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What Is a Reference Site?

by Jamison H. Steidl, Alexei G. Tumarkin, and Ralph J. Archuleta

Abstract Many methods for estimating site response compare ground motions at
sites of interest to a nearby rock site that is considered a “reference” motion. The
critical assumption in these methods is that the surface-rock-site record (reference)
is equivalent to the input motion at the base of the soil layers. Data collected in this
study show that surface-rock sites can have a site response of their own, which could
lead to an underestimation of the seismic hazard when these sites are used as refer-
ence sites. Data were collected from local and regional earthquakes on digital re-
corders, both at the surface and in boreholes, at two rock sites and one basin site in
the San Jacinto mountains, southern California. The two rock sites, Keenwild and
Pifion Flat, are located on granitic bedrock of the southern California peninsular
ranges batholith. The basin site, Garner Valley, is an ancestral lake bed with water-
saturated sediments, on top of a section of decomposed granite, which overlies the
competent bedrock. Ground motion is recorded simultaneously at the surface and in
the bedrock at all three sites. When the surface-rock sites are used as the reference
site, i.e., the surface-rock motion is used as the input to the basin, the computed
amplification underestimates the actual amplification at the basin site for frequencies
above 2 to 5 Hz. This underestimation, by a factor of 2 to 4 depending on frequency
and site, results from the rock sites having a site response of their own above the 2-
to 5-Hz frequencies. The near-surface weathering and cracking of the bedrock affects
the recorded ground motions at frequencies of engineering interest, even at sites that
appear to be located on competent crystalline rock. The bedrock borehole ground
motion can be used as the reference motion, but the effect of the downgoing wave
field and the resulting destructive interference must be considered. This destructive
interference may produce pseudo-resonances in the spectral amplification estimates.
If one is careful, the bedrock borehole ground motion can be considered a good
reference site for seismic hazard analysis even at distances as large as 20 km from
the soil site.

Introduction

It has long been known that each soil type responds
differently when subjected to ground motion from earth-
quakes. Usually, the younger, softer soils amplify ground
motion relative to older, more competent soils or bedrock.
One of the goals of engineering seismology has been to try
to quantitatively measure this amplification of ground mo-
tion throughout metropolitan regions in earthquake-prone
areas. These measurements can then be used to help dis-
tinguish regions where the seismic hazard is greatest due
to amplification from the surface geology and subsurface
structure.

The varied damage patterns seen over small distances
in the wake of large earthquakes is easily understood when
we look at the variation over small distances in recorded
ground motion. As an example, two stations located only
120 m from each other on identical soil, with flat topogra-

phy, show a distinct variability in their records of ground
motion from the same M4.7 Landers, California, aftershock
(Fig. 1a). A second example shows ground motion recorded
at two rock sites located 150 m from each other for the same
event (Fig. 1b). These examples were recorded during the
1992 Landers, California, aftershock sequence in the epi-
central region of the Landers mainshock (Steidl, 1993). Al-
though these sites appear to have a common long-period
signal, the variability at higher frequencies is clear.

A common factor in many of the methods for estimating
amplification of ground motion at a particular site due to its
near-surface geology is to use a nearby bedrock site as the
reference motion. The critical assumption in these methods
is that the surface-rock-site record (reference) is equivalent
to the input motion at the base of the soil layers. Here we
define a reference as a site that has a flat transfer function
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Figure 1. Variation of ground motion seen in

three-component data recorded from an M4.3 after-
shock following the 1992 M7.3 Landers, California,
earthquake at the UCSB dense array of portable ac-
celerometers. (a) Two soil sites separated by 120 m.
(b) Two rock sites separated by 150 m.

with an amplitude of one, i.e., a half-space response; it be-
haves like the bedrock below the soil layers, with the ex-
ception of the free-surface effect. Given that the input mo-
tion below the soil layers is not usually known, for practical
reasons, seismologists will use the nearby rock site and make
this assumption. Figure 2 is a schematic diagram that illus-
trates this assumption. How similar is the motion at the base
of the soil layers and the bedrock outcrop 1 km away or 5
km away? Previous studies have shown variability in surface
ground motion over small distances at both soil and rock
sites (Cranswick, 1988; Menke et al., 1990; Vernon et al.,
1991; Schneider er al., 1992; Steidl, 1993). This variability,
especially at rock sites, suggests that this basic assumption
may break down above a site-dependent frequency.

We define site response here in three ways. First, we
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Figure 2. Schematic diagram showing the com-
mon assumption that surface bedrock sites are con-
sidered the reference motion to nearby soil sites.

use a theoretical definition, by which an input motion at the
base of a soil column is propagated up through the soils to
estimate the site response. The filter that must be applied to
the incident wave to obtain the surface motion is the theo-
retical site response and is used extensively in engineering
seismology and seismic hazard analysis. Second, we use a
practical definition, the modifications to motions on rock at
the surface needed to get motions on soil at the surface. This
estimate, usually in the form of spectral ratios of soil to rock,
is widely used by seismologists. Third is a borehole defini-
tion, the difference between motions recorded in a bedrock
borehole and motions recorded at the surface. Each of these
site-response estimates is used in this study.

In an attempt to understand the variability in our ref-
erence sites, we will compare data from a series of borehole
sensors located along the San Jacinto fault zone in southern
California with the hope of addressing some of the following
questions. Is this variability only at the surface or does it
exist at depth? How much of the variability seen at closely
spaced rock sites is due to weathering of the rock at the
surface? How similar are borehole rock records compared
to surface rock records? How similar are borehole recordings
separated by 5 km or even 20 km? Is the bedrock borehole
recording a better reference for site-response studies?

