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life and human suffering. The recent Chi- 
nese success in predicting the Haicheng 
earthquake (4 February 1975, magnitude 
M = 7.3) was based on the use of long-, 
intermediate-, and short-term pre- 
cursors. The imminent prediction was 
based partly on the recognition of a 
swarm of small to moderate earthquakes 
near Haicheng as a potential foreshock 
sequence (4). However, foreshocks do 
not always occur; estimates on their fre- 
quency vary widely (3, 5, 6), and they 
are usually recognizable as foreshocks 
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only in hindsight. To use foreshocks in a 
predictive mode, one must distinguish 
them from background seismicity and 
earthquake swarms (7). 

In earlier work along the line reported 
here, Nersesov and his colleagues found 
large changes in the orientation of focal 
mechanisms over a large region prior to 
thrust earthquakes in Central Asia (8). 
Similar changes have recently been re- 
ported prior to an earthquake of magni- 
tude 5 in the Central Aleutians (9). A ret- 
rospective study of the Haicheng fore- 
shocks indicates that they were dis- 
tinguishable from similar earthquake 
swarms on the basis of remarkably con- 
sistent focal plane solutions (4, 10). Oth- 
er possible changes in compressional or 
shear wave amplitudes, or both, before 
large earthquakes have been reported 
from Kamchatka and China (11). 

We summarize here work on small 
foreshocks to three moderate California 
earthquakes (Fig. 1, a to d) which shows 
that the mean nodal plane orientations 
were different from those of comparable 
aftershocks (12). In each case the in- 
ferred changes were small (5? to 10?) and 
were inferred from changes in the ratio 
of compressional to vertically polarized 
shear-wave amplitudes (P/SV), as re- 
corded from nearby short-period vertical 
seismometers. Unfortunately, it was not 
possible to find small earthquakes prior 
to the foreshocks at the same location 
with which to establish "normal" back- 
ground values. Therefore, it is not pos- 
sible to assess whether our observations 
would have been of use in identifying the 
foreshocks as such in advance, but only 
that they can be used to distinguish fore- 
shocks from aftershocks. Our observa- 
tions do demonstrate, however, a simple 
procedure for monitoring small changes 
in the fault plane orientations of local 
earthquakes. This procedure may pro- 
vide an approach to the observation of 
stress changes at depth preceding, ac- 
companying, and following large earth- 
quakes, a problem that lies directly at the 
core of the earthquake prediction ques- 
tion. 

The Oroville earthquake (local magni- 
tude ML = 5.7) occurred at 2020 Green- 
wich mean time (G.M.T.) on 1 August 
1975, in the western foothills of the 
Sierra Nevada, 15 km south of the town 
of Oroville, California. The aftershocks 
occurred within a planar band striking 
north-south and dipping steeply to the 
west; fault plane solutions indicate pre- 
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north-south and dipping steeply to the 
west; fault plane solutions indicate pre- 
dominantly normal dip-slip motion on 
this plane (13). The main shock was pre- 
ceded by 58 recorded foreshocks over a 
period of 4 weeks, starting on 28 June. 
They ranged from ML = 0.5 to ML = 4.7 
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Seismic Amplitude Measurements Suggest Foreshocks Have 
Different Focal Mechanisms than Aftershocks 

Abstract. The ratio of the amplitudes of P and S waves from the foreshocks and 
aftershocks to three recent California earthquakes show a characteristic change at 
the time of the main events. As this ratio is extremely sensitive to small changes in 
the orientation of the fault plane, a small systematic change in stress or fault config- 
uration in the source region may be inferred. These results suggest an approach to 
the recognition of foreshocks based on simple measurements of the amplitudes of 
seismic waves. 
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and were located inside a cube 4 km on a 
side centered at 39?27'N, 121?31'W at a 
depth of 8 km (Fig. lb). 

