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Mohorovičić reflection phases improved the data fit, 
the second-order decay term is hardly changing the 
resulting model. Averaged site deviations from the 
median model are incorporated to account for site 
effects. Depending on the local geological conditions, 
these deviations show a strong variability within indi-
vidual seismogeographical regions.
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1  Introduction

1.1 � Tectonic setting and seismiciy in the study area

The study area is placed in Central Europe and cov-
ers parts of the Rhenish Massif, the Upper Rhine 
Graben (URG), the Southwest German Scarplands, 
and the western part of the German Alpine Foreland. 
The earthquake activity in Central Europe is con-
sidered to be moderate in comparison to the global 
level, whereby the stress field of this intraplate region 
is mainly controlled by colliding movements of the 
African continental plate towards the Eurasian con-
tinental plate (Grünthal and Stromeyer 1992; Müller 
et  al. 1992; Ziegler 1994; Hinzen 2003; Heidbach 
et al. 2007; Reicherter et al. 2008). The predominant 

Abstract  Ground motion prediction equations 
(GMPEs) and the effects of site amplifications are 
substantial for the assessment of seismic hazard. To 
investigate the regional earthquake ground motion in 
southwestern Germany, we fit ground motion mod-
els to observed horizontal peak ground acceleration 
from earthquakes with 0.9 ≤ M

L
≤ 4 using the earth-

quake catalogue of the joint federal seismological 
services of Baden-Württemberg and Rhineland-Palat-
inate (Erdbebendienst Südwest), Germany. We use 
GMPEs that consider first-order geometrical spread-
ing, first-order magnitude-scaling, and apparent ane-
lastic attenuation. Due to indications from the data 
residuals, we additionally introduce a heuristically 
defined expression to consider Mohorovičić reflection 
phases, and a second-order geometrical decay term 
that is derived to approximate the decay of a general 
moment-tensor source. While the expression for the 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10950-​022-​10114-8.

J. Zeiß · S. Stange · A. Brüstle 
Regierungspräsidium Freiburg, Geological Survey 
of Baden-Württemberg, State Seismological Service, 
Freiburg, Germany

Present Address: 
J. Zeiß (*) 
Geological Survey of North Rhine-Westphalia, State 
Seismological Service, Krefeld, Germany
e-mail: jens.zeiss@gd.nrw.de

http://orcid.org/0000-0001-9433-3217
http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-022-10114-8&domain=pdf
https://doi.org/10.1007/s10950-022-10114-8
https://doi.org/10.1007/s10950-022-10114-8


1106	 J Seismol (2022) 26:1105–1136

1 3
Vol:. (1234567890)

focal mechanism in the study area is strike-slip, but 
also normal-faulting events are observed.

Figure  1 shows the seismogeographical regions 
(Table  1; after Leydecker and Aichele 1998; Ley-
decker 2011) as well as the epicenters of the earth-
quakes used in this study. Natural earthquakes are 
mostly observed at the Ochtendung Fault Zone (c.f. 
Ahorner 1983) with the East Eifel Volcanic Field (c.f. 
Hensch et al. 2019) in the Middle Rhine Area (MR), 
along the URG (NR, SR) including its graben shoul-
ders (especially the Southern Black Forest, SW), at 
the western Lake Constance Region (BO), and along 
the Albstadt Shear Zone (c.f. Schneider 1979) on the 
Swabian Jura (SA).

The largest known event north of the Alpine region 
is the so-called Basel-earthquake in 1356 with a max-
imum intensitiy I0 of VIII and a moment magnitude 
MW in the range between 6.7 and 7.1 (Fäh et al. 2009). 
Other major earthquakes occured at St. Goar/MR 
in 1846 ( ML = 5.5 ; MW = 5.0 ; I0 =VII; Leydecker 
2011), at Waldkirch/SW in 2004 ( ML = 5.4 ; I0 = VI - 
VII), and at Albstadt/SA in 1911 ( ML = 6.1 ), in 1943 
( ML = 5.5 ) and in 1978 ( ML = 5.7 ) with intensitites 
ranging from VII to VIII (Brüstle et al. 2015).

Additionally, also induced seismicity caused by 
several deep geothermal projects within the URG 
became increasingly important in the recent years. 
For instance, earthquakes with magnitudes up to 

Fig. 1   Map of the study area with the epicenters of the earth-
quakes, for which PGA-values are determined. Abbreviations 
of the seismogeographical regions as defined by Leydecker 
(2011) are explained in Table 1. The epicenters are displayed 
according to the catalogue of the joint seismological ser-
vices of the German federal states Baden-Württemberg and 

Rhineland-Palatinate. Furthermore, the main geological units 
and the locations of selected seismic zones are approximately 
indicated: Upper Rhine Graben (URG), Albstadt Shear Zone 
(ASZ), Ochtendung Fault Zone with East Eifel Volcanic Field 
(OFZ+)
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ML = 3.4 at Basel (Häring et  al. 2008; Kraft and 
Deichmann 2014) or ML = 4.0 near Strasbourg 
(Schmittbuhl et al. 2020, 2021) were observed.

1.2 � Ground motion predictions

A ground motion prediction equation (GMPE) pre-
dicts expected measures of ground motion includ-
ing their uncertainty from several predictor variables 
which represent given values like earthquake magni-
tude or source-to-site distance. The functional forms 

between available GMPEs for crustal earthquakes 
differ considerably. Some GMPEs are based on 
physically reasoned functional forms, and others use 
any heuristically defined functions to reproduce the 
observations.

Recently developed GMPEs based on global 
data commonly include terms which account for 
many effects influencing ground motions: non-lin-
ear magnitude-scaling, magnitude-dependent geo-
metrical decay, style of faulting, regional dependent 
apparent anelastic attenuation, thickness of surfical 

Table 1   The seismogeographical regions (according to Leydecker 2011 and Leydecker and Aichele 1998) of the study area and their 
abbreviations. Number of PGA-values associated with the respective source region

Abbreviation Seismogeographical region Number 
of PGA-
values

BM Bavarian Molasse Basin 336
BO Lake Constance Region 2864
BY Bavarian Alps 6
CC Central Switzerland 44
EA Eastern Swiss Alps 26
EI Eifel Mountain Region 92
EW Eastern Württemberg 341
FA Frankonian Jura 12
GV St. Gall and Vorarlberg 218
HU Hunsrück 281
HS Hessian Depression 34
MR Middle Rhine Area 2075
NB Lower Rhine Area 109
NF Northern Frankonia 21
NR Northern Upper Rhine Graben 1092
NW Northern Black Forest 236
NY Northeastern Tyrol 13
PS Pfalz-Saar Area 94
RS Eastern Rhenish Massif 64
SA Swabian Jura 2710
SF Eastern Swiss Alpine Foreland 471
SM Saar Mining District 219
SR Middle and Southern Upper Rhine Graben 5922
SW Southern Black Forest 1291
VE Venn Area 40
TC Central Thuringia 5
VO Vosges Mountain Region 327
WJ Western Jura 31
WF Western Swiss Alpine Foreland 106
WY Western Jura 49
F others in France 47



1108	 J Seismol (2022) 26:1105–1136

1 3
Vol:. (1234567890)

sedimentary layers, depth of the rupture, hanging 
wall effects, fault dip, or rupture directivity. Exem-
plary GMPEs considering most of these factors were 
developed by Abrahamson et al. (2014); Boore et al. 
(2014) and Campbell and Bozorgnia (2014).

GMPEs based on regional data and weak earth-
quakes rather use simpler models because the data do 
not allow to quantify all of these effects or because 
the considered magnitude and distance ranges allow 
certain simplifications. For instance, GMPEs model-
ling only weak earthquakes mostly assume a linear 
magnitude-dependency and a simple geometrical 
distance-decay. In contrast, in case of larger earth-
quakes and broad magnitude ranges, a non-linear 
magnitude-dependency is needed and a further mag-
nitude-dependent distance-decay is considered. This 
is also the case for several GMPEs for Europe and the 
Middle East, e.g. those by Ambraseys et al. (2005) or 
Bindi et al. (2014).

The used predictor variables also vary with the 
models. Most important are the predictor varia-
bles that describe the distance to the source and the 
strength of the earthquake. To avoid the saturation 
of most magnitude scales, the moment magnitude is 
commonly used. The distance to the source is typi-
cally measured by means of the Joyner-Boore dis-
tance (distance to the surface projection of the rup-
ture; Boore and Joyner 1982) or the closest distance 
to the rupture plane. Both the hypocentral and the 
epicentral distance are rather used in the case of pre-
dictions for weak earthquakes. Further variables are 
needed, if detailed source characteristics (e.g. focal 
mechanism, directivity, dip of the rupture, depth to 
the top of the rupture plane, stress drop), specific 
properties along the wave paths (regional dependent 
apparent anelastic attenuation and reflections/refrac-
tions from discontinuities), and site properties near 
the surface should be incorporated.

An application of available ground motion models 
in context of seismic hazard assessments demands for 
various requirements. To select an existing model for 
a target region, e.g. Cotton et al. (2006) and Bommer 
et  al. (2010) formulated several criteria considering 
topics such as the tectonic environment, the func-
tional form, the form of publication, the data quality, 
and the data access. However, the particularities of 
ground motion in regions with moderate seismicity 
are often not satisfyingly known. Furthermore, it is 
questionable, if models from active tectonic regions 

or stable continental regions should preferentially be 
used for intraplate regions with moderate seismic-
ity. This is also the case for southwestern Germany. 
According to a classification by Chen et  al. (2018), 
the study area is mainly classified as an active region, 
but partially as a stable non-craton region.

1.3 � Research objectives

In this study, we investigate the local characteristics 
of ground motion in southwestern Germany consid-
ering weak to moderate earthquakes. Hereby, we 
at first make use of the earthquake catalogue of the 
joint seismological services of the German federal 
states Baden-Württemberg and Rhineland-Palatinate 
(Erdbebendienst Südwest EDSW). We extract peak 
ground acceleration (PGA) values from the corre-
sponding instrumental recordings of the local earth-
quakes with ML between 0.9 and 4, and fit GMPEs 
with varying functional forms to the observed PGA. 
Besides the very common terms that consider first-
order geometrical spreading, first-order magnitude-
scaling, we test second-order terms of geometrical 
spreading and a heuristically defined term to account 
for Mohorovičić reflections. Furthermore, station cor-
rections are incorporated into the GMPE to measure 
site amplifications which are subsequently examined 
in the geological context.

