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Summary
There is a great interest to observe very shallow velocity
structures right along the surface in many geophysical
applications. Traditional first-arrival traveltime tomography
may not be able to produce a high-resolution image for the
surface velocity distribution due to: (1) numerical
approximation associated with the near offset rays in the
wavefront raytracing; (2) ambiguity and uneven resolution
between near- and long-offset traveltimes in the first
arrivals for inversion. For the wavelength of seismic waves,
the direct waves are more like straight rays within a near
offset, however, grid-based raytracing does not have
advantages of dealing with straight rays in coarse grids.
Therefore, we implement a straight raytracing method in a
3D grid model that can handle topographic variations and
diffraction effects. For inversion, we formulate a
tomographic problem similar to X-ray imaging, using
traveltime data within offset ranges typically less than 1000
m. Compared with traditional first-arrival traveltime
tomography, our surface traveltime tomography approach
produces much higher resolution of velocity distribution
along the surface. Since straight raytracing is extremely fast
and the inversion uses fixed raypath, the computation time
of the surface tomography is comparable to a fast medical
imaging problem.
Introduction
The near-surface velocity structures are essential for land
seismic data processing. The low-velocity layer, like till
and unconsolidated sediments on the bedrock can cause
severe time delays of seismic waves for surface-planted
receivers (Juhlin, 1995). Nonlinear first-arrival tomography
(Zhang and Toksöz, 1998) has been an effective method for
imaging near-surface velocity structure. However, unlike
medical imaging with balanced and uniform data and
raypaths for inversion, the first-arrival traveltime
tomography for imaging the earth may suffer from variable
magnitude of data and raypaths, leading to an average
velocity structures preferably fitting large traveltimes
associated with long raypaths. As a result, the very shallow
velocity structures along the surface are often smeared. In a
depth model building process, the rule is clear: if a top layer
is inaccurate, the next deeper layer cannot be accurate
either.
There are also practical reasons that the first-arrival
traveltime tomography cannot produce a very highresolution image for the surface velocity distribution. In a
large 3D seismic imaging problem, the grid spacing in a
near surface velocity model is typically half of the receiver

spacing, which reflects the imaging resolution. However,
for the calculation of near-offset direct rays in such a coarse
grid, wavefront raytracing methods produce large errors in
both traveltime and raypaths (Vidale, 1988; Moser, 1990).
In this study, we propose to calculate direct rays along the
surface for imaging the surface velocity distribution. We
specially design a more accurate raytracing algorithm for
better computing traveltimes and raypaths of direct rays at
near offsets. Straight rays are oversimplified assumptions
for seismic waves at far offsets, but valid for very near
offsets. We will introduce the details of the straight
raytracing algorithm and compare the accuracy with a more
generalized grid-based wavefront raytracing method, such
as the Fast Marching Method (FMM), in calculating the
traveltimes of direct waves. Then, we present a 3D surface
traveltime tomography method using the straight raytracing
as the forward calculation. A surface velocity imaging is
performed using our method and the first-arrival traveltime
tomography for a 3D synthetic velocity model, respectively.
By comparing and analyzing the imaging results, it shows
that our method can produce higher resolution for the
surface velocity distribution.
3D straight raytracing method
For near-surface problems, traditional raytracing methods,
such as shooting and bending methods, have not been often
utilized because they are not robust in dealing with complex
heterogeneous media (Vidale, 1988). In contrast, wavefront
raytracing methods, such as eikonal solvers and shortest
path methods, are generally more robust and efficient and
have become viable alternatives to traditional raytracing
methods in seismic tomography (Rawlinson et al., 2008).
Two main factors affecting grid-based raytracing: the grid
spacing and the type of finite-difference approximation
(Sethian and Popovici, 1999), are greatly magnified when
estimating the direct ray information of the shallow surface.
The traveltime accuracy of wavefront raytracing decreases
in a coarse grid parameterization (Bergman, 2004). The
planar wave hypothesis near the source also introduces poor
numerical approximation for near-offset rays.
Near-offset rays contain shallow near surface information.
Long-offset rays are associated with deep interfaces or
structures, and only a small segment of path going through
the near surface area, containing an average velocity along
the raypath. Therefore, a combination of long and short rays
may cause low resolution for the surface velocities at the
very top due to the trade-off.
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Figure 1: The propagation of the direct ray. S0 is a source, R0 is a
receiver. (a) The ray (solid line) is not restricted by the topography
(dotted line). (b) The ray is curved and diffracted by the
topography.

