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1. Summary of Deliverable D7 

 

This deliverable of the e-SOTER project includes methodologies for the enhanced SOTER database.  

The deliverable has the following parts: 

1. Research on improved methods for terrain analysis; 

2. Research on Remote Sensing as means to improve parent material component; 

3. Research on Remote Sensing as means to improve soil attribute data; 

4. Integration into the enhanced SOTER database. 

 

1.1 Introduction 
The initiative to create the SOTER database emerged from the need of data for improved mapping 

and monitoring of global soil resources at the reference mapping scale of 1:1M. The SOTER database 

is hierarchically structured and is composed of three levels: Terrain, Physiographic, and Soil 

components (van Engelen and Wen, 1995). Physiographic component consists of terrain information 

delineating major landforms of the Earth’s surface combined with parent material. Terrain 

components subdivide terrain into areas characterised with distinct pattern of surface form, slope, 

meso-relief, unconsolidated vs. consolidated material, and texture of parent material. Soil 

components characterise soil according to FAO diagnostic horizons and properties.  

The SOTER database in its traditional form consists of maps and associated attribute tables which are 

not easily disseminated.  e-SOTER project aims at enhancement of methodology of delineation of the 

SOTER units, and providing a web-based service making available the database and methodology for 

download. This report describes the attempts to enhance the spatial and attribute data of the 

database, which is the task of WP3. Other work packages concentrated on assessment of the terrain 

and soil delineations (WP4), applications of e-SOTER database related to major threats to soils (WP5), 

and providing web services for dissemination of e-SOTER (WP6). e-SOTER project uses several study 

areas located in Central Europe, United Kingdom, and Morocco within which new methodologies and 

resulting database will be applied. 

WP3 composes of several tasks that investigate new techniques of delineation of terrain aspect of 

the database, and deriving the parent material and soil attribute data. New methodologies for 

delineation of physiographic units (task 3.1) are implemented to the pilot areas at the mapping scale 

of 1:250 000. Remotely sensed imagery is used to enhance the parent material component (task 3.2) 

and soil component is enhanced using ancillary data (task 3.3) of the database.  
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2. Task 3.1: Research on improved analysis of DEM data using 

natural breaks 

2.1 Introduction  

Task 3.1 of WP3 aims at enhancing the methodology for delineation of physiographic units of the 

terrain level of SOTER database. It looks at alternative ways of extracting terrain features with 

improvements to the spatial position and detail of mapping as compared to the output of automated 

procedure developed in WP1. The automated procedure uses fixed search window to derive terrain 

parameters resulting in a static landform classification that does not incorporate the variable scales 

inherent within landscapes. As natural processes including soil formation occur at scales driven by 

the landscape, failure in reflecting the scale affects the accuracy of the entire SOTER database.  

The problem of misclassifications related to scale is addressed in the work of task 3.1. Task 3.1 

investigated terrain driven methods, such as slope break analysis and image segmentation, to extract 

landforms in the framework of two approaches: (1) Top-down approach, and (2) bottom-up 

approach. The final results are described in this section of the report.  

2.2 Sub-task 3.1.1: Top-down approach 
Sub-task 3.1.1 ‘Top-down approach’ was undertaken by partner 15 – Cranfield University. The name 

‘top-down approach’ indicates that terrain analysis is performed in a sequence of extracting broad 

landscape divisions first, and subsequently subdividing them into finer classes.  

Initially, a benchmark for comparison of new methods was established for UK window area. The 

results of these approaches exemplify the problem of depicting scale when using a fixed search 

window size in landform classification. The undertaken methodologies are described in the section 

2.2.1 including investigation of scale effects determined by search window size.   

Section 2.2.2 describes the final findings of the project in terms of terrain mapping, recommending 

two methods for the integration into the enhanced SOTER database. 

2.2.1 Analysis of benchmark datasets 

Several approaches known in literature were tested within the UK window area based on 90m SRTM 

data provided by WP1.These were: (a) SOTER landform classification following the guidelines of the 

SOTER “cook book” (Dobos et al., 2005) and the result of the automated procedure delivered by 

WP1; (b) Hammond landform classification in modified Dikau approach (Dikau et al., 1991); and (c) 

Iwahashi landform classification (Iwahashi and Pike, 2007). Hammond landform classification was 

selected due to the fact that it was successfully used to derive physiographic map of the United 

States. Approach presented by Iwahashi and Pike was used to derive global physiographic map 

showcased within the JRC website (http://eusoils.jrc.ec.europa.eu/projects/landform/) and thus was 

considered as a valuable method in context of e-SOTER project. Reproduction of the traditional 

SOTER approach within the study area was an obvious choice for a benchmark dataset. 

http://eusoils.jrc.ec.europa.eu/projects/landform/
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2.2.1.1 SOTER landform classification 

The SOTER landform classification was first manually generated for the area of UK window based on 

the methodology of deriving SOTER terrain units described in the “SOTER cook book” (Dobos et al. 

2005). Instructions were strictly followed excluding the polygon generalisation step due to 

unavailability of the algorithm. A modified approach changing the size of the search window was 

applied as well. As soon as the automated procedure for extraction of SOTER units became available, 

the procedure was applied at 1:1M and 1:5M scale. Table 1 presents comparison of major 

parameters impacting the outputs of the two approaches.  

Parameter 

SOTER landform classification approach 

Manual Automated 

Dobos et al.  
[BN13] 

Modified  
[BN14] 

E-SOTER 1:1M 
[BN15] 

E-SOTER 1:5M 
[BN16] 

Input data   

Input DTM SRTM SRTM SRTM SRTM 

DTM pre-processing 
Fill sinks up to 20m 

deep 
Mean 3x3 filter 

Fill sinks up to 
20m deep 

Fill sinks up to 
20m deep 

Radius of search window in cells   

Relief intensity 5 5 5 5 

PDD 20 5 5 5 

Output resolution   

Landform 
classification 

990m 90m 990m 990m 

 
Table 1 Comparison of main parameters of manual and automated approaches to SOTER landform 
classification. The BN13-BN16 codes are unique names given to each dataset developed during the 
work on the project. Note that datasets BN15 and BN16 are not based on the final version of the 
automated procedure provided by WP1.  
 

Results of the applied approaches to SOTER landform classification are shown in Figure 1. The detail 

and contents of each delineated class varies again with the search window size and final resolution of 

the output. 
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A) SOTER resampled to 990m resolution  

(Dobos et al.), [BN13] 

 
B) SOTER 90m resolution, [BN14] 

 
C) Result of automated procedure 1:1M, [BN15] 

 
D) Result of autoamated procedure 1:5M, [BN16] 

 
Figure 1 Results of SOTER landform classification in a sample area: A) Dobos et al. approach;  
B) Modified Dobos approach; C) Result of automated procedure 1:1M; D) Result of automated 
procedure 1:5M. Legend is given in Appendix 2 Figure 2. The BN13-BN16 codes are unique names 
given to each dataset developed during the work on the project. 

 

2.2.1.2 Hammond Landform classification – introduction and implementation 

The Hammond Landform classification uses three terrain derivatives: slope, local relief and profile 

type to classify landform into a three level hierarchical system. The terrain derivatives are computed 

within a search window of a constant size and are subsequently classified and combined to form the 

landform classification scheme. The method was first implemented by Edwin H. Hammond for the 

area of United States based on topographic maps (Hammond, 1954, 1964a, 1964b) and was later 

adapted to make use of availability of digital elevation models and computer processing.  
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This study uses the approach introduced by Dikau et al. (1991) with some modifications as to the 

resolution of input DEM, search window size and method of classification of local relief. Regardless of 

the approach, SRTM was pre-processed by filtering with focal 3x3 mean filter and resampled to 

required resolution. A total of six variants of the method were applied: 

(1) Reproduction of Dikau’s approach on UK window 

a. Exact reproduction of the approach [BN01] 

b. With modified local relief component [BN02] 

(2) Modified approach for UK window – version 1 

a. With original local relief component [BN05] 

b. With modified local relief component [BN03] 

(3) Modified approach for UK window – version 2 

a. With original local relief component [BN06] 

b. With modified local relief component [BN04] 

Approaches reproducing Dikau’s methodology required a 200m resolution DEM and a rectangular 

search window size of side length of 9600m. Changes introduced in this study matched the resolution 

of input DEM to 90m SRTM, and used a circular search window of two sizes of diameter: 9720m and 

900m. Additionally, outputs with modified local relief component were produced using classified 

values of elevation rather than local relief. Values of class intervals for each of the components of 

classification are shown in Tables 2-4. 
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SLOPE 

Class Description 

A More than 80% of area gently sloping 

B 50 - 80% of area gently sloping 

C 20 - 50% of area gently sloping 

D Less than 20% of area gently sloping 

 
Table 2 Classification of the index of slope inclination (Dikau et al., 1991). 
 

LOCAL RELIEF 

Class Description 

1 0 - 30m (0 - 100 feet) 

2 30 - 91m (100 - 300 feet) 

3 91 - 152m (300 - 500 feet) 

4 152 - 305m (500 - 1000 feet) 

5 305 - 915m (1000 - 3000 feet) 

6 More than 915m (3000 feet) 

 
Table 3 Classification of the index of vertical dimension (Dikau et al., 1991). In modified local relief 
component class 1 was extended to make account of the minimum elevation values within the study 
area. 
 

PROFILE TYPE  

Class Description 

a More than 75% of the area in lowland 

b 50 - 75% of the area in lowland 

c 50 - 75% of the area in upland 

d More than 75% of the area in upland 

 
Table 4 Classification of index of general profile character (Dikau et al., 1991). 
 

Each approach to Hammond landform classification yielded a landform map different to one another 

in terms of spatial distribution and number of classes. Figure 2 presents landform subclass maps 

obtained with each approach on a sample area within UK window. The images shown prove that the 

shape and size of search window as well as components of classification scheme have tremendous 

effects on the shape and meaning of extracted landforms.  
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A) Hammond subclass 9600m square window,  

[BN01] 
C) Hammond subclass 9720m circular window,  

[BN05] 
E) Hammond subclass 900m circular window,  

[BN06] 

B) as above, with modified local relief, [BN02] D) as above, with modified local relief, [BN03] F) as above, with modified local relief, [BN04] 

 
Figure 2 Comparison of landform subclass maps obtained with various approaches to Hammond landform classification on a sample area showing London 
Basin and the Weald: A) Dikau approach; B) Dikau approach with modified local relief component; C) Modified approach v1; D) Modified approach v 1 with 
modified local relief component; E) Modified approach v2; F) Modified approach v2 with modified local relief component. Legend to landform subclass is 
available in Figure 1 of Appendix 2. The BN01-BN06 codes are unique names given to each dataset developed during the work on the project. 
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2.2.1.3 Iwahashi and Pike landform classification – introduction and methodology 

Iwahashi and Pike (2006) developed an unsupervised classification scheme of landforms based on 

digital elevation data called Automated Classification of Topography (ACT). The classification uses 

three components: slope, texture and convexity. Slope is chosen as a main driver of topography and 

is calculated from 3x3 cell neighbourhood. Texture is a component depicting the occurrence of all 

ridges and valleys in the landscape. Its calculation requires running a median filter over the input 

DTM and subtracting the filtered from original DTM. Thus peaks would appear as positive and pit as 

negative values. Subsequently, number of pits and peaks is calculated within a 10 cell radius to form 

the final texture layer. Combination of slope and texture is regarded by the authors as useful for 

distinguishing between high and low relief topography and sufficient to describe the high relief 

features. Convexity is a layer that is especially useful in classification of low-relief features. It is 

obtained by application of a 3x3 Laplacian filter to a DTM that returns positive values in convex, 

negative values in concave and zero in planar areas followed by calculation of percentage of convex 

cells within a 10 cell radius.  

Slope, texture and convexity layers undergo a nested-means classification scheme that divides the 

study area into 8, 12 or 16 classes.  The scheme for classification into 8 classes starts with specifying 

whether slope value in a particular cell is greater or smaller than the mean value for the whole study 

area, followed by distinction of convexity and then texture by comparison to their mean values. 

