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Recent attempts to predict the effects of climate change on soils, and hence land use, are 
often made at coarse scales and have made little use of the detailed soil, land use and 
climatic information available within the Cornrnunity. Much of this information is 
available in digital form and lends itself readily to manipulation by computer procedures, 
often within geographic information systems. The current project is designed to take 
advantage of this situation. The target is a spatially distributed soil, agroclimatic and soil 
hydrological model to predict the effects of climate change on land use within the 
European Cornrnunity. The model structure draws on earlier work, which related simple 
soil properties, such as might be obtained during soil surveys, to crop suitability. More 
powerful approaches to the estimation of the soil hydrological state and crop water 
demands are being developed, as are new approaches to land type classification. The new 
model (ACCESS) is purposely designed to run at two levels; a more general approach will 
utilise the re.sults of the site specific approach to allow extrapolation of the modelling to 
large areas of land, whilst the detailed model will use site specific data for calibration and 
validation. Development work is expected to finish mid-1994, after which further details 
will be available from the authors. 

1.1 Introduction 

It is widely believed that global warming will result, for Europe as a whole, in a mean rise 
temperature of about 30 C over the next 50 to 100 years (Viner and Hulme, 1993). In 

.ao(j¡u' on~"d~f~~~l¿~i~~ is expected to increase by about 10 per cent, although the seasonal and 
'~~~%,~d~ are expected to change in ways that are currently little known, and 
e: difficult to predict (IGCC, 1992). Winters will probably become wetter, and 
sUlnrnlersdrier, although the severity of surnrner convection rainfall (thunderstorms etc.) 

increase (IPCC, 1990). The most important practical result of this overall pattern for 
use considerations will be a large increase in surnrner soil moisture deficits. 

Several recent attempts to predict the effects of climate change on major kinds of land-use 
within the European Cornrnunity have suffered from important limitations, sorne of which 
are: 

i) they are driven almost entirely by climate, and regard the soil as essentially 
uniform; 

ii) they operate at very coarse scales, typically of the order of tens of kilometres 
(Parry, 1990; DoE, 1991). 

iii) they are essentially statistical in their approach and do not give enough attention to 
processes and mechanisms, particularly with respect to soil/climate interactions. 

These approaches tend not utilise fully the very large amounts of high resolution soil, land 
Use and climate information available within the Cornrnunity (Hough, 1990; Commission of 
the European Cornrnunities, 1991; Narcisco, Ragni and Venturi, 1992), nor do they readily 

- 215 -



permit realistic land use planning at the local or regional scale, or consider the water resource 
implications of the potential changes in soil-climate-agriculture systems. 

The current project is concerned with modelling the impacts of potential climate change. It 
uses a strategy of building an overall model that takes climatic variables as part of the 
evaluation of land for crop suitability, and thus has the flexibility to deal with any proposed 
climate change scenario. An important part of the modelling is, however, validation against 
current climatic situations, although we are not concerned with predicting climate change 
itself. 

The principal objective is to predict the effects of a given climate change scenario on the 
cropping potential of areas of land based on knowledge of their known soil pattern, the 
properties of these soils and the growth requirements of strategic crops. Although direct 
temperature effects on crop performance can be predicted from existing physiological 
models, the impact of climate change on soil rnoisture balance and crop water supply is more 
complex., 

Because of the complexity of the possible combinations of crop-soil-climate interactions, 
we have adopted the approach that the most sensible way to predict any potential changes is 
to take data derived from national experimental soil-crop programmes, and use these as the 
scientific basis for modelling and simulation. A novel aspect of the project is to support 
regional modelling. which we refer to as Level I modelling, through use detailed site 
modelling (Level II modelling). 

Our approach is to take the framework of an existing crop-agroclimate model, which 
relates crop requirements to soil-climate factors, and develop this into a tool usable over a 
wider spectrum. Development to date is concentrating on improvernents to the water balance
crop growth module, the erosion module, the land use/sustainability module ahd the fertility 
module. Further developments will concentrate on extension of site-specific modelling to 
larger areas (a process here referred to as 'spatialisation'), and kinds of output. Apsects of this 
work are discussed below. The work is being carried out under Contract No. EV5V-CT92-
0129. 

