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as smaller amounts of mono- and dihydroxy-
dicarboxylic acids. The 2-methyltetrols were
identified as major oxygenated organic com-
pounds in the fine size fraction, and it is
estimated that they represent a SOA source
strength of about 2 Tg per year. These com-
pounds have low vapor pressure and are hy-
groscopic; they can therefore contribute to
particle growth (28), enhance the ability of
aerosols to act as cloud condensation nuclei,
and result in the formation of haze (29) above
forests. The 2-methyltetrols can be regarded
as specific molecular markers for the pho-
tooxidation of isoprene in the ambient atmo-
sphere and are, as such, of potential interest
for source apportionment and air quality
modeling studies. Contrary to widespread as-
sumption, we suggest that photooxidation of
isoprene emitted by forest vegetation results
in substantial SOA formation.
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Repeating Seismic Events

in China
David P. Schaff'* and Paul G. Richards'-2

About 10% of seismic events in and near China from 1985 to 2000 were repeating
events not more than about 1 kilometer from each other. We cross-correlated seis-
mograms from ~14,000 earthquakes and explosions and measured relative arrival
times to ~0.01 second, enabling lateral location precision of about 100 to 300 meters.
Such precision is important for seismic hazard studies, earthquake physics, and nuclear
test ban verification. Recognition and measurement of repeating signals in archived
data and the resulting improvement in location specificity quantifies the inaccuracy of
current procedures for picking onset times and locating events.

Each day, hundreds of seismic events are located
by the traditional method of picking onset times of
seismic waves recorded by seismometer networks
and then interpreting these data with a travel time
model to infer the epicenter (latitude/longitude),
depth, and origin time of each event. Pick errors
(i.e., errors in picking onset times) and errors in
the models lead to uncertainties in event location
amounting to a few percent of the station spacing.
These errors frustrate efforts to understand the
interactions between neighboring events and to
obtain more precise models of Earth structure.
Model error may be reduced by locating many
earthquakes simultaneously, and pick error may
be reduced by measuring relative arrival times by
cross-correlation when possible (instead of onset
times). Reduction in both types of error can lead to
improvement in location precision of up to three
orders of magnitude in specialized studies of small
regions, typically using short windows (lengths of
a few seconds) based on the P- and S-wave onsets
(1-8). Here, we report improvements in epicentral
locations over a broad area of diffuse seismicity,
namely China and surrounding regions, using
waveform cross-correlation on a large scale.
Repeating earthquakes or doublets arise when
two events display nearly identical seismograms
at a common station, implying that the events
have similar focal mechanisms and similar loca-
tions. Doublets have primarily been observed in
the creeping zones of major faults (9-/2) and
more recently in subduction zones (/3—15). Clus-
ters of repeating events are often called multiplets.

"Lamont-Doherty Earth Observatory, 2Department of
Earth and Environmental Sciences, Columbia Univer-
sity, Palisades, NY 10964, USA.

*To whom correspondence should be addressed. E-
mail: dschaff@ldeo.columbia.edu

The cross-correlation coefficient CC quan-
tifies waveform similarity, with values from 0
(no similarity) to 1 (a perfect match). We pro-
cessed 12 GB of waveform data for about
14,000 events in and surrounding China as
listed in the Annual Bulletin of Chinese Earth-
quakes (ABCE) from January 1985 to April
2000 (16, 17). The waveforms were acquired
from several networks of stations that are ar-
chived by the IRIS Consortium (/8).

‘We define a doublet to be an event pair having
CC = 0.8 for time windows from 5 s before the
P-wave to 40 s after the Lg-wave recorded at least
at one station. An example of a pair of events in
China (magnitude ~ 4.5) with similar waveforms,
recorded at a station ~1100 km away, yields
CC = 0.8 for a 220-s window bandpass-filtered
from 0.5 to 5 Hz (Fig. 1). Lg is the largest ampli-
tude phase and shows a high degree of correlation,
even though it is a complex, scattered wave. The
waveforms are similar even for unknown phases
and coda as well as for the P- and S-waves.

An automated search isolated 1301
events that have CC = 0.8 with at least one
other event (Fig. 2). These comprise 950
doublets, which can be grouped as 494
multiplets of various sizes (table S1). They
are well distributed throughout seismic
zones in and near China and represent more
than 9% of the ABCE events from 1985 to
2000. Most events satisfy CC = 0.8 at only one
station because of the sparse station coverage. As
a general rule, high similarity of complex multiply
scattered waves for an event pair requires the
events to be no farther apart than about one-
quarter of the dominant wavelength, which in our
case is ~0.8 km (79, 20). If the signal-to-noise
ratio is good enough to see different phases over-
lay, it further supports the hypothesis that the
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events are closely located because the S-P and
Lg-P times are nearly identical (Fig. 1).

