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S U M M A R Y
We discuss the performance of the multiple-grid model parametrization in seismic tomographic
inversion. Rather than mapping the velocity perturbation �c(x) = c(x) − c0(x) on only one
regular/collocated grid as many previous studies did, we obtain individual �c(x) models
on multiple grids and generate several updated velocity models during one iteration. The
average of all the updated velocity models is considered to be the input model of the next
iteration. Different grids should partially/fully shift from each other and/or have different
grid spacings to form the multiple-grid model parametrization. The efficacy of the multiple-
grid model parametrization is demonstrated through the practical example of imaging the
P-wave velocity structure along the San Jacinto fault, which is one of the most seismically
active faults in California. A series of synthetic recovery examples shows that the multiple-
grid model parametrization generally has a better or comparable performance in capturing
the heterogeneous subsurface structures than a collocated grid. The root mean square values
of the traveltime residuals in the final tomographic models obtained with the multiple-grid
model parametrization are smaller than those with collocated grids. Tomographic results reveal
strong heterogeneities in the crust along the San Jacinto fault. Significant velocity contrasts
are observable across the fault at shallow depths. A low-velocity anomaly dominates the
trifurcation area of the San Jacinto fault from the middle crust to the lower crust. Relatively
large earthquakes occurred at the boundaries of low-velocity structures but with high-velocity
anomalies nearby. All the results suggest that the multiple-grid model parametrization can be
a reliable approach in future seismic tomography studies.

Key words: Seismic tomography; Dynamics: seismotectonics; Crustal Imaging.

1 I N T RO D U C T I O N

Seismic tomography is one of the primary tools that image the sub-
surface structure of the Earth at a variety of scales (e.g. Rawlinson
et al. 2010; Liu & Gu 2012; Zhao 2015; Tong et al. 2017). It has
greatly improved our knowledge of the Earth’s internal structure and
dynamics ever since the pioneer studies of Aki & Lee (1976) and
Dziewonski et al. (1977). It is well known that the final image of one
seismic tomographic investigation is determined by many factors.
Driven by the constant demand for higher resolution subsurface im-
ages, in the past 40 yr seismic tomography techniques have achieved
significant progresses in many aspects including model parametriza-
tion and regularization (e.g. Aki & Lee 1976; Thurber 1983; Sam-
bridge & Rawlinson 2005), data usage (e.g. body waves versus
surface waves versus ambient noise; Aki & Lee 1976; Shapiro

et al. 2005; Zhao et al. 2005; Yang & Ritzwoller 2008), approxima-
tion of seismic data sensitivity (e.g. geometrical ray theory versus
ray-based finite-frequency kernel versus full-wave-equation-based
finite-frequency kernel; Thurber 1983; Dahlen et al. 2000; Tromp
et al. 2005; Tong et al. 2014a) and many others. These developments
enable us to resolve the Earth’s internal structure in unprecedented
details nowadays.

This study discusses model parametrization, the way of repre-
senting subsurface structure. In principle, the dominant factors
that affect the choice of a particular model parametrization in-
clude forward solvers, inverse algorithms, a priori knowledge of
Earth’s structure and resolution capability of available data set
(Kissling et al. 2001). To date, different basis functions have been
used to express 3-D structure of the Earth’s interior (e.g. Rawlin-
son et al. 2010; Zhao 2015). Among them, blocks and grids are
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the most basic forms of parametrization. Aki & Lee (1976) used
constant slowness (the inverse of velocity) blocks to describe the
3-D crustal structure beneath a seismic array. In this approach,
artificial velocity discontinuities are introduced in between block
boundaries and velocity anomalies are forced to take the shapes
of blocks (e.g. Kissling et al. 2001; Zhao 2009). Alternatively,
Thurber (1983) represented velocity models on a 3-D grid of vari-
able node spacing. The grid approach together with its later vari-
ants have become very popular in local earthquake tomography as
well as in teleseismic tomography (e.g. Zhao et al. 1992; Thurber
& Eberhart-Philips 1999; Zhao 2009). Spectral parametriza-
tions in the wavenumber domain and irregular parametrizations
have been widely used and discussed in previous studies as
well (e.g. Dziewonski et al. 1977; Dziewonski 1984; Sambridge
et al. 1995; Zhang & Thurber 2005; Bodin & Sambridge 2009;
Bodin et al. 2012).

In a common seismic velocity tomography study, one needs to
determine the perturbation �c(x) of the true velocity ctrue(x) from
the initial/starting velocity c0(x). For the accuracy of ray tracing
or numerical simulation of wave propagation, the initial velocity
c0(x) and its updates are usually discretized on small blocks or fine
grids (e.g. Kissling et al. 2001; Tape et al. 2009; Tong et al. 2017).
However, mainly due to the constraint caused by the resolving ability
of the data, the perturbation field �c(x) should be constructed on
some large blocks or grids with wide spacing (e.g. Aki & Lee 1976;
Zhao et al. 1992; Kissling et al. 2001; Thurber et al. 2009). Some
recent wave-equation-based seismic tomography studies, where the
perturbation fields are directly given by the sensitivity kernels on
fine grids, seem to be the exceptions (e.g. Tape et al. 2009; Tong
et al. 2014a). But the dominant wavelength of the waves that are
used to construct sensitivity kernels is at least a few times as long
as the grid size. In this regard, only the features that are much larger
than the size of the fine grid can be recovered. In the current ray-
based traveltime tomography study, we focus on the parametrization
of the relative perturbation field �c(x)/c(x) on relatively coarse
grids, as this is frequently used in previous studies (e.g. Thurber
1983; Nakajima & Hasegawa 2007; Lin 2013; Tong et al. 2017;
Liu et al. 2018). The coarse grid that is selected to represent the
perturbation field is always called the inversion grid (Kissling et al.
2001; Rawlinson et al. 2010).

Synthetic resolution tests can reflect the resolving ability of data
as well as the efficacy of model parametrization (e.g. Inoue et al.
1990; Zhao et al. 1992; Kissling et al. 2001; Tong et al. 2017). In
such a test, starting with an initial model c0(x), the synthetic data
that is generated with the same source–receiver geometry of the
observational experiment are inverted to recover the designed ‘true’
model ctrue(x). The checkerboard resolution test, with alternating
fast and slow anomalies superimposed on the initial model c0(x),
is one of the most commonly used approaches (e.g. Zhao 2001;
Rawlinson et al. 2010; Tong et al. 2014c). In many studies with the
grid model parametrization (e.g. Nakajima & Hasegawa 2007; Jiang
et al. 2009; Thurber et al. 2009), the designed fast/slow anomalies
are usually of size one node (e.g. Zhao et al. 1992; Nakajima &
Hasegawa 2007; Tong et al. 2011) or two nodes in one direction
(e.g. Thurber et al. 2009; Zhang et al. 2009; Hofstetter et al. 2012).
If the checkerboard pattern can be fully or almost fully recovered,
it may suggest that the size of the anomaly can be reduced or
remain the same, otherwise the anomaly size should be increased to
match the resolution of the data. In the mean time, the grid spacing
is changed accordingly. Repeating this process, one can eventually
find an optimal grid that is able to resolve anomalies at the resolution
scale of the data.

