
Bulletin of the Seismological Society of America, Vol. 89, No. 1, pp. 260-274, February 1999 

Analysis of Earthquake Recordings Obtained from the Seafloor Earthquake 

Measurement System (SEMS) Instruments Deployed off the Coast 

of Southern California 

b y  D a v i d  M. B o o r e  and  Char les  E. Smi th  

Abstract For more than 20 years, a program has been underway to obtain records 
of  earthquake shaking on the seafloor at sites offshore of  southern California, near 
oil platforms. The primary goal of  the program is to obtain data that can help deter- 
mine if  ground motions at offshore sites are significantly different than those at 
onshore sites; if  so, caution may be necessary in using onshore motions as the basis 
for the seismic design of  oil platforms. We analyze data f rom eight earthquakes 
recorded at six offshore sites; these are the most important data recorded on these 
stations to date. Seven of  the earthquakes were recorded at only one offshore station; 
the eighth event was recorded at two sites. The earthquakes range in magnitude from 
4.7 to 6.1. Because of  the scarcity of  multiple recordings from any one event, most 
of  the analysis is based on the ratio of  spectra f rom vertical and horizontal compo- 
nents of  motion. The results clearly show that the offshore motions have very low 
vertical motions compared to those from an average onshore site, particularly at short 
periods. Theoretical  calculations find that the water layer has little effect on the 
horizontal components  of  motion but that it produces a strong spectral null on the 
vertical component  at the resonant frequency of  P waves in the water layer. The 
vertical-to-horizontal ratios for a few selected onshore sites underlain by relatively 
low shear-wave velocities are similar to the ratios f rom offshore sites for frequencies 
less than about one-half  the water layer P-wave  resonant frequency, suggesting that 
the shear-wave velocities beneath a site are more important than the water layer in 
determining the character of  the ground motions at lower frequencies. 

Introduction 

The data analyzed in this article were obtained from 
instrumentation installed on the seafloor by the Seafloor 
Earthquake Measuring System (SEMS) project. The objec- 
tive of this system is to obtain ground shaking data on the 
seafloor that can be used to evaluate the design of offshore 
oil platforms. In particular, a key question is whether the 
ocean bottom motions are fundamentally different than those 
at onshore locations. If so, then the more abundant strong- 
motion onshore data may be inapplicable for the specifica- 
tion of design motions for offshore platforms. This article 
uses SEMS data obtained through 1997 to answer this ques- 
tion. 

The SEMS instrument development, deployment, and 
data recovery were carried out by Sandia National Labora- 
tory, with funding from the Minerals Management Service. 
The SEMS was developed in a number of stages, although 
all stages used digital recording. In this article, we refer to 
these stages as SEMS1, SEMS2, SEMS3, and SEMS4 (or more 
briefly, S1, $2, $3, and $4). In all stages, a three-axis ac- 

celerometer was embedded several meters below the sea- 
floor, and the output from the accelerometer was fed either 
to a self-contained instrument package resting on the sea- 
floor (SEMS1, SEMS2, and SEMS3) or via a cable to a data- 
logger on a nearby oil platform (SEMS3 and SEMS4). The 
data acquisition units for the first three SEMS stages used 
16-bit digitizing at 100 samples per second; the SEMS4 unit 
used 24-bit digitizing at 20 samples per second. A history 
of the SEMS is contained in Reece et al. (1981), Ryerson 
(1981), Sleefe and Engi (1987), Sleefe (1990), Smith (1990, 
1991, 1994), and Boore (1997). 

Because of the lack of onshore data for distances com- 
parable to those from the source to the SEMS sites, the em- 
pirical interpretation of the data focused on the ratio of re- 
sponse spectra for the vertical and horizontal components 
(V/H) as a function of period. Comparisons to the few avail- 
able ratios and to the ratios derived from regression analysis 
of strong-motion data clearly shows the offshore ground 
motions to have anomalously low ratios for short-period 
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response. We present some evidence that the anomalous 
V/H at short periods is due to very low values for the vertical 
component. The differences between the average onshore 
and offshore ratios become smaller as period increases, but 
still persist at periods as long as 2 sec. A preliminary study 
suggests that the differences at the longer periods are more 
a function of the average shear-wave velocities under the 
site than to whether the site is offshore or onshore. 

To augment the data, we performed theoretical calcu- 
lations of wave propagation in earth models simulating the 
offshore environment. Comparisons of observed and theo- 
retical V/H for Fourier spectral amplitudes are in reasonable 
agreement. The theoretical calculations show that the water 
layer makes almost no difference to the horizontal compo- 
nents of the motion, although it does influence the vertical 
components of the S-wave portion of the ground motion at 
frequencies related to the depth of water (around 6 Hz for 
depths of 60 to 70 m); the effect is negligible for periods 
near the resonant period of the platforms (generally between 
1.5 and 4.0 sec). This is not to say that the water is not an 
important factor, for it does allow relatively low shear-wave 
velocities to exist over wide regions. There are onshore lo- 
cations with comparably low velocities, but they are some- 
times fairly restricted in spatial extent. 

Because of limited recording duration for some of the 
events, we restrict the study to ground motions less than 2 
sec period. Recordings for one event, however, were of long 
enough duration to capture clear long-period (near 6 sec), 
large-amplitude waves, probably surface waves traveling 
through the Los Angeles basin. Our choice of an upper limit 
of 2 sec period effectively eliminates these surface waves 
from our analysis. 

This article is a revised and condensed version of a pro- 
ject report describing the first author's analysis of SEMS data 
(Boore, 1997). 

