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1.1 INTRODUCTION

Observation and interpretation of spatial patterns are fundamental to many areas

of the earth sciences such as geology and geomorphology, yet in catchment

hydrology, our historic interest has been more related to temporal patterns

and in particular, that of streamflow. The fact that patterns are everywhere in

hydrology hardly needs explanation. From the rich RADAR images of precipi-

tation, to the photographs from dye studies illustrating preferential flow (e.g.

Flury et al., 1994), there is a wide range of spatial arrangements present in

hydrologic systems. But because of an interest in streamflow, that wonderful

integrator of variability, we have until recently managed to avoid confronting

the challenges of spatial heterogeneity. It is worth noting that a similar history is

apparent in groundwater hydrology where pumping tests have long provided a

measure of integrated aquifer response and distracted researchers from the quan-

tification of aquifer heterogeneity (Anderson, 1997). The last few decades, how-

ever, have heralded an explosion of interest in spatial patterns in hydrology, from

the pioneering work on spatial heterogeneity in runoff producing processes dur-

ing the sixties and early seventies (e.g. Betson, 1964; Dunne and Black, 1970a, b),

through the development of spatially distributed hydrological models that pro-

vide a way to interpret spatial response, to the ever increasing capabilities of

remote sensing methods which provide information on state variables of funda-

mental importance to catchment hydrology.

Two important areas of work are arguably the catalyst that brought the issues

of patterns to the forefront of hydrologists’ minds.

The first is the ready availability of digital elevation models (DEMs) and the

attendant analysis that is possible with these data (e.g. Beven and Moore, 1992),

made all the easier by the ever decreasing cost of computing power and avail-

ability of Geographic Information System (GIS) software. DEMs and powerful

computers have made it possible for every hydrologist with an appropriate com-
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puter package to generate pages of impressive looking patterns that are intui-

tively meaningful, using, for example, topographic wetness indices. These indices

can be computed from a DEM alone and are designed to represent the spatial

patterns of soil moisture deficit in a catchment (e.g. Beven and Kirkby, 1979).

The potential of distributed parameter models can now be exploited via auto-

mating the element representations that are central to these models and assisting

in the management and manipulation of often enormous spatial data sets. Also,

off-the-shelf software for spatially distributed catchment models is now available

at low cost.

The second is the rise in environmental awareness of the broader community

and its subsequent impact on research into, and the management of, natural

resources. We now want to know not only what is the quantity and quality of

water in a stream, but also from where any contaminants came and where best to

invest scarce financial resources to help rectify the problem. We now need pre-

dictions of the hydrological (and ecological) impacts of land use and climate

change – predictions that must account for the spatial variability we see in nature

if they are to be of any practical use. Natural resource agencies are amassing

large amounts of spatial data to complement the temporal data traditionally

measured, and are eagerly looking to use this for predictive spatial modelling

of environmental response. In principle, we have the tools available to undertake

this work and already, the spatial models and impressive colour graphics that our

GISs generate can seduce even the most sceptical of politicians and administra-

tors (Grayson et al., 1993). But in many cases, the scientific credibility of these

predictions is questionable. We need better ways to develop and assess spatial

predictions, as well as to exploit the information that is becoming available from

new measurement methods, which often provide us with very different informa-

tion to that we are using today.

However, while our ability to generate patterns might be impressive, it is not

of itself useful. It is the extent to which these patterns represent reality and to

which they provide us with new insights into hydrological behaviour that is

important. Where we can actually observe patterns in nature, they provide us

with a powerful test of our distributed modelling capabilities and so should

significantly improve the confidence we have in subsequent predictions. But

observed spatial patterns of hydrologically important variables (other than

land use, terrain and in some cases soils) are not very common. To progress,

we will need to make quite different measurements from those used in the past,

perhaps requiring the development of new measurement methods. We will also

need to develop more sophisticated approaches to the testing of spatial predic-

tions against spatial measurements.

The number of papers that have presented comparisons of observed and simu-

lated spatial patterns of catchment hydrological processes is relatively small. In

1991, Blöschl et al. (1991b) used photographs of snow cover to assess the perfor-

mance of a spatially distributed energy and water balance model of the snowpack.

