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rapid, at least in the smaller lakes. The measurement 
error should be relatively small when compared to the 
observed rates of change. In the few winters when a 
water body did not freeze over, we set the freeze date 
to the latest observed freeze date for that water body 
and the breakup date to the earliest observed breakup 
date for that water body. All time series have been 
corrected for calendar changes. 

7. These series do not all cover the entire 150 years 
because missing data occur in many of them. We 
analyzed linear trends to facilitate synthesis. Howev- 
er, some of the changes also can be interpreted as 
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Northridge Earthquake Damage 

Caused by Geologic Focusing of 


Seismic Waves 

Paul M. ~avis,'* Justin L. Rubinstein,' Kelly H. Liu,' 


Stephen S. ~ a o , '  Leon Knopoff3 


Despite being Located 21 kilometers from the epicenter of the 1994 Northridge 
earthquake (magnitude 6.7),the city of Santa Monica experienced anomalously 
concentrated damage with MercalLi intensity IX, an intensity as Large as that 
experienced in the vicinity of the epicenter. Seismic records from aftershocks 
suggest that the damage resulted from the focusing of seismic waves by several 
underground acoustic Lenses at depths of about 3 kilometers, formed by the 
faults that bound the northwestern edge of the Los Angeles basin. The am- 
plification was greatest for high-frequency waves and was Less powerful at 
lower frequencies, which is consistent with focusing theory and finite-differ- 
ence simulations. 

The usual expectation is that damage to 
buildings from an earthquake in an urban area 
will be greatest near the epicenter and will 
decrease steadily with increasing distance. 
Traditionally, anomalous large damage has 
been attributed to site effects, such as ampli- 
fied shaking of compliant soil structures (I,  
2). For the Northridge earthquake (magnitude 
6.7), soil effects in Santa Monica were found 
to be inadequate to explain the damage (3), 
because areas that had identical soils and 
were equidistant from the epicenter experi- 
enced less damage (Fig. 1). 

The localized concentrations of high am- 
plitudes of ground motion from the after- 
shocks of the Northridge earthquake suggest- 
ed that focusing by deep geologic structures, 
which act like acoustic lenses, was likely to 
have caused the concentrated damage (Fig. 1) 
in Santa Monica during the main event (4). 

Models have been proposed to test wheth- 
er focusing can explain the aftershock ampli- 
tudes or the ground shaking from the main 
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event (5-11). These models have used pub- 
lished cross sections (12) of the geology be- 
neath Santa Monica, and although they con- 
firm that focusing may occur, they either give 
amplitudes that are too small (7) or the pre- 
sumed site of the focus is located too far 
south (13). The need to model high frequen- 
cies at fine grid spacing (10 m) is so compu- 
tationally intensive that such simulations 
have been restricted to two-dimensional (2D) 
structures and to unacceptably low frequen- 
cies (6, 11). Iterative inversion of the data is 
not yet feasible. However, the concentration 
of damage and the patterns of high aftershock 
amplification indicate that the proper treat- 
ment of the problem must take high fiequen- 
cies into account, as well as the 3D subsur- 
face structure. Our mapping of the under- 
ground geology is not sufficiently detailed to 
know, a priori, whether or not 3D focusing is 
important at any wavelength, much less at 
wavelengths on the order of 100 m. The 
geological cross sections are derived from 
logging of widely separated bore holes in the 
region (12, 13) and from extrapolation from 
the surface geology. We turned the problem 
around by attempting to identify focusing 
structures from an inversion of the aftershock 
data. To do this, we have developed a 3D 
forward model of deep basin focusing, albeit 
a simple one, that is suitable for iterative 
inversion. 
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The north-dipping Santa Monica fault and 
the basement of the Los Angeles basin form a 
convex low-velocity structure that is 3 to 4 la 
deep (12) and lies north of the fault trace. 
Depending on the velocity contrast between the 
bedrock and sediients and the radius of curva- 
ture of the structure, seismic waves passing 
through the structure apex should be concen- 
trated at the surface. Under this proposal, inci- 
dent waves refracted at the bedrock-to-basin 
interface would be converted into converging 
waves with a lens aperture (that is, a half-width) 
limited by the extent of the structure. As an 
idealization, we consider the cases of hemicy- 
lindrical and hemispherical lenses. 

