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Update, Comparison, and Interpretation of the Ground-Motion Prediction

Equation for “The Geysers” Geothermal Area in the Light of New Data

by Nitin Sharma and Vincenzo Convertito

Abstract The reliability and accuracy of the ground-motion prediction equations
(GMPEs) are of prime interest while evaluating seismic hazard for any region. The
regular updates and minimization of the uncertainties associated with the coefficients
of the GMPEs are important for improving ground-motion predictions and consequent
performance of seismic hazard maps.

Thus, in the present study, we propose an update of the GMPEs estimated by
Sharma et al. (2013) in The Geysers geothermal area. The update is done using
the huge dataset available and by extending the magnitude range as well as distance
range. The previous dataset used by Sharma et al. (2013) was composed of 212 earth-
quakes recorded at 29 stations with the magnitude range between 1:3 ≤ Mw ≤ 3:3 and
distance range between 0:6 ≤ Rhypo ≤ 20 km. The new dataset encloses 10,974
induced earthquakes recorded at 29 stations with the magnitude range between
0:7 ≤ Mw ≤ 3:3 and distance range between 0:1 ≤ Rhypo ≤ 73 km. We compute
updated GMPEs for peak ground velocity (PGV), peak ground acceleration (PGA),
and 5% damped spectral acceleration (SA) (T) at T 0.05, 0.1, 0.2, 0.5, and 1.0 s.

The mean ground-motion predictions of the updated model proposed in the
present study and the associated uncertainties are compared with the previous model
proposed by Sharma et al. (2013) and with other models specifically developed for
small-magnitude earthquakes. The GMPEs are derived using a nonlinear mixed-effect
regression technique that accounts for both interevent and intraevent dependencies in
the data. We also demonstrate the dependency of aleatory (random) uncertainties and
epistemic (informative) uncertainties on source, medium, and site properties. We also
concluded that the medium is behaving homogeneously in terms of peak ground-
motion attenuation by analyzing uncertainties associated with different ground-
motion periods.

Electronic Supplement: Table showing the site correction parameter and/or site
term obtained and figures showing distributions of residuals for peak ground velocity
(PGV), peak ground acceleration (PGA), and spectral accelerations (SAs).

Introduction

Enhanced geothermal systems (EGSs) provide a signifi-
cant contribution to clean power generation on a global stage.
But the EGSs are associated with induced earthquakes, and
many studies have shown that induced seismicity increases
with field operations. There are several studies emphasizing
the impact of industrial activities in geothermal areas, such
as Basel (Häring et al., 2008), Hengill (Jousset and François
2006) and The Geysers (Majer andMcEvilly, 1979; Majer and
Peterson, 2005, 2007; Eberhart-Phillips and Oppenheimer,
1984; Enedy et al., 1992; Stark, 1992, 2003; Foulger et al.,
1997; Ross et al., 1999; Smith et al., 2000). Though the in-
duced earthquakes are small-to-moderate in size (Mw < 4),

their shallow depth and high frequency of occurrence can in-
crease seismic hazard in nearby regions. To evaluate seismic
hazard, ground-motion prediction equations (GMPEs) are the
fundamental tool for predicting ground-motion intensities
based on predictor variables such as the magnitude of earth-
quakes, source-to-site distance, and local site conditions.

It is worth noticing that existing ground-motion models
may provide inconsistent predictions for small-magnitude
earthquakes occurring at shallow depths and, in particular,
those caused by anthropogenic activity. The review study
done by Douglas (2011) does not list any ground-motion
model based on induced seismicity records and derived by
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a regression technique. By recognizing this fact, Douglas
et al. (2013) developed GMPEs by combining data from
six geothermal areas in Europe. However, that study cannot
be considered exhaustive, and the need for region-specific
GMPEs still exists. This is because, for small-magnitude
earthquakes, stress drop (e.g., Chiou et al., 2012; Gülerce
et al., 2016) and local site conditions (e.g., Harmsen,
2011) are region specific.

These facts motivated Sharma et al. (2013) to focus on
the world’s largest geothermal area, The Geysers, which is a
vapor-dominated geothermal field located about 120 km
north of San Francisco, California. They presented the first
GMPEs for induced earthquakes in The Geysers geothermal
area. Moreover, Convertito et al. (2012) have shown that
observed peak ground acceleration (PGA) in The Geysers
geothermal area actually exceeds 1:2 m=s2 (12% of g; g
being the acceleration of gravity), which corresponds to
light-to-moderate shaking, resulting in a significant increase
in seismic hazard. It is thus of prime importance to timely
update and improve the existing GMPEs, in particular for
those areas where anthropogenic operations may affect the
propagation medium and the stress field.

