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ABSTRACT 

Web-based intensity ShakeMaps are reaching growing importance and acceptance if their particular 
use and purpose are taken into consideration. The ShakeMaps provided by USGS use the Modified 
Mercalli Scale (MMI). In general, data for Central Europe have to be transferred from MMI to the 
European Macroseismic Scale (EMS-98). Within the paper, available macroseismic intensity data are 
related to ground motions and observed damages in Germany. Basic tools and data layers for an 
automatically ShakeMap procedure for Germany and adjacent areas are presented including specific 
attenuations relationships and intensity correction factors. Test studies and examples related to a recent 
earthquake (Waldkirch 2004) are used to show exemplarily, how the web-based intensity assignment 
procedures can be applied to the moderate and low seismic areas of Central Europe. Due to the lack of 
records, data of intensity and related ground motions are needed. 

GENERAL PROCEDURE 

The generation of macroseismic maps has a long tradition in engineering seismology. Especially in the 
times before the instrumental measurements came up, they are the only information about the location 
(epicentre) and the strength of an earthquake. Traditionally, questionnaires with the descriptions of 
observable effects regarding objects, damage to buildings and the impact on humans were used to 
determine the intensity (related to the used macroseismic scale) and to create on the basis of the 
locations a map of shaking effects (shake map). They are the main source to estimate the magnitude of 
an earthquake in pre-instrumental times (see Figure 1: section “Macroseismic Observations” and 
“Traditional”). Nowadays, on the basis of such surveys and related ground motion prediction 
equations (GMPE), these data are used to generate ShakeMaps automatically (Wald et al., 1999a, 
1999b). The ground motion related procedure was developed for the high seismic region of California, 
and later applied in other regions in the Central and Eastern United States. It is an efficient tool to get 
a first idea about extent and severity of shaking in terms of ground motions and therefore instrumental 
intensity assignments. The calculated intensity maps might provide the institutions responsible for 
disaster management with decision criteria to organize rescue teams and technique in the most affected 
regions where higher damage has to be expected. To create the ShakeMaps within minutes it is 
necessary to have enough data (a dense mesh of instrumentation) and appropriate attenuation 
relationships. These are the principle limits in case of low to moderate seismic regions like Germany.  
Figure 1 displays approaches that can be implemented in Central Europe to come up with a 
ShakeMap. In general, only a few strong motion recordings are available. 
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Figure 1. ShakeMap generation procedures (Schwarz et al., 2006, 2008a; Beinersdorf, 2014) 

 
Therefore, it is necessary to replace the missing input data (for fictive supporting points) by 
appropriate functions. These functions can be attenuation relationships based on the physical decrease 
of the wave energy (e.g. radial, elliptic – direction-dependent). To take into account the deep geology, 
a site response analysis (SRA) can be performed on the basis of soil profiles or by using H/V spectral 
ratios from noise measurements. The topography can also be considered by slope related modification 
factors. Depending on the knowledge level and the density of points, combinations of these data can 
be used to generate hybrid ShakeMaps. These maps can be used to assign Mean Damage Grade Dm 
and the Mean Damage Ratio MDR on the basis of statistical data concerning the building stock 
composition, vulnerability functions of building types, and assets (see Figure 2: section “Loss 
assessment”, Schwarz et al. (2006, 2008a)). 
Figure 3 is the outcome of the maximum observed damages of earthquakes with epicentral intensity 
I0 ≥ VII (7.0) in Germany and refers to Part C of catalogue EKDAG (Schwarz et al., 2009). For all 
earthquakes the maximum observed effects were filtered, concentrating on the combination of effects 
on humans, effects on objects and nature, and damage to buildings. 
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Figure 2. Usability of ShakeMaps for loss assessment (Schwarz et al., 2006, 2008a; Beinersdorf, 

2014): radial scenario with ∆I (SRA) of 1978 Albstadt earthquake with intensity I0 = VII-VIII 

 
The detailed explanation of the descriptors of the EMS-98 and the defined subdivision is documented 
in detail by Schwarz et al. (2009). The transformation of the information of damage grades and 
protective goals as well as the protection through the structural design of behavioural states, the fol-
lowing picture emerges, if the maximum shaking effects are only considered (Figure 3). The maxi-
mum observed damage grades DGmax,obs indicate that no destruction (damage grade D5) of residential 
buildings according to EMS-principles (Grünthal et al., 1998) has been observed in the seismic zones 
in Germany for these earthquakes (Beinersdorf et al., 2013).  