1.2 The Basic Model 

This is derived from the work of Thomasson (1982), as modified by Thomasson and Jones 
(1989), and the overall structure is shown in Figure 1. Each cornpartment of the this 
framework is a sub-model; sorne are complex, others very simple. The flow of the model 
gives a suitability rating for a particular soil and crop combination, taking into account 
limitations imposed by: 

a) site factors: slope, aspect; 
b) soil factors: depth, stoniness; 
c) tillage properties: machinery work days, compaction risk; 
d) agro-climatic factors: altitude, accumulated temperature; 
e) crop available water: precipitation minus evapotranspiration. 

The information needed by the model comes from various sources: 

a) site factors - topographic maps and/or landform analysis; 
b) soil factors - soil mapping (survey) and associated databases; 
c) tillage properties - calculated from the number of days at which the soil is likely to 

be too wet for mechanical cultivation; 
d) agroclimatic factors - from meteorological data; 
e) crop available water - calculated from precipitation data (long-term or short-term)) 

and a simple model of soil hydrological properties. 

In its original form, the model is used most often to give an average response of the soil i.e. to 
predict soil status and crop suitability in 6 years out of 10, based on climate patterns derived 
from long-term meteorological datasets. However, the model can be used to simulate a single 
growing sea son, using data for a specific year, albeit at a very simple leve!. The ultimate 
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output of the model is the classification of a particular soil in relation to a particular crop. A 
soil map can then be classified in terms of crop suitability. The model can be run at a range of 
scales which depend on the detail of the input data, and a new map showing crop suitability 
can be drawn automatically from a digitised soil map (see, for example, Rounsevell, 1993). 
The model permits any land-use limitation to be specified. 

2.1 Revision of the Basic Model Structure 

The basic framework outlined aboye (Figure l) was developed for use in the agricultura! 
landscapes of the UK, and reflects this by assuming that: 

a) the crop growth-water balance model is designed for the UK where winter rainfall 
exceeds transpiration, and vice versa in surnmer; 

b) there is an average level of management, and that mechanised farrning is the norm; 
c) there are no nutritionallimitations (major or minor elements), and that soil pH is 

adequate; 
d) there is no erosion risk; 
e) the range of crops is restricted to grass, winter cereals, potatoes and sugar beet; 
f) there is no irrigation requirement. 

A second consideration is that most soil-crop models are constructed, and validated, on the 
basis of experiments performed at specific sites. In this way, large datasets can be 
accumulated in which many variables can be measured and their temporal and spatial 
distribution established with a good degree of precision. A major problem with this approach 
is that such models commonly require very large numbers of input variables, which could 
never be measured for several crop types on large areas of land, with all the implications this 
has for soil and climatic variation. There is thus the very real problem of finding ways of 
making crop/land use modelling usable over large areas of land, where such models could 
help support po!icy decisions. To confine models solely to experimental sites, which will 
always be a tiny part of any environment, is to question the ultimate purpose of their 
development. This raises important aspects of spatialisation of data, into areas where actual 
measured values might be few or non-existent for particular soil/land units. One approach to 
this question of 'missing' data is the use of pedo-transfer functions. 

The revised model is thus intended to work at two scales: 

a) regional (Level 1): large areas form several hundred to several thousand hectares in 
extent; 
b) test sites (Level II): experimental sites, usually at the farm or field scale, where 
intensive collection of data has occurred, often over many years. Such sites provide 
the rigorous framework within which the model can be validated. 

The simple model is known as ACCESS 1, and the more site specific, complex model as 
ACCESS II. An essential difference between the two models is the approach to the soil water 
balance modelling. This is discussed further below. In addition, the model (at either leve!) is 
required to consider a wider range of crops than the original modeL For practical reasons, 
these were limited as follows: 

ACCESS 1: maize, winter wheat, sunflower, potatoes, grass; 
ACCESS II: winter wheat, maize, sunflower. 

Further, routines would be required to allow for a wider range of factors than found in UK 
farming, especially constraints on soil fertility, water quality, erosion risk, and, aboye all, an 
improvement in the soil water-balance modeL Changes in these components, and the ways in 
which they might interact, also require revision of the system of land-evaluation. The 
structure of this revised model is shown in Figure 2. 

Given the diversity of the European Community, it is clearly necessary that the model be 
tested under a range of conditions. For this purpose we have chosen three regions as test 
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areas, which already have good soil, crop and climate data, much of it in digital form, and a 
network of experimental sites/farms where extensive site-specific data are available: 

a) central England; 
b) Languedoc-Roussillon, France; 
c) Andalucia, Spain. 

