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Abstract. The uncertainty of ground motion estimation influences consistently
the assessment of probabilistic seismic hazard, particularly at long return periods (low
annual rates of exceedance). Generally, the ground motion variability is interpreted as
aleatory variability; nevertheless, part of it is due to path and site effects, that may be
repeated in subsequent earthquakes. Quantifying this epistemic fraction could result in
decrease of aleatory variability, and consequently in more realistic results of seismic
hazard calculations. In the current study we consider an empirical ground-motion
prediction equation recently developed for the Vrancea intermediate-depth earthquakes
[1], and use 898 strong-motion records from 19 subcrustal events with moment
magnitudes in the range 4.5-7.4, to increase the accuracy of the predictions of ground
acceleration by calculating site-specific terms. By separating out epistemic repeatable
components such as site terms, the aleatory variability of ground acceleration is
reduced by about 30%, from 0.753 to 0.517 in natural logarithm units. This value can
be used in site-specific hazard calculations for the locations where the site terms and
their epistemic uncertainty have been estimated.
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1. INTRODUCTION

A key element in seismic hazard assessment is the prediction of the expected
level of ground-motion at a site. The prediction is commonly achieved using empirical
ground-motion prediction equations (GMPES), which relate a measure of the level
of ground shaking (a peak ground-motion parameter, or response spectral ordinate)
to explanatory variables describing the earthquake source, wave propagation path,
and site conditions. The GMPEs are derived through regression analysis on selected
sets of observed strong-motion data, and they represent important tools for seismic
design codes and standards, seismic-hazard maps, earthquake loss and risk modelling
(12, 3, 4)).
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Since ground-motion observations over long enough time periods are not
available at the majority of sites, most of the GMPEs have been derived using data
from multiple stations and seismic sources; consequently, the standard deviation of
the residuals (defined as the difference between observed and predicted values of
the variable under consideration) about a median value predicted by the equation is
dominantly related to the statistics of the spatial variability of ground motion,
instead of the temporal variability at a single site (the spatial variability is assumed
to be representative for the temporal one — the ergodic assumption [5]).

The standard deviation o is a fundamental parameter in probabilistic seismic
hazard analysis (PSHA), since it controls the shape of the hazard curves at low
annual frequencies of exceedance (or long return periods) ([6, 7])

The variability associated with GMPEs is commonly interpreted as aleatory
uncertainty of the ground motion (the scatter being attributed to the complexity of the
physical processes involved in the generation and propagation of the seismic waves).
However, several studies (e.g., [5]) have suggested that a fraction of & should be
treated as epistemic uncertainty, because part of the variability in ground motion is
due to path and site effects, which may be repeated in subsequent earthquakes.
Identifying and quantifying this epistemic fraction could lead to a decrease in ¢ and
consequently to more realistic results of PSHA (e.g., [8]). Accepting an epistemic
fraction of ¢ is equivalent to dropping the ergodic assumption.

During the past decades, the increase in the number of available records and
the inclusion of additional terms in the functional form of the equations led to
improved estimates of the median ground motions; nevertheless, the standard
deviation of the residuals did not decrease notably ([2, 9]).

In recent years, the increased amount of available ground motion records at
single sites allowed to estimate the ground-motion variability without including the
ergodic assumption, and the results show that single-station standard deviations
(term first introduced by [10]) are considerably lower than standard deviations
admitting the ergodic assumption (e.g., [10-15, 9, 4]).

In the present study we consider an existing GMPE developed for Vrancea
intermediate-depth earthquakes [1], and, using a set of records from moderate-to-
strong subcrustal events with moment magnitudes in the range 4.5-7.4, we define
empirical site-specific terms, and evaluate the potential for site corrections to
improve the prediction of peak ground acceleration at individual stations, by
reducing the aleatory uncertainty.

2. DATA SET AND GROUND MOTION MODEL

The study data are acceleration records from 19 Vrancea intermediate-depth
earthquakes (Table 1). Four strong events, with moment magnitudes between 6.4
and 7.4, which occurred in the period 1977-1990, are recorded with analogue
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(SMA-1-type) strong-motion instruments. The remaining 15 moderate-sized events,
with moment magnitudes 4.5 < My, < 6.0, occurred in the interval 2004-2022 and
are recorded with high-quality digital instruments, the Romanian seismic network
being consistently developed, mainly after 2008 (e.g., [16-19]). The study data are
provided by 129 seismic stations installed in free-field sites or basements of low-rise
buildings, and they are available in the archive of the National Institute for Earth
Physics of Bucharest. The moment magnitude — hypocentral distance distribution
of the data is displayed in Fig. 1.

