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Abstract 
One important issue in recent climate impact research is the assessment of 
effects of climatic variability and climate change on geomorphic processes and 
hazards, such as landslides. Hillslopes in central Germany are heavily affected 
by landslides. Field experiments and archive analysis for the area around Bonn 
showed that precipitation-induced groundwater rises are a major contribution 
to slope instabilities and a dominant cause for failures in that region. However, 
little is known about the history of landslides and about the impact of climate 
change on landslide processes. This study presents a scenario model for 
historical variations of slope stability in the Bonn area. Therefore, a new 
approach was developed, by coupling proxy-derived climate scenarios with a 
model for groundwater-controlled slope stability. 
 
A process-based, spatio-temporal model for groundwater variations and slope 
stability was developed using the GIS environment of the software PCRaster 
(Utrecht, The Netherlands). The model calculates spatially distributed 
groundwater heights and failure probabilities in daily time steps for small areas 
(hillslopes, catchments). The model was used to assess the effects of the 
scenarios of historic climate on slope stability for different hillslopes in the 
Bonn area. 
 
The findings indicate that past climate is highly variable, but also shows 
distinct trends. Three climatic phases with different annual characteristics of 
temperature and precipitation were derived based on proxy data and weather 
records. The groundwater / slope stability modelling results show that a 
climatic scenario representing instable climatic conditions of a transition from 
more humid little Ice Age conditions to dryer recent conditions produces 
higher instabilities. The intensity of this impact, however, varies with the 
sensitivity of the specific geomorphic system, i.e. the specific landform and 
lithology, and is not related to the stability of a specific hillslope. 
 
The study showed that historical climate scenarios in combination with 
mechanistic models can be used to assess changing patterns in geomorphic 
activity, in this case slope stability. A more unstable area is not necessarily 
more sensitive to climatic changes: the location of permeable layers (prone to 
groundwater rise) in relation to sensitive layers (lower strength) and higher-
gradient areas (higher stress) influences the sensitivity of a site with respect to 



climate changes. The applied method is capable of modelling landscape 
sensitivity to climate change with respect to groundwater-controlled landslides. 
 
 

1. Introduction 
An important issue in recent climate impact research has been the assessment of the effects 
of climatic variability and climate change on geomorphic processes and hazards, such as 
landslides (Collison et al., 2000; Dehn et al., 2000). Future climate parameters have been 
predicted using general circulation models (GCMs), and techniques have been developed 
for downscaling large-scale model output to the hillslope scale (Dehn et al., 2000). Past 
effects of climatic change on geomorphic processes have been assessed by field evidence 
and reconstruction (Corominas, 1999), and also with mechanistic models (Brooks, 1997). 
However, the uncertainty in climate parameters is high if the time frame is beyond that of 
recent weather records. Climate is related to landslides via the system of hillslope 
hydrology. Physically-based models of rainfall-induced landslides have been used to 
model this complex interaction (Brooks, 1997). These studies showed that hydrologic 
triggering systems for landslides show complex behaviour in relation to geotechnical, 
hydrological, and climatological parameters (van Asch, 1997). More research is needed to 
understand those relationships, and to relate them to past and future climates (Crozier, 
1997). 
 
Hillslopes in central Germany are heavily affected by landslides and a series of recent and 
historical landslides have been recorded in the Bonn area. Previous studies have shown that 
precipitation-induced groundwater rises are an important contributor to slope instability in 
that region (Grunert & Hardenbicker, 1997; Hardenbicker & Grunert, 2001; Schmidt & 
Dikau, in press). However, little is known about the history of landslides and about the link 
between climate change, precipitation, hillslope hydrology, and landslide processes. It is 
generally assumed that climatic changes have considerable effects on landslide activity 
(Grunert & Hardenbicker, 1997), but these effects remain to be verified. 
 
