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Summary 

 

We apply an integrated workflow, based on surface wave 

(SW) analysis and 3D elastic full-waveform inversion 

(FWI), to image shallow heterogeneities with high 

resolution. The study is focused on evaluating the 

effectiveness of using a 3D acquisition layout for the 

integrated workflow. We test various acquisition schemes 

with different positions of the sources with respect to a 

low-velocity target while evaluating the potential advantage 

of increasing the number of shots. All FWI tests are 

performed for both synthetic and field data, using various 

S-wave velocity (VS) and P-wave velocity (VP) initial 

models (i.e., laterally homogeneous and variable), retrieved 

from dispersion curves (DCs) analysis. 

 

Introduction 

 

The reconstruction of near-surface heterogeneities is 

important for evaluating the site seismic response or the 

accurate imaging of deeper structures (after computing the 

static corrections). Aside from classical methods employed 

for near-surface characterization, FWI, using the entire 

information from the seismograms, allows reaching high 

resolution up to half the local wavelength (Virieux and 

Operto, 2009). Nevertheless, FWI application on land data 

from shallow acquisitions is not straightforward, as such 

data are dominated by highly energetic and dispersive SWs. 

Moreover, adopting the viscoelastic equation for modeling 

the wave propagation may render the 3D FWI 

computationally oversized. To mitigate this constraint, 

most of the 3D time-domain FWI implementations rely 

nowadays on local optimization techniques. When the 

least-squares norm is used for the computation of the 

objective function, the inversion algorithm may be trapped 

in a local minimum if using gradient methods. 

Consequently, the initial model plays an important role in 

the convergence and the efficiency of the FWI approach. 

Apart from the initial model, a smart design of the 

acquisition scheme, prone to ensure the proper illumination 

of the subsurface structures, may also guide the 

convergence efficiently.  

In this study, we use an integrated workflow, based on SW 

analysis and 3D elastic FWI, aimed at accurately 

reconstructing shallow targets, characterized by high 

impedance contrasts in correspondence of the boundaries. 

After testing various VS and VP initial models, retrieved by 

DCs analysis, with 3D FWI based on a 2D acquisition 

geometry (Teodor et al., 2019), we investigate the 

effectiveness of adopting a 3D acquisition scheme for such 

integrated workflow. The experiments are performed for 

both synthetic and field data.  

 

Methods and data sets 

 

Our methodology for shallow targets imaging consists of 

integrating SW analysis with 3D elastic FWI, using the 

SEM46 code (Trinh et al., 2019). The SW analysis relies 

on the method proposed by Socco et al. (2017) and Socco 

and Comina (2017), which uses an experimental 

relationship between the SW wavelength and the 

investigation depth (i.e., the W/D relationship). The W/D 

relationship, and its sensitivity to the Poisson’s ratio 

variation, is employed for building initial VS and VP models 

for FWI by DC clustering and data transform (e.g., Teodor 

et al., 2018; Khosro Anjom et al., 2019). These models are 

integrated into a spectral element-based 3D FWI workflow.  

 

Data sets 

Both field and synthetic data sets belong to a 3D 

acquisition (Figure 1) containing 4 seismic lines with 18 

vertical receivers each, distributed every 0.5 m. The 

distance between two adjacent receiver lines is 2.5 m while 

the sources are perpendicular to the receiver lines. The 

maximum offset is about 10 m. A low-velocity sand target 

is at the center of this acquisition layout.  

 

The field data set belongs to a seismic acquisition 

performed in a test site (Khosro Anjom et al., 2019). The 

vertical source is an 8 kg sledgehammer. For each source 

position, a stack of eight to ten seismograms was performed 

to increase the S/N. The time sampling is 0.125 ms for a 

total acquisition time of 0.512 s (with a pre-trig of 0.1 s).  
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Near-surface imaging by SW analysis and FWI 

The synthetic data set was generated by viscoelastic wave 

propagation simulation through a synthetic model (Figure 

2) bearing a low-velocity target that reproduces the 

geometry and dimensions of the real test site. The density 

model is homogeneous (1800 kg/m3) while the attenuation 

parameters (QP and QP) are inferred by rheological 

relations: 𝑄𝑠 = 0.15 ∙ 𝑉𝑠 and 𝑄𝑝 = 1.5 ∙  𝑄𝑠 (from 

Hauksson and Shearer, 2006 – modified). The source is a 

Ricker wavelet with a central frequency of 60 Hz (similar 

to the field data). The forward modeling scheme is 

designed in agreement with the space and CFL time 

stability criteria: the element dimension of the 3D mesh is 

0.3 m, while the time sampling is 1.4e-05s, for a total 

duration of the simulation of 0.412 s.  

 

Initial velocity models for FWI 

We extract several DC from the recorded/simulated data 

using a Gaussian moving window (Bergamo et al., 2012) 

along the seismic line R 1 – R 72. From the extracted DCs, 

we retrieve various initial VS and VP models, characterized 

by different lateral resolution according to the adopted 

workflow: Laterally homogeneous models are obtained by 

inverting only one DC while laterally variable models are 

retrieved by applying a clustering algorithm and data 

transform (Khosro Anjom et al., 2019) to all DCs. The 

models are extended to 3D according to the requirements of 

the SEM-based FWI tool. 

 

Parameters for 3D FWI 

The FWI tests are based on the acquisition schemes 

displayed in Figure 3. Before FWI, we apply a 5th order 

Butterworth filter with corner frequencies of 3 Hz and 40 

Hz and mute some noisy traces near the shots. The FWI 

tests are designed according to space and CFL time 

stability criteria: The element dimension of the 3D mesh is 

1 m while the time sampling is 4.8e-05s. We run all FWI 

tests directly in the frequency band of 3 Hz – 40 Hz and use 

the same sources for all iterations of each FWI experiment.  