The results will be presented by first showing the em-
pirical estimation of site response at the Garner Valley site.
A borehole sensor located below the soil column in com-
petent granitic rock is used as the denominator in Fourier
spectral ratio estimates of amplification. We will also com-
pare this empirical estimate with theoretical calculations of
the site response at Garner valley, which are derived from
available geotechnical data. The empirical site-response es-
timate will then be used to compare with estimates that use
other nearby surface rock sites as the denominator in the
Fourier spectral ratios. This will help in understanding the
differences between borehole rock and surface-rock ground
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Figure 3. Map showing the locations of GVDA, KNW, PFO, and BVDA (diamonds).
Also shown in the seismicity (shaded circles) recorded at GVDA from July 1989 to

December 1994,

motion and the use of these sites as reference sites. We will
also use other borehole rock sites to examine the variability
between nearby borehole rock recordings of ground motion
and the usefulness of the borehole rock motion as a reference
site.

The Study Area

The San Jacinto fault zone is historically the most active
strike-slip fault system in southern California. The extent of
ruptures along the San Jacinto and the rates of displacement
have been studied previously by Sharp (1967), Thatcher ez
al. (1975), Sanders and Kanamori (1984), and Rockwell er
al. (1990). The Anza segment of the San Jacinto fault has a
25-km-long zone that has not ruptured since at least 1890
(Sanders and Kanamori, 1984). The high level of microseis-
micity along the Anza segment has provided the motivation

for the installation of a seismic network, borehole sensors,
and numerous studies. This high level of microseismicity
along the Anza segment can be seen in Figure 3, with events
recorded at the Garner Valley downhole array (GVDA) plot-
ted as shaded circles. These events cover the time span from
the installation of GVDA in July 1989 to December 1994.
Also shown are the locations of GVDA, Keenwild (KNW),
and Pifion Flat (PFO) borehole instruments. The 10 mm/yr
slip rate on the San Jacinto fault (Sharp, 1967; Rockwell et
al., 1990) and the absence of a large earthquake on a 25-km
zone of the Anza segment since at least 1890 lead to a rel-
atively high probability for a magnitude 6.5 or larger event
in the near future.

The comparison of data from GVDA, PFO, and KNW is
crucial to answering the questions regarding the nature of
reference sites. Our approach is to use data recorded on bore-
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hole instruments located along the Anza segment of the San
Jacinto fault zone to answer these questions. Analysis of data
from the three different borehole sites provides important
information on how the input base motion of the bedrock
changes over both small and moderate distances.

Data

The data used in this study are ground-motion records
(velocity time histories and acceleration time histories) from
instruments located along the San Jacinto fault zone in
southern California. Borehole instruments have been moni-
tored using digital recorders at all three sites, GVDA, PFO,
and KNW, over the past three years. The data are unique in
that ground-motion measurements are made at the surface
and directly below in bedrock boreholes at three different
locations along the San Jacinto fault (Fig. 3). Two of these
sites, the Garner Valley downhole array (GVDA) and the
Keenwild (KNW) borehole, are approximately 5 km away
from each other. The Pifion Flat borehole is approximately
20 km from the GVDA site.

Garner Valley Downhole Array

The GVDA site is a soft soil to a depth of 19 to 25 m
(water saturated below 1 to 3 m depending on the season)
over a thick layer of weathered granite, with a gradual tran-
sition to competent bedrock at 90 to 110 m in depth. At the
GVDA site, ground motion is measured at both a downhole
array and a surface array. GVDA has been in operation since
July of 1989, with 801 events recorded by the end of De-
cember 1994 (Fig. 3). The borehole ground-motion sensors
are dual-gain three-component force-balanced accelerome-
ters (modification of the Kinemetrics FBA-23DH). These
borehole sensors are located at depths of 6, 15, 22, 50, and
220 m below the surface (Fig. 4). Recordings of ground
motion at different locations in the soil column above a bed-
rock borehole sensor allows for examination of the effects
of the soil structure on the upgoing and downgoing wave
field. A detailed description of GVDA and preliminary data
analysis can be found in Archuleta er al. (1992).

Keenwild and Pifion Flat Boreholes

The USGS-owned KNW and PFO borehole sensors are
located at a depth of 300 m below the surface, in competent
bedrock of the southern California peninsular ranges bath-
olith. The sensors are Mark products L22D electromagnetic
borehole seismometers with a natural frequency of 2 Hz. The
amplitude response to velocity above the natural frequency
is flat out to 70 Hz. These sites were installed in late summer
1986, and the GEOS recorders were removed from the sites
in 1989, unfortunately before data could be collected at both
the KNW and GVDA sites simultaneously for comparison. A
more detailed description of the borehole installations is de-
scribed in Fletcher er al. (1990) and Aster and Shearer
(1991a, 1991b).

Data from the KNW and PFO 300-m borehole sensors,
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Figure 4. Schematic of the borehole sensors de-
ployed at different depths within the soil column at
GVDA. The major interfaces in the subsurface struc-
ture are also shown.

which are still functioning, have been recorded on RefTek
portable digital data acquisition systems (DAS). The DAS’s
are six-channel recorders with 16-bit recording capacity on
all six channels. The DAS’s recorded three channels of data
from the borehole sensors and three channels of data from
three-component FBA’s at the surface, at a sampling rate of
200 samples per second.