This paper presents an approach to modelling the effects of climate variability on slope 
stability for historical time periods. We aimed to assess the stability of hillslopes around 
Bonn in relation to changing climate by coupling proxy-derived climate series with a 
model for groundwater-controlled slope stability, i.e. climate variables (precipitation, 
temperature) were used to drive a groundwater/slope stability model. The model was 
applied to hillslopes of different landform and lithology near Bonn. The effects of the 
different scenarios on model output were compared and used to assess the characteristics 
of the different hydrologic triggering systems with respect to slope stability.  
 
 
2. Study area 
The area around Bonn is characterized by the plateau of the ‘Kottenforst’ (a horst) west of 
the Rhein, and the hilly area of the ‘Siebengebirge’ (Figure 1) east of the Rhein. A 
Devonian baselayer is overlain with Tertiary sediments, varying from marine clays to 
sands and fluvial gravels. Under Pleistocene periglacial conditions, terrace material and 
loess were deposited. West of the Rhein, terrace sediments are found above a series of 
Tertiary layers (clay, sand, and gravel) and the Devonian base layer. Pleistocene and 
Holocene fluvial processes dissected the plateau of the Kottenforst and formed a series of 
small valleys (e.g., Godesbachtal, Melbtal, Katzenlochbachtal), many of which are incised 



to the Devonian base layer. Eeast of the Rhein, layers of volcanic sediments (trachytic 
tephras) cover large parts of the area and a series of eroded latitic, basaltic and andesitic 
intrusions form the hills of the Siebengebirge. The slopes are covered with Pleistocene 
sediments above volcanic ashes (trachyte tuff). Trachyte tuff is interfingered with Tertiary 
sediments. 
 
Landslides of varying size and age occur on the hillslopes of the Kottenforst and 
Siebengebirge (Figure 1, compare Grunert & Hardenbicker, 1997). Landslide susceptibility 
in the Bonn area is influenced by lithology, i.e. the sensitive, clay-rich Devonian and 
Tertiary sediments and layers of volcanic tuffs exposed on the hillslopes. Most of the 
landslides were interpreted as Holocene mass displacements, with a series of events also 
occurring in the 20th century (Grunert & Hardenbicker, 1997). Previous studies showed 
that landslide occurrence is related to rainfall-determined groundwater rises; additionally 
anthropogenetic influences play an important role (Grunert & Hardenbicker, 1997; 
Hardenbicker & Grunert, 2001; Schmidt & Dikau, in press). 
 

 
Figure 1. Topography and landslides (white polygons) in the Bonn area. Areas of high landslide 
susceptibility are the hillslopes incised in the horst of the ‘Kottenforst’ and the ‘Siebengebirge’. Two 
field areas were chosen as detailed study windows. 

 
Bonn has a moderate maritime climate, dominated by oceanic air masses. Average annual 
temperature is about 9oC and annual rainfall is about 600-750 mm. Temperatures are 
characterized by mild winters 2oC monthly average) and moderately warm summers (ca. 
18oC monthly average) (Figure 2). The long-term monthly precipitation totals show a 
minimum in winter (February, about 40mm) and a maximum in summer (July, about 70 
mm). Holocene climate variability indicates a series of climatic fluctuations, including cool 



and humid periods, which are of particular relevance for landslide occurrence (Brooks, 
1997; Hardenbicker & Grunert, 2001).  
 

 
Figure 2. Climatic characteristics of the Bonn area. Shown are long-term average temperature and 
precipitation (and standard deviations). 

 
Two study sites were chosen to cover different geomorphological and lithological 
conditions. The first site is the ‘Melbtal’, a small valley west of the Rhein, cut into the 
Kottenforst plateau (Figure 1). The general stratigraphy is (from top to bottom): terrace and 
loess sediments, Tertiary layers (clay, sand and lignite), and the Devonian baselayer. Loess 
and terrace sediments associated with Pleistocene periglacial processes can be found on the 
valley side-slopes. The valley shows a distinct assymetry with gentler west-facing valley 
side-slopes, which also show more extensive loess accumulation. Sensitive Tertiary layers 
of clay, sand and lignite introduce considerable slope instability, and several landslides are 
located on the valley sides. The second field site is the hill ‘Dollendorfer Hardt’ in the 
Siebengebirge (Figure 1). Landform and lithology are dominated by a basaltic dome 
forming the top of the hill, and trachyte tuff, Tertiary sediments (clays, sands) and the 
Devonian baselayer (from top to bottom) exposed on the southern hillslopes. The south- 
and west-facing hillslopes show high slope angles (up to 40o), whereas the gentle north- 
and west-facing hillslopes are contiguous with the northern Siebengebirge. Three 
landslides are documented for the area of the Dollendorfer Hardt. The largest (landslide 
‘si7’, affected area: 30,000 m2) has been investigated in a range of studies (Hardenbicker & 
Grunert, 2001; Schmidt, 2001; Schmidt & Dikau, in press).  
 
