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CHAPTER 6 

SPATIO-TEMPORAL MODELLING OF COASTAL MORPHODYNAMICS IN GIS 

ABSTRACT 

Coastal landforms are subjected to change. New tools have been used for 
the study of these morphodynamics. Earth surface forms can be analyzed 
with 3-D impressions generated by 2.5-D GISs. The study of their 
dynamics challenges the possibilities of GIS in fields of change detection, 
storage of temporal attributes and presentation of temporal changes. The 
integration of models and GIS allows spatio-temporal modelling and 
facilitates the prediction of morphological developments. These tools are 
introduced in relation to their use in a geomorphological study of the 
coastal systems reported in Part 3. Two GISs have been applied for the 
phenomenological description of the behaviour of geomorphological 
systems: IEMGA, an object-oriented GIS, and PCRaster, a field-based 
GIS. The morphodynamic models were written in PCRaster. The input 
consists of elevation data and their derivatives. The models have been built 
from mathematical, modelling, and GIS functions, and describe 
geomorphological processes. The output consists of prediction maps. 
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1 INTRODUCTION 

The assessment of coastal dynamics is often problematic in coastal management. The ability 
to report spatial change is, therefore, important. A quantitative approach to spatial change can 
lead to new insights into coastal morphological processes and interactions. Examples of the 
latter are given by Ruessink & Kroon (1994) and Wijnberg (1995), who used spreadsheets 
and statistical software for their studies. Other techniques are required for an integrated 
quantitative approach of spatial change, e.g. cellular automata (Engelen et al, 1995) or 
models linked to a geographic information system (GIS) ( Hobma et al., 1996). 
A GIS is a computer system that is specifically designed for managing spatial data (Bonham-
Carter, 1994). It handles spatial data structures, i.e. data with a location, relations (topology) 
and attributes. Geographic information systems (GISs) can be used for advanced digital 
spatial analyses. In this chapter, database design aspects and the analytical properties of two 
GISs will be discussed. The database design is based on the types of data models used. A data 
model determines the constructs for storage, the operations for manipulation, and the integrity 
constraints for controlling the validity of the data to be stored (Nyerges, 1993). 
Notwithstanding the significance of a data model, this study will focus on the analytical 
properties of GIS. The analytical engine is that part of the GIS that is responsible for the 
manipulation and analysis of the spatial data. 

One of the general objectives of this study was to find a method for quantitative description 
and prediction of the morphological development of Ameland's sandy North Sea coast under 
the influence of natural processes and human impacts. The study focuses on 
morphodynamics in the area on time scales that extend from several months to several years 
(Eleveld et al, 1995; Chapter 1). The morphodynamics, i.e. the mutual interaction of forms 
and processes, are expressed as changes in the spatial and temporal distribution of sediment 
volumes. This chapter addresses this objective by outlining how spatio-temporal GISs can be 
applied to study and predict morphodynamics (see Figure 1). 

Figure 1. spatio-temporal GIS as a tool for the study of morphodynamics. 

2 THEORETICAL BACKGROUND 

In the following sections, an overview of theoretical themes will be given and for each theme 
(at the end of each section) reference is made to its contribution to this study. 
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2.1 State of the art in GIS developments 

Coastal applications of GIS are almost unanimous in their use of a simple data model in 
which the coast is represented as a one-dimensional entity (a coastline) (Barlett, 1990). This 
does not suffice for a volumetric assessment of coastal change. Therefore, the analysis of 
morphodynamics with GIS involves new GIS concepts and recent developments in GIS 
science. This chapter gives an overview of these recent developments. 

Perception and representation of spatial data 

Burrough & Frank (1995), Burrough (1996a) and Burrough (1996b) distinguish four 
different views, or ways to study the earth, in which GIS operate. 
• In the static-simple view the world is perceived to be composed of two substantially 

different static representations of space. Therefore GIS was developed from two different 
data models (or representations): the object-based model or entity view was used in 
simple vector GISs, and the field-based model or continuous field resulted in simple raster 
GISs. Shortcomings were noticed i.a. when dealing with complex objects consisting of 
interacting parts, or with variation at various levels of resolution. 