Examples of Waveforms at GVDA, KNW, and PFO

Figures 5a and 5b show an example of the data collected
following the 1992 M6.1 Joshua Tree, California, earth-
quake. The surface ground velocity is plotted for all three
components at KNW, PFO, and GVDA for an M4.7 Joshua
Tree aftershock (Fig. 5a, Table 1). Note the scale for the
GVDA records is three times greater than for the KNW and
PFO records. This is due to amplification in the near-surface
ancestral lake deposits at the GVDA site (Fig. 4). Figure 5b
shows an example of the borehole velocity records for the
same event. The scale used is the same for KNW, PFO, and
GVDA in this case because the instruments are located in
similar bedrock.
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Near-Surface Velocity Structure at GVDA, KNW,
and PFO

The near-surface velocities at all three sites have been
documented using various techniques (Gibbs, 1989; Fletcher
et al., 1990; Pecker and Mohammadioun, 1991). The P- and
S-wave velocity profiles are shown in Figures 6a and 6b,
respectively. Suspension logging in the upper 50 m at GVDA
(Fig. 6¢c; Agbabian Associates, personal comm.) done in No-
vember of 1994 is consistent with the downhole logging
done by the USGS (Gibbs, 1989) and with velocity mea-
surements on core samples of the upper 19 m (Pecker and

for all three borehole stations.

Mohammadioun, 1991). While both the KNW and PFO sites
are considered very competent rock sites (small «(0), Hough
et al., 1988), it is important to note that each of these sites
has a layer of decomposed granite at the surface with veloc-
ity profiles that do get slower in the near surface.

Methods

Complex Representation of Horizontal Motion

In order to construct an accurate representation of the
horizontal motion, we treat the horizontal time histories as
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Table 1
Events Used in GVDA Empirical Site-Response Analysis
Trigger Lat. Long. E- H-

Time Mag. Peak Acc. N) (W) Dist Depth Dist Azimuth
89336231650 42 87.6 (S00-V) 33 38.74 116 44.50 6.2 14.47 15.8 2514
89356030327 3.4 37.9 (S00-T) 33 37.44 116 41.27 54 14.08 15.1 198.4
90289130127 2.6 27.2 (S00-T) 33 41.63 116 44.22 6.6 18.00 19.2 2914
91140150058 3.7 9.9 (S00-L) 33 46.88 116 56.08 27.2 12.77 30.1 293.3
91140150414 3.5 14.5 (S00-L) 33 46.74 116 56.01 27.0 12.39 29.7 292.9
92073074717 2.7 11.8 (S00-V) 33 48.00 116 46.77 17.6 15.74 23.6 320.9
92114022537 4.6 12.0 (S00-L) 335742 116 19.03 45.9 11.93 474 51.0
92114045030 6.1 97.8 (S00-L) 33 57.67 116 19.05 46.2 12.38 47.8 50.6
92117095552 3.6 9.5 (S00-L) 33 56.58 116 21.57 42.0 6.61 425 48.8
92125011609 41 10.4 (S2E-L) 33 56.37 116 20.44 429 5.97 433 50.8
92125161957 49 26.5 (S00-L) 33 56.50 116 18.25 45.6 12.54 473 53.5
92127023850 4.7 20.2 (S00-L) 33 56.59 116 18.88 45.0 7.31 45.6 52.6
92139154425 4.9 61.7 (S00-L) 33 57.08 116 20.27 441 7.10 447 49.9
92181140846 5.6 23.5 (S00-L) 34 6.27 116 24.19 54.5 10.35 . 554 31.8
92181141347 5.4 21.3 (S1E-T) 34 649 116 24.23 54.8 9.88 55.6 31.5
92181160150 4.7 17.9 (S00-L.) 33 52.53 116 16.02 44.0 1.80 44.0 63.0
92182212302 4.8 14.5 (S00-V) 347.82 116 44.02 51.6 12.47 53.1 3525
92187041848 3.1 17.3 (S1W-V) 33 40.59 116 42.27 22 17.83 18.0 283.7
92206181443 5.0 18.3 (S00-L) 33 54.11 116 17.04 443 9.08 45.2 59.1
92207043207 49 10.7 (S00-T) 33 56.23 116 18.33 45.2 5.85 45.6 539
93115163030 2.3 5.7 (S00-V) 33 38.64 116 43.05 49 12.32 13.3 2409
93132054921 2.6 9.1 (S00-L) 33 37.55 116 37.42 6.6 3.74 7.6 131.1
93233014647 5.1 11.3 (S00-L) 34 1.76 116 19.27 51.6 9.05 52.4 443
93265223602 24 4.1 (S00-V) 33 41.01 116 43.35 4.9 15.01 15.8 286.5
94112023315 2.5 12.0 (S00-V) 33 39.84 116 45.85 8.5 13.29 15.8 267.0
94284231444 2.8 25.1 (SIW-V) 33 4041 116 43.29 44 14.85 15.5 275.5
94311183223 3.8 80.2 (S3E-V) 33 42.06 116 45.83 9.3 14.98 17.6 289.5
94313022907 37 26.5 (S3E-T) 33 40.78 116 47.84 11.6 17.17 20.7 275.0

GVDA location 33° 40.127' N 116° 40.427" W.

Earthquake locations, origin times, and magnitudes from USGS/Pasadena (SCSN).
Epicentral distance (E-Dist), hypocentral distance (H-Dist), and depth units are in km.