 
3. Methodology and models 
The methodology of this study consists of several parts (Figure 3). A model for historical 
climatic variability delivered scenarios for past climatic conditions. Three hillslopes of the 
Bonn area were chosen as spatial scenarios for land surface and lithology. A three-



dimensional groundwater model was developed and applied using the spatial and temporal 
scenarios. The derived groundwater scenarios were used to calculate slope stability using 
the ‘infinite slope model’. 
 
 
 
 
 
 
 
 
 
Figure 3. General methodology. 

 

1.1. Modeling of climate variability 
Historical climatic conditions for the study area were modeled as annual climate series of 
temperature and precipitation, using statistical analysis of available weather records and 
proxy data. The data used in this study were long-term daily meteorological records 
(precipitation, temperature) from the Bonn area and inferred paleo data for seasonal 
temperature and precipitation (from proxies) representing Middle European conditions 
since AD 1500 (Glaser et al., 1999; Schmidt & Dikau, in review). The paleo data were 
classified into years with similar seasonal patterns, which are related to general climatic 
trends. The identified clusters were then applied to classify the data sets of weather records 
in the Bonn area (Figure 4). The derived time series of precipitation and temperature were 
used as model inputs for the groundwater model. Each time series has daily resolution and 
represents the ‘average year’ for the three scenario classes. 
 
 
 
 
 
 
 
 
Figure 4. Methodology for deriving paleo climate scenarios. 

 

1.2. A GIS-based groundwater model 
A groundwater model for small-scale areas (up to several square kilometres) was 
developed using the modeling environment of the GIS PCRaster (Wesseling et al., 1996; 
van Beek & van Asch, 1999). PCRaster provides an algebraic macro language for 
development of dynamic models and visualization of environmental processes. The model 
is a 3D-tank model, simulating lateral and vertical saturated flow in daily timesteps. The 
model is based on a spatial discretization in equal-sized cells according to the resolution of 
the digital terrain model (DTM) available. Lithological layers are provided by elevation 
raster maps, giving heights of lower-layer boundaries for each cell (Figure 5). Each 
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lithological unit is parameterized by material properties: saturated hydraulic conductivity 
and maximum water content. Precipitation, evaporation and interception are used as 
spatially uniform daily time series for the simulated area to calculate net precipitation. 
Evaporation is calculated using the method of Thornthwaite. Infiltration is modeled as the 
minimum of net precipitation and maximum infiltration capacity. Maximum infiltration 
capacity is determined by soil water storage of the top layer and a top layer permeability 
term. Soil water transport processes are modeled as vertical fluxes between layers, and 
lateral fluxes between the columns of each cell using Darcy's law for saturated conditions. 
Vertical fluxes are modeled according to the difference in degree of saturation and 
hydraulic conductivity between layers (Schmidt, 2001). Vertical flux leaving the lowest 
layer is modeled as flow in an infinite storage (base flow) and is limited by the hydraulic 
properties of the lowest layer (conductivity and soil water content) and an additional 
conductivity term. The groundwater table is derived from saturation degree of the 
uppermost unsaturated layer for each cell. Only one lateral flux is modeled for each soil 
column (i.e. not layer specific), dependent on the effective height difference in saturated 
layers (i.e. groundwater table) and the effective conductivity of the adjacent columns. 
 

 
Figure 5. Physically-based, three dimensional groundwater model.  