Finally, we needed to address the computing environment. In order to make the improved 
model widely available, it is being developed so that it will: 

a) run on an IBM-compatible PC platform; 
b) use standard data input formats; 
c) provide output as standard file formats acceptable to a range of geographic 
information systems. 

AII programming is compatible with Microsoft™ FORTRAN (Version 5.1). Aspects of 
these changes are discussed briefly below. 

2.2 The Improved Water-balance and Crop-growth Model 

In essence, ACCESS II is the validation stage for ACCESS 1 i.e. the output from the site 
specific model is used to assess the validity of the output from the simple model, so this is 
discussed first. The principal soil water-balance approach within ACCESS II is being derived 
from the French model MOBIDIC (Leenhardt, 1991), which is summarised in Figure 3. The 
crop growth model used for calculating potential yields is derived from the EPrC model 
(Williams, Renard and Dyke, 1983), but is being revised for use in European conditions. The 
root development model assumes a linear development of roots against maximum depth 
attained in relation to the number of days between emergence and flowering. The root density 
function is similar to that in the CORNGRO model (Childs, Gilley and Splinter, 1977). The 
model is intended to run on daily meteorological data, and offers three routes to deal with 
evapotranspiration, details of which are given by Leenhardt (1991), but (at least for the 
present) work is concentrating on the development of route 3 (see Figure 3). In parallel with 
this part of the programme, a large database of crop phenological data from different regions, 
is being established for use as inputs into the appropriate parts of the models. Preliminary 
work indicates that over model run periods of 15 days or more, the differences between the 
evapotranspiration components of MOBIDIC tend to become small, seemingly due to mutual 
error cancelling. One aspect of soil water movement that is dealt with poorly within 
MOBlDIC, is that of upward flux (capillary rise), and there are also uncertainties about how 
well the movement of water between soil compartments (either horizons or layers of specified 
thickness) is modelled. The latter, in particular, is being tested independently through 
parameterisation of the Richards' equation. Infiltration, especially during intense storrns 
and/or into cracked soils, where by-pass flow could be important, is another area of 
development. 

ACCESS 1, the regional model, differs fundamentalIy from ACCESS II in that it operates 
with meteorological data at monthly rather than daily time-steps, and relies on a minimum of 
soil and crop input parameters. Potential evapotranspiration is calculated according to 
Thomthwaite's formula, with adjustment for latitude based on day length. The potential 
evapotranspiration (PET) is separated into potential evaporation and potential transpiration 
following the Beer-Lambert law, and is based on leaf-area index (LAI). Root development is 
calculated from soil water pressure and soil resistance to penetration using the theory of root 
growth mechanics (Dexter, 1987). Actual transpiration is related to soil water pressure and a 
root sink termo The calculated monthly soil water balance is used to calculate the field 
capacity period by an interpolation technique. Likewise, the start and end of the growing 
season is calculated following the FAO approach, by which the growing period is defined as 
the time in the year during which rainfall exceeds 0.5PET, extended by the time that a 
maximum available water content of 100 mm in the soil has been depleted. In addition, the 
growing period is considered to be interrupted during the time that the mean air temperature 
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is below 6.50C. Accumulated temperature sums are estimated using TRIM (Temperature 
Remainder Index Model (Robertson, 1983)), whereas day-Iength and effective photoperiod 
are derived from Julian day number and latitude. Biomass accumulation is based on water use 
efficiency and cumulated transpiration deficit (van Keulen, 1982). The partitioning of the 
newly synthesised biomass ot plant roots is based on phenelogically dependent co-efficients. 
Final crop yield is obtained from final total biomass using a crop dependent harvesting indexo 

