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Summary 
 
We analyze seismic data using multi-channel analysis of 
surface waves (MASW) to invert multi-mode surface-wave 
dispersion curves into 1D vertical shear-wave velocity pro-
files. The dispersion-curve patterns of the Rayleigh wave are 
imaged using conventional methods and the high-resolution 
linear radon transform (HRLRT). Comparison of these imag-
ing techniques shows that the HRLRT provides higher imag-
ing resolution of the dispersion-curve pattern that can be 
critical for observing and interpreting fundamental- and 
higher-mode dispersion-curve events of surface-wave energy. 
The authors conclude that multi-mode dispersion-curve 
inversion needs to be paired with HRLRT for the correct 
identification and estimation of fundamental- and higher-
mode dispersion-curve data to arrive at accurate inversion 
results.  
 
Introduction 
 
Surface waves can be observed on seismic data and used for 
the estimation of shear-wave velocity (Vs), which is important 
for the evaluation of the stiffness properties of the near-
surface materials; Vs increases as material shear strength 
(rigidity) increases. We use the multichannel analysis of 
surface wave (MASW) method to estimate near-surface 
shear-wave velocity from high-frequency (≥ 2 Hz) Rayleigh-
wave data (Miller et al., 1999a; Song et al., 1989; Park et al., 
1999; Xia et al., 1999a). Shear-wave velocities estimated 
using MASW have reliably and consistently correlated with 
drill data. Using the MASW method, Xia et al. (2000) 
noninvasively measured Vs within 15% of Vs measured in 
wells. Miller et al. (1999) mapped bedrock with 0.3-m (1-ft) 
accuracy at depths of about 4.5-9 m (15-30 ft), as confirmed 
by numerous borings. The MASW method has been applied 
to problems such as characterization of pavements (Ryden 
et al., 2004), the study of Poisson�s ratio (Ivanov et al., 
2000), study of levees and subgrade (Ivanov et al., 2005; 
Ivanov et al., 2006c), investigation of sea-bottom sediment 
stiffness (Ivanov et al., 2000; Kaufman et al., 2005; Park 
et al., 2005), mapping of fault zones (Ivanov et al., 2006a), 
detection of dissolution features (Miller et al., 1999b), and 
measurement of S-wave velocity as a function of depth (Xia 
et al., 1999b). Studies on the MASW method have been 
extended to areas of determination of near-surface Q (Xia 
et al., 2002), and the acquisition of more realistic seismic 
refraction models (Ivanov et al., 2006b; Ivanov et al., 2007). 
 

The MASW method is applied by performing the following 
steps. A single seismic-data record is acquired by a set of 
low-frequency (e.g., 4.5 Hz) geophones evenly spaced along 
a line. The seismic data from such a shot record is trans-
formed into a phase-velocity � frequency domain image (i.e., 
dispersion-curve image), which is used to evaluate the disper-
sion-curve trend of the fundamental-mode of the Rayleigh 
wave. The estimated dispersion curve is then inverted to pro-
duce a 1-D Vs model (Xia et al., 1999a), which is assigned to 
the middle of the geophone spread. By assembling numerous 
1-D Vs models derived from consecutively recorded seismic 
shot records along a seismic line, a 2-D Vs model can be 
obtained.  
 
Most recent developments of the MASW method include the 
expansion of the conventional multichannel dispersion-curve 
imaging techniques (McMechan et al., 1981; Song et al., 
1989; Park et al., 1998; Xia et al., 2007) with the develop-
ment of the high-resolution linear radon transform (HRLRT) 
(Luo et al., 2008). It was reported that the HRLRT can in-
crease image resolution by more than 100% and that higher 
modes can be easily distinguished. As well, the traditional 
fundamental-mode dispersion-curve inversion has been 
expanded with the inclusion and inversion of higher modes 
(Xia et al., 2003; Beaty et al., 2002; Beaty and Schmitt, 2003; 
Luo et al., 2007). It was reported that the addition of first and 
second higher-mode dispersion curves reduced the relative 
error of inversion results (compared to borehole data) to 3.6% 
in comparison to 15% when only the fundamental mode 
dispersion-curve data was used for the inversion process.  
 