The grid selection is subjective. Even when the optimal grid
spacing is determined, where to place the first grid node is still
subjective. We know that the property recovered at one grid node
is an average within a local volume. The averaging effect may
obscure some details such as irregular boundaries between different
rocks, little heterogeneities and slow velocity variations (Vesnaver &
Bohm 2000). Considering several spatially staggered grids with the
same spacing, each of them should have the same opportunity to be
selected for the tomographic inversion, and the recovering rate of the
checkerboard resolution test on one grid is probably similar to that
on another. To reduce the bias caused by the subjective grid selection
in seismic tomography, we can invert the same data set on each of
the spatially staggered grids and obtain the final result by averaging.
This is the so-called staggered-grid model parametrization (e.g.
Vesnaver & Bohm 2000; Arato et al. 2014). As it roughly operates
as a moving average, the staggered-grid model parametrization can
reduce ambiguities, smearing and instabilities of the tomographic
inversion (Vesnaver & Bohm 2000; Arato et al. 2014). A staggered-
grid usually contains several regular grids of the same size.

Non-uniqueness is unavoidable in seismic tomographic inversion
largely because of poor and uneven data coverage. The multiscale
tomography method was introduced to reduce the non-uniqueness
in seismic traveltime tomography (e.g. Zhou 1996, 2003; Mewes
et al. 2010). By the multiscale method, a series of cells or grids with
different sizes are used to represent the velocity model, similar as the
staggered-grid approach discussed previously. For instance, Zhou
(1996) uses a series of overlapping cells of K different sizes to rep-
resent the mantle, while cells of the same size are non-overlapping.
One linear system is formulated on all the overlapping cells and
then inverted to generate reliable results. The multiscale approach
acts as a regularization technique for the inverse problem. It can
accelerate the convergence of the solution (Mewes et al. 2010). In
comparison with the single-scale seismic tomography method, mul-
tiscale traveltime tomography increases the chance to realize the
most suitable cell size with respect to data coverage and anomaly
geometry, and generates superior results (Zhou 2003). If the grid
approach is adopted, multiscale seismic tomography uses the multi-
grid model parametrization. A multigrid usually consists of several
regular/collocated grids with different spacings.

Since both the staggered-grid and multigrid model parametriza-
tions have more than one grid involved, we call them as multiple-grid
model parametrization in a uniform way. A multiple-grid could be a
staggered-grid or a multigrid. In addition to that, several staggered-
grids with different spacings can also form a multiple-grid that
may inherit the advantages of both the staggered-grid and multigrid
approaches. The third type of multiple-grid is named as multiscale-
staggered-grid in this study. To evaluate the performance of the
multiple-grid model parametrization in real applications, we choose
the San Jacinto fault zone in southern California as the test field
(Fig. 1).

The San Jacinto fault is a major component of the large San
Andreas fault system (Sharp 1967). This right-lateral strike-slip
fault is characterized by high seismicity and considered to be the
most seismically active fault zone in southern California. Specifi-
cally, more than 10 per cent of all earthquakes in southern California
since 2000 occurred and clustered around the trifurcation area of the
San Jacinto fault zone (Ross et al. 2017), including the recent 2016
Mw 5.2 Borrego Springs earthquake (Fig. 1). The San Jacinto fault
zone has been extensively investigated in previous seismic tomog-
raphy studies (e.g. Scott et al. 1994; Allam & Ben-Zion 2012; Lin
2013). The common features reported by these early studies are the
strong velocity contrast and damage zones across the San Jacinto
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202 P. Tong, D. Yang & X. Huang

Figure 1. The tectonic setting and surface topography around the San Jacinto fault zone in southern California. The grey curves denote the active faults
including the San Jacinto fault, the San Andreas fault and the Elsinore fault. The brown triangles are the volcanoes. The stars represent the locations of
relatively large earthquakes (Mw > 5.0) since 1992. The 1992 Mw 7.3 Landers earthquake is shown as the blue star. The red star is the 2016 Mw 5.2 Borrego
Springs earthquake. SBB is short for San Bernadino Basin. The dashed box surrounds the trifurcation area. The blue box along the San Jacinto fault indicates
the present study area.

fault (Allam & Ben-Zion 2012; Lin 2013). Later results from noise
tomography (Zigone et al. 2015), wave-equation-based traveltime
seismic tomography (Tong et al. 2014c) and wave-equation-based
reflection tomography (Huang et al. 2016) also show strong velocity
contrasts across the San Jancito fault. In this study, we demonstrate
the advantages of the multiple-grid model parametrization by imag-
ing the detailed P-wave velocity structure of the San Jacinto fault
zone.

2 M E T H O D

The ray-based traveltime seismic tomography method for the ve-
locity structure c(x) (e.g. Aki & Lee 1976; Thurber 1983; Zhao
et al. 1992; Tong et al. 2017) is conceptually based on the following
equation:

T obs
m − T cal

m =
∫

Rm

[
− 1

c0(x)

�c(x)

c(x)

]
ds, (1)

where T obs
m and T cal

m are the observed and calculated traveltimes of
the mth recorded seismic phase (such as P or S wave). Rm is the
ray path of the wave from earthquake location to the receiver in
the initial model c0(x). c(x) is the true or ‘targeted’ velocity model.

�c(x) = c(x) − c0(x) measures the difference between the true and
initial velocities. If the ray path is connected by a series of segments,
and the central point of the ith segment (i = 1, 2, ···, Im) is xm

i , then
eq. (1) can be discretely expressed as

T obs
m − T cal

m =
Im∑

i=1

[
− 1

c0(xm
i )

�c(xm
i )

c(xm
i )

]
�rm

i , (2)

where �rm
i is the length of the ith segment. If the relative veloc-

ity perturbation �c(xm
i )/c(xm

i ) at any involved point xm
i is directly

treated as an unknown in the inversion, it is probable that a large
number of unknowns will be introduced and most of them are lo-
cated only on one ray path, resulting in an underdetermined system
of linear equations. Alternatively, 1/c0(x) and �c(x)/c(x) can be ap-
proximately expressed in terms of two sets of basis functions Pl(x)
(l = 1, 2, ···, L) and Qn(x) (n = 1, 2, ···, N) as

1

c0(x)
≈

L∑
l=1

sl Pl (x) (3)
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and

�c(x)

c(x)
≈

N∑
n=1

un Qn(x), (4)

respectively. Substituting eqs (3) and (4) in eq. (2) gives

T obs
m − T cal

m =
N∑

n=1

{
L∑

l=1

Im∑
i=1

[−Pl (x
m
i )Qn(xm

i )sl�rm
i

]}
un . (5)

Given a total of M observations, we can obtain a linear system AX
= b by defining

am,n =
L∑

l=1

Im∑
i=1

[−Pl (x
m
i )Qn(xm

i )sl�rm
i

]
,

A = (am,n)M×N ,

X = (u1, u2, · · · , uN )T ,

b = (T obs
1 − T cal

1 , T obs
2 − T cal

2 , · · · , T obs
M − T cal

M )T .

(6)

Either because of non-uniqueness or non-existence of X, the solution
of AX = b is usually obtained by solving a regularized objective
function

χ (X ) = 1

2
(AX − b)T C−1

d (AX − b) + λ2

2
X T C−1

m X

+η2

2
X T DT DX, (7)

where Cd and Cm are the a prior data and model covariance matrices,
D is a derivative smoothing operator and λand η are the damping
parameter and smoothing parameter, respectively (e.g. Rawlinson
et al. 2010; Tong et al. 2014a). In a least-squares sense the mini-
mization problem (eq. 7) is equivalent to solving the linear system⎛
⎝C−1/2

d A
λC−1/2

m

ηD

⎞
⎠ X =

⎛
⎝C−1/2

d b
0
0

⎞
⎠ , (8)

which can be solved by using the LSQR algorithm or SVD (Paige
& Saunders 1982; Rawlinson et al. 2010).