Along similar lines, Wigmosta et al. (1994) and Davis et al. (1995) have used snow

patterns in analyses of alpine hydrology models. But other than snow cover and
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comparisons between shallow piezometers and models such as Topmodel (e.g.

Quinn and Beven, 1993), there have so far been only a few attempts to compare

measured and simulated patterns. For example, Moore and Grayson (1991) com-

pared observed saturated source areas to simulations from a distributed para-

meter model in a small laboratory sand bed. Whelan and Anderson (1996)

simulated the spatial variability of throughfall and compared it to measurements

from an array of ground collectors. Bronstert and Plate (1997) compared observed

and simulated soil moisture patterns in a small German research catchment. These

were all simple visual comparisons of observations versus simulations, but the

insights gained into model performance were new and could never have been

achieved through comparison with traditional measures such as runoff. We pre-

dict that testing models by comparing simulated and observed patterns will even-

tually become commonplace and will provide a quantum advance in the

confidence we are able to place on predictions from distributed models.

With rapid developments in measurement methods and tools for analyses, we

should have all the ingredients to give us new insights into how nature behaves.

But just how do we go about it? Are the models we develop able to use the

information we have available? Is the understanding of fundamental processes

that stood us in good stead in the laboratory, suitable once we move into the

realm of three-dimensional landscapes? Even when we have both simulated pat-

terns and observations for comparison, how do we quantitatively assess model

performance? How do we determine how well the processes are understood and

represented?

While we cannot hope to answer all of these issues, we hope that through the

following chapters, you will see some specific examples of how data, modelling

and our basic understanding of processes can be combined to develop new

insights into hydrological behaviour.

1.2 PROCESS AND PATTERN

What are the links between process and pattern? We recognise patterns because

of some form of organisation. This may be highly ordered such as in a map of

elevation of a large river basin, or totally disordered as might be apparent in an

elevation map of micro-topography of a rough surface. Throughout this book we

will use the term ‘‘organisation’’ to denote a non-random spatial pattern that

becomes apparent when examined visually. But can we explain the organisation

(or lack thereof) in a pattern, via an understanding of the processes that underlie

its creation? Can we infer process behaviour from observed patterns? Some of

these links between process and pattern are obvious while others are not.

Figure 1.1 shows a map of the drainage network of a section of southern

Germany. It is clear that there are areas of distinctly different drainage density, in

this case, caused by a region of limestone in a landscape that is otherwise sand-

stone and mudstone. The limestone geology creates much higher infiltration rates

and hence less surface runoff, which translates into a lower drainage density.
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Were we to try to model drainage in this area without such a map, one would

hope that knowledge of the geological structure of the region and an under-

standing of the type of drainage that occurs in different rock types, would enable

us to predict the observed difference in drainage density and treat the regions

differently in our model. In the absence of such process understanding we would

probably treat the region as homogeneous and have substantial difficulty in

reproducing observed flows.

In other cases, different processes produce different patterns on the same

landscape. Figure 1.2 is an example of soil moisture measurements in a 10 ha

catchment in S.E. Australia (see Chapter 9). It shows the measured soil moisture

patterns during a period in early winter when surface runoff was occurring (top),

and a pattern in mid-summer (bottom). In winter (when it is wet), surface and

subsurface lateral flow occurs, particularly in the gullies, which produces a topo-

graphically organised pattern. In summer, however, (when it is dry) there is a

minimum of lateral redistribution and fluxes are essentially vertical, which pro-

duces a random pattern that is not related to topography (Grayson et al., 1997;

Western et al., 1999a). Here we either know the underlying process (organised

wet winter patterns dominated by topographic effects on lateral flow) and can
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Figure 1.1. Map of the drainage network of a section of southern Germany. (From Keller, 1978;

reproduced with permission.)



represent it (Western et al., 1999a) or know that the pattern can be considered

random (dry summer case), with soil moisture varying over a narrow range. It is

therefore possible to confidently incorporate the spatial variability into any mod-

elling or further analysis, either by deterministically representing the effects of

topography or making an assumption of randomness.

In some cases we may be able to observe patterns and have some knowledge

of the controlling processes but our ability to represent them is severely limited.

An important example in catchment hydrology is preferential flow through soil.