For subsets of our 950 doublets we can give
more quantitative analyses of the spatial separa-
tion. Seventy-five events (39 pairs) have at least
three stations meeting the CC = 0.8 criterion,
which is sufficient to solve for the relative epicen-
ters (21). Epicentral locations where the azimuthal
gap is sufficiently well constrained to provide
robust locations (38 events, 20 pairs) confirm that
these event pairs are separated by no more than 1
km, with location precision on the order of 100 m.

Evidence that the events (Fig. 2) are colocated
at the 1-km level also comes from a detailed study
of 28 events in the 1999 Xiuyan sequence (22) in
which all events had subkilometer separations
with at least one other event, constrained at the
100-m precision level by Lg-wave cross-
correlation and double-difference location. Fifteen
of those 28 events were found by the automated
search reported here, in which the criteria are
more selective. Therefore, not all of the events
separated by less than 1 km can be retrieved by
our current automated search procedure. Other
factors that may cause an underestimate of the true
number of repeating events separated by less than
1 km are CC detection thresholds and network
variability over time (fig. S4) (17).

An independent study of underground nu-
clear explosions at the Lop Nor Test Site used
waveform cross-correlation to relocate two ex-
plosions, one in 1992 and one in 1996, and
found them to be separated by about 100 m,
implying that they may be colocated and may
have occurred within the same tunnel (23).
These two events were also found in the 1301
events derived from our automated processing
and are the only known explosions in this se-
lected subset of events. None of the shaft ex-
plosions for Lop Nor were CC = 0.8 doublets,
and all of those events were independently
found to be separated by more than 1 km (23).

For the 293 events (178 doublets) recorded
by only two stations, we are not able to perform
a relative location, but we can put some bounds
on separation distances given certain assump-
tions (figs. S1 and S2) (/7). The data do not
require the majority of these 293 events to be
located more than 1 km from each other. Ex-
trapolating to the 1301 events meeting CC =
0.8 at one or more stations and also applying
the quarter-wavelength rule to single recording
stations, we infer that almost all these events are
separated by less than 1 km.

Events tend to cluster in space and in time.
The 1301 events include 950 doublets having a
wide range of recurrence intervals (Table 1). A
large percentage, however, are causally related in
that about 25% of the events occurred within a
day of their corresponding doublet pair, and nearly
50% occurred within a week. For comparison, the
partially creeping Calaveras Fault, California, has
about 10% of the events occurring within 100 m
and 1 day after their doublet pair (7). This does
not necessarily indicate that events have repeated-
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ly ruptured the same fault patch, because these
fault scales are beyond our location precision.
Examination of doublet pairs with recurrence in-
tervals less than a week shows a slight tendency
for the later event to have a lower magnitude
(aftershock of the first), but the proportion is not
significant given the uncertainties in the magni-
tude estimates. Most pairs have magnitudes that
typically differ by not more than 0.5 units.

REPORTS

Doublets can be used to empirically assess
location errors of published bulletins (Table 2).
The 1301 events were matched to possible
events in four existing bulletins. For an event to
be counted as a match, the listed hypocenter
must occur within 500 km of that listed in the
ABCE and the origin time must not differ by
more than 30 s. The number of matching dou-
blet pairs (maximum 950) is listed in the fourth
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Fig. 1. A pair of similar events in China (black and gray waveforms) filtered from 0.5 to 5 Hz, with y axes
normalized to unit amplitude. The topmost panel is a condensation of the data in the lower panels. The
predicted P-wave arrives at 143 s, the S-wave arrives at 256 s, and the Lg-wave arrives at 315 s.
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Fig. 2. 1301 events (9% of the ABCE), 950 doublets satisfying the criteria of CC = 0.8 for long windows from

5 s before the P-wave to 40 s after the Lg-wave on waveforms that are filtered from 0.5 to 5 Hz. Recording
stations are denoted by solid triangles. Events (circles) are plotted at the ABCE absolute locations.
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row for each bulletin. Our doublets are almost
all separated by less than 1 km. The location
difference computed from a published bulletin
(between event pairs in a doublet) therefore
indicates relative location error (24).