There are many options for the basis functions, including polyno-
mials and spherical harmonics (Fichtner et al. 2018). In this study
we only discuss trilinear interpolation on regularly spaced nodes,
where the trilinear basis function Qn(x) is defined on a set of N
nodes x̂n = (x̂i , ŷ j , ẑk) as

Qn(x) = qx
i (x)q y

j (y)qz
k (z), (9)

where

qx
i (x) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x − x̂i−1

x̂i − x̂i−1
, if x̂1 ≤ x̂i−1 ≤ x ≤ x̂i ;

1 − x − x̂i

x̂i+1 − x̂i
, if x̂i ≤ x ≤ x̂i+1 ≤ x̂Nx ;

0, otherwise.

(10)

q y
j (y) and qz

k (z) are defined in a similar way. We have 1 ≤ i ≤
Nx, 1 ≤ j ≤ Ny, 1 ≤ k ≤ Nz, n = i + (j − 1)Nx + (k − 1)NxNy

and 1 ≤ n ≤ N = NxNyNz in the above expressions (9) and (10).
The grid Gu formed by the N nodes x̂n is known as the inversion
grid. Likewise, the velocity c0(x) in eq. (3) can be approximated
by trilinear interpolation on another grid G0. G0 is usually referred
as the forward grid. To accurately determine the ray path Rm and
precisely compute A = (am, n)M × N, c0(x) is always interpolated on a
dense forward grid G0. Mainly constrained by the resolving ability
of the selected data, the inversion grid Gu for �c(x)/c(x) is usually
coarser than the forward grid G0 (Kissling et al. 2001). The selection

of both G0 and Gu is subjective. The influence of the subjectivity of
G0 on the accuracy of ray tracing and traveltime computation can
be ignored as long as it is dense enough. However, this is not always
true for the inversion grid Gu. A later example in Section 5 will
show obvious differences between tomographic results generated
on two different inversion grids G1

u and G2
u . But the two inversion

grids have the same horizontal and vertical spacings.
To reduce the influence caused by the subjective choice of a sin-

gle inversion grid Gu, we suggest using multiple inversion grids Gk
u

(k = 1, 2, ···, K) in seismic tomographic inversion. Following the
ideas of staggered-grid model parametrization and multigrid model
parametrization (e.g. Vesnaver & Bohm 2000; Zhou 2003), the K
inversion grids should be spatially staggered and/or have different
grid spacings. The relative velocity perturbation �c(x)/c(x) can be
solved on each grid and the solution on the kth inversion grid is
denoted as [�c(x)/c(x)]k. Letting the interpolated velocity pertur-
bation on the dense forward grid G0 be [�c(x)]k, we can construct
an updated velocity model by using the following relationship:

c0(x) + [�c(x)]k = c0(x)

1 − [�c(x)/c(x)]k

. (11)

Considering that each of the K grids should have the same oppor-
tunity to be selected for the tomographic inversion if only one grid
is needed, we simply take the average of all the updated velocity
models c0(x) + [�c(x)]k (k = 1, 2, ···, K)

c0(x) + [�c̄(x)]K = 1

K

(
K∑

k=1

c0(x)

1 − [�c(x)/c(x)]k

)
(12)

as the result of the multiple-grid approach. If we treat the error
between the true velocity perturbation [�c(x)]true and the velocity
perturbation [�c(x)]k in eq. (11) or [�c̄(x)]K in eq. (12) as a random
variable, both [�c(x)]true − [�c(x)]k and [�c(x)]true − [�c̄(x)]K

can be assumed to have the same expected value 0, but the variance
of [�c(x)]true − [�c(x)]k is K times as large as the variance of
[�c(x)]true − [�c̄(x)]K . This suggests that [�c̄(x)]K is a low-risk
choice that is unlikely to be far away from the ‘true’ solution.

One can choose to smooth the updated velocity model c0(x) +
[�c̄(x)]K by convolving it with a 3-D Gaussian function

G(x) = G(x, y, z) = 8√
π3σxσyσz

e
−

⎛
⎜⎝ x2

2σ 2
x

+ y2

2σ 2
y

+ z2

2σ 2
z

⎞
⎟⎠
. (13)

Here σ x, σ y and σ z are the smoothing radiuses along the x, y and
z directions, respectively. In this study the smoothing parameter
η in eq. (8) is set to be zero but Gaussian smoothing (eq. 13) is
applied by selecting an optimal smoothing radius. Because of the
nonlinear dependence of the ray path L on the velocity model c0(x),
the velocity model needs to be iteratively improved. The update from
c0(x) to c0(x) + [�c̄(x)]K in eq. (12) is only for one iteration. The
updated velocity model c0(x) + [�c̄(x)]K is set as the new starting
model c0(x) for the next iteration. Throughout iterations, a series of
velocity models on the dense forward grid G0 are generated. Note
that the accuracy of the initial model c0(x) affects the convergence
of inversion and a careful selection of c0(x) is necessary before
conducting seismic tomographic inversion.

3 DATA

In this section we prepare an accurate initial model c0(x) and high-
quality traveltime data for the goal of building a detailed P-wave
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velocity model along the San Jacinto fault zone with the multiple-
grid model parametrization.

3.1 1-D inversion

From the Southern California Earthquake Data Center (SCEDC
2013), we downloaded 97 076 P-wave traveltimes of 6613 earth-
quakes with magnitudes greater than or equal to 2.0 occurred be-
tween 1992 January and 2017 October in the study area (Fig. 1).
These traveltimes were manually picked from 182 seismic stations
deployed in the same region (Fig. 2a). Beginning with an arbitrarily
assumed 1-D layered model m0

1D (Table 1), we iteratively refine it by
inverting all the P-wave arrivals with epicentral distances less than
90 km. At each iteration, the relative velocity perturbation of each
layer is limited within ±1.0 per cent by choosing an optimal damp-
ing parameter. Since the ray paths of first arrivals in 1-D layered
models can be easily traced using Snell’s law, this 1-D inversion is
very efficient. A stable solution is obtained after about 40 iterations
(Table 1). The root mean square value of the traveltime residuals is
reduced from 0.867 s in m0

1D to 0.212 s in m40
1D.

The study area defined by the blue rectangle in Fig. 1 has a
length of 270 km and a width of 50 km. In such an area the Moho
geometry should be honoured to accurately trace the first arrivals
that refract through the mantle. So, the 1-D layered model m40

1D and
the undulated Moho discontinuity (Zhu & Kanamori 2000) are used
together to build a 3-D P-wave velocity model for the study area.
The velocity below the Moho is set as 8.0 km s−1. The 3-D velocity
model is further smoothed across each discontinuity zdis based on
the following interpolation function when z is in between the middle
of the upper layer and the middle of the lower layer

v(z) =

⎧⎪⎨
⎪⎩

v1 + v2 − v1

1.0 + exp(zdis − z)
, if z < zdis

v2 + v1 − v2

1.0 + exp(z − zdis)
, if z ≥ zdis

. (14)

Here z denotes the depth; v1 and v2 are the velocities above and below
the discontinuity at the depth of zdis. The smoothed 3-D velocity
model is used as the initial model c0(x) for seismic tomographic
inversions.

