
andx4 in equation (12). This trade-off is represented by the
corresponding correlation coefficientr34 and similarly for
the parametersx1 and x2, r12, where the magnitude range
limits the resolution. For the Joyner–Boore distance, the cor-
relation coefficients are (similar values are obtained for the
epicentral distance)

r12 �
C12���������������
C11C22

p � � 0:991 and

r34 �
C34���������������
C33C44

p � � 0:887:
(15)

For our application this trade-off is not a problem as long as
the relations are only applied within the distance and mag-
nitude ranges specified previoulsy. Extrapolating to other
magnitudes or distances, however, can lead to increased un-
certainties in the estimated intensities.

Discussion

TheGMPEsderived in the previous section can be used
for estimating ground shaking either in seismic hazard as-
sessment or for early warning purposes. In this respect, how-
ever, it is important to keep in mind that equation (12)
provides a continuous representation of a discrete parameter.
Based on the definitions of intensity scales it only makes
sense to represent intensities as integer values. Our sugges-
tion for dealing with situations where integer values are
needed is to apply a simple rounding scheme to the assigned
intensities such that, for example, intensities in the interval
4:50 � I � 5:49 are all assigned an intensity value ofI � 5.
This approach has also been followed in Figures 3–9. Here
it is important to keep in mind the difference between cal-
culated and assigned intensities. When assigning intensity
values based on macroseismic observations, uncertain obser-
vations that can be associated with either of two integer in-

Figure 8. Comparison of observed intensities for the 1967 event with theoretical predictions from relations (13) (left-hand panels) and
(14) (right-hand panels). Upper panels: predicted intensity contours (black) in a map view compared to the observed isoseismal lines (gray
scale). The intensity contours are drawn for the midpoint value between two integer intensities (e.g., for half intensities). The surface trace of
the fault plane is shown as a white line. Lower panels: intensity versus distance plots comparing the grided intensities based on the isoseismal
map (circles) with the predicted intensities (solid curve) together with the 68.3% confidence bounds (dashed curves) corresponding to one
standard deviation of normally distributed errors.
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tensity values (e.g., 5 and 6) will usually be assigned the
lower intensity value (5) or both values (5–6) (Grün-
thal, 1998).

The error in a new intensity estimate using our relations
is of the order of 0.7 intensity units. This relatively large er-
ror level is to a large extent due to the nature of intensity
assignments that have some associated variability, but is also
caused by variations in, for example, local site effects. The

advantages of good data availability also for historical earth-
quakes and the direct relation to earthquake damage, how-
ever, makes macroseismic intensity a useful ground-motion
measure despite the associated uncertainties.

We compare our relations (13) and (14) to the already
existing intensity prediction equations for the North Anato-
lian fault. These relations are listed in Table 3. The relations
of Erdik and Eren (1983) and Erdik et al. (1985) are simple

Figure 9. Comparison of observed intensities for the 1999 event with theoretical predictions from relations (13) (left-hand panels) and
(14) (right-hand panels). Upper panels: predicted intensity contours (black) in a map view compared to the observed isoseismal lines (gray
scale). The intensity contours are drawn for the midpoint value between two integer intensities (e.g., for half intensities). The surface trace of
the fault plane is shown as a white line. Lower panels: intensity versus. distance plots comparing the grided intensities based on the isoseismal
map (circles) with the predicted intensities (solid curve) together with the 68.3% confidence bounds (dashed curves) corresponding to one
standard deviation of normally distributed errors.

Table 3
Previously Published Prediction Equations for Macroseismic Intensity for the North Anatolian Fault

Author Relation

Erdik and Eren (1983) IMSK � 0:34 � 1:54MS � 1:24 ln�R�
Erdik et al. (1985) IMSK � � 3:92 � 2:08MS � 0:98 ln�R�
Böse (2006) ln� I� � 0:8089 � 0:2317Mw � 0:1073 ln�RJB � 0:6Mw� � 0:0052RJB � cB
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functions of surface wave magnitude and the natural loga-
rithm of rupture distance. The relation of Böse (2006) is a
more complex function of Joyner–Boore distance, moment
magnitude, and a correction factorcB, which depends on site
class and magnitude. The correction factor (with values less
than 0.06) has not been included in this comparison. As the
Ambraseys (2001) relation is valid only for far-field condi-
tions, we make no comparison to this relation.