The applicability of the resulting GMPEs to pre-
dict ground motion of moderate to strong earthquakes 
in context of seismic hazard analysis will be lim-
ited due to the lack of recordings from strong earth-
quakes in the study region. An expansion of models 
for stronger earthquakes will be speculative due to 
deviating magnitude-scaling and deviating decays 
with distance at different magnitude ranges. Accord-
ing to investigations by Douglas (2003); Douglas and 
Jousset (2011), or Baltay and Hanks (2014), models 
derived from data of small earthquakes show a higher 
dependency on magnitude than models derived from 
data of large earthquakes. As stated by Douglas and 
Edwards (2016), differing characteristics of the dis-
tance-decay result from constructive interference 
effects of a finite source (Boore 2009), from near field 
saturation and from differing spectral shapes (Cotton 
et al. 2008). Also, an expansion of the prediction of 
PGA to spectral accelarations including lower fre-
quencies will be critical due to freuqency-depend-
ent wave propagation effects, for instance due to 
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frequency-dependent anelastic attenuation (c.f McNa-
mara 2000; Kotha et  al. 2020). Correspondingly, 
nearly all the coefficients of the model by Bindi et al. 
(2014) show a significant dependency on frequency. 
However, we believe that the comprehensive set of 
earthquakes with low magnitudes allow to investigate 
local particularities of ground motion and provide an 
approximate measure of site amplifications within the 
region.

2 � Data

2.1 � Earthquake source data

From the bulletin of the EDSW, we used local tec-
tonic and induced/triggered earthquakes. For the 
years 2010 through 2017, events with local magni-
tudes 2 ≤ ML ≤ 4 were extracted, and for the years 
2018 and 2019 events with 0.9 ≤ ML ≤ 4 were used 
(Fig. 1). For these events, the location routine HYPO-
PLUS, a HYPO71 (Lee and Lahr 1972) derivative by 
Oncescu et al. (1996) with adaptive 1D velocity mod-
els, was applied in the routine observatory praxis. The 
seismic network of the EDSW consisted of about 30 
online stations and some dial-up stations in the year 
2010, but the number increased to more than 60 sta-
tions in 2019. Today, the seismic network is comple-
mented with about 40 permanent stations from other 
agencies, mainly from the Swiss Seismological Ser-
vice (SED) and the French Seismological and Geo-
detic Network (Résif-RLBP), and with several mostly 
temporary installed stations from the Karlsruhe Insti-
tute of Technology (Ritter 2017; Ritter et  al. 2019) 
and the AlpArray working group (2015). The stations 
are predominantly placed near the seismically most 
active areas. Strong motion stations are used as well 
as high-gain stations. See more details regarding the 
seismic network in the Section 9 and in Table 4.

The local magnitudes MBW
L

 (BW: Baden-Württemberg) 
of the earthquake catalogue are determined based on the 
relation by Stange (2006):

Hereby, log10 is the logarithm to base 10. PGDWA 
is the peak ground displacement as mean-to-peak 
amplitude of a simulated Wood-Anderson seismom-
eter. r is the hypocentral distance.

(1)M
BW
L

= log10
(

PGDWA
)

+ 1.11 ⋅ log10(r) + 0.95 ⋅ 10−3 ⋅ r + 0.69.

The local magnitudes are converted to pseudo 
moment magnitudes using empirical relations 
by Edwards et  al. (2010) and Deichmann (2017). 
Edwards et al. (2010) determined the relation

between local magnitudes ( 1.3 < MSED
L

< 5.3 ) and 
moment magnitudes. Hereby, the moment magni-
tudes are derived through a spectral fitting method 
and MSED

L
 are the local magnitudes from the SED. 

Years of expierience let us assume that MBW
L

≈ MSED
L

 
and use Eq.  2 to determine pseudo moment magni-
tudes from the local magnitudes of the EDSW.

To expand the moment magnitude estimation to 
weaker events with ML < 1.3 , we use the scaling 
relation

derived by Deichmann (2017) for events with magni-
tudes below a certain threshold. We integrate this 
scaling relation into Eq. 2 for local magnitudes below 
the threshold of ML = 2 where the slope �ML

�MW

 of Eq. 2 
equals 3

2
 . Finally, we apply

to determine pseudo moment magnitudes from the 
local magnitudes of the earthquake catalogue of the 
EDSW.

2.2 � PGA extraction

The waveform data are available as event data with 
a typical length of 2 to 3 min. Traces from high-gain 
seismometers and strong-motion accelerometers are 
used. The sampling rates are predominantly set up at 
100 Hz (high-gain instruments) and 200 Hz (strong-
motion instruments).

The PGA-values are extracted by means of the fol-
lowing steps in an automatic procedure: The linear 
trends were removed, a band-pass filter from 1 to 35 
Hz was applied, velocity traces were differentiated, 
the vector sum of horizontal acceleration was calcu-
lated sample for sample, and finally the maximum 
absolute values were extracted. To reject traces that 

(2)
MW = 1.02 + 0.472 ⋅MSED

L
+ 0.0491 ⋅MSED2

L
± 0.15

(3)
ML

MW

=
3

2

(4)M
W

=

⎧

⎪

⎨

⎪

⎩

2

3
⋅M

BW

L
+ 0.8267 for: M

BW

L
≤ 2

1.02 + 0.472 ⋅M
BW

L
+ 0.0491 ⋅M

BW2

L
± 0.15 for: M

BW

L
> 2
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are masked by noise, we estimated the noise level 
from a time window before the first arrivals.

The resulting data set consists of about N = 19100 
extracted PGA-values from more than 1200 earth-
quakes and about 110 stations (Fig.  2, Table  4). 
Hereby, only stations with at least 14 extracted PGA-
values are considered.

The amount of data is unequally distributed with 
respect to source region, hypocentral distance, and 
magnitude (cf. Figs. 1, 3, and 4). Most PGA-values are 
associated with earthquakes in the regions SR, BO, SA, 
MR, SW, and NR (about 1000 to 6000 values each), 
whereas in others only a few PGA-values are extracted 
(see Table  1). Figures  3 and 4 show the number of 
PGA-values of a data subset (used during the optimi-
sation of the coefficients; details in Section  4.1) with 
respect to the hypocentral distances and to the event 
magnitudes. Most PGA-values (300 to 700 values per 
5-km-bin) are available within the hypocentral distance 

range from 25 to 125 km. At smaller and larger dis-
tances, the number of values decreases to about 50 per 
5 km and 80 per 5 km. Regarding the magnitude dis-
tribution, we see that most PGA-values correspond to 
earthquakes with small magnitudes. From MW = 1.6 to 
2.3, about 1000 values are available within a magnitude 
bin (width of 0.1). The number of values decreases to 
roughly 100 values per bin for magnitudes of above 3.2. 
About 200 values are available for the magnitude bins 
between MW = 1.4 and 1.6, respectively.

3 � Investigated ground motion models

We test various functional forms using the ansatz

(5)
log10(PGA)

pred
e,s

=fgeom(re,s,Me) + fatn(re,s)

+ fMoho(re,s) + fM(Me) + ss + c

Fig. 2   Map of seismic sta-
tions for which PGA-values 
are determined. Seismo-
geographical regions as in 
Fig. 1 and Table 1
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with fgeom(re,s,Me) to account for geometrical spread-
ing, fatn(re,s) for apparent anelastic attenuation 
(intrinsic attenuation and scattering), fMoho(re,s) for 
Mohorovičić reflections and fM(Me) for the PGA-
increase with increasing event magnitude. c is a 

constant and ss are station corrections to account for 
site effects. log10(PGA)pred represents the predicted 
logarithm of PGA (PGA in m/s2 ) and r is the hypo-
central distance (in km) to a point source that is 
assumed. For the magnitude M, we use the pseudo 

Fig. 3   Number of used 
PGA-values per distance 
bin (width of 5 km)

Fig. 4   Number of used 
PGA-values per magnitude 
bin (width of 0.1)
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moment magnitudes (cf. Section 2.1). The indices e 
and s represent different events and stations.

3.1 � Basic GMPE

Starting point is a GMPE which considers both sim-
ple geometrical spreading by defining

and apparent attenuation by defining

as functions of the hypocentral distance. In the case 
of a homogeneous, unbounded medium, the coeffi-
cient a equals −1.

For the magnitude-scaling, we assume a linear 
dependency:

A quadratic dependency was also tested, but stabil-
ity of the results and a significant variance reduction 
could not be achieved.

We refer to the resulting basic GMPE

as GMPEbasic.

3.2 � An expression for reflections from Mohorovičić 
discontinuity

Several studies have already reported or investi-
gated the impact of the Mohorovičić discontinu-
ity on observed peak amplitudes (e.g. Bakun and 
Joyner 1984; Burger et al. 1987; Mori and Helm-
berger 1996; Bragato et al. 2011; Sugan and Vuan 
2012, 2014). However, to our knowledge, GMPEs 
which explicitly account for the observed impact 
are rare (e.g. Chiou and Youngs 2008, 2014).

After taking notice of strong Mohorovičić 
reflection phases for recorded earthquakes at Con-
stance/BO in 2019 and because of the observed 
PGA-deviations (cf. Fig.  8) from the prediction 
of the GMPEbasic in the distance range beween 
about 50 and 160 km, we introduce a heuristically 
defined term

(6)fgeom(re,s) = a log10(re,s)

(7)fatn(re,s) = b re,s

(8)fM(Me) = d ⋅Me.

(9)
log10(PGA)

pred
e,s

= a log10(re,s) + b re,s + c + d ⋅Me + ss

with rmin = 50 km and rmax = 160 km to account 
for energy reflected at the Mohorovičić discontinu-
ity. The coefficient g scales the amplification within 
the distance range and will be determined during the 
inversion procedure. g = 0 corresponds to a vanished 
impact of the Mohorovičić term fMoho(r) . We refer 
to corresponding GMPEs which contain fMoho(r) as 
GMPEMoho.

It might be advantageous to consider rmin and rmax 
as a function of crustal thickness and source depth. 
However, we perferred in this study with data from 
a rather narrow area to begin with suitable values for 
the overall data set.