Classification into 12 classes is performed only for the areas that are within the gentler part of the 

study area and cell values are compared to the means of slope, convexity and texture of the gentler 

part. Classification into 16 classes is performed on the gentler quarter of the study area following an 

analogical pattern.  It has to be noted that classification into 8, 12 or 16 classes does not change the 

classes in the steeper half of the study area but increases the detail of classes of the gentler half and 

quarter respectively. This also means that in classification into 16 classes, classes within the steeper 

quarter of the gentler half of the study area remain the same as in classification into 12 classes 

ACT was implemented on SRTM data of 90m resolution for UK window area. Implementation of the 

scheme was highly facilitated with an AML macro published by the authors. This allowed for 

modification of the radius of the circular search window used in computation of texture and 

convexity layers. Prior to application of classification scheme SRTM was filtered with focal 3x3 mean 

filter. Although authors recommend masking water bodies out within the DTM, this step was omitted 

as water bodies (lakes) take up only a small fraction of the area and their size rarely exceeds two grid 

cells. Automated classification of topography was run with settings shown in Table 5. The 

classification outputs were filtered with 3x3 focal majority filter to remove salt and pepper effect. 

Results of Iwahashi approach for two selected window sizes are shown in Figure 3.  

Output Radius of search window [No of cells] 

8 classes 12 classes 16 classes Texture Convexity 

BN17 BN18 BN19 5 5 

BN07 BN08 BN09 10 10 

BN20 BN21 BN22 24 24 

BN10 BN11 BN12 54 54 

Table 5 An overview of settings for the Iwahashi and Pike approach. The BN07-BN22 codes are 
unique names given to each dataset developed during the work on the project. 
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A) 8 classes, [BN10] 

 

 
B) 12 classes, [BN11] 

 
C) 16 classes, [BN12] 

 

 
 
D) Color schemes applied to represent particular 
classes 
 

 
Figure 3 Results of Iwahashi and Pike landform classification for search window of 9720m in 
diameter: A) Result for 8 classes; B) result for 12 classes; C) Result for 16 classes, D) Color schemes 
applied to represent the classification outputs. For the meaning of classes refer to Iwahashi and Pike 
(2006). The BN10-BN12 codes are unique names given to each dataset developed during the work on 
the project. 
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2.2.1.4 Investigation of scale expressed as search window size 

2.2.1.4.1 Introduction 

Different landforms can be considered at various spatial scales, depending on the scale of interest 

(local, regional, national) and processes that influenced landscape formation. Landform classification 

methods are based on the generation of various indices from elevation data which are usually 

derived from Digital Elevation Models (DEMs). We expect that scale will affect the relationship 

between these indices and ensuing classification.  

There are two ways in which scale could be incorporated into the computation of these indices. One 

is modification of the grid size by up-scaling or down-scaling the original resolution of the DEM, 

second is performing calculations within a search window with its dimensions set to reflect the scale 

at which modelled processes occur. The impact of resolution change on DEM derived indices is well 

researched (Zhu et al. 2008), however, there is still little known on the effects of search window size 

on the final classification and possible interactions between both spatial resolution and search 

window size.  

The research on this topic is will be continued in the future; nevertheless, preliminary methods and 

results are shown in the following sections of this report. 

2.2.1.4.2 Methodology 

The effect of search window size was investigated with two approaches. In the first approach, 

Hammond landform classification was derived using 17 search window sizes ranging from 360m to 

18km in diameter to calculate components of the classification scheme. Refer to section 2.2.1.1 for 

detailed methodology of Hammond landform classification. In the second approach, statistics for 

terrain indices frequently used in landform classification schemes including slope mean, slope range, 

elevation mean, elevation range, and maximum elevation were derived from SRTM for investigated 

search windows. Subsequently, all layers were sampled with points at regular grid intervals of 270m 

and used in statistical analysis. Statistical analysis included K-means clustering of the sampled values 

with the aim of obtaining groups reflecting distribution of landforms. 

2.2.1.4.3 Analysis of the results 

Figure 4 pictures the impact of changing search window size on the meaning of derived landform 

classification. Very small search windows (like 900m in diameter) fail to distinguish between various 

landform classes, resulting in classification of prevailing part of the area as flat or nearly flat plains. 

This is due to the fact that very small search window is not capable of depicting change within the 

topography of the landscape. Conversely, very big search windows (like 18000m) tend to have an 

averaging effect on the classification result, removing variability depicted by medium search 

windows (like 7200m). Very small search windows tend to underestimate the actual relief and very 

large search windows overestimate the relief of flat areas. 
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search window diameter: 900m 

 

 
search window diameter: 7200m 

 
search window diameter: 18000m 

Figure 4 The effect of various search window sizes used to compute landform classification 

components. 
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Figure 5 Results of K-means clustering of terrain descriptors calculated within various search window 

sizes. Upper image shows the distribution of 8 clusters within the study area, lower image presents 

the graph of centroid means for each variable used in the clustering.  Key to abbreviations used in 

the graph is as follows:  SM – slope mean, SR – slope range, ER – elevation range, EMAX – maximum 

elevation, EM – elevation mean. Colours used in the graph are equivalent to colours of cluster map 

in the upper image.  
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M
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The results of statistical analysis are shown in Figure 5. The figure presents a map of 8 clusters 

obtained from K-means clustering of all input variables, and the graph displaying normalised means 

of input variables for each cluster. The map proves that the clustering algorithm is capable of 

depicting spatial patterns inherent within the study area. The shape of obtained delineations may act 

as indication of success in depicting scale inherent in the landforms. Areas of circular shape having an 

artificial character indicate that the scale of the landform has not been well represented by the size 

of search window. Areas having an outline of natural shape are indication that the scale of the 

landform was detected.  For example, cluster 8 has very natural boundaries in the Weald region 

marked in the figure as outline 1; however in the area depicted in outline 2 its boundaries look 

artificial. This indicates that cluster 8 provides good representation of landforms encapsulated by 

outline 1, but fails to recognise the patters correctly in area within outline 2. 

Analysis of normalised cluster means for each variable and search window size helps to identify 

optimal search window sizes for given clusters. Looking at each variable separately, it is evident that 

the value of normalised means increases with increasing search window size. Break points in lines 

formed by observations are present. This indicates that there are certain search window sizes for 

which a significant change in values of given variables occurs, having the implication that those 

particular search windows should be used in terrain analysis. The fact that there is always more than 

one break point means that multiple scales exist within the landscape.  

2.2.1.4.4 Conclusions 

Investigations into the effect of search window size on the landform classification result lead to a 

conclusion that scale expressed as window size has considerable impact on the landform 

classification. Small search windows tend to underestimate high relief topography, whereas large 

search windows exaggerate the topography of flatter areas. As scale of landforms changes in space, 

there may not be a single optimum scale at which all landforms within a study area are represented, 

but there may be different optima for different local areas. Further research will focus on varying the 

window size regionally according to observed scale effects in the indices.  
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2.2.1.5 Conclusions to the benchmark datasets 

The analysis of benchmark datasets shows a variety of landform maps, differing with number, shape, 

and spatial distribution of landform classes even within a single classification scheme. Table 6 

provides a summary of the methods used in their generation. A fixed search window size used for 

calculation of terrain attributes was proven to play an important role in spatial definition of landform 

divisions.  Statistical assessment of obtained delineations is described in Section 2.2.2.3 of this 

report, allowing for making final conclusions as to usability of obtained landform maps as the terrain 

component in SOTER database.  

CODE Description 

BN01 
Hammond landform classification based on the SRTM resampled to 200m resolution. Square 
9600x9600m search window was used to extract classification components. 

BN02 BN01 modified by application of local relief classes to elevation rather than elevation range. 

BN03 BN05 modified by application of local relief classes to elevation rather than elevation range. 

BN05 
Hammond landform classification based on 90m SRTM. Circular search window with 9720m diameter 
was used to extract classification components. 

BN04 BN06 modified by application of local relief classes to elevation rather than elevation range. 

BN06 
Hammond landform classification based on 90m SRTM. Circular search window with 900m diameter 
was used to extract classification components. 

BN07 
Iwahashi and Pike approach run with the original settings of the ACT script. Texture and convexity 
parameters were extracted within the 10 grid cell radius, totalling to 1800m in diameter. 

BN08 

BN09 

BN10 
Iwahashi and Pike approach run with the modified settings of the ACT script. Texture and convexity 
parameters were extracted within the 54 grid cell radius, totalling to 9720m in diameter. 

BN11 

BN12 

BN13 
Manual approach to the SOTER landform classification as described in the ‘SOTER cook book’. Radius of 
search window for calculation of relief intensity – 5 grid cells, for PDD 20 grid cells. Each intermediary 
layer downgraded to 990m resolution. 

BN14 
Modified manual approach the SOTER landform classification as described in the ‘SOTER cook book’. 
Radius of search window for calculation of relief intensity – 5 grid cells, for PDD 5 grid cells. The spatial 
resolution of the intermediary layers and final out is 90m. 

BN15 Automated approach (not the final version) 

BN16 Automated approach (not the final version) 

BN17 
Iwahashi and Pike approach run with the modified settings of the ACT script. Texture and convexity 
parameters were extracted within the 5 grid cell radius, totalling to 900m in diameter. 

BN18 

BN19 

BN20 
Iwahashi and Pike approach run with the modified settings of the ACT script. Texture and convexity 
parameters were extracted within the 24 grid cell radius, totalling to 4320m in diameter. 

BN21 

BN22 

 
Table 6 Landform benchmark datasets derived within the work on the e-SOTER project. 
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2.2.2 New methods of terrain analysis 

This section presents investigations of new methods of terrain analysis according to the ‘top-down’ 

approach. At first, broad scale terrain delineations are obtained that represent regional delineations 

of landform. Those delineations are further decomposed to obtain local scale terrain divisions that 

are equivalent to 1:250 000 mapping scale. Two techniques of landscape segmentation were 

investigated: (1) extracting physical entities, and (2) extracting of homogenous objects from Digital 

Elevation Model (SRTM). 

2.2.2.1 Description of objects used in landform classification approaches  

2.2.2.1.1 Physical entities  

Physical entities are constituted by peak sheds and slope breaks obtained from hill shed and hill slope 

analyses introduced by Bob MacMillan. Bob MacMillan designed a software programme called 

LandMapR (MacMillan, 2003) and several Microsoft Fox Pro scripts that generate polygonal 

delineations of peak sheds and up to six slope breaks. Examples of peak sheds and slope breaks are 

shown in Figure 7. Physical entities were generated for all four 1:250k study areas researched in the 

project: UK window, Chemnitz sheet, Hungarian pilot, and Moroccan pilot. 

 

 

Figure 7 Examples of physical entities used as the basis for landform classification. The left hand side 
image shows global peak sheds and the right hand side image – global peak sheds intersected with 
slope break layer providing six breaks in slope. The slope break layer was generalised to 1:50k scale 
mapping. 

Both peak sheds and slope breaks were considered useful in landform classification approaches due 

to their direct link to actual topography of the landscape. Peak sheds provide coarse landscape 

divisions suitable for small-scale mapping, which can be refined with the incorporation of the slope 

break layer. Both types of the entities were derived by means of analysis of water flow in inverted 

and not-inverted DEM, thus acquiring a physical aspect to their delineations.  
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2.2.2.1.2 Homogenous objects 

Homogenous objects were delineated in cooperation with Dr Lucian Dragut from Salzburg University. 

eCognition software was used to segment elevation values provided as 90m SRTM into objects 

nested into three spatial scales using the ESP tool (Dragut et al, 2010). Segmentation procedure is 

described in (Dragut and Eisank, 2011). Homogenous objects were generated for the UK window only 

(Figure 8). 

 

 

 

Level 1 Level 2 Level 3 

Figure 8 Homogenous objects generated in eCognition software using Estimate Scale Parameter (ESP) 
tool. Three various levels of complexity are shown for an extract and the entire UK window.  
The approximate location of the close-up is marked by the red box. 

The value of homogenous objects is found in the uniform character of their contents given a 

particular scale of the landscape. Larger objects will contain more variable landform patters than the 

smaller objects; however, the internal variability will be always smaller than the external variability. 

