is
ET
an
required
enter whether a recharge or

(vi)

enter whether replication of data is required (this would be required
if an average monthly value had to be used on a daily basis, in the
absenceof any better data)

D. 2.5

Generate nested models

A nested model is a model (local) formed with data from another larger
(regional) model. Once a local grid is constructed for the local model, then the
following steps are required to pass data from the regional model (at a given
resolution) to the local model (at a different, smaller resolution).

Export the 2D data array set from the regional model from

(i)

bottom
local
(i.
be
data
is
to
the
to
e.
model
passed
which
elevation of a particular layer)
(ii)

Convert the regional 2D data array to a scatter set of data points.

(iii)

Read the local 2D grid file.

(iv)

Interpolate from the regional 2D scatter set of data to the 2d
local grid.

(v)

D.2.6

Repeatsteps1 to 4 for eachdataarrayrequired.
Generatehead-timeboundaryfiles

This is mainly required when a nested model is developed and boundary
from
local
(in
form
for
head-time)
the
the
a
required
model
are
conditions
of

regionalmodel.The stepsto be followed are:
(ii)

Use the ibound array to specify a value of -1 in each cell of the
local model for which head time data from a regional model is
required.

(iii)

Export ibound arrayin ASCII format.
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(iv)

Readthe 3D data set from the regionalmodelfrom which datais to
be extracted.

(v)

Export regional 3D data to a regional 2D data array.

(vi)

Convert the regional 2D data array to a scatter set of data points.

(vii)

Read the local 2D grid file.

(viii)

Interpolate from the regional 2D scatter set of data to the 2d local
grid.

(ix)

Save new local 2D data file.

(x)

Run iSISMOD-utils, option 19, to generate the Modflow cdh file
with the head-time series associated to each cell. This utility
required entering the following data:

a. ibound file

b. Numberof rows andcolumns
c. starting headsfile
d. local 2D headsfile

e. enterwhethera daily or monthlyboundaryfile is required.
D. 2.7

Extract time seriesfrom a MODFLOW 2D results file

This process has to be carried out by running iSISMOD-utils, option 27:

(i)

run iSISMOD-utils, option 27

(ii)

enter file defining the cells for which results are required (this file
has the same format as the iSISMOD plot file, plt)

(iii)

enter initial and final stress period for which results are to be
extracted

(iv)

enter output time as a multiple integer of the stressperiods.

(v)

enter number of rows and columns

(vi)

enter type of output required (i. e. for single or multiple cells)

(vii)

enter file with groundwater headsin 2D ASCII format

The result of this operation is a file for each plot defined in the. plt file with the
following format:
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format for a single cell output

format for a multiple cell output

time 1 value 1

time 1

time 2 value 2

cell 1 value 1

time 3 value 3

cell 2 value 2
cell 3 value 3
time 2
cell 1 value I

""""

cell 2 value 2

time n

cell 3 value 3

value n

D. 2.8

Generate flood probability maps (FPMs)

FPMs are generated running iSISMOD-utils, option 30.

(i)

run iSISMOD-utils, option 30,

(ii)

enter 2D data file containing the headsfrom layer 1 of an iSISMOD
model,

(iii)
(iv)

enterstart and endstressperiod of analysis,
for
bounding
define
the FPM
the
that
rectangle
enter coordinates
and the number of row and columns that define the grid of the
model. This file is provided in the format used by IDRISI to
documentrasterimages.
file title :
data type : real
file type : ascii
columns
rows

: 140
: 140

ref, system: gkf5
ref. units :m
unit dist. : 1.0000000
min. X:

5285000.0000000

max X:

5355000.0000000

min. Y

: 6015000.0000000

max. Y

: 6085000.0000000
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(v)

(2D
data
data
file
file) required to perform
read
with ground
by
flood
flood/no
the
comparing the surface
situation
evaluation of
water level with the ground level.

(vi)

flood
(i.
interval
to
e. when surface
situations
count
enter
over which
be
level).
interval
is
The
level
a multiple
must
ground
above
water
of the stressperiod.

The utility then performs the following computations:

image
for
IDRISI
every stressperiod,
generates
a.
an
b. computes the number of flood situations over a period of time
frequency
for
flooding
the
each raster element.
c. calculates

co

o
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