Using only near-offset direct rays helps obtain the surface
velocity distribution with enhanced high resolution.
Compared with other types of seismic waves, near-offset
rays retain higher energy and possess shorter wavelengths
due to less absorption and attenuation. Within a near offset,
the direct ray is more like a straight ray along the direction
of the shot and the receiver (Figure 1a). If the relief
topography constrains the propagation of rays, the direct
rays should diffract along the surface (Figure 1b).
Topographic variations and diffraction effects on the direct
rays need to be handled properly to obtain the correct
raypath. In our study, we propose a straight raytracing
method to calculate the exact traveltime of the direct ray
between a source and a receiver in a 3D grid model.
Topographic effects for diffraction should be accounted for.
In our algorithm, we only calculate the raypath and
traveltime of one shot-receiver pair at a time. First, we
assume that a ray can directly reach the receiver from the
shot. Then we check if this ray is only distributed below the
surface. The ray continually retreats towards the shot with a
finite step and we check whether the end point of the ray
exceeds the surface every time. Once the ray crosses the top
into the air layer at a position, we should look for the point
at which that position is projected vertically on the
topography. A new ray is connected between the point on
the topography and the shot. As an alternative, the new ray
needs to be retreated and checked again. When a ray can
successfully retreat to the shot, it shows that the other end
of the ray is just a diffraction point on the topography.
Based on Huygens principle of wave propagation, this
diffraction point can be regarded as a new secondary source.
The new source needs to repeat the previous series of
operations to continue to find the next diffraction point of
the ray on the topography. When the updated diffraction
point finally coincides with the receiver, it indicates that the
ray has completed its propagation process. At this time, the
raypath of the direct ray can be obtained by connecting all
the diffraction points with straight lines.

When the final raypath is obtained, the corresponding
traveltime can be calculated by integrating the slowness
along the raypath. Since we only consider the diffraction
effects on the direct rays, the direct waves can be
determined as long as the topography and the survey
geometry are known without the effect of the surface
velocity distribution. It means that the rays are fixed in each
iteration when we use the straight raytracing in a nonlinear
inversion.
We compare the calculated traveltime accuracy of direct
waves between the 3D straight raytracing method and a
prevalent grid-based raytracing method, the Fast Marching
Method (FMM). We build a test model with relief
surface，the scale of which is 5000 m × 5000 m × 2000 m
in x-, y-, and z- axes with the grid spacing of 50 m in all
three axes. The depth of the relief topography ranges from
800 m to 1200 m. In the positive direction of the x-axis, the
topography is concave for a range of 800 m to 2200 m
while the topography is convex for a range of 2800 m to
4200 m (Figure 2). There is only one layer in this model
with a constant velocity of 3000 m/s so only direct waves
can be generated. The velocity of the air layer is 340 m/s. A
shot is at the location of (2470, 2450, 1005) m. A total of
1225 receivers are distributed on the relief topography. The
location of the first receiver in x- and y- axes is (125, 125)
m. The inline spacing and the crossline spacing of the
receivers are 100 m and 200 m, respectively. The shot and
the receivers in this model are not exactly distributed on the
grid nodes, a more realistic situation in practice. In FMM,
when the receivers are not distributed on the grid nodes, the
traveltime of a receiver should be interpolated among
traveltimes of adjacent grid nodes.

Figure 2 The relief topography for comparing traveltimes.

The analytical traveltimes of direct waves in the
homogeneous model can be calculated easily. With the
uniform distribution of receivers, Figure 3 shows the
absolute error distributions of these two calculations. The
mean absolute errors (MAE) of the straight raytracing
method and the FMM are 2.0246×10-5 ms and 1.3283 ms,
respectively. Overall, the errors of straight raytracing are
significantly smaller than those of FMM. The magnitude of
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the errors of the FMM is 105 times greater than the straight
raytracing. For FMM, the largest error (about 7 ms) appears
near the shot (yellow areas in Figure 3a). The errors of
FMM are small along the main axes while large in other
propagation angles. On the contrary, the errors of the
straight raytracing are negligible and the calculated
traveltimes are close to the exact traveltimes (Figure 3b).
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Figure 3 (a) Absolute error distribution of the Fast Marching
Method. (b) Absolute error distribution of the straight raytracing
method. The grid spacing is both 50 m. The x- and y- axes are the
ranges of the receivers on the topography. Each imaging cell
represents the traveltime absolute error of a receiver.

(a)

(b)

Figure 4 (a) Traveltime MAE with different grid spacing. (b)
Traveltime MAE with different media velocity.