Peak acceleration units are in cm/sec sec.

a two-dimensional signal by forming a complex time series:
Ay(t) = Ax(t) + iAYE), ¢))

where
[Ax(®), Ay(D), AZD)] @)

represent, the two horizontal (X, ) and the vertical (Z) com-
ponents of the accelerogram. Although the specific tech-
nique is new (Lu er al, 1992; Tumarkin and Archuleta,
1992), the idea is essentially the same as the concept of
spectral maximization introduced by Shoja-Taheri and Bolt
(1977). The amplitude spectrum of the complex time series
Ag(f) provides the total amplitude of horizontal motion at a
given frequency, preserving the phase between components.
This method calculates only one fast-Fourier transform
(FFT) with no need to consider the orientation of the com-
ponents. This method is used in recent studies by Steidi
(1993) and Steidl ef al. (1995). All of the site-response es-
timates in this article use this complex representation of hor-
izontal motion.

Spectral Ratio Estimates of Site Response

Many previous studies since Borcherdt (1970) have
used the spectral ratio approach to estimate site response,
which we briefly describe here. A seismogram may be cal-
culated as the convolution of the source, path, site effect,
and instrument response as

Ai(f) = SIHP NGNS, 3

where S/(f) is the source term of the ith event, Py(f) is the
path term between the jth station and the ith event, G(f) is
the site term for the jth station, and I(f) is the instrument
response term for the jth station. The spectral ratio is ob-
tained by dividing the Fourier spectrum of the acceleration
at the jth station by the spectrum at the kth reference station
as follows:

A _ SOPNGNI _ G
Alf)  SDPHNGUNLS) Gl

“4)

Since the spectral ratio is taken for a single event, the source
term S/f) is the same for both the jth and kth stations (as-
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Figure 6.

(a) P-wave velocity structure at GVDA, KNW, and PFO. (b) S-wave velocity

structure at GVDA, KNW, and PFO. (c) The upper 50-m P- and S-wave velocity structure
at GVDA from November 1994 suspension logging done by Agbabian Associates.

suming that they are at the same azimuth with respect to the
source). In addition, the instrument response must be re-
moved from the data first. If the separation between stations
j and k is much less than their hypocentral distances from
the source, it is probably a good assumption that the path
terms will cancel. If this is not the case, a path correction

can be made that corrects for geometrical spreading factor
by mulitiplying the data by its hypocentral distance or S—P
time.

The window used in S-wave site-response spectral ratios
is a subjective choice made at the time of analysis. Larger
events have longer durations of S-wave energy. In Steidl ez
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al. (1995), a window of 10 sec starting 2 sec before the S
wave was extracted, and the spectral ratio was calculated. A
second window was also chosen to look at whole record site
amplification, which consisted of 40 sec of the record, start-
ing 1 sec before the beginning of the P wave. It was found
that the two windows gave very similar results; the only
difference was the longer windows had slightly better res-
olution at longer periods (Steidl er al., 1995). Once the
choice of window is made, it is best to use as much data as
possibly. The single-event estimates of the spectral ratios
should be combined with ratios from other events by taking
the logarithmic average of all events at each station.

In this study, we choose a whole record estimate that
uses 20 sec of ground motion beginning 1 sec before the first
P-wave arrival. For each event, we calculate the spectrum
of the surface and borehole horizontal records from a 20-sec
window to which we have applied a 5% Hanning taper. We
then divide the surface spectrum by the borehole spectrum
to produce a single-event estimate of site response. In the
case, where one site is divided by a different site, the dis-
tance correction is made.

Coherence Calculations

Theory predicts the first mode of destructive interfer-
ence between upgoing (incident) and downgoing (surface
reflection) waves will occur at the specific frequency F:

C

F=———f
4Dy — D)

&)
where C is the average velocity between two sensors located
at depths D, and D,,. The destructive interference that occurs
at frequency F should produce a hole in the coherence (y%)
between the signals at instruments D, and D,, at that fre-
quency. We define the coherence here as

IS 1(HIF

, 6
$11:(NS2( ©

2 _
Y12 =

where S;;(f) and S,,(f) are the Fourier transforms of the
autocorrelation of signals 1 and 2, respectively (signals at
instruments D, and D,), and S1,(f) is the Fourier transform
of the cross-correlation of signals 1 and 2. This is the mag-
nitude-squared coherence as defined in much of the engi-
neering literature and is used later in this article.

Results

Site Response at GVDA

We examine 28 events in the GVDA data base (Table
1) to produce an empirical site-response estimate that uses
only data with signal-to-noise ratios above 10 between 0.4
and 50 Hz, with the exception of the event with the smallest
signal (93265223602, Table 1), where the signal-to-noise
ratio drops to 3 below 1 Hz. These events occur from De-
cember of 1989 to November of 1994. The locations range
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from 7- to 60-km hypocentral distance from the GVDA site
(Fig. 3). The log average of the 28 surface-t0-220-m spectral
ratios is calculated. The resulting site-response estimate is
smooth due to the averaging over many events. No smooth-
ing is done on the spectra or spectral ratios. Figure 7 shows
this empirical estimate of site response at GVDA (solid
curve). We can see that the near-surface water-saturated al-
luvium and decomposed granite produce an amplification of
at least a factor of 5 from 1 to 10 Hz. Larger amplifications
due to resonances in the layered structure of the sediments
can be seen in the peaks at 1.8, 3.0, and 11.0 Hz, with smaller
peaks at 6.0 and 8.0 Hz.