This is particularly useful in hierarchical landform classification systems, such as resulting from the 

‘Top-down’ approach. 
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2.2.2.2 Methodology of landform classification 

Physical entities of both types – peak sheds and several versions of slope breaks – as well as the 

homogenous objects were used in various combinations to generate terrain maps equivalent to the 

terrain component in SOTER database. It has to be noted here that combinations between physical 

entities and homogenous objects were not used, however, peak sheds or intersections of slope 

breaks with peak sheds were investigated. The overall scheme of the applied methodologies is shown 

in Figure 9.  

 

Figure 9 A flow chart showing an overview of the landform classification methodology applied in 
terrain classifications based on physical entities and homogenous objects. 

 

The first step in the methodology was to attribute the objects with basic statistics of elevation and 

slope derived from the 90m SRTM. In the case of the physical entities the basic statistics included 

minimum, maximum, mean, and range of values of elevation and slope. For the homogenous objects 

these were mean, range, 1st and 99th percentile of elevation, and mean, 1st and 99th percentile of 

slope. In the second step, the highest hierarchical level of landforms was extracted, which typically 

constituted a distinction of “low” and “high” areas. This was based either on an elevation threshold 

for all four study areas, or each study area separately, or was based on the result of K-means 

clustering into two clusters. In the third step, lower level landforms were extracted by independent 

clustering of objects within higher levels of landform delineations. In the final step, clusters maps 

were post-processed by elimination of very small polygons and application of Hammond landform 

classification scheme. The final outputs were smoothed in order to remove the “rasterisation” of 

boundaries inherited from the input SRTM layer. Tables 7 and 8 list the obtained outputs along with 

summary of the extraction method. 
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CODE Description 

PE01 
Based on peak sheds intersected with slope breaks (Line A of slope break extraction), with small polygons eliminated with line 1 of 
post-processing. Characterised with minimum, maximum, mean, and range values of elevation and slope. K-means clustering on 
all four study areas simultaneously. V-fold cross-validation option applied to determine the optimal number of clusters. 

PE02 

Based on peak sheds intersected with slope breaks (Line A of slope break extraction), with small polygons eliminated with line 1 of 
post-processing. Characterised with minimum, maximum, mean, and range values of elevation and slope. The datasets for all four 
study areas divided according to the median value of elevation mean (100m) within each polygon to form “low” and “high” 
distinct areas. V-fold cross-validation clustering performed independently within “low” and “high” parts of the study area. 

PE03 

Based on peak sheds intersected with slope breaks (Line A of slope break extraction), with small polygons eliminated with line 1 of 
post-processing. Characterised with minimum, maximum, mean, and range values of elevation and slope. Each study area divided 
into “low” and “high” part using median value of elevation mean for each study area separately. These were: 66.78m for the UK 
window, 470.95m for the Moroccan pilot, 122.45m for Hungarian pilot, 443.47m for Chemnitz pilot. K-means with V-fold cross-
validation algorithm was applied independently within “low” and “high” part of each study area. 

PE04 

Based on peak sheds intersected with slope breaks (Line A of slope break extraction), with small polygons eliminated with line 1 of 
post-processing. Characterised with minimum, maximum, mean, and range values of elevation and slope. The distinction between 
“low” and “high” parts of the study areas was obtained by clustering into 2 clusters first separately within each study area. 
Subsequently, V-fold cross-validation algorithm was independently applied on each part of each study area.   

PE05 
Based on PE04 output with Hammond landform classification legend applied, represents the landform subclass. Polygons smaller 
than 156.25ha eliminated into neighbouring polygons. 

PE11 
Based on PE04 output with Hammond landform classification legend applied, represents the landform class. Polygons smaller than 
156.25ha eliminated into neighbouring polygons. 

PE18 
Based on PE04 output with Hammond landform classification legend applied, represents the landform type. Polygons smaller than 
156.25ha eliminated into neighbouring polygons. 

PE06 
Based on PE04 output with Hammond landform classification legend applied, represents the landform subclass. Polygons smaller 
than 156.25ha eliminated into neighbouring polygons. Slope break layer obtained with Line B of slope break extraction 
superimposed on the PE05 output.  

PE17 Slope break layer obtained with the line B of slope breaks extraction, generalised to 1:250k scale. 

PE07 

Based on peak sheds intersected with slope breaks (Line A of slope break extraction), with small polygons eliminated with line 1 of 
post-processing. Characterised with minimum, maximum, mean, and range values of elevation and slope. The datasets for three 
study areas (UK window, Chemnitz sheet, and Hungarian pilot) divided according to the median value of elevation mean (99m) 
within each polygon to form “low” and “high” distinct areas. V-fold cross-validation clustering performed independently within 
“low” and “high” parts of the study area. 

PE08 

Based on peak shed polygons generalised to 1:250,000 scale by elimination of polygons of area <=156 ha (line 2 of peak sheds 
post-processing).  Characterised with mean, minimum, maximum, and range of values of elevation and slope. The distinction 
between “low” and “high” parts of the study areas was obtained by clustering into 2 clusters first separately within each study 
area. Subsequently, V-fold cross-validation algorithm was independently applied on each part of each study area.   

PE09 
Based on PE08 output with Hammond landform classification legend applied and generalised to match the ‘Hammond’ scale. 
Slope break layer obtained with the line B of slope breaks extraction and generalised to 1:250k scale mapping superimposed on 
landform subclass.  

PE10 
Based on PE08 output with Hammond landform classification legend applied and generalised to match the ‘Hammond’ scale. 
Represents landform class and subclass – which in the case of this output are equivalent. 

PE12 
Based on PE08 output with Hammond landform classification legend applied and generalised to match 1:1Mscale. Slope break 
layer obtained with the line B of slope breaks extraction and generalised to 1:250k scale mapping superimposed on landform 
subclass. 

PE13 Based on PE08 output with Hammond landform classification legend applied and generalised to match 1:1Mscale. 

PE14 
Based on peak sheds with small polygons eliminated (line 1 of post-processing), characterised with min, max, mean, and range of 
elevation and slope, clustered with Chebychev distances and v-fold cross-validation. Not post-processed. 

PE15 
Based on peak sheds with small polygons eliminated (line 1 of post-processing), characterised with maximum, range, first and 50th 
quantile of elevation and slope. K-means clustering performed with Chebychev distances and v-fold cross-validation. Not post-
processed. 

PE16 
Based on peak sheds intersected with slope breaks (Line A of slope break processing) with small polygons eliminated (line 1 of 
post-processing), characterised with min, max, mean, and range of elevation and slope, clustered with Chebychev distances and 
v-fold cross-validation. Not post-processed. 

 
Table 7 List of landform maps based on physical entities. “Line A” of slope break extraction denotes a 
method resulting in six major slope breaks, “line B” – a reclassified output of “line A” into four or 
three major slope breaks. “Line 1” of polygon post-processing denotes elimination of polygons 
smaller than 10 grid cells, and “line 2” – smaller than 156.25ha (Minimum legible area for 1:250k 
mapping) into the neighbouring polygons. 
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CODE Description 

HO01 

Based on homogenous objects. “Low” – “high” distinction provided by mean elevation value 
within objects level 1. Independent K-means clustering within “low” and “high” based on 
objects level 2 characterised with mean, range, 1st and 99th percentile of elevation, and 
mean, 1st and 99th percentile of slope. No generalisation or smoothing applied. 

HO02 
Based on HO01. Independent K-means clustering within each cluster of HO01 based on level 
3 objects attributed with mean, range, 1st and 99th percentile of elevation, and mean, 1st and 
99th percentile of slope. No generalisation or smoothing applied. 

HO03 Based on HO01 with Hammond landform classification legend applied. Generalised to 
“Hammond” mapping scale and smoothed. Particular layers are equivalent to landform 
subclass, class and type in the Hammond classification scheme. 

HO06 

HO09 

HO04 Based on HO01 with Hammond landform classification legend applied. Generalised to 1:1 
000,000 mapping scale and smoothed. Particular layers are equivalent to landform subclass, 
class and type in the Hammond classification scheme. 

HO07 

HO10 

HO05 Based on HO01 with Hammond landform classification legend applied. Smoothed, not 
generalised. Particular layers are equivalent to landform type, class and subclass in the 
Hammond classification scheme. 

HO08 

HO11 

 
Table 8 List of landform datasets based on homogenous objects. 
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2.2.2.3 Assessment of landform classification outputs 

2.2.2.3.1 Introduction to assessment of landform classification outputs 

Landform classification dataset obtained for the UK window including benchmark datasets as well as 

datasets based on homogenous objects and physical entities where assessed with two different 

methods. Both methods compared the landform maps to “validation datasets” constituted by various 

soil, soilscape, and landscape maps. The list and short descriptions of each validation dataset is 

provided in Table 9. Figure 10 shows the overview images of each dataset. 

Dataset name 
Number 

of 
classes 

Code Description 

FAO soil map 22 VL01 FAO soil map at the scale of 1:25M. 

National Character 
Areas 

106 VL02 
Created by Natural England and English 
Heritage in 2005, scale unknown, 1:5M-
1:10M assumed. 

NATMAP 255 VL03 Soil associations map at the scale of 1:250k. 

NATMAP soilscape 27 VL04 Generalisation of NATMAP, 1:250k scale. 

RCP regions 76 VL05 
Expert derived soilscapes based on NATMAP, 
scale unknown, 1:5M – 1:10M assumed. 

SGDBE SOIL 33 VL07 

SOIL field from SGDBE dataset described as 
the “Full soil code of the STU from the 1974 
(modified CEC 1985) FAO-UNESCO Soil 
Legend” in the metadata files, scale 1:1M. 

SGDBE WRB_FULL 24 VL08 

WRB_FULL field from SGDBE dataset 
described as the “Full soil code of the STU 
from the World Reference Base (WRB) for 
Soil Resources” in the metadata files, scale 
1:1M. 

Table 9 Validation datasets used in the assessment of landform datasets obtained within the work on 
the Task 3.1.1. Full descriptions of selected datasets are available in Annex I. 

 

The first assessment method made use of the Cramer’s V statistic which provides a method for 

comparison of maps of the same area that differ in terms of spatial distribution, size, number, and 

meaning (the legend) of the mapping units (Rees, 2008). Cramer’s V is calculated from the Formula 1. 

Cramer’s V calculations were based on the area of polygons created by intersection of pairs of 

datasets. 

Formula 1       

 

Oij = observed value  

Eij = expected value in ith row and jth column 
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Figure 10 Overview images of validation datasets. Note that in case of the SGDBE, the SMU field was 
mapped in order to show the possible delineations provided by the database. The mapping scales of 
the maps are shown where known and the number of classes is given in the brackets. 

 

The second assessment method aimed at the analysis of the predictive power of landform datasets 

created during the work on the project in terms of mapping of validation datasets. The selected 

inference engine was Bayesian Belief Networks. Two types of results were of interests here:  

(1) ‘sensitivity to findings’ lists that order all input variables in a decreasing order of importance in 

the prediction based on the value of reduction in entropy, and (2) error rate based on internal 

validation of the model’s findings.  

Modelling was based on a point observation basis. The study area was sub-sampled with points 

located at a regular distance away of 540m and attributed with classes of validation and landform 

datasets. Any non-soil classes and no data values were excluded from the analysis. 
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2.2.2.3.2 Results of assessment of landform datasets. 
 
The run of Bayesian Belief Networks (Table 10) produced two types of results (Table 10):  

the accuracy of prediction of a validation dataset and the list of importance of input variables.  

The accuracy of the predictions was the highest for the very coarse validation datasets and the 

lowest for the 1:250,000 scale datasets. Such results were not unexpected as the majority of  

the input datasets represented rather coarse delineations of the landforms. The accuracy figures 

ranged from just over 18% for NATMAP and 41% for the Landscape Character Areas, which may be 

considered as low. It has to be noted though that the predictions were based only on landform 

datasets which were substituting the N factor – position in the landscape – of the SCORPAN model. 

Other SCORPAN factors such as soil, climate, organisms, relief, parent material or age where not 

included in the analysis.  

 

In terms of the importance of layers used to predict the NATMAP dataset, the dataset HO02 was 

indicated as the most important. It was followed by other homogenous objects based landform 

delineations. Benchmark datasets derived with the Hammond methodology with modified search 

window shapes and the relief component were placed relatively high in this list as well.  