Figure 1.3 shows horizontal slices and a vertical slice of dye patterns observed in

a block of soil in the field (Flury et al., 1994). Water containing dye was applied

to the surface and infiltrated for some time, after which the soil block was

excavated revealing the patterns of water flow. The silty loam soil contained

many cracks and earthworm channels; the infiltrating water bypassed the soil
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Figure 1.3. Horizontal slices and a vertical slice of dye patterns observed in a block of soil in the

field, showing preferential flow paths. (From Flury et al., 1994; reproduced with permission.)



matrix almost completely and was channelled into the subsoil. The dye patterns

in Figure 1.3 are extremely complex and their prediction poses a major challenge

(Flury et al., 1994). There are still other cases where we might be aware of

processes that should lead to particular patterns in the landscape, but have

difficulty measuring the real patterns to test the hypothesis. A common example

is the subsurface lateral redistribution of soil moisture leading to patterns of

saturated areas (see Chapters 9 and 11), but these are rarely measured over

large areas (see Chapter 8).

The examples of patterns and processes we have discussed in the previous

paragraphs (e.g. Figures 1.1–1.3) span a wide range of space and time scales,

and this is typical of the processes we need to deal with in catchment hydrol-

ogy. Often different types of patterns are encountered at different time and

space scales and these are associated with different processes. Figure 1.4 shows

a schematic representation of a number of processes at various space–time

scales. At the lower left of the figure are processes with short characteristic

time and space scales, such as infiltration excess runoff, that will lead to

patterns that are very ‘‘patchy’’. These compare to the slower, larger scale

processes such as groundwater flow (top right of figure) where we would

expect patterns of, for example piezometric head, to be spatially more coher-

ent and slowly varying. Given the relationship between process and pattern, it

is worth briefly considering some key processes in catchment hydrology that

lead to patterns in hydrological behaviour. Precipitation dominates hydrolo-

gical response and its patterns are highly dependent on the types of storms

(Austin and Houze, 1972). Convective thunderstorms display patterns with

localised, high intensities and short durations. Figure 1.4 indicates typical

space scales of 1–10 km and typical time scales of 1 minute to 1 hour.

Maps of rain depth tend to be ‘‘patchy’’ for convective storms with subse-

quently great variability in spatial patterns of soil moisture and runoff (see

Chapter 6). On the other hand, frontal weather systems tend to produce long

bands of relatively uniform rainfall. Figure 1.4 indicates typical space scales of

100–1000 km and typical time scales of 1 day. These result in patterns of

runoff that are more spatially uniform, at least at the scale of the weather

system. While Figure 1.4 is a schematic, it is possible to quantitatively derive

similar space-time diagrams for some processes. One example is given later in

this book in Figures 4.5 and 4.13 for the case of precipitation. It is interesting

that the lines in Figures 4.5 and 4.13 plot directly on the band for precipita-

tion shown in Figure 1.4.

The processes of runoff generation also lead to very different patterns. In

humid catchments with relatively low rainfall intensities compared to infiltration

rates of the soil, surface runoff is usually generated from saturated areas (called

saturated source area or saturation excess runoff). These are formed due to the

concentration of subsurface flows, so their patterns in the landscape depend on

the bedrock and surface topographies, differences in soil properties and, to a

lesser extent, vegetation characteristics. Runoff is focused in and around the

drainage lines appearing as patterns of connected linear features that expand
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and contract seasonally and within storms (e.g. Dunne et al., 1975). Different

patterns result from runoff generated by the infiltration excess mechanism (i.e.

where rainfall intensity exceeds the infiltration rate of the surface, sometimes

called Hortonian runoff). Instead of being focused on drainage lines, runoff

can occur from anywhere on the surface, dependent only on the pattern of

infiltration characteristics. These in turn are related to the patterns of soil, vege-

tation, microtopographic features and the patterns of rainfall, all of which may

be highly organised or apparently random. Runoff may never reach a drainage

line, perhaps re-infiltrating in a patch of porous soil resulting in highly discon-

nected patterns of runoff. Eventually, with enough high intensity rain, gravity

will ensure that runoff reaches drainage lines, producing more linear features

similar to the saturated source process.