We now compare the empirical estimate of site response
with theoretical calculations (Fig. 7). We calculate synthetic
seismograms at the borehole and surface of GVDA and com-
pute the spectral ratios using the same method as the empir-
ical spectral ratios. The synthetic seismograms are calculated
in a one-dimensional layered medium (Table 2) from a dou-
ble-couple point source using the reflectivity code AXITRA
(Coutant, 1989), which is based on the discrete wavenumber
method (Bouchon, 1981). The synthetics include P-SV and
SH motions. The source time function is not critical because
the source contribution is canceled when considering the
spectral ratios. However, we use an oblique source (steeply
dipping, primarily strike slip) at 17.6-km hypocentral dis-
tance, a realistic source mechanism for this tectonic region,
which generates both P-SV and SH motion at the GVDA site.
We have examined different source mechanisms and found
that this choice does not significantly affect the spectral ra-
tios as expected. The available geotechnical information on
GVDA near surface and deeper structure was used in com-
piling Table 2 and for input to the one-dimensional theo-
retical calculations (Hough and Anderson, 1988; Gibbs,
1989; Fletcher et al., 1990; Archuleta et al., 1992; Pecker

Fmpirical and Theoretical Estimates of GVDA Site Response

Complex Spectral Ratio
o

Theoretical (Dotted)
Empirical {Solid)

Average of 28 events, whole record estimate (20 8)
No Smoothing

) 2 88 P 4

Frequency (Hz)

Figure 7. Comparison between the empirical, 28-
event average (solid curve) and theoretical (dotted)
estimates of site response at GVDA.
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Table 2
Geotechnical Model Used in Theoretical Site-Response Estimate
Depth to P-Wave S-Wave
Top of Layer Velocity Velocity Density
(m) (misec) (mysec) (kg/m”) 0, 0,
0 400 90 1950 10 10
1 450 130 1950 10 10
2 450 165 2000 10 10
4 1250 190 2000 30 30
6 1550 190 2000 30 30
8 1550 200 2000 30 30
11.5 1550 200 2000 30 30
15 1550 260 2050 30 30
19 1950 500 2200 50 50
65 2460 1310 2400 50 50
89 5850 3150 2800 500 500
3000 5850 3400 2800 500 500
5000 6000 3500 2800 500 500

and Mohammadioun, 1993; Agbabian Associates, personal
comm., 1994),

The theoretical spectral ratio is shown in Figure 7 as the
dotted curve. The theoretical site-response estimate com-
pares well with the empirical, although the theoretical esti-
mate uses a simplified model of the structure that borehole
logging has shown to be much more complicated. Specifi-
cally, the true structure has more of a gradient between
layers, which is not accounted for in the one-dimensional
layered model. Scattering from local inhomogeneities and
three-dimensional basin effects are also not accounted for in
this simple model. The sharply peaked theoretical curves are
due to the discreet layers used in the theoretical calculations,
which would be smoothed out and broadened by allowing
for gradual changes in the velocity and shear modulus
(Davis, 1995).

GVDA is the ideal case for estimating site response, hav-
ing a recording of the bedrock motion below the site of in-
terest. However, that recording will contain downgoing re-
flected waves from the surface and other interfaces that can
interfere with the upgoing incident wave field. Destructive
interference between these waves at specific frequencies can
produce a notch in the frequency spectrum of the borehole
recording, as was shown in Shearer and Orcutt (1987). This
can lead to problems when using shallow borehole data as
the reference for estimating amplification at the surface since
the notch in the borehole spectrum would produce peaks in
the spectral ratios that could be misinterpreted as site-re-
sponse peaks.

If we examine the coherence between the GVDA surface
instrument and its borehole instruments, we can see the effect
of destructive interference (Figs. 8a through 8c). The estimate
of site response that considers the coherence and can alert us
to problems caused by destructive interference is the cross-
spectrum technique (Bendat and Piersol, 1980; Safak, 1991,
Field er al., 1992; Steidl, 1993). The difference between the
traditional spectral ratio estimate and cross-spectrumestimate
is caused by the decrease in coherence between the surface
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and borehole signals. The cross-spectrum estimate is simply
the product of the spectral ratio estimate and the coherence.
Since the coherence, by definition, always lies between zero
and one, it is easy to see that when the coherence between
the surface and borehole instruments drops, the cross-spec-
trum estimate deviates from the spectral ratio.

In Figures 8a through 8c, we show the coherence vs.
frequency and the two estimates of site response for the
GVDA site, from the M6.1 Joshua Tree mainshock data. The
three curves in each of these figures are calculated from a
40-sec whole record window that has been divided into 19
overlapping (50%) 4-sec subwindows. The curves are cal-
culated for the subwindows and then log averaged. Figure
8a uses data from the surface and 15-m borehole instruments
at GVDA. The first notch in the coherence occurs at very
nearly the frequency (3 Hz) predicted by equation (5), using
an average velocity in the upper 15 m of approximately 180
m/sec (Table 2). If we examine the two estimates of site
response in Figure 8a, we can see an amplification of ap-
proximately 7.5 at 3 Hz when using spectral ratios, instead
of approximately 5.5 when using the cross-spectrum esti-
mate. Unfortunately, the surface reflection is not the only
thing that causes the coherence to drop. Reflections from
other interfaces and scattering from local inhomogeneities
can also contribute to a drop in coherence. In the 0-m/22-m
and 0-m/220-m site-response functions at GVDA (Figs. 8b
and 8c, respectively), we can see that the coherence func-
tions become increasingly complex with increasing sensor
separation. In the case of the 22 m to surface coherence (Fig.
8b), the frequency of the first notch is consistent with equa-
tion (5), using velocities from Table 2. In the case of the 220
m to surface coherence, the first notch is at a slightly higher
frequency than would be predicted from equation (5), sug-
gesting that our velocity model is slow or that reflections
from closer interfaces are making things more complex. If
we consider a reflection from the soil/weathered granite in-
terface (located at ~19 m in depth), using equation (5) we
can match the frequency of the notch seen in the 220 m to
surface coherence. This suggests that the impedence contrast
at that boundary produces a significant reflection and that
most of the energy that passes into the shallow soil layer is
trapped and/or attenuated there.