Table 1 
Station Information 

(see Table 2 in Boore, 1997, for notes) 

Code Lat Long Water Depth (m) Nearest Platform 

S 1 H N  34.3367 - 119.5600 50 Henry  

S1VC 34.4033 - 119.7150 onshore  located at Vic Trace  

Reservoir  

SC38 33.8233 - 118.3567 onshore  

SC51 34.0233 - 118.7867 onshore  

S2EE 33.5867 - 118.1233 73 Elly/Ellen 

S3EE 33.5700 - 118.1300 64 Elly/Ellen 

S31R 34.6117 - 120.7317 76 Irene 

S4EU 33.5617 - 118.1167 217 Eureka  

S 4 G R  34.1800 - 119.4700 99 Grace  

S41R 34.6117 - 120.7300 76 Irene 

CM 33.6400 - 117.9300 onshore  located in Cos ta  Mesa  

PV 33.8017 - 118.3867 onshore  located in Palos Verdes 

Table 2 
Earthquake Information 

(see Table 4 in Boore, 1997, for notes and references) 

Eq ID Eq Name yy/mm/dd hh:mm Epcntr Lat Epcntr Long M 

SB81 Santa  Barbara  l s land 81/09/04 15:50 33.66 - 1 1 9 . 1 0  5.95 

NP86  Nor th  Pa lm Springs 86/07/08 09:20  34.00 - 116.61 6.10 

OS86  Oceans ide  86/07/13 13:47 32.97 - 1 1 7 . 8 7  5.84 

UP90  Upland  90/02/28 23:43 34.14 - 1 1 7 . 7 0  5.63 

RC95  Ridgecres t  95/09/20 23:27 35.76 - 1 1 7 . 6 4  5.56 

CL97  Cal ico 97/03/18 15:24 34.97 - 1 1 6 . 8 2  4.85 

$ 9 7 A  S imiVa l l ey  97/04/26 10:37 34.37 - 1 1 8 . 6 7  4.81 

$97B S imiVa l l ey  97/04/27 11:09 34.38 - 1 1 8 . 6 4  4.72 

SF71 San Fernando  71/02/09 14:01 34 .40  - 118.39 6.6 

Available Accelerograms and 
Acce le rogram Processing 

Summary of Accelerograms Used 

The data used in this article include the largest events 
recorded on the SEMS units. The stations from which data 
were obtained are listed in Table 1, which contains a short 
summary of basic information for each station; geotechnical 
information and estimates of shear-wave velocity for the 
sites is discussed in a later section. The earthquakes used are 
summarized in Table 2, and Table 3, containing event-to- 
station distances, is a convenient summary of which stations 
recorded which earthquakes. Tables containing more details 
about events and stations are contained in Boore (1997). A 
map showing the locations of the recording stations and the 
earthquakes is given in Figure 1. Several important items 
regarding the data available for this study can be gleaned 
from Table 3: 

Table 3 
Epicentral Distances (in km) Between Earthquakes Used 

in This Report and Stations Recording the Earthquakes. SF71 is 
the San Fernando Earthquake; While Not Recorded on a SEMS 

Unit, the Onshore Records are Used in a Comparison with 
Offshore Records from Other Earthquakes 

Sta SB81 NP86 OS86 UP90 RC95 CL97 $97A $97B SF71 

S 1 H N  

S1VC 

SC38 

SC51 

S2EE 

S3EE 

S3IR 

S4EU 

S4GR 

S4IR 

C M  

PV 

86.0 

99.9 

71.1 

49.4 

147.5 72.5 

74.4 

309.1 

258.1 76.7 

191.2 

79.3 

94.6 

66.4 
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Figure 1. Map of southern California. 
Lines connect events (open circles) and sta- 
tions (pluses) providing data for the corre- 
sponding event. The dashed lines show paths 
for two recordings of the 1971 San Fernando 
earthquake; these paths cross the Los Angeles 
basin, as does the path from the Upland 1990 
earthquake to SEMS site S3EE. Waveforms of 
these two events are compared in this article. 
Although providing no data, station S4EU is 
shown for completeness. 

• With one exception, each earthquake was recorded on only 
one of the offshore SEMS stations. The exception is the 
first Simi Valley, 1997, aftershock of  the 1994 Northridge 
earthquake. This event was recorded on two SEMS4 sta- 
tions: S4GR and S4IR. The lack of  multiple offshore re- 
cordings for a given event limits, to an extent, the inter- 
pretation of  the data. 

• A more important limitation than the lack of  multiple off- 
shore recordings is the relative scarcity of onshore data at 
sites near the offshore sites. (By near, we mean along the 
same general azimuth from the earthquake to the SEMS 
site, and at distances as close to the SEMS site as the coastal 
configuration allows; for the earthquakes listed in Table 3, 
there are generally numerous recordings of ground motion 
but at epicentral distances much smaller than the epicentral 
distances to the SEMS stations.) Most of  the SEMS records 
were obtained from moderate-size earthquakes at distances 
in excess of  70 km. The standard analog, onshore acceler- 
.graphs do not have the sensitivity to provide digitizable 
data at these distances for the earthquakes recorded on the 
SEMS sites. The only earthquake for which we were able 
to obtain onshore and offshore data is the Santa Barbara 
Island, 1981, earthquake, which was recorded on three on- 
shore stations, one of  which was a SEMS unit installed 
onshore, near Vic Trace Reservoir. The other two record- 
ings, SC38 and SC51, were obtained on standard analog 
accelerometers maintained by the University of Southern 
California (USC). Only recently have onshore instruments 
with performance characteristics comparable to those of  

the SEMS units been installed in the southern California 
region. 

• Several sites recorded different earthquakes, thus allowing 
a check on the stability of  the ratio of  motions on the 
vertical and horizontal components. These sites include 
S2EE, with two recordings; S4GR, with three recordings; 
and S4IR, with two recordings. In addition, sites S2EE and 
S3EE were close to one another, so if counted as one site, 
three recordings are available for these sites. 

Other earthquakes than those listed in Table 2 have been 
recorded by the SEMS units. There have been smaller earth- 
quakes than those used in this study (e.g., Reece et al., 1981, 
discuss data from a magnitude 3.2 earthquake recorded at 
S1HN and S1VC), but none of  these data were available to 
us. In addition to the SEMS stations, several platforms have 
been instrumented by the oil company responsible for the 
platform, and apparently, data from these installations have 
been obtained. For example, Chen et al. (1989) and Mason 
et aL (1989) discuss records on and beneath platform Grace 
obtained from the 1987 Whittier Narrows earthquake (this 
event was not recorded on any SEMS stations). 

