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digital elevation model).
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critically evaluated because the conclusions can be 

strongly influenced by the perspective of the user, 

the accuracy of the data and even the very nature of 

the data.

Currently, many researchers with point models 

wish to add a ‘spatial dimension’. Three common 

ways to add a spatial dimension are described 

below.

• ‘Area-weighting’ (AW) was first used in the late 

1960s and early 1970s; it is simply the 

multiplication of a response (e.g. crop yield), 

based on its proportion of a larger area, which is 

assumed to be homogeneous (Fig. 1). 

• The ‘interpolate then calculate’ (IC) approach 

involves interpolating all driving parameters 

and variables, and simulating an output for an 

entire landscape by running the model at many 

points, with a given spatial resolution over a 

given spatial extent. This can be a daunting task 

given the resolution and extent of the study area, 

the time interval and length of simulation runs, 

and the number of parameters and variables. 

• ‘Calculate then interpolate’ (CI) is a recent 

approach that is gaining popularity. Stein et al. 

(1991) introduced CI and found that it was 

preferable to the IC approach; Bosma et al. 

(1994) came to the same conclusion in the case 

of small samples. Bechini et al. (2000), 

estimating global solar radiation in northern 

Italy, reported that mean square errors using the 

CI approach were only about half those 

calculated using the IC method. Chapter 19 

discusses the use of a CI approach to estimate 

moisture availability within the Murray–Darling 

Basin (MDB).

The AW approach allows remotely sensed data 

(discussed in detail below) to be classified to 

provide a potentially rich source of polygon data. 

Remotely sensed data are usually classified into 

discrete land-cover classes; these may be 

amalgamated to land-use classes and then

integrated with other data layers in GIS. Remote 

sensing is stored in a raster (grid) data format; this 

type of format is most suited to spatially continuous 

data sets (where each grid cell can be thought of as a 

discrete element), such as those collected by 

remotely sensed data sources. Other interpolated 

data sets, such as digital elevation models (DEMs) 

or climate surfaces (e.g. monthly maximum and 

minimum air temperatures and rainfall), may also 

be stored as rasters.

Remote Sensing

‘Remote sensing’ is the term used for the acquisition 

of digital information describing characteristics of 

the Earth’s surface. It involves measuring the 

electromagnetic spectrum (EMS) using satellite, 

aircraft or ground-based systems. 

Characteristically, the information is obtained at a 

distance (or ‘remote’) from the target—hence the 

name. Sensors on board numerous satellites and 

aircraft can be used in the assessment of sustainable 

agriculture. In this section we provide some general 

background information on remote sensing and 

describe different techniques involved, drawing 

heavily on material presented by McVicar and Jupp 

(1998).

Remote sensing data are obtained as digital 

recordings of the signal strength from specific 

portions (channels or bands) of the reflective, 

thermal or microwave portions of the EMS. Figure 2 

shows how a satellite records such data. Some 

satellites orbit the Earth at approximately 700 km, 

while others are geostationary, located above the 

equator at some 36 000 km. Computer analysis of 

the digital images can highlight features of soils and 

vegetation. Each pixel (picture element) 

contributing to the image is a measurement of a 

particular wavelength of electromagnetic radiation 

at a particular spatial resolution for a particular 

location at a particular time (minute, hour, day, 

month and year).
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Remote sensors can distinguish different types of 

land cover (e.g. green grass, fine sandy loam and 

water) by their spectral properties, as shown in 

Figure 3. This allows the different land covers to be 

classified (i.e. mapped as separate classes). Remote 

sensing instruments vary in their ability to resolve 

the EMS signal. Figure 3 shows the spectral 

properties of different surfaces as measured by four 

different sensors. In two of the four cases (Hyperion 

and MSS) the attribute (spectral) response is 

continuous; however, because the resolution and 

extent of the data obtained are very different, the 

two sensors provide different attribute responses 

for any particular surface (Table 1).  Hyperion, 

which records 196 calibrated channels, each with a 

10 nm spectral resolution, is regarded as a 

hyperspectral sensor; while MSS is considered a 

broadband sensor.

Pixel
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Pixel width1.1 km
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Altitude ~ 700 km

Pixel width
5.5 kmSpacecraft path

direction

0

Earth
surface

Swath width 2 700 km

Figure 2. How satellites record data from the Earth’s 
surface (adapted from Harrison and Jupp 
1989), specifically NOAA-AVHRR, outlined in 
Table 1.
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Earth Resources Satellite (JERS), the Earth 

Resource Satellite (ERS) and the RADARSAT. JERS 

observes the Earth’s surface using eight spectral 

bands in the reflective portion of the EMS. ERS was 

launched and is operated by the European Space 

Agency. RADARSAT is a synthetic aperture 

RADAR (SAR) on board a Canadian satellite.

A ‘Data Construct’ Perspective

Within TGIS remotely sensed data, GIS data, point-

based measurements and model outputs (either 

point and spatial) can all be integrated, as they all 

have spatial and temporal characteristics associated 

with the data attribute. Economic and social data 

can also be integrated as they too have temporal and 

(usually) spatial components. Some data used to 

assess regional agricultural sustainability are 

‘aspatial’ in that they do not have a precise spatial 

reference (e.g. wool prices or interest rates), but the 

temporal nature of these variables can be 

incorporated into larger information systems.

The integration of several data types, usually with 

varying spatial–temporal characteristics, allows for 

more objective determination of agricultural 

sustainability. In the chapters in this section, the 

data used depend in part on the specific issue that is 

being modelled under the broad topic of ‘regional 

agricultural sustainability’.

Temporal aspects of TGIS 

Time plays a minimal part in some aspects of TGIS 

modelling. For example, in most environments 

there is little or no acknowledgment of the temporal 

attribute of DEMs—because it is generally 

temporally invariant, the time when the data was 

captured is of little relevance. However, in other 

aspects of TGIS modelling, time is an important 

component (e.g. in the case of active erosion, soil 

characteristics changing in response to changes in 

vegetation, soils becoming acidified, or crop water 

use and irrigation scheduling through the growing 

season).

