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[1] We have developed a double-difference algorithm to relocate earthquakes recorded at
global seismic networks, using differential arrival times for first and later arriving regional
and global phases to invert for the vectors connecting the hypocenters. Differential times
are formed from global seismic bulletins and are accurately measured on similar
seismograms by time domain waveform cross correlation. We evaluate the performance of
this spherical, multiphase double-difference algorithm using three-dimensional
regional-scale synthetic data and two sets of earthquake data in different tectonic settings.
The first includes 3783 intermediate depth earthquakes that occurred between 1964 and
2000 in the subducting Nazca plate beneath northern Chile, where the relocated seismicity
confirms a narrowly spaced double seismic zone previously imaged with temporary
local seismic data. Residual statistics and comparison with accurately known locations
indicate mean relative location errors at the 90% confidence level of 2.4 km laterally and
1.8 km vertically. Later events typically constrained by cross-correlation data have errors
of 1.6 km laterally and 1.4 km vertically. The second data set includes 75 crustal
earthquakes in the 1999 Izmit and Diizce, Turkey, aftershock sequences, where the double-
difference solutions image orientation and dip of individual fault segments that are
consistent with focal mechanisms and near-surface information. Fault complexity likely
causes a low level of waveform similarity in this aftershock sequence and thus generates

fewer correlated events compared to the Chile earthquakes. Differences between the
double-difference locations and corresponding locations in global seismicity catalogs
(Earthquake Data Report, EDR; International Seismological Centre, ISC; Engdahl-Hilst-
Buland, EHB) are typically greater than 10 km. We evaluate the potential of cross-
correlation and double-difference methods to improve hypocenter locations on a global

scale.
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1. Introduction

[2] The increasing number and quality of permanent
seismic stations over the last several decades has led to a
significant yearly increase in the number of globally
recorded earthquakes between 1960 and present. Previously
undetected earthquakes, especially smaller magnitude
events, are currently reliably recorded and located on a
global scale at a rate of ~250,000 events per year. This has
led to an increasing spatial density of hypocenters archived
in global earthquake bulletins, especially in regions along
the active boundaries of major tectonic plates.

[3] Catalogs of global seismicity, such as the Earthquake
Data Report (EDR) produced by the U.S. Geological
Survey’s National Earthquake Information Center (NEIC),
list hypocentral parameters that are routinely estimated in
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near real-time from phase arrival time data. Catalogs
produced by the International Seismological Centre (ISC),
the most comprehensive catalog available, reanalyze and
expand the NEIC catalogs using additional phase informa-
tion from stations not used by the NEIC. Using statistical
methods to improve phase identification and erroneous
phase arrival time picks, Engdahl et al. [1998] (EHB)
reprocessed well recorded events in the ISC catalog to
produce the EHB catalog, which currently includes the
most accurate global event locations.

[4] Global catalogs of seismicity are widely used as the
primary data to study the physical processes controlling
earthquakes and plate tectonics, to image the structure and
composition of the Earth’s interior, and to estimate the
hazards imposed by large earthquakes. Yet, uncertainties
in the hypocenter locations are generally significant. In
many cases they exceed the length-scale of the tectonic
units in which the earthquakes occur and in most cases the
length of fault surface associated with individual earth-
quakes, thus inhibiting the detailed imaging of active faults
at seismogenic depths. The uncertainties in global event
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locations typically arise from insufficiency in the number
and distribution of available observations, errors in phase
identification and phase arrival time picks, and absolute
model errors associated with single-event location methods:
the most commonly employed procedures that locate each
earthquake individually by minimizing its residuals between
observed and some predicted traveltime [Geiger, 1910].

[5] The increasing density of seismicity in global earth-
quake catalogs can be harnessed by reducing pick errors via
waveform cross correlation and the effect of model errors
via multiple event location techniques. Cross-correlation
methods take advantage of the fact that two earthquakes
that are close in space and have similar focal mechanisms
produce similar seismograms at common stations [Poupinet
et al., 1984]. In these cases, cross-correlation methods can
measure differential phase arrival times with subsample
precision, typically resulting in more than an order of
magnitude improvement over phase onset picks reported
in earthquake bulletins [e.g., Poupinet et al., 1984;
Deichmann and Garcia-Fernandez, 1992; Schaff et al.,
2004]. Multievent location methods can reduce the effect
of model errors inherent in single-event locations by
taking advantage of traveltime information from nearby
events with similar travel paths to common stations [e.g.,
Douglas, 1967; Jordan and Sverdrup, 1981; Pavlis and
Booker, 1983; Poupinet et al., 1984; Got et al., 1994;
Waldhauser and Ellsworth, 2000; Richards-Dinger and
Shearer, 2000].