3.2 Data selection

Seismicity in the study area distributes mainly along active faults
with a fairly uniform coverage down to the depth of about 15 km
(Fig. 2a). To make sure that only high-quality traveltime data are
used, we carefully select a subset of the previously downloaded P-
wave traveltimes for tomographic inversions. The selection criteria
are as follows:

(1) Every selected earthquake in the study area ([0, 270km] ×
[0, 50km] from the surface to the 30.0 km depth, Fig. 2a) has at
least eight P-wave picks in the same area.

(2) To avoid event clustering and reduce data redundancy, the
study area is divided into 1.0 km × 1.0 km × 0.5 km blocks and
from each block only one earthquake with the greatest number of
picks is chosen if there is any.

(3) Only earthquakes occurred deeper than 2.0 km are selected.

A total of 82 105 P-wave arrivals from 4010 earthquakes recorded
at 182 seismic stations is selected (Fig. 2b). It can be observed that
the distribution of the 4010 earthquakes is very similar to that of the
6613 earthquakes (Figs 2a and b), indicating that there is no loss in
spatial coverage after data selection.

3.3 Earthquake relocation

We relocate all the 4010 earthquakes in the smoothed 3-D velocity
model c0(x) before conducting tomographic inversion for the veloc-
ity structure. c0(x) is sampled on a forward grid G0 with a uniform
grid interval of �x = �y = �z = 0.4 km. The ray paths of first
arrivals in c0(x) are determined by solving eikonal equations with
a highly accurate multistencils fast marching method (Hassouna &
Farag 2007; Tong et al. 2017). Our earthquake relocation algorithm
is similar to Geiger’s method (Geiger 1910; Tong et al. 2016) and
is based on the following equation,

�t = ∂t

∂xs
· �xs + �t0 = − 1

Vxs

ds

dxs
· �xs + �t0

= − Dx cos α

Vxs

· �xs

Dx
− Dy cos β

Vxs

· �ys

Dy

− Dz cos γ

Vxs

· �zs

Dz
+ Dt · �t0

Dt
, (15)

where (cos α, cos β, cos γ ) is the direction of the ray path at the
estimated earthquake location xs, Vxs is the wave speed at xs and Dx,
Dy, Dz and Dt are the non-dimensionalization scaling parameters for
the location and the origin time. Different from Geiger’s method, the
unknowns in our approach are �xs/Dx, �ys/Dy, �zs/Dz and �t0/Dt.
The selection of these scaling parameters is subjective. We choose
Dx = Dy = Dz = 20 km and Dt = Dx/Vxs in this study.

Some earthquakes are close to the boundaries of the study area,
and their selected P-wave arrivals have limited azimuth coverage.
If only these data are used, we may not be able to get accurate
locations of those near-boundary earthquakes. To reduce the influ-
ence caused by incomplete data coverage, we relocate the selected
earthquakes in an extended area. The earthquakes are distributed in
the horizontal domain [0, 270 km] × [0, 50 km]. A total of 131 308
P-wave arrivals picked at 395 seismic stations in an extended re-
gion [ −30, 300 km] × [ −30, 80 km] is inverted to relocate all
the 4010 earthquakes (Fig. 2b). Every earthquake is surrounded by
stations covering almost all azimuth (Fig. 2b) necessary for robust
earthquake relocation. After five iterations, the root mean square
value of the traveltime residuals is reduced from 0.2458 to 0.2071 s,
and the standard deviation is changed from 0.3474 to 0.2922 s. The
relocated earthquakes are shown in Fig. 2(c). For those 82 105 P-
wave arrivals selected for tomographic inversion, with the updated
earthquake locations, the root mean square value and standard de-
viation of the traveltime residuals in c0(x) are 0.1905 and 0.2820 s,
respectively.

4 M U LT I P L E - G R I D M O D E L
PA R A M E T R I Z AT I O N A N D R E S O LU T I O N
T E S T S

4.1 Single-scale reconstruction test

We perform a series of synthetic reconstruction tests to show the
efficacy of the multiple-grid model parametrization in seismic to-
mographic inversions. The arrival times of the 82 105 P waves
are computed in a velocity model that has a relative perturbation
of 4 per cent × sin (0.1πx − 0.1πz) from the initial model c0(x)
(Fig. 3a). The velocity perturbation is invariant in the y direction
and has a wavelength of 20 km along the x and z directions. Random
errors with the mean value of 0.0 and standard deviation of 0.2 s
are added to the synthetic data to mimic the measurement errors in
real data. Four collocated grids, four staggered-grids, one multigrid
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(b) Data for Earthquake Relocation
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Figure 2. The distributions of earthquakes (red dots) and seismic stations (blue inversed triangles). (a) Shows all the 6613 earthquakes with magnitudes
greater than or equal to 2.0 downloaded from SCEDC and the 182 seismic stations in the study area. The P-wave arrivals of these earthquakes are inverted to
generate a 1-D layered model of this region (Table 1). (b) The data of the shown 4010 earthquakes are selected for tomographic inversions. But before that,
the selected earthquakes are relocated by using the P-wave traveltimes picked from 395 seismic stations in an extended area. (c) Shows the distribution of the
4010 earthquakes after relocation.

Table 1. The 1-D layered P-wave velocity models. The model m40
1D is obtained by inverting all the 97 076 P-wave

arrivals downloaded from SCEDC. m40
1D is then used to construct the initial model c0(x) for earthquake relocation and

tomographic inversion.

Depth (km) <4 [4, 8.5) [8.5, 13.5) [13.5, 19) ≥19

m0
1D 4.800 5.300 5.800 6.300 6.800

m40
1D 5.519 6.161 6.377 6.536 6.767
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Figure 3. (a) The ‘true’ relative velocity perturbation. (b–e) Each shows the vertical views of the relative velocity perturbation field at y = 25 km recovered
with a collocated grid (top panel) and a staggered-grid (bottom panel). The spacings of the collocated grid in the x, y and depth directions are labelled above
each subfigure. The related staggered-grid consists of five collocated grids with the same spatial spacings. The results shown in (b) are constructed on the grids
presented in Figs 4(a) and (b), respectively. Figs 4(c) and (d) show the grids used to generate the images demonstrated in (c). The top panel of (f) is generated
on a multigrid formed by the four collocated grids used in (b)–(e). The bottom panel of (f) is constructed on a multiscale-staggered-grid with eight collocated
grids at four different scales.

and one multiscale-staggered-grid are used separately to retrieve
the single-scale perturbation field.

First, the spacings of the collocated grid are about 11.4 km hor-
izontally and 8.8 km vertically (Fig. 4a), roughly making that one
wavelength distance of the sinusoidal perturbation field is sampled

by three grid nodes. Based on Nyquist–Shannon sampling theo-
rem, a satisfactory recovery would be achieved if all the grid nodes
lie exactly on the peaks and troughs of the perturbation field. But
this rarely happens in real practices. As shown in the top panel of
Fig. 3(b), the collocated grid cannot recover the perturbation field
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Figure 4. (a) A collocated grid with spatial spacings of 11.40, 11.36 and 8.8 km in the x-, y- and vertical directions, respectively. (b) A staggered-grid consisting
of five collocated grids with the same spatial spacings as the one in (a). Different grids are marked with different colours. (c) A finer collocated grid with spatial
spacings of 8.05, 8.11 and 7.33 km. (d) A finer staggered-grid formed by five finer collocated grids.
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208 P. Tong, D. Yang & X. Huang

Figure 5. The results of the checkerboard resolution test at different depths. The targeted relative velocity perturbation is defined in eq. (16) with a = b =
0.02. The wavelength of the anomaly along the x or y axis is 50 km. The input velocity perturbations at 0, 9 and 22 km depths are zero.