Temporal component of  DEM

Elevation varies with time in some circumstances; 

for example, in small, deep actively eroding gullies 

on the Loess Plateau (as described in Chapter 10). 

The DEM for these small parts of the plateau may 

need to be updated perhaps every two years, or 

possibly after heavy episodic rainfall events that 

instigate erosion. In contrast, the DEM for the 

entire plateau may be updated only when there are 

major technological and methodical advancements 

Table 4. The parts of the microwave section of the electromagnetic spectrum used for remote sensing. 

Band

P L S C X

Wavelength (cm) 100–30 30–15 15–7.5 7.5–3.75 3.75–2.4

Table 5. Technical specifications of current satellite- based radar data.

Sensor Wavelength
Pixel size 
(m2)

Incidence
angle Polarisation

Swath width 
(km)

Recorded
since

Current
repeat cycle

JERS L-band 18 35° HH 75 June 1993 44 days

ERS C-band 12.5 23° VV 102.5 Sept 1991 35 days

RADARSAT C-band 100 20–49° HH 500a Nov 1995 3 days

ERS = Earth Resource Satellite; JERS = Japanese Earth Resources Satellite; RADAR = radio detection and ranging
a The ScanSAR wide mode is reported here, as it has the largest swath width and therefore has the most potential for regional agricultural assessment

through electrical conductivity. The large incidence angle means that the repeat cycle is only a few days. However, the entire 30º range may not be
suitable for the accurate estimation of soil moisture. 
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in producing such measurements, perhaps every 

20 years. The date when data are captured can be 

used to model rates of erosion (in units of cubic 

metres of soil lost per year) and to monitor the 

movement of gully fronts. On the Loess Plateau, 

authorities can use such data to ensure the long-

term viability, based on geomorphic stability, of 

roads and rail networks. Massive expenditure is 

required to construct new highways and railways to 

support the increased transport of goods and 

services in China’s rapidly developing economy. 

Therefore, it is important to ensure that transport 

pathways are not placed in positions where they 

will need constant maintenance (or even 

rebuilding) because of slump erosion in gullies 

after heavy rains.

Temporal components of  soils

Temporal data can also be important for soils. 

Certain physical properties, such as water-holding 

capacity, may be considered temporally inert, and 

therefore may need to be mapped only once. 

However, TGIS scientists need to understand the 

processes that control the water-holding capacity of 

soils in order to take these processes into account. 

For example, there are plans to control erosion on 

the Loess Plateau and rising watertables in 

southeastern Australia by replanting vast tracks of 

land with deep-rooted perennial vegetation. This 

change in land use will have a range of effects 

(spatial and temporal) on the soil:

• The initial vegetation type replanted will depend 

on environmental considerations such as 

rainfall amount and seasonality, and may be a 

mix of trees, shrubs or grasses. The mix is likely 

to change with time, as soil conditions improve.

• Changing the land use from agricultural systems 

based on cropping or grazing to deeper-rooted 

perennial vegetation will usually, over time, 

result in increased levels of organic matter and 

nutrients (N, P and K) in the top layers of the soil. 

• The changes to the top layers of soil are likely to 

change infiltration rates and soil water-holding 

capacity, especially for soils relatively close to 

the surface. 

• If areas are replanted with shrubs, changes to the 

soil properties are unlikely to be constant 

because the plants will induce spatial variation: 

soil that is close to the shrub will be influenced 

more quickly and intensely than soil further away 

as a result of organic matter produced by the 

plant. This potential influence at the microscale 

will reduce with time, as the shrubs grow bigger 

and plant material is laterally distributed by water 

and wind flowing over the soil surface. 

The concept of soils being in motion due to 

combinations of wind and water systems, operating 

at different space and time scales, with varying 

residence times between motions, can make it 

difficult to understand the origins of present-day 

soil properties (Gatehouse et al. 2001). TGIS can 

help to provide conceptual models of landscape 

evolution that can be used to assess the impact of 

possible management actions on a range of 

landscape functions.

A further example of the importance of time to soil 

spatial data is the identification and monitoring of 

soil degradation due to waterlogging, which in 

southeastern Australia leads to the development of 

acid sulfate soils. Knowing when data was captured 

allows scientists to assess the rate of change of acid 

sulfate scalds. More importantly, such monitoring 

will allow conceptual models of the processes 

governing the development of acid sulfate soils to 

be further refined.

Temporal components of  water balance

Assessment of spatial–temporal patterns and trends 

in regional ecohydrology often involves the use of 

time-series data, such as in situ regional yield 

estimates, water use figures and remotely sensed 

data. Because it provides repeated measurements at 

a particular spatial resolution and electromagnetic 
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wavelength, remote sensing makes it possible to 

monitor dynamic environmental conditions. This is 

illustrated in Chapter 19 for assessing moisture 

availability in the MDB and in Chapters 18 and 20 

for vegetation cover. 

Data are usually integrated from several different 

sources, all with varying TGIS data constructs. In 

order to spatially monitor (or temporally map) an 

issue concerning regional agricultural 

sustainability, it is helpful to think of the data 

construct as a cube, in which two of the three 

dimensions are spatial (latitude and longitude) and 

one is temporal. To provide a culinary analogy, the 

data construct for monitoring moisture availability 

in a region (as in Chapter 19) could be thought of as 

pancakes of remotely sensed data intersected at 

right angles by skewers of point-based 

meteorological data. In some situations, more 

complex spatial–temporal data models are needed 

(e.g. event-driven and four–dimensional data 

models) (Peuquet 2001; Chen and Jiang 2000; 

Zhang and Hunter 2000). For example, in 

modelling the movement of pollutants in 

groundwater and the atmosphere, the extra 

dimension of elevation (or depth) must be included 

in the TGIS data construct. The most appropriate 

spatial–temporal data model to use will depend on 

the application, and there are subtle interactions 

between database design and utility that should be 

taken into account (Roddick et al. 2001; Abraham 

and Roddick 1999). 

