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ABSTRACT 

Azzali, S., W.G.M. Bastiaanssen, M. Menenti, H. de Brouwer, A.M.J. Meyerink, J. Maza, 
A.W. Zevenbergen, 1991. Remote sensing and watershed modelling; towards a hydrological interface 
model. Wageningen (The Netherlands), DLO The Winand Staring Centre, Report 48.124 pp.; 17 Figs; 
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The objective of this study is to identify the possibility of commercializating remote sensing products 
and services in the field of Hydrology. More in detail, the possibility of combining GIS and Image 
Processing System has been assessed in such a way that it can be used as an input and output generator 
for a large spectrum of hydrological models, i.e. a Hydrological Interface Model. The basic information 
system selected for this study is IL WIS (Integrated Land and Water Information System), a PC-based 
Geographic Information System (GIS) which integrates image processing capabilities, tabular databases 
and conventional GIS characteristics. With the aid of such a Hydrological Interface Model, it is expected 
to improve the matter of detail in modelling hydrological processes in a watershed. 
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PREFACE 

In 1989 the Netherlands Remote Sensing Board (BCRS) awarded a contract to NEDECO 
(Netherlands Engineering Consultants), being the representative organization for the 
Dutch private remote sensing industry, to conduct a study into commercialization of 
remote sensing products and services. In this study nine fields of applications were 
identified, the state-of-the-art in each of the field was analyzed and priorities were 
indicated for development. Subsequently, in 1990 a call for proposals was issued by 
the BCRS in four of the major promising topics, i.e. environmental monitoring, 
integration of remote sensing and GIS, hydrology, and agrometeorology and crop yield 
prediction. The entire remote sensing community in the Netherlands, both private and 
governmental, was invited to submit proposals. 

For the topic Remote Sensing and Hydrology a contract was awarded in 1990 to a 
combination of the International Institute for Aerospace Surveys and Earth Sciences 
(ITC) from Enschede, DLO the Winand Staring Centre for Integrated Soil and Water 
Research from Wageningen and IWACO, Consultants for Water and Environment, from 
Rotterdam. 

The outcomes of the study were presented in the BCRS report series (BCRS 90-42). 
The present SC-report aims to disseminate the study results to the international 
hydrological community. 



SUMMARY 

The objective of this study is to identify the possibility combining GIS and Image 
Processing System with a spectrum of hydrological models, i.e. a Hydrological 
Information System. 

The basic information system selected for this study is ILWIS (Integrated Land and 
Water Information System) containing processing capabilities, tabular databases and 
conventional GIS characteristics. The proposed analysis is focused on the state of the 
art in the fields of remote sensing and hydrology indicating also the possible trends of 
combining the two mentioned fields and priorities for further commercial development. 

The developments taking place in hydrology with respect to remote sensing and GIS 
are discussed in Chapter 2. Chapter 3 deals with the hydrologie processed in watershed 
and a categorization of hydrological models. In Chapter 4 the selection of representative 
models for each category is presented, including an extensive description of each selected 
model. Chapter 5 gives the current possibilities and the extensions of ILWIS required 
to come to a versatile data processing system that can be used in combination with a 
variety of hydrologie models. An overview of users in the field of hydrological 
applications is presented in Chapter 6. In Chapter 7 examples are shown of remote 
sensing and GIS applications in the different hydrological processes. Finally, in 
Chapter 8 recommendations are given for a continuation of this study. 



1 INTRODUCTION 

1.1 Scope 

The aim of the study is to identify an extension to a combined GIS and Image 
Processing System, in such a way that it can be used as an input and output generator 
for a large variety of hydrologie models, i.e. a Hydrological Information System. The 
basic information system selected for this project is ILWIS (Integrated Land and Water 
Information System), a high performance PC-based system, under development at ITC. 

The approach of the study can be divided in six steps: 
1 Literature search into various kinds of hydrologie models and classification of models 

in categories of hydrologie processes; 
2 Examples of current use of remote sensing and GIS in each of the hydrologie 

processes; 
3 For sample models in each category: where can remote sensing be used to generate 

input parameters and what pre-processing can be performed in a GIS; 
4 Extensions of ILWIS needed to use it effectively in combination with the range of 

hydrologie models; 
5 Outline of product development: required efforts; 
6 Identification of target group: current practise and wishes. 

In the last 20 years a large number of areal numerical models have been developed to 
describe quantitatively regional hydrologie processes of various nature. Applications 
of models vary from arid to humid areas and cover practically all types of climates. A 
common characteristic of many so called distributed parameter hydrologie models is 
the assignment of parameters for homogeneous subareas. Subsequently, these 
homogeneous subareas are linked with the hydrologie network such as rivers or canals. 
Assigning parameter values to subareas is often done by means of empirical tables or 
using transfer functions. This approach is repeatedly employed in many types of 
hydrologie models and will be considered in this study. 

The study towards hydrological processes is nowadays being subjected to a change of 
scale. Such trend indicated that more attention is driven from local hydrological 
processes to regional processes. It has been shown in the course of time that local 
hydrological models are less investigated than regional scale models. International 
Symposia organized by various associations like IAHS and organizations as UNESCO, 
WMO, FAO both recognized and recommended to give more attention to regional 
investigations e.g. the Workshop on New Approaches in Water Balance Computations 
(IAHS n°. 148, 1983) and the International Symposia on Water for the Future (IAHS 
n°. 164, 1987). 

Hydrological processes are more and more approached in an integrated manner. Regional 
processes in a watershed such as rainfall, runoff, dropping of water tables by artificial 
extraction and water supply schemes are all mutually related. Consequently, proper use 
of water and land resources can be planned more correctly under a water management 
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strategy applied to the regional level. Although traditional hydrological investigations 
are often focussed on local scale problems, the progress of computer science, in 
combination with improved data acquisition techniques, has provided new perspectives 
in modelling, such as the simulation of hydrological characteristics on a regional scale. 

Modelling at a regional scale can be done twofold: using deterministic models and 
stochastic models. Although the proper use of stochastic models with lumped parameters 
can be useful in circumstances where processes are diffuse and difficult to analyze, this 
category of models is less suitable in supporting of the day-to-day water management. 
In fact, lumped parameter models are often unable to simulate the pattern of the 
hydrological system, therefore they can not be used to study the effects of different water 
management policy options. 
On the other hand, deterministic models, able to simulate integrated hydrological process, 
can be used for water and environmental control. Further, deterministic models are 
adequate tools for derivation of criteria to use land and water resources more optimally. 
This advantage is significant for the success of several applications of hydrological 
simulation on a regional scale. 

While the use of hydrological simulation models was introduced in the seventies, the 
international acceptance of this technique started to become more evident at the 
beginning of the eighties. Figure 1 shows the trends in the application of hydrological 
models and the use of remote sensing in hydrological modelling. The percentages 
depicted in Figure 1 are expressed in comparison to the 1989 reference year. The trend 
shows a considerable increase in both modelling and the use of remote sensing products. 
Figure 1 does not show mutually links, i.e. no statements on the fraction of R.S. based 
models to hydro models. The data used in this figure come from the extensive reference 
databases of the Winand Staring Library in Wageningen and AGRALIN, a reference 
network system of agricultural research organizations in the Netherlands. Both databases 
keep up to date records of the international literature in the field of hydrology and water 
resources. 

The launch of the LANDS AT 4 and 5 generation satellites has in this respect contributed 
to a great extend on the exponential growth of applying remote sensing data in 
hydrological modelling. The use of simulation models in combination with remotely 
sensed data is rather straightforward. The benefit of using remote sensing data can be 
even greater when this data type is merged with other types of data in a Geographical 
Information System. 

The number of remote sensing applications within hydrological modelling increased with 
one order of magnitude between 1980 and 1989. One of the main reasons that the 
number of applications have been doubled during the last years, is the implementation 
of regional scale simulation models. An appropriate use of regional scale deterministic 
models is only possible when sufficient input data are available. The reality has shown 
that this holds only for study areas with intensive data collection schemes. The network 
for the numerical solution requires refined input data i.e. distributed parameter data. 
Remote sensing data revealed to be a new source of detailed information, since data 
of this type apply to regional scale and comprise information on both time and space 
scale. Remote sensing data are able to identify the spatial and temporal distribution of 
hydrological and physiographic characteristics. 
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Fig. 1 Trend in hydrological modelling related to the use of remote sensing data from 1978 to 1989 
(after database of the Winand Staring Library at Wageningen and AGRALIN) 

The current generation of hydrological simulation models is mostly designed to process 
hydrological information from surveys, empirical look-up tables and simple transfer 
functions. A disputed issue is whether or not some of these input data can be generated 
from remote sensing data. Because much effort has been put into a wide range of 
simulation models, it seems logical to study the adaption of remote sensing data to 
existing hydrological models rather than to design a new generation of hydrological 
models. Rango et al. (1983) have shown that the results from HEC-1 model can be 
improved by the use of LANDSAT MSS data. For basins larger than 25 km , they 
showed that the cost of LANDSAT MSS is about one-third the cost of conventional 
techniques. 

Although the benefit of spatial data collected by remote sensing techniques is recognized, 
it is not recommended to change the model design for the purpose of using remote 
sensing input data, since satellite sensors are in development as well (Salomonson, 1990). 
Progress on this topic is under full development since sensors on board new polar 
platforms (Earth Observing System) will be better tuned up with the actually desired 
features. Although research results frequently indicate that remote sensing is an attractive 
additional source of data, hydrologists should be careful not to oversell this possibility. 
The interesting issue remains how far remote sensing data is already applied into the 
operational status (Barret, 1990). Sensors, in fact, do not directly acquire the needed 
model variable, but show a correlation with the variable to be determined. Moreover, 
eventhough many satellites are operational, multi-temporal data acquisition can still be 
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a considerable problem, especially in humid regions. Actually, it depends on each 
particular situation and on the presently available distributed parameter data, whether 
the transition from conventional to remote sensing data is technically and financially 
justified. 

The bottle-neck between currently available remote sensing data ("supplier") and input 
data for existing regional models ("consumer") is the handshaking between supplier and 
consumer. A better profit of remote sensing data seeks for a so-called interface model, 
with a strong hydrological character. Although interface models linking different types 
of hydrological information already exist, none of them covers the application for a wide 
range of hydrological processes. In fact, the Data Storage System developed by the U.S. 
Army Hydrologie Engineering Center (Merry and McKim, 1990) provides data only 
suitable for rainfall-runoff type of models. The HYMOS system for hydro-meteorological 
data developed by Delft Hydraulics, the Netherlands, only manipulate input data for 
the SACRAMENTO model (Burnash and Ferrai, 1980). Another example is given by 
the Regional Geohydrological Information System (REGIS) which will be developed 
at TNO Institute of Applied Geoscience, The Netherlands; its structure does not allow 
any application with remote sensing data. Although all these software packages are 
extremely suitable under specific conditions, they can not be applied for the several 
hydrologie processes taking place in a heterogeneous hydrological system such as the 
watershed. 

The compatibility of all kind of conventional hydrological models and remote sensing 
data in a watershed should be improved with a new system covering different categories 
of hydrological processes. This system should satisfy the possibility ofmerging satellite 
data with all types of regional hydrological processes. Even though it may have some 
consequences for the structures of existing models. The interface model should be also 
applicable in different types of study areas. This view fits actually with the objective 
of the International Hydrological Programme (IHP) of UNESCO, aiming the stimulation 
of the knowledge transfer between regions. Therefore, with an appropriate hydrological 
information system, the benefit of detailed remote sensing data for operational 
hydrological modelling are expected to increase. To demonstrate the benefit of such 
an information system for potential users, a demonstration project is presented in Chapter 
7, which applies the improved ILWIS package in an Argentinean watershed to different 
types of hydrological processes. 

The developments taking place in hydrology with respect to remote sensing and GIS 
are discussed in Chapter 2. Chapter 3 deals with the hydrologie processes in a watershed 
and a categorization of hydrological models. In Chapter 4 the selection of representative 
models for each category is presented, including an extensive description of each selected 
model. Chapter 5 gives the current possibilities and the extensions of ILWIS required 
to come to a versatile data processing system that can be used in combination with a 
variety of hydrologie models. An overview of users in the field of hydrological 
applications is presented in Chapter 6. In Chapter 7 examples are shown of remote 
sensing and GIS applications in the different hydrological processes. Finally, in Chapter 
8 recommendations are given for a continuation of this study. 
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1.2 Choice of system 

The report by Schultz and Barrett (1989) contains the results of a large questionnaire 
pertaining to "The Application of remote Sensing to the Study of Water Resources". 
In this questionnaire two questions referred to constraints found in the use of remote 
sensing data and the associated algorithm development. The pertinent answers are 
grouped by the editors and included in the mentioned report. The reader may note that 
the answers given at the Noordwijk/Washington D.C. and the Vancouver conferences, 
gave a wide range of shortfalls. In the section on Data Processing Problems and 
Financial Aspects, the shortfalls listed are related to: 
- lack of integration of GIS with hydrology (poor interface); 
- no integration of remote sensing image processing and GIS and paucity of software 

providing pattern recognition; 
- no easy transportation of data to hard/software systems; 
- general lack of equipment in developing countries to process remote sensing data; 
- high costs of hardware and software. 

ILWIS was perceived to just redress most of these shortfalls. Its name, the Integrated 
Land and Watershed management) Information System, reflects that both hydrological 
studies as well as GIS operations could be done, on systems with minimal hardware. 
Remote sensing processing capabilities have been integrated in the system, because much 
thematic data will have to be obtained by remote sensing. 

The concept and structure of ILWIS allows the application of rainfall-runoff modelling 
either within the system through the combination of a relational data base, spreadsheet 
and map calculations, or through interfaces related to other hydrological models, as it 
will be explained in Section 5. Analytical application programmes, such as (geo)statistics, 
network analysis, have been added to ILWIS, as well as the availability of interfaces 
with a variety of other systems and periferals. A hydrologie rainfall-runoff model 
(ANSWER) was implemented entirely within ILWIS to demonstrate its hydrological 
capability. Section 5.1 deals with an example of this combination. 

Apart from hydrologie modelling a wide range of hydrologie applications or related 
subjects, has been carried out using ILWIS. Examples are given over diagnosis of 
sediment sources in various catchments in: 
- Indonesia, Colombia, Spain, for both accelerated erosion and fast geologic erosion 

rates; 
- analysis of trends in land cover types (deforestation, expansion of cultivation, etc.); 
- floodplain management, damage surveys; 
- groundwater studies; 
- urban hydrology. 

At hindsight, ILWIS has been available just at the right time. The versatility of the 
system was not fully realized by the early users, who were busy with the cartographic 
modelling of the existing GIS systems and mainly interested in cartographic purposes. 

The rapid development of the ILWIS system, installed worldwide during the last 12 
months (over 70), may be partly attributed to the recognition of the capability of the 
system and partly to the low costs involved. 
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2 TRENDS IN REMOTE SENSING AND HYDROLOGY 

2.1 Introduction 

In order to describe the specifications of a remote sensing-GISystem for hydrologie 
application, it may be useful to consider the developments taking place in hydrology 
and to delineate a trend. Therefore, an attempt has been made to describe the present 
situation and to indicate why the hydrologie community may increasingly use and 
explore possibilities offered by Remote Sensing as it is shown by Figure 1. The 
discussion has been concentrated over modelling efforts because of the increased need 
for water resource simulation and assessment. 

Finally, some practical applications of remote sensing in hydrology have been given, 
which are widely in use, but do not attract much attention in the leading scientific 
publication outlets, because they have become standard operations. This part is termed 
here the "auxiliary use of remote sensing". The importance of new developments in 
satellites and sensors are also mentioned. 

2.2 Present situation 

Present situation, models and the parameter problem 
The overview of hydrological models, discussed in Chapter 4 and listed in Annex 1 
and 2, makes clear that the hydrologie community uses a variety of approaches. 
Kundzewich (1986) makes a plea for a programme to investigate which type of models 
can be used best for which purposes and which regions, rather than develop yet new 
models. 

In practice, the model performance will be judged against the effort in obtaining the 
input parameters. Recently, some comparative studies have shown that output of simple 
models having few parameters could be fitted with the observed record, equally well 
as more complex models (Naef, 1981; Weeks and Hebbert, 1980). However, successful 
calibration may not be considered as a valid test for true performance of the model. 
Eventhough, the use of the simple lumped or semi-lumped model is hampered by the 
non-uniqueness of the parameters, several solutions have been tried out to solve this 
problem, such as sensitivity analysis, a-priori information and Bayesian rules, and so on. 

Other reports (Beven, 1989) mention that for application of the large and complex, 
physical SHE model, trial and error procedures were used to estimate many of the 
physical parameters, actually defeating — by necessity ~ the very intention of applying 
a full physical model. Collection of field data and calibration of the SHE model is 
excessively expensive (Bork, 1988). Such distributed, physical models lead to what is 
known as the "parameter crisis". 
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To alleviate this unsatisfactory situation, more attention should be driven to the 
acquisition of spatial hydrological parameters, partly both via Remote Sensing and via 
the use of geo-statistics in a GIS. In our opinion, a GIS should be more than the ability 
of "cartographic modelling" (overlaying and some spatial analysis functions). 

Spatial variations of parameters (distributed models) and remote sensing 
The distributed nature of input parameters has been a topic of much discussion (Quimpo, 
1984; Allewijn, 1990). Often models are detailed in the vertical dimension, for example 
by including multi-layered soils with nodes at close spacings (10-50 cm), but ignoring 
the horizontal dimension; often vertical soil moisture fluxes are extrapolated over 
hundreds of meters, if not more, horizontally. 

Many models use grid cells (raster) for budget calculations and routing. For this purpose 
remote sensing data have a very suitable format. Research to capture the spatial variation 
of hydrologie parameters into meaningful transfer functions, data compression techniques 
or indices has only recently started and some progress has been made (Schiffler, 1990). 

Hydrologie engineering and earth science 
Many of the hydrologie modelling approaches originate from the domain of hydrological 
engineering, physics and mathematics. The fact that there are often close interactions 
between the effects of geology, geomorphology and soils and vegetation have been 
ignored. These interactions rule the storage and movement of water. 