The median mislocation for the Reviewed
Event Bulletin (REB) (25) is the largest at 31 km,
as expected, because it emphasizes prompt report-
ing rather than the best locations. The Internation-
al Seismological Centre (ISC) bulletin (26)—
published 2 years in arrears, with more data col-
lected and used for the locations—has corre-
spondingly smaller median mislocations of 23
km. The culled ISC bulletin and associated loca-
tions by Engdahl, van der Hilst, and Buland
(EHB) (27) produce the best locations on average.

Doublets can also be used to quantify pick
measurement error in published bulletins. Because
the events are colocated, they experience common
but unknown perturbations to the travel times due
to velocity heterogeneities. These variations can
be canceled out by forming travel time differenc-
es. The resulting scatter reflects errors due only to
uncertainty in the pick measurements. The relative
pick error in the ABCE for P- and S-phases av-
erages 2 and 4 s, respectively (fig. S3 and table
S2). For Lg-phases pick error amounts to tens of
seconds, whereas cross-correlation measurement
error for Lg-waves ranges from 0.005 to 0.01
s—an improvement by better than three orders of
magnitude over phase data (fig. S3 and table S2).
Such excellent measurement precision results in
relative location errors on the order of a few
hundred meters (22).

The 1301 events were previously recorded
and associated in the ABCE. An automated cross-

correlation detector could find all of the 1301
events and perhaps many more of some smaller
magnitude that are not listed in the bulletin. The
REB, which is designed for nuclear test ban treaty
monitoring, reports even low-quality detections
for all seismic events to avoid missing anything
that could be an underground nuclear explosion.
Of a possible 908 events, 423 were reported in the
REB. The primary reason for the missed events is
that the International Monitoring System was far
from complete for this region during the time
period of our study. The detection threshold for
China and nearby regions is expected to be around
magnitude 3.25 to 3.5 when all stations are oper-
ational (28). The ISC, with more reporting stations
than the REB, misses 557 of the 1301 events.
By applying waveform cross-correlation to
entire regional seismograms, 1301 repeating
events with M = 3 have been discovered in and
near China from 1985 to 2000. These events are
inferred to be colocated within 1 km. Although
Lg-wave epicentral locations cannot be used to
solve for depth separations, they are inferred to
be small because of the waveform similarity
(19, 20, 22). Because most of the recurrence
intervals are a month or less, we infer that most
of the repeating events in China are causally
related, implying triggering by some mecha-
nism. Theories to explain this type of earth-
quake interaction include static and/or dynamic
stress transfer or pore fluid effects. Repeating
events with longer recurrence intervals are usu-
ally assumed to occur as a result of creep load-
ing of stuck patches or asperities. Location and
pick errors can be independently and empirical-
ly assessed for traditional bulletins from repeat-

Table 1. Recurrence interval statistics for 950 doublets (1301 events).

Interval
1 day or 1 day to 1 week to 1 month to Tto2 2to5 5to 10
less 1 week 1 month 1 year years years years

Number 218 197 155 271 59 44 6
Percentage of 23 21 16 29 6 5 1

doublets
Cumulative 23 44 60 89 95 100 100

percentage

Table 2. Relative location errors for 950 doublets (1301 events) for several seismic bulletins (76, 25-27) given as
median, mean, and maximum values. (The REB was published for a period during which only 908 of the 1301 events
occurred.) The last three rows indicate the number of missing events for each magnitude if available, except for
ABCE, which indicates the number of events for each (Richter) magnitude.

REB ISC EHB ABCE
Median (km) 31 23 12 15
Mean (km) 59 43 26 25
Maximum (km) 549 494 159 154
Number of doublets 226 458 79 950
Number of events 423 744 216 1301
Number of unreported events 485 557 1085 0
Percentage of unreported events 53 43 83 0
Number of missing Mag3 events 2 22 59 75
Number of missing Mag4 events 10 70 144 309
Number of missing Mag5 events 1 4 7 26
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ing events. Cross-correlation can reduce pick
error substantially (by factors of 10 to 10%). The
entire regional seismogram including the com-
plex Lg-wave correlates very well (CC = 0.8)
for these 1301 events across diverse tectonic
settings in China for about 10% of the ABCE,
providing compelling evidence for the exis-
tence of repeating earthquakes with similar
waveforms on a broad scale. Such data may
lead to improvements in event location and
analysis of the physical properties of the source.
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