In Part C of the earthquake catalogue EKDAG not only the maximum shaking effects are in-
cluded, but also macroseismic points for the lower intensity ranges of these earthquakes. They are 
presented in GIS-format for the main events. These observations and the digital macroseismic 
database are plotted in Figure 4. By summarizing these macroseismic observations within small sized 
raster elements, purely empirical intensity increments can be determined. The density of the geo-coded 
points differs due to the seismicity in the target regions and the availability of macroseismic 
observations. For study purposes, two test areas are considered (“Lower Rhine” and “Upper Rhine + 
Swabian Alb”). Depending on the density of observations, a grid of different sized elements is 
proposed (Figure 5) to examine the intensity increments ∆I. The influence of geology and topography 
is surveyed as well. The number of observations within the grid elements can be taken from Figure 6. 

 

  
Figure 3. Damage observations of strong 

earthquakes (I0 ≥ VII) in Germany, Part C of the 
earthquake catalogue EKDAG at residential 

buildings (Beinersdorf et al., 2013) and referring 
the damage description of EMS-98 (Grünthal et 

al., 1998), see also Table 1 

Figure 4. Macroseismic observations  
from various sources ● with highlighted 

observations with an intensity I ≥ VI (6.0) ●  
of earthquakes acc. to the earthquake catalogue 

EKDAG (Schwarz et al., 2014) 
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Figure 5. Basic grid for selected test areas to 

score the macroseismic observations 
Figure 6. Number of macroseismic observations 
with available intensity per area (see Figure 5) 

ALBSTADT EARTHQUAKE SEPT. 03, 1978 

The Sept. 3, 1978 Albstadt earthquake with a magnitude ML = 5.7 is beside the April 13, 1992 
Roermond earthquake (ML = 5.9) the last event that caused major damage in German EQ regions. 
Figure 7 shows the macroseismic observations of this event for the state of Baden-Württemberg. The 
maximum observed intensity of the earthquake acc. to recent catalogues is VII-VIII (EMS). Scenarios 
based on the intensity attenuations in Figure 8a) to c) illustrate the variability of computed maps. They 
are able to describe the epicentral area in shape and extension. The scenarios which take into account 
the direction of the fault line (Figure 8b) or determined ∆-Intensities (∆I) based on site response 
analysis (SRA) of elaborated soil profiles (Figure 8c) show the best reinterpretation of the observed 
intensities. (Intensity corrections based on macroseismic observations are still under preparation.) 
Figure 9 displays the variability of proposed intensity attenuation functions assuming different input 
parameters (see Figure 1: section “Attenuation relationship”), the macroseismic data, and according to 
the distance the clustered observation points (equivalent radii) with their average value, standard 
deviation, and 95%-fractile of the macroseismic observations. 
 

 

Location Albststadt 
48.29° N / 9.03° E 

Date 03.09.1978 
Time 05:08 (UTC) 

Local magnitude ML 5.7 
Moment magnitude MW 5.1 

Focal depth 6.5 km 
Intensity (EMS-98) VII-VIII (7.5) 

Radius of perceptibility 330 km 
Rupture type Strike-slip 
Strike / dip N20°E / 75° NW 

Size of the fault plane 17.6 km² 
Dislocation 0.1 m 

Figure 7. Macroseismic observations with intensity map (EMS-98)  
and further details of the Sep. 3, 1978 Albstadt earthquake (epicentre )  
acc. to EKDAG Part C (Schwarz et al., 2014) and Hiller (1985, pp.9–10)  
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a) Radial b) Elliptic   c) ∆I (SRA) 

Figure 8. Scenarios (Intensity EMS-98) of the Sep. 3, 1978 Albstadt earthquake (epicentre ) based 
on the attenuation Sponheuer (1960) for the epicentral intensity I0 = VII-VIII 

 
The epicentral intensity I0, the calculated epicentral intensity Ical,Spo with the attenuation relationship of 
Sponheuer (1960), the macroseismic source with the maximum observed intensity I0,max = Iobs, and the 
source with the maximum observed intensity with a assigned damage grade Iobs,DG are emphasized.  

The relationships shown in Figure 9 (Sponheuer, 1960; Stromeyer, Grünthal, 2009), functional 
relations of I=f (I0,α,R) respectively I=f (I0,R) with the hypocentral distance R, are suitable to predict 
the epicentral intensity and the attenuation of the intensity for the dataset of the Albstadt earthquake. 
The equation of Atkinson, Wald (2007), relation of I = f (MW,R), for the Central and Eastern U.S. 
(CEUS) is tested as well. This attenuation with an effective focal depth heff of 17km underestimates the 
epicentral intensity by more than one intensity degree. The attenuation of Ahorner, Rosenhauer (1986) 
and Rosenhauer (1999), relations of I = f (ML,R), formerly used in the program PSSAEL (a tool for 
Probabilistic Seismic Hazard Analysis using EQ Libraries), overestimates the epicentral intensity 
slightly. A test with the effective focal depth heff of 17km acc. to the CEUS leads to a slight under-
prediction of the epicentral intensity. The intensity decrease predicted by the functions is comparable 
to the clustered observation points. 