From the engineering point of view, model parameters have to be rapidly obtained from 
existing thematic maps at as little as possible. The information of soil maps, often related 
to associations and catenas and impeding horizons, are reduced to one or two parameter 
values. Geomorphology is frequently reduced to a digital terrain model of the crudest 
form, with slope dérivâtes and simple indexes. The complex interactions of the soil-
vegetation complex has to be synthesized, in the above point of view, by simple land 
cover categories. 

Fortunately, there are signs that views are changing. The recent addition (US Army 
Corps of Engineers, 1987) of macro-porosity package as a version to the HEC model 
(one of the main models in the hydrologie field) is an evidence of taking into account 
the realities of the field. It should be noted that this macro-porosity has to be determined, 
as yet, by calibration. 

In large parts of the world thematic maps of sufficient detail do not exist. Such lackness 
of detail has stimulated the use of aerospace imagery. Much thematic data can be derived 
by routinely image interpretation techniques, coupled to field work. Digital image 
processing techniques are required to prepare suitable imagery for interpretation. 
Furthermore, the data extraction from imagery can be improved by using pattern 
recognition techniques and a-priori field knowledge. Such type of expertise is missing 
within the engineering hydrologie community. 

There are modelling approaches, which do recognize the interrelationships in earth 
science and their significance to hydrology. Several examples are following given: The 
Geomorphological Unit Hydrograph (Bras and Iturbe, 1989); the concept of "hydrotopes" 
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developed at the Free University of Amsterdam deserves to be mentioned (Hendriks, 
1990); functional catchment segments, or hydrological land units have been used by 
many (Bork, 1988; Higgins et al., 1988; Knidsel, 1980; Allewijn, 1990). The use of 
aerospace imagery to identify and characterize such hydrologie units, based on various 
criteria, have been described by several authors (e.g. Robinhove, 1979; Rango, 1985; 
Meijerink et al., 1988; IWACO, 1990). 

Regionalization techniques 
Hydrological regionalization is defined by extrapolation in space and time of records 
on the basis of physiography and climatic factors. A two stage procedure is usually 
followed: 
a. classification of gauged catchments on the basis of their physiographic and climatic 

attributes, where various statistical methods have been employed; 
b. the results of the classification are compared with a classificiation of the hydrologie 

data. 
In case of agreement, the results may be used for prediction. 

There are shortcomings to a general application of the regionalization approach 
(Gottschalk, 1985), eventhough it is noteworthy that the CSIRO (Australia) considered 
this approach as a good alternative to the hydrologie modelling currently in use, with 
doubtful accuracy for ungauged catchments. This concept has indicated that the 
complexities of nature cannot be modelled deterministically. Cook et al. (1988) discussed 
such aspects and demonstrated the application into a large and complex terrain. 

Remotely sensed data are specifically suited to obtain many of the landscape attributes 
required for the regionalization techniques. Coupling them to a GIS could have many 
advantages. Regionalization techniques have also been used for input of current 
simulation models. 

Use of Remote Sensing in hydrology 
There is a large number of remote sensing applications of direct hydrological 
significance. Some of them are rather standard techniques and are therefore not at the 
forefront of the scientific attention. Nevertheless they probably form a major part of 
the application of remote sensing in practical hydrology. Some examples are: 

Floodplain management requires updated land use surveys, often in relation to the 
physiography and flooding hazard. This data can be obtained by the high resolution 
satellites. An accurate mapping of microtopography of a large tropical floodplain using 
infrared photography and monitoring of expansion of swamps at the expense of rice 
lands by SPOT has been described by Meijerink et al. (1988). Such surveys, with 
levelling at a limited number of selected cross sections can give an fairly accurate DTM 
(Digital Terrain Model) of the floodplain at little expense. The DTM can be the input 
in a flood flow routing model for environmental impact assessment and damage surveys. 
In addition, some causative factors in the headwaters of the floodplain problems, such 
as increased occurrence of landslides by deforestation, can be assessed from high 
resolution remote sensing imagery. The applications of remote sensing to flood 
monitoring are well known (IAHS Symp. 1989 in Baltimore; Int. Symp. Remote Sensing 
and Water Resources, 1990 in Enschede). 
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The precise nature of forest influence on hydrology is much under debate at present. 
However, it is evident that more characteristics of the forest pattern over larger areas 
have to be incorporated in physically based approaches. Such data can be derived by 
remote sensing. In fact, the presence of forests or other land use categories of direct 
hydrological significance (urban, impervious areas) can be assessed accurately by remote 
sensing.lt is worthy to be mentioned that FAO has started a world forest cover inventory 
using the 500 m resolution weather satellite. The presence of worldwide satellite imagery 
since 1972, offers opportunities to relate streamflow records to land use changes over 
a considerable time period. This may lead to an improved insight, because the physics 
of forest hydrology are rather complex. 

The present attention to global weather patterns, such as changes and possible associated 
sea level rises, have resulted in the idea that the land phase of the hydrological cycles 
should be described with more details than it was done hitherto. Data of vegetation 
coverages and soils (at large catchment scale physiography) will have to be derived by 
remote sensing for large parts of the world. 

Especially in the Third World many large urban areas face severe environmental 
problems influencing hydrological components. Some examples can be given by water 
logging due to land subsidence (Jakarta, Bangkok), flooding of parts of the cities 
(Baroda, New Delhi, many cities in semi arid countries, Kairouan, etc.). The monitoring 
of waterlogged areas, blocked off waterways, changes in flood courses and land use 
in the surrounding of runoff producing areas can be identified on remote sensing 
imagery. This type of data is essential for any engineering design. 

Most coastal regions are affected by relevant environmental changes, such as decline 
of mangroves, erosion or siltation. Again remote sensing imagery provides a monitoring 
tool of what is happening and establishing trends. 

Many large irrigation projects in developing countries perform much below their 
designed level of output. Flow of information through conventional channels is so slow 
that no response at decision levels is possible during the growing seasons. Use of 
Remote Sensing can provide essential data on whether crops have been planted (high 
or low cash crops), whether salinization is progressing or not and on relevant seepage 
losses and wasteful water logging. The work of Menenti et al. (1990) has demonstrated 
the effectiveness of remote sensing, coupled to GIS, in improving the water efficiency 
of irrigation schemes. 

Water plays an important role in the description of an environmental profile of a region. 
In regions where few data are available, a wealth of hydrologically relevant data is 
obtained from remote sensing imagery, such as presence and changes in water bodies, 
rivers, coasts, land covers, waterlogging and so on. 
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2.3 Advances in instrumentation 

Satellites: 
The results of using satellite data for rainfall prediction is gradually reaching a semi-
operational status (Schultz and Barett, 1989). Although it is still in a research stage, 
some results of applying microwave systems to soil moisture and vegetation studies, 
are promising. It is to be expected that microwave data for hydrological parameters have 
to be handled together with other data to obtain results, hence using GIS procedures. 
Airborne laser to be applied to accurate topographic profiling (Ritchie et al., 1990) and 
near future satellite laser will enable the rapid acquisition of topographic data (digital 
terrain model) and some specific hydrologie information may be obtained, such as micro-
drainage channels (i.e. concentrated flow), potential partial areas and so on. 

Field instrumentation: 
Robust, low cost, small sized automated data loggers for rainfall and water levels, are 
now available, which allow rapid data processing, including telemetry. This has enabled 
an improved insight in hydrological processes, even in remoted areas, and assisted in 
a more meaningful assessment of satellite data. Relatively cheap weather radar 
(developed for yachts) with a radius of some 30 km could provide an improved 
determination of the spatial rainfall in catchments. The same may be remarked for 
receiving stations of METEOS AT weather satellite. The stations and processing/storage 
devices are well within limited budgets, where floppy disks providing cloud images are 
already commercially available. Especially the application of the three abovementioned 
instruments could mean a step forward in the study of tropical hydrology. 

2.4 Perspectives 

The following conclusions can be outlined: 
a. It has been recognized (Schultz, 1988; Rango, 1985) that the majority of existing 

modelling approaches do not make use of the specific hydrologie information which 
can be obtained by remote sensing. From this point of view together with the trend 
of coupling IP to GIS for a modelling interface and the increased remote sensing 
satellite platforms, important progress can be expected in this field. 

b. It can be expected that "pre-processing" techniques will become firmer entrenched 
with the advent of remote sensing/GISystems. The pre-processing relates to a variety 
of operations, ranging from coupling remote sensing imagery (radar, MSS, 
METEOS AT) with thematic ground truth to geostatistical operations applied to 
ground station data satellite data and hydrologie records. The results of the pre
processing may substantially improve the performance of hydrological models. 

c. Various hydrologie modelling approaches will continue to be used in the near future. 
It is likely that these other approaches will be further developed. Hence it is unwise 
to restrict any hydrological remote sensing/GISystem development to a narrow 
choice. 

d. Complex, distributed physical hydrological models, such as the SHE model, has 
resulted in a "parameter" crisis. The acquisition of distributed parameters by remote 
sensing must be further explored to face this crisis. The same concept holds true 
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for the lumped and simple models. The solution to the "parameter-crisis" could be 
partly provided by mapping using imagery, through remote sensors, able to detect 
spatial variations of hydrologie parameters and of their temporal variations. A 
versatile remote sensing/GISystem, capable of processing substantial amounts of 
data and having a high level of data abstraction, including data base interactions, 
can be a realistic solution for acquisition and elaboration of parameters for 
modelling, 

e. The "engineering hydrologists" have become aware of the shortcomings in some 
of their approaches when dealing with complex catchments. Similarly, the 
"geographical hydrologists" have increasingly realised that in practice, complex 
patterns have to be described in functions and algorithms. Blending the two 
approaches, in various hybrid forms, will lead to improvements. Hence, remotely 
sensed imagery and data will continue to form an important source of information. 
Again, this type of work requires a versatile remote sensing/GISystem. 

In the recent UNESCO report of Schultz and Barett (1989) a number of conclusions 
are given. The total thrust of recommendations for action is that remote sensing can, 
and should, be playing a larger and more profitable role in Hydrology and Water 
Resources Management than so far has been the case. 

There are a number of recommendations which have suggested the need of designing 
and developing a hardware/software systems for satellite data processing, able to produce 
maps and tables and user'friendly. A system such as ILWIS has already contributed 
to solve some of these constraints. An improved version, as described in Chapter 5, 
should contribute to stimulate the use of remote sensing in practical hydrology. This 
pertains to the application of the "state-of-the-art" models and procedures, as well as 
to expected developments. 
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3 HYDROLOGICAL PROCESSES IN A WATERSHED 

The watershed is a typical example of a system where hydrological modelling at many 
different scales can take place. Water can be systematically divided into a number of 
storages, mutually connected by water fluxes (UNESCO, 1989). Figure 2 shows the 
framework of the main hydrological processes in a watershed. 
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Fig. 2 The hydrological system of a catchment area (from: UNESCO, 1989) 

Both long and short term processes on local and regional scale take place. Within a field-
plot, the soil physical properties can be rather homogeneous so that processes such as 
infiltration or évapotranspiration may remain constant. If the entire watershed is 
considered, infiltration rates will be highly variable and a distributed parameter model 
is necessary to describe such a heterogeneous system adequately. The temporal behaviour 
of a watershed is relevant for flood control. Rainfall-runoff-discharge relationships have 
therefore to be known. Since watersheds are dealing with numerous hydrological 
phenomena, watersheds are extremely suitable to be studied using various types of 
hydrological simulation models. Part of the broad hydrological information required for 
distributed parameter models can be provided by satellite imagery. In this report, 
hydrological processes in watersheds are considered to demonstrate the use of a 
comprehensive hydrological information interface. 
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The hydrological processes of a watershed can be split up in sub-processes on and below 
the land surface. Accordingly, the processes can be grouped in classes as is shown in 
Table 1. Water is also the transport medium for pollutants, undissolved particles such 
as soil particles (erosion) as well as dissolved particles. The modelling of water quality 
in this respect has been divided in two paths: chemical models where only the chemical 
behaviour is assigned (class 8) and integrated models with both water quantity and 
quality aspects (resp. class 4 and 5). 

Table 1 Classification of regional hydrological processes in a watershed 

Class Type of watershed model 

1 Streamflow-overland flow models 
2 Snowmelt - overland flow models 
3 Watershed and sediment models 
4 Surface water - irrigation (inch solute transport) models 
5 Saturated groundwater flow (incl. solute transport) models 
6 Integrated ground/surface water models 
7 Urban hydrology models 
8 Water quality models 
9 Fluvial morphodynamic models 

An inventory of existing deterministic models has been done in order to study the 
possibility of using remote sensing data in the conservative hydrological watershed 
models. From the list of watershed models of Table 1, it was possible to carry out a 
bibliography research of general models available in each class. The sources of 
information for the literature inventory are national and international model databases, 
respectively the S AMWAT and International Groundwater Modelling Centre database. 
An extensive list of articles and reports on hydrological modelling available in the 
databases of The Winand Staring Library and of the AGRALIN-Wageningen system 
has given 990 titles. AGRALIN is the automated library and documentation system of 
the Dutch Ministry of Agriculture, Nature Conservation and Fisheries. Almost every 
public and private institution in the field of water resources is active in the design and 
development of deterministic models. The nature of the models were quite diverging; 
from heavily physical based to strongly simplified. As far as information could be 
collected, the principles of determistic model description was maintained in the selection. 

Only those models that were often cited, were included. The number of applications 
was however not used as a stricted measure for the model quality. Therefore, discussions 
with senior scientists of the participating institutions were also necessary to reduce the 
entire list of models to those frequently used in practice. Personal communications have 
been also used to select a group of models which currently are available. Intercomparison 
model studies (e.g. WMO Operational Hydrology Report series) were the only source 
from literature where the quality of the models was objectively presented. This report 
did not pretend to show a complete list of watershed models. The development of new 
hydrological simulation models is constantly growing and many existing models are 
being improved on a more or less regularly basis. Appendix 1 presented an extensive 
list of the hydrological models as found during the literature research above mentioned. 
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The models are arranged by the type of hydrological process as shown in Table 1. 
A brief description of each model has been presented in Appendix 2. 

Apparently, most of the listed hydrological models being applied worldwide, and under 
varying conditions, were mainly developed at a few institutions. For the USA, the United 
States Department for Agricultural (USDA) and the US Army Corps of Engineers 
(USAE) are often cited. The Institute of Hydrology in UK is also an innovative 
organization in the field of modelling. Modelling activities in The Netherlands are 
concentrated at the National Institute of Public Health and Environmental Protection 
(RTVM), Delft Hydraulics (WL) and DLO The Winand Staring Centre. A lot of effort 
in the USA was spent on rainfall/snowmelt-runoff models. The Netherlands contributions 
appear to be quit innovative in the field of regional solute transport. 
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4 REPRESENTATIVE MODELS 

4.1 Selection of models 

The input data structure of the watershed models covering class 1 to 9 has to be 
analyzed in order to evaluate the potentiality to use remote sensing as input data. A 
representative model has been selected for each class. A full description of the current 
input data requirement for each of the selected models is essential to judge whether data 
acquired by remote sensing form a valuable addition or not. Lumped catchment models 
were not selected during this research because the model structure is often difficult to 
adapt. The remaining distributed parameter models were selected on the following 
criteria: 
- Potential application of the model in combination with remote sensing and GIS data; 
- Number of applications. Models with an international status and that they have been 

tested under different circumstances; 
- Rather well-structured and well-described models, while models which need a great 

effort of assistance to be operational are not considered; 
- Knowledge of the models with the actual participants in this study. 

The latter criterion has suggested the selection of HEC-1, TRIWACO, SIMPRO and 
RESAM (see Table 2) which are very well-known models for the participants in the 
present study. 

Table 2 Selection of distributed parameter models presently used in watersheds and having 
high potentiality to be linked with remote sensing input data 

Class 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Type of watershed model 

Streamflow-overland flow models 
Snowmelt - overland flow models 
Watershed and sediment models 
Surface water - irrigation 
Saturated groundwater flow 
Integrated Ground/surface water models 
Urban hydrology models 
Water quality models 
Fluvial morphodynamic models 

Selected model 

HEC-1 
SRM 
ANSWERS/CREAMS 
DUFLOW 
TRIWACO 
SIMPRO 
MOUSE 
RESAM 
WENDY 

The HEC-1 model (US Army Corps of Engineers, 1981) is regularly used by ITC to 
assess the impact of rainfall patterns on the development of land- and water resources. 
Drainage basin characteristics such as drainage area, surface slope and land use 
categories derived from remote sensing data can be used as a distributed parameter in 
the model network. 

TRIWACO (IWACO, 1985) has a wide group of applicants across different countries. 
The model has been frequently used to trace the patterns of transient regional roundwater 
flow. Also the impact of groundwater exploitation on the degradation of the water table 
can be forecasted with the TRIWACO model. In this model discharge and recharge 
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areas, faults and geological formations can be spatially traced with remote sensing data. 
Sinks of groundwater by évapotranspiration of wet lands can be estimated from areal 
évapotranspiration maps. 

SIMPRO (Querner, 1989) is an integrated surface/ground water flow model that allows 
for the computations of the surface water levels. SIMPRO simulates the impact of water 
management and channel maintenance strategies on flooding and water conservation 
in combination with subsurface irrigation. Evapotranspiration is related to the crop types 
and to the water content in the root zone. Remote sensing data can provide, in this 
regard, information on the location of channel networks, on land-use and on the status 
of soil wetness. 

The RES AM model (De Vries and Kros, 1989) is a simple process-oriented soil-
acidification model for analyzing impacts of acid deposition on soil and groundwater 
on a national scale. Predictions of element concentrations is among others a function 
of the soil and vegetation. Remote sensing data can be suitable, in this regard, to obtain 
an up-to-date land cover data base (Thunnissen et al., 1990). Moreover, simple soil 
characteristics obtained from GIS eventually in combination with remote sensing data 
can replenish the bulk of distributed soil data. The SRM model (Martinec et al., 1983) 
has been chosen because the model is applied under various conditions (e.g. Switzerland, 
USA, Canada, Argentina, India, Japan) and is continuously updated (Rango and Van 
Katwijk, 1990). Satellite remote sensing have provided snow cover data immediately 
useable in SRM. Several scientific papers support the integrated use of SRM with 
satellite data (Martinec et al., 1990; Maza et al., 1990). 