 



1.3. A GIS-based model of failure probability 
The groundwater model as described above was extended by a module calculating local 
safety factors (FOS), based on the common ‘planar slope’. Therefore, additional material 
parameters are required for each lithological unit: dry unit weight, effective cohesion, and 
effective angle of friction. Moreover, an approach for calculating probability of failure 
(POF) was implemented (Lee et al., 1983). The output of the model are values for the 
factor of safety FOS(x,y,z,t) and probability of failure POF(x,y,z,t) for each node in the 
four-dimensional mesh, i.e. for each cell (x ,y) of the used grid, a series of depths z, and for 
each model day t (Schmidt & Dikau, in review). This model output was recalculated to 
allow comparison of different scenarios: maximum failure probability POFm and minimum 
factor of safety FOSm for all modelled depths and timesteps describe the highest instability 
for each cell of a hillslope and a climate scenario, and therefore one map is produced for a 
model run. 
 

1.4. Model parameterization 
As discussed, land surface and lithology of the Bonn area show a complex pattern. As a 
simplification, three sites were chosen, which serve as representatives for different 
geomorphological situations. Two hillslopes from the Melbtal field site and the south-
facing hillslope of the Dollendorf field site were used as spatial scenarios (Figure 6). The 
aim was to explore the sensitivity of the different lithological and geomorphometric 
conditions to changing climatic conditions.  
 
Hillslope ‘me3’ typifies hillslopes west of the Rhein where Pleistocene and Tertiary 
sediments are exposed. The DTM and lithological information were taken from a west-
facing lower-valley hillslope position. The average gradient for the site is 7.4o. According 
to the borehole logs and lab analysis for this site, Tertiary lignite and clays are overlain by 
Tertiary sand and loess (Schmidt, 2001; Schmidt & Dikau, in press). The lithology was 
modeled as a sequence (from top to bottom) of loess, Tertiary sand, lignite and Tertiary 
clay layers. Lignite and sand have significantly higher permeability and pore content than 
the clay layers. 
 
Hillslope ‘me5’ typifies hillslopes west of the Rhein where only Tertiary sediments are 
exposed. The DTM and lithological information were taken from an east-facing, lower-
valley hillslope position, where Tertiary sediments are exposed on the valley sides. The 
hillslopes are steeper than the first site 8.1o. The lithology was modeled as a sequence 
(from top to bottom) of Tertiary clay, lignite, Tertiary sand, lignite, and Tertiary clay 
(Figure 6).  
 
Hillslope ‘si7’ typifies hillslopes of the Siebengebirge where Tertiary and volcanic 
sediments are exposed. The DTM and lithological information were taken from the south-
facing hillslope of the Dollendorfer Hardt, representing a sensitive lithological situation of 
the Siebengebirge. The gradient is considerably higher than at the other sites (12.2o). The 
lithology was modeled according to the drilling results as a sequence (from top to bottom) 
of basaltic and trachytic layers, Tertiary sediments and the Devonian baselayer. 
 
 



 

 

 
Figure 6. Field sites hillslopes ‘me3’, ‘me5’, and ‘si7’. Shown are landform (DTM) and lithologies used 
in the groundwater model. 



 
 
4. Results 
A long-trend in the paleo data indicate three major stages in Middle European climate 
(Figure 7): (1) a phase of decreasing temperature and precipitation before ca. AD 1740, (2) 
a transition phase with a relatively distinct temperature rise of more than 1oC from ca. AD 
1740 to AD 1850, and (3) the time period since AD 1850, indicating higher temperature 
level, and lower, but increasing, precipitation. Classification of the paleo data delivered 
three ‘year types’. The three types (‘classes’) of years clearly represent the detected 
climatic trend as described above (Figure 7). 
• Class 1 is a year type with high precipitation and comparatively low temperatures 

(especially summer precipitation and temperatures) revealing high frequencies before 
AD 1750.  

• Class 2 shows intermediate temperatures (but low winter temperatures) and lower 
precipitation (especially in winter) and is dominant in the period between AD 1750 and 
AD 1850.  