In the present work, we reestimated the GMPEs
proposed by Sharma et al. (2013; hereinafter, SH13). We
extended the applicability range of the GMPEs in term of
magnitude, distance, and ground-motion parameters. The
SH13 model was estimated from 212 earthquakes recorded
at 29 stations for peak ground velocity (PGV), PGA, and 5%
damped spectral accelerations (SAs, at T � 0:2, 0.5, and
1.0 s). In the present work, we reestimate the GMPEs using
10,947 earthquakes recorded at 29 stations in terms of the

same peak-ground-motion parameters and add two structural
periods, that is, T � 0:05 and 0.1 s.

Although the data for SH13 range between 1:3 ≤ Mw ≤
3:3 and distances range between 0:6 ≤ Rhypo ≤ 20 km, the
new dataset includes earthquakes with magnitudes ranging
between 0:7 ≤ Mw ≤ 3:3 and hypocentral distances ranging
between 0:1 ≤ Rhypo ≤ 73 km. The distribution of the pre-
vious and new dataset is shown in Figure 1, from which it is
clear that the new dataset has a significant spread over a wider
magnitude, depth, and hypocentral distance ranges. Thus, be-
fore advancing further, it is important to emphasize that the
updated model is valid for hypocentral distances up to 73 km
and magnitude ranges between 0:7 ≤ Mw ≤ 3:3.

We used the nonlinear mixed-effect regression technique
to update the GMPEs (Lindstrom and Bates, 1990; Abra-
hamson and Youngs, 1992). We consider the GMPE as a
mixed model in which the total uncertainty is split into
interevent and the intraevent uncertainties that are assumed
to be independent, normally distributed variables with their
own variances. The interevent and intraevent components of
the total uncertainty represent the earthquake-to-earthquake
variability and the variability among observations within a
single event, respectively (see Abrahamson and Silva, 1997;
Atik et al., 2010; Baltay et al., 2017).

Computation of GMPEs requires three major types of
information, such as source, medium, and site. The source
information is derived from magnitude; the medium proper-
ties and propagation effect are included through source-to-
site distance; and the local site information is generally avail-
able as VS30 (averaged shear-wave velocity). However, in the
present case, the VS30 values for The Geysers geothermal
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Figure 1. Distribution and comparison of new data (gray circles) with old data (black cross), (a) magnitude versus hypocentral distance
and (b) magnitude versus depth.
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area were not available. Hence, the GMPEs are inferred
through a two-step method (for details, see Emolo et al.,
2011, 2015; Sharma et al., 2013). In the first step, a reference
model is obtained that does not explicitly account for pos-
sible station (or site) effects. In the second step, a first-order
correction is introduced for station effects based on the
analysis of the total residuals’ distribution at each station
with respect to the reference model. The purpose of introduc-
ing this methodology is to overcome the problems associated
with the lack of local-site geological information. The
groundwork is discussed in detail in the Estimation of
New GMPEs section.

Data Processing

In The Geysers geothermal area, induced seismicity has
been monitored regularly since the 1960s. The induced
seismicity is monitored by the dense Lawrence Berkeley
National Laboratory, Geysers/Calpine (BG) surface seismic
network, with some nearby stations of the Northern Califor-
nia Seismic Network. The BG network consists of 32 three-
component stations, 29 of which were used for the present
study (gray triangles in Fig. 2). The BG stations are distrib-
uted in an area of about 20 × 10 km2, covering the entire

geothermal field. The details of the instruments have already
been discussed in a previous work by Sharma et al. (2013),
and for sake of brevity, details are not mentioned here. We
retrieved waveforms for the period 24 July 2007 through 18
November 2010 and associated the traces with the events
from the Northern California Earthquake Data Center
(NCEDC) catalog. The hypocentral distances range from 0.1
up to 73 km, and the magnitude range is 0:7 ≤ Mw ≤ 3:3.
The hypocentral parameters (event latitude, longitude, mag-
nitude, epicenter distance, and depth) were available from the
NCEDC catalog. For the largest portion of earthquakes an-
alyzed in this study, the NCEDC catalog provides a duration
magnitude MD as the magnitude measure. However, to
obtain results compatible with other studies and suitable
for seismic hazard analysis purposes, we converted MD into
moment magnitude, Mw, using a linear relationship (equa-
tion 1) retrieved using theMw data provided by Douglas et al.
(2013):