It is a good idea to check your empirical site-response
estimates with a simple theoretical calculation of site re-
sponse, if the geotechnical information is available. This can
help avoid interpreting peaks in the surface-to-borehole
spectral ratios that are due to the destructive interference as
site-response peaks.

Site Response from Co-recorded Events at KNW,
and PFO, and GVDA

If a hard-rock surface site were a true reference site,
then its ground motion should be identical to the ground
motion in the borehole below it, with the exception of the
free-surface effect and reflections. At sufficiently low fre-
quencies, the Fourier spectra seen at the surface and in the
borehole are identical because the wavelengths are signifi-
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Figure 8. Magnitude-squared coherence vs. frequency and cross-spectrum and spec-
tral ratio estimates of site response vs. frequency. Data from the M6.1 Joshua Tree,
California, mainshock recorded at GVDA. (a) Surface to 15-m coherence and site re-
sponse. (b) Surface to 22-m coherence and site response. (c) Surface to 220 m coherence

and site response.

cantly larger then the separation between sensors. The fre-
quency at which the two spectra deviate depends on the
depth of the borehole sensor and the near-surface velocity
structure. Highly attenuating near-surface materials tend to
reduce contributions from reflections in the downgoing wave
field at high frequencies. At sufficiently high frequencies,
the Fourier spectrum of the borehole ground motion could
be as much as a factor of 2 less than the surface spectrum
(due to the free-surface effect). In the next set of figures, we
will examine the Fourier spectrum of the horizontal motion
at both the borehole and surface at PFO, KNW, and GVDA.

This first example is from an M5.1 Landers aftershock
(21 August 1993). If we lock at the Fourier spectrum of
horizontal motion at the surface and 300 m directly below

the PFO surface instrument (Fig. 9a), we can see that there
is a surface amplification in addition to the effect of the free
surface. The borehole and surface spectra deviate at fre-
quencies above 2 to 5 Hz. Below 2 Hz, the spectrum seen
at the surface and in the borehole are identical because the
wavelengths are larger than the separation between sensors.
The amplification seen above 5 Hz is due to the low imped-
ence (caused by weathering) in addition to the free-surface
effect. At frequencies above 5 Hz, the wavelength of the
energy is small enough to begin to notice the change in ve-
locity structure in the upper 100 m (Figs. 6a and 6b). Even
though the PFO surface instrument might be considered an
excellent reference site, for frequencies above 5 Hz, the in-
terpretation of site amplification results that use this instru-
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Figure 9. Comparison of surface and borehole spectra at three sites, PFO, KNW, and
GVDA. Whole record amplitude spectrum of horizontal ground motion plotted vs. fre-
quency. (a) PFO 300-m borehole (solid) and surface (dotted) spectra. (b) KNW 300-m
borehole (solid) and surface (dotted) spectra. (c) GVDA 220-m borehole (solid) and

surface (dotted) spectra.

ment as a reference would be incorrect. Above 5 Hz, this
reference site has a site response of its own.

The Fourier spectrum of the KNW surface site behaves
in much the same way as station PFO. Comparing the Fourier
spectrum of horizontal motion at the surface KNW instru-
ment and at 300 m directly below the surface (Fig. 9b), we
can see the frequency where the two-spectra deviate is above
2 and 5 Hz, although it appears to be more abrupt in this
case. Above 2 to 5 Hz, we can see that this rock site has a
response of its own due to the weathering and the fractured
nature of the rock in the near surface. It is not unexpected
that KNW and PFO behave similarly because they have very
similar velocity structures (Figs. 6a and 6b) and are installed
on similar rock types.

The GVDA site has a significantly different velocity

structure from stations PFO and KNW in the upper 100 m
(Figs. 6a through 6c, Table 2). The ancestral lake sediments
and weathered granite layers are thick enough to produce a
very noticeable effect in the Fourier spectrum of the surface
instrument recordings (Fig. 9c). The frequency at which the
surface and borehole spectra deviate in this case is above
0.5 to 1.0 Hz. The large amplification seen between 1 and
10 Hz at the GVDA site is not unexpected considering GVDA
has a ~19-m-thick layer of water-saturated sediments with
an average velocity of 220 m/sec.

For the time period in which all three sites, GVDA,
KNW, and PFO, operated simultaneously, a subset of eight
commonly recorded events were selected from the 28 best
events at GVDA listed in Table 1. These eight events, listed
in Table 3, consist of local earthquakes at different azimuths
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Figure 10. Surface/borehole spectral ratios from the eight events in Table 2 at three
sites, PFO, KNW, and GVDA, showing variability in individual estimates of site re-
sponse. Whole record spectra with no smoothing used in ratios. (a) Eight spectral ratios
at PFO. (b) Eight spectral ratios at KNW. (c) Eight spectral ratios at GVDA.
Table 3
Co-recorded Events at GVDA, KNW, and PFO
Trigger Lat. Long. E- H-

Time Mag. Peak Acc. Ny (W) Dist Depth Dist Azimuth
92125011609 4.1 10.4 (S2E-L) 33 56.37 116 20.44 429 5.97 43.3 50.8
92125161957 4.9 26.5 (S00-L) 33 56.50 116 18.25 45.6 12.54 47.3 535
92127023850 4.7 20.2 (S00-L) 33 56.59 116 18.88 45.0 7.31 45.6 52.6
93115163030 23 5.7 (S00-V) 33 38.64 116 43.05 4.9 12.32 13.3 240.9
93132054921 2.6 9.1 (S00-L) 33 37.55 116 37.42 6.6 374 7.6 131.1
93233014647 5.1 11.3 (S00-L) 34 1.76 116 19.27 51.6 9.05 52.4 443
93265223602 2.4 4.1 (S00-V) 3341.01 116 43.35 4.9 15.01 15.8 286.5

94112023315 2.5 12.0 (S00-V) 33 39.84 116 45.85 8.5 13.29 15.8 267.0
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and more regional Joshua Tree and Landers aftershocks. The
surface-to-bedrock borehole spectral ratios for these events
at PFO and KNW are calculated as described in the Methods
section, the same way as the GVDA spectral ratios discussed
previously.