In addition and based on the determined intensities, on the vulnerability of the building stock, 
and the building stock density of community level, the Mean Damage Grade (Dm) and - for larger 
events - the Mean Damage Ratio (MDR) can be calculated (Figure 10, Figure 11, see Figure 2, 
Schwarz et al., 2006, 2008a). The result for the most affected municipality of the radial scenario with 
∆I (Figure 8c) is Dm = 1.3 (Figure 10), and MDR = 3.9% (Figure 11) are comparable to the observed, 
respectively, reported ones (Schwarz et al., 2006; Beinersdorf et al., 2013). 

 
Figure 9. Macroseismic observations of the 1978 Albstadt earthquake acc. to Schwarz et al. (2014) 

compared to the attenuation relationships of Sponheuer (1960); Ahorner, Rosenhauer (1986); 
Rosenhauer (1999); Atkinson, Wald (2007); Stromeyer, Grünthal (2009) 
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Figure 10. Mean Damage Grade (Dm) for the 

elliptic scenario with epicentral intensity 
I0 = VII-VIII (see Figure 8c) of the Sep. 3, 1978 

Albstadt earthquake (epicentre ) 

Figure 11. Mean Damage Ratio (MDR) for the 
elliptic scenario with epicentral intensity 

I0 = VII-VIII (see Figure 8c) of the Sep. 3, 1978 
Albstadt earthquake (epicentre ) 

 
Examples of observed damages of the 1978 Albstadt earthquake in relation to the scheme given in the 
EMS-98 are shown in Table 1. 
 
Table 1. Damage Grades acc. to EMS-98 Grünthal et al. (1998) and fitting examples for masonry type 

buildings damaged during the 1978 Albstadt earthquake (Schwarz et al., 2008a) 
Di Damage scheme  Example 
D1 Negligible to slight 

  
D2 Moderate 

  
D3 Substantial to heavy 

  
D4 Very heavy 

  
D5 Destruction 

Not observed 
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Location Kandel near Waldkirch 
48.08 N / 8.04 E 

Date 05.12.2004 
Time 02:52am (CET) 

Local magnitude ML 5.4 
Moment magnitude MW 4.6 

Focal depth ≈ 9 km 
Intensity (EMS-98) VI (6.0) 

Radius of perceptibility ≈ 250 km 
Rupture type Dextral stike-slip 
Strike / dip 107° / 73° SSW 

Size of the fault plane ≈ 2 km² 
Dislocation ≈ 10 cm 

Figure 12. Macroseismic observations with shake map and details of the  
Dec. 5, 2004 Waldkirch earthquake (epicentre ) (Benn et al., 2006) 

WALDKIRCH EARTHQUAKE DEC. 05, 2004 

The Dec. 5, 2004 Waldkirch earthquake can be regarded as one the last damaging events in Germany 
and Central Europe. Despite of its high local magnitude ML of 5.4, only minor damages could be 
observed which might be related to an epicentral intensity I0 not larger than VI (EMS-98), see Figure 
12. This can be explained by the location of the epicentre 15 to 20 km away from the nearest major 
settlements. In general, for this magnitude and the existing traditional building types particular for the 
affected region, higher damage grades might be expected. From engineering point of view it has to be 
emphasized that within the series of the consequences derived from the 1978 Albstadt earthquake, a 
manual was prepared for house owners and planners that contains advises to design an earthquake 
resistant buildings by following constructive rules. The application of these rules might have 
contributed to the rather negligible damage observations (see also Schwarz et al., 2008b). 

Similarly to Figure 9, Figure 13 displays intensity attenuation functions with different input 
parameters related to the earthquake (see Figure 1: section “Attenuation relationship”), the 
macroseismic observation points, and according to the distance the clustered observation points 
(equivalent radii) etc. 