EQ-TARGET;temp:intralink-;df1;313;131Mw � 0:473��0:035� � 0:900��0:017�MD: �1�
We selected waveforms with a signal-to-noise ratio of more
than 10 in the whole analyzed frequency range, which is
0.5–35 Hz. This selection ensures the analysis of high-
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Figure 2. Distribution of earthquakes and seismic stations used for the analysis done in the present work. Gray circles indicate event
location, whereas black triangles are the seismic stations. LBNL, Lawrence Berkeley National Laboratory. (Inset) The location of the Geysers
geothermal area which is approximately 116 km north of San Fransisco, California. The color version of this figure is available only in the
electronic edition.
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quality data. We applied an instrument correction to the
waveforms within the same frequency band. The mean
and the trend were also removed. Then, a zero-phase shift
and four-pole Butterworth filter in the frequency band be-
tween 0.7 and 35 Hz were applied. Further, to measure
the correct values of the selected ground-motion parameters,
we cut the waveforms in a specific time window, starting at
the origin time and ending at the time corresponding to 98%
of the total energy contained in the waveform only (to restrict
coda waves that are not required for analysis). The signal is
finally tapered with a 0.1% cosine-taper function. After
processing, we obtained 523,422 waveforms (horizontal
components only) corresponding to 10,974 earthquakes
(light gray dots in Fig. 2) with a focal depth not exceeding
5 km. This depth has been selected considering that the earth-
quakes occurring at depths less than 5 km are likely induced
earthquakes (e.g., Eberhart-Phillips and Oppenheimer, 1984;
Grigoli et al., 2017). Once the time window is selected, PGV
is measured as the largest value among the peak values of
amplitude of the two as-recorded orthogonal horizontal com-
ponents (Baker and Cornell, 2006) because they are equiv-
alent to the actual ground vibration experience at the site.
The waveforms are then differentiated and filtered in a fre-
quency band ranging between 0.7 and 35 Hz (to avoid the
high-frequency noise added while differentiating) to measure
PGA and the 5% damped spectral ordinates SA�T� at
T � 0:05, 0.1, 0.2, 0.5, and 1.0 s (Mendez and Pacor, 1984).

Estimation of New GMPEs

To estimate the GMPE coefficients and uncertainties, we
use the nonlinear mixed-effects regression following the
methods of Lindstrom and Bates (1990) and Abrahamson
and Youngs (1992). The mixed-effect technique has the ad-
vantage of statistically splitting total uncertainties into both
interevent and intraevent components, and, furthermore, it
also can account for random and fixed-effect dependencies
on the data (e.g., Abrahamson and Silva, 1997).

In the present application, we assume that earthquake
magnitude (Mw) and hypocentral distance

(Rhypo �
��������������������������������
�R2

epi � depth2�
q

) represent the predictor varia-

bles that account for source and propagation effects, such
as geometrical and inelastic attenuation, whereas PGV,

PGA, and SA at periods T � 0:05, 0.1, 0.2, 0.5, and
1.0 s are considered as response variables. We first define
the reference model and then apply a station and site-effect
correction. The reference model is formulated as follows:

EQ-TARGET;temp:intralink-;df2;313;540 logYi;j � a� bMi � c log�
��������������������������
R2
hypoi;j � h2

q
� � ηi � ∈i;j;

�2�
in which Yi;j is the ground-motion parameter of interest, that
is, PGV (in m=s), PGA (in m=s2), and SA at the selected peri-
ods (in m=s2) observed for the ith event at the jth station,M is
moment magnitude (Mw), and the hypocentral distance Rhypo

is measured in km. Though we use hypocentral distance, our
GMPEs predict too-large values at small distances (Joyner and
Boore, 1981); thus we include the mathematical parameter h
to suppress the unrealistic large value at small distances. It is
also worth noting that the values of the parameter h retrieved
during regression are small because we are dealing with small-
magnitude-induced earthquakes. In this respect, Abrahamson
et al. (2014) have shown that the fictitious depth (here, the h
parameter) was reduced to 1 km for the earthquakes while
computing GMPEs for small-magnitude earthquakes. Hence
this result provides a significant contribution to the discussion
about the magnitude dependence of the h parameter. It is also
noted that we did not include a square dependence on the mag-
nitude in equation (2), because it is effective at large-
magnitude values (e.g., Bommer et al., 2007). In addition,
other studies, such as that proposed by Baltay and Hanks
(2014), quantitatively confirmed that a quadratic term M2