 

Validation 
dataset 

FAO SOIL LCA NATMAP 
NATMAP 

SOILSCAPES 
RCP regions SGDBE SOIL SGDBE WRB FULL 

ID 
Accuracy 
33.13 % 

Accuracy 
41.47 % 

Accuracy 
18.39 % 

Accuracy 
20.4 % 

Accuracy 
39.78 % 

Accuracy 
23.96 % 

Accuracy 
24.17 % 

1 HO03 HO03 HO02 HO02 HO03 HO04 HO04 

2 HO04 HO04 HO03 HO05 HO05 HO05 HO05 

3 HO05 HO05 HO05 HO04 HO04 HO03 HO03 

4 HO02 HO02 HO04 HO03 HO02 HO02 HO02 

5 HO01 BN05 BN03 BN14 BN05 BN05 BN05 

6 BN05 HO01 BN05 PE03 HO01 BN03 BN03 

7 BN13 BN03 HO01 BN03 BN03 BN13 HO01 

8 BN03 BN13 BN13 PE06 HO06 HO01 BN13 

9 HO06 HO07 HO06 BN13 BN13 BN11 HO06 

10 HO07 HO08 HO08 HO01 HO07 HO06 HO08 

11 HO08 HO06 HO07 BN05 HO08 HO07 HO07 

12 PE09 PE08 PE03 PE04 PE08 HO08 BN12 

13 PE08 PE03 PE04 PE07 PE04 PE06 PE06 

14 BN01 PE04 PE06 BN04 PE03 PE03 PE03 

15 PE10 PE09 BN14 PE02 PE09 PE04 PE04 

 
Table 10 Sensitivity to findings list obtained for landform datasets used to predict validation datasets 
with Bayesian Belief Networks models. Code fields contain unique name for each dataset. BN stands 
for benchmark dataset, HO – for dataset based on homogenous objects, and PE – based on physical 
entities. The table shows the first 15 out of 43 tested datasets listed in order of importance in 
prediction of validation datasets.  
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Dataset name 
Number 

of 
classes 

  22 106 255 27 76 33 24 

Code VL01 VL02 VL03 VL04 VL05 VL07 VL08 

Validation datasets 

22 VL01   0.6888 0.5899 0.3136 0.6764 0.4199 0.3887 

106 VL02 0.6888   0.4759 0.4015 0.6823 0.5099 0.5396 

255 VL03 0.5899 0.4759   0.9998 0.5593 0.5704 0.6034 

27 VL04 0.3136 0.4015 0.9998   0.4343 0.4315 0.4272 

76 VL05 0.6764 0.6823 0.5593 0.4343   0.5083 0.5357 

33 VL07 0.4199 0.5099 0.5704 0.4315 0.5083   1.0000 

24 VL08 0.3887 0.5396 0.6034 0.4272 0.5357 1.0000   

Datasets based on physical 
entities 

6 PE01 0.3163 0.4697 0.4942 0.3631 0.4447 0.3548 0.3440 

11 PE02 0.2861 0.4368 0.4422 0.3241 0.4098 0.3235 0.3112 

12 PE03 0.2887 0.4472 0.4275 0.3085 0.4167 0.3151 0.3011 

11 PE04 0.3172 0.4791 0.4588 0.3226 0.4506 0.3359 0.3216 

7 PE05 0.3918 0.5725 0.5504 0.4067 0.5425 0.4213 0.4057 

21 PE06 0.2298 0.3423 0.4780 0.2361 0.3235 0.2456 0.2357 

12 PE07 0.3175 0.4458 0.4747 0.3615 0.4383 0.3459 0.3015 

9 PE08 0.3582 0.5509 0.4757 0.3146 0.4974 0.3473 0.3319 

21 PE09 0.2792 0.4055 0.3925 0.2603 0.3781 0.2704 0.2613 

5 PE10 0.5073 0.7245 0.6392 0.4403 0.6748 0.4781 0.4628 

Datasets based on 
homogenous objects 

8 HO01 0.4609 0.6866 0.6273 0.4159 0.6431 0.4617 0.4367 

36 HO02 0.3217 0.4098 0.3874 0.2747 0.3698 0.2671 0.2932 

21 HO03 0.3303 0.5852 0.4780 0.2970 0.5043 0.3188 0.3000 

Benchmark datasets 

10 BN01 0.3563 0.5362 0.4835 0.3435 0.5005 0.3704 0.3530 

15 BN02 0.2573 0.4098 0.4100 0.2821 0.3875 0.2844 0.2762 

55 BN03 0.2691 0.2782 0.2824 0.2413 0.2589 0.2305 0.2576 

78 BN04 0.2116 0.1717 0.1897 0.2168 0.1622 0.1845 0.2090 

40 BN05 0.2740 0.3299 0.3083 0.2392 0.3022 0.2406 0.2648 

48 BN06 0.1197 0.1267 0.1548 0.1371 0.1181 0.1163 0.1313 

8 BN07 0.1799 0.2734 0.3135 0.2066 0.2614 0.2148 0.2062 

12 BN08 0.1697 0.2517 0.2904 0.2040 0.2423 0.2030 0.1955 

16 BN09 0.1683 0.2413 0.2776 0.2055 0.2350 0.2014 0.1939 

8 BN10 0.2818 0.4341 0.4155 0.2422 0.4122 0.3009 0.2827 

12 BN11 0.2469 0.3761 0.3721 0.2337 0.3587 0.2683 0.2531 

16 BN12 0.2316 0.3458 0.3491 0.2313 0.3325 0.2543 0.2404 

55 BN13 0.2763 0.2865 0.2595 0.2313 0.2541 0.2372 0.2614 

119 BN14 0.2271 0.1557 0.1589 0.2400 0.1732 0.2044 0.2307 

 
Table 11 Results of calculations of Cramer’s V statistic between validation datasets and landform 
datasets.  
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The analysis of Cramer’s V results (Table 11) comparing landform datasets to NATMAP showed that 

the homogenous objects based dataset HO02 received a lower value of Cramer’s V statistic than any 

dataset based on physical entities. The PE10 dataset obtained the highest score from all evaluated 

datasets. The PE10 dataset, however, divided the landscape of the UK window into very broad 

classes, which indicated that it generalised the contents of the NATMAP validation dataset. Thus a 

more detailed dataset had to be selected for the integration into the enhanced SOTER database. 

 

2.2.2.3.3 Recommendation of datasets for integration into the enhanced SOTER database 
Recommendation of datasets for integration into the enhanced SOTER database was made based on 

the following criteria: 

 comparison to NATMAP – the only dataset at 1:250,000 mapping scale matching the target scale 

of the enhanced database – using both validation methods: Cramer’s V statistics and the DSM 

result from Bayesian Belief Networks; 

 expert judgement taking into account the methodology of creation of a dataset as well as spatial 

distribution of mapping units; 

 application of Hammond landform legend to a dataset, which increased the meaning of the 

mapping units of the dataset. 

Due to both validation methods returning slightly different results, it was decided to recommend two 

datasets for integration into the enhanced SOTER database.  

The first recommended dataset was PE06 (Figure 11). This dataset was based on physical entities, 

had the Hammond legend scheme applied and the size of the mapping units was equivalent to the 

1:250,000 mapping scale. The compatibility to the target mapping scale was achieved by refining the 

contents of mapping units with three major slope breaks. Additionally, the distribution of the 

mapping units in the UK window area was reflecting the distribution of real landforms. 

The second recommended dataset was HO03 (Figure 12), which scored second after HO02 in the 

prediction of NATMAP with Bayesian Belief Networks. This dataset was based on homogenous 

objects had a convincing distribution of mapping units and Hammond landform classification scheme 

applied. The size of mapping units was too big for the 1:250,000 scale of the enhanced SOTER 

database; nevertheless this dataset was considered a good alternative to traditional approaches for 

the SOTER database at smaller scales. 
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Figure 11 Dataset PE06 recommended for the task 3.4 Integration.  The upper-right image shows the overview of landform subclass in the UK window, and 
the left-hand side image shows an extract of the study area with superimposed slope breaks at 1:250,000 mapping scale. The upper slopes are indicated by 
hatching, lower slopes by dots, and the mid-slopes are shown as transparent. 
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Figure 12 The dataset HO03 recommended for the task 3.4 Integration. Obtained delineations allowed for extraction of a higher number of landform classes 
than in the PE06 dataset according to the Hammond landform classification scheme. The differences in nomenclature between equivalent areas within PE06 
and HO03 datasets are caused by the use of the SRTM with very deep sinks filled in the application of the Hammond legend to the HO03 dataset. 
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2.2.3 Summary and conclusions 

This document presented various research activities undertaken at Cranfield University aiming at 

developing a terrain classification dataset catering for the enhanced SOTER database. The efforts 

resulted in two recommended terrain datasets which were suited for 1:250,000 and 1:1 000,000 

mapping. Both of them were incorporated into two enhanced SOTER databases capable of storing 

parent material and soil information at the aforementioned scales. Apart from the size of 

terrain/landform units represented by the terrain datasets, the detail of information in the parent 

material and soil datasets influenced the final scale of the databases.  
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2.3 Sub-task 3.1.2 Bottom–up approach 

2.3.1 Enhanced geomorphometric terrain parameters 

For the window and pilot areas of Central Europe, England/France and Morocco all local, complex 

and combined terrain parameters which are needed for terrain analysis and terrain classification 

have been calculated on the base of the artefact-cleaned SRTM DTM (WP 1 Task 1.1): 

Skeleton Lines 

 

Channel Lines (synonym: drain lines, thalweg) are lines connecting the lowest points in an open mold 

(Valley) on the surface. Assuming impermeability of the ground it would come with continuous 

irrigation on these lines to linear flow, as in rivers and streams in reality. 

 

Ridge Lines (synonym: summit lines, crest lines) are connecting the highest points on ridges or crests 

or represent isolated peaks. 

 

Breaks in Slopes provide lines of significant convex and concave edges ("natural breaks") in slope 

profiles. These break lines are often the borderlines of landform units. The problem is that breaks in 

slopes enclose the landform units usually only partially. For this reason 'segmentation' techniques 

have been developed (see 2.3.2). The breaks in slopes are not yet integrated in the terrain 

classification. At current state they are only used for comparison purposes (comparison with 

'segments'). 

 

Slope Gradient 

The slope gradient is calculated according to Bauer & Rohdenburg & Bork (1985). 

Convergence-divergence Index 

Calculated on the base of slope aspect and slope gradient. Example: When all aspects of the 8 

adjacent grid cells are pointing to the centre cell the centre cell has a Convergence-divergence Index 

of -1.0, if they are pointing exactly in the opposite direction +1.0. 

Flow Accumulation 

The complex terrain parameter 'flow accumulation' shows the size of the catchment area of each grid 

cell. The calculation is based on a multiple flow algorithm according to Freeman (1991). 
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Figure 14 'Breaks in Slopes' for part of the Chemnitz pilot area.  

Figure 13 Shaded terrain map of part of the Chemnitz pilot area  
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Vertical Distance to Channel Lines 

The parameter 'vertical distance to channel lines' is calculated using SAGA standard procedure in an 

iterative process in which small differences in altitude are not taken into account. This results in a 

balanced picture of the relative height (above erosion base level). This relative elevation is of far 

greater significance than the absolute altitude from a geoscientific point of view. The result is 

significantly depending on the kind of 'channel lines' used (see above). 

Modified Soil Moisture Index 

The modified soil moisture index is calculated on the base of the complex terrain parameter 'flow 

accumulation' (see above) and from the local terrain parameters 'slope gradient' (Böhner & Köthe 

2003). Flow accumulation determines the amount of water and slope gradient controls the flow 

speed and thus the residence time of flowing water. The modified soil moisture index supplies always 

consistently high values in valley floors (figure 15) - an advantage over the methods of e.g. Moore et 

al. (1993) where high values are only concentrated on narrow flow lines. 

Figure 15 'Modified Soil Moisture Index' for part of the Chemnitz pilot area  

 

 

Terrain Classification Index for Lowlands (TCIlow ) 

The combined terrain parameter TCIlow (Bock et al. 2007) (Figure 16) is calculated from the complex 

terrain parameters 'vertical distance to channel lines' and 'modified soil moisture index' (see above). 