2.3 The Landuse-Sustainability Model 

The proposed module is applicable to both ACCESS 1 and ACCESS II. The central 
concept is that of 'attainable productivity' for selected strategic crops, expressed as a yield 
value or yield c1ass. This is the maximum possible productivity of a land unit within the 
constraints of the land unit e.g. drought stress, workability, length of growing season. These 
factors are clearly linked to the parameters considered by Ihe crop-growth/water-balance 
model, and the latter can be used to guide the estimation of this parameter. However, in 
reality, the 'attainable productivity' is an ideal, and 'actual productivity' is the norm. The latter 
depends on management, which often affects the constraints imposed through the properties 
of Ihe land unit. Thus the actual productivity can be regarded as an 'efficiency indicator' of 
the potential of a land unit. If the actual productivity is less than the attainable productivity 
estimated by ACCESS, then c1early the farming system has reserves of productivity which 
could compensate for c1imate change. A novel development is to extend the productivity 
concept to the defmition of Land Use Types (LUT). Traditionally (e.g. FAO, 1976) the 
assessment of land use types i.e. agricultural systems. that have developed in response to local 
circumstances, is made in subjective terms before a suitability assessment is made. We are 
proposing to use 'allowable' productivity i.e. !he acceptable quantity of crop produced which 
allows a farmer to cultivate a particular land unit in a specified region, to define the LUT. 
Thus, there can be several LUTs for the same crop distributed through the European 
Community in terms of allowable yield. The relationship between the various productivity 
c1asses is shown in Figure 4, and Figure 5 gives an example of the data input for a Land Use 
Type. 

2.4 The Soil Erosion Risk Module 

This is confined, at present, to the risk of water erosion on agriculturalland, and is at the 
stage of frrst development of an 'attainable erosion risk' c1ass. This is the maximum possible 
erosion risk in terms of relief, soil erodibility and rainfall erosivity (known as 'land qualities' -
LQ). Relief is self-explanatory, erodibility is a measure of the detachibility of soil particles 
without regard to the influence of topography, and rainfall erosivity is a measure of the power 
of raindrop impacto Much of the initial approach is derived from work done under the 
CORINE programme (CORINE, 1989). Relief is divided into four slope c1asses which reflect 
low, moderate, strong and very strong risk of severity of erosion; erodibility is complex in 
that Ihere is interaction between effective rooting depth, particle size distribution class, 
surface stoniness, surface horizon buIk density, and surface horizon permeability, to give four 
c1asses of severity (very low, low, moderate and severe). This system was developed for 
Mediterranean situations and is currently being re-examined for situations where erodibility 
might be modified to take account of higher contents of organic matter. Finally, erosivity is 
defined in terms ofthe 'derived Fournier/aridity index', as discussed by Morgan (1979), and 
again divides into four c1asses: low, moderate , high, very high. The first application of this 
system is via a matrix which gives the 'attainable erosion risk c1ass', and this can be seen in 
Figure 6. 

2.5 The Natural Fertility Module 

Fertility is not normally regarded as a landuse limitation in Europe, as it is seen as a 
management option. However, given that c1imate change could well delineate areas of land 
that would be suitable for agriculture apart from a constraint due to lack of natural fertility, 
we believe that a mechanism is required to indicate that this is so. Natural fertility is defined 
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in chemical terms for the upper 20cm of the soil (the topsoil) and the layer between 20cm and 
50cm. At present the system is based on ten criteria, of which up to tbree can be identified as 
limiting. The criteria are: pH, weatherable minerals, CEC, base saturation, exchangeable 
sodium percentage, electrical conductivity/salinization, C/N ratio, gley properties, K
supplying power, P-fixation power. Each category has two classes (high and low), and the 
'Iow' categorisation is regarded as non-limiting. The purpose of the system is not to give a 
quantitative measure of the degree of remediation which might be required. It is to indicate 
where there are problems, which will almost certainly require further investigation in order to 
give a reliable estimate of the degree of infertility and the practicability of remedial action. At 
the moment, the combination of appropriate categories gives 18 fertility classes, and the 
practicalities of the system are currently under test. 

2.6 Spatialisation 

Currently, most progress has been made in the field of pedotransfer functions. Routines 
have been developed to estimate the soil water-release curve from particle size distribution, 
bulk density and organic carbon, over the range 0.05 to 15 bar suctions, unsaturated hydraulic 
conductivity, and soil resistance to root penetration. The algorithms give estimated values 
within about 5 per cent of measured data (Simota and Loveland, in press). Thus, we have 
methods for deriving these properties for soil map units from soil survey data. Further 
developments are in hand to estimate crop yield from similar data in conjunction with 
monthly weather data (Simota, Mayr and Loveland, pers. comm.). 