is not required for magnitude Mw < 3:5.
The terms ηi and Єij are the interevent and intraevent

uncertainties, respectively. The corresponding standard devia-
tions are represented by τ and Φ, respectively. σ represents
total standard deviation, such that σ �

�����������������
τ2 � Φ2

p
. The regres-

sion coefficients (a, b, c, and h), together with their relative
uncertainties and standard deviations, are reported in Table 1.

Site/Station Correction to Retrieve The Final Model

In the second step, the final model is obtained by analyz-
ing the total residuals (logYobs − logYpred) at each station (see
Sharma et al., 2013). We mentioned that the correction is
intended in a broader sense with respect to the standard site

Table 1
Regression Coefficients and Associated Uncertainty for the Reference Model of Equation (2)

Parameter a� σa b� σb c� σc h� σh τ (Interevent) Φ (Intraevent) σ Total R2

PGV (m=s) −4.801 ± 0.015 1.249 ± 0.006 −1.817 ± 0.010 1.658 ± 0.041 0.236 0.350 0.422 0.606
PGA (m=s2) −2.806 ± 0.012 1.171 ± 0.005 −2.010 ± 0.009 1.565 ± 0.036 0.174 0.342 0.384 0.664
SA at 0.05 s (m=s2) −2.205 ± 0.012 1.095 ± 0.005 −2.160 ± 0.010 1.654 ± 0.034 0.172 0.337 0.378 0.677
SA at 0.1 s (m=s2) −2.547 ± 0.015 1.206 ± 0.005 −1.915 ± 0.012 2.000 ± 0.044 0.187 0.3739 0.418 0.606
SA at 0.2 s (m=s2) −3.428 ± 0.016 1.341 ± 0.008 −1.563 ± 0.011 1.671 ± 0.051 0.279 0.366 0.460 0.565
SA at 0.5 s (m=s2) −4.598 ± 0.015 1.406 ± 0.007 −1.409 ± 0.009 1.471 ± 0.047 0.274 0.314 0.416 0.619
SA at 1.0 s (m=s2) −5.002 ± 0.014 1.363 ± 0.007 −1.597 ± 0.008 1.563 ± 0.041 0.265 0.327 0.421 0.615

PGV, peak ground velocity; PGA, peak ground acceleration; SA, spectral acceleration.
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effect because it is not based on the VS30 values, which are not
available for the stations used in the present study. To this end,
we analyze the residuals’ distribution at each station obtained
using the reference model. As explained in the Introduction,
we tested the null hypothesis of a Gaussian zero-mean distri-
bution at the 95% confidence level by a Z-test. We assume that
a deviation from the expected zero-mean value can be reason-
ably ascribed to a site/station effect that can be corrected using
a dummy correction factor. Indeed, because of the assumed
definition of the residual (logYobs − logYpred), a positive
deviation from the zero-mean value indicates the underestima-
tion of the model prediction with respect to the observations
(on average Yobs > Ypred), whereas a negative deviation indi-
cates an overestimation of the model prediction (on average
Yobs < Ypred), and a zero deviation indicates equivalence
(on average Yobs � Ypred). Thus, using the outcome of the
Z-test in terms of both value and sign, at each station we as-
signed a dummy variable swith a value of−1, 0, or 1, depend-
ing on the mean residual value (negative, zero, or positive) that
allows us to recover the observed residual deviation from the
expected zero-mean value. We did not use the Z-test score as a
continuous variable similar to the VS30 values and did not in-
troduce it directly into the model. This is because we believe
that, contrary to the well-established effect of the VS30 values,
the proposed approach cannot provide the actual amplification
value but can only test if there is or is not site effect, that is, a
binary variable. The retrieved sj parameter for each station,
along with a new coefficient e, is then used to set up the final
model, that is, the corrected model, which is expressed as
EQ-TARGET;temp:intralink-;df3;55;385