3.3 � Intermediate wavefield approximation

As it can be seen later (Fig. 8), we do not recognise a 
near-source saturation at small hypocentral distances, 
what is typically observed on near-source recordings 
of stronger earthquakes. But a tendency of increasing 
residuals with decreasing hypocentral distance is pre-
sent at small hypocentral distances ( r < 30 km) when 
the models GMPEbasic or GMPEMoho are applied. 
Hence, we introduce an additional term to model a 
steep PGA-decay at short distances.

We consider the intermediate and far S-wavefield 
of a general moment-tensor source as stated by Lok-
mer and Bean (2010) and allow several simplifica-
tions by (1) considering only the wavefield at predom-
inant period T0 , (2) neglecting azimuthal dependency 
of source radiation patterns, (3) neglecting periodici-
ties with number of wavelengths, (4) assuming that 
peak motion decay behaves mathematically as the full 
wavefield, and (5) using empirical relation between 
magnitude and predominant period T0 (see details in 
Appendix A.5). Then, we get an alternative definition 
of the geometrical decay:

with a = −1 , p = −1 for homogeneous unbounded 
media, m ≈ 0.5 estimated from empirical relations 
between magnitude and predominant period T0 (cf. 
values stated by Sato 1979), and z = �

2�
⋅ 10c

� . � is the 

(10)fMoho(r) =

⎧

⎪

⎨

⎪

⎩

log10

�

1 + g sin2
�

r−rmin

rmax−rmin

⋅ �

��

for: rmax ≥ r ≥ rmin

0 otherwise

(11)
fgeom(r,M) = a log10(r) + log10

(

1 + z ⋅ 10m⋅M ⋅ rp
)
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S-wave velocity in km/s. c′ is a constant which ranges 
between −1.2 and −2.6 in the empirical relations 
stated by Sato (1979).

Models which consider both a geometrical decay 
of Eq.  11 and a Mohorovičić reflection term will 
be tested. The corresponding GMPEs are named 
GMPEMoho,IS.

4 � Optimisation approach

4.1 � Procedure

We apply the following three-phase optimisation 
procedure.

At the beginning of one iteration, we optimise the 
coefficients a, c, d, g, and z. During this phase A, we 
minimise the weighted cost function

by applying the Trust Region Reflective algorithm 
(Branch et al. 1999; see Section 9). i is the increment 
of the data points; N is the number of the considered 
PGA-values. During phase A, only events are used, 
for which at least one PGA-value is available for dis-
tances below 80 km and simultaneously at least one 
PGA-value is available above 120 km. Thereby, the 
amount of PGA-values is reduced from more than 
19,100 to about 11,900. The coefficients b (apparent 
anelastic attenuation), p (steepness of the decay near 
the source), and m (magnitude-dependency of the 
near-source-decay) will be fixed to the a priori values 
throughout all phases of the optimisation procedure.

Within the following phase B, we calculate station 
corrections ss . These station corrections are achieved 
by computing the weighted median of the differ-
ences between the observed values log10 (PGA)

obs 
and predicted values log10 (PGA)

pred for each station 
respectively. Afterwards, the coefficient c and the 
median deviations are modified such that the sum of 
all median station corrections is zero. The station cor-
rections should account for site effects which capture 
parts of within-event residuals (c.f. Atik et al. 2010). 

(12)

C =
1

N

N
∑

i=1

wi ⋅
|

|

�di
|

|

=
1

N

N
∑

i=1

wi ⋅
|

|

|

log10 (PGA)
obs
i

− log10 (PGA)
pred

i

|

|

|

Further within-event residuals are caused by azi-
muthal variations in sources and by path effects.

To achieve magnitude corrections during phase C, 
we at first apply the ground motion models with the 
updated coefficients in a rearranged form to compute 
station magnitudes (event magnitudes as estimated from 
individual stations). Then, for each event, the median of 
the available station magnitudes is used to update the 
event magnitude. Magnitude corrections correspond 
to between-event residuals in the data domain (c.f. 
Atik et al. 2010). Other source effects (e.g. stress drop, 
style of faulting), which affect ground motion from 
earthquake to earthquake, might get projected into the 
pseudo moment magnitude. It is to mind that by incor-
porating magnitude corrections we allow adjustments 
of the predictor variable that controls ground motion 
adjustments from earthquake to earthquake.

We believe that the corrected magnitudes are less 
scattered compared to the initial local magnitude 
because the determined distance-decay of this study 
is based on a larger data set compared to the PGD-
decay by Stange (2006). This also applies to the sta-
tion corrections. However, the differences between 
the PGD- and PGA-amplitudes as well as the errors 
from applying the MBW

L
-MW-conversion are not 

assessed in this study. We denote the fitting param-
eters of phases B and C as magnitude corrections and 
station corrections to distinguish them from the coef-
ficients a, b, c, d, g, z, and p.

4.2 � Configurations

For the optimisation of the models, we perform eight 
iterations, whereby the magnitudes are first updated 
during iteration 4. The coefficients are initially set to 
a = −1.1 , b = −0.9 ⋅ 10−3 , c = −4.2 , d = 1 , g = 0 , 
and z = 0 . Hereby, a, b, and d are approximately 
chosen according to the modified Gutenberg-Richter 
attenuation curve for Baden-Württemberg by Stange 
2006; cf. Eq. 1). g = 0 and z = 0 represent vanished 
impacts of the Mohorovičić term and of the second-
order distance-decay.

We observed that the coefficent b could not be 
determined reliably (e.g. also physically not reason-
able, positive values of b were determined using 
data subsets) probably for the following reasons. 
The amplitude decay at hypocentral distances up to 
about 100 km is mainly controlled by the geometri-
cal decay and from about 50 to 160 km the decay is 
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also influenced by reflections from the Mohorovičić 
discontinuity. Such effects mask the impact of the 
anelastic attenuation and aggravates the determi-
nation of a physically reasonable value of b for our 
data set with a hypocentral distance limit at 200 km. 
Consequently, we fixed the b to the initial value of 
−0.9 ⋅ 10−3.

For the optimisation of the GMPEMoho,IS , we fixed 
m = 0.5 and p = −1 . This corresponds to the empiri-
cal and theoretical considerations of Section 3.3. Four 
iterations are performed, whereby the magnitude cor-
rections from GMPEMoho are incorporated (and fixed) 
already at the beginning of the optimisation procedure.

4.3 � Data weighting

The availability of data with respect to different 
source regions, hypocentral distances, and magnitude 
ranges differ considerably. We use data weights to 
balance the impacts of different source regions, hypo-
central distances, and magnitude ranges. We define 
magnitude bins with a width of 0.1 and distance bins 
with a width of 5 km. We count the number of PGA-
values that correspond to the individual bins. Addi-
tionally, we count the PGA-values of earthquakes that 
are located in the same seismogeographical region. 
Then, each PGA observation i is weighted by

during the optimisation of the model coefficients 
(phase A) and by

during the computation of the station corrections 
(phase B). The numbers Nreg,i , nreg,i , Nmag,i , and Ndist,i 
are the counts of the PGA-values belonging to the 
same region, magnitude bin, or distance bin as the 
observation i.

The number nreg,i differs from Nreg,i because for the 
optimisation of the coefficients (phase A) we decided 
to include only the earthquakes for which PGA-val-
ues from r < 80 km and r > 120 km are simultane-
ously available. But for the computation of station 
corrections, all PGA-values were used. To determine 
magnitude corrections (phase C), all available PGA-
values of each event are used and weighted uniformly.

(13)wcoeff,i =
1

Nreg,i

⋅

1

Nmag,i

⋅

1

Ndist,i

(14)wsta,i =
1

nreg,i

4.4 � Bootstrap analysis

To estimate the statistical uncertainty for the coeffi-
cients of the model GMPEMoho , a bootstrap analysis 
(c.f. Efron and Gong 1983) is performed with more 
than 250 replications. Each replication consists of 
the same number of data points as the original data 
set, whereby an individual data point can be selected 
repeatedly from the original data set. Data weights 
are recalculated according to Section  4.3 and based 
on the individual data set of each replication.

5 � Optimisation results

5.1 � Optimised median ground motion models

Figure  5 shows the misfit reduction in the case of 
the GMPEMoho after each iteration phase (A, B, C 
as described in Section  4.1). The misfit is measured 
using the weighted cost function Cwcoeff,i

 (with weights 
wcoeff,i ) and using the unweighted cost function Cwi=1

 . 
The misfit is reduced by about 6% after the first opti-
misation. The introduction of station corrections 
reduces Cwi=1

 and Cwcoeff,i
 by about 20% of the initial 

values. From iteration 2 to phase B of iteration 4, Cwi=1
 

and Cwcoeff,i
 do not change significantly. The introduc-

tion of magnitude corrections during the 4th iteration 
reduces Cwi=1

 and Cwcoeff,i
 from about 75 to about 62% 

of the initial values. No significant changes can be 
observed during the iterations 5 to 8.

Figure 6 illustrates the distance-decay and magni-
tude-scaling of the final model GMPEMoho,IS together 
with the data points. Table 2 (and Supplementary File 
9) shows the coefficients and the unweighted cost 
function Cwi=1

 of the optimised models. The integra-
tion of the additional term fMoho(r) reduces Cwi=1

 by 
10% with respect to the GMPEbasic . Cwi=1

 of the 
GMPEMoho,IS with m = 0.5 and p = −1 is reduced by 
about 0.1% with respect to Cwi=1

 of GMPEMoho . The 
final misfit for GMPEMoho,IS measured using the 
standard deviation is � =

�

1

N

∑

i
�

�

�di
�

�

2
= 0.36.

5.1.1 � Distance‑decay and the impact of  f
Moho

The optimised geometrical decay coefficient a of the 
GMPEbasic and the GMPEMoho lies at −1.61 and −1.59 , 
whereby the 16th and the 84th bootstrap percentiles of 
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GMPEMoho are determined at −1.63 and −1.33 . This 
result is consistent with the observed decay ( a ≈ −1.5 ) 
in the study of Frankel et  al. (1990) who applied the 

reflectivity method (Kennett 1980; Kind 1977; Müller 
1985) for SH seismograms from an isotropic source in 
a horizontally layered model.