Table 1

The study earthquakes: date, origin time, coordinates, depth, moment magnitude (from ROMPLUS
catalogue ([20] updated), and number of (3-component) strong motion records considered

Date Origin time Depth No. of
Event # yyyy/ mm/ dd h: r?ﬂn : sec Lat. [°N] | Lon. [°E] [kr?w] Muw records
1 1977/ 03/04 19:21:54.10 45.77 26.76 94 7.4 1
2 1986/ 08/ 30 21:28:37.00 45,52 26.49 131 | 7.1 16
3 1990/ 05/ 30 10 : 40 : 06.40 45.83 26.89 91 6.9 9
4 1990/ 05/ 31 00:17:47.90 45.85 26.91 87 6.4 8
5 2004/ 10/ 27 20:34:36.00 45.84 26.63 105 6.0 37
6 2009/ 04/ 25 17:18:48.00 45.68 26.62 110 5.4 37
7 2010/ 06/ 08 15:16:10.00 45.60 26.43 116 | 4.6 30
8 2011/ 05/ 01 02 :24:15.80 45.58 26.44 146 4.9 40
9 2011/ 10/ 04 02 :40:48.10 45.55 26.51 142 4.8 37
10 2013/ 10/ 06 01:37:21.30 45.67 26.58 135 | 5.2 66
11 2014/ 03/ 29 19:18:05.10 45.61 26.47 134 4.6 47
12 2016/ 09/ 23 23:11:20.10 45.71 26.62 92 5.6 76
13 2016/ 12/ 27 23:20:55.90 45.71 26.60 97 55 75
14 2017/ 02/ 08 15:08:20.90 45.49 26.28 123 | 4.8 54
15 2017/ 05/ 19 20:02:44.60 45.72 26.75 122 4.5 57
16 2017/ 08/ 02 02:32:12.70 45.53 26.41 131 4.6 62
17 2018/ 10/ 28 00:38:11.40 45.61 26.41 148 55 81
18 2020/ 01/ 31 01:26:47.90 45.69 26.69 118 | 4.8 82
19 2022/ 11/ 03 04 :50:25.80 45.49 26.53 149 49 83

The waveforms have been processed following the procedure described in
[21]. It consists in baseline correction, visual inspection of the Fourier amplitude
spectrum to select the band-pass frequency range, and application of an eight order
acausal time-domain Butterworth filter [22] to the acceleration time series.

The peak ground acceleration PGA we use here is the geometric mean of the
maximum amplitudes of ground acceleration recorded on two horizontal (mutually
perpendicular) components of a record.
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Fig. 1 — (Color online) Moment magnitude — hypocentral distance distribution of study data.

The reference GMPE we consider in the study [1] is the most recent ground
motion model proposed for the region of interest. It has been developed using 6300
strong-motion records from 207 Vrancea subcrustal seismic events, with moment
magnitudes in the range of 4.0-7.4. The model comprises 6 predictor variables —
earthquake moment magnitude My, earthquake focal depth, hypocentral distance at
station site, site location relative to Carpathians Arc (fore-, back-, or along-arc region),
site ground type (rocklike, stiff soil or soft soil), the fundamental frequency of
resonance at site — and 12 coefficients determined by empirical regression analysis.

The total residuals of PGA about the median value predicted by the model
can be separated into between-event (inter-event) and within-event (intra-event)
terms (e.g., [11, 12, 9, 4]).

InPGA’™ —In PGA™™™ = 5, =B, +W, (1)

where PGA;®® is the peak acceleration from event j, observed at station i
PGA;®™PE is the median ground acceleration predicted by the model for event j at
station i; oj is the total residual for event j at station i, B; is the between-event
residual for event j; Wi; is the within-event residual for event j at station i.

The between-event residual B;j is the average residual from all recordings of
one particular earthquake.

(2)

where m; is the number of stations that recorded event j.
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The within-event residual Wi; is the difference between an individual observation
and the event-corrected median estimate.

The total standard deviation o, between-event standard deviation z, and
within-event standard deviation ¢ can be expressed as [11]:

n mj 2
ijlzizlé}j
n

o= : 3)
j=1 mj

4)

p= )

where n is the number of events.

3. SITE TERMS

Using our dataset and the local GMPE developed by [1], we determine the
PGA residuals and evaluate the total standard deviation, as well as the between-
event and within-event components of ground acceleration variability, with the
ergodic assumption. For an adequate constraint of the between-event residuals,
the data from the 7.4 magnitude earthquake of March 4, 1977 (a single three-
component record available) are not considered. The distribution of the residuals
with respect to moment magnitude and hypocentral distance are displayed in
Figs. 2 and 3. The standard deviations a, 7, and ¢ in our dataset — 0.753, 0.322
and 0.681, respectively (in In units) — are close to the standard deviations of the
original ground motion model [1] — 0.734, 0.242 and 0.693, respectively. The
within-event standard deviation is considerably larger than the between-event
variability; the within-event component is the largest contributor to the overall
standard deviation.