Linking remotely sensed data with meteorological 

data (as in Chapter 19) illustrates the concept of the 

‘data construct’, as the two types of data have very 

different spatial, temporal and attribute 

characteristics. For example, cloud-free AVHRR 

data for the land surface may be available only 

weekly; whereas some meteorological variables are 

recorded as daily extremes (maximum and 

minimum air temperatures), daily averages 

(vapour pressure) or daily integrals (precipitation 

and solar radiation). 

Spatial aspects of TGIS

Remotely sensed data are spatially dense because 

the image is a census at a particular spatial 

resolution and electromagnetic wavelength rather 

than a point sample. There is a contrast between 

spatial density of remote sensing and isolated 

meteorological stations or field sites. For example, 

meteorological stations may be 200 km apart but 

remotely sensed data might be measured at a spatial 

resolution of 1 km for each of those 200 km. 

While GIS data may cover entire regions, they are 

often produced from the spatial interpolation (or 

extrapolation) of point samples; this is frequently the 

case for meteorological and soil data. In these 

instances, the spatial extent of the GIS data may 

appear to be complete, but in fact the spatial density 

of the input data is low. For example, a thematic map 

of soil classes may be developed from a series of 

observation points located every 5 km2 for a 

1000 km2 area. The data from these 200 point 

samples are interpolated to characterise the soils for 

the larger area. Whether or not this is valid will 

depend on the spatial autocorrelation of the soil 

property being mapped. If the soil is uniform, only 

one observation may be needed to characterise the 

entire area, whereas if the soils vary considerably, the 

200 observations may provide a poor representation. 

Soil maps are currently generated using stratified soil 

sampling based on continuous data sets. Where such 

data are radiometric or DEMs, they are usually 

obtained from interpolation of point or linear data, 

so it is important to track the density of the input 

data. Also, some error analysis of the interpolation 

process used to create the surface should be included 

in the associated metadata system.

To fully understand the data construct of all data 

sets being integrated in a TGIS for a specific 

application, it is useful to consider the 

characteristics of each data set in terms of a three-

by-three matrix. The attribute (spectral), spatial and 

temporal characteristics can be defined in terms of 

the extent, resolution and density of the different 
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data sets (Table 6). In order to use TGIS effectively 

to assess and monitor the agricultural sustainability 

of a region, all the elements that make up this matrix 

need to be taken into account.

Emerging Issues 

Accuracy and uncertainty assessments

For geospatial simulation modelling, including AW, 

IC and CI approaches, sensitivity analysis is needed 

to determine the uncertainty of the final output 

(Mowrer and Congalton 2000). Sources of 

uncertainty include both input data and the model 

itself (Heuvelink and Pebesma 1999). Recently, 

Gahegan and Ehlers (2000) provided a framework to 

model uncertainty when linking remotely sensed 

and GIS data, but they assumed that remotely sensed 

data would be used only in a thematic (or 

discontinuous) way. In analysing uncertainty and 

error propagation in GIS, positional accuracy is 

often forgotten; this may become an issue for 

institutionally available GIS data in Australia (Van 

Niel and McVicar 2001; Van Niel and McVicar 

2002). There are many methods for assessing the 

accuracy of thematic maps derived from the 

classification of remote sensing data (Fenstermaker 

1994); these should be used to estimate overall 

accuracy, user and producer accuracy for the map, 

and how each class can best be used in TGIS analysis.

Metadata

Awareness of the importance of metadata (data 

about data) in TGIS is increasing. As monitoring 

frameworks extend, any changes in the 

measurement system or processing must be 

recorded, to allow those undertaking retrospective 

analysis of such data sets to understand the genesis 

of the data. This is also true for data collected over 

large areas, possibly by many individuals. 

Operational agencies that collect and disseminate 

data routinely (e.g. national meteorological and 

national mapping agencies) allocate many 

resources to ensuring that metadata are collected, 

updated and readily available. A metadata system to 

comprehensively study long-term, large-area 

environmental issues is becoming a central part of 

any TGIS. In short, the metadata are at least as 

important as the data. In TGIS, if there are no 

metadata, there may as well be no data. A crucial 

part of a comprehensive metadata system is keeping 

track of where data are stored and of their current 

backup status. Assessing the quality of data is also 

Table 6. Matrix showing characteristics of remotely sensed data sets in terms of their domain.

Characteristic

Domain Extent Resolution Density

Attribute (spectral) Portion of the EMS being 
sampled

Bandwidth Number of bands in a 
particular portion of the EMS 
(e.g. hyperspectral sensors have 
higher spectral density than 
broadband instruments)

Spatial Area covered by the image Smallest pixel or picture 
element acquired

Completea

a This contrasts with the potentially lower spatial density of point observations
b For some remotely sensed systems (e.g. Landsat MSS) data have been recorded for 25 years
c For remotely sensed systems this is a matter of seconds, which contrasts with point data such as the daily rainfall totals recorded at meteorological

stations

Temporal Recording period over which 
the data are availableb

Period of data acquisitionc Repeat characteristics of the 
satellite (and, for some 
applications, the availability of 
cloud-free data)
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important in developing TGIS. This is easier in the 

case of data collected directly by the TGIS developer 

than it is for data that are collected by others or 

obtained remotely and then integrated into the 

system. The issues of metadata and the data life 

cycle (Goodchild 2000) need to be comprehensively 

addressed, especially for institutionally maintained 

and distributed data.

TGIS researchers working alone or in small groups 

may have no or little understanding of issues 

relating to metadata. However, if they wish to 

become part of interconnected TGIS studies, they 

must give due consideration and resources to this 

issue. During the course of this ACIAR project (July 

1997 to June 2001), there was a rapid increase in the 

number of databases available from the internet for 

China, Australia and other countries. Evidently, 

global ‘interconnectedness’ is only beginning.

Conclusions

The spatial–temporal data construct of regional 

databases can be used to monitor and assess the 

sustainability of agricultural production within the 

broader environmental context. Data are integrated 

from a variety of sources, and information extracted 

by empirical relationships, ‘data-mining’ and 

spatial–temporal process models.

For all geographic regions, spatial and temporal 

trend analysis of regional agricultural sustainability 

(and other variables) must be based on data. 