Fig. 5   Misfit after each 
iteration phase measured by 
C
w
i
=1 and C

wcoeff,i
 in percent 

to the initial misfit

Table 2   Final coefficients 
and the unweighted cost 
C
w
i
=1 in log10(m/s2). Fixed 

coefficients are bold. b is 
fixed to −0.0009 in any case

Model a c d g z p Cwith w
i
= 1

Basic −1.61 −2.87 0.98 0 0 − 0.2215
Moho −1.59 −3.47 1.12 0.61 0 − 0.1989
Moho IS −1.58 −3.50 1.13 0.61 0.0054 −� 0.1987

Fig. 6   Spatial PGA-
decay of the averaged 
GMPEMoho,IS for moment 
magnitudes of 0.5, 2.5, and 
4.5 as well as the observed 
PGA-values after applying 
the derived station correc-
tions. Moment magnitudes 
after applying the magni-
tude corrections are colour-
coded. The dot size is a 
function of the data weight
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The values of the regressed coefficient g are about 
0.5 to about 0.6 which corresponds to a maximum 
amplitude max(fMoho(r)) = log10(1 + 0.6) = 0.2 of 
Eq.  10 within the log-space. This corresponds to a 
PGA-amplification factor of 1.6. Optimisations with 
data subsets indicate a strong variability depending 
on the source region. Data with earthquakes only 
from SA or BO yield g ≈ 1.1 (PGA-amplification fac-
tor of about 2.1). Data from MR, NR, and SR yield 
values of 0.3 to 0.5. In contrast, earthquakes from SW 
yield a value of g ≈ 0 (cf. Table 5).

Considering the median models in Fig. 7, we see 
that increased PGA-values between hypocentral dis-
tances of about 75 and 130 km are predicted after 
including fMoho in fgeom . Simultaneously, the median 
PGA-values below 75 km and above 130 km are 
decreased. The changes of the median curves are in 
the range of about ±0.1 . In comparison, the changes 
due to the inclusion of the higher-order distance-
decay are insignificant. Consequently, the use of the 
simpler Eq. 6 arises to be preferable to Eq. 11 for the 
given data set.

Figure  8 shows the distance-dependence of the 
residuals in the case of GMPEbasic and GMPEMoho . 
We can see that the tendency of rather positive resid-
uals from 75 to 130 km could be reduced due to the 
term fMoho . However, a tendency of negative residuals 

between 15 and 60 km in contrast to rather positive 
residuals at smaller and larger offsets remains.

5.1.2 � Uncertainty, local variability, and magnitude 
corrections

For GMPEMoho , we determine the standard devia-
tion on predicted log10(PGA)-values as a function of 
magnitude and distance (Fig.  9) by propagating the 
bootstrap standard deviations of the model parame-
ters (Table 6) into the data domain. At r > 30 km and 
1.5 < M < 3.5 , the standard deviation is below 0.25 in 
log10(m/s2 ), whereas for M = 2.5 and r > 30 km val-
ues below 0.1 are determined. As it can be expected 
from the observed data residuals, the determined 
standard deviations strongly increase towards the epi-
center at r < 20 km. However, the bootstrap distribu-
tion of the model parameters is slightly skewed (c.f. 
Figures of the Suplementary Files 1 to 4) and results 
to an asymmetric distribution of the deviations rela-
tive to the original result in the log10(PGA)-domain 
(Fig. 10). For M = 3 , there are rather outliers below 
the original, whereas for M = 2 there are rather outli-
ers above the original curve.

Figure  11 shows two examplary distance-decays 
(rather extreme cases) fitted to PGA-data subsets 
with earthquakes only from BO and SW respectively. 

Fig. 7   Optimised median 
ground motion models
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In the case of BO at around r ≈ 100 km, the devia-
tions from the median model of the full data set reach 
the same magnitude ( ≈ 0.2 ) as the bootstrap stand-
ard deviation of the full data set. In the case of SW, 
the deviations reach values of about 0.25 at r > 140 
km. Optimised decays of models from earthquakes at 
some further regions are shown in the Figure of the 
Supplementary File 5.

Figure  12 shows the magnitude corrections in 
dependency of the initial pseudo moment magnitudes. 
These magnitude corrections can also be understood 
as removals of between-event residuals. For ground 
motion predictions, they would reflect the variabil-
itiy of median ground motions from earthquake to 

earthquake, if the event magnitudes are determined 
in accordance with the initial pseudo moment magni-
tudes of this study.

We observe a slight trend of increasing magnitude 
corrections with the initial magnitude: corrections 
of about −0.1 at an initial magnitude of 1.4 to cor-
rections of +0.1 at an initial magnitude of 3.2. Such 
a trend could be resolved by decreasing the value of 
coefficient d. Since the regression does not provide a 
decreased d, it seems that such a decrease of the coef-
ficient also contradicts the PGA data set.

The trend might reflect a systematic correction 
of the initial magnitudes. However, this trend might 
also arise from deficiencies of the new optimised 

Fig. 8   PGA-residuals 
between observations and 
fitted GMPEMoho after 
applying station corrections 
and magnitude corrections. 
Dots represent individual 
PGA-measures whereby the 
dot size is a function of the 
data weight. Top: The cyan 
(blue) line is the course 
of the average (moving 
median with a width of 151 
values) in the case of the 
GMPEMoho ( GMPEbasic ). 
Bottom: The cyan line 
represents a aquadratic fit of 
the residuals ( GMPEMoho ) 
up to 35 km
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model. These might be shortcomings of the linear 
magnitude-scaling (see for non-linear scaling, e.g. 
Munafò et al. 2016), but also remaining deficiencies 
of the distance-decay might be projected into the 
magnitude corrections.

5.1.3 � Distance‑decay at small hypocentral distances

We observe a trend of decreasing PGA-residuals 
with distance in the range up to 30 km which could 
not be explained from GMPEMoho (Fig.  8). We 
aimed for reducing this trend by introducing the 

Fig. 9   Bootstrap standard 
deviation for different mag-
nitudes and in dependency 
of the hypocentral distance

Fig. 10   Distance-decays of 
individual bootstrap replica-
tions (M=2 and M=3 of 
GMPEMoho)
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second-order magnitude-dependent distance term 
log10

(

1 + z ⋅ 10m⋅M ⋅ rp
)

 . However, this trend is 
hardly reduced using GMPEMoho,IS with p = −1 and 
m = 0.5 and the value z = 0.0054 is lower than it 
might be expected. Assuming an S-wave velocity 
of � = 3.5 km/s and c′ between −1.2 and −2.6 (cf. 

Section 3.3), z is expected in the range between 0.013 
and 0.347.

Further tests with changed values p and m or with 
regressing p and m partially show increased values of 
z. But these regressions also do not provide signifi-
cantly improved data fits or they even show instable 
behaviours. The trade-offs between the coefficients 

Fig. 11   Median distance-
decays ( M = 3 ) of 
GMPEMoho, IS optimised 
to the full data set as well 
as to selected data with 
earthquakes at SW and BO. 
Furthermore, the corre-
sponding bootstrap standard 
deviations derived from 250 
(full data set) and 200 (BO, 
SW) replications are shown

Fig. 12   Optimised 
magnitude corrections (to 
GMPEMoho ) in dependence 
of the initial moment mag-
nitude of individual events
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seem to be too large to allow a credible determination 
of them.

5.2 � Site responses in geological context

We inspect the station corrections (see Fig.  13 and 
Table  4) of GMPEMoho,IS in relation to geological 
units and rock type, and summarise the observed sta-
tion corrections for groups of station sites. Thereby, 
we use geological maps and subsurface information 
from several public authorities and Seismological 

Services (see Section  9). In the following, we 
describe the summarised station corrections as listed 
in Table  3. In the case of specific interests, more 
details can be found in Appendix A.2.

The derived station corrections to account for 
site effects indicate known relations between rock 
types and amplification. The surficial lithology can 
explain the regional trends of the station corrections 
at a first order. Rather negative station corrections 
can be observed towards the Alps (e.g. GF, BY, WF) 
or at subsurface stations. Moderate corrections are 

Fig. 13   Derived station corrections of GMPEMoho,IS . The 
arrow direction represents the depth of the station below the 
surface. An upward arrow represents a station at the surface. 

The rotation angle of the arrow increases with depth of the sta-
tion until a depth of 50 m (downward arrow). Abbreviations 
of the seismogeographical regions, as defined by Leydecker 
(2011), are explained in Table 1
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commonly observed on (1) magmatic, metamorphic, 
and consolidated sedimentary rocks of the Black for-
est; on (2) Jurassic limestones of the Swabian Jura and 
Eastern Württemberg (SA, EW); and on (3) Devonian 
clay- and siltsones of the central area of the Rhenish 
Massif. Positive station corrections are present on the 
Quarternary sediments within the Upper Rhine Gra-
ben of SR and NR, and on the Quarternary sediments 
of the Swabian Jura and Eastern Württemberg.

Of particular note is that the stations on the Swa-
bian Jura and Eastern Württemberg show large vari-
abilities which can be explained with the alteration 
of surficial limestones and the existance of surficial 
sedimentary layers. Such high variabilities could 
also exist in other regions, but might be undissolved 
due to a limited density of the station network. Also 
within individual station groups, the span widths of 
the station corrections range from 0.3 to 0.8 indicat-
ing that other unconsidered ground motion effects are 
essential.

The median station corrections of the groups c to 
f range between −0.11 and 0.16. These groups corre-
spond to the class A of the Eurocode 8 (rock condi-
tions), so that we can confidently define the class A 
of Eurocode 8 as reference rock of the derived model. 

Regarding the regulations in Germany where DIN EN 
1998-1/NA:2021-07 is applied, the reference of the 
GMPE corresponds to foundation ground class (Bau-
grundklasse) A combined with the geological under-
ground class (geologische Untergrundklasse) R.

6 � Comparison with available ground motion 
models

We compare the deduced model GMPEMoho,IS with 
ground motion models by Boore et al. (2014); Atkin-
son (2015) and Bindi et  al. (2017). The comparison 
models are based on subsets of the NGA-West2 data-
base (Ancheta et  al. 2014) which comprises global 
data from active crustal regions.