• The static-complex view takes account of these complex entities and continuous fields 
with variation at a range of scales. The entity view uses the object-oriented concept to 
define relationships between objects, which led to the rise of object-oriented GISs. 
Continuous fields are seen as the result of spatial information operating 
contemporaneously over several scales. Fourier analysis and wavelet analysis enable this 
to be studied. Geostatistics and fuzzy logic are also being incorporated in studies. 

• The dynamic-simple view admits the possibility of process-driven change in spatial 
patterns. The entity view uses a topological network of lines. Movement is modelled by 
the change of (thematic) attributes, not by the change of geometry. In the continuous field 
approach use is made of dynamic fields. Vector and tensor fields are obtained by 
differentiating continuous surfaces that represent some form of potential. 

• The dynamic-complex view permits the most complete description of the world. In the 
entity view, object orientation allows geometry and (thematic) attributes to be treated 
separately. In addition, it permits the two components of geometry, i.e. shape and 
location, to be treated both separately and together. Examples can be seen in dynamic 
CAD-CAM and virtual reality technology. The continuous field uses finite elements, or 
regular grids (finite differences) for the operation of complex models. The processes 
driving the movement are defined in terms of physical or empirical 'laws'. 

This study of morphodynamics requires a dynamic view. Morphodynamic complexity is 
caused by the presence of interacting objects {i.e. sub-systems, Chapter 5); this is elaborated 
in Chapter 7. The complexity is accounted for in the use of the GISs either explicitly (when 
the dynamic-simple view is adopted) or implicitly (with the dynamic-complex view). Most of 
the research has been performed with a raster-based GIS using a dynamic-simple view. 
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Multi-dimensional GISs 

With developments in GIS science, the capabilities of GISs to handle data of more 
dimensions has increased. An «-dimensional GIS is a system which can handle objects of 
dimension 0, 1,...«. 
GISs can handle several spatial dimensions, usually at least two (x and y). A 2.5-D GIS can 
handle the full x and y dimension, but it can only deal with those z-values that describe the 
surface; it can handle the surface of the volumes only. A 3-D GIS allows investigations of 
volumes and phenomena inside those volumes. 
Recently, GISs have become available that also permit a time dimension. A 3-D GIS can 
handle x, y and time. A 3.5-D GIS can handle x, y, z-surface and t, and a 4-D GIS is a system 
that can handle the three spatial dimensions plus a time dimension. If the dimensions of the 
spatial parameters are not specified, then the general term spatio-temporal GIS is used. 
Progress made in the development of multi-dimensional GISs mainly lies in the development 
of spatio-temporal data models, the 3-D GIS data model and the temporal data model (Cheng 
et al., 1995). Recent issues of the International Journal of Geographical Information Science, 
Geomatica and the Proceedings of the Symposia on Spatial Data Handling (Waugh & 
Healey, 1994 and Kraak & Molenaar, 1996) give more information about the technical 
background (database aspects) of these GISs. 
In this research, the characterization of morphodynamics requires a 2.5-D spatial component 
describing forms and an additional temporal component to describe their changes: 3.D-GISs 
are suitable. 

2.2 The integration of GIS and environmental modelling 

Environmental modelling and its results can increase our understanding of the dynamics of 
the landscape, because they shed light on how processes can change it. In projects on 
environmental modelling, GIS is seen as a convenient and well-structured database for 
handling large quantities of spatial data. Traditional GIS tools such as 'overlay' and 'buffer' 
are also important for the development of derived data sets. One of the reasons for coupling 
GIS and models is therefore that GIS can be used for the generation or derivation of model 
parameters (Van Deursen, 1995). Extensive overviews of the integration of GIS and 
environmental modelling are given in Goodchild et al. (1993), NCGIA (1993) and Goodchild 
et al. (1996). 