Currently, there is a mismatch between the data that 

are available and what is required to infer causal 

relationships between measures of regional 

agricultural sustainability and agricultural practices 

for large areas over long periods. The collection of 

data and the quality and availability of databases are 

major issues facing organisations involved in 

research and policy of regional agriculture. These 

issues need to be addressed by those managing 

agricultural, water and land resources.

Acknowledgments

This research has been supported with 

contributions from ACIAR Project LWR1/95/07 

conducted by CSIRO Land and Water and the 

Chinese Academy of Sciences. More details can be 

found at www.eoc.csiro.au/aciar.

References

Abraham, T. and Roddick, J.F. 1999. Survey of spatio-temporal
databases. GeoInformatica, 3, 61–99.

Bechini, L., Ducco, G., Donatelli, M. and Stein, A. 2000. Model-
ling, interpolation and stochastic simulation in space and
time of global solar radiation. Agriculture, Ecosystems and
Environment, 81, 29–42.

Bernard, L., Schmidt, B., Streit, U. and Uhlenküken, C. 1998.
Managing, modeling, and visualizing high-dimensional spa-
tio-temporal data in an integrated system. GeoInformatica,
2, 59–77.

Bian, L. 1997. Multiscale nature of spatial data in scaling of
environmental models. In: Quattrochi, D.A. and Goodchild,
M.F., eds, Scale in Remote Sensing and GIS. Boca Raton, CRC
Press Inc., 13–26.

Bloschl, G. and Sivapalan, M. 1995. Scale issuses in hydrological
modelling: a review. In: Kalma, J.D. and Sivapalan, M., eds,
Scale Issuses in Hydrological Modelling. Chistester, John
Wilet & Sons, 9–48.

Bosma, W.J.P., Marinussen, M.P.J.C. and van der Zee, S.E.A.T.M.
1994. Simulation and areal interpolation of reactive solute
transport. Geoderma, 62, 217–231.

Burgess, W. and Pairman, D. 1997. Bidirectional reflectance
effects in NOAA AVHRR data. International Journal of
Remote Sensing, 18, 2815–2825.

Butler, D.R. and Walsh, S.J. 1998. The application of remote sens-
ing and geographic information systems in the study of geo-
morphology: An introduction. Geomorphology, 21, 179–181.

Cao, C. and Lam, N. 1997. Understanding the scale and resolu-
tion effects in remote sensing and GIS. In: Quattrochi, D.A.
and Goodchild, M.F., eds, Scale in Remote Sensing and GIS.
Boca Raton, CRC Press Inc., 57–72.

Chen, J. and Jiang, J. 2000. An event-based approach to spatio-
temporal data modeling in land subdivision systems.
GeoInformatica, 4, 387–402.

Choudhury, B.J. and DiGirolamo, N.E. 1995. Quantifying the
effect of emissivity on the relation between AVHRR split
window temperature difference and atmospheric precipita-
ble water over land surface. Remote Sensing of Environ-
ment, 54, 313–323.

Cracknell, A.P. 1997. The Advanced Very High Resolution Radi-
ometer (AVHRR). London, Taylor & Francis.

Curran, P.J., Dungan, J.L. and Gholz, H.L. 1992. Seasonal LAI in
slash pine estimated with Landsat TM. Remote Sensing of
Environment, 39, 3–13.

Deering, D.W. 1989. Field measurements of bidirectional reflec-
tance. In: Asrar, G., ed., Theory and Application of Optical
Remote Sensing. New York, John Wiley and Sons, 14–65.



222

Spatial information systems

Fenstermaker, L.K. ed. 1994. Remote Sensing Thematic Accu-
racy: a compendium. American Society for Photogramme-
try and Remote Sensing.

Friedl, M.A. 1997. Examining the effects of sensor resolution
and sub-pixel heterogeneity in spectral vegetation indices:
implications for biophysical modelling. In: Quattrochi, D.A.
and Goodchild, M.F., eds, Scale in Remote Sensing and GIS.
Boca Raton, CRC Press Inc., 113–139.

Gahegan, M. and Ehlers, M. 2000. A framework for the model-
ling of uncertainty between remote sensing and geographic
information systems. Journal of Photogrammetry and
Remote Sensing, 55, 176–188.

Gatehouse, R.D., Williams, I.S. and Pillans, B.J. 2001. Finger-
printing windblown dust in south-eastern Australian soils
by uranium-lead dating of detrital zircon. Australian Jour-
nal of Soil Research, 39, 7–12.

Goodchild, M.F. 2000. Communicating the results of accuracy
assessment: metadata, digital libraries and assessing fitness
of use. In: Mowrer, H.T. and Congalton, R.G., eds, Quantify-
ing Spatial Uncertainity in Natural Resources: theory and
applications for GIS and remote sensing. Chelsea, Michigan,
Sleeping Bear Press, 3–15.

Gurnell, A. and Montgomery, D. 1998. Preface: hydrological
applications of GIS. Hydrological Processes, 12, 821–822.

Hall, F.G., Shimabukuro, Y.E. and Huemmrich, K.F. 1995.
Remote sensing of forest biophysical structure using reflec-
tance decomposition and geometric reflectance models.
Ecological Applications, 5, 993–1013.

Harrison, B.A. and Jupp, D.L.B. 1989. Introduction to Remotely
Sensed Data, CSIRO Publications.

Heuvelink, G.B.M. and Huisman, J.A. 2000. Choosing Between
Abrupt and Gradual Spatial Variation ? In: Mowrer, H.T. and
Congalton, R.G., eds, Quantifying Spatial Uncertainity in
Natural Resources: Theory and Applications for GIS and
Remote Sensing. Chelsea, Michigan, Sleeping Bear Press,
111–117.

Heuvelink, G.B.M. and Pebesma, E.J. 1999. Spatial aggregation
and soil process modelling. Geoderma, 89, 47–65.

Hobbs, T.J. 1997. Atmospheric correction of NOAA-11 NDVI data
in the arid rangelands of Central Australia. International
Journal of Remote Sensing, 18, 1051–1058.