because of inadequate sampling. A staggered-grid (Fig. 4b) con-
sisting of five collocated grids with the same spacings (11.4 km
horizontally and 8.8 km vertically) is then used to recover the per-
turbation field. Due to the increased spatial sampling, a much better
result is obtained (see the bottom panel of Fig. 3b). We reduce the
horizontal spacing of the collocated grid to about 8.0 km and its ver-
tical spacing to 7.33 km (Fig. 4c). A new staggered-grid (Fig. 4d)
is also formed by superimposing five collocated grids of the same
reduced size. As demonstrated in Fig. 3(c), the collocated grid can

roughly reveal the fast and slow anomalies, while the staggered-grid
is able to almost fully recover these anomalies. We reduce the grid
spacings of the collocated grid and the staggered-grid for another
two times (Figs 3d and e). Both the collocated grid and staggered-
grid can adequately sample the designed velocity anomaly. The
performances of the collocated grid and staggered-grid seem to be
the same (Figs 3d and e). More unknowns need to be determined
if a finer grid is used in the tomographic inversion. As a result, the
data may not have enough constraints on the increased unknowns.
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Figure 6. The same as Fig. 5 but a = b = 0.04. The wavelength of the anomaly along the x or y axis is 25 km.

To get optimal results, we carefully selected the regularization pa-
rameters (damping parameter λ in eq. 7 and smoothing radius σ =
σ x = σ y = σ z in eq. 13) by using the L-curve method (Tong et al.
2014b). The details are presented in the Supporting Information.
However, the sinusoidal anomaly can only be partially recovered on
the finest grids (Fig. 3e). This suggests that optimal grid spacings

should be determined in advance to generate reliable and stable
results.

Collocated grids at four different scales have been used in the
single-scale reconstruction test. We continue to select four collo-
cated grids at four different scales and superimpose them together
to form a multigrid. A multiscale-staggered-grid is also constructed
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210 P. Tong, D. Yang & X. Huang

by combining four staggered-grids at four different scales. Here ev-
ery staggered-grid consists of two spatially shifted grids of the same
size (see Figs 7 and 8 for examples). The similar results generated
on the multigrid and the multiscale-staggered-grid show that the
velocity anomaly has been largely recovered (Fig. 3f). In compari-
son with the multigrid approach, the multiscale-staggered-grid can
reduce the root mean square value of the traveltime residuals from
0.20783 s to a slightly smaller value (0.19843 versus 0.19835 s).

In these single-scale reconstruction tests, the best recoveries are
achieved on the staggered-grids when the grid spacing of the com-
ponent grid is about 1/3 to 1/2 of the wavelength of the anomaly
(Figs 3b and c). Meanwhile, both the multigrid and the multiscale-
staggered-grid approaches can generate reasonably good results and
enjoy the freedom in grid spacing selection. These examples sug-
gest that the multiple-grid including the staggered-grid, multigrid
and multiscale-staggered-grid is more reliable than or at least as
reliable as the collocated grid in recovering subsurface anomalies.

It is common that the velocity perturbation �c(x) = ctrue(x) −
c0(x) of the true model from the starting model has multiscale fea-
tures and some of them with short wavelengths cannot be resolved
by the selected data. We have also conducted multiscale recon-
struction test to show the advantages of the multiple-grid model
parametrization in tomographic inversions. Please see the Support-
ing Information for the details.

4.2 Checkerboard resolution test

We perform checkerboard resolution tests to assess data resolution
of the selected P-wave arrivals. The checkerboard model cckbd(x) is
constructed by perturbing the initial model c0(x) with an amount
of �c(x). The mathematical expression of the checkerboard model
used in this study is

cckbd(x) = c0(x) + �c(x)

= c0(x)

[
1 + 0.06 × sin(2πax) sin(2πby)

× sin

(
2π

√
49 + 8z − 7

8

)]
, (16)

where a and b are the wavenumbers of the sinusoidal anomaly
along the x and y directions, respectively. We choose a = b =
0.02, indicating that the wavelength of the anomaly along the x
axis (as well as the y axis) is 50 km. At depths of 0, 4, 9, 15, 22,
30 and 39 km, the third sine function in eq. (16) takes the values
of 0, 1, 0, −1, 0, 1 and 0, respectively. The wavelength of the
anomaly in the vertical direction gradually increases from 14 km
at 0 km depth to 38 km at 39 km depth. The arrival times of the
82 105 P waves in the checkerboard model cckbd(x) are evaluated
by solving eikonal equations. Once again, random errors with the
mean value of 0.0 and standard deviation of 0.2 s are added to
the synthetic data. A collocated grid with horizontal spacings of
12.05 km along the x axis and 11.52 km in the y direction is used
to parametrize the relative perturbation field �c(x)/c(x). The grid
nodes are placed at depths of 0, 4, 9, 15, 22, 30 and 39 km in the
vertical direction. In this manner, every wavelength distance of the
anomaly is sampled by at least five grid nodes. No undersampling
issue exists. We attempt to iteratively recover the checkerboard
pattern from the initial model c0(x). In each iteration, we restrict the
relative velocity perturbation �c(x)/cckbd(x) within ±1 per cent by
choosing an optimal damping parameter, and after that the Gaussian
smoothing (eq. 13 with a radius σ = σ x = σ y = σ z = 0.8 km) is

applied to the inverted �c(x)/cckbd(x). The final results at different
depths after 12 iterations are shown in Fig. 5. The fast, slow and
zero velocity perturbations have been largely recovered from the
surface to 22 km depth. Leakages of velocity anomaly up to the
surface and down to a deeper depth of 22 km are observable at 4 km
depth and 15 km depth, respectively. This example suggests that the
selected data set can well resolve seismic velocity structure with
a horizontal wavelength of 50 km or above from the near surface
to about 22 km depth. In the vertical direction, it is able to recover
seismic heterogeneities with wavelengths greater than 14 km.

To check if the data can resolve small-scale anomalies, we fur-
ther choose a = b = 0.04. The wavelength of the anomaly along
the horizontal axis is reduced to 25 km. Synthetic data with ran-
dom errors are inverted on a finer collocated grid with spacings
of 5.13 km in the x direction and 5.24 km in the y direction. Since
the wavelength of the perturbation field remains the same in the
vertical direction, the grid nodes are placed at the same depths as
the previous case of a = b = 0.02. Along the San Jacinto fault
the checkerboard pattern has been recovered from 4 km depth to
15 km depth (Fig. 6). Artefacts are observable at depths of 0, 9 and
22 km where the input velocity perturbation is zero (Fig. 6). Gener-
ally speaking, the selected data set is able to resolve heterogeneous
structures with horizontal wavelengths greater than 25 km along
the San Jacinto fault. We have also investigated the case of a = b
= 0.08. An even finer collocated grid with an average spacing of
2.6 km is used to recover the anomaly with a wavelength of 12.5 km
along the horizontal axes. The inverted results show that artefacts
are persistent from the surface to the lower crust, and the checker-
board pattern is not identifiable (Fig. S6, Supporting Information).
Based on all the checkerboard resolution tests, we can roughly say
that the chosen P-wave data can resolve structures with horizontal
wavelengths greater than 25 km and vertical wavelengths greater
than 14 km along the San Jacinto fault. This information is useful
for choosing suitable inversion grid in tomographic inversions with
the real data.