There are many strategies for linking models to GIS. A continuum exists ranging from 
loosely coupled to strongly coupled (Batty & Xie, 1994; Cremers et al, 1995; Van Deursen, 
1995). The level of integration of GIS and models can be summarised according to their 
practical implications for the user. 
• The simplest approach, low-level linkage, is the separate use of GIS and models, and 

mutual exchange of files. This is also known as loose coupling of GIS and model. 
• In a medium-level linkage of GIS and the dynamic model, the exchange of files is 

automated. The model will usually utilize the GIS database, which requires a relatively 
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open GIS database structure. On the other hand, the stronger-coupling benefits from 
adding the functionality of one system to the other. 

• Strategies for high-level linkage or strong-coupling might range from embedding models 
within GIS to embedding GIS within models. This involves a database that supports both 
GIS operations and model runs. In the case of dynamic modelling this database should 
not only support the spatial distribution of geographic data, but in addition the storage of 
temporal (and spatial) distributed input and control parameters. The system should 
integrate support for dynamic variables, and allow for the use of time series describing 
changes in these variables over time. 

In this study, software was used that conforms with the latter strategy, high-level linkage or 
strong-coupling between the GIS and the model. With the high-level linkage, the distinction 
between model and GIS becomes vague, and a dynamic model becomes just one of the 
applications that can be constructed using the generic functionality of the GIS toolbox. The 
source code of the model resides on the comprehensible abstraction level of one or two lines 
of source code, a GIS command, per process. Such a high level of abstraction simplifies 
model modification, maintenance and reusability of parts of the model in other models (De 
Roo et al, 1996a). Another practical advantage is that these software packages are readily 
available. 

3 PRACTICAL APPLICATION 

3.1 The spatio-temporal GISs used 

Studying and modelling the morphodynamics of Ameland's North Sea coast requires 
software that reflects the previously mentioned rapid developments in GIS science. The 
spatio-temporal GISs used were: IEMGA (Integrated Environmental Modelling and GIS 
Application) an object-oriented spatio-temporal GIS that is being developed by Cheng at ITC 
(Cheng, in prep.); and the PCRaster Early Adapters Version, which is an early version of a 
field based spatio-temporal GIS developed by the PCRaster Team of Utrecht University 
(Karssenberg, 1996; Wesseling et al, 1996a, 1996b). The following sections introduce these 
two spatio-temporal GISs and give more information on the input, the spatio-temporal 
modelling and its output. 

IEMGA 

Initially, the applications of GIS seemed almost inexhaustible, but most traditional GISs had 
some shortcomings in their representation and analytical possibilities regarding spatial and 
temporal phenomena in the coastal zone. Therefore, the development of an 4-D GIS working 
platform for coastal environmental monitoring and management was considered (Cheng et 
al, 1995). A 4-D GIS environment makes dynamic 3-D modelling possible, enabling, for 
example, the calculation of volume changes of coastal dunes and their water contents over 
time. These changes may influence other landscape forming factors including, for example, 
the fresh water stock, and consequently the ground water table, vegetation and fauna. This 
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could have resulted in the identification of scenarios of future changes and environmental 
consequences (Eleveld et al, 1995). However, the development of such a 4-D GIS was not 
feasible, and, also, it was not necessary because the research concentrated on 
morphodynamics (which only requires description of the surface of the sand volume in time) 
and not on their eco-hydrological consequences (which would require 4-D). 
An object-oriented spatio-temporal GIS shell called IEMGA (Integrated Environmental 
Modelling GIS Application) has been developed instead. It can display the different states of 
an object in time, and it can analyze the evolution of spatial objects. The latter can be 
visualized through the presentation of changes of natural phenomena with a set of dynamic 
processes (e.g. move and split) (see Cheng & Molenaar, 1997 or Chapter 7). 'Processes' have 
been used before in the development of GIS data models (see Raper & Livingstone, 1995). 
However, none of them can precisely or effectively model transition, mutation, and 
movement of processes. 
The IEMGA GIS shell works under Windows95, and the graphical user interface of the 
prototype allows users to click on several functions. The modules of IEMGA are summarized 
below. 
• The data explorer module provides tools to browse and choose the most suitable data for 

further analysis. 
• The feature definition module defines and extracts the features of interest from temporal 