Honghui, L., Xiaohuan, Y. and Naibin, W. 1999. Remote sensing
based estimation system for winter wheat yield in North
China Plain. Chinese Geographical Journal, 9, 40–48.

Jupp, D.L.B., Strahler, A.H. and Woodcock, C.E. 1989a. Autocor-
relation and regularization in digital images I. Basic theory.
IEEE Transactions on Geoscience and Remote Sensing, 26,
463–473.

Jupp, D.L.B., Strahler, A.H. and Woodcock, C.E. 1989b. Autocor-
relation and regularization in digital images II. Simple
image models. IEEE Transactions on Geoscience and
Remote Sensing, 27, 247–258.

Jupp, D.L.B. and Walker, J. 1996. Detecting structural and growth
changes in woodlands and forests: The challenge for remote
sensing and the role of geo-optical modelling. In: Gholz,
H.L., Nakane, K. and Shimoda, H., eds, The Use of Remote
Sensing in the Modeling of Forest Productivity. Dirdrecht,
The Netherlands, Kluwer Academic Publications, 75–108.

Kaufman, Y.J. and Tanre, D. 1992. Atmospherically Resistant
Vegetation Index (ARVI) for EOS-MODIS. IEEE Transactions
on Geoscience and Remote Sensing, 30, 261–270.

Kustas, W.P. and Norman, J.M. 1996. Use of remote sensing for
evapotranspiration monitoring over land. Hydrological Sci-
ences Journal des Sciences Hydrologiques, 41, 495–516.

Lam, N. and Quattrochi, D.A. 1992. On the issues of scale, reso-
lution, and fractal analysis in the mapping sciences. Profes-
sional Geographer, 44, 88–98.

Langran, G. 1992. Time in Geographic Information Systems.
London, Taylor and Francis.

Lehmann, A. and Lachavanne, J.B. 1997. Geographic informa-
tion systems and remote sensing in aquatic botany. Aquatic
Botany, 58, 195–207.

Leprieur, C., Kerr, Y.H. and Pichon, J.M. 1996. Critical assess-
ment of vegetation indices from AVHRR in a semi-arid envi-
ronment. International Journal of Remote Sensing, 17,
2549–2563.

Liang, S. and Strahler, A.H. eds. 2000. Land Surface Bidirectional
Reflectance Distribution Function (BRDF); Recent Advances
and Future Prospects, Harwood Academic Publishers.

Lu, H., Raupach, M.R. and McVicar, T.R. 2001. Decomposition of
Vegetation Cover into Woody and Herbaceous Components
Using AVHRR NDVI Time Series. Canberra, Australia, CSIRO
Land and Water, pp. 44.

Maracchi, G., Pérarnaud, V. and Kleschenko, A.D. 2000. Applica-
tions of geographical information systems and remote sens-
ing in agrometeorology. Agricultural and Forest
Meteorology, 103, 119–136.

Maselli, F., Conese, C., Petkov, L. and Gilabert, M. 1992. Use of
NOAA-AVHRR NDVI data for environmental monitoring and
crop forecasting in the Sahel. Preliminary Results. Interna-
tional Journal of Remote Sensing, 13, 2743–2749.

McVicar, T.R. and Bierwirth, P.N. 2001. Rapidly Assessing the
1997 Drought in Papua New Guinea using Composite
AVHRR Imagery. International Journal of Remote Sensing,
22, 2109–2128.

McVicar, T.R. and Jupp, D.L.B. 1998. The current and potential
operational uses of remote sensing to aid decisions on
drought exceptional circumstances in Australia: a review.
Agricultural Systems, 57, 399–468.

McVicar, T.R., Jupp, D.L.B., Reece, P.H. and Williams, N.A.
1996a. Relating LANDSAT TM vegetation indices to in situ
leaf area index measurements. Canberra, ACT, CSIRO, Divi-
sion of Water Resources, 80.

McVicar, T.R., Jupp, D.L.B. and Williams, N.A. 1996b. Relating
AVHRR vegetation indices to LANDSAT TM leaf area index
estimates. Canberra, ACT, CSIRO, Division of Water
Resources, 33.

McVicar, T.R., Walker, J., Jupp, D.L.B., Pierce, L.L., Byrne, G.T.
and Dallwitz, R. 1996c. Relating AVHRR vegetation indices
to in situ leaf area index. Canberra, ACT, CSIRO, Division of
Water Resources, 54.

McVicar, T.R., Zhang, G., Bradford, A.S., Wang, H., Dawes, W.R.,
Zhang, L. and Lingtao, L. 2000. Developing a spatial infor-
mation system to monitor regional agricultural water use
efficiency for Hebei Province on the North China Plain. Can-
berra, Australia, CSIRO Land and Water, 55.



223

Spatial information systems

Mesev, V. 1997. Remote sensing of urban systems: hierarchical
integration with GIS. Computers, Environment and Urban
Systems, 21, 175–187.

Mitasova, H., Mitas, L., Brown, W.M., Gerdes, D.P., Kosinovsky, I.
and Baker, T. 1995. Modelling spatially and temporally dis-
tributed phenomena: new methods and tools for GRASS
GIS. International Journal of Geographic Information Sci-
ence, 9, 433–446.

Mitchell, R.M. 1999. Calibration status of the NOAA AVHRR solar
reflectance channels: CalWatch Revision 1. CSIRO Atmo-
spheric Research Technical Paper No. 42, Melbourne, 20.

Mowrer, H.T. and Congalton, R.G. 2000. Introduction: the past,
present, and future of spatial uncertainity analysis. In:
Mowrer, H.T. and Congalton, R.G., eds, Quantifying Spatial
Uncertainty in Natural Resources: Theory and Applications
for GIS and Remote Sensing. Chelsea, Michigan, Sleeping
Bear Press, xv–xxiv.

Nemani, R.R. and Running, S.W. 1989. Testing a theoretical cli-
mate-soil-leaf area hydrologic equilibrium of forests using
satellite data and ecosystem simulation. Agricultural and
Forest Meteorology, 44, 245–260.