TCIlow parameterises several relief-forming processes and displays - especially in flat-sloped areas and 

in lowlands - a wealth of relief details. As the name implies the TCIlow is one of the most important 

parameters for terrain classification - especially in low and flat regions. 
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Figure 16 'Terrain Classification Index for Lowlands' (TCIlow) for part of the Hungarian pilot area 

Summit Index 

The combined terrain parameter Summit Index is calculated from Slope Gradient and Relative Slope 

Position. The formula is: Relative Slope Position (inverted) +  Slope Gradient0.4. Flats in top position in 

mountainous areas have a Summit Index close to 0.0. The Summit Index of the adjacent slopes is 

increasing often abruptly. 

Relative Altitude 

The parameter 'relative altitude', a new and experimental terrain parameter, is an enhanced variant 

of the well-known parameter relief intensity used e.g. in the original SOTER procedure. It is the 

altitude above the "neighbourhood" and not above the sea level as the absolute altitude. The term 

neighbourhood stands for the local or regional erosion base, defined within a large search radius (e.g. 

100km). The value of the relative altitude of a grid cell is (roughly) defined as the maximum of the 

lesser of 2 positive differences of 2 opposing, equally distant grid cells in the search radius. The 

relative altitude is currently not used for landform classification but is suitable to distinguish e.g. 

between "hills" and "mountains" or levels of terraces. 

Roughness 

This terrain parameter is still under development. As the 'relative altitude' (see above) the roughness 

is also a variant of the relief intensity but the results are not satisfactory yet. 

 
As intermediate results the following parameters have been calculated:  

'Vertical Distance below Ridge Lines', 'Relative Slope Position'. 
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2.3.2 Terrain segmentation 

New algorithms for the advanced segmentation of continuous morphometric terrain parameters have 

been developed. These algorithms allow the identification of "natural breaks", using segmentation 

techniques such as known from remote sensing. It is now possible to identify homogeneous units 

(areas) of terrain parameters - as a base for terrain classification. In contrast to the line-like Breaks in 

Slope (see 2.3.1) the segments now are completely enclosed areas. 

In contrast to many segmentation techniques in remote sensing the developed algorithms work 

without any "seeds" what we regard as an advantage. "Seeds" (seed grid cells) have to be given to 

common segmentation algorithms as input data. Every seed will produce a surrounding segment  

(= spatial unit). These seeds produce sometimes units which are not needed or some relevant units 

are missing (caused by missing seeds). 

The segmentation procedure works iteratively. On every step (up to a given number of steps) the 

mean of every group (segment) is compared with the mean values of all surrounding groups. Every 

group tries to join with the neighbouring group whose mean is most similar. But they only join if the 

neighbouring group did not find another more similar partner and if the similarity is within a given 

range. The range can be set from 0.0 (mean must be identical) up to 1.0 (maximum possible 

difference allowed). The procedure starts with every single grid cell (as group) and after the first step 

the groups consist of maximal 2 grid cells ("groups" with only 1 cell may find a partner in a later step). 

Step by step the groups are growing by joining with similar neighbouring groups. 

Figure 17 shows the TCIlow and figure 18 the results of segmentation for a closer look at Hungarian 

pilot area. 

 

Figure 17 TCIlow for a more closer look at Hungarian pilot area 
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Figure 18 Results of segmentation of TCIlow - same area as shown in figure 17 

 

Thus the segments represent areas that are homogeneous in themselves and they are distinct from 

other neighbouring areas. As shown in figure 18 segmentation produces a variety of spatial units. 

Therefore it is necessary to reduce the number of segments by the grouping of adjacent spatial units 

with similar content (values) to terrain units. It is almost certain that the boundaries of the segments 

are very suitable to outline the desired terrain unit because their boundaries do not cut 

homogeneous terrain units. So what we simply try to do is to substitute the grid cells by the segments 

as the geometric base for terrain classification. 

But the grouping proved as a difficult task. A lot of different approaches have been developed and 

tested. The best results were achieved by testing different thresholds for the grouping of adjacent 

segments (the result shows figure 19). Starting with a given, empirical classification the thresholds are 

iteratively slightly modified. For each iteration it is tested how the thresholds fit for the groups by 

calculating the standard deviations. The thresholds which deliver the lowest standard deviations are 

regarded as the best fitted classification for the grouping. Until now an unresolved problem with this 

method is that the best fitting thresholds are changing in large-scales. So we have to use different 

thresholds for different 'regions'. The methods to derive these 'regions' automatically are not 

completed yet, so at the moment we still have to outline them manually. 
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Figure 19 TCIlow (b) and results of grouping of segments of TCIlow (c) for a the holocene and 
pleistocene river terraces of 'Zwickauer Mulde' (detail from Chemnitz pilot area). 
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2.3.3 Terrain classification - Geomorphographic Maps 

The concept of terrain classification (system of terrain units) follows a pragmatic-deductive approach 

based on geomorphological knowledge. This means we try to derive deductive (including knowledge 

of the genesis of landforms) terrain units from a DTM (or derived terrain parameters). 

All geomorphological processes are directed downhill (except dunes, glaciers). This means the earth's 

surface is not invertible. As a consequence, there is a fundamental principle of classification that the 

derivation of terrain units is starting from erosion base (channel lines) and then climbing uphill. 

It was originally planned to use geological information to distinguish between two types 

Geomorphographic Maps: one classification for regions with consolidated rock as the parent material 

and one classification for areas with unconsolidated rock. But the data about parent material is 

mostly not satisfying and the concept had to be changed. 

Figure 20 shows this problem for a part of the Chemnitz pilot: If you take a closer look at the details 

at the borderlines between areas of consolidated and unconsolidated rock, you will find a lot of 

inconsistencies between terrain and geological map - in our opinion resulting from errors in the 

geological map. 

Instead of using parent material the Geomorphographic Maps now distinguishes between the high-

level terrain units "Flats" and "Slopes" (see 2.3.3.1). "Flats" are associated with unconsolidated rock 

as parent material and "Slopes" with consolidated rock as parent material, knowing that there are 

many exceptions to this hypothesis. 

The method for the differentiation between "Flats" and "Slopes" is based on the gradient of the 

morphometric terrain parameter "Terrain Classification Index for Lowlands (TCIlow)". To distinguish 

between "Flats" and "Slopes the fixed threshold of 0.02° (gradient of TCIlow) is well fitting for all pilot 

and window areas. Additionally flats are limited to a maximum of 7° slope angle. Because TCIlow is a 

very flexible terrain parameter the use of gradient of TCIlow works much better than using slope 

gradient. Figure 21 shows the classification into "Flats" and "Slopes" by gradient of TCIlow." 
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Figure 20 Areas with consolidated and unconsolidated rock as parent material (from Trurnit et. al 
2006) 

Figure 21 "Flats" and "Slopes", distinguished by gradient of TCIlow.  
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2.3.3.1 System of terrain units 

The system of terrain classification consists of a limited number of terrain units fitting for all types of 

landscapes - at the current state only landscapes in Europe and comparable types of landscapes e.g. 

in America or Asia. The system is scale-independent and works for DTM with grid cell sizes from 10m 

to 250m. 

Figure 22 Terrain units of Geomorphographic Maps (also legend for figures 11 to 14) 

Figure 22 shows the terrain units of Geomorphographic Maps at current state. Geomorphographic 

Maps distinguish between different types of "Slopes" and "Flats". Note that the terrain unit 

"Mountainous Summit Flat" ("Flats in top position") is more closely related to the group of "Slopes" 

because these flats are usually much steeper than "flats in low position" and "flats and terraces" will 

be normally found in regions with consolidated rock as the parent material. Also slim slopes (called 

"Scarps"), which separate different levels of terraces, are more closely related to the group of "Flats". 

The number of subdivisions (e.g. number of Bottom Flats) is currently not clearly defined. The  

current number of divisions was chosen because it was useful for the test sites. For the future the 

number of subdivisions of the terrain units should depend on local relief conditions. For example: 

How many levels of Bottom Flats will there be? If profile lines starting from a local channel line uphill 

to the borderline of the (entire) "Bottom Flats" cross 2 sequences of concave/convex "breaks in 

slope" the results are 3 levels of terraces (interrupted by 2 "Scarps"). Table 12 shows the (raw) 

definitions of the terrain units and possible geomorphological/pedological interpretations. 
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Terrain unit Definition 

Geomorphological interpretation 

Flats in low position 

Subdivided into different 
levels of "Bottom Flats" 

gradient of TCIlow < 0.02 (see 2.3.3) 

detailed description for outlining Flats in low position see 2.3.3.2 

subdivision by segmenting and grouping of TCIlow (see 2.3.2) 

e.g. Holocene valley grounds/flood plains, river terraces, fluvio-glacial flood 
plains, coastal floodplains, marshlands, fens 

Flats and terraces 

Flat and Lower Terraces 

Upper Terraces and Summit 
Flats 

gradient of TCIlow < 0.02 (see 2.3.3), slope angle < 7° 

Flats which are not members of "Flats in low position" 

subdivision by segmenting and grouping of TCIlow (see 2.3.2) 

e.g. fluvio-glacial flood plains and all other terraces, (flat) aeolian deposits, flat 
ground moraines 

Slopes and Scarps 

Lower Slope 

Mid Slope 

Upper Slope 

gradient of TCIlow >= 0.02 (see 2.3.3) 

subdivision (lower. mid, upper) by segmenting and grouping of TCIlow (see 2.3.2) 

mostly slopes in mountainous regions, periglacial solifluction 

Lower Slopes often accumulated material, Upper Slopes often eroded. 

slim slopes between terraces are called Scarps 

Divergent Slope, Ridge, Small 
Bump 

gradient of TCIlow >= 0.02 (see 2.3.3) 

defined by convergence-divergence index and soil moisture index 

mostly eroded and dry positions like ridges and crests in mountainous regions 

in flat and hilly regions often end moraines and dunes 

Convergent Slope, Small 
Valley 

gradient of TCIlow >= 0.02 (see 2.3.3) 

defined by convergence-divergence index and soil moisture index 

Small Valleys have much steeper gradient of channel line than Flats in low 
position (see above) 

mostly wet positions with accumulated material in mountainous regions 

Flats in top position 

Mountainous Summit Flats defined by "Summit Index" 

mostly former (in Europe mostly tertiary) land surfaces with low depth soils, 
developed from consolidated rock as parent material 

Table 12 Terrain units of Geomorphographic Maps - definitions and possible interpretations. 
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2.3.3.2 Methods of terrain classification 

It was not the goal, to realise all the methods for the automatic calculation of all terrain units of the 

classification system within the eSOTER project, but to realise as many as possible. 

The methods to calculate (delineate) the desired terrain units - as typical for a pragmatic approach - 

vary. The calculation of terrain units is based solely on the DTM or the derived terrain parameters 

(see 2.3.1). The objective of all methods is to work with self adjusting thresholds and natural breaks 

(both within ranges of values of the terrain parameters according to local terrain conditions).  

To give an idea how the use of locally self adjusting thresholds works, here as an example a brief 

description of the method for the calculation of 'bottom areas': 

Bottom Flats represent flats in low positions of the terrain with "channel lines" as "backbones". From 

all grid cells of the channel lines profile lines are constructed uphill on both sides of the channel lines. 

Now the values of the TCIlow met on the profile are analysed. All cells along the profiles with TCIlow 

value up to 20% (flexible parameter) of the corresponding channel cell are potentially cells of Bottom 

Flats. Usually the values of TCIlow rise abruptly on the foot of slopes and scarps. So the thresholds are 

not fixed, they are self adjusting, depending on the local characteristics of the channel lines. 

At this stage not all methods work with self adjusting thresholds. Most of the methods still use fixed 

(deductive) thresholds (see 2.3.2). 

 

 

2.3.4 Concept for up-scaling 

In our experience terrain classification to support soil mapping makes sense only on the base of DTM 

with grid size ranging between 10 m and 250m. 

The generalisation concept for up-scaling follows a bottom-up approach. Terrain analysis and 

classification should always be done on the DTM with highest resolution which is available. (Remark: 

In our experience, there is a lower limit of about 10m grid cell size for reasonable terrain analysis to 

support soil mapping.) 