data. 
• In the feature identification module features are compared to identify changes and to 

build historic links between them. 
• The dynamic modelling module allows the changes of features to be mapped and 

modelled, when the historic links between features are built. 
Once the models are created, predictions can be made on the basis of existing data. The 
success of the modelling process depends to a large extent on the accuracy of the identified 
changes, because many uncertainties are associated with the process, such as errors in the 
original (coastal profile) data and fuzziness in the object definition (Cheng & Molenaar, 
1997). 
The thesis of Cheng, which will i.a. describe the prototype GIS shell, will be available as ITC 
publication in 1999 (Cheng, in prep.). 

PCRaster 

Most current GIS command languages permit the user to carry out logical and mathematical 
modelling in the GIS itself, providing the aims of the model are not at odds with the basic 
assumptions and spatial structures of both GIS and data. However, standard GISs do not 
explicitly allow dynamic phenomena to be stored and analyzed, nor do they provide efficient 
facilities for iteration through time. 
Therefore, an integrated, executable mathematical modelling language for environmental and 
ecological applications has been developed to create and run dynamic models in a GIS. The 
modelling language is embedded in the GIS and provides the ability to model complex 
space-time systems free from the technical burdens of database management and algorithm 
optimization. The PCRaster spatial modelling language is an extension of the ideas behind 
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Map Algebra, in which entire maps are treated as variables (Berry, 1987), and Cartographic 
Modelling Language, which allows cartographic modelling in a 'natural language' (Tomlin, 
1990). In addition, PCRaster includes new ideas on iterations used in dynamic modelling, and 
it contains tools to query and report time series. 
The syntax of the language is based on mathematical equations, which means that the 
operators can be used and combined the same way as in mathematical equations. Each 
equation assigns the value of an expression to a single output, which can be a single variable 
or a whole map (overlay). The spatial modelling language uses a structured script. A dynamic 
modelling script consists of separate sections, each of which has a specific function. These 
sections are described below. 
• The binding section regulates the database management of the files throughout the 

program. 
• The areamap section defines the geographical attributes of the model area and the spatial 

resolution (grid size). 
• The timer section regulates the duration and time interval of the model; the number of 

time steps is the duration divided by the time interval. 
• The initial section sets the initial conditions of the model, including maps and non-spatial 

attributes. 
• The dynamic section defines the operations for each time step i that result in a map of 

values for that time step. 
It is possible to build and run an iterative model interactively; model results can immediately 
be visualized, without the burden of data exchange. By changing the model or the model 
parameters in the script, different scenarios can be computed and compared. The results of 
these scenarios could be the start of hypothesis generation or testing (Wesseling et ai, 
1996a). Examples of a script can be found in the annexes of Chapters 7, 8 and 9. 
PCRaster is operational on both UNIX and MS-DOS (80486 or better) platforms, with the 
graphical modules working under XI1 and SuperVGA respectively. An 'evaluation version' 
limited to raster maps not exceeding 100^100 cells is available on the Internet URL: 
http://www.frw.ruu.nl/pcraster.html (PCRaster Team, 1998). 

3.2 Phenomenological description and modelling in GIS 

Descriptions of morphological phenomena were performed in IEMGA and PCRaster. 
Reference is made to Chapter 7 for an evaluation of both phenomenological descriptions in a 
real morphodynamic problem. The morphodynamic models in this thesis were written in 
PCRaster. 

Input 

The data consist of multi-temporal elevation maps. These were obtained by interpolating 
coastal profile data (JARKUS) for the Western and Central system, and by using laser-
altimetry data for the Eastern system. All data were imported in ASCII-format and 
subsequently converted to PCRaster format. 
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A number of maps in the PCRaster format are required to run the models , but all of these 
maps can be derived from maps containing height, z(x,y,t). The following groups can be 
discerned: 
• A group of maps that describe the morphology. These maps contain height, and 

sometimes its derivatives are used as well, e.g. slope was used to select areas where 
accumulative or erosive processes in the washover landscape could occur. 