Peuquet, D.J. 1994. It’s about time: a conceptual framework for
the representation of spatial–temporal dynamics in geo-
graphic information systems. Annals of the Association of
American Geographers, 84, 441–461.

Peuquet, D.J. 1995. An event-based spatial–temporal data
model (ESTDM) for temporal analysis of geographical data.
International Journal of Geographic Information Science, 9,
7–24.

Peuquet, D.J. 2001. Making space for time: issues in space-time
data representation. GeoInformatica, 5, 11–32.

Prata, A.J., Caselles, V., Coll, C., Ottle, C. and Sobrino, J. 1995.
Thermal remote sensing of land surface temperature from
satellites: Current status and future prospects. Remote
Sensing Reviews, 12, 175–224.

Quattrochi, D.A. 1993. The need for a lexicon of scale terms in
integrating remote sensing data with geographic informa-
tion systems. Journal of Geography, 92, 206–212.

Quattrochi, D.A. and Luvall, J.C. 1999. Thermal infrared remote
sensing for analysis of landscape ecological processes:
methods and applications. Landscape Ecology, 14, 577–
598.

Rango, A. and Shalaby, A.I. 1998. Operational applications of
remote sensing in hydrology: success, prospects and prob-
lems. Hydrological Sciences Journal des Sciences
Hydrologiques, 43, 947–968.

Rasmussen, M.S. 1998a. Developing simple, operational, consis-
tent NDVI-vegetation models by applying environmental
and climatic information: Part I: Assessment of net primary
productivity. International Journal of Remote Sensing, 19,
97–117.

Rasmussen, M.S. 1998b. Developing simple, operational, consis-
tent NDVI-vegetation models by applying environmental
and climatic information: Part II: Crop yield assessment.
International Journal of Remote Sensing, 19, 119–139.

Roddick, J.F., Grandi, F., Mandreoli, F. and Rita Scalas, M. 2001.
Beyond schema versioning: a flexible model for spatio-tem-
poral schema selection. GeoInformatica, 5, 33–50.

Roderick, M.L., Chewing, V. and Smith, R.C.G. 2000. Remote
sensing in vegetation and animal studies. In: ‘t Mennetje, L.
and Jones, R.M., eds, Field and Laboratory Methods for
Grassland and Animal Production Research. Wallingford
UK, CABI, 205–225.

Santos, A.M.P. 2000. Fisheries oceanography using satellite and
airborne remote sensing methods: a review. Fisheries
Research, 49, 1–20.

Sellers, P.J. 1985. Canopy reflectance, photosynthesis and tran-
spiration. International Journal of Remote Sensing, 6,
1335–1372.

Smith, R.C.G., Adams, J., Stephens, D.J. and Hick, P.T. 1995.
Forecasting wheat yield in a Mediterranean-type environ-
ment from the NOAA Satellite. Australian Journal of Agricul-
tural Research, 46, 113–125.

Sommer, S., Hill, J. and Mégier, J. 1998. The potential of remote
sensing for monitoring rural land use changes and their
effects on soil conditions. Agriculture, Ecosystems and Envi-
ronment, 67, 197–209.

Stein, A., Staritsky, I.G., Bouma, J., Van Eijsbergen, A.C. and
Bgegt, A.K. 1991. Simulation of moisture deficits and areal
interpolation by universal cokriging. Water Resources
Research, 27, 1963–1973.

Thenkabail, P.S., Ward, A.B., Lyon, J.G. and Merry, C.J. 1994.
Thematic mapper vegetation indices for determining soy-
bean and corn growth parameters. Photogrammetric Engi-
neering and Remote Sensing, 60, 437–442.

Tian, G. 1989. Spectral Signatures and Vegetation Indices of
Crops. Canberra, ACT, CSIRO Division of Water Resources.

Tucker, C.J. 1979. Red and photographic infrared linear combi-
nations for monitoring vegetation. Remote Sensing of Envi-
ronment, 8, 127–150.

Van Niel, T.G. and McVicar, T.R. 2001. Assessing positional accu-
racy and its effects on rice crop area measurement: an
application at Coleambally Irrigation Area. Australian Jour-
nal of Experimental Agriculture, 41, 557–566.

Van Niel, T.G. and McVicar, T.R. 2002. Experimental evaluation
of positional accuracy estimates of a linear network using
point- and line-based testing methods. International Jour-
nal of Geographic Information Sciences, (Accepted).

Walker, J., Jupp, D.L.B., Penridge, L.K. and Tian, G. 1986. Inter-
pretation of vegetation structure in Landsat MSS imagery: a
case study in disturbed semi-arid eucalypt woodlands. Part
1. field data analysis. Journal of Environmental Manage-
ment, 23, 19–33.

Woodcock, C.E. and Strahler, A.H. 1987. The factor of scale in
remote sensing. Remote Sensing of Environment, 21, 311–
332.

Woodcock, C.E., Strahler, A.H. and Jupp, D.L.B. 1988a. The use
of variograms in remote sensing: I scene models and simu-
lated images. Remote Sensing of Environment, 25, 323–
348.

Woodcock, C.E., Strahler, A.H. and Jupp, D.L.B. 1988b. The use
of variograms in remote sensing: II real digital images.
Remote Sensing of Environment, 25, 349–379.

Zhang, W. and Hunter, G.J. 2000. Temporal interpolation of spa-
tially dynamic objects. GeoInformatica, 4, 403–418.



 

224

Spatial information systems

 

The Duration of Soil 
Saturation: Point 
Measurements Versus a 
Catchment-Scale Method

 

Jim W. Cox* and Phil J. Davies*

 

Abstract

 

Almost two-thirds of the farms in southern Australia have a texture-contrast soil profile with sandy or loamy A
and E horizons overlying clay B horizons. A common problem with some of these soils is the development of a
perched watertable in winter, which causes severe reduction in crop yield and exacerbates land degradation. The
aim of this study was to measure the extent of the variability in the duration of soil saturation in texture-contrast
soils on slopes in a catchment in the Mount Lofty Ranges, South Australia. Furthermore, a method based on a
topographic index was used to predict soil saturation at catchment scale, which was then compared to the con-
ventional point-scale measurements.