logYi;j � a� bMi � c log�
��������������������������
R2
hypoi;j � h2

q
�

� esj � ηi � ∈i;j: �3�
The inferred coefficients and their uncertainties are listed in
Table 2. It can be noted that, after considering the site/station
effect, the total standard deviation is reduced, and the residuals’
distribution is improved because they are centered at zero (see
Fig. 3a). The station-wise residuals’ distribution before and
after station/site correction is also shown in Figure 3b. For sake
of brevity, we are showing the result for PGA only. It is also
worth noting that there is a considerable improvement in
residual distribution at each station with their maxima aligned
near zero. A clear reduction in the intraevent component of the
uncertainty is observed. Because intraevent uncertainty ac-
counts for the effect of medium properties, site effects, etc.,
on the ground-motion variability, a significant reduction of this
component seems to confirm that our assumption of associat-
ing the s parameter with the site/station effect is correct (Atik
et al., 2010). The increase in the R2 value again confirms the
improvement of the fit of the corrected (final) model.

Comparison of Final Model with Previous SH13 and
Other GMPEs

The fit of the final model and its comparison with our
previous model (SH13) is shown in Figure 4. It can be noted

that the SH13 model is overestimating the predictions (see
Fig. 4) for both PGV and PGA, and the difference increases
significantly with distance. This difference can be attributed
to the fact that the present model has been developed using a
larger dataset that is reliable for distances up to 73 km and
magnitudes ranging between 0:7 ≤ Mw ≤ 3:3, whereas the
previous model (SH13) was applicable for distances up to
20 km and magnitudes ranging between 1:3 ≤ Mw ≤ 3:3.

The updated model proposed in the present study is also
compared with models obtained from other studies as well,
that is, Atkinson (2015; hereafter, AK15) and Douglas et al.
(2013; hereafter, D13). The comparisons of both D13 and
AK15 are shown in Figure 4, and for the sake of brevity,
we have shown results for PGA and PGVonly. We observed
that the predictions of model D13 are satisfactory, especially
for earthquakes with Mw ≤ 2:0. This can be ascribed to the
fact that the D13 model has been developed using mixed data
from six different geothermal areas in Europe and America.
On the other hand, the AK15 model has been developed
using small-to-moderate size earthquakes from the Next
Generation Attenuation-West2 (NGA-West2) database and
was tuned for induced seismic scenarios. The model AK15
is overestimating the predictions; this might be due to the fact
that the GMPEs are developed for other regions and are not
suitable for The Geysers geothermal region. The aforemen-
tioned comparison between our model and models developed
for other regions confirms that it is certainly indispensable to
develop the region and tectonic environment-specific
GMPEs for the accurate performance of the models and con-
sequently seismic hazard maps.

The residuals’ distribution for PGA and PGV is shown
inⒺ Figure S1 (available in the electronic supplement to this
article). The comparisons between the final updated model
and SH13 for other ground-motion periods (SA at
T � 0:2, 0.5, and 1.0 s) are also shown in Ⓔ Figure S2.

Residuals and Uncertainties Analysis

To verify the reliability of the final model (i.e., equa-
tion 3) to fit the data, the residuals are analyzed as the func-
tion of the magnitude and hypocentral distance. The total
residuals obtained for the final model are shown in Figure 3.
The residuals are centered about zero, and no significant cor-
relation with distance and magnitude is observed. The binned
average value of the residuals (binned at 0.1 km bin width) is
also centered around zero.

According to the study made by Atik et al. (2010), the
interevent residuals account for the influence of source fea-
tures (averaged over all azimuths) that are not properly cap-
tured by the considered predictor variables (essentially,
magnitude and depth in the present study). Though the depth
is not an explicit predictor variable, nevertheless, it is useful
for analyzing the residual distribution to express various fea-
tures, for example, the stress drop or the variation of slip in
space and time. It would be thus interesting to analyze the
dependency of the interevent residuals as a function of depth
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and magnitude. For the earthquakes analyzed in the present
study, we found a slight positive correlation with depth for
high-frequency ground-motion data. This result could indi-
cate that there is an increase in stress drop with depth (e.g.,
McGarr, 1984; see Fig. 5a) and confirms that correlation be-
tween high-frequency ground motion and the stress drop also

exists for small-magnitude-induced earthquakes. On the
other hand, interevent residuals as a function of magnitude
do not show any significant correlation (see Fig. 5b).