• Class 3 indicates an annual pattern of high temperatures and relatively low 
precipitation (especially in summer); frequencies have risen in the period since AD 
1850. 

 

 
Figure 7. Results from the climate model. Three year types were derived by classification of proxies. 
These can be related to different climatic periods (see text). 

 
 
The three average year types were used as input in the groundwater and slope stability 
models based on the three hillslopes (Figure 6). The modelled spatial patterns of maximum 



failure probability POFm indicate sensitivity of high slope angles and Tertiary layers 
(Figure 6). Figs 8, 9, and 10 show the modelled groundwater pattern for the three hillslopes 
and climate scenarios. Figure 11 displays the percentage of modelled unstable areas (safety 
factor < 1) for the different hillslopes and climate scenarios. The modeled scenarios led to 
the following results. 
 
Generally, low average values for failure probability and for effective failure depth are due 
to the high frequency of nodes of lower sensitivity (e.g. flat areas) that were included in the 
calculations (Schmidt & Dikau, in review). However, groundwater and slope stability show 
significant differences for the three hillslopes. Hillslope ‘me3’ indicates lower 
(approximately half) average maximum failure probabilities and less unstable area than 
hillsope ‘me5’ (Figure 11), consistent with the lower slope angle and less sensitive layers 
(loess). Hillslope ‘si7’ delivered low failure probabilities, because combination of weak 
substrate and steep slopes (trachyte, Tertiary sediments) cover only small parts of the area 
(Figure 11). The modelled groundwater patterns for the three areas show the groundwater 
concentration in hollows and valleys. According to the increasing precipitation in climate 
scenarios 1 and 2, the saturated areas are more extended for those scenarios (Figs. 8, 9, 10), 
therefore those scenarios also show increased failure probability (higher slope instability) 
(Figure 11). The results reveal the higher geomorphic effectiveness of climate scenario 2, 
although climate scenario 1 has higher annual precipitation sums, which can be attributed 
to the occurrence of a few intensive precipitation events in the winter in scenario 2 
(Schmidt & Dikau, in review). Climatic years of scenario 2 dominate the ‘climatic 
transition phase’ from Little Ice Age to recent conditions. This climatic transition phase is 
prone to fluctuations in annual weather patterns that are likely to induce slope failure. The 
analyses showed that for all three hillslopes the increasing failure probability for climate 
scenario 2. Figure 11 indicates that the effect of scenario 2 on increasing failure probability 
is more significant for hillslope ‘me3’ than for hillslopes ‘me5’ and ‘si7’, i.e. hillslope 
‘me3’ is more sensitive to climatic changes (high groundwater tables). For hillslope ‘me3’, 
the effect of climate scenario 2 leads to a considerable extension of the saturated areas. 
These saturated areas extend especially to steep hillslopes, which in turn leads to higher 
slope instabilities for this spatial scenario. The failure probability for scenario 2 and 
hillslope ‘me3’ reaches comparatively high values (Figure 11). 
 



 
Figure 8. Groundwater pattern for hillslope ‘me3’ and the three climate scenarios. Top: climate 
scenario 1, middle: climate scenario 2, bottom: climate scenario 3 (compare Figure 7). Dark blue: 
groundwater close to surface. 

 
 



 
Figure 9. Groundwater pattern for hillslope ‘me5’ and the three climate scenarios. Top: climate 
scenario 1, middle: climate scenario 2, bottom: climate scenario 3 (compare Figure 7). Dark blue: 
groundwater close to surface. 

 
 
For hillslope ‘me5’ the saturated areas extend along the valley bottoms, the hillslopes are 
less affected. Consequently slope instabilities do not increase as much as for hillslope 
‘me3’ (Figure 11). The reason for that behaviour being a more permeable base layer of 
Tertiary clay and lignite and less groundwater recharge due to low permeable top clay 
layers. 



 
Figure 10. Groundwater pattern for hillslope ‘si7’ and the three climate scenarios. Top: climate 
scenario 1, middle: climate scenario 2, bottom: climate scenario 3 (compare Figure 7). Dark blue: 
groundwater close to surface. 