Boore et  al. (2014) applies a sophisticated func-
tional form that considers many ground motion effects 
and is derived from earthquakes with 3 ≤ MW ≤ 7.9 . 
The model by Bindi et  al. (2017) is specifically 
designed for hazard assessments in areas with low-to-
moderate seismic activity. They apply a simpler func-
tional form, but still consider most important motion 
effects as magnitude-dependent distance-decay, 
saturation of magnitude-scaling, and site effects that 

Table 3   Station groups with the median, standard deviation �g , minimum, and maximum of the station corrections s
s
 in log10(m/s2 ) 

for each group (DEP12 is not counted, since it is replaced by GLOK at the same location)

Group Group description Median �g Min. Max.

a Northern Limestone Alps −0.66 − −0.65 −0.70
DAVA, RETA, OBER

b Molasse rocks or Quarternary layer above molasse rocks of BO −0.32 0.23 −0.51 0.13
A103D, UBR, TETT, KONZ, STEIN, SISB, WALHA

c Jurassic limestone of SA and EW −0.11 0.22 −0.33 0.24
MSS, ERPF, BHBD, GUT, BUCH, ZWI, HDH, DEGG

d Devonian clay-and siltstone of Rhenish Massif −0.07 0.18 −0.32 0.31
AHRW, BEUR, DEP08, RIVT, ABH, FSH, GWBD,
OCHT, GWBC, GLOK (DEP12), DEP14, TDN, TNS, BHE

e Magmatic, metamorphic on URG shoulders 0.03 0.10 −0.10 0.22
WBA, WBB, KTD, ECH, PEB, VOEL, METMA,
ENDD, FELD, BERGE, OPP

f Triassic consolidated sedimentary rocks on URG shoulders 0.16 0.22 −0.22 0.42
LBG, BRET, GALG, A124A, SLE, WBG, FLIN, MILB, A115A

g unconsolidated sediments above Tertiary rocks in URG basin 0.31 0.18 0.03 0.51
FBB, A123A, WLS, BREM, LOES, BREI, OFFE, FREI, STAU​

h unconsolidated sediments (thickness > 10 m) of SA and EW 0.43 0.14 0.30 0.73
JUNG, BALG, SAUL, EBIN, TUEB, MSGN, REUL, A108A
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correlate with near-surface rocks/S-wave velocities 
vS30 . The model by Atkinson (2015) is rather suited to 
very shallow or induced seismicity with 3 ≤ MW ≤ 6 
and focuses on ground motion at hypocentral dis-
tances less than 40 km.

The distance-decays of the models are shown in 
Fig. 14 for MW = 3 , vS30 = 1000 m/s, and for PGA-
values from maximum rotated horizontal com-
ponents. Therefore, adjustments from Boore and 
Kishida (2016) are applied to achieve PGA-values 
from maximum rotated horizontal components, and 
the site response model from Boore et  al. (2014) 
is applied on the model from Atkinson (2015). 
Whereas the models by Atkinson (2015) and Bindi 
et al. (2017) show the ground motion from unspeci-
fied focal mechanisms, a strike-slip mechanism is 
selected for the model by Boore et al. (2014). The 
model by Boore et  al. (2014) is shown for two 
cases of attenuation: moderate apparent anelastic 
attenuation (California, New Zealand, and Taiwan) 
and low apparent anelastic attenuation (China and 
Turkey).

GMPEMoho,IS predicts higher PGA at r > 70 km. 
High predictions of GMPEMoho,IS in the range from 
about 70 to about 150 km are comprehensible due 
to the incorporation of the term fMoho(r) . At r < 70 
km, both the model GMPEMoho and the model 
GMPEMoho,IS most widely resemble the median 
decays of the comparison models. For distances from 
4 to 40 km, the differences between the prediction of 
GMPEMoho,IS and the model by Atkinson (2015) are 
in the range between about −0.1 and +0.1 (in log10
-space). Although the use of the second-order geo-
metrical decay has not resulted in a remarkably 
steeper decay at the very close distances, we see that 
GMPEMoho,IS still approximates the model by Atkin-
son (2015) at the very small distances.

Relatively high PGA are observed in the case of 
GMPEMoho,IS at distances r > 160 km. This might be 
due to an actual low anelastic attenuation in the study 
area — lower than for the areas of China and Turkey. 
Also, the studies by Kotha et  al. (2020, 2022) indi-
cate lower attenuation (at 10 Hz) for the Northern 
Alps and for the URG (the northwesetern end of their 
study area) than for Turkey. However, low attenua-
tion might also be pretended by a wider impact of the 
reflection phases that is not covered by fMoho(r) , or 
by inconsistencies of the determined magnitudes (cf. 
Section 5.1.2).

Figure 15 shows the predicted PGA-values for the 
different models as a function of magnitude at a hypo-
central distance of 40 km. The slope of GMPEMoho,IS 
seems to be quite reasonable as an extension of the 
comparison models towards lower magnitudes. Nev-
ertheless, we recognise a larger slope of GMPEMoho,IS 
together with rather large PGA-values at magni-
tudes MW > 3.5 . This suggests that an extrapolation 
of GMPEMoho,IS is doubtful. At a magnitude of 5, 
GMPEMoho,IS predicts PGA-values which are about 3 
times larger ( +0.5 in log10-space) than the comparison 
models.

7 � Discussion

7.1 � Median ground motion model

We fitted GMPEs to observed peak ground accelera-
tion (PGA) using the earthquake catalogue and the 
recordings of the EDSW. The initially applied func-
tional form considers first-order geometrical spread-
ing, linear magnitude-scaling, and apparent anelastic 
attenuation. For that, the PGA-values were extracted 
in an automatic process and weights are used dur-
ing the fitting process to balance impacts of different 
hypocentral distances, magnitude ranges, and the dif-
ferent seismogeographical regions. The composition 
of the data set was not declustered regarding earth-
quake similarities (due to similar locations and source 
mechanisms or due to similarities of main, fore-, and 
aftershock). The use of respective selection condi-
tions might enhance the quantification of the motion 
effects in future developments. However, we deduce 
the following aspects regarding the derived median 
ground motion model:

(1) The incorporation of the heuristically defined 
term fMoho(r) to consider wavefield contributions 
reflected from the Mohorovičić discontinuity results 
in more uniform distributed median residuals with 
respect to the hypocentral distance. The scale of 
impact of the reflections on the observed PGA-values 
appears be comparable to the scale of impact from 
varying lithologic conditions of the near-surface. 
However, tests with data subsets show that also the 
impact of the reflections depends essentially on the 
region (Section 5.1.2).

The distance-decay of GMPEMoho,IS deviates from 
models by Boore et al. (2014) and Bindi et al. (2017) 
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whereby the introduced term fMoho(r) plays an essen-
tial role. We believe that the ground motion of the 
study area might be more influenced from wavefield 
contributions reflected from the Mohorovičić dis-
continuity than the areas of the comparison models. 
We conclude that before applying a ground motion 
model, the target area needs to be examined regard-
ing the impact of Mohorovičić reflections, and that 

the models should account for the energy reflected 
from Mohorovičić discontinuity as the circum-
stances require. This may also be substantial for 
hazard assessments, since observations by Bragato 
et al. (2011) from intensity measures at the Po plain 
(Northern Italy) suggest that the Mohorovičić dis-
continuity effect also applies to earthquakes with 
ML > 5.5.

Fig. 14   Top: GMPEMoho,IS 
in comparison with 
models by Boore et al. 
(2014); Bindi et al. (2017) 
and Atkinson (2015) for 
vS30 = 1000 m/s, MW = 3 
and for PGA-values from 
maximum rotated horizon-
tal components. The models 
are shown as a function of 
hypocentral distance with 
exception of the model by 
Boore et al. (2014) which is 
in dependence of Joyner-
Boore distance. More 
settings and adjustments are 
described in Section 6. Bot-
tom: close-up for hypocen-
tral distances up to 15 km
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In future derivations of ground motion models, 
a scaling of the effect (coefficient g) depending 
on source and site region is conceivable. It would 
be useful to establish clear correlations between g 
and seismological variables such as source depth, 
style of faulting, or variables of the Mohorovičić 
discontinuity (depth, dip, velocity contrast). At the 
moment, based on the 6 g-values from various sub-
region data sets, it is difficult to derive meaningful 
correlations. Another possible modification of the 
model is an adjustment of the coefficients rmin and 
rmax (Eq.  10) according to typical distance ranges 
where the reflections occur. Assuming that the 
source depth and the depth of the Mohorovičić dis-
continuity mainly control the range of the reflection 
occurances, it could be advantageous to make rmin 
and rmax dependent on the local seismogenic depth 
and the depth of the Mohorovičić discontinuity. 
Maybe, by introducing such dependencies, the coef-
ficient g would get less region dependent.

(2) Based on theoretical considerations of a gen-
eral moment-tensor source, a magnitude-dependent 
second-order geometrical spreading term fgeom(r,M) 
(Eq. 11) is introduced. The scope was to reduce the 
trend of decreasing PGA-residuals with distance in 
the range up to 30 km, which could not be explained 
from GMPEMoho . However, the trend is hardly 
reduced using GMPEMoho,IS . This might come from 

the approximations of Eq. 11 with fixed values p and 
m, or from too small weights of the data points which 
are influenced by the assumed second-order decay. 
Consequently, modelling of the second-order geomet-
rical spreading effect is prevented although the effect 
might exist. However, it is also possible that the data 
set deceives a near-source effect in the PGA-distance 
relation and the assumed effect actually is negligible.

Looking at the data composition, we see that the 
PGA-values with r < 10 km and from events with 
M > 2.5 are almost exclusively from earthquakes at 
SA and BO. Near-source records from events with 
M > 2.5 at other regions are lacking. A more sophis-
ticated data set seems to be neccessary to resolve the 
particularities of the PGA-decay at very small dis-
tances and might allow a stable optimisation for z, p, 
and m. We believe a more appropriate data set to study 
the near-source behaviour contains ground motion 
measures of direct phases, whereas other measures 
from other phases (like Mohorovičić reflections) are 
excluded. To gather near-source measures, it might 
be helpful to pursue the seismicity at the geothermal 
power plants of the region. However, it is likely neces-
sary to complement the regional data with global data 
to achieve a balanced data distribution with respect to 
magnitude, distance, and source depth.