5 T O M O G R A P H I C R E S U LT S

In this section we show the tomographic results of the San Jacinto
fault zone generated by using five different model parametrizations:
Collocated Grid 1, Collocated Grid 2, Staggered-grid A, Staggered-
grid B and a multiscale-staggered-grid (Figs 7 and 8). For all the
grids, the grid spacing selection is based on the checkerboard res-
olution test discussed in the previous section. Fig. 7(a) shows a
regular or collocated grid with spatial spacings of 11.9 km in the
x direction and 11.4 km along the y direction. Vertically, the grid
nodes are located at −11, 0, 4 and 9, 15, 22, 30, 39 and 61 km
depth. We call this grid as Grid 1. With an equal opportunity to be
selected for the tomographic inversion, another grid with the same
lateral spacings is shown in Fig. 7(b). The second grid is named as
Grid 2. Its nodes are placed at −5, 2, 6.5, 12, 18.5, 26, 34.5 and
50.5 km depth. Grids 1 and 2 are spatially staggered. We proceed to
construct a staggered-grid by superimposing Grid 2 onto Grid 1 and
call it as Staggered-grid A (Fig. 7c). Different from the staggered-
grid finite-difference method for solving differential equations, a
staggered-grid used in tomographic inversion can have more than
two sets of collocated grids. So, we construct another staggered-grid
formed by five sets of collocated grids to show the performance of
the staggered-grid model parametrization with different configura-
tions (Fig. 7d). The spatial spacings of the five grids are almost
the same as those of Grids 1 and 2. This second staggered-grid is
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Figure 7. (a) The collocated Grid 1. (b) The collocated Grid 2. Grid 2 has a spatial shift from Grid 1. (c) Staggered-grid A formed by combining Grids 1 and
2. (d) Staggered-grid B consisting of five collocated grids with the same spatial spacings as Grids 1 and 2.
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Figure 8. Staggered-grids at five different scales. Each staggered-grid consists of two collocated grids marked by red and blue colours. The average grid
intervals in the horizontal plane are (a) 26.5 km, (b) 18.6 km, (c) 11.6 km, (d) 8.2 km and (e) 5.3 km, respectively.

called Staggered-grid B. A multiscale-staggered-grid that composes
of five staggered-grids or 10 collocated grids (Fig. 8) is also used
in the tomographic inversions. The lateral grid spacings of the 10
collocated grids vary among 26.5, 18.6, 11.6, 8.2 and 5.3 km.

5.1 Plan views

Figs 9–12 show plan views of the recovered P-wave velocity struc-
ture at four representative depths (3, 7, 11 and 15 km) along the San
Jacinto fault. More plan views at other depths (5, 9, 13 and 17 km)
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Figure 9. Plan views of the inverted velocity models with five different model parametrizations at the depth of 3 km. N points to the north direction. The red
colour indicates low velocity and blue colour shows high-velocity structures.

are shown in Supporting Information Figs S7–S10. Generally speak-
ing, the distributions and sizes of high- and low-velocity anomalies
revealed with the five different model parametrizations are similar.
The velocity perturbations at shallow depths are up to and beyond
±10 per cent, which indicate strong lateral heterogeneities near the
surface (Fig. 9). The velocity variations are relatively smaller at
deeper depths with a few percent of perturbation (Figs 11 and 12).

Specifically, three dominant features present in the P-wave velocity
model. (1) Strong velocity contrasts and a reversal in the velocity
contrast polarity across the San Jacinto fault are observable. In de-
tails, the east side of the northern section of the fault (from about
40 to 110 km along the x axis) has lower velocities than the west
side from the surface to the lower crust. However, the east side of
the central section of the fault (in between 110 and 200 km) has
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Figure 10. The same as Fig. 9 but at the depth of 7.0 km.

higher velocities than the west side from the surface to about 5 km.
(2) Above a pronouncing high-velocity anomaly, a significant low-
velocity anomaly exists beneath the Salton Trough roughly down
to the depth of 11 km. (3) A wide low-velocity zone is observable
along the San Jacinto fault at about 11 km depth. This low-velocity
structure continues to the lower crust with a decreasing size as
the depth increases. Below the depth of 13 km, the low-velocity
anomaly mainly concentrates around the central section of the San
Jacinto fault zone (around the trifurcation area), and the northwest
and southeast ends are occupied by high P-wave velocity structures.
This low-velocity anomaly was also discovered by a reflection to-
mography study using both P and PmP phases and was interpreted
as a possible manifestation of the upwelling of partial melt from the
mantle (Huang et al. 2016). The relatively large earthquakes with

magnitudes greater than 5.0 including the 2016 Mw 5.2 Borrego
Springs earthquake occurred mainly in the trifurcation area at about
13 km depth. We can observe that these earthquakes were located at
the boundaries of the low-velocity region and surrounded by high
velocities (Fig. S9). The 1989 Mw 6.9 Loma Prieta earthquake and
2014 Mw 6.0 South Napa earthquake in northern California were
also found in transition zones between high and low velocities (Tong
et al. 2017). It is probable that the interactions between high- and
low-velocity anomalies triggered these relatively large earthquakes.

The present study area almost fully coincides with but is a little
smaller than that of Allam & Ben-Zion (2012). Our inversion results
show a high level of consistency with theirs. The low-velocity zone
atop a high-velocity anomaly beneath the Salton Trough reflects
crustal thinning in a region of extension (Allam & Ben-Zion 2012).
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Figure 11. The same as Fig. 9 but at the depth of 11.0 km.

However, the thickness of the low-velocity zone is estimated to be
9–11 km in this study, different from 7 km of Allam & Ben-Zion
(2012). Reversed velocity contrasts along the San Jacinto fault at
shallow depths and a wide low-velocity zone around 11 km depth
are revealed by both studies. The main difference is that the P-
wave velocity variation at each representative depth in Allam &
Ben-Zion (2012) is larger than that of this study. Scott et al. (1994)
constructed a P-wave velocity model of the San Jacinto fault zone
near Anza (around the trifurcation area). Their model shows overall
faster velocities in the east side of the fault from 0 to 6 km, which
can also be observed in our model (Figs 9 and 10). Lin (2013)
determined a 3-D velocity model near the Salton Trough and the
San Jacinto fault zone and reported a change from low velocity to
high velocity at 10 km depth beneath the Salton Trough, consistent

with the findings of this study. This feature is considered to be
related to the late Cenozoic spreading events (Lin 2013).