For wavelengths that are short as com- 
pared with the aperture dimension 2L and the 
focal length f of a hemicylindrical lens, the 
wave amplitude in the focal plane of a plane 
wave of initial amplitude A is 

where 

2LA sin P 
w(r) = - - 

fi P 

A is the wavelength and r is the distance from 
the axis (14, 15). In this 2D case, the maxi- 
mum amplification, which is at the center of 
the pattern, is 
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In the case of a hemispherical lens, the am- 
plitude in the focal plane is 

and the maximum amplification is 

4 is the first-order Bessel function. The am- 
plification in the 3D case is about the square 
of that in the 2D case, if the other parameters 
remain constant. Two-dimensional calcula- 
tions therefore underestimate 3D focusing. 

To determine the dependence of focusing 
in ranges where the wavelength is of the 
order of the diameter of the lens, we per- 
formed 2D finite-difference calculations for 
shear waves passing through focusing struc- 
tures (Fig. 2). The source is taken to be the 
decaying sinusoid 

f (t) = cos(2avt)e - (3) 

where v is the frequency, t is time, and the 
decay constant T, is several times the period 
Ilv. 

The elliptic interface between bedrock 
and basin sediments 

y = constant and kl > L, concave toward the 
sediients, is perfectly focusing at a distance f 
from the vertex for normally incident plane 
waves from the bedrock; the axis of symmetry 
is the y axis. The constant is given by the 

solution of Eq. 4 for x = L, and q = v,/v, < 1 
is the refractive index, where v,  is the velocity 
in the bedrock and v, is that in the sediments. 
The radius of curvature at the vertex is f(1 - 
q). Snapshots of the wave field at various times 
(Fig. 2) show the development of focusing with 
high amplitudes, up to six times higher than that 
incident, at a distance of about 3 la from the 
lens. For the same parametric values as in Fig. 
2, numerical values of amplification agree with 
the asymptotic values of Eq. 1 (Table 1) and 
show that the theory of Eq. 1 extends to fre- 
quencies as low as 3 Hz. 

From Eqs. 1 and 2, the amplification in- 
creases with frequency. Eventually, high-fre- 
quency scattering of the seismic waves will 
limit the highest amplitudes attainable, when 
the sizes of the scatterers become comparable 
to the wavelengths of the incident radiation. 
Given the agreement in Table 1 in the 2D 
case, we expect that, for similar parameters, 
the amplifications will be represented well by 
Eq. 2b in the 3D case. 

To test our proposal that geological focusing 
of seismic waves occurs beneath Santa Monica, 
we inverted the aftershock data using the max- 
imum S-wave amplitudes (4) and the relative 
strengths of the spectra of S waves over the 
frequency bands from 1 to 4,2 to 8, and 5 to 15 
Hz. Individual S-wave spectra were calculated 
from 1 s of data centered on the peak anival of 
the S wave. Geometric averages were taken of 
the individual spectra within each band. We 
divided individual values by coda wave values 
calculated as described by Gao et al. (4) in 
order to minimize site effects. Coda waves are 
thought to be omnidirectionally incident to a 

Fig. 1. Red-tagged (condemned) buildings (open 
squares) damaged by the 1994 Northridge earth- 
quake (star). The crossed circles denote the loca- 
tions of logged oil wells; the well closest to our 
region is the Occidental Marquez oil well lying 
just to the west. 