 
Figure 13. Macroseismic observations of the Dec. 5, 2004 Waldkirch earthquake acc. to Benn et al. 
(2006) compared to the attenuation relationships of Sponheuer (1960); Ahorner, Rosenhauer (1986); 

Rosenhauer (1999); Atkinson, Wald (2007); Stromeyer, Grünthal (2009) 
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a) Radial b) Elliptic   c) ∆I (SRA) 

Figure 14. Scenarios (Intensity EMS-98) of the Dec. 5, 2004 Waldkirch earthquake earthquake 
(epicentre ) based on the attenuation Sponheuer (1960) for the epicentral intensity I0 = VI (6.0) 

 
The epicentral intensity I0, the calculated epicentral intensity Ical,Spo with the attenuation relationship of 
Sponheuer (1960), and the macroseismic source with the maximum observed intensity I0,max = Iobs are 
emphasized.  

The attenuation relationships shown in Figure 13 are quite suitable to predict the epicentral 
intensity and the decrease of the intensity for the dataset of the 2004 Waldkirch earthquake. Again, the 
equation of Atkinson, Wald (2007) for the Central and Eastern U.S. (CEUS) with an effective focal 
depth heff of 17km and the attenuations Ahorner, Rosenhauer (1986) and Rosenhauer (1999) slightly 
under- respectively overestimate the epicentral intensity. A test with the equation Rosenhauer (1999) 
with the effective focal depth heff of 17km acc. to the CEUS leads to a slight overprediction of the 
epicentral intensity.  

The attenuation of Sponheuer (1960) presented in Figure 13 is used for the radial scenario in 
Figure 14a). In Figure 14b) the elliptical scenario on base of the direction of the rupture acc. to Benn 
et al. (2006) is displayed. The radial scenario of Figure 14a) is combined with intensity increments ∆I 
for the epicentral region (see Figure 14c). The elliptic scenario of Figure 14b) is also combined with 
intensity increments ∆I, and the outcome of the assignment of strong motion measurements and 
macroseismic observations in Figure 15b). Compared with the gridded map (Figure 15a) of the 
available macroseismic observations it indicates an overestimation of the intensity in the epicentral 
area, but a comparatively good fit of the published shake map in Figure 12. The gridded map predicted 
on the basis of the original macroseismic observations (see Figure 15a) does not show a uniform 
appearance like the more generalized map in Figure 12.  

 

a)  b)  
Figure 15. Calculated ShakeMaps on basis of a) the macroseismic observations acc. to Benn et al. 
(2006) and b) a combination of measurements (LED) with assigned intensity of the macroseismic 

observations*, profile points with Site Response Analysis (SRA), and phantom stations*  
with intensity acc. to Figure 14c) (*Buffer around measurements, SRA-points 15km) 
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Figure 16. Measurements of the peak ground 
acceleration (PGA) in [cm/s²] LED (2005)  

and RAP (2005)  of the Dec. 5, 2004 
Waldkirch earthquake (epicentre ); 

Figure 17. Normalized spectra of the E-W and N-S-
component of measurements LED (2005)  and 

comparison to the related spectra with GMPE 
Schwarz et al. (2007) of the assumed subsoil class 
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Figure 18. Comparison of spectral accelerations Sa of the ground motion measurements acc. to LED 

(2005) with the GMPE Schwarz et al. (2007) of the assumed subsoil class based on the  
geological map of LRGB (1998) and additional rock spectra for non-rock-type stations 
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For German earthquakes a historical map in such a detailed form like in Figure 15a) is only know from 
the 1911 Ebingen earthquake – the largest event in the Central Europe with a local magnitude ML 6.1 
(Beinersdorf, Schwarz, 2011). The refined information of this type of shake map contains, explicitly, 
the effects on buildings and humans as well as effect due to geology and topography in a quite 
sophisticated manner, nowhere and never reached by subsequent events. Therefore these detailed maps 
can be used to determine site effects in areas, where for different earthquakes site effects could 
recurrently be observed or detailed investigations with site response analysis (SRA) as well as H/V-
ratios of noise measurements suppose a possible intensity increment ∆I. 

For the 2004 Waldkirch earthquake, a limited number of strong motion records is available 
(LED, 2005; RAP, 2005, see Figure 16). In Figure 18, spectra of the horizontal components of some 
near source measurements of LED (2005) are compared with results using the ground motion 
prediction equation (GMPE) proposed by Schwarz et al. (2007, SLKE07). The GMPEs are applied to 
each station on basis of the most probable subsoil class. The basis for this assumption is the geological 
map of LRGB (1998), additionally the GMPE of rock is given for the non-rock-type stations for the 
check of the selected geological subsoil class. The stations are sorted acc. to the distance from the 
epicentre D in km and the corresponding macroseismic intensity.  