The same argumentation to select the SRM model holds true also for the ANSWERS 
(Beasly and Huggins, 1980) and CREAMS (Knidsel, 1980) models. Both ANSWERS 
and CREAMS are well known operational models with an impressive list of applications. 
A decision to select either ANSWERS or CREAMS was impossible to make, therefore 
both models were analyzed. 

Also several current models are based on CREAMS model. Among them are SWRRB 
(Arnold and Williams, 1987) and SPUR (Wight and Skiles, 1987) which are described 
in this report in conjunction with CREAMS model. 

Although the MOUSE model (Danish Hydraulic Institute, 1989) is designed for urban 
hydrology, it contains similar hydrological aspects (e.g. rainfall-runoff processes) as 
outlined in the HEC-1, ANSWERS and CREAMS simulation models. Only the scale 
type of MOUSE model is smaller than those ones of the other models. Therefore higher 
resolution in the remote sensing data has to be considered in order to fit them with the 
need of spatial resolution in the urban districts. 

The DUFLOW model (IIHEE, 1989) offers various possibilities to analyze both river 
and canal flow. It is designed to simulate dynamic water flow through extensive open 
channel systems. To calculate the water demands, distributed data on land use is 
necessary, including the actual irrigated area. Latter type of information can be extracted 
from satellite observations. Moreover, accurate topographical data such as channel 
networks and disposed canal sections can be also mapped. 
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The WENDY model (Delft Hydraulics, 1989) comprehends dynamic flow as described 
in DUFLOW, but it has not the refinement of several hydrological operations. In 
addition, WENDY consists of a routine for salt intrusion in an estuary (SAFLOW), a 
routine for sediment transport (SEFLOW) and a routine for suspended sediment 
(SUSFLOW). The WENDY package consists primary of the WAFLOW model. The 
WENDY package therefore is suitable for the prediction of the morphology of reservoirs, 
rivers and estuary. The river axis and width can be obtained from satellite image 
interpretation. This is especially valuable for unaccessible estuary and marshes. The 
required sediment load can be retrieved from satellite data as well. 

4.2 Description of selected models 

According to the different classes and assigned models (Table 2), a short description 
of each model is given in this section. The detailed description of the input data structure 
is presented in the charts listed in Appendix 3. 

Class 1. Streamflow-overland flow models; HEC-1: 
The model represents the watershed as an interconnected group of model components: 
(a) precipitation-runoff, (b) channel routing components route an upstream hydrograph 
through a channel reach, (c) the diversion component transfers a portion of a computed 
hydrograph to a specified location in the watershed, (d) the reservoir component models 
the effects of storage on an upstream hydrograph due to a reservoir or detention basin 
and (e) the combination component adds together a specified number of hydrographs 
to represent channel confluences. The precipitation-runoff component can be lumped 
(unit hydrographs) or distributed (kinematic wave). 
Ref.: Goldman, 1989. 

Class 2. Snowmelt - overland flow models; SRM: 
Snowmelt Runoff Model computing day-to-day river flows, on the basis of the daily 
cycles of temperature and solar radiation in basins ranging in size form 1 to 4000 km . 
It is based on degree-day factor and on recession discharge. The snow covered area is 
input and can be measured by remote sensing. 
The model has been used in mountain basins ranging in climate conditions from humid 
to semi-arid with no serious limitations. 
Ref.: Martinec, Rango and Major, 1983. 

Class 3. Watershed and sediment models; ANSWERS: 
A model intended to simulate the behaviour of watersheds having agriculture as their 
primary land use, during and immediately following a rainfall event. A fundamental 
characteristic of the model is the distributed parameter approach like topography, soils, 
land use etc. At every point within a watershed, functional relationships exist between 
water flow rates and those hydrological parameters which govern them such as rainfall, 
infiltration etc. Flow rates can be utilized in conjunction with soil erosion and chemical 
movements. 
Ref.: Beasly and Huggins, 1980. 
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Class 3. Watershed and sediment models; CREAMS/SWRRB/SPUR: 
A field scale model with hydrology, erosion and sediment components that is to be 
applied to an area of homogeneous soils. The model operates on a daily timestep and 
it requires daily precipitation, max. and min. temperature and solar radiation. The 
SWRRB model was developed by modifying the CREAMS daily rainfall hydrology 
models for application to large, complex, rural basins. The major changes involved were: 
(a) the model was expended to allow simultaneous computations on several sub-basins 
and (b) components were added to simulate weather, return flow, pond and reservoir 
storage, crop growth, transmission losses, and sediment movement through ponds, 
reservoirs, streams and valleys. The SPUR model accounts on routines from CREAMS 
and SWRRB. The vegetation component of SPUR computes plant growth, death and 
decomposition by species. 
Ref.: Knidsel, 1980; Wight and Skiles, 1987; Arnold and Williams, 1987. 

Class 4. Surface water - irrigation models; DUFLOW: 
User's friendly model for the simulation of non-steady water flow in channel network 
systems. Effects of various condition on the water flow regime such as propagation of 
tidal waves in estuaries, flood waves in rivers, operation of irrigation and drainage 
systems are analyzed. Basically free flow in open channel systems is simulated, where 
control structures like weirs, pumps, culverts and siphons can be included. A simple 
rainfall-runoff relation is part of the model set up. Computation time is usually in the 
range of minutes up to one hour. 
Ref.: International Institute of Hydraulic and Environmental Engineering, modelling 
course of program package, 1989 

Class 5. Saturated groundwater flow models; TRIWACO: 
Numerical package for quasi 3D saturated groundwater flow based on finite element 
technique. It is capable of handling a vast variety of steady state and transient 
groundwater flow problems in multi-layered aquifer systems. The model consists of pre
processing, finite element and post-processing routines. 
Ref.: IWACO b.v., 1985 

Class 6. Integrated ground/surface water flow models; SIMPRO: 
The model SIMWAT linked to a ID groundwater flow model gives the integrated 
surface and groundwater SIMPRO model. The modelling concept for the unsaturated 
zone is the same as used in the model SIMGRO. Per nodal point of the surface water 
network an interaction with the groundwater system is possible. 
Ref.: Querner, 1989. 

Class 7. Urban hydrology models; MOUSE: 
The surface runoff and pipeflow modules form the basis of a comprehensive 
mathematical modelling system for simulation of time variations of water level and 
discharge in complex sewer systems. The modules are especially made for analysis, 
prediction, management and control of stormwater flows in sewers and drainage systems. 
Ref.: Danish Hydraulic Institute, 1989. 

Class 8. Water quality models; RESAM: 
A Regional Soil Acidification Model that relates soil and groundwater quality to 
atmospheric deposition. The model can easily coupled with GIS of soil, forestry and 
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manure gifts. It is a regional model and can be used for predicting the average response 
of soil-water chemistry in characteristic forest ecosystems to long-term changes in 
atmospheric deposition on a national scale. 
Ref.: De Vries et al., 1988, De Vries and Kros, 1989. 

Class 9. Fluvial morphodynamic models; WENDY: 
Describes non-steady ID flow in network system of rivers and canals (WAFLOW). 
Sediment transport and bed-level changes can be computed with SEFLOW and 
SUSFLOW. The SAFLOW module is included to count the effects of density on the 
water movement. The WENDY-package can be used in conjunction with satellite data 
to detect river hydrometry. The model can be applied for monitoring of river floods and 
river planform. 
Ref.: Delft Hydraulics Laboratory, 1989. 
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5 POSSIBILITIES WITH ILWIS 

5.1 Data interface management system 

General 
The Integrated Land and Water Information System (ILWIS) has been used as a data 
interface management system. The reason for this selection has already been described 
in Chapter 1 and 2. 

ILWIS is a PC-based GIS which was originally designed to use in the field of earth 
and land resources surveys. Hence the meaning of the acronym ILWIS. However, the 
system is not limited in its use to the above mentioned fields of application. So far it 
has also been used for cadastral purposes, urban applications, engineering and 
environmental problems. 

ILWIS integrates image processing capabilities, tabular databases and conventional 
geographic information system characteristics. Figure 3 shows a schematic representation 
of ILWIS. 

The conceptualization of the system takes into consideration that the end user of such 
a system usually do not have a thorough knowledge of computers. All operations are 
performed through a user friendly menu, which allows the user to concentrate on the 
application rather than on learning the intricacies of the system. Data acquisition from 
aerospace images - for information extraction - is an integral part of the system. This 
is important in data scarce regions and allows effective monitoring. A conversion 
program allows the importation of remote sensing data, other raster maps, vector files 
and tabular data. Analogue data are transformed into vector format using a digitizing 
program. Tabular and spatial databases can be used both independently and on an 
integrated basis. In the Table Calculator calculations, queries and simple statistical 
analysis can be performed. Computational procedures and efficient use of the system 
are improved by the appropriate use of modelling processes. Not all analysis involves 
the use of spatial databases; whenever possible, knowledge driven queries in the tabular 
data should be preferred over similar operations in the spatial database. 

ILWIS as a data interface management system 
ILWIS works with a tabular and a spatial database. In the spatial database both data 
from the raster and the vector domain are stored. Basically all geo-referenced data can 
be stored and accessed one way or the other within the system. What is important is 
the capability of using all types of data not only independently but also integrated. 
Besides this, the conversion from one data type to another may be crucial in using 
ILWIS as a data interface management system. 

A data interface management system is by definition a system which is capable of 
managing data in such a way that they are transformed in a more usable format. It 
implies that data are necessary and available in one way or another, but are not useful 
in the way they exist. 
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Fig. 3 Diagram of ILWIS 

Data are stored in different ways which prohibits integration of these data. They are 
stored as: 
- analogue or digital; 
- points or lines or areas; 
- vector or raster; 
- tables or maps; 
- primary or secondary data. 

Vector data may have the additional problem of different cartographic projections. Raster 
data may have different cell sizes. 

Before dealing with a possible solution of overcoming these problems the data structures 
used in ILWIS are described. 
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The ILWIS spatial and attribute database 
Point data: 
Point data are defined by a coordinate pair with a corresponding code. The data are 
stored in a table in ASCII format. Besides the columns containing the X coordinate, 
the Y coordinate and the code, the table may contain up to 100 columns containing attri
bute values belonging the point in question. The maximum length of the table is 2900. 
Point data in the table can easily be corrected or updated in a 'spread-sheet' 
environment. 

Point data stored in different database management systems can be linked with ILWIS. 
Conversion programs are present to convert the ILWIS table files into: 
- DBASE-SDF 
- LOTUS-DIF 
- DELIMITED 
and vice versa. 

Vector data: 
Analogue map data are entered into the spatial database by using a digitizer. All vectors 
are stored as a string of coordinates. Areas or polygons, delineated by the vectors, are 
defined by these surrounding vectors. The vectors and polygons are coded to ensure 
a proper identification and a possibility of selective retrieval. The data are stored in 
BINARII format. Merging of several vector maps is possible and extensive editing 
procedures are available to change or update vector maps. 

Vector data, digitized and stored in a number of GIS 's, can be converted into the ILWIS 
format (and back). The conversion programs available are: 
- Intergraph Standard Interchange Format 
- AutoCad Drawing Exchange Format 
- Arc/Info Generate files 
- IDA map files 
- Hewlett-Packard Graphics Language files 
- Erdas vector files 
- Use Map vector files 
- SMT-List 
- ARC-VTP-List. 

Raster data: 
Map data may appear in ILWIS besides in vector format also in raster format. Satellite 
imagery and all other remotely sensed or scanned imagery are stored in the same raster 
database. Within ILWIS no distinction is made between these imagery and raster maps. 
For each cell or pixel a value is stored together with its row and column number. 
Depending upon the type of data the values for a cell or pixel may be 0 or 1 (bit map), 
0 to 255 (byte maps, e.g. satellite imagery), -32767 to +32768 or fixed point reals 
(integer maps). No limitation in raster map size exist (except the limitation set by the 
size of the storage media). All raster maps are geo-referenced to ensure the integration 
of point, vector and raster data. The data are stored in BINARII format. Merging of 
several geo-referenced raster maps is possible and extensive editing procedures are 
available to change or update raster maps. 
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Raster data, stored in a number of GIS's or RS's, can be converted into the ILWIS 
format (and back). The conversion programs available are: 
- Arc/Info Noncompresses ASCII grid 
- CompuServe .GIF Graphics Interchange Format 
- Erdas .LAN and .GIS files 
- IDA .IMG files 
- Geosoft .GRD grid files 
- Laboratory of Image Processing .LIP files 
- ASCn files .SCI. 

Attribute data: 
Various kinds of numeric and alphanumeric data which are related to points or areas 
(polygons or mapping units) are stored in tables. At will, these data can be linked with 
these points or areas to produce new maps or new attribute tables. The table may contain 
up to 100 columns containing attribute values belonging the point in question. The 
maximum length of the table is 2900. Attribute data in the table can easily be corrected 
or updated in a 'spread-sheet' environment. Within the tables calculations, queries and 
simple statistical analysis can be performed. 

Attribute data stored in different database management systems can be linked with 
ILWIS. Conversion programs are present to convert the ILWIS table files into: 
- DBASE-SDF 
- LOTUS-DIF 
- DELIMITED 
and vice versa. 

Interfaces within and between the ILWIS spatial and attribute databases. 
Within the ILWIS spatial database the following interfaces exist: 

Vector to raster: 
Vector and polygon data from the vector database can be transformed into raster format. 
Depending upon the desired accuracy any cell size can be given to the new created raster 
map. The vector and polygon data may be rasterized on the same geo reference as an 
existing map. Line information can be interpolated to area information by using 
interpolation routines. Different options are available within ILWIS depending upon 
the data set, the required accuracy and the purpose of interpolation. 

Raster to vector: 
Any raster map can be transformed in vector format. The result of the conversion 
depends on the homogeneity of the raster map and the pixel size compared to the size 
of the mapping units of the raster map. Only homogeneous raster maps consisting of 
areas with a considerable number of pixels should be converted. 

Point to raster: 
Points from a point file can be rasterized. New attribute values may be linked with these 
points. The point data may be rasterized on the same geo reference as an existing map. 
Also point information can be interpolated to area information. The same options are 
available as for the line interpolation. 
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Within the ILWIS attribute database the following interface exists: 
To be able to join columns from two different attribute tables as "key" column is needed. 
The values/codes in this column relate to the same attribute in both tables and are the 
link between the two tables. If data from three or more tables have to be joined it is 
not necessary to have the exactly the same key in all the tables. A key can be defined 
for each set of two tables. 

To link the ILWIS spatial and attribute databases the following interface exists: 
As described earlier all point, lines and areas have a code which is either unique for 
each individual spatial object or which represents all spatial objects that can be regarded 
homogeneous (mapping units). The same code is used in the attribute table as "key" 
column. In the same way this column is used for linking related attribute tables it is 
used for linking the spatial database and the attribute database. 

Example of ILWIS as a data interface management system 
To show how ILWIS, in its present structure, can be used as a data interface 
management system an example is given. This example show how ILWIS, in its current 
structure, can be used for preparing input files for a hydrological simulation model. 

Example: 
The example relates to the model ANSWERS. In this model a watershed is divided into 
cells for which a number of attributes has to be given. For clarity reasons only the 
rainfall-runoff part of the model is considered in this example in its simplest form, not 
the erosion/sediment transport part. 

The necessary cell attributes data are shown in Table 3. 

Table 3 Necessary attribute values for each cell 
in the ANSWERS model 

(1) ST, slope steepness 
(2) DIR, slope direction 
(3) S, soil type number 
(4) L, land use / land cover type number 
(5) R, rain gauge designator 
(6) C, channel size category number 
(7) CS, channel slope steepness 

For all these 7 attributes the spatial distribution over the watershed has to be found. 
The attributes 1 and 2 relate to a topographic map, attribute 3 to a soil map, attribute 
4 to land use or land cover map, attribute 5 to the location and influence range of the 
rainfall stations and the attributes 6 and 7 to a topographic (contour) map. 