The mean P/SV ratio at station KPK 
for 27 foreshocks was 1.08 (+ 61 per- 
cent); this ratio decreased to 0.39 (+ 46 
percent) for 55 aftershocks from the 
same cube (Fig. 2a) (14). This change 
and a smaller change at station ORV are 
consistent with a clockwise rotation of 
10? to 20? in the strike of the fault plane 
and a simultaneous change in the orien- 
tation of the slip vector (in the sense of 
adding a left-lateral component to the af- 
tershock mechanisms) at the time of the 
main event (Fig. lb). 

The Galway Lake earthquake (ML 
= 5.2) occurred at 0138 G.M.T. on 1 
June 1975 in the central Mojave Desert. 
The aftershocks occurred in an elliptical 
zone striking north-northwest. Fault 
plane solutions indicate predominantly 
right-lateral strike-slip faulting on planes 
dipping steeply to the west-southwest. 
The main event was preceded by nine lo- 
cated foreshocks, ranging in magnitude 
from ML = 1.9 to ML = 3.4, occurring 
over a period of 12 weeks starting on 9 
March 1975. All of the foreshocks and 
the aftershocks whose amplitudes are 
reported here cluster inside a cube mea- 
suring 1 by 1 by 2 km3, centered at 
34?31.3'N, 116029.5'W at a depth of 2 
km; this cube also encloses the hypocen- 
ter of the main shock (Fig. Ic). 

The mean PISV ratio at station TPC 
for nine foreshocks was 1.16 (+ 9 per- 
cent); this value decreased to 0.72 (+ 40 
percent) for 28 aftershocks (Fig. 2b). 
This change and all the other amplitude 
and first motion data that we studied are 
consistent with a counterclockwise rota- 
tion of 5? to 10? in the strike of the fault 
plane at the time of the main event (Fig. 
Ic). [Sixteen aftershocks between 6 and 
30 June, when the amplitudes show less 
scatter, had a mean of 0.38 (+ 16 per- 
cent); this value corresponds to a some- 
what larger rotation in the same direc- 
tion.] A change in dip of the fault plane 
can also be used to fit the observations, 
although not as well. 

The Briones Hills earthquake (ML = 

4.3) occurred at 0938 G.M.T. on 8 Janu- 
ary 1977 near Berkeley, California. The 
aftershocks lie in a narrow zone extend- 
ing 2 km in the direction 5? west of north. 
They range in depth from 7 to 10 km and 
dip steeply to the west; the fault plane 
solution for the main event indicates pre- 
dominantly right-lateral strike-slip mo- 
tion on this plane with a small com- 
ponent of normal faulting (Fig. ld) (15). 
During the 8 hours prior to the main 
event, ten foreshocks of magnitude 
greater than ML = 0.5 were recorded. 
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The largest had a magnitude of ML = 4.0 
and occurred 40 minutes prior to the 
main event. 

The P/SV ratio at station BKS for six 
foreshocks was 0.53 (+ 23 percent); 30 
aftershocks had a mean value of 0.29 
(+ 34 percent) (Fig. 2c). This change, 
plus first motion reversals at a number of 
stations, are sufficient to require a coun- 
terclockwise rotation of the fault plane of 
5? to 10? at the time of the main event 
(Fig. ld). Amplitude and first motion 
changes at the next nearest station (sta- 
tion BWR) are consistent with a small 
change in slip vector orientation at the 
same time. 

In the above discussion we have at- 
tributed the observed amplitude changes 
to rotations of the focal mechanisms of 
the source earthquakes. Alternatively, 
attenuation changes in the material sur- 
rounding the source might have oc- 

curred; such phenomena have recently 
been observed in laboratory samples ap- 
proaching failure (16). In two of the 
cases discussed here (Oroville and 
Briones) the amplitude changes were ac- 
companied by simultaneous first motion 
changes at one or more nearby stations. 
In addition, in all three cases, changes 
were also noted in the ratio of P wave 
amplitudes recorded at two different sta- 
tions. Although these data are in support 
of the source orientation explanation, 
they are not sufficient to totally exclude 
an attenuation change, particularly in 
light of work elsewhere which would 
seem to favor such an explanation (11, 
16). A definitive discrimination between 
these two classes of models will prob- 
ably only be possible when recordings of 
foreshock first motions and amplitudes 
are available from many stations. 