The macroseismic observations (Benn et al., 2006) located near the strong motion measure-
ments were used to assign an intensity value (EMS-98) to the stations and their measurements. Buffers 
were created around the stations (3km, 5km, and 7km) to find valid data for these measurements. For 
the majority of the measurements the 3km-buffer is sufficient. For the intensity assessment the 
obtained intensity points where used directly for gridding without creating a ground motion map in a 
previous step. The relation of intensity values and peak ground accelerations (PGA) of measurements 
are shown also in Figure 19 and compared to similar correlations from other earthquakes.  

The spectra calculated for the moment magnitude MW of 4.6 and respectively 5.1 offer in 
tendency an acceptable prognosis compared to the recorded component spectra (see Figure 18). In 
Figure 17 the normalized spectra for the E-W and N-S component are compared, the normalized 
spectra for the GMPE SLKE07 of the moment magnitude MW of 4.6 and respectively 5.1 are 
displayed. It can be assumed that recently published GMPE can be used for earthquakes in southern 
Germany to predict the spectral accelerations. Nevertheless and due to the rather limited number of 
strong motion records, the presented results offer some tendencies, which should be proven.  
 

a)  b)  

Figure 19. Comparison of measurements of the earthquakes 1978 Albstadt (Wieck, Schneider, 1980), 
1992 Roermond (Ahorner, 1993), 2004 Waldkirch (EW-Component, LED, 2005), and 2011 Virginia 
(CEMSD, 2011) with the relationships acc. to a) Gutenberg, Richter (1956); Medvedev et al. (1965); 
Medvedev, Sponheuer (1969); Ambraseys (1975); Trifunac, Brady (1975); Faenza, Michelini (2010) 

and b) Medvedev, Sponheuer (1969); Ambraseys (1975); Murphy, O’Brien (1977);  
Wald et al. (1999a); Kaka, Atkinson (2006) 
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CONCLUSIONS 

The knowledge of historical earthquakes and their macroseismic observations is quite valuable in low 
to moderate seismic regions like Central Europe. They can be used to estimate the magnitude as well 
as the maximum observed damage grade (Figure 3) to define the relevant performance states or risk-
consistent design concepts. Code related events are rare and the historic events are needed to assume 
where and with which strength (possible damage grades) earthquakes occur in the future. When such 
an earthquake even in low to moderate seismic regions happens, it is necessary to aid quick and 
effective. 

If the method of USGS (Wald et al., 1999a, 1999b) should be applied properly (like it is done in 
Italy and Switzerland), an appropriate ground motion prediction equation as well as a relation of 
ground motion (PGA, PGV, Sa) to intensity in EMS-98 based on Central European datasets of ground 
motion measurements are needed. This should be possibly enhanced by data of earthquakes gathered 
in regions with similar seismicity and tectonic features.  

The recovered information of peak ground accelerations from the 2004 Waldkirch (ML 5.4) 
earthquake were used to compare them with those from other earthquakes in Germany (1978 Albstadt, 
ML 5.7; 1992 Roermond, ML 5.9) and the Eastern United States (2011 Virginia, MW 5.8). Figure 19a) 
shows in comparison to Figure 19b) that the ranges of acceleration given in the MSK-64 and other 
relations valid for Europe (i.e. Medvedev et al., 1965; Medvedev, Sponheuer, 1969; Ambraseys, 1975; 
Faenza, Michelini, 2010) fit better than the ones that are used among others for the shake maps in the 
United States (Wald et al., 1999a; Kaka, Atkinson, 2006). The definition of ranges used for the 
ShakeMaps of USGS (MMI-Scale) underestimate the intensities for Europe by one intensity grade for 
the selected earthquakes with a magnitude range of 5 to 6 for the lower intensity ranges. Obviously 
there is lack of acceleration data for intensity ranges > VI (6.0). The analysis of the strong motions 
measurements of the 2004 Waldkirch earthquake indicate that GMPE Schwarz et al. (2007, SLKE07) 
based on Californian measurements can be applied in Germany. There is a need of more measure-
ments especially of stronger (code-relevant) events to prove this. 

Nevertheless of the lack of available measurements, especially for intensities ≥ VI (6.0), the “in-
tensity way” of creating ShakeMaps provides a reliable prediction for the considered earthquakes and 
is preferable at the moment for Central Europe and particularly Germany. This study shows that it is 
possible to reconstruct the shaking effects by using common intensity attenuations in combination 
with intensity increments, which can be derive empirical-statistically (from historical earthquakes and  
macroseismic observations), analytically (by methods like site response analysis SRA), or 
instrumentally (on the basis of H/V-ratios; see Beinersdorf, Schwarz, 2011). 
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