Processing of  Accelerograms 

The accelerograms required minimal processing. The 
S2EE recordings were corrected for an inadvertent low-cut 
filter (3 db down at 1 Hz), and all records were filtered to 
remove low-frequency noise. The choice of low-cut filters 
(fc) was based on examination of  whole-record Fourier spec- 
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tral amplitudes (Fig. 2 shows some sample spectra). Much 
1 0  t 

of the analysis is based on 5%-damped pseudovelocity re- 
sponse spectra (PSI,') computed from the accelerograms, 
where PSV = 2zcfS,~, and Sd is the maximum displacement =~ 10 ° 
response of a 5%-damped single-degree-of-freedom har- 

cl. monic oscillator with resonant frequencyfdriven by the par- ~ lo.t 
ticular accelerogram (see, e.g., Hudson, 1979). Numerical .= = 
experiments showed that the response spectra computed 
from the accelerograms are not sensitive to the choice of the 10 -2 
cutoff frequencies for oscillator periods less than 0.5~ft. We 
have generally used response spectra for periods less than 
or equal to 2.0 sec, using the cutoff frequencies given in 
Table 4. 

The Character  o f  the Wave fo rms  

Visually, the accelerograms recorded on the SEMS units 
look much like those from onshore sites. As an example, 
Figure 3a shows three components of motion for the 1990 
Upland earthquake (M = 5.6); because the units have pre- 
event buffers, the initial P-wave motion has been captured 
(unlike the records from analog accelerographs), and the P 
wave is followed by a clear S arrival, which is followed by 
a slowly decaying coda or tail. The vertical component is 
small relative to horizontal components, but it is possible to 
find onshore records with comparable relations between the 
components. 

The acceleration, velocity, and displacement time series 
for the 1990 Upland SEMS recording are also shown in Fig- 
ure 3. The acceleration traces are largest near the beginning 
of the record, and they decay to small motions at the time 
of arrival of the large-amplitude long-period waves. The out- 
standing feature of these figures is the late-arriving, long- 
period (~6  sec) motion on all three components. This mo- 
tion is not unexpected, for the travel path (Fig. 1) traverses 
the Los Angeles basin, and the waves resemble the surface 
waves that have been observed to propagate in the basin. In 
seismological terms, the peak accelerations are probably car- 
ried by body waves, while the long-period arrivals are sur- 
face waves. 

The ground motions from the SEMS recording of the 
1990 Upland earthquake are similar to those from the 1971 
San Fernando earthquake (M = 6.6) recorded at sites for 
which the waves have traveled comparable distances through 
the Los Angeles basin, as shown in Figure 4 (in which we 
have chosen the horizontal component from each record that 
best matches the various records). The stations, earthquake 
location, and paths are shown in Figure 1. The records are 
in good qualitative agreement: the displacements increase in 
time, with the largest displacements occurring 45 to 60 sec 
after the initial S arrival. The peak displacements are carried 
by waves with periods near 5 sec. Exact agreement of the 
waveforms for the various recordings is not expected; the 
earthquakes were different in magnitude and in travel path. 
The source duration for the Upland earthquake was probably 
shorter than the period of dominant displacement motion, 
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Figure 2. Uncorrected, unsmoothed whole-record 
Fourier amplitude spectra for SEMS recordings of the 
two earthquakes recorded at SEMS offshore sites 
S1HN and S3EE. For clarity, the spectra for the two 
horizontal components have been replaced by the 
geometric average of the individual spectra. 

Table 4 
Low-Cut Filter Frequencies Used in Making the Plots of 

Velocity and Displacement Time Series 

EqCode StaCode LC freq 

SB8l S1HN 0.2 
SB8I S1VC 0.2 
SB8I SC38 0.2 
SB8I SC51 0.2 
NP86 S2EE 0.5 
OS86 S2EE 0.5 
UP90 S3EE 0. l 
RC95 S4IR 0.2 
CL97 S4GR 0.1 
$97A S4GR 0.1 
$97A S4IR 0.1 
$97B S4GR 0.1 

but this is not the case for the San Fernando recordings, for 
which the source duration and the period of dominant dis- 
placements are comparable. 

As an aside, we note that recorded durations from in- 
struments triggered on acceleration levels (such as the ubiq- 
uitous analog strong-motion accelerographs) might be too 
short to capture the peak displacements. If the duration of 
recording following the initial trigger is set to less than about 
60 sec, then it is possible that the largest displacements will 
not be recorded. 
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Figure 3. (a) Three-component-accelero- 
grams (in cnVsec 2) of the Upland 1990 earth- 
quake recorded at SEMS station S3EE, plotted 
using the same vertical scale to emphasize the 
relative amplitude of the components. (b), (c), 
and (d) Acceleration (cm/sec2), velocity (cm/ 
sec), and displacement (cm) time series for the 
three components of the S3EE recording of the 
1990 Upland earthquake, plotted using differ- 
ent vertical scales, to emphasize the appear- 
ance of the waveforms. Note the dominance of 
late-arriving 5 to 6 sec waves on the displace- 
ment trace, something not readily seen in the 
accelerogram. 
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100 Figure 4. Horizontal-component accelera- 
tions (crn/sec2), velocities (cm/sec), and dis- 
placements (cm) from the 1990 Upland earth- 
quake recorded offshore at S3EE (top trace) 
and from the larger 1971 San Femando earth- 
quake recorded at Palos Verdes and Costa 
Mesa (middle and bottom traces, respectively), 
aligned on the S arrival. The accelerograms 
were low-cut filtered at 0.1 Hz before integra- 
tion to velocity and displacement. The two 
1971 recordings apparently triggered on the S 
wave, but it is unlikely that the response spec- 
tra at the longer periods will be affected by the 
short duration of missing S energy. The dura- 
tions of the accelerograms represent the com- 
plete recording, after which the triggered in- 
struments turned off. The long period energy 
probably continued for a longer duration. 
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V / H - -  Observat ions 

The main goal of the SEMS program is to study the 
similarities and differences between seafloor and onshore 
ground motions. Because the earthquakes recorded at the 
SEMS sites were generally not recorded at nearby onshore 
sites, it is difficult to make a direct assessment of the agree- 
ment between onshore and offshore motions; ground mo- 
tions depend on many variables, such as earthquake size and 
type of faulting, distance from the source, propagation path, 
and local site geology, and a comparison of only a few re- 
cordings is worthless unless adequate corrections can be 
made to remove these influences on the amplitudes of the 
motions. The ratio of vertical to horizontal motions (V/H), 
however, might be expected to remove all but the effect of 
local geology, at least to first order (Atakan and Havskov, 
1996, have used this method to determine site response on 
the ocean floor under the North Sea). By using ratios, it is 
possible to compare a few onshore and offshore recordings 
to see if they were comparable. We also compare the ratios 
from offshore recordings with those predicted from regres- 
sion analyses based on hundreds of onshore recordings from 
many earthquakes; this provides a measure of comparison 
that represents the average ratio for a typical site and earth- 
quake of a specified magnitude and distance. In addition, we 
compare the average V/H for offshore SEMS sites to V/H 
from a few onshore recordings for which the shear-wave 
velocities beneath the recording sites are similar to the ve- 
locities we estimate to exist beneath the SEMS offshore sites. 