For generalisation purposes the minimum size of spatial terrain units must increase and, if necessary, 

the number of types of the terrain units must be reduced. For this reason the generalisation follows 2 

ways: 

a) Generalisation by content: generalisation with regard to the types of the terrain units 

Enhanced methods for generalisation of small spatial units by content already exist. The 

generalisation works iterative (from smaller to bigger areas). This decision to which 

neighbouring unit the small terrain unit is allocated, is made on the basis of relatedness. 

b) Geometric generalisation: generalisation by size and shape of the terrain units 

A iterative generalisation by the minimum size of grid cells of terrain units and the 

generalisation by minimum width of terrain units. This allows to generalise slim spatial units 

(e.g. with a width of 1 or 2 grid cells). 
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2.3.5 Geomorphographic Maps of the pilot areas 

The final objective of our contribution to WP3 was the production of the Geomorphographic Maps. 

This has been realised by the Geomorphographic Maps of all pilot areas Chemnitz, Hungary, England 

and Morocco (see figures 23 to 26). In our opinion all produced Geomorphographic Maps for the pilot 

areas show a very feasible terrain classification to helpfully support soil mapping. 

The Geomorphographic Maps of the Chemnitz and Morroco pilot area were used by BGR to combine 

them with parent material units to derive maps of soil components units. 
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Figure 23 Geomorphographic Map of Chemnitz pilot area (legend see figure 22) 
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Figure 24 Geomorphographic Map of Hungary pilot area (legend see figure 22) 
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Figure 25 Geomorphographic Map of UK pilot area (legend see figure 22) 
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Figure 26 Geomorphographic Map of Morocco pilot area (legend see figure 22) 
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3. Task 3.2: Research on remote sensing analysis for soil parent 

materials 

3.1 General introduction 

In central Europe, soil parent material mapping based on satellite data is hindered by the vegetation 

cover. The only exceptions are bare arable land and rock outcrops. In addition, pronounced 

landscape formation features help to identify parent materials at the landscape level. Such complex 

landforms can be identified from digital elevation models (e.g. karst towers, cruesta shaped 

landscapes). This eSOTER task will search to optimize the use of different data sources to delineate 

types of parent material in the context of soil mapping.  

Research to improve the development of a SOTER parent material layer pursues two main 

approaches, remote sensing (RS), and the use of legacy geology data.  

 

3.2 Remote sensing 
The current project activities using satellite imagery have concentrated on soil attribute data, and - in 

combination with DEM data – landscape segmentation. The results are presented under task 3.2. 

With regard to parent material, image analysis mostly focuses in the application of existing spectral 

libraries. At this point a thorough review of existing approaches has been conducted (see Mulder et 

al. 2011a). Sampling and preparation of satellite data have concentrated on the Moroccan pilot area. 

From the literature, it has been demonstrated that the spectral reflectance of bare or sparsely 

vegetated soil from space-borne spectroscopy can be related to soil weathering state, which is 

associated with different forms of iron and soil textural classes (see also Mulder et al. 2011a). These 

soil properties which are accessible based on RS, are expected to highly correlate with the physical 

properties of the unconsolidated top part of the parent material. It must then be concluded that 

these properties can be correlated with different soils developing in different parent rocks. This 

hypothesis will be further investigated in the eSOTER pilot areas. 

Another string of using RS for parent material mapping is based on radiometric data (Gamma ray). 

The objective here is to investigate the delineation of the regolith and the soil on the basis of 

radiometric data. Mostly, gamma-rays emanate from the top 30-45 cm of dry rock or soil (Gregory 

and Horwood, 1961). Gamma-ray response from regolith material relates to present-day and past 

weathering and geomorphic processes in the landscape. Once the gamma-ray response and 

relationships between bedrock and regolith are understood, gamma-ray data can provide 

information on regolith properties including mineralogy and chemistry. From this, inferences can be 

made about the type of weathering, degree of leaching, pH, texture, nutrient status, and thickness of 

regolith material, and relative geomorphic process rates. Gamma-ray data often provide a more 

direct remote-sensing tool for soil mapping than surface scanners (e.g. LANDSAT), which rely on 

vegetation surrogates to map soil types (Wilford et al., 1997). The delineation of soil types will 

strongly build on Schuler et al. (2011a).  
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With regard to gamma ray, a ready approach has been developed in a German-Thailand cooperation 

project, with a conceptual extension to parent material mapping under this work package 3. The 

extended concept will now be applied and tested in the eSOTER pilot area sheet Chemnitz. There, 

radiometric data are available for the area of the ore mountains, which are in the centre of the pilot 

area. The respective data are currently be provided by eSOTER subcontractor, the Saxon State 

Agency for Environment, Agriculture and Geology. 

 

3.3 Legacy geology data  
Evaluations of existing databases and models in the beginning of eSOTER have shown that legacy 

data are important basic data sources for the development and validation of remote sensing-based 

data sets.  

3.3.1 Definition and mapping of parent material (PM) in WP 1 

The definition of PM in WP1 follows the US system; there, “parent material is only the 

unconsolidated material, from which the soil is forming on, and that is the material which can be 

described in the appropriate details by soil scientists. That is why the new classification is 

concentrating on the unconsolidated material and its major properties, like texture, carbonate status 

and genetics” (cited from Dobos et al. 2010: eSOTER WP1 D3). The parameters predicted in WP1 are 

therefore related to the surface-close material which is found on top of the hard rock or genetically 

unaltered sediment. 

This definition may be suited to soil mapping in theory, but in practice, parameters such as texture, 

partly also genesis, cannot be reliably derived that way while the differentiation between 

consolidated and unconsolidated PM seems to be detected with higher quality. This has been 

concluded from comparisons with Quaternary maps in the central European window (CZ and SK). The 

results are presented in the WP 1 report (Dobos et al. 2010). 

 

3.3.2 Parent material in pilot areas 1:200,000 and 1:250,000 

Figures 27 and 28 present comparisons between parent material of the top soil layer, as identified by 

soil mappers and geology. The pilot areas are a Western German pilot area for digital soil mapping 

1:200,000 (Figure 27), and the eSOTER pilot area sheet Chemnitz (Figure 28). Both pilots represent 

typical central European mountainous landscapes with periglacial processes (like loess deposition 

and solifluction) strongly influencing the parent material development of top soils). In both cases, the 

parent material of the top soil layer corresponds to the definition set by WP1. For further comparison 

of the eSOTER mapping target, which is the soil component, the typological units of the soil maps are 

presented. 

The results clearly show that soil map legends differentiate parent material more clearly than just the 

top layer. Parent material is a complex vertical structure, with landscape-specific relationships 

between the solid rock or sediment and the top soil parent material layer. It could be concluded that 

terrain units, confined to the unconsolidated top soil PM layer, may not satisfy the requirements of 
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the soil component in digital soil mapping. Thus needs further investigation in the eSOTER pilot 

areas.  

On the other hand, geological maps have deficits as the weathered subzone and the top soil part 

exposed to Holocene and periglacial processes is not sufficiently represented in geological maps. 

However, geological maps sometimes do contain such elements in its data bases, which can be 

visualized as separate layers (see also Figures 27 and 28, lower left). 
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Figure 27 Comparison between parent material as mapped by soil mappers, soil typological unit and 

geological unit for the test case sheet cologne 1:200,000 (outside eSOTER): top left: parent material 

acc. to the German substrate type in the top soil layer (the substrate type of the top layer resembles 

the WP1 definition for PM); top right: soil map with typological units; lower right: geological map 

1:100,000; lower left: geology of the upper 1- 2 m of the geological map 1:100,000. The soil maps 

represent 16 sheets 1:50,000 free of border effects. 

  



Report Deliverable No D7  e-SOTER 

 

53 

 

  

  

Figure 28 Comparison between parent material as mapped by soil mappers, soil typological unit and 

geological unit for the test case sheet Chemnitz 1:250,000 (the CZ part of the soil map has been 

developed as a SOTER map; the Saxonian side has been aggregated from 1:50,000 soil maps): top 

left: parent material acc. to the German substrate type in the top soil layer (the substrate type of the 

top layer resembles the WP1 definition for PM); top right: soil map with typological units; lower 

right: geological map 1:1Mio. The geology legend was re-interpreted on the basis of the revised FAÒ 

parent material list. Lower left: surface processes as derived from the geology map using the newly 

introduced FAO list on substrate genesis.  

The map legends are presented in Figure 3 of Annex 2. 
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3.3.3 Revision of the FAO/SOTER parent material list (see also separate report; Schuler et al. 

2011) 

In WP1, a first draft revision of the FAO/SOTER parent material list has been developed and applied. 

The hierarchy was adapted to the requirements of the e-SOTER WP1 definition, but also in relation to 

other existing soil parent material classifications. In addition, the consistency with the OneGeology 

terminology was maintained, so that geology legends can be easily understood and re-interpreted by 

soil scientist. On that basis, geology map legends can be easily aggregated to the level required by  

e-SOTER and other applications in digital soil mapping, for example GlobalSoilMap. Besides parent 

rock, a second table on genetic aspects (‘surface processes’) has been added, so that the 

unconsolidated sediments can be further specified. On that basis, the vertical differences of 

unconsolidated, weathered or re-located layers can be described together with the properties of the 

underlying parent rock. Thus, the revised version is not only consistent with the geochemical quality 

of rocks and the geological terminology, but also suitable for field work (soil profile description). 

Geological maps can now easily be re-interpreted for SOTER mapping. The results are presented in 

Schuler et al. (2011) as a separate report. 

Major class Group Type 

genetic rock type  geochemical character,  rock 

genesis 

specific rock type, rock genesis 

I igneous rock IA acid igneous rock IA1 granite 

I igneous rock IB basic igneous rock IB2 basalt 

I igneous rock IU ultrabasic igneous rock IU3 ilmenite, magnetite, ironstone, 

serpentinite 

M metamorphic rock MA acid metamorphic rock MA4 schist 

M metamorphic rock MB basic metamorphic rock MB2 schist 

S sedimentary rock SC clastic sediments SC3 siltstone, mudstone, claystone 

S sedimentary rock SO organic SO1 limestone, other carbonate rocks 

S sedimentary rock SE evaporitic SE1 anhydrite, gypsum 

U unconsolidated UF fluvial   

Table 13 Top hierarchies of the FAO parent material classification (FAO 1995) 
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Level 1 Level 2 Level 3 Level 4 Level 5 

consolidation 

level 

geochemical 

character 

strength of 

geochemical 

character 

genetic rock type specific rock type 

C consolidated CS siliceous CSA acid CSAI igneous CSAI2 granite, 

rhyolite, …. 

C consolidated CC carbonatic CCP pure CCPM 

metamorphic 

CCPM1 marble 

C consolidated CK carbonatic 

rock sequence 

CKX unspecified CKXX unspecified CKXXx 

S semi-

consolidated 

SC carbonatic CCX unspecified CCXS unspecified SCXS1 chalk 

U unconsolidated US siliceous USA acid USAS sediment USAS1 sand 

U unconsolidated UC carbonatic UCX unspecified UCXS sediment UCXS1  carbonate 

sand 

Table 14 Top hierarchies of the revised FAO parent material classification (FAO 1995) 

 

According to the results of the map evaluations presented above, and a substantial literature review, 

the definition of parent material is also revised: 

“Soil parent (rock) material is now defined as that rock (either consolidated or unconsolidated) which 

provides the raw material at the initial state of soil formation, regardless of any local displacement. 

Any soils can be traced back to at least one soil parent material. Soil formation depends on soil parent 

material, but not vice versa. Soil parent material is not the same as soil texture nor is substrate; soil 

texture or substrates are the pedologically altered weathering products of soil parent material or soil 

parent rock. Information about soil parent material which is based on this definition can be used as a 

one single and independent component (site factor) for the prediction of soils, soil properties and 

landscape evolution modelling” (Schuler et al. 2011; e-SOTER report on parent material 

classification). 
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4.Task 3.3: Research on remote sensing for soil attribute data 

 

The contribution of partner 14 (WU) to deliverable 3.1 concerned development of novel methods for 

assessment of soil properties using DEM and remotely sensed imagery. It is linked to the high-

resolution e-SOTER database of the pilots in the sense that the study area coincides with a pilot area, 

but population of the database was considered to be independent of the methodological research so 

as to avoid undue delay with the former. Methodological development is still on-going within the 

PhD research of V.L. Mulder.  