In the relatively dry years of the study, water duration on the upper slopes was surprisingly higher than on the
lower slopes but was rarely expressed at the soil surface. Furthermore, the cause of soil saturation on the mid-
and upper slopes was different from that on the lower slopes. However, it was predicted that in wet years water
would last longer on the lower slopes due to saturation by groundwaters. As the catchment-scale method was
based on a topographic index, it should be useful for predicting the duration of saturation in wet years but not in
dry years.

The information obtained on the variability and causes of waterlogging will be of benefit to farmers. It showed that
the failure of some current management options to adequately control perched watertables on slopes is partly due
to the lack of understanding of their causes and to inadequate prediction of their variability in catchments.

* CSIRO Land and Water, PMB 2, Glen Osmond, SA 5064, Australia. Email: jim.cox@.csiro.au
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A 

 

COMMON

 

 morphological feature of texture-

contrast (Chittleborough 1992) or duplex 

(Northcote 1979) soils of the agricultural lands of 

southern Australia (Fig. 1) is the strong contrast 

between the coarse textured A and E horizons and 

the fine textured B horizon. However, chemical, 

mineralogical and physical properties of the 

texture-contrast soils can vary (Tennant et al. 1992; 

McFarlane and Cox 1992). Texture-contrast soils 

are also common in other parts of the world 

(Chittleborough 1992). The B horizons of texture-

contrast soils in catchments in Western Australia 

have been shown by Cox (1988) to have saturated 

hydraulic conductivities (

 

Ks

 

) as low as 0.002 m/day, 

whereas the A horizon is at least 10 times this value.

A common problem reported with some of these 

soils, due to a lack of vertical flow capacity in the B 

horizon, is the development of a perched watertable 

in winter (Cox and McFarlane 1995). On sloping 

land this results in significant throughflow to lower 

slopes, causing waterlogging (saturation of the root 

zone: see Fig. 2), reduction in crop yields and 

increased land degradation.

By comparison, the texture-contrast soils whose 

subsoils have a high 

 

Ks

 

 (up to 1.2 m/day in 

catchments in Western Australia; Cox 1988) have 

been termed ‘leaky’ (Cox and Fleming 1997); in 

these situations, throughflow in the A horizon is a 

minor component of the catchment water budget 

(Fleming and Cox 1998), with B horizon 

throughflow dominating (Stevens et al. 1999).

The aim of this study was to measure the causes and 

extent of waterlogging in texture-contrast soils on 

slopes in a catchment in the Mount Lofty Ranges, 

South Australia. A method based on a topographic 

index was used to predict waterlogging at the 

catchment scale, which was then compared to the 

conventional point-scale measurements. This 

information was necessary for advising farmers on 

better strategies to control waterlogging.

Figure 1. Location of texture-contrast soils in Australia 
(Chittleborough 1992).
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Materials and Methods

 

Site description

 

The study was carried out in the Keynes catchment 

near Keyneton in the Mount Lofty Ranges in South 

Australia. The Overview provides background 

information on the Mount Lofty Ranges. The 

climate is Mediterranean, with cool, wet winters and 

hot, dry summers. The long-term (91-year) average 

rainfall in Keyneton is 544 mm; evaporation is 

839 mm.

 

1

 

 Annual rainfall in the town is not 

significantly different from the catchment (Pritchard 

1998). The long-term average data show that rainfall 

exceeds evaporation from April to October. During 

our study, monthly rainfall was measured by a 

tipping bucket pluviometer attached to a weather 

station (Monitor Sensors Pty Ltd). Potential 

evaporation was calculated using the Priestly–Taylor 

equation (Priestly and Taylor 1972).

Two toposequences with predominantly annual 

pastures (Cox and Pitman 2001) were chosen for 

this study: a 150 m convex toposequence (sites KH0 

to KH9) and a 240 m concave toposequence (sites 

KV1–KV10). The sites were from flat (KH0, KV1) 

to crest (KH9, KV10) and thought to incorporate 

most soil types in the catchment and both diverging 

and converging water flow.

 

Pedology and soil physics

 

Soil horizons along each toposequence were hand-

textured and described according to McDonald et 

al. (1990); they were classified according to US 

taxonomy (Soil Survey Staff 1996). Soil 

toposequences were drawn according to the 

method of Rinder et al. (1994). 

A constant head well permeameter (Talsma and 

Hallam 1980) and the equation of Reynolds and 

Elrick (1991) were used to measure 

 

Ks

 

 of the A, E 

and B horizons in triplicate. Bulk density (

 

ρ

 

b

 

) was 

measured with depth by taking duplicate soil cores 

(4.7 cm wide and 5 cm thick) from soil pits dug at 

the end of the project. All soils were analysed by the 

method of Rayment and Higginson (1992).

 

Measurement and quantification of perched 

watertables

 

To measure point-scale water duration, dipwells 

were installed at eight sites (KH1–KH8) along the 

convex toposequence and 10 sites (KV1–KV10) 

along the concave toposequence. At each site, a hole 

was dug with an auger to 0.5–0.6 m; the hole was 

lined with 50-mm diameter PVC pipe and capped 

on the top and bottom. All dipwells were fully 

slotted below ground level and sand packed. 

Dipwell water levels were manually measured every 

week in winter and less frequently at other times for 

five years (1 January 1994 to 31 December 1998). In 

addition, at three sites along each toposequence—

lower slope (KH1 and KV1); mid-slope (KH5 and 

KV5); and upper slope (KH8 and KV10)—a data-

logger and capacitance probe were installed to 

electronically measure water levels.