For FMM, when the grid spacing changes from 10 m to 90
m, the MAE of traveltime increases significantly (Figure
4a), while the MAE decreases when the media velocity
increases from 1000 m/s to 5000 m/s (Figure 4b). Although
the traveltime MAE of our algorithm varies with the grid
spacing and velocity, the value remains on the order of 10-5.
It is shown that the straight raytracing is not sensitive to
grid spacing and velocity and can be applied to the model
with complex topography and survey geometry.
3D seismic surface traveltime tomography
Inspired by medical imaging, we formulate 3D seismic
surface traveltime tomography using seismic data within
offset ranges typically less than 1000 m. The imaging
process is just like taking an X-ray for the surface. We take
3D straight raytracing method as the forward algorithm and
the slowness update is determined by the conjugate gradient
method. We apply the surface traveltime tomography and
traditional first-arrival traveltime tomography to the
inversion of the surface velocity distribution in a 3D

synthetic model and compare these two imaging results.
FMM is used in traditional first-arrival tomography.
The 3D synthetic model scale is 5000 m × 5000 m × 1500
m in x-, y-, and z- axes with the grid spacing of 50 m. In
this block model, an irregular low-velocity object with a
velocity of 1000 m/s is surrounded by the rock with a high
velocity of 3000 m/s. For better analysis and display, we set
a flat topography with the constant depth of 1000 m. The
air layer velocity is 340 m/s. In the survey geometry, a total
of 384 shots are distributed on the surface and each of them
are recorded by 240 receivers. The inline spacing and the
crossline spacing of the shots are 200 m and 300 m,
respectively. The location of the first shot in x- and y- axes
is (210, 180) m. The inline spacing and the crossline
spacing of the receivers are 50 m and 200 m, respectively.
The location of the first receiver in x- and y- axes is (60, 60)
m. The offsets are all within 1000 m, which can be regarded
as the near-offsets. The traveltime data is generated by our
raytracing method. We add a Gaussian noise with a
standard deviation of 2 ms to the traveltime data in order to
simulate the real situation and make the comparison
reasonable. The velocity of the initial model is uniformly
set as 2000 m/s below the topography. The iteration number
is 20 and the regularization parameter is 0.01. The original
velocity model is not smoothed, and the regularization
parameter is small to compare the inversion results of these
two methods intuitively.
Figure 5 (a) shows the velocity slice of surface in the
original model. The velocity in the green and red areas are
3000 m/s and 1000 m/s, respectively. For the surface
traveltime tomography, the surface velocity slice and the
velocity differences between the inverted and the original
model are shown in Figures 5 (c) and (d). The surface
velocity slice of traditional tomography and its velocity
differences are shown in Figure 5 (e) and (f). In the figures
of velocity differences, the blue areas represent the small
velocity differences and the areas with other colors denote
large velocity differences. Comparing the imaging results
of these two methods, there are fewer artifacts on the
velocity slice of surface traveltime tomography. The
imaging result of surface traveltime tomography possesses
higher resolution and shows the boundary of the lowvelocity object clearly. However, the inversion of the
velocities around the low-velocity object by traditional
tomography shows artefacts due to the inaccuracy of the
traveltimes and of raypaths. We calculate the root-meansquare error (RMSE) of the surface velocity differences.
RMSE of traditional tomography is 485.084 m/s while that
of surface traveltime tomography is 223.591 m/s. The
RMSE value of our method is smaller, which demonstrates
that surface traveltime tomography can obtain the surface
velocity distribution with higher accuracy.
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to the model with complicated topography and survey
geometry. Similar to X-ray imaging, we implement a new
tomographic strategy to image the surface velocity
distribution only using seismic data within offset ranges
typically less than 1000 m. The straight raytracing is taken
as the forward algorithm of 3D surface traveltime
tomography. Compared with traditional first-arrival
tomography, our method can obtain higher resolution when
inverting the surface velocity structures in synthetic test. In
addition, 3D surface traveltime tomography is more
efficient due to the fixed raypaths in the straight raytracing.
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Figure 5 (a) The surface velocity slice of the synthetic model. (b)
The traveltime misfit curves. (c) The surface velocity slice of the
surface tomography. (d) Velocity differences of surface traveltime
tomography. (e) The surface velocity slice of traditional
tomography. (f) Velocity differences of traditional tomography.

Figure 5 (b) shows the traveltime misfit curves of the two
methods. It demonstrates that the time misfit of surface
traveltime tomography is lower than that of traditional
tomography. The final traveltime misfit of traditional
tomography is about 24 ms, while the final misfit of surface
traveltime tomography is about 5 ms. In addition, our
method converges more quickly, and the misfit tends to
stabilize after 4 iterations, while traditional tomography
takes 8 iterations to converge, indicating the high efficiency
of our method for imaging the surface velocity distribution.
Due to raypaths fixed in each iteration using the straight
raytracing, the computation time of our method is reduced
three times compared to traditional method, which is
comparable to a fast medical imaging problem.
Conclusions
Traditional tomography is ineffective for shallow surface
velocity inversion due to the variable magnitude of seismic
data and raypaths. Using the direct rays with near offsets is
an alternative to image shallow structures along the surface.
We present a 3D straight raytracing method to calculate
near-offset direct rays more accurately. The comparison of
accuracy using a constant velocity model with a relief
topography illustrates our raytracing method can be applied