The pilot area in Marocco was chosen by partner 14 because of the limited set of soil data available 

for that area on one hand and sparse vegetation coverage of the soil (and hence good possibilities for 

using remote sensing) on the other. The work executed in the field is described in sections 4.3.1 and 

4.3.2. Seventy four samples of the top soil were analysed for soil texture, OM, pH, CEC, EC; 

mineralogical analysis of the samples by XRD is still going on. 

Hence, remote sensing offers possibilities for extending existing soil survey data sets. The data it 

provides can be used in various ways. Firstly, remotely sensed data can be analysed using physically-

based or empirical methods to derive soil properties (task 3.3.1). Moreover, remotely sensed 

imagery can be used as a data source supporting digital soil mapping. Secondly, it may help 

segmenting the landscape into internally more or less homogeneous soil–landscape units for which 

soil composition can be assessed by sampling using classical or more advanced methods (task 3.3.2). 

Finally, remote sensing methods facilitate mapping inaccessible areas by reducing the need for 

extensive time-consuming and costly field surveys. Although remote sensing and soil spectroscopy 

have been recognized as a potentially effective and cost-efficient technology, they are not yet 

routinely used in soil surveys. Therefore, we designed a sampling scheme for the field campaign that 

fully exploits the use of remote sensing. Related to task 3.3 an extended review has been written on 

the use of remote and proximal sensing for (1) identifying any of the factors of soil formation to 

stratify the landscape, i.e. into large relatively homogeneous soil-landscape units which can be used 

as covariate for Digital Soil Mapping or whose soil composition can be determined by classical 

sampling or the SOTER approach, (2) allowing measurement or prediction of soil properties by means 

of physically-based and empirical methods, and (3) supporting spatial interpolation of sparsely 

sampled soil property data as a primary or secondary data source. For the full review we refer to 

Mulder et al. (2011a). 

4.1 Compilation of attribute data to be used in a classification and regression 

tree analysis 
To create a compilation of attribute data to be used in a classification and regression tree analysis, 

the different soil attributes that can be determined by laboratory and field spectroscopy (i.e. 

proximal sensing) as well as airborne and spaceborne spectroscopy (remote sensing) of bare or 

sparsely vegetated soil were reviewed. 
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Literature demonstrates that many soil attributes can be directly measured by spectral analysis of 

soil samples under laboratory conditions. Examples include sand, silt and clay, Fe2O3, SiO2, Al2O3, 

soil organic matter, soil moisture, salt and carbonates. In addition, spectral reflectance can be related 

to soil weathering state associated to different forms of iron and the texture of soils developed from 

basaltic rock. Alternatively, pedotransfer functions can be used for predicting functional soil 

properties such as water content and pH buffering capacity from spectrally analyzed soil samples. 

The above shows that under laboratory conditions several soil attributes can be determined by 

spectral analysis. However, airborne or space borne spectroscopy complicates the measurement 

owing to atmospheric influences, structural effects, lower spectral and spatial resolution, geometric 

distortions and spectral mixture of features. For soil applications, (partial) coverage of the soil with 

photosynthetic vegetation (PV), non-photosynthetic vegetation (NPV) and lichens can be a limitation 

as well; in densely vegetated areas the cover of PV and NPV can be up to 100%. In tundra and open 

woodland habitats, lichens and mosses can cover as much as 70 % of the surface. Hence, unlike 

globally important soil properties such as texture, organic matter, moisture and mineralogy, other 

soil properties are particularly of local or regional relevance. Examples are iron content which is 

pertinent to significantly weathered soils, soil salinity which affects semi-arid to arid climates and 

carbonates that are indicative of specific parent materials. Furthermore, the spatial coverage of 

different remote sensing products vary from near global coverage to local areas up to single 

scattered images. 

Table 15 gives an overview of various soil and terrain attributes that have been retrieved from 

remote and proximal sensing data. The feasibility of the retrieval has been scaled between ‘low’ and 

‘high’. This feasibility rating is based on a multi criteria analysis of the reviewed literature reviewed in 

Mulder et al. (2011a). The criteria taken into account are the quality of the dataset i.e. being the 

number of samples and the research methodology, the accuracy of obtained results, the number of 

studies reported and the applicability to field surveys. Each criterion was assigned separately and 

weighed equally to obtain the final rating.  
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Soil and terrain 

attributes 

Radar 
Lidar 

Optical  

Passive Active Multispectral Spectroscopy 

Terrain attributes      

Elevation 

Slope  

Aspect 

Dissection 

Landform unit 

Digital Soil Mapping 

Soil type 

- 

- 

- 

- 

- 

- 

- 

high 

high 

high 

medium-high 

medium-high 

high 

- 

high 

high 

high 

medium-high 

medium-high 

medium-high 

- 

medium 

medium 

medium 

low-medium 

medium-high 

medium-high 

medium 

- 

- 

- 

- 

low-medium 

medium 

high 

Soil attributes – proximal 

sensing 

     

Mineralogy 

Soil texture 

Iron content 

Soil organic carbon 

Soil moisture 

Soil salinity 

Carbonate content 

Nitrogen content 

Lichen 

Photosynthetic vegetation 

Nonphotosynthetic  

- 

- 

- 

- 

high 

- 

- 

- 

- 

- 

- 

- 

high 

- 

- 

high 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

high 

high 

medium-high 

high 

high 

medium 

medium 

high 

medium-high 

medium-high 

medium-high 

Soil attributes – remote 

sensing 

     

Mineralogy 

Soil texture 

Iron content 

Soil organic carbon 

Soil moisture 

Soil salinity 

Carbonate content 

Nitrogen content 

Lichen 

Photosynthetic Vegetation 

NPV 

Ellenberg indicator values 

Plant functional type 

Vegetation Indices 

Land cover 

Land degradation 

- 

- 

- 

- 

medium-high 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

medium 

- 

- 

medium-high 

medium-high 

- 

- 

- 

- 

- 

- 

- 

- 

low-medium 

low-medium 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

medium 

medium 

low 

low 

medium 

low-medium 

low-medium 

- 

low-medium 

medium 

medium 

- 

low-medium 

high 

medium-high 

high 

medium-high 

medium 

medium 

high 

low-medium 

medium 

low-medium 

medium 

medium 

medium-high 

medium-high 

low 

low 

medium 

high 

low-medium 

*Feasibility (1-5) = weighted average of scores for the number of studies reported, dataset quality, obtained result and 

applicability to field surveys. Low = 1, low-medium = 2, medium = 3, medium-high = 4 and high = 5. 

Table 15 Feasibility* of determining soil and terrain attributes with remote and proximal sensing 

instruments.  

4.2 Refinement of the above attribute data supporting the derivation of e-

SOTER attributes 
The refinement all the attribute data mentioned in section 4.1 can be found in Mulder et al. (2011a). 

In this section, we want to emphasize the use of spectral data for the refinement of landform 

classification to support the work of Task 3.1 and to elaborate on how the attributes listed in  

Table 10 can be used for soil spatial prediction. Although the activities listed in task 3.3 involve 

classification and regression tree analysis and evidential reasoning, we refer to the term Digital Soil 
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Mapping (DSM) which makes use of these methods as well. This work is continuing within the PhD of 

V.L. Mulder. For more information on this subject we refer to Mulder et al. (2011a).  

4.2.1 Refinement of landform classification by use of spectral data 

The combination of a DEM with spectral data can improve landform classification in complex 

landscapes. From a DEM the basic morphometric identifying parameters are derived and additional 

spectral segmentation can be used to refine morphometrically similar landforms. Research on this 

topic is part of the PhD of V.L. Mulder, in a later stage. However, from V.L. Mulder et al. (2011a) it is 

concluded that different landform models have been developed for using spectral data in 

combination with data from SRTM and Landsat Thematic Mapper+ (TM+). The combination of these 

data sources resulted in better classification of landform types which are dominated by slope 

processes. Other satellites whose data have been used for landform recognition in combination with 

a DEM are e.g. ASTER, Satellite Pour l'Observation de la Terre (SPOT) and Compact High Resolution 

Imaging Spectrometer (CHRIS). In general, spectral data improved classification because of increased 

distinction between topographically similar landforms. The use of these data sources is limited to 

local scale studies, however, MODIS (Moderate Resolution Imaging Spectroradiometer) – and 

SRTM30 data respectively have been used as the sole data source for producing a general landform 

map at global or regional scale. Application of Synthetic Aperture Radar (SAR) data and combinations 

of SAR and multispectral data have also been extensively studied within the context of improved 

landform recognition on a local scale From Mulder et al. (2011a) it was concluded that automated 

analyses can benefit from complementary information provided by radar and spectral imagery.  

4.2.2 The use of remote sensing for soil spatial prediction 

In this section some methods which can be used for soil spatial prediction using remote and proximal 

sensing are briefly discussed with emphasis on classification and regression trees. For predictive soil 

mapping, the input variables are environmental variables that are believed to reflect the properties 

integrated by a soil surveyor when making the source map. A tree model is grown and pruned using a 

training data set and cross-validation. The model is then used to predict the full extent of the original 

map. Mulder et al. (2011a) concluded that there is sufficient predictive capacity in the environmental 

correlation attributes representing geology, terrain, and soil/water/vegetation interactions to model 

a known soil map. Note that regression tree analyses may also be used within a regression kriging 

context. Application of this method is subject of further study within the PhD research of V.L. Mulder. 

Remote sensing and proximal sensing can provide data sources to be used in classification and 

regression tree analysis or by using evidential reasoning. There are different ways in which the data 

can be used to obtain complete coverage. One way is to fill the gaps by directly interpolating remote 

sensing-based measurements of soil properties, using these data as primary data source. This 

approach is suitable if legacy soil data is scarce or unavailable. Alternatively, if legacy soil data are 

available, soil and terrain attributes derived from remote sensing or soil proxies can be used as 

secondary variables to improve the interpolation of existing soil data.  

Remote sensing data have been used in Digital Soil Mapping as covariates for the prediction of soil 

classes or soil properties. Often, the use of spectral imagery for the spatial prediction of soil 

properties is based on the spatial relation between existing soil data and observed patterns in the 

imagery, and not on physically based retrievals, such as soil moisture. Over the last years spectral 
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proximal sensing has shown to be useful as part of digital soil mapping. Dependent on spatial and 

spectral resolution, spatial coverage and the availability of legacy data, remote and proximal sensing 

data are either used as primary or secondary data source for the spatial prediction of soil properties. 

In vegetated areas soil proxies, such as NDVI, plant functional type or Ellenberg indicator values have 

been used to derive soil properties.  

Ongoing research is done on the use of remote and proximal sensing retrievals for the prediction of 

soil properties by means of physically-based and empirical methods on a regional scale and how 

these data sources support spatial interpolation of sparsely sampled soil property data as a primary 

or secondary data source. The expected deliverable will be the predicted mineralogy for the pilot 

area in Morocco. The method will be applicable for different soil attributes but mineralogy is being 

mapped to support the work for Task 3.2. 

4.3 Evaluation on dependent and independent variables to be used 
The evaluation on dependent and independent variables is on-going. However, the variables have 

been selected prior to the fieldwork. This section describes the selection of these variables and 

outlines the sparse sampling approach, which has been used for data collection in the field.  

4.3.1 Selection of dependent and independent variables 

The selection of variables to be used for further research is based on the successful use of them in 

relevant research (Table 9). Therefore, it was decided to determine the following soil attributes for 

soil spatial prediction: 

 Soil texture 

 Mineralogy 

 Soil organic matter 

 pH 

 EC  

 CEC 

Data collection is done by a sparse sampling approach, as outlined in section 4.3.2. Together with 

INRA Maroc the fieldwork was carried out in the pilot area of Morocco (Figure 29). The field activities 

involved soil sampling of the top soil, spectral measurements in the field and a description of the 

landscape. Soil texture, SOM, pH, EC and CEC were analyzed in the laboratory of INRA Maroc. The 

laboratory spectral analyses were done at the Remote Sensing Laboratories, University of Zürich. The 

mineralogy of the soil samples were determined by powder diffraction. These analyses have been 

done at the department of Geography, University of Zürich and at the Institute for Geotechnical 

Engineering, ETH, Zürich. A complete overview of the available data is given in Table 16. 
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Figure 29 Impression of fieldwork activities. 