We also analyzed the total standard deviation and its
components (interevent and intraevent) for the final model
(see Fig. 6a). The interevent component (accounting for

Figure 3. (a) Distribution of residuals (logYobs − logYpred) obtained from the final model after station/site correction as a function of the
(left) hypocentral distance and (right) magnitude of events, respectively. The binned average value of residuals is represented by gray circles.
(b) The distribution of residuals at each station (upper) before and (lower) after the site/station correction. It can be clearly observed that, after
the correction, the maxima of residuals at each station shifted toward zero. (Continued)
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source effect) varies significantly with the period of ground
motion, and the overall trend is positive. Conversely, the in-
traevent component (accounting for medium and site effects)
does not show significant variations with different periods

(Table 2). This observation can be interpreted as the fact that,
after site/station correction, the models properly account for
the average propagation medium properties at the considered
periods and frequencies. This can be due to the fact that con-
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Figure 3. Continued.
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sidering a huge number of events in a relatively small volume
can produce an averaging response of the medium that makes
it appear as homogeneous. Thus, this observation suggests
that, being mostly vapor-dominated and hot, the medium
heterogeneities are obscured, and the region is showing

the same effect as that of a homogeneous
medium in terms of peak-ground-motion
attenuation.

We also noticed that the contribution
of the interevent uncertainties to the total
standard error dominates with respect to
the intraevent component. In Figure 6b
and Table 3, we compare the uncertainties
of the updated model retrieved in the
present study with the SH13 model. We
also observe that the interevent uncertain-
ties are large when a large dataset (10,974
events) is used, as compared to the inter-
event uncertainties of SH13 obtained with
212 events. This is because the aleatory
(random) component in interevent uncer-
tainties depends on the location-based
variability of the events (see Baltay et al.,
2017) and tends to increase with the in-
creasing number of events.

Concerning the epistemic (informa-
tive) component in intraevent uncertain-
ties, it is reduced when a large dataset
(10,974 events) is used as compared to
the SH13 model. The site term is repeat-
able, and the information-based uncertain-
ties depend on the multiple recordings at
each station. Thus, more recordings in-
crease information and reduce the episte-
mic component of intraevent uncertainties.

Conclusions

In the present work, we used data
from 10,974 earthquakes to update our
previous GMPEs at The Geysers geother-
mal field (Sharma et al., 2013) and showed
that these new GMPEs are applicable with

a magnitude range from 0:7 ≤ Mw ≤ 3:3 and distance range
between 0:1 ≤ Rhypo ≤ 73 km. The purpose of the present
study is not only to update and compare our own previous
GMPEs (SH13) with an updated model obtained by a larger
dataset but also to understand many other aspects of GMPEs,
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Figure 4. Comparison of new ground-motion prediction equations (GMPEs; solid
line) with old GMPEs, the Sharma et al. (2013; hereafter, SH13; dashed line), the Doug-
las et al. (2013; hereafter, D13), and the Atkinson (2015; hereafter, AK15) models for
(a) peak ground velocity (PGV) and (b) peak ground acceleration (PGA). The correction
factor is assumed as s � 0 (see equation 3). The figure is showing a fitting for magni-
tudes of Mw � 3:0, 2.0, and 1.0.

Table 2
Regression Coefficients and Associated Uncertainty for the Final Model of Equation (3)

Parameter a� σa b� σb c� σc h� σh e� σe

τ
(Interevent)

Φ
(Intraevent) σ Total R2

PGV (m=s) −4.976 ± 0.013 1.281 ± 0.006 −1.660 ± 0.008 1.485 ± 0.036 0.161 ± 0.001 0.237 0.283 0.370 0.702
PGA (m=s2) −2.954 ± 0.011 1.206 ± 0.005 −1.897 ± 0.007 1.507 ± 0.028 0.227 ± 0.001 0.188 0.254 0.316 0.798