Furthermore information on the following attributes for each soil unit, land use / land 
cover unit, channel type and rain gauge has to be given (Table 4). 
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Table 4 Necessary attribute values for each soil unit, land use/land cover 
unit, channel type and rain gauge in the ANSWERS model 

(A) Soils 
(1) TP, total porosity 
(2) BD, bulk density 
(3) FP, field capacity 
(4) DF, infiltration control zone depth 
(5) ASM, antecedent soil moisture 
(6) FC, steady state infiltration 
(7) P, infiltration exponent 
(8) K, soil erodibility (USLE) 

(B) Land use and land cover 
(9) PIT, potential interception 
(10) PER, actual percentage of cover 
(11) C, relative erosiveness 
(12) HU, maximum roughness height 
(13) RC, roughness coefficient 
(14) N, Mannings roughness coefficient 

(C) Channels 
(16) W, channel width 
(17) NC, Manning roughness coefficient 

(D) Rainfall 
(18) P, rainfall amount per time interval 

Figure 4 shows the flow of operations to be performed in order to obtain the spatial 
input for the input file for the ANSWERS model. To be more complete in showing the 
capabilities of IL WIS as a data interface management system it is assumed that the 
following data are available (Table 5): 

Table 5 Available data for the ANSWERS model 

Data Format Projection Database 

Topographic map 
Soil map 
Satellite imagery 
Soil analysis 
Rainfall 
Land use / land cover 

Analog 
Digital 
Digital 
Digital 
Analog 
Analog 

Lat/long 
UTM 
No projection 

Map sheet 
ARGÏNFO 

DBase 
Reports 
Reports 
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Step 1 : Preparation of base map (Fig. 5) 
ANSWERS is a cell based rainfall-runoff model. A watershed is divided into a number 
of rectangular cells. The area of each cell depends on the size and the heterogeneity 
of the watershed. After digitizing the boundary of the watershed to be studied a transfor
mation from vector to raster is performed with a cell size determined by the user. In 
this stage it has to be decided on which common cartographic projection is going to 
be used during the study. As the UTM projection is selected, a transformation from 
latitude/longitude to UTM coordinates is performed. 
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Step 2: Preparation of soil map (Fig. 6) 
As the soil map is already available in digital format in the ARC/INFO spatial database 
it is not necessary to digitize an analog version of this map. The ARC/ENFO file is 
imported into the IL WIS spatial (vector) database and converted into the ILWIS vector 
format. Because the map was already in the UTM coordinate projection no 
transformation is needed. A raster file is created using the base map (same map 
boundaries and same cell size). 
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Step 3: Preparation of land use/land cover map (Fig. 7) 
There exists no land use/land cover map. Only digital multispectral satellite imagery 
is available and some fieldwork reports on land use and land cover in the study area. 
The imagery is stored into the ILWIS spatial (raster) database. With the knowledge 
obtained in the field and using the remote sensing capabilities of ILWIS a land use/land 
cover map is created. This map is brought on the same projection as the base map by 
means of a geometric transformation. As the pixel size of the map depends on the type 
of satellite data the map is resampled to the cell size of the base map. Each cell shows 
now the predominant land use/land cover class (it is also possible to work with 
percentages of the different classes within each cell). 
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Step 4: Preparation of slope maps (Fig. 8) 
The slope steepness and slope aspect maps are created using the contours from the 
topographic map. These contours are digitized and stored in the ILWIS spatial (vector) 
database. One of the available interpolation routines of ILWIS is used to create an 
altitude map. When creating this map an appropriate cell size is selected. The map can 
then be transformed into a slope steepness and slope aspect map using filtering 
techniques. As the pixel size of these maps depends on the available contour data the 
maps are resampled to the cell size of the base map. Each cell shows now the 
predominant slope steepness and slope aspect. 
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Step 5: Preparation of the rain gauge designator map (Fig. 9) 
Each cell needs an identification code to link the cell with a rainfall station. The area 
of influence of each station can be determined by a distance function, by altitude or 
topography, by Thiessen polygons or by a combination of methods. Each station is 
entered manually into the ILWIS attribute database (its position and name). The stations 
are represented as points in a raster map. In this example a distance function is used 
to determine the rainfall station representative for each cell. Care is taken that the same 
cell size and projection is used as in the base map. 
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Step 6: Preparation of drainage map (Fig. 10) 
Each cell needs also a identification code on whether a channel is present in that cell 
and on what channel type it is. Using the topographic map the drainage system is 
digitized and stored in the spatial (vector) database after transformation from 
latitude/longitude projection to UTM projection. The different digitized segments are 
coded according to the channel types. A raster file is created using the base map (same 
map boundaries and same cell size) and the result is stored in the spatial (raster) 
database. 
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Step 7: Preparation of the channel slope steepness (Fig. 11) 
For each channel a slope has to be given. Either an attribute map is created using the 
map prepared in step 6 where every cell with a channel is assigned a channel slope 
steepness or using a crossing operation with the slope steepness map prepared in step 
4 is performed. The result is stored in the spatial (raster) database. 
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Step 8: Preparation of the soil attribute table (Fig. 12) 
Similar to the soil map stored in the ARC/INFO vector database, the attributes belonging 
to the different soil units are stored digitally in the DBASE database. These attribute 
data are transferred from DBASE to the ILWIS attribute database. If necessary 
selections, statistical analysis or calculations are made on the data. Also lacking data 
can be entered manually and redundant data can be removed (it is open whether these 
operations are first performed within DBASE and then the data are transferred to ILWIS 
or the other way around). Secondary data can be calculated using the primary data 
already in the database. 
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Step 9: Preparation of the land use/land cover attribute table (Fig. 13) 
Based on fieldwork reports, literature and laboratory analysis the necessary attribute 
values for the different classes of the land use/land cover map are entered manually in 
the ILWIS attribute database. Secondary data can be calculated using the primary data 
already in the database. 

Step 10: Preparation of the channel attribute table (Fig. 13) 
For each channel type two attributes have to be defined: the channel width and the 
Manning roughness coefficient. In the ANSWERS model the channel are assumed to 
have a rectangular cross section. For the different channel types these attributes are 
stored in the ILWIS attribute database. 

Step 11: Preparation of the rainfall attribute table (Fig. 13) 
The ANSWERS model simulates the runoff from individual rainstorms. Data on 
rainstorms recorded simultaneously in the different rainfall recording stations may be 
used. Each cell will be assigned rainfall data according to the rain gauge designator map. 
All the data are stored in the ILWIS attribute database. 
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Step 12: Preparation of the input for the ANSWERS input file (Fig. 4) 
All spatial input being ready in the form of attribute maps having the desired cell size 
for the ANSWERS program it is easy to created a table showing per cell all 7 attributes 
(described in Table 3). This is done by crossing all maps with the base map and saving 
the result in a cross table. The remaining information (as described in Table 4) is 
retrieved from the ILWIS attribute database. What remains to be entered in the 
ANSWERS input file is the non spatial data like headings and titles, indication of units 
used, drainage coefficient for tile drains, ground water release factor, etc. To group all 
retrieved spatial and non-spatial data into the ANSWERS input file, which uses a fixed 
format, a text editor can be used. It would be much more user friendly if a small, 
relatively simple, application program was written to complete the ANSWERS input 
file in an interactive way. 

The steps regarding data retrieval, data transformation and data manipulation as described 
in this section can be highly automated by using interactive batch and command 
procedures. 

5.2 Future developments in relation to ILWIS as a data interface management system 

External database integration 
With the increasing capabilities of databases software to be accessed using applications 
programs and with the increasing capacity of the internal memory of personal computers 
it becomes feasible to link external databases more firmly with the ILWIS databases. 
Without going into the process of entering one program, selecting the data, exporting 
the data, leaving the program, entering the second program, importing the data, etc all 
could be done within one database interface program. Selection of one standard interface 
language would allow the user to access different database without having to know how 
all these databases operate. 

ILWIS database integration 
Up till now it is up to the user to decide in which format the data (vector, raster or 
attribute) are stored. For certain application programs data have to be converted first 
from one data format into another one. This can be avoided if use is made of a higher 
level data management system. Here the user does not have to bother on data formats. 
The programs looks for the best and most efficient way of storing, manipulating and 
combining data. The preservation of data integrity and the use of a data dictionary will 
form an essential part of the management system. However, the user should always have 
the flexibility of determining himself how he wants to store, manipulate and combine 
data. 

ILWIS user interface 
To improve the user-friendliness of the system a good user interface has to be made. 
Being able to work in a "window" environment (compare MS-WINDOWS) the inter
action between user and computer will be improved. The construction of a tool kit, to 
be used within a shell build around the software, will allow a more experienced user 
to write its own specific application tools and programs. 
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ILWIS hardware independence 
Efforts will be made to make the ILWIS software package more system independent. 
Depending upon the operating system to be expected as standard in the near future (e.g. 
UNIX) the software will be rewritten (probably in "C") to allow its use on different 
systems (workstations, etc). 
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6 USERS OF REMOTE SENSING IN HYDROLOGY 

This chapter deals with the potential users of a hydrological interface model as described 
in the previous chapters. At this point we would like to present the users group in its 
widest sense, since the objective of the system would be the management of small and 
large hydrological basins. An overview will be given of the international community 
of hydrological organizations. Since the hydrological interface model will be ideally 
suited for water management and planning activities, governmental organizations will 
be major potential users. We distinguish between the following four categories: 
1. Governmental organizations 
2. International organizations 
3. River basin authorities 
4. Institutions and private firms 

All of these organizations deal with water resources from a different point of view, 
working at different scales and thus requiring remotely sensed input from a large variety 
of sensors and platforms. For each of the four categories, organizations will be presented 
including examples of hydrological programmes they execute. 

Governmental organizations 
Governmental organizations involved, or partly active in the field of water resources 
management are divided in three groups: 

UN organizations: a complete diagram of relevant UN organizations and their 
interrelationships is given in Figure 14. 

In Table 6 the abbreviations of the UN organizations are explained. Examples of major 
hydrological programmes of UN organizations are: 
- International Hydrological Programme (MP) of UNESCO, in cooperation with WMO, 

UNEP, IAHS and IAH. 
- Hydrology and Water Resources Programme (HWRP) of WMO. 
- Man and Biosphere (MAB) of UNESCO, in cooperation with UNEP, SCOPE, IUBS 

and IUCN. 
- World Climatological Programme (WCP) of WMO, with the ICSU. 

Non-UN organizations: non-UN international organizations involved in hydrological 
programmes are presented in Figure 15. The list of abbreviations is shown in Table 6. 
Examples of hydrological programmes are: 
- European Programme on Climate and Natural Hazard (EPOCH), of the EC. 
- Commission on Water Problems, of ECE and UN. 

National, Provincial and District governmental organizations: 
The third group of governmental organizations are at the (sub-)country level. In most 
countries various departments on the national, provincial and district level are responsible 
for water resources development and planning within their region. 

51 



UN-SECRETARIAT 

CENTRE FOR 
NAT. RESOURCES 
ENERGY 
AND 
TRANSPORT 

US GENERAL 
ASSEMBLY 

ECOSOC 

COMMITTEE 
ON NATURAL 

RESOURCES 

SPECIALIZED 
AGENCIES 

IBRD 

IAEA 

UNESCO 

WHO 

FAO 

WMO 

ACC. SUB 
COMM. ON 

UATER 
RES. DEVELP. 

WORK GROUP 
ON HYDROLOGY 

REGIONAL 
COMMISSIONS 

UNEP 

UNDP 

UNIDO 

UNDRO 

ECE 

ECWA 

I HP 

MAB 

IGCP 

IOC 

IRG 

HOMS 

CHy 
(OHP) 

RA VI 

ESCAP 

ECLA 

ECA 

Fig. 14 UN organizations 

OECD 

EEC 

WATER MAN 
SECTOR 

GROUP 

COUNCIL 
OF 

EUROPE 

NATO 

INT. RHINE 
COMM. 

ISO 

CCMS 

Fig. 15 Non-UN international organizations 

52 



International organizations 
In this section the non-governmental organizations, consisting of unions, councils, 
commissions and associations that are active in the water field will be presented. Figure 
16 shows a diagram of international, non-governmental organizations. The abbreviations 
are explained in Table 6. Some examples of hydrological programmes are: 
- International Geophysical and Biological Programme (IGBP) of the ICSU, in 

cooperation with the UNEP, UNESCO and WMO. 
- Joint Global Ocean Flux Study (JGOFS) of the SCOR. 
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Table 6 List of abbreviations 

Acronym Description 

ACC Administrative Committee on Coordination 
ACOH Advisory Committee for Operational Hydrology 
CCMS Committee on the Challenge of Modern Society 
CHy Commission for Hydrology 
CHR Commission for the Hydrology of the Rhine Basin 
CIGR see ICAE 
CODATA Committee on Data for Science and Technology 
COSTED Committee on Science and Technology in Developing Countries 
CO WAR Committee on Water Research 
ECA Economic Commission for Africa 
ECE Economic Commission for Europe 
ECLA Economic Commission for Latin America 
ECOSOC Economic and Social Council 
ECWA Economic Commission for West Asia 
EEC European Economic Community 
EMCWP European and Mediterranean Commission on Water Planning 
ESCAP Economic and Social Commission for Asia and the Pacific 
FAO Food and Agriculture Organization 
GARP Global Atmospheric Research Programme 
IAEA International Atomic Energy Agency 
IAH International Association of Hydrogeologists 
IAHR International Association for Hydra Aid Research 
IAHS International Association of Meteorology and Atmospheric Physics 
IAMAP International Association of Hydrological Sciences 
IAPSO International Association of Physical Sciences of the Ocean 
IAWL International Association for Water Law 
IAWPR International Association on Water Pollution Research 
IAWR International Arbeitsgemeinschaft der Wasserwerke im Rheineinzuggebiet 
IBRD International Bank for Reconstruction and Development 
ICAE International Commission on Agricultural Engineering (see also CIGR) 
ICCE International Commission on Continental Erosion 
ICGW International Commission on Ground Water 
ICID International Commission on Irrigation and Drainage 
ICOLD International Commission on Large Dams 
ICSI International Commission on Snow and Ice 
ICSU International Council of Scientific Unions 
ICSW International Commission on Surface Water 
ICWRS International Commission on Water Resources Systems 
ICWQ International Commission on Water Quality 
IFIP International Federation for Information Processing 
IGCP International Geological Correlation Programme 
IGU International Geographical Union 
IHO International Hydrographie Organization 
IHP International Hydrological Programme 
IIASA International Institute for Applied Systems Analysis 
IOC Intergovernmental Océanographie Commission 
IRC International Reference Centre for Community Water Supply 
ISO International Organization for Standardization 
ISSS International Society of Soil Science 
IUBS International Union of Biological Sciences 
IUCN International Union for the Conservation on Nature 
IUGG International Union of Geodesy and Geophysics (see also UGGI) 
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Table 6 continued 

Acronym Description 

IUGS International Union of Geological Sciences 
IUPAC International Union of Pure and Applied Chemistry 
IUPS International Union of Physiological Sciences 
IWRA International Water Resources Association 
IWSA International Water Supply Association 
MAB Man and Biosphere 
NATO North Atlantic Treaty Organization 
OECD Organization for Economic Cooperation and Development 
OHP Operational Hydrological Programme 
PIANC Permanent International Association of Navigation Congresses 
RA VI Regional Association VI (Europa) 
SCOPE Special Committee on Problems of the Environment 
SCOR Scientific Committee on Oceanic Research 
UATI See UIEO 
UIEO Union of International Engineering Organization (see also UATI) 
UGGI see IUGG 
UN United Nations 
UNDP United Nations Development Programme 
UNEP United Nations Environment Programme 
UNIDO United Nations Industrial Development Organization 
UNDRO United Nations Disaster Relief Organization 
UNISIST United Nations Science Information System 
UNESCO United Nations Educational, Scientific and Cultural Organization 
WHO World Health Organization 
WHO World Meteorological Organization 
WWW World Weather Watch 
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River basin authorities 
In many countries there is a trend from an early stage when purposes of water utilization 
were all independently pursued at a small local level to bodies which are responsible 
for the whole of major sectors of the water cycle in a river basin, with full integration 
of functions. The concept was first practiced in the USA (1930) and later adopted in 
other countries. Recently, many developing countries are applying the idea of integrated 
river basin management. Examples of river basin authorities on a national level are: 
- Tennessee Valley Authority, USA 
- Jatiluhur Authority, Indonesia 
- Hudson River Basin Commission, USA 
- Damodar Valley Authority, India 

Many international river basin commissions are currently coordinating the interests of 
the riparian states of large rivers with regard to allocation and quality of the water. Some 
examples of such internationally active organizations are: 
- Mekong Committee 
- Permanent Joint Technical Commission of Nile Waters 
- Commission for the Hydrology of the Rhine Basin 
- Commission du Bassin du Lac Tchad 

Institutions and private firms 
The fourth category of potential users of a hydrological interface model will be the 
public institutions and private firms operating in the water resources field. The two types 
of organizations are grouped here as one category to indicate that in the field of 
watershed modelling they will mainly assist, or work together with the first three 
categories of organizations mentioned. They develop techniques and models, and make 
them available for operational use by governmental and other administrative 
organizations. 

It is apparent that institutions and private firms tune their activities in this field to policy 
making and executing organizations. The last category, consisting of development, 
science and research institutes and of consulting and engineering firms, should therefore 
not be considered a primary target group for the development of a hydrologie interface 
model, although it is expected to be a major user of such a model. 
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7 DEMONSTRATION 

The inventory of watershed models shown that a number of distributed input parameters 
such as land use and channel-network systems are common to many models. Land use 
categories can be deployed for estimating rainfall-runoff processes, but also for 
calculation of agricultural water requirement and sediment transport and depletion. The 
basic issue now is to analyze whether these common input parameters can be retrieved 
from remote sensing data operationally or not. The up-dated parameters to be acquired 
from satellites on an operational basis is a debated issue. As Chapter 5 demonstrated, 
some parameters can be obtained directly while others certainly not. Wide experience 
is gained with the inventory of land use and physiographical units. Rainfall data are 
still roughly estimated by remote sensing data and such technique may only be justified 
when sufficient ground truth is available and a ground radar is present (e.g. Van den 
Assem, 1990). Although it is proved that radar backscatter and cold cloud temperature 
duration are correlated with rainfall intensity, each case has to be calibrated with ground 
truth data. Therefore the state of the art of operational hydrological information from 
remote sensing can be explained twofold; the optimistic user applies transfer functions 
to get or generate just some input data. The pessimistic user of remote sensing data 
prefers to concentrate more on the areal dependent algorithms, and studies all other 
atmospheric and hydrological processes affecting the algorithm looked for. 

The present work has nor the pretention to discriminate investigators into optimistic and 
pessimistic groups, neither the pretention to convince people to shift from traditional 
data sources to innovative remote sensing data. It only suggests to link the spatial 
information currently available from satellites with hydrological models to verify whether 
an interface model is economically and technical effective. To study the feasibility of 
the extended ILWIS package, a demonstration project has proposed. The aim is to prove 
the value of remote sensing data for hydrological modelling. The demonstration phase 
will be forwarded by accounting on a discrimination between direct measurable 
information i.e. land use and indirect information i.e. equivalent snow depth. 

The Province of Mendoza in Argentina (Fig. 17) is proposed to be used as demonstration 
area for the hydrological information system. 

The proposed irrigated Andean watershed deals with various hydrological aspects; the 
area fulfils the complex hydrological system of river basins (Table 1, class 9) at the 
foot of snow covered mountains (Table 1, classes 1, 2, 3). Because of the semi-arid 
climate (it is situated along the same latitude as Australia and South Africa), an extensive 
surface water irrigation system is present to allow agriculture (Table 1, class 4). The 
use of irrigation water ia applied with large losses, therefore groundwater recharge (Table 
1, class 5) is an important phenomena as well. Attention is paid to the control of 
groundwater in relation to irrigation water supply by means of drainage techniques 
(Table 1, class 6). Since the study area is situated in a semi-arid region, non-irrigated 
areas have a salinization hazard (Table 1, classes 5, 8). Mendoza has 0.7 million 
inhabitants. A proper water control in the urban area (Table 1, class 7) is a constraint 
to safeguard the population. Because of the occurrency of large fluctuation of the water 
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level in the beds of the Mendoza and Tunyuan after storm events, attention has to be 
given to river morphology studies (Table 1, class 9). 

69° West 

BRASIL 

fcoGv>*É-33°South 

Fig. 17 Location of the Andean watershed in the Province of Mendoza, Argentina 

DLO The Winand Staring Centre has a close collaboration with the Instituto Nacional 
de Ciencia y Technica Hidricas - Centra Regional Andino (INCYTH-CRA) since 1975. 
Groups of experts in water resources research and operation with large experience are 
stationed at Mendoza. Computer facilities, hydrological models, telemetric devices and 
image processing systems are available for the proposed demonstration project (see 
Table 7). 