Encouraged by the reduced error results, we tested multimode 
inversion on various data sets and noticed that at some sites 
multimode dispersion-curve inversion performs poorly by 
converging to a relatively large root-mean-square (RMS) 
error and providing poor fit between some parts or all of the 
observed and calculated dispersion-curve data. Further study 
of the inversion process, from one iteration to another, 
showed how changes in velocity for a given layer would 
improve the fit for one mode and worsen for another.  
 
In efforts to resolve such problems we used the HRLRT 
dispersion-curve imaging algorithm to estimate dispersion- 
curve data. The new images revealed that at such sites 
conventional algorithms (e.g., Park et al., 1998) failed to 
separate different modes within given frequency ranges, 
making them appear as one mode. Using the HRLRT 
dispersion-curve images to reinterpret and estimate different 
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Multi-mode MASW and HRLRT 

dispersion-curve modes we successfully inverted the new 
dispersion-curve data, which provided a good fit between the 
calculated and measured dispersion-curve data and converged 
to an acceptably low RMS error.   
 
Data Acquisition 
 
Seismic data were collected in the Sonora Desert, Arizona, 
using a 96-channel Geometric Geode distributed seismic 
recording system, 4.5-Hz pressure-coupled geophones spaced 
every 1 m, and a hydraulic actuated, spring accelerated 
weight drop. Geological information suggests that the first 
100 m of sediment are composed predominantly of silt, 
gravel, and sand (Figure 1). Seismic data were acquired at 
four source offsets of 1, 9, 19, and 29 m. 
 
 

 
Figure 1. Sonora Desert, Arizona, seismic data collection site. 
 
 
Results 
 
For each source offset we used eight spread-size ranges of 15, 
25, 35, 45, 55, 65, 75, and 95 m that were transformed into 
phase-velocity � frequency domain images using a conven-
tional algorithm (Park et al., 1998) with the goal of finding 
out which of the 32 source-spread size combinations provides 
the best quality fundamental-mode dispersion-curve trend in 
terms of resolution and widest frequency range observation 
(Ivanov et al., 2008). The receiver spread that was 45 m wide 
with the source located 1 m from the nearest receiver pro-
vided the best fundamental-mode dispersion curve image in a 
wide frequency range of 12-72 Hz at a velocity range of 400-
300 m/s (Figure 2).  
 
The dispersion-curve trends of 27-75 Hz at 650-500 m/s and 
35-75 Hz at 1100-600 m/s were interpreted and estimated as 
the first and second higher modes. The fundamental, the first, 
and the second higher-mode data were then jointly inverted 
into a 1D Vs profile (Figure 3).  
 
It can be noticed that above 40 Hz the calculated values of 
the fundamental mode (~400 m/s) are greater than the 
measured data and the calculated values of the first higher 

mode (~500-550 m/s) are lower than measured data. Studying 
layer velocity changes from one iteration to the next during 
the inversion process showed than any changes in velocity for 
a given layer would improve the fit for one mode and worsen 
it for another. That explained why it was not possible to 
obtain a small RMS error and a good fit between the 
calculated and measured dispersion-curve data. 
 
 

 
Figure 2. Conventional dispersion-curve image of MASW seismic 
data acquired near Yuma, Arizona. Thick black line with white 
squares trend is interpreted as fundamental mode. Thick black lines 
at higher velocities are interpreted as first and second higher modes. 
 
 

 
Figure 3. Multimode MASW inversion showing the fundamental, 
first, and second higher-mode dispersion-curve data interpreted from 
a dispersion curve-image obtained with a conventional imaging 
method. Dots indicate measured and thick lines indicate calculated 
dispersion-curve data. The lighter the color, the higher the mode. 
 