Fig. 2. Finite difference 
simulations of focusing 
from a 2D curved inter- 
face (top left). Snapshots 
are shown of a sinusoidal 
pulse of unit initial ampli- 
tude for v, = 3.2 kmls, 
v, = 1.6 kmls, f = 3 km, 
L = 1.2 km, and v = 10 
Hz. The energy converges 
to generate a focused 
pulse of amplitude 6.0 
relative to an amplitude 
of 1.8 immediately after 
passing through the inter- 

'T 
face (causing an amplifi- 
cation of 3.3). The region 
is 6 km long and 3 km 
wide. A grid spacing of 
10 m was used. 
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station. They are thus less dependent on fo- fault. We analyzed data from 22 aftershocks. fault. Their centers shift with the azimuth of the 
cusing effects from deep structure, and we Each event was recorded at an average of 18 arriving waves (Fig. 3). We identified the bright 
take their amplitudes as average estimates of stations, thus providing 393 maximum ampli- spots as regions of focusing. The focusing pat- 
near-surface site effects (16). Spectral and tudes or 3 X 393 spectral ratio values. tern moves westward as the azimuths to the 
amplitude ratios were then formed by divid- Images of the distribution of spectral ratios epicenters move eastward (Fig. 3) and exhibits 
ing by the corresponding average for all sta- for the 5- to 15-Hz band form three or more a variable intensity that is maximum for azi- 
tions on bedrock north of the Santa Monica bright spots just south of the Santa Monica muths to the west of north. 

Fig. 3. Observed and modeled amplitudes of 
the 22 Northridge aftershocks used in this anal- 
ysis. (A) Aftershocks 1 through 12; (B) after- 
shocks 13 through 22. The plots are derived 
from a spline f i t  to  an average of 18 spectral 
ratios and are arranged so that arrivals from the 
northwest are plotted first, and arrivals to  the 
east of north are plotted last. Those on the Left 
side are measured amplitudes corrected for site 
effects, whereas those on the right give the 
theoretical images. R is the radial distance in 
kilometers to  each aftershock, i is the angle of 
incidence at the interface, and z is the azimuth 
measured clockwise from north. The panel la- 
beled "Coda" is an image of the coda, a mea- 
sure of site effects. The lower right panel la- 
beled "Conv" is the convolved effect of waves 
from the Northridge earthquake after passing 
through our model. The white dots correspond 
to  condemned buildings. The buried trace of 
the inactive Santa Monica fault is depicted by 
the red line. The blue line corresponds t o  the 
coastline. Latitude and Longitude coordinates 
are in minutes of arc from 34ON, 118OW. 

M T A  M T A  
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We assumed that the basement-to-sediment 
contact geometry to the north of Santa Monica 
acts like an elongated lenslike structure.Due to 
irregularities in its geometry, it generates dif-
fracted converging spherical waves at three lo-
cations on the surface (Fig. 3),each with am-
plitudes described by Eq. 2. Thus the overall 
structure contains three constituent lenses em-
bedded in it. Although the focal planes of the 
converging spherical waves may not lie pre-
cisely on the surface, Eq. 2 is an adequate 
approximation provided they lie fairly close, 
because the amplitude pattern varies slowly on 
either side of the focal plane (14).We inverted 
the amplitude data to find the locations and 
aperturesof three lenses that fit best the patterns 
in Fig. 3 in a least-squares sense (I7). We 
approximated the elliptical shape of Eq. 4 as a 
spherical cap separatingsedimentsand the bed-
rock; that is, a hemispherical lens of limited 
aperture. The apertures of the three caps were 
found to vary from 2 X 0.50to 2 X 0.70krn, 
with centers at depths between 1.3 and 3.0krn. 
In each case, focal distancef was automatically 
set to be the distance along the central ray, with 
radii of curvature given by f(l - 9).The 
emergenceof the ray bundle from an aftershock 
was found by tracing the ray from its hypo-
center through the bedrock and the sediments 
(Fig. 4) using a standard ID model (18)of 
velocitv variation. If the S-wave velocitv is 
assumed to vary with increasing depth z in the 
bedrock as v(z)= 3.0+ 0.062k d s  and in the 
sediments as v(z) = 0.3 + 0.72W s ,  we re-
produce the rays in the upper crust of the stan-
dard model. We found Eq. 2 to be an adequate 
representation of focusing for a lens with a 
velocity gradient, when the velocity contrast is 
taken to be the average velocity contrast across 
the interface. We used a Newton-Raphson iter-

Table 1. Comparison between maximum amplifi-
cations from numerical simulation and theory. 