In snow dominated environments, spatial variations in energy inputs and

wind exposure tend to dominate patterns of melt and accumulation (see

Chapter 7). Exposure to direct and indirect solar radiation is affected by latitude,

time of year, terrain slope and aspect, with large differences between north and
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Figure 1.4. Schematic relationship between spatial and temporal process scales for a number of

hydrological processes. (From Blöschl and Sivapalan, 1995; reproduced with permission.)



south facing slopes, as well as shading and emission/reflection from surrounding

terrain. The interaction between terrain and prevailing wind conditions leads to

depositional and erosional patterns with major impacts on the distribution of

snow water equivalent (the amount of water stored in the snowpack). Some of

these controls are predictable (e.g. from geometry) while others are not, such as

emission and reflection from surrounding terrain, due to large temporal and

spatial variability in specific properties of the surface that are difficult to define

quantitatively.

Perhaps the most complex interrelationship between processes and patterns

occurs for evaporation. We have a general understanding of the quantities that

influence evaporation such as soil moisture, vegetation characteristics, radiative

inputs, air humidity and speed of the wind, and for many of these we can

determine spatial patterns. But just how these factors combine to produce pat-

terns of evaporation is complicated by the fact that each depends on the other

and the atmosphere itself tends to smooth out differences in a way that cannot be

easily described (see Chapter 5). What is more, unlike for example precipitation

or snow cover, we have no means yet of accurately measuring the patterns of

actual evaporation.

Thus there are degrees to which we can observe and explain patterns, due to

limitations in our knowledge of processes and/or our measurement and model-

ling methods. It is important to realise that the scale at which we measure

phenomena will also affect the extent to which we are able to observe and

describe patterns. If, in Figure 1.2, we had only a few data points rather than

over 500, we would be unlikely to identify a meaningful pattern. With just a few

measurements, we might be tempted to treat the distribution of soil moisture as a

random field – an assumption that might be acceptable in summer when it was

dry, but definitely not in winter when it was wet. We must be confident that the

measurements we are interpreting are capturing the nature of the underlying

variability of the system we seek to represent, and are not simply a function of

our sampling density (see Chapter 2). Because we can rarely sample densely

enough to fully define the underlying variability, we must exploit our under-

standing of dominant processes and their manifestations at different scales. We

generally formulate our understanding of processes in the form of models, which

in turn need measurements for proper testing, and so we have observations,

understanding and modelling linked in an iterative loop. This theme is central

to the chapters that follow.

1.3 MODELLING AND PATTERNS

There are many distributed parameter hydrological models available today and

they should provide us with the tools to undertake the detailed spatial analyses

that we are arguing should occur. The large modelling development exercises of

the 1980s such as SHE (Abbott et al., 1986) have turned Freeze and Harlan’s

blueprint of 1969 for a comprehensive spatial model into a reality (Freeze and
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Harlan, 1969). Algorithms that were developed by discipline specialists for the

various processes to convert precipitation to runoff, infiltration and evaporation,

now have a framework within which they can be linked. We have a variety of

methods for representing terrain (see Chapter 3), we can choose from an array of

sub-process representations for evapotranspiration, infiltration and surface

ponding, vertical and lateral flow through porous media, overland and channe-

lised flow and so on (e.g. Singh, 1995).

But how well do the process descriptions, built up in this reductionist

approach, represent the spatial reality? As mentioned earlier, there are few exam-

ples of explicit comparisons of spatial reality with spatial simulated response.

There have, of course, been innumerable applications of these models, using

other methods of testing, but just how well have we really exploited the spatial

capabilities of distributed hydrological models?

Every time we use a model of hydrological response, we are forced to accept

(and make) a series of assumptions about spatial heterogeneity. It is most com-

mon to assume that parameters are uniform within the elementary spatial unit of

the models we use. For the lumped and semi-lumped conceptual models (see

Chapter 3) that still prevail in engineering practice, these elementary units

might be large subcatchments, while in detailed distributed models, they might

be 100s of m2, nevertheless, the ‘‘uniform’’ assumption is generally made at some

point. Furthermore, when we use distributed models it is often necessary (due to

lack of data) to make the uniform assumption over large parts of the area being

modelled – in doing so we ‘‘impose’’ some spatial organisation which may restrict

the interpretations we can make about the simulation results. For example, it is

quite common for the only source of variability represented in a spatial model to

be terrain, and to assume that soil hydraulic properties, rainfall etc. are uniform

(perhaps because we have limited information to say otherwise). It would there-

fore not be surprising to conclude from the simulations that terrain is a dominant

source of variability – indeed it was the only one represented! While this sounds

obvious, it has often been done with (mis)applications of topographically based

models where a good hydrograph fit is provided as evidence of the importance of

topography despite the fact that all the other spatial variables were constant.