We studied both ratios of Fourier spectra and ratios of 
response spectra. The Fourier spectra are more directly re- 
lated to site transfer functions, but the response spectra have 
the advantage of having relations available from the analysis 
of numerous onshore recordings, which provide a well- 
founded mean expectation for onshore recordings. 

Effect of Record Duration on V/H. As mentioned earlier, it 
is not clear that the recorded motions have captured all of 
the long-period motion. Based on computations of the V/H 
ratios for various record durations of the longest record 
available to us, we conclude that response spectral ratios for 
periods less than about 2.0 sec should be relatively unaf- 
fected by late-arriving waves. This cutoff means that long- 
period basin waves, such as those in the SEMS recording of 
the 1990 Upland earthquake, will not be included in the 
analysis. 

VIH from Recorded Ground Motions. Because the orienta- 
tions of the horizontal components were often unknown, we 
made no attempt to rotate the motions into radial and trans- 
verse directions. Instead, we computed V/H ratios for each 
horizontal component separately. The ratios for each com- 
ponent are similar, and for convenience in presentation, the 
plots show the geometric mean of the two ratios computed 
for each horizontal component. Figures 5 and 6 display V/H 
for sites with recordings of more than one earthquake, where 
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Figure 5. Comparison of V/Hratios of Fourier am- 
plitude spectra for the S-wave portion of the offshore 
SEMS recordings through 1990. For clarity, the same 
line type was used for all recordings at a given site, 
to emphasize the site-to-site variation of the ratios. 
Spectral ratios were computed after smoothing each 
component with a triangular operator spanning 2 Hz. 
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we have treated S2EE and S3EE as one site. There is a gen- 
eral trend for the ratios to increase with period, and there is 
more scatter at short periods than at long periods. The large 
scatter at short periods is primarily due to site-to-site varia- 
tions in the ratio (in particular, compare the S2EE and S3EE 
to S4IR). The larger differences at short period than at long 
period are what we expect in view of possible lateral vari- 
ations in shear-wave velocity and water depth (which we 
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will show to have a pronounced effect on the spectral ratios 
at high frequencies), and the similarity of the ratios for dif- 
ferent events suggests that the ratios are strongly controlled 
by local site conditions. 

Comparison of V/H from Offshore SEMS and from Onshore 
Regression Analyses. The average offshore response spec- 
tral ratios are compared to regression-based average onshore 
spectra in this section; ratios of Fourier amplitude spectra 
are compared to theoretical predictions later in the article. 
Two recent sets of regression analyses were used to provide 
onshore ratios of vertical and horizontal components. These 
are Abrahamson and Silva (1997) and Campbell (1997). The 
Abrahamson and Silva relations, hereafter referred to as 
AS97, were derived from data recorded at distances as large 
as 200 km; in contrast, the Campbell relations (C97) only 
used data for distances less than or equal to 60 km. Both 
AS97 and C97 give equations for the vertical and horizontal 
components separately; we formed V/H from the individual 
components predictions. In all cases, we show results for 
soil sites, that is, the average soil site represented by the 
collection of strong-motion stations. Many of these stations 
are on stiff soil; the average shear-wave velocity in the upper 
30 m (V30) for a typical soil site is 310 m/sec (Boore and 
Joyner, 1997), based on the analysis of velocities from bore- 
holes, many of which are colocated with strong-motion sta- 
tions. The shear-wave velocities beneath the SEMS offshore 
sites are probably lower than at a typical onshore soil site, 
with V30 ~ 220 m/sec (as shown later). 

The V/H ratios of PSV from recordings of the 1981 
Santa Barbara Island earthquake, which was recorded on an 
offshore station and several onshore stations (Fig. 1), are 
shown in Figure 7, in which it is clear that the offshore 
recording (S1HN) has a much different V/H than for the 
onshore recordings. The difference is largest at short periods 
and tends to decrease at long periods. The regression-based 
ratios are in much better agreement with the onshore ratios 
than with the offshore ratio. The onshore sites are probably 
underlain by materials with higher shear-wave velocities 
than is the offshore site (with the exception of SC38, which 
is described to be on dune sand in Anderson etal., 1981, 
whereas SIVC and SC51 are on marine terrace deposits), 
and therefore, we expect the spectral ratios for the onshore 
sites to be more similar to the ratios from regression-based 
results than for the offshore site. 

A comparison between the regression-based onshore re- 
suits and the average of the SEMS offshore results is shown 
in Figure 8. The distance at which the AS97 relations were 
evaluated was 120 km, which is close to the geometric mean 
distance of 113 km for the events used in forming the ratio. 
The regression-based results for C97 were evaluated at the 
greatest distance--60 k in - - fo r  which his equations are 
valid. Also included in the comparison in Figure 8 are results 
from analyses of specific earthquakes (Loma Prieta 1989 and 
Northridge 1994), as well as results from the SMART1 array 
in Taiwan. In general, the onshore results are above the 
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Figure 7. V/H ratios of 5%-damped response 
spectra for offshore and onshore recordings of the 
1981 Santa Barbara Island earthquake, compared with 
the regression results of Abrahamson and Silva 
(1997) (AS97) and Campbell (1997) (C97). 
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Figure 8. Observed offshore V/H ratios of 5%- 
damped response spectra (open circles) compared 
with onshore ratios from regression analyses. The re- 
sults for the Loma Prieta and Northridge earthquakes 
are indicated in the legend by "LP89" and "NR94", 
respectively. The Bozorgnia et aI. (1994) results for 
the Northridge earthquake differ slightly from those 
in the final published study (Bozorgnia et al., 1995). 

SEMS offshore results, and the difference is largest at short 
periods. 