NumericalFrequency Wavelength gain Eq. 1b 

ation to find the central ray for each aftershock 
that passes through each lens normal to its 
surface (Fig.4). Let the locationof the center of 
curvature of a lens be [x,,y,,z,]and the focal 
point be where the center of the ray bundle hits 
the surface [xf,yf].The orientation of each 
spherical cap is assumed to be the same and to 
lie along the calculated direction of maximum 
amplification(4).For each cap, Eq. 2 is used to 
approximatethe relative amplificationat the ith 
site [xz,yi]for thejth earthquake as 

2 Jl(P,)JP, 
caps 

(5 )  
where 

and 

where 

0,= J(z]- z,)~+ (I]- I(J2 

where z, = azimuth and I, = incidence angle 
of greatest amplification; that is, the critical 
direction (4). 

The 19 unknowns in the inversion of the 
393 data points are (z,,I,),four c~efficientsp~ 
of the amplification polynomial, the three 
lens apertures L,, the nine parameters describ-
ing the location of each lens, [x,,y,,z,],and 
A,, an offset term corresponding to the am-
plitude at infinity. The fit of the spectral ratio 
data (Table 2)(19)has reduced the power in 
the data by 90%. 

Because of the paucity of stations near 
the focal points of the second and third 

_/----

O Focal Points 
i I \% Stations o I 

0 . 5 ~  I \ I I I 
-30.5 -30 -29.5 -29 -28.5 

Longitude (min) 

10 Hz 160 m 3.2 3.4 Fig. 5. Map showing the locations (crossed circles) of the three lenses that explain focusing patterns 
5 Hz 320 m 2.6 2.4 in Santa Monica aftershock amplitudes. The squares give the locations of focal points where the 
3 Hz 500 m 2.1 1.9 axial rays reach the surface. The open circles show the locations of the aftershock seismographic 

array. 

Fig. 4. (A) Axial rays from 22 A 0 
Northridge earthquake aftershocks 
through lens 1 to  Santa Monica, 4 
projected onto a vertical plane ,-I 
running from north t o  south. 5 - E 
The locations of the Potrero 5 5 
Canyon and Santa Monica faults -1 5 -2 

a 
are taken from Wright (12). It Q 

has been assumed that the fo- -16 -3 idental Marquez Oil 
cusing part of the basement-to-
sediment interface is a spherical 
cap. (B) Expanded version of the 

Distance (km) 4 
-2 

model. The location of the cap is determined from the inversion of the amplitude data and lies at the 
0 2 

Distance (km)
sediment-to-basement interface. The focusing structure corresponds t o  a region where the Occi-
dental Marquez oi l  well taps a reservoir estimated t o  contain 60 million barrels of oil. SMoF, Santa Monica fault. 

Well 

-
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Table 2. Lens locations and aperatures. Errors derived from inversion of the data are one standard 2. D. M. Boore and W. B. Joyner, Bull. Seismol. Soc. Am. 
deviation. 

Lens Depth (km) Latitude 

lenses (Fig. 5), their parameters are not 
well constrained. Their inclusion is signif- 
icant at the 85% confidence level only, 
compared with over 99.99% for the first 
lens. Furthermore, their apertures overlap 
with the first lens; thus, the true situation is 
more complicated with a greater overall 
aperture. Comparison with the geologic 
cross sections given by (12) shows that the 
location and depth of the first lens (Table 
2) are where the Santa Monica fault and the 
basin basement intersect to form a concave 
low-velocity structure at depth (Fig. 4). 