The comparison is based on the mean regression error
(equation 7) with different design matricesA and number of
parametersm. The results for our relations and the relations
in Table 3, when applying the relations to the earthquakes
included in this study, are presented in Table 4.

Table 4 confirms the observation that a similar fit is ob-
tained with our two relations for the small events, whereas
the Joyner–Boore distance-based relation can fit the obser-
vations for the larger events better. As was observed in
Figures 3–9, this is especially important in the region near
the fault plane where the strongest ground shaking occurs.
Therefore, we recommend the use of the Joyner–Boore-
based relation in all applications and especially when esti-
mating near-field ground shaking. It is, however, always
better to use an epicentral distance-based relation than to
simply enter the epicentral distance in a relation derived from
another distance measure.

In comparison to the previously published relations, it is
seen that for most events our relations provide a better fit to
the observations. This is partly to expect as our relations are
derived based on the data to which we compare; however, the
improvement is expected to also originate from the appropri-
ate functional form used. Our functional form is more com-
plex than for the relations of Erdik and Eren (1983) and Erdik
et al. (1985), taking into account anelastic attenuation and
geometrical spreading in separate terms and also including
the event depth. Especially problematic are the predictions
of the Erdik and Eren (1983) and Erdiket al.(1985) relations
near the epicenter where the ln�R� term increases toward in-
finity. This leads to highly overestimated epicentral intensi-
ties. As most damage is associated with the highest intensity
levels, this is problematic and makes these relations less suit-
able for ground-motion estimation in the near field of an
earthquake. The relation of Böse (2006) is much more com-
plex but based on simulated data. This relation performs well

for the 1999 earthquake but has problems reproducing the
macroseismic fields of the other earthquakes considered
here. Furthermore, it is more complicated to implement due
to the constantcB for which the soil class must be known. In
conclusion, even though the performance of the previous re-
lations at some distance from the fault may be relatively good
and will lead to realistic estimates of the ground motion, our
relations provide an improved estimate of the macroseismic
field due to a strong earthquake in the Marmara Sea area.

Conclusions

GMPEsfor macroseismic intensity are useful for shake
map generation and seismic hazard assessment when an out-
put is required that is directly associated with the damage
caused by an earthquake. In the present study, such relations
have been derived for the Marmara Sea region, northwest
Turkey, which is under a significant seismic hazard due to
an expected large earthquake along the North Anatolian
fault. The derivedGMPEsare based on intensity maps from
seven large earthquakes, which occurred during the last cen-
tury. One relation takes into account the finite extent of the
fault plane whereas another is derived based on a point-
source assumption for application in cases where fault di-
mensions are not known. The relations can be used to predict
the distribution of macroseismic intensity based on moment
magnitude, event depth, and fault distance. Uncertainties
have been estimated based on the regression error, and a
new intensity value for an earthquake in the Marmara Sea
region can be given with an uncertainty of ca. 0.7. In this
respect, the relations can be used to obtain reliable estimates
of the intensity distribution due to large earthquakes in the
Marmara Sea region, which is important for seismic hazard
assessment and risk mitigation measures.

Data and Resources

All data used in this article came from published sources
listed in the references. Figure 1 was drawn using the Ge-
neric Mapping Tools (GMT; Wessel and Smith, 1998).

Table 4
Comparison of Mean Squared Prediction Error for Relations (13), (14), and Previously Published Intensity

Prediction Equations

Earthquake This Study (Joyner–Boore) This Study (Epicentral) Erdik and Eren (1983) Erdiket al. (1985) Böse (2006)

1912 0.646 0.606 0.615 0.971 2.123
1935 0.369 0.345 0.497 0.354 1.036
1953 0.600 0.747 0.635 0.759 2.079
1963 0.642 0.617 1.016 0.656 2.350
1964 0.563 0.570 0.577 0.462 2.092
1967 0.673 0.901 0.566 1.105 1.934
1999 0.970 1.017 0.744 1.412 1.113
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