• A group of maps that show landscape units. These units can be defined by expressing 
their borders in heights; e.g. the nearshore zone below the mean low waterline is the area 
below -1.2 m NAP (Dutch Ordnance Level = Mean Sea Level), the beach between the 
mean low waterline and the dunefoot is the area between -1.2 and 2 m, and the foredunes 
above the sudden increase in slope of the terrain that indicates the position dunefoot is the 
area higher then 2m. The maps with the landscape units were used when processes were 
confined by these units; e.g. longshore drift does not occur in the foredunes. 

• A group of maps that describe the sediment flow. The direction and pattern of transport of 
material through the map is given by the local drain direction (ldd): the ldd for each cell 
defines the cell's upstream neighbour cells from which material is transported, and the 
cell's downstream neighbours to which material is transported. This GIS neighbourhood 
operation has been used, for example, to indicate the directions of longshore movement. 

Modelling 

Modelling was based on multi-temporal comparison of elevation maps and on 
phenomenological description of the changes that occurred. Additionally, background 
knowledge from literature study and from the study of remote sensing images was used (Fig. 
2). The elevation changes in time were analyzed and explained in the form of empirical 
relations or behaviour of the system. Trends in morphological development were derived and 
expressed in PCRaster commands. The future morphology can be predicted under the 
assumption that the géomorphologie behaviour is understood. Validation was performed by 
comparing actual maps to predicted maps. The date of the prediction and the number of 
validation years can be changed by varying the dates of the input maps and by altering the 
number of timesteps in the model (optimalisation of At): modelling in PCRaster is an 
interactive process. 

The models consist of ASCII-scripts that contain common mathematical operations, 
modelling statements and functions, and GIS commands. Chapters (7, 8 and 9) contain 
models for the three geomorphological systems. Hard-copies of the actual ASCII-scripts are 
attached in the annexes. Some examples extracted from the scripts in the annexes of Chapters 
7, 8 and 9 are given below; these are the components from my morphodynamic models. 

Mathematical operations 
• arithmetic operators, i.a. +,- ,*,/ 
• trigonometric operators, i.a. atan 
• comparison operators, i.a. < =, > 
• logical (boolean) operators, i.a. and, or 
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GIS concepts used 
• data management, La. input of maps, areamap (setting location attributes), report (writing 

to the database) 
• neighbourhood spread operations, La. spread (buffer) 
• neighbourhood window operations, La. windowaverage 
• derivatives of elevation maps, operations with local drain direction maps, La. slope, 

aspect, ldd, lddcreate, pit, catchment, upstream, height derivatives 
• operations to segment and assemble maps, La. mask (can be created with logical 

operators), cover (overlay) 

Model concepts and functions used 
• data management, La. binding (declaration of variables), initial (setting of initial values) 
• logical operators, La. if... then ... else) 
• time operations, La. timer (counter), timeseries (array), timeinput (accessing the array 

timeseries) 
• operations in the dynamic part of the script, La. the use of loops (using the option 

timeinput) to simulate fluxes 

The models comprise the following geomorphologicalprocesses: 
• channel migration and migration of the western beachplain, 
• longshore transport, cross-shore transport, beach erosion and subsequent deposition on 

the beach (and foreshore), dune cliff erosion and subsequent deposition on the beach of 
Ameland's central North Sea coast, 

• erosion and deposition in the eastern washover-eyedune and saltmarsh landscape. 
• Examples of the scripts can be found as annexes to Chapters 7, 8 and 9. 

t1 t2 t3 = future 

• O • O 
? ? 

11111111 
11111111 
11333111 
11111111 

11111111 
11333111 
13343311 
11111111 

? 
11111111 
11111111 
11333111 
11111111 

11111111 
11333111 
13343311 
11111111 

Figure 2. Multi-temporal comparison of elevation maps and remote sensing images for 
prediction of future morphology. 
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Output 

Chapters 7, 8 and 9 also present the modelling results, which give increased insight into 
sediment balances and are used to produce maps with predicted morphology (terrain heights). 
Sensitivity analyses and validations are reported in the same chapters. 