We inverted the data from each of the 
spectral bands and maximum amplitudes. 
The variance reductions of the data were 
77, 89, and 90% for the 1- to 4-Hz, 2- to 
8-Hz, and 5- to 15-Hz bands, respectively, 
and were 86% for the maximum ampli-
tudes. The decreased variance reduction at 
lower frequencies is consistent with the 
focusing being less efficient, as predicted 
by Eq. 2. The maximum amplitudes and the 
higher frequency spectral ratios give simi- 
lar results for the geometry of the lenses, 
because the wave packets from which the 
peak amplitudes were picked predominant- 
ly have 10-Hz energy. Motions in the 10- 
Hz band of the spectrum are most likely to 
cause damage to single-story homes in San- 
ta Monica. 

We calculated the amplitude distribu- 
tion for S waves passing through our three- 
lens structure from the Northridge earth-
quake (Fig. 3) and compared this distribu- 
tion with the distribution of damaged build- 
ings in Santa Monica. We adopted a sub- 
patch model for the slip in the main shock 
(20) and treated each patch as an after-
shock. We superimposed the signal from 
each subpatch (21). The resulting pattern of 
amplification has high values that corre-
spond to the distribution of condemned 
buildings (Fig. 3) in the central and western 
regions. 

We favor focusing from a deep (3-km) 
basin for the following reasons: The ampli- 
fications increase with frequency. The am-
plification pattern is concentrated over 0.5-krn 
patches whose centers shift as the angles of 
incidence and azimuth shift. For a given 
wavelength of seismic radiation, the patch 
size determines the ratio of the aperture radius 
to focal length, Llfin Eq. 2, whereas the ampli- 
fication determines L2/J The combination 
therefore determines L and f independently. 

Longitude Half-aperture (km) 

We estimate that site effects from com- 
pliant basin soil can explain an amplifica- 
tion by as much as a factor of 2, judged 
by late-arriving coda waves (Fig. 3) (4). 
Equations 1 and 2 show that 3D focusing 
effects can multiply this by an additional 
factor of 3 or more in localized regions. 
Our analysis is based on weak ground mo- 
tion of Swaves from aftershocks. The much 
greater amplitudes of the strong ground 
motion from the Northridge earthquake 
would have caused nonlinear behavior of 
the soil, which reduces amplitude. However 
the nonlinearity in Santa Monica (22) was 
not large enough to mask the localized 
amplification from focusing, but the actual 
value was probably smaller than that esti- 
mated here. We have assumed that the dam- 
age was caused by S body waves, which 
during the main event had the largest am- 
plitudes in the strong ground motion record 
in Santa Monica. However, structural dam- 
age is related to the entire history of ground 
motion (23), including surface waves, basin 
edge effects (8), and other bursts of energy 
not in the S-wave window. This energy too 
may exhibit focusing on passing through 
the structures identified here, depending on 
frequency content and incidence angle. The 
one- and two-story buildings that were 
damaged during the Northridge earthquake 
had resonant frequencies in the range of 5 
to 15 Hz (10). Our analysis shows that 
these frequencies would have been selec- 
tively focused more than lower frequency 
waves such as those of surface waves (8) or 

\ ,  

lower frequency body waves. The ampli- 
tudes at the critical direction (zo,Io) are 
found to have three times the values at 
angles 20" away from it. Thus, waves from 
other earthquakes will not focus as much 
as those from the Northridge event if the 
rays pass through the lens structures at 
different angles. If their epicenters are far- 
ther away, the frequencies of the most en- 
ergetic spectral components will be lower, 
because of attenuation, and hence the bright 
spots will be less focused. For example, 
Santa Monica did not suffer anomalous 
damage at the time of the San Fernando 
(197 1) earthquake. 
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