The surface-to-300-m spectral ratios at PFO for the eight
commonly recorded events are plotted together in Figure
10a. The variation inherent to individual spectral ratios and
the large uncertainty with any single site-response estimate
is clear in this figure. The general character of the surface-
rock site response at PFO is a gradual amplification of high-
frequency energy starting at the frequency of 2 to 5 Hz and
a clear amplification (larger than what could be attributed to
the free-surface effect) at frequencies greater than 5 Hz. This
trend is also shown in the log-averaged spectral ratio of these
eight events plotted in Figure 11 as the dotted curve. Al-
though we corrected for the response of the L22-D borehole
instrument at PFO, the low-frequency variation is due to the
lack of energy in the signal from the smaller events in Table
3. The surface-to-300-m spectral ratios at KNW for the eight
commonly recorded events are plotted together in Figure
10b. There is a great deal of variability in any one estimate
at KNW, just as seen at PFO. The surface-rock site response
at KNW also shows amplification of high-frequency energy
above 2 to 5 Hz. The log-averaged spectral ratio of the eight
events at KNW is plotted in Figure 11 as the solid curve.

The surface-to-220-m spectral ratios at GVDA for the
eight commonly recorded events are plotted together in Fig-
ure 10c. The variability in the individual estimates at GVDA
is less than seen at PFO or KNW. This may be because the
surface-rock sites have more inherent variability than the soil
site. The log-averaged GVDA site-response estimate from the
eight events plotted in Figure 11 as the dashed curve is very
similar to that determined previously from the 28 events
(Fig. 7).

Figure 11 shows that using the PFO or KNW surface-
rock sites to estimate site response at GVDA, we would un-
derestimate the amplification at GVDA above 2 to 5 Hz, by
a factor of 2 to 4 depending on frequency. To better illustrate
how using a surface-rock site as a reference site could un-
derestimate amplification, we use the M5.1 Landers after-
shock (93233014647, Tables 1 and 3) to estimate site re-
sponse at GVDA four different ways. Figures 12a through
12d show the log-averaged GVDA spectral ratio (empirical
estimate, Fig. 7) as a solid curve, which is considered our
best estimate of the site response at GVDA and is the target
site response we are trying to match. In each of these four
figures, we also plot as a dotted curve the single-event es-
timate of GVDA site response, choosing a different reference
site for each figure. The target site response is smoother
because it represents our best estimate from the average of
the 28 events in Table 1 and not a single event.

In Figure 12a, we plot the target GVDA site response
(solid curve) and the site response determined by dividing
the GVDA surface site with the KNW surface-rock site for a
single earthquake (dotted curve). We can see that using the
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Figure 11.  Average of the eight surface/borehole

spectral ratios shown in Figure 10 (Table 2) at KNW
(solid curve), PFO (dotted curve), and GVDA (dashed
curve).

nearby rock site KNW as the reference for GVDA gives a
result that underestimates the site response above 2 Hz, by
a factor of 2 to 4 depending on frequency. In Figure 12b,
we plot the site response determined by dividing the GVDA
surface ground motion by the borehole ground motion at
KNW for this same event (dotted curve). The target GVDA
site response is also plotted (solid curve). When we use the
nearby bedrock borehole ground motion from KNW as the
reference, we now have site-response estimates that match,
suggesting that the KNW and GVDA borehole ground motion
is quite similar.

In Figure 12¢, we compare the use of the PFO surface-
rock site, approximately 20 km away, to estimate the site
response at GVDA (dotted curve) with the target GVDA site
response (solid curve). Similar to what is seen in Figure 124,
we again have a site-response prediction that underestimates
the amplification of high frequencies at GVDA, in this case
starting at 4 Hz, by as much as 2 to 4 depending on fre-
quency. We use the bedrock borehole ground motion at PFO
as the reference and show the result in Figure 12d (dotted
curve). The bedrock borehole at a distance of 20 km gives
a result consistent with the target GVDA site response (solid
curve), again suggesting that the ground motion at the two
boreholes is similar.