 
For hillslope ‘si7’, sensitive areas are predominantly the Tertiary layers, which occupy 
only a small part of the steeper hillslopes. Convergent areas on steeper hillslopes in 
Tertiary sediments show therefore the highest instabilities (Schmidt & Dikau, in review). 
The effect of changing climate leads to only minor extended saturated areas in these 
hollows (Figure 10). Only a low increase in slope instabilities is recognizable (Figure 11). 
 
These results show that sensitivity to failure shows a clear relationship to general site 
properties such as gradient and lithology. However, sensitivity to climatic variations is 
dependent on the spatial configuration of each site. The occurrence of low-permeability 
clay layers below lignite and sands results in a potential groundwater rise for more 
sensitive (steeper) areas for hillslope ‘me3’, whereas for hillslope ‘si7’, groundwater rises 
above low-permeability Devonian layers lowers slope stability only for less sensitive areas. 
Hence, the location of permeable layers (prone to groundwater rise) in relation to sensitive 
layers (lower strength) and higher gradient areas (higher stress) determines the sensitivity 
of a site with respect to climatic changes.  
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Figure 11. Modelled unstable areas (FOS<1) for the different climate scenarios (Figure 7) and 
hillslopes (Figure 6). The results indicate the effectiveness of climate scenario 2 for creating slope 
instabilities, particularly for hillslope ‘me3’. 

 
 
5. Discussion and conclusion 
The uncertainty in the assessment of historical environmental conditions is high. The 
results presented in this study showed the potential and utility of proxy data for assessing 
past climatic conditions and their effects on geomorphic processes. A method for deriving 
annual patterns of climate parameters for past periods was developed and applied. Three 
‘climatic year types’ were derived by statistical analysis of paleo climate data. These types 
are related to past climate periods.  
 
It was shown that this scenario approach is a valuable method to identify different climatic 
regimes with respect to their effectiveness in driving geomorphic processes (in this study 
landslides). The identified ‘representative climatic years’ were used to drive groundwater 
and slope stability models for three different hillslopes in the study area. The nine resulting 
scenarios were compared. The models showed considerable variations in the sensitivity to 
slope instabilities of the modeled landscapes in relation to climate variations. The results 
give indications of (1) differences in the pattern of slope stability for the three spatial 
scenarios (hillslopes), (2) considerable differences in the effectiveness of the climate 
scenarios, and (3) variations in spatial sensitivity of the different hillslopes with respect to 
climatic changes. The modeled spatial slope stability patterns match well with the spatial 
pattern of observed existing landslides in the field (Schmidt & Dikau, in press; Schmidt & 



Dikau, in review). The temporal pattern of slope stability derived in this study, however, 
was not validated because of a lack of appropriate field data for the study area (i.e. dated 
landslides). It was shown that the modeled climate regime 2 (representing dominantly the 
transition phase from Little Ice Age to recent climatic conditions) was generally more 
effective in terms of increasing slope instability for all tested sites. This can be explained 
by the high frequency of intensive rainfall events for climate regime 2. The sensitivity of 
slope stability to climatic change, however, is dependent on the internal configuration of 
the landscape. This means the slope stability system is ‘filtered’ by the system of hillslope 
hydrology, which is largely dependent on landscape structure, i.e. topographical and 
lithological convergences, and sensitive layers. 
 
It was shown that for landslide sensitivity, besides the general geomorphological and 
lithological properties (especially shear strength), landscape configuration is an important 
determinant. A more sensitive landscape in terms of actual slope stability is not generally 
more sensitive to climatic changes. Therefore, landscape sensitivity should be viewed as a 
dynamic feature and has to be specifically connected to processes and climatic changes. 
Scenario approaches are useful in assessing these sensitivity changes. Despite the 
simplifications of the presented approach, the method is capable of representing the effect 
of climate changes in relation to landscape sensitivity for landslide processes on a static 
level. It can be used to quantify differences in slope stability for different landscapes and 
their changes with climatic variations. 
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