[6] In recent years the double-difference (DD) method of
Waldhauser and Ellsworth [2000] has proven efficient in
determining high-resolution locations of earthquakes
recorded at local distances (direct Pg and Pn phases, and
their S analogous) to resolve detailed seismicity structures
in a wide range of tectonic settings [e.g., Waldhauser et al.,
1999; Schaff et al., 2002; Prejean et al., 2002; Rietbrock
and Waldhauser, 2004; Hauksson and Shearer, 2005]. Since
the algorithm naturally accepts differential traveltimes as
data directly, either from high-precision cross-correlation
measurements, or from ordinary arrival time picks, the
simultaneous inversion of both data sets relocates correlated
events to the precision of the cross-correlation data, and
events that do not correlate to the precision of the phase
pick data.

[7] Here we present a modification and extension of the
original, local-scale double-difference algorithm hypoDD
[Waldhauser, 2001] to relocate earthquakes using first and
later arriving P and S phases recorded at local, regional and
teleseismic distances. This spherical double-difference al-
gorithm has been applied in specialized studies to a small
number of selected earthquakes beneath the South Sand-
wich Islands [Zhang et al., 2005] and to nuclear explosions
at Lop Nor, China [Waldhauser et al., 2004], producing
relative source location uncertainties of less than 1 km. In
this article we describe, test, and evaluate the new algorithm
on a more comprehensive scale by using three different data
sets: regional-scale three-dimensional (3-D) synthetic data;
4093 Wadati-Benioff earthquakes in the subducting Nazca
plate beneath northern Chile; and 75 crustal aftershocks in
the 1999 Izmit-Diizce, Turkey, earthquake sequence. We
use both phase arrival time picks listed in the EHB catalog
[Engdahl et al., 1998] and differential times of regional and
teleseismic phases precisely measured from digital seismo-
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grams via time domain cross correlation. We discuss the
potential to use these methods in a comprehensive way on a
global scale.

2. Global Multiphase Double-Difference
Relocation

[8] Commonly used global multiple event location algo-
rithms such as joint hypocenter determination (JHD) [Douglas,
1967; Frohlich, 1979] and hypocentral decomposition (HDC)
[Jordan and Sverdrup, 1981] attempt to correct for common
path model error, due to three-dimensional Earth structure, via
residual-based 1-D (static) station corrections. Such corrections
reduce the effects of unmodeled structure mainly near the
receiver site, to a degree that scales with the area of seismicity
used to determine the correction factor.

[v] The double-difference algorithm differs from other
methods of joint hypocentral location in that no station
corrections are necessary, because the effects of unmodeled
velocity structure is directly removed from the data perti-
nent to estimating the relative location of each event pair.
The fundamental equation of the double-difference method
relates the residual between observed and predicted phase
traveltime difference, dry, for pairs of earthquakes i and j
observed at a common station, %, to changes in the vector
connecting their hypocenters through the partial derivatives
of the traveltimes, #, for each event with respect to the
unknown, m [Waldhauser and Ellsworth, 2000]:

o
%k Ami
Jom m

—%Amf:drg (1)

When the earthquake location problem is linearized using
the double-difference equation (1), the common mode errors
cancel without the need for high accuracy of predicted
traveltimes for the portion of the raypath that lies outside the
focal volume. This explicit formulation of the relative
location problem is particularly useful to relocate large areas
of dense seismicity, where hundreds or thousands of
earthquakes can be linked together through a chain of near
neighbors.