A closer observation can easily detect the differences in location,
shape, size and amplitude among the tomographic results generated
by using different model parametrizations (Figs 9–12). For exam-
ple, at each representative depth and around the trifurcation area,
the low-velocity anomalies highlighted by dashed ellipses have dif-
ferent shapes and amplitudes (Figs 9–12). At 3 km depth, the low-
velocity structure to the east of the northern section of the San
Jacinto fault revealed by Grid 1 (Fig. 9a) seems to be less signifi-
cant than those revealed by the other four approaches (Figs 9b–e).
We subtract the velocity given by the mutiscale-staggered-grid ap-
proach and the ones generated on the other four grids. Fig. 13
shows the differences at depths of 3, 7, 11 and 15 km. Near the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/218/1/200/5420824 by N

TU
 Library user on 23 N

ovem
ber 2019



216 P. Tong, D. Yang & X. Huang

0

10

20

30

40

50

Y
−

D
ire

ct
io

n 
(k

m
) (a) Grid 1

N

Depth 15 km

(b) Grid 2

N

0

10

20

30

40

50

Y
−

D
ire

ct
io

n 
(k

m
) (c) 2 Grids

N

(d) 5 Grids

N

0

10

20

30

40

50

Y
−

D
ire

ct
io

n 
(k

m
)

0 30 60 90 120 150 180 210 240 270

X−Direction (km)

(e) Multiscale

N

6.1 6.2 6.3 6.4 6.5 6.6 6.7

km/s

Figure 12. The same as Fig. 9 but at the depth of 15.0 km.

surface the dominant differences exceed 0.2 km s−1 (Fig. 13a) but
get reduced as the depth increases. These minor differences may
not affect the macroscale observations we previously made, but in-
dicate the necessity of carefully selecting model parametrization in
seismic inversions to gain reliable information about local velocity
anomalies. The tomographic results generated on Staggered-grid A,
Staggered-grid B and the multiscale-staggered-grid show the high-
est level of similarity, in contrast to the obvious differences between
the results of Grids 1 and 2. The increased spatial sampling of the
staggered-grids and the multiscale-staggered-grid is probably the
main factor that prevents local structural anomalies migrating to
other places or being distorted. This suggests that the multiple-grid
model parametrization has the advantage of generating stable tomo-
graphic results in seismic inversions. Besides that, staggered-grids

and the multiscale-staggered-grid have better performances in re-
ducing the root mean square value of the traveltime residuals. As
shown in Table 2, the multiscale-staggered-grid gives the smallest
root mean square value after 20 iterations, and Staggered-grid A
gives the second smallest.

5.2 Vertical views

To further explore the final results generated by using five differ-
ent model parametrizations, the relative P-wave velocity pertur-
bation from the averaged 1-D velocity profile of the smoothed
3-D initial model c0(x) (Fig. 14b) is displayed in a series of
vertical cross-sectional views from the surface to the uppermost
mantle (Figs 15 and 16). The locations of these cross-sections
are shown in Fig. 14(a). We can observe again that the overall
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Figure 13. Velocity differences at four representative depths. The difference is obtained by subtracting the final model given by the multiscale-staggered-grid
and the one obtained on Grid 1 (E-A), Grid 2 (E-B), Staggered-Grid A (E-C) or Staggered-Grid B (E-D). Here E stands for subplot (e) in Figs 9, 10, 11 and
12, similar for A, B, C and D.

Table 2. The root mean square value of the traveltime residuals in iterative velocity models with different model parametrizations for the tomographic
inversions.

m0 m5 m10 m15 m20

Grid 1 0.1905 s 0.1541 s 0.1411 s 0.1351 s 0.1303 s
Grid 2 0.1905 s 0.1605 s 0.1451 s 0.1361 s 0.1318 s
Staggered-grid A 0.1905 s 0.1565 s 0.1411 s 0.1330 s 0.1275 s
Staggered-grid B 0.1905 s 0.1566 s 0.1424 s 0.1341 s 0.1293 s
Multiscale-staggered-grid 0.1905 s 0.1561 s 0.1418 s 0.1327 s 0.1269 s

patterns of the velocity structure computed with the collocated
grids, staggered grids and multiscale-staggered-grid are similar,
although the sizes and amplitudes of anomalies show some obvious
differences.

Profile BB’ nearly aligns with the San Jacinto fault, while Profile
AA’ and CC’ are on the northeast and southwest sides of the fault,
respectively. Near the surface (less than 5 km), Profile AA’ and

CC’ show opposite velocity perturbations from x = 40 km to x =
250 km, clearly demonstrating the strong velocity contrasts across
the San Jacinto fault and the reversal in contrast polarity at differ-
ent segments of the fault. A low-velocity zone sitting on the top of
a high-velocity structure is revealed around the southeast ends of
the three profiles AA’-CC’. The trifurcation area (roughly from x
= 120 km to x = 180 km) generally shows low-velocity structures
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Figure 14. (a) The map locations of the cross-sections AA’, BB’, CC’, DD’, EE’ and FF’ shown in Figs 15 and 16. (b) The averaged 1-D velocity profile of
the 3-D smoothed initial model c0(x) in the depth direction.

in the middle and lower crust. The seismicity along Profile BB’
mainly occurred in relatively high-velocity structures which can be
interpreted as a brittle seismogenic layer (Fig. 16). Similar observa-
tions along the San Jacinto fault were reported in Allam & Ben-Zion
(2012) and Lin (2013). Profiles DD’, EE’ and FF’ are perpendicular
to the fault. The strong velocity contrasts across the San Jacinto fault
at shallow depths are clearly shown along the three profiles (Fig. 16).
Profiles DD’ and FF’ have higher velocities on the west side and
lower velocities on the east side, contrary to that of Profile EE’. The
reversal in contrast polarity indicates the complex structure of the
San Jacinto fault. The near-surface low velocity along Profile DD’
correlates well with the San Bernadino basin. In comparison with
Profiles DD’ and FF’, Profile EE’ passing through the trifurcation
area has a wider transition zone from the low velocity on the west
side to the high velocity on the east side. We can also find the large-
size low-velocity zone beneath the trifurcation area along Profile
EE’. Profile FF’ exhibits a high-velocity structure below the depth
of 10 km. The 2016 Mw 5.2 Borrego Springs earthquake is at the in-
tersection of Profile BB’ and EE’ (Fig. 14). Some other earthquakes
with magnitudes greater than 5.0 are also around the meeting section
of the two profiles. The tomographic results in Profiles BB’ and EE’
may suggest that the occurrence of relatively large earthquakes is
closely related to the underlying low-velocity zone and the top high
velocities.

The velocity anomalies along the six vertical profiles revealed by
Grids 1 and 2 show obvious differences in location, shape, size and
magnitude (Figs 15 and 16). But the results of the multiple-grids
including the staggered-grids and the multiscale-staggered-grids are
almost the same. For example, the near-surface high-velocity zone
along Profile AA’ has a length of 90 km from x = 100 km to x
= 190 km in the top panel of Fig. 15(a). But its length is reduced
to about 80 km from x = 115 km to x = 195 km in the second
panel with Grid 2. The multiple-grid approaches uniformly suggest
that its location is from x = 105 km to x = 200 km (Fig. 15a). A
significant low-velocity anomaly along Profile BB’ from x = 50 to x
= 110 km is recovered by Grid 2 and the multiple-grids (Figs 16a).
But we cannot see it in the result of Grid 1 (Fig. 16a). The near-
surface transition from low to high velocities along Profile EE’

occurs on the interval [15, 20] km in the first panel of Fig. 16(c)
but happens in between 20 and 25 km in the second panel with
Grid 2. The discrepancies between the results of Grids 1 and 2
may get reduced if their grid spacings are reduced. But a finer
grid may go beyond the resolution scale of the data. However,
the increased spatial sampling of the multiple-grid is helpful in
accurately recovering the heterogeneous subsurface structures.

6 D I S C U S S I O N A N D C O N C LU S I O N S

Model parametrization greatly influences the final output of the
tomographic results. Having an advantage of easy implementa-
tion, the multiple-grid model parametrization is proposed to im-
prove the performance of the conventional grid approach in tomo-
graphic inversions. The key idea of the multiple-grid approach is that
subsurface models are simultaneously constructed on several non-
overlapping collocated grids and their average is taken as the output
velocity model. Three different types of multiple-grid including the
staggered-grid, multigrid and multiscale-staggered-grid have been
discussed in this study. The performances of the staggered-grid and
multigrid model parametrizations were reported in previous stud-
ies (Vesnaver & Bohm 2000; Zhou 2003; Arato et al. 2014). Their
ability of detecting small velocity change, increasing resolution and
minimizing the inversion ambiguities and instability is confirmed
again in this study.