To reduce the overall variability by removing repeatable site-specific effects,
we calculate site terms for the stations that recorded at least 5 events of the dataset.
The terms are defined as the average residuals from the GMPE over the recorded
earthquakes at each station:
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where SS; is the site factor for station i, and n; is the number of events recorded at
station i.
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Fig. 2 — Distribution of total (a), between-event (b), and within-event (c) residuals of PGA
(in In units), with respect to moment magnitude. The dashed lines denote the standard
deviation of residuals under the ergodic assumption.
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A similar approach has been used by [11] and [13]. Some authors ([13, 9, 4])
have considered within-event residuals (instead of total residuals) to determine site
terms for peak ground acceleration and spectral accelerations at various periods.

The site factors we determine here are in addition to the corrections for site
ground type and site fundamental frequency of resonance (terms included in the
reference GMPE). SS; terms augment site descriptions, and are likely attributable to
the inability of the model to capture all site effects, to additional crustal amplification
from complex shallow layering or to near-site attenuation (e.g., [4]). The complex
attenuation structure in our region of interest, revealed by numerous studies (see [23]
for a comprehensive review, [24, 25]), could contribute substantially to the variation
for the peak ground motions from Vrancea earthquakes (e.g., [26]).
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Fig. 3 — Distribution of total (a), and within-event (b) residuals of PGA (in In units),
with respect to hypocentral distance. The dashed lines denote the standard
deviation of residuals under the ergodic assumption.
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We estimate site factors for 76 stations (which recorded at least 5 earthquakes).
The values by station (together with the corresponding standard errors), and their
distribution in the study area are presented in Fig. 4.
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Fig. 4 — (Color online) Site terms for PGA (in In units). Left — spatial distribution in the study area.
Right — values by station, with standard errors.

The site terms are added to the median values yielded by the reference
GMPE [1], increasing the accuracy of the predictions at the particular stations:

INPGA ;=InPGA™™* + 5SS, @)

After removing the site correction factors from observations, the remaining
random, aleatory residuals (from all earthquakes and sites) are the single-station
total residuals 6;°; they can also be separated into aleatory between-event (B;%) and
within-event (W;;®) components:

InPGA™ —InPGA ;=] =B + W, (8)

and the corresponding standard deviations ¢°, 7%, and ¢° can be calculated similarly
to o, zand ¢ (relations (3)—(5)).

The single-station residuals exhibit a reduced scatter; they are displayed in
Figs. 5 and 6 versus moment magnitude and hypocentral distance, respectively.

By separating out epistemic repeatable components such as site terms, the
total aleatory variability is reduced from 0.753 to 0.517, the between-event aleatory
variability from 0.322 to 0.298 and the within-event aleatory variability from 0.681
to 0.423.

When using the ergodic assumption, the within-event standard deviation ¢ is
much larger than the between-event variability = due to site effects; by contrast, ¢°
and 7° tend to be similar (as earlier pointed out by [11]).
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Fig. 5 — Distribution of total (a), between-event (b), and within-event (c) single-station residuals
of PGA (in In units), with respect to moment magnitude. The dashed lines denote the standard
deviation of residuals without the ergodic assumption.

4. DISCUSSION

The realistic assessment of the variability associated with empirical ground-
motion prediction equations is a main concern to seismic hazard analyses, due to
the significant impact of the value of ¢ on hazard estimates.

In this study, we use a dataset of moderate-to-strong subcrustal events of
Vrancea, well constrained in terms of source parameters (locations and magnitudes)
and site information, and the most recent GMPE developed for Vrancea intermediate-
depth earthquakes [1], to explore the aleatory variability of the ground motion model
at single sites, under the nonergodic assumption.

We determine site-specific terms for 76 stations that recorded at least 5
earthquakes; these factors are included as predictive terms or adjustments to modify
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the median ergodic values. The better-informed model increases the complexity of
the reference GMPE, as it accounts for particular locations.
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Fig. 6 — Distribution of total (a), and within-event (b) single-station residuals of PGA (in In units),
with respect to hypocentral distance. The dashed lines denote the standard deviation of residuals
without the ergodic assumption.

By computing the single-station components of uncertainty, we find that the
overall variability decreases by about 30% (¢%c = 69%), and the aleatory within-
event component decreases by about 40% (¢%¢ = 62%). The standard deviations
without the ergodic assumption, evaluated for the Vrancea intermediate-depth
source, are similar to those obtained with data sets from southern California [10],
Japan ([11, 13]), Taiwan [14], Italy [9].

The reduced aleatory variability determined in this study can be used in site-
specific hazard calculations for the locations where the site terms and their
epistemic uncertainty have been estimated. The reduced standard deviation yields
reduced ground acceleration levels at any probability of exceedance in PSHA, the
effect been more pronounced at low probabilities (long return periods).
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