Additionally, we might represent soil characteristics as a random field or as a

function of soil type. Again, this is not a ‘‘value free’’ decision. If the soil proper-

ties are indeed randomly distributed or highly correlated with soil type, the

simulation results may be meaningful but if they are not, if in reality there is

some different organisation in the landscape, the simulation results will be highly

distorted (e.g. Chapter 6). Grayson et al. (1995) show how important spatial

organisation can be for runoff simulations. Two patterns of soil moisture deficit,

each with the same properties of mean, variance and correlation length (see

Chapter 2), but one spatially random and the other ‘‘organised’’ by a wetness

index, produce very different responses to given rainfall input (Figures 1.5 and

1.6). The organised pattern gives higher runoff peaks than the random case for

small precipitation events, while the reverse is true for larger rainfall events. This

highlights the importance of properly defining spatial organisation where it exists
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Figure 1.5. Two simulated patterns of soil moisture deficit, one spatially random and the other

‘organised’ by a wetness index. Red values correspond to dry areas (high deficits) and blue areas

correspond to wet areas (low deficits).

Figure 1.6. Runoff simulations using the Thales model and the saturation deficit scenarios in Figure

1.5, for a rainfall event of (a) 30 mm and (b) 5 mm over 1 hour.



and underlines the fact that, while the advent of distributed hydrological models

has opened up enormous potential for spatial analysis, it has brought with it a

requirement for careful interpretation and thoughtful representation of spatial

characteristics.

1.4 REPRESENTATION OF PATTERNS

Even if we are able to observe a pattern, how do we represent it numerically? In

some limited cases, we can directly use an observed data set to produce a single,

‘‘deterministic’’ pattern. Other deterministic patterns could be produced if we

assume, for example, that a wetness index is a true representation of distributed

soil moisture deficit. Alternatively, we may know very little about the underlying

pattern, or believe that it is random, and so wish to represent the variability in a

statistical manner. This is done by either the generation of a random field (where

just mean and variance are preserved) or perhaps one in which some higher level

of spatial correlation is also preserved (see Chapter 2). In these cases, we can

generate any number of patterns, each with the same statistical properties (see

Chapter 2). The deterministic and statistical approaches can also be combined to

account for the fact that while we might expect a certain level of ‘‘deterministic

pattern’’ based on process understanding, there will be a significant amount of

uncertainty (e.g. Chapter 10). The influence of these different representations of

patterns on the resulting hydrological simulations will depend on the extent to

which the deterministic and statistical measures capture features of hydrological

significance.

Not only must we choose the basic approach to pattern representation

(deterministic or statistical) but must also decide on the scale at which hetero-

geneity is to be represented. A central question in representing spatial hetero-

geneity is whether the processes that dominate the hydrological response of

interest change as we change scale. Would runoff from a 1 m2 plot be domi-

nated by the same sort of heterogeneity that dominates continental streamflow?

Our quest is not one for universal laws, but rather for approaches to identify

and represent the dominant processes at different scales. This is vital for the

representation of patterns in models where we must be regularly making deci-

sions about what variability to explicitly represent, what to ignore, and what to

incorporate in some other manner. For example, if our interest is in a general

representation of surface flow across a landscape we may use a readily available

DEM as a sufficient descriptor of surface flow paths. But if our interest is in,

for example, explicitly determining the erosive power of the surface flow, we

would need to represent far more detail of the surface micro-topography. This

could be done explicitly, using detailed DEMs to define the micro-flowpaths, or

we might be able to represent the effect of the micro-channels and surface

roughness of a real surface by some other, non-explicit, means, e.g. by defining

a distribution of flow depths (Abrahams et al., 1989) or conceptualising the

surface as a series of rills (Moore and Burch, 1986; Chapter 3). This is the
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notion of ‘‘sub-grid variability’’ wherein we represent the effects of variability

without explicitly representing the variability itself. These ideas are explored

further in Chapter 3.