(3) Due to local ground motion particularities 
and possible interaction between magnitude-scaling 

Fig. 15   Magnitude scal-
ing of GMPEMoho,IS in 
comparison with models by 
Boore et al. (2014); Bindi 
et al. (2017) and Atkinson 
(2015) for vS30 = 1000 m/s, 
MW = 3 and for PGA-val-
ues from maximum rotated 
horizontal components
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and distance-decay, we cannot decide whether the 
derived ground motion model is directly applica-
ble to other regions, although the comparison with 
other models implies reasonability. Robust methods 
that determine moment magnitudes independently 
from peak motion observations are needed to avoid 
interactions with the distance-decay and to avoid 
errors from applying empirical magnitude relations. 
However, by determining local magnitudes as well 
as pseudo moment magnitudes MW in consistency 
with this study, an application of the derived model 
at the study area makes sense to account for ground 
motion particularities.

(4) We do not recommend to use the derived 
model for earthquakes above the upper mangitude 
limit ( M = 3.7 ) of the data due to the following 
reasons. Figure  9 shows rather high uncertainties 
at M = 3.5 and the derived median model deviates 
remarkably at M > 3.8 from the comparison models 
(Section 6). The bootstrap analysis shows an asym-
metric distribution (c.f. Section  5.1.2) regarding 
coefficient d. This might indicate unresolved effects 
which interfere the determination of the coefficient 
d. Furthermore, as stated in Section 1.2, the assumed 
linear magnitude-scaling contradicts the observed 
non-linear magnitude-scaling of other ground motion 
models for larger earthquakes.

7.2 � Site response in the study area

Although the observed trends appear most widely 
reasonable, an accurate quantification is difficult 
because the variations within each site group are in 
the same order as the median differences between 
the groups. Biases due to varying prevailing source 
depths, source mechanisms, and source-to-station 
geology could be essential since the stations of each 
station group are limited to a narrow area. For a thor-
ough interpretation, these factors need to be further 
investigated and quantified. Also, differences with 
respect to the prevailing phases which commonly 
generate the peak motion at the individual stations 
might manipulate the observed station corrections. 
For instance, at one station, the peak motion is rather 
caused by Mohorovičić reflections, whereas at other 
stations this is seldom the case. Probably, site char-
acterisations derived from borehole measurements or 
surface waves analyses (e.g. compare Garofalo et al. 

2016a, b) are neccessary to resolve the impact of the 
near-surface rocks from other effects reliably.

8 � Conclusions

The optimised model GMPEMoho,IS predicts horizon-
tal PGA from shallow crustal earthquakes with mag-
nitudes of about 1 < MW < 3.8 at the study area. The 
model accounts heuristically for Mohorovičić reflec-
tion phases, which appears important depending on 
the considered region. The inclusion of the second-
order distance-decay term is not adjusting the pre-
diction to a steeper near-source decay at r < 30 km, 
although an increased steepness is seemingly sug-
gested by the data. We believe that a more sophis-
ticated data set is needed to investigate near-source 
effects of shallow earthquakes.

The stations are grouped with respect to the 
local geological conditions and can be used to esti-
mate expected site amplifications at a first order. 
The local lithology explains a strong variability of 
observed corrections within individual seismogeo-
graphical regions. Still, the spread of station cor-
rections within each station group indicates other 
essential, but unconsidered ground motion effects.

To benefit from the findings more comprehensively 
in context of seismic hazard assessments, further 
research is needed to extend the applicability of the 
model to larger magnitude ranges, or to integrate the 
findings into other available ground motion models. For 
further developments of the model, we suggest to (1) 
gather data from near-source records and from events 
with larger magnitudes (if available), (2) decluster the 
data regarding similarities of earthquakes, (3) expand 
the model to spectral accelerations, (4) test a regionali-
sation of the expression for the Mohorovičić reflection 
term, and (5) include events with moment magnitudes 
determined through spectral fitting methods.

9 � Data and resources

Information about the seismic activity of the recent 
years is provided by the the joint seismological ser-
vices of Baden-Württemberg and Rhineland-Palatinate 
(Erdbebendienst Südwest, EDSW). Maps of the seis-
mic activity of the recent years are shown on the web 
pages of Geological Survey of Baden-Württemberg 
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(Landesamt für Geologie, Rohstoffe und Bergbau 
Baden-Württemberg, Regierungspräsidium Freiburg 
2019, LGRB) and Geological Survey of Rhineland-
Palatinate (Landesamt für Geologie und Bergbau 
Rheinland-Pfalz 2020, LGB).

To derive the GMPE for Southwestern Ger-
many, the source parameters from the catalogue 
of the EDSW are used. Used stations are listed 
in Table 4. The waveform data are provided from 
State Seismological Services of Baden-Württem-
berg (LED; 2009); State Seismological Services of 
Rhineland-Palatinate (LER); Swiss Seismological 
Service (SED; 1983); French Seismological and 
Geodetic Network (Résif-RLBP; 1995); Hessian 
Agency for Nature Conservation, Environment 
and Geology (HLNUG; 2012); AlpArray work-
ing group (2015); Karlsruhe Institute of Technol-
ogy (KIT; cf. Ritter 2017; Ritter et al. 2019); Ger-
man Federal Institute for Geosciences and Natural 
Resources (BGR; 1976); Geological Survey of 
North Rhine-Westphalia (GD NRW; 215); Cen-
tral Institution for Meteorology and Geodynamics 
in Austria (ZAMG; 1987); GEOFON Data Centre 
(GEOFON; 1993); Paris Institute of Earth Physics 
and School and Observatory for Earth Sciences of 
Strasbourg (IPGP and EOST; 1982); Department 
of Earth and Environmental Sciences, Geophysical 
Observatory, University of Munich (LMU; 2001); 
Royal Observatory of Belgium (ROB; 1985); and 
European Center for Geodynamics and Seismol-
ogy (ECGS; 2013).

Le RLBP is member of Résif-Epos, a national 
Research Infrastructure (RI) managed by CNRS-Insu. 
Inscribed on the roadmap of the Ministry of Higher 
Education, Research and Innovation, the Résif-Epos 
IR is a consortium of eighteen French research organ-
isations and institutions. Résif-Epos benefits from the 
support of the Ministry of Ecological and Solidarity 
Transition — Doi Résif-RLBP : 10.15778/Résif.FR 
and 10.15778/Résif.RD

Data processing is performed using Python3 (Van 
Rossum and Drake 2009) with the ObsPy package 
(Beyreuther et  al. 2010) for waveform processing. 
To adjust the coefficients for the optimised ground 
motion model, the Trust Region Reflective algo-
rithm by Branch et  al. (1999) within the version 
1.2.3. of SciPy (Virtanen et al. 2020) is applied.

To gather geological subsurface information at 
the station sites, the geological maps from LGB 

(2020), LGRB (2019), HLNUG (2016), GD NRW 
(2020), Geological Survey of Austria (Geologis-
che Bundesanstalt in Österreich 2013), Bavarian 
Environment Agency (Bayerisches Landesamt für 
Umwelt 2020), and Geological and mining research 
bureau of France (Service géologique national 
Bureau de Recherches Géologiques et Minières, 
2016) are used. Moreover, the Site Characterisa-
tion Database of the SED (2015) is used. To retrieve 
estimated subsurface structures below the stations 
of Baden-Württemberg and the Upper Rhine Val-
ley, geological 3D subsurface models of the LGRB 
(2019) and the GeORG project 2019) are used.

Maps of Figs.  1, 2, and 13 are produced using 
the software QGIS 3.10 (QGIS Development Team 
2009) and using Copernicus data and information 
funded by the European Union - EU-DEM layers.
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Appendix A

A.1 List of stations and operators

Table 4   Stations 
used in this study, the 
corresponding operators 
or related project 
(abbreviations stated in 
Section 9), locations (WGS-
84 coordinates in decimal 
degree and affiliations 
to seismogeographical 
regions), number Nobs of 
the used PGA-values at 
each station, the determined 
station corrections s

s
 for 

GMPEMoho,IS , and the 
standard deviation �s (in 
log10(m/s2) ) of the observed 
log(PGA)-values for each 
station

Station Operator Lat. Lon. Region Nobs ss �s

A100A AlpArray 48.453 8.926 SA 166 −0.02 0.19
A103D AlpArray 47.801 9.550 BM 46 −0.35 0.44
A104C AlpArray 48.127 9.657 EW 48 0.02 0.48
A107D AlpArray 48.018 10.194 BM 28 0.25 0.38
A108A AlpArray 48.348 9.831 EW 40 0.47 0.33
A115A AlpArray 49.274 9.052 NF 24 0.39 0.68
A117A AlpArray 49.044 9.568 EW 58 0.32 0.33
A123A AlpArray 48.612 7.891 SR 76 0.11 0.41
A124A AlpArray 48.654 8.494 NW 120 0.17 0.20
ABH LER 49.882 7.548 HU 397 −0.06 0.19
AHRW LER (now: BGR) 50.541 7.076 MR 118 −0.17 0.32
BABA LED 48.719 8.192 SR 531 −0.22 0.29
BALG LED 48.273 8.854 SA 53 0.38 0.25
BALST SED 47.336 7.695 WF 256 0.00 0.22
BERGE SED 47.872 8.178 SW 498 0.22 0.18
BEUR LER 50.080 7.078 HU 90 −0.23 0.20
BFO KIT 48.330 8.330 NW 724 −0.38 0.20
BHBD LED 48.247 9.003 SA 66 0.18 0.19
BHE GD NRW 50.353 7.180 EI 92 0.31 0.27
BIW LER 50.731 7.837 RS 183 −0.44 0.19
BODE LER & HLNUG 49.911 8.297 NR 91 −0.19 0.27
BOURR​ SED 47.395 7.231 WJ 142 −0.47 0.32
BREI LED 48.033 7.587 SR 47 0.42 0.29
BREM LED 47.911 7.627 SR 93 0.31 0.30
BRET LED 49.013 8.689 NW 221 −0.10 0.24
BUCH LED 48.450 9.353 EW 658 −0.33 0.26
CHMF Résif-RLBP 47.248 6.652 WJ 124 −0.16 0.19
DAVA ZAMG 47.287 9.880 GV 64 −0.70 0.20
DEP02 KIT 50.418 7.318 MR 22 0.06 0.18
DEP08 KIT 50.237 7.290 HU 52 −0.03 0.24
DEP12 KIT 50.545 7.430 MR 16 −0.08 0.12
DEP14 KIT 50.449 7.256 MR 42 0.12 0.18
DEGG LED 48.608 9.713 EW 259 0.24 0.23
DUP LER 49.412 6.788 SM 28 −0.10 0.12
EBIN LED 48.208 9.032 SA 37 0.41 0.28
ECH Résif-RLBP 48.216 7.158 VO 386 0.12 0.24
EMING SED 47.893 8.843 SA 298 0.35 0.32
ENDD LED 47.714 7.737 SW 522 −0.05 0.34
ERPF LED 48.345 9.175 SA 43 0.10 0.20
FACH LER 50.356 7.994 MR 238 −0.39 0.28
FBB LED 48.002 7.853 SR 125 0.06 0.22
FELD LED 47.876 8.004 SW 588 −0.05 0.32
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Table 4   (continued) Station Operator Lat. Lon. Region Nobs ss �s