Another source of apparent amplitude 

_- ...\ 
v/ \ 34?24+ +- - '---\ 3747 

Fig. 1. (a) Map of California showing the major faults and the locations of three areas studied. 
(b) Map of the Oroville area, showing the seismic stations used, location of the foreshocks (X), 
the main event (star), the aftershock zone (heavy dashed line), and the fault plane solution of the 
main event. Also shown are the average nodal plane orientations for the foreshocks (1, dashed 
line) and aftershocks (2, solid line). (c) Map of the central Mojave Desert, showing the location 
of the Galway Lake earthquake. Other features are as in (b). (d) Map of the San Francisco Bay 
area, showing the location of the Briones Hills earthquake. Other features are as in (b). 
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changes which would have nothing to do 
with either source orientations or materi- 
al property changes would arise if a sys- 
tematic difference existed between the 
depths (or other hypocentral parameters) 

b 

1 
5 C1 5 0 

Fore- 
shocks 

C 

5 
4 

3 
o 

2 

^ 1 
0.8 

E- 0.6 
E 

0.4 

0. 
0.2 

a) 
u 
cn 

E 

tio 

a) 

co 
rl 

0 1 

0.1L I 
Hour r Hour lI I I I 
Day 20 1 10 20 
MonthJune July 
Year 

10 5 0 
After- 
shocks 

E 

E r n r r, 

4 

3 

2 

o 

r 
1 

1 

a 0.6 
E 

cn 0.4 

0_ 

ML =4.7 
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which they are compared. We have ex- 
amined this possibility at some length at 
Oroville and Briones, where the fore- 
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strained, and it does not contribute to the 
observed amplitude changes. At Galway 
Lake the question is more difficult, in 
view of the very shallow depths of the 
earthquakes and the distance to the near- 
est station that recorded the foreshocks. 

In addition to the inferred fault plane 
rotations, several other aspects of these 
three foreshock sequences are of inter- 
est. For 4 days prior to the Haicheng 
earthquake, foreshocks were recorded 
which had very consistent PISV ratios at 
a large number of local and regional seis- 
mic stations. Aftershocks from the same 
approximate location exhibited a great 
deal of scatter (4, 10). Two of the earth- 
quakes studied here (Galway Lake and 
Briones) exhibited possibly similar be- 
havior (Fig. 2, b and c), whereas the Oro- 
ville earthquake did not (Fig. 2a). Thus, 
our data are ambiguous on this point and 
more data will be required to assess its 
general applicability. 