Table 7 Current available facilities at the Instituto Nacional de Ciencia y Technica Hidricas 
Centro Regional Andino 

Item Remote Hydro-
Sensing logical 

model 

GIS Tele- Digital 
metry terrain 
network model 

Streamflow-overland-sediment models 
Snowmelt-overland flow models 
Surface water-groundwater models 
Water quality models 
Urban hydrology models 
Fluvial morphodynamic models 

58 



During previous investigations, data collection programs have been set up at the 
INCYTH_CRA in Mendoza. Among them a telemetric network of 33 remote stations 
has to be mentioned, providing information on thunderstorms, snow hydrology, river 
flood forecasting and wave translation (Fernandez et al., 1990). The Provincial 
Government owes a radar station to study rainfall patterns. Further, telemetric equipment 
to register rainfall and channel levels in the urban area have been installed to plan, 
design and monitor urban drainage systems. 

In order to test a package of methods to study quantitatively irrigation water 
management, a field measurement program on discharges, groundwater levels, soil 
properties and salinity has been initiated in 1984. The package consists of 
- simulation models for integrated surface and groundwater (SIMPRO, MOGROW), 
- satellite images to map crop type, water requirement and actual irrigated area and 
- a geographical information system containing the irrigation network and service units. 
Such package has been shown to be an improvement in the day-to-day water 
management (Menenti et al., 1989). A Watershed Oriented Digital TErrain Model 
(WODITEM) has been generated and applied to obtain morph ome trie information as 
elevation, exposure and slope. The forecast of snowmelt is further enhanced by remotely 
sensed data on snow covered area, snow water equivalent (Maza et al., 1990). River 

* morphometric characteristics such as length, curves, flooded areas and meanders can 
be retrieved from satellite data. River level data are included in the observation list of 
real-time acquisition data systems. 

To gain an optimal insight in the current achievements of the Argentinean study area, 
the demonstration project has been jointly defined with INCYTH-CRA (Maza, 1990). 
The experience in Mendoza province shown that the interface model should be able to 
transform the remote sensing raster system and the GIS vectorial system into a network 
of grid cells. The remote sensing pixel values, telemetry network data and digital terrain 
model parameters should fit in this assigned cell system. The software of the interface 
model should be also versatile and friendly enough to allow the grouping of cells into 
Homogeneous Hydrological Units (HHU) easier as possible. 

The following paragraphs will analyze the aim and desired techniques to solve a 
particular hydrological process. The class order is kept the same as it is in Table 1. 

Streamflow-overland-sediment models: 

Aim: The Mendoza piedmont (700 to 3000 meter above m.s.1.) produces relevant floods 
after typical regional convective summer storms. These flash-floods cause serious 
agricultural infrastructure damages to the 600 km rural basin. The aim is to predict 
the flood wave in order to tune the operation of structures with the expected discharges. 

Remote Sensing: By means of LANDSAT-TM imagery, basin Curve Number values 
will be determined by a correlation between reflectivity and Curve Number. A weather 
radar is present to estimate local rain events. Remote sensing will allow to obtain a 
vegetational cover mapping of the watershed. Satellite imagery will also be used to 
determine some morphological parameters (area, basin boundaries, drainage network, 
flooded areas, etc.). 

59 



GIS: Morphometry parameters such as area, slope, terrain exposure and elevation will 
be digitized into a GIS. The GIS will be replenished by remote sensing data. 

Telemetry stations: The study area (600 km2) has been implemented with 26 rainfall 
stations. The Divisadero Largo pilot basin (5 km2) contains one station every square 
kilometer and the basin outflow is measured through calibrated weirs. 

Hydrological model: The kinematic wave HEC-1 model will allow the runoff 
computation. The river basin will be represented by an interconnected system of 
hydrological and hydraulic components. 
ANSWERS and CREAMS will in this regard be used to analyze more in details the 
erosion processes. 

Snowmelt - overland flow models: 

Aim: Data acquisition in the inaccessible parts of the Cordillera de los Andes basins 
(2500-7000 m above m.s.1.). The runoff forecast is very important for the irrigation of 
400,000 hectares of land and the supply of potable water for 700,000 inhabitants of 
Mendoza city. 

Remote sensing: NOAA imagery covering the snowmelt period (6 or 7 images) will be 
used to determine snow cover area depletion curves through digital analysis. 

GIS: Digitizing maps of basin boundaries, rivers, station locations and contour lines will 
be stored in a GIS. The application of WODITEM together with GIS data will allow 
the determination of sub-watersheds, areal variation of elevation, terrain slope and 
exposure. 

Telemetry stations: In the study area on the Cordillera de los Andes area, three stations 
measuring water equivalent, four stations measuring temperature and one for river water 
level will be installed. 

Hydrological models: By using the SRM model, the simulation of runoff will be applied 
to small zones and sub-catchments. The model is sensitive to daily air temperature data 
and rainfall figures. 

Surface water - groundwater quality models: 

Aim: Improving irrigation water management in relation to plant water use and 
preventation of water logging and salinization. The considered irrigation scheme is 
approximately 88,000 ha. All unlined secondary and tertiary canals are rather old 
(constructed sixty years ago), causing great conveyance losses. Percolation due to 
excessive irrigation applications may rise the water table, causing water logging in 
natural depressions. The evaporation of abundant water volumes with a relative high 
concentration of solutes may cause soil salinization. The coupling of simultaneous salt 
and water flow is essential to study the impact of water management strategies on soil 
salinization. Due to the high irrigation requirement and limited water availability during 
the summer season, it is necessary to complement the superficial water use with 
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groundwater. Hence, there are processes such as feeding (percolation) and extraction 
(pumping) of groundwater. 

Remote Sensing: The irrigation water management can be supported with actual 
information of the crop type, its phenological stage and the area actual irrigated. The 
latter is important because the area of water duties does usually not cover the area actual 
under irrigation. An estimation of regional évapotranspiration can be done on the basis 
of thermography in combination with albedo and radar measurements of the top soil 
water content. Classification of bare soil may lead to the description of faults and 
geological layers. The irrigation infrastructure can be mapped out with satellite data. 
Mapping of areal water logging, turbidity and suspended solids can be done with 
LANDSAT-TM. 

GIS: The channel network and the boundary and elevation of service units can be 
digitized and applied with remote sensing data to enhance the agricultural statistics in 
a specific service unit. The deployment of soil physical data and location of channels 
from the GIS to DUFLOW and SIMPRO models will be done. 

Telemetry stations: Data with standard meteorological data such as air temperature, 
humidity, windspeed and global radiation will be used. In addition, measurements on 
soil properties and streamflow have to carried out. Data on solute concentrations of 
surface irrigation water and groundwater quality should be continuously monitored at 
several locations in the irrigation scheme. Regarding the groundwater quality, a network 
of electric conductivity measurements have to be set up. 

Hydrological models: Quantitative description through numerical simulation models of 
the coupling between water management and soil salinization is necessary to develop 
improved water management practices. DUFLOW can be used to simulate the surface 
water distribution on the entire scheme level i.e. the water distribution among all 
secondary units. The impact of excess allocation of irrigation water on groundwater in 
a tertiary unit can be computed either with SIMPRO or MOGROW. MOGROW has 
the same surface water routine as SIMPRO, but contains a strongly improved 
schematization of the groundwater flow. The regional groundwater flow through 
inhomogeneous layers in the Andean watershed with river beds and groundwater 
extraction will be computed with the TRIWACO model. The movement of fresh and 
salt water can be modeled with a sub-routine of TRIWACO, the STIWACO model. The 
regional movement of nitrogen can be done with RESAM. 

Urban hydrology models: 

Aim: The intensive summer storms produce floods in the urban area of Mendoza, 
damaging private properties and public infrastructures. The drainage system consists 
of open channels which are designed for another purpose namely for irrigation of public 
green. Via modelling the urban hydrological response on storm events, the location of 
inefficient works can be traced and new design criteria can be drawn up. 
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Remote Sensing: LANDSAT-TM data allow the determination of the different 
imperviousness levels in each urban zone area. Such survey can be assisted by ground-
truth plots and available colour air photographs scale 1:10,000. 

GIS: The digitizing of detailed topographic maps can be stored in a city-GIS. This GIS 
permits the separation of Mendoza city in sub-catchments from where the areal slope 
distribution can be subtracted. The latter parameter is necessary to predict stream lines. 

Telemetry stations: The city is equipped with 3 rainfall stations (totally covering 100 
km ). Qualitative data from a meteorological radar is available. The precipitation data 
will be assigned to other city-GIS cells. An additional program to compute instantaneous 
isohyets through kriging method should be developed. 

Hydrological model: Hydrological simulation will be carried out with MOUSE model. 
The lump level will be approximately 0.5 ha. The size of such area is the natural 
contributing runoff area for a 100 m drainage section according to the LANDSAT-TM 
pixel size (28.5*28.5 m) and topographic accuracy (equidistance 100 m). Since 
INCYTH-CRA has previously investigated the opportunities of the OTTSWMM model, 
a comparison between MOUSE and OTTSWMM will be performed as well. 

Fluvial morphodynamic models: 

Aim: At present, the Mendoza river is not regulated. Flood zones along the banks are 
present from the river origin towards the Mendoza plain. It is then necessary to model 
the flooding in order to establish the flush-flood hazard and to design level of river 
banks. It would be important to carry out studies on the Mendoza river fluvial-
morphodynamic characteristics since the river bed changes through out the year. 

Remote Sensing: The digital analysis of LANDSAT-TM imagery allows the 
determination of the hydraulic roughness and extent of flood plains. Sedimentation in 
the reservoirs can be adequately described with the joint use of satellite images and 
simulation models. 

GIS: The digitized maps of the river bed and flood plain topography will enable the 
digital terrain model to determine apt cross sections for the model input and longitudinal 
slope. The output data stored in GIS will allow the demarcation of the flood plain to 
carry out an iterative work with different options of structural solutions. 

Hydrological model: The WENDY package will be employed to study the interaction 
between infrastructures, river flow and sedimentation. Although the HEC-2 model is 
not incorporated in the foreseen ILWIS package, INCYTH-CRA recommended to 
compare results of WENDY with the results obtained from HEC-2. 

62 



8 RECOMMENDATIONS FOR CONTINUATION 

In Chapter 4 representative models have been selected for hydrological processes that 
may occur in a watershed. For the representative models an analysis of the input data 
structure is presented (Appendix 3), indicating the possibility of introducing remote 
sensing data and processing of (parts of) the input data in a GIS. In practice, running 
such a great number of different hydrological models, each involving different types 
of data sets in different formats, will require a complex data interface management 
system. The proposed hydrological information system must be capable of integrating 
incompatible data structures, pre-processing of raw data, manipulating cartographic 
projections and presenting data in many different forms. 

Continuation of this study will aim at the building and the testing of a versatile data 
interface management system, that should be applicable in watersheds in a large variety 
of climatic regions. The emphasis will lie on the system development rather than the 
hydrologie processes that occur in the watershed. However, a representative region 
should be selected in which all nine hydrologie processes, as categorized in this study, 
occur and sufficient data are available for incorporation in the models. In this respect 
the Province of Mendoza in Argentina, described in Chapter 7, seems to be very well 
suited. All categories of hydrological models can be applied and the region has been 
well studied for a considerable period of time. Selection of the Mendoza Province as 
the region of study would certainly facilitate satisfying our condition of emphasizing 
the system development, rather than the hydrological aspects. 

The perspective of system development is given in Chapter 5. This aspect will require 
considerable effort in a continuation of the study, in line with previously described 
international trends in operational hydrologie research. 

As indicated in Chapter 6, dealing with the users of a hydrological interface model, the 
development of a new system should be aimed primarily at various types of governments 
and other administrative bodies, although the actual users will also consist of public 
institutes and private firms. 

From a hydrological point of view, the approach of the continuation of this study is 
schematically presented in Chapter 7. It gives a description of how remote sensing and 
GIS techniques are intended to be applied in six hydrological processes. Moreover, it 
shows the fields in which studies have been performed in the region and both the data 
that are available and that are missing. 

In order to mobilize expertise available in the Netherlands, the authors emphasize the 
importance of a broad team of participants in all aspects of operational hydrology to 
participate in a follow-up project. This team should preferably be supported by leading 
experts in the field of remote sensing and hydrological modelling from other countries, 
such as the United States, Great Britain and Germany. 
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ANNEX 1 LIST OF MODELS 

Model Centre 

1 Streamflow-overland flow models 
International model 
- BOCHUM 
- HEC-1 
- IHFS 
- IRBM 
- SACRAMENTO 
- SIMPLE 
- SNSF 
- TOPMODEL 
- TR-20 
- TRADRAS 

Ruhr University Bochum 
US Army Corps of Engineer 
US Army Corps of Engineer 
Royal Meteorlogical Institute of Belgium 

University of Waterloo, Canada 
Norway 
Institute of Hydrology, Wallingford 
USDA, Soil Conservation Service 
University of Leuven 

National model 
- KINFIL 
- LACS 
- WROF 

Agricultural University of Wageningen 
Institute of Earth Sciences 
Agriculture University of Wageningen 

2 Snowmelt - overland flow 
International model 
- BROOK 
- CEQUEAU 
- ERM 
- HBV 
- HYDROTEL 
- IHDM4 
- KUCHMENT 
- NAM-H 
- NWSRFS 
- PRMS 
- SLURP 
- SRM 
- SNOWMELT 
- SSARR 
- TANK 
- UBC 

models 

University of Hampshire 
University of British Columbia 
Hydroconsult, Bratislava 
Swedish Met. Hydrology Institute 
INRS-Eau 
Institute of Hydrology, Wallingford 
USSR Academy of Sciences 
LIC consult, Kopenhagen 
National Weather Service NOAA 
US Geological Survey 
Atmospheric Environmental Service, Canada 
NASA, Goddard Space Flight Centre 
USDA, Soil Conservation Service 
US Army Corps of Engineers 
National Res. Cenre for Disaster Preventation 
University of British Columbia 
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Model Centre 

3 Watershed and Sediment 
International model 
- ACTM 
- ANSWERS 
- ARM 
- ARSBSN 
- CREAMS 
- EGMOD/FGMOD 
- EPIC 
- HSPF 
- MOORE 
- NUGENT 
- PLIERS 
- SILSOE 
- SPUR 
- STREAMS 
- SWAM 
- SWRRB 

models 

USDA-Agricultural Research Station 
US Environmental Protection Agency 
US Environmental Protection Agency 
USDA, Agricultural Research Station 
USDA, Soil Conservation Service 
Institut fur Wasserwirtschaft, Berlin 
USDA-Soil Conservation Service 
Hydrocomp Inc. 
University of Minnesota 
University of Missouri 
University of Illinois 
Silsoe College, UK 
USDA-Agricultural Research Station 
Albert H. Halff Ass., Dallas 
USDA-Agricultural Research Station 
USDA, Soil Conservation Service 

4 Surface water - irrigation models 
International model 
- DOSAG 
- ICSS 
- QualllE 
- WATMAN 

Texas Water Dev. Board 
University of Calgary 
US Environmental Protection Agency 
Klohn Leonoff Ltd., Br.Columbia 

National model 
- DIWA 
- DELWAQ 
- DM 
- DUFLOW 

- HYDRA 
- LYMPHA 
- NETFIL 
- NETFLOW 
- RUBICON 
- RIBASI 
- WAQUA 
- WASAM 

Heidemij/LD Consultants 
Delft Hydraulics 
Delft Hydraulics 
International Institute for Hydraulic and 
Environmental Engineering 
Heidemij, Consultant, Arnhem 
Agricultural University of Wageningen 
Delft Hydraulics 
Delft Hydraulics 
Haskoning, Consultant, Nijmegen 
DHV, Consultant, Amersfoort 
Rijkswaterstaat, Rijswijk 
Euroconsult 

DLO The Winand Staring Center model 
- SIMWAT 
- SIWARE-package 
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Model Centre 

5 Saturated groundwater flow 
International model 
- ASM 
- AQUA 
- BEAVERSOFT 
- BIWASA 
- CATTI 
- DRAINMOD 
- GLEAMS 
- HST3D 
- INTERSAT 
- LONFAS 
- MODFLOW 
- PESTRUN 
- PLASM 
- PLUME 
- SOLUTE 
- SUTRA 
- TDAST/ODAST 
- TRAFRAP-WT 
- THWELLS 
- USGS-2D/3D 

(evt. incl. solute transport) models 

IGWMC-6603 
Scientific Software Group 
IGWMC-6590 
Cairo Univ. 
IGWMC-6600 
North Carolina Univ. 
USDA-Agricultural Research Station 
IGWMC-4610 
Scientific Software Group 
University of Reading 
IGWMC-3980 
IGWMC-6280 
IGWMC-0322 
IGWMC-6020 
IGWMC-6380 
Scientific Software Group 
IGWMC-6311 
IGWMC-0589 
IGWMC-6022 
IGWMC-0771/0770 

National model 
- AQ-series 
- AQUAFEM 
- FLOWSA-FD 
- FLORAN 
- GROMULA 
- GELDIM 
- MICRO-FEM 
- PHREEQM 
- TRIWACO 
- VERA 

RIVM, Bilthoven 
RIVM, Bilthoven 
TNO-DGV, Delft 
RIVM, Bilthoven 
Delft Hydraulics 
Province of Gelderland 
Hemker, Consultant, Amsterdam 
Institute Earth Science, Free Univerity Asterdam 
IWACO, Consultants, Rotterdam 
Soilmechanisc, Delft 

DLO The Winand Staring Center model 
- FEMSAT(S) 
- SIMGRO 
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Model Centre 

6 Integrated Ground/surface water flow models 
International model 
- JIZMAN 
- MC 

- SAMSON 
- SHE 
- SWATCH 

University of Louisiana 
Ecole National Superieure des Mines, 
Paris 
Colorado State University 
Institute of Hydrology, Wallingford 
Colorado State University 

National model 
- GRW2M 

- GELGAM 
- PREDIS 

International Institute for Hydraulic and 
Environmental Engineering 
Rijkswaterstaat 
Delft Hydraulics 

DLO The Winand Staring Centre model 
- SIMPRO 
- MOGROW 
- SWW 

7 Urban hydrology models 
International model 
- CADI 
- EXTRAN 
- MOUSE 
- OTTHYMO 
- OTTSWMM 
- SWMM 
- WASPP 

National model 
- AXTRAN 
- BUIBAK 
- RIOSYS 
- TWEE POMPEN 

University of California 
US Environmental Protection Agency 
Danish Hydraulic Institute 
University of Ottawa 
University, of Ottawa 
US Environmental Protection Agency 
Hydraulics Research, Wallingford 

TAUW Infra Consult 
LD, Utrecht 
Haskoning, Consulants 
Grontmij, Consultants 
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Model Centre 

8 Water quality models 
International model 
- INTERTRANS 
- WQRRS 
- MOC 

Scientific Software Group 
US HEC Corps of Engineers 
Scientific Software 

National model 
- BLOOM 
- PHOSOL 
- CHARON 
- NITSOL 
- IMPAQT 
- UPTAQE 
- ECOLOM 
- INTERA 
- STIWACO 
- QM 

Delft Hydraulics 
Delft Hydraulics 
Delft Hydraulics 
Delft Hydraulics 
Delft Hydraulics 
Delft Hydraulics 
Delft Hydraulics 
RIVM, Bilthoven 
IWACO, Consultants, Rotterdam 
Rijkswaterstaat, RIJP, Lelystad 

DLO The Winand Staring Centre model 
- ANIMO 
- EPIDIM 
- PESTLA 
- RENLEM 
- RESAM 
- TRANSOL 

9 Fluvial morphodynamic models 
International model 
- HYDRO 
- QUALITY 
- ROTO 
- HEC-2 

National model 
- LWS/HWS 
- RIBASIM 
- RIVER-LANDSCAPE 
- WENDY 
- SERES-1 

Deptartment of Civil Engineering, UC, 
Deptartment of Civil Engineering, UC, 
USDA, Agricultural Research Starion, Temple 
US HEC Corps of Engineers 

Euroconsult 
MIT/Delft Hydraulics 
University of Wageningen 
Delft Hydraulics 
Delft Hydraulics 
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ANNEX 2 DESCRIPTION OF MODELS 

1 Streamflow - overland flow models 

- BOCHUM: 
A model which allows the estimation of monthly runoff values based on the information 
from satellite imagery. The model is using low-orbiting satellite IR data in which a 
relationship between a mena daily temperature weighted cloud cover index and a daily 
runoff indicator was established for catchment areas of about 1000 km2. 
Ref.: Strubing and Schultz, 1985. Estimation of monthly river runoff data on the basis 
of satellite imagery. In: Goodison (Ed.), IAHS no. 145:491-498. 