The large difference between average onshore sites and 
the SEMS offshore recordings at short periods is consistent 
with the findings of Sleefe (1990), who made scatter plots 
of peak accelerations, with horizontal components on one 
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axis and vertical components on the other. Using different 
symbols for offshore and onshore recordings, he found two 
populations separated in the same sense as we found for 
response spectra. In addition, Smith (1990) found that V/H 
for peak acceleration and peak velocity from offshore sites 
was smaller than for onshore sites, again in qualitative agree- 
ment with the findings from the spectral ratios. 

At longer periods, a difference between AS97 and C97 
and the SEMS results still persists, but the difference is much 
smaller than at short periods. The C97 results are closer to 
the SEMS results than are the AS97 predictions, but recall 
that the C97 results are for D = 60. The AS97 relations 
have a distance dependence that produces an increase of 
V/H with distance for periods greater than about 0.3 sec (see 
Fig. 23 and 24 in Boore, 1997), which if true for C97 would 
lead to larger values for D > 60 kin, and therefore, the C97 
ratios would be more discordant with SEMS ratios than 
shown in the figure. Although the AS97 and C97 ratios are 
higher than the SEMS ratios at all periods, it may be signifi- 
cant that the SMART1 results produce somewhat lower val- 
ues of V/H than the SEMS values for periods in excess of 
about 0.6 sec (and if the distance dependence in the AS97 
relations holds for the SMART1 data, then applying a dis- 
tance correction to go from the ratios at 50 km to the average 
earthquakes-to-SEMS distance would likely result in the 
SMART1 ratios being in good agreement with the SEMS 
ratios). As shown later, the SMART1 site is underlain by 
low-velocity materials that may be close to those under an 
average SEMS site, and therefore the SMART1 site may be 
a closer analog to the average SEMS offshore site than the 
average soil class represented by the other regression results. 

Comparison of V/H from Offshore SEMS and from Selected 
Onshore Recordings. The relatively good agreement at 
longer periods between the spectral ratios from the offshore 
SEMS recordings and the recordings on the SMART1 array 
suggests that at longer periods the comparison between off- 
shore and onshore ground motions is more a function of the 
sediments underlying the sites than it is on the presence or 
absence of a layer of water above a site. We have made a 
limited test of this suggestion by comparing V/H or offshore 
and onshore sites underlain with similar velocities. Figure 9 
shows velocities estimated at offshore SEMS sites and ve- 
locities from several onshore sites: the LSST site within the 
SMART1 array in Taiwan and three sites in California-- 
two sites near the edge of San Francisco Bay and a site in 
the Imperial Valley. Between about 10 and 100 m, the es- 
timated SEMS velocity is similar to these onshore sites; three 
of the onshore sites have lower velocities in the upper 10 m 
or so (the material in the upper 10 m at these sites is clay, 
unlike the Imperial Valley site). Three-component acceler- 
ation time series for recordings at the California sites are 
given in Figure 10, along with the offshore recordings of the 
1990 Upland earthquake at S3EE. The general character of 
the time series is similar, but the S3EE recordings have 
smaller vertical accelerations relative to the horizontal ac- 
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Figure 9. Shear-wave velocity estimated for an 
average offshore SEMS site and measured at several 
onshore sites for which the velocities are comparable 
to the estimated SEMS velocity. 

celerations. The ratios of response spectra (Fig. 11) again 
emphasize the dramatic difference between offshore and on- 
shore ground motions at short periods shown earlier in Fig- 
ure 8. In contrast to Figure 8, however, the ratios at long 
periods are generally smaller than those from offshore sites. 
The difference in long-period ratios in Figures 8 and 11 at 
onshore sites may be due to the variations in shear-wave 
velocities beneath the si tes-- the velocities below the sites 
used in Figure 11 are much lower than at an average soil 
s i te--and gives some support to the idea that V/H at longer 
periods is strongly controlled by the underlying shear-wave 
velocities. 

Peak Motions as a Function of Distance 

The previous figures show a clear difference in V/H at 
short periods between the offshore and onshore recordings. 
Is this due to onshore vs. offshore differences in the vertical 
components, in the horizontal components, or in both? To 
answer this question, we plot in Figure 12 response spectral 
amplitudes for a few selected periods as a function of dis- 
tance from the earthquake, using 1981 Santa Barbara Island 
data (for which both onshore and offshore data are avail- 
able). For comparison, the figure includes the regression- 
based results of AS97 and C97. From these plots, it is clear 
that the offshore vertical component is always smaller than 
the onshore vertical components (after accounting for the 
attenuation with distance); the difference is greatest at short 
periods. The same is not always true for the horizontal com- 
ponents. This comparison is strong evidence that the very 
low values of W/-/at short periods are due to small values 
of V, rather than large values of H. A similar conclusion was 
drawn by Smith (1994), who plotted peak accelerations 
against distance for vertical and horizontal components. 
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Figure 10. Three-component accelero- 
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Figure 11. V/H ratios for offshore SEMS sites 
(open circles) and from three onshore sites underlain 
by velocities similar to those estimated to lie beneath 
the SEMS sites. 
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and can be used to assess the motions expected in cases for 
which data are not available. 

Velocity Model 

The first step in the procedure is to derive velocities as 
a function of depth below a typical site. Sufficient infor- 
mation was not available to do a site-by-site evaluation, but 
this should not be an important limitation in view of the 
overall agreement in the spectral ratios for the SEMS sites. 
Site-specific velocity structures, however, undoubtedly ex- 
plain some of the site-to-site variations. 

Finding no direct measurements of the velocity, we es- 
timated the velocity from available information and from 
analogs to other onshore sites for which velocity information 
is available. The model was divided into three layers: water, 
0.1 km of soft sediments, and underlying crust. We did the 
calculations using various combinations of these three com- 
ponents to understand the influence of each. 

Water Layer. The depth of the water in the model is 60 m, 
which is appropriate for a number of the SEMS sites that we 
studied (see Table 1). 