SA at 0.05 s (m=s2) −2.367 ± 0.011 1.139 ± 0.005 −2.066 ± 0.006 1.432 ± 0.024 0.233 ± 0.001 0.194 0.239 0.307 0.832
SA at 0.1 s (m=s2) −2.669 ± 0.013 1.237 ± 0.005 −1.775 ± 0.009 2.106 ± 0.036 0.255 ± 0.001 0.195 0.275 0.337 0.755
SA at 0.2 s (m=s2) −3.519 ± 0.016 1.350 ± 0.007 −1.418 ± 0.009 1.947 ± 0.047 0.220 ± 0.001 0.278 0.294 0.405 0.658
SA at 0.5 s (m=s2) −4.632 ± 0.014 1.420 ± 0.007 −1.431 ± 0.008 1.607 ± 0.040 0.170 ± 0.001 0.268 0.264 0.376 0.681
SA at 1.0 s (m=s2) −5.137 ± 0.014 1.379 ± 0.007 −1.466 ± 0.008 1.393 ± 0.041 0.161 ± 0.001 0.262 0.284 0.386 0.669
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in terms of residuals with their compo-
nents. We followed the two-step method to
estimate GMPEs. In the first step, a refer-
ence model is considered that does not
account for station/site effects. Then, in
the second step to obtain the final model,
residuals at each station are analyzed and,
based on a Z-test on the residuals, a
dummy parameter is introduced for each
station that accounts for the station/site ef-
fects. This technique is promising for the
regions where no site information in form
of VS30 is available.

We took advantage of the nonlinear
mixed-effect regression technique and split
the total standard error into its two main
components, interevent and intraevent, for
both the reference and the final model.

The main findings can be summarized
as follows:

• the total residuals show no correlation
with hypocentral distances and mag-
nitude;

• the interevent residuals do not show any
significant correlation with magnitude
but show a slight positive correlation
with depth for high-frequency data. This
result indicates an increase in the stress
drop with depth and suggests that high-
frequency ground motion is directly
proportional to the stress drop for small-
magnitude-induced earthquakes;

• the intraevent component does not show
significant variations with respect to
different periods of SA (Table 2). This
observation can be interpreted as the fact
that, after site/station correction, the
models properly account for the average
propagation medium properties at the
considered periods/frequencies. It can
be due to the fact that considering a huge
number of events in a relatively small
volume produces an averaging response
of the medium that makes it homo-
geneous. This suggests that, being
mostly vapor-dominated and hot, the re-
gion is showing the same effect as that of
a homogeneous medium by obscuring
the heterogeneities. In contrast, the inter-
event deviations vary significantly with
the period of ground motion, and the
overall trend is positive;

• the value of fictitious depth (here, h
parameter) retrieved from the regression
is small for small-magnitude earth-
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Figure 5. Interevent residual (in common log) distribution obtained after using the
final model (a) as function of depth and (b) as a function of magnitude. The distribution
of interevent residuals with respect to depth shows a positive trend, especially for high
frequencies (PGA, spectral acceleration �SA��T � 0:05 s�, SA�T � 0:1 s�), whereas in-
terevent residuals as a function of magnitude do not show any significant trend.
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quakes. This result further confirms that the h parameter is
magnitude dependent, as already shown by other studies
(e.g., Abrahamson et al., 2014);

• when a large dataset (10,974 events) is used, interevent un-
certainties tend to increase as compared to the interevent
uncertainties of the SH13 model, whereas the epistemic
(informative) component in intraevent uncertainties tends
to decrease. This is because whereas the aleatory (random)
component in interevent uncertainty depends on the loca-
tion-based variability of the events (see Baltay et al.,
2017), that tend to increase with an increase in the number
of events, the information-based uncertainty, that depends
on the multiple recordings at each station, decreases. Thus,
it means that the number of recordings increase the infor-
mation of the propagating medium and the site/station ef-
fects and reduce the epistemic component of intraevent
uncertainty;

• the contribution of the interevent uncertainties to the total
standard error dominate with respect to the intraevent
component;

• the comparisons with the previous model SH13 and other
GMPEs suggest that region-specific ground-motion mod-
els are a must for appropriate seismic hazard analysis;

• in conclusion, we think that the results of the present study
provide an additional contribution to previous studies
about ground-motion prediction in The Geysers geother-
mal field and in the interpretation of uncertainties obtained
from ground-motion regression.

Data and Resources

The data of the Lawrence Berkeley National Laboratory
Geysers/Calpine seismic network have been retrieved from
the Northern California Earthquake Data Center (NCEDC;
network code BG; http://www.ncedc.org, last accessed Janu-
ary 2012). Figures have been generated with the Generic
Mapping Tools (GMT; Wessel and Smith, 1991). The infor-
mation about VS30 has been retrieved from https://
earthquake.usgs.gov/data/vs30/ (last accessed June 2018).
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