 

Data type Attribute 

Complete coverage 

SRTM DEM 

ASTER 

ASTER GDEM 

Point data (73 samples) 

Soil texture 

OM 

pH 

CEC 

EC 

Mineralogy 

Imaging spectroscopy data from  field and laboratory 

Site and landscape description 

High resolution database / deliverable Predicted soil mineralogy 

Table 16: Overview of data collection for the pilot area in Morocco 
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4.3.2 Data collection by sparse sampling  

An optimal sampling scheme was developed with use of constrained Latin Hypercube sampling (LHS) 

which is a stratified random procedure for sampling variables from their multivariate distributions. 

The Latin Hypercube consisted of the first three principal components from ASTER imagery and the 

ASTER GDEM, representing variation in topography. Hence, the ASTER imagery was not used to 

provide the spectral resolution for soil analysis, but rather as a data source for spectral variability. To 

increase efficiency of the fieldwork, the Latin Hypercube sampling was constrained by the distance to 

the roads and steepness of slopes. Using simulated annealing, 100 sites were optimised to optimally 

sample the Latin Hypercube. Also, field spectra and laboratory spectra are compared to find out if 

the former can substitute the latter in an attempt to further reduce data acquisition costs. The 

spectral similarity of the spectra was determined by the comparing spectral angles. 

In Mulder et al. (2011b) we propose a sparse sampling method, which makes use of remote sensing 

data to determine the spatial variability in soil properties on a regional scale. Firstly, we have shown 

that using constrained Latin hypercube sampling a relatively small sample can represent the spatial 

and spectral variability within ASTER satellite images and a Digital Elevation Model (DEM). Secondly, 

we found large spectral similarity between field spectra and laboratory data and therefore we 

conclude that under suitable field circumstances field spectra can substitute laboratory spectra for 

soil property analysis. Of course, green vegetation influences the field spectra and therefore it is 

recommended to select spectra based on low NDVI-values. The use of satellite data as a variability 

measure for a sparse sampling approach seems to be promising. The approach outlined in this paper 

could be used on finer scales as well. However, ASTER does not have the spatial and spectral 

resolution to detect the spatial and spectral variability at these scales. Therefore, higher resolution 

data would be required for the constrained Latin Hypercube approach. 
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5. Task 3.4 Integration 

5.1 Integration of terrain, parent material and soil component into the 

enhanced SOTER database for the UK window 

5.5.1 Introduction 

Integration into the enhanced SOTER database required three components: terrain classification 

layer, parent material layer, and point soil data. Integration was performed in the UK window area 

only. The datasets needed for the task were sourced from the following sources: 

 Terrain classification – two recommended datasets as in section 2.4 of this report; 

 Parent material layer – DiGMapGB-625 Bedrock obtained from the British Geological Survey 

and converted to the parent material classification devised by project partner (BGR)  

(Figure 30); 

 Soil point data – National Soil Inventory dataset correlated to major soil group of WRB soil 

classification system (Figure 31), based on 5x5km regular grid. The study area contained 3082 

data points. The correlation to WRB was performed internally in Cranfield University and 

resulted in assignment of 10 soil classes to the dataset. 

 

Figure 30 Parent material layer used for integration in the UK window area. The layer was based on 
the British Geological Survey DiGMap-625 dataset, correlated to the parent material classification 
devised by the BGR project partner.  
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Figure 31 NSI soil point dataset correlated to the WRB major soil group used in the integration task 
for the UK window area. 

5.5.2 Methodology of integration 

The integration required several GIS analyses performed with the use of the Spatial Analyst tools in 

ArcGIS 10. In the first step, the terrain component layers were intersected with the parent material 

layer. The ‘pm4’ field from the parent material layer was used to form a physiographic unit (PU) with 

the Hammond subclass field from the terrain component. Slivers of polygons that were smaller or 

equal to 156.25 ha were eliminated by border to the neighbouring polygons. The tools used for this 

purpose were Dissolve, Multipart to Singlepart, Add field, Calculate area, and Eliminate. The tools 

were used iteratively until no polygons were left fulfilling the area criterion. The next step was 

intersection of the physiographic layer with the NSI point dataset. The resulting attribute table 

showing the soil types falling into a particular PU was exported to a text file. There were some PUs 

that did not have any soil data assigned – these were excluded from the exporting to the text file. 

The further analyses were performed in Microsoft Excel. A contingency table was created showing 

the count of each soil type within each PU. This was achieved by sorting the input dataset by PU and 

soil type, adding a new column ‘Count’, filling it with “ones”, and inserting a Pivot table. The soil 

types were placed as the column headers and PUs as the row headers. Proportions of each soil type 

within each PU were calculated based on the count numbers. Any PU that had only one or two 

observations was set as “no data”.  

In the following steps the attributes were rearranged and put into ranges with the aim to facilitate 

information extraction from the database. The ranges are shown in Table 17. In the attribute table, 

soil names with the highest, second highest and so on were placed under headers ‘SOIL_1’,  

‘SOIL_2’, …, ‘SOIL_11’, followed by the range that each soil fell into. The ranges were cited in columns 

named: ‘RANGE1’, ‘RANGE2’, …, ‘RANGE11’. Should several soils fall into the same range, they were 
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placed into the table in alphabetical order. Additionally, the real percentage scores were given in 

columns named ‘PRCN_1’, ‘PRCN_2’, … , ‘PRCN_11’. Thus prepared attribute table was then joined 

with the shapefile based on the PU field in ArcMap (ArcGIS 9.3/10).  

Range No Percentage range 

1 <70-100 

2 <40-70 

3 <20-40 

4 <5-20 

5 0-5 

 

Table 17 Ranges of soil type contents within a Physiographic Unit in the enhanced SOTER database. 
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5.5.3 Results of integration into the enhanced SOTER database and discussion 

The resulting maps of enhanced SOTER databases based on two terrain classifications are shown in 

Figures 32 and 32. The figures show the spatial distribution of the first, second and third soil 

component. It has to be noted here that in some cases soils presented for a given area had the same 

percentage contents; however, they were shown in separate maps. Thus the maps do not fully reflect 

the real complexity of the database. 

 

A) 

 

B) 

 

C) 

 

D) 

Figure 32 Enhanced SOTER database based on the terrain classification obtained with homogenous 
objects (HO03). The mapping scale of this dataset is 1:1 000,000 or less. Image A – SOIL 1 
component; Image B – SOIL 2 component; Image C – SOIL 3 component; Image D – WRB legend. 
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A) 

 

B) 

 

C) 

 

D) 

Figure 33 Enhanced SOTER database based on the terrain classification obtained with physical 
entities (PE06). The mapping scale of this dataset is 1:250,000. Image A – SOIL 1 component;  
Image B – SOIL 2 component; Image C – SOIL 3 component; Image D – WRB legend. 

 

Discussion of the results will be undertaken by means of visual comparison to the SGDBE dataset, 

WRB-FULL field. The map of the WRB-FULL field is shown in Figure 34. It has to be noted that the 

SGDBE map does not distinguish Stagnosols, which were separated from Gleysols in the following 

version of the WRB classification system.  
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Figure 34 The map of WRB-FULL field from the SGDBE dataset. For compatibility with the enhanced 
SOTER databases, only Level 1 soil classes were displayed. Borders of polygons depicting lower 
classification levels were retained. 

 

In the cases of both enhanced SOTER databases it is clearly visible that the soil component was 

largely influenced by the distribution of parent material classes. Those patterns are not as clearly 

discernible in the SGDBE map, especially in the central part of the study area. The size of obtained 

mapping units in the HO02 based enhanced database is similar to the size of the mapping units in the 

SGDBE map. The size of mapping units in the PE06 based enhanced database is much finer, especially 

in the second and further soil components. As for the distribution of soil classes within the obtained 

databases, the locations of particular soil types are comparable with the locations in the SGDBE map, 

provided that all three soil components of the enhanced databases are considered. As mentioned 

before, such comparison is difficult as the manner in which the enhanced databases are displayed 

does not fully reflect the complexity in these datasets. The only exception is given by the distribution 

of the Anthrosols, which suddenly appear in unexpected areas in the third component of the PE06 

based enhanced database. This means that Anthrosols should be excluded from integration as their 

distribution is not dependent on topography to such an extent as in the case of natural soils. 

The detail of information used to compose the database had a direct impact on the resulting 

mapping scale of the database. Even though the polygon size in the database based on PE06 terrain 

classification was equivalent to the 1:250,000 scale, the parent material layer and the soil component 

classified into level 1 WRB classes were more suited for 1:1 000,000 mapping or smaller. 
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ANNEX I. Validation datasets for subtask 3.1.1. 

Annex I contains descriptions of validation procedures and datasets that were used in validation of 

the results of subtask 3.1.1. 

NATMAP 

The National Soil Map (NATMAP) is a 1:250k scale map of 296 soil associations with full coverage in 

England and Wales. Each association contains three to eight soil series which have been drawn in the 

landscape context. This property makes the dataset capable of assessing the spatial distribution of 

landforms derived in this study.  

NATMAP Soilscapes 

Soilscapes represent NATMAP units generalised into 27 broader map units based on soil types. it is 

thought to be useful in terms of assessment of broader landform divisions. 

RCP regions 

RCP regions are physiographic units derived by RC Palmer from NATMAP using expert knowledge for 

England and Wales.  It is a hierarchical system dividing terrain into national and regional units. This 

study makes use of regional units that constitute polygons of unique properties.  

Landscape Character Areas 

Landscape Character Areas are divisions of the Character of England Landscape, Wildlife and Cultural 

Features Map that was created in 2005 by Natural England and English Heritage (Natural England 

internet link). The map constitutes 159 units that can be characterised by unique features of the 

landscape. Precision of the maps is affected by presence of transition zones between particular types 

of landscape and therefore it is suitable for overview purposes. Landscapes were delineated based 

on analysis of datasets covering the following thematic areas: altitude, landform, ecological 

characteristics, land capability, surface geology, farm types, settlement patterns, woodland cover, 

field density and pattern, visible archaeology, industrial history, designed parkland (Countryside 

Commission, 1998). Landform was derived by interpretation of elevation and slope data and 

presence of this component makes the map suitable for assessment of other landform classification 

schemes.  
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ANNEX II.  Legends to figures  

 

Figure 1 Legend for landform subclass maps created with Hammond’s approach. The first entry 

indicates landform type, second – landform class, and third – landform subclass. 

Landform types include: 

PLA – Plains  

PHM – Plains with hills or mountains 

OPM – Open hills and mountains 

HMO – Hills and mountains 

TAB – Tablelands  
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Figure 2 Legend to SOTER landform classification maps. 
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Figure 3 Legends to Figure 27: 

 

 

Figure 27, upper left: Parent material acc. to the German substrate type in the top soil layer of the 

1:250,000 soil map (the substrate type of the top layer resembles the WP1 definition for PM) 

 

 

Figure 27, lower left: Surface processes as derived from the geological map 1: 1 Mio (re-classified 

according to the revised FAO parent material list) 

consolidated basic siliceous igneous rock 

unconsolidated organic sediment 

unconsolidated acid siliceous sediment 

unconsolidated intermediate siliceous sediment 
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unconsolidated 

unknown 
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fluvial deposition, active 

fluvial deposition, inactive 

glaciofluvial sheet and channel deposition, inactive 

glaciolacustrine deposition, inactive 

ground moraine deposits, inactive 

groundwater-fed bog peat, active 

lake bed deposition, fluvial deposition, inactive 

rainwater-fed moor peat, active 

regolith, active 

unknown, inactive 
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Figure 27, lower left: Soil typological unit and parent material for the pilot area sheet Chemnitz 

1:250,000 
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Figure 27, lower right: Parent material according to the geological map 1:1 Mio (re-interpreted 

according to the revised FAO parent material list) 
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