Shallow Sediments. We obtained lithologic data and stan- 
dard penetration data for three borings near SEMS station 
S3EE from reports submitted to the MMS. The logs indicate 
that most of the sites are underlain by sands and silts, with 
some clay present (the deeper sites may be subject to less 
current scouring and may be underlain by more clay--logs 
near platform Eureka near S4EU support this conjecture). T. 
Fumal of the USGS estimated shear-wave velocity from this 
information, based on his experience with correlations be- 
tween SPT and shear-wave velocities (e.g., Fumal, 1978). 
His estimates are labeled "hole 261-1," "hole 216-3," and 
"hole 262-1" in Figure 13. Also included on this plot are 
shear-wave velocities from Hamilton (1976a) for ocean- 
bottom sediments, velocities determined by L. Dorman 
(written comm., 1997) for a site offshore of southern Cali- 
fornia, near Camp Pendleton, and velocities for several sites 
off the coast of Norway for which the water depths are com- 
parable to those for the SEMS stations (Rognlien, 1987). 
Based on these velocities for ocean-bottom sites on conti- 
nental shelves, we derived a model of velocities in the upper 
100 m; these velocities are shown in the figure. 

The adopted SEMS model is in good agreement with 
those from onshore boreholes close to Long Beach. Figure 
14 shows a map of USGS boreholes in the vicinity, and Fig- 
ure 15 shows the velocities, along with the SEMS model. 
The velocities separate into two groups, which the map in- 
dicates are well correlated with the age of the near-surface 
sediments: with one exception (BH16), the lower velocities 
correspond to Holocene sediments, while the higher veloc- 
ities correspond to the older Pleistocene sediments (for those 
sites with Holocene sediments at the surface, BH44 is un- 
usual in that the low-velocity Holocene sediments are un- 
derlain by much higher velocity shales). 
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profiles are characterized by linear velocity gradients 
with depth. 

0.6 

33*30' 

-118"15' -118" 
1 , 1 1 1 1 , t l l l l l l l l l l l l l f t l l l l l ,  

• Ho]ocene at sur face 

O Ple is tocene at sur face 

BH16 • • 

+ S2EE - - ~  
~S3EE 

. . . .  i . . . .  i . . . .  ~ . . . .  i . . . .  i . . . .  

-118"15' -118" 
Longitude 

33*45' 

33*30' 
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(see also Fig. 1). 
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borehole sites near Long Beach and for the velocity 
profile adopted for theoretical calculations at the 
SEMS sites. 

Another comparison of the SEMS model was previously 
given in Figure 9, in which the onshore velocities come from 
farther afield: the Imperial Valley, sites near San Francisco 
Bay underlain by clay, and Taiwan. The adopted SEMS 
model has higher velocities near the surface than the clay 
sites and is in reasonable agreement with the Imperial Valley 
velocities. 

Figures 9 and 15 show that onshore sites exist with ve- 
locities similar to those that we have adopted for the offshore 
sites. It is probably too simplistic to lump sites into simple 
"offshore" and "onshore" categories. One difference be- 
tween onshore and offshore sites, however, might be that the 
subsea depositional environment may lead to less site-to-site 
variation in the shear-wave velocities near the Earth's sur- 
face. 

Crust. The travel time through the upper 100 m of the 
adopted SEMS model is 0.37 sec. This corresponds to a quar- 
ter wavelength period of 1.5 sec. Because we want to do 
computations out to at least 5.0 sec, it is necessary to specify 
the velocity structure at deeper depths. We used two models 
for the material below 100 m: (1) the Magistrale etal. (1996) 
model for the Los Angeles basin, evaluated at the latitude 
and longitude of station S3EE, and, by way of contrast, (2) 
the B oore (1986) model for generic California rock (the first 
author now thinks that the gradient in this model is too steep; 
he prefers the model of Boore and Joyner, 1997, for generic 
rock sites). These models were joined to the shallower SEMS 
model, with the results shown in Figure 16 (showing the 
shear-wave velocity) and tabulated in Table 5. Model 1 was 
the primary model used in the calculations. 

Results of Theoretical Analysis 

We used HSPEC96 (Herrmann, 1996) to do the theo- 
retical modeling. This program uses wavenumber integration 
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Figure 16. Shear-wave velocity models used in 
the theoretical calculations. 

to compute the complete wave field in an earth represented 
by a stack of laterally uniform, constant-velocity layers. Our 
procedure was to generate synthetic seismograms for a spec- 
ified type of faulting for the earth model of interest, and then 
to treat the synthetic seismogram as we would an observed 
seismogram. In most cases, we computed the Fourier am- 
plitude spectrum of the S-wave portion of the seismogram, 
although in a few cases, we studied the P-wave portion. The 
focal depth used in the model was 10 km. The surface waves 
resulting from this depth will not be as energetic as the basin 
waves, which are probably generated by conversion of body 
waves at basin edges. For this reason, we do not claim that 
the theoretical modeling includes basin waves. This is con- 
sistent with the possible lack of basin waves in the V/Hratios 
computed from the data (because of the limited duration for 
some of the SEMS recordings or the presence of noise at 
long periods). 

Comparison of Observed and Theoretical Spectral Ratios. 
Figure 17 shows the observed and theoretical V/H ratios of 
Fourier amplitude spectra. The observed ratios are for the 
individual SEMS offshore sites, and the theoretical ratios are 
geometric averages for a range of focal mechanisms. Al- 
though they are somewhat model dependent, the theoretical 
ratios match the overall trend of V/H decreasing with fre- 
quency, although they do not predict the precise behavior of 
the observed ratio at frequencies above about 4 Hz. The 
ratios at these frequencies are apparently sensitive to details 
of the site that we are not including in the model. The overall 
reduction is probably due to refraction of the S wave toward 
the vertical, with a resulting decrease in the V/H ratio. 