A more difficult problem has been the interpolation of site-specific weather data to large 
areas of land (soil polygons). Because the polygons are 'better defined' spaces than climate 
zones, we have decided to conserve the boundaries of the soil polygons, dividing the larger 
ones as necessary only where clear climate boundaries can be identified. Further, for 
development purposes we are working with a practicallower polygon size of about lOO ha., 
although many are, of course, much larger. In temporal terms, it has proven difficult to 
extend daily meteorological data to large numbers of polygons, because of the demands on 
computing time. So for the present ACCESS II (where most of the development is 
concentrated) is being run at decadal time-steps. Further investigation is in progress to deal 
with the problems arising from the irregular, in the spatial sense, distribution of 
meteorological stations in relation to the distribution of soil polygons. It is hoped that a 
technique involving 'spatial deformation' willlead to improvements in the estimation of 
climatological properties at interpolation points, but the method has yet to be tested outside 
Languedoc-Roussillon, although first results appear promising (Monestiez, Sampson and 
Guttorp, In press). 

Finally, the problem of irregular runs of climate data. or runs of data of various lengths for 
different sites, is being examined tbrough the use of a stochastic weather generator. Again, it 
is too early to say how well this technique will work tbroughout the test regions given aboye, 
although preliminary work in central England is encouraging. 

3.1 Conclusions 

A model is being developed to estimate the suitability of soils within the European 
Cornmunity for a range of strategic crops. The structure of the model is such that it uses site
specific data to validate a simpler, regional model. The project is being developed within test 
regions from central England, southern France and southern Spain. Within the model there is 
a robust crop-growth/soil water-balance component, and extra routines are being developed to 
allow assessment of soil erosion, soil fertility and new approaches to landuse. The model is 
being structured to accept standard data entry and output in formats acceptable to a range of 
geographic information systems. Routines have been developed to calculate pedo-transfer 
functions from simple soil data, and new methods of spatialisation are under investigation. 
Many of the separate components of the model have reached the testing stage and work is 
now in progress to integrate them into the finished product. This will provide a powerful tool 
to evaluate crop suitability and landuse within the European Cornmunity in relation to 
changes in climate. 
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FIGURE 3. The structure of the water balance rnodel MOBIDIC (from Leenhardt, 1991). 
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Current Conditions for the LUT: SunflowerlRainfed 
*BENCHMARK AREA: CAMPINA eSE-03), ANDALUCIA, SPAIN 

*CROP (Helianthus annuus) 
Main varieties: Florasol; Ariflor; Hysum-33 
Growing season length: 159 days (mean); range 126-184 
Maximum rooting depth (cm): 80-100 
Phenol0 gical calendar: Emergence: end Feb/mid Apr; 

*MANAGEMENT PRACTICES 

: Ripening: mid July-end Aug 

Primary tillage: 1 - mouldboard plough, September; 3 - disking, December-January 
Secondary tillage: 1, interrow rotavator - end March - early May 
Sowing: 4-8 kg seed/ha, 70cm row spacing, mid February - end March 
Fertiliser: Urea 46% N, 100-150 kg/ha; December-January 
Herbicides: 1.5 L/ha, trifluralin, mid February - end March 
Pesticides: 50 kg/ha, Lindane 2%, mid February - end March 
Harvesting: combined, end July - early September 
Residues: straw ploughed in, October 
Irrigation: nil 
Artificial drainage: nil 

*PERFORMANCE IN THE BENCHMARK AREA 
Indicative yield/quality: 1.9 - 2.2 t/ha seed; 46 - 50% oil 
Environmental impact: high erosion risk; low pollution potential 

FIGURE 5. An example of the data structure defining a Land Use Type. 
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Evaluation Severity Level 

Step Variable 1 2 3 4 

A Relief >B >C >D >E 

B Erodi bility >F >0 >0 >H 
C Erodi bility Small >I >J >K 
D Erodibility >L Moderate >K High 
E Erodibility >K High High High 

F Erosivity Very small Very small Very small Small 
O Erosivity Very small Very small Small Small 
H Erosivity Small Small Moderate Moderate 
1 Erosivity Small Small Small Moderate 
J Erosivity Moderate Moderate Moderate High 
K Erosivity Moderate Moderate High High 
L Erosivity Small Moderate Moderate Moderate 

Note: Under each severity level, the symbol > followed by a letter (B to L) is used to direct 
the user to the next step in the decision tree. 

FIGURE 6. Part of the decision-tree approach to assessing the 'attainable erosion risk" c1ass. 
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