Water duration was quantified by accumulating, 

over the monitored period, the depth of water 

between the soil surface and 0.5 m (average depth to 

 

1

 

 Point patched meteorological data: 

see http://www.dnr.qld.gov.au/silo

Figure 2. Waterlogging of texture-contrast soils (Keynes 
catchment, Mount Lofty Ranges, 1993).
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the B horizon); this was termed the water duration 

index (WDI): 

where 

 

n

 

 is the number of days in the analysis period 

and 

 

S

 

i

 

 is a statistic that is defined as:

 

S

 

i 

 

= 

 

50 

 

– D

 

i

 

 for D

 

i

 

 

 

< 50 cm

 

S

 

i

 

 = 0 for 

 

D

 

i

 

 

 

≥

 

 50 cm

where 

 

D

 

i

 

 is the average depth (in centimetres) of the 

watertable below the soil surface on day 

 

i

 

 and 

 

D

 

i

 

 > 50 (the average depth of the B horizon in 

centimetres) means that the soil is not waterlogged. 

Cox et al. (1996) give a full explanation of the index. 

 

Measurement and quantification of depth 

of saturation 

 

Point scale

 

An aluminium access tube was installed to 2 m at 

five landscape positions on the convex slope—crest 

(KH9); upper slope (KH8); mid-slope (KH5); lower 

slope (KH1); and flat (KH0)—and three on the 

concave slope—upper slope (KV10); mid-slope 

(KV5); and lower slope (KV1)—using the method 

of Greacen (1981). Volumetric water content was 

measured every 15 cm (to 2 m) each 2 to 4 weeks for 

five years by a neutron moisture meter (NMM). Soil 

cores were taken on four occasions at each depth 

interval at each site and an NMM calibration was 

developed for each to determine volumetric water 

content and percentage saturation.

 

Catchment scale

 

To map the extent of soil saturation, a topographic 

index (Equation 2) was calculated for the study area 

to represent the geomorphic processes associated 

with soil water and its spatial distribution in the 

landscape. The variables of the index were 

evaluated on a cell-by-cell basis from a digital 

elevation model (DEM).

ln (

 

A

 

s

 

/

 

tan 

 

θ

 

) (2)

where 

 

A

 

s

 

 = specific catchment area, and tan 

 

θ

 

 = 

local slope angle.

 

Results and Discussion

 

Rainfall

 

Annual rainfall was below average (544 mm), 

except in 1996 (Table 1).

 

Topographic index

 

Figure 3 shows a three-dimensional representation 

of the topographic index. The index indicated that: 

• permanent or long periods of soil saturation 

occur on the flats and lower slopes; 

• infrequent to very infrequent saturation occurs 

on the mid-slopes; and 

• short to long periods of saturation occur on the 

upper slopes and crests (for example, the mid-

slopes have the darkest shading in Figure 3, and 

are the driest).

 

Point measured waterlogging

 

Table 1 shows three contrasting examples of the 

severity of water duration as measured in the 

dipwells. Figure 4 shows variations in perched 

watertables along the convex toposequence. A 

perched watertable rarely formed on some of the 

texture-contrast soils, but other such soils were very 

susceptible, even in dry years. The shortest water 

duration was measured on the mid-slopes, which 

agreed with the prediction from the topographic 

index. However, longer water duration was 

measured on the upper slopes than on the lower 

slopes. The lower slopes and flats probably have a 

long water duration when groundwaters are highest 

(when rainfall is above average).

(1)WDI Si
i

n

50
1

= ∑
=
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Figure 5 shows the relationship between the 

waterlogging and the annual rainfall less 

evaporation. Equation 3 expresses waterlogging as 

the average water duration severity over the hillslope: 

WDI

 

50

 

 = 0.0072 (

 

R

 

 – 

 

E

 

) 

 

2.0374

 

, 

 

r

 

2 

 

= 0.914 (3) 

where WDI

 

50

 

 is the water duration index (cm/day), 

 

R

 

 is rainfall (mm), and 

 

E

 

 is evaporation (mm). 

 

Neutron moisture meter data

 

Figure 6 shows the water status of three soils as 

determined from the NMM data. Soil saturation 

was sometimes due to the development and 

persistence of perched watertables and at other 

times due to groundwaters each winter, depending 

on the position in the landscape. Soils on the lower 

slopes were wettest each winter below about 1.5 m. 

Saturation was due to saline groundwater; the 

duration and severity were due to the height the 

groundwater rose each winter. Although the degree 

of saturation increased in the A horizon each 

winter, a perched watertable never developed on 

the boundary between the A and B horizons on the 

flats and lower slopes. Saturation of the soils on the 

mid-slopes was due to a perched watertable 

developing either on or within the clay B horizon. 

In addition, groundwaters contributed to 

Very infrequent saturation

Infrequent saturation

Short periods of saturation

Long periods saturation

Permanent saturation

Figure 3. 3D representation of topographic index showing duration of saturation.

Table 1. Rainfall (mm) and water duration.

1994 1995 1996 1997 1998

Annual rainfall (mm)a

a Long-term average annual rainfall is 544 mm

304 468 548 404 426

Water duration (WDI50 cm/day)b

b Water duration at 50 cm depth (cm/day)

Lower slope 0 71 330 0 0

Mid-slope 0 0 2 0 0

Upper slope 485 345 850 289 134
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saturation to within 1.0 m of the soil surface in 1995 

and 1996. On the upper slopes, the lower A and B 

horizon soils became saturated each winter due to a 

perched watertable. In some soils the perching 

occurred at the boundary between the A and B 

horizons; in others it was deeper in the soil profile, 

nearer the boundary of the B and C horizons. In 

1996, the wettest season, saturation extended into 

the upper C horizon.
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Perched watertable depths at KH8
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Figure 4. Examples of the development of a perched 
watertable along the convex toposequence.
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Figure 5. The relationship between rainfall less 
evaporation and waterlogging.

Figure 6. Examples of the degree of soil saturation at 
three positions in the landscape over five 
years.
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Conclusions

 

In relatively dry years, water duration on the upper 

slopes of catchments in the Mount Lofty Ranges is 

higher than on the lower slopes. This is because the 

cause of soil saturation on the lower slopes is 

different from that on the mid- and upper slopes. It 

is predicted that the highest water duration on the 

lower slopes will occur in wet years (due to 

saturation by groundwaters); this is consistent with 

indications from a topographic index.

The failure of current management options to 

adequately control perched watertables on slopes is 

partly due to the lack of understanding of their causes 

and to inadequate prediction of their variability.
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