 
In efforts to provide a better fit between the calculated and 
measured dispersion-curve data we researched the possibility 
of varying model parameters usually assumed constant during 
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Multi-mode MASW and HRLRT 

the inversion process, such as compressional-wave velocity  
(Vp) and density. Based on the work of Xia et al., (1999a), 
who showed that a 25% increase in Vp resulted in less than 
3% change in the final Vs values, we needed to significantly 
change the Vp values of the initial model to see any impact on 
the solution. The Vp values were changed to the extent that 
notably unrealistic Vp/Vs ratio initial-model values resulted, 
just for the purpose of finding a better numerical fit. Still, 
even making such extreme and unrealistic numerical assump-
tions, it was not possible to find an acceptable fit between the 
calculated and measured dispersion-curve data.  
 
In a similar manner, we tested the inversion with varying 
density values based on the study of Ivanov et al. (2009), 
which showed that increasing density variation with depth 
can reduce the final inverted Vs results typically by 6-7% for 
the most of the middle layers from the velocity model and as 
much as 15% for some individual layers. Furthermore, den-
sity variations were combined with Vp variations, so a signifi-
cant number of initial model combinations and final Vs 
results were tested. Additional inversion tests were performed 
trying to find other inversion parameters (e.g., number of 
layers, initial model, depth conversion ratio) that would im-
prove the inversion. Still, it wasn�t possible to find an accept-
able fit between the calculated and measured dispersion-
curve data. 
 
Next, our quest for finding a better solution for this data was 
expanded using the HRLRT for dispersion-curve imaging 
(Figure 4). As expected from previous work (Luo et al., 
2008), the main dispersion-curve events can be observed with 
higher resolution. Moreover, in comparison with the conven- 
 
 

 
Figure 4. HRLRT dispersion-curve image of MASW seismic data 
acquired near Yuma, Arizona. Thick black lines are interpreted as 
fundamental mode at the lowest velocity and the second and third 
higher modes as higher velocities, respectively. Thick red line at the 
highest velocities is interpreted as the fourth higher mode. 

tional method (i.e., Park et al., 1998) the HRLRT transform is 
able to separate different dispersion-curve events that appear 
as one event on the conventional method image. The funda-
mental mode and at least five more higher modes can be 
interpreted on the HRLRT image. Dispersion-curve events 
were reinterpreted and estimated again. We picked the same 
dispersion-curve events for consistency and that required the 
use of an additional third higher mode. Note that the event 
interpreted as the first higher mode on the conventional 
image was reinterpreted on the HRLRT image as three 
different higher modes (first, second, and third).  
 
The inversion of the newly estimated multimode dispersion-
curve data set quickly converged to an excellent fit between 
the calculated and measured dispersion-curve data (Figure 5). 
 
 

 
Figure 5. Multimode MASW inversion showing the fundamental, 
the first, second and the third higher mode dispersion-curve data 
interpreted from a dispersion curve-image obtained with the HRLRT 
method. Dots indicate measured and thick lines indicate calculated 
dispersion-curve data. The lighter the color the higher the mode. 
 
 
Conclusions 
 
Accurate inversion of multimode dispersion-curve data is 
possible only after proper interpretation and identification of 
dispersion-curve events. 
 
Observation of a difficultly converging multimode inversion 
process can be used as an indication of inadequate mode 
interpretation. 
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Multi-mode MASW and HRLRT 

It was demonstrated that the HRLRT imaging method 
provides not only better resolution but also allows better 
interpretation of dispersion-curve events, especially higher 
modes. 
 
These imaging and inversion results indicate that it might be 
very helpful if multimode inversion is used in conjunction 
with the HRLRT dispersion-curve imaging method for 
accurate identification and estimation of dispersion-curve 
events, especially higher modes. 
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