To better understand the influence of different parts of 
the velocity structure on the observed V/H (and in particular, 
the water layer), we now discuss several calculations com- 
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Table 5 
Velocity Model 1 Used in Theoretical Wave Calculations 

Offshore  Sites. The  First  R ow is the Water  Laye r  
at 

Thickness Depth (kin)* VP(km/s)t VS(km/s)$ RHO(gm/cc)§ I/QPq[ 1/QSII 

0.060 1.50 0.0 1.0 0.0 0.0 
0.012 0.0 1.55 0.18 1.5 0.006 0.063 
0.028 0.012 1.65 0.25 2.0 0.006 0.063 
0.03 0.04 1.75 0.3 2.0 0.006 0.063 
0.03 0.07 1.8 0.32 2.0 0,006 0.063 
0,100 0.1 2.02 0.84 2.08 0.0050 0.010 
0.100 0.2 2.60 1.16 2.18 0.0040 0.008 
0.100 0.3 2.89 1.37 2.22 0,0030 0.006 
0.100 0.4 3.09 1.52 2.25 0.0025 0,005 
0.100 0,5 3.26 1.63 2.27 0.0020 0,004 
0,100 0.6 3.40 1.74 2,30 0.0020 0.003 
0,100 0,7 3.53 1.83 2.32 0.0015 0.003 
0.100 0.8 3.65 1.92 2.34 0.0015 0.002 
0.100 0.9 3.75 2.00 2.36 0.0015 0.002 
0.100 1.0 3.85 2.07 2.37 0.0012 0,002 
0.200 1.1 3.99 2.18 2.40 0.0010 0,002 
0,200 1.3 4.17 2.32 2.44 0.0010 0.002 
0,200 1.5 4.36 2.46 2.47 0.0010 0.002 
0.200 1.7 4.52 2.59 2.49 0.0010 0.002 
0,200 1.9 4.67 2,69 2,52 0.0010 0.002 
0.200 2.1 4.82 2.78 2,54 0.0010 0.002 
0,200 2.3 4.95 2.86 2,56 0.0010 0.002 
0,100 2.5 5.24 3.03 2.65 0.0010 0.002 
0.500 2.6 5.50 3.18 2.65 0.0010 0.002 
0.500 3.1 5.54 3.20 2.66 0.0010 0,002 
0.500 3.6 5.57 3.22 2.67 0.0010 0.002 
0,500 4.1 5.61 3.24 2.67 0.0010 0.002 
0.500 4.6 5.65 3.26 2.68 0.0010 0.002 
0,500 5.1 5.68 3.28 2,68 0.0010 0.002 
0,100 5.6 6.00 3.46 2.79 0.0010 0.002 
0.400 5.7 6.32 3.65 2.79 0.0010 0.002 
0.500 6.1 6.35 3.67 2.80 0.0010 0.001 
0.500 6.6 6.38 3.69 2.81 0.0010 0,001 
0.500 7.1 6,42 3.71 2.81 0.0004 0,001 
0.500 7.6 6.45 3.72 2.82 0.0004 0.001 
0.400 8.1 6.48 3.74 2,82 0.0004 0.001 
0.100 8.5 6.52 3.77 2.83 0.0004 0.001 
1.000 8.6 6.56 3.79 2.84 0.0004 0,001 
1,000 9.6 6.58 3.80 2.84 0.0004 0.001 
1,500 10.6 6.61 3.81 2.84 0.0004 0.001 
1,000 12,1 6.63 3.83 2,85 0.0004 0.001 

13.1 6.65 3.84 2.85 0.0004 0.001 

*Depth to the top of the layer; it starts at the seafloor. 
tUpper 100 m of sediments: guided by Table A- lb  in Hamilton (1976b) 

for silty clay and clayey silt and by Fumal's (1978) plot of Poisson's ratio 
vs. shear-wave velocity; below 100 m: from Magistrale et al (1996) model, 
evaluated at the coordinates of S3EE. 

SUpper 100 m of sediments: guided by the shear-wave velocities deter- 
mined from standard penetration values at several sites (see text); below 
100 m: as in ?. 

§Upper 100 m: guided by Table A- lb  in Hamilton (1976b), Figure 16 in 
Fumal (1978), and Porcella (1984); below 100 m: as in % 

][Guided by empirical values and equation (13) in Hamilton (1976c). 
IIFrom Liu et aL (1994) for shallow values; deeper values guided by 

values in Helmberger and McNally (1980) and equation (13) in Hamilton 
(1976c). 
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Figure 17. V/H ratios of Fourier amplitude spectra 
of the S-wave portion of offshore recordings, com- 
pared to theoretical predictions. 

paring the motions resulting from wave propagation in dif- 
ferent permutations of velocity model 1. 

Effect of Water Layer. Because shear waves do not propa- 
gate through the water layer, the response of vertically in- 
cident shear waves should be the same with and without the 
water layer. For nonvertically incident SV waves, however, 
conversion of SV to P will occur at the water-soil interface, 
and the P waves will resonate within the water layer. The 
converted upgoing P wave will reflect from the ocean sur- 
face and travel back down. Some of it will be reflected from 
the ocean bottom, and some will be converted into down- 
going SV waves. A similar process will occur for incident P 
waves. The wave propagation code HSPEC96 accounts for 
all of these interactions; it does not assume incidence of a 
particular type of plane wave; rather, it computes the motion 
at a given horizontal distance from a point source for a spec- 
ified type of faulting embedded in the layered structure. 

The spectral ratios of motions at the seafloor for model 
1 (with a water layer) and at the surface of a model obtained 
by stripping the water layer off of model 1 are shown in 
Figure 18. Unlike the previous figure, the ratios in this case 
are not V/H; they are ratios of spectra for the same com- 
ponents of motion, with and without the water layer. The 
spectra were computed for windows that enclosed most of 
the large-amplitude arrivals. We refer to this as the "S-wave 
portion" of the ground motion. As expected, the figure pre- 
dicts that the water layer exerts almost no influence on the 
motions in the S-wave portion of the horizontal components. 
In contrast, the effect of the water layer appears on the S- 
wave portion of the vertical components for the model with 
a water layer, as a strong reduction in vertical motion at a 
particular frequency--an antiresonance. Saying "S-wave 
portion" is somewhat misleading, for the wave train starting 
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around the time of  the initial S wave can have P-wave en- 
ergy, obtained from conversion of  S-wave motion to P-wave 
motion at interfaces (e.g., Takahashi et al., 1992). It is prob- 
able that this conversion of  S-wave motion into P-wave mo- 
tion at the seafloor is leading to the reduction in vertical 
motions compared to the case with no water layer (Bureau, 
1986, also did calculations that yielded a reduction in ver- 
tical motion for an ocean-bottom site). The frequency at 
which the reduction in S energy is greatest is the fundamental 
resonance mode for P waves trapped in the water layer. At 
offshore sites, this water-layer effect on the vertical com- 
ponent of  the S wave will lead to different theoretical V/H 
ratios for onshore and offshore sites underlain by the same 
materials, but the difference will only be pronounced for 
frequencies greater than about one-half the water-layer res- 
onance frequency. At onshore sites, the P waves converted 
from S waves might resonate between the surface and the 
interface formed by the large contrast in P velocity across 
the water table (e.g., Mueller et al., 1982), increasing the 
V/H ratio for onshore sites. 