4 CONCLUDING REMARKS 

Recent developments in GIS science make it possible to study coastal morphodynamics with 
spatio-temporal GISs. This chapter lists la. some coastal geomorphological processes that 
can be simulated in a spatio-temporal GIS. The use of these processes in actual models can be 
found in Part 3 of this thesis. 

4.1 IEMGA versus PCRaster 

Two different GISs, IEMGA and PCRaster, have been used. They differ in their data 
structures, but also in their stage of development. The object-oriented IEMGA is more in a 
conceptual phase than the field-based PCRaster, which is already fully operational and tested. 
In addition, a difference in focus seems to have occurred during their construction. IEMGA 
focuses on the object definition and on the tracking of the changes of these objects, whereas 
PCRaster is primarily a dynamic modelling language. This difference in focus and in stage of 
development determines their practical use more than differences in the data model; both 
GISs are used for phenomenological description (see Chapter 7), but only PCRaster was used 
for (predictive) modelling. 
In this study, frequently something in-between objects and cells was used in the analysis. The 
object definition in the object-oriented GIS is purely based on imposing boundaries in the 
continuous field, while classification of landscape units by masking introduces an object-like 
approach to the field-based GIS (see group of maps that show landscape units, section 3.2). 
Therefore, one could say that the potentials of neither data models are optimally used. The 
use of imperfect data models is, however, rather common for many uses, and therefore 
Albrecht (1996) proposed to store objects and processes as attributes, to perform analyses on 
those attribute values, and to involve formal object definition only at the latest stage of a GIS 
project. 
In the analysis, the objects and cells have certain relations with their surroundings. The 
relations between objects are used for tracking changes in IEMGA (Fig. 9, Chapter 7). The 
relations between neighbouring cells are used for the streaming of sediments in PCRaster 
(group of maps that describe sediment flow, section 3.2). 

4.2 PCRaster for modelling coastal morphodynamics 

Nowadays, spatio-temporal GISs (in this case PCRaster) are being used for catchment 
analysis, and in particular for water balance modelling, soil erosion modelling for drainage 
basins, and for hydrological runoff modelling (e.g. RHINEFLOW, Van Deursen & Kwadijk, 
1993; LISEM, De Roo et al., 1994; De Roo et al., 1996a and De Roo et al., 1996b; and 



CATSOP, Karssenberg et al, 1997). However, these models use predefined stream 
directions. Dynamic fields (vector and tensor fields) are obtained by differentiating 
continuous surfaces that represent some form of potential. Vortex fields in fluids are sets of 
directed vectors derived from differences in energy potential. Drainage nets on digital 
elevation models are directed vectors indicating potential hydrological flow paths. By 
analogy, similar kinds of directed vectors can be derived for other kinds of potential surfaces 
(Burrough, 1996a). 
In coastal morphodynamical research, one is confronted with several gradients that determine 
sediment transport gradients (e.g. hydraulic gradients). In addition, the three investigated 
sand-sharing systems have open boundaries, so several sand suppliers, currents and driving 
forces from outside of these systems also influence the sediment transport gradients. As a 
consequence, the resultant sediment transport gradients cannot automatically be derived 
from, for example, a DEM, but they have to be enforced upon this system by an expert. In 
this respect, the interactivity in the use of PCRaster (interactive programming) is an 
advantage. Various practical questions arise when working with PCRaster in a behaviour-
oriented sediment-budget approach (Chapter 5), for example, questions concerning the 
location of the sediment. 

4.3 Decision support Systems 

Future developments in the integration of GIS and models have been foreseen by Steyeart 
(1993), who predicted a continuation of the integration along at least two major themes -
database issues and analysis and modelling issues; and by Fedra (1993), who saw possibilities 
for the integration of models and GIS in a spatial decision support system. In the latter 
approach, the modelling tool and the GIS are important components or modules within a 
system that can generate a certain number of alternative solutions for a spatial problem. 
Additional research to the current state of the art of these developments might be interesting 
for coastal researchers, especially when these decision support systems could assist in 
evaluating coastal behaviour and its consequences for coastal management. 
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