Another example of surface-rock site response is found
in a data set from the Borrego valley downhole array (BVDA)
operated by Agbabian Associates for Kajima Corporation
and the Japan Nuclear Power Engineering Corporation. The
location of BVDA, shown in Figure 3, was chosen to com-
pliment that of GVDA. The BVDA site consists of surface and
borehole instruments in a dry alluvial setting instead of wet
like that of GVDA. The Borrego valley is also a much larger
feature on the topographic map. At a distance of 3 km from
the surface site at BVDA is a surface-rock site. In Figure 13,
we plot the site response determined from the average spectral
ratio of five events. The solid curve is the surface-soil site
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Figure 12. (a) Comparison of average GVDA 0-m/GVDA 220-m spectral ratio (solid
curve) (Fig. 9, Table 1) with GVDA 0-m/KNW O-m spectral ratio (dotted curve). KNW
0 m when used as reference site underestimates site response at high frequencies. (b)
Comparison of average GVDA 0-m/GVDA 220-m spectral ratio (solid curve) (Fig. 9,
Table 1) with GVDA 0-m/KNW 300-m spectral ratio (dotted curve). KNW 300-m when
used as reference site matches GVDA 0-m/GVDA 220-m average site response. (c)
Comparison of average GVDA 0-m/GVDA 220-m spectral ratio (solid curve) (Fig. 9,
Table 1) with GVDA 0-m spectral ratio (dotted curve). PFO 0 m when used as reference
site underestimates site response at high frequencies. (d) Comparison of average GVDA
0-m/GVDA 220-m spectral ratio (solid curve) (Fig. 9, Table 1) with GVDA 0-m/PFO
300-m spectral ratio (dotted curve). PFO 300 m when used as reference site matches
GVDA 0-m/GVDA 220-m average site response.
divided by a bedrock borehole at 238 m in depth. The dotted Discussion
curve is the surface-soil site divided by the surface-rock site
3 km away. The surface-rock site at BVDA also underesti- Although data from these sites were collected and ex-

mates the site response when compared with the bedrock  amined prior to this experiment, the emphasis was not on
borehole by a factor of 2 to 3 depending on frequency. The  the understanding of what is reference motion. The site re-
five events used in this figure are from the U.S/Japan GVDA/  sponse shown in this study and that shown in Aster and
BVDA data exchange program for 1993/1994. Shearer (1992b) are similar, both showing high-frequency
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Figure 14. Rock site response. Surface-rock-to-
bedrock borehole spectral ratios at BVDA (solid),
KNW (dotted), and PFO (dashed). Surface-rock sites
show amplification at frequencies above 2 to 5 Hz.

amplification at the surface of PFO and KNW. In this exper-
iment, the use of bedrock borehole instruments at the same
location as surface-rock instruments provides new insight to
the classification of reference sites for site-specific seismic
hazard assessment. Having the bedrock borehole data, we
can clearly see site response in data from what previously
would be considered good reference sites.

In Figures 9a and 9b, the Fourier spectra of horizontal
ground motion at the surface-rock site and bedrock borehole
for PFO (Fig. 9a) and KNW (Fig. 9b) clearly demonstrate the
amplification at high frequencies in the surface-rock site
ground motion. Figures 12a and 12c¢ show how this “rock
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site response” can affect an estimate of the site response at
a nearby soil site, while using the bedrock borehole data
(Fig. 12b and 12d) does not significantly alter the site-re-
sponse estimate. This result suggests that nearby borehole
ground motion is similar, at least within 20 km. In Figure
13, we have another example of the nearby surface-rock site
under estimating the Borrego valley soil response when
compared to the bedrock borehole located directly below the
soil site.

It is clear that we must not assume that instruments lo-
cated on what seems to be competent crystalline bedrock
will be good reference sites with a flat amplitude response
in the frequencies of engineering interest. Each surface site,
whether it is soil or rock, has its own site response associated
with it. In Figure 14, we plot the surface-rock site response
for the three sites BVDA (solid), KNW (dotted), and PFO
(dashed). The amplification of high frequencies at these rock
sites shows up as the gradual increase in the spectral ratio
of these surface-rock sites when divided by their respective
bedrock borehole instrument.

Numerical techniques for modeling the wave propaga-
tion through a soil column make certain assumptions about
the elastic properties of the soil column and the input motion.
The uncertainties in the properties of the soil, especially un-
der dynamic strain, make predictions of the expected ground
motion difficult even with the correct input motion. Many
researchers who use these numerical techniques will take a
nearby surface-rock site record as the input motion to these
numerical computations (dividing by 2 for the free-surface
effect). This study shows that we must be careful in choosing
the input ground motion for these numerical techniques, as
many rock sites may have a site response of their own at fre-
quencies of engineering interest. Using the correct input for
these techniques is important because the results are used in
licensing and design of critical structures and lifeline systems.

The ideal case for doing hazard analysis based at least
in part on seismic data would be to have bedrock borehole
instruments below each site. Obviously, this would be
costly, and in some places, like parts of the Los Angeles
basin, for example, the depth of the basin sediment is too
great. It is encouraging, however, that bedrock borehole data
at distances even as great as 20 km, and possibly greater
distances, can still provide a useful reference motion for site-
response studies.

Conclusions

The common assumption that a nearby rock site repre-
sents the reference motion to a soil site has to be questioned.
This assumption does not seem to hold in the case of KNW,
PFO, and BVDA. Spectral ratio estimates of amplification
that use these surface-rock sites underestimate the amplifi-
cation by a factor of 2 to 4, at frequencies above 2 to 5 Hz.
This is because the surface-rock sites have a site response at
these frequencies, instead of the assumed flat response be-
havior associated with a reference site. The rock site re-
sponse is most likely due to the weathered and fractured
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nature of the near surface that causes the velocity to drop.
Even sites located on what appears to be competent crystal-
line rock show this high-frequency amplification when com-
pared to borehole data at the same site. These results suggest
that one must be very careful in the choice of a reference
site for site-specific hazard analysis and that the nonrefer-
ence site techniques be examined in more detail.

When using the bedrock borehole as a reference, the
effect of the downgoing wave field (reflections) and the re-
sulting destructive interference must be considered. This de-
structive interference may produce pseudo-resonances in the
spectral amplification estimates. If one is careful, the bed-
rock borehole ground motion can be considered a good ref-
erence site for seismic hazard analysis, even at distances as
large as 20 km from the soil site.
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