As mentioned earlier, the water layer will have its most 
pronounced effect on motions dominated by P waves. 
Crouse and Quilter (1991) give a simple theory that predicts 
the ratio of  P-wave motion at the seafloor relative to motion 
without the overlaying water layer. The largest effect should 
be at frequencies corresponding to resonance in the water 
layer. At resonance, a phase change at the water-seafloor 
interface leads to destructive interference and a relative node 
in the P-wave motion. Only the fundamental mode is in the 
frequency range of our data. The resonant frequency is given 
byfp  = C/(4H), where C is the velocity of  P waves in water 
(1500 m/sec) and H is the water thickness. For a depth of  
60 m (200 ft), this givesfp = 6.25 Hz. For nonvertical wave 
propagation, the P-wave velocity should be replaced by the 
apparent vertical velocity; this will be somewhat larger than 
the velocity used in our calculation, leading to a higher res- 
onant frequency. We used HSPEC96 to check the model of 
Crouse and Quilter. The results are shown in Figure 19, from 
which it can be seen that their simple theory is in good agree- 
ment with the calculations. Based on these results, we can 
conclude that the water layer itself will not affect seafloor 
motions for frequencies lower than aboutfe/2. For platforms 
near the SEMS stations providing the data analyzed in this 
article, we do not expect the water layer itself to influence 
directly waves with frequencies less than about 3 Hz. Of 
course, as the water depth increases, the resonant frequency 
moves to smaller values (but so does the resonant frequency 
of a platform), so that for the deepest SEMS site (S4EU), we 
expect frequencies of  1.7 Hz and higher to be affected by 
resonance in the water layer. No data are available for S4EU. 

Effect of Soil Layer. Figure 20 shows the ratio of Fourier 
amplitude spectra of  S-wave motions for the model with and 
without the first 100 m of low-velocity sediments (in both 
cases, the water layer has been removed). Ratios are shown 
for horizontal and for vertical components. Clearly, the soft 
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Figure 18. Ratios of Fourier spectra for a window 
including the S-wave portion of horizontal-compo- 
nent (solid lines) and vertical-component (dashed 
lines) synthetic seismograms computed for various 
velocity models and fault orientations (because the 
results are so similar, the different orientations are not 
specifically identified). Shown are the ratio of spectra 
for models with and without the water layer. 
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Figure 20. Ratios of Fourier spectra for the S- 
wave portion of horizontal-component (solid lines) 
and vertical-component (dashed lines) synthetic seis- 
mograms computed for various velocity models and 
fault orientations (because the results are so similar, 
the different orientations are not specifically identi- 
fied). Shown are the ratio of spectra for models with 
and without the upper 0.1 km of sediments, with the 
water layer removed in both cases. 
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sediments have a pronounced affect on the motions for the 
horizontal component, even for frequencies as low as 0.4 
Hz, where the amplifications approach a factor of 2. The 
high-frequency behavior of the horizontal-component ratios 
reflects a trade-off between increased attenuation and am- 
plification in the low-velocity sediments, relative to the 
model with no soft sediments. 

Conclusions and Discussion 

The Seafloor Earthquake Measuring System (SEMS) is 
an instrumentation effort that has been in existence for al- 
most two decades. The SEMS stations are excellent instru- 
ments and have produced high-quality data for a number of 
events. Unfortunately, until recently, onshore strong-motion 
instruments have not generally been of the same high caliber 
as the SEMS units, and therefore, few data are available from 
which direct comparisons can be made of onshore and off- 
shore motions from the same earthquake recorded at similar 
distances and for similar site conditions. For this reason, the 
analysis of the SEMS data has had to use a combination of 
somewhat indirect observational studies and theoretical cal- 
culations to answer the fundamental question: Are the earth- 
quake ground motions at the seafloor so different from on- 
shore motions that the more numerous onshore recordings 
cannot be used for platform design? 

The answer to the fundamental question is "It depends." 
It depends on the component of motion and the frequency 
of ground shaking. The ratio of vertical-to-horizontal too- 

tions (V/H) is clearly much smaller than for onshore record- 
ings at relatively high frequencies (above about 3 Hz). Stud- 
ies of the vertical and horizontal motions separately show 
that the anomaly lies with the vertical motions. For lower 
frequencies, the results of this study suggest that both com- 
ponents of the seafloor motions are similar to those from 
onshore recordings at sites underlain by geologic materials 
similar to those beneath the seafloor sites. 

Theoretical studies show that the reduction of vertical 
motions can be produced by interactions of S waves in the 
solid materials below the seattoor and P waves in the water 
layer. This interaction is most important at the resonant fre- 
quencies of vertically propagating acoustic waves in the wa- 
ter layer. A reduced vertical component can also be produced 
by refraction of an incoming wave toward the vertical, such 
as will occur for shear-wave velocities that decrease toward 
the Earth's surface. 

The water layer indirectly influences motions by allow- 
ing low-velocity sediments to exist over a widespread area 
and by increasing the pore pressure in the sediments, which 
will reduce the velocity in sands and silts. 

The water layer and the near-surface shear-wave veloc- 
ities lead to complexities in the high-frequency motions. Al- 
though some parts of the platform system are sensitive to 
these high-frequency motions (e.g., Smith, 1994; Brady, 
1993), the frequencies are generally much higher than the 
horizontal resonance frequencies of the platform. More im- 
portant for design and analysis of platforms are periods of 
motion longer than 1 sec. 

Particularly useful recordings for the study of long- 
period motions were made at a SEMS site offshore of Long 
Beach. Time-domain comparisons with onshore waves that 
have traveled through the Los Angeles basin suggest that the 
seafloor motions at the SEMS site are significantly influenced 
by late-arriving, large-amplitude surface waves (basin 
waves) at long periods. These waves may be more important 
for platform analysis and design than the higher frequency 
waves that are influenced by the water layer. In this sense, 
the travel path may be more important than the local site 
conditions. 
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