FLIN LED 49.306 9.007 NF 27 −0.07 0.27
FREI LED 48.009 7.843 SR 38 0.39 0.23
FREU LED 48.236 9.137 SA 455 −0.49 0.28
FSH LER 50.083 7.109 HU 23 0.10 0.24
GALG LED 48.786 8.781 NW 441 0.10 0.21

GLOK LER 50.545 7.434 MR 94 0.06 0.21
GUT​ LED 48.071 9.115 SA 984 −0.13 0.25
GWBC HLNUG 50.393 8.269 RS 84 −0.16 0.24
GWBD HLNUG 50.114 7.902 MR 148 −0.28 0.46
GWBE HLNUG 50.106 8.181 MR 120 0.01 0.37
HDH LED 48.583 10.206 EW 197 −0.08 0.23
HOHE Résif-RLBP 48.657 7.484 SR 228 0.12 0.50
ILLF Résif-RLBP 47.684 7.254 SR 66 0.28 0.38
IMS LER 49.594 7.901 PS 245 −0.60 0.22
JUNG LED 48.330 9.035 SA 66 0.37 0.23
KIZ LED 47.956 7.918 SW 1191 −0.34 0.28
KONZ LED 47.665 9.166 BO 29 −0.51 0.33
KTD LER 49.320 8.084 NR 36 −0.02 0.29
LAGB LER 50.361 7.101 EI 223 −0.36 0.22
LBG LED 48.664 8.796 NW 279 −0.22 0.17
LDE LER 49.177 8.141 SR 80 −0.08 0.32
LDO LER 49.208 8.173 NR 16 0.31 0.48
LIENZ SED 47.295 9.493 GV 62 −0.28 0.37
LOES LED 47.605 7.666 SR 43 0.44 0.29
LOH GD NRW 50.183 6.536 EI 16 0.31 0.49
MEM ROB 50.609 6.006 VE 38 −0.69 0.22
METMA SED 47.712 8.253 SW 358 0.00 0.22
MILB BGR 49.829 9.293 NF 36 0.42 0.18
MSGN LED 48.408 9.075 SA 24 0.61 0.15
MSS LED 48.177 8.961 SA 328 −0.22 0.32
NEEW Résif-RLBP 48.956 8.105 SR 76 0.00 0.45
NICK LER 50.426 7.296 MR 66 −0.17 0.30
OBER LMU 47.407 10.293 GV 16 −0.65 0.50
OCHT LER 50.339 7.358 MR 201 −0.17 0.35
OFFE LED 48.474 7.978 SR 51 0.51 0.32
ONST LED 48.283 8.999 SA 32 0.13 0.15
OPP LED 48.497 8.187 NW 688 0.05 0.21
PEB LER 49.065 7.690 PS 355 0.12 0.22
RETA ZAMG 47.487 10.762 BY 14 −0.66 0.26
REUL LED 48.493 9.224 SA 24 0.73 0.27
RIVT LER 49.708 6.765 HU 256 −0.09 0.16
ROMAN SED 47.564 9.336 BO 88 −0.39 0.39
ROTE LED 48.153 8.671 SA 208 0.09 0.29
ROTT LER 49.129 8.149 SR 149 −0.05 0.22
SAUL LED 48.012 9.509 SA 21 0.30 0.31
SIND LED 49.349 9.606 NF 433 −0.09 0.21
SISB LED 47.686 8.964 BO 216 0.13 0.29
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A.2 Description of optimised station corrections

Following, we describe the optimised staton correc-
tions of GMPEMoho,IS considering geological aspects.

Northern Limestone Alps and the Alpine Fore-
land  The three stations DAVA, RETA, and OBER 
(in BY and eastern GV; station group a) of the 
Northern Limestone Alps have strong negative sta-
tion corrections between about −0.7 and −0.6. Only 
MEM and several subsurface stations (BFO, FREU, 
ROMAN, SWS, IMS, LAGB, BIW: −0.4 to −0.6 ) 
reach similar negative values. The corrections of the 
stations A103D, UBR, TETT, KONZ, STEIN, SISB, 
and WALHA (station group b) in the vicinity of the 
Lake Constance (BO and western BM) are mostly 
negative ( −0.5 to 0.1). They are typically placed on a 
Quarternary layer above Tertiary molasse rocks or on 
molasse rocks.

Swabian Jura and Eastern Württemberg  The 
station corrections of the regions SA and EW vary 
strongly. Stations MSS, ERPF, BHBD, GUT, BUCH, 
ZWI, HDH, and DEGG (station group c) which are 
placed on Jurassic limestone show moderate correc-
tions between −0.3 and 0.2. In contrast, other sta-
tions (station group h: JUNG, BALG, SAUL, EBIN, 
TUEB, MSGN, REUL, A108A) of SA have essen-
tially higher values of 0.3 to 0.7. These stations are 
placed on unconsolidated sediments (mostly Quarter-
nary) with an estimated thickness of about 10 to 50 
m which overlays rocks of mostly Jurassic origin. One 
exception is A104C with a moderate correction (0.0) 
although placed on a unconsolidated layer above Tri-
assic consolidated rocks. ONST and EMING have sta-
tion corrections of about 0.1 and 0.4, for which a thin 
Quarternary layer is estimated (thickness < 10 m or 
less). Some stations of SA and EW (A100A, URBA, 
ROTE) including WOER of FA and SIND of NF are 

Table 4   (continued) Station Operator Lat. Lon. Region Nobs ss �s

SLE SED 47.766 8.493 SW 228 0.16 0.37
STAU​ LED 47.869 7.733 SR 58 0.03 0.29
STEIN SED 47.670 8.869 BO 124 −0.32 0.32
SULZ SED 47.529 8.113 SF 124 −0.02 0.31
SWS LED 49.484 8.701 NR 168 −0.57 0.17

TDN GD NRW 50.575 6.945 MR 22 0.11 0.19
TETT LED 47.660 9.614 BM 78 −0.17 0.36
TNS BGR 50.223 8.447 MR 120 −0.32 0.18
TUEB LED 48.514 9.062 SA 16 0.45 0.22
UBR BGR 47.681 10.108 BM 186 −0.35 0.23
URBA LED 48.838 9.586 EW 304 0.14 0.32
VOEL Résif-RLBP 48.967 7.123 PS 94 −0.10 0.38
VOGT LED 48.081 7.670 SR 191 0.03 0.32
WALHA SED 47.753 9.123 BO 104 −0.06 0.31
WALT Résif-RLBP 47.966 7.277 SR 90 0.02 0.41
WBA HLNUG & LED 49.653 8.817 NR 154 0.03 0.17
WBB HLNUG 49.842 8.662 NR 36 0.18 0.25
WBG HLNUG 50.170 9.345 NF 22 0.20 0.16
WILA SED 47.415 8.908 SF 98 −0.15 0.44
WLF GEOFON 49.665 6.152 EI 46 −0.31 0.18
WLS Résif-RLBP 48.413 7.354 SR 186 0.27 0.32
WMG ECGS 49.611 6.391 HU 30 0.22 0.25
WOER LED 49.016 10.264 FA 70 0.12 0.23
ZWI LED 48.256 9.448 EW 47 −0.32 0.23
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placed on Triassic rocks and show moderate correc-
tions −0.1 to 0.1 with exception of A117A (0.3).

URG with Eastern and Western Graben Shoul-
ders  The surficial stations of the URG (including 
graben shoulders) mostly have positive corrections 
ranging from 0.0 to 0.5. Thereby, most of the surficial 
stations (station group e: WBA, WBB, KTD, ECH, 
PEB, VOEL, METMA, ENDD, FELD, BERGE, 
OPP) with relatively small corrections (-0.1 to 0.2) 
are placed on metamorphic or magmatic rocks of the 
graben shoulders.

Also, other stations (station group f: LBG, BRET, 
GALG, A124A in NW; SLE in SW; WBG, FLIN, 
A115A, MILB in NF) on the graben shoulders mostly 
have moderate corrections of −0.2 to 0.2 and are 
situated on different consolidated sedimentary rocks 
(limestone, siltstone, sandstone) of Triassic origin. 
However, slightly increased values are observed at 
A115A (0.4) and MILB (0.4), whereby at A115A a 
thin surficial layer of clay and silt is suspected.

The remaining surficial stations (station group g: 
FBB, A123A, WLS, BREM, LOES, BREI, OFFE, 
FREI, STAU) are placed within the graben and have 
tendentially larger corrections of about 0.0 to 0.5. 
These are mostly placed on a layer of Quarternary 
rocks over Tertiary sediments. VOGT (0.0) is one 
exception and is located on volcanic rocks of the 
Kaiserstuhl.

Central area of the Rhenish Massif  The sta-
tions in MR, HU, EI, and RS are commonly placed 
on Devonian claystone or siltstone. The station cor-
rections of the surface stations on Devonian rock are 
in the range between −0.3 and 0.3 (station group d: 
AHRW, BEUR, DEP08, RIVT, ABH, FSH, GWBD, 
OCHT, GWBC, GLOK/DEP12, DEP14, TDN, TNS, 
BHE). Other surface stations (GWBE: 0.0, DEP02: 
0.1) of MR are placed on different volcanic rocks 
(meta-igneous or unconsolidated rocks). The two sta-
tions WLF ( −0.3 ) and WMG (0.2) are located more 
apart from the others and are placed on Jurassic 
respective Triassic rocks. This is in accordance with 
the corrections of the stations on Jurassic and Triassic 
rocks in the regions of SA, EW, and FA.