For the synthetic case, we use a Ricker source while for the 

field data application, we estimate the field source by 

deconvolution (Pratt, 1999) for each experiment.   

 

The gradient is smoothed through an anisotropic Bessel 

filter (Trinh et al., 2017), with coherent lengths of 1.5 m, 5 

m and 5 m in the z, x, and y-direction, respectively. We do 

not apply data normalization while we use an offset 

variable weighting function, to increase the contribution of 

the far-offset traces that bring information about the deep 

part of the target. The inversion scheme is based on the 

quasi-Newton l-BFGS method. We invert simultaneously 

for VP and VS while keeping the density (1800 kg/m3) and 

the quality factors (QP = QS = 40) constant.  

 

We run the FWI tests on the HPC UGA architecture using 

128 cores. Each FWI test takes about 12 hours, for a 

maximum of 6 to 25 iterations. The FWI tests stop when 

the misfit function no longer decreases for more than two 

consecutive iterations.  

 

 

 

Figure 1: a) Overview of the test site and acquisition geometry. The red line R 1 – R 72 (29.3 m) indicates the receivers of the 2D acquisition (not 

in scale) used for DC extraction. The lines R 1 – R 18, R 19 – R 36, R 37 – R 54 and R 55 – R 72 indicate the receivers of the 3D acquisition. b) 

Detail of the 3D acquisition layout. c) Example of recorded data.   

 
 

Figure 2: Synthetic (extended) model used to generate the 

reference (true) data set. a) and b) Vertical 2D section of the VP 

and VS model. c) and d) Detail of the shallow part of the VP and VS 
model.  
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Near-surface imaging by SW analysis and FWI 

Results 

 

For the acquisition schemes in Figure 3, similar results after 

FWI are obtained, on one side, for cases A, D and E and, 

on the other side, for cases B and C. Among cases A, D and 

E, the best results are obtained for Case E (16 shots). The 

lowest overall data misfit and the best VS and VP model 

reconstruction is granted by the acquisition layout of case 

C.  

 

Overall, better resolution in correspondence of the target 

boundaries is achieved when positioning the shots outside 

the target (Case C) or nearby the boundaries (Case B). 

When positioning some sources inside the target (Case A, 

D and E), the estimated shallow velocity is more accurate, 

but the lateral extension of the target is reconstructed with 

lower resolution. 

 

Figure 4a shows the evolution of the normalized data misfit 

during FWI for all tested cases on the synthetic data. The 

reader can notice that increasing the number of shots from 

8 to 16 does not ensure a significantly better convergence, 

even if a slight decrease in the misfit occurs (green curve).  

 

Moreover, the reader can notice that FWI results 

characterized by lower normalized data misfit are obtained 

when positioning the sources at a greater distance from the 

target boundaries (red curve). 

 

As far as the initial model’s effectiveness is concerned, we 

obtain better results when starting the FWI from laterally 

variable initial models (red and green curves in Figure 4b) 

than from laterally homogeneous ones for both synthetic 

experiment and field data application. The final normalized 

data misfit is, in these cases, 0.21 and 0.26, respectively. 

 

Figures 5 and 6 show the results obtained when using the 

acquisition layout of case C and laterally variable initial 

models for synthetic data (Figure 5) and field data 

application (Figure 6). An accurate reconstruction of the 

target shape and lateral extension can be noticed for both 

synthetic and field cases. This pattern is also observed 

when starting the FWI from laterally homogeneous initial 

models. In this case, the horizontal extension of the target is 

precisely recovered after FWI, although few artefacts are 

still present in the final models. 

 

 

Figure 3: Acquisition layouts used for each 3D FWI experiment. The receivers are indicated with blue triangles while the sources are represented 

with green stars. 
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Near-surface imaging by SW analysis and FWI 

 

Conclusions 

 

An integrated workflow, based on the SW analysis (for the 

initial model building) and 3D elastic FWI, is investigated. 

Various FWI experiments, based on 3D acquisition layouts, 

provide different results, depending mainly on source 

positions. While increasing the number of active shots does 

not influence substantially the FWI results, placing the 

sources outside the low-velocity anomaly ensures a better 

reconstruction of the target boundaries and horizontal 

extension, as well as a significantly lower data misfit after 

FWI. The acquisition configuration based on sources 

placed at a greater distance from the low-velocity anomaly 

provides better results, probably because of the role played 

in the misfit function computation by the small-wavelength 

phases scattered from the target’s boundaries.  

 

Overall, when positioning some sources inside the target, 

despite the lower lateral resolution, a more accurate 

reconstruction of the shallow velocity is obtained. When 

placing the sources outside the target, a higher lateral 

resolution is achieved. Nevertheless, in this case, the 

shallow velocity is slightly overestimated since no source is 

probing the target appositely.   
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Figure 4:  Normalized data misfit function a) for all synthetic tests and b) for the tests related to the Case C, synthetic and field data application, 

on laterally variable (full-DC) and laterally homogeneous (single-DC) initial models. For each FWI test, the misfit value of each iteration is 
normalized by the misfit of the first iteration.  

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Synthetic results for Case C. a) 2D vertical section of the 
3D initial VS model. b) 2D vertical section of the 3D final VS 

model. c) Detail of the 3D initial VS model. d) Detail of the 3D 

final VS model.   

 
Figure 6: Results for the field data application when using the 

acquisition configuration of Case C. a) 2D vertical section of the 
3D initial VS model. b) 2D vertical section of the 3D final VS 

model. c) Detail of the 3D initial VS model. d) Detail of the 3D 
final VS model.   
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