- HEC-1: 
The model represents the watershed as an interconnected group of model components: 
(a) precipitation-runoff, (b) channel routing components route an upstream hydrograph 
through a channel reach, (c) the diversion component transfers a portion of a computed 
hydrograph to a specified location in the watershed, (d) the reservoir component models 
the effects of storage on an upstream hydrograph due to a reservoir or detention basin 
and (e) the combination component adds together a specified number of hydrographs 
to represent channel confluences. The precipitation-runoff component can be lumped 
(unit hydrographs) or distributed (kinematic wave). 
Ref.: Goldman, 1989. Loss rate representation in the HEC-1 watershed model, in Morel-
Seytoux (ed.), Unsaturated flow in hydrologie modelling, theory and practice, NATO-
ASI series, Vol. 275., p. 345-390. 
US Army Corps of Eng., 1981. HEC-1, flood hydrograph package, Hydrologie Engineer 
Center, Davis. 

- IHFS: 
Integrated Hydrologie Forecasting System model using meteorological variables as input 
to supply forecasts of the mean areal precipitation and, ultimately, river stage. Modern 
estimation theory techniques such as the Monte Carlo methods are used to allow real
time updating of the hydrometeorological modes states by measuring stage or rains 
gauges, or both. 
Ref.: Georgakakos and Foufoula-Georgiou, 1989. Real-time coupling of hydrological 
with meteorological models for flood forecasting in Recent Advances in the modelling 
of hydrologie systems. In Bowels and O'Connel (Eds.), Reidel Publishing Company: 
Boston, Massachusetts. 

- IRMB: 
Lumped model designed for the establishment of a detailed water balance of medium-
sized catchments (100-1500 km2). Simple division catchment in vegetational units, which 
contribution to total basin outflow is proportional accounted for by area percentages. 
Ref.: Bultot et al., 1976. Conceptual hydrological model for an average-sized catchment 
area, J. of Hydr. 29:251-292. 
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- KINFIL: 
This model uses Curve Number values in which the soil cover complex, land use and 
antecedent moisture conditions are coded. The Morel-Seytoux equations based on Green 
and Ampt theory have been adapted for description of an infiltration process. 
Ref.: Kovar, 1989. Rainfall-runoff event model using curve numbers (KNIFIL), Research 
Report no. 92, Department of Hydraulics and catchment Hydrology, Agric. Univ. of 
Wageningen. 

- LACS: 
An event-based rainfall-runoff Landsat Supported Conceptual Semi-distributed model 
using Landsat TM data for delineation of vegetation and geomorphological units, from 
which the semi-distributed model structure is inferred. Estimates of quick- and delayed 
runoff volumes and the runoff hydrographs could be made for individual rainfall events. 
Ref.: Allewijn, 1990. Remote Sensing and runoff modelling in Alpine areas. Ph.D. thesis, 
Free University of Amsterdam. 

- SACRAMENTO: 
The model is a system of paralle interconnected and serial reservoirs. In the simulation 
of the runoff process, a distinction is made between the land phase and the channel 
phase. The land phase is approached by an explicit moisture lumped parameter model. 
The catchment area is divided into one or more segments, all dischargingh into the main 
channels. The propagation and attenuation of flood waves in the channel may be 
simulated in the model by methods with various sophistication. 
Ref.: Delft Hydraulics (HYMOS-package). 

- SIMPLE: 
A simplified process based flood forecasting model. Runoff is calculated for each land 
cover type and a storage routing scheme is used to pass the water to a surrogate channel 
network within the element downstream. It reflects interception, infiltration, depression 
storage, interflow, base flow, overland flow and channel flow. 
Ref.: Tao and Kouwen, 1989. Remote sensing and fully distributed modelling for flood 
forecasting, J. of water Resources, Ping, and Mgmt., ASCE, 115(6):809-823. 
Kouwen, et al., 1990. Flash flood forecasting with a rainfall-runoff model designed for 
remote sensing inputs and geographic information systems, Proc. of Int. Symp. on 
Remote Sensing and Water Resources, Enschede, August 20-24. 

- SNSF: 
Simulation of hydrochemical interactions in small basins, divided into land use 
cathegories of importance in the actual application. 
Ref.: Lundquist, 1977. Modelling hydrochemistry in river basins, Report IR 31/77, SNSF 
project, P.O. Box 61, 1432 As-NLH, Norway. 

- TOPMODEL: 
A physically based topography model of basin hydrology. The catchment under study 
may be subdivided into several subcatchment units which are relatively homogenous 
in their hydrologie response. The model is seen as a useful approach for ungauged 
catchments of up to 500 km2 in humid-temperate climates. Ref.: Beven et al., 1984. 
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Testing a physically based flood forecasting model (topmodel) for three U.K. catchments, 
J. of Hydr. 69:119. 

- TRADRAS: 
Total Rainfall Direct Runoff Analysis program with different options. The program 
developed encompasses all steps in modelling, a unified parameter estimation method 
and the different models compared. 
Ref.: Wyseure, Thesis, Univ. of Leuven. 

- TR-20: 
The SCS curve number technique predicts runoff from daily rainfall according to soil 
type, land use and management practices. 
Ref.: Smith and LaSeur, 1976. Water yield model using SCS curve numbers, J. of Hydr. 
Division, Am. Soc. of Civil Eng. 102 (HY9), p. 1241-1253. 

- WROF: 
A Wind, Rain and Overland Flow model to solve the kinematic-wave equations for 
overland low under inclined rainfall from any direction and considering the effect of 
wind shear stress and of the splash. 
Ref.: De Lima, Overland flow under rainfall: Some aspects related to modelling and 
conditioning factors. PhD Thesis, Agr. Univ. of Wageningen. 

2 Snowmelt - runoff 

- BROOK: 
Simulation model of hydrological response of small forest-covered catchments. 
Subdivision of total basin streamflow in surface flow, interflow and baseflow. 
Ref.: Water Resource Research Center of the University of New Hamphsire. 

- CEQUEAU: 
Model takes into account spatial variation in physiographic characteristics using a square 
grid. The water budget is calculated for each grid. 
Ref.: Morin, et al., 1981. Modele CEQUEAU manuel d'utalisisation. INRS-Eau, rapport 
scientifique version ME0681, 449 p. 

- ERM: 
Empirical-Regressive Model for snowmelt, based on the very simple degree-day 
approach with monthly changes of the degree-day factor. 
Ref.: Turcan, 1981. Empirical-Regressive Model Forecasting Runoff Model, Pore. 
VUVH, Bratislava. 

- HBV: 
A snow accumulation and ablation routine based on a degree day approach, elevation 
zones and soil moisture status. 
Ref.: Bergstrom, 1978. Spring flood forecasting by conceptual models in Sweden, Proc. 
Modelling of Snow Cover Runoff, Hanover, New Hamshire. 
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- HYDROTEL: 
Distributed semi-physical model designed to make good use of remotely sensed data 
when available, but does not need R.S. data necesarrily. A distributed structure has been 
adopted for the simulation of meteorological and hydrological processes, making use 
of spatial information available from remote sensing and GIS. The vertical water budget 
is calculated with the CEQUEAU model. 
Ref.: Fortin, et al., 1990. HYDROTEL, a hydrological model designed to make use of 
remotely sensed and GIS data. Proc. Workshop on Applications of Remote Sensing in 
Hydrology, NHRC, Saskatoon, Canada, Feb. 13-14, 1990. 

- IHDM4: 
The Institute of Hydrology Distributed Model is based on partial differential equations 
describing flows of mass and energy within catchments. Three distributed snowmelt 
sub-models based on degree day, energy budget and full solutions of heat and mass flow 
in snowpack are available. Software packages are available. IHDM is more suitable for 
use in upland catchments. 
Ref.: Morris and Godfrey, 1978. Proc. Modelling of Snow Covewr Runoff, CRREL, 
New Hampshire; Beven, 1979. J. of Hydr., 44. 
Beven, et al., 1987. The Institute of Hydrology Distributed Model, Inst, of Hydr. Report 
no. 98. 

- KUTCHMENT: 
Numerical realizations of snow cover formation, snow melting, heat and moisture 
transfer in soil during its freezing in combination with surface and groundwater flow. 
Ref.: Kuchment and Motovilov, 1986. Vodnye resursy, 5, p. 24-36; IAHS 1989, no. 
181, p. 53-61. 

- NAM-II: 
Rainfall-Runoff Model for floodwarning, water supply and hydropower generation. 
Ref.: Gottlieb, 1980. A general runoff model for snowcovered and glacierized basins. 
6th Nordic Hydrological Conf., Vemdalen, 10-16 August Sweden. 

- NWSRFS: 
Model applicable to a point or to an area and to most conditions. Form of precipitation 
(rain or snow) based on air temperature above frozen soil. 
Ref.: Anderson, 1974. Conceptual streamflow forecasting model applied to northern New 
England rivers, Proc. of Eastern Snow Conf, p. 30-50. 

- PRMS: 
Model incorporates climatic, land phase and snowpack processes with daily 
maximum/minimum temperature, precipitation and solar radiation being the driving 
variables. 
Ref.: Leavesley, et al., 1983. Precipitation-Runoff modelling system: User's manual, 
US Geological Survey Water Resources Investigation Report B#-4238, p. 207. 

- SLURP: 
This Single Lumped Parametric model uses non-linear parametric equations and a set 
of three reservoirs to transform precipitation into streamflow. The model uses watershed 
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averaged precipitation and mean daily temperature read from databases. Snowmelt is 
calculated by the degree-day method and évapotranspiration is calculated using the 
complementary relationship. There are 14 parameters to be estimated by calibration with 
recorded streamflow. 
Ref.: Kite, 1989. A hydrologie model using remotely sensed data. Proc. 57th Western 
Snow Conference. Ft. Collins, Colorado. 

SNOWMELT: 
The model simulates winter snow accumulation, dynamic energy balance, snowpack 
ripening and resultant melt in time and space as climatic conditions vary during defined 
time frames. The model consists of three parts: (a) the form of precipitation (rain, snow), 
(b) the melting process and (c) snowpack conditions in terms of energy level and free 
water requirements. 
Ref.: Leaf, 1975. Watershed management in the Rocky Mountaind subalpine zone; the 
status of our knowledge. USDA Forest Service Research paper RM-137, p. 31. 

- SSAR: 
The model Streamflow Synthesis and Reservoir Regulation divides the catchments into 
elevation bands for independent snow accumulation/ablation, soil moisture, runoff and 
subsurface flow. 
Ref.: Speers, et al., 1981. Development of the operational snow band SSARR model, 
US Army Corps of Engineers, Portland, Oregon. 

- SRM: 
Snowmelt Runoff Model computing day-to-day river flows, taking advantage of the daily 
cycles of temperature and solar radiation in basins ranging in size form 1 to 4000 km . 
It is based on degree-day factor and recessionb discharge. The snow covered area is 
input and can be measured by remote sensing. 
The model has been used in mountain basins ranging in climate conditions from humid 
to semi-arid with no serious limitations. 
Ref.: Martinec, Rango and Major, 1983. User's Manual, NASA Ref. Publ. 1100. 

- TANK: 
Combined tank and snow model describing snow deposit, precipitation and melt, in 
relation to the elevation. 
Ref.: Sugawara, 1979. Automatic calibration of the TANK model, Hydr. Sc. Bull. 224, 3. 

- UBC: 
Flow forecasting in mountainous areas with complete representation of watershed budget 
and streamflow contributions. 
Ref.: Quick, 1977. UBC Watershed model, Hydr. Sc. Bull, vol. 22, no. 1, p. 153-161. 
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3 Sediment models 

- ACTM: 
The model consists of a hydrologie, erosion and chemical component. The basic areal 
subunit for the hydrologie model is called a zone and is constructeds by grouping 
together fields of the same physical and crop management features. Rainfall in excess 
of infiltration and surface storage is routed across each zone and cascades if it overflows 
on adjacent soil segments. 
Ref.: Free, et al., 1975. ACTMO, an Agricultural Chemical Transport Model, Rep. No. 
ARS-H-3, USDA. 

- ANSWERS: 
A model intended to simulate the behaviour of watersheds having agriculture as their 
primary land use, during and immediately following a rainfall event. A fundamental 
characteristic of the model is the distributed parameter approach like topography, soils, 
land use etc. At every point within a watershed, functional relationships exist between 
water flow rates and those hydrological parameters which govern them such as rainfall, 
infiltration etc. Flow rates can be utilized in conjunction with soil erosion and chemical 
movements. 
Ref.: Beasly and Huggins, 1980. ANSWERS: Areal Nonpoint Source Watershed 
Environment Simulation, User's manual, Dept. of Agr., Purdue Univ., West Lafayette, 
In. 

- ARM: 
Simulation model of nonpoint pollution from agricultural areas, accounting on runoff 
(including snow accumulation and melt), sediment, pesticide and nutrient loadings from 
a surface and subsurface sources. 
Ref.: Donigian and Crawford, 1976. Modelling pestcides and nutrients on agricultural 
lands, Rep. No. EPA-600/2-76-043, Athens, GA. 

- ARSBSN: 
A watershed-scale model derived from the CREAMS model with components from 
SWRRB. The model discretizes a watershed into upland areas or fields, channels and 
ponds. 
Ref.: Lane. Distributed model for small semiarid watersheds, J. Hydraul. Div. ASCE 
108:1114-1131 
Devaurs, et al., 1988. Prediction methodology for contaminant transport from rangeland 
watersheds, In Proc. of Modelling Agricultural, Forest and Rangeland Hydrology, 
December 12-13, Illinois, p. 79-94. 

- CREAMS: 
A field scale model with hydrology, erosion ans sediment components that is to be 
applied to an area of homogeneous soils. The model opreates on a daily timestep and 
it requires daily precipitation, max. and min. temperature and solar radiation. 
Ref.: Knidsel, 1980. CREAMS: A Field Scale Model for Chemicals, Runoff and Erosion 
from agricultural Management Systems, Rep. 26, USDA. 

82 



- EGMOD/FGMOD: 
Runoff and sediment transport model based on rainfall patterns and physical 
characteristics of the basins. Spatial variability is accounted for by simple subdivision 
of basins, or by the use of simple statistical distributions. Suitable for applications on 
macro and mesoscale. 
Ref.: Institut fur Wasserwirtschaft, Berlin, Juarez, 1990. Annale Geophysicae, Vol. 8, 
p. 94. 

- EPIC: 
Erosion Productivity Impact Calculator to determine crop yield loss due to erosion. 
Simulations were made for thousands of soil, crop, tillage and conservatin practice 
alternatives. It simulates the interaction of climate, soil and plant growth by linking state-
of-the-art algorithms describing plant growth management processes. The model contains 
issues from hydrology, weather, erosion, nutients, plant growth, soil temperature, tillage, 
economics and plant environment control. 
Ref.: Benson et al., 1989. Conservation impacts on crop productivity for the life of a 
soil, J. of Soil and Water Conservation, 44:600-604. 

- HSPF: 
Package for simulation of watershed hydrology and water quality, originally 
evolved from Stanford watershed model. Basically, the model performs the simulation 
on a lumped parameter concept. Pesticides movement on the land and in the receiving 
water bodies can be simulated. 
Ref.: Donigian, Imhoff, Bicknell and Kittle, 1983. Application Guide for Hydrological 
Simulation Program Env. Research Lab., US EPA, Athens, GA. 

- MOORE: 
Development of GIS, grid based, for 3D representation of terrain characteristics, 
including graphs. A contour based approach is applied to reduce a 3D regional hill flow 
problem into a series of ID equations. 
Ref.: Scientic Software Group. 

- NUGENT: 
A Galerkin finite element model for transient, saturated - unsaturated flow in convex 
and concave hillslopes. 
Ref.: Nugent, 1987. UMI Dissertation Information Service. 