[10] The double-difference approach allows each data
link (equation (1)) to be directly weighted during the
iterative least squares inversion, with weights defined
according to a series of a priori and a posteriori criteria
that include measurement type (phase pick, cross correla-
tion) and quality (pick quality, cross-correlation coefficient),
phase type (P, S, etc.), residual performance and inter-
event distance (see Waldhauser and Ellsworth [2000] and
Waldhauser [2001] for details). The latter two criteria are
revisited after each iteration and adjusted for the new
locations, thus taking into account the nonlinearity inher-
ent in the earthquake location problem. Dynamic inter-
event distance weighting is a crucial component in
double-difference applications (see below), as initial hy-
pocenter locations (i.e., those in existing catalogs) are
generally mislocated by distances greater than the dis-
tances between hypocenters linked during final iterations.
The importance of interevent distance weighting has not
been appreciated in recent studies comparing the double-
difference method with other relative location algorithms,
as inversions were not iterated and therefore distance
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Ilustration of the effective interevent distance weighting function. (a) Schematic description

of the opening angle, «, between the relative position vector of an event pair (i, j) and the average ray

takeoff direction (arrows) determined at the pair’

s centroid with respect to a station k. (b) Surface

representing effective interevent distance weights as a function of interevent distance, d, and opening
angle, o. Arrows indicate weights assigned to the phase pairs observed at station k1 and k2 in Figure 1a.

weights not readjusted [Wolfe, 2002], or distance weighting
was omitted completely [Lin and Shearer, 2005]. Double-
difference applications without interevent distance weighting
give results similar to JHD or HDC methods, especially when
all possible links between events are established.

[11] We have extended the original a priori weighting
scheme described by Waldhauser and Ellsworth [2000] to
accommodate global phase characteristics such as the vary-
ing phase pick quality as a function of recording distance.
For example, phases recorded at crossover distances (e.g., P
and PKP between 120° and 140° epicentral distance) are
downweighted relative to phases that can generally be
identified and picked with more confidence before and
beyond this distance range. We also allow for phase specific
weights, introducing the flexibility to tailor double-difference
applications to tectonic environments with different wave
propagation characteristics.

[12] We modified the dynamic distance weighting func-
tion to further reduce the effect of unmodeled velocity
structure outside the focal area. The original distance weight
as described by Waldhauser and Ellsworth [2000] is
obtained by applying a biweight function to the hypocentral
separation distance of two events in order to downweight
differential times that connect hypocenters which are far

S

Equation (2) is typically chosen to be bicubic (¢ =5 = 3). In
order to more efficiently reduce model error effects between
events with large separation distances, we now weight
interevent distances as a function of both the distance
between hypocenters and the angle, «, between the relative
position vector of an event pair and the average ray takeoff
direction computed at the pair’s centroid with respect to the
observing station (Figure la):

} (3)

wed =1 — {(1 —wd)
where w? is the original distance weight as stated in
equation (2). This new effective interevent distance weight,
w*, retains a full weight when an event pair is observed at a

Wd:

(2)

«

90°

common station along its relative position vector (a ~ 0)
(Figure 1b). In this case, the events share a common raypath
outside the source region, regardless of the distance between
their hypocenters (k1 in Figure 1). The effective interevent
distance weight equals the original distance weight when
the ray takeoff direction is perpendicular to the pair’s
relative position vector (o ~ 90°), and the effect of model
error is greatest (k2, Figure 1). The effective distance weight
is especially useful to minimize bias due to Earth structure
in global double-difference applications where event pairs
are often constrained by multiple phase pairs observed at a
common station with rays leaving the sources at different
angles relative to the pair’s position vector.

[13] We solve the spherical forward problem of predicting
partial derivatives and traveltimes of first and later arriving
phases by using the standard Earth model ak135 [Kennett et
al., 1995]. One-dimensional, radially symmetric Earth mod-
els are efficient tools for comprehensive double-difference
applications that typically involve thousands of earthquakes,
hundreds of stations, and require numerous iterations. For
sufficiently dense distributed hypocenters, the double-dif-
ference algorithm effectively reduces errors that arise from
deviations between the model used to predict the data and
the true 3-D Earth structure. Rietbrock and Waldhauser
[2004] relocated locally recorded subduction earthquakes
using both a 1-D layered and a 3-D tomographic velocity
model, and found differences between the two sets of
double-difference solutions to be smaller than the noise
level in the data. Effects of unmodeled 3-D velocity
structures may become significant, however, when the
shortest interevent distances exceed the length scale of
velocity heterogeneities located along the raypaths of linked
events. Then, the effect of model errors is likely to map into
the double-difference solutions. In the following section we
employ 3-D spherical ray tracing in the double-difference
scheme to quantify such effects.

3. Effects of 3-D Earth Structure on 1-D
Double-Difference Solutions

3.1. Synthetic Model and Data

[14] We construct a regional-scale, spherical subduction
zone model that extends 2000 km in both north-south and
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