Another feature of the foreshock se- 
quences discussed here is that in each 
case all of the foreshocks were located 
within a very small hypocentral volume, 
which either included or was immediate- 
ly adjacent to the hypocenter of the main 
event. This type of foreshock behavior 
has often been noted, and these fore- 
shocks may form a distinct subset of 
foreshocks, taken in the broader sense of 
small earthquakes that precede large 
ones (5, 17). In addition, although the 
scatter in the amplitude ratios shown in 
Fig. 2 appears large, when mapped into 
changes in source orientation it corre- 
sponds to variations of only a few de- 
grees. This remarkable and unexpected 
stability suggests that amplitudes record- 
ed from local earthquakes may contain 
invaluable information concerning small 
changes in stress orientation at depths 
where it will probably never be possible 
to measure them directly. In addition, 
they may be of practical use in the identi- 
fication of a foreshock sequence, if it can 
be established that foreshock amplitude 
ratios differ in some respect from "nor- 
mal" background values, and not just 
when compared to aftershocks as they 
were here. 
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Time-resolved photographs of light- 
ning leaders and return strokes in the 
daytime are practically nonexistent. 
However, photographs of the entire 
lightning flash in the daytime are well 
documented (1, 2). They have been 
used primarily to obtain channel char- 
acteristics, such as shape, number of 
branches, and ground contact point, and 
have necessarily integrated all the light 
from the flash. Successful experiments 
to time-resolve the leaders and return 
strokes in a flash have been restricted to 
nighttime observations (3, 4). These data 
have typically yielded leader and return 
stroke velocities, which are among the 
fundamental physical characteristics of 
lightning. 
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Recent interest in the return stroke ve- 
locity has been stimulated by the realiza- 
tion that another physical characteristic 
of lightning, the electric current, can be 
remotely determined in the first few tens 
of microseconds in a straight, vertical 
cloud-to-ground return stroke if the elec- 
tric radiation field and return stroke ve- 
locity are known (5). The electric radia- 
tion field is now routinely measured at 
the National Aeronautics and Space Ad- 
ministration (NASA) Kennedy Space 
Center as part of the summer Thunder- 
storm Research International Program 
(TRIP). Velocity measurements corre- 
lated with these measurements of the 
electric radiation field will help to verify 
that the computational techniques used 
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to obtain the current are valid. The thun- 
derstorm activity typically peaks in the 
early afternoon in July and August (6). 
Unfortunately, because thunderstorms 
tend not to occur during the nighttime, 
reliable return stroke velocities have not 
yet been reported in these experiments. 
Consequently, the remote determination 
of electric current in return strokes in the 
TRIP experiments depends upon record- 
ing in the daytime the luminous com- 
ponents in a flash and subsequently mea- 
suring their velocities. We present here 
the first daytime recordings of dart lead- 
ers and return strokes with both good 
spatial resolution and good time resolu- 
tion. 

Our equipment consists of a streaking 
camera (Beckman and Whitley model 
351) and a data-back still camera (Ni- 
kon), both loaded with Kodak 2476 
Shellburst film. Excess fogging during 
the exposure is prevented by the use of a 
conventional No. 92 gelatin filter, a deep 
red filter which passes only light of wave- 
length greater than approximately 620 
nm (1). Each camera is equipped with a 
55-mm objective lens, and the shutters 
are triggered by an electronic circuit 
which is activated by light from the first 
return stroke. The light is detected by a 
solar cell consisting of 2 cm2 of silicon on 
a ceramic base and mounted with a field 
of view of approximately 35?. The result- 
ing amplified current signal is used to 
trigger the streaking camera, the still 
camera, and a digital timer for sight- 
sound measurements of the distance to 
the flash. The amplified signal for the 
streaking camera is used to trigger a sili- 
con-controlled rectifier which discharges 
a capacitor across a solenoid, opening 
the leaf shutter in 10 msec. The exposure 
is typically set for 0.1 second andf/2 to 
record, on the average, at least two sub- 
sequent strokes in a multistroke flash 
composed of three or more strokes. The 
drum in the streaking camera is rotated 
at 50 rev/sec to produce a writing rate of 
4.3 x 10-2 mm/,sec. The amplified sig- 
nal for the still camera is used to close a 
contact and open the focal plane shutter 
in approximately 55 msec. We can vary 
the exposure by monitoring a through- 
the-lens meter, but typically the ex- 
posure is 0.5 second atf732. This system 
will not record the first stroke but is ade- 
quate for recording and time-resolving 
subsequent strokes in most multistroke 
flashes. The resulting photographs and 
distance measurements can be used to 
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events in a flash. 

Figure 1 shows a flash recorded in the 
afternoon at approximately 1831 U.T. on 
22 July 1977 from the top of the Opera- 
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Daylight Time-Resolved Photographs of Lightning 

Abstract. Lightning dart leaders and return strokes have been recorded in daylight 
with both good spatial resolution and good time resolution as part of the Thunder- 
storm Research International Program. The resulting time-resolved photographs are 
apparently equivalent to the best data obtained earlier only at night. Average two- 
dimensional return stroke velocities in four subsequent strokes between the ground 
and a height of 1400 meters were approximately 1.3 x 108 meters per second. The 
estimated systematic error is 10 to 15 percent. 
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