- PLIERS: 
A model to simulate losses of pesticides in erosion and runoff. It accounts on pesticide 
losses by degradation and volatization, washoff from vegetative soil cover, and is 
dissolved and adsorbed forms in surface runoff. 
Ref.: Kenimer et al., 1989. ASAE Vol. 32(1), p. 127-136. 

- SERES-1: 
The Sediment in Reservoirs model computes the longitudinal distribution of the 
deposition of sediment in a reservoir. The model has been based on the equation for 
the conservation of sediment and the Churchill trap efficiency curve. Concentrations 
of suspended sediments in a reservoir are related to functions of SPOT and LANDS AT 
measured digital photon counts. 
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Ref.: Moll, 1988. Monitoring of suspended sediments in Jatiluhur reservoir using satellite 
images, IGARSS 1988, ESA-SP-284: 1403-1404. 

- SILSOE: 
The erosion process is separated into a water phase and a sediment phase. In the 
sediment phase, erosion is taken to be the result of the detachment of soil particles by 
raindrop impact and their transport by runoff. Splash detachment is related to rainfall 
energy and rainfall interception by the crop. The predicted rate of soil loss is compared 
with a top soil renewal rate to determine changes in the depth of soil over time. 
Ref.: Morgan, et al., 1984. A predictive model for the assessment of soil erosion risk, 
Int. Conf. for the Diamond Jubilee of the Nat. Ins. of Agr. Eng., Cambridge. 

- SPUR: 
The model consists of four components: (a) climate, (b) hydrology, (c) plants and (d) 
animals.The water balance is computed from several soil properties, surface runoff and 
input from rainfall or snowmelt. SPUR accounts on routines from CREAMS and 
SWRRB. The vegetation component of SPUR computes plant growth, death and 
decomposition by species. 
Ref.: Wight and Skiles, 1987. SPUR: Simulation of Production and Utilization of 
Rangelands: Documentation and User's guide, ARS 63, USDA. 

- STREAMS: 
Soil, Transport, Rainfall, Erosion and Mapping System for resource assessment and 
environmental modelling benefit from the combination of vector based Computer Aided 
Design (CADD) and raster based image processing. Landsat Tm and SPOT can be used 
to derive impervious cover information and to determine change in land use. Remote 
sensing data and the raster GIS are processed using ERDAS. 
Ref.: Oslin, et al., 1988. STREAMS: a basin and soil erosion model using CADD, 
remote sensing and GIS to facilitate watershed management. In Proc. Modelling 
Agricultural, Forest and Rangeland Hydrology, December 12-13, Illinois. 

- SWAM: 
The Small Watershed Model was developed as a mean to estimate the impact of 
alternative agricultural management on chemical, sediment, and water losses from small 
watersheds. It is designed to represent mixed land use and watersheds of less than 25 
square kilometers. 
Ref.: Alonso and DeCoursy, 1985. Small watershed model. Proc. of the Natural 
Resaources Modelling Symp., USDA, ARS-30:40-46. 

- SWRRB: 
The model was developed by modifying the CREAMS daily rainfall hydrology models 
for application to large, complex, rural basins. The major changes involved were: (a) 
the model was expended to allow simultaneous computations on several subbasins and 
(b) components were added to simulate weather, return flow, pond and reservoir storage, 
crop growth, transmission losses, and sediment movement through ponds, reservoirs, 
streams and valleys. 
Ref.: Arnold and Williams, 1987. Validation of SWRRB simulator for water resources 
in rural basins. J. Water Res. Planning and Manage, ASCE 113 (2): 243-256. 
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4 Surface water - irrigation 

- DIWA: 
Determines steady state heads and discharges in tree system and computes necesarry 
earthmoving, plot cross-sections and longitudinal profiles. 
Ref.: Heidemij b.v. Consultants, LD-Utrecht (Gelok). 

- DELWAQ: 
It calculates the behaviour and fate of water quality constituents, based on screnarios 
which have been formulated as input. The model does not compute hydrodynamic 
behaviour of the model area. Dynamic simulations can be performed (time-dependent 
flows, reactions, wasteloads and concentrations) as well as steady-state simulations 
(concentration at steady conditions). 
Ref.: Delft Hydraulics. 

- DM: 
Describes water on a national scale, applied to the Netherlands where various water user 
grouips are taken into consideration. 
Ref.: Delft Hydraulics. 

- DOSAG: 
A model to solve the integrated form of the Streeter-Phelps equation and is applicable 
to systems which can be simulated as ID and steady state with no dispersion. 
Ref.: Texas Water Developing Board, 1970. 

- DUFLOW: 
User's friendly model for the simulation of non-steady water flow in channel network 
systems. Effects of various condition on the water flow regime such as propagation of 
tidal waves in estuaries, flood waves in rivers, operation of irrigation and drainage 
systems. Basically free flow in open channel systems is simulated, where control 
structures like weirs, pumps, culverts and siphons can be included. A simple rainfall-
runoff relation is part of the model set up. Computation time is usually in the range of 
minutes up to one hour. 
Ref.: IIHEE modelling course of program package. 

- ICSS: 
Irrigation Conveyance System Simulation model which can handle all characteristics 
mentioned in steady and transient flow conditions. 
The canals may contain any number of distinct prismatic reaches of varying cross-
sectional shape and roughness. Each reach is bounded by groups of one or more 
hydraulic structures. Provision is made for seepage, precipitation, drainage inflow, 
evporation and other distributed losses or gains. 
Ref.: Manz and Ratnayake, 1987. Impact of uncontrolled urban storm-water inflow on 
the operation of irrigation main canal systems, IAHS no. 169:15-25. 

- HYDRA: 
Determines heads, discharges and velocities steady and non-steady as well as transport 
of conservative solutes. The model is mainly for sewer system in which open channel 
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networks incorporated. Water quality aspects (conservative and non-conservative). 
Influence of wind forces are included. 
Ref.: Heidemij b.v., Consultants. 

- LYMPHA: 
Model for calculation of steady and non-steady water flow in channel networks 
Ref.: Kors and Promes, 1990. User's guide for the surface water model LYMPHA, 
Department Hydrology, Soil Physics and Hydraulics, Report 2, Agricultural University 
of Wageningen. 

- NETFIL: 
A programme to calculated ID channel flow in real time. The real time mode constists 
of (a) real-time flow simulation, (b) forecasting of water levels and flows, (c) filtering 
of real-time water level data, (d) adaptive estimates of bottom roughness and wind stress 
and (e) visualisation of actual network situation. 
Ref.: NETFIL reference manual: Model description, input description and test report. 
Publ. no. X60, Delft Hydraulics, 1988. 

- NETFLOW: 
A programme to calculate ID unsteady flow in open channel networks. Typical 
applications atre (a) propagation of flood waves, (b) evaluation of flood control 
measures, (c) design of channel system, (d) operation of reservoirs and irrigation 
systems, (e) water management in polder areas and (f) studies in tidal areas and 
estuaries. 
Ref.: Delft Hydraulics Laboratory. 

- QUALHE: 
A water quality simulation model. 
Ref.: US Env. Prot. Agency. 

- RIBASI: 
The model is developed to design open drainage canals and can be used for river flood 
control aspects. Rainfall - runoff relations are incorporated. 
Ref.: DHV Consultant, 1985. 

- RUBICON: 
Program which calculates the unsteady water movement in terms of water level and 
discharges in a canal network. 
Ref.: Haskoning b.v., Consultants. 

- SIMWAT: 
The model simulates the flow of water in open channel networks. It can include special 
sections such as weirs, pumps, sluice gates, culverts and inlets. The concentration of 
a conservative matter (e.g. chloride) can be calculated. To model water management 
aspects during the season, various aspects can be changed in time, such as ; weir levels, 
flow resistance etc. The model can be linked to a groundwater model (see SIMPRO). 
Ref.: Querner, 1989. Program SIMWAT - User's manual, ICW Note 1964 
WSC, Wageningen, The Netherlands. 
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- SIWARE-package: 
Simulation of watermanagement in the Arab republic of Egypt package for the study 
of regional water and salt balances aiming to optimize the reuse of drainage water in 
surface irrigation systems. The package consists of 4 routines with (a) allocation of 
irrigation water over command areas and dimensions and target levels of irrigation 
systems (DESIGN), (b) water requirents (WDUTY), (c) water distribution (WATDIS) 
and (d) évapotranspiration, drainage and soil salinity (REUSE). 
Ref.: Boels, et al., 1990. User's guide for the program package SIWARE, 
Reuse project (DRI/WSC) report 25. 

- WAQUA: 
Simulates fluid and solute transport in 2D surface water systems 
Ref.: Bosselaar. 

- WASAM: 
An irrigation system management package to forecast on-farm and project irrigaton water 
requirement weekly, taking into account: the area cultivated, crops grown, weather 
conditions, irrigation efficiencies and is focussed on the actual status of soil wetness 
and practices carried out by the farmers. 
Ref.: Van Vilsteren and Srikirin, 1987. Computerized water allocation scheduling and 
monitoring in the Mae Klong irrigation Schem in Thailand. Transactions 13th Int. Cong, 
on Irrigation and Drainage, Rabat, Marocco, vol. IB, Q40, R.71, New Delhi, India. 

- WATMAN: 
Water manangement program for irrigation scheme operation. The model allows for 
variable inflows to the reservoir, simulates irrigation releases and distribution, and 
calculates the water available for the crop area planted. 
Ref.: Sellars and D.E. Schroeter, 1987. A simulation model to determine benefits from 
improved crop and water management with rehabilitation of small irrigation schemes, 
IAHS no. 169,: 129-139. 

5 Saturated groundwater f low (evt. incl. solute transport) 

- AQ: 
Model series of calculation of groundwater heads, fluxes, pathlines and travel times in 
saturated aquifer/aquitard groundwater systems with a finite element approach. 
Evaluation of pumping test data are involved. 
Ref.: RIVM, Kovar and Leijnse. 

- AQUA: 
Model developed to solve 2D ground water flow and transport equations. Steady and 
non-steady state transport of contaminents and heat with velocity dependent dispersion, 
convection and decay and adsorption are possible. The package includes various 
graphical processors. 
Ref.: Scientific Software Group. 
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- AQUA-FEM: 
Calculation of groundwater heads and fluxes in saturated aquifer/aquitard groundwater 
systems, with a file element approach. 
Ref.: RIVM. 

- ASM: 
Numerical groundwater flow and tranport model. Although primarily developed as an 
educational tool, it incorporates many features of more complex models. Pathlines and 
isochrones are computed by point-tracking in the velocity field, using Euler integration. 
Solute tranport is simulated by the random walk method based on the Ito-Fokker-Planck 
theory. 
Ref.: Kinzelbach, W. and R Rausch, 1989. (via IGWMC). 

- BEAVERSOFT: 
A package of analytical and numerical solutions for groundwater flow and solute 
transport. It includes programs for steady and unsteady 2D flow in non-homogeneous 
aquifers, for flow through dams, transport of pollutants by advection and dispersion and 
for salt waste intrusion problems. 
Ref.: Bear and Verruit, 1987. Modelling groundwater flow and pollution, Reidel 
Publishing Company. 

- BIWASA: 
A simulation model for analyzing multidimensional simultaneous transient movement 
of suite and water. The effects of advection, dispersion and solute porous media 
interactions are included. A term for solute which undergo first order reactions such 
as radioactive decay is described. The model can be applied for bare and vegetated soil. 
Ref.: Soliman, Two-dimensional finite element model for solute and water distribution 
in desert soil, Ph.D. thesis, Cairo Univ. 

- CATTI: 
A program for the interpretation of tracer test data; computes breakthrough cur ves based 
on instanteneous or continuous injection of tracer into a homogeneous aquifer with either 
lD-2d uniform flow or axisymmetric flow for 1 or 2 layers. 
Ref.: Sauty and Kizelbach, 1988 (via IGWMC). 

- DRAINMOD: 
Developed for the simulation of the performance of drainage and related water 
management systems over a long period pf climatological record. It is mainly used for 
design and evaluation of drainage and water table control systems, but has also been 
used to analyze land application systems for wastewater treatment. 
Ref.: Skaggs and Gilliam, 1986. Modelling subsurface drainage and watermanagement 
systems to alleviate potential water quality problems, In Giorgini and Zingales (Eds.), 
Agricultural nonpoint source pollution: model selection and application. 

- FEMSAT(S): 
A model to simulate steady (FEMSATS) and unsteady (FEMSAT) groundwater flow. 
It is used for calculations of groundwater levels in wet or dry periods, using a net flux 

88 



on the phreatic surface. It can be used to estimate the effectg of certain change for a 
regional system. 
Ref.: Querner, ICW note 1557, 1984; Querner, E.P., ICW note 1558, 1988 
WSC, Wageningen, The Netherlands. 

- FLORAN: 
Describes the transport of solutes in groundwater systems. 
Ref.: RIVM, Uffmk. 

- FLOWSA-FD/FE: 
3D groundwater model with determination of recharge and discharge areas. 
The model is expected to provide answers to (a) 3D shapes of flow domain, 
(b) spatial distribution of flow and (c) travel time distribution of the 
flow int the flow domain. The FD version has rectangular horizontal boundaries while 
FE contains irregularly shaped horizontal planes. 
Ref.: Zijl, 1986. Numerical simulations based on stream functions and velocities in 3D 
groundwater flow, J. of Hydr., 85:349-365. 

- GELDIM: 
Quasi 3D groundwater model including calculations of seepage, drainage, 
infiltration, discharge and various fluxes. 
Ref.: Reit, 1988. Modelling of groundwater flow and quality, Report D, flow in the 
saturated zone/GELDIM, Province of Gelderland, Arnhem. 

- GLEAMS: 
Groundwater Loading Effects of Agricultural Management Systems model developed 
for field-size areas to evaluate the effects of agricultural management systems on the 
movement of agricultural chemicals within and through the plant zone. It contains 
hydrology, erosion and pesticide components. It is a revised edition of CREAMS. The 
model can be coupled with EPIC. 
Ref.: Leonard, Knisel and Still, 1987. ASAE Vol. 30 (5) p 1403-1418. 

- GROMULA: 
Simulates of saturated groundwater flow in a multi-layered groundwater system. 
Ref.: Delft Hydraulics. 

- HST3D: 
The USGS heat- and solute transport program simulates groundwater flow and associated 
heat and solute transport in three dimensions. Can be used for problems like subsurface 
waste injection, landfill leaching, saltwater intrusion, freshwater recharge and recovery, 
hot-water geothermal systems and subsurface-energy storage. 
Ref.: Scientific Software Group. 

- EMTERSAT: 
Provides detailed water balances and boundary balances to account for the movement 
of water. 
Ref.: Scientific Software Group. 
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- LONFAS: 
Leaching of Nitrate from Agricultural Soils model. It only accounts on nitrogen leaching 
and solves numerically the solute transport equation (with dispersion term), taking into 
account mobile-immobile water. It is a filed scale model. 
Ref.: Barraclough. 

- MICRO-FEM: 
Describes groundwater flow in a multi-layered groundwater system. 
Ref.: Hemker. 

- MODFLOW: 
A modular finite difference groundwater model to simulate 2D and quasi- or fully 3D 
transient flow in anisotropic, heterogeneous, layered aquifer systems. A package with 
MODPATH and MODRET for computation of resp. path of particle, contouring and 
infiltration. Developed by US Geological Survey 
Ref.: Scientific Software Group. 

- PESTRUN: 
A simple pesticide runoff model to approximate runoff values to identify watersheds 
which need attention in order to evaluate effects of different conservation practices. 
Ref.: McCAll and Lane, 1985. (via IGWMC). 

- PHREEQM: 
Describes the transport of ionic substances with adsorption , cation exchange 
dispersion/diffusion in ID groundwater flow. 
Ref.: Nienhuis. 

- PLASM: 
A finite-difference model for simulating 2D transient saturated flow in confined aquifers. 
A teaching tool. 
Ref.: Van der Heijde and Srinivasan, IGWMC 6010. 

- PLUME: 
An analytical model to calculate 3D concentration distribution in ahomogeneos aquifer 
with a continuous solute injection in a ID flow field. 
Ref.: Van der Heyde, 1983 (via IGWMC). 

- SIMGRO: 
A model to simulate usteady flow in the saturated zone, the unsaturated zone and the 
surface water system on a subregional level. This model simulates groundwater 
movements, surface water levels, sprinkling requirements, évapotranspiration etc. The 
same geohydrological input data as for the steady state model FEMSATS is required, 
but in addition information for the unsaturated zone and surface water system are 
necessary. 
Ref.: Querner, ICW note 1745, 1988; Querner, E.P., ICW note 1902, 1988; Quemer 
and Van Bakel, 1989, WSC, Wageningen, The Netherlands. 
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- SOLUTE: 
An interactive package of 8 analytical solutions for solute transport in saturated 
groundwater systems. The solutions vary according to dimensionality, type of source 
and initial and boundary conditions. The package includes screen graphics of results 
and options to create ASCII files for use graphic packages. 
Ref.: Belijn, 1990. (via IGWMC). 

- SUTRA: 
A 2D model to simulate density dependent fluid movement under saturated or 
unsaturated conditions and transport of either energy or dissolved substances in a 
subsurface environment employing a hybrid finite element and integrated finite difference 
method. 
Ref.: Voss, 1984. User's Manual. 

- TDAST/ODAST 
An analytical solution for 2D (TDAST) and ID (ODAST) solute transport which 
includes convection, dispersion, decay and adsorption in porous media. 
Ref.: Javandel, et al., 1989. (via IGWMC). 

- THWELLS: 
An analytical model for transient groundwater flow in an isotropic homogeneous 
nonleaky confined aquifer with multiple pumping and injection wells. Boundary effects 
can be included through use of image wells. Results are displayed in tabular form, time-
drawdown curves and contour plots. The program has options to read from and write 
to an external file. A correction is included for water table aquifers. 
Ref.: Van der Heyde, 1990 (via IGWMC). 

- TRAFRAP-WT: 
A 2D finite element code for simulating flow and solute transport in fractured or 
unfractured porous media. Fracture systems may be modeled using either the dual 
porosity or the discrete fracture approach. The model can be used for both confined and 
unconfined aquifer systems. Simulated processes include (a) fluid interactions, (b) 
advective-dispersive transport and (c) chain reactions of radionuclide components. 
Ref.: Huyakorn, IGWMC 0589. 