Different from reducing the intervals of a collocated grid to have
a higher sampling rate and building the subsurface model at a
higher but sometimes irrealizable resolution scale, the staggered-
grid approach combines the information collected from spatially
shifted collocated grids to generate more reliable subsurface im-
ages. There are at least two advantages of using staggered-grid
model parametrization in seismic tomography studies. First, it is
easier to capture dominant anomalies with the increased number of
grid nodes. For example, in Figs 3(b) and (c) the sinusoidal anomaly
can be efficiently sampled by a staggered-grid that consists of five
collocated grids. But this seems to be impossible for one collocated
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Figure 15. The cross-section views of the relative velocity perturbation field �c(x)/c(x) given by Grid 1 (Fig. 7a), Grid 2 (Fig. 7b), Staggered-grid A with two
collocated grids (Fig. 7c), Staggered-grid B with five collocated grids (Fig. 7d) and (e) the multiscale-staggered-grid (Fig. 8), respectively. Here �c(x) is the
difference between the final model c(x) and the 1-D velocity profile in Fig. 14(b). The locations of Profile AA’ (y = 35 km) and CC’ ( y = 15 km) are shown in
Fig. 14(a). The white dots are earthquakes within a distance of 5.0 km from each profile. The red and blue mean low- and high-velocity anomalies, respectively.
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grid if we have no information about the distribution of the under-
ground anomaly (Figs 3b and c). Second, the rising artefacts on one
collocated grid can be expelled or suppressed by other collocated
grids from the same staggered-grid. Synthetic tests of this study
have shown the efficacy of the staggered-grid model parametriza-
tion (Fig. 3, Supporting Information Figs S3–S5). The real data
example in the San Jacinto fault zone also shows that the results
generated on the staggered-grids and the multiscale-staggered-grid
are more consistent. In addition to that, the staggered-grid approach
can reduce the root mean square value of the traveltime residuals
to smaller values than those given by the conventional grid method
(Table 2).

The multigrid method is efficient in recovering multiscale
subsurface features and able to reduce the non-uniqueness in
seismic tomography (Zhou 2003). The artefacts introduced by
finer grids can be partially smoothed or suppressed by coarser
grids. The finer grids can also make a remedy for the sam-
pling loss of coarser grids. Reliable results can be obtained on
a multigrid without knowing any prior information about the
sizes of subsurface anomalies (Fig. 3f). The newly presented
multiscale-staggered-grid approach is a simple combination of the
staggered-grid and multigrid model parametrizations. In compar-
ison with the multigrid method, it has an increased spatial sam-
pling. Different from the staggered-grid method, its component
grids have multiscale spatial spacings. We have obtained reliable
results with the multiscale-staggered-grid model parametrization
(Fig. 3f).

The San Jacinto fault zone is one of the most seismically active
regions in southern California and has been intensively investigated
by tomographic studies. Given the well-known subsurface struc-
ture of this region, it is an ideal place to show the efficacy of the
multiple-grid approach in seismic tomography study. Five tomo-
graphic models along the San Jacinto fault zone (Figs 9–12 & 15
and 16) are revealed by using two collocated grids, two staggered-
grids and one multiscale-staggered-grid. The general patterns of
the recovered subsurface structures with the five different model
parametrizations are similar to each other and also similar to the re-
sults of previous studies (e.g. Allam & Ben-Zion 2012; Lin 2013).
Summarily, we can observe strong heterogeneities near the surface,
strong velocity contrasts across the San Jacinto fault, reversal in
contrast polarity along the fault and a low-velocity zone atop a
high-velocity structure near the Salton Trough which reflects the
thinning of the crust. The trifurcation area is the host of several
relatively large (Mw > 5.0) earthquakes in the past 30 yr. Observ-
ing from the tomographic results, we believe that the occurrence
of these large earthquakes is partially due to the interactions be-
tween the hypocentral low-velocity structure and the nearby high-
velocity anomalies. A dominant low-velocity zone exists in the
middle and lower crust of the trifurcation area. This low-velocity
structure may be related to the upwelling of partial melt from the
mantle (Huang et al. 2016). The differences among the five tomo-
graphic models are also obvious (Fig. 13). We have found that the
location, shape, size and magnitude of each high- or low-velocity
anomaly in one model are different or slightly different from those
of the same anomaly in any of the other four models. This phe-
nomenon is mainly caused by the different spatial distributions of
the inversion grids. Increasing the spatial sampling through the
multiple-grid approach is likely to give more reliable results. This
is partially supported by the observation that the models generated
on the two staggered-grids and the multiscale-staggered-grid have
higher consistency than the ones constructed on the collocated grids
(Figs 9–13 & 15 and 16).

This study in the San Jancito fault zone has shown the efficacy of
the multiple-grid model parametrization in practical seismic tomog-
raphy studies. The multiple-grid approach can be used to suppress
artefacts and generate reliable tomographic results. Admittedly, the
number of constructing collocated grids of a multiple-grid is chosen
subjectively. That how many collocated grids we should choose to
form a multiple-grid to maximize its performance remains a ques-
tion. But we usually use five spatially shifted collocated grids to
form a multiple-grid in our tomographic inversions and reliable re-
sults can be obtained. Given the promising results of this study, the
multiple-grid approach is worthy of further and deeper investiga-
tions. We will implement the multiple-grid model parametrization
in ray-based teleseismic tomography as well as full waveform in-
version in our future studies.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at 〈0:italic 〉GJI〈/0:italic〉 online.

Figure S1. (a) The trade-off analysis between the data variance and
model variance with different damping parameters. λ = 8 is the
optimal damping parameter that lies at the corner of the L-shaped
curve. (b) The smoothness of the obtained velocity model and the
root mean squared value of the traveltime residuals with different
smoothing radiuses. σ = 1.6 is an optimal choice.
Figure S2. (a)–(g) Each shows the vertical view of the relative
velocity perturbation field at y = 25 km recovered on a collocated
grid with different smoothing radiuses σ . The grid size is 2.02 km
by 2.02 km by 1.07 km. The smoothing radius is shown on top of
each. (h) The ‘true’ relative velocity perturbation.
Figure S3. The results of the multiscale reconstruction test at the
depths of 0.0 km (I) and 4.0 km (II). The input models at the two
depths are shown in (a) and (e). The results of the collocated grid
are presented in (b) and (f). (c) and (g) show the inverted results on
a staggered-grid consisting of five collocated grids. (d) and (h) are
the images generated on a multiscale-staggered-grid.
Figure S4. The same as Fig. S3 but at the 9.0 km (III) and 15.0 km
(IV) depths.
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Figure S5. The same as Fig. S3 but at the 22.0 km (V) and 30.0 km
(VI) depths.
Figure S6. The same as Fig. 5 in the main text but a = b = 0.08.
The wavelength of the anomaly along the x or y axis is 12.5 km.
Figure S7. Plan views of the inverted velocity models with five
different model parametrizations at the depth of 5 km. N points to
the north direction. The red colour indicates low velocity and blue
colour shows high-velocity structures.

Figure S8. The same as Fig. S7 but at the depth of 9 km. The stars
are earthquakes with magnitudes greater than 5.0 since 1992.
Figure S9. The same as Fig. S8 but at the depth of 13 km.
Figure S10. The same as Fig. S7 but at the depth of 17 km.
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