In many applications, the spatial capability of distributed models is used to

change spatial parameters and assess the impact of the change on an output

variable such as streamflow. This is particularly common in studies of the impact

of land use change. In other applications, spatially distributed predictions are

required. The different levels to which the spatial capabilities of models are

exploited must also be considered when deciding how best to use information

on patterns. This is a question of ‘‘horses for courses’’ – of choosing the appro-

priate tool for the job. Land surface schemes (i.e. models of the water and energy

balances at the land surface) as used in atmospheric General Circulation Models

(GCMs) are perhaps an extreme example of this issue. These models seek to

describe the effects of spatial heterogeneity at very large scales. They have com-

plex vertical process representations including multi-layer soils, variable stomatal

resistance and aerodynamic functions (for evaporation estimation), but the para-

meters are spatially lumped at the order of 10000s of km2. For the purpose of

representing the general circulation of the atmosphere, these models do a reason-

able job, because general circulation is dominated by surface processes at these

large spatial scales, but in terms of describing surface hydrology for terrestrial

purposes, these models are poor. We are interested in outputs for which these

models were not designed (e.g. local runoff) and which are dominated by hetero-

geneity that they generally ignore (local terrain and soils). These are the wrong

tools for catchment hydrology. On the other hand, hydrologists working on land

surface schemes recognise that the heterogeneity we take for granted may need to

be somehow incorporated at these larger scales. But this cannot be done simply

by applying catchment hydrology’s distributed models and deterministic repre-

sentation of patterns because such fine scale detail would render the schemes too

unwieldy. Methods of pattern representation must be tailored to the model scale

and the types of outputs required, based on an understanding of the dominant

controls.

It is therefore clear that investigations which utilise the information available

in spatial patterns must have four key features:

1. A model that has the structure to represent spatial variability at a scale

appropriate for the dominant processes and required output.

2. Methods for the realistic representation of spatial variability; be they

deterministic or statistical; be they explicit or in the form of ‘‘sub-grid’’

representations.

3. Measurements that enable the parameters in the representations from (2)

to be defined.

4. Methods for the comparisons between observations and predictions of

spatial response.
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1.5 DATA AND PATTERNS

As the sophistication of the modelling has progressed, so too has our need for

appropriate data to assess the quality of simulations. In this regard we are less

well advanced. Remote sensing is a tool for rapid mapping of variables like

vegetation and to some extent precipitation, but it is not routinely used for

other key variables. Surprisingly, the forthcoming chapters in this book make

relatively modest use of remote sensing (RS) information. This is largely because

the type of information that these instruments provide is quite different from

what we are used to using as input or state variables in our models. We cannot

directly obtain a map of root zone porosity or hydraulic conductivity, yet it is

parameters of this type that the models need. As recently demonstrated by

Mattikalli et al. (1998), some of these instruments can provide information on

characteristics related to these variables, but not the variables themselves. This

presents a major challenge for hydrologists of the 21st century – to build models

that are able to exploit the information that is (and will be) coming from RS

platforms. We predict that these will not simply be extensions of the models

presently in use, but rather be tailor-made to utilise what is often more subjective

information. Chapter 12 is an example of model outputs compared with subjec-

tive data (in this case combined field observations rather than remote sensing)

and illustrates the power of this type of information. Chapters 6, 7 and 8 utilise

RS data in both a ‘‘traditional’’ manner (i.e., as directly replacing measurements

normally used) and in a more subjective sense.

But there is still a great deal that can be done using the (essentially point)

measurement techniques on which we have traditionally relied. We need to

choose data that give us the best insight into spatial behaviour – e.g. if shallow

groundwater tables are well linked across a catchment, point information from

piezometers can provide information to reduce the uncertainty in model response

(see Chapter 11). In other cases we need to apply interpolation methods that

produce realistic spatial patterns from point data, to provide both spatially var-

ied input information (such as soil hydraulic properties) and spatial patterns of

hydrological response for comparison with simulated patterns. The case studies

presented in later chapters are examples of combined field and modelling pro-

grammes that were specifically designed to use comparisons of observed and

simulated patterns for gaining insight into hydrological behaviour and to inform

spatial model development. The next two chapters in this introductory section

expand on these broad ideas of spatial data and modelling. They provide a more

detailed discussion of the concepts, and some examples of the tools needed to

better utilise spatial patterns of catchment hydrological response.

16 R Grayson and G Blöschl