- TRTWACO: 
Numerical package for quasi 3D saturated groundwater flow based on finite element 
technique. It is capable of handling a vast variety of steady state and transient 
groundwater flow problems in multi-layered aquifer systems. The model consists of pre
processing, finite element and post-processing routines. 
Ref.: IWACO b.v., Consultant, User's guide. 

- USGS-2D/3D: 
3D: A finite difference model to simulate transient quasi- and fully 3D saturated flow 
in anisotropic, heterogeneous groundwater systems. 
2D: A finite difference model to simulate transient 2D horizontal or vertical flow in 
an anisotropic and heterogeneous confined, leaky confined or water table aquifer. 
Ref.: Trescott, Larson, Torak and Pinder, IGWMC 0770/0771. 
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- VERA: 
Determines 3D distribution of chemical species in soil. Processes of convection, 
dispersion, adsorption decay and interaction between species are involved. 
Ref.: Van Meurs, G.A.M. 

6 Integrated Ground/surface water - satlunsat 

- GELGAM: 
Quasi 3D groundwater mode determines évapotranspiration, saturated and unsaturated 
groundwater flow in maximum 2 aquifers. 
Ref.: Province of Gelderland, Hanzon. 

- GRW2M: 
Determines head and waterbalances in a 2D multi aquifer groundwater system with 
interactions with surface water. 
Ref.: Spaans, HHEE. 

- JIZMAN: 
A physically based distributed parameter model for arid zone surface-groundwater 
management. Operational behavior of systems for longer periods can be simulated. 
Ref.: Illangasekare, T.H and HJ. Morel-Seytoux, 1984. Design and application of 
JIZMAN, J. of Hydr., 74, p.213-257. 

- MC: 
The model objective is to simulate the behaviour of available water resources in one 
or many watersheds, accounting on streamflow, overland flow, flow in the unsaturated 
and saturated zone (multi-layered aquifers) and exchanges between surface water and 
water table. 
Ref.: Ledoux, Girard and de Marsily, 1989. Spatially distributed modelling: conceptual 
approach, coupling surface water and groundwater. In: H.J. Morel Seytoux (ed.), 
Unsaturated flow in hydrologie modelling, theory and practice, NATO-ASI vol. 275, 
p. 435-454. 

- MOGROW: 
Integrated modelling of groundwater and surface water. It is a link between SIMWAT 
and SIMGRO. 
Ref.: Querner, 1989. User's manual (draft); Van Mourik and Droogers, 1989. ICWnote 
1971, WSC, Wageningen, The Netherlands. 

- PREDIS: 
Water management model including SOMOF (unsaturated zone), GROMULA (saturated 
zone), WAFLOW (surface water) and DRAIN (drainage) sub-models. Effects of changes 
in the hydrolgic system can be forecasted. 
Ref.: Crebas, Gilding and Wesseling, 1984. Coupling of groundwater and open-channel 
flow, J. of Hydr. 72,: 307-330. 
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- SAMSON: 
Ref.: Morel Seytoux and Restrepo, 1986. SAMSON, a model for conjuctive operation 
of surface and groundwaters, 1986. In: Conjunctive water use, IAHS no. 156:415-423. 

- SHE: 
Systeme Hydrologique Europeen model describing the complex 3D spatially 
heterogeneous and time varying system in a catchment Separate modules for 
évapotranspiration, overland flow, channel flow, unsaturated flow, saturated flow and 
snowmelt. SHE is appropriate in areas with a strong regional groundwater component. 
Abbott, et al., 1986. An introduction to SHE, structure of a physically based distributed 
modelling 'system, J. of Hydr., 87:45-77. 

- SIMPRO: 
The model SEMWAT linked to a ID groundwater flow model gives the integrated 
surface and groundwater flow model. The modelling concept for the unsaturated zone 
is the same as used in the model SIMGRO. Per nodal point of the surface watrer 
network an interaction with the groundwater system is possible. 
Ref.: Quemer, 1986. Report 15 ICW; Querner, E.P., 1989. User's manual, ICW note 
1969, Wageningen, The Netherlands. 

- SWATCH: 
A model with the ability to generate flow as overland runoff, interflow (i.e runoff 
occurring within the soil but at a shallow depth and eventually feeding channel flow 
rather than the groundwater) and base flow (i.e. aquifer return flow to the stream 
channel). Because the procedures are almost entirely analytical the cost of running the 
model is extremely small. The model ancestors were WSMOD and OMEGA. 
Ref.: Morel-Seytoux and Al Hassoun, 1987. SWATCH, amulti-peocess watershed model 
for simulation of surface and subsurface flows in a soil-aquifer-stream hydrologie 
system, HYDROWAR Reports Division, Fort Collins, Colorado, p. 296. Morel Seytoux, 
1989. The unsaturated components of SWATCH: a multiprocess watershed model for 
runoff generation and routing. In. Morel-Seytoux (ed.), Unsaturated flow in hydrologie 
modelling, theory and practice, NATO-ASI vol. 275, p. 413-434. 

- SWW: 
Model for kwantitative management of surface water for water boards. The surface water 
system is linked with (a) crop-atmosphere system, (b) the system of the unsaturated zone, 
taken from the SWATRE model and (c) the saturated groundwater system. 
Ref.: Beekman et al., 1988. ICW note 1912; Van Bakel, 1986. A systematic approach 
to improve the planning, design and operation of regional surface water management 
systems: a case study. Ph. D. thesis, ICW report 13, WSC, wageningen, The Netherlands. 

- WATBAL: 
Semi-distributed process-based model which can be conceived as a simplified version 
of the SHE model. Subdivision catchment in hydrological response units, based on 
meteorological, topographical, vegetational and soil-textural characteristics. Suitable for 
assessment of water balance and simulation of runoff for ungauged catchments and 
prediction of hydrological effects on land use changes and flood prediction. 
Ref.: Knudsen et al., 1986. A semi-distributed physically-based hydrological modelling 
system. Nordic Hydr., 17:347-362. 
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7 Urban hydrology 

- AXTRAN: 
Describes non steady flow in open or closed conduits and determines the amout adn 
frequency of sewerage overflow. 
Ref.: Tauw, Infraconsult b.v., Deventer, The Netherlands. 

- BUIBAK: 
Determines the discharge of stormwater overflows from a pumped urban sewerage 
system in order to optimize the capacities of additional storage and pump. 
Ref.: Landinrichtingsdienst, Utrecht, The Netherlands. 

- CADI: 
A Computer Aided Design Interaction for storm drain pressure to aid in the design of 
pipeflow storm drain networks. The hydraulic grade line would closely conform to the 
maximum allowable value while providing reasonable design for flood control protection 
purposes. 
Ref.: Hromadka, et al., 1984. Computer methods in urban watershed hydraulics. 
Ligthhouse Publications. 

- EXTRAN: 
Extended Transport Block computes the discharge and sediment to the sewer system. 
It is a hydraulic model with Saint-Venant equation. Backwater effects are involved. The 
model can be used as a part of management model like SWMM. 
Ref.: 

- MOUSE: 
The surface runoff and pipeflow modules form the basis of a comprehensive 
mathematical modelling system for simulation of time variations of water level and 
discharge in complex sewer systems. The modules are especially made for analysis, 
prediction, management and control of stormwater flows in sewers and drainage systems. 
Ref.: Mouse, a new tool for modelling of urban sewer systems, Danish Hydraulic 
Institute, Horsholm. 

- OTTHYMO: 
A planning physically based model for master drainage plans in urban areas. 
The model is an extended version of HYMO. It is designed for lumped parameters. 
Ref.: Wisner, Toronto. 

- OTTSWMM: 
Adapted and extended from SWMM by the possibility of simulating street flow. 
Ref.: Wisner, et al., University of Ottawa. 

- RIOSYS: 
Describes steady state flow in systems of closed and open conduits, especially urban 
sewerage systems. 
Ref.: Haskoning, Consultant, Nijmegen, The Netherlands. 
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- SWMM: 
A physically based distributed Storm Water Management Model which uses kinematic 
wave equations for the simulation of runoff form urban surfaces and in sewers. Water 
losses are calculated as depression storage and Hortonian infiltration. 
Ref.: Huber, et al., 1982. Stormwater management models, User's manual, dept. Env. 
Eng. Sc, Univ. of Florida. 

- TWEEPOMPEN: 
Calculation of storm water discharges from sewerage systems and the required additional 
storage in a system with pumping of exceeding water in a additional storage basin. 
Ref.: Grontmij Consultants b.v., Bilthoven, The Netherlands. 

- WASPP: 
The Wallingford procedure containing (a) WALLRUS, which can be used in the 
prescriptive (i.e. design) and descriptive (i.e. simulation) modes and (b) SPIDA which 
can only be used in the descriptive mode. It determines dimensions and gradients of 
pipes or channels, the size of storage facilities, the setting of flow control structures 
and pump optimisation, location and magnitude of sedimentation and the flushing of 
canals for control of water quality. 
Ref.: Hydraulics Research, Wallingford. 

8 Water quality models 

- ANIMO: 
Calculates nitrogen loads on surface- and groundwater in relation to soil use, water 
management and fertilization level; the calculation of phosphorus loads is an option 
in the model. The following processes are included: decay of organic material, 
mineralization, immobilization, linear sorption of ammonium, nitrification, volatilization, 
denitrification, precipitation and non-linear sorption of phosphorus. ANIMO has to be 
coupled with either WATBAL, SWATRE, DEMGEN or SIMGRO. It is a multi-scale 
model. 
Ref.: Kroes, 1988. ANIMO Version 2, User's Guide, Wageningen, ICW. Note 1848, 

- DELWAQ: 
The model calculates the behaviour and fate of water quality constituents, based on 
scenarios which have been formulated as input. It can handle ID, 2D and 3D 
representations. It can be interfaced with: 
- NITS OL Description behaviour of nitrogen 
- PHOS OL Description behaviour of phosphorus 
- BLOOM Description behaviour of phytoplankton 
- CHARON Description behaviour of equilibrium chemistry 
- IMPAQT Description behaviour of heavy metals and organic micro compounds 
- UPTAQE Description behaviour of bio-accumulation 
- ECOLOM Description behaviour of ecological system 

Ref.: Delft Hydraulics Laboratory. 
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- EPIDIM: 
Equilibrium Precipitation Ion exchange and Dissolution Model, including the formation 
of complexes, ion exchange, precipitation and dissolution. The model can be used 
independently and can be coupled to solute transport models. 
Ref.: Groenendijk, 1987. EPIDIM, een chemisch evenwichtsmodel met adsorptie, 
verwering en neerslag van calciet, Wageningen, ICW. Nota 1774. 

- INTERTRANS: 
3D solute transport model. Particles represent discrete contamination mass and are moved 
within a model domain based on velocities derived from head values from INTERS AT. 
Ref.: Scientific Software Group. 

- INTERA: 
Determination of solutes and heat transport in groundwater systems. 
Ref.: RIVM, The Netherlands. 

- MOC: 
A USGS computer model of 2D solute transport and dispersion of ground water. The 
model is both general and flexible. It includes the processes of convection, hydrodynamic 
dispersion and mixing (or dilution) from fluid sources. 
Ref.: Scientific Software Group. 

- PESTLA: 
This pesiticide transport model allows three classes of sorption site. At equilibrium, 
sorptiomn follows a Freundlich isotherm for each class. Sorption at class-1 sites is 
assumed to be continuously at equilibrium, whereas sorption at class-2 and class-3 sites 
is calculated from sorption rate equations. 
Ref.: Boesten, 1987. Modelling pesticide transport with a three-site sorption sub model: 
a field test. Net. J. of Agr. Sei. 35: 315-324. 

- QM: 
Description of water quality in urban channels including the rainfall-runoff mechanism 
and sewer/manhole systems. 
Ref.: Kruitwagen, 1986. Flevobericht no. 257, RIJP. 

- RENLEM: 
A Regional Nitrate Leaching Model to estimate nitrate, leaching from nitrogen input 
by atmospheric deposition, fertilizers and organic manure. This is a part of the nitrogen 
cycle. The model has to be couple with a waterbalance model. 
Ref.: Kragt and De Vries, 1989. A simulation model for predicting nitrate leaching on 
a regional scale. In Weite and Szabolcs (eds.): Protection of water quality from harmfull 
emission with special regard to nitrate and heavy metals. Proc. Inst. Conf. Balatonfured, 
Hongary. 

- RESAM: 
A Regional Soil Acidification Model that relates soil and groundwater quality to 
atmospheric deposition. The model can easily coupled with GIS of soil, forestry and 
manure gifts. It is a regional model and can be used for predicting the average response 
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of soil-water chemistry in characteristic forest ecosystems to long-term changes in 
atmospheric depostion on a national scale. The model uses the waterbalance of SWATRE 
Ref.: De Vries, et al., 1988. Aanpak, structuur en voorlopige procesbeschrijving van 
een bodemverzuringsmodel voor toepassing op regionale schaal. Wageningen, STIBOKA 
Rap 2014. 

- STIWACO: 
STIWACO is a programme for the ID or 2D simulation of solute transport in saturated 
groundwater, based on a finite difference solution for groundwater flow and a method 
of characteristics for the transport of solutes. The solute can be reactive (sorption, decay) 
or non-reactive (convective transport, mixing, dispersion). 
Ref.: IWACO B.V., Consultants, Rotterdam, The Netherlands. 

- TDAST/ODAST: 
An analytical solution for ID and 2D solute transport which includes convection, 
dispersion, decay and adsorption in porous media. 
Ref.: IGWMC, Nov. 1988. 

- TRANSOL: 
Transport of a solute model, calculating transport, adsorption of solute in the soil; actual 
dispersion is simulated by numerical dispersion, adsorption is introduced as a retardation 
of the solute transporta and decomposition as a first order process. The hydrology is 
input for TRANSOL and must be calculated in advance; WATBAL and SWATRE can 
be used. 
Ref.: Kroes and Rijtema, 1989. TRANSOL, User's guide, Interne Mededeling 5, Staring 
Centre, Wageningen. 

- WQRRS: 
A water quality model for streams and reservoirs. 
Ref.: US Army corps of engineers. 

9 Fluvial morphodynamics 

- HEC-2: 
It simulates steady gradually varied flow. It is a powerfull tool to determine flood zones 
and to design protection works. 
Ref.: US HEC Corps of engineers. 

- HYDRO: 
A dynamic link-node flow model. 
Ref.: Dept. of Civil Eng., UC, Davis. 

- LWS/HWS: 
Tidal model for steady state salt intrusion, accounting on low- and high water slack and 
mean tide phenomena. 
Ref.: Savenije, 1989. A ID model for salinity intrusion in alluvial estuaries, J. of Hydr., 
85: p. 87-109; J. of Hydr. 107 (1989) p. 9-18. 
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- QUALITY: 
A dynamic version for estuarial water quality simulation. 
Ref.: Dept. of Civil Eng., UC, Davis. 

- RIBASIM: 
The River Basin Simulation model determines the behaviour of the waterbalance of a 
complex river basin system over time. It is a powerful tool in generating and evaluating 
the hydrologie performance of alternative physical system configurations from which 
an optimal solution may be chosen. It deals with natural or man-made channels. 
Ref.: Strzepek, et al., 1979. User's manual for MIT river basin simulation model, dept. 
of Civil Eng., MIT. 

- RIVER-LANDSCAPE: 
A river terrace formation model calculating the influence of a fluvial system on the relief 
of an area with macroscopical dimensions (10 km*20 km*0.5 km) over a period of 2.5 
million years. Model input relies on uplift and alternations in discharge and sediment 
load as a function of climatic changes. The output of the model are 3D grid drawings 
which visualize the impact of uplift, discharge and sediment load on a landscape. 
Ref.: Veldkamp and Vermeulen, 1989. River terrace formation, modelloing and 3-D 
graphical simulation. Earth surface processes and landforms, vol. 14:641-654. 

- ROTO: 
ROTO simulates the following: (a) daily stream routing, (b) time lags down reaches, 
(c) reservoir routing, (d) transmission and evaporation losses in streams and reservoirs, 
(e) diversions and return flows from urban and rural water users (f) sediment loading 
through the streams and reservoirs and (g) reservoir levels, inflows and outflows. 
Ref.: USDA, ARS, Temple. 

- WENDY: 
Describes non-steady ID flow in network system of rivers and canals (WAFLOW). 
Sediment transport and bed-level changes can be computed with SEFLOW and 
SUSFLOW. The SAFLOW module is included to account on effects of density on the 
water movement. The WENDY-package can be used in conjunction with satellite data 
for riverhydrometry. The model can be applied for monitoring of river floods and river 
planform. 
Ref.: Delft Hydraulics Laboratory. 
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ANNEX 3 INPUT DATA STRUCTURE OF SELECTED MODELS 
Explanation of the tables: 

Primary input data 
- In this column the list of model input data is given. 

Measurements 
- In this column two sub-columns have been distinguished according to the 

measurements type e.g. puntual (pnt.) or areal (ar.) one. The third column (ED.) is 
added by the editor and it indicates whether each particular measurement can be done 
by means of Remote Sensing (RS) or Geographic Information System (GIS). This 
categorization is assessed in part using as basis document "Advances in remote 
sensing for hydrology and water resources management" by G.A. Schultz and E.C. 
Barrett, 1989, UNESCO. 

Y = measurement of primary input data 
(B) = puntual measurement of secondary input data 
(D) = areal measurement of secondary input data 

Estimations 
- In this column two sub-columns have been distinguished according to the type of 

estimation: either by means of equation (eq.) or table (tab.). A third sub-column (ED.) 
is added to indicate whether estimation can be done by means of RS or GIS data. 
This categorization is assessed in part using as basis document "Advances in remote 
sensing for hydrology and water resources management" by G.A. Schultz and E.C. 
Barrett, 1989, UNESCO. 

Y = estimation of primary input data 
(A) = tabular estimation of secondary input data 
(C) = analytical estimation of secondary input data 

Secondary input data 
- In this columns the list of the secondary input data required to estimate the "Primary 

Input Data" is given. 

Loop 
- It specifies which model sub-routines are necessary to obtain a particular input data. 

FV. 
- It specifies when primary input data is a fixed value. 
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