Subsurface stations  The subsurface stations com-
monly show clear negative station corrections. The 
subsurface stations (FACH, NICK, LAGB, BIW) in 

the central area of the Rhenish Massif, FREU in SA, 
BFO in NW, KIZ in SW, IMS in PS, and ROMAN 
in BO are in the range from −0.2 to −0.6 . Still, the 
subsurface stations within SR and NR (SWS, BODE, 
BABA, WALT, NEEW, ROTT, LDE, LDO, ILLF, 
HOHE) show a wide range of corrections between 
−0.6 and 0.3. We think the existance of more positive 
corrections compared to subsurface stations at other 
regions is reasonable since probably not all stations 
reach the depth of the bedrock.

A.3 Coefficients for subregions

A.4 Statistics of bootstrap analysis

A.5 Approximate distance‑decay considering the 
intermediate wavefield

Several authors have reported an increased attenua-
tion slope at small distances for shallow earthquakes 
(Chang et  al. 2001; Cotton et  al. 2008; Atkinson 
2015). To model this effect, Cotton et  al. (2008) 
recommended to include a term that is dependent 
on focal depth of the earthquake as done by Chang 

Table 5   Final coefficients of GMPEMoho and the unweighted 
cost C

w
i
=1 from optimising regional data subsets

Region a c d g C with w
i=1

BO −1.47 −3.61 1.10 1.00 0.2105
SA −1.56 −3.47 1.09 1.15 0.2007
NR −1.43 −3.60 1.07 0.29 0.1637
SW −1.30 −3.82 1.09 0.01 0.2083
SR −1.25 −3.96 1.09 0.34 0.1991
MR −1.42 −3.62 1.07 0.49 0.1893

Table 6   Standard deviation �bootstrap as well as median, 16th 
and 84th percentile ( Q50 , Q16 , Q84 ) of the model parameters 
determined from 250 bootstrap replications for GMPEMoho

a c d g

Bootstrap mean −1.50 −3.37 1.01 0.51
�bootstrap 0.14 0.24 0.16 0.20
Q50 −1.52 −3.40 1.04 0.49
Q16 −1.63 −3.57 0.85 0.31
Q84 −1.33 −3.18 1.14 0.72
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et  al. (2001). Cotton et  al. (2008) further associate 
the dependency on depth with an effect investigated 
by Frankel et al. (1990). Frankel et al. (1990) showed 
that a steep decay proportional to r−1.5 between 15 
and 90 km can be explained by reflections at the bot-
tom side of the layer interfaces above the sources. 
For this purpose, they compared a velocity model 
with two layers above the source with a model with-
out discontinuities above. Without discontinuities 
above the source, a decay of r−1 was observed.

In this study, we observe a steep decay of ampli-
tude residuals within the distance up to 30 km 
which could not be explained from the decay term 
fgeom(re,s) = a log10(re,s) with the fitted regression 
coefficients of about a ≈ −1.5 . In the following, we 
consider the wavefield from a general moment-tensor 
source in an unbounded medium and allow several 
simplifications. The approximated near-/intermediate-
field terms are used to test, if near-/intermediate-fields 
can reproduce the increased slope near the source.

A.5.1 Wavefield terms of a general moment‑tensor 
source

The various components of the seismic wavefield from 
a general moment-tensor source are stated by Lokmer 
and Bean (2010). First, we rearrange their equation

for the near field to
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(15)
�

N
=�N(�)

M(�)

4���2r2

{

[

i

2�n�
−

(

1

2�n�

)2
]

⋅ e
2i�n�

−

[

�

�

i

2�n�
−

(

1

2�n�

)2
]

⋅ e
2i

�
�
�n�

}

(16)�N = �N1 +�N2

(17)�N1 = �
N(�)

M(�)

4���2r2
1

4�2n2
�

(

ei2�n� − e
i2

�

�
�n�

)

(18)
�N2 =�

N(�)
M(�)

4���2r2
1

2�n�

⋅

(

ei(2�n�+�∕2) −
�

�
e
i
(

2
�

�
�n�+�∕2

)
)

.

The corresponding intermediate wavefields �IP and 
�IS as well as the far wavefield �FP and �FS for P- 
and S-waves read as (Lokmer and Bean 2010)

with P- and S-wave velocity � and � , the radiation 
patterns �N(�) , �IP(�) , �IS(�) , �FP(�) , �FS(�) of 
the wavefield parts (near, intermediate P-wavefield, 
intermediate S-wavefield, far P-wavefield, far S-wave-
field), density � , the Fourier spectrum M(�) of the 
source depending on angular frequency � , the dis-
tance r to the source, and the distance ( n� =

r�

2��
 ) to 

the source measured in P-wavelengths.
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(22)�FS =�FS(�)
M(�)

4���2r2
2�

�

�
n�e

i(2
�

�
�n�+�∕2)

(23)�N1 ∝
1

r2
⋅

1

n2
�

(24)�N2 ∝
1

r2
⋅

1

n�

(25)�IP ∝
1

r2

(26)�IS ∝
1

r2

(27)�FP ∝
1

r2
⋅ n�
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disregarding the constants of the medium, the source 
coefficients and the spatial periodicities in Eqs. 17 to 
22. We see that the distance-decay of the far (interme-
diate) P-wavefield behaves as the distance-decay of 
far (intermediate) S-wavefield. Further on, the inter-
mediate field decay is one order higher than the far 
field decay with respect to n� . The part �N1 ( �N2 ) of 
the near field decay is two (one) order higher than the 
intermediate fields with repect to n�.

A.5.2 Simplifications for an approximated PGA‑decay

Since the spatial decay of the far (intermediate) 
P-wavefield behaves as the far (intermediate) S-wave-
field behaviour (Appendix A.5.1), and since PGA on 
the horizontal components is rather composed by the 
S-phases than by P-phases, we omit the P-wavefields 
to derive a simple form for an approximated overall 
decay. We also neglect the near wavefield, since its 
order of decay is still higher than the intermediate 
wavefield decays. It remains the intermediate S-wave-
field and the far S-wavefield:

In the following, we consider the decay of Eqs.  29 
and 30 only at the dominant period T0 of the spec-
tral wavefield so that we can write for the number of 
wavelengths for the dominant angular frequency �0 or 
dominant period T0:

We further neglect the azimuthal dependency of the 
radiation patterns ( �IS = �

FS = 1 ), the spatial perio-
dicity ( ei(2

�

�
�n�+�∕2) = 1 ), and introduce the factors 

zIS =
M(�)

4���2
 and zFS =

M(�) �

2��3
 . With Eq.  31 and the 

described simplification, we can write for the consid-
ered wavefields (Eqs. 29 and 30):

(28)�FS ∝
1

r2
⋅ n�,

(29)�IS(�) =�
IS(�)

M(�)

4�� �2 r2
e
i2

�

�
�n�

(30)�FS(�) =�
FS(�)

M(�) � n�

2� �3 r2
e
i(2

�

�
�n�+�∕2).

(31)n�0 =
�0 r

2��
=

r

T0 �
.

(32)�IS |T=T0
= zIS ⋅

1

r2

Consequently, we can write for their ratio:

We sum up the wavefields �FS and �IS and use 
Eqs. 33 and 34:

On the lines of the summation of the wavefield parts, 
we test a summation of the PGA parts, consider the 
logarithmic space, and introduce the exponents a 
and p to allow deviations from the theoretical decay 
( p = −1 and a = −1):

The expression 10m⋅M+c� estimates the predominant 
period (in s) from the event magnitude according to 
empirical scaling relations. Sato (1979) states sev-
eral empirical relations of predominant period T0 (in 
s) with P- and S-waves from studies by Kasahara 
(1957); Terashima (1968); Furuya (1969), and Yama-
guchi et  al. (1978). The relations have the form of 
log10(T0) = m ⋅M + c� with a constant c′ and a coef-
ficient m that ranges from 0.4 to 0.58 depending on 
the study.

The transfer from wavefield summation to PGA 
summation is strictly speaking not valid, since the 
various wavefield parts do not necessarily superim-
pose to maximum values. However, we believe that 
the approach is still useful. The part PGAIS of the 
intermediate S-wavefield vanishes at large hypocen-
tral distances. At small hypocentral distances, the 

(33)�
��
|T=T0

=
zFS

α
⋅

1

r ⋅ T0
⋅

(34)
�IS

�FS

|

|

|

|

|T=T0

=
zIS ⋅ �

zFS
⋅

T0

r
.

(35)

�
FS
|

T=T
0
+ �

IS
|

T=T
0

= �
FS

⋅

(

1 +
�

IS

�
FS

)

|

|

|

|

| T=T
0

=
z
FS

�
⋅

1

T
0

⋅ r
−1

⋅

(

1 +
� ⋅ z

IS

zFS
⋅ T

0
⋅ r

−1

)

⋅

(36)

log10
(

PGAFS + PGAIS
)

= log10

(

zFS

� ⋅ T0
⋅ ra ⋅

(

1 +
zIS ⋅ �

zFS
T0 ⋅ rp

))

= log10

(

zFS

� ⋅ 10m⋅M+c�

)

+ a log10(r)

+ log10

(

1 +
zIS ⋅ �

zFS
⋅ 10m⋅M+c�

⋅ rp
)

.
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PGA part of the far field is small in comparison to 
the near field part. Hence, we expect that Eq. 36 can 
be used as a first-order approximation including the 
decay of PGAIS.

We get an alternative definition of the geometrical 
decay from Eq. 6 by considering the terms of Eq. 36 
which are dependent on r and by defining 
z =

zIS⋅�

zFS
⋅ 10c

�

=
�

2�
⋅ 10c

� ( � and � in km/s):

Hereby, the term a log10(r) corresponds to the geomet-
rical decay of GMPEbasic . The omitted expression 
log10

(

zFS

�⋅10m⋅M+c�

)

= log10

(

zFS

�

)

− mM − c� of Eq.  36 
is independent from r and will be projected into 
fM(M) = d ⋅M and into the constant c (cf. Eqs. 5 and 8).

The coefficient p controls the steepness of the 
PGA-decay near the source relative to the far field 
decay. The coefficients z and m scale the PGA-values 
in relation to the far field PGA-values. Whereas z is 
independent from the event magnitude, the product 
m ⋅M accounts for an amplitude scaling of the inter-
mediate field with magnitude that differs from the 
scaling of the far field.
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